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Report  from 


BELL 
LABORATORIES 


Making  voices  from  the 
depths  sound  deeper 


Bell  Telephone  Laboratories  has 
had  a  long-term  interest  in  speech 

research— tracing  back,  indeed,  to 
the  work  of  Alexander  Graham  Bell. 
It  was  for  this  reason  that  the  U.  S. 
Navy  asked  us  to  investigate  a 


problem  encountered  In  Sealab  II. 
To  prevent  "bends"  and  nitrogen 
narcosis,  the  divers  breathe  a 

pressurized  mixture  of  oxygen, 
nitrogen  and  helium,  but  the  helium 
gives  their  voices   an   unnatural. 


'HEUUM-MICTURE'*  SPEECH 


100-Hz   SPACING- 


Fundamantsl  pitch  and  harmonics  (vertical  bars)  for  normal  "air"  voice  loiind 
(color)  and  "holium  speech"  sound  (black).  Note  that  the  frequencies  of  the 
fundamental  and  harmonics  do  not  change  very  much,  whereas  the  envelope 
of  the  amplltudos  shifts  toward  the  right.  Note  also  that  the  magnitude  of  the 
shift  Increases  with  Increasing  frequency. 


Block  diagram  of  system  for  restoring  helium  speech  to  normal  voice 
quality.  Helium  speech  Is  fed  to  amplitude  and  pHch  circuits.  In  the  pitch 
circuits,  the  frequencies  ol  tho  34  lowest  harmonics  are  datarmlned.  In  the 
amplHude  circuits,  the  power  levels  within  each  of  34  150-Hz  Intervals  of  the 
speech  spectrum  are  determined.  The  amplitudes  are  shifted  and  applied  to 
harmonics  of  lower  frequency.  In  the  modulators  (right),  these  power  levels 
control  the  loudness  of  the  34  harmonic  frequencies ...  thus  producing  a 
pattern  or  envelope  closely  corresponding  to  the  envelope  of  normal  speech. 


squeaky,  Donald-Duck-like  qu 
As  a  result,  voice  communicai 
between  divers  and  people  or 
surface  are  seriously  impaired 

THE  MAJOR  PROBLEM  is 
the  velocity  of  sound  in  the  he 
mixture  is  much  higher  than  ir 
This  does  not  appreciably  a 
vocal-cord  frequency,  but  i 
strongly  affect  the  acoustic  i 
nances  of  the  vocal  tract — w 
give  the  voice  its  character 
sound  quality.  So,  though 
damental  voice  pitch  rem 
approximately  the  same  (abou 
Hz  in  men),  the  amplitude 
loudness  values  of  the  var 
harmonics  change  markedly. 
ciflcally,  the  pattern  of  these 
onances  (the  envelope)  si 
toward  the  higher  frequencies 
graph),  and  voice  timbre  is  gri 
distorted. 

THE  SOLUTION  to  this  prol 
was  found  at  Bell  Laboratorie 
research  scientists  M.  R.  Schrot 
J.  L.  Flanagan,  and  R.  M.  Gol 
The  distorted  "helium  speed 
separated  into  harmonic  freq 
cles  and  their  amplitudes 
measured  (see  diagram).  Ther 
envelope  of  the  harmonic  ai 
tudes  Is  shifted  back  toward 
more  normal  or  low-frequi 
condition.  In  other  words, 
amplitudes  of  the  harmonics 
adjusted  to  match  a  more  no 
envelope. 

As  a  test,  the  technique  has  I 
used  on  recordings  of  he 
speech  made  in  the  U.  S.  Ni 
Sealab  II.  The  processed  voice 
readily  understandable  and  st 
enough  like  the  speaker's  ' 
voice  to  be  identifiable. 
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DISAPPOINTED  IN 
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PERKIN-ELMERDSC-1DI 

How  would  you  like  to  have  a  Iher- 
mal  analysis  instrument  that  gives 
you  all  the**— 

•  Direct,  simultoneous,  quantitative  meas- 
urement of  ordinote  displacenients  os 
specific  beot ...  of  peok  areos  os  energy  of 
transit  ion. 

•  The  fostesl  controlled  healing  and  cool- 
ing rales.  Heat  to  ond  equilibrate  at  any 
temperature  to  500°C  in  less  thon  o  min- 
ute. Run  down  to  and  up  from  — 100°C 
without  elaborate,  troublesome  coolant 
systems. 

•  Operote  in  vocuum  or  ony  desired  at- 
mosphere with  optimum  atmosphere-somple 
contact  ond  exchonge. 


iheimol  conductiviiy  efTluent  de- 
leor  lemperoture  and  time-bose 
analyzer  assembly  seporote  from 
•nil.  Observe  the  somple  while 


•  Somple  eosily  encapsulated  in  a  metal 
pan  .  . .  removable  at  any  lime  to  observe 
weight  changes.  Pressure  sealer  for  volatile 
samples. 

•  Unsurpossed  temperature  precision, 
resolution,  sensitivity,  sompling  ease  and 
boseline  stobiliiy. 

If  you're  thinking  that  no  Differential  Ther- 
mal Analyzer  con  possibly  meet  this  de- 
scription at  ony  price — you're  right.  We 
coll  ours  a  DifFerential  Scanning  Calo- 
rimeter.* It's  the  only  thermal  onolyzer 
that  lakes  advantoge  of  modern  electronic 
developments  to  give  the  chemist  ihe  on- 
swers  he  reolly  wants.  It's  (he  lowest-cost 


hig|i. performance  thermol  onalysis  system 
commercially  available. 
Who  needs  it?  You  do — if  you  want  to 
determine  purily  and  heat  of  fusion  of  crys- 
talline organic  compounds  in  ihe  same  lime 
you  now  (oke  for  a  simple  melUng  point — 
to  measure  temperature,  heat,  rate,  effluent 
gases  ond  weight  change  of  o  reaction  in 
o  single  e«periment — to  onolyze  quantita- 
tively multi-component  solid  mixtures  such 
OS  fiber  blends— to  determine  reliobleJ^H 
values  for  phase  chonges — even  for  low- 
energy  liquid-cryslol  tronsitions  and  pro- 
tein denoturotion. 

Detailed  informotion  on  purity  is  in  Ther- 
mal Analysis  Newsletter  No.  5.  Heat  co- 
pocily  is  in  Newsletter  No.  3.  Write  (or 
these  two  informotive  reports  loday  to  In- 
strument Group,  Perkin-Elmer  Corpofolion, 
720  Main  Avenue,  Norwolk,  Conn.  06852. 
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to  60  MHz^WIDE-LINE  NMR 

ith  Fieldial'" Magnetic  Field  Regulator 

for 

pADEMIC  RESEARCH  AND  TEACHING 

or 

DUSTRIAL  RESEARCH  AND  ANALYSIS 
)ndestructive  Investigations  of 
[Chemical  Bonding 
ICrystal  Structure 
Reaction  Rates 
Relaxation  Times 
Liquid  or  Solid,  Organic  or  Inorganic  Samples 


I^D  Send  me  your  bibliography  and 
articles  on  wide-line  NMR. 

□  Send  me  data  on  Varian  wide-line 
NMR  systems  with  9,  12,  and  15- 
inch  low-impedance  magnets. 

P  I'm  interested  in  2  to  16  MHz 
contJnuously  variable  frequency. 

□  I'm  interested  in^ 


Please  print  or  type 


frequency  (2  to  60  MHz). 

D  I'd  like  information  about  your 
complete  line  of  wide-line  NMR 
accessories. 


Send  to:  Varian,  Box  E-4ig 

611-A  Hansen  Way,  Palo  Alto,  California  94303. 


varian 

analytical  Instrument  division 
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ACS 
Laboratory  Guide 


The  definitive  directory 
to  research  instruments, 
chemicals,  services,  books, 
equipment  and  tradenames. 
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Chemical  Titles  Tapes  &  Search  Services 


Does  your  present  information  program  provide: 

•  Computer  scanning  of  titles  of  papers  published  in  72.)  of  the  most 
important  domestic  and  foreign  chemical  and  chemical  engineering 
journals  each  month,  often  in  advance  of  publication  of  the  journal 
itself? 

•  An  indexing  service  for  many  of  the  journals  in  your  library? 

•  Screening  of  titles  of  papers  by  computers  to  give  you  only  the  infor- 
mation which  you  need  to  answer  specific  requests? 

•  Searching  of  the  chemical  literature  by  computers  rather  than 
manually? 


You  can  add  these  services  to 
your  information  program 
through  use  of  the  computer 
tapes  generated  in  the  prepara- 
tion of  Ctiemicaf  Titles  — a 
biweekly    alerting    publication. 

You  decide  the  terms  which 
are  to  be  used  as  search  ques- 
tions and  the  form  in  which 
you  want  the  answers  to  your 
search  questions  —  journal 
references,  author  indexc^i.  kc>- 
word  indexes,  or  any  combina- 
tion of  the  three. 

The  tapes  may  be  searched 
either  on  your  computers  or  ut 


the  Chemical  Abstracts  Service. 
A  subscription  provides  for 
searching  of  Zfi  tapes  each  year. 
If  you  do  not  feel  that  your 
needs  warrant  a  yearly  sub- 
scription, you  can  request 
searches  of  any  portion  of  the 
CV  tape  file  whenever  you  need 
them  and  pay  only  for  the 
searches  which  you  request. 

No  matter  how  you  chiwise 
to  use  the  tapes  and  searches 
you  are  covering  a  large  por- 
tion of  the  imporiani  chemical 
literature  at  a  low  unit  com. 


Coliim 


I  Ihr  S,; 


r  Dh-i^iMl.  Chti 


al  Ahsl 


t,  nhu 


Imagine . . . 

an  all-purpose 

mass  spectrometer  with 

complete  data  handling. 


Congratulations! 

You've  just  dreamed  up 

the  21-llOB. 


Without  a  doubt,  this  is  the  most  ad- 
vanced mass  spectrometer  in  the  world 
today. 

With  it,  researchers  (such  as  organic 
chemists)  are  given  absolute  answers 
for  compound  identification  and  struc- 
tural elucidation.  So  efficient  is  this 
system,  it  is  used  in  more  laboratories 
than  all  other  high  resolution  instru- 
ments combined. 

To  facilitate  the  full,  economic  use  of 
mass  spectrometer  output,  CEC,  the 
recognized  leader  in  both  mass  spec- 
trometry and  data  handling,  offers  a 
complete  and  proven  line  of  equipment 
for  automated  and  computer  data  pro- 
cessing. Such  as: 

The  21-081  Automated  Mann  Spei-trum 
Data  System  which  scans  pholoplate 
records  produced  by  the  21-1  lOB,  the 
instrument  producing  the  highest  preci- 
sion mass  measurement  available.  Auto- 
matically entered  on  digital  magnetic 
tape  are  the  location  and  density  of 
each  spectrum  line. 
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The  APR-1  Automatic  Plate  Reader 
which  is  somewhat  comparable  to  the 
21-087,  except  that  incrementing  be- 
tween spectra  is  manual. 
The  Ion  Density  Computer  which  is 
used  in  conjunction  with  photographic 
plate  spectra  from  a  spark-source 
2 1  - 1 1  OB  Mass  Spectrometer,  or  similar 
photoplate  record.  The  computer 
greatly  reduces  the  time  factor,  and  is 
far  more  accurate  than  manual  methods 
of  reducing  plate  transmission  of  spec- 
tral lines  to  concentration. 

Direct  Digital  Recording.  Direct  digital 
recording  of  the  analog  signal  permits 
rapid  sampling  (every  30  microsec- 
onds) of  the  resolved  ion  beam  signal 
and  subsequent  digitization  of  the  data. 

FM  MaKnetlc  Tape.  In  this  alternate 
system,  the  resolved  ion  beam  analog 
signal  is  recorded  directly  onto  FM 
magnetic  tape.  This  taped  data  can  be 
used  as  an  input  to  a  recording  oscillo- 
graph or  digitized  and  fed  directly  into 
a  computer  for  processing. 
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Direct  Computer  Unk-Up.  In  th 

most  sophisticated  method  of  aut< 
data  acquisition,  the  analog  ! 
from  the  mass  spectrometer  ai 
cepted,  digitized  and  processed  d 
by  the  computer  on  a  real-time 

Those  are  some  of  the  reason; 
CEC  is  the  recognized  leader  ii 
mass  spectrometry  and  data  hai 
And  why  CEC  is  the  only  source 
of  the  associated  equipment  requt 
today's  technology. 

For  complete  information,  call 
nearest  CEC  Field  Office.  Or 
Consolidated  Elcclrodynamics, 
dena.  California  91 109.  A  subsidi 
Bell  &  Howell.  Bulletin  Kit    *3^ 


CEC 

AnALYTICAL  inSTRUmE 

H  Bell^Houii 


NOTICE   TO    AUTHORS    OF    PAPERS 


The  Journal  of  the  American  Chemkai  Society  is  devoted  to  the 
publication  of  research  and  will  consider  contributions  which  have 
not  been  and  are  not  to  be  published  elsewhere.    Articles,  Com- 
munications to  the  Editor,  and  Book  Reviews  are  published,  the 
latter  prepared  by  invitation  of  the  editor. 

Articles.    Manuscripts  of  articles  to  be  considered  for  pub- 
lication in  the  Journal  of  the  American  Chemical  Society  may 
deal  with  any  phase  of  **pure'*  or  'fundamental*'  chemistry  as 
distinguished  from  ''applied**  chemistry.    The  number  of  pages 
budgeted  per  year  for  the  Journal  of  the  American  Chemical  Society 
is  fixed,  and  an  increase  is  not  planned.    Since  the  Journal  of  the 
Amrican  Chemical  Society  covers  all  phases  of  "pure**  or  "fiinda- 
maital**  chemistry,  special  attention  will  be  given  to  articles  of 
general  interest 

Conumiicatioiis  to  tlie  Editor.  Communications  to  the  Editor 
are  preliminary  reports  of  unusual  urgency,  significance,  and  interest. 
The  total  length  is  limited  to  1000  words.  An  average-sized  figure 
is  counted  as  80  words;  separate  formulas  and  lines  of  a  table  are 
counted  as  8  words  per  line  including  headings  and  horizontal 
rulings.  Literature  references  in  footnotes,  title,  and  authors*  names 
are  not  counted.  Other  footnotes  are  counted  as  text.  Com- 
munications to  the  Editor  differ  from  articles  in  that  the  subject 
maner  nray  be  republished.  Communications  will  not  be  accepted 
if,  in  the  opinion  of  the  editors,  the  principal  content  has  received 
prior  publication  or  publicity  in  any  other  published  medium. 
Tbey  will  be  handled  as  expeditiously  as  possible  and  may  not 
always  be  sent  to  referees.  Additional  supporting  information  may 
be  requested  even  if  space  limitations  will  not  permit  its  publication. 
Although  Communications  to  the  Editor  are  given  expedited  pub- 
lication, proof  will  be  sent,  and  its  return  awaited,  unless  the  author 
has  specifically  approved  printing  without  opportunity  to  correct 
proof. 

General  Considcratioiis.  Authors  should  present  their  materials 
with  the  utmost  conciseness  consistent  with  clarity.  Extensive 
reviews  of  the  literature  cannot  be  accepted.  Well-known  pro- 
cedures either  should  be  designated  by  name  or  literature  references 
to  them  should  be  given.  Footnotes  acknowledging  financial 
assistance  to  the  conduct  of  the  research,  citing  theses,  or  indicating 
presentation  at  a  meeting  should  be  brief  and  preferably  combined 
under  one  number.  A  footnote  giving  the  name  and  address  of 
the  author  to  whom  inquiries  should  be  addressed  may  be  included, 
but  addresses  and  titles  or  connections  of  authors  should  not  be 
given.  Introductions  should  contain  only  enough  background 
naterial  to  show  why  the  work  was  done.  Experimental  results 
if  carefully  obtained  are  of  lasting  value  and  should  be  clearly  and 
logically  presented  in  separate  sections.  Results  and  discussions 
should  not  be  intermingled. 

Abstracts  must  state  the  reason  for  the  work,  the  significant  data, 
and  conclusions.  The  requirements  for  a  good  abstract  are  not 
necessarily  the  same  as  for  Chemical  Abstracts,  but  by  a  recent 
policy  change  Chemical  Abstracts  now  makes  direct  use  of  many 
of  our  abstracts  with  such  editing  and  revising  as  may  be  required; 
abstTKts  cannot,  c^  course,  mention  all  new  compounds  and  their 
properties. 

Articles  should  be  classified  by  the  authors  as  (a)  Inorganic, 
(b)  Vhyskal  (c)  Organic,  or  (d)  Biological. 

The  editors  will  welcome  suggestions  from  authors  as  to  persons 
competent  to  referee  manuscripts. 

FtaKtfcMiB  of  Refdreei.  The  editors  seek  the  advice  of  experts 
about  manuscripts.  The  recommendations  of  referees  may  not 
Always  be  followed  by  the  editors,  who  accept  full  responsibility 
for  decisions  about  manuscripts.  Referees  should  give  estimates 
of  the  scientific  value  of  the  work  together,  if  possible,  with  some 
basis  for  their  opinion.  They  should  indicate  whether  the  writing 
ii  clear  and  concise.  Improperly  used  space  merely  restricts  the 
amount  of  useful  materials  which  can  be  published. 

Articles  which  describe  good  scientific  work  cannot  always  be 
accepted  by  the  Journal  of  the  American  Chemical  Society  because 
of  restrictions  on  its  size.  Referees  should  realize  that  their  reports 
may  be  transmitted  by  the  authors  to  the  editors  of  other  journals. 
Thus,  articles  upon  which  referees  have  commented  favorably  may 
be  returned  to  the  authors  with  the  referees*  reports  and  with  the 


statement  that,  if  they  so  desire,  th^  may  send  the  unchanged 
manuscript  and  the  referees*  reports  without  delay  to  editors  of 
other  journals  of  the  American  Chemical  Society,  who  may  request 
the  identity  of  the  referees  from  the  editors  of  the  Journal  of  the 
American  Chemical  Society.  The  names  of  referees  will  not  be 
given  without  their  consent  to  authors  of  papers  they  have  refereed. 
Articles  reported  upon  unfavorably  by  referees  will  be  returned  to 
authors,  and  there  will  be  no  communication  about  them  with  the 
editors  of  other  journals. 

General  Imtmctioiis.  Nfanuscripts  must  be  submitted  in  dupli-> 
cate,  but  more  expeditious  action  is  possible  if  three  copies  are 
supplied.  Th^  should  be  typewritten  double-spaced,  preferably 
on  8.5  X  11  in.  paper,  and  one  copy  must  be  good,  clear  typescript, 
stencil-  or  photoduplicating  machine  product  All  pages  of  a 
manuscript  should  be  numbered  consecutively,  including  tables, 
which  should  be  inserted  in  their  proper  places  rather  than  grouped 
at  the  end.  The  original  manuscript  should  include  the  engraver's 
copies  (see  later)  of  graphs  and  drawings  of  apparatus;  these 
should  be  placed  at  the  end,  but  authors  should  indicate  by  text  or 
marginal  notations  in  the  typescript  where  the  figures  are  to  be 
inserted.  The  diagrams  with  duplicate  copies  may  be  photoprints 
or  rough  drawings. 

The  attention  of  contributors  is  directed  particularly  to  the 
requirement  that  all  nomenclature  should  be  consistent,  dear,  and 
unambiguous,  and  conform  to  the  usages  of  Chemical  Abstracts 
and  the  conventions  recommended  by  the  International  Union  of 
Pure  and  Applied  Chemistry,  when  feasible.  When  in  doubt, 
writers  should  consult  the  indexes  of  Chemical  Abstracts;  *The 
Naming  and  Indexing  of  Chemical  Compounds**  (introduction  to 
the  Chemical  Abstracts  Subject  Index,  Vol.  56,  1962);  the  **Ring 
Index,'*  A.  M.  Patterson,  L.  T.  Capell,  and  D.  F.  Walker,  Second 
Edition,  Spedal  Issues  Sales  Department,  American  Chemical 
Society,  Washington,  D.  C.  20036,  1960;  the  various  reports  and 
pamphlets  of  the  American  Chemical  Society  Committee  on 
Nomenclature,  Spelling,  and  Pronunciation;  and  the  lUPAC 
Reports  on  Symbolism  and  Nomenclature  of  Physical,  Inorganic, 
Organic,  and  Biochemistry,  /.  Am.  Chem.  Soc.,  82,  5517  (1960X 
available  from  The  Chemical  Abstracts  Service,  The  Ohio  State  Uni- 
versity, Columbus,  Ohio  43210.  Rigid  and  consistent  conform- 
ance to  these  rules  throughout  a  manuscript  is  not  required,  but 
the  approved  names  of  compounds  should  be  given  at  least  once 
(in  parentheses  or  in  footnotes)  and  in  proper  relation  to  the 
compound  name.  The  use  of  code  or  letter  designations  for 
compounds  is  not  encouraged  and  should  be  minimized.  In- 
frared and  ultraviolet  spectra  will  be  accepted  for  full  presentation 
if  they  accompany  a  comprehensive  study  of  such  spectra  leading 
to  significant  theoretical  or  practical  conclusions,  if  such  fbll 
presentation  is  necessary  to  establish  definite  results  or  conclusions, 
if  the  spectra  themselves  show  abnormalities  or  features  of  great 
interest,  or  if  the  compounds  are  inherently  of  special  interest  or 
importance.  They  will  not  be  accepted  merely  as  adjuncts  to 
characterization  of  compounds. 

When  X-ray  powder  measurements  are  reported  but  the  actual 
X-ray  data  are  not  given,  it  is  suggested  that  the  data  be  submitted 
to  J.  V.  Smith,  Editor,  "A.S.T.M.  X-Ray  Powder  Data  FUe,** 
Department  of  Geology,  University  of  Chicago,  Chicago,  111.  60637. 
The  data  should  include  accurate  listings  of  d  values,  intensities  of 
reflections,  h/cl  indices,  lattice  parameters,  radiation  used,  type  of 
X-ray  recording,  method  of  estimating  intensities,  and  relevant  in- 
formation on  the  specimens  used. 

It  will  be  of  great  assistance  to  the  Editor*s  office  if  the  style, 
arrangement,  and  orthography  of  the  manuscripts  are  made  to 
conform  to  the  new  usages  of  the  Journal  as  exemplified  in  recent 
issues,  and  the  typescript  is  prepared  in  form  and  style  identical 
with  that  of  printed  papers.  In  the  main  heading  of  an  article, 
the  address  of  the  contributing  authors  and  laboratory  should 
be  complete  with  city  and  state;  the  title  should  be  as  briefly 
informative  as  possible  and  should  not  contain  formulas  or  other 
symbols.  Subheadings  should  be  employed  sparingly;  side 
headings  should  be  paragraph  indented  and  run  into  the  following 
text  with  a  period.  Registered  trademark  names  should  be 
capitalized  whenever  used;  trade  and  trivial  names  should  not  be 
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capitalized;  usually  the  chemical  name  or  composition  should  be 
given  in  parentheses  or  in  a  footnote  at  the  first  occurrence  of  such 
a  name.  Metric  system  units  should  be  used  for  all  quantities  of 
length,  area,  and  volume. 

References,  Abbreviations,  etc.  References  to  the  literature 
and  all  footnotes  regardless  of  their  nature  (except  those  in  tables) 
should  be  numbered  in  one  consecutive  series,  repetition  of  notes 
being  avoided  by  using  the  superscript  number  corresponding  to 
the  original  reference.  Reference  numbers  in  the  text  should  be 
typed  as  unparenthesized  superscripts,  but  enclosed  in  parentheses 
in  the  footnotes,  which  may  be  placed  at  the  bottom  of  the  page 
or  follow  immediately  in  separate  lines  the  line  of  text  containing 
the  words  to  which  they  refer,  or  be  collected  all  on  one  page  in 
proper  numerical  order  (with  first  appearance  in  the  text  clearly 
marked  in  the  margin;  if  this  is  not  done,  the  manuscript  will 
be  returned  for  correction).  Bibliographic  references  to  classified 
documents  and  reports  or  to  unpublished  material  not  generally 
available  to  the  scientific  public  should  not  be  used.  Litera- 
ture references  should  be  arranged  and  punctuated  as  shown: 

(1)  J  S.  Doe,  J.  Smith,  and  P.  Roe,  Am,  Chem.  /.,  50,  1234 
(1913),  thus  including  initials  of  authors  and  the  journal  abbrevia- 
tion a  proved  by  Chemical  Abstracts  in  its  "List  of  Periodicals  Ab- 
stracted.** Citations  to  the  Journal  of  the  American  Chemical 
Society  should  use  the  form  /.  Anu  Chem,  Soc.,  rather  than  This 
Journal  (as  formerly  used);  this  change  has  been  made  so  that 
manuscrip  s  may  be  transferred  easily  from  one  journal  to  another. 

Referenc  «  to  books  should  include  author,  title,  volume,  pub- 
lisher, addr  :ss,  date  of  publication,  and  pages,  thus : 

(2)  A.  B.  Smith,  "Textbook  of  Organic  Chemistry,**  Vol.  1, 
D.  C  Jones  and  Co.,  New  York,  N.  Y.,  1961,  pp  123-126. 

Letters  u  ed  to  represent  quantities  in  mathematical  expres- 
sions should  be  underscored  to  indicate  that  they  are  to  be  printed 
in  italics,  and  Greek  or  unusual  characters  should  be  written  plainly 
or  should  be  explained  by  annotations.  Simple  fractional  expres- 
sions should  be  written  with  a  slant  line  rather  than  in  the  usual 
manner,  so  that  only  a  single  line  of  type  is  required.  All  sub- 
scripts and  superscripts  should  be  carefully  made  and  placed  (the 
degree  sign  °  or  a  small  o  should  not  be  used  to  represent  zero). 
These  frequently  occurring  abbreviations  are  preferred:  %, 
°K,  cm,  ml,  L,  g,  mp,  fp,  bp,  cal,  kcal,  kX,  ac,  dc,  v,  mv,  amp, 
ev,  emf,  nmr,  epr,  no..  A,  hr,  min,  sec,  cps,  ppm,  and  eq. 

Tables.  Tables  should  be  used  only  in  case  they  will  present 
information  more  effectively  than  running  text.  If  reasonably 
possible,  they  should  be  designed  to  occupy  fully  a  single  column 
(3V4  in.),  which  will  take  50-75  characters  and  spaces,  or  the 
full  width  of  a  page,  which  will  take  110  to  150.  Care  should  be 
taken  to  avoid  any  arrangement  which  unduly  increases  the  depth 
of  a  table,  and  the  column  heads  should  be  made  as  brief  as  possi- 
ble, using  abbreviations  liberally.  Lines  of  data  should  not  be 
numbered  nor  run  numbers  given  unless  these  numbers  are  needed 
for  reference  in  the  text.  Columns  should  not  be  used  to  contain 
only  one  or  two  entries,  nor  should  the  same  entry  be  repeated 
numerous  times  consecutively.  Data  should  not  be  included  in 
one  column  which  are  deducible  easily  by  simple  arithmetic  firom 
data  in  another  column.  Tables  should  be  interspersed  in  the 
manuscript  as  near  as  possible  to  the  places  where  they  are  referred 
to  in  the  text  and  need  not  be  placed  alone  on  separate  sheets. 

Figures  and  graphs  should  be  carefully  prepared  line  drawings 
on  plain  white  drawing  paper,  blue  drawing  cloth,  or  coordinate 
paper  printed  in  blue  only.  The  originals  are  preferable,  but  dear, 
well-prepared  photographic  prints  or  photostats  are  acceptable. 
Illustrations  are  more  conveniently  handled  when  made  in  the  con- 
ventional 8.5  X  1 1  in.  manuscript  size;  if  they  are  of  necessity  larger 
and  therefore  liable  to  damage  in  mailing,  duplicate  rough  sketches 
or  photographic  prints  of  smaller  size  also  should  be  furnished. 
Each  piece  of  illustration  copy  should  be  marked  on  the  margin  or 
back  with  the  name  of  the  author  and  brief  title  of  the  article  (for 
identification  purposes  during  subsequent  handling  by  the  editors, 
printer,  and  photoengraver).  Diagrams  should  be  designed  tall 
for  single  column  or  wide  for  double  column  size.  With  this 
principle  in  mind  particular  attention  should  be  given  to  the  correct 
propcTtions  of  the  various  parts  of  the  figure,  especially  the  experi- 
mental points,  and  any  letters,  numbers,  or  legends  which  must 
be  placeid  on  the  diagram.  In  graphs  the  frame  and  actual  curves 
should  be  ruled  and  inked  more  heavily  than  the  coordinate  lines. 
Experimental  points  usually  should  be  given  and  be  indicated  by 


circles  or  other  simple  symbols  carefully  drawn  with  instrumenu. 
Numbers  or  lettering  on  curves  should  be  stenciled  and  inked  in. 
If  axis  ordinate  and  abscissa  numbers  and  units  are  carefully 
planned,  punctuated,  lettered,  and  inked,  they  will  be  included  on 
the  plate;  otherwise  this  material  will  be  typeset  Before  any 
photoproduced  cut  copy  is  submitted,  it  should  be  examined 
carefully  for  broken  lines,  imperfect  letters,  poorly  focused  edges, 
and  fo^ed  areas,  and  such  pieces  repaired  or  remade;  negatives, 
blueprints,  and  quick-process  photoprints  cannot  be  used  by  the 
engraver.  Black  badqsround  photos  should  be  "reversed**  when 
possible.  Small  drawings  and  prints  should  be  mounted  on 
heavy  paper,  and  composite  diagrams  or  photoprints  likewise,  in 
the  dedred  order  and  in  space-economical  arrangement  Figures 
should  be  numbered  in  series  and  the  caption,  if  short,  placed 
below  the  diagram  (never  on  it),  or  all  such  legends  may  be  typed 
together  on  one  or  more  separate  sheets. 

Formulas  and  Equations.  Empirical  and  structural  formulas 
and  mathematical  and  chemical  equations  should  be  arranged  to 
fill  adequately  the  width  of  a  single  or  double  column.  Sub- 
scripts and  especially  superscripts  should  be  written  with  care  and 
exponents  should  be  set  up  in  a  single  line,  as  e"^^^.    All  signs 

such  as  H X  -  >  <  should  be  spaced,  but  the  components 

of  mathematical  products  should  not  be  spaced.  Organic  struc- 
tural formulas  should  be  planned  to  fill  space  economically,  using 
bonds  and  arrows  vertically,  horizontally,  or  at  45°  angles,  when- 
ever possible.  Since  a  large  proportion  of  this  material  now  is 
reproduced  with  plates  from  ruled  and  t3rpe-lettered  cut  copy,  it 
IS  important  in  avoiding  errors  that  all  formula  matter  be  care- 
fully arranged  and  executed  (preferably  typewritten),  with  special 
attention  to  correctness  of  symbols,  location  of  subscripts,  super- 
scripts, and  electric  charges,  and  the  placing  and  close  join-up  of 
single  and  multiple  bond  lines.  Phenyl  groups  should  be  shown 
as  QHi  or  Ph,  not  as  ^  Small  numbers  showing  ring  positions 
should  be  placed  outside  rings,  and  if  electric  charges  are  shown 
+  and  ~  are  preferred  rather  than  ®  and  0. 

Mtcrofllm  and  Photoprint  Sopptements.  By  arrangement  with 
the  American  Documentation  Institute,  %  Library  of  Congress, 
Washington,  D.  C  20540,  supplementary  material,  such  as  extensive 
tables,  graphs,  spectra,  and  cakulations,  can  be  distributed  in 
the  form  of  microfilms  with  images  25  mm  high  on  standard  35-mm 
film  or  as  6  X  8  in.  photoprints  readable  without  optical  aid.  Such 
material,  having  been  submitted  to  and  approved  by  the  Editor, 
will  be  returned  to  the  author  with  instructions  for  transmission 
to  the  American  Documentation  Institute  accompanied  by  the 
$Z00  deposit  fee.  When  accepted  by  the  Institute,  each  document 
is  assigned  a  serial  number,  and  the  printed  paper  will  have  a  foot- 
note giving  the  serial  number  and  the  prices. 

Prooft  and  Reprints.  Galley  proofs,  original  manuscript, 
cut  copy,  and  reprint  order  form  are  sent  by  the  printer  di- 
rectly to  the  author  who  submitted  the  article.  The  attention  of 
authors  is  directed  to  the  instructions  which  accompany  the  proof, 
especially  the  requirement  that  all  corrections,  revisions,  and  ad- 
ditions be  entered  on  the  proof  and  not  on  the  manuscript  Proofs 
should  be  checked  against  the  manuscript  (in  particular  all  tables, 
equations,  and  formulas,  as  this  is  not  done  by  the  editor)  and  re- 
turned as  soon  as  possible,  but  no  paper  is  released  for  printing 
until  the  author's  proof  has  been  received.  Alterations  in  an 
article  after  it  has  been  set  in  type  are  made  at  the  authors  expense^ 
and  it  is  understood  that  by  entering  such  alterations  on  proofs 
the  author  agrees  to  defray  the  cost  thereof.  The  fiUed-out  reprint 
form  must  be  returned  with  the  proof.  Confirming  or  purchasing 
office  forms  should  be  attached  to  the  proof,  and  if  a  quotation  i& 
required  a  request  for  it  should  accompany  the  proof.  Reprinting 
often  is  done  from  the  journal  press  forms,  so  all  orders  must  be 
filed  before  press  time  and  none  can  be  accepted  later  (unless  pre- 
vious request  has  been  made  to  hold  the  type).  Reprint  shipments 
are  made  a  month  or  more  after  publication,  and  bills  are  issued  by 
the  printer  subsequent  to  shipment  Neither  the  editors  nor  the 
Washington  Office  keep  any  supply  of  reprints;  requests  for  single 
copies  of  papers  should  be  addr^sed  to  the  author  of  the  paper 
concerned. 

A  page  charge  is  assessed  to  cover  in  part  the  cost  of  publication. 
Payment  is  expected  but  is  not  a  condition  for  publication  since 
articles  are  accepted  or  rejected  only  on  the  basis  of  merit,  and  the 
editor's  decision  to  publish  the  paper  is  made  before  the  charge  is 
assessed.    The  charge  per  page  is  $35. 
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Abstract:  The  dielectric  constants  and  losses  of  hexamethyldisiloxane,  hexaethyldisiloxane,  hexamethylcyclo- 
trisiloxane,  octamethylcyclotetrasiloxane,  and  hexamethyldisilazane  have  been  measured  over  a  range  of  tempera- 
ture at  2.2  mm  wavelength  and  at  centimeter  wavelengths.  The  data  have  been  used  to  calculate  the  dielectric  relaxa- 
tion times,  the  atomic  polarizations,  and  the  dipole  moments.  Use  of  the  very  large  values  found  for  the  atomic 
polarizations  in  the  calculation  of  the  dipole  moments  gives  much  smaller  moment  values  than  those  previously 
reported  in  the  literature  which  did  not  take  account  of  the  atomic  polarization.  The  large  atomic  polarizations  and 
the  short  relaxation  times  found  are  consistent  with  the  great  flexibility  which  has  been  ascribed  to  the  Si-O-Si 
bonds.    They  are  discussed  in  terms  of  the  structures  of  the  molecules. 


An  anomalously  low  value  for  the  dielectric  relaxation 
i  time  of  hexamethyldisiloxane  obtained  from  centi- 
meter wavelength  measurements'  indicated  the  desir- 
ability of  higher  frequency  measurements  to  establish 
the  low  value  more  exactly.  The  unexpectedly  small 
dipdc  moment,  *•'  the  large  atomic  polarization,  *•' 
the  wide  Si-O-Si  valence  angle,*  and  the  frequency  of 
occurrence  of  the  silicon-oxygen  bond  give  additional 
reasons  for  the  extension  of  the  measurements  to  2.2 
mm  wavelength.  Four  other  silicon  compounds  have 
also  been  measured  in  the  hope  of  throwing  additional 
light  upon  the  problems  involved. 

Measoremoits  and  Calculations 

Hexamethyldisiloxane,  hexamethyldisilazane,  hexa- 
methylcyclotrisiloxane,  and  octamethylcyclotetrasil- 
oxane were  obtained  from  the  General  Electric  Co.  in 

(1)  This  research  was  supported  in  part  by  the  U.  S.  Army  Research 
Office  (Durham)  and  in  part  by  the  Office  of  Naval  Research.  Repro- 
duction, translation,  use,  or  disposal,  in  whole  or  in  part,  by  or  for  the 
U.  S.  Government  is  permitted. 

(2)  R.  S.  Holland  and  C.  P.  Smyth./.  Am.  Chem.  Soc.,  77,  268  (195S). 

(3)  Y.  Kurita  and  M.  Kondo,  Bull.  Chem.  Soc.  Japan,  27,  160  (19S4). 

(4)  C  Eabom,  **Organosilicon  Compounds,**  Butterworth  &  Co. 
(Publishers).  Ltd..  London,  1960.  pp  253-2S5. 


very  pure  form.  Hexaethyldisiloxane  of  similar  purity 
(99.5%)  was  obtained  from  the  Dow-Corning  Corp. 
Measurements  of  dielectric  constant  e'  and  loss  t" 
were  made  at  wavelengths  of  0.22,  1.25,  3.22,  10.01, 
and  25.00  cm  at  21,  40,  and  60°,  using  the  methods  al- 
ready described.*"'  The  e'  value  at  25  cm,  or  at  an  even 
shorter  wavelength,  depending  on  the  loss,  was  indis- 
tinguishable from  the  so-called  static  dielectric  constant 
€o  obtained  with  a  heterodyne  beat  apparatus.*®  For 
hexamethylcyclotrisiloxane,  the  loss  e''  was  so  low 
that  the  dielectric  constant  e'  at  3.22  cm  was  used  for 
€o.  The  values  for  these  quantities  given  in  Table  I 
have  been  used  for  Cole-Cole**  analysis  in  the  IBM 
7094  computer.  The  values  of  €«,  the  infinite-frequency 
or  optical  dielectric  constant,  to,  the  most  probable  re- 

(5)  S.  K.  Garg,  H.  Kilp.  and  C.  P.  Smyth,  /.  Chem.  Phys.,  43.  2341 
(1965). 

(6)  W.  M.  Heston,  E.  J.  Hennelly,  and  C.  P.  Smyth.  /.  Am.  Chem. 
Soc.,  70,  4093  (1948). 

(7)  H.  L.  Laquer  and  C.  P.  Smyth,  ibid.,  70,  4097  (1948). 

(8)  W.  M.  Heston,  A.  D.  FrankUn,  E.  J.  Hennelly,  and  C.  P.  Smyth, 
ibid.,  72,  3443  (1950). 

(9)  F.  H.  Branin,  Jr.,  and  C.  P.  Smyth,  /.  Chem.  Phys.,  20,  1121 
(1952). 

(10)  G.  L.  Lewis  and  C.  P.  Smyth,  ibid.,  7,  1085  (1939). 

(11)  K.  S.  Cole  and  R.  H.  Cole,  ibid.,  9,  341  (1941). 


TaUe  L    Dielectric  Constants  and  Losses 


TaUe  n.    Polarization  (cc)  and  Dipole  Moment  (D.)  Values 


Temp, 
•C 


cm 


Hexamethyldisiloxane 

2.102 
2.098 
2.056 


2.198 


2.0 

2.223 

0.216 

2.185 

20.0 

2.179 

0.216 

2.152 

40.0 

2.130 

0.216 

2.108 

Hexaethyldisiloxane 

25.0 

2.259 

0.22 

2.224 

1.25 

2.246 

3.22 

2.253 

10.01 

2.257 

40.0 

2.229 

0.22 

2.194 

1.25 

2.221 

3.22 

2.225 

10.01 

2.229 

60.0 

2.195 

0.22 

2.163 

1.25 

2.189 

3.22 

2.192 

10.01 

2.194 

2.172 


2.150 


Hexamethylcyclotrisiloxane 
70.0        2.139         0.22         2.132        2.131 

1.25         2.138 
3.22         2.139 


Octamethylcydotetrasiloxane 


23.0       2.390 


40.0       2.346 


60.0       2.298 


21.0       2.273 


40.0        2.232 


60.0       2.184 


0.22 

2.350 

1.25 

2.383 

3.22 

2.388 

25.00 

2.390 

0.22 

2.316 

1.25 

2.343 

3.22 

2.345 

25.00 

2.347 

0.22 

2.267 

1.25 

2.291 

3.22 

2.295 

25.00 

2.300 

exameth^ 
0.22 

y^ldisilaza 
2.205 

1.25 

2.265 

3.22 

2.273 

10.01 

2.274 

0.22 

2.165 

1.25 

2.219 

3.22 

2.230 

10.01 

2.232 

0.22 

2.128 

1.25 

2.177 

3.22 

2.184 

10.01 

2.184 

2.318 


2.285 


2.245 


2.190 


2.156 


2.116 


.'/ 


0.046 
0.042 
0.033 

0.013 
0.013 
0.011 
0.005 
0.012 
0.011 
0.008 
0.004 
0.011 
0.009 
0.007 
0.003 

0.006 
0.003 
0.001 

0.030 
0.017 
0.009 
0.003 
0.028 
0.016 
0.006 
0.002 
0.025 


laxation  time,  a,  the  distribution  parameter,  and  Cu 
the  amplitude  or  relative  weight  of  the  contribution  of 
the  second  relaxation  process,  if  one  exists,  thus  ob- 
tained are  tabulated  in  Table  II.  6«,  is  used  to  calculate 
the  induced  polarization  Pb  +  Pa  =  ^(««  —  OM^-  + 
2)  where  M  is  the  molecular  weight  and  d  the  den- 
sity. The  total  polarization  P  is  obtained  similarly 
from  6o.  The  electronic  polarization  Pb  is  calculated 
from  /i„,  the  refractive  index  at  infinite  wavelength. 
The  refractive  indices  n  are  measured  at  at  least  two 
wavelengths,  the  sodium  D-line  and  the  H^  or  H^  line,  to 
calculate^'  /i«  from 


I* 


The  dipole  moment  /x  has  been  calculated  by  means  of 
the  Onsager  equation^'  with  €«  used  instead  of  /i^. 

(12)  C  P.  Smyth,  "Dielectric  Behavior  and  Structure,"  McGraw-Hill 
Book  Co..  Inc.,  New  York,  N.  Y.,  1955.  p  405. 

(13)  L.  Onaager,  /.  Am.  Chem.  Soc„  58,  1486  (1936). 


Temp, 


Temp, 


Hexamethyldisiloxane 
2.0         60.42  9.4 

20.0         60.25  9.6 

40.0         60.04  9.5 

Hexaethyldisiloxane 
25.0         86.61         11.0 
40.0         86.37         11.0 
60.0         86.10         10.9 

Hexamethylcyclotrisiloxane 
70.0         65.84  9.7 


Octamethylcydotetrasiloxane 
23.0         98.11         22.1 
40.0         97.80         22.2 
60.0         97.34         22.1 

Hexamethyldisilazane 
21.0         62.27  9.9 

40.0         62.12  9.9 

60.0         61.86  9.9 


Compound 


Pe 


MHt 


M» 


Hexamethyldisiloxane 


Hexaethyldisiloxane 

Hexamethylcyclotrisiloxane 

Octamethylcydotetrasiloxane 

Hexamethyldisilazane 


47.60 


0.46* 
0.74* 
0.80" 

0.0- 
0.67« 

72. 5  (est)  1.09» 

49.40 


72.85 
55.82 
74.55D 


0.73    0.38 


0.72    0.38 
...    (0.14) 
1.00    0.42 

0.74    0.37 


•  Reference  2.    *  R.  O.  Sauer  and  D.  J.  Mead,  /.  Am,  Chem.  Soc,j 
68, 1794  (1946).    « Reference  3. 


TaUe  m.    Rdaxation  Times,  Distribution  and  Weight  Parameters* 
and  Energy  of  Activation 


Temp, 

OC 


ro« 


ri« 


ri« 


Ci       kcal/mole 


0.012 
0.005 
0.002 

2.0 
20.0 
40.0 

0.029 
0.027 
0.014 

25.0 
40.0 
60.0 

0.005 

0.027 
0.021 

70.0 

0.010 

0.004 

23.0 

0.025 

40.0 

0.017 

60.0 

0.008 

0.003 

^M           ^ 

Hexamethyldisiloxane 

0.14       0.74       2.1        0.5  0.60        2.5 

0.00       0.27       ...         0.3  1      . 

0.00       0.21        ...        0.2  1 

Hexaethyldisiloxane 

0.44       2.4        11.4       0.6  0.54        2.4(rt) 

0.44        1.6        10.7       0.4  0.62        0.7(ri) 

0.38        1.1        10  0.4  0.67 

Hexamethylcyclotrisiloxane 
0.04      (2.7) 

Octamethylcydotetrasiloxane 
0.00'      1.9  1.3 

0.00        1.7 
0.00        1.6 

Hexamethyldisilazane 
0.05       2.7  1.2 

0.00       2.4 
0.00       2.0 


21.0 
40.0 
60.0 


•  10-»  sec. 

For  comparison,  values  calculated  with  /i.'  are  listed 
as  fin  in  Table  III.  As  the  measurements  were  made  at 
three  different  temperatures,  the  free  energies  of  activa- 
tion AF*  could  be  calculated  in  the  usual  manner.  ** 

Discussion  of  Results 

Dipole  Moments.  The  dipole  moments  in  Table  II 
tend  to  be  much  lower  than  those  in  the  literature,  in 
which  the  effects  of  the  large  atomic  polarizations  are 
neglected.  When  n^  is  used  in  the  moment  calculation 
instead  of  €«,  the  moment  value  fin  obtained  is  almost 
twice  as  large  and  in  satisfactory  agreement  with  pre- 
vious literature  values  calculated  in  this  way.  The 
values  of  Pb  +  ^a  and  P  for  hexamethylcyclotrisiloxane 
differ  by  no  more  than  the  total  probable  error,  and 

(14)  C.  P.  Smyth,  rcf  12,  p  63. 
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ry  small  apparent  moment  value  in  Table  II  is 
iguishable  from  zero.  This  zero  moment  is 
&nt  with  the  planar  structure  of  the  molecule 
ed  by  electron  diffraction^^  and  X-ray  analysis** 
cen  correctly  by  Kurita  and  Kondo'  as  indicating 
pole  moment.  With  zero  dipole  moment  Kurita 
ondo  took  the  total  polarization  P  =  P^  + 

thus  obtained  a  value  of  10.9  for  Pa»  which  is  a 
rger  than  the  value  9.7  in  Table  II  because  their 
)f  P  was  66.7  as  compared  to  65.8  in  Table  II. 
estimated  atomic  polarization  for  hexamethyl- 
ine  was  only  4.9  and  that  for  octamethylcyclo- 
oxane  was  14.5,  the  estimates  being  made  from 
rison  with  hexamethylcyclotrisiloxane.  Conse- 
f,  their  dipole  moment  values  for  these  two  com- 
» are  more  than  twice  as  large  as  those  listed  for  ft 
>lc   II.    The   presumably   correct   moments   /x 

four  unsymmetrical  molecules  in  Table  II  are 
identical. 

lie  Polarizations.  The  atomic  polarizations  of 
^thyldisiloxane    and    hexamethyldisilazane    are 

equal,  indicating  that  the  Si-N  bonds  have 
the  same  unusual  flexibility  that  the  Si-O  bonds 
The  atomic  polarization  of  hexaethyldisiloxane 

1.5  larger  than  that  of  the  hexamethyl  com- 

>,  the  small  increase  coming  from  the  six  CH2 

in  the  former  compound.    The  main  distortion 

ation  is  evidently  associated  with  the  Si-O-Si 

I  of  the  molecule.    The  virtual  identity  of  the 

polarization  of  hexamethylcyclotrisiloxane  with 
of  hexamethyldisiloxane  and  hexamethyldisil- 
indicates  that  the  binding  of  the  six  Si-O  bonds 
planar  ring  considerably  reduces  their  flexibility, 
r  indication  of  this  reduction  of  flexibility  by 
rmation  is  given  by  the  fact  that  the  atomic  polar- 
found  in  this  laboratory"  for  the  corresponding 
hain  compound  is  19.0,  about  twice  as  large, 
mailable  instruments  did  not  cover  the  range 

for  the  extrapolation  of  the  refraction  of  octa- 
cyclotetrasiloxane  to  infinite  wavelength.  The 
refraction  for  the  sodium  D-line  marked  with  D 
efore,  given  in  Table  II,  and  used  to  estimate  a 
►f  Pe-  a  reasonable  estimate  of  the  extrapolated 
Pe  is  72.5  =fc  0.5,  which  gives  the  value  22  for 
wn  in  Table  II.  This  value,  which  is  only  a  little 
;han  that  found  in  this  laboratory  for  the  corre- 
ng  open-chain  compound,  shows  much  greater 
ity  than  that  of  the  symmetrical,  planar  hexa- 
cyclotrisiloxane  molecule.  Kurita  and  Kondo' 
et  the  moment  found  for  this  substance  as  sug- 

the  existence  of  its  molecules  in  a  mixture  of 
(crown,  cradle,  and  tub)  or  in  a  single,  slightly 
brm  intermediate  between  these.    There  would 

0  be  a  possibility  of  shift  from  one  form  of  the 
lembered  ring  to  another  with  greater  flexibility 
at  found  in  the  present  work  for  the  symmetrical, 
six-membered  ring. 

xation  Times.  The  most  probable  relaxation 
found  for  hexamethyldisiloxane,  0.7  at  2°,  and  the 

).14  of  the  distribution  parameter  a  agree  well 
the  experimental  uncertainty  with  the  values 

1  0.2,  respectively,  previously  obtained*  with  no 

H.  Aggcrwal  and  S.  H.  Bauer,  /.  Chem.  Phys.,  18,  42  (1950). 
.  K.  Frcvcl  and  M.  J.  Hunter,  J.  Am.  Chem.  Soc,  67,  2275 

Dasgupta  and  C.  P.  Smyth,  to  be  published. 


measurement  below  1.2  cm  wavelength.  However, 
the  values  of  tq  at  20  and  40^  show  an  abrupt  drop  from 
the  2°  value  and  the  distribution  apparent  at  2°  is 
absent  at  the  higher  temperatures.  The  data  at  2°  can 
be  well  represented  in  terms  of  two  relaxation  times,  ^ 
the  longer  of  which  should  be  associated  with  a  molec- 
ular rotational  motion  and  the  shorter  with  an  intra- 
molecular motion.  The  intramolecular  process  appears 
to  take  over  almost  entirely  at  20  and  40®,  where  the 
values  of  to,  presumably  T2,  arc  consistent  with  that  of 
T2  at  2°  as  evidenced  by  the  linearity  of  the  plot  of  log 
Tj  against  l/T,  The  existence  of  two  relaxation  proc- 
esses at  lower  temperatures  is  also  suggested  by  the 
increase  of  the  distribution  parameter  to  0.4  at  —60** 
in  the  earlier  measurements.*  For  hexaethyldisiloxane, 
the  large  value  of  the  distribution  parameter  indicates 
more  than  one  relaxation  time,  and  the  data  are  well 
represented  in  terms  of  two  relaxation  times.  The 
larger  of  these  is  about  what  might  be  expected  for  the 
rotational  relaxation  of  a  molecule  of  this  size.  The 
values  of  tj  for  hexaethyldisiloxane  are  somewhat  larger 
than  those  for  hexamethyldisiloxane  as  would  be 
expected  from  the  larger  size  of  the  ethyl  groups  as 
compared  to  the  methyl.  Although  the  values  of  C2 
show  increase  in  importance  of  the  shorter  relaxation 
process  with  rising  temperature,  the  shorter  process  does 
not  dominate  completely  in  this  temperature  range  as  it 
does  in  the  case  of  the  smaller  molecules. 

Since  the  molecular  dipole  moment  of  hexamethyl- 
cyclotrisiloxane has  been  concluded  to  be  zero,  it  is 
evident  that  the  relaxation  time  obtained  for  it  in  Table 
III  cannot  be  for  molecular  dipole  rotation.  Indeed, 
the  dielectric  loss  0.006  at  2.1  mm  wavelength  and  70° 
is  lower  than  the  value  0.0073  found  for  nonpolar  ben- 
zene at  20°  at  the  same  wavelength — further  evidence 
of  the  absence  of  any  permanent  moment  in  the  mole- 
cule. This  relaxation  time,  although  of  the  same  order 
of  magnitude  as  the  others  in  Table  III,  is  presumably 
associated  with  a  different  mechanism  and  will  be  con- 
sidered with  those  of  other  nonpolar  liquids  to  be  dis- 
cussed in  another  paper. 

The  molecule  of  octamethylcyclotrisiloxane  is  large 
and  its  dipole  moment  is  small  but  real.  The  single 
relaxation  time  found  for  it  (Table  III)  is  too  small  to 
correspond  to  simple  rotational  orientation  of  a  rigid 
molecule  of  this  size.  In  spite  of  the  fact  that  the 
molecule  is  a  closed  ring,  it  seems  probable  that  suf- 
ficient bending  and  twisting  of  the  flexible  Si-O  bonds 
can  occur  to  produce  the  equivalent  of  an  orientation 
of  the  net  molecular  dipole  moment,  somewhat  like 
that  proposed  ^®'^  for  diphenyl  ether  and  similar  mole- 
cules, though  different  in  detail.  Hexamethyldisil- 
azane, which  has  a  molecule  similar  in  size  to  that  of 
hexamethyldisiloxane,  shows  only  a  single  relaxation 
time  in  the  temperature  range  investigated  here.  It  is 
much  larger  than  the  tq  values  found  for  hexamethyl- 
disiloxane, but  not  far  from  the  value  of  ri  attributed 
to  the  rotational  orientation  of  the  molecule  of  this 
substance.  There  is  no  evidence  in  these  results  of  the 
very  rapid  intramolecular  relaxation  process  indicated 
for  hexamethyl-  and  hexaethyldisiloxane. 

(18)  K.  Bergmann.  D.  M.  Roberti,  and  C.  P.  Smyth,  /.  Phys.  Chem., 
64.665(1960). 

(19)  F.  K.  Fong.  J.  Chem.  Phys.,  40,  132  (1964). 

(20)  R.  D.  Nelson,  Jr.,  and  C.  P.  Smyth,  /.  Phys.  Chem.,  69,  1006 
(1965). 


Dasgupta,  Garg,  Smyth  /  Atomic  Polarization  in  Siloxones  and  Hexain€tH7W*^^*«M\fc 


2246 


The  values  of  the  free  energy  of  activation  may  be 
too  approximate  to  have  significance.  The  free 
energies  for  the  shorter  relaxation  processes  in  hexa- 
methyldisiloxane  and  hexaethyldisiloxane  appear  un- 
expectedly to  be  higher  than  that  for  the  longer  re- 
laxation process  in  hexaethyldisiloxane  and  those  for 
the  only  relaxation  process  evidenced  in  octamethyl- 
cyclotetrasiloxane  and  hexamethyldisilazane. 

From  viscosity  measurements  on  hexamethyldisil- 
oxane  and  octamethylcyclotetrasiloxane^^-^^  values  of 
rj  have  been  interpolated  by  means  of  the  Arrhenius 
equation  to  the  temperatures  corresponding  to  those  of 
the  relaxation  times.  The  ratios  r/rj  are  shown  in 
Table  IV.  The  ratio  of  T2IV  for  hexamethyldisiloxane 
is  much  closer  to  that  of  tq/tj  for  octamethylcyclotetra- 
siloxane  than  is  T2  to  tq  in  Table  III.  A  considerable 
part  of  the  difference  between  the  two  would  appear 
to  be  due  to  viscosity.  However,  the  rapid  increase  of 
r/rj  with  temperature  for  octamethylcyclotetrasiloxane 
points  also  to  an  intramolecular  motion  less  susceptible 
to  the  influence  of  viscosity  than  molecular  rotation  is. 

Table  IV 


Temp,  X 

T, 

10""  sec               ?7,  cp 

rh 

Hexamethyldisiloxane 

2 

20 
40 

0.45                  0.659 
0.27                  0.512 
0.21                   0.402 

Octamethylcyclotetrasiloxane 

0.68 
0.53 
0.52 

23 
40 
60 

To 

1.91                   2.243 
1.72                   1.638 
1.59                   1.180 

0.85 
1.05 
1.32 

The  fact  that  the  values  of  r/rj  in  Table  IV  are  smaller 
by  a  factor  not  far  from  10  than  those  found  for  effec- 
tively rigid  molecules^'  gives  further  evidence  of  relaxa- 
tion by  intramolecular  motion.  In  the  reference  cited 
the  relaxation  times  are  expressed  in  10"^*  sec,  instead 
of  10"  ^2  sec  as  in  the  present  paper. 

Conclusions 

The  low  moments  of  these  compounds  are  due  to  the 
reduction  of  the  Si-O  and  Si-N  bond  moments  by 
d,-p,  bonding  below  those  to  be  expected  from  the 
considerable  difference  between  the  electronegativities 
of  the  bonded  atoms.*'**  In  the  case  of  hexamethyl- 
disiloxane, the  widening  of  the  Si-O-Si  angle**  to  about 
150°  also  reduces  the  resultant  moment. 

Lazarev  and  Tenisheva"  have  concluded  from  an 
analysis  of  infrared  data  that  the  oxygen  in  the  Si-O-Si 

(21)  C  B.  Hurd.  /.  Am.  Chem  Soc.,  68,  364  (1946). 

(22)  D.  F.  Wilcock.  ibid.,  68,  692  (1946). 

(23)  A.  J.  Pctro  and  C.  P.  Smyth,  ibid.,  79,  6142  (1957). 

(24)  N.  Bazant,  V.  Chvalovsky,  and  J.  Rathousky,  "Organosilicon 
Compounds,**  Academic  Press  Inc.,  New  York,  N.  Y.,  1965,  p  20. 

(25)  A.  N.  Lazarev  and  T.  F.  Tenisheva,  Opt.  Spectry.  (USSR) 
(English  Transl.),  18,  121  (196S). 


group  possesses  considerable  freedom  of  displacement 
in  the  Si-O-Si  plane  and  perpendicular  to  it  and  that  the 
motions  involved  in  such  displacements  have  such  low 
energies  as  to  be  substantially  excited  even  at  ordinary 
thermal  energies.  Analyses  of  a  quasi-linear  triatomic 
molecule"  and  of  disiloxane^  have  shown  that,  if  the 
potential  function  for  siloxane  has  minima  at  angles 
not  far  from  180®  (150°  may  be  near  enough),  the  vi- 
brational spectroscopic  properties  of  the  molecule  may 
be  indistinguishable  from  those  of  a  linear  molecule 
(180°  angle).  The  motion  may  be  that  of  a  bent  mole- 
cule with  rotational  motion  superimposed  on  the  bend- 
ing vibration  about  the  minimum  of  potential  energy.'* 
It  would  appear  that  the  very  short  relaxation  time  ri 
for  hexamethyl-  and  hexaethyldisiloxane  in  Table  III 
may  be  associated  with  dipole  orientation  by  bending 
of  the  Si-O-Si  angle  from  150°  through  a  maximum  at 
180°  to  another  minimum  at  150°,  while  the  slower 
relaxation  is  molecular  rotation,  which,  in  the  case  of 
the  almost  linear,  nearly  symmetrical  hexamethyldi- 
siloxane molecule  encounters  little  hindrance. 

In  octamethylcyclotetrasiloxane  the  Si-O-Si  angle 
is  found  ^  by  X-ray  analysis  to  be  142.5°,  probably 
wide  enough  to  permit  frequent  bending  through  the 
potential  maximum  at  180°  to  reverse  the  direction  of 
the  dipole  and  thus  give  intramolecular  relaxation, 
which  may  be  too  close  to  the  frequency  for  molecular 
rotational  relaxation  to  permit  of  analytical  separation 
of  the  two  processes  in  our  data.  The  Si-N-Si  angle 
is  reported  2*  to  be  120°  with  the  H  and  the  two  Si's 
coplanar  with  the  N  in  hexamethyldisilazane.  This 
structure  does  not  give  two  potential  minima  separated 
by  a  maximum  which  can  be  crossed  easily  to  give 
intramolecular  dipole  orientation  or  relaxation.  The 
one  relaxation  time  found  for  the  molecule  should, 
therefore,  be  that  for  molecular  rotational  motion. 
It  should  be  longer  than  ti  for  hexamethyldisiloxane 
because  of  the  closeness  of  the  latter's  shape  to  that  of  a 
cylinder. 

The  abnormally  high  atomic  polarizations  which  have 
received  comment  evidently  arise  from  infrared  absorp- 
tions, which  have  been  treated  from  the  spectroscopic 
point  of  view  in  the  papers  referred  to"~^  and  in  others. 
These  atomic  polarizations  are  several  times  larger  than 
the  orientation  or  dipole  polarizations  which  arise 
from  the  orientation  of  the  dipoles  fixed  in  the  mole- 
cules. With  these  polarizations  we  are  beginning  to 
enter  a  doubtful  territory  in  which  it  may  be  difficult 
or  arbitrary  to  distinguish  between  dipole  polarization 
and  atomic  polarization. 
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Abstract:  The  primary  processes  occurring  on  photolysis  of  CHsO  and  CD2O  have  been  delineated  at  3340,  3130, 
2654,  and  2537  A,  through  experiments  with  added  olefin,  neopentane,  and  biacetyl.  The  data  provide  estimates 
of  primary  quantum  efficiencies  of  the  processes:  CH2O  +  /rv  -►  H  +  HCO  (I),  and  CHjO  +  /»/-►  H2  +  CO  (II). 
Information  is  also  obtained  on  the  nature  and  the  lifetimes  of  the  excited  states  involved  in  these  processes.  The 
data  show  process  I  is  favored  at  the  longer  wavelengths  (3340  A),  while  II  dominates  at  the  shorter  wavelengths 
(2537  A).  Data  from  the  photolyses  of  pure  formaldehyde  and  its  mixtures  with  propylene  show  values  of  ^cx)  — 
$H,  which  are  significantly  greater  than  zero.  The  data  are  most  consistent  with  the  occurrence  of  a  newly  postu- 
lated reaction  sequence  (H  +  CH2O  -^  CH,0;  CHiO  +  CH2O  -►  CHiOH  +  HCO),  which  leads  to  methanol 
formation  and  a  carbon  monoxide  excess.  The  additional  possibility  exists  of  a  contribution  to  the  carbon  monoxide 
excess  from  a  third  primary  process,  CH20*  +  CH2O  -^  CH2OH  +  HCO  (HI),  particularly  in  photolyses  at  the  very 
long  wavelengths  (3660  A). 


The  structural  simplicity  of  formaldehyde  and  the 
extensive  knowledge  of  its  spectroscopy  give  added 
interest  to  the  study  of  the  primary  processes  in  formal- 
dehyde photolysis.  In  this  case  it  should  be  possible  to 
describe  the  intimate  details  of  the  photochemistry 
which  follow  light  absorption  and  precede  photode- 
composition.  Considerable  information  has  been  re- 
ported on  both  the  singlet-singlet  ( ^A2  -*-  ^Ai)  and  the 
singlet-triplet  ( ' Aj  -^  * Ai)  transitions.  * 

The  photochemistry  of  formaldehyde  has  been 
studied  by  numerous  workers.  Particular  attention 
has  been  given  to  the  secondary  or  thermal  reactions  of 
the  hydrogen  atom  and  formyl  radical  fragments  formed 
in  the  photolysis.*  However,  there  is  still  no  general 
agreement  on  the  activation  energies  for  the  formyl 
radical  decomposition  and  the  hydrogen-atom  abstrac- 
tion reactions.*  The  photolysis  of  formaldehyde  has 
been  interpreted  in  terms  of  two  distinct  primary  photo- 
dissociative  processes^ 

HjCO  -f  hy  — ►  H  -f  HCO  (I) 

— >  H,  -h  CO  (II) 

Attempts  have  been  made  to  determine  the  relative  im- 
portance of  the  two  processes  using  both  iodine  inhibi- 
tion* and  isotope  exchange  methods.^  However,  the 
two  studies  lead  to  opposite  views  as  to  the  relative 
importance  of  I  and  II  as  a  function  of  photon  energy. 
The  results  of  a  more  recent  study  using  flash  photolysis 
of  CHjO-CDjO  mixtures  have  been  interpreted  to  show 

(1)  Presented  in  part  at  the  Seventh  Informal  Ck>nference  on  Photo- 
chemistry, Rensselaer  Polytechnical  Institute,  Troy,  N.  Y.,  June  1966. 
Submitted  by  B.  A.  D.  in  partial  fulfillment  of  the  requirements  for  the 
Ph.D.  degree  in  chemistry.  The  Ohio  State  University.  Sept  196S.  The 
authors  acknowledge  gratefully  the  support  of  this  work  through  a  re- 
search grant  from  the  National  Center  for  Air  Pollution  Control,  U.  S. 
Public  Health  Service,  Bethesda,  M d. 

(2)  (a)  J.  R.  Henderson,  J.  Chem.  Phys.,  44,  3496  (1966);  (b)  W.  T. 
Raynes,  ibid.,  44,  2755  (1966).  For  a  review  of  the  earlier  work,  see  (c) 
D.  A.  Ramsay,  '^Determination  of  Organic  Structure  by  Physical 
Methods,"  Vol.  2,  Academic  Press  Inc..  New  York,  N.  Y.,  1962,  p 
317;  (d)  S.  F.  Mason,  Quart.  Rev.  (London),  IS,  191  (1961). 

(3)  (a)  E.  I.  Akeroyd  and  R.  G.  W.  Norrish,/.  Chem.  Soc.,  890(1936); 

(b)  J.  G.  Calvert  and  E.  W.  R.  Steade.  J,  Chem.  Phys.,  19,  176  (1951); 

(c)  F.  H.  Dorman  and  A.  S.  Buchanan,  Australian  J.  Chem.,  9,  41  (1950); 

(d)  R.  Klein  and  L.  J.  Schoen,  J.  Chem.  Phys.,  24,  1094  (1956). 

(4)  (a)J.G.  Calvert, y.PA^'j.  C/rem.,61,  1206(1957);  (b)  R.  Klein  and 
L  J.  Schoen,  J.  Chem.  Phys.,  29,  953  (1958);  (c)  W.  R.  Brennen,  I.  D. 
Gay.  G.  P.  Glass,  and  H.  Niki,  ibid.,  43,  2569  (1965). 

(5)  J.  G.  Calvert  and  J.  N.  Pitts,  Jr.,  "Photochemistry,"  John  Wiley 
and  Sons,  Inc.,  New  York,  N.  Y.,  1966,  p  371. 

(6)  E.  Gorin,  J.  Chem.  Phys.,  7,  256  (1939). 


that  process  II  is  dominant  at  the  lower  photon  ener- 
gies.^ This  is  in  contrast  with  the  behavior  observed 
for  the  C2-C4  aldehydes,  RCHO,  where  the  intra- 
molecular formation  of  RH  and  CO  is  favored  over  the 
cleavage  to  form  R  and  HCO  at  the  higher  energies  of 
the  absorbed  quantum.*  However,  the  treatment  of 
the  H-D  scrambling  produced  in  the  CH2O-CD2O  mix- 
ture flash  photolysis  experiments,  which  were  used  to 
derive  the  wavelength  dependence  of  <t>i  and  0ii,  is  very 
complex  and  required  that  certain  assumptions  of 
questionable  validity  be  made. 

In  this  work  we  have  studied  the  primary  processes 
occurring  on  photolysis  of  formaldehyde  at  selected 
wavelengths  within  the  first  absorption  band  through 
experiments  with  added  olefin,  neopentane,  and  biacetyl. 
The  data  provide  direct  estimates  of  <f>ii  and  also  in- 
formation on  the  nature  and  the  lifetime  of  the  excited 
states  involved  in  the  formaldehyde  photolysis. 

Experimental  Section 

Formaldehyde  was  prepared  from  polyoxymethylene  according 
to  the  procedure  of  Spence  and  Wild.*  Formaldehyde-^/s  was  ob- 
tained in  polymeric  form  from  Merck  Sharpe  and  Dohme,  Ltd., 
with  a  stated  purity  of  99%  deuterium.  All  hydrocarbon  gases  were 
Phillips  research  grade  and  were  used  without  further  purification. 
Biacetyl  (Eastman  White  Label  product)  was  outgassed,  dried  over 
calcium  sulfate,  and  bulb-to-bulb  distilled  at  reduced  pressure  with 
the  middle  third  retained  for  use. 

The  apparatus  consisted  of  a  quartz  photolysis  cell  mounted  in  an 
air  thermostat  with  the  usual  associated  glass  pump,  traps,  and 
tubing.  These  were  connected  to  a  conventional  high-vacuum 
system  by  bakable  metal  valves.  Pressures  were  read  with  a  triple- 
spoon  gauge-manometer  combination.  All  components  which  had 
direct  contact  with  formaldehyde  were  heated  to  avoid  polymeriza- 
tion. The  thermostat  was  such  that  the  average  temperature  of  the 
cell  remained  constant  to  with  =t0.2°  of  a  desired  temperature  over 
the  3-5-hr  photolysis  period. 

The  light  source  was  a  Hanovia  S-500  medium  pressure  arc. 
The  various  wavelength  regions  (3340,  3130,  2654,  and  2537  A) 
were  isolated  by  chemical  filters.  ^^  The  spectral  distribution  of  the 
lines  so  isolated  was  checked  using  a  Hilger  medium  quartz  spectro- 
graph and  was  in  accord  with  the  published  information  on  the 
filters,  w 

The  bulk  of  the  analyses  were  performed  on  a  modified  Aero- 
graph A-90-P2  gas  chromatograph.    The  product  gases  were 


(7)  R.  D.  McQuigg.  Ph.D.  Dissertation,  The  Ohio  State  University, 
1964. 

(8)  See  ref  5.  p  369. 

(9)  R.  Spence  and  W.  Wild,  J.  Chem.  Soc.,  338  (1935). 

(10)  Sec  ref  5,  pp  729-733. 
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Table  I.    Data  from  the  31 30-A  Photolyses  of  Pure  Formaldehyde 
and  Its  Mixtures  with  Propylene  and  Neopentane 


■at 


Run 
no. 


Temp, 


-Pressure,  mm- 


CHiO      CtHs      C(Hii 


quanta/ 
ccsec 

X 
10-"      *co 


♦h. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 


156.0 

127.8 

128.5 

128.2 

128.7 

128.7 

128.9 

128.9 

129.2 

129.1 

129.2 

129.3 

129.2 

129.0 

129.6 

129.6 

128.7 

129.0 

128.9 

129.1 

129.5 

129.5 

104.9 

91.0 

90.8 

90.9 

91.2 

91.6 

91.0 

91.4 


169 

161 

160.5 

159 

159 

159 

160 

159.5 

79 

78 

78 

78 

78 

80.5 

78 

78 

81 

79.5 

80.5 

82.5 

78.5 

79 

81 

80 

78 

79 

80 

80.5 

81.5 

81.0 


47.5 
128.2 
205.5 
308.5 

•  •  • 

194 


23.5 

51 
102 
103.5 
155.5 
102 
102.5 
105 
103.5 
106 


52.5 


290 
116 


53 
101 
208 
309 
408 
205 
102.5 


21.5 
103 
105 
102 


113.5 
206 


23.6 
22.9 
22.0 
21.7 
21.7 
21.6 
21.5 
21.5 
18.4 
10.1 
9.36 
9.27 
9.42 
18.4 
9.15 
8.93 
17.9 
18.2 
19.0 
18.8 
7.58 
7.65 
18.8 
8.50 
8.37 
21.2 
8.28 
21.6 
7.96 
21.7 


2.70 
1.89 
3.17 
3.52 
3.63 
3.68 
2.50 
3.08 
1.55 
1.58 
2.48 
3.08 
3.02 
2.52 
2.66 
2.67 
2.30 
2.31 
1.82 
1.76 
2.23 
2.39 
2.04 

•  •  • 

1.45 
1.43 
1.99 
1.89 
1.84 
1.67 


1.95 
1.43 
0.67 
0.56 
0.49 
0.44 
1.62 
0.46 
1.30 
1.26 
0.59 
0.49 
0.48 
0.47 
0.44 
0.45 
0.43 
0.42 
0.40 
0.39 
1.92 
1.89 
0.46 
1.14 
1.16 
1.08 
0.55 
0.45 
0.42 
0.39 


Table  n.    Data  from  the  Photolyses  of  Pure  Formaldehyde  and 
Its  Mixtures  with  Propylene  at  Several  Wavelengths 

quanta/ 
ccsec 

X 
10-" 


Wave- 
Run  length,    Temp, 
no.      A  °C 


Pressure,  mm 
CH,0       C,Hi 


*C0  ♦Ht 


31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 


3340 
3340 
3340 
3340 
2654 
2654 
2654 
2654 
2654 
2537 
2537 
2537 
2537 
2537 
2537 


109.1 
109.3 
109.3 
109.2 
109.1 
109.1 
109.1 
109.1 
108.7 
109.0 
109.0 
109.3 
109.0 
109.2 
109.0 


201 
113.5 
63 
110 
103.5 
101 
119.5 
109 
108 
116 
110 
110.5 
111 
109 
105.5 


95 

•   •  ■ 

54 

67.5 
104.5 
154.5 


62 

87 

108.5- 
112 


4.31 
3.06 
1.56 
2.84 
5.00 
4.63 
6.59 
4.28 
5.79 
2.90 
3.87 
2.70 
2.94 
3.84 
2.95 


1.67 
1.28 
1.55 
1.15 
1.72 
3.01 
3.57 
3.22 
3.44 
1.99 
2.00 
3.38 
3.00 
3.21 
3.37 


0.82 
0.90 
1.44 
0.41 
1.37 
0.80 
0.82 
0.81 
0.81 
1.46 
1.36 
0.89 
0.81 
0.85 
0.90 


'  Isobutene  was  used  in  place  of  propylene  in  this  run. 


separated  using  an  8-ft  column  of  5A  molecular  sieve  (30-60  mesh) 
maintained  at  105^.  Argon  was  used  as  the  carrier  gas.  The 
response  of  the  instrument  was  calibrated  using  standard  mixtures 
which  closely  approximated  in  both  size  and  composition  the 
samples  of  product  gases. 

Mass  spectra  were  obtained  using  a  Consolidated  Electrody- 
namics Corp.  Model  21-620  mass  spectrometer.  Isotope  ratios 
were  determined  with  a  similar  mass  spectrometer  modified  for  that 
purpose.  The  infrared  analyses  were  performed  using  a  Perkin- 
Elmer  Model  21, 40-m  long-path  spectrometer. 

Actinometry  was  performed  at  frequent  intervals.  Acetone  was 
used  in  experiments  at  3130,  2654,  and  2537  A  with  $co  taken  as 


TaUe  m.    Data  from  the  Photolyses  of  Pure  CDsO  and  Its 
Mixtures  with  Propylene 

quanta/ 
cc  sec 

X 
10-" 


Wave- 
Run  length.   Temp, 
no.       A  **C 


Pressure,  mm 
CDjO       C,H. 


*co 


46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 


3340 
3130 
3130 
3130 
3130 
2654 
2654 
2654 
2654 
2654 
2537 
2537 
2537 
2537 


109.2 
129.1 
129.8 
129.6 
130.2 
109.3 
109.5 
109.2 
109.1 
109.2 
109.5 
109.1 
109.1 
109.1 


112 
87.5 
82.5 
84.5 
87.5 

107 

106 

110.5 

112 

104.5 

126 

104 

106 

104.5 


34 

•  • 

27 

62 

108 


65 
120 
170.5 

•  •  • 

53 
87 
89. 5« 


2.30 
30.3 
28.7 
28.9 
29.6 
4.53 
5.46 
5.44 
5.19 
4.31 
2.45 
2.33 
2.63 
2.81 


0.25 
0.83 
0.89 
0.86 
0.83 
1.10 
1.17 
1.41 
1.43 
1.33 
1.05 
1.52 
1.41 
1.62 


"*  Isobutene  was  used  in  place  of  propylene  in  this  run. 

unity  for  our  conditions.  At  3340-A  azomethane  was  used 
$Ni  assumed  equal  to  unity.  Extinction  coefficients  were  mea 
at  each  wavelength  and  temperature  using  an  RCA  935  photi 
whose  output  was  displayed  on  a  strip  chart  recorder.  The 
intensity  was  also  monitored  continuously  during  each  run  usin 
device. 

The  experimental  conditions  and  the  quantum  yields  of  a 
monoxide  and  hydrogen  products  are  summarized  for  pure  ( 
and  CHiO-olefin  and/or  -neopentane  mixtures  at  31 30  A  in  Ta 
similar  experiments  for  3340, 2654,  and  2537  A  are  listed  in  Tal 
Data  for  CDsO  and  CDiO-olefin  mixtures  at  all  four  wavele 
are  given  in  Table  III. 

Discussion 

The  Primary  Processes  in  Formaldehyde  Photol 

The  olefin  inhibition  studies  herein  reported  allc 
determination  of  <f>ii  values  and  a  delineation  of 
wavelength  dependence  of  the  two  primary  ph 
dissociative  processes  I  and  II  in  formaldehyde  phoi 
sis.  Free-radical  production  of  molecular  hydr< 
following  I  was  supressed  in  this  work  through  the 
of  added  olefin.  The  common  radical  "getters" 
in  thermal  and  photochemical  studies,  NO,  O2,  an 
are  rather  unsatisfactory  for  photochemical  app 
tions  since  their  interaction  with  electronically  ex( 
molecules  is  not  well  understood.  There  is  evid 
that  each  is  capable  of  strongly  perturbing  the  co 
of  the  photolysis.**  Monoolefins  are  efficient 
drogen-atom  scavengers  at  high  pressures,  but  the 
sible  perturbing  influence  of  the  olefin  under  these 
ditions  should  be  examined  in  light  of  CundalPs  woi 
the  possibility  of  triplet  energy  transfer  to  the  o 
must  be  considered.  Our  experimental  conditions  ' 
such  that  the  mean  time  between  collisions  of  an  ex( 
molecule  and  propylene  was  of  the  order  of  IQ"* 
From  the  experiments  with  added  biacetyl  descr 
below,  we  estimate  that  the  longest  lived  excited  i 
of  formaldehyde  formed  at  3130  A,  presumed  to  \k 

(11)  (a)  C.  Reed,  Quart.  Rev.  (London).  12,  205  (1958);   (b)  < 
Martin  and  H.  C.  Sutton,  Trans.  Faraday  5(7c.,48,812  (1952);  (c) 
Pitts,  Jr..  and  F.  E.  Blacet,  J.  Am.  Chem.  Soc,  74.  455  (1952);  (d) 
McMillan  and  J.  G.  Calvert.  **Oxidation  and  Ck>mbustion  Rcvi 
Vol.  1,  C.  F.  H.  Tipper.  Ed..  Elsevier  Publishing  Co.,  Amsterdam, 
p83. 

(12)  (a)  R.  B.  Cundall,  F.  J.  Fletcher,  and  D.  G.  Milne,  Trans.  Fa. 
Soc.,60,  1146(1964);  (b)  R.  B.  Cundall  and  A.  S.  Davies, /61V/..  62, 
2793  (1966);    (c)  R.  B.  Cundall  and  A.  S.  Davies.  Proc.  Roy. 
(London),  A290,  563  (1966). 
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Figure  1.  The  quantum  yield  of  hydrogen  rj.  the  propylene  to 
formaldehyde  ratio  for  photolyses  at  3130  A  and  temperatures  of 
91,  O;  and  129^  A. 


triplet  state,  has  a  lifetime  of  about  10~*-10~'  sec. 
Thus  the  excited  aldehyde  will  suffer  relatively  few  col- 
lisions with  propylene  before  dissociation.  The  work 
of  Rebbert  and  Ausloos^'  has  suggested  that  mono- 
olefins  are  only  a  factor  of  about  10~*  times  as  efficient 
as  conjugated  olefins  in  quenching  acetone's  phos- 
phorescence. Although  the  work  of  CundalFs  group 
suggests  a  much  higher  efficiency  of  triplet  acetone 
quenching  as  measured  by  isomerization  of  cw-ethyl- 
ene-£/2  and  c/5-2-butene,  it  is  difficult  for  us  to  exclude 
the  effects  of  radical  addition  to  the  olefin  in  their  ex- 
periments. Direct  measurement  of  acetone  phos- 
phorescence as  used  by  Rebbert  and  Ausloos  should  be 
a  more  reliable  measure  of  acetone  triplet.  If  one  ac- 
cepts the  results  of  Rebbert  and  Ausloos  and  arbitrarily 
assigns  unit  energy-transfer  probability  to  the  con- 
jugated olefins,  a  molecule  such  as  propylene  is  expected 
to  be  a  very  poor  triplet  energy  acceptor  for  formalde- 
hyde and  other  similar  molecules  of  very  short  triplet 
lifetime. 

To  test  the  effectiveness  of  propylene  as  a  radical 
scavenger  in  the  photolysis  of  formaldehyde,  several 
series  of  experiments  were  performed.  Figure  1  shows 
graphically  the  results  of  propylene  inhibition  on  the 
quantum  yield  of  hydrogen  in  experiments  at  3130  A  and 
at  two  temperatures.  The  limiting  quantum  yield  of 
hydrogen  is  the  same  within  the  experimental  error  for 
experiments  at  91  and  129°.  The  rather  small  change 
in  temperature  is  not  expected  to  alter  significantly  the 
value  of  011,  but  the  result  suggests  that  the  efficient 
scavenging  of  radicals  occurs  for  the  high  olefin  pres- 
sures which  give  the  limiting  value  of  ^hv  1^^  initial 
pressure  of  formaldehyde  and  the  incident  intensity 
were  both  varied  by  a  factor  of  2  without  changing  the 
limiting  value.  Mass  spectral  (isotope  ratio)  analysis 
of  the  product  deuterium  from  the  photolysis  of  CD2O- 
C}H«  mixtures  showed  that  abstraction  from  propylene 
was  unimportant  under  our  conditions.  Also  mixtures 
of  CH2O,  CD2O,  and  CjHe  at  the  partial  pressures 
which  gave  limiting  hydrogen  quantum  yields  were 
photolyzed.  On  the  basis  of  the  very  small  amounts  of 
HD  found  for  CHjO  and  CD2O  photolyses,  0n,  esti- 
mated from  limiting  ^Ht  data,  may  be  in  error  due  to  in- 
complete scavenging  by  at  most  3-5  and  5-8%,  respec- 
tively. 

(13)  R.  E.  Rebbert  and  P.  Ausloos,  J.  Am,  Chem.  Soc.,  87,  5S69 
(1965). 
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Figure  2.  The  quantum  yields  of  primary  process  II,  CHiO  (or 
CDiO)  +  hv--  CO  -I-  Hi  (or  DO,  as  a  function  of  wavenumber  for 
photolyses  of  CHiO  and  CDtO  in  the  vapor  phase. 


The  estimates  of  the  primary  quantum  yields  for  the 
molecular  process  II  were  obtained  from  the  limiting 
^Ht  or  $Dt  values  at  high  olefin  concentrations  for  both 
CH2O  and  CD2O  at  four  wavelength  regions,  3340, 
3130,  2654,  and  2537  A.  Figure  2  shows  the  resulting 
quantum  yields  as  a  function  of  wavenumber.  Within 
the  scatter  of  the  data,  the  primary  yield  is  a  linear  func- 
tion of  photon  energy.  The  observed  monotonic  in- 
crease in  the  importance  of  the  molecular  mode  of  dis- 
sociation with  energy  is  consistent  with  the  trends 
found  for  the  other  simple  aldehydes.  ^^ 

McQuigg  found  that  the  volume  of  products  from 
formaldehyde  flash  photolysis  was  proportional  to  the 
number  of  quanta  absorbed  by  the  formaldehyde,  in- 
dependent of  the  wavelength  of  the  light  absorbed  from 
2500  to  3300  A.^  If  0i  +  ^n  equal  unity  at  the  shorter 
wavelengths,  as  seem  very  likely,  then  0i  +  ^n  is  near 
unity  over  this  whole  range  of  wavelengths.  Thus  a 
reasonable  estimate  of  0i  may  be  derived  from  the 
relation  0i  =  1  —  ^u.  Following  this  procedure  it 
can  be  estimated  that  0ii/0i  increases  from  'M).?  at 
3340  to  7.3  at  2537  A  for  (THjO.  The  question  arises 
as  to  what  factors  determine  the  relative  importance  of 
each  of  these  processes.  Of  course,  the  two  processes 
may  arise  simply  as  competitive  reactions  which  involve 
the  same  electronic  state  or  states.  Another  possible 
answer  to  this  question  is  that  two  difl*erent  excited 
states  are  involved  and  that  the  competition  between 
the  two  decomposition  modes  is  determined  by  the  rates 
of  population  of  these  states  and  their  reactivities. 
The  most  obvious  choice  of  states  would  be  the  *Ai 
and  'A2  electronic  states.  If  spin  is  conserved  in 
processes  I  and  II  then  triplet  decomposition  to  molec- 
ular hydrogen  and  carbon  monoxide  is  not  possible  at 
the  photon  energies  used  in  this  study,  and  only  the 
free-radical  process  could  originate  from  the  triplet 
species. 

To  evaluate  the  possible  role  of  the  triplet  formal- 
dehyde in  the  photolysis  of  formaldehyde  several  ex- 
periments were  performed. 

Few  aldehydes  and  ketones  show  measurable  phos- 
phorescence. Formaldehyde  phosphorescence  has 
never  been  reported  although  it  has  been  searched  for 
in  many  laboratories.  The  participation  of  a  triplet 
state  in  the  photodecomposition  of  the  aldehydes  and 
ketones  has  been  inferred  largely  from  indirect  evidence, 
but  this  evidence  has  been  rather  convincing.     Spe- 

(14)  (a)  F.  E.  Blacet  and  J.  N.  Pitts,  Jr..  ibid.,  74,  3382(1952);  (b)  C. 
S.  Parmenter  and  W.  A.  Noycs.  Jr..  ibid.,  85.  416  (1963). 
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Figure  3.  Plot  for  the  biacetyl  quenching  of  the  quantum  yield  of 
deuterium  in  the  photolysis  of  CDsO-biacetyl  mixtures  at  109°  and 
about  75  mm  pressure  of  CDsO. 


cifically,  photosensitized  emission  from  biacetyl  and  the 
decomposition  of  biacetyl  have  been  used  as  triplet 
diagnostic  tests  in  the  gas  phase."  The  strong  emis- 
sion and  low  energy  (about  2.5  ev)  of  its  first  excited 
triplet  state  make  biacetyl  particularly  attractive. 

In  conjunction  with  a  study  of  the  formaldehyde- 
sensitized  emission  of  biacetyl,  to  be  reported  in  a  sub- 
sequent paper,  we  also  studied  the  effect  of  biacetyl 
on  the  photodecomposition  of  formaldehyde-rfj.  The 
deuterio  isomer  was  used  in  this  study  with  a  knowledge 
of  the  longer  excited  lifetime  for  the  deuterio  compound 
and  with  the  hope  of  reducing  troublesome  abstraction 
reactions.  The  data  summarized  in  Figure  3  show  that 
the  diketone  is  effective  in  deactivating  some  state  of  the 
excited  aldehyde  formed  at  3130  A;  <^di  decreases  with 
increasing  biacetyl  pressure.  At  this  wavelength  bi- 
acetyl is  almost  transparent.  However,  experiments 
with  biacetyl  alone  were  performed  as  an  added  check, 
and  negligible  product  formation  occurred  under  these 
conditions.  That  energy  was  being  transferred  from 
formaldehyde  to  the  biacetyl  in  the  CD20-(CHsCO)2 
mixture  photolyses  was  shown  by  the  presence  of  C^He, 
CH3D,  and  excess  CO  in  the  products.  HD  was  not 
found  and  thus  a  D-atom  sensitized  decomposition  is 
unlikely.  However  the  presence  of  a  small  quantity 
of  CH3D  indicates  that  the  methyl-sensitized  decomposi- 
tion of  formaldehyde  may  be  occurring. 

If  we  write  a  general  mechanism  for  energy  transfer 
to  biacetyl  as 


CDiO  -I-  hv 


■CDjO    0/. 


■CDiO  — ►  products  (Di,  CO  ultimately)    kd 
•CDtO  -f  (CHjCO),  — >  KCH^COh  -h  CDjO    kt 

one  can  show  that  1/<^d«  =  *t[(CH8CO)2]/A:d0  +  con- 
stant. Here  z  represents  the  excited  state  inultiplicity. 
It  is  assumed  that  biacetyl  does  not  interfere  with  the 
formation  of  products  by  the  usual  paths  which  are 
operative  in  its  absence.  With  this  choice  of  mecha- 
nism, coupled  with  an  assumed  energy-transfer  rate 
constant  of  10**  cc/mole  sec,  and  0  =  1,  the  data  of 
Figure  3  lead  to  an  estimate  of  the  lifetime  of  the  ex- 
cited state  of  about  5  X  lO"'  sec.  If  one  assumes  that 
processes  I  and  II  originate  exclusively  from  the  triplet 
and  singlet  excited  states,  respectively,  and  that  the 
biacetyl  addition  does  not  alter  significantly  the  mecha- 
nism  of  hydrogen   formation   from   the   free-radical 

(15)  (a)  H.  Okabc  and  W.  A.  Noyes,  Jr..  J.  Am,  Chem.  Soc„  79,  801 
(1957);  (b)  J.  Hdcklen  and  W.  A.  Noyea,  Jr.,  ibid.,  81,  3858  (1959); 
(c)  R.  P.  Borkowski  and  P.  Ausloos,  ibid.,  84,  4044  (1962). 
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Figure  4.  Plots  for  the  quenching  of  the  primary  proc€ 
formaldehyde  photolysis  at  3130  A  for  experiments  at  91  °, 
129°,  A;  in  each  experiment  approximately  1(X)  mm  of  pi 
and  SO  mm  of  formaldehyde  were  present,  and  varied  amc 
neopentane  were  added  to  obtain  the  gas  concentration  chs 


mechanism,  then  a  plot  of  the  function  (1  —  4>ii)l( 
4>i)  ^s,  [(CH8CO)2]  yields  an  estimate  of  ktlk^{\ 
from  its  slope.    Assuming  k^  —  10**  cc/mole  se< 
A:d(triplet)  ^  1  X  lO*  sec-*  and  T(triplet)  ^  10 
Computations  based  on  the  sensitized  emission  j 
yield  a  similar  value.  *•    The  quenching  efficie 
greater  than  can  be  accounted  for  through  colli 
deactivation   (see   the    results    of  added    neop< 
described  below),  and  it  is  most  likely  a  result  o 
tronic  energy  transfer.    Some  care  must  be  u: 
assigning  the  donor  state  since  both  singlet  and 
energy  transfer  are  possible  and  would  lead  to  j 
parent  decrease  in  the  decomposition  quantum 
of  the  donor.     However,  the  companion  study 
formaldehyde-sensitized  emission  of  biacetyl  com 
under  the  same  experimental  conditions  as  the 
reported  here  shows  that  formaldehyde  prefere 
excites    biacetyl    phosphorescence.**    This    is 
compelling  evidence  that  triplet  energy  transfer 
curring.    Thus  it  appears  probable  that  triplet  f< 
dehyde  is  produced  and  decomposition  does  ori 
from  this  state.    As  stated  previously,  spin  con 
tion  suggests  that  this  decomposition  reaction 
free-radical  split  (process  I);   obviously  this  cam 
tested  unambiguously  from  the  data  at  hand. 

Further  experiments  were  designed  to  elucida 
nature  of  the  state  leading  to  process  II,  mol 
hydrogen  formation.  The  pressure  dependence 
quantum  yield  of  hydrogen  was  studied  at  3130  i 
at  temperatures  of  91  and  129°  to  evaluate  the  effi( 
of  collisional  deactivation  of  this  excited  state,  h 
gen  formation  from  the  free-radical  process  I  wa 
pressed  in  all  of  these  runs  through  the  addition 
proximately  100  mm  of  propylene.  Neopentan 
used  as  an  "inert"  gas  since  it  has  many  degn 
freedom,  and  under  our  conditions  abstraction 
tions  involving  its  primary  hydrogens  would  b 
important.  These  results  are  summarized  in  Fig 
It  is  apparent  that  some  deactivation  occurs  at 
temperature,  although  rather  inefficiently.  Of  c 
partial  vibrational  relaxation  of  excited  formald 
would  not  eliminate  process  II  completely,  but 
lower  its  efficiency.  The  </>ii  data  for  2537  and  3; 
suggest  that  relaxation  of  vibrational  energy  1 
kcal/mole  lowers  </>ii  by  50%.    If  one  assumes  th 

(16)  From  a  study  which  is  to  be  published  by  A.  Zahra  of  thci 
ratories. 
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collision  cross  section  for  the  deactivation  process  is 
3.6  X  10~"  cm',  and  that  each  collision  is  effective  in 
deactivating  completely  the  excited  molecule,  then  the 
data  of  Figure  4  lead  to  an  excited  state  lifetime  of 
about  2  X  10"*^  sec.  This  must  represent  a  minimum 
lifetime  in  view  of  the  nature  of  the  assumptions  made. 
However,  it  seems  clear  that  the  lifetime  of  the  excited 
state  responsible  for  the  concerted  process  II  is  very 
short  at  3 130  A,  and  it  is  probably  near  10~*®  sec. 

The  present  data  and  the  other  information  on 
formaldehyde  photolysis  may  be  considered  in  terms 
of  the  following  general  mechanism  for  the  primary 
processes. 

HaCXX'Ai)  -h  hv  — ►  HjCXX^Aj") 

H,CO(»A2»)  +  M  — ►  HjCO(»A2")  -f  M'. . . 

HiCXX^A,-)  — ►  H2CO('At«) 


HjCO(»A,«)  -h  M 
H,CCX»'»A,') 

HjCO(»»A,«)  +  HjCX) 


HjCXX'A,'*)  -f  M'... 
H(»Si/,)  -h  HCCX*A') 
H, -f  CO 

H,CX)H  +  HCX) 


(1) 
(2) 
(3) 
(4) 
(I) 
(ID 
(HI) 


In  the  mechanism  shown,  the  right-hand  superscript 
denotes  the  degree  of  vibrational  excitation  above  the 

lowest  level  of  that  state  where  q>  p>  . . .  n>m> 

The  observed  wavelength  dependence  of  <t>ii  (Figure  2) 
proves  that  vibrational  relaxation  of  the  excited  formal- 
dehyde is  incomplete  before  reaction  for  the  conditions 
employed  here.    Regardless  of  the  multiplicity  of  the 
state  or  states  involved  in  primary  processes  I  and  II, 
it  is  evident  that  the  higher  the  degree  of  vibrational 
excitation,  the  higher  is  the  efficiency  of  the  process  II. 
Of  course  we  expect  the  rate  constant  for  both  processes 
I  and  II  to  be  a  function  of  the  vibrational  level  and 
multiplicity  of  the  particular  state  involved.    Although 
it  is  probably  an  oversimplification,  it  seems  attractive 
to  the  authors  to  suggest  that  process  II  originates 
largely  from  the  excited  singlet  state,  and  that  I  and  III 
are  derived  largely  from  the  triplet.    With  this  assump- 
tion one  may  rationalize  the  increase  in  the  extent  of  II 
at  the  shorter  wavelengths  in  terms  of  the  shortened 
lifetime  of  the  singlet  and  the  increased  magnitude  of 
kn  compared  to  k%.    The  primary  quantum  efficiencies 
of  processes  I  and  II  are  about  equal  at  3130  A.    If 
they  originate  largely  from  the  different  states  as  sug- 
gestedy  then  the  rate  of  intersystem  crossing  must  be 
about  the  same  as  the  rate  of  process  II;  that  is,  kz  = 
10 1"  sec,""*  a  surprisingly  high  value.    In  any  case  the 
evidence  presented  here  for  the  short-lived  excited  states 
implies  that  the  rate  of  intersystem  crossing  of  formal- 
dehyde is  very  fast.    For  the  formaldehyde  molecule 
the  similarity  in  the  geometry  of  the  singlet  and  triplet 
excited  states  must  favor  large  Franck-Condon  overlap 
factors. 

The  molecular  orbital  picture  of  the  states  to  which 
the  initially  excited  n,7r*  carbonyl  states  pass  enroute 
to  photodissociation  by  processes  I  and  II  was  first  put 
forward  by  Peters*^  and  later  expanded  by  Abrahamson, 
Littler,  and  Vo.  *^  It  depicts  the  state  giving  rise  to  the 
concerted  process  as  one  in  which  considerable  H-H 
bonding  exists,  i.e.,  an  n,{r*cHi  state.*®  The  free- 
radical  process  may  arise  from  a  state  in  which  H-H 

(17)  D.  Peters,  Trans.  Faraday  Soc.,  59,  1121  (1963). 

(18)  E.  W.  Abrahamson,  J.  G.  F.  Littler,  and  K.-P.  Vo.  J.  Chem, 
PA>i.,  44.  4082  (1966). 


antibonding  is  dominant  such  as  an  n,o'*cHi«  state. 
Unfortunately,  the  relative  energies  of  these  states  are 
not  known  even  approximately,  and  their  energies  rela- 
tive to  the  n,7r*  carbonyl  states  also  are  a  matter  of 
speculation.  Abrahamson  has  pointed  out  that,  due 
to  the  nonplanarity  of  the  excited  state,  some  overlap 
occurs  between  the  a-*cH«*  orbital  and  the  2py  orbital  of 
oxygen.  This  effect  may  lower  the  energy  of  the 
^*cHs*  state  sufficiently  so  that  the  energy  necessary  for 
the  free-radical  process  is  equal  to  or  less  than  that  re- 
quired for  the  molecular  decomposition.  A  quantita- 
tive interpretation  of  the  primary  processes  in  terms  of 
the  transfer  of  excitation  from  the  excited  carbonyl 
*(n,7r*)  or  ^n,7r*)  states  to  intermediate  states  will  cer- 
tainly add  greatly  to  our  understanding  of  the  internal 
energy-transfer  processes  involved  in  molecular  photo- 
chemistry. However,  the  meaningful  interpretation 
of  these  details  must  await  the  more  accurate  determina- 
tion of  the  appropriate  molecular  orbital  energies. 

Primary  process  III  is  included  to  account  for  the 
apparent  presence  of  H  atoms  in  the  photolysis  of 
formaldehyde  at  the  long  wavelengths.'**  At  3600  A 
absorption  is  in  the  well-known  a  band  which  originates 
from  the  ground  state  with  1  quantum  of  Vi  excitation. 
Hence  a  molecule  absorbing  in  this  band  is  about  81.6 
kcal/mole  above  the  ground  state.  It  now  appears 
likely  that  87  ±  1  kcal/mole  is  necessary  to  dissociate 
formaldehyde,^^  and  a  process  such  as  III  seems  neces- 
sary to  explain  the  photochemistry  of  formaldehyde  at 
3660  A.^''2®  In  view  of  the  low  activation  energy  as- 
sociated with  H-atom  abstraction  from  formaldehyde, 
it  is  quite  possible  that  triplet  formaldehyde  may  ab- 
stract an  H  atom  from  formaldehyde  analogous  to  the 
triplet  state  reactions  of  carbonyl  compounds  in  liquid 
systems.  2*  Primary  process  III  is  also  in  accord  with 
the  mechanism  proposed  by  Kistiakowsky  and  co- 
workers for  the  high-temperature  pyrolysis  of  formal- 
dehyde. ^^ 

Formaldehyde  Photolysis  Mechanism  and  the  Excess 
of  Carbon  Monoxide  over  Hydrogen  in  the  Products. 

During  the  course  of  this  study,  sufficient  data  accumu- 
lated to  allow  some  interesting  and  new  observations 
on  the  mechanism  of  the  secondary  reactions  in  the 
photolysis  of  formaldehyde.  For  the  usual  conditions 
employed  in  this  study,  notably  high  formaldehyde  pres- 
sures and  low  light  intensities,  the  quantum  yield  of 
carbon  monoxide  exceeded  that  of  hydrogen  by  an 
amount  far  outside  the  experimental  error  (see  the  data 
of  Tables  I  and  II).  The  product  imbalance  was  much 
smaller  for  the  CD2O  data  (see  Table  III).  Kutschke 
and  Venugopalan  also  found  a  carbon  monoxide  excess 
at  3130  A  for  both  CH2O  and  CD2O  photolysis  at  high 
temperatures  which  was  inversely  dependent  on  the 
absorbed  light  intensity.  ^^  However,  McQuigg  found 
the  ratio  of  products  H2/CO  ^  1.0  for  CD2O  and  CHjO 
photolyses  at  the  high  intensities  of  flash  photolysis^ 
In   view   of  these   apparently  conflicting  results,   we 


(19)  R.  Walsh  and  S.  W.  Benson.  7.  Am.  Chem.  Soc.,  88, 4570  (1966). 

(20)  B.  A.  DeGraff,  Ph.D.  Dissertation.  The  Ohio  State  University, 
1964. 

(21)  (a)  G.  S.  Hammond.  W.  P.  Baker,  and  W.  M.  Moore,  J.  Am, 
Chem.  Soc,  83.  2795  (1961);  (b)  C.  WaUing  and  M.  J.  Gibian,  ibid.,  87, 
3361  (1965). 

(22)  I.  D.  Gay,  G.  P.  Glass,  G.  B.  Kistiakowsky,  and  H.  Niki,  J. 
Chem.  Phys.,  43,  4017  (1965). 

(23)  M.  Venugopalan  and  K.  O.  Kutschke.  Can.  J.  Chem.,  42,  2451 
(1964). 
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One  can  show  from  the  assumption  of  this  mechanism 
that  relation  10  will  define  the  carbon  monoxide  excess 


I  2 

([m][CH^]  /la)^(mol«-t«c/liUf)'''«  jcIO"* 


Figure  5.  A  plot  of  the  carbon  monoxide  excess  function,  $co  — 
*Ht»  P-J*  the  variables  of  function  13  of  the  text;  data  are  from  3130- 
A  photolysis  of  formaldehyde  and  formaldehyde-neopentane  mix- 
tures at  129**. 


examined  the  photolysis  of  formaldehyde  using  the  full 
arc  in  one  series  of  runs.  The  incident  intensity  was 
approximately  10*  times  greater  than  that  used  for  the 
routine  experimental  work.  Formaldehyde  pressures 
were  varied  over  the  range  24-120  mm,  with  up  to  266 
mm  of  added  neopentane;  the  ratio  of  Ha  to  CO  was 
1.03  it  0.03  for  all  runs,  confirming  McQuigg's  ob- 
servations from  the  photolyses  at  the  very  high  intensi- 
ties. Thus  it  appears  that  the  mechanism  which  leads 
to  carbon  monoxide  and  hydrogen  changes  as  a  func- 
tion of  the  light  intensity. 

The  carbon  monoxide  excess  is  not  the  result  of  direct 
mechanical  loss  of  hydrogen,  nor  is  it  formed  in  these 
experiments  from  a  dark  reaction  such  as  has  been  ob- 
served previously  for  other  conditions.^**'^*  Some 
process  which  produces  carbon  monoxide  and  not  hy- 
drogen or  that  consumes  H2  or  H  atoms  must  be  in- 
volved. An  H-atom  addition  to  the  formaldehyde 
molecule  with  the  ultimate  formation  of  methanol  seems 
an  attractive  possibility.**  Consider  the  following 
simplified  mechanism  to  occur  following  primary 
process  I." 


HCO  +  M  — ►  H  +  CO  -f  M 


H  +  HjCO 
H   -h   CHrO 


CH,0  (or  CHiOH) 
H2  +  HCO 


HCO  -f  H  — ^  H2  +  CO 
CH,0  (or  CHiOH)  -f  H,CO  — ►  CH,OH  +  HCO 


(5) 
(6) 
(7) 
(8) 
(9) 


(24)  J.  E.  Longfield  and  W.  D.  Walters,  J.  Am.  Chem.  Soc.,  77,  6098 
(1955). 

(25)  An  extensive  effort  was  made  to  detect  unambiguously  the  photo- 
chemical generation  of  methanol  in  the  products.  Methanol  is  present 
after  a  condensation  and  work-up  of  the  products  for  analysis,  but  it  is 
difficult  to  evaluate  the  extent  to  which  it  is  formed  in  the  photochemical 
runs.  This  results  from  the  fact  that  polymerization  of  pure  formal- 
dehyde induces  the  thermal  formation  of  small  amounts  of  methanol  as 
identified  by  infrared  and  mass  spectrometric  analyses.  Thus  the  prior 
removal  of  formaldehyde  to  facilitate  identification  of  methanol  in  the 
photochemical  products  is  impossible.  Furthermore,  when  small 
amounts  of  methanol  are  added  to  pure  formaldehyde  and  a  polym- 
erization is  effected,  both  formaldehyde  and  much  of  the  methanol 
are  removed.  No  quantitative  method  could  be  found  to  determine  the 
methanol  unambiguously,  but  its  presence  seems  highly  probable  from 
the  qualitative  results  which  were  obtained. 

(26)  At  the  lowest  intensities  employed  in  this  work,  a  first-order 
chain  termination  step  should  be  included  in  the  mechanism,  since  4hxs 
is  nearly  independent  of /»  for  these  conditions.  However,  the  accuracy 
of  the  ^co  —  ^t  data  does  not  warrant  the  sophistication  and  com- 
plication of  this  added  reaction. 


*CO  —  * 


Ht 


L  h(k 


OIM]0iA:i 


6  +  kT)ks 


-|V. 


(10) 


The  data  from  the  3130-A  experiments  are  in  accord 
with  this  mechanism  and  relation  10  as  seen  in  Figure  5. 
From  a  thermochemical  standpoint,  reaction  6  is 
favored  over  7  since  the  heats  of  reaction  are  —  25  and 
— 16  kcal/mole,  respectively.  Radical  addition  to  the 
carbonyl  bond  in  acetone  has  not  been  observed  in 
acetone  photolysis,  but  in  this  case  the  addition  of  the 
methyl  radical  would  occur  with  the  liberation  of  only 
5  kcal/mole.  Radical  attack  on  the  carbonyl  bond 
has  been  observed  previously  for  hexafluoroacetone.^ 

A  number  of  experimental  observations  are  ex- 
plicable on  the  basis  of  the  above  mechanism.  At 
lower  temperatures,  reaction  5  will  be  slow,  and  chains, 
if  any,  will  be  quite  short.  Thus  $co  —  *Ha  will  be 
small.  However,  at  higher  temperatures  and  pressures, 
the  chain  sequence  5,  6,  9,  5,  ...  ,  may  repeat  many 
cycles  before  chain  termination  occurs.  As  the  data  of 
Kutschke  and  Venugopalan  show,  $co  —  *hi  may  be- 
come quite  large.  However,  the  thermal  stability  of 
CH3O  (or  CH2OH)  and  the  effect  of  the  higher  tem- 
peratures on  the  ratio  k^/ki  may  tend  to  lessen  the  im- 
portance of  the  aldehyde  reduction  relative  to  chain 
decomposition.  At  high  intensities  and  lower  tem- 
peratures, such  as  used  by  McQuigg,  and  in  the  high- 
intensity  experiments  used  in  the  one  phase  of  this 
work,  radical-radical  reactions  should  predominate. 
Thus  reaction  8  is  favored  as  the  usual  fate  of  H  and 
HCO  radicals,  and  a  hydrogen-carbon  monoxide 
balance  is  observed  at  high  intensities. 

A  possible  alternative  in  the  mechanism  given  is  the 
inclusion  of  the  primary  process  III  as  a  contributor 
to  the  carbon  monoxide  excess  observed.  Such  a  pri- 
mary process  alone  cannot  lead  to  $co  —  *hi  values 
greater  than  unity.  Since  the  data  of  Kutschke  and 
Venugopalan  show  that  this  difference  can  be  greater 
than  unity,  this  reaction  cannot  account  for  all  of  the 
effect,  but  its  possible  small  contribution  cannot  be  ex- 
cluded from  the  facts  at  hand.  Indeed,  in  view  of  the 
evidence  for  energy  limitations  on  process  I  at  3660  A, 
postulation  of  its  occurrence  at  3660  A  is  attractive. 

The  quantitative  mechanistic  treatment  of  the  carbon 
monoxide  over  hydrogen  excess  data  for  the  propylene 
inhibition  studies  is  impossible  with  the  limited  data  at 
hand.  However,  some  interesting  observations  can 
be  made.  In  addition  to  the  reaction  sequence  I,  II, 
5-9,  reactions   11-14  are  probably  important.    The 


H  -h  C,H.  ■ 

-^   CiHt 

(11) 

CHt  +  CHrO 3 

►  CHa  -h  HCO 

(12) 

CHt  H-  HCO  — 

>  CjHa  -h  CO 

(13) 

>  CjHtCHO 

(14) 

addition  of  the  propyl  radical  to  propylene,  and  sub- 
sequent addition  steps,  may  also  occur,  and  these 
would  be  followed  by  H-abstraction  or  chain-termina- 
tion reactions  analogous  to  eq  12  and  13-14,  respec- 
tively. 

It  can  be  seen  from  the  data  of  Tables  I-III  that 
propylene  addition  increases  the  quantum  yield  of 
carbon    monoxide,    although    that    for    hydrogen    is 

(27)  A.  S.  Gordon.  J.  Chem.  Phys.,  36.  1330  (1962). 
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suppressed  to  a  limiting  value.  This  probably  results 
in  part  from  the  increased  rate  of  reaction  5  with 
increasing  gas  concentration,  but  in  addition  the  rate 
constant  ratio  ku/(kii  +  ku)  may  be  greater  than 
(*i  +  k7)/ks;  that  is,  the  propyl  radical  may  be  more 
effective  in  propagating  the  chain  decomposition  of 
formaldehyde  than  is  the  hydrogen  atom. 
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It  is  evident  from  the  results  described  here  that  the 
photolysis  of  formaldehyde  is  a  much  more  complex 
system  than  has  been  expected  previously.  Some  of  the 
details  are  clear  from  this  work,  but  obviously  further 
definitive  experiments  will  be  necessary  to  determine 
the  extent  of  the  process  III  in  the  creation  of  the 
carbon  monoxide  excess  in  the  products. 


The    C-H  Satellite  Nuclear  Magnetic  Resonance  Spectrum  of 
Nonequivalent  Protons  in  Acetal 

Lana  S.  Rattet,  L.  Mandell,  and  J.  H.  Goldstein 

Contribution  from  the  Department  of  Chemistry,  Emory  University, 
Atlanta,  Georgia  30322.    Received  December  22, 1966 


Abstract:  The  nuclear  magnetic  resonance  spectrum  of  the  ethoxy  protons  in  acetaldehyde  diethyl  acetal  (acetal) 
has  been  investigated.  By  using,  in  addition  to  the  normal  proton  spectrum,  the  data  provided  by  the  ^HH-H  satellite 
spectrum,  a  unique  set  of  spectral  parameters  has  been  obtained,  eliminating  the  previously  reported  ambiguity  in 
the  solution  of  this  problem.  The  'K^-H  coupling  parameters  of  the  two  methylene  protons  are  different,  provid- 
ing a  new  criterion  of  nonequivalence  in  structures  of  low  symmetry. 


The  proton  magnetic  resonance  spectrum  of  acetal- 
dehyde diethyl  acetal,  or  simply  acetal  (I),  exhibits 
a  much  more  complex  structure  in  the  methylene  region 

CH,  O— CHr-CHi 

\  / 
C 

/  \ 
H  O— CHr~CH, 

(a,b)     (c) 

I 

than  is  to  be  expected  from  a  simple  A2BS  spin  system. 
Since  there  is  no  evidence  of  coupling  through  the 
oxygen  atom,  this  complexity  has  been  attributed  to 
magnetic  nonequivalence  of  the  methylene  protons.^"' 
Three  analyses  of  the  spectrum  of  acetal  have  been 
described,  all  of  which  treat  the  ethoxy  group  as  an 
ABC3  system,  but  leading  to  two  markedly  different 
sets  of  values  of  the  proton-proton  couplings.  In  the 
first  approach  Shafer,  et  al,^  and  Waugh  and  Cotton^ 
assumed  Jgen  to  be  of  the  same  sign  as  the  vicinal 
couplings  (taken  to  be  positive).  Two  different  values 
of  the  vicinal  couplings  were  then  required  to  match 
the  observed  spectrum.  The  coupling  values  reported 
in  these  studies  were:  J  gem  =  9.4  cps,  J  vie  =  7.35, 
6.68  cps;*  and  J  gem  =  9.2  cps,  Jtu  =  7.2,  6.7  cps.* 
Subsequently,  however,  Kaplan  and  Roberts  reex- 
amined the  problem  and  reported  an  acceptable  fit 
using  Jge„^  =  —9.30  cps,  in  which  case  the  vicinal 
couplings  are  identical,  Jac  =  -^bc  =  +7.03  cps.'  Since 
both  sets  of  values  l»d  to  acceptable  agreement  with 
experiment,  the  outcome  was  described  as  indecisive, 
following  the  pattern  of  some  other  reported  nonunique 
iterative  analyses.^ 

(1)  p.  R.  Shafer»  D.  R.  Davis,  M.  Vogel,  K.  Nagarajan,  and  J.  D. 
Robots,  Proc.  Natl,  Acad,  ScL  U,  S.,  47,  49  (1961). 

(2)  J.  S.  Waugh  and  F.  A.  Cotton.  7.  Phys.  Chem,,  65,  562  (1961). 

(3)  F.  Kaplan  and  J.  D.  Roberts,  J.  Am.  Chem.  Soc.,  83,  4666  (1961). 

(4)  S.  Castellano  and  J.  S.  Waugh,  /.  Chem,  Phys,,  34,  295  (1961). 


In  similar  situations  we  have  previously  demonstrated 
that  the  requirement  of  simultaneously  matching  "O-H 
satellite  patterns  and  normal  proton  spectra  can  yield 
unique  sets  of  parameters.^  Several  factors  suggested 
the  desirability  of  attempting  to  resolve  the  existing 
ambiguous  situation  in  the  case  of  acetal.  Obviously, 
the  occurrence  of  multiple  solutions  of  the  spectroscopic 
problem  is,  in  general,  a  deterrent  to  efforts  directed 
toward  the  interpretation  of  nmr  parameters.  There 
is,  in  addition,  considerable  intrinsic  importance  and 
interest  in  the  origin  and  magnitude  of  the  effects  pro- 
duced by  nonequivalent  environments  such  as  those 
existing  in  acetal.  Finally,  successful  analysis  of  the 
satellite  patterns  would  provide  still  another  and  different 
kind  of  criterion  of  nonequivalence. 

This  communication  describes  the  results  obtained 
from  such  a  simultaneous  study  of  the  proton  and  ^'C-H 
satellite  spectra  of  the  ethoxy  region  of  acetal.  The 
proton-proton  couplings  so  obtained  are  in  close 
agreement  with  the  results  of  the  last  analysis  cited 
above  (Jgem  and  J^u  of  opposite  sign),  and  the  alterna- 
tive solution  was  found  to  be  unacceptable.  A  small 
(^^1.4  cps)  but  real  difference  in  the  ^'C-H  couplings 
was  observed  for  the  two  geminal  protons.  These 
results  are  discussed  in  relation  to  the  other  relevant 
nmr  data  and  to  the  structural  situation  in  acetal. 

Experimental  Section 

The  acetal  used  was  the  commercially  available  material,  purified 
by  fractional  distillation  over  a  range  of  M).5°.  All  spectra  were 
observed  with  a  Varian  Associates  A-60-A  spectrometer  operating 
at  60  Mc/sec.  Calibrations  were  performed  by  the  side-band  tech- 
nique using  a  Hewlett-Packard  Model  20QJ  oscillator  monitored 
with  a  Hewlett-Packard  Model  5512A  counter.  All  reported  fre- 
quencies represent  the  average  of  at  least  four  forward  and  four 
reverse  sweeps.    The  neat  liquid  acetal  was  used  throughout  with 


(5)  R.  T.  Hobgood,  Jr..  R.  E.  Mayo,  and  J.  H.  Goldstein,  ibid.,  39, 
2501  (1963). 
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a  small  amount  of  TMS  (or  benzene  in  one  case)  added  to  serve 
as  the  internal  reference.  Some  difficulty  was  experienced  because 
of  the  presence  of  two  impurity  lines  in  the  satellite  region.  Since 
these  lines  diminished  appreciably  in  relative  intensity  with  puri- 
fication, they  were  omitted  from  further  consideration.  Only  nine 
lines  of  the  low-field  methylene  satellite  pattern  were  observable, 
as  the  other  fifteen  were  masked  by  the  quartet  of  the  single  hydro- 
gen on  the  central  carbon  atom. 

The  average  deviations  of  the  measured  frequencies  (per  peak) 
were:  proton  patterns,  0.065  cps;  satellite  patterns,  0.08  cps. 

Results 

The  proton  spectrum  of  I  is  essentially  similar  to  that 
previously  reported  and  will  not  be  described  here  in 
detail.    The  satellite  spectrum  is  given  in  Table  I. 

Table  I.    The  i«C-H  Satellite  Spectrum  of  the 
Ethoxy  Protons  of  Neat  Acetal" 


Observed 


Methyl 


-Calculated- 


Methylene 


Calculated 
intensity 


301.02 
293.72 
291.41 
287.18 
277.12 
270.33 
266.26 
263.56 
256.78 

High- 
160.69 
154.07 
153.05 
151.24 
147.27 

145.78 

144.80 

143.68 

141.04 

140.18 

138.80 

138.11 

137.57 

136.62 

136.30 

134.36 

133.41 

132.24 

131.16 

129.86 

129.49 

127.06 

•125.20 

124.06 

■123.24 

•122.62 

•121.97 

■117.55 


Low-Field  Methylene 
-300.92 
-293.69 
-291.50 
-287.13 
-277.14 
-270.15 
-266.26 
-263.67 
-256.85 

•Field  Methylene  and  Low-Field  Methyl 

-160.61 
-154.00 
-153.07 
-151.26 
-147.29 
-146.80 
-145.79 
-144.79 
-143.68 
-141.08 
-140.21 
-138.83 
-137.95 
-137.64 


-137.20 
-136.61 
-136.08 


-129.86 
-129.41 


-136.40 
-134.37 
-133.44 
-131.87 
-130.82 

-129.54 
-127.06 
-125.21 
-124.05 


3.67 
7.14 
3.50 


11.86 
11.86 


0.17 
0.21 
0.44 
1.31 
1.35 
0.26 
0.57 
1.52 
3.16 
1.55 
3.19 
0.37 
0.15 
1.83 

3.83 
1.84 
3.80 
0.19 
0.42 

2.33 
2.25 
0.26 
0.59 


-123.26 
-122.65 
-121.91 


2.55 
5.00 
2.44 


-117.78 


0.42 


-10.96 

•  •  • 

-3.96 
+3.05 


High-Field  Methyl 

-11.23 

-10.98 

-10.77 

-4.05 

3.87 

+2.83 

+3.06 

+3.33 


(: 


<*  All  frequencies  are  in  cps  at  60  Mc/sec,  relative  to  TMS. 

Each  proton  gives  rise  to  two  patterns  displaced  by 
±0.5yiic-H  from  its  proton  resonance  position  (ex- 
cept for  a  negligible  isotopic  effect  on  the  proton  shift). 


The  upper  pattern  of  the  methyl  group  and  the  lower 
methylene  pattern  are  well  isolated,  but  the  two  re- 
maining patterns  overlap  very  badly,  as  indicated  in 
Table  L  This  complicated  the  assignments,  and  it  was 
necessary  in  the  analysis  of  the  spectrum  to  proceed 
on  a  trial-and-error  basis  in  this  region  until  a  consistent 
set  of  assignments  was  obtained  for  all  the  spectral  lines 
in  Table  I. 

The  final  predicted  frequencies  and  intensities  are 
listed  in  the  appropriate  columns  of  Table  I.  Exclud- 
ing overlapping  lines,  the  predicted  and  observed 
frequencies  agree  to  within  'M).05  cps.  (The  corre- 
sponding agreement  for  the  proton  pattern  is  ^^0.02 
cps.) 

The  above  results  were  obtained  using  the  final  values 
for  the  nmr  parameters  shown  in  Table  IL  (The  un- 
certainties shown  in  this  table  are  those  derived  from  the 
least-squares  procedure  used.)  On  the  other  hand,  the 
couplings  first  reported  by  Shafer,  et  al,,  clearly  failed 
to  reproduce  the  satellite  spectra,  and  no  reasonable 
variation  of  these  values  were  found  to  improve  the 
results.  The  isotope  eff'ect  for  the  methylene  proton 
shifts  (not  listed)  were  ^^0.05  cps  and  were  not  con- 
sidered to  be  significant;  that  for  the  methyl  group  is 
also  quite  small,  but  probably  outside  experimental 
error. 

Discussion 

The  results  described  above  establish  that,  to  a  very 
high  degree  of  probability,  the  parameters  of  Table 
II  constitute  a  unique  set  of  values  for  the  ethoxy  group 
of  acetal.  Accordingly,  the  ambiguity  in  the  solution 
referred  to  by  Kaplan  and  Roberts  can  be  considered 
as  essentially  resolved.  The  proton-proton  couplings 
determined  here  do  not  vary  significantly  from  those 
reported  by  Kaplan  and  Roberts,  the  differences  being 
'M).13  and  '^O.Ol  cps  for  J  gem  and  J^Uf  respectively. 
The  difference  in  shifts  for  the  methylene  protons  also 
agrees  nicely  in  the  two  studies,  9.23  cps  as  against  the 
value  of  9.02  cps  obtained  here. 

Waugh  and  Cotton  were  the  first  to  correctly  identify 
the  origins  of  the  nonequivalence  of  the  methylene  pro- 
tons in  structures  such  as  acetal.*  They  pointed  out 
that,  although  nonequivalence  could  arise  from  rota- 
tional isomers  of  different  stability,  it  would  still  per- 
sist in  the  case  of  free  internal  rotation  because  of  the 
low  degree  of  symmetry  of  the  acetal  molecule.  These 
workers  also  commented  that  the  pmr  spectrum  of 
ethylal  (II)  exhibited  an  uncomplicated  pattern  indica- 

H  O— CHr-CH, 

\    / 
C 

/   \ 
H  O— CH,— CH, 

II 

tive  of  equivalent  methylene  protons.  We  have  con- 
firmed this  observation  by  examining  the  *'C-H  satel- 
lite patterns  of  II,  which  turns  out  to  correspond  quali- 
tatively to  an  A2B3  ethoxy  system.  Frankiss  has  also 
reported  values  of  140.5  =b  1.0  and  126.0  ±0.3  cps  for 
the  two  *'C-H  couplings  of  the  ethoxy  system  in 
ethylal. •  These  results  were  quite  similar  to  those 
obtained  here  for  acetal.  More  recently,  Elvidge  and 
Foster,  in  their  nmr  studies  of  various  acetals,  have 
restated  the  conclusions  of  Waugh  and  Cotton  regard- 

(6)  S.  G.  Frankiss.  J.  Phys.  Chem,,  67,  752  (1963). 
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Table  n.    Nmr  Panuneters  for  the  Ethoxy  Protons  in  Neat  Aoetal* 


H. 


Methylene 


Hb 


Methyl 
He 


V 
Jgtm 

Isotope  shift 


212.88  =b  0.03 
141.01  db  0.06 


-203.855  =b  0.03 
139.64   db0.08 


+7.043 
-9.427 


0.018 
0.034 


-67. 165  =t  0.03 
125.86   ±0.07 


+0.155 


•  Ail  values  are  in  cps.    The  shifts  are  relative  to  internal  TMS,  at  60  Mc/sec. 


ing  the  source  of  nonequivalenceJ  The  present  evi- 
dence does  not  permit  an  assignment  of  the  relative 
importance  of  inherent  asymmetry  and  restricted  ro- 
tation, and  it  is  likely  that  detailed  temperature  studies 
will  be  required  to  clarify  the  problem.  (Shafer,  et  aLy 
reported  the  proton  pattern  of  acetal  is  not  signifi- 
cantly changed  at  temperatures  as  low  as  —  80°.) 

Whatever  the  origin  of  the  environmental  nonequiva- 
lence  may  be,  any  interpretation  of  the  chemical  shift 
difference,  Vb  —  v^^  is  complicated  by  the  difficulty  of 
separating  magnetic  and  inductive  contributions.  Con- 
ceivably, a  significant  fraction  of  the  9  cps  difference 
could  be  attributed,  for  example,  to  neighboring-group 
anisotropy  effects.  Hence,  it  is  problematical  whether, 
on  the  basis  of  the  shift  data,  a  significant  difference  in 
the  character  of  the  two  methylene  C-H  bonds  can  be 
inferred. 

The  *'C-H  coupling  values,  again,  reflect  very  de- 
cisively the  nonequivalence  of  the  two  methylene  pro- 
tons. The  difference  of  '^  1 .3  cps,  while  small,  is  never- 
theless approximately  10%  of  the  total  substituent 
effect  produced  by  an  oxygen  atom.*  (It  is  worthwhile 
to  point  out  this  difference  could  not  possibly  be  de- 
termined by  the  simple  procedure  of  calibrating  the 
centers  of  the  satellite  patterns,  if  for  no  other  reason, 
because  of  the  overlapping  of  the  two  systems  of  peaks.) 
The  occurrence  of  two  distinct  **C-H  couplings  in  the 
methylene  group  means  that  the  nonequivalence  can 
actually  be  localized  in  the  two  corresponding  C-H 
bonds.  By  contrast  in  the  case  of  the  shifts,  it  is  pos- 
sible, as  pointed  out  above,  that  part  or  all  of  the  differ- 
ence resides  in  the  environment  and  is  of  largely  mag- 
netic origin. 

It  has  been  established  that  *'C-H  couplings  are,  in 
at  least  some  cases,  affected  by  the  medium.*'**^    How- 

(7)  J.  A.  Elvidge  and  R.  G.  Foster.  7.  Chem,  Soc.,  981  (1964). 

(8)  N.  Muller  and  P.  I.  Rose,  7.  Am,  Chem.  Soc.,  84,  3973  (1962). 


ever,  such  affects  do  not  appear  to  be  of  magnetic 
origin,  but  rather  to  arise  from  factors,  either  specific 
or  general,  which  influence  the  charge  distribution  in 
the  C-H  bonds.  For  chloroform*  and  for  several  di- 
haloethylenes  and  halomethanes^^  it  has  been  found 
that  increasing  Juq-h  was  associated  with  the  displace- 
ment of  the  shifts  to  the  lower  field.  In  the  latter 
compounds,  in  fact,  a  plot  of  J  cs,  v  (as  concentration 
is  varied)  turns  out  to  be  quite  linear.  Any  interaction 
which  displaces  charge  from  the  proton  to  its  bonded  C 
atom  would  be  expected  to  produce  at  least  the  observed 
trend,  and  it  can  be  tentatively  assumed  that  in  acetal 
also  the  methylene  C-H  bonds  have  been  polarized  in 
this  manner.  (It  is  observed  that  in  acetal  the  larger 
•/>»c-H  is  associated  with  the  lower  shift  value.)  How- 
ever, the  factors  responsible  for  this  polarization  cannot 
be  reliably  assigned  on  the  basis  of  the  presently  avail- 
able evidence. 

To  the  extent  that  these  arguments  are  valid  and  ap- 
plicable here,  it  seems  likely  that  the  ^'C-H  coupling 
parameter  provides  a  new  criterion  of  nonequivalence, 
which  has  the  advantage  of  not  being  significantly 
affected  by  the  magnetic  contributions  which  compli- 
cate the  interpretation  of  chemical  shifts.  Further, 
use  of  this  criterion  in  similar  stereochemical  situations 
appears  to  be  warranted. 
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Abstract:  The  rate  of  decarboxylation  of  dimethyloxaloacetic  acid  catalyzed  by  metal  ions  is  shown  to  be  sensitive 
to  the  ligands  attached  to  the  metal.  The  Mn(phen)^  complex  (phen  ^  1,10-phenanthroline)  is  a  more  effective 
catalyst  than  aqueous  manganese,  and  Mn(phen)2^  is  still  more  active.  Catalysis  by  zinc  and  magnesium  ions  is 
unaffected  by  coordinated  phenanthroline.  Substitution  of  the  hydrogens  on  the  phenanthroline  with  various 
groups  affects  the  rates  of  catalysis  of  both  manganese  and  zinc.  Some  substituents  appear  to  cause  a  change  in 
which  step  of  the  reaction  is  rate  determining.  The  authors  suggest  that  conjugation  between  the  phenanthroline 
and  the  acid  through  the  metal  occurs,  and  that  there  is  also  another  influence  on  the  rate. 


Many  reactions  are  known  during  the  course  of 
which  the  reacting  molecules  are  coordinated  to 
metal  ions.  ^  The  effect  of  the  other  ligands  associated 
with  the  metal  on  the  reaction  has  also  been  studied.^'' 
This  is  particularly  interesting  in  the  case  of  metallo 
enzymes.  Enzyme  proteins  are  often  said  to  be  ac- 
tivated by  metal  ions.  In  some  simple  cases,  at  least, 
the  converse  seems  to  be  true:  metal  ions  by  themselves 
can  carry  out  a  reaction,  but  the  addition  of  enzyme 
protein  considerably  speeds  it  up.  One  ligand  (the 
protein)  is  acting  upon  the  reaction  rate  of  another 
(the  substrate)  while  both  are  coordinated  to  a  common 
metal  ion.  More  elaborate  effects,  such  as  substrate 
discrimination  by  the  enzyme  and  influence  on  the 
steric  path  of  the  reaction,  are  also  known,  but  these  will 
not  be  considered  here.  Even  for  simple  protein-in- 
duced increases  in  rate,  a  number  of  mechanisms  can  be 
envisioned  by  which  the  substrate-protein  interactions 
may  result.  (1)  The  protein  by  coordination  may 
change  the  electron  distribution  or  density  of  the  metal 
in  such  a  way  as  to  modify  the  electronic  environment 
of  the  substrate.  (2)  The  large  protein  molecule  may 
create  a  local  disruption  of  the  solvent  structure  and 
decrease  the  solvent-rearrangement  contribution  to  the 
activation  energy.  (3)  The  protein  may  have  a  func- 
tional group  which  is  situated  near  the  site  of  coordina- 
tion and  assists  in  the  reaction.  (4)  The  metal  may 
change  the  configuration  of  the  protein  in  such  a  way 
as  to  unfold  an  active  catalytic  site  from  the  interior. 

This  paper  reports  an  attempt  to  discover  whether 
electronic  influences  can  be  transferred  by  one  ligand 
to  another  through  a  metal  ion.  The  investigation  was 
carried  out  on  an  enzyme-like  model  system.  The 
reaction  studied  was  the  decarboxylation  of  the  /3-keto 
acid,  dimethyloxaloacetic  acid.  Oxaloacetic  acid  is 
decarboxylated  enzymatically  in  certain  biological 
systems,*  and  the  two  methyl  groups  simplify  the 
kinetics  by  preventing  enolization.  The  metals  studied 
were  manganese,  zinc,  and  magnesium.  1,10-Phen- 
anthroline  derivatives  were  used  in  place  of  the  enzyme 
protein.    It  had  been  shown^  that  when  these  molecules 

(1)  For  example,  see  '^Reactions  of  Coordinated  Ligands/*  Advances 
in  Chemistry  Scries,  No.  37,  American  Chemical  Society,  Washington, 
D  C    1 963 

(2)'w.  F.  Little  and  R.  Eisenthal,/.  Org.  Chem.,  26,  3609  (1961). 

(3)  W.  F.  Little  and  R.  Eisenthal,  J.  Am.  Chem.  Soc.,  83,  4936  (1961). 

(4)  B.  Vennesland,  M.  G.  Gollub,  and  J.  F.  Speck,  J.  Biol.  Chem., 
178.  301  (1949). 


were  coordinated  to  a  +2  metal  ion,  they  acted  in  a 
fashion  somewhat  similar  to  real  enzymes.  The  course 
of  the  reaction  for  a  hydrated  metal  ion  in  aqueous 
solution  is^ 


r+2 


M^^    +  0= 


0  0 

1  II 


L 


0=C 


?'"i?  ?^ 


CH3  CH3 


i 


(1) 


M 


+2 


+     product     -♦ 


H+ 


I       I     I 

0=C C=C— CH3 

+ 

CO., 


The  metal  acts  as  a  positive  center  which  attracts  elec- 
trons and  facilitates  the  rupture  of  the  bond  between 
the  carboxyl  group  and  the  rest  of  the  molecule.  The 
same  mechanism  occurs  with  the  metal-phenanthroline 
complex.  In  the  enzyme,  there  is  evidence  that  an 
amine  group  is  involved  at  some  point  in  the  reaction,' 
but  the  same  sequence  of  substrate  association,  de- 
carboxylation, and  dissociation  undoubtedly  occurs. 

In  order  to  test  the  transference  of  electronic  effects 
from  one  ligand  to  another  through  the  metal,  a  number 
of  derivatives  of  1,10-phenanthroline  were  prepared, 
most  substituted  in  the  4  and  7  positions.    Groups  in 


1, 10-phenanthroline 

these  positions  influence  the  electron  density  of  the 
nitrogens  para  to  them.  Not  only  are  the  metal-nitro- 
gen a  bonds  afl'ected,  but  it  has  been  shown  by  nmr 
that  there  is  significant  mixing  between  the  orbitals  of 
the  paramagnetic  metal  ion  and  the  t  system  of  the 
phenanthroline.^    Withdrawal  of  electron  density  from 

(5)  J.  V.  Rund  and  R.  A.  Plane.  J.  Am.  Chem.  Soc.,  86,  367  (1964). 

(6)  R.  Steinberger  and  F.  H.  Westheimer,  ibid.,  73,  429  (1951). 

(7)  L  Fridovich  and  F.  H.  Westheimer,  ibid.,  84.  3208  (1962). 

(8)  M.  W.  Dietrich  and  A.  C.  Wahl,  7.  Chem.  Phys.,  11,  1591  (1963). 
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the  metal  should  increase  k  and  XT  (see  eq  I),  while  elec- 
tron donation  should  decrease  them;  v  interactions 
among  the  ligands  must  be  transferred  through  the 
d  orbitals  of  the  metal.  In  zinc  and  magnesium  these 
are  of  too  high  an  energy  to  play  a  significant  role,  a- 
Bond  effects  may  occur  with  any  of  the  metals,  possibly 
through  the  rehybridization  mechanism  suggested  to 
explain  the  trans  effect  in  transition  metal  complexes.^ 

Experimental  Section 

Chemicals.  Metal  catalysts  were  made  up  from  reagent  grade 
salts  and  their  concentrations  determined  by  standard  volumetric 
and  gravimetric  techniques.  Water  was  distilled  before  use  in 
kinetic  runs.  The  following  phenanthroline  compounds  were 
purchased  from  the  G.  Frederick  Smith  Chemical  Co.  and  used 
without  further  purification:  the  4,7-dimethyl,  2,9-dimethyl,  4,7- 
diphenyl,  and  4,7-diphenyl  sodium  sulfonate  derivatives.  Others 
were  prepared  by  published  procedures  listed  below. 

MO-Phenanthroline»  had  mp   118%  lit.    117^    5-nitro-l,10- 

phenanthroline,^^   mp   200"",   lit.    199'';    3,8-dicarbethoxy-4,7-di- 

hydroxy- 1 ,  lO-phenanthroline,       3,8-dicarboxy-4,7-dihydroxy- 1,10- 

phenanthroline,  and  4,7-dihydroxy-l,10-phenanthrolinei'  are  not 

readily   purified  to  give  analytical  samples.    4,7-DichIoro-l,10- 

phenanthroline**  had  mp  248"*,  lit.  249-250'';  subsequent  recrystal- 

iizations  raised  the  melting  point  to  262 **.    4,7-Dibromo-l,10- 

phenanthroline^*  had  mp  233*",  lit.  236''.    A  reported  method^* 

for  4,7-diniethoxy-l,10-phenanthroline   involving  a  sealed   tube 

reaction  with  a  copper  catalyst  did  not  give  satisfactory  results. 

Instead^  2.0  g  of  4,7-dichloro-l,10-phenanthroline  and  65  ml  of 

methanol  were  warmed  on  a  steam  bath;   35  ml  of  10%  sodium 

methoxide  in  methanol  was  added,  and  the  solution  refluxed  for 

about  20  hr.    The  precipitated  sodium  chloride  was  filtered  off, 

and  the  solvent  was  evaporated.    The  residue  was  recrystallized 

from  aqueous  ethanol,  then  benzene,  and  then  20%  aqueous 

methanol  with  decolorizing  charcoal.    The  final  product  is  white 

and  melts  at  205 ''.    Anai,    Calcd  for  Ci4HisNsOi:      C,  70.00; 

H.  5.00;  N,  11.66.    Found:    C.  70.23;  H,  4.99;  N,  11.67. 

All  kinetic  measurements  were  made  on  reactions  in  glutarate 
buffer.  Matheson  Coleman  and  Bell  glutaric  acid  was  recrystallized 
from  chloroform  to  give  a  material  melting  at  98-99".  A  weighed 
amount  of  add  was  mixed  with  a  measured  volume  of  standardized 
sodium  hydroxide  and  diluted  to  an  appropriate  volume.  The 
measured  pH  was  5.3. 

The  preparation  of  dimethyloxaloacetic  acid  has  already  been 
described.* 

IQBetic  Rom.  The  rate  of  evolution  of  carbon  dioxide  was 
measured  by  a  simple  manometer  under  conditions  of  partial 
vacuum  in  a  vessel  resembling  a  Warburg  flask.*  Five  or  six  runs 
were  made  for  each  set  of  concentrations,  and  four  to  eight  different 
concentrations  of  catalyst  were  used  for  each  phenanthroline. 

The  reactions  generally  gave  good  pseudo-first-order  plots  in 
COi  pressure.  Some  deviations  occurred  at  the  beginning  of  the 
reactions,  but  the  pressures  began  to  fall  on  a  straight  line  within  a 
small  fraction  of  a  half-life.  First-order  kinetics  was  observed  over 
three  or  four  half-lives  in  a  number  of  cases,  but  routine  runs  were 
normally  carried  out  for  only  one  or  two.  A  precipitate  was  ob- 
KTved  in  some  of  the  reactions,  particularly  near  completion.  No 
change  in  kinetics  seemed  to  accompany  precipitation,  and  the 
reactions  were  not  otherwise  anomalous. 

Calddatioiia.  The  association  constant  between  the  catalyst 
and  substrate  and  the  rate  constant  for  decarboxylation  of  this 
complex  (K  and  k  in  reaction  1)  were  calculated  using  an  IBM  7072 
computer.  A  program  written  by  one  of  the  authors  calculated  the 
concentrations  of  all  the  species  present  and  then  corrected  the 
observed  rate  constant  for  dfects  of  substrate  autodecarboxylation 
tnd  catalysis  due  to  metal  ions  not  coordinated  to  phenanthroline. 
The  best  straight  line  fitting  the  corrected  data  was  determined  by  a 
^ghted-least-squares  method.  Weighting  factors  were  calcu- 
lated from  the  standard  deviation  of  rates  of  several  identical  runs. 


(9)  See  F.  Basok>  and  R.  O.  Pearson,  Progr.  Inorg,  Chem.,  4,  381 
(1962),  and  references  contained  therein. 

(10)  K.  Madeja,  /.  Prakt,  Chem.,  17,  104  (1962). 

(11)  G.  F.  Smith  and  P.  W.  Cagie,/.  Org.  Chem.,  12,  781  (1947). 

(12)  H.  R.  Snyder  and  H.  E.  Frder,  /.  Am,  Chem.  Soc.,  68,  1320 
(1946). 

(13)  F.  H.  Case,  J.  Org.  Chem.,  16,  941  (1951). 

(14)  D.  E.  Zachariat  and  P.  H.  Case,  ibid.,  27.  3878  (1962). 


The  values  of  K  and  k  were  calculated  from  the  resulting  straight 
line. 

Tk-eatnwiit  of  Kinetic  Data.  The  method  of  calculating  the  in- 
trinsic rate  constant,  k,  and  the  intrinsic  equilibrium  constant,  K, 
may  be  most  easily  explained  by  illustrating  the  calculation  for  the 
hydrated-metal-ion  catalyst.    The  reactions  of  consequence  are 


(2) 
(3) 


(4) 
(5) 

S  is  the  dianion  of  the  substrate  dimethyloxaloacetic  add,  M  is  the 
metal  ion,  and  P  is  the  decarboxylated  acid.  For  a  rate-determining 
decarboxylation  step,  the  mechanism  requires  that 


dJCOJ 
d/ 


=  k[MS] 


(6) 


Experimentally,  the  observed  rate  constant  is  defined  by 


d[CO»] 
dt 


—  k^Si 


(7) 


where  St  is  the  total  amount  of  substrate  present,  and  where  the 
rate  has  been  corrected  for  a  small  amount  of  autodecarboxylatioa 
of  the  substrate.    Combining  these  equations,  one  obtains 


Sx 


A{MS] 


(8) 


Expanding  5t  gives 


kc 


[S]  +  [HS+]  +  [MS]         [S] 


MMS] 


A{MS] 


+ 


[HS^       1 
kiUS]  "•■  k 


(9) 


Substituting  (H^SyJC  for  [HS+] 

1  [S] 


+ 


[H+IS] 


Jt[MS]   '   *[MS]^.  "'"  k 


(10) 


l/KlM]  is  substituted  for  [S]/[MS]  and  terms  are  combined  to  give 


I  _  I  +  [H+VK,       1 
k„  kK(M]       "*"  k 


(H) 


At  very  high  metal-ion  concentrations  (where  all  the  substrate  is  in 
the  form  of  the  MS  complex),  the  observed  rate  will  approach  as  a 
limit  the  rate  of  the  decarboxylation  step,  and  the  observed  and 
intrinsic  rate  constants  will  become  equal.  Equation  1 1  shows  that 
a  plot  of  l/kc  against  1/[M]  will  be  a  straight  line.  The  limit  is  best 
found  by  extrapolating  the  plot  back  to  1/[M]  »  0  to  find  the  in- 
trinsic rate  constant,  k.  Plots  of  this  kind  are  shown  in  Figure  4. 
The  calculation  is  more  complicated,  however,  since  [M]  may  not 
be  found  until  K  is  known.  It  is  possible  to  change  the  variable  into 
known  total  metal  concentration.  Consider  two  points,  (l/[M]i, 
l/ki)  and  (l/[M]s,  l/kt),  on  the  straight  line  which  fits  the  plot  of 
1/[M]  against  l/kc.    Equation  11  indicates  that 


L » I  _  _L  /  1/fei  -  ykt  \ 

k"  kt      [Mi  Vl/[M]i  -  l/[Miy 


(12) 


that  is,  the  extrapolation  of  l/kc  to  1/[M]  »  0  gives  l/k.    The 
equilibrium  metal  concentration  may  be  expressed  as 


[M]  =  Mt  -  [MS] 


(13) 


where  A/t  is  the  total  metal  concentration.    Using  relation  8  for 
[MS],  one  obtains 


[M]  =  Mt  -  ^'St 


(14) 
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Figure  1.    Corrected  rate  constants  as  a  function  of  catalyst  concentration  for  manganese  catalysts.    Numbers  refer  to  Table  I. 


Substitution  of  (14)  into  (12)  gives 

1        J^  _ 
k"  kt 
/        1        \/ l/ki 


where  M  and  A/i  are  total  metal  concentrations  corresponding  to 
[M]iand[M]i.  Rearrangement  of  this  equation  gives  a  quadratic  in  A 


fc»»)Sd  -  0 


(16) 


The  value  of  k  which  is  calculated  from  this  equation  is  inserted  into 
eq  11  to  calculate  AT. 

When  the  catalyst  is  a  metal-phenanthroline  complex,  additional 
corrections  must  be  made  as  a  result  of  the  incomplete  association 
between  the  metal  and  the  ligand.  Relatively  few  association  con- 
stants between  metals  and  substituted  phenanthrolines  have  been 
measured.  The  constants  which  are  known  are  not  very  different 
from  that  of  1,10-phenanthroline  itself.  Since  the  corrections  in- 
volving these  constants  are  minor,  the  value  of  the  association 
constant  for  a  metal  with  1,10-phenanthroline  is  used  for  the  value 
of  the  association  constant  for  the  same  metal  with  substituted 
phenanthrolines.  An  exception  is  made  in  the  case  of  2,9-di- 
methyl- 1,10-phenanthroline,  where  some  association  data  are 
available.  We  are  led  to  assume  the  relatively  small  value  of  300 
for  its  association  constant  with  manganese. 

The  range  in  the  values  for  constants  K  and  k  was  estimated  by 
moving  the  line  best  fitting  Ijk.  ds.  l/[catalyst]  within  the  confines 
of  the  standard  deviations  of  A:e.  It  is  important  to  test  the  results 
in  this  way,  since  the  intercepts  of  the  lines  are  often  near  zero  on  the 


reciprocal  plot,  and  even  small  deviations  can  cause  large  fluctua- 
tions in  the  values  of  the  constants. 

Results  and  Discussion 

Table  I  presents  the  data  and  calculated  resiilts. 
Mi  in  the  first  column  is  the  total  concentration  of  metal 
ion  in  the  reaction,  [cat]  is  the  calculated  concentration 
of  metal-phenanthroline  catalyst,  ko  is  the  observed  rate 
constant,  a  is  its  standard  deviation,  kc  is  the  rate  con- 
stant from  which  the  contributions  from  other  reactions 
have  been  subtracted,  and  K  and  k  are  the  intrinsic 
reaction  constants  of  eq  1 .  Figures  1  and  2  show  the 
corrected  rate  constants,  key  as  functions  of  the  catalyst 
concentrations  for  manganese  and  zinc.  For  clarity 
the  rate  constants  are  plotted  without  indicating  the 
standard  deviations,  and  the  concentrations  are  placed 
on  a  logarithmic  scale.  Generally  speaking,  when  the 
data  are  plotted  with  their  standard  deviations  on  a 
linear  scale,  they  can  be  fit  by  a  smooth,  monotonic 
curve.  At  high  concentrations  of  catalyst,  the  curve 
will  level  off  as  the  corrected  rate  constant  approaches 
the  intrinsic  rate  constant  of  decarboxylation,  k.  It 
has  been  pointed  out  above  that  k  can  also  be  de- 
termined  by  extrapolation  of  the  linear  plot  of  l/k, 
against  1/[M],  and  this  method  is  considerably  more 
accurate. 

Electronic  Effects.  The  activation  of  aqueous  man- 
ganese by  one  and  two  coordinated  molecules  of  phen- 
anthroline  can  be  seen  in  Figure  1  (data  numbered  2  and 
3,  respectively).    That  there  is  no  activation  of  zinc 
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Figure  2.    Corrected  rate  constants  as  a  function  of  catalyst  concentration  for  zinc  catalysts.    Numbers  refer  to  Table  I. 


by  phenanthroline  is  shown  in  Figure  2,  in  which  the 
three  catalysts,  Zn(aq)*+,  Zn(phen)*+,  and  Zn(phen)2*"*" 
have  nearly  the  same  catalytic  activity.    This  result 
is  consistent  with  the  explanation  that  the  function  of 
the  metal  is  to  accept  electron  density  from  the  sub- 
strate,  and   that  coordination   to   a   phenanthroline 
molecule  increases  the  metal's  ability  to  act  in  this  way 
by  an  interaction  with  its  d  orbitals  to  delocalize  the 
substrate  electron  density  over  a  greater  volume  of 
space.     Manganese(II)  interacts   readily,   but  the   d 
orbitals  of  zinc(II)  are  of  too  high  an  energy  to  mix 
extensively  with  the  substrate  or  phenanthroline   -k 
orbitals.    To  use  the  terminology  developed  in  physical 
organic  chemistry,  the  substrate  and  the  phenanthroline 
are  conjugated  through  the  manganese,  but  not  through 
zinc  because  of  the  absence  of  an  appropriate  tt  orbital. 
If  this  were  the  only  influence  operating  on  the  de- 
carboxylation rate,  one  would  expect  that  upon  sub- 
stitution of  the  phenanthroUnes  at  the  4  and  7  positions 
additional  changes  in  rate  would  occur  for  the  man- 
ganese catalyst  but  not  for  the  zinc,  as  a  result  of  the 
resonance  effect.    Many  of  the  zinc  catalysts  in  fact 
have  quite  similar  rates,  but  at  least  the  dichloro  and 
dimethoxy  derivatives  show  marked  differences.    Some 
other  influence  must  also  be  operating  on  the  substrate 
as  a  result  of  the  substitution  of  remote  positions  on 
the  phenanthroline.    It  should  be  noted  that  the  reso- 
nance effect  can  be  made  to  correlate  a  considerable 
amount  of  the  data.    Ligands  may  be  picked  out  which 
seem  to  be  affected  to  the  same  extent  by  whatever  in- 
fluence is  operative  beyond  the  resonance  effect.    These 
are  the  aqueous  catalyst,  the  phenanthroline  complex, 
the  bia(phenanthroline)  complex,  and  the  complexes  of 


4,7-dihydroxy  and  4,7-dibromo  derivatives,  which  all 
have  the  same  rates  for  zinc,  where  resonance  does  not 
operate.  Examining  the  rates  of  the  corresponding 
manganese  complexes,  one  finds  them  in  an  order  con- 
sistent with  resonance  activation.  The  aqueous  catalyst 
is  slow,  Mn(phen)*+  is  faster,  and  Mn(phen)2^  is  still 
faster.  The  bromo  derivative  seems  a  little  slower  and 
the  dihydroxy  derivative  much  slower  than  the  unsub- 
stituted  phenanthroline. 

Some  other  cause  must  be  invoked  to  help  account 
for  the  results.  The  inductive  effect,  which  could  op- 
erate in  both  the  zinc  and  manganese  catalysts,  seems 
to  be  a  logical  complement  to  the  resonance  effect.  The 
methoxy  group  attracts  electrons  inductively,  and  this 
might  be  responsible  for  its  activation  of  the  catalyst. 
The  apparently  contradictory  inhibiting  effect  of  hy- 
droxide substitution  may  be  due  to  partial  ionization 
of  the  protons  on  the  hydroxide,  which  would  lower  the 
positive  charge  on  the  catalyst. 

Another  possible  cause  of  activation  is  the  disruption 
of  the  solvent  structure  in  the  region  of  the  metal  ion. 
Reorientation  of  the  water  molecules  during  decar- 
boxylation may  contribute  to  the  activation  energy  of 
the  reaction,  and  the  exclusion  of  water  by  phenan- 
throUnes may  lower  the  activation  energy.  Large 
substituents  on  the  phenanthroUnes  should  increase 
water  exclusion.  The  two  most  effective  zinc  catalysts 
do  in  fact  contain  the  largest  substituents,  methoxy 
and  phenyl  groups.  Neither  of  these  arguments,  how- 
ever, wiU  explain  the  results  of  methyl  substitution  at 
the  4  and  7  positions,  which  increases  the  catalytic  ac- 
tivity of  the  manganese  complex  and  decreases  that 
of  the  zinc  complex.    It  may  be  that  the  4,7-dimethyl- 
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Table  I.    Decarboxylation  Rates  and  Rate  Constants  for  Various  Catalysts* 


ko 

<r            k. 

k 

^o 

<r            kc 

k 

Mt 

[cat]         X  10» 

X  10»      X  10» 

X  10» 

Aft 

[cat] 

X  io» 

X  10»     X  io» 

X  10» 

X  10» 

X  10»       sec-*       8ec"»      sec"* 
1.  Aqueous  Manganese 

sec-» 

K 

X  io» 

X  io» 

scc"» 

sec"*      sec"* 

sec"" 

11 

.  Manganese-4,7-Dichloro-l,  10-phenanthroline 

7.25 

7.25         8.0 

0.39        6.5 

19 

116 

9.01 

7.98 

11.1 

0.44       8.0 

21 

9.48 

9.48         8.6 

0.38        7.5 

±\ 

±13 

12.0 

10.8 

12.7 

0.65        9.9 

dbl 

14.5 

14.5          10.3 

0.97        9.6 

15.0 

13.7 

14.8 

0.21      12.2 

21.7 

21.7         12.1 

1.00      11.7 

21.0 

19.4 

16.5 

0.08      14.1 

43.4 

43.4         14.2 

1.12      14.0 

30.0 

28.1 

17.6 

0.37      15.1 

72.5 

72.5          16.7 

0.23      16.6 

45.0 

42.7 

18.9 

0.51      16.0 

108.6 

108.6          18.8 

0.76      18.7 

12 

.  Manganese-4,7-Dibromo- 1 , 10-phenanthroline 

2.  Manganese-l,10-Phenanthroline 

9.01 

7.98 

12.3 

0.56        9.21 

44 

11.3 

10.1          14.0 

0.62      11.5 

84 

18 

15.0 

13.7 

16.8 

0.73      14.3 

±13 

15.0 

13.7         16.9 

0.84      14.6 

±B 

db3 

22.5 

20.8 

20.5 

2.52      18.1 

22.5 

20.9         22.3 

1.19      19.9 

45.0 

42.7 

29.2 

6.27      26.3 

45.0 

42.7          34.9 

1.44      32.1 

75.1 

72.0         45.9 

2.78      42.5 

13.  Aqueous  Zinc 

112.6 

108.8          62.8 

2.30      58.8 

0.431 

6.3 

0.14 

111 

7.90 

3.  Manganese-2(1,10-Phenanthroline) 
5.88        13.5         0.85        9.3          1650* 

0.718 

1.44 

2.87 

1.44 
2.87 

8.0 
12.6 
20.3 

0.19 

0.20        9.2 

0.98      17.6 

±10 

11.8 
17.8 
25.7 
39.5 

9.31        20.6                        ' 
14.6         26.9 
21.8         40.9 
34.6         62.5 

0.32      16.4 
0.89      22.4 
1.74      35.8 
2.07      56.4 

4.31 
7.18 
14.4 
28.7 

4.31 
7.18 
14.4 
28.7 

26.7 
35.8 
55.3 
74.7 

0.90      24.6 
1.84      34.7 
2.95      55.0 
4.52      74.6 

4. 
7.50 

Manganese-4,7-Diphenyl- 1 , 1 0-phenant  hroline 
6.57        11.8          1.00        8.8             30 

107 

14. 

Zinc-1 ,10-Phenanthroline 

11.3 

10.1          14.6 

0.69      12.2 

±4 

d:40 

0.718 

9.7 

0.33 

15.0 

13.7          17.7 

1.41       15.4 

1.01 

0.94 

11.6 

0.20        7.2 

119 

22.5 

20.8          20.5 

3.03      18.1 

1.44 

1.36 

14.0 

0.18        9.7 

±30 

45.0 

42.7         26.5 

3.42      23.7 

2.01 

1.92 

17.6 

0.29      13.5 

75.1 

72.0         27.6 

3.60      24.2 

2.87 
4.31 

2.76 
4.18 

22.8 
29.9 

0.46      19.0 
1.20        26.6 

5.  Manganese-3,8-Dicarboxy-4,7- 

dihydroxy-1 ,  10-phenanthroline 

15.  Zinc-2(1,10-Phenanthroline) 

7.50 

6.57        14.36 

0.09        1.45 

23 

12 

0.718 

0.601 

8.8 

0.20        3.8 

350 

11.3 

10.1          14.94 

0.16        2.49 

+22 

+7 

1.44 

1.27 

12.8 

1.34        7.7 

15.0 

13.7           5.22 

0.37       2.93 

-8 

2.87 

2.63 

22.1 

1.40      17.2 

22.5 

20.8           6.18 

0.14        4.16 

4.31 

4.00 

27.9 

0.91      23.1 

6.  Manganese-5-Nitro-l,10-phenanthrolme 

16.  Zinc-4,7-Diphenyl-l,  10-phenanthroline 

7.50 

6.57        10.8 

0.75        7.5 

27 

82 

1.44 

1.36 

13.4 

0.31        9.1 

164 

11.3 

10.1          12.3 

0.35        9.5 

±2 

d=19 

2.87 

2.76 

22.9 

0.83      19.1 

±18 

15.0 

13.7         14.2 

0.57      11.7 

4.31 

4.18 

35.3 

4.25      32.0 

22.5 

20.9         16.8 

0.91      14.4 

7.18 

7.01 

50.5 

5.10      48.0 

45.0 

42.7         23.1 

0.97      20.2 

14.4 

14.1 

63.0 

11.67      61.0 

75.1 

72.0         27.0 

1.60      23.6 

7. 

Manganese-4,7-Dihydroxy-l , 10-phenanthroline 

17.  Zinc-4,7-Diphenyl-l, 10-phenanthroline, 
Sulfonated.  Sodium  Salt 

7.50 

6.57         6.6 

0.19        3.7 

16 

67 

1.44 

1.36 

12.61 

1.33        8.3 

11.3 

10.1           7.8 

0.22        5.4 

±1 

drlO 

2.01 

1.92 

15.31 

1.69      11.2 

15.0 

13.7           8.5 

0.16       6.2 

2.87 

2.76 

14.21 

0.96      10.4 

22.5 

20.8         10.7 

0.45        8.4 

3.44 

3.33 

15.18 

0.17      11.6 

d 

45.0 

42.7          14.0 

0.51      11.2 

4.31 

4.18 

16.13 

1.68      12.8 

75.0 

72.0          16.0 

0.92      12.6 

5.74 

5.59 

18.81 

2.68      16.0 

112.6 

108.8          18.3 

0.65      14.3 

8. 

Manganese-4,7-Diniethyl-l,10-phenanthroline 

18.  Zinc-4,7-Dihydroxy-l,  10-phenanthroline 

1.88 

1.44         7.9 

0.03        3.6 

1.44 

1.36 

12.2 

0.74        7.9 

250 

2.81 

2.26         9.6 

0.71        5.6 

2.87 

2.76 

19.1 

0.41       15.3 

+325 

mm  m  ^^  M 

3.75 

3.11        10.3 

2.21        6.5 

c 

4.31 

4.17 

26.8 

0.64      23.5 

-100 

5.63 
7.50 

4.83        22.5 
6.57        34.8 

3.15      19.2 
5.07      31.8 

7.18 
14.35 

7.01 
14.1 

38.3 
60.8 

2.09      35.9 
10.25      58.8 

9. 

Manganese-2,9-Diniethyl-l,10-phenanthroline 

19.  Zinc-4,7-Dimethyl-l, 10-phenanthroline 

7.50 

3.89         6.0 

0.51        0.3 

280» 

0.718 

0.665 

5.9 

0.31        0.1 

10.5 

6.28         7.3 

0.22        1.6 

1.44 

1.36 

6.1 

0.23        0.7 

d 

15.0 

9.40         8.9 

0.31        2.7 

2.87 

2.76 

6.8 

1.18        2.1 

22.5 

15.3          11.1 

0.15        4.4 

4.31 

4.18 

6.7 

1.28        2.7 

10. 

Manganese-4,7-Diniethoxy-l , 10-phenanthroline 

20.  Zinc-4,7-Dimethoxy-l,10-phenanthroline 

4.50 

3.79       21.0 

1.00      16.5 

0.574 

0.528 

10.0 

0.78        4.3 

6.00 

5.17        35.5 

3.17      31.6 

0.861 

0.804 

16.3 

1.56      10.7 

9.01 

7.98        40.7 

2.10      37.6 

c 

1.15 

1.08 

22.8 

0.28      17.3 

c 

12.0 

10.8         62.9 

7.84      60.2 

1.44 

1.36 

30.8 

4.92      25.4 

15.0 

13.7         83.0 

8.45      80.5 

1.72 

1.64 

39.0 

5.36      33.8 
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21.  2nc-4J-Dichloro-l,10-pheiianthroline 


23.  Aqueous  Magnesium 
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44 

1.36 

12.0 

0.73 

7.7           112 

71 

10.0 

10.0 

5.1 

0.12 

3.1          8.5 

93 

87 

2.76 

14.7 

0.79 

10.9          =b21 

±22 

15.0 

15.0 

5.7 

0.27 

4.2      ±0.3 

±10 

31 

4.18 

21.0 

0.73 

17.7 

22.5 

22.5 

6.3 

0.24 

5.2 

74 

5.59 

25.6 

1.18 

22.7 

45.0 

45.0 

6.8 

0.20 

6.2 

18 

7.01 

31.8 

1.47 

29.3 

75.0 

75.0 

7.6 

0.28 

7.3 

4 

14.1 

51.9 

1.46 

49.8 

150.0 

150.0 

8.6 

0.25 

8.4 

22.  Zinc-4,7-Dibromo-l,10-pheiianthroline 

44 
37 

1.36 
2.76 

14.2 
20.6 

0.42 
0.71 

9.9             80 
16.8             ±7 

196 

±35 

24.  Magnesium- 

-1 ,  10-Phenanthroline 

31 

4.18 

25.8 

1.08 

22.5 

45.0 

6.7 

0.16 

18 

7.01 

37.7 

0.71 

35.3 

75.0 

7.8 

0.29 

e 

e  initial  concentration  of  dimethyloxaloacetic  acid  was  7.81  X  10~*  M  in  every  case.  Metals  were  introduced  as  solutions  of 
le  salts.  ^  Calculated  on  the  assumption  of  an  association-limited  mechanism.  '  Mechanism  is  dissociation  limited.  *  Results 
» erratic  for  a  meaningful  calculation.    *  Compare  with  aqueous  magnesium  rates  at  the  same  catalyst  concentrations. 


)henanthroline-zinc  catalyst  is  a  very  effective 
boxylating  agent,  but  that  its  affinity  for  the 
boxylated  product  is  large  enough  to  prevent  a 

or  extensive  regeneration  of  the  catalyst.  The 
>ponding  manganese  catalyst  would  be  more  easily 
erated  because  of  the  larger  size  of  the  metal  ion. 
)re  compelling  conclusion  will  have  to  await  de- 
nation  of  the  rate-determining  step  by  the  mass- 
-ometric  method. 

^  Rate-Determining  Step.  In  the  cycle  of  decar- 
ation  catalysis,  any  of  three  steps  may  limit  the 

the  association  of  the  substrate  and  the  catalyst, 
ecarboxylation  of  the  complex,  or  the  dissociation 
e  catalyst  and  the  decarboxylated  substrate.  In 
ystem  under  study,  the  rate-determining  reaction 
isually  be  distinguished.  A  rate-limiting  associa- 
will  be  first  order  in  catalyst  concentration  and  a 
1  of  ^c  ^^-  [catalyst]  (or  of  l/ke  vs.  l/[catalyst])  will 


slow  fast 

LM  H-  S  — ►  LMS  — ►  LMP  +  COi 

k 

rate  =  /:[LMIS]  =  kohJiS] 

fcobad  =  *[LM] 


(17) 

(18) 
(19) 


>traight  line  going  through  the  origin.  This  would 
•  when  association  was  for  some  reason  very  un- 
able, for  example,  due  to  steric  effects, 
len  decarboxylation  is  rate-determining,  the  graph 
cs,  [catalyst]  will  be  curved.  This  is  indicated  by 
which  results  from  [LM]  being  a  function  of  [S], 

fast  slow 

LM  -h  S  :;;:±:  LMS  — ►  LMP  -f  COi  (20) 

K  k 

rate  =  k[LMS]  =  kK[LMlS]  (21) 

prevents  eq  21  from  being  integrated  as  a  first- 
equation  in  [S].  The  graph  of  \\k^  cs.  l/[catalyst] 
«  a  straight  line  with  a  nonzero  intercept.  Deriv- 
of  the  proper  equation  has  already  been  dealt  with, 
the  dissociation  step,  which  regenerates  the 
(St,  should  become  rate  determining,  a  rapid 
I  decarboxylation  will  occur  until  the  catalyst  is 
itcd  with  decarboxylated  substrate.  The  rate  will 
iecrease  as  it  becomes  limited  by  catalyst  regenera- 


fast  fast  slow 

S  ^=±  LMS  — >  LMP  +  COi 
K 


LM  +  P  +  COi    (23) 


tion.  This  initial  fast  rate  would  be  expected  to  be 
visible  when  the  catalyst  is  at  a  concentration  which  is 
smaller,  but  not  a  great  deal  smaller,  than  the  substrate. 

Caution  must  be  exercised  in  the  interpretation  of 
the  rate-determining  step.  In  particular,  a  fast  rate- 
determining  decarboxylation  will  have  a  very  small 
intercept  on  the  plot  of  l/k^  vs.  1 /[catalyst],  and  may 
thus  be  confused  with  a  rate-determining  association. 
Generally  speaking,  the  latter  should  be  slow  and  the 
former  fast,  if  an  appropriate  standard  of  "normal" 
speed  can  be  found. 

Rate-Determining  Association.  One  catalyst  seems 
to  have  its  activity  limited  by  the  rate  at  which  the 
substrate  can  coordinate  to  the  metal  ion:  the  2,9-di- 
methyl- 1 , 1 0-phenanthroline-manganese  complex.  Its 
rate  is  plotted  in  Figure  3  and  may  be  seen  to  fit  the 
expected  pattern  fairly  well.  The  rate  is  slowed  by 
steric  hindrance.  The  methyl  groups  project  out  be- 
yond the  metal  and  must  considerably  impede  the  ap- 
proach of  the  substrate  to  the  metal.  The  reaction  is 
kinetically  well  behaved.  Steric  and  neighboring-group 
effects  will  be  treated  in  a  later  paper.  The  intrinsic 
constant  for  this  catalyst  is  0.00280  sec"  ^  This  number 
refers  to  k  in  eq  15.  It  can  be  compared  to  the  product 
kK  for  a  reaction  with  a  rate-determining  decarboxyla- 
tion step  and  is  seen  to  be  much  smaller  than  the  rates 
of  other  mono(phen)  derivatives.  Another  catalyst 
which  may  be  in  this  category  is  the  Mn(phen)t*"'"  com- 
plex (see  Figure  3).  Its  reaction  rate  is  also  first  order 
in  catalyst.  Its  reactions  are  fast,  however,  and  its  in- 
trinsic rate  constant,  assuming  this  mechanism,  is 
0.0165  sec-^  It  is  possible  that  this  is  a  case  of  rate- 
determining  decarboxylation  which  is  fast  enough  that 
the  intercept  of  the  reciprocal  plot  is  not  distinguishable 
from  zero.  These  two  alternatives  can  be  decided  be- 
tween using  the  kinetic  isotope  approach  employed  by 
Westheimer.  ^* 

Rate-Determining  Decarboxylation.  The  aqueous 
metal  ions  and  catalysts  2,  4-6,  7,  11,  12,  14-16,  18,  21, 
and  22  have  rate-determining  decarboxylation  steps. 
Some  reciprocal  plots  are  illustrated  in  Figure  4.  Co- 
ordination of  the  enzyme  protein  to  a  metal  ion  causes 
this  step  to  become  so  much  faster  that  it  is  no  longer 
rate  determining.^*^  Thus  the  factors  which  influence 
the  rate  of  this  step  are  of  particular  interest  in  under- 

(15)  S.  Seltzer,  G.  A.  Hamilton,  and  F.  H.  Westheimer,  7.  Am.  Chem. 
Soc.,  81.  4018  (1959). 
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Figure  3.  Catalysts  conforming  to  the  expected  pattern  for  rate- 
determining  association.  Numbers  refer  to  Table  I.  Units  on  the 
left  ordinate  refer  to  catalyst  9,  and  those  on  the  right  to  3. 
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Figure  4.    Some  representative  plots  for  catalysts  with  rate-deto 
mining  decarboxylation  steps.   Numbers  refer  to  Table  I. 


Standing  the  function  of  the  protein.  The  intrinsic 
reaction  constants  are  a  disappointment  in  this  regard 
because  of  their  great  sensitivity  both  to  the  exact  fit 
of  the  line  to  the  reciprocal  plot  and  to  the  value  chosen 
for  the  rate  of  the  autodecarboxylation.  The  rate  of 
autodecarboxylation  was  influenced  by  the  addition 
of  ligand,  even  when  no  metal  ion  was  present.  The 
error  in  this  correction  cannot  have  been  large,  but,  in 
an  unfavorable  case,  it  might  have  made  a  considerable 
error  in  the  intrinsic  rate  constants,  larger  than  that 
indicated  in  Table  I. 

In  examining  the  intrinsic  rate  constants  for  man- 
ganese, it  may  be  seen  that  the  Mn(phen)*+  catalyst 
has  the  largest  k.  Even  the  groups  on  the  phenan- 
throline  which  are  expected  to  be  electron  withdrawing, 
Br  and  CI,  seem  to  be  slower  than  H.  This  may  per- 
haps be  explained  on  the  basis  of  the  high  charge  on  the 
metal  ion,  which  might  polarize  these  groups  more  than 
it  can  the  hydrogen  and  cause  them  to  be  relatively 
electron  donating.  The  range  for  most  of  the  con- 
stants is  so  great  for  zinc  that  no  general  statement 
about  those  catalysts  is  possible.  The  results  are  not 
readily  explained. 

The  intrinsic  equilibrium  constants  are  smaller  than 
the  ones  reported  between  these  metals  and  similar 
j3-keto  acids.  ^^  It  has  already  been  pointed  out^  that 
this  is  a  result  of  the  difference  in  what  is  being  meas- 
ured. The  kinetic  method  used  here  measured  only 
coordination  of  the  acid  in  the  manner  favorable  for 
decarboxylation  (see  reaction  1),  while  the  potentio- 
metric  method  measured  coordination  through  any 
atoms.  The  difference  in  the  two  equilibrium  con- 
stants, which  is  about  an  order  of  magnitude,  suggests 
that  the  substrate  spends  most  of  its  time  on  the  metal 

(16)  E.  Gelles  and  R.  W.  Hay.  J.  Chem,  Soc.,  3673  (1958). 
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Figure  5.  A  kinetic  run  for  manganese-4,7-dimethoxy-l,10-phei 
anthroline  catalyst  at  a  concentration  of  0.(X)657  M.  This  illu 
trates  the  predicted  pattern  for  a  rate-determining  dissociation  stq 


in  a  position  in  which  it  cannot  be  decarboxylated.  1 
an  enzyme  protein  were  capable  of  causing  the  sul 
strate  to  approach  the  metal  only  in  a  disposition  favoi 
able  to  reaction,  the  rate  would  be  greatly  enhanced. 
Rate-Determining  Dissociation.  There  are  thn 
mono(phen)  catalysts  which  are  much  more  active  tha 
any  of  the  others.  These  arc  the  4,7-dimethoxyphci 
anthroline  complexes  of  manganese  and  zinc  and  t\ 
4,7-dimethyl  complex  of  manganese.  None  of  tha 
fits  either  of  the  previous  patterns  of  variation  in  ra^ 
as  a  function  of  catalyst  concentration.  An  initi; 
large  rate,  slowing  as  the  catalyst  becomes  saturate 
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decarboxylated  substrate,  was  observed  for  a 
sr  of  the  reactions.  The  effect  was  most  pro- 
ed  where  the  catalyst  was  present  to  the  extent  of 
60-80%  of  the  substrate.  Figure  5  illustrates 
tion  where  this  is  occurring.  Both  manganese 
>ts  exhibited  this  behavior,  but  it  was  not  ob- 
for  zinc,  where  the  highest  concentration  of 
it  was  only  20  %  of  the  substrate.  It  may  be  that 
itial  fast  reaction  was  over  before  any  measure- 
were  made.  Certainly  when  the  manganese 
>ts  were  at  this  concentration,  the  fast  initial 
as  difficult  to  see.  The  values  given  in  Table  I 
r  the  slower  part  of  the  reaction.  Initial  rates 
s  much  as  five  times  this  fast. 
se  complexes  are  the  most  like  the  enzyme,  in- 
h  as  they  are  the  most  efficient  catalysts  and  ap- 
:o  have  the  same  rate-determining  step.  The 
xy  complexes  at  least  do  not  derive  their  activa- 
om  the  resonance  effect,  which  does  not  occur  for 
nd  would  be  expected  to  deactivate  the  complex 
nganese. 

H*  Catalysts.  At  low  concentrations,  some  of  the 
txes  showed  deviations  from  the  expected  patterns 
lavior.  The  corrections  for  these  were  large 
e  to  the  rate  constant  itself.  Their  observed 
re  reported  in  Table  I,  but  the  corrected  constants 
nitted.  These  data  were  not  used  to  compute 
ic  constants.  The  sodium  salt  of  the  sulfonated 
)henyl-l,10-phenanthroline  complexes  gave  such 
results  that  computations  based  on  them  are 
laningful. 
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Conclusions 

It  has  been  shown  that  when  two  ligands  are  co- 
ordinated  to  a  single  metal  ion,  changes  in  one  can  af- 
fect the  reaction  rate  of  the  other,  even  when  the  changes 
in  the  first  are  remote  from  the  second.  Coordination 
of  a  manganese  ion  with  a  phenanthroline  molecule 
greatly  increases  its  ability  to  catalyze  the  decarboxyla- 
tion of  a  j3-keto  acid.  Catalysis  by  zinc,  however,  is 
unaffected  by  coordination  with  phenanthroline.  Sub- 
stitution of  the  phenanthroline  at  the  4  and  7  positions 
is  also  shown  to  change  the  rate.  The  resonance  ef- 
fect, which  allows  electron  density  from  the  acid  to  be 
delocalized  into  the  system  of  the  metal-phenanthroline 
complex,  is  suggested  as  a  contributing  influence.  A 
second  influence,  the  nature  of  which  has  not  yet  been 
determined,  also  affects  the  catalytic  behavior  of  these 
compounds.  The  inductive  effect  is  not  usefully  in- 
voked to  do  this.  Some  very  effective  catalysts  for  de- 
carboxylation have  been  found,  and  these  are  activated 
by  the  second  influence.  The  data  strongly  suggest 
that  they  have  the  same  rate-determining  step  as  the 
decarboxylase  enzyme.  The  enzyme  protein  does  not 
activate  the  metal  ion  in  the  same  way  as  phenanthro- 
line itself  does,  but  the  second  and  unidentified  in- 
fluence, exerted  for  example  by  the  methoxy  phenan- 
throlines,  may  be  a  contributor  to  the  activation  by  the 
enzyme. 
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\b6tract:  The  synthesis  and  characterization  of  CF|CF(OF)s  and  (CFt)sC(OF)i,  representing  the  new  class  of 
^minal  bisfluoroxy  compounds,  are  reported.  Their  formation  from  (CFt)tC(OH)ONa  illustrates  the  unique 
behavior  of  salts  in  direct  fluorination. 


t  have  reported'  the  preparation  and  reactions 
rf  the  monofluoroxy  compounds:  CFjCFjOF, 
tCFiOF,  (CF,)2CFOF,  (CF,),COF,  NO,- 
,OF,  ClCFjCFsOF,  CUCFCFjOF,  and  CU- 
>F,  as  well  as*  FC(0)CF,CF20F  and  FOCF,- 

Some  of  the  material  in  this  paper  was  Included  in  the  review 
htygen  Fluorides  and  Hypofluorites**  by  P.  G.  Thompson  at  the 
Ssrmposium  of  the  Inorganic  Division  of  the  American  Chemical 
Ann  Arbor,  Mich.,  June  27, 1966.  (b)  In  accordance  with  the 
ndations  of  the  American  Chemical  Society  Committee  on 
ature  of  Highly  Fluorinated  Molecules,  the  term  fluoroxy-  is 
the  OF  group. 

is  research  was  supported  by  the  Advanced  Research  Projects 
mder  Contract  NOrd  18688  and  was  monitored  by  the  Bureau 

Weapons. 

H.  Prager  and  P.  G.  Thompson,  J.  Am.  Ckem.  Soc.,  87,  230 

fl.  Prager,  J.  Org.  Ckem..  31,  392  (1966). 


CFjCFjOF.  Cady  and  co-workers  previously  de- 
scribed the  synthesis  of  CFjOF'^  and  several  unstable 
acyl  OF  compounds/  In  this  paper  the  preparation  of 
two  members  of  a  new  class  of  compounds,  the  bis- 
(fluoroxy)perfluoroalkanes,  is  reported.  The  character- 
ization and  certain  reactions  of  these  compounds, 
CFjCF(OF),  and  ((Z¥%)%C{0¥)%,  are  also  presented.  In 
addition,  an  improved  synthesis  of  CsFsOF  *  is  reported. 

Discussion 

The  direct  fluorination  of  pcrfluoroacetone  hydrate, 
(CF,),C(OH)2,  yields  (CF,)2CFOF.»    We  now  report 

(5)  K.  B.  Kellogg  and  G.  H.  Cady.  J.  Am.  Chgm.  Soc.,  70,  3986 
(1948). 

(6)  (a)  G.  H.  Cady  and  K.  B.  KeUogg,  ibid.,  75,  2501  (1953);  (b)  A. 
Menefee  and  G.  H.  Cady,  ibid.,  76.  2020  (1954). 
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the  direct  fluorination  of  the  monosodium  salt  of  per- 
fluoroacetonc  hydrate,  (CFj)2C(OH)ONa,'  to  give 
(CF,),C(OF),  and  CF,CF(OF),  in  addition  to  the 
previously  reported*  (CF,)2CFOF  and  C2F6OF.  The 
two  compounds,  2,2-bis(fluoroxy)perfiuoropropane  and 
l,l-bis(fluoroxy)perfluoroethane,  represent  the  first 
examples  of  compounds  containing  two  fluoroxy  groups 
bonded  to  the  same  atom.^ 

The  surprising  difference  in  the  products  obtained 
from  the  direct  fluorination  of  these  two  structurally 
similar  materials  illustrates  the  advantage  of  using  salts 
to  prepare  fluoroxy  compounds,  particularly  when  bis- 
fluoroxy  structures  are  desired. 

OH 

/  F. 

(CF,),C  — ►(CF,),CFOF 

\ 
OH 

OH  OF 

/  F.  / 

(CF,),C  -^  (CF,),C  +  (CF,),CFOF  + 

\  \ 

ONa  OF 

OF 


CF,CF  +  CFiCFjOF 

\ 
OF 


A  further  demonstration  of  this  point  is  found  in  a 
comparison  of  the  fluorination  products  of  trifluoro- 
acetic  acid  and  its  salts.  ^'*  The  acid  affords  rather  low 
yields  of  the  unstable  hypofluorite,  CF,C(OpF,«'*^" 
whereas  the  salts  give  yields  of  up  to  60  %  CF|CF(OF)2. 
The  combined  yield  of  OF  compounds  obtained  from 
the  perfluoroacetate  salts  can  approach  95  %  of  theory.  *•• 

It  was  earlier  pointed  out  that  OF-containing  com- 
pounds are  formed  in  best  yield  when  starting  materials 
low  in  C-H  content  are  used.'  The  compound  (CFiV 
COF,  for  example,  is  obtained  in  excellent  yield  from 
(CFsisCOH.  The  fluorination  of  nitrosyl  perfluoro- 
acetate, CF|C(0)ONO,  described  in  this  paper,  gives 
CFSCF2OF  in  approximately  20%  yield,  while  CF3- 
CHjOH  gives  only  about  10%  of  this  product.  The 
fluorination  of  a  material  high  in  C-H  content,  i.e., 
HOCH,CH2CH20C(0)CCl8,  was  shown  to  produce  FO- 
CF2CFJCF2OF  only  in  very  small  amount.* 

The  direct  fluorination  of  the  monosodium  salt  of 
perfluoroacetone  hydrate  proceeds  rapidly  at  room  tem- 
perature. The  products  include  CO2,  COF2,  and,  in 
order  of  decreasing  yield,  the  following  OF-containing 
compounds:  (CF8)2CFOF,  (CF3)2C(OF)2,  CF3CF2OF, 
and  CF,CF(OF)2.  The  combined  yield  of  fluoroxy 
compounds  obtained  in  this  reaction  is  substantial, 
amounting  to  about  35%  of  the  isolated  product. 
It  is  interesting  to  note  that  under  the  conditions  used  in 
this  fluorination  reaction  more  of  the  three-carbon 
fluoroxy  compounds  were  formed  than  of  the  two- 
carbon  species.  Although  CO2  and  COF2  were  formed 
in  rather  large  amounts,  fluorination  to  CF3OF  ap- 
parently did  not  take  place. 

(7)  The  preparation  of  this  compound  is  described  for  the  first  time 
in  this  paper.  Additional  reactions  will  be  published  later  by  J.  H. 
Prager  and  P.  H.  Ogden. 

(8)  There  is  a  marked  contrast  between  hypofluorites  containing 
normal  fluoroxy  groups  and  the  extremely  unstable,  low-temperature 
oxygen  fluoride*  OiFs,  as  discussed  in  ref  1. 

(9)  P.  G.  Thompson,  to  be  published. 

(10)  G.  L.  Gard  and  G.  H.  Cady,  Inorg.  Chem.,  4,  594  (1965). 


These  various  fluoroxy  compounds  present  an  interest- 
ing contrast  in  properties.  The  perfluoroethylidenc 
compound,  CF3CF(OF)2,  is  not  especially  susceptible  to 
explosive  decomposition,  and  it  is  considerably  more 
stable  thermally  than  CF3CF2OF.  On  the  other  hand, 
the  perfluoropropylidene  compound,  (CF»)2C(0F)i, 
is  very  prone  to  explode  and,  in  fact,  is  more  difiicult  to 
handle  than  any  of  the  other  fluoroxyperfluoroalkyi 
compounds  investigated  in  our  laboratory.  The  reason 
for  this  sensitivity  is  not  understood.  It  does  not 
appear  to  be  due  to  steric  crowding  since  no  such  dif- 
ficulties were  observed  with  (CF3)3COF.  • 

The  tendency  of  (CFz)tC(OF}i  to  explode  is  so  pro- 
nounced that  a  dilution  technique  was  used  in  the 
work-up  of  these  fluorination  runs.  The  inert  solvent, 
CFCI3,  was  condensed  into  the  trap  containing  the 
mixture  of  volatile  fluorination  products,  and  only 
then  was  the  separation  of  the  products  attempted. 
In  general,  no  difficulty  was  experienced  in  isolating 
and  purifying  CF3CF2OF,  (CF3)2CFOF,  and  CFjCF- 
(OF)2  by  fractional  distillation-condensation  using 
vacuum-line  techniques  followed  by  gas  chromatog- 
raphy. However,  any  operation  which  tended  to  con- 
centrate (CF3)2C(OF)2  was  found  to  be  difficult  and, 
in  fact,  many  attempts  were  necessary  before  the  in- 
frared and  nmr  spectra  of  this  compound  were  suc- 
cessfully obtained  on  the  same  sample.  Because  of 
this  great  sensitivity  little  information  was  obtained 
on  the  reactions  of  this  material. 

Results 

14-Bis(fluoroxy)perfluoroethane,  CF3CF(OF)2.  Iso- 
lation of  pure  CF3CF(OF)2  was  accomplished  by  gas 
chromatography.  1 , 1  -Bis(fluoroxy)perfluoroethane  is  a 
colorless  gas  boiling  at  approximately  —35°.  The 
melting  point  of  a  sample  of  CFzCF(PF)i  containing 
small  amounts  of  SiF4  and  COF2  was  between  —83 
and  -77°.  The  infrared  spectrum  of  CF3CF(OF)2 
contains  absorptions  at  7.44  (m),  7.79  (w),  8.06  (vs), 
8.30(s),  8.73  (s),  9.24  (s),  10.83  (w),  11.17  (m),  and  13.58 
fjL  (m).ii  The  peak  at  11.17  /x  is  attributed  to  the  OF 
group. 

The  diagram  in  Figure  1  shows  the  analysis  of  the 
splittings  observed  in  the  F**  nmr  spectrum  of  CF3CF- 
(OF)2.  The  spectrum  contains  an  absorption  at  0* 
—  150.4  which  is  assigned  to  the  OF  group.  The  CFa 
group  signal  is  at  <f>*  77 A  and  the  CF  at  <f>*  111.9. 
The  coupling  constant  between  CF3  and  CF  is  less 
than  1  cps;  that  between  OF  and  CF3  is  10.3  cps  and 
that  between  OF  and  CF  is  26.2  cps.  The  absorption 
of  the  CFs  group  is  split  into  a  triplet  by  the  two  equiva- 
lent OF  groups;  additional  splitting  from  the  CF  was 
not  resolved  with  our  instrument  (40.0  Mc).  The  CF 
signal  is  likewise  split  into  a  triplet  by  the  two  OF 
groups.  The  absorption  of  the  OF  groups  is  split  into 
a  doublet  by  the  CF  and  each  mode  further  split  into  a 
quadruplet  by  the  three  equivalent  fluorine  nuclei  of 
the  CF3  group.  The  peak  areas  were  found  to  be  in  the 
ratio  of  2.0: 1.0:3.0. 

l,l-Bis(fluoroxy)perfluoroethane  shows  much  greater 
thermal  stability  than  fluoroxyperfluoroethane.'  Sev- 
eral samples,  stored  in  sealed  glass  nmr  tubes  with 

(11)  The  relative  intensities  of  the  absorptions  arc  indicated  by  the 
symbols,  vs,  s,  m,  and  w,  standing  for  very  strong,  strong,  medium,  and 
weak,  respectively. 
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CFCli,  showed  only  minor  decomposition  after  ap- 
proximately 5  years  at  ambient  temperatures.  Differ- 
ential thermal  analysis  indicated  no  decomposition  up  to 
200^,  at  which  temperature  the  sample  underwent  a 
very  rapid  exothermic  reaction,  probably  exploding. 
In  this  case  the  CFjCF(OF)2  may  have  reacted  with  the 
metal  cup  in  the  dta  apparatus;  the  products  formed 
(as  shown  by  infrared)  were  CF4,  COFj,  COj,  and  a 
trace  of  SiF4.  When  CF|CF(OF),  is  flashed  or  ignited, 
quantitative  analysis  of  the  products  formed  indicates 
that  thermal  decomposition  proceeds  predominantly 
by 

CF,CF(OF),  — >  CF4  +  COP,  +  0.5O, 

The  results  of  additional  stability  tests  (on  rate  of  de- 
composition in  glass)  at  elevated  temperatures  are  given 
in  Table  I.    An  analysis  of  the  products  formed  (SiF4, 

Table  I.    Thennal  Stability  Tests  of  CFiCF(OFV 


10.3  c/t 


<1C/S 


Temp, 


Time, 
hr 


%of 

CF,CF(OF), 

recovered 


150 

6.5 

95 

175 

15 

70 

190 

12 

32 

«  Sealed  in  glass  nmr  tubes;  10-15  mole  %  solution  in  CFCli  as 
internal  reference. 


CO2,  O2,  trace  of  BF,,  no  CF4)  indicated  that  the  OF 
compound  was  reacting  with  the  Pyrex  glass  tube 


CF,CF(OF),  +  1 .  5SiO, 


1 .  5SiF4  +  2CX),  +0.5O, 


rather  than  undergoing  thermal  decomposition  (ex- 
pected products:  CF4,  COFj,  and  Oj).  The  activation 
energy  for  the  observed  reaction  with  glass  was  calcu- 
lated to  be  38  kcal/mole. 

The  polarographic  half-wave  potential  of  CFjCF- 
(OF)j,  measured  by  means  of  an  indicating  electrode 
cs.  a  saturated  calomel  electrode  as  reference,  was  found 
to  be  approximately  0.5  v,  which  is  consistent  with  our 
earlier  reported  values'  for  CF3OF  and  C2F5OF. 
Since  the  electrochemical  reduction  of  these  OF  com- 
pounds is  not  reversible,  oxidation  potentials  are  not 
readily  obtainable  from  the  polarographic  half- wave  po- 
tential. However,  as  with  other  OF-containing  com- 
pounds, l,l-bis(fluoroxy)perfluoroethane  is  strongly 
oxidizing  toward  substances  such  as  mercury,  ferrocene, 
potassium  iodide,  and  sodium  hydroxide. 

Reduction  of  CFzCF(PF)2  has  been  found  to  occur 
both  by  (1)  normal  reductive  defluorination  with  a  two- 
electron  change  per  OF  group,  and  by  (2)  reductive 
decomposition  wherein  oxidation-reduction  occurs 
within  the  molecule  via  the  fragmentation  of  CFsCF- 
(OF)i,  resulting  in  cleavage  of  the  carbon-carbon  bond. 
The  mechanism  for  reductive  decomposition  is  ap- 
parently not  so  straightforward  as  in  the  case  of  the 
monofluoroxy  compounds  discussed  previously,'  and 
it  has  not  been  determined  whether  a  chain  mechanism 
is  involved. 

The  predominant  mode  of  reduction  appears  to  de- 
pend upon  the  eff'ective  contact  of  the  OF  compound 
with  the  reducing  agent.  With  mercury,  unless  the 
reaction  vessel  is  agitated,  the  film  of  mercurous  fluoride 
hinders  the  reductive  defluorination  mode,  and  con- 
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Figure  1.    Nmr  spectrum  of  CFjCFCOF)^. 
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siderable  CF4  and  COi  are  formed,  together  with 
smaller  amounts  of  CFjCFO,  (CF,COt)2Hg,  and  C^F^. 
The  reaction  with  ferrocene  also  proceeds  predomi- 
nantiy  by  the  reductive  decomposition  path,  CF4  and 
CO2  being  the  principal  products  in  addition  to  ferri- 
cinium  fluoride.  With  excess  potassium  iodide  (in 
water  or  in  acetonitrile-water  media)  the  two-electron 
(per  OF  group)  reductive  defluorination  mode  takes 
place  almost  exclusively.  The  over-all  reaction  can  be 
expressed  by 

CF,CF(OF),  +  4KI  — >  21,  +  CF,CXMC  -f  3KF 

Since  this  oxidation  of  iodide  to  iodine  occurs  rapidly 
and  without  appreciable  side  reactions,  the  process  can 
be  used  for  a  quantitative  measure  of  the  oxidizing  power 
of  the  fluoroxy  compound.  Determination  of  the 
oxidizing  power  of  a  sample  of  chromatographed 
CF8CF(OF)2^2  by  this  reaction  gave  a  value  of  22.0 
mequiv  of  iodine  per  gram  of  sample  (calculated  for  two- 
electron  change  per  OF  group,  23.0). 

An  attempt  to  follow  the  mode  of  decomposition  in 
an  infrared  gas  cell  equipped  with  NaCl  windows  led 
to  the  formation  of  considerable  CFsCOiNa  on  the  win- 
dows after  several  days.  The  products  detected  indi- 
cate that  the  following  reaction,  analogous  to  that  above 
with  KI,  occurred. 


CF,CF(OF),  -I-  4Naa 


2a,  -I-  CFaCOiNa  +  3NaF 


1 , 1  -Bis(fluoroxy)perfluoroethane  reacts  only  very 
slowly  with  water  or  acidic  media,  but  rapidly  oxidizes 
aqueous  base,  liberating  oxygen'  according  to  the 
following  equation. 

CF,CF(OF)j  -f-  4NaOH  — >  O,  +  CF,CX),Na  -f  3NaF  +  2HtO 

The  reaction  is  essentially  stoichiometric.  Oxygen 
was  determined  by  gas  chromatographic  analysis, 
fluoride  by  conventional  thorium  nitrate  titration, 
and  sodium  trifluoroacetate  by  infrared  analysis  of  the 
solids.  It  should  be  noted  that  the  reaction  between 
the  fluoroxy  compound  and  aqueous  base  is  a  redox 
reaction,  also  analogous  to  the  reaction  of  CF3CF(OF)2 
with  aqueous  potassium  iodide,  and  does  not  involve 

(12)  A  value  of  21.1  mequiv  of  Ij/g  was  initially  obtained;  upon 
standing  overnight  a  value  of  22.0  mequiv  of  I»/g  (after  possible  air 
oxidation  was  corrected  by  a  blank)  was  obtained.  Apparently  approxi- 
mately 4%  of  the  CFiCF(OF)t  undergoes  side  reactions  under  the  condi- 
tions employed. 


Thompson,  Prager  /  Bis(fluoroxy)perfluoroalkanes 
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Figure  2.    Nmr  spectrum  of  (CFi),C(OF)i. 
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hydrolysis.  Thus,  the  oxygen  formed  in  this  reaction 
would  be  expected  to  come  from  the  NaOH  and  not 
from  the  OF  compound. 

2,2-Bi8(fluoroxy)perfluoropropane,  (CFt)2C(OF)2. 
2,2-Bis(fluoroxy)perfluoropropane  is  a  colorless  gas 
which  is  strongly  oxidizing  and  shows  a  pronounced 
tendency  to  explode.  After  considerable  difficulty, 
infrared  and  nmr  spectra  were  successfully  obtained  on 
the  same  sample  of  this  material.  The  infrared  spec- 
trum shows  peaks  at  7.77  (vs),  7.92  (vs),  8.14  (sh), 
8.89  (s),  9.28  (s),  9.79  (s),  11.26  (m),  and  13.50  m  (m)." 
It  is  interesting  to  observe  how  closely  the  spectrum 
of  (CFj)2C(OF)»  resembles  the  spectra  of  (CF,)2CFOF» 
and  (CFs)2CF2.^*  However,  C2F8  shows  no  absorp- 
tion in  the  11 -/x  region,  whereas  the  spectrum  of  (CFiV 
CFOF  shows  medium  intensity  absorption  at  11.3  m 
and  (CFs)2C(OF)i  shows  a  relatively  stronger  absorp- 
tion at  11.26  /i.  Infrared  spectra  of  fluoroxy  com- 
pounds have  been  shown  to  have  absorption  in  this 
region.  ••^*  Thus  the  infrared  spectrum  of  this  com- 
pound is  reasonable  for  (CFi)iC(OF)2. 

The  F^*  nmr  spectrum  (Figure  2)  shows  an  absorption 
at  4>*  —148.0,  which  is  assigned  to  the  OF  groups; 
it  is  split  into  a  sevenfold  peak^'^  by  the  six  equivalent 
fluorine  nuclei  of  the  two  C¥%  groups.  The  absorp- 
tion at  <t>*  fO.  1  is  a  triplet  assigned  to  the  CF3  groups. 
The  coupling  constant  is  14.5  cps.  The  peak  areas 
were  found  to  be  in  the  ratio  of  1 .0 : 3.2. 

Because  of  the  extreme  tendency  to  explode  exhibited 
by  the  samples  of  undiluted  2,2-bis(fluoroxy)perfluoro- 
propane  prepared  in  this  work,  additional  characteriza- 
tion of  this  compound  was  not  done.  Although  some 
may  feel  that  the  structure  of  2,2-bis(fluoroxy)perfluoro- 
propane  is  thus  tentative,  it  is  the  opinion  of  the  authors 
that  the  identity  of  this  compound  is  firmly  established 
on  the  basis  of  straightforward  analysis  of  the  F^* 
nmr  spectrum  and  additionally  supported  by  the  in- 

(13)  D.  O.  Weiblen,  **The  Infrared  Spectra  of  Fluorocarbons  and 
Related  Compounds,**  ^'Fluorine  Chemistry,**  Vol.  11,  J.  H.  Simons, 
Ed.,  Academic  Press  Inc.,  New  York,  N.  Y.,  1954,  p  469. 

(14)  P.  G.  Thompson,/.  Am.  Chem.  Soc.,  89,  1811  (1967). 

(15)  Although  Figure  2  only  shows  five  peaks  which  are  observed  with 
certainty  for  the  OF  absorption,  subsequent  spectra  at  higher  concentra- 
tions dearly  show  sevenfold  splitting  for  the  OF  absorption.  The 
intensity  ratio  for  the  splittings  also  indicates  that  the  pattern  is  sevenfold 
rather  than  fivefold. 


frared  spectrum,  oxidizing  properties,  gas  chromatog- 
raphy retention  time,  synthesis  route,  and  identity  of  the 
other  products  formed. 

It  is  well  known  that  nuclear  magnetic  resonance 
spectroscopy  is  a  very  useful  method  for  determining 
molecular  structures.  For  fluoroxyperfluoroalkanes 
it  should  be  noted  that  F**  nmr  spectroscopy  is  an 
exceptionally  definitive  method.  There  are  two  fea- 
tures of  the  spectra  of  both  mono-  and  bis(fluoroxy)- 
perfiuoroalkanes  which  make  them  particularly  valuable 
for  structure  assignment.  (1)  The  values  of  the  chem- 
ical shift  for  the  fluorine  of  a  fluoroxy  group  lie  within  a 
narrow  range  (approximately  <f>*  — 140  to  — 160)  and  are 
well  outside  the  range  of  most  other  fluorine  absorptions. 
(2)  Furthermore,  the  OF  group  as  well  as  other  types  of 
F  in  fluoroxyperfluoroalkanes  give  unusually  clear, 
sharp,  and  well-resolved  spectra  (although  for  OF 
compounds  containing  longer  perfluoroalkyl  chains, 
the  resolution  becomes  poorer  because  of  the  many 
rather  similar  coupling  constants  involved).  Thus, 
consideration  of  the  chemical  shifts  together  with  simple 
first-order  analysis  of  the  fine  structure  caused  by  spin- 
spin  interaction  as  well  as  the  relative  area  ratios  permit 
an  unequivocal  assignment  of  structure  to  the  OF  com- 
pound in  many  instances.  An  extensive  file  of  nmr 
spectra  of  related  compounds  has  aided  greatly  in 
assigning  specific  positions  to  specific  groups,  of  course. 
For  all  fluoroxy  compounds  reported  by  us  to  date, 
additional  analytical  data  have  merely  served  to  con- 
firm the  structure  as  assigned  from  nmr  data. 

Obviously,  molecular  weight  and  elemental  composi- 
tion data,  although  useful,  do  not  distinguish  between 
compounds  having  the  same  molecular  formula.  Since 
F^*  nmr  spectra  of  simple  molecules  such  as  the  fluor- 
oxyperfluoroalkanes reported  by  us  can  often  yield 
molecular  structures  directly,  elemental  composition 
and  molecular  weight  of  the  compound  are  also  indi- 
rectly obtained.  Moreover,  nmr  has  the  extremely 
valuable  advantage  (especially  for  very  reactive  or  un- 
stable compounds)  of  not  requiring  completely  pure 
samples.  In  a  number  of  cases,  only  nmr  spectroscopy 
has  allowed  a  definite  structure  determination  for  several 
new  compounds  having  the  same  molecular  formula.^*'* 

Experimental  Section 

General  Procedures.  The  direct  fluorination  reactions  were 
carried  out  by  a  static  bed  procedure  similar  to  that  described 
previously.*  Fluorine  (General  Chemical  Division,  Allied  Chem- 
ical Corp.,  about  95%  pure),  diluted  with  nitrogen  to  the  desired 
concentration  (mole  per  cent),  was  passed  over  the  sample  to  be 
fluorinated,  and  the  volatile  products  were  condensed  in  a  trap  at 
—  1 83  °  from  the  effluent  gas  stream.  Because  fluorination  reactions 
occasionally  proceed  explosively,  adequate  shields  were  provided 
and  safety  equipment  was  worn. 

Volatile  fluorination  products  were  worked  up  by  slightly  modi- 
fied standard  vacuum-line  techniques;  contact  of  the  fluoroxy 
compounds  with  reducing  agents  such  as  mercury  and  hydrocarbon 
vacuum  grease  was  avoided. 

Gas  chromatographic  analyses  were  carried  out  with  a  Perkin- 
Elmer  vapor  fractometer  (Model  154-D),  which  had  been  equipped 
with  3M  Co.  linear-type  gas  sampling  and  backflush  valves.  Per- 
fluorotributylamine^*  (33%  on  30-60  mesh  acid-washed  Celite)" 
gave  the  best  results  of  all  the  stationary  phases  examined.  The 
column  temperature  was  usually  maintained  at  —  30*^.  For  pre- 
parative scale  separations  0.5-in.  diameter  columns  of  10-ft  and 
8  ft,  7-in.  length  were  employed.    Helium,  dried  by  passing  through 


(16)  FC-43  (3M  Co.). 

in)  Chromosorb  P  (Johns- Manville). 
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1 4A  Linde  Molecular  Sieves  cooled  in  liquid  nitrogen,  was 
the  carrier  gas  at  flow  rates  of  1 50  to  320  cc/min. 
red  spectra  were  obtained  on  a  Perkin-Elmer  Model  21 
•beam  instrument  with  a  2.S-cm  gas  cell  with  sodium  chloride 
«.  Fluorine  nuclear  magnetic  resonance  spectra  were 
ed  with  a  Varian  V-4300-2  instrument  operating  at  ^.0  Mc. 
rofluoromethane  was  used  as  an  internal  standard  for  the 
ination  of  shielding  values.  The  shielding  values  are  re- 
in ^^^  units  at  dilutions  of  about  15-30%,  negative  values  for 
kL  All  precision  measurements  (chemical  shifts  and  spin- 
»littiiigs)  were  made  according  to  techniques  described  by 
Side  bands  were  produced  by  amplitude  modulation  of 
iofirequency*  for  reasons  discussed  previously.' 
tiofis  of  CFsCF(OF)s  have  been  carried  out  for  the  most  part 
'acuum-line  techniques.  The  course  of  reactions  has  been 
d  by  appropriate  methods  such  as  infrared,  nmr,  and  mass 
scopy,  powder  X-ray,  gas  chromatography,  and  P-V-T 
ements,  as  well  as  conventional  volumetric  analyses.  Ele- 
analyses  for  carbon  and  fluorine  were  conducted  according 
(tandard  microcombustion  procedure  for  highly  fluorinated 
imds.**  Differential  thermal  analyses  were  carried  out  using 
Mvatus  and  procedures  developed  in  these  laboratories  for 
ally  explosive,  fluorine-containing  compounds.  ** 
y  PrccautioiMk  It  should  be  noted  that  the  OF-containing 
jnds  described  in  this  paper  are  potentially  hazardous, 
ih  they  have  been  handled,  with  the  exception  of  2,2-bis- 
cy)perfluoropropane,  without  great  difficulty.  However, 
JOS  have  occurred  in  the  course  of  this  work,  and  it  is  recom- 
1  that  suitable  protective  equipment*'  be  used  when  pre- 
treating,  or  storing  these  compounds.  No  detailed  toxicity 
have  been  carried  out  on  these  substances,  but  it  would 
advisable  to  avoid  exposure  to  any  OF-containing  compound 
of  the  known  toxicity  of  OFi.  *  < 

aratioo  of  the  Monoeodiuni  Salt  of  Perfluoroacetoiie  Hydrate. 
g  (0.038  mole)  of  perfluoroacetone  hydrate  was  added  with 
enough  1  A^  NaOH  to  bring  the  pH  to  8.8.  The  amount 
d  (38  ml)  was  close  to  the  stoichiometric  equivalent.  The 
ig  solution  was  evaporated  to  dryness  in  air  and  then  in 
It  room  ten4)erature.  The  white,  crystalline  solid  thus  ob- 
pvas  found  to  be  soluble  in  ether. 

.    Cakd  for  QFtHOsNa:    C,  17.5;    Na,  11.2.    Found: 
;  Na.11.2. 

lental  analysis  and  infrared  spectrum  are  consistent  with 
lecular  formula  (CF,)2QOH)ONa.  Absorptions  at  4.1  and 
ppear  to  be  due  to  a  strongly  associated  OH  structure.  The 
d  spectrum  shows  practically  no  carbonyl-type  absorption. 
iMtion  of  the  Monoeodium  Salt  of  Perfluoroacetone  Hydrate. 
;  (7.3  mmoles)  sample  of  the  sodium  salt  of  perfluoroacetone 
i  was  treated  with  0.42  mole  of  fluorine  under  the  following 
cms:  3%  fluorine,  1  hr,  -20°;  15%  fluorine,  1  hr,  -20°; 
%  fluorine,  4  hr,  temperature  gradually  increased  from  —20 
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to  20''.  The  residual  material  in  the  reactor  was  found  to  weigh 
0.47  g.  The  contents  of  the  liquid  oxygen  trap  were  worked  up  as 
follows.  The  noncondensable  gases  were  removed  from  the  trap  at 
liquid  nitrogen  temperatures  under  vacuum,  and  about  0.5  ml  of 
CFOi  was  condensed  into  the  trap.  (This  dilution  technique  was 
found  to  eliminate  explosions  during  this  part  of  the  work-up.) 
The  mixed  condensate  was  then  allowed  to  warm  gradually  and  was 
passed  at  about  40  mm  pressure  through  traps  at  —78,  —119, 
and  - 196°.  The  - 1 19°  fraction  contained  (CFi),CFOF  in  major 
amount  and  (CFi)»QOF)i,  CiF»OF,  and  CF,CF(OF),  in  smaller 
amounts.  The  —196°  fraction  also  contained  small  amounts  of 
the  latter  two  compounds.  Because  of  the  large  incidence  of  ex- 
plosions in  these  runs,  little  reliable  data  regarding  yields  are  avail- 
able. In  a  run  carried  out  before  the  dilution  technique  was  used, 
a  total  of  4.05  mmoles  of  volatile  products  was  isolated  from  7.3 
nunoles  of  starting  material.  It  was  estimated  that  1.5  mmoles  or 
about  35%  of  the  isolated  product  consisted  of  OF-containing 
compounds.  A  typical  product  distribution  was  estimated  by 
means  of  F^*  nmr  and  infrared  spectroscopy  to  consist  of  approx- 
imately 20-25%  (CF,),CFOF,  5%  (CF,),C(OF),,  5%  QFsOF, 
and  3%  CF,CF(OF)i.  The  major  by-products  were  generally 
CX)s  and  COFt. 

Flnoriiiation  of  Nftrosyi  Triflnoroacetate.  Nitrosyl  perfluoro- 
acetate  was  kindly  supplied  by  Dr.  C.  W.  Taylor  of  our  Central 
Research  Laboratories.  It  was  prepared  by  treating  silver  per- 
fluoroacetate  with  excess  nitrosyl  chloride.*^'**  A  1-g  (7.0  mmoles) 
sample  of  this  compound,  contained  in  a  stainless-steel  boat  in  the 
reactor,  was  treated  with  0.16  mole  of  fluorine  (2%)  at  — 15°  over  a 
6-hr  period.  The  trapped  gases  were  fractionated  on  the  vacuum 
line  through  traps  at  —111  and  —196°.  The  lower  boiling  frac- 
tion consisted  of  2.1  mmoles  of  products,  which  included  CsFsOF. 
The  over-all  yield  of  this  compound  was  19%.  Perfluoroacetyl 
fluoride,  COFs,  and  NdOF  were  the  major  by-products. 

l,l-Bis(fluoroxy)perfliioroethane.  l,l-Bis(fluoroxy)perfluoro- 
ethane  was  purified  by  gas  chromatography  at  —  30  °.  Its  retention 
time  was  found  to  be  92  relative  to  fluorotrichloromethane.  It  is 
a  colorless  gas  with  an  estimated  boiling  point  of  —  35  ° ;  its  melting 
point  lies  between  —83  and  —77°.  Elemental  analyses  were  ob- 
tained on  a  sample  of  chromatographed  CFtCF(OF)t.  A  mo- 
lecular weight  determination  (vapor  density)  on  this  material  gave 
a  value  of  164  (calculated  170). 

Anal.  Calcd  for  QFeOi:  C,  14.1;  F,  67.0.  Found:  C, 
14.1;  F,65.5. 

2^Bl8(fluoroxy)perfliioropropane.  2,2-Bis(fluoroxy)perfluoro- 
propane  was  purified  by  gas  chromatography  at  —30°.  Its  reten- 
tion time  was  found  to  be  217  relative  to  fluorotrichloromethane. 
It  is  a  colorless  gas,  which  is  rather  prone  to  explode. 
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1 , 3 ,2-dioxaphospholene.    Orthorhombic*'^ 

Walter  C.  Hamilton,  Sam  J.  LaPlaca,  Fausto  Ramirez,  and  C.  P.  Smith 

Contribution  from  the  Departments  of  Chemistry,  Brookhaven  National  Laboratory, 
Upton,  New  York    11973,  and  the  State  University  of  New  York,  Stony  Brook, 
New  York.     Received  December  5, 1966 


Abstract:  The  reaction  of  triisopropyl  phosphite  with  phenanthrenequinone  forms  a  1 : 1  adduct,  2,2,2-triisopropoxy- 
4,5-(2',2''-biphenyleno)-l,3,2-dioxaphospholene.  This  cyclic  unsaturated  pentaoxyphosphorane  crystallizes  in 
two  allotropic  forms.  The  preparation  of  these  forms  and  the  crystal  structure  of  the  orthorhombic  form  are  de- 
scribed in  this  paper.  The  space  group  is  Pbca  with  eight  molecules  in  a  cell  of  dimensions  a  =  1 8. 1 8  =t  0.01  A,  ^  = 
25.03  =t  0.01  A,  and  c  =  10.14  ±  0.01  A.  The  phosphorus  atom  is  at  the  center  of  a  PO5  trigonal  bipyramid,  with 
two  isopropoxy  groups  in  equatorial  positions  and  one  in  an  apical  position.  The  phenanthrenequinone  moiety 
forms  a  bridge  between  one  apical  and  one  equatorial  position  as  it  forms  a  dOtP  five-membered  ring.  The  apical 
P-O  bond  length  in  the  ring  is  1.76  =b  0.02  A.  The  apical  bond  length  to  the  isopropoxy  group  is  1.66  :i=  0.02  A. 
The  equatorial  bond  lengths  have  an  average  value  of  1.61  A.  The  C-C  bond  length  in  the  five-membered  ring 
is  considerably  shorter  than  the  corresponding  bond  in  phenanthrene.  More  accurate  values  for  the  geometrical 
parameters  were  obtained  for  the  monoclinic  form,  discussed  in  paper  II  of  this  series. 


The  reaction  of  trialkyl  phosphites  with  /y-quinones 
involves  an  attack  by  phosphorus  on  oxygen. 
The  product  seems  to  be  a  1:1  dipolar  adduct  (I), 
which  undergoes  a  very  rapid  alkyl  group  transloca- 
tion to  a  stable  alkyl  ether  of  a  /y-quinol  monophos- 
phate (II). » 

\0CH.  I        ^OCH. 


OCH1 


II 


When  this  reaction  was  investigated  in  the  series 
of  o-quinones,  a  different  and  new  type  of  structure 
was  isolated.^  The  product,  again,  was  a  1:1  adduct 
of  the  phosphite  and  the  quinone,  in  which  the  phos- 
phorus had  attacked  an  oxygen  atom  of  the  latter. 
However,  no  alkyl  group  translocation  was  observed 
in  this  case.  The  product  was  formulated  as  a  cyclic 
unsaturated  pentaoxyphosphorane  (IV),  a  derivative 
of  the  1,3,2-dioxaphospholene  ring  system. 
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The  oxyphosphorane  structure  IV  was  originally 
based  on  the  relatively  large  positive  shift  of  the  P" 
nmr  signal  of  these  adducts  relative  to  HsP04.  For 
instance,  the  trimethyl  phosphite  adduct  has  5P'^  = 
+44.7  ppm,  and  the  triphenyl  phosphite  adduct  has 
5P»i  =  +58.7  ppm.  These  positive  P  shifts,  indica- 
tive of  a  rather  effective  shielding  of  the  phosphorus 
nucleus  by  electrons,  seem  to  favor  the  cyclic  structure 
IV  over  the  open-chain  dipolar  structure  III.  Moreover, 
the  adducts  are  remarkably  soluble  in  hexane  and  in 
benzene,  a  behavior  not  expected  for  dipolar  struc- 
tures like  III.  The  infrared  spectrum  also  favors  the 
phospholene  formulation  IV. 

More  recently,*^  dipolar  structures  like  V  have  been 
made  from  o-quinones  and  tris(dimethylamino)phos- 
phine;  they  give  negative  P  shifts;  for  example,  8P''  = 
—  38.6  ppm  for  V.  On  the  other  hand,  the  cyclic 
spirotriaminodioxyphosphoranes  (VI),  made  from  cyclic 
triaminophosphines,  have  positive  shifts;  5P*^  =  +29.8 
ppm. 

CH. 
\ 

3   .NCCHa), 

P— N(CH3), 
O     ^N(CH3)> 

e 


H3C      ^CHj 


V  VI 

The  behavior  of  a-diketones,  RCOCOR,  toward  ter- 
tiary phosphite  esters  was  found  to  be  analogous  to  the 
behavior  of  o-quinones.  These  results  were  reported 
by  three  independent  groups  of  investigators.  *•*•' 
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is  paper  describes  the  initial  investigation  of  the 
il  and  molecular  structure  of  the  adduct  made 

phenanthrenequinone  and  triisopropyl  phosphite, 
•triisopropoxy-4,5-(2  ',2 '  '-biphenyleno)  -1,3,2-  diox- 
spholene  (VII).  This  adduct  was  obtained  in 
crystalline  forms,  monoclinic  and  orthorhombic. 
liscuss  here  the  crystal  structure  of  the  ortho- 
bic  form;    the  preliminary  results  have  already 

reported.*  The  following  paper®  describes  the 
ture  of  the  monoclinic  form  and  compares  the 


— CH(CH3)2 
0— CHCCHa), 


2P— 0 

6       \)-CH(CH3) 


vn 

e  reaction  of  the  quinone  with  the  phosphite  was 
xl  out  in  the  absence  of  solvent.  The  reaction 
exothermic  and  the  heat  of  the  reaction  raised  the 
erature  of  the  mixture  to  120®.  The  melt  crystal- 
in  the  monoclinic  form.  Recrystallization  from 
le  gave  the  monoclinic  form  if  the  crystallization 
carried  out  very  slowly  and  without  disturbances. 
t  hexane  solution  was  cooled  rapidly  and  crystal- 
on  was  induced  by  scratching,  the  orthorhombic 
resulted.  Both  forms  had  the  same  P*^  and  H^ 
spectra  and  the  same  infrared  spectra  in  solutions. 
:rystal  data  for  QjHjaOsP,  mol  wt  416.45,  showed 
le  orthorhombic  form  probable  space  group  Pbca: 
18.18  ±  0.01  A,  6  =  25.03  ±  0.01  A,  c  =  10.14  db 
A,  Z  =  8,  px-my  =  ^-20  gem"'.  The  monoclinic 
showed  probable  space  group  P2i/c:  a  =25.997 
301  A,  6  =  8.894  db  0.001  A,  c  =  9.880  db  0.001  A, 
M.25  ±  0.01  ^  Z  =  4,  Px-my  =  1.213  g  cm"*. 

rimenta!  Section 

(Muratkm  of  the  Phenantlireneqiiiiioiie-Trilsoiiropyl  Phosphite 
kddKt,  2a,2-Tril80|iropoxy-4,5-(2'a"-hiphenyleno).13»2-di- 
ospbofene.  The  quinone  was  recrystallized  from  benzene, 
ie  phosphite  ester  was  kept  over  sodium  wire,  decanted  from 
1  distilled  with  protection  against  moisture, 
sopropyl  phosphite  (6.5  ml,  25.5  mmoles)  was  added  to 
nthrenequinone  (5.3  g,  25  mmoles)  at  20''.  The  temperature 
:  mixture  began  to  rise  within  2  min;  when  it  reached  37°, 
action  became  strongly  exothermic  and  the  temperature  rose 
*"  in  1  min.  The  resulting  reddish  brown  thick  oil  became  solid 
;  this  material  proved  to  be  the  monoclinic  form  of  the  1:1 
t.  The  crystals  were  dissolved  in  20  ml  of  boiling  hexane. 
nigh  the  1 : 1  adduct  is  pale  yellow,  this  solution  was  red  and 
ned  traces  of  undissolved  phenanthrenequinone;  these 
of  quinone  can  be  removed  by  filtration,  but  they  do  not 
subsequent  steps  in  the  purification  of  the  adduct.  The  red 
seems  to  be  due  to  a  very  deeply  colored  complex  between 
1  adduct  as  donor  and  the  quinone  as  acceptor.) 
hexane  solution  was  allowed  to  cool  to  20^^  very  slowly  {12  hr) 
ithout  any  disturbances.  The  first  crop  of  reddish  crystals 
,  60%  of  the  theory)  proved  to  be  the  monoclinic  form  of  the 
t  The  same  monoclinic  form  is  obtained  by  recrystallization 
monoclinic  crystals,  using  2  ml  of  hexane/g  of  adduct,  pro- 
tbat  the  solution  is  allowed  to  cool  to  20""  very  slowly  as 
ted  above.  However,  if  cooling  is  rapid  and  if  the  crystal- 
D  process  is  disturbed,  the  crystals  that  result  have  the  ortho- 
ic  form.  It  has  not  been  possible  to  obtain  the  monoclinic 
Is  by  recrystallization  of  the  orthorhombic  crystals  from 
Bl>y  slow  cooling.* 


The  monoclinic  form  of  the  1 : 1  adduct  had  a  softening  point  of 
97-98'',  but  it  melted  completely  at  107-108''  (in  an  open  capillaiy 
tube).  The  orthorhombic  form,  made  by  dissolving  monoclinic 
crystals  in  hexane  and  cooling  rapidly  while  scratching  the  sides  of 
the  flask  with  a  glass  rod,  had  a  sharp  melting  point  of  107-108  **. 
The  P*^  and  the  H^  nmr  spectra  of  both  forms  were  indistinguish- 
able in  CDOi  solution.  The  infrared  spectra  of  both  forms  in 
CC\i  solution  were  also  identical. 

The  infrared  spectrum  was  taken  in  a  Perkin-Elmer  Model  21 
spectrometer  and  had  the  following  bands  (in  cm~^;  w,  weak;  m, 
inedium;  s,  strong;  with  respect  to  the  C-H  stretching  at  2960 
cm'^  regarded  as  medium):  1650  (m),  1600  (w),  1505  (w),  1455 
(m).  1380  (s),  1330  (w),  1170  (m),  1135  (w),  1105  (ms),  1060  (mw); 
1015  (w),  980  (m),  890  (w),  875  (w),  and  865  (w). 

The  H^  nmr  spectrum,  in  CCU  solution,  was  taken  at  60  Mcps. 
The  spectrum  examined  at  a  5(X)-cps  sweep  width  showed  an  8  H^ 
multiplet  centered  at  r  2.2  (aromatic  H  ^)  (r  »  shift  in  ppm  from  tetra- 
methylsilane  taken  as  10);  the  methine  H^  gave  a  3  H^  multiplet 
at  r  5.^  (vide  infra);  the  methyl  H^  gave  an  18  H^  doublet./HccH  » 

6.1  cps,  centered  at  r  8.75.  When  the  spectrum  was  examined  at  a 
50-cps  sweep  width,  the  methine  H^  gave  a  doublet,  /hcop  »  8.2  cps, 
of  septets,  /hcch  »  6.2  cps;  the  methyl  H^  gave  a  doublet,  /hcch  ■■ 

6.2  cps,  of  doublets,  /hccop  »  0.7  cps.  Examination  of  the  methine 
region  at  100  Mcps  gave  the  couplings,  /hcop  »  8.4  and  /hcch  » 
6.4  cps;  there  was  no  indication  of  further  fine  structure  and  no  in- 
dication of  nonequivalence  of  the  three  isopropoxy  groups  at  30^^. 

The  P*^  nmr  data  are  summarized  in  Table  I. 


Tablel 


5P", 

Orystalline 

ppmvs. 

form 

Solvent 

H,P04 

Monoclinic 

Benzene 

+49.2 

Monoclinic 

CDQi 

+48.6 

Monoclinic 

Dimethyl- 

formamide 

+49.0 

Monoclinic 

Benzene- 

methanol(l:l) 

+49.2 

Monoclinic 

Chloroform- 
methanol 

(1:9) 

+49.0 

Orthorhombic 

CDQi 

+48.6 

H.  D.  Spratlcy,  W.  C  Hamilton,  and  J.  Ladell,  /.  Am,  Ckgm.  Soc,, 
12  (1967). 


The  adduct,  in  both  crystalline  forms,  is  sparingly  soluble  in 
methanol,  but  quite  soluble  in  hexane,  benzene,  methylene  chloride, 
carbon  tetrachloride,  and  chloroform. 

Anal,  Calcd  for  CssHtflOftP:  C,  66.4;  H,  6.9;  P,  7.4.  Found: 
C,  66.0;  H,6.8;  P,  7.3. 

When  the  hexane  filtrate  (from  which  about  60%  of  the  mono- 
clinic form  had  been  removed  by  the  slow  crystallization  described 
above)  was  concentrated  under  vacuum  until  crystals  appeared, 
an  additional  20%  of  adduct  resulted;  this  crop  proved  to  be  the 
orthorhombic  form  by  X-ray  examination. 

Crystal  Structure  Determination 

A  sealed  vial  containing  orthorhombic  crystals  was 
opened  in  a  dry  nitrogen  atmosphere,  and  single  crystals 
suitable  for  X-ray  photography  were  sealed  in  glass 
capillaries  with  a  wall  thickness  of  0.01  mm.  The 
needle-like  crystals  were  approximately  0.2  mm  in 
diameter  and  0.4  mm  long.  The  c  axis  of  the  crystal 
was  in  each  case  parallel  to  the  capillary  axis.  The 
unit  cell  and  space  group  were  determined  from  preces- 
sion and  Weissenberg  photographs.  The  systematic 
absences,  hOl  for  /  odd,  Okl  for  k  odd,  and  hkO  for  h  odd, 
are  consistent  with  the  assigned  space  group. 

Intensities  of  754  reflections  were  visually  estimated 
from  integrated  Weissenberg  photographs  of  the  AW), 
Afcl,  hk2,  hk3,  hkA,  hk6,  and  hkl  reciprocal  lattice  layers. 

(9)  This  curious  behavior  is  undoubtedly  due  to  the  presence  of 
seeds  of  the  orthorhombic  form  being  present  Clearly,  there  can  be  no 
difference  between  solutions  prepared  from  the  two  crystalline  forms. 
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Table  n.    Pinal  Positional  Parameters  and  Rm^  DisplacemenU* 


p 

0.136S(3) 

<>. 

0.2135(5) 

(), 

0.1005(5) 

o. 

0.0731(5) 

c., 

0.0096(7) 

Cn 

-0.0062(11) 

c„ 

-0.0528(9) 

o, 

0.1189(6) 

c., 

0.1362(9) 

Cy, 

0.0778(11) 

c„ 

0.2148(10) 

<). 

0.1755(6) 

Cn 

0.2085(12) 

c„ 

0.2912(11) 

c„ 

0.1595(11) 

t:, 

0.1487(9) 

c, 

0.2112(11) 

c, 

0.2774(9) 

<.-i 

0.3434(9) 

c. 

0.4009(11) 

c, 

0.3973(15) 

(4 

0.3323(15) 

c 

0.2684(12) 

u 

0.2005(11) 

Ci. 

0.1823(11) 

c, 

0.1096(11) 

c„ 

0.0511(11) 

c„ 

0.0685(10) 

Ch 

0.1390(H) 

0.1545(2) 
0.1491(4) 
0.1026(4) 
0.1945(4) 
0,1865(6) 
0.2448(8) 
0.1639(7) 
0.1161(4) 
0.1257(6) 
0.0926(7) 
0.1049(7) 
0.2019(4) 
0.2513 (Q 
0.2510(10) 
0.2963(5) 
0.0837(Q 
0.1054(6) 
0,0982(7) 
0.1270(Q 
0.1156(9) 
0.0763(11) 
0.0456(9) 
0.0557(7) 
0.0299(6) 
-0.0159(8) 
-0.0354(7) 
-0.0244(7) 
0.0180(6) 
0.0402(6) 


0.1462(4) 
0.0671  (8) 
0.0485(8) 
0.0958(8) 
0.0137(15) 
-0.0441(19) 
0.0915(17) 
0.2662(8) 
0.4069(14) 
0.4808(13) 
0,4256(16) 
0.2322(8) 
0.1800(15) 
0.2124(23) 
0.2415(15) 
-0.0367(13) 
-0.0310(14) 
-0.1109(15) 
-0.1029(13) 
-0.1889(21) 
-0.2801  (25) 
-0.2954(17) 
-0.2088<17> 
-0.2150(12) 
-0.3069(15) 
-0.3063(18) 
-0,2253(15) 
-0.1332(14) 
-0.1340(13) 


0.43(4) 

0.44 

0.45 

0.45 

0.45 

0.65 

0.58 

0.47 

0.46 

0,57 

0,54 

0.48 

0.56 

0,71 

0,36 

0.44 

0.46 

0,47 

0,45 

0,64 

0,76 

0,69 

0,56 

0,53 

0,36 

0.57 

0,38 

0,52 

0.47 


■  Standard  deviations  for  x,  y,  and  z  are  those  obtained  from  the 
least-squares  analysis  as  described  in  the  text  and  are  indicated  in 
parentheses  in  lenns  of  the  least  significant  figure  in  the  parameter 
value.    The  atoms  are  identified  in  Figure  1 . 


Structure  factors  were  derived  in  the  usual  way  by 
application  of  Lorentz  and  polarization  factors.  No 
absorption  correction  was  applied ;  the  linear  absorp- 
tion coefficient  for  Cu  Ka  radiation  is  12.96  cm~'.  The 
structure  was  solved  by  location  of  the  phosphorus 
atom  from  a  three-dimensional  Patterson  function  and 
by  a  series  of  difference  electron  density  syntheses. 
No  attempt  was  made  to  locate  the  hydrogen  atoms. 

A  separate  isotropic  temperature  factor  was  apphed 
to  each  atom,  and  a  series  of  least-squares  refinements 
reduced  the  value  of 


R  = 


2|fol 


to  0.13.  We  had  hoped  for  better  agreement  at  this 
stage  of  the  refinement.  This  fact  together  with  the 
fact  that  the  estimated  errors  of  the  bond  lengths  in  the 
phenanthrene  ring  were  rather  large  led  us  to  collect  a 
complete  new  set  of  data,  this  time  using  a  scintillation 
counter  and  a  2^0-scan  technique  with  the  crystal 
mounted  on  a  General  Electric  single  crystal  orienter.'* 
Nickel-filtered  Cu  Ka  radiation  was  again  used.  Re- 
finement of  the  structure  based  on  this  data  set  resulted 
in  parameter  values  substantially  the  same  as  those  ob- 
tained previously  and  an  agreement  factor  R  which  was 
no  better.  It  now  seemed  probable  that  the  lack  of 
agreement  at  this  stage  was  due  to  the  fact  that  the 
relatively  large  thermal  motions  were  not  being  ac- 
counted for  properly  by  the  individual  isotropic  tem- 
perature factors.    The  final  series  of  refinements  was 


TaUem.  Observed  (FO)  and  Calculated  (FC)  Structure  Factors 
in  Electrons  for  Orthorhombic  Crystals  (all  values  have  been 
multiplied  by  10) 
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based  on  the  893  independent  reflections  from  the  two 
data  sets  and  a  model  in  which  each  atom  was  described 
as  an  anisotropic  harmonic  oscillator.    Eight  scale 
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Table  IV.    Some  Bond  Distances  in  Angstroms  and  Angles  in  Degrees  in  Orthorhombic  Phenanthrenequinone-Triisopropylphosphite* 


• Bond- 

..TionAm. 

PO5  Trigonal  Bipyramid 

Five-Membered  Ring 

P-O, 

1.76 

Oi-P-O, 

89 

Q-O, 

1.32 

c,-o.-p 

113 

P-Oi 

1.62 

Or-P-Oi 

87 

CrOi 

1.48 

CHVP 

112 

P-O, 

1.63 

o,-p-o. 

85 

C.-C 

1.26 

OH>C, 

112 

p-o« 

1.60 

o,-p-o, 

97 

P-Oi 

1.76 

o,-c,-c 

114 

P-O. 

1.58 

O.-P-O4 

o«-p-o, 

OrP-O. 
O1-P-O4 

o«-p-o, 

91 

92 

120 

121 

119 

P-O, 

1.62 

Oi-P-O, 

89 

Phenanthrene  Ring 
Ci-Ct,  1.26  (^  -  0.04);    mean  of  15  other  C-C,  1.42  (<r  =  0.05);    C-C-C  angles,  109-132;    mean,  120  (<r  -  6) 

Isopropoxy  Groups  (Mean  Values) 
O-C  1.47(<r  -  0.02)  P-O-C 128 (ir  -  3) 

C-C  1.54(ir  -  0.04)  O-C-C  106(<r  -  3) 

C-C-C115(<r-2) 

•  These  values  are  not  as  accurate  as  those  for  the  monoclinic  allotrope.*  The  standard  deviations  of  P-O,  O-C,  and  C-C  distances 
are  about  0.02,  0.03,  and  0.04  A,  req)ectively.  The  standard  deviations  of  the  bond  angles  range  from  P  for  O-P-O  angles  to  5*  for 
some  of  C-C-C  angles.    The  atoms  are  labeled  as  in  Figure  1. 


factors,  one  for  each  of  the  Weissenberg  layers  and  one 
for  the  counter  data,  were  also  included  as  parameters 
in  the  least-squares  refinements.  The  least-squares 
refinement  was  carried  out  on  the  structure  amplitudes, 
with  the  counter  data  being  weighted  by  w  =  (<r*  + 
0.0025/^)"  S  where  <r*  is  the  estimated  variance  of  F 
based  on  the  Poisson  counting  statistics,  and  the  visual 
photographic  data  by  w  =  (O.OIF*)"^  except  that 
reflections  with  intensities  lying  below  a  preassigned 
minimum  value  were  given  constant  weight.  As  the 
least-squares  program  used  did  not  permit  simultane- 
ous refinement  of  the  269  parameters,  the  final  refine- 
ment consisted  of  alternating  cycles  of  refinement  of 
partial  parameter  sets  as  shown  in  tabular  form  below. 


Cyde 

Parameters  refined 

N-3 

Scale  and  14  atoms  in 

phenanthrene  ring 

N-2 

15  other  atoms 

N-1 

3  X  29  position  parameters 

N 

6  X  29  thermal  parameters 

The  value  of  R  had  converged  at  this  point  to  0.088  for 
calculated  structure  amplitudes  based  on  the  positional 
parameters  in  Table  II  and  the  anisotropic  thermal 
parameters  which  are  not  quoted.  The  standard  devia- 
tions are  those  estimated  by  the  usual  methods  from  the 
least-squares  refinements  on  cycles  N  and  N-1.  These 
will  be  underestimates  of  the  marginal  standard  devia- 
tions if  there  is  any  correlation  between  the  two  param- 
eter sets  refined  as  blocks. 

A  final  difference  Fourier  synthesis,  Pobad  ~  Pcaicd*  was 
calculated.  The  maximum  electron  density  in  this 
synthesis  was  0.463  e  A"',  indicating  that  no  atoms 
other  than  hydrogen  remain  to  be  located. 

The  observed  and  calculated  structure  factors  are 
presented  in  Table  III. 

Descriptfon  of  the  Molecular  Structure 

Interesting  interatomic  distances  and  angles  are  pre- 
sented in  Table  IV.  These  are  not  as  accurate  as  those 
for  the  monoclinic  form,^  to  which  reference  should 
be  made  for  definitive  bond  lengths. 

As  shown  in  Figure  1,  the  phosphorus  atom  lies  at 
the  center  of  a  trigonal  bipyramid  of  the  five  oxygen 


atoms  which  are  covalently  bound  to  the  phosphorus. 
The  distortions  from  the  ideal  O-P-O  angles  of  90  and 
120®  are  slight.  Two  of  the  isopropoxy  groups  are 
bound  to  the  phosphorus  in  equatorial  positions  and 
one  in  an  apical  position.    The  phenanthrenequinone 


Figure  1.    Molecular  structure  of  orthorhombic  phenanthrene- 
quinone-triisopropyl  phosphite  1:1  adduct. 


thus  forms  with  the  phosphorus  a  five-membered  ring 
which  bridges  the  remaining  equatorial  and  apical  posi- 
tions.^^ The  bonding  in  this  compound  is  discussed 
in  the  following  paper.*  We  remark  here  only  that 
the  apical  bonds  are  lengthened  relative  to  the  equatorial 
bonds,  as  is  typical  of  pentacoordinated  phosphorus 
compounds,  and  that,  further,  the  bonds  to  the  phenan- 
threne ring  are  longer  than  equivalent  bonds  to  the 
isopropoxy  groups. 

The  phenanthrene  ring,  the  phosphorus  atom,  and 
three  of  the  oxygen  atoms  lie  within  0.07  A  of  the  plane 

5.904;c  "  16.753>^  +  6.7784z  =  -0.7855 

where  x,  y^  and  z  are  the  fractional  coordinates  of  the 
atoms  in  question. 

(11)  In  a  discussion  of  the  possible  geometries  of  the  transition  Mtat4M 
in  the  add-catalyzed  hydrolysis  of  ethylene  hydrogen  phosphate,  and  in 
the  exchange  of  oxygen  between  the  latter  and  the  water  solvent,  P.  C. 
Haake  and  F.  H.  Westheiroer  (/.  Am.  Chem,  Soc.,  83,  1102  (1961))  sug- 
gested structures  in  which  the  five-membered  ring  is  in  an  apical-equa- 
torial position,  found  here. 
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The  large  amplitudes  of  thermal  motion  and  the  size 
of  the  molecule  with  the  attendant  complexity  of  pos- 
sible vibrations,  librations,  and  other  motions  would 
make  any  detailed  discussion  of  the  thermal  motion 
somewhat  pretentious.  Since  the  accuracy  of  these 
parameters  is  quite  low,  we  have  not  quoted  the  in- 
dividual values  but  have  given  only  the  root-mean- 
square  displacements  in  Table  II.  There  are  significant 
anisotropics,  and  the  amplitudes  of  motion  are  in  general 
larger  as  the  distance  from  the  P  atom  increases. 

The  intermolecular  packing  is  apparently  determined 
entirely  by  interactions  between  carbon  atoms  or  the 
hydrogens  attached  to  them.  There  are  six  independent 
distances  less  than  4.0  A  between  carbon  atoms  of 
phenanthrene  groups  in  adjacent  molecules:  3.55, 
3.73,  3.77,  3.78,  3.79,  3.87.  There  are  two  such  dis- 
tances between  carbon  atoms  of  isopropyl  groups: 
3.86,  3.90.  The  remaining  eleven  distances  are  be- 
tween phenanthrene  carbon  and  isopropyl  carbon: 


3.50,  3.72,  3.72,  3.75,  3.75,  3.76,  3.89,  3.89,  3.94,  3.95, 
3.97.  There  is  nothing  singular  to  be  noted  about  these 
distances.  Any  detailed  discussion  of  the  intermolecu- 
lar forces  would  require  knowledge  of  the  hydrogen- 
atom  positions — which  were  not  determined. 

The  intramolecular  nonbonded  distances  are  normal 
except  for  the  four  short  distances  between  oxygen  atoms 
and  the  central  carbon  atom  of  neighboring  isopropyl 
groups.  These  are  (in  A)  Oa-Csi,  2.804;  O1-C41,  2.695; 
04-Csi,  2.960;  Oj-Cbi,  2.700.  This  represents  what 
must  be  an  extreme  overcrowding  of  the  molecule,  a 
factor  which  perhaps  explains  the  relative  instabiUty  of 
these  kinds  of  molecules  and  perhaps  the  advantage  de- 
rived from  having  a  five-membered  ring  involving  two  of 
the  oxygen  atoms  which  may  minimize  such  interactions. 
Intramolecular  overcrowding  might  be,  at  least  partially, 
responsible  for  the  differences  in  molecular  structure  ob- 
served among  adducts  of  phenanthrenequinone  with 
tris(dialkylamino)phosphines,  for  example,  V  and  VI. 
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Abstract:  The  crystal  and  molecular  structures  of  the  monoclinic  allotrope  of  the  phenanthrenequinone-triiso- 
propyl  phosphite  1 : 1  adduct  have  been  determined  by  single  crystal  X-ray  diffraction  techniques.  The  space  group 
is  P2i/c  with  four  molecules  in  a  unit  cell  of  dimensions  a  =  25.997  it  0.001  A,  ^  =  8.894  it  0.001  A,  c  =  9.880  d= 
0.001  A,  and  fi  =  94.25  it  0.01  **.  The  final  R  factor  for  2183  independent  reflections  is  0.109.  The  molecular  struc- 
ture is  a  trigonal  bipyramid  of  oxygen  atoms  around  the  phosphorus  with  two  isopropoxy  groups  in  equatorial  posi- 
tions and  one  in  an  apical  position.  The  phenanthrenequinone  moiety  bridges  one  apical  and  one  equatorial 
position,  thereby  forming  a  C2O2P  five-membered  ring.  The  apical  P-O  bonds  show  the  lengthening  (relative  to 
the  equatorial  bonds)  commonly  observed  in  PX«  structures.  In  addition,  P-O  bonds  in  the  five-membered  ring 
are  further  lengthened,  an  effect  that  can  be  attributed  to  molecular  t  bonding. 


A  preliminary  account  of  the  molecular  and  crystal 
structures  of  the  phenanthrenequinone-triiso- 
propyl  phosphite  1:1  adduct  (PQTP),  orthorhombic 
form,  has  been  given.*  A  fuller  account  of  this  work 
including  details  of  the  preparative  chemistry  is  in  paper 
I  of  this  series.*  This  paper  reports  the  results  of  a 
single  crystal  X-ray  investigation  of  a  second  crystal 
modification  of  this  species.  Although  the  work  re- 
ported in  paper  I  established  the  molecular  geometry 
in  the  compound  beyond  any  doubt,  the  present  study 
has  resulted  in  bond  lengths  of  much  greater  accuracy. 
The  crystal  data  show  a  monocUnic  form  of  probable 
space  group  P2i/c;  a  =  25.997  =t  0.001  A,  6  =  8.894  ± 
0.001  A,  c  =  9.880  ±  0.001  A,  j8  =  94.25  =t  0.01  ^ 
Px-w  =  1.213  g  cm-». 

(1)  (a)  This  work  supported  in  part  by  the  U.  S.  Atomic  Energy  Com- 
mission; (b)  Brookhaven  National  Laboratory;  (c)  Philips  Laboratories. 

(2)  W.  C.  Hamilton,  S.  J.  LaPlaca»  and  C.  P.  Smith,  J.  Am.  Chem. 
Soc.,  87,  127  (1965). 

(3)  Paper  I:  W.  C.  Hamilton,  S.  J.  LaPlaca,  F.  Ramirez,  and  C  P. 
Smith,  ibid.,  89.  2268  (1967). 


Experimental  Section 

A  suitable  crystal  prepared  as  described  in  I  was  ground  into  a 
sphere  of  diameter  0.432  mm  and  mounted  in  a  Lindemann  glass 
capillary;  the  intensities  of  2817  reflections  were  measured  on  the 
automatic  single  crystal  X-ray  diffractometer  pao^red*  using 
monochromatized  copper  Ka  radiation._  The  following  reciprocal 
lattice  layers  were  investigated:  hkO,  hkly  hk2,  hk3,  hkA,  hk5,  hk%j 
hk7,  Okl,  2kl,  3kl,  4kl,  and  Ski.  Structure  factors  were  derived 
in  the  usual  way  by  application  of  Lorentz  and  polarization  factors 
and  an  absorption  correction.  The  absorption  correction  was 
calculated  by  the  expression 

A  =  Ko  +  KiO  +  KiO^  +  Kzd^ 

where  the  expansion  coefficients  Kt  were  obtained  from  a  least- 
squares  fit  to  values  tabulated  for  a  spherical  spednoen.*  The 
observed  intensities  were  placed  on  approximate  absolute  scales  by 
Wilson's  method*  and  the  resulting  14  scale  factors  reduced  to  a 


(4)  See,  for  example,  J.  Ladell,  Trans.  Am.  Cryst.  Assoc.,  1, 86(1965). 

(5)  ••International   Tables   for   X-Ray   Crystallography,**   VoL  II, 
The  Kynoch  Press,  Birmingham,  1959. 

(6)  A.  J.  C.  WUson,  Nature,  150,  152  (1942). 
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fit  scale  factor  by  a  least-squares  method'    At  this  point  all        electron  density  syntheses.     In  addition,  the  symbolic  addition 
slicaie  and  symmetrically  equivalent  reflections  were  averaged,         method  was  used  for  an  independent  determination  of  a  trial 

lilting  in  218)  independeni  obtcrvations.  structure<sce  Appendix).     BoiK  meihodi  gave  the  same  model. 

rhestructure  was  solvect  by  location  of  the  phosphorus  atom  from  Anisotropic  temperature  factors  for  each  atom  and  a  single  scale 

ireeslimensional  Patterson  functton  and  by  a  series  of  difference        facior  were  used  in  a  scries  of  least-squares  refinemojts.    The  data 

wen  first  weigblcd  by  the  function 


7)  W.  C  Hamillon,  I.  Rollett.  ud  R.  Sparlu,  Acta  Crytl.,  II.  129 
65). 


H-  =  (<r*  +  0.0009f*)-' 
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Tabic  n.    PositicmBl  and  Thennal  Parametecs*  in  Monoclinic  PQTIP 

Atom  X  y  *  fti 

0.00119(3) 
0.0014(1) 
0.0017(1) 
0.0013(1) 
0.0011(1) 
0.0016(1) 
0.0013(1) 
0.0013(1) 
0.0013(1) 
0.0019(1) 
0.0022(2) 
0.0022(2) 
0.0020(1) 
0.0016(1) 
0.0014(1) 
0.0019(1) 
0.0022(2) 
0.0020(2) 
0.0013(1) 
0.0010(1) 
0.0017(1) 
0.0033(2) 
0.0015(2) 
0.0019(2) 
0.0024(2) 
0.0028(2) 
0.0021(2) 
0.0032(3) 
0.0036(3) 


p 

0.35646(7) 

0.17295(18) 

0.27456(18) 

o. 

0.40686(19) 

0.0783(5) 

0.2040(5) 

o, 

0.37326(19) 

0.0948(5) 

0.4202(5) 

o. 

0.31302(18) 

0.2690(5) 

0,3486(5) 

04 

0.31346(18) 

0.0904(6) 

0.1800(5) 

0. 

0.38136(18) 

0.3181(5) 

0.2165(5) 

Q 

0.4306(3) 

-0.0185(7) 

0.2923(7) 

c, 

0.4138(3) 

-0.0128(7) 

0.4161(7) 

c. 

0.4313(3) 

-0.1002(7) 

0.5278(7) 

c. 

0.4109(3) 

-0.910(9) 

0.6574(8) 

c. 

0.4301(4) 

-0.1830(9) 

0.7603(8) 

c, 

0.4707(4) 

-0.2810(10) 

0.7376(9) 

Q 

0.4916(3) 

-0.2916(9) 

0.6148(8) 

c. 

0.4729(3) 

-0.2015(7) 

0.5054(7) 

c. 

0.4935(3) 

-0.2084(7) 

0.3717(7) 

Q. 

0.53S1 (3) 

-0.3009(8) 

0.3436(9) 

Gi 

0.5SI9<3) 

-0.3105(9) 

0.2151(10) 

Cu 

0.5300(3) 

-0.2262(9) 

0. 1085 (9) 

Q. 

0.4879(3) 

-0.1300(8) 

0.1315(8) 

c„ 

0.4714(3) 

-0.1202(7) 

0.2618(7) 

Cu 

0.2741(3) 

0. 1953  (9) 

0.4243 (^ 

c„ 

0.2820(5) 

0.2418(14) 

0.5717(10) 

c„ 

0.2221(4) 

0-2414(1^ 

0.3596(14) 

c„ 

0.3185(3) 

-0.0212(8) 

0.0737(8) 

c« 

0.2678(5) 

-0.1067(15) 

0.0640(12) 

Cu 

0.3300(4) 

0.0588(12) 

-0.0580(9) 

c« 

0.3592(3) 

0.4709(8) 

0.2069(9) 

c„ 

0.3757(5) 

0.5586(11) 

0.3333(13) 

a. 

0.3813(5) 

0-5355(10 

0.0774(13) 

0.0092(2) 

0.0063(2) 

0.0005(1) 

0.0105(6) 

0.0063(5) 

0.0006(2) 

0.0111(6) 

0.0070(6) 

0.0016(2) 

0.0113(6) 

0.0111(6) 

0.0006(2) 

0.0146(7) 

0.0092(6) 

0.0003(2) 

0.0084(6) 

0.0116(7) 

0.0004(2) 

0.0094(8) 

0.0069(8) 

0.0003(3) 

0.0100(9) 

0.0073(8) 

-0.0002(3) 

0.0106(8) 

0.0062(8) 

-0.0010(3) 

0.0143(11) 

0.0069(8) 

-0.0011(3) 

0.0162(12) 

0.0084(9) 

-0.0005(4) 

0.0179(14) 

0.0122(12) 

-0.0011(4) 

0.0143(11) 

0.0092  10) 

-0.0002(3) 

0.0100(9) 

0.0078(8) 

-0.0003(3) 

0.0089(8) 

0.0083(8) 

-0.0001(3) 

0.0111(10) 

0.0141(12) 

0.0007(3) 

0.0150(13) 

0.0146(12) 

0.0016(4) 

0.0139(11) 

0.0128(11) 

0.0001  (4) 

0.0110(9) 

0.0101(9) 

-0.0001  (3) 

0.0098(8) 

0.0069(8) 

-0.0007(2) 

0.0166(13) 

0.0103(10) 

0.0010(3) 

0.0272(20) 

0.0113(12) 

0.0028(6) 

0.0388(26) 

0.0277(22) 

0.0030(6) 

0.0124(10) 

0.0103(10) 

-0.0005(3) 

0.0319(23) 

0.0199(17) 

-0.0047(6) 

0.0262(19) 

0.0095(11) 

-0.0000(5) 

0.0088(9) 

0.0144(12) 

0.0006(3) 

0.0138(13) 

0.0248(20) 

0.0000(5) 

0.0140(13) 

0.0259(20) 

0.0019(5) 

0.0006(1) 
0.0006(2) 
0.0009(2) 
0.0015(2) 
0.0000(2) 
0.0008(2) 
0.0008(3) 
0.0010(3) 
0.0003(3) 
0.0003(3) 
0.0005(3) 

-0.0007(4) 
0.0001(3) 

-0.0000(3) 
0.0009(3) 
0.0007(4) 
0.0033(4) 
0.0010(4) 
0.0016(3) 
0.0006(3) 
0.0018(3) 
0.0026(5) 
0.0027(5) 
0.0004(3) 
0-0011(5) 
0.0022(4) 
0.0017(4) 

-0.0003(6) 
0.0043(6) 


'  Thermal  parameters  arethose  in  the  expression  exp|—Zt,,^t^tAy).    Estimated  standard  deviations  in  parentheses. 


0.0004(2) 
0.0017(5) 
0.0008(5) 
-0.0002(5) 
-0.0021(5) 
0.0018(5) 
0.0005(6) 
-0.0009(7) 
-O.OOI3(^ 
0.0018(8) 
-0.0000(9) 
0.0045(10) 
0.0020(8) 
0.0008(7) 
-0.0014(7) 
0.0015(9) 
0.0008(10 
-0.0003(10 
-0.0006(7) 
-0.0001  (6) 
0.0026(9) 
0.0013(13) 
0.0113(22) 
-0.0043(8) 
-0.0094(17) 
-0.0019(12) 
0.0015(8) 
-0.0069(14) 
0.0077(13) 


where  v  is  the  estimated  variance  of  F*  based  on  the  Poisson  count- 
ing statistics.  An  analysis  of  variance  with  the  reflections  sorted 
into  btensity  classes  indicated  that  this  weighting  scheme 
still  assigned  too  much  weight  to  the  more  intense  refleclioiis. 
Hk  final  weighting  scheme  was  chosen  so  that  the  mean  value  of 


N 


Parameters  refined 

14  atoms  in  phenanthrene  ring  (all  param- 
eters) -t-  scale 

1 5  other  atoms  (all  parameters)  +  scale 
6X  29  tberroal  parameters 

3  X  29  positioQ  parameters  -t-  scale 


squares  refioements  on  cycles  N  and  N-l.  These  will  be  under- 
estimates of  the  marginal  standard  deviations  if  there  is  any  CCH"- 
relation  between  the  two  parameter  sets  refined  as  blocks.  Various 
considerations  suggested  that  conservative  estimates  of  the  marginal 
standard  deviations  in  the  derived  bond  lengths  and  angles  could 
be  taken  as  1.5  times  those  estimated  from  the  least-squares  refine- 
ment, and  the  errors  fc^  the  derived  functions  in  the  following  sec- 
tions include  this  factor  of  1.5.  The  error  estimates  obtained  in  this 
way  for  the  C-C  bond  lengths  in  the  isopropoxy  groups  are  in 
agreement  with  those  obtained  by  considering  the  agreement  be- 
tween the  six  such  distances  which  should  be  equal. 

A  final  difference  Fourier  synthesis  (po  —  p^  was  calculated.  The 
maximum  electron  density  in  this  synthesis  was  less  than  O.S  A~', 
showing  that  only  hydrogen  atoms  remained  to  be  located.    No 


Figure  1.  Molecular  structure  of  phenanthrenequinone-ttiiso- 
propyl  phosphite  1:1  adduct.  The  numbering  of  the  atoms  cor- 
responds to  that  in  the  tables  and  is  not  an  ofiidal  numbering. 


H'A(^  was  independent  of  the  intensity  class.  This  weighting 
scheme  resulted  in  substantially  improved  estimated  standard 
deviatitms  on  the  parameters  and  to  a  final  value  of 


A^o] 


J^. 


0.109 


Since  the  least-squares  program  used  did  not  permit  simultaneous 
rdinement  of  the  262  pBTBmelers,  the  final  refinement  consisted  of 
alternating  cycles  of  refinement  of  partial  parameter  sets  as  shown 
in  tabular  form  below. 

The  standard  deviations  on  the  parameters  gven  in  the  next 
section  are  those  estimated  by  the  usual  methods*  &om  the  leaat- 


Description  of  the  Structure 

The  final  positional  and  thermal  parameters  are  given 
in  Table  II  with  the  least-squares  estimates  of  their 
standard  deviations.  A  model  of  the  molecule  is 
shown  in  Figure  l.»  Tables  III- VI  present  the  bond 
distances  and  angles  for  the  monoclinic  crystal.  The 
precision  and  general  quality  of  the  data  are  better 
for  the  monoclinic  form,  and  these  should  be  taken  in 
preference  to  those  for  the  orthorhombic  crystal  as  the 
standard  values  for  this  compound.  It  should  be 
noted,  however,  that  there  are  no  differences  between 
the  two  which  the  authors  consider  to  be  significant. 


(S)  W.  C.  Hamilton,  "Slatiitici  in  Physical  Sdence,"  The  Ronald 
Preu  Co.,  New  York,  N.  Y.,  1964. 

(9)  A  standard  numbering  system  is  not  used.  The  lUC  name  oT  the 
compound  is  2,2,I-triiMpropoKy-4,5-(2',2"-biphenyleae)-l,3,2-diou- 
phoipholene. 
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Trigonal  Bipyramid.  Distances  and  angles  in  the 
trigonal  bipyramid  arc  given  in  Table  III.  The  phos- 
phorus atom  lies  almost  exactly  at  the  center  of  the 
equatorial  plane  of  the  trigonal  bipyramid  composed 
of  the  five  oxygen  atoms  covalently  bound  to  the  phos- 
phorus. As  the  bond  angles  indicate,  the  distortions 
from  ideal  O-P-O  angles  of  90  and  120**  are  slight. 
Two  of  the  isopropoxy  groups  are  bound  to  phosphorus 
equatorial  positions,  and  one  is  in  an  apical  position. 
The  P-O  bond  lengths  show  large  differences  which  are 
well  outside  the  limits  of  experimental  error  and  which 
depend  in  a  systematic  way  on  the  position  of  the  bond 
in  the  trigonal  bipyramid.  Of  the  three  bonds  in  the 
equatorial  plane,  that  which  is  also  in  the  five-membered 
ring  is  0.057  A  longer  than  the  average  of  the  other  two 
bond  lengths.  Similarly,  the  apical  bond  in  the  five- 
membered  ring  is  longer  than  the  other  apical  bond, 
which  is  in  turn  longer  than  the  average  length  of  the 
two  equatorial  bonds  to  isopropoxy  oxygens.  In 
short,  die  variation  in  bond  lengths  may  be  regarded 
as  a  superposition  of  two  effects:  the  first,  the  tendency 
of  apical  bonds  to  be  longer  than  equatorial  bonds  in 
pentacoordinated  phosphorus  compounds;  and  second, 
a  lengthening  of  the  bonds  joining  the  phosphorus  to  the 
phenanthrene  ring  system.  Possible  explanations  will 
be  discussed  in  a  following  section. 


the  observed  rather  high  infrared  frequency  of  1650  cm"^ 
(I).  This  distance  was  also  very  short  in  the  ortho- 
rhombic  crystal. 

Phenanthrene  Ring.    Distances  and  angles  in  the 
phenanthrene  ring  are  given  in  Table  V.    The  variation 

Table  V.    Bond  Lengths  and  Angles  in  Phenanthrene  Ring 


Ci-Q 
C4-C. 

Q-c, 

Cr-Q 
Cr-Q 

Q-Ci 

C9-C14 
C»-Cio 

Qor-Cii 

Cii-Cij 
Cir-Cij 
Cii-Cu 
C14-CI 


Bond 
length,  A 


1.333(14) 
1.402(15) 
1.429(16) 
1.373(16) 
1.403(19) 
1.373(18) 
1.406(15) 
1.441(15) 
1.467(15) 
1.428(14) 
1.409(15) 
1.379(15) 
1.384(19) 
1.425(19) 
1.395(17) 
1.448(15) 


Ci-Ci-Cs 
C«-Ci-Cs 

Cj-Ci-Cs 
C4--C8--Ce 
Cs-Ce-Cj 

Cj-Cr-C| 
Cr-Cr-C9 

Cj-Cr-Cu 

C9-C14-C1 

Q4-C1-C1 

Ci4-Cir-Cio 

C9-C10-C11 

Cio-Cii-Cii 

Cii-Cir-Cii 

Cir-Cir-Ci4 

Cir-Ci4-C9 


Bond 
angle,  deg 


126.5(9) 

115.5(9) 

120.7(10) 

119.5(12) 

119.4(12) 

122.6(12) 

120.5(12) 

117.4(10) 

119.7(9) 

120.8(9) 

116.5(9) 

120.9(9) 

116.3(9) 

121.4(11) 

122.0(11) 

118.9(11) 

118.7(11) 

122.5(10) 


Table  UL    Bond  Lengths  and  Angles  in  POt  Trigonal  Bipyramid 

Bond  length 
corrected 
for 
Bond  length,      thermal 

A  motion,  A  Bond  angle,  deg 


P-O, 
P-O, 
P-O, 

P-04 

P-O, 


1.751(7) 
1.633(7) 
1.638(6) 
1.588(8) 
1.574(7) 


1 . 753 (7) 
1.641(7) 
1.649(7) 
1.601(8) 
1.586(7) 


Oi-P-O, 
0,-P-O, 

0,-P-04 

o,-p-o, 

0,-P-04 

04-P-08 

Or-P-C 


89.3(3) 

88.6(4) 

91.3(4) 

93.1(5) 

117.2(4) 

117.2(4) 

125.5(4) 


Five-Membered  Ring.  The  phenanthrenequinone 
moiety  bridges  an  apical  and  an  equatorial  position, 
thus  forming  a  PO2C2  five-membered  ring.  The  bond 
lengths  and  angles  are  summarized  in  Table  IV.    The 


Table  IV.    Bond  Lengths  and  Angles  in  QPO, 
Five-Membered  Ring 


Bond 
length,  A 


Bond 
angle,  deg 


P-Oi 

1.751(7) 

OrP-O. 

89.3(3) 

P-O, 

1.633(7) 

P-Oi-C, 

111.9(6) 

0,-Ci 

1.347(11) 

Oi-O-C. 

113.9(9) 

oh:, 

1.433(12) 

C-Q-Oi 

110.3(9) 

c,-c. 

1.333(14) 

Q-OrP 

114.2(6) 

P-O  bonds  have  been  discussed.  The  C-C  distance 
is  short  (1.33  A),  and,  although  a  correction  for  thermal 
motion  might  slightly  increase  this  apparent  bond 
length,  it  seems  unlikely  that  it  is  much  longer  than  the 
normal  C=C  double-bond  length  of  1.33  A.  It  is 
significantly  shorter  than  the  corresponding  distance 
in  phenanthrene  itself,  1.37  A,*®  and  in  agreement  with 

(10)  J.  Trotter,  Acta  CrytU.  16,  605  (1963). 


in  bond  distances  shows  a  qualitative  agreement  with 
Trotter's  results;  however,  the  large  standard  devia- 
tions on  the  bond  lengths  in  both  studies  make  it  dif- 
ficult to  attach  much  meaning  to  the  differences.  The 
phenanthrene  ring,  the  phosphorus  atom,  and  three 
oxygen  atoms  lie  nearly  in  a  single  plane.  The  best 
least-squares  plane  through  these  atoms  is  given  by 

16.677;c  +  6.4125>^  +  2.1108z  =  7.6559 

where  x,  y^  and  z  are  the  fractional  coordinates  of  the 
atoms.  The  maximum  distance  from  this  plane  is  0.07 
A. 

Isopropoxy  Groups.  Distances  and  angles  in  the 
isopropoxy  groups  are  presented  in  Table  VI  and  are 
normal. 


Table  VI.    Bond  Lengths  and  Angles  in  Isopropoxy  Groups 


Bond 
length,  A 


Bond 
angle,  deg 


Ca-Oi 

1.463(13) 

c,i-o,-p 

121.8(6) 

Cs»-Cji 

1.515(21) 

Caj-Cji-Oi 

108.8(11) 

Cir-Cii 

1.515(19) 

Cjt-Cii-0» 

107.2(10) 

Csr-Cn-Cn 

112.8(13) 

C41-O4 

1.461(13) 

C41-O4-P 

129.9(7) 

C4r-C4i-04 

105.1(11) 

C4r-C4i 

1.537(19) 

C4J-C41-04 

109.3(9) 

C4r-C4i 

1.525(18) 

C4r-C41-C4| 

113.6(12) 

Cu-Os 

1.478(12) 

Ch-Ob-P 

127.5(7) 

Csr-Cu 

1.511(20) 

Cfij-Cfii-Oj 

109.6(10) 

Csj-Cfii 

1.556(19) 

Cftt-Cfii-Os 

103.0(9) 

Cfir-Csi-Cji 

113.1(13) 

Thermal  Motion.  Root-mean-square  components  of 
the  thermal  motion  along  principal  axes  of  the  vibra- 
tional ellipsoids  are  presented  in  Table  VII.  The  errors 
quoted  are  those  estimated  from  the  least-squares  re- 
finement. A  stereo  view  of  the  molecule  is  shown  in 
Figure  2  in  which  these  ellipsoids  of  thermal  motion 
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Figure  2.  The  molecular  structure  of  phenanthrenequinone-triisopropyl  phosphite  1:1  adduct  found  in  the  monoclinic  crystal.  The 
equiprobability  ellipsoids  illustrate  the  thermal  motion  of  the  atoms.  This  is  a  stereo  pair  and  may  be  viewed  by  a  hand-held  stereo- 
scope.   Note  especially  the  large  amplitudes  of  vibration  for  the  end  carbons  of  the  isopropyl  groups. 


can  be  observed.  In  this  view,  the  ellipsoid  boundaries 
are  drawn  at  50%  probability.  The  increased  ther- 
mal motion  at  the  extremities  of  the  molecule  is  quite 
obvious.  The  motions  are  undoubtedly  complex, 
and,  although  the  accuracy  here  is  high,  no  attempt 
will  be  made  to  give  a  detailed  analysis  of  these  motions. 
Molecular  Packing.  A  comparison  of  the  packing 
in  the  two  crystalline  modifications  of  PQTP  is  shown  in 


Table  Vn.    Rms  Displacements  (in  A)  along  Principal  Axes 


Atom 

Rmsd  1 

Rmsd2 

Rmsd  3 

P 

0.166(3) 

0.182(2) 

0.216(2) 

a 

0.164(8) 

0.198(6) 

0.239(6) 

Oi 

0.170(8) 

0.185(7) 

0.272(7) 

o, 

0.171(7) 

0.218(6) 

0.257(7) 

04 

0.196(7) 

0.202(7) 

0.254(6) 

0, 

0.175(7) 

0.221(7) 

0.256(7) 

G 

0.172(13) 

0. 191  (9) 

0.228(9) 

Q 

0.167(13) 

0.197(9) 

0.229(9) 

c, 

0.166(11) 

0.185(10) 

0.241(9) 

C4 

0.175(12) 

0.226(10) 

0.279(10) 

Cf 

0.203(12) 

0.250(10) 

0.281(10) 

c. 

0.212(11) 

0.247(11) 

0.322(12) 

Q 

0.203(11) 

0.247(10) 

0.267(10) 

Ci 

0.189(10) 

0.203(10) 

0.243(9) 

Cf 

0.175(10) 

0.197(10) 

0.236(10) 

Q. 

0.201(10) 

0.253(12) 

0.275(11) 

Cu 

0.175(13) 

0.244(11) 

0.339(12) 

Cm 

0.232(11) 

0.241(11) 

0.274(11) 

Qi 

0.180(12) 

0.209(9) 

0.264(10) 

Q4 

0.164(11) 

0.188(10) 

0.218(9) 

Ca 

0.181(12) 

0.232(10) 

0.295(11) 

c» 

0.203(11) 

0.290(13) 

0.387(14) 

C„ 

0.195(12) 

0.308(14) 

0.456(16) 

C41 

0.176(11) 

0.252(11) 

0.272(11) 

C4, 

0.203(14) 

0.292(14) 

0.426(16) 

c«, 

0.185(15) 

0.318(12) 

0.330(13) 

Cn 

0.183(10) 

0.233(11) 

0.302(11) 

c« 

0.208(12) 

0.328(13) 

0.376(14) 

C, 

0.205(12) 

0.277(13) 

0.428(14) 

the  stereo  views  of  Figure  3  (monoclinic)  and  Figure  4 
(orthorhombic).  Both  modifications  exhibit  alternat- 
ing layers  of  phenanthrene  rings  and  isopropyl  groups. 
In  the  orthorhombic  crystal  the  phenanthrene  rings 
occur  in  perpendicular  pairs,  while  in  the  monoclinic 
case  the  pairs  are  parallel  with  a  separation  between 
planes  of  about  3.5  A  (agreeing  well  with  Pauling's  esti- 
mate of  the  half-thickness  of  an  aromatic  molecule  of 
1.85  A^O-  There  are  four  intramolecular  nonbonded 
oxygen-carbon  distances  less  than  3  A  (2.63,  2.70,  2.74, 

(11)  L.  Pauling,  **Nature  of  the  Chemical  Bond,'*  2nd  ed,  Cornell 
University  Press,  Ithaca,  N.  Y.,  1948,  p  189. 


2.86  A)  which  must  represent  a  severe  internal  over- 
crowding of  the  molecule,  as  in  the  orthorhombic  form. 

Discussion  of  the  Bonding 

It  has  become  well  known,  as  observed  in  the  present 
molecule,  that  apical  bonds  in  pentacoordinated  phos- 
phorus compounds  are  longer  and  weaker  than  equa- 
torial bonds."""  Qualitative  molecular  orbital  de- 
scriptions of  the  bonding  in  these  molecules  have  been 
given  by  several  authors,  ^•'"•^*  and  recent  calculations 
on  bonding  in  phosphorus  chlorfluorides"  have 
shown  these  descriptions  to  be  reasonable.  The  es- 
sence of  the  approach  is  to  consider  the  X-P-X  apical 
bonds  to  be  formed  from  three  p  orbitals  forming  the 
type  of  three-center,  four-electron  bond  that  so  suc- 
cessfully describes  the  bonding  in  interhalogen  ions 
and  rare  gas  halides."  It  is  not  necessary  to  invoke 
the  use  of  higher  energy  phosphorus  d  orbitals.  This 
method  accounts  well  for  the  <r  bonding  in  PQTP  and 
will  not  be  discussed  further. 

T  Bonding 

Cruickshank "  has  used  the  concept  of  pd-r  bonding 
to  explain  observed  bond  lengths  in  tetrahedral  XO4"" 
ions  (X  =  Si,  P,  S,  CI).  He  found  that  X-O  bond 
lengths  were  consistently  shorter  than  those  predicted 
for  single  bonds  by  the  Schomaker-Stevenson  rule.** 
In  the  case  of  phosphorus  compounds,  he  defines  the 
following  bond  lengths  as  representative;  P-O  single 
bond  (predicted),  1.76  A;  P-0(R).  162-1.63  A;  P-O 
(free  POr*),  1.4  A.  An  examination  of  the  P-O  bond 
lengths  in  PQTP  suggests  that,  if  Cruickshank's  ap- 
proach is  justified,  a  considerable  amount  of  double- 
bond  character  is  present  in  the  POs  group. 

The  ten  oxygen  2p  orbitals  available  for  ir  bonding 
yield,  on  group-theoretical  analysis  assuming  Dsh  sym- 
metry, orbitals  which  may  be  designated  ai'  +  ^t"  + 
2e'  +  2e".  Phosphorus  3d  orbitals  of  suitable  sym- 
metry for  interaction  with  these  oxygen  symmetry 
orbitals  are  (d^f-yf,  dxy)e"  and  (d,„  dy,)e'.  Although 
these  3d  orbitals  are  quite  diffuse  in  the  free  ion," 
it  is  conceivable  that  the  highly  electronegative  oxygen 

(12)  K.  W.  Hansen  and  L.  S.  Bartcll.  Inorg,  Chem.,  4,  1775  (1965). 

(13)  L.  S.  Bartell  and  K.  W.  Hansen,  ibid.,  4, 1777  (1965). 

(14)  P.  J.  WheaUey,  J.  Chem.  Soc,  2206  (1964). 

(15)  R.  E.  Rundle,  Record  Chem.  Progr.  (Kresge-Hooker  Sd.  Lib.), 
23,  195  (1962). 

(16)  L.  S.  Bartell.  Inorg.  Chem.,  5,  1635  (1966). 

(17)  P.  C.  Van  Der  Voom  and  R.  S.  Drago,  J.  Am,  Chem.  Soc.,  83, 
3255  (1966). 

(18)  D.  W.  J.  Cruickshank,  y.  Chem.  Soc.,  5486(1961). 

(19)  v.  Schomaker  and  D.  P.  Stevenson,  /.  Am,  Chem,  Soc.,  63,  37 
(1941). 

(20)  D.  P.  Craig  and  E.  A.  Magnusson,  /.  Chem,  Soc,,  4895  (19S6). 
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Figure  3.    Stereo  drawing  of  the  paddng  in  tbe  numoclinic  crystals.    Note  the  planar  packing  of  pairs  of  phenanthrcne  rings. 


Figure  4.  Sttfco  drawing  of  the  paddng  of  tbe  orthochomtnc  crystals.  Note  that  here  the  phenanthrene  rings  are  nearly  perpen- 
dicular at  their  point  of  closest  apin'oach.  It  is  also  interesting  to  observe  the  [Xcmoiinced  separation  of  the  crystal  into  altemating  horiz(»tal 
layers  of  aromatic  rings  and  isopropyl  groups.  The  same  effect  exists  in  the  monoclinic  crystal,  where  the  layers  are  vertical  in  the 
drawing  in  Figure  3. 


ligaods  attract  charge  away  from  the  phosphorus  atom, 
causing  contractioQ  of  the  3d  orbitals. 

The  fact  that  the  bonds  to  the  phenanthrenequinone 
ring  are  longer  than  those  to  the  isopropoxy  groups  in 
equivalent  geometric  positions  (Ar  =  0.05  A  for  the 
equatorial  bond  and  Ar  =  O.tl  A  for  the  apical  bond) 
may  be  taken  as  firm  evidence  of  P-O  pd-ir  bonding  in 
these  and  similar  compounds.  In  PQTP,  there  is  the 
possibility  of  interaction  of  any  POi  x  system  with  that 
of  the  phenanthrene  ring.  The  phenanthrene  ring  is  a 
competitor  for  the  ir-bonding  electrons  of  the  oxygen 
atoms.  These  electrons  are  thus  not  as  available  for 
bonding  to  phosphorus,  and  the  bonds  to  the  ring  thus 
do  not  show  the  r-bond-caused  shortening,  relative  to 
the  expected  single  bond  distances,  which  is  apparent 
for  the  isopropoxy  groups.  Tbe  apical  bond  to  the 
ring  has  just  the  length  of  1.76  A  suggested  by  Cruick- 
shank  for  a  P-O  single  bond.  An  apical  single  bond 
in  a  trigonal  bipyramid  would  be  expected  to  be  some- 
what longer;  thus  the  v-bond  character  of  this  bond, 
although  small,  is  not  altogether  zero. 

Coacludoiu 

The  accurate  molecular  geometry  of  a  pentacoordi- 
nated  phosphorus-oxygen  compound  has  been  given. 
It  is  found  that  the  POt  unit  exhibits  the  lengthening 
of  the  apical  bonds  that  is  observed  in  other  PXj  species; 
this  lengthening  is  due  to  the  different  character  of  the  it 
bonding.  In  addition,  the  bonds  to  the  isopropoxy 
group  are  shortened  considerably  by  pd-T  bonding 
between  O  and  P.  This  shc»1ening  is  considerably  less 
for  the  bonds  to  the  phenanthrenequinone  system, 


which  acts  as  a  competitor  for  the  bonding  power  of  the 
oxygen  2pjr  electrons. 
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Appendix 

Phase  Determination  by  the  Symbolic  Addition 
Method.*'  The  symbolic  addition  method**  was  used  to 
determine  signs  of  362  structure  factors.  The  distri- 
bution of  magnitudes  of  quasi-normalized  structure 
factors  agreed  well  with  the  theoretical  distribution 
for  centrosymmetric  structures.  The  signs  of  six  re- 
flections having  fs  greater  than  2.S  were  designated  by 
letters.  (To  permit  later  correlation  with  early  stages 
of  a  parallel  attempt  to  determine  the  structure  by 
Patterson  methods,  the  origin  was  not  specified.)  Sym- 
bolic phase  determination  was  first  restricted  to  the  92 
reflections  having  f  s  not  less  than  2.35  until  60  of  the 
signs  were  determined  in  three  cycles  of  an  IBM  7094 
program.  The  lower  limit  of  E  was  then  reduced  to 
2.00,  and  the  symbolic  signs  of  139  of  the  169  reflections 
were  determined  at  the  fourth  cycle.  Within  two  fur- 
ther cycles,  signs  of  362  of  the  369  reflections  having 
£■5  not  less  than  1.60  were  determined.    After  the  fourth 

(21)  Prepared  by  D.  F.  Koenig.  Biology  Deparinient,  Brookhavco 
National  Laboratory,  Upton.  N.  Y.     U9T3. 

(22)  1.  Karle  and  J,  Karle,  Ada  Cryit.,  16, 969  (1963). 
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cycle,  it  was  clear  that  c  =  0""  and  b  =  180**.  After  the 
fifth  and  final  cycle,  it  was  certain  that  a  —  d  +  e. 
Thus  only  symbols  d,  e,  and  /  remained  and  could  be 
chosen  at  will  to  fix  the  origin;  they  were  all  chosen 
equal  to  0**.  The  first  Fourier  synthesis  (E  map),  using 
367  reflections  with  all  £7s  taken  as  2.0,  clearly  showed 


23  of  the  29  nonhydrogen  atoms  and  several  more  prob- 
able atoms.  The  subsequent  difference  Fourier  syn- 
thesis (electron  density  diflerence  map)  computed  from 
these  23  atoms  revealed  the  remaining  6  carbon  atoms 
as  well  as  indicating  moderate  shifts  in  the  positions  of 
the  23  input  atoms. 


Identification  of  Two  Reduction  Products  of  Glyoxal 
Bis  ( 2-mercaptoanil )  nickel.    Characterization  of  the 
One-Electron  Reduction  Product  and  the 
Partially  Hydrogenated  Anion 

F.  Lalor,^»  M.  F.  Hawthorne,^*'^  A.  H.  Maki,^»  K.  Darlington,^''  A.  DaYisoii,^^' 
H.  B.  Gray,^^  Z.  Dori,^*  and  E.  I.  Stiefel  ^^'^ 

Contribution  from  the  Department  of  Chemistry,  University  of  California, 
Riverside,  California.    Received  January  12, 1967 


Abstract:  Two  different  paramagnetic  monoanions  have  been  previously  identified  as  the  one-electron  reduction 
product  of  glyoxal  bis(2-mercaptoanil)nickel,  Ni(gma).  These  anions  result  from  (a)  the  initial  borohydride  reduc- 
tion of  Ni(gma),  and  (b)  the  sodium  amalgam  reduction  of  Ni(gma).  These  ions  differ  in  their  physical  properties. 
The  ion  resulting  from  (a)  has  a  green  color,  with  (g)  =  2.051,  ^i  =  2.009,  g2  =  2.027,  and  gi  =  2.1 19,  while  the  ion 
resulting  from  (b)  is  red-brown,  with  <^)  =  2.0042,  ^i  =  1.979,  gt  =  2.006,  and  gi  =^  2.028  in  2-methyltetra- 
hydrofuran.  In  this  communication,  we  demonstrate  that  the  product  from  (b)  is  identical  in  its  properties  with  the 
one-electron  electroreduction  product  of  Ni(gma)  in  dimethylformamide  and,  since  the  reduction  wave  is  reversible, 
is  identified  as  the  monoanion  of  Ni(gma).  The  green  anion  from  (a)  is  shown  to  result  from  hydrogen  addition 
across  the  conjugated  bridge  and  is  identified  as  NiCHsgma)'. 


The  characterization  of  stable,  square-planar  nickel 
complexes  in  unusual  formal  oxidation  states  has 
opened  an  area  of  discussion  concerning  their  elec- 
tronic formulation.*"*  Four  types  of  complexes  have 
played  a  key  role  in  the  discussion  and  are  shown  below 
(I-IV). 

[»oc;]"  h^K^" 


I,R-CN,CF3,Ph 
R-CN,Ni(mnt); 


n,  Ni(tdt)2 


in,  NKabtV 


IV,  Ni(gma)" 


(1)  (a)  University  of  C^alifornia;  (b)  Alfred  P.  Sloan  Research  Fellow; 
(c)  Department  of  Chemistry,  Massachusetts  Institute  of  Technology, 
Cambridge,  Mass.  02139;  (d)  Gates  and  Crellin  Laboratories  of 
Chemistry,  California  Institute  of  Technology,  Pasadena,  Calif.  9 1 1 09 ; 
(e)  Department  of  Chemistry,  Columbia  University,  New  York,  N.  Y. 
10027;   (0  National  Science  Foudation  Predoctoral  Fellow. 

(2)  A.  H.  Maki,  N.  Edelstein,  A.  Davison,  and  R.  H.  Holm.  /.  Am. 
Chem.  Soc„  86,  4580  (1964). 

(3)  S.  I.  Shupack,  E.  BilUg,  R.  J.  H.  Clark,  R.  WiUiams,  and  H.  B. 
Gray,  ibid.,  86,  4594  (1964). 

(4)  E.  I.  Stiefel,  J.  H.  Waters,  E.  Billig,  and  H.  B.  Gray,  ibid.,  87, 
3016  (1965).  The  complex  referred  to  as  Ni(gma)~  in  the  esr  work  in 
this  communication  is  probably  Ni(Hsgma)~. 

(5)  A.  H.  Maki,  T.  E.  Berry,  A.  Davison,  R.  R  Holm,  and  A.  L. 
Balch,  ibid.,  88,  1080  (1966). 


As  an  example  of  the  problem,  the  paramagnetic  (S  = 
Vi)  Ni(nmt)2"  complex  has  been  described  in  two  dif- 
ferent ways:  as  an  eifectively  d^  Ni(III)  complex, 
[Ni"i(mnt)2*-]- 2-«  and  as  an  effectively  d«  Ni(II)- 
stabilized  radical  ligand   [Ni(II)   srl]   system,    [Ni"- 

In  many  cases  the  same  polarographic  and  esr  results 
have  been  interpreted  as  supporting  the  Ni(III)  or  the 
Ni(II)  srl  picture,  depending  on  the  relative  emphasis 
placed  on  various  details  of  these  experiments.  A 
particularly  unfortunate  controversy  has  arisen  concern- 
ing the  interpretation  of  polarographic  and  esr  experi- 
ments on  various  reduction  products  of  Ni(gma).*'' 
Specifically,  the  borohydride^  and  sodium  amalgam^ 
reduction  products  are  clearly  different,  and  this  has 
led  to  considerable  confusion  about  the  identity  of  the 
authentic  Ni(gma)~  complex.  We  have  now  thor- 
oughly characterized  the  monoanionic  borohydride 
reduction  product  of  Ni(gma)  as  a  partially  hydrogen- 
ated species  designated  Ni(H2gma)""  (V). 

On  the  other  hand,  the  sodium  amalgam  reduction 
product  of  Ni(gmay  has  been  shown  to  be  the  actual 
anion,  Ni(gma)".  These  results  should  give  added 
impetus  to  the  total  resolution  of  the  outstanding  prob- 
lems. 

It  is  also  our  view  that  in  a  number  of  situations  the 
Ni(III)  and  Ni(II)  srl  descriptions  approach  each  other. 
On  careful  examination  of  the  allegedly  opposed  formu- 
lations,^'^ it  is  apparent  that  there  is  no  significant  basis 
for  controversy.  Therefore,  it  is  the  purpose  of  this 
paper  to  present  the  characterization  of  the  Ni(Hsgma)~ 
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i(gma>~  complexes  and  to  attempt  to  resolve  as 
if  the  controversial  electronic  structural  issues  as 


c. 


mental  Sectton 

ratin  of  (/t-BoJMXNKHsgma)]  from  (n-BiuNXBHO  and  Ni- 
Ali  solvents  used  in  this  synthesis  were  degassed  by  four 
'  freezing  and  drying  on  the  high-vacuum  line  unless  noted 
e.  All  operations  were  conducted  in  the  drybox  in  a  dry 
atmosphere.  Ethanol  used  was  USP  Grade  Absolute. 
F  was  dried  (prior  to  degassing)  by  distilling  from  LiAlHi 

I* 

ispended  Ni(gma),  (0.8  g,  0.0024  mole)  in  150  ml  of  THF, 
>lution  of  (/r-BuiNXBHi)  (1.4  g,  0.0054  mole)  in  50  ml  of 
IS  added.  The  Ni(gma)  rapidly  dissolved,  giving  a  green 
.  A  sample  withdrawn  at  this  stage  in  a  flat  quartz  cell 
oieasurement  revealed  the  presence  of  two  signals.  The 
had  <^)  -  2.004,  while  the  other  had  <^)  »  2.048.  These 
vere  observed  to  decay  in  intensity  while  in  the  spectrom- 
n  esr  measurement  was  made  initially  before  the  decay  was 
L  Comparison  with  the  signal  intensity  of  a  standard 
lKmnt)i]  solution  revealed  that  the  spin  concentration  in  the 
ils  could  account  only  for  about  6%  of  the  Ni  atoms  in  the 
solution.  A  second  sample  withdrawn  from  the  reaction 
after  0.5  hr  of  stirring  showed  no  trace  of  esr  absorption 
=  2. 

ition  of  1.0  g  of  (/i-Bu4N)Br  in  150  ml  of  absolute  EtOH 
ed,  resulting  in  an  immediate  discharge  of  the  green  color 
lution  of  gas.  A  sample  of  the  grayish  black  solution 
no  esr  absorption.  We  next  bubbled  a  small  quantity  of 
Qto  the  solution.  A  brilliant  green  color  was  observed 
immediately  and  increased  in  intensity  as  more  Os  was 
Monitoring  the  solution  with  esr  indicated  that  the  forma- 
!ie  green  color  was  associated  with  the  development  of  an 
gnal  with  (g)  «  2.047.  An  intensity  measurement  gave  the 
3f  s[nns  in  the  line  equivalent  to  81  di  10%  of  the  number 
>ms  in  the  reaction  mixture.  Addition  of  excess  Os  to  a 
(lion  of  the  reaction  mixture  resulted  in  a  decrease  in  the 
of  the  line  at  (g)  "  2.047  and  the  development  of  a  new 
(jg)  -  2.0043. 

microcrystalline  (/i-Bu4NXNi(Higma)]  was  obtained  by 
ing  the  Ortreated  mixture  to  about  half  its  volume  and 
^h  a  large  volume  of  /i-hexane  (Matheson  Colenruui  and 
:troquality,  not  degassed).  The  precipitate  was  washed 
ine  and  dried  in  vacuo  over  PsO«.  The  infrared  spectrum 
lid  was  recorded  as  mulls  in  Nigol  and  Fluorolube. 
I  acceptable  analyses  on  samples  from  different  prepara- 
(/»-Bu4N)[Ni(Higma)]  were  obtained.    The  best  analysis 


Gakd  for  (/f-Bu4N)[Ni(H,gma)]:  C,  62.81;  H,  8.45; 
S.  11.18.  Found:  C,  62.56;  H,  8.56;  N,  7.25;  S,  11.10. 
itloa  of  (ii-Bu4H)[Ni(HDgnui)]  from  (/f-Bu4N)(BD4)  and 
We  prepared  the  complex  as  described  above,  using 
[BD4)  instead  of  (11-BU4NXBH4).  An  infrared  spectrum 
iN)[NKHDgma)]  as  a  Fluorolube  mull  when  compared 
t  of  (/t-Bu4N)[Ni(Hsgma)]  prepared  with  (/f-Bu4NXBH4) 
ht  absence  of  one  of  the  weak  C-H  stretching  bands 
cm~0  and  the  presence  of  a  new  band  at  2130  cm~' 
>le  to  C-D  stretching  indicating  the  incorporation  of  at 
D  atom  into  the  gma  structure.  Neither  sample  showed 
Ke  of  a  band  attributable  to  an  N-H  stretching  vibration, 
pie  of  (/f-Bu4NXNi(HDgma)]  prepared  with  (/i-Bu4N> 
s  completely  burned  in  Os,  the  water  of  combustion  was 
and  frozen,  all  volatiles  were  pumped  off  in  vacuo,  and  the 
as  introduced  into  a  mass  spectrometer.  The  ratio  of 
|hts  HOD/HsO  was  determined.  The  calculated  ratio 
1  for  natural  abundance  of  D)  for  one  D  atom/mole  is 
1  for  two  D  atoms/mole  is  0.088.  Two  successive  deter- 
i  yielded  0.043  and  0.044,  establishing  unequivocally  that 
tion  of  Ni(gma)  with  604"  involves  the  incorporation  of 
rium  atom  per  molecule  of  Ni(gma). 
itioa  of  (/f-Bii4N)[NI(gimi)].  All  solvents  were  dried  and 
ss  described  in  an  earlier  section,  and  all  operations  were 
ut  in  a  drybox. 

)  (3.29  g,  0.01  mole)  was  suspended  in  50  ml  of  THF  and 
ith  0.20  g  (0.0087  g-atom)  of  sodium  in  20  ml  of  Hg. 
>lex  dissolved  rapidly  on  shaking  to  form  a  deep  red- 
ution. 


Addition  of  3.22  g  of  (/t-Bu4N)Br  in  100  ml  of  ethanol  to  the 
filtered  solution  gave  a  brown  crystalline  precipitate  which  was 
filtered  and  dried  in  vacuo  over  PsOt.  The  (/f-Bu4NXNi(gma)]  is 
extremely  air  sensitive  and  must  be  handled  in  an  inert  atmosphere. 

AnaL  Gated  for  (/t-Bu4N)[Ni(gma)]:  C,  63.05;  H,  8.11; 
N,  7.35;  S,  11.22.  Found:  C,  61.93,  61.83;  H,  7.65.  7.83;  N, 
7.22,  7.07;  S,  11.36.  11.55. 

Physical  Meaanrements.  Static  susceptibility  measurements  on 
solid  samples  were  made  at  room  temperature  by  the  Gouy  method 
using  Hg[Co(SCN)4]  as  calibrant.*  Conductances  were  deter- 
mined on  an  Industrial  Instruments  bridge.  Model  RC16B2,  using 
a  cell  calibrated  with  0.02  M  KCl  solution.  Polarographic  measure- 
ments were  made  in  DMF  solution  with  a  dme  in  a  three-electrode 
cell,  using  an  electronic  polarograph  described  elsewhere.^  Silver- 
silver  perchlorate  was  used  as  the  reference  electrode  (Ag  |AgC104, 
0.1  Af;  (/t-Pr4N)C104,  0.1  A/).  Solutions  were  approximately 
10-*  M  in  complex  and  10"^  M  in  (/t-Pr4N)C104.  Cyclic  voltam- 
metry  was  employed,  using  a  platinum  indicator  electrode  and  a 
Ag|AgCl(1.0  hi  KQ)  reference  electrode.  The  same  electrodes 
and  scan  rates  were  used  for  all  comparative  measurements.  The 
DMF  solvent  for  cyclic  voltanunetry  and  epr  measurements  was 
Baker  Analyzed  reagent,  gc-spectrophotometric  quality  that  had 
been  fractionated  under  vacuum  from  KsCOt  on  a  spinning-band 
column  and  stored  in  the  drybox  until  used.  Sample  preparation, 
cyclic  voltanunetry  measurements,  and  the  filling  of  epr  sample  cells 
were  all  done  within  the  drybox.  Solutions  were  about  10" '  M 
in  11-BU4NQO4  and  5  X  10~*  Af  in  complex  unless  otherwise 
stated.  Optical  spectra  were  measured  on  a  Cary  Model  14 
spectrophotometer  in  the  wavelength  range  350-7(X)  m/i*  Esr 
measurements  were  made  on  a  Varian  V-4502-12  spectrometer 
system  operating  at  9500  Mc/sec  using  l(X)-kc/sec  field  modulation. 
The  microwave  frequency  was  measured  by  means  of  a  Hewlett- 
Packard  Model  2590A  frequency  converter  and  Model  5245L 
frequency  counter.  The  magnetic  field  was  monitored  with  a  pro- 
ton resonance  gaussmeter  whose  frequency  was  measured  by  the 
same  frequency  counter,  (jg)  values  were  calculated  by  means  of 
the  equation' 


g  =  3.041997  X  ia-W^/> 


Results 


The  green  crystalline  (n-Bu4NXNi(H2gma)]  complex 
is  a  1:1  electrolyte  in  nitromcthane  (A  =  64).  The  esr 
spectrum  of  a  polycrystalline  sample  of  (n-Bu4NXNi- 
(Hsgma)]  shows  three  g  values.  TTie  average  {g)  esti- 
mated from  the  polycrystalline  spectrum  is  2.050  ± 
0.005.  The  esr  spectra  in  various  carefully  prepared 
solutions  (under  oxygen-free  nitrogen  from  freshly 
distilled  and  degassed  solvents),  with  DMF,  DMSO, 
and  THF  as  solvents,  show  {g)  values  in  a  small  range 
near  2.051,  with  the  lowest  vaue  being  2.048  ±  0.002  in 
THF  solution.  The  complex  has  a  magnetic  moment 
of  1.95  BM  in  the  solid  state,  in  good  agreement  with 
the  {g)  value  of  2.050  from  the  esr  spectrum  of  a  poly- 
crystalline sample.  In  DMF-CHCU  the  Ni(Higma)- 
ion  has  the  following  g  values  in  the  low-temperature 
glass:*  gi  =  2.009,  g%  =  2.027,  gg  =  2.119.  The  (n- 
Bu4N)[Ni(H2gma)]  complex  in  DMF  solution  shows  a 
reversible  one-electron  oxidation  wave  at  —0.758  v  and 
a  reversible  one-electron  reduction  wave  at  — 1.591  v  P5. 
Ag|AgC104.  Under  identical  solvent  and  instrumental 
conditions,  a  pure  sample  of  neutral  Ni(gma)  shows 
reversible  one-electron  reduction  waves  at  —0.823 
and  —1.605  v.  These  diflfcrences  in  half- wave  poten- 
tials for  the  Ni(gma)  and  Ni(Higma)-  systems  are 
small,  but  are  definitely  outside  of  experimental  error. 

(6)  B.  N.  Figgis  and  J.  Lewis,  •'Modern  Coordination  Chemistry." 
Intcrscicncc  Publishers.  Inc..  New  York.  N.  Y.,  1960,  p  406. 

(7)  M.  J.  Kelley.  J.  D.  Fisher,  and  K.  C.  Jones,  Anal,  Chem.,  31, 
1475  (1959);.  32,  1262  (1960). 

(8)  B.  G.  Segal.  M .  Kaplan,  and  G.  K.  Fraenkel.  /.  Chtm,  Phys.,  43, 
4191  (1965). 

(9)  Z.  Dori,  E.  I.  Stiefel.  R.  Eisenberg,  and  H.  B.  Gray,  to  be  pub- 
lished. 
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The  (/^Bu4NXNi(HJgma)]  complex  is  air  sensitive  (as 
would  be  expected  from  the  polarographic  results), 
and  all  operations  which  preserve  its  properties  must  be 
carried  out  under  nitrogen.  Upon  exposure  to  air  in 
any  solvent  the  green  color  rapidly  fades  and  a  brown 
color  develops.  The  compound  is  apparently  being 
oxidized  by  air,  but  a  pure  sample  of  either  Ni(Higma) 
or  Ni(gma)  could  not  be  isolated  by  this  route.  A 
freshly  prepared  sample  of  analytically  pure  (n-Bu4N)- 
[Ni(Higma)]  was  dissolved  in  freshly  distilled  THF 
under  N2,  giving  a  single  strong  signal  at  (g)  =  2.048. 
The  sample  was  then  allowed  to  stand  in  air  until  it 
appeared  brownish.  The  signal  at  (g)  =  2.048  was 
still  present  but  with  greatly  reduced  intensity.  In 
addition,  a  new  and  strong  signal  appeared  at  2.004. 
An  analogous  experiment  was  then  performed  in  DMF 
solution  in  the  polarographic  cell.  After  the  brown 
color  appeared,  no  reversible  waves  could  be  found, 
even  when  the  cell  was  reflushed  with  nitrogen.  The 
nature  of  the  reaction  product  with  (g)  =  2.004  is  still 
uncertain.  This  paramagnetic  species  is  not  the  same 
as  Ni(gma)~,  resulting  from  the  coulometric  reduction 
of  Ni(gma),  although  its  (g)  value  is  similar  (vide  infra). 

Further  confirmation  of  the  identity  of  Ni(H2gma]r 
is  provided  by  preliminary  work  on  the  crystal  struc- 
ture of  the  borohydride  reduction  product  of  dimethyl- 
glyoxal  bis(2-mercaptoanil)nickel.  It  is  found  that  the 
CHj-C-C-CHs  angles  are  consistent  with  a  tetrahedral 
configuration  around  at  least  one  of  the  carbon  atoms 
in  the  bridge.* 

Cyclic  voltammetry  measurements  of  Ni(gma)  in 
DMF  gave  a  one-electron  reduction  wave  (checked  by 
coulometry)  with  a  peak  potential  of  —0.322  v  and  an 
oxidation  peak  at  —0.253  v  vs,  Ag  |  AgCl  on  the  reverse 
scan.  The  accuracy  of  these  and  subsequent  values  is 
estimated  at  ::t  0.003,  unless  otherwise  stated,  and  was 
obtained  as  the  average  of  two  successive  scans.  Com- 
plete coulometric  reduction  of  this  solution  was  carried 
out  at  a  constant  potential  of  —0.5  v.  Cyclic  scans  of 
this  solution  showed  a  reduction  peak  at  —0.320  v  and 
an  oxidation  peak  at  —0.250  v  vs,  Ag|AgCl.  This 
agreement  of  potentials  leaves  little  doubt  that  the 
product  of  this  electroreduction  of  Ni(gma)  is  Ni- 
(gma)".  Cyclic  voltammetry  measurements  on  the  so- 
dium amalgam  reduction  product  of  Ni(gma)*  (as  the 
analyzed  n-Bu4N"'"  salt)  showed  a  reduction  peak 
at  —0.321  V  and  an  oxidation  peak  at  —0.250  v  vs, 
Ag|AgCl  in  excellent  agreement  with  Ni(gma)  and 
Ni(gma)~  prepared  by  coulometric  reduction.  Cyclic 
voltammetry  of  (Ai-Bu4NXNi(H2gma)]  showed  a  reduc- 
tion peak  at  —0.226  v  and  an  oxidation  peak  at  —0.146 

V  vs,  AglAgCl.  These  potentials  are  well  outside  of 
experimental  error  of  the  Ni(gma)  potentials,  as  are  the 
polarographic  half-wave  potentials  reported  above. 

The  second  reduction  peaks  of  Ni(gma)  and  (A1-BU4N)- 
[Ni(gma)]  (sodium  amalgam  reduced)  were  also  com- 
pared by  sweeping  both  reduction  peaks  in  the  same 
scan.  The  second  reduction  and  oxidation  peaks 
occurred  at  —1.112  and  —1.031  v  for  Ni(gma),  and 
-1.097  and  -1.036  v  vs,  Ag|AgCl  for  (/i-Bu4NXNi- 
(gma)].    The  estimated  accuracy  in  this  case  is  ±0.005 

V  because  of  the  larger  voltage  scan.  These  solutions 
were  about  3  X  10~'  Af  in  complex. 

In  order  further  to  confirm  the  identity  of  the  sodium 
amalgam  reduced  Ni(gma)  and  coulometrically  gener- 


ated Ni(gma)~,  we  have  made  an  accurate  comparison 
of  the  (g)  values  of  the  two  paramagnetic  ions  in  DMF. 
The  coulometrically  reduced  Ni(gma)~  solution  con- 
tained 0.1  Af  (/i-Bu4N)C104  as  supporting  electrolyte. 
In  order  to  avoid  possible  ionic  strength  effects  on  (g) 
values,  the  solution  of  the  sodium  amalgam  reduced 
salt  was  also  made  up  to  0. 1  M  in  (n-Bu4N)C104.  With 
samples  having  (g)  near  the  free  spin  value,  the  utmost 
precision  must  be  employed  to  use  this  quantity  as  a 
qualitative  analytical  tool.  This  is  because  the  region 
near  (g)  =  2.0023  is  thoroughly  uncharacteristic,  a 
large  number  of  paramagnetic  systems,  including  almost 
all  of  those  described  as  free  radicals,  falling  into  this 
region.  The  principal  uncertainty  in  our  determina- 
tion of  absolute  (g)  values  results  from  the  diflference  in 
magnetic  field  at  the  sample  and  at  the  proton  resonance 
probe,  which  must  necessarily  be  placed  in  a  different 
region  of  the  magnetic  pole  gap.  In  order  to  avoid 
this  error,  we  chose  to  measure  the  difference  in  (g) 
values  of  the  two  samples.  Each  sample  was  placed 
in  a  separate  Varian  flat  cell,  and  the  (g)  value  of  each 
determined  in  turn  in  the  same  rectangular  microwave 
cavity.  The  locations  of  the  cavity  and  proton  probe 
were  disturbed  as  little  as  possible  between  the  pair  of 
determinations.  The  magnetic  field  was  left  on  during 
a  pair  of  determinations  to  avoid  the  small  error  due 
to  a  change  in  the  field  difference  between  sample  and 
proton  probe  locations  which  is  known  to  occur  if  the 
magnetic  field  is  disturbed.*  Six  pairs  of  determina- 
tions were  made  over  a  period  of  3  days.  In  three  of 
these  the  sample  cells  were  exchanged  to  avoid  any 
possible  systematic  error  arising  from  this  source. 

The  (g)  values  obtained  from  the  six  determin- 
ations were  2.004025  ±  0.000012  for  coulometrically 
reduced  Ni(gma)  and  2.004052  dt  0.000012  for  so- 
dium amalgam  reduced  Ni(gma).  It  should  be  em- 
phasized that  these  {g)  values  are  not  known  absolutely 
to  the  precision  quoted  above,  since  no  correction  has 
been  made  for  the  systematic  field  difference  between 
sample  and  proton  probe  locations.  The  estimate  of 
precision  applies  when  the  two  values  are  compared. 
We  conclude  that  we  cannot  distinguish  between  the  (g) 
values  of  the  two  samples  within  the  precision  of  the 
determination.  An  evaluation  of  the  absolute  (g) 
value  of  both  samples  gives  (g)  =  2.0041  =b  0.0001. 
We  previously  reported^  <g)  =  2.0527  for  coulometri- 
cally reduced  Ni(gma)  in  CHClg-DMF.  We  now  believe 
that  the  radical  generated  in  this  experiment  resulted 
from  a  reaction  product  of  Ni(gma)  with  impurities 
present  in  DMF;  the  radical  is  possibly  III  or  V.  This 
result  emphasizes  the  extreme  care  which  must  be  ex- 
ercised when  working  with  these  systems.  Scrupulously 
purified  DMF  leads  only  to  Ni(gma)-  on  electroreduc- 
tion, as  reported  above.  ^® 

Optical  absorption  spectra  of  coulometrically  re- 
duced and  sodium  amalgam  reduced  Ni(gma)  in  DMF 
were  identical  in  the  observed  region,  350-700  m/i. 
Concentrations  were  about  10~*  Af.  Extinction  coef- 
ficients were  not  measured.  The  main  features  of  both 
spectra  in  this  wavelength  region  are  a  strong  absorption 
at  444  m/i  which  has  three  weak  shoulders  at  483,  503, 
and  539  m/x.  A  second,  weaker  absorption  occurs  at 
589  m/i. 

(10)  Although  Nl(gma)~  is  stable  for  at  least  a  week  In  scrupulously 
purified  DMF,  it  undergoes  decomposition  within  5  days  in  the  impure 
solvent  leading  to  three  new  esr  signals  as  reported  in  ref  5. 
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On  the  basis  of  the  voltammetric  measurements, 
esr,  and  the  similarity  of  the  optical  spectra,  we  con- 
clude that  the  sodium  amalgam  reduced  Ni(gma)  is 
correctly  identified  as  Ni(gma)~. 

Discussion 

A  Possible  Reaction  Sequence  for  the  Synthesis  of 
Ni(H2gnia)r.  The  data  presented  above  show  that 
borohydride  reduction  of  Ni(gma)  followed  by  treat- 
ment with  a  protic  solvent  and  partial  air  oxidation 
leads  to  a  substantial  yield  of  the  green  complex  desig- 
nated as  Ni(H2gma)~,  an  anion  in  which  the  bridge  is 
partially  saturated.  Substitution  of  borodeuteride  in 
the  reaction  gives  a  product  which  must  be  formulated 
as  Ni(HDgma)".  The  infrared  spectral  evidence  favors 
a  C~D  bond.  A  reaction  sequence  which  is  consistent 
with  all  of  our  observations  may  be  formulated  as 
shown  in  eq  1-4. 


NKgma)        ^^ 


D3B     ^q^. 


VI 


BD4' 


-D,.0.5B^, 


VI 

s^       ^s 


(1) 


Ni 


A 


N 


"  A\ 


-2 


(2) 


vn 


vn 


SEtOH 

-«OEt)„aU)'       NKHDgma) 


—2 


NKHDgma) 


—2 


0, 


(3) 


(4) 


Groond-State  Electronic  Structure.  One  of  the  most 
interesting  and  desirable  features  to  know  in  the  mono- 
anionic  complexes  such  as  Ni(mnt)i""  and  Ni(gma)'"  is 
the  distribution  of  the  unpaired  electron  between  the 
metal  and  the  ligand  atoms.  The  Ni(II)  srl  and  Ni(III) 
electronic  structural  formalisms  imply  different  dis- 
tributions for  this  unpaired  electron.  In  the  former 
case  the  unpaired  electron  is  assumed  to  be  in  a  molecu- 
lar orbital  of  predominantly  ligand  composition,  but 
metal  d  orbital  participation  is  an  important,  if  second- 
ary, feature.  »•*  That  is,  the  term  "Ni(II)  stabilized"  is 
meant  to  imply  specific  d  orbital  involvement  in  the 
appropriate  molecular  orbital,  even  though  the  ligands 
dominate  in  the  electron  distribution.  The  second 
point  of  view  has  been  traditional  when  trying  to  de- 
scribe the  electron  paramagnetic  properties  of  "co- 
valent'*  transition  metal  complexes.  It  begins  from  an 
appropriate  d-orbital  configuration  on  the  metal  and 
subsequently  allows  for  mixing  of  metal  and  ligand 
orbitals  of  the  appropriate  symmetry.  It  is  clear  that 
properties  of  paramagnetic  transition  metal  complexes 


which  depend  upon  the  electron  spin  density  near  the 
metal  atom  (such  as  electron-metal  nucleus  hyperfine 
interaction,  as  well  as  large  deviations  of  the  g  tensor 
from  that  of  the  free  electron  spin)  are  better  handled 
from  this  point  of  view.  The  two  viewpoints  are,  of 
course,  complementary  and  fuse  together  in  those  com- 
plexes having  roughly  an  equal  distribution  of  spin 
density  between  metal  and  ligand  orbitals. 

Electron  paramagnetic  resonance  should  be  of  per- 
haps the  greatest  use  in  helping  to  decide  matters  of 
electron  spin  distribution  in  paramagnetic  S  »  Vs 
complexes  such  as  I-V.  Particularly  helpful  would  be 
the  measurement  of  the  anisotropic  dipole-dipole  con- 
tribution to  the  electron-metal  nucleus  hyperfine 
tensor.  Since  this  property  depends  mostly  on  the 
ground  state  electron  configuration,  and  to  a  much 
smaller  extent  on  admixture  of  excited  configurations 
through  spin-orbit  coupling  (unless  the  g  anisotropy  is 
very  large),  it  is  most  directly  indicative  of  the  wave 
function  of  the  half-filled  orbital  in  a  molecular  orbital 
description.  The  g  tensor,  on  the  other  hand,  depends 
not  only  on  the  ground-state  configurational  wave 
function,  but  on  all  the  excited  configurational  wave 
functions  and  their  degree  of  admixture  by  spin-orbit 
coupling.  Measurement  of  the  g-tensor  is  thus  not  as 
directly  useful  in  leading  to  a  quantitative  description 
of  the  half-filled  orbital,  within  the  framework  of  exist- 
ing molecular  theory. 

In  the  series  of  complexes  under  discussion,  metal 
nucleus-electron  hyperfine  interaction  thus  far  only 
has  been  measured  for  I,  R  =  CN,  using  a  sample  en- 
riched in  •^Ni.  The  hyperfine  tensor  was  interpreted 
to  result  from  a  ground-state  configuration  in  which 
the  half-filled  b,g  orbital  was  approximately  50%  de- 
localized  over  the  ligand  tt  system.^"  This  interpreta- 
tion places  Ni(mnt)2""  directly  in  the  overlap  region  be- 
tween the  two  extreme  descriptions  (vide  supra)  of  these 
complexes. 

Care  should  be  exercised  in  interpreting  the  g-tensor 
anisotropy  in  terms  of  the  lowest  energy  configuration. 
This  can  be  done  only  in  the  roughest,  most  qualitative 
way  in  this  series  of  square-planar  Ni  complexes  in  the 
absence  of  detailed  calculations  and  an  adequate  theory. 
Perhaps  all  that  can  be  done  at  present  is  to  define  the 
behavior  of  the  magnetic  properties  of  the  complex 
in  the  two  extreme  limits.  In  the  limit  of  the  d'  model, 
Ni(III),  we  would  expect  a  metal  nucleus-electron  hyper- 
fine tensor  which  is  consistent  with  the  value  of  r*' 
given  by  a  calculation  on  a  properly  self-consistent 
metal  d  orbital.  In  the  limit  of  the  Ni(II)  srl  model  we 
would  expect  a  very  small  anisotropy  of  the  metal  hyper- 
fine tensor,  as  well  as  a  g  tensor  which  approaches  that 
characteristic  of  the  isolated  ligand  free  radical. 
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Abstract :  The  proton  magnetic  resonance  spectra  of  two  series  of  high-spin,  five-coordinated  nickeKH)  complexes 
have  been  observed,  where  the  pentadentate  ligand  is  formed  from  substituted  salicylaldehydes  and  bis(3-amino- 
propyl)amine  or  bis(3-aminopropyl)methylamine.  Two  sets  of  aromatic  peaks  are  observed,  which  are  inter- 
preted as  arising  from  the  nonequivalence  of  the  two  aromatic  fragments  in  thechelate.  This  extent  of  nonequivalence 
is  found  to  depend  markedly  on  the  amino-nitrogen  substituent,  the  solvent,  and  the  temperature.  This  variable 
magnetic  nonequivalence  is  related  to  snuill  changes  in  the  solution  structure  produced  by  steric  effects  of  the  amino- 
methyl  group,  with  the  extent  of  nonequivalence  increasing  as  the  structure  tends  toward  a  square  pyramid  with  the 
salicylaldimine  fragments  bonded  cis  to  each  other.  This  tendency  for  these  pentadentate  ligands  to  take  up  a 
square  structure  with  cis  rather  than  trans  aromatic  rings  is  also  evidenced  for  the  pyridine  solutions  of  the  chelates, 
where  some  peak  splitting  is  observed  in  spite  of  octahedral  coordination.  The  shift  patterns  for  the  five-coordinated 
chelates  indicate  x  delocalization,  but  other  factors  must  be  important.  The  shift  distribution  for  the  pyridine 
adducts  is  consistent  with  that  of  other  related  octahedral  complexes. 


Complexes  of  the  pentadentate  ligand  of  structure 
A  have  recently  been  shown  ^  to  produce  five-co- 
ordinated 3d  metal(II)  complexes.    Five  coordination 

a         0  y         ^    y         fi  a 

CHa— CHa— CH2.    I  ^CHa— CHi— CH2 

N=CH  HC=N 


in  these  high-spin  nickel(II)  complexes  has  been  estab- 
lished ^'^  only  very  recently,  though  some  uncharac- 
terized  complexes  of  this  ligand  has  been  reported 
earlier.'  To  date  there  are  only  a  few  documented 
examples  of  five-coordinated  nickel(II).*"^ 

The  five  coordination  has  been  established  on  the 
basis  of  absorption  and  reflectance  spectra,  ^  which  are 
inconsistent  with  either  octahedral  or  tetrahedral  co- 
ordination, but  closely  resemble  the  spectra  of  [5-Cl- 
SALen(C2H5)2l2Ni"  and  [N-CHg-SAL^Ni"  in  the  lat- 
tice of  its  zinc  analog,  both  of  which  have  been  shown 
to  be  five  coordinated  by  X-ray  analysis,  the  former 
in  a  distorted  square  pyramid^  and  the  latter  in  a  trig- 
onal bipyramid.^  The  present  complexes  also  form 
adducts  with  a  single  molecule  of  pyridine,^  resulting  in 
octahedral  coordination,  and  molecular  weight  meas- 
urements reveal  that  there  exist  only  discrete  monomers 
in  solution. 

Results  for  a  single  crystal  X-ray  analysis  on  one  of 
these  complexes,  NiSAL-MeDPT,  carried  out  simul- 

(1)  L.  Sacconi  and  I.  Bertini,  /.  Am.  Chem.  Soc.,  88,  5180  (1966). 

(2)  P.  L.  Orioli,  M .  Di  Vaira,  and  L.  Sacconi,  Chem,  Commim.,  300 
(1966). 

(3)  M.  Calvin  and  C.  H.  Berkelew,  /.  Am.  Chem,  Soc,,  68,  2267 
(1946). 

(4)  L.  Sacconi,  P.  Nannelli,  N.  Nardi,  and  U.  Campigli,  Inorg.  Chem., 
4,943(1965). 

(5)  L.  Sacconi,  M .  Ciampolini,  and  G.  P.  Speroni,  /.  Am,  Chem,  Soc., 
87,  3102  (1965). 

(6)  J.  Lewis,  R.  S.  Nyholm,  and  S.  A.  Rodley,  Nature,  207,  72  (1965). 

(7)  M.  Ciampolini  and  N.  Nardi,  Inorg.  Chem.,  5,  41  (1966);  M. 
Ciampolini  and  G.  P.  Speroni,  ibid.,  5,  45  (1966). 

(8)  L.  Sacconi,  P.  L.  Orioli,  and  M .  Di  Vaira,  /.  Am,  Chem.  Soc.,  87, 
2059  (1965). 


taneously  with  this  work,*  have  proved  five  coordina- 
tion, with  a  distorted  trigonal  bipyramidal  arrangement 
of  the  five  bonding  atoms  as  shown  in  Figure  1.  The 
great  similarity  of  the  reflectance  and  the  solution  ab- 
sorption spectra  indicates  that  the  solution  structure  is 
essentially  identical  with  that  in  the  crystal.  ^ 

Proton  magnetic  resonance  studies  have  proved  ex- 
tremely useful  in  elucidating  various  magnetic  and 
structural  properties  of  nickel(II)  complexes  in  solu- 
tion.*"" In  view  of  the  novel  structure  of  these  com- 
plexes, a  pmr  investigation  was  undertaken  in  order  to 
determine  what  properties  of  the  observed  isotropic 
shifts  can  be  related  to  their  structure. 

These  complexes  are  fully  paramagnetic/  /ien  = 
'^3.34  BM,  and  give  no  evidence  of  any  paramagnetic  t? 
diamagnetic  equilibrium  in  solution.  Their  solution 
pmr  spectra  can  thus  be  expected  to  display  large, 
isotropic  resonance  shifts**^®*^*  for  the  protons 
from  their  position  in  the  free  ligand  or  diamagnetic 
zinc  complex.  Such  shifts  arise  either  from  a  proton- 
electron  dipolar  interaction  or  from  the  contact  inter- 
action resulting  from  the  delocalization  of  unpaired 
spin  onto  the  ligand.^*  The  character  of  the  observed 
shifts  can  thus  depend  on  both  the  magnetic  anisotropy 
and  on  the  type  of  orbital  containing  the  unpaired  elec- 
tron. Such  investigations  for  tetrahedral  nickel  com- 
plexes with  substituted  salicylaldimines  have  demon- 
strated^'^ that  their  observed  shifts  originate  in  a  con- 
tact interaction  with  spin  in  the  highest  filled  ligand  x 
orbital.  From  the  temperature  dependence  of  the 
shifts,  the  square-planar  ±^  tetrahedral  solution  equilib- 

(9)  D.  R.  Eaton,  A.  D.  Josey,  W.  D.  Phillips,  and  R.  E.  Benson,  /. 
Chem.  Phys.,  37,  347  (1962). 
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(1964),  and  references  therein. 
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4,26(1965). 
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(1958). 
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X-Ray  structure  for  coordinating  atoms  in  NiSAI^ 


IS  characterized,^^  as  originally  performed  for 
oponeimines.*'**  More  recently,  pmr  investi- 
have  been  extended  to  nickel  chelates  with  N- 
ted  salicylaldimines,  where  the  substituent 
I  a  site  capable  of  bonding  to  the  metal.  "•*• 
delates  resulted  in  a  complicated  mixture  of 
in  solution,  either  octahedral,  tetrahedral,  and 
planar^'  or  octahedral,  five-coordinated,  and 
planar.^'  The  isotropic  shift  patterns  for  the 
ral"'^*  complexes  differed  significantly  from 
«rved  for  the  tetrahedral  species,"  and  the  exact 
f  the  shifts  is  still  in  question,  though  t  bonding 
3  be  primarily  responsible  for  the  spin  delocaU- 

For  the  chelates  giving  rise  to  five-coordinated 
in  solution,  as  impUed  by  their  absorption  spec- 
ie character  of  the  observed  shifts  could  not  be 
y  related  to  the  presence  of  the  five-coordinated 

presumably  because  of  the  rapid  equiUbrium 
veraged  over  the  shifts  of  the  contributing  spe- 
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Figure  2.    Pmr  traces  for  (A)  ZnSAI^MeDPT  and  (B)  ZnSAL- 
DPTinCDai. 
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jport  here  the  pmr  spectra  of  two  series  of  com- 
with  ligand  A,  where  X  =  CI,  H,  CHj,  the  two 
ffering  in  the  R  substituent.  Those  with  R  =  H 
gnated  X~NiSAL-DPT,  while  those  with  R  = 
labeled  X-NiSAL-MeDPT. 

lental  Sectioii 

3Con  magnetic  resonance  spectra  were  recorded  on  a  Varian 
lectrometer,  using  tetramethylsilane  as  internal  reference. 
ra  were  run  at  2T^,  unless  noted  otherwise.  The  spectra 
dates  were  obtained  in  both  deuteriochloroform  and  penta- 
yridine,  at  concentrations  approximately  0.05  Af  ,  with  the 
nd  to  be  concentration  independent.  The  pmr  spectra 
L-DPT  and  NiSAI^MeDPT,  and  their  two  methyl  ring- 
id  derivatives,  were  run  over  the  temperature  range  —62  to 
X3t,  using  a  dewar  probe  and  a  liquid  nitrogen  cryostat 
bed  elsewhere.  1*  The  pmr  spectra  of  0.10  Af  CHOt 
of  NiSAI^DPT  and  NiSAL-MeDPT  were  recorded  as  a 
of  added  deuteriopyridine.  The  diamagnetic  zinc  com- 
re  run  on  a  Varian  A- 100  spectrometer.  ^^ 
w  spectra  of  5-CHr-NiSAL-MeDPT  and  3-CHr-NiSAI^ 
e  also  recorded  in  the  following  protonless  or  fully  deuter- 
ents:  carbon  disulfide,  carbon  tetrachloride,  ^r benzene, 
e,    ^rmethanol,    </rnitromethane,    and    </racetonitrile. 

0  chelates  were  only  sparingly  soluble  in  these  solvents, 

1  Af ,  with  the  exception  of  CSi.  All  other  samples  were 
>  insduble  to  produce  discernible  spectra  in  more  than 
/o  solvents,  often  in  none,  or  produced  cloudy  solutions, 
ined  preciFMtates  within  a  few  hours.  Their  pmr  spectra 
racterized  by  broad,  unidentifiable  peaks.  Only  the  pmr 
re  reported  here  for  which  we  are  reasonably  certain  that 
iposition  occurred.  A  few  of  the  solutions  were  too  dilute 
«  recognizable  peaks  on  the  DP-60  spectrometer  and  were 
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Figure  3.    Pmr  traces  for  ring  protons  of  (A)  NiSAL-DPT,  (B) 
NiSAI^MeDPT,  and  (Q  5-a-NiSAI^MeDPT  in  CDQ,. 


thus  run  on  the  more  sensitive  HR-100  Varian  spectrometer.  A 
few  test  runs  on  both  spectrometers  verified  that  the  observed  shifts 
are  proportional  to  field  strength. 

All  shifts  are  reported  as  isotropic  shifts,  in  cycles  per  second  at 
60  Mcps,  defined  as  the  difference  in  resonance  position  for  a  given 
proton  in  the  paramagnetic  chelate  and  the  diamagnetic  zinc  com- 
plex, such  that  upfield  shifts  are  considered  positive. 

The  complexes  used  are  those  reported  elsewhere.^  The 
deuterated  solvents  were  purchased  from  Fluka,  AG,  Buchs, 
Switzerland,  except  for  </rnitromethane,  </racetonitrile,  and  d^ 
methanol,  which  were  obtained  firom  E.  Merck,  Darmstadt, 
Germany. 

An  attempt  was  made  to  observe  the  electron  spin  resonance 
spectrum  of  a  0.1  %  solid  solution  of  NiSAI^MeDPT  in  ZnSAL- 
MeDPT,  using  a  Hilgher  &  Watts  X-Band  spectrometer,  in  order 
to  estimate  the  g-tensor  anisotropy.  However,  no  signal  attribut- 
able to  the  sample  was  located  down  to  liquid-nitrogen  temperature. 

Results 

The  pmr  traces  for  ZnSAL-DPT  and  ZnSAL- 
MeDPT  in  rf-chloroform  are  shown  in  Figure  2.  The 
isotropic  shifts  for  the  ring  protons  of  the  complexes 
in  (/-chloroform  are  Usted  in  Table  I,  and  in  Table  II 
for  the  i/s-pyridine  solutions.  In  both  cases,  the  peaks 
are  referenced  against  the  zinc  complexes.  The  pmr 
traces  between  -2000  and  +1000  ops  from  TMS,  the 
region  over  which  all  aromatic  ring  protons  are  ob- 
served, are  recorded  in  Figure  3  for  rf-chloroform  solu- 
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Table  I.    Isotropic  Shifts  for  Ring  Protons  of  X-NiSAL-RDPT  in  D^teriochloroform" 


'> 

A 

c 

X 

R 

AH 

6 

AH 

6 

J    - 

AH 

6 
263 

AH 

-439 

6 
0 

At 

H 

H 

1204 

197 

-1096 

55 

516 

515 

1007 

-1041 

253 

3-0 

H 

•  •  • 

-1279 
-1225 

54 

396 
244 

152 

-384 

0 

206 

3-CHi 

H 

(- 
(- 

-230) 
-158) 

(72) 

-1374 
-1296 

78 

475 
272 

203 

-361 

0 

353 

5-a 

H 

1211 
1015 

196 

-1015 
-966 

49 

•  •  • 

•  •  • 

-477 

0 

245 

5-CHi 

H 

1268 
1060 

208 

-1063 
-1016 

47 

(-519) 
(-306) 

(213) 

-448 

0 

468 

3,5-a, 

H 

•    •    a 

•  •  • 

-1216 
-1146 

70 

•     •     • 

•      •     • 

-429 
-404 

25 

95 

H 

CHt 

1199 
1115 

84 

-1088 
-1058 

30 

421 
344 

T7 

-468 
-450 

18 

209 

3-a 

CHt 

•  •  • 

•  •  • 

-1273 
-1231 

42 

348 
348 

0 

-414 
-368 

46 

86 

3XHi 

CH, 

(- 
(- 

-188) 
-179) 

(9) 

-1375 
-1308 

67 

399 
356 

43 

-395 
-354 

41 

160 

5-a 

CHt 

1190 
1120 

70 

-1015 
-987 

28 

•  •  • 

•  •  • 

-510 
-498 

12 

110 

5-CH, 

CHt 

1246 
1151 

95 

-1015 
-1033 

22 

(-422) 
(-350) 

(70) 

-470 
-449 

21 

208 

3,5-a« 

CHt 

•  ■  • 

•  •  • 

-1201 
-1155 

46 

•     •     • 

•      »     • 

-440 
-386 

54 

100 

4-CH, 

CHt 

-1190 
1093 

97 

(552) 
(530) 

(22) 

457 
385 

72 

-425 

0 

191 

«  Shifts  in  cps  at  60  Mcps,  at  27'',  referenced  to  the  position  for  each  proton  in  the  diamagnetic  zinc  complex.    Shifts  in  parentheses  indi- 
cate methyl  protons.    6  denotes  the  splitting  between  two  component  peaks  for  position  /.    At  denotes  total  ring  splitting. 


Table  n.    Isotropic  Shifts  for  Ring  Protons  of  X-NiSaL-RDPT 
in  Pentadeuteriopyridine" 


H 

3-a 

3-CHt 

5-a 

5-CH, 

3,5-ai 

H 

3.a 

3-CHt 

5-a 

5-CH, 
3,5-ai 
4-CHt 


H 
H 
H 

H 

H 

H 

CHt 

CH, 

CH, 

CH, 

CH, 

CHt 

CHt 


449 

•  •  • 

(-77) 

439 
448 

•  •  • 

462 

•  •  • 

(-91) 
444 
454 

•  •  • 

465 


-1050 
-1202 
-1339 
-1323 

-950 
-1037 
-1120 
-1072 
-1265 
-1342 

-965 
-1030 
-1110 

(246) 


37 
40 
49 


(-66) 

•  • 

20 
32 
41 

(-55) 

•  • 

36 


-100 
-126 
-83 

-108 
-74 
-113 
-116 
-108 
-99 
-108 
-95 
-109 
-98 


*  Shifts  in  cps  at  60  Mcps,  at  27**,  referenced  to  the  position  in  the 
diamagnetic  zinc  complex.    Parentheses  denote  methyl  protons. 


tions  of  NiSAL-DPT,  NiSAL-MeDPT,  and  5-Cl- 
NiSAL-MeDPT.  The  temperature  dependence  of  the 
two  unsubstituted  chelates  is  illustrated  in  Figure  4. 

The  dependence  of  the  positions  of  the  ring  proton 
resonances  in  (/-chloroform  solution,  as  i/s-pyridine  is 
added  to  NiSAL-DPT  and  NiSAL-MeDPT,  appears 
in  Figure  5.  Table  III  and  Table  IV  present  the  iso- 
tropic shifts  for  the  ring  protons  of  5-CHj-NiSAL- 
MeDPT  and  3-CH»-NiSAL-DPT,  respectively,  in  the 
two  inorganic  and  six  fully  deuterated  solvents. 

Discussion 

Assignment  of  the  Peaks.  The  peak  at  —8.1  ppm 
belongs  to  the  azomethine  proton,  and  the  four  peaks 
between  —6.4  and  —7.3  ppm  arise  from  the  four  ring 
protons.  For  the  ZnSAL-MeDPT  complex,  the  signal 
at  —2.2  ppm  must  arise  from  the  aminomethyl  group. 


Table  m.    Isotropic  Shifts  for  Ring  Protons  of  5-CHt-NiSAI^MeDPT  in  Various  Solvents'*^ 


'\ 

A 

5 

#; 

Solvent 

AH 

6 

AH 

5 

AH 

6 

AH 

6 

At 

€• 

Carbon  tetra- 

1142 

53 

-1121 

37          ( 

[-324) 

19 

-420 

38 

147 

2.24 

chloride 

1089 

-1084 

[-305) 

-382 

i/rBenzene 

1144 
1075 

69 

-1091 
-1050 

41          ( 

[-364) 
;-309) 

55 

-430 
-401 

29 

194 

2.28 

Carbon  disulfide 

1110 
1044 

66 

-1080 
-1042 

38          ( 

;-333) 
;-287) 

46 

-386 
-354 

32 

182 

2.64 

<^Chloroform 

1245 
1150 

95 

-1055 
-1033 

22          ( 

;-422) 
;-352) 

70 

-470 
-449 

21 

208 

4.81 

</rAcetone 

1296 
1194 

102 

-1046 
-1004 

42          ( 

[-409) 
[-322) 

87 

-480 
-451 

29 

260 

20.7 

</4-Methanol 

1388 
1335 

53 

-965 
-892 

73          ( 

[-520) 
[-331) 

189 

-527 

0 

315 

32.6 

c/r>ntromethane 

1366 
1253 

113 

-1034 
-968 

66          ( 

[-482) 
[-332) 

150 

-505 
-497 

8 

337 

39 

</rAcetonitrile 

844 
760 

84 

-988 
-794 

194          ( 

[-470) 
:-241) 

129 

-269 

0 

407 

39 

«  See  footnote  a.  Table  I.  ^  For  3-CHs-NiSAI^MeDPT,  At*s  (cps)  were  observed  as:  carbon  tetrachloride,  162;  carbon  disulfide,  160; 
acetone,  193;  acetonitrile  440.  «  €  denotes  dielectric  constant,  ''Handbook  of  Chemistry  and  Physics,**  45th  ed.  The  Chemical  Rubber  Co., 
Cleveland,  Ohio,  1964. 
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Figure  4.    Temperature  dependence  for  ring  proton  isotropic  shifts,  A^i, 
and  (B)  MSAL-MeDPT,  in  CDOt. 


;  and  peak  splittings,  di, ,  for  (A)  NiSAL-DFT 


Remaining  are  thus  four  peaks  with  relative  areas 
2:2:4:4  for  ZnSAL-MeDPT,  and  with  areas 
2:2:4:5    for   ZnSAL-DPT,   going  upfield   with   the 


DPT.  The  fact  that  six-membered  rings  are  formed 
upon  coordination  to  the  metal  makes  these  splittings 
expected.    The  peak  at  —2.6  ppm  is  assigned  to  the 


TaUe  IV.    Isotropic  Shifts  for  the  Ring  Protons  of  3-CHr-NiSAI/-DPT  in  Various  Solvents''^ 


A 

< 

4C 

Solvents 

AH 

6 

AH 

5 

AH 

6 

AH 

5 

At 

«• 

Carbon  tetra-                ( 

[-258) 

74 

-1450 

76 

460 

212 

-361 

10 

372 

2.24 

chloride                     ( 

[-184) 

-1374 

248 

-351 

[-252) 
[-179) 

73 

-1397 
-1301 

96 

470 
268 

202 

-366 

0 

371 

2.28 

Carbon  disulfide            ( 

[-194) 
[-132) 

62 

-1326 
-1240 

86 

524 
379 

145 

-416 

0 

293 

2.64 

<^Chloroform               ( 

[-230) 
[-158) 

72 

-1374 
-1296 

78 

475 
272 

203 

-361 

0 

353 

4.64 

</frAcetone                    i 

[-244) 
[-182) 

62 

-1370 
-1286 

84 

436 
241 

197 

-326 

0 

343 

20.7 

c/4-Methanol                 ( 

[-215) 
[-131) 

84 

-1218 
-1153 

65 

502 
406 

96 

-409 
-369 

40 

285 

32.6 

^«-Nitromethane           1 

[-225) 
;-127) 

98 

-1338 
-1226 

112 

592 
391 

201 

-470 

0 

411 

39 

^r-Acetooitrile               1 

[-199) 
[-105) 

94 

-1124 
-1003 

121 

394 
287 

107 

-263 
-170 

93 

415 

39 

See  footnote  a.  Table  L    *  For  5-CHr->6SAI^DPT,  At's  (cps)  were  observed  as:  carbon  disulfide,  375;  acetone,  320;  methanol,  432. 
footnote  c.  Table  UL 


azomethine  proton  peak  taken  as  2.  For  ZnSAL- 
MeDPT,  these  four  peaks  arise  from  the  12  methylene 
protons,  while  the  amino  proton  is  apparently  included 
in  the  farthest  upfield  peak  in  this  set  for  ZnSAL- 


7-CH's,  on  the  basis  that  a  triplet  appears  for  the 
MeDPT  case  due  to  coupling  with  the  /8-CH's,  while  this 
peak  is  further  split  by  coupling  to  the  NH  proton  for 
the  DPT  complex.    The  peak  at  — 1.9  ppm  is  assigned 
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Figure  5.    Plot  of  ring  proton  chemical  shifts  vs,  excess  molar  equiv  of  deuteropyridine  for  NiSAI^DPT  (•)  and  NiSAL-MeDFT  (0) 
inCDQt. 


to  the  /S-CH'Sy  as  it  appears  as  a  slightly  broadened 
quintuplet  indicating  more  or  less  equal  coupling  to 
the  a-CH's  and  7-CH's.  This  peak  is  again  more  com- 
plicated in  ZnSAL-DPT,  presumably  because  of  further 
coupUng  with  the  NH.  The  two  smaller  peaks  at 
—2.4  and  —4.4  ppm  thus  belong  to  the  a-CH's,  since 
their  multiplet  structure  is  least  affected  by  the  amino 
nitrogen  substituent.  As  this  group  of  protons  lie 
closest  to  the  aromatic  ring,  the  chemical  shift  dif- 
ference for  the  axial  and  equatorial  protons  would  be 
expected  to  be  greatest,"  the  observed  diflference  being 
2.0  ppm.  The  multiplet  structure  for  the  a-CH's  in 
ZnSAL-MeDPT  shows  five  components,  with  intensities 
1:2:2:2:1.  This  is  interpreted  as  arising  from  axial- 
equatorial  coupUng  of  12.5  cps  and  coupUng  to  the 
adjacent  CH's  of  5.5  cps.  For  ZnSAL-DPT,  the 
peak  at  —4.4  resembles  more  a  quartet,  which  could 
arise  from  equal  coupling  to  the  other  a-CH  and  /8- 
CH's.  This  would  indicate  that  there  might  be  some 
slight  difference  in  structure,  or  in  methylene  chain 
configuration,  between  the  ZnSAL-DPT  and  ZnSAL- 
MeDPT  complexes  (vide  infra).  However,  since  long- 
range  coupUng  to  the  NH  is  also  possible,  no  definite 
conclusions  can  be  drawn.  The  assignment  of  the  ring 
protons  on  the  basis  of  multiplet  structure  and  sub- 
stitution is  trivial.  The  peak  locations,  relative  to 
TMS,  are  (in  cps  at  60  Mcps):  3-H,  -404;  4-H,  -430; 
5-H,  -387;  6-H,  -422;  3-CH8,  -128;  4-CH8, 
-130;  5-CH8, -131. 

The  pnu*  traces  of  three  nickel  chelates  are  illustrated 
in  Figure  3  over  the  region  where  all  the  ring  protons 
lie.  What  becomes  immediately  obvious  is  that  there 
appears  not  a  single  peak  per  ring  position,  but  two 
separate  resonances.    For  some  samples,  as  many  as  21 

(18)  J.  S.  Waugh  and  R.  S.  Fessenden,  /.  Am.  Chem.  Soc.,  79,  846 
(1957);  D.  J.  Wilson.  D.  J.  V.  Bockelhddc,  and  R.  W.  Griffin,  ibid.,  82, 
6302  (1960). 


peaks  were  observed  with  the  complex  containing  a 
total  of  23  protons.  That  two  peaks  arise  per  ring 
position  was  verified  by  the  use  of  substituents,  where 
peaks  disappeared  in  pairs  upon  chloro  substitution 
and  shifted  and  tripled  in  intensity  upon  methyl  sub- 
stitution. The  difference  in  resonance  position  for  a 
pair  of  peaks  is  as  large  as  263  cps  in  chloroform  solu- 
tion. Also,  the  N-CHs  peak  in  the  MeDPT  complexes 
illustrates  that  there  should  be  two  separate  resonances 
per  ring  position  by  the  fact  that  the  intensity  ratio  for 
this  methyl  group  to  any  single  ring  peak  is  only  3:1, 
instead  of  the  expected  3:2.  In  a  few  cases,  the  6-H 
peak  was  not  split,  and  this  resulted  in  the  only  peak 
attributable  to  this  position  having  twice  the  intensity 
of  any  of  the  other  "split"  proton  peaks. 

Assignment  was  performed  completely  by  substitu- 
tion, as  the  line  widths  were  too  great  (>10  cps)  to 
resolve  any  multiplet  structure  in  all  but  a  few  cases. 
For  3-Cl-NiSAL-MeDPT,  the  two  4-H  peaks  each 
showed  a  doublet,  as  did  the  6-H,  while  the  5-H  ex- 
hibited a  triplet,  as  is  expected.  This  sample  thus 
serves  to  confirm  the  6-H  assignment,  as  complexes 
with  substituents  at  this  position  were  not  prepared. 
The  peak  positions  are  found  to  be  quite  independent 
of  ring  substituents,  except  that  the  4-H  resonated 
slightly  further  downfield  upon  substituting  at  the  3 
position,  as  has  been  observed  in  other  related  chelates 
of  nickel.^' 

The  temperature  dependences  of  the  ring  proton 
resonances  of  NiSAL-DPT  and  NiSAL-MeDPT  in 
chloroform  are  plotted  as  a  function  of  l/T  in  Figure  4, 
and  verify  that  the  shifts  generally  follow  a  Curie  law," 
eliminating  any  equilibrium  such  as  was  found  for  a 
number  of  nickel(II)  systems.**  ^  *~ * '• "» ^* 

Assignment  of  the  ring  protons  was  facilitated  by 
the  fact  that  they  exhibited  line  widths  significantly 


Joumai  of  the  American  Chemical  Society  /  89:20  /  May  20,  2967 


r  than  for  the  remaining  protons.  Because  of  the 
>lubility  for  most  of  the  complexes  and  excessive 
idths,  it  was  possible  to  locate  all  of  the  nonring 
is  in  only  a  very  few  samples.  Aside  from  the 
roton  resonances  for  NiSAL-DPT  in  chloroform, 
Uowing  peaks  (cps)  and  their  relative  intensities 

been  observed:  -13,300  (1),  -10,500  (1), 
3  (2),  -4200  (2),  -1960  (1),  -850  (1),  80  (1), 
),  529  (1),  780  (1),  and  - 14,980  (1)  and  - 16,700 
rhe  four  peaks  between  80  and  780  cps  can  be 
ently  assigned  to  the  four  /8-CH's,  since  only  for 
osition  do  spin  polarization  effects  predict  up- 
ontact  shifts.  Both  a-  and  tt  spin  density  result 
vnfield  shifts  for  a-CH's  and  7-CH*s.  This  as- 
ent  is  also  consistent  with  the  smaller  line  widths 
?se  i>eaks,  as  they  are  one  bond  further  removed 
;he  nickel  than  the  other  two  methylene  positions. 
wo  peaks  at  —14,980  and  —16,700  cps  can  be 
ed  to  the  azomethine  protons,  again  because  of 
narrower  Unes  due  to  a  greater  distance  from  the 
A  large  downfield  shift  for  this  position  has 
observed  in  other  nickel  chelates  with  salicyl- 
ncs."  The  two  larger  peaks  at  —6500  and 
)  cps  can  be  assigned  to  the  7-CH's,  since  the 
[t  resonates  at  —4700  cps,  and  there  would  not  be 
ed  to  be  very  much  difference  in  the  peak  posi- 
3f  the  aminomethyl  and  aminomethylene  groups, 
javes  the  four  peaks  at  - 13,300,  - 10,500,  - 1960, 
-850  cps,  which  must  arise  from  the  a-CH's. 
ssignment  is  consistent  in  that  the  largest  spread 

a-CH's  was  also  observed  in  the  diamagnetic 
helates.  The  preseope  of  unpaired  spin  in  the 
do  system  just  greatly  amplifies  the  effect.  The 
ments  for  the  a-CH's  and  7-CH's  are  speculative, 
er,  and  cannot  be  fully  justified.  It  will  be  shown 
hat  these  assignments  are  consistent  with  certain 
is  of  these  complexes.  This  scheme  of  assign- 
holds  true  for  all  DPT  complexes,  as  only  minor 
nces  in  position  occur.  The  N-H  resonance  was 
»und  presumably  because  it  is  too  close  to  the 

the  NiSAL-MeDPT  series,  the  nonring  protons 
und  at:  -13,200  (1),  -11,400  (1),  -6700  (4), 
)  (3),  -1630  (1),  -1000  (1),  -187  (1),  112  (1), 
),  and  227  (1),  and  - 1 1,930  (1)  and  - 13,520  (1), 
sps.  The  four  peaks  between  — 187  and  227  cps 
signed  to  the  /3-CH's,  and  those  at  -11,930  and 
20  cps  to  the  azomethine  protons,  on  the  same 
as  for  NiSAL-DPT.  The  peak  at  -4700  cps 
from  the  aminomethyl  group,  due  to  its  relative 
ity  and  its  absence  in  the  DPT  chelates.  The 
of  intensity  4  at  —6700  cps  is  attributed  to  the 
's,  again  because  of  its  position  being  so  similar 
aminomethyl.  The  remaining  peaks  must  belong 
four  a-CH's. 

:an  be  seen  from  a  comparison  of  the  assignments 
e  DPT  and  MeDPT  complexes,  the  resonance 
>ns  are  quite  similar.  Significant  differences  are 
in  the  spread  of  the  /3-methylene  shifts,  the  extent 
infield  shift  for  the  azomethine  protons,  and  the 
lat  the  7-methylene  protons  give  rise  to  two  peaks 
I  DPT  chelates,  but  only  a  single  broad  resonance 
ps)  for  the  MeDPT  complexes. 
sin  of  the  Double  Peaks.  The  appearance  of 
t  twice  the  number  of  peaks  expected,  even  after 
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considering  the  nonequivalence  of  the  methylene  pro- 
tons resulting  from  ring  formation,  can  be  considered 
to  arise  from  two  likely  situations.  One  would  be  the 
presence  of  two  distinct  species  in  solution  with  differ- 
ing shift  patterns,  the  other  possibility  being  that  we 
have  but  one  species,  but  the  two  salicylaldimine  frag- 
ments are  nonequivalent,  such  that  their  shift  patterns 
differ. 

The  former  case  could  result  from  two  geometrical 
isomers  or  from  optical  isomers.  There  have  been  re- 
ported"*" some  cases  of  similar  "doubling"  of  lines 
where  the  origin  was  traced  to  the  presence  of  optical 
isomers.  The  doubled  peaks  did  not  appear  with  equal 
intensity,  and  both  sets  of  peaks  were  indicative  of 
identicd  spin  distributions,  with  only  a  small  scaUng  in 
magnitude  between  them.* 2. »  Also,  the  splittings **•*• 
represented  only  a  very  small  fraction  of  the  total 
shift.  In  the  present  study,  it  is  found  that  the  doubled 
peaks  always  appear  with  equal  intensity,  and  this  ob- 
servation holds  true  over  a  wide  temperature  range  and 
in  a  number  of  solvents.  In  view  of  these  observations, 
plus  the  fact  that  the  crystal  structure^  showed  only 
one  geometrical  isomer,  the  doubUng  could  only  arise 
from  optical  isomers.  However,  the  two  sets  of  peaks 
for  these  five-coordinated  complexes  display  signifi- 
cantly different  shift  patterns  or  spin  distributions, 
since  the  splitting  is  not  at  all  proportional  to  the  shift 
magnitude.  Often  the  smaUest  shift  exhibits  the 
largest  splitting  and  vice  versa.  Moreover,  the  spUtting 
here  represents  up  to  100%  of  the  shift  in  some  cases. 
Therefore,  though  these  complexes  possess  no  center  of 
symmetry  and  optical  isomers  have  been  observed,* 
their  presence  in  solution  cannot  explain  the  observed 
pattern  of  peak  splittings. 

It  can  be  shown,  however,  that  the  properties  of  the 
observed  splittings  are  consistent  with  the  presence  of 
only  one  species  in  solution,  with  such  coordination  of 
the  pentadentate  ligand  that  the  two  saUcylaldimine 
fragments  are  nonequivalent  in  some  major  respect. 
In  NiSAL-MeDPT,  for  example,  the  only  two  positions 
for  which  no  spUttings  are  observed  are  the  N-CHj  and 
the  7-CH's.  If  two  species  produced  the  doubling,  it 
might  be  expected  that  these  positions  should  also  dis- 
play a  splitting.  However,  for  the  case  where  we  have 
only  one  species  in  solution  with  nonequivalent  aro- 
matic fragments,  it  is  obvious  that  the  N-CHj  "be- 
longs" to  both  fragments,  such  that  no  splitting  can  be 
expected.  Furthermore,  the  7-CH's  are  next  nearest 
to  this  equivalence  point,  such  that  it  would  not  be  un- 
expected that  they  show  small  or  negligible  splittings. 
For  NiSAL-DPT,  the  7-CH's  do  split,  but  only  into 
two  peaks.  Even  in  this  complex,  however,  this  split- 
ting is  the  smallest  for  the  methylene  protons  when 
expressed  as  fraction  of  the  total  shift.  It  should  be 
pointed  out  here  that  a  splitting  of  the  7-methylene 
peak  into  two  resonances  can  arise  from  the  effect  of 
ring  formation  upon  coordination  to  the  nickel,  even 
though  this  splitting  was  not  observed  in  the  diamag- 
netic zinc  complex.  The  reason  for  this  is  that  the  ef- 
fect of  the  unpaired  spin  can  magnify  an  unobservably 
small  chemical-shift  difference  in  the  diamagnetic 
chelate  so  that  it  is  readily  seen  in  a  paramagnetic  com- 
plex. However,  the  splitting  of  any  methylene  group 
into  four  peaks  will  only  arise  through  the  additional 
effect  of  nonequivalence  of  the  two  sides  of  the  ligand. 
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The  splitting  of  a  methylene  group  into  four  peaks  is 
most  convincingly  demonstrated  in  the  pmr  trace  of 
5-Cl-NiSAL-DPT,  where  the  elimination  of  the  5-H 
peaks  clearly  reveals  two  sets  of  split  peaks.  The  as- 
signment for  the  /3-CH's  is  quite  definite,  as  no  spin- 
transfer  mechanism  would  result  in  upfield  shifts  for 
the  a-CH's  or  7-CH's. 

The  observed  shifts^*  must  arise  from  either  a  contact 
interaction  or  from  the  dipolar  interaction,  should  the 
nickel  possess  an  anisotropic  g  tensor.  In  view  of  the 
similarity  of  the  presently  observed  shift  patterns  to 
that  observed  for  the  tetrahedral  chelates/'^  and  the 
fact  that  methyl  substitution  always  produces  shifts  of 
opposite  sign  to  that  of  the  proton,*'^®'^'  the  shifts 
must  arise  primarily  from  unpaired  spin  in  the  hgand 
highest  filled  t  orbital.  However,  since  the  splittings 
are  not  proportional  to  the  shift,  it  is  indicated  that  the 
spin  distribution  for  the  two  rings  must  differ  signifi- 
cantly. Isotropic  shifts  resulting,  in  part,  from  a 
density  ^'^^  for  one  of  the  rings  could  be  a  possibility, 
as  would  difiering  extents  of  interaction  with  higher 
ligand  orbitals.""""  Both  effects  have  been  re- 
ported.*^*' Because  of  the  lack  of  any  symmetry 
element  for  these  complexes,  the  spin  can  probably  be 
delocaUzed  into  any  Ugand  orbital. 

In  order  to  be  able  to  attribute  the  spUttings  to  a 
different  extent  of  dipolar  interaction  with  the  two  rings, 
the  two  aromatic  fragments  must  be  oriented  dif- 
ferently with  respect  to  the  major  axes  of  the  chelate; 
otherwise  this  interaction  will  affect  both  rings  identi- 
cally. For  shift  differences  between  the  rings  as  large 
as  263  cps,  the  anisotropy  will  have  to  be  very  large, 
and  the  difierence  in  ring  orientations  must  represent  a 
large  deviation  from  equivalence.  Nothing  is  known 
about  the  g- tensor  anisotropy,  due  to  the  lack  of  esr 
data.  Attempts  to  observe  the  esr  signal  for  these 
complexes  failed,  perhaps  due  to  large  zero-field  split- 
tings. The  magnetic  moments  for  these  complexes  are 
inconsistent  with  sizable  anisotropy,  and  the  inverse 
cube  of  the  distance  dependence^*  of  the  dipolar  inter- 
action makes  it  unUkely  that  it  could  cause  such  large 
spUttings.  However,  both  the  contact  and  dipolar 
interaction  are  thus  indicated  as  possible  origins  of  the 
double  set  of  peaks,  as  long  as  the  two  salicylaldimine 
fragments  are  nonequivalent. 

Such  origins  for  the  set  of  double  peaks  are  quite 
consistent  with  the  known  structure  of  NiSAL-MeDPT, 
where  the  two  aromatic  fragments  are  seen  to  be  slightly 
nonequivalent.* 

The  nonequivalence  of  the  two  SAL  arises  from  the 
fact  that  the  known  structure  Ues  somewhere  between 
a  trigonal  bipyramid  and  a  square  pyramid.  Steric 
effects  of  the  methylene  chains  dictate  that  the  two 
azomethine  nitrogens  tend  to  remain  trans  to  each 
other,  as  verified  in  the  X-ray  analysis,*  such  that  a 
trigonal  bipyramidal  structure  would  produce  equiva- 
lent SAL  rings.  Coordination  with  pyridine  shows  that 
these  Ugands  readily  take  up  a  square-pyramidal  con- 

(19)  A.  Forman,  J.  N.  Murrell,  and  L.  E.  Orgel,  /.  Chem.  Phys.,  31, 
1129(1959). 

(20)  J.  A.  Happe  and  R.  L.  Ward,  ibid.,  39,  1211  (1963). 

(21)  G.  W.  Everett,  Jr.,  and  R.  H.  Holm,  /.  Am.  Chem.  Soc.,  87,  3534 
(1965). 

(22)  D.  R.  Eaton,  ibid.,  87,  3097  (1965). 

(23)  D.  R.  Eaton  and  E.  A.  LaLancette,  /.  Chem.  Phys.,  41,  3534 
(1964). 

(24)  G.  N.  La  Mar,  to  be  published. 


formation,^  as  required  in  octahedral  coordination. 
The  two  square-pyramidal  structures  consistent  with 
/ron^-azomethine  bonding  are  labeled  I  and  II,  for  the 
SAL  rings  cis  and  trans  to  each  other,  respectively. 


Of  these  two  conformations,  only  I  would  produce  non- 
equivalent  SAL  rings.  It  can  be  easily  seen  that  for 
this  case  the  two  SAL  rings  would  see  radically  differing 
ligand  fields.  Structure  II,  like  the  trigonal  pyramidal 
form,  would  not  produce  spUttings.  It  could  thus  be 
supposed  that  the  extent  of  ring  nonequivalence,  as 
evidenced  by  the  splittings,  will  increase  with  structure 
changes  tending  to  approach  I.  The  great  similarity 
of  the  crystal  and  solution  spectra  indicates  no  major 
structure  changes  upon  dissolution;^  however,  small 
changes  in  bond  angles,  perhaps  a  few  degrees,  cannot 
be  precluded,  as  evidenced  by  the  temperature  and  sol- 
vent effect  on  the  spUttings  (vide  infra). 

The  actual  structure  in  any  solvent  is  probably  the 
result  of  a  number  of  factors,  such  as  repulsion  between 
bonding  ligand  atoms,  steric  effects  of  the  methylene 
chains  and  the  amino  nitrogen  substituent,  and  relative 
crystal  field  stabilization  energies,  cfse.  The  atomic 
repulsions  are  Ukely  to  be  insignificant,  inasmuch  as 
related  salicylaldimine  Ugands  readily  form  octahedral 
complexes.  ^*'^'  The  steric  effect  is  definitely  expected 
to  exert  a  strong  influence,  probably  favoring  the 
trigonal  bipyramidal  structure,  where  the  bands  in  the 
methylene  chains  are  minimized.  Crystal  field  calcula- 
tions'^ have  indicated  that  the  cfse  favors  the  square 
pyramid,  though  the  high  degree  of  covalent  bonding" 
in  salicylaldimine  could  make  such  calculations  in- 
applicable in  the  present  case.  The  effect  of  coordinat- 
ing and  noncoordinating  solvents  upon  the  observed 
SpUttings  wiU  be  seen  to  shed  Ught  on  the  pentadentate 
Ugand  conformation  in  the  octahedral  adducts  and 
relate  to  the  importance  of  steric  effects  in  determining 
the  solution  structure. 

Pmr  Spectra  in  Deuteriopyridine.  As  shown  pre- 
viously,^ these  five-coordinated  complexes  aU  react  with 
1  mole  of  pyridine  to  form  the  adducts,  NiSAL- 
RDPTpy.  The  observed  isotropic  shifts  in  this  sol- 
vent are  given  in  Table  II.  As  is  readily  observable, 
the  shifts  for  the  pure  five-coordinated  complexes  and 
their  octahedral  pyridine  adducts  differ  significantly. 
The  shifts  are  much  smaUer  in  the  adduct  for  aU  but  the 
4-H  position,  and  the  alternation  of  signs  for  adjacent 
positions,  very  obvious  in  chloroform  solution,  almost 
disappears  in  pyridine.  In  addition,  only  one  peak 
per  ring  proton  is  now  observed  in  each  case  except  that 
of  the  4-H  peak  in  3-CH,-NiSAL-DPT,  where  a 
spUtting  of  about  16  cps  remains.  The  peaks  were 
generaUy  too  broad  (25  to  75  cps)  to  resolve  any  smaUer 
spUttings.  Assignment  was  carried  out  by  substitu- 
tion. However,  the  5-H  and  6-H  peaks  were  found  so 
close  to  each  other  that  it  was  necessary  to  verify  their 

(25)  M.  Ciampolini,  Inorg.  Chem.,  S,  35  (1966). 

(26)  A.  H.  Maki  and  B.  R.  McGarvey,  /.  Chem.  Phys.,  29,  35  (1958). 
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oent  by  slowly  adding  pyridine  to  chloroform 
QS  of  NiSAL-DPT  and  NiSAL-McDPT.  The 
n  the  ring  resonance  position  as  a  function  of  ex- 
Literiopyridine  is  recorded  in  Figure  5. 
disappearance  of  the  double  peaks  upon  adduc- 
'eadily  explained  by  the  fact  that,  upon  coordina- 
pyridine,  the  octahedral  field  produces  more  or 
tntical  ligand  fields  for  both  SAL  rings.  That 
g  nonequivalence  has  not  totally  disappeared  is 
«d  by  the  16-cp3  splitting  of  the  4-H  peak  in 
NiSAL-DPT.  This  spUtting  is  larger  than  the 
d  spin-spin  coupling.  It  might  thus  be  con- 
that  the  ring  nonequivalence  in  pyridine  has 
duced  by  adduct  formation,  such  that  the  split- 
e  very  small  and  are  probably  obscured  by  line 
in  all  cases  except  the  3-CH|-NiSAL-DPT. 
le  pyridine  adduct,  the  chelate  must  arrange 
either  conformation  I  or  IL  Of  these  two,  only 
1  result  in  nonequivalent  salicylaldimine  rings 
lat  splittings  should  be  observed.  The  16-cps 
;  observed  for  the  one  complex  adduct  with 
itly  narrow  line  widths  indicates  that  the  more 
le  chelate  arrangement  is  L  This  conformation 
bclate  in  the  adduct  may  be  a  bit  surprising,  since 
;est  "opening"  or  clearest  approach  to  the  five- 
ated  complex  is  bisecting  the  Oi-Ni-Oa  angle. 
;r,  models  show  that  the  steric  strain  in  the 
ine  chains  resulting  from  structure  II  is  quite 
nd  that  I  is  more  favorable. 
pattern  of  the  isotropic  shifts  for  the  pyridine 
closely  resembles  that  observed  for  other  octa- 
f  coordinated  nickel(II)  complexes  with  related 
IS. II  jhg  shifts  display  some  characteristics 
g  from  spin  in  the  ?r-ligand  orbitals,  since 
ion  does  exist,  and  protons  and  methyl  groups 
;  shifts  of  opposite  sign  for  any  position.*'^®*^* 
»-,  the  distribution  is  inconsistent^^  with  that 
j  for  delocalization  into  the  top  bonding  ligand 
and  therefore  other  interaction  may  well  be 
XXL  This  problem  will  be  treated  elsewhere.** 
Effect  of  Noncoordinating  Solvents.  Although 
ropic  shifts  for  both  the  NiSAL-MeDPT  and 
-DPT  chelates  exhibit  quite  similar  patterns, 
racteristic  difference  between  the  two  series  of 
Les  is  readily  observed.  In  Table  I,  in  addition 
otropic  shifts,  we  list  also  for  each  ring  position 
erence,  or  splitting,  between  the  two  peaks, 
I  it  S.  From  a  comparison  of  the  analogous 
Leg,  one  with  R  =  H,  the  other  with  R  =  CHs, 
saled  that  the  spUttings,  6,  are  always  larger  for 
ler  than  for  the  latter  complex,  sometimes  by  a 
f  2-3.  This  is  true  for  every  position  save  6-H, 
o  splittings  appeared  for  the  DPT  complexes  at 
^mperature  and  only  very  small  ones  for  the 
'  series.  The  spUttings  for  any  given  ring  posi- 
>  not  vary  significantly  upon  substitution  at 
ring  position.  The  methyl  spUttings  for  any 
are  always  smaUer  than  for  the  proton, 
onclusion  which  appears  most  evident  is  that  if 
iittings  can  be  interpreted  as  arising  from  non- 
;nce  of  the  two  aromatic  parts  of  the  chelate, 
;  extent  of  this  nonequivalence  is  significantly 
for  the  NiSAL-DPT  than  for  the  NiSAL- 
'  complexes  in  chloroform.  The  spUtting  for 
!  position  should  not  be  taken  indiscriminately 
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as  an  index  of  this  nonequivalence,  since  the  electronic 
origin  of  the  spUttings  in  all  probabiUty  does  not  affect 
aU  ring  positions  identicaUy.  However,  if  we  sum  over 
aU  the  ring  positions,  we  obtain  the  total  spUtting 
parameter,  At,  which  should  be  a  reasonable  measure  of 
the  extent  of  nonequivalence.  This  spUtting  parameter, 
At»  is  also  given  for  each  complex  in  Table  I.  Compar- 
ing this  parameter  for  any  two  complexes  differing 
only  in  R,  we  find  At  for  the  NiSAL-DPT  consistently 
larger  by  a  factor  2.2-2.5  than  for  the  NiSAL-MeDPT 
complex.  This  ratio  of  parameters  is  remarkably  con- 
stant for  aU  complexes  where  At  can  be  summed  over 
at  least  three  ring  positions. 

Within  the  supposition  that  the  solution  structure 
does  not  deviate  appreciably  from  that  observed  in  the 
soUd,  and  that  the  extent  of  ring  nonequivalence  in- 
creases as  the  structure  deviates  sUghtly  in  the  direction 
of  structure  I,  the  difference  in  At  between  the  DPT 
and  MeDPT  complexes  in  chloroform  indicates  that 
their  structures  differ  sUghtly,  with  the  former  complexes 
displaying  a  structure  slightly  closer  to  I  than  the  latter. 
This  difference  in  proton  spUttings  between  the  two 
series  was  also  observed  for  the  methylene  protons.  As 
indicated  earUer,  the  jS-CH's  are  spread  over  ^^420  cps 
and  ~700  cps  for  the  MeDPT  and  DPT  chelates, 
respectively.  Similarly,  the  7-CH's  produced  but  a 
single  peak  in  NiSAL-MeDPT,  while  NiSAI^DPT 
showed  two  peaks.  These  methylene  proton  spUttings 
are  consistent  with  the  ring  At  parameters  for  the  two 
series,  and  verify  their  apparent  difference  in  ring  non- 
equivalence,  and  thus  structure.  Unfortunately,  noth- 
ing definite  can  be  stated  about  the  magnitude  of  the 
differences  in  structure  between  the  two  series,  since  it 
is  not  known  how  the  spUttings  depend  upon  smaU 
variations  of  the  bonding  angles.  However,  changes 
of  just  a  few  degrees  could  be  considered  quite  consistent 
with  the  observed  changes  in  view  of  the  high  sensitivity 
of  pmr  measurements. 

The  difference  in  structures  for  these  complexes  de- 
pending on  the  R  substituent  seems  to  reflect  steric  ef- 
fects.^ As  indicated  above,  these  structures  are  prob- 
ably determined  by  a  compromise  between  the  steric 
effect,  probably  favoring  a  trigonal  bipyramid,  and  the 
cfse,  which  favor  a  square  pyramid.'*  Since  the  rela- 
tively more  bulky  methyl  group  will  increase  the  steric 
effect  in  the  NiSAL-MeDPT  chelates  more  than  the 
proton  in  the  NiSAL-DPT  series,*^  a  structure  for  the 
former  complexes  tending  more  toward  I  should  not  be 
unexpected.  That  the  steric  effect  of  the  methyl  group 
influences  the  structure  draws  support  from  the  equilib- 
rium constant  data  for  these  complexes  with  pyridine.  ^ 
As  shown  in  Figure  5,  for  any  given  excess  of  pyridine 
in  the  two  equally  concentrated  solutions  of  NiSAL- 
DPT  and  NiSAL-MeDPT,  the  extent  of  octahedral 
coordination,  as  determined  by  the  pnu*  shift,  is  always 
greater  for  the  former  chelate.  This  indicates  that  the 
aminomethyl  group  must  provide  some  steric  inhibition^ 
toward  six  coordination  for  NiSAL-MeDPT.  This 
characteristic  difference  in  equiUbrium  constants  for 
the  two  series  is  observed  also  for  all  the  ring-substi- 
tuted isomers. 

In  order  to  determine  if  the  solution  structure  for 
these  complexes  is  dependent  upon  solvent,  the  iso- 
tropic shifts  were  measured  in  seven  other  solvents. 

(27)  F.  O.  Mann  and  R.  H.  Watson,  /.  Chem,  Soc,,  2772  (1958). 
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In  Tables  III  and  IV  we  list  the  observed  shifts,  the 
splitting,  6,  and  the  total  splitting  parameter.  At,  for 
5-CHr-NiSAL-MeDPT  and  S-CHr-NiSAL-DPT,  re- 
spectively, in  each  of  eight  noncoordinating  solvents. 

Tables  III  and  IV  clearly  indicate  that  the  splittings 
are  indeed  sensitive  to  the  solvent,  particularly  for 
5-CHr-NiSAI^MeDPT.  Again,  the  8's  should  not 
be  taken  individually  as  indications  of  the  extent  of 
ring  nonequivalence,  but  the  sum  over  the  four  ring 
positions,  At.  It  is  readily  observed  that  the  four  ring 
positions  are  affected  differently  by  the  various  solvents 
in  some  cases.  For  the  MeDPT  chelate,  At  varies  over 
the  range  147-407  cps,  while  the  DPT  complex  shows 
much  less  variation.  The  isotropic  shift  patterns  are 
essentially  identical  in  all  the  solvents.  In  none  of  the 
solvents  listed  in  Tables  III  and  IV  does  any  addi- 
tional coordination  of  the  five-coordinated  species 
occur.  This  was  verified  by  studying  the  pnu*  lines  of 
the  solvent. 

The  dependence  of  At  on  the  solvent  indicates  that 
the  extent  of  ring  nonequivalence,  and  hence  the  struc- 
ture, are  also  a  function  of  the  solvent.  Since  there 
exists  no  direct  bonding  between  these  solvents  and  the 
five-coordinated  chelates,  the  solvent  sensitivity  of  the 
splittings  and  structure  must  reflect  some  sort  of  vari- 
able solvation  effect.  The  observed  splitting  parameter, 
At,  increases  for  these  solvents  in  the  order  CCI4  < 
CSj  ~  CeD«  <  CDCl,  <  CDjCOCD,  <  CD,OD  < 
CDjNOa  <  CD,CN,  for  the  5-CHr-NiSAL-MeDPT 
complex.  This  apparent  increase  in  ring  nonequiva- 
lence, as  indicated  by  At,  correlates  very  well  with  the 
dielectric  constants  for  these  solvents,  also  included 
in  Table  III  under  €.  Since  the  ring  nonequivalence  in- 
creases as  I  is  approached,  the  correlation  between  the 
parameter  At  and  dielectric  strength  implies  that  in- 
creasing solvating  power  tends  to  stabilize  the  square- 
pyramidal  structure  (I)  over  the  more  trigonal  bipy- 
ramidal  one  in  solution  for  the  MeDPT  complex,  or 
that  the  square-pyramidal  structure  is  more  highly  sol- 
vated  than  the  trigonal  bipyramid.  A  very  similar 
solvation  effect  has  been  observed"  for  the  nickel(II) 
chelates  of  aminotroponeimine,  where  the  sensitive 
solvent  dependence  of  the  square-planar,  diamagnetic  ±? 
tetrahedral,  paramagnetic  forms  was  explained  by  the 
higher  solvation  of  the  square-planar  form.  Such  sol- 
vation may  be  considered  analogous  to  the  micro- 
crystalline  ordering  postulated  *••"  to  explain  the  line- 
width  differences  for  the  hyperfine  components  in  the 
esr  spectra  of  square-planar  complexes.  The  extent 
of  stabilization  of  the  square  pyramid  over  the  trigonal 
bipyramid  forms  by  this  mechanism  could  be  expected 
to  increase  with  the  solvent  dielectric  strength,  though 
solvent  shape  and  size  probably  also  play  an  important 
part. 

Another  possible  mechanism  which  would  stabilize 
I  and  would  be  expected  to  produce  the  observed  de- 
pendence on  the  dielectric  strength  is  that  of  solvation 
of  the  complex  as  a  whole,  without  any  ordering  of  sol- 
vent molecules,  which  decreases  the  repulsion  between 
the  oxygens,  thereby  allowing  them  to  take  up  a  more 
cis  position.  Either  mechanism  would  account  for  the 
increased  stabilization  of  the  square-pyramidal  struc- 
ture with  solvent  dielectric  strength,  but  only  if  the  con- 


(28)  H.  M.  McConncIl.  /.  Chem,  Phys.,  25,  709  (1956). 

(29)  R.  N.  Rogers  and  O.  E.  Pake,  ibid.,  33,  1107  (1960). 


formation  of  the  square-based  structure  approaches  I. 
The  observed  changes  in  At  with  solvents  are  quite 
inconsistent  with  structure  II  as  a  limit. 

For  the  3-CHr-NiSAL-DPT  complex,  the  variatioa 
in  At  with  solvent  is  much  smaller  than  that  for  the 
DPT  complex  and  does  not  seem  to  indicate  any  sig- 
nificant dependence  on  dielectric  constant,  except  that 
the  splittings  are  again  largest  in  nitromethane  and 
acetonitrile.  The  variations  in  At  with  solvent  repre- 
sent only  a  10-20  %  deviation  from  the  average,  imply- 
ing that  the  extent  of  nonequivalence  of  the  two  aro- 
matic rings,  and  hence  the  solution  structure,  is  more  or 
less  independent,  or  at  least  does  not  demonstrate  the 
striking  dependence  noted  for  5-CHr-NiSAL-MeDPT. 

Though  the  pmr  spectra  of  the  two  other  methyl- 
substituted  chelates  are  available  for  only  a  very  few 
solvents  due  to  insolubiUty,  as  indicated  at  the  bottom 
of  Tables  III  and  IV,  it  is  observed  that  the  available 
data  are  consistent  with  the  above  conclusions. 

From  Table  I,  we  note  for  the  DPT  series,  where  it 
appears  that  the  ring  substituent  does  not  significantly 
influence  the  splittings  and  thus  the  structure,  that  the 
5-CHg  derivative  pr(xiuces  a  At  ^^  1.3  times  that  for  the 
B-CHj  isomer.  This  ratio  of  i^  1.3  for  the  two  methyl- 
substituted  isomers  holds  also  for  the  MeDPT  series. 
It  can  therefore  be  concluded  that  if  the  structures  of 
5-CHr-NiSAL-MeDPT  and  3-CH^NiSAL-DPT  were 
identical  in  any  given  solvent,  then  their  ratio  of  AtS 
should  also  be  ciil.3.  From  a  comparison  of  At's  for 
the  same  solvent  in  Tables  III  and  IV,  it  is  observed 
that  this  ratio  is  about  O.S  for  the  solvents  of  low  di- 
electric strength  and  increases  to  1.0  for  solvents  with 
high  dielectric  constant.  This  implies  that  the  struc- 
tures of  the  DPT  and  MeDPT  complexes,  or  their 
extents  of  ring  nonequivalence,  differ,  with  the  former 
chelate  possessing  a  more  nonequivalent  pair  of  SAL 
fragments,  but  with  the  difference  between  the  two  series 
of  complexes  decreasing  as  the  solvent  dielectric  strength 
increases.  As  a  strong  solvent  effect  was  observed  only 
for  the  MeDPT  chelates,  and  since  the  difference  in 
solution  structure  for  the  DPT  and  MeDPT  complexes 
was  attributed  to  the  steric  effect  of  the  aminomethyl 
group,  it  appears  that  solvation  tends  to  diminish  the 
importance  of  this  steric  effect. 

This  difference  between  the  two  series  of  complexes 
is  also  evidenced  in  the  temperature  dependence  of  the 
ring  proton  shifts  and  serves  to  support  the  supposition 
that  steric  effects  account  for  the  difference  in  structure, 
as  indexed  by  the  splitting  term,  At.  As  illustrated  in 
Figure  4,  the  isotropic  shifts  for  NiSAL-DPT  follow  the 
Curie  law  exactly,  and  hence  so  do  the  splittings,  S,  as 
expected.  For  the  NiSAL-MeDPT  chelate,  however, 
though  the  shifts  generally  follow  the  Curie  law,  it  is 
noticed,  particularly  for  3-H  and  5-H,  that  the  two 
peaks  for  each  position  diverge  much  more  than  pre- 
dicted by  a  Curie  behavior.  This  is  demonstrated  in 
the  temperature  dependence  of  the  spUttings,  8.  It 
clearly  shows  that  6  for  3-H  decreases  with  temperature 
much  more  slowly  than  predicted  while  8  for  5-H  ac- 
tually increases  with  temperature,  opposite  to  expecta- 
tions. This  effect  can  be  interpreted  such  that  if  the 
smaller  spUttings  for  the  MeDPT  series  arise  because 
steric  effects  tend  to  stabilize  a  more  trigonal-bipy- 
ramidal-like  structure,  where  the  extent  of  ring  non- 
equivalence  is  less  than  in  the  DPT  series,  then  in- 
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g  temperature  would  counter  the  steric  effect 
h  thermal  motion,  making  the  structures  of  the 
ries  more  nearly  identical.  This  minute  change 
cture  is  manifested  in  increasing  8,  though  the 
1  shift  still  follows  the  Curie  law.  This  char- 
dc  difference  in  the  temperature  dependence 
splittings  between  the  DPT  and  MeDPT  chelates 

observed  for  their  two  methyl-substituted  iso- 

The  temperature  data  are  thus  consistent  with 
ative  solvent  sensitivities  and  splittings  for  the 
ies  of  complexes. 

lII  the  foregoing  discussions  on  differences  in 
xe,  and  the  resemblance  of  the  actual  structure  to 
.  it  was  never  possible  to  specify  any  exact  struc- 
ut  only  relative  tendencies.  Perhaps  when  the 
nic  origin  of  the  nonequivalence  and  its  effect 
isotropic  shifts  are  better  understood,  it  will  be 
e  to  make  the  presently  qualitative  results  more 
tative. 

absorption  spectra  indicate  no  significant  changes 
>lvent/  but  it  is  not  known  what  the  limits  are 
ht  changes  in  coordination  geometry  before  they 
st  themselves  in  the  optical  spectrum.    It  could 

the  changes  in  the  Or-Ni-Os  angle,  for  example, 
produce  the  differences  in  splittings  between  the 
.nd  MeDPT  complexes,  and  in  the  various  sol- 
ire  so  small  that  absorption  spectra  could  not  be 
vl  to  display  observable  differences.    In  view 

extreme  sensitivity  of  pnu*  in  detecting  differ- 
in  magnetic  environment,  this  may  well  be  the 
This  further  demonstrates  the  versatility  and 
dty  of  pmr  studies  on  paramagnetic  complexes 
dicates  that  this  technique  could  prove  valu- 
a  studying  the  conformation  of  multidentate 
;  in  complexes  with  unpaired  spins. 

iry 

observed  '^doubling"  of  the  pmr  peaks  in  the 
[>rdinated  complexes  is  attributed  to  the  presence 
ingle  species  in  solution  which  possesses  non- 
lent  salicylaldimine  fragments.  The  magnetic 
livalence  arises  from  the  fact  that  the  two  aromatic 
Qts  see  slightly  different  ligand  fields,  as  indi- 
Q  the  known  X-ray  structure.  The  pmr  spectra 
line  are  consistent  with  octahedral  coordination, 
e  splitting  of  peaks  disappears  or  is  greatly  re- 
The  api>earance  of  a  16-cps  splitting  in  one 
idicates  that  the  conformation  of  the  penta- 
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dentate  ligand  in  the  pyridine  adduct  has  the  salicyl- 
aldimine fragments  bonded  cis  to  each  other. 

Changes  in  the  observed  splittings  are  related  to  slight 
changes  in  solution  structure.  Small  deviations  from 
the  crystal  structure  in  the  direction  of  a  square  pyramid 
with  the  aromatic  rings  cis  to  each  other  increase  the 
extent  of  nonequivalence  of  the  aromatic  rings,  giving 
rise  to  larger  splittings.  The  sum  of  the  splittings  for 
the  four  ring  positions  indicates  that  the  extent  of  ring 
nonequivalence  is  greater  for  the  DPT  than  the  MeDPT 
complexes  and  is  attributed  to  the  steric  effect  of  the 
aminomethyl  group  which  tends  to  favor  a  more  trig- 
onal-bipyramidal  structure.  The  splittings  for  the 
methylene  protons  are  consistent  with  these  conclusions, 
as  are  the  equilibrium  constant  data  for  the  pyridine 
adduct  formation  and  the  temperature  dependence  of 
the  ring  splittings  for  the  two  series  of  complexes. 

The  magnitude  of  the  splitting  parameter  and  hence 
solution  structure  are  shown  to  be  very  solvent  sensitive 
for  the  MeDPT  chelates  and  correlate  well  with  solvent 
dielectric  strength.  The  increase  of  splittings  with  sol- 
vent strength  indicates  that  the  structure  tends  to  ap- 
proach a  square-pyramidal  structure  with  the  SAL  cis 
to  each  other.  The  solvent  effect  is  interpreted  as  aris- 
ing from  preferred  solvation  of  the  square-pyramidal 
over  the  trigonal-bipyramidal  structure,  apparently 
working  to  counter  the  steric  effect  of  the  aminomethyl 
group.  The  temperature  dependence  of  the  splittings 
confirms  this  assumption.  For  the  DPT  chelates,  the 
splittings  and  solution  structure  are  insignificantly  af- 
fected by  either  solvent  or  temperature.  The  ability  to 
observe  these  changes,  in  spite  of  the  fact  that  absorption 
spectra  are  essentially  independent  of  substituents  or 
solvent,  is  related  to  the  much  greater  sensitivity  of  the 
pmr  method. 
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Abstract :  This  work  concerns  an  investigation  of  those  considerations  involved  in  the  evaluation  of  the  off-diagonal 
matrix  elements  which  arise  in  molecular  orbital  calculations  for  metal  complexes.  The  use  of  FGitiHa  +  Hii)l2 
and  related  attempts  to  correlate  Ha  with  the  group  overlap  integrals,  Ga,  by  a  multiplicative  factor,  F,  is  examined 
from  theoretical  considerations  and  calculational  results.  It  is  shown  that  terms  of  considerable  magnitude,  which  do 
not  vary  as  functions  of  the  overlap  integrals,  make  substantial  contributions  to  the  off-diagonal  elements.  Hence, 
unpredictable  fluctuations  in  the  F  factor  occur,  and  the  need  for  wide  variations  in  the  choices  of  F  factors  in  pre- 
vious calculations  is  understood.  Evidence  is  also  presented  which  indicates  that  sums  of  two-center  electrostatic 
interaction  integrals  vary  from  complex  to  complex  in  a  fashion  analogous  to  the  corresponding  nuclear  attraction 
integrals.  Consequently,  indications  are  that  the  former  integrals  may  be  evaluated  from  the  latter  in  a  systematic 
way. 


Since  the  introduction  of  the  Wolfsberg-Helmholz 
calculations^  for  the  evaluation  of  the  electronic 
energy  levels  in  transition  metal  complexes,  the  matrix 
elements  in  the  secular  determinant,  \Hi^  —  £G<^ 
have  been  approximated  by  a  variety  of  techniques. 
In  a  previous  paper',  we  emphasized  the  importance  of 
including  the  two-center  Coulomb  and  exchange  in- 
tegrals as  well  as  the  free-ion  orbital  energies  for  the 
evaluation  of  the  metal  and  ligand  diagonal  terms. 
Other  authors  ^*  have  introduced  similar  adjustments 
to  the  diagonal  terms  using  various  means  for  approxi- 
mating the  integrals  involved.  However,  most  of  these 
authors  have  continued  to  use  an  approximation  for  the 
off-diagonal  matrix  element  which  involves  the  overlap 
integral,  Sij,  or  the  group  overlap  integral,  G<^.  It  is 
the  purpose  of  this  paper  to  examine  the  relation  be- 
tween the  overlap  integral  and  the  off-diagonal  matrix 
element. 

It  is  interesting  to  note  the  various  attempts  to  system- 
atize the  relationship  between  Sij  and  the  off-diagonal 
term.  The  original  Wolfsberg-Helmholz  calculation* 
set  Hii  =  FGi^Hu  +  H^i)l2  with  F^  =  1.67  and  F, 
=  2.00.  Yamatera'  used  the  same  expression  for  his 
calculations  on  Co(NHj)6^'.  The  self-consistent  charge 
and  configuration  (SCCC)  method  as  originally  applied 
by  Ballhausen  and  Gray*  to  the  vanadyl  ion  employed 
Hii  =  FGijVHuHjj  with  F^  =  F,  =  2.00.  Among 
others,  this  relation  has  been  employed  by  Lohr  and 
Lipscomb',  Fischer,^®  Johansen  and  Ballhausen, ^^ 
and  in  several  applications  by  Gray  and  co-workers.  ^2"^* 


(1)  Abstracted  in  part  from  the  thesis  submitted  by  D.  D.  Radtke  in 
partial  fulfillment  of  the  requirements  for  the  degree  of  Doctor  of 
Philosophy  at  the  University  of  Wisconsin. 

(2)  M.  Wolfsberg  and  L.  Helmholz,  /.  Chem.  Phys.,  20,  837  (1952). 

(3)  R.  F.  Fenske,  K.  G.  Caulton,  D.  D.  Radtke,  and  C.  C.  Sweeney, 
Inorg.  Chem.,  5,  951  (1966). 

(4)  L.  Oleari.  G.  DeMichelis.  and  L.  DiSipio,  Mol  Phys.,  10,  1 1 1 
(1966). 

(5)  C.  K.  Jprgensen,  S.  M.  Horner,  W.  E.  Hatfield,  and  S.  Y.  Tyrec, 
Jr.,  to  be  published. 

(6)  G.  Ciullo,  Symposium  on  Theoretical  Aspects  of  Coordination 
Compounds,  Venice,  Italy,  1966;  Coord.  Chem.  Rev.,  in  press. 

(7)  H.  Yamatera,  /.  Inst.  Poly  tech.,  Osaka  City  Univ.,  Ser,  C,  5,  163 
(1956). 

(8)  C.  J.  Ballhausen  and  H.  B.  Gray,  Inorg.  Chem.,  1,  111  (1962). 

(9)  L.  L.  Lohr  and  W.  N.  Lipscomb,/.  Am.  Chem.  Soc.,  85, 240 (1963). 

(10)  R.  D.  Fischer,  Theoret.  Chim.  Acta,  1,  418  (1963). 

(11)  H.  Johansen  and  C.  J.  Ballhausen,  MoL  Phys.,  10,  175  (1966). 


However,  Cotton  and  Haas^^  have  pointed  out  that  in 
a  series  of  ammine  complexes,  F,  had  to  be  varied  from 
1.82  to  2.30  in  order  to  obtain  agreement  with  experi- 
mental values  of  A  =  10 Dq,  Similarly,  the  more,  recent 
applications  of  the  SCCC  method  to  haUde  and  oxide 
complexes  *•  used  F,  =  2.10  with  F,  slowly  varying  from 
1.S3  to  1.81.  In  all  of  these  calcuations,  the  diagonal 
term  consisted  only  of  the  free  ion  orbital  energy  and/or 
the  ionization  potential  of  the  corresponding  hydride. 

Other  variations  for  Ht^  have  been  presented.  Cu- 
sachs"  suggested  Ht^  =  (2  -  \Si)\)(Hu  +  Hfj)Gijl2, 
while  Yeranos^*  offered  Hi^  =  FGiJi2(HuHj;)/(Hu  + 
Hjj)],  and  Kettle^'  employed  the  simplest  relation, 
Hij  =  KSi^  with  /c  as  a  variable. 

A  further  complication  arises  with  the  introduction  of 
the  two-center  Coulomb  integrals  in  the  evaluation  of 
Hu  and  Hj^.  Hu  =  €«  +  Coulomb  repulsion  terms. 
€u  is  the  orbital  energy  of  the  electron  in  the  free  ion 
which  is  frequently  approximated  by  the  negative  of  the 
valence-state  ionization  energy  of  the  appropriate  free 
ion.  The  two-center  Coulomb  repulsion  integrals  are 
positive.  The  effect  of  the  latter  terms  is  to  raise  the 
values  of  Hu  and  Hjj  appreciably  above  their  original 
negative  values,  that  is,  to  make  them  smaller  in  ab- 
solute value. 

Indeed,  it  is  possible  and  actually  occurs^  that  in 
complexes  of  high  negative  charge,  FeFe"'  or  CrCl«~', 
for  example,  at  self-consistent  charge  the  Coulomb  re- 
pulsion terms  are  larger  in  magnitude  than  the  orbital 
energies  for  the  metal  3d,  4s,  and  4p  orbitals  so  that  Hu 
for  the  metal  is  positive.  Such  a  situation  is  possible 
because  the  calculations  do  not  include  the  positive 
ions  of  the  species,  for  example,  the  K+  ions  in  KsTiF«, 
which  are  presumed  to  add  simply  a  constant  potential 

(12)  A.  Viste  and  H.  B.  Gray,  Inorg.  Chem.,  3,  1 1 13  (1964). 

(13)  P.  T.  Manoharen  and  H.  B.  Gray,  /.  Am.  Chem.  Soc.,  87,  3340 
(1965). 

(14)  E.  I.  Stiefel,  R.  Eisenberg,  R.  C.  Rosenberg,  and  H.  B.  Gray, 
/6/</.,  88,  2956(1966). 
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(17)  L.  C.  Cusachs,  ibid.,  43,  1575  (1965). 
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(20)  R.  F.  Fenske,  K.  G.  Caulton,  D.  D.  Radtke,  and  C.  C  Sweeney, 
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system.  At  the  same  time,  the  ligand  diagonal 
Hji^  is  negative  so  that  use  of  the  root-mean- 
method  results  in  imaginary  values.  To  cir- 
it  this  dilemma,  Ros^^  returned  to  the  original 
)erg-Helmholz  average.  But  even  this  method 
id  to  difficulty  in  terms  of  the  coefficients  in  the 
liar  orbitals.  Consider  solving  the  secular 
3n  for  the  eigenvalues 

,3d)  -  £]  +  6[/f(3d,3p)  -  £:G(3d,3p)]  =  0     (1) 

ji  expression  can  arise  in  the  solution  of  a  2  X 
ix  involving  FeCU""',  for  example.  The  term  a 
coefficient  of  the  metal  3d  wave  function  in  the 
liar  orbital,  while  b  is  the  coefficient  for  the  sym- 
adapted  ligand  orbitals.  /f(3d,3d)  is  the  metal 
al  matrix  element,  /f(3d,3p)  is  the  off-diagonal 
«tween  the  3d  and  3p  orbitals,  and  G(3d,3p) 

positive  overlap  integral.  Consider  the  case 
^(3d,3d)  is  positive  and  i/(3p,3p)  is  sUghtly 
^e  in  value.**    The  energy  of  the  bonding  orbital, 

be  more  negative  than  either  /f(3d,3d)  or  H 
I  so  that  [/f(3d,3d)  -  £]  as  well  as  -£G(3d,3p) 
positive. 
1  for  a  positive  value  of  a 


Substitution  of  these  terms  into 


6  =    - 


fl[/f(3d,3d)  -  E\ 
/f(3d,3p)  -  £G(3d,3p) 


(2) 


0  have  a  positive  value  in  keeping  with  the  bond- 
iracter  of  the  orbital,  not  only  must  /f(3d,3p)  be 
'e  but  it  must  be  larger  in  absolute  value  than 
,3p).    But  if  one  uses 

/f(3d,3p)  =  FC7[/f(3d,3d)  +  i/(3p,3p)]/2 

lie  Coulomb  terms  included  for  the  diagonal 
it  can  and  does  occur  that  |/f(3d,3d)  |  >  \H 

1  so  that  /f(3d,3p)  is  positive  and  one  is  led  to 
oneous  conclusion  that  the  bonding  orbital  is 
iding  in  character.  In  any  event,  the  off-di- 
term  is  substantially  decreased  in  magnitude  if 
sraluated  from  the  Ha  terms  in  this  way. 
situation  cannot  be  rectified  simply  by  the  addi- 

the  diagonal  terms  of  some  arbitrary  negative 
al  that  will  allow  both  terms  to  become  negative. 
ciple,  the  addition  of  such  a  term,  — Z,  to  the 
onian  should  not  alter  the  calculated  energy 
E^  relative  to  each  other  or  to  the  starting  levels, 
i  H^i.  Without  loss  of  generality,  this  can  be 
ted  by  recourse  to  a  simplified  1  X  1  secular 
inant  in  which  Ha  =  H^j.    Then 

{Hu  -  £)*  -  (//,,  -  EG,,y  =  0  (3) 

E,  =  {Hu  -  H,m  -  Gi,)  (4) 

Si  -  /f„  =  [(//«  -  H,m  -  G,,)]  -  Hu      (5) 

stant  potential  for  the  diagonal  terms  yields 
|^<)  =  —Z  so /fi/ becomes 


Hii    =   Hii  —  Z 


(6) 


B  off-diagonal  term,  one  obtains  — Z(^<|^^)  = 
so  Hi/  becomes 


Hi/  =  Hij  —  ZGij 


(7) 


yields 


{Hu'  -  Er  -  {H,/  -  E'Gi,y  =  0 


El'  =  [(Hu  -  H,m  -  (7«)]  -  Z 
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(8) 


(9) 


Ros  and  G.  C.  A.  Schriut,  Theoret,  Chim.  Acta,  4,  1  (1966). 
lis  ntuation  is  not  fictional  but  has  occurred  frequently  in  our 
>ni  dealing  with  complexes  with  —  3  charges. 


Then,  E/  —  Ha'  =  JFi  —  Ha,  and  constancy  of  the 
levels  relative  to  one  another  is  maintained.  But  this 
relation  holds  only  if  Hi/  =  Hi^  —  ZGtj.  If  one  applies 
the  Wolfsberg-Helmholz  approximation  for  the  off- 
diagonal  term,  then  for  Hu  =  Hjj 

Hij  =  FGijHii 

However,  for  Hi/,  one  obtains 

Hi/  =  FGi/^Hii  •-Z)  =  Hij'-  FGijZ        (10) 

The  requirement  of  unchanging  relationships  between 
the  levels  is  maintained  only  if  F  =»  1.00.  Since  this  is 
never  the  case,  introduction  of  a  constant  potential  to 
the  diagonal  terms  would  be  equivalent  to  the  addition 
of  another  variable  to  the  calculations,  subtly  altering 
the  value  of  the  off-diagonal  term  depending  on  the  size 
of  the  chosen  potential. 

As  an  alternative  to  the  foregoing  undesirable  state 
of  affairs,  Oleari,  et  al.,^  have  chosen  to  set  Hij  = 
FGi/^€ii  +  €jj)f2  where  the  e's  are  the  orbital  energies 
and  F  =  1.00  for  all  interactions  with  ligand  p  orbitals 
and  F  =  0.30  for  metal-ligand  interactions  involving  the 
ligand  s  orbitals.  This  removes  the  dilemma  as  to  sign 
for  the  off-diagonal  terms.  However,  as  will  be  shown, 
it  is  our  belief  that  the  absolute  magnitudes  of  the  terms 
are  too  small. 


Theoretical  Consideratioiis 

Throughout  the  course  of  all  the  various  attempts  to 
approximate. the  off-diagonal  terms,  the  considerations 
advanced  by  Richardson,^'  in  an  A.E.C.  publication 
which  unfortunately  achieved  only  limited  distribution, 
have  been  overlooked.  Richardson  shows  that  by 
application  of  the  Mulliken^^  multicenter  integral 
approximation  to  both  Coulomb  and  exchange  parts 
of  the  Fock  operator  in  Roothaan's  method  for  closed 
shells,  the  one-electron  operator  becomes 

//=  -V2A+  Km  +  EK^ 

J 

where  —  V2A  is  the  kinetic  energy  operator.  Km  is  the 
potential  energy  due  to  the  nucleus  and  electrons  of  the 
metal,  and  Vj  corresponds  to  the  nucleus  and  electrons 
of  the  /th  ligand.  Additional  information  concerning 
the  operator  forms  of  the  potentials  can  be  found  in  our 
recent  publication. ' 

Consider  the  matrix  element  (<^<|5C|xi),  where  xt 
is  a  metal  wave  function  and  <^<  is  a  symmetry-adapted 
linear  combination  of  ligand  wave  functions,  p<^,  over 
the  j  ligands.  Then  (<^<|5C|xO  =  C(pa|3C|xO  where 
the  constant,  C,  is  the  same  coefficient  which  relates  the 
diatomic  overlap,  5(prt,x<)  to  the  group  overlap 
G(<^f,X<)-    Then  the  matrix  element  can  be  written  as 

(23)  J.  W.  Richardson  and  R.  E.  Rundle,  **A  Theoretical  Study  of  the 
Electronic  Structure  of  Transition  Metal  Complexes,"  Ames  Labora- 
tory, Iowa  State  College,  ISC-830,  U.  S.  Atomic  Energy  Commission* 
Technical  Information  Service  Extension,  Oak  Ridge,  Tenn.,  1956. 

(24)  R.  S.  Muniken,  /.  Chim,  Phys,,  46,  497,  675  (1949). 
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(*i|X|xi)=CJ(pn|-V2A+KM|xO  + 

(pa|E  Ki|Xi)  +(Pa\Vi\xi)i     (H) 

For  computational  reasons,  the  foregoing  expression  is 
a  convenient  form  for  the  matrix  element.  However, 
since  the  Hamiltonian  is  Hermetian,  it  is  also  possible 
to  write  the  off-diagonal  term  as 

(Xi|5C|<^0  =  Cj(xi|-V2A  +  Kilpa)  + 

(Xi|.EK,|pa)+(x<|KM|Pii)j     (12) 

If  one  makes  the  reasonable  approximation  that  xt 
is  an  eigenfunction  of  —  Vj^  +  ^m  and  correspond- 
ingly Pa  is  an  eigenfunction  of  —  V«^  +  ^u  then  the 
first  term  in  (<^i|3C|xO  and  (x<|^|<^<)  becomes  exiS 
(PiuXi)  and  epi^S(j}iuXi)  respectively.  By  considering 
the  off-diagonal  term  as  H{if>uxd  =  VJC^^^I^IxO 
+  (Xi|^k<)l>  one  can  write 

H{4>uXd  =  C{^'"^  +  W^(PnxO  +  (pn|E/.|x.) 

V2[(Pu|KM|JifO  +  (Pa|Ki|x01    (13) 

Note  that  when  the  first  term  in  the  brackets  is  multi- 
plied by  C  it  becomes  (ex*  +  ^pi^G{4>uXi)l'^  which  is 
identical  with  the  Wolfsberg-Helmholz  relationship  for 
F  =  1.00.  This  latter  value,  it  will  be  recalled,  was 
employed  by  Oleari,  et  al.  *  Thus,  their  approximation 
assumes  the  additional  Coulomb  terms  cancel  one 
another.  Correspondingly,  as  Richardson  pointed 
out  long  ago,"  the  use  of  F  factors  larger  than  1.00  in 
the  off-diagonal  term  attempts  to  correct  by  multi- 
plicative  factors  for  the  added  potential  terms.  What 
Richardson  was  not  in  a  position  to  do  at  the  time  was 
to  explore  the  reasonableness  of  an  approximation 
involving  the  overlap  integral,  S'(pii,x<),  for  evaluation 
of  the  two-  and  three-center  electrostatic  interactions. 
As  a  by-product  of  our  recently  completed  calculations 
on  chloride  complexes  in  octahedral  and  tetrahedral 
symmetry,  25  we  have  reached  the  conclusion  that  esti- 
mations of  the  electrostatic  interaction  and  nuclear 
attraction  integrals  involved  in  H(<l>uXi)  cannot  be 
systematically  made  from  the  corresponding  overlap 
integral.  Consequently,  it  is  not  surprising  that  off- 
diagonal  terms  which  are  estimated  from  a  product 
function  involving  overlap  integrals  should  require  sub- 
stantial adjustments,  by  variable  F  factors  and  the  other 
cited  methods,  when  going  from  one  compound  to  the 
next.  Furthermore,  it  does  not  seem  likely  that  prod- 
uct functions  involving  the  overlap  integral  only  can  be 
systematized  to  reliably  reproduce  the  value  of  the 
off-diagonal  matrix  elements.  Calculational  evidence 
of  these  conclusions  is  given  in  the  next  section. 

Calcidatioiis 

Examination  of  eq  13  suggests  that  the  Wolfsberg- 
Helmholz  approximation  for  the  off-diagonal  matrix 
element  would  be  adequate  from  one  complex  to  an- 
other if  one  of  two  situations  applied :  (1)  the  additional 
terms,  (pn|2K^|x<),  etc.,  nearly  cancel  one  another  so 
that  the  dominant  term  in  the  expression  for  H{4>uxd 
is  CS(piuxd(^x<  +  €a<i)/2;  (2)  the  additional  terms  dis- 

(25)  R.  F.  Fenske  and  D.  D.  Radtke,  submitted  for  publication. 


play  the  same  variations  from  orbital  to  orbital  and 
compound  to  compound  as  do  the  corresponding 
overlap  integrals.  Unfortunately,  neither  situation 
appears  to  hold. 

The  Magnitude  of  the  Additional  Terms.  Consider 
the  evaluation  of  the  terms  for  H{(t>uXii  as  given  in  eq 
13.  As  we  have  previously  indicated,'  the  values  of 
txij  ^pii9  and  S(piuXi)  present  no  computational  prob- 
lems once  appropriate  consideration  is  given  to  the 
charges  and  configurations  of  the  metal  and  ligand 
species.  Furthermore,  it  is  quite  reasonable  to  approx- 
imate the  three-center  interactions  by 

(Piij  .E  K,|x.)  =  -  Z  q^lh I  PaX^)  (14) 

where  qj  is  the  calculated  charge  on  the  ligand  y  as  ob- 
tained from  a  Mulliken  electron  population  analysis** 
and  (l/^ilpaxO  is  a  three-center  nuclear  attraction 
integral.  The  two  remaining  terms,  (p<i|Km|x<)  and 
(palVilxiX  require  special  consideration.  In  terms 
of  our  previous  techniques, '  the  explicit  forms  of  these 
terms  are 

(Pfl  I  Ki  I  x»)  =  Z  5*i{  2(pap«  I  p,ix»)  - 

k 

(pkipa  I  pjtiX.) }  -  Zi(l/ri  I  p,iX.)    (15) 

(pa  I  Via  I  Xf)  =  Z  ^itM  { 2(XkXk  I  Pnxd  - 


(XikP.1 1  XitX.) }  -  Zu(Mrui  I  PflXf)    (16) 


where 


(M^IM^)  =  /^a*(l)Wl)l/ri2^c*(2)W2)  dr 
(l/rM|^a^»)  =  /^a*(l)l/rM^5(l)  dr 

dkM  and  iki  are  the  fractions  of  the  electron  in  the  A:th 
occupied  orbital  on  the  metal  and  ligand  1,  respec- 
tively, as  determined  from  the  electron  population 
analysis.  For  simplicity  it  is  assumed  that  all  inner- 
shell  electrons,  for  example,  those  below  the  3d  in  the 
metal  and  below  the  3s  on  a  chlorine  ligand,  can  be 
incorporated  into  Zm  and  Zi  which  then  represent  the 
core  potentials  rather  than  the  nuclear  charges.  Even 
with  this  simplification  the  number  of  different  two- 
center  electrostatic  interaction  integrals  associated  with 
eq  16  becomes  quite  large  when  Xit  includes  the  3d, 
4s,  4p,  and  4d  metal  wave  functions  with  two  or  more 
Slater  functions  for  each  of  the  radial  terms.  The 
routine  evaluation  of  all  these  integrals  is  computa- 
tionally time  consuming  and  expensive,  particularly 
when  one  considers  the  many  off-diagonal  terms  in- 
volved in  Ip.iXi).  It  is  for  this  reason  that  for  routine 
calculations  we  have  chosen  to  evaluate  H{4>uXii  by 
eq  11,  since  the  evaluation  of  (p*iP*i|p,iX,)  in  (p,i- 
I  Fi|x<)  need  be  summed  only  over  k  =  ns  and  zip. 

In  the  course  of  some  recently  completed  computa- 
tions,** we  had  an  opportunity  to  investigate  the  off- 
diagonal  term  represented  by  eq  13  within  the  frame- 
work of  our  computational  technique.  If  one  makes 
the  assumption*'  that  the  3d  orbitals  are  the  only  outer 
metal  orbitals  sufficiently  contracted  to  result  in  a  mean- 
ingful transfer  of  electron  density  to  the  metal  and  hence 
one  can  limit  the  electron  population  analysis  to  these 
orbitals,  then  (p,i|  KmIxO  becomes  more  computationally 
tractable.    We  have  examined  this  and  the  other  terms 

(26)  R.  S.  Mulliken,  /.  Chem,  Phys,.  23. 1833  (1955). 
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of  the  off-diagonal  element  for  H(3da,3p(ri)  and  H 
(3dT,3piri)  in  FeCU"'  at  a  self-consistent  charge  on  the 
metal  of  +1.75.  Within  the  framework  of  the  Slater 
average  of  configuration  approximations  the  calculated 
values  for  the  various  terms  are  summarized  in  Table  I. 


Table  n.    F  Values  for  F5(<x<  +  «p<i)/2  =  (p«  1 3C  |  x  J 


TiUe  I.    Terais  in  (3p(ri|(K:|3d(r)  and  (3pTi|3C|3dT)  of FeCU 


-• 


(3p(ri,3d(r) 


(3pTi,3dT) 


3d  orbital  energy,  ev 
3p  orbital  energy,  ev 

(P.1  VulXi^cv 
ipa  Ki|xO,ev 
^(Pa»X»),eql3,ev 
H[Pn,Xi),tqll,cv 
S(€*i  +  «n.)/2 
F 


0.074 
-28.49 
-6.86 
+1.40 

-3.07 
-1.30 
-2.09 
-2.01 
-1.31 
1.60(1. 54)- 


0.044 
-28.49 
-6.86 
+0.89 

-1.42 
-0.42 
-0.81 
-0.77 
-0.78 
1.04(0.99)» 


*  The  F  value  in  parentheses  is  that  required  to  obtain  agreement 
between  FSie^d  +  esp)/2  and  H(PayXi)  obtained  from  eq  11.  The  F 
value  not  in  parenth^es  is  needed  to  duplicate  H(Pn,Xi)  by  eq  13. 


First  of  all,  one  notes  that  there  is  very  good  agree- 
ment between  the  values  of  /^(P,i,X,)  determined  by  eq 
11  and  13.  When  one  considers  the  necessary  ap- 
proximations in  each  of  these  computations,  such  agree- 
ment is  very  satisfying.  At  the  very  least  it  indicates 
a  substantial  degree  of  internal  consistency  within  the 
model  framework.  It  might  also  be  noted  in  passing 
that  the  addition  of  a  constant  potential  to  the  Hamil- 
tonian  operator  for  the  diagonal  terms  offers  no  di- 
lemma for  the  off-diagonal  elements  as  given  by  eq  11 
or  13  since  they  would  increase  by  the  value  —ZG 
((t>uXi)  as  required  to  maintain  the  previously  mentioned 
constancy  of  separation  between  the  eigenvalues. 

It  is  also  apparent  that  the  formula,  FSiPn^Xi)- 
(^x»  +  *Pa)/2  with  F  =  1,  does  occasionally  yield  a 
value  for  the  off-diagonal  term  which  is  approximately 
correct,  as  in  the  case  of  (3p7ri|5C|3d7r)  for  FeCU""'. 
However,  the  relationship  is  not  generally  applicable 
as  indicated  by  the  values  for  (Spo-ilJClSdcr).  In 
general,  the  additional  terms  in  eq  13  do  not  cancel  one 
another,  and  they  have  an  important  influence  on  the 
value  of  the  off-diagonal  term. 

If  one  assumes  that  the  good  agreement  between 
results  from  eq  11  and  13  is  maintained  for  other  ofi"- 
diagonal  matrix  elements,  and  that  the  values  obtained 
by  these  equations  are  good  estimates  of  the  matrix 
elements,  it  is  a  simple  task  to  examine  the  trends  in 
F  values  necessary  to  obtain  agreement  between  FS- 
(txi  +  €p<^/2  and  the  values  from  eq  11.  The  F  values 
for  the  two  complexes,  FeCle"'  and  FeClr,  are  sum- 
marized in  Table  11.  The  wide  variations  in  the  values 
for  F  within  and/or  between  the  two  complexes  strik- 
ingly illustrates  the  futility  of  attempting  to  achieve 
identity  between  the  sets  of  off-diagonal  terms  by  means 
of  one  or  two  fixed  values  of  F.  It  is  obvious  that  the 
variations  in  the  off-diagonal  terms  cannot  be  system- 
atically related  to  the  changes  in  overlap  only. 

VariatJons  of  the  T^rms  from  Complex  to  Complex. 
There  is  additional  evidence  that  one  cannot  expect  a 
simple  correlation  of  overlap  with  the  corresponding 
off-diagonal  element.  This  is  exemplified  by  examina- 
tion of  the  trends  in  the  term  (Pfi|Ki|xi)9  whose  ex- 


(3d<r,3s) 

(3d<r,3p<r) 

(3dT,3pT) 

(4s,3s) 

(4s,3p(r) 

(4p(r,3s) 

(4p<r,3p<r) 

(4pT,3pT) 

(4d<r,3s) 

(4d<r,3p<r) 

(4dT.3pT) 


FeClr« 

FeQr 

(4.50  au>» 

(4.14au>» 

1.28 

1.70 

1.53 

2.18 

0.99 

1.60 

1.32 

1.73 

0.86 

1.57 

1.36 

1.81 

0.87 

2.69 

0.62 

1.41 

1.45 

2.06 

2.75 

4.49 

0.22 

1.58 

'  Intemuclear  distance  between  the  metal  and  chlorine  atoms. 


plicit  form  is  given  in  eq  15.  For  simplicity  of  dis- 
cussion, it  is  convenient  to  examine  eq  IS  in  the  ionic 
limit,  that  is,  5*1  =  1  for  /c  =  3s  and  3p.  In  this  case, 
the  two-center  electrostatic  interaction  integrals  then 
become 

S    2(p»iptt  I  p,ix<)  -  (pjtiPfi  I  P*iXf) 

ik«38,3p 

In  our  previous  paper*  we  suggested  that  this  summa- 
tion might  be  approximated  by  the  relationship,  7R' 
(l//'i|p»iXf)>  where  (l/ri|p,ix»)  is  the  two-center  nuclear 
attraction  integral,  the  value  of  7  accounts  for  the 
summation  over  the  s  and  p  orbitals,  and  /{  is  a  con- 
stant which  depends  upon  pn  and  x*-  We  have  now 
obtained  some  substantiation  that  the  assumption 
implicit  in  our  previous  work  has  vaUdity,  namely,  that 
the  value  of  i^  for  a  given  off'-diagonal  term  is  essentially 
invariant  to  changes  in  metal  wave  function,  ligand 
wave  function,  and  internuclear  distance.  To  test  this 
relationship,  we  carried  out  computations  of  the  two- 
center  interactions"  for  three  chloride  and  two  fluoride 
complexes  involving  octahedral  and  tetrahedral  sym- 
metry with  internuclear  distances  ranging  from  1.93  to 
2.38  A.  The  values  of  R  for  the  metal  3d  interactions 
with  the  ligand  /is  and  zip  orbitals  were  then  computed 
from  the  equation 

7i^(l/ri|p,ix,)  ==   Z   2(pMp*i|paX.)  -  (p*iP.i|p*iXf) 

(17) 

The  R  values  corresponding  to  a  given  pn  and  Xt 
are  given  in  the  first  part  of  Table  III.    Two  conclusions 

Table  m.    R  and  /  Values  as  a  Function  of  the  Complex 


Tia* 

CrCl«-« 

FeCl«-« 

CrF.-«     NiFr 

(2.18A)(2.34A)(2.38A)(1.93A)(2.01A) 

/?(3d<r,/is) 

0.78 

0.76 

0.77 

0.76       0.79 

R(36ff^a) 

0.84 

0.83 

0.84 

0.83        0.86 

R(3dir,npT) 

0.88 

0.88 

0.90 

0.88        0.90 

f(3da,ns) 

0.43 

0.39 

0.38 

0.61        0.56 

f(3d<r/ip<y) 

0.46 

0.44 

0.42 

0.60       0.55 

/(3dT^T) 

0.36 

0.34 

0.33 

0.45        0.42 

can  be  drawn:  (1)  each  set  (p,i,Xi)  has  its  appropriate 
value  of  R;  (2)  the  variations  of  R  values  with  changing 
ligands,  metals,  symmetries,  and  distances  are  within 

(27)  The  two-center  electrostatic  interaction  program  adapted  to  the 
Control  Data  Corp.  computers  was  kindly  supplied  to  us  by  Professor 
F.  A.  Matson,  Molecular  Physics  Group,  University  of  Texas,  Austin, 
Tex. 
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4%  of  one  another.  This  latter  conclusion  suggests 
that  changes  in  electrostatic  interactions  of  the  type 
given  by  the  right-hand  side  of  eq  17  result  in  a  similar 
change  in  the  corresponding  nuclear  attraction  integral. 
Having  once  determined  the  appropriate  R  values  by 
exact  calculation  of  the  electrostatic  interactions  for 
one  complex,  one  may  use  the  same  R  values  for  related 
species  with  reasonable  confidence.  That  this  same 
relation  does  not  hold  true  for  the  overlap  integrals  is 
indicated  by  the  values  of/ in  Table  III  calculated  from 
the  relationship 

IfSipiuXi)  =     Z     2(p*ipjn  I  piixd  -  (p*iPfi  I  Pkixd 

k  -  38.3p 

As  indicated  by  the/ values,  the  range  of  values  within 
the  chlorides  is  of  the  order  of  10%  and  changing  from 
chloride  to  fluoride  complexes  alters  the  /'s  by  about 
30%.  Thus,  it  is  apparent  that  a  single /factor  times 
the  overlap  integral  is  incapable  of  properly  approxi- 
mating this  important  term  in  the  off-diagonal  matrix 
element. 

By  a  similar  study,  it  is  possible  to  show  that  there  is 
no  consistent  relation  between  the  overlap  integral, 
S(p»i,x«)»  and  the  three-center  term,  (p,i|  Yj  ^ilxi)» 
in  the  off-diagonal  element.  -^"^ 


Summary 

It  seems  fairly  clear  that  the  use  of  F  factors  which 
multiply  the  overlap  integrals  is  incapable  of  consistent 
approximation  of  the  off-diagonal  matrix  elements. 
On  the  contrary,  there  is  good  indication  that  the  addi- 
tional terms  given  by  eq  1 1  or  1 3  are  related  to  the  corre- 
sponding nuclear  attraction  integrals.  Since  it  has  been 
shown  that  the  relative  positions  and  separations 
of  the  final  energy  levels  are  sensitive  functions  of  the 
off-diagonal  terms,  it  is  not  inconceivable  that  energy 
levels  in  systems  of  low  symmetry,  such  as  tetragonal  or 
square-planar  symmetry,  might  be  incorrectly  ordered 
in  calculations  in  which  the  off-diagonal  terms  have 
been  related  to  overlap  integrals. 

On  the  other  hand,  it  appears  that  the  relation  given 
by  eq  17  offers  a  convenient  method  to  circumvent  the 
time-consuming  and  expensive  calculation  of  the  two- 
center  electrostatic  interaction  integrals. 
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Abstract:  a-Dimethylaminomethylnaphthalene  was  lithiated  with  /i-butyllithium  in  ether-hexane  to  form  a  mix- 
ture of  the  8-  and  2-lithioamines  in  which  the  former  predominated  in  a  ratio  of  about  91 : 9;  this  was  shown  by 
treatment  of  the  mixture  with  benzophenone  and  nmr  analysis  of  the  resulting  carbinolamines.  The  8  derivative 
was  isolated  in  58  %  yield,  suggesting  a  useful  new  route  for  the  synthesis  of  peri  compounds.  /3-Dimethylamino- 
methylnaphthalene  was  treated  similarly  to  produce  a  mixture  of  the  3-  and  1-lithioamines  in  a  ratio  of  about 
55:45;  aiter  treatment  with  benzophenone,  the  2,3-disubstituted  naphthalene  compound  was  isolated  in  25% 
yield.  These  lithioamine  ratios  were  found  not  to  change  significantly  over  a  wide  range  of  lithiation  times. 
Independent  syntheses  of  three  of  the  four  carbinolamines  indicated  above  were  carried  out  and  some  further  reac- 
tions of  these  compounds  were  effected. 


Recently,'  benzyldimethylamine  (1)  was  lithiated 
with  n-butyllithium  in  ether-hexane  to  form  o- 
lithioamine  1^  which  was  condensed  with  benzophe- 
none to  give  carbinolamine  2.  This  product  was 
converted  to  several  derivatives. 

OCHjNCOWj    f^^'^NCCHa)      (^CH^(CHs)2 
^  r  OH 


In  the  present  investigation,  a  similar  study  was  made 
of  a-  and  jS-dimethylaminomethyhiaphthalenes  which 
promised  to  be  of  special  interest  because  of  the  possi- 
bility of  lithiation  at  two  nonequivalent  positions  in 
each  case. 

Results  with  a-Dimethylaminomethylnaphthalene  (3). 
This  amine  might  conceivably  undergo  lithiation  at 
either  the  8  position  to  form  lithioamine  3a  ^  or  the 
2  position  to  form  lithioamine  3b';  condensations  of 
3a'  and  3b'  with  benzophenone  would  afford  carbinol- 
amines 4a  and  b,  respectively  (Scheme  I). 

This  lithiation-condensation  reaction  was  found  to 
afford  largely  carbinolamine  4a,  which  was  readily  iso- 
lated in  58%  yield.  The  crude  reaction  product,  ob- 
tained in  about  79%  yield,  was  shown  by  thin  layer 
chromatography  (tic)  to  consist  not  only  of  4a  but  also 
of  another  component,  presumably  the  isomeric  car- 
binolamine 4b;  evidence  for  4b  as  the  minor  product  is 
presented  below.  Actually,  predominant  ortho  lithia- 
tion of  3  leading  to  4b  had  been  expected,  since  such 
ortho  lithiation  of  amine  1  occurs  exclusively.  *••    The 

(1)  Supported  by  the  Petroleum  Research  Fund  administered  by  the 
American  Chemical  Society  and  by  the  Army  Research  Office  (Dur- 
ham). 

(2)  F.  N.  Jones,  R.  L.  Vaulx,  and  C  R.  Hauser,  /.  Org.  Chem.,  28, 
3461  ri963). 

(3)  For  further  demonstration  of  the  strong  tendency  of  the  lithium 
atom  to  occupy  an  ortho  posittion  in  lithioamine  1'  see  W.  H.  Puter- 
baugh  and  C  R.  Hauler,  /.  Am,  Chem,  Soe„  85,  2467  (1963). 


Scbemel 


00 


CH^iCH^ 


n-CALi 


^N(CHa), 
U      CH, 

00 


ether^-hexane 


00" 


1 

N(CHa)a 


3a' 


3b' 


l.(CA),CO 


OH 

I 

(CIUC      CHjNCCHj;, 

00 

4a 

(major  product) 


2.H,Q 


I 


CH2N(CH3)j 


OCT 

4b 

(minor  product) 


product  isolated  was  shown  to  be  carbinolamine  4a 
or  b  by  analysis  and  by  infrared  and  nmr  spectra  (see 
Tables  I  and  II).  Its  structure  was  established  as  4a 
by  independent  synthesis  from  anhydride  5  through  the 
known  bromo  acid  6  (Scheme  II). 

Bromo  acid  6  agreed  with  its  previously  reported 
description.  *    The  structures  of  the  intermediate  bromo 

(4)  H.  G.  Rule,  W.  Purcell,  and  R.  R.  H.  Brown,  /.  Chem.  Soe.,  170 
(1934). 
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Table  L    Infrared  Data 


Table  IL    Nmr  Data 


Compd 


-Functional  group  absorptions^ 
Group  Peak,  cm"* 


Aromatic 
absorptions, 
cm"** 


CH,N(CH,),    840* 


7 

8 

11 

16 

17a 

17b 

20 
21 
24 
25 

28 


CH,N(CHt), 
OH  (tertiary) 
OH  (primary) 
CH,N(CH«), 
C-O-C 

(cyclic) 
CH,N(CHt)i 

CH,N(CH,), 
OH  (tertiary) 

CH,N(CH,), 
OH  (tertiary) 


852» 

3425(1171, 1379)« 
3401  (1058. 1304)' 

847» 
1078, 1062<r 

839» 

833» 
3436(1175,1346)' 

841» 
3413(1167,1368)' 


(amide)      1633/ 


CH,N(CHt),         837» 
CH,N(CHt)i         847* 


CH,N(CH,), 
OH  (tertiary) 

C-O-C 

(cyclic) 


845» 
3436(1167,1359)- 

1032, 1025*' 


765' 

790^ 

776, 703/ 

763^ 

759^ 

765^ 

779. 699/ 

768^ 

775* 

791^ 

759. 702/ 

750" 

894* 

775, 702/ 

760* 

812« 

744' 

888* 

743* 

881* 

754' 

812< 

754,701/ 

776* 

901* 

759, 697/ 

748' 

810* 


«  See  L.  J.  Bellamy,  **The  Infrared  Spectra  of  Complex  Mole- 
cules," 2nd  ed,  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1958, 
pp  75-79.  *  See  W.  Q.  Beard,  Jr.,  and  C.  R.  Hauser,  7.  Org,  Chem., 
25,  334  (1960).  '  Four  adjacent  aromatic  hydrogens.  '^  Three 
adjacent  aromatic  hydrogens.  '  See  footnote  a,  p  96.  /  Five 
adjacent  aromatic  hydrogens.  « See  footnote  a,  p  119.  *One 
aromatic  hydrogen.  *  Two  adjacent  aromatic  hydrogens.  ^  See 
footnote  a,  p  205. 


alcohol  7  and  bromo  amine  8  were  supported  by  analysis 
and  absorption  spectra  (see  Tables  I  and  II).  The 
over-all  yield  of  carbinolamine  4a  from  anhydride  5 
was  23%,  which  is  considerably  lower  than  that  (58%) 
obtained  from  amine  3  (see  Scheme  I). 


Schemen 
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0=0 


Br     COOH 
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steps 


-    00 


LBHjTHF  2.Ha 


\- 


Br     Ctt2^{CH^2 

00     •  ■"" 


Br     CHaOH- 


2.(CHj)^H 


oo 


8 


n-C^HfLi  ether-faexane 


i 


3a' 


4« 


Although  carbinolamine  4b  was  not  isolated  from  the 
product  mixture  obtained  according  to  Scheme  I,  it 
was  indicated  to  be  present  in  relatively  small  amount 
by  comparison  of  the  nmr  spectrum  of  this  mixture 


Compd* 


Type  of 
hydrogen 


Peak 
character 


Peak 

center  or 

over-all 

range, 

ppm^ 


No.  of 
hydrogens' 


4«  +  4b 

(mixt)* 


8 

11 
16 

17a 

17b 


17a  +  17b 

(mixt)/ 


20 


2V 


24 


25 


28 


Methyl 

Methylene 

Aromatic 

Methyl 

Methylene 

Aromatic 

Methyl 

Methylene 

Aromatic 

Hydroxyl 

Methylene 

Aromatic 

Methyl 

Methylene 

Aromatic 

Methylene 

Aromatic 

Methyl 

Methylene 

Aromatic 

Methyl 

Methylene 

Aromatic 

Methyl 

Methylene 

Aromatic 

Methyl 

Methylene 

Aromatic 
Methyl 

Aromatic 

Methyl 

Methylene 

Aromatic 

Methyl 

Methylene 

Aromatic 

N-Methyl 

C-Methyl 

Hydroxyl 

Methylene 

Aromatic 

Methylene 

Aromatic 


Singlet 

Singlet 

Multiplet 

Singlet 

Singlet 

Multiplet 

Two 

singlets 
Two 

singlets 
Multiplet 
Singlet 
Singlet 
Multiplet 
Singlet 
Singlet 
Multiplet 
Singlet 
Multiplet 
Singlet 
Singlet 
Multiplet 
Singlet 
Singlet 
Multiplet 
Singlet 
Singlet 
Multiplet 
Singlet 
Two 

singlets 
Multiplet 
Two 

singlets 
Multiplet 
Singlet 
Singlet 
Multiplet 
Singlet 
Singlet 
Multiplet 
Singlet 
Singlet 
Singlet 
Singlet 
Multiplet 
Singlet 
Multiplet 


2.13 

3.63 

7.10-8.30 

1.95 

3.24 

6.90-7.99 

1.95 

2.17 

3.25 

3.66 

6.96-8.00 

3.05 

5.38 

6.90-7.92 

2.12 

4.16 

6.76-7.90 

4.88 

6.70-7.85 

1.84 

3.14 

7.00-7.77 

2.07 

3.04 

6.92-7.75 

2.06 

3.60 

6.58-7.79 

2.07 

3.06 

3.63 

6.67-7.86 

2.83 

3.16 

7.26-8.24 

2.16 

3.49 

6.97-7.94 

1.79 

3.27 

6.65-8.16 

2.06 

2.18 

3.14 

3.67 

6.93-8.20 

5.22 

7!00-8.00 


5.9(6) 
2.0(2) 
7.2(7) 
5.9(6) 
2.0(2) 
16.8(17)' 

0.52^^ 
1.75(2) 

16.7(17)' 

1.1(1) 
1.9(2) 

5.9(6) 

6.0(6) 

2.0(2) 

6.0(6) 

2.0(2) 

16.3(16) 
5.9(6) 
2.0(2) 
6.9(7) 
5.8(6) 
2.1(2) 

17.4(17)' 
6.1(6) 
1.9(2) 

17.5(17)' 
6.1(6) 

1.12(2) 
0.85^^^ 

17.0(17)' 
2.9(3) 
3.1(3) 
6.1(6) 
5.9(6) 
2.0(2) 
6.1(6) 
6.0(6) 
2.0(2) 
6.0(6) 
5.7(6) 
3.0(3) 
1.0(1) 
1.9(2) 

15.6(15) 
2.9(2) 

16.3(16) 


'  The  solvent  used  was  deuteriochloroform  unless  otherwise 
stated.  ^  Downfield  from  tetramethylsilane  (TMS)  »  0  (internal 
standard).  «  Obtained  by  integration  of  peak  areas;  usually  the 
reported  value  is  the  average  of  three  integrations.  The  value  in 
parentheses  is  the  theoretical  number  of  hydrogens,  based  on  the 
proposed  structure.  '  See  ref  5.  '  Data  for  a  1-hr  lithiation  of 
amine  3;  see  Table  III,  entry  two,  for  calculations  based  on  this 
data.  /  Data  for  a  24-hr  lithiation  of  amine  16;  see  Table  IV, 
entry  three,  for  calculations  based  on  this  data.  '  Run  as  a  neat 
liquid. 


with  that  of  authentic  carbinolamine  4a  (see  Table  II). 
Thus,  the  methylene  and  N-methyl  peaks  observed  in 
the  spectrum  of  4a  were  found  also  in  that  of  the  mix- 
ture. In  addition,  the  latter  spectrum  showed  two 
similar,  but  much  smaller,  peaks  that  may  be  ascribed 
to  the  same  groups  in  4b  (see  Table  II).  In  support  of 
these  conclusions,  the  areas  (by  integration)  of  the 
methyl  and  methylene  peaks  assigned  to  4b  afforded  a 
ratio  of  3.1:1  (theoretical  ratio,  3 : 1).  Also,  the  total 
values  of  the  integrations  for  each  type  of  hydrogen  in 
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the  spectrum  of  the  mixture  afforded  a  ratio  of  6: 1.9: 
16.7  for  methyl :  methylene :  aromatic*  hydrogens  (theo- 
retical ratio,  6:2: 17). 

The  relative  amounts  of  isomeric  carbinolamines 
4a  and  b  in  the  mixture  obtained  according  to  Scheme 
I  were  estimated  from  the  ratio  of  the  integration  values 
of  their  respective  methyl  (or  methylene)  peaks.  Table 
III  contains  ratios  of  4a  and  b  obtained  in  this  manner 
from  a  series  of  experiments  in  which  amine  3  was  lith- 
iated  for  various  lengths  of  time  followed  by  standard- 
ized periods  for  condensation  with  benzophenone  and 
hydrolysis.  These  values  show  that  the  lithiation  of 
amine  3  at  the  8  position  was  favored  over  lithiation  at 
the  2  position  by  about  91:9.  The  slight  but  steady 
increase  in  the  amount  of  4a  relative  to  lengths  of 
reaction  time  may  or  may  not  be  of  significance.  If  a 
conversion  of  intermediate  lithioamine  3b'  to  Uthio- 
amine  3a'  occurs,  it  must  do  so  very  slowly,  since  the 
range  of  lithiation  times  employed  was  wide. 


Table  in.    Reaction  of  Amine  3  According  to  Scheme  I  for 
Different  Lithiation  Times,  Product  Mixture  Proportions  by  Nmr> 


Total 

yield 

Reaction 

4a  + 

Ratio^ 

%- 

'^ 

time 

4b,  % 

4a  :4b 

4a« 

4b'' 

5min 

27.7* 

9.8 

90.7 

9.3 

Ihr/ 

66.4 

10.4 

91.2 

8.8 

24hr» 

79.4 

11.3 

91.8 

8.2 

48  hr 

52.7* 

11.5 

92.0 

8.0 

*  In  all  cases,  three  integrations  were  recorded  and  their  average 
value  was  used  for  further  calculations.  ^  This  ratio  was  obtained 
by  dividing  the  average  integration  value  for  the  methylene  peak  at 
3.25  ppm  by  the  average  value  for  the  methylene  peak  at  3.66  ppm. 
'  This  percentage  was  obtained  by  dividing  the  average  integration 
value  for  the  methylene  peak  at  3.25  ppm  by  the  sum  of  the  average 
values  for  both  methylene  peaks,  and  multiplying  the  resulting 
number  by  100.  ''This  percentage  was  obtained  by  subtracting 
the  percentage  obtained  in  c  from  100.  *  In  this  experiment  53.8  % 
of  starting  amine  3  was  recovered  by  distillation.  ^  See  Table  II, 
entry  three,  for  additional  data  on  this  mixture.  « In  a  similar 
experiment  in  which  the  /hbutyllithium  used  was  prepared  in  ether 
[see  H.  Gilman,  J.  Beel,  C.  Brannen,  M.  Bullock,  G.  Dunn,  and  L. 
Miller,  J.  Am.  Chem,  Soc.,  71,  1499  (1949)],  the  total  yield  (4a  -f 
4b)  was  85%,  the  ratio  (4a  :4b)  was  9.5,  and  the  percentage  of  4a 
was  90.3.  *  In  this  experiment  30.2%  of  starting  amine  3  was 
recovered  by  distillation. 


Further  evidence  that  lithiation  of  amine  3  involved 
mainly  the  8-hydrogen  (peri  hydrogen)  was  obtained  by 
treatment  of  a  lithiation  mixture  of  3a'  and  3b'  (after 
24  hr)  with  deuterium  oxide.  The  nmr  spectrum  of  the 
resulting  deuterated  amine  showed  that  the  8-hydrogen, 
which  appears  downfield  from  the  rest  of  the  aromatic 
hydrogens  because  of  deshielding,^  had  been  substituted 
by  deuterium  to  the  extent  of  79  %. 

The  highly  preferential  lithiation  at  the  8  position  of 
amine  3  furnishes  a  new  route  to  the  synthesis  of  peri 
compounds,  as  illustrated  by  the  condensation  of  the 

(5)  It  is  assumed  that  the  peak  for  the  hydroxyl  hydrogen,  which  could 
be  found  nowhere  else  in  the  spectra  of  either  the  pure  carbinolamines  or 
thdr  mixtures,  is  hidden  within  the  aromatic  multiplet;  when  deuterio- 
chlorofcMTn  solutions  of  these  compounds  were  treated  with  deuterium 
oxide  prior  to  analysis,  the  area  of  the  aromatic  portion  of  their  spectra 
was  reduced. 

(6)  For  a  discussion  (and  other  examples)  of  such  dcshielding  of  the 
per/  hydrogen  of  other  1-subsdtutcd  naphthalenes  see  G.  O.  Dudek, 
Speetroehim.  Acta,  19,  697  (1963).  We  are  indebted  to  Dr.  P.  W.  Jeffs 
for  help  in  the  interpretation  of  our  nmr  data. 


resulting  lithioamine  3a '  with  benzophenone  to  form  car- 
binolamine  4a.  Presumably  intermediate  3a^  could  be 
condensed  with  other  electrophiUc  compounds  to  form 
the  corresponding  peri  products. 

Moreover,  such  peri  compounds  may  be  converted  to 
other  1,8  derivatives.  For  example,  carbinolamine  4a 
was  converted  to  its  methiodide  9,  which  was  cyclized 
by  means  of  sodium  amide  to  cyclic  ether  11  in  89  % 
yield  (Scheme  III). 
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The  structure  of  11  was  supported  by  analysis  and  by 
infrared  and  nmr  spectra  (see  Tables  I  and  II).  Also  11 
was  converted  to  lactone  12,  which  was  independently 
synthesized  from  anhydride  5  by  a  known  method^ 
(Scheme  IV). 
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Although  the  selenium  dioxide  oxidation  of  ether  11 
afforded  lactone  12  in  only  1 1  %  yield,  no  other  prod- 
uct was  isolated ;  probably  the  yield  of  12  from  11  could 
be  improved.  Attempts  to  reduce  lactone  12  back  to 
ether  11  with  lithium  aluminum  hydride  in  ethyl  ether 
were  unsuccessful;  instead  of  11,  an  acetal  was  obtained 
on  recrystallization  from  ethanol.  A  similar  observa- 
tion has  previously  been  reported.* 

Interestingly,  the  preferential  lithiation  at  the  8  posi- 
tion of  a-dimethylaminomethyhiaphthalene  3  is  to  be 
contrasted  with  the  previously  observed®'^®  preferential 
lithiation  at  the  2  position  of  a-methoxynaphthalene 
13."  Thus,  lithiation  of  13,  followed  by  carbonation, 
has  aflForded  much  more  of  acid  14  than  acid  15;  the 
ratio  of  14  to  15  was  83 :  17  with  commercial  /i-butyl- 
Uthium  in  hexane  but  65:35  with  the  reagent  prepared 
in  ether.'*    Incidentally,  we  observed  no  appreciable 

(7)  G.  Wittig.  M.  Leo,  and  W.  Wiemer.  Ber.,  64,  2410  (1931). 

(8)  R.  L.  Letsinger  and  P.  T.  Lansbury,  /.  Am.  Chem.  Soc.,  81»  939 
(1959). 

(9)  (a)  B.  M.  GraybiU  and  D.  A.  Shirley.  /.  Org.  Chem.,  31,  1221 
(1966);  (b)  S.  V.  Sunthankar  and  H.  Gilman.  ibid.,  16,  8  (1951). 

(10)  R.  A.  Barnes  and  L.  J.  Nehmsmann  [ibid.,  27,  1939  (1962)]  pro- 
posed that,  mitially,  8-lithio-l-methoxynaphthalene  was  formed  predom- 
inantly, followed  by  isomerization  to  2-lithio-l-methoxynaphthalene; 
later  work*^  presented  evidence  that  such  a  change  is  negligible. 

(11)  The  reason  for  this  difference  and  the  mechanism  of  the  lithia- 
tion of  these  compounds  are  under  investigation. 
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diiTerence  in  lithiations  of  amine  3  under  these  two 
conditions  (see  Table  III,  footnote  g). 
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Results  with  iS-Dimethylaminoihethyliiaphthalene  (16). 

This  amine  might  undergo  lithiation  at  either  the  3  posi- 
tion to  form  lithioamine  16a'  or  the  1  position  to  form 
lithioamine  16b';  condensations  of  16a'  and  16b'  with 
benzophenone  would  afford  carbinolamines  17a  and  b, 
respectively  (Scheme  V). 
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Actually,  the  crude  condensation  product,  obtained 
in  79  %  yield,  was  shown  by  tic  to  consist  of  two  com- 
ponents, one  of  which  was  isolated  in  25%  yield  by 
fractional  crystallization.  That  the  compound  thus 
isolated  was  17a  was  supported  by  analysis  and  by 
infrared  and  nmr  spectra  (see  Tables  1  and  II);  its 
structure  was  confirmed  by  independent  synthesis  from 
amino  acid  18  through  the  known  bromo  acid  19 
(Scheme  VI). 
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Bromo  acid  19  agreed  with  its  previously  reported 
description,^*  The  structures  of  intermediate  bromo 
amide  20  and  bromo  amine  21  were  supported  by  anal- 
ysis and  absorption  spectra  (see  Tables  I  and  II).  The 
over-all  yield  of  carbinolamine  17a  from  amino  acid  18 
was  20%,  which  is  lower  than  that  (25%)  obtained 
by  the  much  easier  method  shown  in  Scheme  V. 

Although  carbinolamine  17b  was  not  isolated  from 
the  reaction  mixture  obtained  according  to  Scheme  V, 
it  was  shown  to  be  present  by  comparison  of  the  nmr 
spectrum  of  this  mixture  with  those  of  independently 
synthesized  samples  of  17a  (Scheme  VI)  and  17b; 
the  latter  was  prepared  from  22  through  the  known  di- 
bromide  23  (Scheme  VII).  Clearly  the  peaks  exhibited 
by  17a  and  17b  accounted  fully  for  those  shown  by  the 
mixture  (see  Table  II). 
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Dibromide  23  agreed  with  its  previously  reported 
description.^'  The  structure  of  bromo  amine  24  was 
supported  by  analysis  and  by  infrared  and  nmr  spectra 
(see  Tables  I  and  II).  The  over-all  yield  of  carbinol- 
amine 17b  from  bromide  22  was  46  %. 

The  relative  amounts  of  isomeric  carbinolamines  17t 
and  17b  in  the  mixture  obtained  according  to  Scheme 
V  were  estimated  from  the  ratio  of  the  integration  values 
for  their  respective  methylene  peaks.  Table  IV  contains 
ratios  of  17a  and  b  obtained  in  this  manner  for  a  series  of 
experiments  in  which  amine  16  was  lithiated  for  various 
lengths  of  time  followed  by  standardized  periods  for 


Table  IV.    Reaction  of  Amine  16  According  to  Scheme  V  for 
Different  Lithiation  Times,  Product  Mixture  Proportions  by  Nmr« 


Total 

yield 

Reaction 

17a  + 

Ratio^ 

*^ 

To 

time 

17b,  % 

17a :17b 

17a« 

17b^ 

Smin 

7.4* 

1.11 

52.7 

47.3 

Ihr 

53.8/ 

1.27 

55.8 

44.2 

24hr» 

78.3 

1.32 

56.8 

43.2 

48  hr 

79.4 

1.37 

57.8 

42.2 

'  In  all  cases,  three  integrations  were  recorded  and  their  average 
value  was  used  for  further  calculations.  ^  This  ratio  was  obtained 
by  dividing  the  average  integration  value  for  the  methylene  peak  at 
3.06  ppm  by  the  average  value  for  the  methylene  peak  at  3.63  ppm. 
"  This  percentage  was  obtained  by  dividing  the  average  integration 
value  for  the  methylene  peak  at  3.06  ppm  by  the  sum  of  the  average 
values  for  both  methylene  peaks,  and  multiplying  the  resulting 
number  by  100.  ''This  percentage  was  obtained  by  subtracting 
the  percentage  obtained  in  c  from  100.  « In  this  experiment  78.8  % 
of  the  starting  amine  16  was  recovered  by  distillation.  /  In  this 
experiment  21  %  of  the  starting  amine  16  was  recovered  by  distilla- 
lation.    '  See  Table  II,  entry  ten,  for  additional  data  on  this  mixture. 


(12)  J.  Kenner,  W.  H.  Ritchie,  and  R.  L.  Wain,  /.  Chem,  Soc.,  1528 
(1937). 

(13)  J.  B.  Shoesmith  and  H.  RubU,  Ibid.,  3102  (1927). 
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uttion  with  benzophenone  and  hydrolysis. 
values  show  that  the  lithiation  of  amine  16  at 
>8itioii  was  favored  over  lithiation  at  the  1  posi- 
about  SS  :4S.  The  slight  but  steady  increase  in 
>unt  of  17a  relative  to  lengths  of  reaction  time 
may  not  be  of  significance, 
preferential  Uihiation  of  amine  16  at  the  3 
i  furnishes  an  easy  route  to  the  synthesis  of 
2,3-substituted  naphthalene  compounds,  as  il- 
i  by  the  condensation  of  Uthioamine  16a' 
;nzophenone  to  form  17a.  Presumably  inter- 
16a'  could  be  condensed  with  other  electro- 
impounds  to  afford  other  2,3-substituted  naph- 

over,  such  2,3-substituted  naphthalenes  may  be 
xi  to  other  2,3  derivatives.  Thus,  carbinol- 
7a  was  converted  to  its  methiodide  which  was 
;ed  by  means  of  excess  potassium  amide  to 
amine  25  in  70%  yield.  ^*  The  structure  of  25 
»ported  by  analysis  and  by  infrared  and  nmr 
(see  Tables  I  and  II).  Also,  17a  was  treated 
irobromic  acid  to  form  apparently  quaternary 
1 95%  yield. 
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nnection  with  this  work,  carbinolamine  17b 
leme  VII)  was  converted  to  its  methiodide  27, 
'as  thermally  cyclized  to  naphthofuran  28  by  a 
previously  developed  in  this  laboratory." 
cture  of  cychc  ether  28  was  supported  by  analy- 
by  infrared  and  nmr  spectra  (see  Tables  I  and 
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referential  lithiation  at  the  3  position  of  amine 
aparable  to  that  at  the  3  position  of  /3-methoxy- 
lene  29  observed  previously.'**  The  latter 
was  evidenced  by  carbonation  to  form  methoxy 
n  SO  %  yield ;  none  of  the  isomeric  acid  31  was 
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ive  observed  that  Uthiation  of  methoxy  com- 
9  with  /i-butyllithium  in  ether-hexane  appears 
ce  a  mixture  of  lithio  intermediates,  since  treat- 
th  benzophenone  afforded  two  products  (by 


Experimental  Section 

Melting  points,  taken  on  a  Thomas-Hoover  capillary  melting 
point  apparatus,  are  uncorrected.  Infrared  spectra  were  recorded 
on  a  Poiun- Elmer  Model  137  Inlracord.  Solids  were  prepared 
as  potassium  bromide  pellets  and  liquids  were  run  neat  between 
sodium  chloride  plates.  Nuclear  magnetic  resonance  spectra 
were  recorded  on  a  Varian  A-60  spectrometer  using  deuteriochloro- 
form  solutions  and  tetramethylsilane  as  an  internal  standard. 
These  spectra  were  integrated  three  times  and  the  average  value  used 
to  calculate  the  relative  number  of  hydrogens  associated  with  each 
peak.  Thin  layer  chromatographic  (tic)  analyses  were  performed 
on  microscope  slides  covered  with  a  thin  layer  of  Silica  Gel  G 
(Merck).  Chloroform  solutions  of  the  material  to  be  tested  were 
spotted  onto  the  plates,  which  were  eluted  with  benzene  and  subse- 
quently developed  by  standing  in  a  jar  containing  crushed  iodine 
crystals.  Elemental  analyses  were  performed  by  Paul  Demoen, 
Janssen  Pharmaceutical  Research  Laboratories,  Beerse,  Belgium. 

or-Diiiie(faylaniinoiiiethylnaplitfaaleiie  (3).  A  solution  of  500  g 
(2.83  moles)  of  1-chloromethylnaphthalene  and  550  g  (12.2  moles) 
of  anhydrous  dimethylamine  in  4  1.  of  absolute  ethanol  was  stirred 
magnetically  in  a  tightly  stoppered  flask  at  room  temperature  for  1 
week.  The  solvent  was  removed,  and  the  residue  was  stirred 
with  excess  6  M  sodium  hydroxide  and  ether.  The  layers  were 
separated.  The  alkaline  aqueous  layer  was  extracted  with  ether 
and  the  ethereal  extracts  were  combined  with  the  original  ether 
layer.  This  ether  solution  was  extracted  with  3  M  hydrochloric 
add,  and  the  addic  extracts  were  then  made  strongly  alkaline. 
The  resulting  mixture  was  shaken  with  ether,  and  the  layers  were 
separated.  The  ether  layer  was  dried  over  anhydrous  magnesium 
sulfate,  and  the  solvent  was  removed.  The  residual  oil  was  distilled 
to  give  475  g  (91%)  of  o-dimethylaminomethylnaphthalene  (3), 
bp  98-103''  (0.5  mm)  pit."  bp  148-152''  (16  mm)].  The  picrate, 
after  several  recrystallizations  from  95%  ethanol,  melted  at  144- 
146''(Ut.»mpl45«). 

litMatloii  of  Amine  3  and  Condcnsatloii  with  Benzoplieiioiie. 
In  Table  III  are  sumnuuized  the  total  yields  and  the  estimated  ratios 
of  carbinolamines  4a  and  b  obtained  after  various  lithiation  times. 
A  typical  experiment  is  described  below. 

To  a  stirred  solution  of  4.63  g  (0.025  mole)  of  a-dimethylamino- 
methyhiaphthalene  (3)  in  200  ml  of  dry  ether  was  added  17.7  ml 
(0.0275  mole)  of  1.55  M  /^butyllithium  in  hexane^^  to  form  lithio- 
amines  3a'  and  3b'  (see  Scheme  I).  The  mixture  was  stirred  mag- 
netically in  a  tightly  stoppered  flask  for  24  hr.  The  resulting 
dark  red  solution  was  added  cautiously  to  a  solution  of  benzophe- 
none in  50-75  ml  of  dry  ether,  which  had  been  brought  to  reflux  on 
a  steam  bath.  The  resulting  blue  solution  was  refluxed  on  the  steam 
bath  for  about  5  min,  the  volume  bdng  reduced  to  about  100  ml 
The  flask  was  then  tightly  stoppered  and  the  solution  was  stirred 
magnetically  for  12  hr  to  produce  a  precipitate.  The  reaction 
mixture  was  hydrolyzed  with  100  ml  of  water,  stirred  for  12  hr,  and 
filtered.  The  solid  was  washed  with  water  and  a  little  cold  ether 
and  dried  to  give  6.58  g  of  a  mixture  of  carbinolamines  4a  and  b, 
mp  190-197''.  The  layers  of  the  filtrate  were  separated.  The 
ethereal  layer  was  combined  with  three  ethereal  extracts  of  the 
aqueous  layer.  This  ether  solution  was  extracted  three  times  with 
lAf  hydrochloric  acid,  and  the  combined  acidic  extracts  were  made 
strongly  alkaline  with  6  M  sodium  hydroxide.  The  resulting  mix- 
ture was  extracted  three  times  with  ether  and  the  combined  ethe- 
real extract  was  dried  over  anhydrous  magnesium  sulfate.  The 
solvent  was  removed  and  the  residue  was  recrystallized  from  hexane 
to  give  0.72  g  of  a  mixture  of  carbinolamines  4a  and  b,  mp  150- 
190" ;  total  yield,  7.30  g  (79.4%). 

This  product  mixture  was  crushed  and  mixed  well  in  a  mortar. 
A  sample  was  dissolved  in  deuteriochloroform  for  nmr  analysis. 
The  data  for  a  similar  case  are  listed  in  Table  II,  entry  three,  and  the 
calculations  based  on  these  data  are  listed  in  Table  III,  entry  two. 

From  a  similar  reaction  (larger  scale),  in  which  the  lithiation  time 
was  48  hr,  13.55  g  (73.7%)  of  a  mixture  of  4a  and  b  was  obtained. 
One  recrystallization  from  acetonitrile  afforded  10.72  g  (58.3%)  of 
pure  l-dimethylaminomethyl-8-diphenylhydroxymethylnaphthalene 
(4a),  mp  198-201",  and  200-201"  after  further  recrystalUzation 
from  this  solvent. 

Anal.  Calcd  for  CiJH„NO:  C,  85.00;  H,  6.85;  N,  3.82. 
Found:    C,  85.32;  H,6.69;  N,4.05. 


previous  work  on  the  or/Ao-substitution  rearrangement  of 
rtemized  carbinolamines  see  R.  L.  Vaulx,  O.  C.  Jones,  and 
er,J.  Org.  Chem,,  27,  4385  (1962). 
.  Vaulx,  F.  N.  Jones,  and  C  R.  Hauser,  Ibid.,  29,  505  (1964). 


(16)  J.  V.  Braun  and  K.  Moldaehke,  Ber.,  56B,  2169  (1923). 

(17)  Used  as  obtained  from  Foote  Nfineral  Co.,  New  JohnsonviUe, 
Tcnn. 
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Independent  Synthesis  of  Carbinolamlne  4a.  1,8-Naphthalic 
anhydride  (5)  was  converted  in  SS%  yield  to  S-bromo-l -naphthoic 
(6),  mp  177-179°  (lit.*  mp  177-178°),  as  described  previously.* 

A  solution  of  25.15  g  (0.10  mole)  of  bromo  add  6  in  60  ml  of  dry 
diglyme^*  was  added  slowly  to  a  stirred  suspension  of  3.5  g  (0.093 
mole)  of  sodium  borohydride  in  40  ml  of  dry  diglyme^  under  a 
positive  nitrogen  pressure,  followed  by  a  solution  of  24.5  g  (0.12 
mole)  of  freshly  distilled  boron  trifluoride  etherate  in  25  ml  of  dry 
diglyme,"  essentially  as  described  previously  for  a  similar  reduc- 
tion.^* After  stirring  for  8  hr,  the  thick  white  suspension  was 
poured  onto  ice  (15()0  ml)  and  3  M  hydrochloric  acid  (100  ml). 
After  the  ice  had  melted,  the  cold  suspension  was  filtered,  and  the 
solid  obtained  was  treated  with  sodium  bicarbonate  solution  to 
remove  2.18  g  (3.7%)  of  bromo  add  6.  mp  176-178.5°.  The  bi- 
carbonate-insoluble material  was  boiled  with  1(X)  ml  of  hexane, 
and  the  mixture  was  filtered;  this  treatment  was  repeated  several 
times,  and  the  combined  filtrates  were  concentrated  to  afford  16.0 
g  (67%)  of  8-bromo-l-naphthylmethanol  (7),  mp  86-88°,  and  87- 
88.5°  after  several  more  recrystallizations  from  hexane. 

Anal,  Calcd  for  dH^BrO:  C,  55.72;  H,  3.82;  Br,  33.71. 
Found:    C,  55.78;  H,  3.79;  Br,  33.92. 

The  phenylurethan,  recrystallized  from  benzene,  melted  at 
140-141°. 

Anai.  Calcd  for  QgHitBrNOi:  N,  3.93;  Br,  22.43.  Found: 
N,4.04;  Br,  22.32. 

To  a  solution  of  14.5  g  (0.06  mole)  of  bromocarbinol  7  in  500  ml 
of  dry  ether  at  -80°  was  added  10.8  g  (0.04  mole)  of  phosphorus 
tribromide;  the  mixture  was  stirred  at  room  temperature  for  7  hr. 
Work-up  afforded  the  crude  dibromide  (white  solid),  which  was  dis- 
solved in  7(X)  ml  of  absolute  ethanol  and  treated  with  25  ml  of 
anhydrous  dimethylamine.  After  stirring  in  a  tightly  stoppered 
flask  for  24  hr,  the  mixture  was  processed  as  described  above  for 
the  preparation  of  3.  Distillation  of  a  portion  of  the  yellow  oil 
obtained  seemed  to  cause  decomposition,  so  the  remaining  portion 
was  chromatographed  on  alumina,  eluting  with  dry  ether.  The 
colorless  oil  obtained  by  this  process  was  magnetically  stirred 
in  vacuo  (1  mm)  for  30  min  to  afford  12.23  g(75%)of  8-bromo-l- 
dimethylaminomethylnaphthalene  (8).  This  colorless  oil  was  used 
for  spectral  samples  and  for  the  further  reactions  described  below. 
The  picrate  of  8,  recrystallized  three  times  for  95%  ethanol,  melted 
at  187-188°. 

Anal,  Calcd  for  QgHnBrNiOr:  C,  46.27;  H,  3.47;  N,  11.36; 
Br,  16.21.    Found:    C,  46.22;  H,  3.60;  N,  11.66;  Br,  16.48. 

A  stirred  solution  of  4.5  g  (0.017  mole)  of  bromo  amine  8  in  100 
of  dry  ether  was  treated  with  16.5  ml  (0.026  mole)  of  1.55  M  n- 
butyllithium  in  hexane. "  The  clear  orange-red  solution  was  stirred 
for  60  min  in  a  stoppered  flask  and  then  poured  cautiously  into 
a  refluxing  solution  of  4.97  g  (0.027  mole)  of  benzophenone  in  100  ml 
of  dry  ether.  After  refluxing  for  1  min,  the  flask  was  stoppered, 
and  the  solution  was  stirred  for  6  hr.  The  resulting  suspension 
was  hydrolyzed  with  100  ml  of  water  and  processed  as  described 
above  for  the  lithiation  of  amine  3  to  give  4.76  g  (76.3  %)  of  carbinol- 
amine  4a,  mp  198-200°,  undepressed  on  admixture  with  a  sample 
of  4a  prepared  from  3.  The  infrared  spectra  of  the  two  samples 
of  4a  were  identical. 

Preparatioa  of  Methiodide  9.  A  solution  of  9.19  g  (0.025  mole) 
of  carbinolamine  4a  in  25  ml  of  methyl  iodide  was  rdluxed  for  3 
hr.  Evaporation  of  the  excess  methyl  iodide  afforded  12.56  g 
(98.4%)  of  l-(8-diphenylhydroxymethyi)naphthylmethyltrimethyl- 
ammonium  iodide  (9),  mp  213.5-215°,  and  212-213°  after  pre- 
cipitation from  an  acetonitrile  solution  with  ether. 

Anai.  Calcd  for  CsjHsaNO:  C,  63.65;  H,  5.54;  N,  Z75. 
Found:    C,  63.34;  H,5.50;  N,2.80. 

Cyclization  of  Methiodide  9  to  Ether  11.  To  a  stirred  suspen- 
sion of  26  g  (0.051  mole)  of  methiodide  9  in  600  ml  of  commercial 
anhydrous  liquid  ammonia  was  added,  during  5  min,  a  solution  of 
0.054  mole  of  sodium  amide  in  150  ml  of  liquid  ammonia.  ^  After  1 
hr,  the  ammonia  was  replaced  with  500  ml  of  dry  ether  (steam  bath), 
and  the  resulting  suspension  was  shaken  with  150  ml  ^  water. 
Filtration  afforded  8.35  g  of  l,l-dipheiiyl-3HHiaphtho[1.8-ailpyran 
(11),  mp  158-160°.  The  ether  layer  of  tbi  fihrate  was  separated 
and  washed  with  dilute  hydrochloric  add,  followed  l^  dilute  sodium 
hydroxide.  After  drying  over  anhydrous  magnesium  sulfate,  the 
solvent  was  removed  to  afford  6.40  g  more  of  11,  mp  158-160°; 


total  yield  14.74  g  (89%).    Several  recrystallizations  from  ethanol 
failed  to  raise  the  melting  point. 

Anal.  Calcd  for  QiHuO:  C,  89.41;  H,  5.63.  Found:  C, 
89.12;  H,5.76. 

Oxidatioo  of  cyclic  ether  11  was  effected  by  heating  a  1 .0-g  (0.0031 
mole)  sample  with  0.5  g  (0.0045  mole)  of  selenium  dioxide  at  180° 
for  30  min,  then  at  1 50-1 60  °  for  2.5  hr  (Woods  metal  bath).  After 
cooling  the  solid  was  crushed  under  dry  ether,  and  the  mixture 
was  filtered.  The  ethereal  filtrate  was  washed  with  water  and  dried 
over  anhydrous  magnesium  sulfate.  The  solvent  was  removed  to 
afford  0.30  g  of  a  solid,  mp  170-190°.  Two  recrystallizations  fl-om 
absolute  ethanol  gave  0.11  g  (11%)  of  l,l-diphenyl-3-oxonapb- 
tho[l,8-cii]pyran  (12),  mp  200-202.5°.  Two  more  recrystallizations 
raised  the  melting  point  to  203-205°  (hV  mp  203-205°),  unde- 
pressed on  admixture  with  authentic  lactone  12  (mp  204-205.5^ 
prepared  from  anhydride  5  and  phenyllithium.^  The  infirared  speo* 
tra  of  the  two  samples  of  12  were  identical. 

Attempted  reduction  of  lactone  12  (prepared  from  5  by  Wittig's 
method)^  with  lithium  aluminum  hydride  in  dry  ether  employing  a 
Soxhlet  extracter*^  afforded,  after  treatment  with  absolute  ethand, 
apparently  l,l-diphenyl-3-ethoxynaphtho[l,8-c£/]pyran,  mp  196- 
198°,  and  198.5-201°  after  several  more  recrystallizations  from 
absolute  ethanol  (lit.»  mp  197.5-198.5°).    The  yield  was  76%. 

/S-DinethylaiBliioniethylnaphthalene  (16).  2-Chlor<miethylnapb- 
thalene,  bp  102-108°  (0.8  mm)  [lit."  bp  125-132°  (2  mm)],  was 
prepared  in  64%  yield  from  2-naphthoic  add  as  described  pre- 
viously." 

A  solution  of  32.6  g  (0. 1 85  mole)  of  this  chloride  and  100  ml  (1.51  j 
moles)  of  anhydrous  dimethylamine  in  3(X)  ml  of  absolute  ethand 
was  allowed  to  stand  in  a  tightly  stoppered  flask  in  an  ice-salt  bath 
(dewar)  for  several  days.  The  reaction  mixture  was  then  processed 
as  described  above  for  the  preparation  of  amine  3  to  give  23.1  g 
(67.4%)  of  /3-dimethylaminomethylnaphthalene  (16),  bp  89-91* 
(0.45  mm)  [lit."  bp  130-132°  (14  mm)].  The  picrate  of  16,  ^^ 
crystallized  from  95  %  ethanol,  melted  at  151-152°  (lit.  »•  mp  152°). 

Lithiation  of  Amine  16  and  Condensation  with  BenzophcnoBe. 
In  Table  IV  are  summarized  the  total  yields  and  the  estimated 
ratios  of  carbinolamines  17a  and  17b  obtained  after  various  lithia- 
tion times.    A  typical  expriment  is  described  below. 

To  a  stirred  solution  of  4.63  g  (0.025  mole)  of  /3-dimethylamino- 
methylnaphthalene  (16)  in  200  ml  of  dry  ether  was  added  17.7  nd 
(0.0275  mole)  of  1.55  M  /^butyllithium  in  hexane^^  to  form  lithio- 
amines  16a'  and  16b'  (Scheme  V).  The  mixture  was  stirred  mag- 
netically  in  a  tightly  stoppered  flask  to  produce  a  dark  red  suspen- 
sion containing  an  orange  precipitate.  This  suspension  was  added 
to  benzophenone  and  proc^sed  as  described  above  for  the  iithiatioQ 
of  amine  3  to  give  7.19  g  (78.3%)  of  a  mixture  of  17a  and  b,  mp 
142-178°.  A  sample  was  prepared  for  nmr  analysis  as  there  de- 
scribed; the  resulting  data  for  this  experiment  are  listed  in  Table  II, 
entry  three,  while  calculations  based  on  these  data  may  be  found  in 
Table  IV,  entry  three. 

From  a  similar  reaction  (larger  scale),  in  which  the  lithiation  time 
was  45  hr,  19.04  g  (76.4%)  of  a  mixture  of  17a  and  b  was  obtained. 
This  product  was  refluxed  with  500  ml  of  acetonitrile;  after  filtering, 
the  solution  was  allowed  to  stand  undisturbed  overnight.  The 
precipitated  crystals  were  filtered  and  the  process  was  repeated. 
Filtration  afforded  6.3  g  (25.3  %)  of  pure  2-dimethylaminoniethyl-3- 
diphenylhydroxymethylnaphthalene  (17a),  mp  194-197°.  The 
analytical  sample  of  17a,  isolated  similarly,  but  recrystallized  twice 
from  acetonitrile  and  once  each  from  ligroin  and  hexane,  mdted 
at  193-194.5°. 

Anal.  Calcd  for  C,»H,sNO:  C,  85.00;  H,  6.85;  N,  3.81 
Found:    C,  84.87;  H,  6.96;  N,  3.72. 

Independent  Synthesis  of  Carliinolaniine  17a.  Amino  add^'  18 
was  converted  in  65%  yield  to  3-bromo-2-naphthoic  acid  (19),  mp 
216-218.5°  (lit."  mp  219-220°),  as  described  previously.^' 

A  solution  of  15.86  g  (0.063  mole)  of  bromo  acid  19  and  50  ml  of 
thionyl  chloride  in  50  ml  of  dry  benzene  was  refluxed  for  30  min. 
After  removing  the  excess  thionyl  chloride  and  benzene,  the  residue 
was  cooled  and  dissolved  in  100  ml  of  methylene  chloride.  This 
solution  was  added  to  a  cold  suspension  of  50  ml  of  dimethylamine 
and  250  ml  of  1  Af  sodium  hydroxide.    After  stirring  for  3  hr,  the 


(18)  Freshly  distilled  from  lithium  aluminum  hydride. 

(19)  H.  r  Pro^vn  and  B.  C.  Subba  Rao,  /.  Am.  Chem,  Soc.,  82,  686 

(20)  Sec  C.  R.  Hauser,  F.  W.  Swamer,  and  J.  T.  Adams,  Org,  Reac- 
tions,9,  122U954). 


(21)  See  R.  F.  Nystrom  and  W.  G.  Brown,  /.  Am.  Chem,  Soc.,  69, 
1198(1947). 

(22)  C.  R.  Hauser,  D.  N.  van  Eenam,  and  P.  L.  Bayless,  /.  Org,  Chem., 
23,  354  (1958). 

(23)  The  preparation  of  amino  acid  18  by  Dr.  D.  L.  Heywood  and  C 
E.  Moyer,  Jr.,  of  Union  Carbide  Corp.,  Olefins  Division,  South  Charles- 
ton«  W.  Va.,  is  gratefully  acknowledged. 
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ire  was  heated  until  the  temperature  of  the  escaping  vapors 
ed  W,  then  cooled  and  extracted  with  ether.  The  ethereal 
:t  was  washed  with  dilute  add  and  alkali  and  dried.  The 
It  was  removed  to  give  a  red  liquid,  which  solidified  in  vacuo. 
"esidue  was  boUed  with  1 1.  of  water  and  the  mixture  filtered; 
Itrate  was  cooled  to  deposit  N,N-dimethy]-3-bromo-2-naph- 
de  (20).  This  treatment  was  repeated  several  times  with  the 
d  material  to  give  a  total  of  12.0  g  (68.2  %)  of  20,  mp  1 12'115°» 
14-1 15°  after  another  recrystallization  from  boiUng  water. 
tl.  Cakd  for  QOinBrNO:  C,  56.21;  H,  4.35;  N,  5.03. 
d:    C,  55.94;  H.  4.34;  N,  5.10. 

dutioD  of  6.2  g  (0.022  mole)  of  bromo  amide  20  in  50  ml  of 
tetiahydrofuran  (THF)  was  reduced  with  66  ml  (0.066  mole) 
I  M  solution  of  diborane  in  THF*^  essentially  as  described 
iiBly  for  similar  amides.**  After  stirring  for  1  hr  at  room 
ntture  and  for  another  hour  at  reflux,  the  reaction  mixture 
cooled  and  hydrolyzed,  first  with  water  dropwise  (caution, 
Dg)  and  then  with  50  ml  of  6  Af  hydrochloric  add.  The  sol- 
were  distilled  until  the  temperature  of  the  vapor  reached  90°, 
le  residual  mixture  was  cooled  and  extracted  with  ether.  The 
It  was  removed  from  the  dried  ethereal  solution  and  the  re- 
l  oO  was  distilled  to  afford  3.69  g  (63%)  of  3-bromo-2-di- 
iaminomethylnaphthalene  (21),  bp  82-83''  (0.03  mm). 
i/.  Cakd  for  QiHuBrN:  C.  59.10;  H,  5.36;  N,  5.32. 
d:    C,  58.88;  H,5.41;  N,5.21. 

i  picrate,  recrystallized  several  times  from  95%  ethanol, 
d  at  172-173.5  ^ 

tl.  C^lcd  for  Ci»Hi7BrN407:  N,  11.37.  Found:  N,  11.71. 
rtirred  solution  of  2.0  g  (0.0076  mole)  of  bromo  amine  21 
>  ml  of  dry  ether  was  treated  with  7.3  ml  of  /^butyllithium  in 
ic"  to  produce  an  amber-colored  suspension.  After  stirring 
eticaUy  for  75  min,  this  suspension  was  added  to  a  refluxing 
on  of  2.21  g  (0.012  mole)  of  benzophenone  in  dry  ether  and 
saed  as  described  above  for  the  similar  reaaion  of  bromo 
1 8  to  give  2.05  g  (73.7%)  of  carbinolamine  17a,  mp  192-196°, 
iressed  on  admixture  with  a  sample  of  17a  prepared  as  de- 
d  above.  The  infrared  spectra  of  the  two  samples  of  17a 
dentical. 

K^^nbadtntioii  Rearrangement  of  Methiodlde  of  Carbinol- 
17a.  A  solution  of  7.65  g  (0.021  mole)  of  carbinolamine  17a 
ml  of  methyl  iodide  was  refluxed  for  36  hr.  The  resulting 
litate  was  collected  to  give  8.13  g  (77  %)  of,  presumably,  2-(3- 
aiyUiydroxymethy])naphthylmethyltrimethylammonium  io- 
mp  195-196°  (temperature  raised  from  100°).  Evaporation 
!  fihrate  afforded  some  (20%)  of  the  starting  carbinolamine 

I  unrecrystallized  methiodide  of  17a  (6.0  g,  0.0118  mole)  was 
1  to  a  stirred  solution  of  0.05  mole  of  potassium  amide  in  500 
'  coaimerdal  anhydrous  liquid  ammonia.  After  4  hr,  the 
on  mixture  was  neutralized  with  ammonium  chloride  and 
ised  as  described  previously^^  for  the  reaction  of  the  methio- 
>f  the  related  carbinolamine  2.  There  was  obtained,  on  re- 
Uization  of  the  product  from  hexane,  3.13  g  (70%)  of  1-di- 
iaminomethyl-2-methyl-3-diphenylhydroxymethylnaphthalene 
mp  126-129°,  and  126-128°  after  several  more  recrystalliza- 
!rom  this  solvent. 

ti.  Calcd  for  CnH„NO:  C,  85.01;  H,  7.13;  N,  3.67. 
i:    C,  85.02;  H,  7.05;  N,  3.73. 


Obtained  from  Metal  Hydrides,  Inc.,  Beverly,  Mass. 

H.  C.  Brown  and  P.  Heim,  /.  Am.  Chem.  Soc,  86,  3567  (1964). 


CycUiatloii  of  Carbinolamiiie  17a.  This  compound  (0.75  g, 
0.002  mole)  was  refluxed  with  25  ml  of  hydrobromic  acid  for  6  hr. 
The  resulting  solid  was  collected  and  washed  with  small  portions  of 
water  and  dry  ether  to  give  0.81  g  (92  %)  of  apparently  2,2-dimethyl- 
3,3-diphenylbenz[/]isoindolinium  bromide  (26),  mp  288-290°,  and 
299-3(X)°  after  recrystallization  from  acetonitrile. 

Anal.  Calcd  for  CiiHiiBrN:  C,  72.60;  H,  5.62;  N,  3.25. 
Found:    C,  72.64;  H,  5.73;  N,  3.38. 

Independent  Synthesis  of  Carbinolamine  17b.  A  mixture  of  53.4 
g  (0.242  mole)  of  l-bromo-2-methyhiaphthalene  (22)  and  49.1  g 
(0.273  mole)  of  N-bromosuccinimide  (NBS)  in  300  ml  of  dry  carbon 
tetrachloride  was  stirred  and  refluxed  (no  catalyst  was  used)  for 
14  hr,  essentially  as  described  previously.^'  The  product  was  re- 
crystflOlized  from  ligroin  to  afford  48.80  g  (67%)  of  1-bromo- 
2-bromomethyhiaphthalene  (23),   mp    105.5-107.5°    (lit.^*    mp 

107°). 

A  cold  stirred  solution  of  88  g  (0.293  mole)  of  dibromide  23  in 
600  ml  of  absolute  ethanol  was  treated  with  53  g  (1.18  moles)  of 
anhydrous  dimethylamine.  After  stirring  and  heating  at  110° 
in  a  tightly  stoppered  flask  for  20  hr,  the  reaction  mixture  was  proc- 
essed as  described  above  for  amine  3  to  give  69.7  g  (90%)  of  1- 
bromo-2-dimethylaminomethylnaphthalene  (24),  bp  98°  (0.14 
mm). 

Anal.  Calcd  for  QiHiiBrN:  C,  59.10;  H,  5.36;  N,  5.32. 
Found:    C,  59.29;  H,  5.42;  N,  5.65. 

The  picrate,  recrystallized  from  95%  ethanol,  melted  at  142- 
143.5°. 

Anal.  Calcd  for  CnHnBrNiO?:  C,  46.23;  H,  3.47;  N,  11.36. 
Found:    C,  45.88;  H,  3.57;  N,  11.15. 

To  a  stirred  solution  of  13.31  g  (0.05  mole)  of  bromo  amine  24 
in  200  ml  of  dry  ether  was  rapidly  added  38  ml  (0.059  mole)  of  1.55 
M  /^butyllithium  in  hexane.  ^^  After  stirring  magnetically  in  the 
tightly  stoppered  flask  for  70  min,  the  solution  was  added  to  a  re-, 
fluxing  solution  of  12.4  g  (0.068  mole)  of  benzophenone  in  dry  ether 
and  processed  as  described  above,  for  the  similar  reaction  of  bromo 
amine  8,  to  give  14.05  g  (76.5%)  of  l-diphenylhydroxymethyl-2- 
dimethylaminomethyhiaphthalene  (17b),  mp  160-162°.  Several 
more  recrystallizations  from  hexane  failed  to  raise  the  melting 
point. 

Anal.  Calcd  for  CiiHisNO:  C,  85.00;  H,  6.85;  N,  3.80. 
Found:    C,  84.94;  H,6.69;  N,3.93. 

niermal  Cyclization  of  Methiodide  27  to  Cydic  Ether  28.  A 
solution  of  3.67  g  (0.01  mole)  of  carbinolamine  17b  in  25  ml  of 
methyl  iodide  was  refluxed  for  7  hr,  and  the  excess  methyl  iodide 
was  evaporated.  The  solid  residue  was  dissolved  in  refluxing 
acetonitrile  and  the  solution  allowed  to  cool  while  500  ml  of  dry 
ether  was  added  dropwise.  The  cold  suspension  was  filtered  to 
afford  4.21  g  (82.6%)  of  2-(l-diphenylhydroxymethyl)naphthyl- 
methyltrimethylammonium  iodide  (27),  mp  204-206°.  This  melt- 
ing point  was  not  raised  by  several  more  such  treatments. 

Anal.  Calcd  for  CnH«INO:  C,  63.65;  H,  5.54;  N,  2.75. 
Found:    C,  63.36;  H,5.50;  N,3.00. 

A  3.69^g  (0.0073  mole)  sample  of  methiodide  27  was  heated  at 
210-220°  (Woods  metal  bath)  for  15  min  under  dry  nitrogen. 
After  cooling,  the  solid  was  processed  as  described  previously" 
for  the  rdated  cyclization  of  the  methiodide  of  2.  Recrystalliza- 
tion of  the  product  afforded  1.87  g  (80%)  of  l,l-diphenyl-l,3-di- 
hydronaphtho(l,2-c]furan  (28),  mp  156-158°,  and  157-158.5° 
after  several  recrystallizations  from  hexane. 

Anal.  Calcd  for  Ci4Hi^:  C,  89.41;  H,  5.63.  Found:  C, 
89.04;  H,5.63. 
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The  Chemistry  of  Metallocenes.   I.   Carbonium  Ion  Stabilization    j 
by  the  Ferrocenyl  Group^*^ 

T.  G.  Traylor  and  J.  C.  Ware 

Contribution  from  the  Department  of  Chemistry^  Revelle  College^  University  of 
Calif omia  at  San  Diego ^  La  Jolla^  California.    Received  July  S,  1966 


Abstract:  The  rapid  solvolyses  of  o-ferrocenylcarfoinyl  derivatives,  FerCRiX,  have  been  accurately  correlated  with 
carbonyl  stretching  frequencies  of  FerCOCHt,  AiCOCHt,  FerAiCOCHt,  and  with  a'*'  values.  These  correlations 
are  interpreted  as  evidence  that  the  main  contribution  of  the  iron  atom  to  the  FerC'^'Ri  stability  is  hyperconjugation 
(a-T  conjugation).  The  a'*' values  for  the  ferrocenyl  (Fer)  group  have  been  determined:  <r"*"a.Fer  =  — 1.35,<r+^Fer  = 
—0.71,  and  a'^'m-per  »  0.  Reactivities  of  metallocenes  are  discussed  in  terms  of  breaking  and  making  the  metal- 
carbon  bond  in  a  step  analogous  to  Se2  reactions.  The  presence  of  filled  d  orbitals  in  the  metal  is  suggested  to 
influence  reactivities  by  their  influence  on  cyclopentadienide-metal  bonding  rather  than  by  direct  interaction  with 
electrophilic  reagents.  The  terminology  applied  to  the  effects  offi  substituents  on  solvolysis  reactions  and  mecha- 
nisms of  such  effects  is  reviewed. 


T 


he   a-ferrocenylcarbonium   ions   I    generated   by 
solvolyses''*   or   protonation    of   vinylferrocenes* 

R  R  CtHi 


/ 

/ 

/ 

'  + 

MeOC+ 

cai,c+ 

\ 

\ 

\ 

I  11  ni 

have  about  the  same  stability  as  a-methoxy methyl  IP 
or  triphenylmethyl  IIP  cations  and  react  with  high 
stereospecificity  with  nucleophiles.'*^'** 


FerCHjX 


(1) 


>99%  retention 


A  molecular  orbital  description  of  I  incorporating 
both  direct  backside  participation  of  iron  orbitals  and 
delocalization  into  the  ring  has  been  formulated  by  Hill 
and  Richards'*^  to  explain  the  observed  reactivity  and 
stereospecificity  of  reaction  1. 

A  comparison  of  this  reaction  with  reactions  of  other 
j8-metalloalkyl  derivatives^  and  a  consideration  of  the 
ease  of  oxidation  of   ferrocene^*  suggest    that    iron 

(1)  Supported  by  Air  Force  Office  of  Scientific  Research  Grant 
AF-AFOSR-514-64. 

(2)  Partially  reported  in  a  previous  communication:  Tetrahedron 
L«//erj,  1295(1965). 

(3)  (a)  J.  H.  Richards  and  E.  A.  HiU,  /.  Am,  Chem.  Soc.,  81,  3484 
(1959);  (b)  E.  A.  HiU  and  J.  H.  Richards,  ibid.,  83,  3840  (1961);  (c) 
ibid.,  85,  4216  (1963);  (d)  E.  A.  Hill,  /.  Org.  Chem.,  28,  3586  (1963); 
(e)  M.  Cais,  J.  J.  Dannenberg,  A.  Eisenstadt,  M.  I.  Levenberg,  and  J.  H. 
Richards,  Tetrahedron  Letters,  1695  (1966). 

(4)  D.  S.  Trifan  and  R.  Bacskai:  (a)  Tetrahedron  Letters,  No.  13,  \ 
(1960);  (b)  /.  Am.  Chem.  Soc,  82,  5010  (1960). 

(5)  G.  R.  Buell,  W.  E.  McEwen  and,  J.  Kleinberg,  Tetrahedron  Let- 
ters, No.  5.  16  (1959). 

(6)  (a)  G.  E.  Coates,  "Organo-Metallic  Compounds,**  John  Wiley 
and  Sons,  Inc.,  New  York,  N.  Y.,  1960;  (b)  E.  G.  Rochow,  D.  T.  Hurd, 
and  R.  N.  Lewis,  **The  Chemistry  of  Organometallic  (Compounds,** 
John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1957;  (c)  D.  J.  Cram, 
''Fundamentals  of  Carbanion  Chemistry,'*  Academic  Press  Inc.,  New 
York,  N.  Y.,  1965. 

(7)  (a)  M.  Rosenblum,  **Chemistry  of  the  Iron  Group  Metallocenes, 
Part  1,  John  WUey  and  Sons,  Inc.,  New  York,  N.  Y.,  1965,  p  63;  (b)  M. 
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hyperconjugation  (a-T  conjugation)  might  be  excep- 
tionally facile. 

This  phenomenon  may  also  explain  the  observed  rate 
acceleration  and  stereochemistry  but  can  be  differenti- 
ated from  neighboring  nucleophilic  participation  in 
several  ways.  In  this  paper  we  describe  and  document 
methods  for  differentiating  these  two  effects  and  then 
use  these  methods  to  indicate  the  nature  of  the  stabiliza- 
tion provided  by  the  ferrocenyl  group. 

Results 

We  have  employed  four  experimental  methods  to  test 
whether  a  substituent  accelerates  SnI  reactions  by 
neighboring  nucleophilic  attack  or  by  a  delocalization 
(including  hyperconjugative  or  <r-w  delocalization). 
Two  of  these  tests  are  well  documented  in  the  published 
literature  and  will  be  discussed  below.  We  offer  the 
following  evidence  for  the  other  two. 

Internal  Nucleophilic  Attack  at  the  para  Positioii  io 
Benzyl  dlorides.  It  seems  reasonable  that  a  group 
which  accelerates  SnI  solvolysis  by  neighboring 
nucleophilic  attack 


G: 

I 

CH2 — Cri2 

CI 


A 


+  cr 


(2) 


will  not  show  this  accelerating  effect  in  the  para  position 
of  a  benzyl  derivative  because  the  aromaticity  would 
then  be  lost. 


CHiXr 


t< 


+   X-    (3) 


In  order  to  determine  whether  such  paro-nucleophilic 
attack  occurs  to  a  significant  extent  we  have  studied 
the  effect  of  one  of  the  best  neighboring  groups  (EtS-) 
on  benzyl  chloride  solvolysis  as  shown  below. 


Et 


CH,    (4) 


Rosenblum.  J.  O.  Santer,  and  W.  Glenn  HoweUs,  /.  Am.  Chem.  Soe.,  15, 
1450  (1963):  (c)  M.  Rosenblum,  Ibid.,  81, 4S30  (19S9). 
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TMth    Garbooyl  Stretdiiiig  Frequency  of  ROOCHs  in 
Dilute  Carbon  Tetrachloride  Solution 


Present 

Jones, 

Fuson, 

R 

work 

etai.* 

etal.^ 

l-Indolyl 

1662.8 

2-Thicnyl 

1672.2 

p-HiNCiH4 

1676.2 

1677 

1677 

Fcr 

1676.4 

9-Phenanthryl 

1681.3 

1-Naphthyl 

1681.6 

3.4.CHiOiC*[4 

1681.9 

p-^njfjCJni 

1682.9 

1684 

p*FttC«H4 

1684.3 

/i<:h,cohnc«H4 

1684.4^ 

1686 

p-CH^Jn^ 

1687.5 

1687 

I'Furyl 

1687.5 

m-H,NC«H4 

1688.3 

1689 

p.CJH,QH4 

1688.5 

1689.3 

/yf-CH|CflH4 

1689.7 

1690.0 

o-FcrCiH* 

1690.2 

p-CHiCOsCai4 

1690.8 

C,H. 

1691.0 

1691 

1692 

P-FQH4 

1692 

/KOQH4 

1692.2 

1692 

1692 

p-BrCfH4 

1692.8 

1693 

1693 

1695.6 

1696 

P^>iNQH4 

1700.2 

1700 

1703 

ift-OiNCJi4 

1700.7 

1701 

1701 

9-Anthryl 

1700.8 

CH. 

1717.7 

CH,0 

1751.0 

*  Reference  12.  *  Reference  13.  « Limited  solubility  required 
use  ofesqpanded  per  cent  transmission  scale;  position  of  maximum 
absorption  is  recorded. 


/HEthylthiomethylbenzyl  chloride  (IV)  was  syn- 
thesized by  the  reaction  of  the  sodium  salt  of  ethanethiol 
with  a  fourfold  excess  of  p-xylylene  dichloride.  The 
rates  of  solvolysis  of  benzyl  chloride  and  the  substituted 
chloride  IV  in  50%  aqueous  dioxane  were  determined 
conductometrically.  The  rate  constants  at  80.0®  were 
5.90  X  10-»  secri  f^  benzyl  chloride  and  8.70  X  10-» 
secT^  for  IV.  This  indicates  no  appreciable  accelera- 
tion in  benzyl  chloride  solvolysis  by  nucleophilic  par- 
ticipation in  ihepara  position/ 

Carbonyl  StretchiDg  Frequencies.  The  rates  of 
solvolyses  of  alkyl  tosylates  RiCHOTos  have  been 
quantitatively  correlated  with  carbonyl  stretching  fre- 
quencies in  RsC=0.*  Similarly  the  solvolyses  of 
aralkyl  chlorides^  ArCHClCHs  may  be  correlated  with 
ArCOCHt  stretching  frequencies  ^^~^'  because  both 
correlate  with  a^.  It  has  been  shown  that,  although 
neighboring  groups  may  accelerate  SnI  solvolysis,  such 
groups  do  not  make  a  corresponding  change  in  car- 
bonyl stretching  frequencies  of  the  ketones.*  In  order 
to  have  a  consistent  set  of  carbonyl  stretching  frequen- 

(8)  We  also  showed  thatp-hydroxymethylbenzyl  chloride  reacts  with 
cthoxide  ion  at  the  same  rate  as  does  benzyl  chloride,  but  this  finding  is 
not  conclusive  to  the  point  due  to  the  ease  of  Sn2  displacement  on 
benzyl  chloride. 

(9)  (a)  C.  S.  Foote.  /.  Am.  Chem.  Soc,,  t6. 1833  (1964);  (b)  P.  R. 
Scfaleycr,  Orid.,  86, 1856  (1964). 

(10)  C.  Mecfaelynck-David  and  P.  J.  C  Fiereas»  Tetrak^dnm,  6,  232 
(1959). 

(11)  C  N.  R.  Rao  and  O.  B.  Silverman,  Current  Sci.  (India),  26, 
375  (1957). 

(12)  R.  N.  Jones, W.  F.  Forbes,  and  W.  A.  MoeUcr,  Can,  J.  Chm,,  35. 
504(1957). 

(13)  N.  Fuson,  M-L.  Joskn,  and  B.  M.  Shdton,  /.  Am,  Ckem,  Soe,, 
76,  2526  (\95€). 
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cies  of  acetophenones  with  which  to  compare  the 
ferrocenyl  derivatives  we  have  remeasured  a  large 
number  of  such  frequencies.  The  data,  along  with 
those  for  the  ferrocenyl-substituted  ketones,  are  shown 
in  Table  I.  A  plot  of  i^c-o  f^s.  known  o-^  values  appears 
in  Figure  1  where  previously  unknown  cr^  values  are 
assigned  from  the  measured  I'c-o-  The  carbonyl 
stretching  frequencies  reported  here  are  in  good  agree- 
ment with  those  of  Jones,  Forbes,  and  Mueller."  The 
correlation  for  para  derivatives  is  exceUent,  while  that 
for  meta  derivatives  is  less  satisfactory.  It  may  be  that 
the  latter  should  be  correlated  by  a  line  of  greater  slope. 
The  (T^  values  can  be  calculated  from  the  equation 


<r+  =  0. 0877(1^0-0-  1691.1) 


(5) 


Because  these  frequencies  can  now  be  measured  to  an 
accuracy  of  ±0.5  cm""S  the  maximum  error  in  cr^  will 
be  ±0.044.  This  equation  should  make  possible  the 
determination  of  a^a  for  a  variety  of  other  aromatic 
systems  (tr^a  is  defined  as  the  o^  constant  for  the  group 
at  the  position  of  reaction.  Thus  cr^a-ph  ^  0  ss 
<r*"^H-  Therefore  a\  includes  Brown's  <r*"  constants^^ 
and  is  equivalent  to  the  o-r  and  'V  constants  referred 
to  by  Streitwieser. " 

The  correlation  of  solvolysis  rates  (see  below)  with 
corresponding  ketone  carbonyl  frequencies  for  a- 
phenethyl  chlorides  is  shown  in  Figure  2.  The  equation 
of  the  line  may  be  written  log  k  =  0.64(^0-0  —  1691), 
as  contrasted  with  log  k  =  0.132(^0-0  —  1720)  found 
by  Foote'*  for  aliphatic  systems.  Obviously  a  single 
line  will  not  correlate  both  aralkyl  and  alkyl  derivatives. 
In  addition  the  correlation  of  i^c-o  for  RCX)CHt 
with  cr^p  of  the  very  electronegative  R  groups  F,  CI, 
Br,  NH2,  CH,0,  CeHsO  (attached  directly  to  the  car- 
bonyl) is  very  poor  and  has  a  slope  which  reflects  a 
very  strong  inductive  effect  on  fc-o-  Therefore,  we 
have  omitted  such  groups  ^^'^^  (as  well  as  R  «  alkyl) 
from  our  plots  of  1^0=0  vs,  <r*".  Each  of  these  correla- 
tions appears  to  be  limited  to  a  narrow  range  of  induc- 
tive effects.  The  inclusion  of  ferrocenyl  with  the 
aromatic  series  in  our  treatment  seems  justified,  since  it 
is  aromatic  and  has  an  inductive  effect^*  within  the 
range  covered  by  the  a  substituents  treated  in  Figures  1 
and  2. 

Syntheses.  The  phenylferrocenes  employed  in  this 
study  were  synthesized  by  treating  acetylbenzene- 
diazonium  salts  with  ferrocene,^^  reducing  the  ketones, 
and  treating  the  resulting  alcohols  with  concentrated 
hydrochloric  acid  or  dry  hydrogen  chloride. 

The  analyses  and  nmr  spectra  of  the  intermediate  prod- 
ucts and  the  final  chlorides  are  definitive  for  structure 

(14)  H.  C.  Brown  in  "Steric  EffecU  in  Conjugated  Systems,**  C  W. 
Gray,  Ed.,  Academic  Press  Inc.,  New  York,  N.  Y.,  1958,  p  109. 

(15)  A.  Streitwieser,  "Solvolytic  Displacement  Reactions,"  McOraw- 
HiU  Book  Co.,  Inc.,  New  York,  N.  Y.,  1962:  (a)  p  35;  (b)  p  103;  (c)  A. 
Streitwieser,  "Molecular  Orbital  Theory  for  Ohrganic  Chemists.*'  John 
Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1961,  p  326. 

( 1 6)  A  referee  has  suggested  that  the  omission  of  the  MeO  group  from 
Figure  1  invalidates  the  treatment  for  the  ferrocenyl  group.  The  omis- 
sion of  alkyl  and  electronegative  substituents  from  Figure  3  or  the  omis- 
sion of  aromatic  or  electronegative  groups  in  the  treatment  of  Foote**  do 
not,  in  our  opinion,  invalidate  the  correlations  (see  ref  17). 

(i?)  Although  inductive  effects  appear  to  dominate  in  the  carbonyl 
stretdiing  frequencies  of  RCOCHi  for  MeO,  CI,  etc,  inductive  desta- 
bilization  of  carbonium  ions  by  MeO  is  seen  to  be  negligibly  small  by 
the  following  comparison.  Whereas  we  would  calculate  from  eq  14 
(using  r  2)  that  v^p-nkru  ^^p-u^o*  and  v^a-uto  should  be  in  the  ratio 
—0.35,  —0.70,  and  -1.4,  the  observed  values  are  -0.35,  -0.78,  and 
— 1.4,  in  good  agreement:  T.  Inukai,  Bull,  Chem,  Soc,  Japan^  35,  400 
(1962). 
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Figure  1.  Plot  of  carbonyl  stretching  frequencies  of  substituted 
acetophenones  against  a"*":  ■,  meta  derivatives;  •,  para  deriva- 
tives; -#-,  -■-,  0''*'  values  assigned  by  this  plot. 


proof.    Other  chlorides  were  synthesized  by  standard 
methods  and  similarly  identified. 


FerH  + 


Fer-^^Ly 


CHs  +  NaBH4 


HCICH3 


HCl-CaCls 


(8) 


Solyolysis  Products.  The  products  of  solvolyses  of 
various  a-phenethyl  chlorides  in  ethanol-water  or 
acetone-water  are  known  to  consist  of  the  ether  or 
alcohol  and  traces  of  the  corresponding  styrenes.^® 
We  have,  therefore,  determined  only  the  products  of  the 
ferrocenylphenethyl  chlorides  under  our  solvolysis 
conditions.    The  products,  shown  in  Table  II,  are  con- 


Table  n.    Products  of  Solvolysis  of  ROH^CHOCHt  in  95  % 
Aqueous  Ethyl  Alcohol 


or 

*                                              /o 

Temp, 

R 

«C 

R'OEt»  R'OH»  R-Styrene 

Other 

o-Fer 

40 

92           3             3 

*  •  • 

m-Fcr 

70 

68           3             6 

•  •  • 

p-Fer 

0 

69           4             2 

Hydrocarbon,* 
ketone,  etc. 

•  A  small  amount  of  unidentified  high  molecular  weight  ferrocene 
was  obtained  from  the  para  derivative  only.    R'  »  RC1II4CHCH1. 


sistent  with  the  SnI  mechanism  previously  proposed  and 
documented  for  a-phenethyl  chloride  solvolysis.  ^®'  ^* 

J^\— CHCICH3  -^ 


+                ROH 
CHCH3    


OR 


Fer^O"^^^"'    ^'^ 


-H* 


Fcr-^^i-^^ 


CHa 


(10) 


(18)  (a)  E.  Gnmwald  and  S.  Winstdn,  /.  Am.  Cfiem.  Soc,,  70,  846 
(1948);  (b)  A.  H.  Fainberg  and  S.  Winttein,  Ibid.,  79, 1S97  (19S7);  (c) 
S.  Winstein  and  E.  Gnmwald,  ibid.,  70,  828  (1948). 
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Figure  2.  Plot  of  carbonyl  stretching  frequencies  of  acetophenones 
and  ferrocenyl  methyl  ketone  against  log  k  for  chloride  (RCH- 
ClCHi)  solvolysis. 
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Figure  3.   Plot  of  log  k  vs.  o-'*'  values  for  solvolyses  of  substituted 
or-phenethyl  chlorides  in  95%  aqueous  ethanol  at  25°. 

Kinetics.  Solvolysis  rates  were  determined  by  con- 
ductivity, by  titration  of  aliquots  for  acid,  or  by  pH- 
Stat  titration.  When  two  methods  were  used  the  agree- 
ment was  good.  Although  limited  solubilities  of  the 
ferrocenes  required  that  we  use  less  aqueous  solvents 
than  those  reported  for  a-phenethyl  chloride  solvolyses, 
our  data  agreed  with  literature  values  after  correction 
for  solvent  polarity  by  the  method  of  Grunwald  and 
Winstein.***  The  kinetic  data  for  solvolyses  are  listed 
together  with  activation  parameters  in  Table  III. 

A  plot  of  log  ku  vs.  (7+  shown  in  Figure  3  yields  t 
slope  p  =  —6.1  and  indicates  that  crVper  =  —0.7, 
<r"^m.Fer  =  +0.1,  and  <r+«.Per  =  — 1.4  (off  the  plot). 

Dimerization  of  the  l-(/?-FerrocenylphenyI)etiiyl  Car- 
bonium  Ion.  p-Ferrocenyl-a-phenethyl  chloride  was 
treated  with  concentrated  sulfuric  acid  in  chloroform, 
and  the  resulting  ferricinium  products  were  extracted 
into  water  and  reduced.  A  17  %  yield  of  product  whose 
properties  agreed  with  the  structure  V  was  obtained. 
We  interpret  this  reaction  as  shown  below  by  analogy 
to  the  a-ferrocenyl  carbonium  ion  behavior.  *••* 

(19)  K.  L.  Rinehart,  C.  J.  Michejda,  and  P.  A.  Kittle,  Angew.  Chm., 
72,  3S  (1960). 

(20)  M.  Cais  and  E.  Eisenstadt,  /.  Org.  Chem.,  30, 1148  (1965). 
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Table  m.    Solvolyses  of  RCHQCHa  in  95%  Aqueous  Ethyl  Alcohol 


Temp, 


10*it. 
see""* 


kcal/mole 


eu 


sec~* 


logA:u 


ICR/kPhu 


Fe 


CHa 


CHiO 


CHiO-* 


60.0 

0.526 

70.0 

1.16 

78.0 

2.37 

40.0 

6.20 

50.0 

17.2 

60.0 

40.0 

55.0 

0.575 

60.0 

0.918 

70.0 

2.80 

80.0 

7.32 

-9.04 

5.37 

-0.02 

16.6 

10.0 

59.3 

35.0 

1.30 

45.0 

3.66« 

55.0 

8.64(8.81)' 

65.0 

23.5 

-19.61 

5.34 

-9.90 

17.5 

-0.02 

61.8 

+0.10 

(63.2) 

-66.2 

5.4±5 

-69.6 

4.1=fc4 

19.1 


18.7 


23.3 


18.3 


19.1 


16.8 


-21.2 


-13.6 


-7.1 


-4.0 


-14.4 


-7.0 


1.54X10-* 


1.33  X  10-* 


1.38X10 


3.16XlO-« 


4.40XlO-» 


8.97XlO-« 


-5.811 


-3.876 


-5.859 


-1.500 


-4.357 


-1.047 


2.8» 


(1) 


86 


0.90 


20,000 


29 


58,000 


4X10» 
4X10» 


•  Cbntaiiiiiig  0  J  %  diethyl  ether.  ^  Fer  ^  ferrocenyl.  <  Rate,  3.64  X  10-*  sec~  *  when  the  solvent  contained  0.5  %  diethyl  ether.  '  Values 
in  parentheses  were  obtained  titrimetrically.  *  Solvent  60 :40  ether-ethanol.  ^  Reference  4c.  '  Calculated  using  m  Y  relationship  of  ref  18 
assuming  m  =  1  and  K  for  60%  ether-ethanol  »  —4.3  estimated  from  data  of  P.  Ballinger,  P.  B.  D.  de  la  Mare,  G.  Kohnstam,  and  B.  M. 
Prestt,  /.  Chem,  Sac.,  3641  (1955). 


Fer 


^^ 


CI 

I 
-CHCHj  • 


Fer — ^^V-C— H 


Fer 


R.  < 
1 


I 
CHa 

redn  by  Ve*^ 


/r^ 


H 

I 


1 


H 


CH 
CHa 


(11) 


CH3  CH3 

Discunion 

Effects  of  fi  Snbstitoents  on  Solyolysis  Reactions. 

Before  discussing  in  detail  the  effects  of  j9-metal  sub- 
stitution on  solvolysis  reactions,  we  wish  to  reconsider 
the  various  phenomena  attributed  to  the  effects  of  /S 
substituents  upon  the  stabilities  of  developing  carbo- 
nium  ions. 

The  terms  "hyperconjugation,"*^  "elimination,"** 
"fragmentation,*'**  and  "(t-t  conjugation,"**  have  been 
applied  to  processes  in  which  a  carbonium  ion  is  stabil- 
ized by  ir  conjugation  with  an  orbital  previously  bond- 
ing to  another  atom**  (see  VI).  The  names  "neighbor- 
ing group  participation,"*"^  "anchimeric  assistance,"** 

(21)  M.  S.  Dewar,  "Hyperconjugation,"  The  Ronald  Press  Co.,  New 
York,  N.  Y.,  1962;  numerous  rcferenoes  are  given  there. 
(2^  J.  F.  Bunnett,  Angew.  Chem,  Intern,  Ed.  Engl,  1,  225  (1962). 

(23)  C.  A.  Grob,  'Theoretical  Organic  Chemistry,"  The  Kdcule 
Symposium,  Butterworth  and  Co.,  Ltd.,  London,  1959,  p  114. 

(24)  (a)  A.  N.  Nesmeyanov,  K.  A.  Perchakaya,  A.  N.  Akramovich, 
and  L.  M.  Minakova,  DoM.  Akad.  Nmik  SSSR,  121,  660  (1958);  (b) 
A.  N.  Nesmeyanov  and  L  I.  Kritskaya,  OM.,  121, 447  (195S). 

(25)  J.  Hine,  "Physical  Organic  Chemutry,**  McOraw-HiU  Book  Co., 
Inc.  New  York,  N.  Y.,  1962,  p  208. 


CChV 


«  \  0^ 


VI 


VII 


VIII 


or  ''synartetic  acceleration"^  are  used  to  designate 
stabilization  of  a  carbonium  ion  by  direct  bonding  to  a 
neighboring  atom  as  in  VII  or  VIII.  In  most  calcula- 
tions of  anchimeric  assistance  (or  bridged  ion  stabili- 
ties)***^***  some  x  bonding  of  the  type  VI  is  included, 
and  the  structure  generally  written  is  VIII.  There  is 
thus  some  ambiguity  in  these  terms  and  we  believe  that 
this  ambiguity  has  contributed  to  the  controversy  con- 
cerning the  nature  and  extent  of  occurrence  of  such  proc- 
esses.** 

In  this  discussion  we  will  consider  one  extreme,  VI, 
in  which  the  groups  G  can  form  stable  cations  (G  » 
RiNCH]-,  (TtHt,  Li,  M gX,  etc.),  and  another  extreme, 
VII,  in  which  the  G  is  a  poor  cation  but  a  rather  good 
nucleophile  (G  =  RS,  RjN,  0-,  CjHs,  etc.).  We  will 
call  VI  (T-T  conjugation  (as  a  general  term  for  hyper- 
conjugation)  and  VII  internal  nucleophilic  displace- 
ment. (The  latter  term  has  been  considered  synony- 
mous with  neighboring  group  participation."^)  The 
term  "anchimeric  assistance"  might  be  applied  to  both 
extremes  and  to  all  intermediate  cases  (VIII).    Neighbor- 

(26)  (a)  S.  Winstein  and  H.  J.  Lucas,  /.  Am.  Chem.  Soc.,  61, 1576 
(1939);  (b)  S.  Winstein,  C.  R.  Undegren,  H.  Marshall,  and  L.  L.  Ingra- 
ham,  a>id.,  75,  147  (1953). 

(27)  F.  Brown,  E.  D.  Hughes,  C.  K.  Ingold,  and  J.  F.  Smith,  Nature, 
168,  65  (1951). 

(28)  Reference  15,  p  380. 

(29)  P.  D.  Bartlett,  "Nondasdcal  Ions,"  W.  A.  Benjamin,  Inc.,  New 
York,  N.  Y.,  1965. 
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ing  aliphatic  carbon  is  considered  to  use  a  bonding  or- 
bital to  form  VIII. 

The  a-TT  conjugation  by  the  G-Q  bond  is  seen  by  C« 
as  a  simple  x-resonance  effect  (see  ref  ISc),  and  will  be 
expected  to  correlate  quantitatively  with  other  ir-de- 
localization  effects.  In  contrast,  in  the  extreme  VII, 
the  a-carbon  sees  the  participation  of  G  as  an  Sn2 
process,  and  this  process  should  not  correlate  with  x 
delocalization.  Furthermore,  internal  nucleophilic 
substitution  will  be  expected  to  compete  with  rather 
than  accelerate  external  nucleophilic  attack. 

Based  on  these  considerations  we  have  used  four 
experimental  methods  which  might  differentiate  between 
cases  where  the  driving  force  is  almost  exclusively  VI 
and  those  where  it  is  VII:  (1)  substitution  of  reso- 
nance-stabilizing groups  such  as  MeO-,  HO-,  ArO-,  for 
R'  in  VI-VIII;  such  substitution  has  been  shown  es- 
sentially to  destroy'®*  neighboring  group  participa- 
tion^* but  should  only  reduce  somewhat  any  resonance 
stabilization  afforded  by  RsQG)  (this  follows  from  the 
fact  that  SnI  reactions  are  accelerated  much  more  by 
resonance  stabilization  than  are  Sn2  reactions  and  the 
consideration  that  neighboring  groups  perform  an 
internal  Sn2  reaction);  (2)  insertion  of  an  aromatic 
group  between  the  a  and  /9  carbons;  whereas  conjuga- 
tion effects  are  transmitted  through  a/?-phenylene  group, 
neighboring  nucleophilic  participation  is  apparently 
not  so  transmitted  (eq  4) ;  (3)  correlation  of  solvolysis 
rates  with  carbonyl  stretching  frequencies;  this  effec- 
tive correlation  for  aryl  substituents  (Figure  1)  fails 
when  neighboring  group  participation  is  involved  in  the 
solvolysis  ;•'•**  (4)  substitution  of  very  good  ir-donating 
substituents  at  the  a-carbon;  this  accelerates  both  SnI 
and  Sn2  processes,  and  such  accelerations  of  SnI  re- 
actions correlate  with  those  of  Sn2  reactions"*^  whereas, 
by  contrast,  neighboring  groups  such  as  EtS,  CI,  Br, 
and  AcNH  do  not  accelerate  Sn2  reactions."' 

Application  of  These  Criteria  to  the  Effect  of  the 
Ferrocenyl  Group.  In  relating  the  behavior  of  the  iron 
electrons  in  ferrocene  (bonding  and  nonbonding)  to  the 
behavior  of  the  electrons  on  the  common  neighboring 
groups  EtS,  RtC,  AcNH,  Br,  I,  etc.,  it  must  be  remem- 
bered that  the  iron  electrons  which  are  involved  are 
probably  those  in  the  3d  orbitals  whereas  in  most  neigh- 
boring groups  2s,  2p  or  3s,  3p  electrons  are  used.  This 
could  account  for  some  of  the  differences  we  observe.*^ 
However,  neighboring  iodine  behaves  like  RS-"  with 
respect  to  the  criteria  mentioned,  and  yet  iodine  uses 
much  more  diffuse  orbitals.  In  the  absence  of  evi- 
dence to  the  contrary  we  prefer  to  consider  nucleophilic 
participation  by  d  electrons  to  be  similar  to  that  by  s 
and  p  electrons. 

o"*"  Correlations.  We  propose  that  <r-T  conjugating 
systems  will  show  the  same  kind  of  response  to  t- 
electron  demand  as  do  other  resonance-stabiUzing 
groups.  Therefore  exclusive  <r-T  conjugation  requires 
that  any  quantitative  correlation  which  holds  for  con- 
jugating aromatic  groups  (anisyl,  thienyl,  etc.)  will  in- 
clude the  ferrocenyl  group.  The  a^  parameter  is  com- 
monly used  in  such  correlations,  and  a  test  of  the  purely 
resonance  character  of  the  substituent  is  the  accuracy 
with  which  a  variety  of  reactions  correlates  with  the  <r+ 
value. 

(30)  (a)  T.  G.  Traylor  and  C.  L.  Perrin,  /.  Am.  Chem,  Soc,,  88,  4934 
(1966):  (b)  T.  T.  Tidwell  and  T.  G.  Traylor,  Ibid,,  S8.  3442  (1966). 

(31)  Suggested  by  a  referee. 


We  have  used  the  carbonyl  stretching  frequency  eq  S  to  L 
calculate  (r*"a.Fer,  o'+m-Fer,  and  cr+^-Fer  aud  compared  them 
with  those  determined  by  other  methods  in  Table  IV." 


Table  IV.    (r+ Values 


a-Fcr         m-Fer        p-Ftr 


Method 


-1.3 


1.4- 


-1.3* 


0.09 


-0 


-0.6 


-0.7 


Carbonyl  frequency  vs. 

ArCXXHa 
Solvolysis  of  RCHQCHt 

Ds,  ArCHQCHj 
Basicity  of  RCOCHi  vs. 

ArCOCH, 


•  From  Figure  1 .    *  Reference  33. 


Whereas  neighboring  nucleophilic  participation  in 
solvolysis  might  account  for  the  extreme  reactivity  of 
FerCHClCHj,  which  leads  to  our  value  for  cr+a-Fer  = 
— 1.4,  no  such  phenomenon  has  been  observed  to  affect 
carbonyl  basicities  or  stretching  frequencies.  Since 
these  three  values  of  <r"*"«.Fer  are  so  close,  it  is  attrac- 
tive to  attribute  all  three  phenomena  (including  solvoly- 
sis) to  (T-ir  conjugation.  This  correlation  is  demon- 
strated in  the  plot  of  log  k  (solvolysis)  vs,  carbonyl 
stretching  frequency  shown  in  Figure  2. 

Effect  of  Resonance-StabQizing  a  Groups  on  a-Ferro- 
cenyl  Group  Acceleration.  The  correlation  of  basicities 
of  aromatic  aldehydes  with  ferrocenecarboxaldehyde 
(eq  12)  yields  <r+„.Fer  =  1.30."  In  solvolysis  of  RCH- 
ClCHj  (R  =  aryl,  ferrocenyl),  we  have  shown  o-^a-Fw 
to  be  —1.4,  in  remarkably  close  agreement  (see  Tabic 
IV). 


Fe 


CHO 


+ 


K 


-fH-^       :;±: 


(12) 


-CHCH3 


(13) 


Since  substitution  of  a  methoxy  group  on  a  carbo- 
nium  ion  completely  removes  the  participation  by  neigh- 
boring carbon,'"'  clearly,  if  there  is  participation  by 
iron,  it  is  not  like  that  by  neighboring  carbon. 

(32)  A.  N.  Nesmeyanov,  E.  O.  Perevalova,  S.  P.  Gubin,  K.  I.  Grand- 
berg,  and  A.  G.  Kozlovsky,  Tetrahedron  Letters,  2381  (1966).  have  cal- 
culated a'^'o.nr  "  —  1 .  09  from  rates  of  protonolysis  of  RsHg.  Because 
this  reaction  does  not  follow  a*  we  feel  that  the  number  is  less  reliable 
than  our  value  of  — 1.35.  We  find  the  ratio  Cp^faa*  to  be  2. 1  for  either 
MeO  or  Fer,  while  they  use  the  value  1.55  determined  from  cai^p  rather 
than  from  9a^\o^, 

(33)  E.  M.  Amettand  R.  D.  Bushick,/.  Org.  Chem,,  27,  111  (1962). 
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■sniaBioii  of  Resonance  Effects  through  a  Phenyl- 
rronp.  The  basis  of  the  pa"^  treatment  is  the 
nission  of  resonance  effects  through  a  phenylene 
.^^  Furthermore,  a  phenylene  transmission  coef- 
,  T,  independent  of  substituent,  may  be  defined.*^ 


Table  V.    Relative  Solvolysis  Rates  of  Alkyl  Chlorides  at  25' 


log  k/ko    =    r(p<r+) 


(14) 


implies  that  the  free-energy  difference  introduced 
;  transition  state  by  a  substitution  should  be  pro- 
>nal  to  that  caused  by  para  substitution  of  the 
substituent  if  steric  effects  are  small. 

AAF*(«.MeO)    =»    rAAF*(^MeO)  (15) 

ferrocenyl  (or  any  other)  group  stabilizes  only  by 
gation  the  same  relationship  should  hold. 


log  ka-Ttr/ka-UtO   =    T  lOg  kp.ft„/kp.UtO 

^o-Pcr  »  ^a-Meo  then  kp,r„  -  ^>-Meo*  This  is  the 
a  we  chose  to  compare  the  ferrocenyl  group  with 
ethoxyl  group.** 

the  other  hand,  transmission  of  a  neighboring 
»  effect  through  a  phenylene  group  destroys  the 
aticity 


r^ 


HtX 


k^ 


+    X"  (16) 


as  we  have  shown,  does  not  occur.    If  the  ferro- 

group  is  acting  as  a  neighboring  nucleophile,  it 

d  be  without  effect  in  the  para  position.    If  it  is 

I  in  both  ways,  then  it  should  lose  (relative  to  p- 

3xyl)  a  fraction,  1/r,  of  the  free  energy  contributed 

ighboring  group  participation  when  insulated  by  a 

fl    group.    Because    we   are   discussing  AAF^"^ 

s  of  about  18  kcal  and  r  ^  2,  this  test  is  a  sensitive 

The  relevant  rate  data  are  shown  in  Table  V. 

is  table  shows  first  that  the  EtSCHr-  group,  which 

excellent  neighboring  group,  has  little  effect  in  the 

position.    Secondly,  although  the  data  for  the  a- 

and  a-Fer  are  rather  inaccurate,  it  is  clear  that 

in  a  factor  or  two) 


^g-FcrCHaCHt 
A^a-MeOCHClCHi 


^>-MeOC«H4CHClCHi 


addition  to  these  solvolysis  data,  the  carbonyl 
hing  frequencies  for  a-  and  /^-ferrocenyl  ketones 
ite  almost  identical  transmission  coefficients  for 
/lene. 


(; 
( 


«-Fcr\  _     1-3 

p-FtT/CO  stretch  0.6 

VFct/ tolvolysU  0 . 7 


2.1 


2.0 


:fore,  this  criterion  also  indicates  that  neighboring 
ophilic  participation  makes  a  negligible  contribu- 


J.  E.  Lefller  and  E.  Gninwald,  "Rates  and  Equilibria  of  Organic 
Mit,"  John  Wiley  and  Sons.  Inc.  New  York,  N.  Y.,  1963. 
A  better  choice  would  have  been  thep-aminophenyl  group  except 
thetk  and  analytic  difficulties  (see  ref  16). 


Compd 

Rel 
rate 

Compd 

Rel 

rate 

Eta 

(1) 

CH, 

0) 

MeOCHQ- 

1 
CH, 

10" 

MeO— /_S-CHa^ 

CH, 

5X10* 

FerCHQ* 

1 
CH, 

10»* 

Fer-/^-CHa* 

CH, 

2X10* 

EtSCH,CH,a* 

W 

EtSCl^-/V-  CH^a-*- 

1.6' 

OCH/M^ 

10» 

Fer'^      CH, 

1.0 

Q^CHQ- 
MeO^^      CH, 

0.5 

•  This  work.    *  Reference  3c.    '  Reference  15c.    '  Relative  to 
benzyl  chloride.    •  Fromcr'i'm-MeO  »  +0.05,  p  =  -6.1. 


tion  to  the  stabilization  of  a-ferrocenyl  carbonium  ions. 
The  neighboring  iron  has  little  in  common  with  other 
neighboring  groups. 

Correlation  of  SnI  with  Sn2  Reactions  on  Ferro- 
cenylmethyl  Chloride.  We  have  recently  reported*®^ 
that  ferrocenylmethyl  chloride  is  about  eight  times  more 
reactive  than  methoxymethyl  chloride  toward  either 
SnI  ethanolysis  or  bimolecular  reaction  with  ethoxide 
ion.  Since  ferrocenylmethyl  chloride  competes  with 
methoxymethyl  chloride  as  well  in  Sn2  as  in  SnI  re- 
actions and  neighboring  group  participation  does  not 
accelerate  Sn2  reactions,  we  concluded  that  no  such 
acceleration  was  indicated  in  the  SnI  reaction  of  ferro- 
cenylmethyl chloride. 

Mechanism  of  SMvolysis.  Having  presented  ex- 
perimental evidence  against  neighboring  nucleophilic 
participation,  we  must  account  for  rate  acceleration, 
exo :  endo  rate  ratios  in  IX,  and  retention  of  configura- 
tion in  some  other  way. 


IX 


We  conceive  the  metallocene  structure  to  be  a  rather 
basic  aromatic  system,  which  might  be  expected  of  a 
somewhat  complexed  cyclopentadienide  anion.  Thus, 
although  reaction  17  would  certainly  be  too  fast  to 
measure  reducing  the  negative  charge  by  bonding  to 
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-f  cr  (17) 


Fe*+  (eq  18)  would  make  the  reaction  sufficiently  slow 


(18) 


to  be  observable.  (Cr®  may  be  donating  in  (C6H6)2Cr.) 
The  rate  acceleration  (relative  to  phenyl)  is  therefore 
easily  explained. 

The  only  thing  which  would  differentiate  this  system 
(reaction  19)  from  other  aromatic  systems  is  the  Fe-C 
bonding,  which  we  conceive  to  be  greatly  weakened  in 
the  transition  state  by  <r-7r  conjugation.'**'**    This  will 


Fe  CHj 


\ / 

\ 


H 


Fe 


(19) 


CHj 


determine  the  stereochemistry  because  such  conjuga- 
tion is  much  more  facile  when  the  two  groups  are  in  a 
trans  configuration.*^ 


C1/.H 


cHa  +  cr 


(20) 


By  microscopic  reversibility,  the  lowest  energy  reac- 
tion path  for  the  reverse  process  takes  the  same  trans 
geometry  and  gives  retention  of  configuration.***  There- 
fore this  process  (which  might  be  compared  to  an  E2 
elimination  if  the  second  cyclopentadienide  ring  is 
considered  as  the  base)  gives  the  same  stereochemistry 
as  would  nucleophilic  participation  by  unshared  elec- 
trons on  iron.  For  the  same  reasons,  the  exo\endo 
rate  ratios  in  the  solvolyses  of  IX  are  clearly  consistent 
with  the  a-TT  conjugation  mechanism. 

Either  neighboring  nucleophilic  attack  as  we  de- 
scribe it  or  "direct  back-side  participation  of  iron  elec- 

(36)  (a)  Rosenblum  has  formulated  this  stabilization  similarly:  ref  7a, 
p  1 33;  (b)  the  weakening  of  the  iron  carbon  bonds  on  formation  of  an 
a-ferrocenylcarbonium  ion  has  been  suggested  and  documented  by 
Nesmeyanov,  et  ai  For  example,  the  diphenylferrocenyl  carbonium 
ions  readily  dissociate  to  6,6-diphenylfulvenes;  (c)  A.  N.  Nesmeyanov, 
V.  A.  Sazonova,  and  V.  N.  Drozd,  Dokl,  Akad,  Nauk  SSSR,  154, 1393 
(1964);  (d)  A.  V.  Nesmeyanov,  V.  A.  Sa2x>nova,  V.  N.  Drozd,  N.  A. 
Rodionova,  and  G.  I.  Zudkova,  Izo.  Akad.  Nauk  SSSR,  2061  (1965). 

(37)  V.  J.  Shiner,  Jr.,  /.  Am.  Chem.  Soc.,  82,  2655  (1960). 

(38)  (a)  In  the  process  shown  in  eq  20  all  the  upper  Fe-C  bonds  are 
conceived  to  be  weakened  in  going  to  the  ion  but  the  Fe-Ci  bond  should 
probably  weaken  much  more  than  the  others.  We  have  called  this 
process  "elimination**  or  **a-r  conjugation."  The  latter  term  is  prob- 
ably preferable  since  the  iron  atom  is  not  ronoved  from  the  molecule, 
(b)  We  do  not  mean  to  imply  that  the  carbonium  ion  has  no  positive 
character  at  the  a-carbon.  Rather  the  resonance  hybrid  XV  <  >  XVI 
looks  more  like  XVI  than  like  XV  (see  nmr  section  for  structures). 


trons'"^  as  formulated  by  Hill  and  Richards  suggests 
that  the  Fe-Ca  distance  decreases  during  ionization  to 
the  cation  I  whereas  the  a-w  conjugation  mechanism 
predicts  no  appreciable  decrease.*^^  A  comparison  of 
the  crystal  structure  of  the  cation  salt  with  that  of  the 
alcohol  should  be  very  informative. 

Comparison  of  Ferrocene  Reactions  with  Those  of 
Alkylmetal  Compounds.  Cyclopentadienylmetal  com- 
pounds other  than  those  of  transition  metals  react 
rapidly  with  electrophiles  and  show  other  chemical 
behavior  typical  of  alkylmetal  compounds. *•••** 

H  r-^-^        K 


^Xu 


H«0 
HX 


c>c 


+    UX 


(21) 


Ferrocene  and  other  metallocenes  are  much  less  reactive 
toward  electrophiles  than  are  other  cyclopentadienyl- 
metal compounds.*'^^**  They  are  also  much  more 
stable  toward  homolysis  than  are  alkyl  transition  metal 
compounds.  On  the  other  hand,  rates  of  substitution 
on  the  ring  in  ferrocene  are  much  faster  than  those  on 
benzene.  Typical  reactions  which  are  much  faster  on 
ferrocene  than  on  benzene  are  depicted  in  eq  1»  22,  and 
23. 


+     AcCl 


=CHj 


+    HCl       (22) 


(23) 


A  popular  mechanism  which  has  been  considered 
general  for  these  processes  is*****^**^ 


+    E+ 


V.I'/ 


products       (24) 


(39)  (a)  P.  L.  Pauson,  Quart,  Rev,  (London),  9,  391  (1955);  W.  F. 
Little,  "Survey  of  Progress  in  Chemistry,**  Vol.  1,  A.  F.  Scott,  Ed. 
Academic  Press  Inc.,  New  York.  N.  Y.,  1963:  (b)  p  188;  (c)  p  153; 
(d)  however,  see  M.  Rosenblum  and  F.  W.  Abbate,  /.  Anu  Chem,  Soc, 
88.  4178  (1966),  where  additional  results  suggest  that  attack  on  iroo 
is  not  a  necessary  part  of  the  mechanism  of  electrophillc  substitutioo 
on  ferrocenes. 

(40)  T.  J.  Kealy  and  P.  L.  Pauson,  Nature,  168,  1039  (1951). 

(41)  S.  A.  Miller,  J.  A.  Tebboth,  and  J.  F.  TVeamine,  /.  Chem,  Soe„ 
632  (1952). 

(42)  R.  B.  Woodward,  M .  Rosenblum.  and  M.  C.  Whiting.  /.  Am, 
Chem,  Soc„  74.  3458  (1952). 
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I  E+  can  be  the  external  electrophiles  Ac+,  H+, 
ic*'^  RNi+,  or  the  internal  electrophiles  C+R2, 
>H.*'  We  offer  an  alternative  view  which  proposes 
m  individual  cyclopentadienylmetal  bond  in  a 
Locene  retains  some  of  the  characteristics  which  are 
dLJly  associated  with  carbon-metal  bonds/  Thus 
'egard  to  a  single  Fe-C  bond  we  might  consider 
ene  to  be  a  more  covalent  counterpart  of  cyclo- 
dienyllithium.  According  to  this  interpretation 
clopentadienide  moiety  has  higher  electron  density 
t  metal  side  than  on  the  opposite  side  of  the  ring 
^  just  as  ethyllithium  has  greater  electron  density 
I  lithium  side  of  the  carbon  than  on  the  opposite 


H 
H 


I 
Li 


XI 


US  consider  reactions  1,  22,  and  23  with  reference 
iictures  X  and  XI  and  the  known  stereochemical 
ior  of  organometaUic  compounds.  ^^  Electro- 
attack  on  XI  is  facile  and  occurs  with  retention  of 
iuration*'^'*'  by  attack  on  the  electron-rich  side 
>wn  in  XII.    Similarly  (under  conditions  which 


CH3 


H 


0< 


E+ 


U 
XII 


XIII 

t  SeI  reactions),  attack  should  occur  preferentially 
I  metal  side  of  the  cyclopentadienide  moiety  XIII 
er  the  compound  is  the  <r-bonded  lithium  deriva- 
C,  or  the  covalent  sandwich,  ferrocene. 


-D+ 


SE2 


(25) 


ise  the  addition  of  HX  to  vinylferrocene,  as  in 
ons  of  other  allylmetal  compounds,  ^^  should  be 


See  ref  7a  for  a  review  of  these  studies. 

[a)  R.  L.  Letstnger,  /.  Am.  Chem.  Soc.,  72, 4842  (1950);  (b)  S. 

n,  T.  G.  Ifraylor,  and  C.  S.  Gamer,  Ibid.,  TJ,  3741  (1955).    See 

6e,  p  116,  for  a  review. 

[a)  H.  G.  Kuivila  and  J.  A.  Verdone,  Tetrahedron  Letters,  1, 

S4);  (b)  P.  D.  Sleezer,  S.  Winstein,  and  W.  G.  Young,  /.  Am. 

'*oe.,  85, 1890  (1963):  (c)  B.  M.  Mikhailov  and  A.  Ya.  Bezmenov, 

td.  Nmik  SSSR,  904  (1965) 


\^i// 
\\i/> 


Fe    +  D+  ^ 


-h    H+         (26) 


.CH=CH2    +   H+    ^^ 


CH3 


(27) 


CH=CH2 


H 


CH— CH3 


FerCHXCH,       (28) 


The  well-known  elimination  of  organometaUic  com- 
pounds,* e.g. 


Li       ^ 


C=a         +    LiX 
R 


(29) 


might  also  be  expected  to  occur  rather  readily  with  metal- 
locene  compounds  as  discussed  above  and  shown  in  eq 
20. 

Participatioii  in  jS-Ferrocenylethyl  Tosylate  Solvolysis. 
The  formation  of  cyclopropanes  from  7-metalloalkyl 
halides  is  well  known.  ^* 


BrCHtCHtCHfrlk  +  Mg 

OH 
RsBOIsCHsCHsa 


[BrCHtCHsCHtMgBr] 

cyclopropane  +  MgBr    (30) 

cyclopropane  +  RiBOH  +  Q"    (31) 


If  we  write  these  reactions  with  the  usual  retention  of 
configuration  observed  for  carbon-metal  bond  cleav- 


CH2 
l^gBr 


age/^  it  becomes  clear  that  cyclopentadienyl  compounds 
of  this  type  should  show  the  same  stereochemical  pref- 
erence whether  they  are  a  bonded  or  sandwich  com- 
pounds (eq  32  and  33). 

The  intermediate  formed  from  solvolysis  of  j8-ferro- 
cenylethyl  tosylate  is  pictured  as  a  structure  like  the 
phenonium  ion,  but  it  is  formed  by  a  simple  Sb2  attack 
on  the  cyclopentadienyl  carbon.  The  rapid  rate  of 
solvolysis  of  this  tosylate  (SOO  times  that  of  phenethyl 
tosylate)  observed  by  Trifan  and  Bacskai*'  is  entirely 

(46)  (a)  L.  H.  Sommer,  R.  E.  van  Strien,  and  F.  C  Whitmore,  /.  Am. 
Chem.  Soc.,  71,  3056  (1949);  (b)  M.  F.  Hawthorne,  ibid.,  82,  1886 
(1960);  (c)  P.  Binger  and  R.  Kdster,  Tetrahedron  Letters,  156  (1961). 


Traylor^  Ware  /  Carbonium  ion  Stabiiizaiion  by  Ferroeenvb 
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.OTos. 


X]       (32) 


Table  VL    Nmr  Spectra  of  Catioiis  and  Olefins 


OTos 


S£2byCHs''' 


SE2byKr 


CHJ 


/ 


\  »  I  / 


(33) 


consistent  with  the  mechanisms  we  propose.  Indeed, 
we  would  suggest  that  this  reaction  would  be  much  more 
facile  if  iron  were  replaced  by,  e.g.,  magnesium,  which 
has  no  d  electrons  because  C-Mg  is  more  ionic  than 
C-Fe. 

In  all  these  proposed  reaction  mechanisms,  the  differ- 
ence between  ''ionic"  or  cr-bonded  RM  compounds  and 
covalent  sandwich  compounds  is  considered  to  be  that 
in  the  latter  the  metal  is  retained  by  bonding  to  the 
remaining  diene  group  whereas  in  the  (r-bonded  com- 
pounds the  metal  does  not  bind  with  dienes  and  is  lost.** 

Nmr  Spectra  of  MetaDocenylinethyi  Cations.  The 
chemical  shifts  of  ring  (Hs,  H|)  and  a  hydrogens  (Hi)  in 
XTV*^  and  XV**  have  been  interpreted  by  Fitzpatrick, 

H, 


XIV 


Watts,  and  Pettit^^  in  terms  of  structures  such  as  XVI 
and  by  Cais,  et  al.,^  in  terms  of  structure  XVII.   While 


XVI 


XVII 


(47)  J.  D.  Fltzpatrick,  L.  Watts,  and  R.  Pettit,  Tetrahedron  Utten. 
1299  (196Q. 


H.     H, 


— R 


Hi  ^* 

H,0=C/      Cair-C+ 
^^p  \ 


Af».^ 


^Hi 


•> 


aa** 


an.' 


•.ft 


H 

118 

5.75 

5.3 

CH, 

94 

7.03 

5.70 

Isopropyl 

93 

6.98 

. .  • 

Qyclohexyl 

•  •  • 

•  •  • 

5.64 

/-Butyl 

90 

7.07 

5.65 

C,H, 

66 

7.92 

6.16 

9.80 

p-MeC«H4 

71 

7.94 

6.21 

p-MeOC«H4 

79 

7.96 

6.26 

9.06 

«  Chemical  shift  in  parts  per  million  from  TMS.  *  Referenoe  3e. 
*  Reference  48a.  The  data  were  given  in  cps  downfidd  from 
water.  We  have  used  ^HiO  »  5.00  to  compute  the  chemical  shifts 
in  ppm.    '  Ay  ->  (^hi  —  6u^. 


we  agree  that  the  data  of  Cais,  et  al.,^  may  be  explained 
by  structure  XVII,  they  do  not  appear  to  exclude  XVI. 
In  Table  VI  are  listed  the  data  for  the  a  protons  in  ions 
XV,  and  in  similarly  substituted  olefins  and  carbonium 
ions. 

Table  VI  shows  a  striking  similarity  between  the  o- 
substituent  effects  on  the  chemical  shifts  of  Hi  in  ferro- 
cenylmethyl  cations  and  those  in  olefins.^^*^  It  is 
especially  striking  that  anisyl  substitution  (R  »  anisyl) 
has  no  greater  effect  than  phenyl  substitution  (R  » 
phenyl)  in  olefins  and  in  the  cations  XV.  This  differs 
from  the  effects  of  anisyl  ds.  phenyl  substitution  in  other 
carbonium  ions.'* 

Similarly,  the  changes  in  Ai^  shown  in  Table  VI  and 
attributed  by  Cais,  et  al.,  to  changes  in  extent  of  iron 
participation  are  also  explicable  by  formulation  XV. 
Such  Av  values  have  been  observed  for  metal  ir  com- 
plexes of  butadiene  and  cyclopentadiene.***^  Further- 
more, the  Ai^'s  within  the  aryl  series  are  inconsistent  with 
the  notion  of  decreased  iron  participation  with  increased 
electron  supply  from  R. 

Therefore,  we  believe  that  either  the  proposal  of 
Pettit,  et  al.,  or  that  of  Cais,  et  al.,  is  consistent  with 
the  nmr  data  now  vailable.  Neither  the  chemical  shifts 
of  the  a  protons  nor  those  of  the  ring  protons  differen- 
tiate between  these  proposals. 

Conclusion 

The  results  of  this  study  appear  to  be  inconsistent 
with  a  mechanism  of  solvolysis  of  FerCRsX  involving 
the  same  kind  of  neighboring  group  participation  usu- 
ally displayed  by  carbon  or  by  RS  groups.  While  we 
cannot  exclude  some  novel  involvement  of  filled  d 
orbitals  which  might  be  consistent  with  our  findings,  we 
consider  a  mechanism  of  a-w  conjugation  simpler  and 
preferable  at  this  time. 

(4S)  (a)  W.  BrUgd.  T.  Ankel,  and  F.  KrUckeburg,  Z.  Ekktroehem., 
64,  1121  (1960);  (b)  G.  S.  Reddy  and  J.  H.  Ooldttdn,  /.  Am.  Ckem. 
Soc„  S3. 204S  (1961):  (c)  C  Pascual,  J.  Kder.  and  W.  Simon.  Heb. 
Chem.  Acta,  49, 164  (1966);  (d)  M.  L.  H.  Green,  L.  Pratt,  and  G.  WQkiih 
ion,  /.  Chem.  Soc.,  37S9  (1959);  (e)  R.  Pettit  and  G.  F.  Emenoo, 
Adoan.  Organometal.  Chem.,  1,  12  (1964);  (0  M.  L.  Maddox,  S.  L 
Stafford,  and  H.  D.  Kaesz,  ibid.,  3, 96(1965). 
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JL    Nmr  Absorptions  in  Units  of  r 


Oil 


er 


R 


Ar 


4h 

I 


OH 


7.92 
7.39 
7.43 

8. 58  (doublet) 

8.49  (doublet) 

8. 50  (doublet) 


5.92 
5.98 
5.98 

5.92 
5.98 
5.98 


FerCcH^C^OCHf 

5. 62  (quartet) 

5.50(sextet) 


2.9-2.1 

(complex) 
2.9-1.9 
(complex) 
5.45  (sextet)  2. 30  (quartet) 

FerQH^CH(OH)CH« 


5.8-5.5- 
5. 53  (sextet) 
5.54(sextet) 


2.9-2.1  (complex) 
2.9-2. 5  (complex) 
2.8-2.5  (complex) 


5. 17  (triplet) 
5.14* 


8. 36  (complex) 
8.07  (broad) 
8.14(broad) 


esolved  from  CH.    *  Not  fully  resolved. 


interpretation  is  similar  to  that  proposed  earlier 
I  and  Richards*^  (delocalization  into  the  ring) 
ispect  to  the  major  stabilization  of  a-ferrocenyl- 
ium  ions  (i.e.,  about  80%  of  the  stabilization 
K  Our  interpretations  differ  mainly  with  respect 
stereospecific  solvolyses,  the  exoiendo  rate  ratios 
ind  the  position  of  the  iron  atom  in  the  carbonium 
lius  we  suggest  that  there  is  no  detectable  bonding 
Q  iron  and  €«  in  the  carbonium  ion  whereas 
ds,  et  al.9  and  Trifan,  et  aL^  postulate  that  such 
g  is  sufficient  to  govern  stereochemistry  and 
1o  rate  ratios.^ 

Matal  Section^* 

irooedures  followed  for  all  preparations  of  substituted 
oooes  and  o-phenethyl  alcohols  are  the  same  as  those  used 
"ooenyl  derivatives. 

^cffocaiyiacstoplwooec*  p-Aminoacetophenone  (11.0  g, 
lole)  was  dissolved  in  100  ml  of  25  %  fluoroboric  add  and 
>  0^  in  an  ice-salt  bath.  An  ice-cold  solution  of  6.3  g  of 
utrite  in  water  was  added  dropwise,  keeping  the  tempera- 
w  5^,  until  a  positive  test  was  obtained  with  starch-iodide 
The  white  precipitate  was  collected  on  a  suction  filter 
led  with  sniall  amounts  of  water,  ethanol,  and  ether.  It 
ended  in  50  ml  of  cold  acetic  acid-water  (1 : 1)  and  added 
t  to  a  cooled,  stirred  suspension  of  15  g  (0.805  mole)  of 
\  in  600  ml  of  acetic  acid.  After  addition  was  complete, 
ioo  was  stirred  overnight  at  room  temperature.  Then  2  L 
was  added,  and  the  mixture  was  filtmd.  The  solid  was 
Hfilh  water  and  sodium  carbonate  solution,  dissolved  in 
and  dried.  It  yielded  10.4  g  of  a  brick  red  solid  on  evapo- 
The  solid  was  chromatographed  on  neutral  activity  II 
using  petroleum  ether-benzene  mixtures.  First,  5.9  g  of 
\  (acetophenone  odor)  was  eluted  with  petroleum  ether 
0^.  Then  5.4  g  of  p-ferrocenylacetophenone  was  eluted 
petroleum  ether-benzene,  mp  173-174'',  after  recrystalliza- 
I  cyclohexane  (lit.^  mp  1 76-1 78  "*),  No  attempt  was  made 
i  other  products  in  any  of  the  arylation  reactions.  Anal. 
r  CuHitFeO:    C,  71.07;   H,  5.30.    Found:    C,  71.07; 

[ueous  layer  was  reduced  with  stannous  chloride  to  yield 
'  a  brown  solid.  This  was  chromatographed  in  a  similar 
ind  yielded  2.35  g  of  ferrocene.  There  were  several  other 
the  column  but  only  a  trace  of  the  desired  ketone.  Yield 
)oenylacetophenone  based  on  unrecovered  ferrocene  was 


m-Aminoacetophenone  (11.0  g, 
ole)  was  diazotized  and  the  salt  added  to  30  g  (0.161  mole) 
3ie  in  1 1.  of  acetic  acid.    The  ether-soluble  portion  of  the 


km  Added  in  Proof.  After  this  paper  was  submitted  M. 
mometal.  Rev.,  1, 435  (1966)]  criticized  our  initial'  proposal 
The  suggestions  of  Cais  should  be  compared  with 


product  on  chromatography  yielded  13.8  g  of  ferrocene.  The  de- 
sired ketone  (6.0  g,  31  %  yield)  was  eluted  next  with  1 :1  benzene- 
petroleum  ether.  It  formed  orange-brown  prisms,  mp  73.5-74^, 
after  two  recrystallizations  from  ethanol.  Anal.  Cakd  for 
CisHitFeO:    C,  71.07;  H,  5.30.    Found:    Q  71.39;  H,  5.27. 

From  the  blue  aqueous  layer  there  was  isolated  5.4  g  of  a  brown 
solid,  much  of  it  evidently  ferric  oxide,  which  on  chromatography 
afforded  3.4  g  of  ferrocene  and  0.4  g  of  m-ferrocenylacetophenone. 
o-FarroceaylacetopliaMiiie.  o-Aminoacetophenooe  (5.0  g, 
0.037  mole)  was  diazotized  and  added  to  10.0  g  (0.0538  mole)  of 
ferrocene  in  300  ml  of  acetic  add.  Following  work-up  as  usual, 
the  ether-soluble  product  was  chromatographed.  Ferrocene 
(3.6  g)  was  eluted  first,  followed  by  the  ketone  (2.9  g,  35%  yield), 
which  was  eluted  with  1 : 1  benzene-petroleum  ether.  It  was  re- 
crystallized  from  ethanol  to  form  brown-red  prisms,  mp  87-87.5®. 
Anai.  Cakd  for  CuHitFeO:  C,  71.07;  H,  5.30.  Found:  C, 
70.83;  H,5.23. 

Ferrocene  (1.4  g,  mp  171-173®)  precipitated  from  the  aqueous 
layer  on  reduction  with  stannous  chloride.  The  infrared  spectrum 
showed  no  detectable  impurities. 

a-Cp^FarroecBylphcayOetliyl  AleoboL  A  solution  of  3.0  g 
(0.0097  mole)  of  p-ferrocenylacetophenone  in  50  ml  of  isopropyl 
alcohol  was  refluxed  for  4  hr  with  6  g  of  sodium  borohydride. 
Excess  sodium  borohydride  was  then  destroyed  with  acetone,  and  a 
few  drops  of  water  were  added.  The  solvent  was  removed  by 
evaporation  and  the  residual  yellow  solid  recrystallized  from  cyclo- 
hexane, mp  113-114®,  yield  96%.  Anal.  Cakd  for  CuHuFeO: 
C,  70.61;  H,  5.92.    Found:    C.  70.30;  H,  5.96. 

aK/n-FerroecnylpliaiyOetliyl  AleoboL  The  carbinol,  prepared  in 
85  %  yield,  was  recrystallized  from  ether-petroleum  ether,  mp  86.5- 
87®.  Anai.  Calcd  for  CiJIiiFeO:  C,  70.61;  H,  5.92.  Found: 
C,  70.62;  H,6.05. 

a-<o-FcrrocaiylplMiiyI)etliyl  AleoboL  The  carbinol  was  obtained 
as  yellow  needles,  mp  113.5-114.5®,  following  recrystallization 
from  cyclohexane;  yield  of  purified  material  80%.  AnaJ.  Caicd 
forCisHuFeO:    C,  70.61 ;  H,  5.92.    Found:    C,  70.41 ;  H,  5.95. 

a-<p-Tolyi)ethyl  AleoboL  The  crude  reduction  product  was 
distilled  at  reduced  pressure.  The  akohol  [bp  113®  (13  mm)] 
was  obtained  in  80%  yield;  it"D  1.5205  (Ut'«  it»D  1.5232). 

a-<p-ABlByi)ethyl  AleoboL  The  yiekl  of  purified  ak»hol  [bp 
128®  (15  mm).  Ut.»»  bp  109-110®  (2.5  mm)]  was  71%;  ii««d  1.5335 
(see  Table  VII  for  nmr  readings). 

cK-0'-FarroecBylpbaiyi)ethyl  Chloride.  Procedure  A.^  A  solu- 
tion of  0.2  g  of  oc-(p-ferrocenylphenyl)ethyl  alcohol  in  50  ml  of  ether 
was  cooled  to  0®.  Several  pieces  of  cateium  chloride  were  added. 
The  solution  was  purged  with  nitrogen,  and  then  hydrogen  chloride 
was  passed  into  it  for  1  hr. 

Procedure  B.*^  To  the  cooled  ethereal  solution  of  the  carbinol 
was  added  10  ml  of  concentrated  hydrochloric  acid.  The  mixture 
was  shaken  and  kept  at  0®  for  1  hr.  About  50  ml  of  petroleum 
ether  was  added,  and  the  layers  were  separated. 

The  ethereal  solution  was  dried  with  calcium  chloride  for  1  hr  and 
filtered  and  the  solvent  removed  at  reduced  pressure.  Two  portions 
of  dry  petroleum  ether  were  added  and  evaporated.    The  residual 


dting  points  are  uncorrected.    Analyses  were  performed  by 
;  Faachcr,  Bonn,  Germany. 


(50)  R.  Fuchs  and  C.  A.  Vander  Werf,  /.  Am.  Chem.  Soc.,  76,  1631 
(1954). 

(51)  Procedure  of  J.  F.  Norris,  M.  Watt,  and  R.  TbonuM,  ibid..  38, 
1071  (1916). 
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yellow  solid,  mp  83-84°,  was  highly  reactive  and  was  used  without 
further  purification.  Analysis  indicated  that  it  contained  8%  of 
starting  material.  Anal.  Cakd  for  QsHiTClFe:  C,  66.59;  H, 
5.28;  CI,  10.92.    Found:    C,  67.23;  H,  5.78;  CI.  10.03. 

a-(m-FcrrocaiylplienyI)ethyl  Chloride.  Procedure  B  was  used 
and  the  crude  product,  mp  86.5-88.5  "^y  was  chromatographed  on 
activity  II  basic  alumina,  using  petroleum  ether.  It  was  eluted 
rapidly,  mp  90-90.5'',  after  recrystallization  from  petroleum  ether. 
Ami  Calcd  for  QaHnFeCl:  C.  66.59;  H,  5.28;  CI,  10.92. 
Found:    C,  66.04;  H,  5.29;  CI.  10.94. 

a-</vMethylplienyl)ethyl  Chloride.**  a-(p-Methylphenyl)ethyl  al- 
cohol (2  ml)  was  dissolved  in  dry  benzene  and  cooled  in  an  ice  bath. 
Then  0.9  nil  of  phosphorus  trichloride  was  added  cautiously.  A 
second  phase  appeared  within  1  min.  The  mixture  was  kept  at  0^ 
for  1.5  hr.  Then  solid  lithium  carbonate  was  added  and  the  solvent 
almost  entirely  removed  at  reduced  pressure.  The  residual  mass  was 
suspended  in  petroleum  ether  and  chromatographed  on  activity 
II  basic  alumina.  The  chloride  was  eluted  befcM'e  the  carbinol. 
Portions  of  eluate  were  evaporated,  and  the  infrared  spectra  of  the 
chloride  thus  obtained  were  checked  for  absence  of  hydroxyl. 
The  rest  of  the  chloride-containing  eluate  was  stored  as  the  petro- 
leum ether  solution  in  the  freezer  in  order  to  discourage  polymer- 
ization; /f"D  1.5242  (lit." /f»D  1.5232). 

a-OvMethoxyplienyl)ethyl  Chloride.  Procedure  B  was  used. 
The  infrared  spectrum  of  the  product,  n**D  1.5370,  showed  no 
hydroxyl  absorption.  When  a  weighed  portion  of  the  chloride 
was  added  to  water  it  liberated  99.6%  of  the  theoretical  amount  of 
hydrochloric  acid,  as  determined  by  titration  with  sodium  hydroxide. 

The  nuclear  magnetic  resonance  spectrum,  taken  in  carbon 
tetrachloride  solution,  had  a  three-proton  doublet  centered  at  r 
8.26  (side-chain  methyl),  a  three-proton  sharp  peak  at  6.32  (meth- 
oxy),  a  one-proton  quartet  centered  at  5.01  (tertiary  hydrogen), 
and  a  four-proton  quartet  centered  at  2.99  (aromatic  hydrogen). 

p-Ferrocenylstyraie.  A  petroleum  ether  solution  of  a-(p-ferro- 
cenylphenyl)ethyl  chloride  was  passed  over  a  column  of  basic 
activity  II  alumina.  Immediately  a  green-brown  band  appeared 
on  the  column.  Rapid  elution  yielded  an  orange-yellow  solid, 
mp  128-128.5'',  after  recrystallization  from  petroleum  ether,  in 
about  50%  yield.  (Other  products  were  not  examined.)  The 
presence  of  peaks  at  1623,  991,  and  910  cm"^  in  the  infrared  spec- 
trum of  the  material  (carbon  tetrachloride  solution)  was  indk:ative 
of  a  styrene  derivative.  Anal.  Cakd  for  CisHuFe:  C,  75.02; 
H,  5.39.    Found:    C,  75.19;  H,  5.33. 

a-Chloroethyl  methyl  ether  was  prepared  by  the  method  of  Henze 
and  Murchison.** 

ProduclB  of  Solfolyflis  of  a-Ferrocenyiphaiylethyi  Chlorides. 
A.  aK<'-Ferrocenyl|ihaiyI)ethyl  Chloride.  A  solution  of  0.0105  g 
(3.23  X  10"*  mole)  of  a-(o-ferrocenylphenyl)ethyl  chloride  in  95% 
ethyl  alcohol  was  purged  with  nitrogen  for  15  min.  After  the  solu- 
tion had  been  immersed  in  a  40°  bath  for  3.5  hr,  the  solvent  was 
removed  with  a  rotary  evaporator.  The  residue  was  chromato- 
graphed on  basic  activity  II  alumina.  Petroleum  ether  first  eluted 
0.003  g  of  a  material  (3%)  whose  infrared  spectrum  was  character- 
istic of  a  styrene.  This  was  followed  by  0.099  g  of  a  yellow  solid, 
mp  71-72°,  after  recrystallization  from  ether-petroleum  ether. 
It  showed  strong  absorption  in  the  infrared  at  1090  cm~^  and 
analysis  confirmed  its  identity  as  ethyl  a-(a-ferrocenylphenyl)ethyl 
ctiier  (92%  yield).  Anal.  Calcd  for  CsoH»FeO:  C,  71.87;  H, 
6.64.  Found:  C,  71.96;  H,  6.80.  Increasing  proportions  of 
benzene  then  elutc^l  0.003  g  (3%)  of  a  yellow  solid,  shown  by  its 
infrared  spectrum  to  be  a-(o-ferrocenylphenyl)ethyl  alcohol. 

B.  a-(m-Fcmcaiylphenyl)ethyl  Chloride.  A  solution  of  0.100 
g  (3.08  X  10~*  mole)  of  a-(m-ferrocenylphenyl)ethyl  chloride  in 
95%  ethyl  alcohol  was  purged  with  nitrogen  and  then  held  at  70° 
for  7  hr.  The  solvent  was  removed  with  a  rotary  evaporator  and 
the  residue,  a  dark  orange  oil,  chromatographed  on  neutral  activity 
II  alumina.  About  0.O09  g  of  the  residue,  dark  brown  in  color, 
was  insoluble.  Petroleum  ether  first  eluted  0.(X)5  g  of  a  yeUow 
solid  (6%)  judged  to  be  a  styrene  from  its  infrared  spectrum.  The 
styrene  was  followed  by  0.070  g  (68%)  of  an  orange-yellow  solid, 
mp  59.5-60.5°  after  two  recrystallizations  from  petroleum  ether. 
On  the  basis  of  infrared  spectrum  and  elementary  analysis  it  was 
identified  as  ethyl  a-(m-ferrocenylphenyl)ethyl  ether.  Anal. 
Calcd  for  CioH»FeO:  C,  71.87;  H,  6.64.  Found:  C,  72.03; 
H,  6.75. 


Benzene-ether  solutions  eluted  about  0.003  g  (3%)  of  otim- 
ferrocenylphenyl)ethyl  alcohol,  which  was  incompletely  separated 
from  a  carbonyl-containing  material  (ca.  0.003  g),  judging  from 
infrared  spectra.  Some  remaining  darkly  colored  bands  were 
very  reluctantly  eluted  with  ethanol  and  acetic  acid  and  could  not 
be  characterized  further. 

C.  a-(/vFerrocenyl|ihaiyI)ethyl  Chloride.  A  solution  of  0.41 6  g 
of  a-(p-ferrocenylphenyl)ethyl  chloride  (1.18  X  10~'  mole,  allow- 
ing for  8%  carbinol  contamination)  was  dissolved  in  100  ml  of 
95%  ethyl  alcohol  that  had  been  cooled  to  0°  and  purged  with 
nitrogen.  After  3  hr  at  0°,  the  solvent  was  removed  by  rotary 
evaporator.  The  dark  orange  oil  was  dissolved  in  petroleum  ether 
and  chromatographed  on  basic  activity  II  alumina.  Petroleum 
ether  rapidly  eluted  0.QO6  g  (2%)  of  a  yellow  solid,  shown  by  com- 
parison of  infrared  spectra  to  be  /^ferrocenylstyrene.  The  styrene 
was  followed  by  0.273  g  (69%)  of  an  orange  oil  which  crystallized 
after  vacuum  drying,  mp  47.5-48.5°  after  recrystallization  from 
ethyl  alcohol.  On  the  basis  of  infrared  and  nmr  spectra  and 
elementary  analysis  it  was  identified  as  ethyl  a-(p-ferrocenylphenyl> 
etiiyl  etiier.  Anal.  Calcd  for  QoHaFeO:  C,  71.87;  H,  6.64. 
Found:    C,  72.00;  H,6.61. 

The  nmr  spectrum  in  deuteriochloroform  had  a  triplet  centered  at 
T  8.85  and  a  quartet  centered  at  6.69  (ethoxy),  a  doublet  centered  at 
8.63  (methyl  P  to  aromatic  ring),  a  singlet  at  6.03  (unsubstituted 
ferrocene  ring),  a  sextet  centered  at  4.65  (substituted  ferrocene  ring), 
and  a  quartet  centered  at  2.76  (aromatic  ring).  The  tertiary  hydro- 
gen was  not  resolved  from  the  sextet  at  5.65. 

The  ether  was  followed  by  0.029  g  (8%  by  weight)  of  a  yellow 
solid  which  was  eluted  very  slowly  by  petroleum  ether  and  had  mp 
190-210°.  It  was  poorly  soluble  in  ordinary  solvents,  and  a  por- 
tion which  was  recrystallized  from  cyclohexane  melted  from  195  to 
210°.  Nearly  the  same  melting  range  (195-205°)  was  shown  by  a 
portion  which  was  recrystallized  from  ethanol.  The  infrared 
spectrum  showed  no  bands  that  could  not  arise  from  a  ferrocene 
nucleus  with  a  hydrocarbon  side  chain.  Lack  of  material  and  in- 
solubility prevented  obtaining  a  good  nmr  spectrum,  the  only  dear 
peak  being  that  at  ca.  r  6,  characteristic  of  unsubstituted  ferrocene 
rings.  Anal,  (relative  to  those  for  2,3-di-/^ferrocenylphenyl- 
butane):  Cakd  for  CisHmFcs:  C,  74.76;  H,  5.93;  mol  wt, 
576.  Found:  C,  75.62;  H,  8.02;  mol  wt,  611  (melting  point 
depression). 

Small  percentages  of  benzene  in  the  eluate  brought  off  0.017  g 
of  an  orange-red  oil,  the  infrared  spectrum  of  which  had  a  carbooyl 
peak  at  ca.  1 690  cm~  K  Its  infrared  spectrum  consisted  of  the  peaks 
characteristic  of  p-ferrocenylacetophenone,  but  there  were  others 
as  well,  in  particular,  one  at  1090  cm~^  (strong),  possibly  an  ether. 
Attempts  to  rechromatograph  this  fraction  were  unsuccessful  be- 
cause decomposition  occurred  after  prolonged  contact  with  the 
adsorbent 

Benzene-petroleum  ether  (1 :3)  eluted  0.049  g  (4.5%  allowing  for 
that  initially  present)  of  a-(p-ferrocenylphenyl)ethyl  alcohol, 
characterized  by  melting  point  and  infi-ared  spectrum.  The  small 
amount  of  material  remaining  on  the  column,  eluted  with  mixtures 
ranging  to  100  %  ether,  could  not  be  identified.  The  infrared  spec* 
tra  were  complex,  and  prominent  in  all  was  a  strong  peak  at  ca. 
1680  cm~^  The  "9-10  bands"  characteristic  of  unsubstituted 
ferrocene  rings  were  also  evident. 

Kinetic  Measurementi.  The  solvents  were  made  up  by  volume 
at  room  temperature,  using  redistilled  water,  USP  absolute  alcohol, 
ethanol  which  had  been  refluxed  and  distilled  over  calcium  hydride 
(for  ethanol-ether  mixtures),  and  sodium-dried  reagent  ethyl  ether. 
These  were  saturated  with  nitrogen  both  before  and  after  dilution. 
Temperature  control  in  the  range  —20  to  -|-80°  was  d:0.02°  or 
less;  the  very  low  temperatures  are  estimated  to  be  accurate  within 
:i:0.3 °.  Thermometers  in  the  normal  range  were  calibrated  against 
an  NBS  thermometer,  and  the  low  temperatures  were  measured 
with  a  vapor  pressure  thermometer. 

The  reactions  were  run  in  conductance  cells  unless  titration  pro* 
cedures  were  to  be  used.  Generally,  the  thermally  equilibrated 
solvent  was  added  to  the  substrate  in  the  cell.  The  furocene  de- 
rivatives had  to  be  dissolved  in  a  small  amount  of  ether  in  order 
to  effect  immediate  solution.  It  was  necessary  to  use  quite  dilute 
solutions  (ca.  0.001  M)  in  order  to  avoid  a  falloff  in  rate  which 
became  pronounced  after  one  half-life.*^    Insolubility  of  the  fer* 


(52)  K.  Schldgel,  Monatsh.,  88,  601  (1957). 

(53)  H.  R.  Henze  and  J.  T.  Murchison,  /.  Am,  CHem.  5oc.,  53,  4077 
(1931). 


(54)  It  is  unlikely  that  this  rate  change  is  due  to  internal  return.  We 
tested  for  ether  cleavage  by  allowing  a-(p-toIyl)  ethyl  ethyl  ether  and  0.004 
M  HCl  to  stand  in  the  solvolysis  solvent  for  several  half-lives  of  solvoly- 
sis  and  found  no  change  in  conductance.  We  conclude  that  the  rate 
decrease  results  from  readdition  to  the  product  styrene. 
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derivatives  also  necessitated  dilute  solutions.  Infinity 
IS  were  taken  after  at  least  ten  half-lives.  Under  optimum 
cms,  good  first-order  rate  plots  for  up  to  three  half-lives  were 
id.  Conductance  was  shown  to  be  proportional  to  hydro- 
add  concentration  under  the  conditions  employed, 
e  or  noore  runs  were  made  at  each  temperature,  and  a  typical 
asurement  follows  in  Table  VIII. 


^HL    Run  118,  Sdvolysis  of  a-(m-Ferrocenylphenyl)ethyl 
le,  0.00161  A/,  at  SS.OO"" 
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Time, 
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sec 

ohm"* 

sec 

ohm~* 

sec 

ohm"* 
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2.1 
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31.3 

9.560 

52.8 

386 

2.7 

4692 

35.7 

10.074 

55.0 

SOI 

3.7 

5838 

38.8 

10.797 

S8.8 

593 

4.7 

6459 

41.0 

15,550 

70.2 

890 

7.2 

6786 

41.8 

16,483 

76.0 

530 

12.7 

7200 

43.0 

17.247 

78.3 

909 

15.7 

7622 

44.7 

17,641 

79.6 

471 

20.0 

8464 

47.3 

17.988 

80.4 

275 

26.2 

8770 

49.1 

79.200 

121.5 

798 

28.8 

9303 

51.3 

165.600 

123.6 

ki  =  5.68  X  10-» 

sec"^ 

K>lvolysis  rate  of  a-(p-methylphenyl)ethyl  chloride  at  55  "^ 
o  determined  by  titration  of  liberated  hydrochloric  acid 
lium  hydroxide.  It  was  necessary  to  add  an  excess  of  2.6- 
to  the  reaction  mixture,  which  was  more  than  ten  times  as 
rated  as  the  conductance  solutions,  in  order  to  avoid  a 
Irop  in  first-<x'der  reaction  rate  with  time. 
olvolyses  of  cr-(^inethoxyphenyl)ethyl  chloride  at  O""  and  of 
xdiyl  methyl  ether  at  —70^  were  followed  by  an  in  situ 
i  procedure.  Sodium  ethoxide  in  the  ether-ethanol  kinetics 
^  was  dropped  in  as  needed  in  order  to  keep  the  reaction 
at  the  green  end  point  of  brom  thymol  blue.  The  titrant, 
xl  in  a  bulb,  was  forced  out  by  mercury  from  a  5-mm  buret, 
n  rate  was  controlled  manually,  using  the  valve  from  a 
ctcr  titrator  TTTl .  The  height  of  the  mercury  in  the  buret 
led  by  a  transducer,  and  this  mercury  pressure  was  recorded 
Ktion  of  time.  Thus,  a  continuous  record  of  volume  of 
ethoxide  added  (and  of  hydrochloric  acid  formed)  could  be 
L  Good  linear  first-order  plots  were  obtained  from  these 
ments,  and  rates  compared  well  with  those  determined 
ometrically. 

ition  parameters  were  cakulated  by  the  method  of  least 
and  these  values  were  used  to  calculate  rates  at  25°. 

of  Carbonyl  Frequendea.  The  ketone  carbonyl 
were  measured  as  0.002-0.004  M  solutions  in  carbon 
using  the  double  beam  mode  of  a  Gary- White  Modd 
red  spectrophotometer.  The  slit  width  was  1.4  cm~^  and 
mess  1  nun.  The  instrument  was  calibrated  against  water 
saks  in  the  1700-cm"*  region.  The  mid  point  of  the  peak 
s  maximum  intensity  was  taken  as  the  absorption  maximum, 
crtainty  in  the  absolute  values  is  estimated  to  be  about 
L  Uncertainties  in  relative  values  are  smaller. 
'  the  ketones  were  carefully  purified.  The  more  volatile 
t  purified  by  vpc,  using  a  silicone  column  in  an  Aerograph 
A-700  **Autoprep*'  gas  chromatograph.  Acetophenone 
ft-  and  p-chloro,  methyl,  and  methoxy  derivatives  were  puri- 
bis  way.  Amino,  nitro,  and  phenyl  derivatives  were  re- 
oed  to  constant  melting  point.  p-Acetoxyacetophenone 
pared  from  /^hydroxyacetophenone  by  the  pyridine 
'^  p-Acetamidoacetophenone  was  obtained  by  acetyla- 
f  the  corresponding  amino  derivative,  mp  173-174'',  after 
lization  from  ethyl  alcohol  (lit.*^  mp  167''). 
tylanthracene,  Chenucals  Procurement  Laboratories  ma- 
as  chromatographed  on  neutral  activity  II  alumina  with 
tn  ether.    Anthracene  was  eluted  first,  followed  imme- 


diately by  9-acetylanthracene,  which  was  recrystallized  from  meth- 
anol to  yield  yellow  prisms,  mp  75-77°  (lit."  mp  75-76°). 

9-Acetylphenanthrene,  obtained  from  Aldrich,  was  treated  with 
Norit  and  recrystallized  twice  from  methyl  alcohol  to  yield  colorless 
needles,  mp  73-74°  (lit."  mp  73-74°). 

3-Acetylindole  was  treated  with  Norit  and  recrystallized  from 
benzene.  Colorless  needles,  mp  194.5°,  were  obtained  (lit.** 
mpl91°). 

2-Acetylfuran  was  treated  with  Norit  and  recrystallized  from 
ether  at  0°.  It  was  stored  in  the  refrigerator,  since  the  melting 
point  is  29'.« 

1-Acetonaphthone,  Eastman  Kodak  Technical,  was  separated 
with  diffKulty  from  2-acetonaphthone  by  vapor  phase  chromatog- 
raphy, using  a  5%  Apiezon  L  on  Chromosorb  column  (Vt  in.  X 
10  ft)  at  180°.  The  collected  material  showed  only  a  single  peak 
when  rechromatographed. 

3,4-Methylenedioxyacetophenone,  obtained  from  Aldrich,  was 
treated  with  Norit  and  recrystallized  from  ether  to  yield  colorless 
prisms,  mp  86-87°  (lit."  mp  88°). 

2-Acetylthiophene  was  obtained  from  Matheson  Coleman  and 
Bell  and  its  purity  was  checked  by  vapor  phase  chromatography  on 
a  DECS  column  (0.25  in.  X  10  ft)  at  120°.  A  single  peak  was 
observed. 

Preparation  and  Sdvolysis  of  p-Hydroxymethylbeiizyl  Chloride. 
p-Xylylenediol  (10  g,  0.0724  mole)  was  added  to  a  mixture  of  150 
ml  of  carbon  tetrachloride  and  50  ml  of  6  yv  HCl  at  0°.  The 
glycol  dissolved,  and  the  aqueous  layer  turned  yellow.  The 
mixture  was  stored  in  the  freezer  for  2  days  and  then  warmed  to 
room  temperature.  A  carbon  tetrachloride  extract  at  that  time 
yielded  nothing,  but  after  1  hr  much  yellow  oil  had  appeared  be- 
tween the  two  layers.  The  oil  was  removed  and  extracted  with 
ether  to  yield  white  crystals,  mp  55-58°,  melting  point  unchanged 
after  recrystallization  from  carbon  tetrachloride.  The  aqueous 
layer  had  developed  by  then  a  white  precipitate,  which  was  ex- 
tracted into  ether;  mp  53-55°. 

All  the  crystals  were  combined,  dissolved  in  chloroform,  and  crys- 
tallized by  adding  petroleum  ether  to  the  solution.  In  this  way 
there  was  obtained  1.35  g  of  crystals,  mp  55.5-57.5°. 

A  second  crop,  0.49  g,  was  obtained  in  the  same  way,  mp  56- 
57.5°.  The  second  crop  was  sublimed  at  65°  (1  mm),  and  white 
crystals,  mp  55-60°,  were  obtained.  Resublimation  afforded 
0.224  g  of  material  of  mp  59-60°.  This  sample  was  used  for 
analysis  and  kinetics.  (The  compound  was  found  to  be  quite  irritat- 
ing to  the  skin.)  Anal,  Calcd  for  QHaaO:  C,  61.35;  H,  5.97; 
mol  wt,  157.    Found:    C,  60.99;  H,  5.63;  mol  wt,  174. 

The  chlOTohydrin  yielded  99%  of  the  antidpated  amount  of 
hydrochloric  acid  when  hydrolyzed  by  50%  aqueous  acetone  (0.1  M 
in  NaOH)  at  35°  for  3  days. 

Kinetics.  The  substrate  (0.04-0.09  M)  was  dissolved  in  ethyl 
alcohol  containing  0.1  A/  NaOEt  at  55°.  Aliquots  were  quenched 
with  hydrochloric  acid  and  back-titrated  with  sodium  ethoxide. 
In  both  instances  the  reaction  followed  second-order  kinetics. 
For  p-xylene  dichloride,  kt  was  6.20  X  \0~\  and  for  the  chloro- 
hydrin,/tj  =  6.21  X  10-Mmole-»sec-». 

Dimcrizatioo  of  /r-Ferrocenylphenetfayl  Carboniuiii  Ions.  A  solu- 
tion of  0.406  g  (0.00125  mole)  of  a-(p-ferrocenylphenyl)ethyl 
chloride  in  7  ml  of  chloroform  was  added  to  10  ml  of  1 : 1  sulfuric 
acid-chloroform  at  0°."  After  1  hr  the  mixture  was  warmed  to 
room  temperature.  It  stood  for  3  days,  after  which  35  ml  of  water 
was  added.  The  dark  green  aqueous  layer  was  separated  from  a 
pale  yellow  organic  layer.  The  latter  yielded  only  a  few  milligrams 
of  yellowish  oil  on  evaporation  and  was  not  examined  further.  The 
green  solution  was  r^uced  with  stannous  chloride  and  extracted 
with  benzene  to  yield  0.280  g  of  a  yellow-brown  solid. 

The  solid  was  chromatographed  on  neutral  activity  II  alumina 
with  benzene-petroleum  ether  mixtures.  An  orange  solid  (0.065 
g),  mp  220-225°  and  only  slightly  soluble,  was  eluted  with  0.5% 
benzene.  The  infrared  spectrum  was  consistent  with  that  of  a  fer- 
rocenyl  hydrocarbon  although  it  was  very  weak.    A  petroleum 


n  adaptation  of  the  apparatus  used  for  continuous  pressure 

i;  see  T.  G.  Traylor  and  C.  A.  Russell.  /.  Am,  Chem,  Soe.,  87, 

55). 

.  L.  Shriner,  R.  C.  Fuson,  and  D.  Y.  Curtin,  "Systematic 

ttion  of  Organic  Compounds,**  5th  ed.  John  Wiley  and  Sons. 

f  York,  N.  Y.,  1964:  (a)  p  247;  (b)  p  259. 


(57)  C.  Merritt,  Jr.,  and  C.  E.  Braun.  "Organic  Syntheses,"  Coll. 
Vol.  4,  John  Wiley  and  Sons,  Inc..  New  York,  N.  Y.,  1963,  p  8. 

(58)  H.  F.  Miller  and  G.  B.  Bachman,  /.  Am.  Chem.  Soc.,  57,  766 
(1935). 

(59)  B.  Oddo  and  L.  Sessa.  Gazz.  Chim,  Ital.,  41, 1,  234  (1911). 

(60)  H.  D.  Hartough  and  A.  I.  Kosak.  /.  Am,  Chem,  Soc,,  69,  1012 
(1947). 

(61)  E.  Mameli.  Gazz.  Chim.  Itai.,  39,  n.  165  (1909). 

(62)  Conditions  used  were  those  of  A.  Berger,  W.  E.  McEwen,  and  J. 
Kldnberg,/.  Am.  Chem,  Soc„  83,  2274(1961). 
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ether  extract  of  the  material  yielded  0.005  g,  mp  188-210''.  The 
insoluble  material  then  melted  at  225-228''.  Limited  solubility  of 
the  latter  forced  use  of  such  a  high  spectral  amplitude  that  only  a 
qualitative  nmr  could  be  obtained  (benzene).  Neither  chloroform, 
DMSO,  nitromethane,  nor  DMF  would  dissolve  enough  of  the 
material  for  a  spectrum.  There  appeared  to  be  the  following  ab- 
sorptions: a  doublet  at  r  8.96  and  8.87;  sharp  peak  at  6.30  (un- 
substituted  ferrocene  ring);  and  two  poorly  resolved  triplets  at 
6.13  and  5.73  (substituted  ferrocene  ring).  Aromatic  proton 
absorption  could  not  be  distinguished  from  that  of  the  solvent. 
AnaL  Calcd  for  C,«Hs«Fes:  C.  74.76;  H.  5.93;  Fe,  19.31; 
mol  wt,  576.  Found:  C,  74.47;  H,  5.89;  Fe,  19.73;  mol  wt, 
549.  This  represents  a  17%  yield  of  dimer,  based  upon  amount 
of  starting  chloride. 

Elution  mixtures  containing  5-10%  benzene  eluted  0.010  g  of 
solid  of  mp  258-261''.  AnaL  Found:  C,  69.58;  H,  6.52; 
mol  wt,  3092. 

Increasing  amounts  of  benzene  eluted  additional  amounts  of 
solids,  which  had  very  wide  melting  ranges  and  variable  but  limited 
solubility.  These  could  not  be  recrystallized,  and  infrared  spectra 
indicated  little  because  of  insolubility.  Mulls  were  also  unsatis- 
factory. It  was  assumed  that  these  firactions  were  polymers  of  a 
polystyrene  type. 

Preparatioii  and  Sdvolysis  of  p-Chloroiiietfaylbenzyl  Ethyl  Sulfide 
dV).  A  solution  of  13  ml  (0.17  mole)  of  ethanethiol  in  100  ml  of 
absolute  alcoh3l  containing  0.40  g  (0.16  g-atom)  of  sodium  as  so- 
dium ethoxide  was  added  to  61  g  (0.34  mole)  of  a,a '-p-xylylene  di- 
chloride  in  700  ml  of  /-butyl  alcohol  (precipitate).  The  mixture  was 
maintained  at  70-75"  during  the  addition  which  required  about 
15  min.  After  an  additional  hour  stirring  at  this  temperature  the 
mixture  was  cooled  to  O*'  for  a  few  hours  to  precipitate  the  excess 
dichloride  and  filtered  and  the  solvent  evaporated.  The  product 
was  distilled  through  a  short  Vigreux  column  at  reduced  pressure. 
Four  fractions  were  obtained  at  0.4  mm.  The  first  two  cuts,  bp 
103-104.5°,  solidified  and  were  shown  by  their  infrared  spectra 
to  contain  starting  dichloride.  The  third  cut,  3  g,  bp  104.5-106.4", 
/i'^**D  1.5686,  showed  none  of  the  dichloride  absorption  at  14.4  m 
in  the  infrared.  The  fourth  cut,  bp  106.5-115",  n*^H>  1.5691,  also 
showed  no  dichloride.  Thin  layer  chromatography  of  cuts  3  and 
4  using  silica  gel  and  cyclohexane-benzene  also  demonstrated  the 


absence  of  dichloride,  but  cut  4  contained  appreciable  amounts 
and  cut  3  a  small  amount  of  a  second,  slower  moving  component, 
presunubly  the  disulfide.  Fraction  3,  which  was  used  in  kinetic 
runs,  gave  the  following.  Anal,  Calcd  for  QoHisSQ:  C,  59.98; 
H,  6.54;  CI,  17.70;  S,  15.90.  Found:  C,  60.00;  H,  6.73; 
a,  15.58;  S,  18.10. 

Nmr.  Whereas  a,a '-dichloro-p-xylene  showed  singlets  at  r 
5.56  and  2.77,  fractions  3  and  4  had  the  spectra  shown  in  Table 
DC.  Solvolyses  of  benzyl  chloride,  a,a '-dichloro-p-xylene,  and  IV 
in  50  vol.  %  aqueous  dioxane,  followed  as  described  above,  gave 
the  firstKK-der  rate  constants  shown  in  Table  X. 


Table  IX 

A  w^ntf    i«««^A»  ••«m«>   r^.»filr«T 

CH,— CH,     -S-CH,— CJtf  4— CH,  -CI 

Position,  r 
Areas,  finaction  3 
Areas,  fraction  4 

8.9 
2.9 
3.6 

7;7        6.42       2.82        5.58 
1.9        1.8         3.9         2.2 
2.2        2.0         3.6          1.7 

TaUeX 

Rate  constants.  A:  X  10»,  sec-» 
60"               80"               90" 

Benzyl  chloride  5 .  73, 6. 10 

a,o  '-Dichloro-p-xylene  5 .  08, 5 .  27 

IV  1.57,1.45    8.53,8.81.   21.6,21.0 

8.74 
A^^iv  -  20.4kcal,AS*  =  -19eu 
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Abstract:  Chronopotentiometric  quarter-wave  potentials  of  a  number  of  substituted  ferrocenes  were  measured 
in  acetonitrile  solution.  These  new  data,  together  with  previously  published  data,  indicate  that  substituent  effects 
in  this  reaction  are  best  correlated  by  a  blending  of  Hammett  am  and  <rp  constants,  rather  than  by  the  Hammett  a, 
constants  alone  as  was  previously  suggested.  The  quarter-wave  potentials  of  acetamido-  and  urethano-sub- 
stituted  ferrocenes  are  anomalously  low  compared  with  those  of  the  other  compounds  studied.  This  unusual 
behavior  is  e^lained  in  terms  of  direct  interaction  of  the  acetamido  and  urethano  substituents  with  the  positive  iron 
atom  in  the  oxidized  species. 


The  degree  of  correlation  of  chronopotentiometric 
quarter-wave  potentials  of  substituted  ferrocenes 
with  substituent  constants  such  as  Taft's  polar  con- 

(1)  (a)  Presented  in  part  at  the  34th  Annual  Meeting  of  the  Colorado- 
Wyoming  Academy  of  Science,  Colorado  State  University,  Fort  Collins, 
Colo.,  May  1963.  The  experimental  portion  of  this  paper  is  taken  from : 
(b)  the  Ph.D.  Thesis  of  D.  W.  Hall,  California  Institute  of  Technology, 
Pasadena,  Calif.,  1963;  (c)  the  Ph.D.  Thesis  of  C.  D.  RusseU,  California 
Institute  of  Technology,  Pasadena,  Calif.,  1963. 


stants,^  Brown's  tr*-  constants,^  and  Hammett's  0*11 

(2)  To  whom  correspondence  should  be  addressed  at  the  Chemistry 
Department,  University  of  British  Columbia,  Vancouver  8,  Canada. 

(3)  Contribution  No.  3462. 

(4)  R.  W.  Taft,  Jr.,  "Steric  Effects  in  Organic  Chemistry,"  M.  S. 
Newman,  Ed.,  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1956, 
Chapter  13. 

(^  H.  C.  Brown  and  Y.  Okamoto,  /.  Am.  Chem,  Soc.,  SO,  4979 
(19S8). 
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I.  Electrolysis  cell:  a,  cork;  b,  glass  tube;  c,  ground  glass 
1,  N|  inlet  for  deaerUitm;  e,  plaUnum  wire  BUxiliBTy  dec- 
f,  ball  j(»Dl  socket;  g,  &m  porosity  rrittcd  glass;  and  h, 
n  disk  working  ekdrode. 


,  constants*  has  been  the  subject  of  several  in- 
itions  to  date.'-* 

-as  concluded  that  these  quarter-wave  potentials 
St  correlated  with  the  Hammett  a^  constants,  and 
le  resulting  Hammett  plot  can  then  be  used  to 
secondary  a,  constants"  for  substituents  for 
such  data  are  not  tabulated.  It  was  fuHher 
that  the  same  regression  line  can  be  used  to 
ite  monosubstituted  ferrocenes  and  disubstituted 
:nes.* 

addition  to  the  chronopotentiometric  measure- 
in  acctonitrile  solution,  the  reduction  potentials 
ocene  derivatives  have  been  measured  in  ethanol- 
solutions''  and  in  acetic  acid  solution."'" 
:  the  purpose  of  the  present  paper  to  point  out 
te  accepted  view  of  substituent  effects  in  the  oxi- 
of  ferrocene  derivatives  and,  indeed,  in  several 
reactions  of  ferrocene  compounds  warrants  re- 
lation. 


.  Hoi),  W.  McEwen,  and  I.  Kleinbcrg.  aid.,  S3,  3949  (1961). 
'.  F.  Uitle,  C.  N.  RctUey,  J.  D.  lohiuon,  and  A.  P.  Sanden, 
,  1382  (1964). 

].  H.  McDaoiel and  H.  C.  Brown.y.  Org.  Chem,. 23,  420 (1958). 
.  Komenda  and  J.  Tirouflet.  Compt.  Rend.,  Z54,  3093  (1962). 
.  G.  Muan  and  M.  Roienbluin,  /.  Am.  Chem.  Soc.,  II,  4206 

:.  P.  Gubin  and  E.  G.  Perevalova.  Dokl.  Akad.  Nauk  SSSR.  143, 


Figure  2.  Silver-silver  perchlcsate  reference  electrode:  a,  cork; 
b,  silver  wire;  c,  0.01  M  silver  nitrate,  0.2  M  tetraelhylanuixniuni 
pcrchlorate,  and  acetonitrile;  d,  ball  joint;  e,  soft  glass  bead  in 
Fyrexstem. 


Expalmaital  Section 

Measnrcawnta.  Solutionsof  approximately  2  mAf  concentration 
in  the  ferrocene  compound  and  0.20  M  in  reagent  grade,  anhydrous 
NaCIOi  (G.  F.  Smith  Chemical  Co.)  were  prepared  using  spectral 
grade  acetonitrile  (Matheson  Coleman  and  Bell  Co.).  The  elec- 
trolysis  cell  is  illustrated  in  Figure  1  and  the  reference  electrode  in 
Figure  2.  Tlie  current  source  was  a  Wenking  potentioatat  (Elek- 
troniscbe  Wcrkstatten,  Gottingen,  Germany)  which  controlled  tbe 
voltage  across  a  standard  resistor  in  series  with  tbe  cell  and  hence 
the  current  through  the  cell.  Chronopotentiograms  were  re- 
corded on  a  Moseley  X-Y  tinK  recorder  connected  to  the  anode 
and  to  the  reference  electrode  through  two  follower  amplifiers  of 
the  DeFord  type"  constructed  with  Gewge  A.  Philbrick  Cb. 
plug-in  amplifiers.  The  ohmic  drop  between  anode  and  reference 
electrode  was  measured  using  a  method  described  by  Anson" 
and  found  to  be  only  a  few  millivolts;  due  correction  was  made  to 
the  measured  potentials.  All  measurements  were  performed  at 
25.0°.  The  ctiTfMiopotenliometric  quarter-wave  potentials  deter- 
mined in  tbe  present  work  are  reproducible  to  within  at  least  10  mv. 

The  chronc^olenliometric  quarter-wave  potential  was  inter- 
preted as  the  formal  oxidation  potential  for  the  given  solution  com- 
position, after  verifying  reversibility  of  the  electrode  reaction  by 
current-reversal  chronopotentiometry.''"  Reversibility  was  veri- 
fied in  the  case  of  all  but  two  compounds  studied.  Neitho-  3- 
acetyl-l,r-di(ethoxycarbonylamino)ferrocenc  nor  3-acetyI-l,l '-tri- 
mcthyleneferrocene  gave  any  distinct  chronopotentiometric  wave 
upon  current  reversal.  This  probably  indicates  rapid  decomposi- 
tion of  the  oxidation  product.  Data  for  these  compounds  are  ex- 
cluded from  the  subsequent  discussion. " 

Preparatka  of  CompoiBds.  Most  of  the  compouitds  listed  in 
Table  lA  have  been  described  in  a  previous  publication. " 


(14)  D.  D.  DeFord,  Symposium  on  Electroanalytical  Techniques, 
nird  National  Meetins  of  the  American  Chemical  Society,  San  Fran- 
cisco, Calif.,  April  1958. 

(15)  F.  C.  Anson.  Anal.  Chem..  33.  939  (1961). 

(16)  P.  Delabay.  "New  Imuumenial  Methods  in  Etectrochemistry," 
Inlendencc  Publisheri,  Inc.,  New  York,  N.  Y.,  1964. 

(IT)  More  information  ii  available  in  ref  la  and  b  concerainE  chro- 
nopotentiometric studies  on  the  two  compounds  mentioned  above,  as 
well  as  on  reversibly  oxidized  ferrocene  compounds  not  deemed  perti- 
nent to  the  present  paper. 

(18)  D.  W.Halland  J.  H.  Richards./.  Org.  Cft«m..l«,  1549(1963). 
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Samples  used  in  the  present  study  were  of  known  analytical  purity 
except  for  the  compounds  discussed  below.  These  compounds 
were  prepared  according  to  published  procedures  and  carefully 
purified.  A  check  on  sample  purity  was  made  by  comparing  melt- 
ing points  with  the  corresponding  literature  values  when  these 
were  available,  and  by  inspection  of  the  infrared  spectra. 

l,r-Di(methoxycarbonylamino)ferrocenei*  was  prepared  in  a 
manner  analogous  to  Rosenblum's"  preparation  of  l,r-di(ethoxy- 
carbonylamino)ferrocene.  The  compound  was  purified  by  chro- 
matography on  alumina  followed  by  recrystallization  from  petro- 
leum ether  (melting  point,  sealed  tube,  152-153°;  no  melting  point 
cited  in  ref  19).  The  infrared  spectrum  of  this  material  compared 
favorably  with  the  spectrum  of  a  sample  of  analytically  pure  1,1'- 
di(ethoxycarbonylamino)ferrocene. 

Methoxyferrocene  was  prepared  according  to  the  procedure  of 
Nesmeyanov**  and  purifi^  by  vacuum  sublimation.  The  result- 
ing yellow  needles  possessed  a  fairly  wide  melting  range  (35-40 ''; 
sealed  tube),  but  the  upper  end  of  the  range  was  comparable  to  the 
reported  melting  point  (39.5-40.5°).  The  infrared  spectrum  was  in 
accord  with  the  structure.  The  chronopotentiometric  curves  for 
this  material  displayed  no  evidence  for  the  presence  of  other  than  a 
single  oxidizable  component. 

3- Acetyl- l,r-dimethylferrocene  was  donated  by  Hill."  The 
purity  of  the  sample  was  rechecked  since  it  had  stood  on  the  shelf 
for  some  time.  The  melting  point  was  unchanged  from  the  value 
reported  originally.  The  infrared  spectrum  was  in  accord  with  the 
structure. 

1,1  '-Dibromoferrocene  was  prepared  according  to  the  procedure 
of  Nesmeyanov'^  and  purified  by  chromatography  on  alumina. 
Recrystallization  from  petroleum  ether  gave  finely  divided  yellow 
crystals  (mp  50-52°,  sealed  tube;  lit."  mp  50-51  °). 

Results 

Chronopotentiometric  quarter-wave  potentials  ds. 
the  silver-silver  perchlorate  electrode  for  reversibly 
oxidized  ferrocene  derivatives  determined  in  the  present 
study  are  Hsted  in  Table  I,  part  A.  We  have  followed 
the  precedent  set  by  Little,  et  al,^^  and  reported  the 
data  as  ^E^|^  values  relative  to  the  quarter-wave  po- 
tential of  ferrocene.  The  quarter-wave  potential  of 
ferrocene  vs.  the  silver-silver  perchlorate  electrode 
was  found  to  be  0.063  volts. 

Quarter-wave  potentials  previously  reported  by  other 
workers  are  hsted  in  Table  I,  part  B.  These  are  A-EV* 
values  relative  to  the  quarter-wave  potential  of  ferro- 
cene vs.  the  standard  calomel  electrode.  These  AJ^V^ 
data  were  taken  directly  from  ref  9,  and  represent  in 
some  instances,  as  outUned  in  that  reference,  averages 
of  A-EV^  data  determined  by  several  research  groups. 
It  has  been  established*  that  even  though  the  quarter- 
wave  potential  of  ferrocene  vs.  the  standard  calomel 
electrode  varies  considerably  in  the  studies  reported  in 
ref  7-9,  it  appears  to  have  been  held  reproducible  for  a 
given  set  of  determinations  by  each  individual  research 
group.  Thus,  A£74  data  for  the  same  ferrocene  deriva- 
tives are  closely  comparable  throughout  the  several 
sets  of  studies.  We  chose  the  silver-silver  perchlorate 
electrode  only  after  experiencing  difficulty  in  obtaining 
stable  potential  measurements  with  the  aqueous  calomel 
electrode. 

We  measured  quarter-wave  potentials  for  several 
ferrocene  derivatives  which  had  already  been  studied 
by  other  workers.  We  found  a  close  correspondence 
between  our  AEV4  data  and  the  previously  published 
data.  Complete  details  of  these  repetitive  studies  are 
to  be  found  elsewhere.^****^  A  comparison  of  our  meas- 
urement of  AEV4  for  l,r-diacetylferrocene  (0.488  v) 

(19)  G.  R.  Knox.  Proc,  Chem.  Soc,  (London).  56  (1959). 

(20)  M.  Rosenblum.  Ph.D.  Thesis.  Harvard  University.  1953. 

(21)  A.  N.  Nesmeyanov.  V.  A.  Sazonova.  and  V.  N.  Drozd.  Chem. 
Ber.,  93,  2717  (1960). 

(22)  E.  A.  Hill  and  J.  H.  Richards.  /.  Am.  Chem.  Soc.,  83,  4216  (1961). 


Table  I.    Chronopotentiometric  Quarter-Wave  Potentials  for 
Reversibly  Oxidized  Ferrocene  Derivatives  in  Acetonitrile  at  25* 
Relative  to  the  Quarter- Wave  Potential  for  Ferrocene 


No. 

code 

Substituents 

A^V4 

ScTm 

Z<r, 

A.    A£V4  (silver-silver  perchlorate  electrode") 

1 

l,l'-Di(ethoxycar. 
bonylamino) 

-0.139 

0.204 

-0.172 

2 

1,1  '-C^(niethoxycar- 
bonylamino) 

-0.137 

0.204 

-0.172 

3 

Methoxycarbonyl- 
amino 

-0.070 

0.102 

-0.086 

4 

Acetamido 

-0.068 

0.102 

-0.086 

5 

Methoxy 

-0.058 

0.115 

-0.268 

6 

3-AcetyM,l '-dimethyl 

0.148 

0.238 

0.162 

7 

1  '-Acetyl- i-methoxy- 
carbonylamino 

0.157 

0.478 

0.416 

8 

1  '-Acetyl- 1-acetamido 

0.171 

0.478 

0.416 

9 

2- Acetyl-  1-acetamido 

0.250 

0.478 

0.416 

10 

l.l'-Dibromo 

0.317 

0.782 

0.464 

11 

Cyano 

0.375 

0.560 

0.660 

12 

1  '-Acetyl- 1-bromo 

0.406 

0.767 

0.734 

13 

I'-Acctyl-l-chloro 

0.427 

0.749 

0.729 

14 

l,l'-Diacetyl 

0.488 

0.752 

1.004 

15 

r- Acetyl- 1-cyano 

0.598 

0.936 

1.162 

B.    A^Vi  (standard  calomel  electrode^) 

16 

1,1 '-Diethyl 

-0.115 

-0.140 

-0.302 

17 

l.r-Dimethyl 

-0.100 

-0.138 

-0.340 

18 

Ethyl 

-0.061 

-0.070 

-0.151 

19 

Methyl 

-0.060 

-0.069 

-0.170 

20 

Hydrogen 

0.000 

0.000 

0.000 

21 

Trimethylsilyl 

0.005 

-0.040 

-0.070 

22 

l,l'-Di(trimcthylsilyl) 

0.005 

-0.080 

-0.140 

23 

Phenyl 

0.028 

0.060 

-0.010 

24 

l,l'-Diphenyl 

0.055 

0.120 

-0.020 

25 

lodo 

0.142 

0.352 

0.180 

26 

I'-Ethyl-l-carboxy 

0.182 

0.300 

0.300 

27 

Carboxy 

0.240 

0.370 

0.450 

28 

Carbethoxy 

0.241 

0.370 

0.450 

29 

Benzoyl 

0.260 

0.343 

0.429 

30 

Acetyl 

0.255 

0.376 

0.502 

31 

l.l'-Dicarboxy 

0.453 

0.740 

O.900 

32 

1  '-Acctyl-1-carboxy 

0.466 

0.750 

0.950 

«  £74  for  ferrocene  was  determined  to  be  0.063  v.  ^  The  AE^U 
data  cited  are  taken  directly  from  the  appropriate  tables  in  ref  9. 
In  some  instances,  these  data  are  averages  of  values  reported  in  ref 
7  and  8,  as  well  as  in  ref  9. 


with  similar  measurements  by  other  workers  (0.489 
v;'  0.484  v')  shows  the  sort  of  agreement  which  is 
typically  observed  in  these  studies. 

The  substituent  constants  employed  are  those  tabu- 
lated by  McDaniel  and  Brown,  ^^  unless  otherwise  in- 
dicated. The  a  values  for  the  acetamido  and  benzoyl 
groups  are  those  reported  by  White,  Schlitt,  and 
Gwynn.*'  The  <r  constants  for  the  acetamido  group 
differ  substantially  from  those  tabulated  by  McDaniel 
and  Brown,  but  the  discussion  to  follow  does  not  de- 
pend qualitatively  on  which  set  is  used.  The  a  constants 
for  the  urethano  groups  were  arbitrarily  assigned 
to  be  the  same  as  those  for  the  acetamido  group. 
Again,  the  conclusions  are  qualitatively  the  same  if  the 
derived  <r  values  reported  by  Kaplan**  for  the  urethano 
group  are  used  instead. 

Hammett  plots  of  the  AE^/i  data  given  in  Table  I  vs. 
2)<rm  and  vs.  Xap  are  depicted  by  Figures  3  and  4, 
respectively.    Figure  5  is  a  plot  of  the  AE^d  data  vs. 

(23)  W.  N.  White,  R.  Schlitt,  and  D.  Gwynn,  /.  Org.  Chem.,  26.  3613 
(1961). 

(24)  M.  Kaplan,  /.  Chem.  Eng.  Data,  6,  272  (1961). 
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Relationship  between  AE^/a  of  ferrocene  derivatives  and 
ta  om  constants.  Data  represented  by  closed  circles  were 
ermine  the  regression  line.    See  Table  I  for  list  of  data. 


Figure  4.  Relationship  between  Ai?V4  of  ferrocene  derivatives  and 
the  Hammett  <rp  constants.  Data  represented  by  closed  circles  were 
used  to  determine  the  regression  line.   See  Table  I  for  list  of  data. 


\ty  blending  of  the  (Tm  and  <rp  constants.  The 
constant,  2(<r«  +  2<rp)/3,  is  intended  to  repre- 
tituent  eflfects  intermediate  in  the  relative  de- 
nductive  and  resonance  eflfects  associated  with 
;  (Tm  and  ap  constants.  HilP^  has  shown  that 
It  effects  in  the  solvolysis  of  heteroannulariy 
;d  methylferrocenylcarbinyl  acetates^**  are 
rrelated  by  the  calculated  constant  discussed 
in  by  either  am  or  ap.    Since  it  is  believed  that 

atom  stabilizes  the  a-ferrocenylcarbonium 
'ated  during  solvolysis^^  and  thereby  aquires 
degree  of  positive  character,  it  is  perhaps  not 
:d  that  substituent  eflfects  in  the  solvolysis  re- 
irallel  substituent  eflfects  in  the  chronopoten- 

oxidation  studies  discussed  here.  In  fact,  it 
shown  that  there  is  an  excellent  linear  correla- 
veen  the  solvolysis  rate  constant  data  and 
ter-wave  potentials  of  the  appropriately  sub- 
errocenes.^**  This  work  will  be  discussed  in 
I  future  publication.^' 

[I  lists  the  results  of  statistical  analyses  of  the 
phically  represented  in  Figures  3-5.^    These 

are  merely  unweighted  least-squares  treat- 

the  data.  The  Hammett  equation  was  used 
rm  discussed  by  Jaflf6;*  therefore,  the  signifi- 

the  statistical  parameters  is  the  same  as  dis- 
i  detail  by  Jaff6.  We  have,  perhaps,  taken 
srties  from  the  standpoint  of  the  statistician 
e  have  selectively  deleted  data  for  substituents 
1  a  given  chemical  classification.  This  was 
>rder  to  pinpoint  sources  of  substituent  eflfect 
.    We  believe  these  liberties  will  not  lead  to 

the  conclusions  to  be  presented.  But,  they 
:  it  possible  inadvertently  to  omit  discussion 
ically  significant  deviations  not  falling  into  our 
dy  picked  classes  of  substituent  eflfects.  How- 
can  safely  say  that  the  orders  of  magnitude  of 

deviations  are  far  less  than  is  the  case  with 
ita  to  be  discussed. 

igh  it  would  be  desirable  to  include  in  Table  II 
)lete  data  for  the  standard  deviations  of  the 

u  Hill.  Ill,  private  communication. 

u  Hill,  D.  W.  Hall,  and  J.  H.  Richards,  manuscript  in  prep- 

ire  indebted  to  D.  E.  Stephens  for  writing  the  programs  and 
ast-squares  computations  on  the  Marathon  Oil  Co.*s  B-5000 


Figure  5.  Relationship  between  ^E}U  of  ferrocene  derivatives  and 
H(Tm  +  2ap)l3.  Data  represented  b^  closed  circles  were  used  to 
detoinine  the  regression  line.   See  Table  I  for  list  of  data. 


quarter-wave  potentials,  this  is  not  warranted  because 
of  limitations  on  space.  ^  When  it  becomes  neces- 
sary to  support  a  conclusion  which  cannot  be  ade- 
quately supported  by  the  data  presented  in  Table  II, 
reference  will  be  made  to  Figures  3-5.  Quantitative 
data  for  deviations  referred  to  in  the  Hammett  plots 
will  be  cited  from  our  files. 

Discussion 

Comparison  of  Figures  3  and  4  demonstrates  that, 
as  previous  researchers  have  stated,  the  quarter-wave 
potentials  are  better  correlated  with  Hammett*s  trp 
constants  than  with  the  am  constants.  Discussion  of 
those  data  which  deviate  even  from  the  AE^/a  vs 
Xap  plot  will  be  deferred  for  the  moment. 

It  is  of  interest  to  examine  the  data  given  in  Figures 
3  and  4  in  more  detail. 

Combination  of  all  the  previously  published  data, 
with  but  the  exception  of  that  for  iodoferrocene,  and 
a  judicious  selection  of  our  data  (exclude  substituents 
which  can  stabilize  a  positive  site  by  strong  conjugation 
effects)  lead  to  a  large  set  of  data  which  can  be  cor- 
related very  well  by  the  standards  listed  by  JaR6^  with 
either  2)<rm  or  Xap.  Compare  computation  numbers 
2  and  5  in  Table  II.    For  a  set  of  20  ferrocene  deriva- 

(28)  These  data  are  available  upon  request 
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Table  IL    Statistical  Evaluation  of  the  Correlation  between  AE^/i  and  Substituent  Constants 


Compds  listed 

Slope  of 

Computation 

Subst 

in  Table  I  which 

regression 

Correln 

•Sf  H  Hrv   .    .—..-.  —_ 

no. 

const 

were  omitted 

line 

cocff,  f 

J* 

A^/4.V* 

1 

ScTm 

None 

0.620 

0.920 

0.084 

0.081 

2 

ZcTm 

1-5,7-10,12.13.25 

0.639 

0.995 

0.022 

0.021 

3 

liffp 

None 

0.493 

0.983 

0.040 

0.039 

4 

Xffp 

1-4.7.8 

0.472 

0.993 

0.025 

0.024 

5 

Xffp 

1-5.7-10.12.13.25 

0.468 

0.995 

0.022 

0.021 

6 

2(cr^  +  2(rp)/3 

1-4.7.8 

0.517 

0.997 

0.018 

0.017 

■  See  discussion  of  statistical  treatment  of  Hammett  equation  in  ref  6. 
from  the  regression  line. 


*  Refers  to  the  standard  deviation  of  the  quarter-wave  potentials 


tives,  covering  a  magnitude  of  1.5  cr  units  in  the  ^<rp 
plot  and  1 . 1  units  in  the  2)<rm  plot,  there  is  no  difference 
in  the  degree  of  correlation  with  Xan  or  Zcr,.  In  fact, 
both  correlations  are  excellent  according  to  standards 
suggested  by  Jaff6.  The  correlation  parameters  are 
identical  for  both  computations  (r  =  0.995;  s  =  0.022; 
and  the  standard  deviation  of  AE^/a  from  the  regression 
Une  is  0.021  v).  Of  course,  in  one  sense  the  comparison 
here  also  reflects  inherent  weaknesses  of  the  statistical 
parameters  r  and  5  as  a  test  of  goodness  of  fit.  For 
this  reason,  visual  inspection  of  the  Hammett  plots, 
even  with  all  the  known  weaknesses  of  subjective 
influences  of  judgment,  can  sometimes  be  more  reward- 
ing. The  same  goal  is  achieved  by  utilizing  the  statis- 
tical data  on  standard  deviation  of  quarter-wave  poten- 
tials from  the  regression  line.  Arbitrarily  selecting 
twice  the  standard  deviation  as  a  criterion  for  rejec- 
tion, we  find  only  the  data  point  for  l,l'-di(trimethyl- 
silyl)ferrocene  anomalous  in  the  Z<rm  plot  described  by 
computation  2  (0.055  v  compared  with  0.042-v  limit). 
Since  the  same  AE^a  is  reported  for  l,r-di(trimethyl- 
silyl)ferrocene  as  for  trimethylsilylferrocene,  this  anom- 
alous point  may  be  due  to  an  error  in  the  determination 
(or  tabulation)  of  the  quarter-wave  potential.  None 
of  the  20  data  points  was  anomalous  in  the  2)<rp  plot 
described  by  computation  5  according  to  our  arbitrary 
criterion.  Thus,  unless  one  wishes  to  weigh  very  heavily 
rejection  of  a  dubious  data  point  in  computation  2, 
one  must  conclude  that  the  correlations  with  either 
Xam  or  Zo-p  discussed  above  are  equally  good.  When 
the  data  point  for  iodoferrocene*  (halogen  substituents 
are  among  those  ''key"  substituents  one  should  select 
for  an  investigation  of  the  type  discussed  here)  is  in- 
cluded in  the  comparison,  then  one  indeed  finds 
a  better  correlation  with  a,  than  with  am  by  visual 
inspection  of  the  Hammett  plots  or  by  consideration 
of  the  standard  deviations  of  quarter-wave  potentials 
from  the  regression  line.  The  deviation  from  the  re- 
gression line  is  graphically  estimated  to  be  0.084  v. 
However,  if  one  considers  only  the  r  and  s  parameters 
of  Jafl'6's  statistical  treatment,  one  finds  the  deviation 
by  iodoferrocene  in  the  Xam  plot  is  masked,  and  the  cor- 
relations still  appear  to  be  about  equally  good.  Thus, 
one  would  be  forced  to  choose  the  Zo-p  correlation 
over  the  Zctm  correlation  on  the  basis  of  a  single  pre- 
viously reported  data  point. 

The  problem  of  comparable  correlations  of  data 
from  a  variety  of  reactions  of  ferrocene  derivatives 
with  either  am  or  a,  has  been  a  persistent  one  in  our  in- 
vestigations.*** 

For  example,  we  found  the  ionization  constants  of 
heteroannularly  substituted  ferrocenoic  acids  (litera- 


ture values  were  used)  were  only  slightly  better  cor- 
related with  (T,  than  with  am-  Both  correlations  were 
at  least  "good"  by  Jafll6*s  standards.*  However, 
these  studies  suflered  from  the  fact  that  too  few  data 
were  available  (4  or  5  data  points),  key  substituents  were 
not  included,  and  the  p  for  the  reaction  was  very  small, 
thus  making  a  choice  between  am  and  a,  more  difficult 
for  reasons  cited  by  Jafli6.*  We  found  that  Nesme- 
yanov's'*  pXa  data  for  the  ferrocenoic  acids  could  be 
correlated  just  as  well  with  the  quarter-wave  potentiate 
of  the  appropriately  substituted  ferrocenes  as  with  the 
Hammett  constants.***  What  this  means  is  that  a  suf- 
ficiently extensive  test  of  substituent  eflects  has  not  yet 
been  made  for  this  particular  reaction. 

The  rates  of  esterification  of  substituted  ferrocenoic 
acids  with  diphenyldiazomethane*®  have  been  claimed* 
to  be  better  correlated  with  ap  than  with  am-  However, 
comparisons  were  made  on  the  basis  of  only  four  data 
points.  In  our  treatment  of  the  published  data,  we 
found  no  justification  for  selecting  the  a-,  correlation 
over  the  am  correlation.  A  more  extensive  study  needs 
to  be  made  before  this  problem  can  be  resolved.  We 
found  the  published  esterification  rate  data  could  be 
correlated  equally  well  with  the  appropriate  quarter- 
wave  potentials.***  We  attach  no  significance  to  that 
observation  at  the  present  time. 

We  believe  the  problem  of  equally  good  correlations 
of  reaction  data  for  ferrocene  derivatives  with  <r« 
or  a,  can  best  be  avoided  by  including  larger  numbers  of 
compounds  in  the  studies  than  have  generally  been 
used  in  the  past.  Substituents  should  also  be  more  di- 
verse, rather  than  including  only  alkyl  or  carbonyl  func- 
tions closely  related  in  electronic  efi'ects.  A  study  which 
includes,  for  example,  three  or  four  alkyl  derivatives 
and  acetyl,  ester,  and  carboxylic  acid  derivatives  in 
reality  amounts  to  a  study  employing  only  two  care- 
fully determined  data  points. 

Returning  to  the  comparison  of  Figures  3  and  4, 
we  find  that  'Sap  does  correlate  more  data  points  than 
does  Xam  when  data  for  substituents  which  are  electron 
donating  via  a  resonance  interaction  are  considered. 
Thus,  of  the  12  compounds  not  used  in  computing  the 
regression  lines  for  Figures  3  and  4,  six  may  be  in- 
cluded in  the  2<rp  plot  (computation  4  in  Table  II)  with- 
out appreciably  decreasing  the  excellent  correlation 
found  in  the  case  of  the  20  compounds  selected  for 
computing  the  regression  line  for  Figure  4.    At  least 

(29)  (a)  A.  N.  Nesmeyanov  and  O.  A.  Rcutov,  Dokl.  Akad.  Nauk 
SSSR,  115,  518  (1957);  (b)  A.  N.  Nesmeyanov  and  O.  A.  Reutov, 
Izv.  Akad.  Nauk  SSSR,  926  (1959). 

(30)  W.  F.  UtUc  and  R.  Eisenthal,/.  Am.  Chem.  Soc.,  83,  4936(1961). 
Table  II  of  this  reference  inadvertently  cites  Nesmeyanov*s  value  for  the 
piTft  of  ferrocenecarboxylic  add  (6.11). 
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f  these  six  compounds  deviate  badly  in  the  So-m 
ation,  while  in  the  Sa,  correlation  only  one  of 
ix  data  points  (that  for  l,l'-dibromoferrocene) 
tes  by  more  than  two  times  the  standard  devia- 
^or  the  entire  group.  If  one  draws  the  new  re- 
on  line  derived  from  computation  4  in  Table  II» 
>y  adding  to  the  original  20  data  points  those  for 
>xyferrocene,  2-acetyl-l-acetamidoferrocene,  and 
lalogen-substituted  ferrocenes,  a  decisive  trend 
t  data  is  noted. '^  Data  points  for  those  substit- 
which  can  donate  electrons  by  a  resonance  inter- 
1  tend  to  fall  consistently  on  one  side  of  the 
»ion  line  (except  for  the  alkyl  substituents) 
as  points  for  substituents  which  cannot  stabilize 
itively  charged  site  in  this  manner  fall  on  the  other 
»f  the  line.  Thus,  the  data  points  for  both  meth- 
rrocene  and  l,r-dibromoferrocene  fall  off  the 
a  the  same  direction  and,  as  pointed  out  above, 
ata  point  for  l,r-dibromoferrocene  is  rejected 
the  correlation  according  to  our  arbitrary  limit, 
believe  this  trend  indicates  that  trp  overestimates 
iportance  of  resonance  effects  in  the  chronopoten- 
tric  oxidation  of  ferrocene  derivatives.  There- 
we  have  plotted  the  data  vs.  the  constant  inter- 
Lte  between  am  and  a-,  which  Hill  found  to  give 
»t  correlation  for  rate  data  obtained  for  the  sol- 
s  of  methylferrocenylcarbinyl  acetates.**  Com- 
ion  6  in  Table  II  shows  that  the  correlation  for 
» data  points  in  question  is  somewhat  improved  as 
ared  with  the  So-,  correlation.  Figure  5  graphi- 
displays  the  treatment,  in  which  A^V^  ^^  plotted 
st2(<r«.  +  2<r,)/3. 

^  only  compound  among  the  26  used  in  computa- 
» which  deviates  from  the  regression  line  shown  in 
e  5  by  more  than  two  times  the  standard  deviation 
un,  l,l'-di(trimethylsilyl)ferrocene  (0.040  v  com- 
with  the  arbitrary  limit  of  0.034  v).  It  certainly 
.  that  A£74  f^^  ^^  compound  should  be  rede- 
oed.  The  data  point  for  l,l'-dibromoferrocene 
alls  almost  precisely  on  the  regression  line, 
include  the  correlation  of  A^V^  ^i^h  ^(^m  + 
\  only  to  point  out  more  strongly  that  ap  some- 
overestimates  resonance  effects  in  the  oxidation 
rrocene  derivatives.  Since  there  is  already  an 
lance  of  a  constants  of  various  types  mentioned  in 
terature,  we  are  not  recommending  that  our  cal- 
d  constant  be  added  to  the  list, 
smeyanov  has  stated  that  formal  oxidation  poten- 
of  ferrocene  derivatives  are  correlated  better 
Taft's  a^p  constants  than  with  Hammett's  a-, 
uits.**  The  a^p  constants  place  less  weight  on 
;  resonance  interactions  between  the  substituents 
the  reaction  center.'*  Therefore,  a  correlation 
these  constants  implies  a  decreased  resonance 
just  as  does  correlation  with  our  calculated  con- 
2((r«  +  2<r,)/3." 

We  chose  not  to  draw  this  regression  line  on  Figure  4  since  the 

ivotild  become  overly  detailed.    One  may  visualize  this  second 

leniaining  about  the  same  as  the  line  drawn  in  Figure  4  in  the 

'  of  points  16  and  17,  but  at  the  other  end  being  shifted  upward 

poinul2andl3. 

A.  N.  Nesmeyanov  and  E.  G.  Perevalova,  Ann.  N,  Y,  Acad.  Set., 

(1965). 

R.  W.  Taft,  Jr.,  /.  Phys.  Chem.,  64,  1805  (1960). 

We  are  indiebted  to  a  referee  for  pointing  out  ref  32.    Although 

e  not  done  a  statistical  treatment  on  the  correlation  of  AEV4  with 

ipliiaU  rmmination  shows  the  correlation  to  be  at  least  as  good 

rtained  using  vy. 


The  most  important  discovery  in  the  present  work 
is  that  quarter-wave  potentials  for  several  of  the  com- 
pounds  listed  in  Table  I  deviate  uniformly  and  markedly 
from  the  regression  lines  shown  in  either  Figures  4  or 
5.  Thus,  l,l'-di(ethoxycarbonylamino)ferrocene,  1,1'- 
di(methoxycarbonylamino)ferrocene,  methoxycarbonyl- 
aminoferrocene,  acetamidoferrocene,  1 '-acetyl- 1-meth- 
oxycarbonylaminoferrocene,  and  1 '-acetyl- 1 -acetamido- 
ferrocene all  are  much  more  readily  oxidized  than  would 
have  been  expected  on  the  basis  of  the  tr,  constants  for 
the  acetamido  and  urethano  groups,  approximate  as 
these  may  be. 

Even  if  there  were  no  linear  correlation  of  quarter- 
wave  potentials  with  2(0-111  +  Iff^lX  the  fact  that  acet- 
amido and  urethano  groups  behave  as  more  powerful 
electron  donors  than  the  methoxy  group  in  the  oxida- 
tion reaction  would  be  quite  unexpected.  There  is 
ample  evidence  based  on  reactions  of  benzene  deriva- 
tives to  indicate  that  the  methoxy  group  should  be  the 
most  potent  of  the  three  in  stabilizing  an  electron- 
deficient  reaction  center.  '^ 

Brown**  and  Stock*^  have  shown  that  in  mercuration 
and  bromination  reactions  of  substituted  benzenes  the 
methoxy  group  is  about  ten  times  more  potent  an 
electron  donor  than  is  the  acetamido  group. 

We  believe  the  anomalous  behavior  observed  for  the 
acetamido-  and  urethano-substituted  ferrocenes  is  due 
to  a  direct  interaction  of  the  carbonyl  oxygen  atoms  of 
these  substituents  with  the  positively  charged  iron 
atom  in  the  oxidized  species.  This  interaction  may 
be  viewed  as  an  "internal  solvation"  effect. 

Gubin  and  Perevalova,  in  their  determination  of 
normal  oxidation  potentials  of  monosubstituted  ferro- 
cenes in  acetic  acid-perchloric  acid  solution,  postulated 
a  direct  field  effect  by  phenyl,  carbomethoxy,  carboxyl, 
and  halogen  substituents.^'  They  stated  that  the 
methoxy,  acetoxy,  and  alkyl  groups  showed  no  such 
effect. 

Little,  et  aJ.^^  found  no  evidence  in  their  work  to  sup- 
port the  direct  field  effect  postulated  by  Gubin  and 
Perevalova.  In  fact,  they  questioned  that  the  field 
effect  could  be  the  magnitude  suggested  by  the  Russian 
workers  for  substituents  such  as  the  halogens,  carboxyl, 
and  carboalkoxy  groups  and  yet  be  minor  in  the  case 
of  the  methoxy  and  acetoxy  groups.  Little  and  co- 
workers concluded  that  the  correlations  observed  in 
their  work  indicated  that  a  direct  field  effect  was  either 
small  or  else  proportional  to  the  Hammett  <j-p  constants 
for  the  series  of  substituents  studied. 

It  should  be  pointed  out  that  2-acetamido-l-acetyl- 
ferrocene  (compound  9  in  Table  I)  deviates  from  the 
regression  line  only  in  the  ctm  correlation.  It  appears 
to  behave  normally  in  the  two  correlations  shown  in 
Figures  4  and  5.  We  have  previously  shown  that 
the  amide  hydrogen  in  this  compound  is  strongly 
hydrogen  bonded  to  the  carbonyl  oxygen  of  the  acetyl 
group.**  It  may  be  that  this  hydrogen  bond  is  suf- 
ficiently strong  so  as  to  restrain  the  amide  group  from 
rotating  to  a  favorable  position  for  interacting  with  the 
positive  iron  atom  in  the  oxidized  species.  Or,  it 
may  be  that  the  energy  required  to  break  the  hydrogen 

(35)  Ref  lb,  pp  165-170,  reviews  the  pertinent  literature  available  at 
the  time. 

(36)  H.  C.  Brown  and  G.  Goldman,  /.  Am.  Chem.  Soc.,  84,  1650 
(1962). 

(37)  L.  M.  Stock  and  F.  W.  Baker,  ibid..  84.  1661  (1962). 
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bond  closely  approximates  that  gained  through  rota- 
tion of  the  amide  group  and  subsequent  coordination 
with  the  iron  atom. 

Little,  et  al.^  found  that  both  acetoxyferrocene  and 
phenoxyferrocene  were  not  only  oxidized  more  readily 
than  expected,  but  also  were  irreversibly  oxidized. 
We  suggest  that  coordination  of  the  acetoxy  and  phen- 
oxy  substituents  with  the  positive  iron  atom  in  the 
oxidized  species  may  have  provided  a  pathway  for  de- 
composition. It  would  seem  that  more  research  is 
indicated  to  determine  why  methoxyferrocene  is  stable 
and  acetoxy-  and  phenoxyferrocenes  unstable  under 
oxidation  conditions.  Apparently,  the  urethano-  and 
acetamidoferrocenes  do  not  have  a  similar  pathway  for 
facile  decomposition  when  oxidized. 

In  conflict  with  the  present  study  wherein  acetamido- 
and  urethanoferrocenes  are  oxidized  at  anomalously 
low  quarter-wave  potentials,  Tirouflet  and  Komenda 
observed  no  unusual  behavior  for  acetamidoferrocene 
in  a  polarographic  study.  ^^  The  data  point  for  this 
compound  fell  very  nearly  on  the  correlation  line  in 
their  plot  of  the  oxidation  potentials  of  17  ferrocene 
derivatives  vs.  <r,.    Unless  the  ethanol-water  solvent 


used  in  the  study  of  Tirouflet  and  Komenda  minimized 
the  effect  of  internal  solvation  by  the  acetamido  group 
as  compared  with  the  eflect  in  acetonitrile,  we  are  at  a 
loss  to  explain  the  conflicting  results.  It  is  our  feeling 
that  a  polar  hydroxylic  solvent  system  should  not  com- 
pletely mask  an  internal  solvation  phenomenon.  This 
problem  should  be  investigated  further. 

Tirouflet  and  Komenda  also  reported  that  their  data 
did  not  correlate  nearly  as  well  with  am  or  Taft*s  polar 
constants.  It  is  interesting  to  note  that  in  their  <r, 
plot  the  point  for  aminoferrocene  fell  ofi"  the  correla- 
tion line  in  the  same  direction  that  the  point  for  methoxy- 
ferrocene did  in  our  own  study.  Here  again  it  seems 
that  the  electron-donating  eflect  of  substituents  is  over- 
estimated by  (Tp. 
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Abstract:  The  reaction  between  pyridine  bases  and  2-nitropropane  in  the  presence  of  iodine  is  uncomplicated  in 
/-butyl  alcohol-water  mixtures.  In  the  absence  of  excess  iodide  ion  and  with  only  a  small  fraction  of  the  pyridine 
converted  to  its  conjugate  acid,  the  reversibility  can  be  neglected,  and  the  reaction  is  apparently  free  from  solvent 
and  lyate  ion  catalysis.  Steric  retardation  from  2-  and  6-alkyl  groups  in  the  pyridine  is  significant,  and  comparable 
in  magnitude  to  the  acceleration  resulting  from  the  increase  in  base  strength.  Isotope  effects  measured  when  using 
2-nitropropane-2-€/are  large  and  variable,  increasing  not  only  with  base  strength  but  also  with  steric  hindrance  from 
a  value  of  A:h/A:d  »  9.8  at  24.88''  for  pyridine  catalysis  to  knlkn  »  24.2  for  2,4,6-trimethylpyridine  catalysis  at  the 
same  temperature.  Reasons  for  the  unusually  large  isotope  effects  are  considered;  both  tunneling  and  extensive 
loss  of  zero-point  energy  are  invoked. 


The  proton  transfer  reaction  is  one  of  the  most  im- 
portant reactions  of  chemistry,  because  of  the  prev- 
alence of  hydrogen  and  also  because  of  the  widespread 
use  of  hydroxylic  solvents,  which  serve  as  both  proton 
donors  and  acceptors.  Aliphatic  nitro  compounds  are 
experimentally  desirable  as  proton  donors  to  bases 
because  the  slow  reaction  is  not  susceptible  to  acid 
catalysis,  so  that  the  interpretation  of  measured  rates  is 
simplified.  In  previous  work'  aqueous  ethanol  was 
used  as  a  solvent,  and  complications  resulting  from  the 
side  reactions  with  iodine  were  significant.  In  the 
present  work  /-butyl  alcohol-water  was  used  as  a  solvent 
to  avoid  this  difficulty,  and  the  extent  of  the  reverse 

(1)  A  portion  of  this  work  has  been  published  before  in  preliminary 
form:  L.  Funderburk  and  E.  S.  Lewis,  7.  Am.  Chem.  Soc.,  86,2531 
(1964).    From  the  Ph.D.  Thesis  of  L.  H.  Funderburk,  1964. 

(2)  Robert  A.  Welch  Foundation  Predoctoral  Fellow,  1962-1964. 
We  thank  this  Foundation  for  this  and  other  support  of  this  work. 

(3)  E.  S.  Lewis  and  J.  D.  Allen,  /.  Am,  Chem.  Soe.,  86.  2022  (1964). 


reaction,  the  existence  of  which  has  been  established,''^ 
was  reduced  by  minimizing  the  concentrations  of  in- 
organic products,  acid,  and  iodide  ion. 

Results 

The  rates  of  reaction   1  were  followed  by  disap- 
pearance of  iodine  measured  spectrophotometrically  in  a 

Py  +  (CH,),CHNO,  + 1,  — ►  PyH+  + 1"  +  (CH,),CINO,    (1) 

system  containing  ca.  0.1  M  pyridine  base,  ca.  0.1  Af 
2-nitropropane,  and  ca.  10^^  M  iodine  in  a  solvent  con- 
sisting of  six  volumes  of  /-butyl  alcohol  made  up  to  ten 
with  water.  The  small  amount  of  perchloric  acid  used 
in  previous  studies''^  is  not  necessary,  but  was  usually 

(4)  R.  p.  Bell  and  E.  Gelles,  Proc.  Roy.  Sac.  (London),  A210»  310 
(1952). 

(5)  R.  O.  Pearson  and  F.  V.  Williams,  J.  Am.  Chem.  Soc.,  7S,  3073 
(1953). 
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Time,  min. 

I.   The  tune  dependence  of  absorbance  at  360  m^  for  iodine, 
tropane,  and  2,4,6-triniethylpyridine  in  aqueous  /-butyl 


The  disappearance  of  iodine  follows  a  zero- 
course,  but  a  plot  of  optical  density  vs.  time  is 
m  linear,  because  both  the  reagent  pyridine  base 
le  product  iodide  ion  react  reversibly  with  iodine 
T  the  extention  coefficient,  but  not  the  kinetics, 
ier  work,'  excess  iodide  ion  was  used  to  make  the 
ion  coefficient  constant,  but  in  this  case  the 
nental  simplification  is  not  worth  the  added 
5xity  of  interpretation  introduced  by  extensive 
il.  Figure  1  shows  the  absorbance  plotted 
t  time  for  a  reaction  with  2,4,6-trimethylpyridine 
base.  The  curvature  results  entirely  from  varia- 
f  extinction  coefficient,  and  this  one  is  extreme 
t  was  measured  at  360  m/ji.  Most  measurements 
oade  at  468  m/ji,  where  this  effect  is  less  marked 
11  present.  This  plot,  obtained  directly  from  the 
ing  spectrophotometer,  was  then  converted  to 
of  concentration  of  iodine  (including  all  its  com- 
I  as  a  function  of  time  using  appropriate  extinc- 
sefficients.  The  plot  so  obtained  from  the  data 
lire  1  is  shown  in  Figure  2,  and  the  good  linearity 
to  large  extents  of  completion  is  shown.  The 
m  in  this  linear  portion  is  thus  zero  order  in 
The  reversal  indicated  by  the  non-zero  final 
itration  of  iodine  was  neglected,  since  data  were 
efore  the  appearance  of  significant  curvature. 

second-order  rate  constants  were  obtained  by 
ig  the  zero-order  rate  constant  by  the  product 

initial  2-nitropropane  and  free  base  concentra- 

Since  the  rate  expression  has  been  explored 
,  no  searching  experiments  were  done  to  verify 
o  results  were  incompatible  with  this  rate  law 

for  the  blank  reaction  mentioned  elsewhere,  for 

correction  was  made.  We  therefore  consider 
me  important  term  in  the  rate  expression,  that 

in  eq  2  (2NP  =  2-nitropropane,  Py  =  a  pyridine 


-d(I,)/d/    =    fc^PyX2NP) 


(2) 


e  the  ionization  of  nitro  compounds  is  presum- 
iibject  to  general  base  catalysis,  one  should  also 
icerned  about  the  terms  fc8(OR""X2NP)  and  ^4- 
)(2NP).  Following  Pearson  and  Williams,'  we 
yted  to  suppress  the  kt  term  by  adding  some  acid, 
ck  of  important  contribution  of  this  term  is  indi- 
by  an  experiment  in  which  the  acid  was  omitted, 
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Figure  2. '  The  time  dependence  of  total  iodine  concentration  as 
measured  by  the  extinction  coeflkients  and  the  absorbance  shown 
in  Figure  1. 


using  2,6-dimethylpyridine  as  the  base.  No  significant 
change  in  rate  was  noted,  which  suggests  that  the  lyate 
ion  term  becomes  negligible  with  only  the  amount  of 
acid  produced  in  the  first  few  per  cent  of  the  reaction 
of  the  iodine,  which  occurred  before  measurements 
were  started.  The  absence  of  the  solvent  term  was  not 
rigorously  demonstrated,  but  if  this  term  had  con- 
tributed heavily,  the  rate  would  not  have  been  propor- 
tional to  the  concentration  of  free  base,  and  a  sig- 
nificant rate  in  the  absence  of  base  would  have  been 
noted.  The  rate  constants  determined  as  described 
above  are  shown  in  Tables  I  and  II.    The  tabulated 


Table  L    Rates  and  Isotope  Effects  for  the  lodination  of 
2-Nitropropane  in  the  Proence  of  Pyridine  Bases 


10*^H,» 

lO^^D,'.'* 

Pyridine 

Af-i 

Af-i 

subst 

pATa- 

min~* 

min~i 

kslku 

None 

5. 17* 

1.12±0.02 

0. 122  db  0.003 

9.8 

3-Methyl 

5.68* 

1.56  db  0.03 

0. 153  =b  0.003 

10.2 

2-/-Butyl 

5. 76* 

0.0585« 

/ 

•  •  • 

2-Methyl 

5.97* 

2.70=fc0.02 

0.232  db  0.001 

10.2 

4-Methyl 

6.02* 

2.24dt:0.06 

0.211  ±0.002 

10.6 

3,5-Dimethyl 

6.19t 

2.20db0.02 

0.207±0.004 

10.6 

2,S-Dimethyl 

6.48* 

4.23  ±0.10 

0.387  ±0.002 

10.9 

3,4-Diniethyl 

6.53* 

3.07=fc0.09 

0.303  ±0.01 

10.1 

2,6-Dimethyl 

6. 75* 

1.73=fc0.04 

0.0717  ±0.002 

24.1 

2,4-Dimethyl 

6.79* 

5.93  ±0.06 

0.403  ±0.005 

14.6 

2,4,6-Trimethyl 

7.59^ 

4.83  db  0.07* 

0.199  ±0.011* 

24.3 

'  pK^  of  PyH*^  measured  in  water.  *  The  indicated  errors  are 
average  deviations  of  several  runs  made  in  aqueous  /-butyl  alcohol 
at  24.88"  and  measured  at  468  m/i.  Blank  corrections  not  more 
than  2%.  «  Corrected  for  blank  reaction  of  not  more  than  10%, 
otherwise  as  in  ^.  *  Corrected  for  1.3%  light  hydrogen  content; 
the  uncertainty  of  this  correction  is  not  included  in  the  figures  fol- 
lowing ±.  *  H.  C.  Brown  and  X.  Mihm,  /.  Am,  Chem.  Soc,,  Tl^ 
1723  (1955).  -^Too  slow  for  adequate  separation  from  blank 
reaction.  '  J.  M.  Essery  and  K.  Schofield,  /.  Chem.  Soc,,  3939 
(1961).  *  Estimated  from  the  pK^  of  pyridinium  ion  by  adding 
0.80  for  each  2-CHi  group,  0.51  for  each  3-CHa  group,  and  0.85  for 
each  4-CHt  group.  This  estimate  reproduces  the  published  values 
in  the  table  within  0.03  pK^  unit.  *  L.  Saceoni,  D.  Paoletti,  and 
M .  Qampolini,  /.  Am.  Chem.  Soc.,  82,  3828  (1960).  '  H.  C.  Brown, 
S.  Johnson,  and  H.  PodaU,  ibid.,  76,  5556  (1954).  *  Measurements 
made  at  both  468  and  360  m/i. 


values  of  the  rate  constant  for  deuterated  species,  ko^ 
include  a  correction,  suitable  when  the  extent  of  reac- 
tion is  small,  for  contamination  by  the  protonated 
species  by  eq  3,  in  which  fcoi»d  is  the  observed  rate  con- 
stant for  the  deuterated  compound,  and/is  the  fraction 
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Figure  3.  Brpnsted  plots  for  the  reaction  of  pyridine  bases  with  2- 
nitropropane,  •,  and  2-nitropropane-2-</,  O,  in  aqueous  /-butyl 
alcohol.  Numbers  indicate  positions  of  substituents,  niethyl  except 
where  otherwise  stated. 
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Figure  4.  Plot  of  log  A:h/A:d  iv.  pi^  for  the  reactions  of  substituted 
pyridines  with  2-nitropropane.  The  points  for  2,6-dimethylpyridine 
and  2,4,6-trimethylpyridine  are  off  scale. 


of  the  protium  in  this  compound.    The  value  used  for 
proton  content  of  the  deuterated  species  was  1.3  %. 


fcp  =  (fcob^i  -  /feH)/(l  -  /) 


(3) 


Discussion 


The  results  in  Table  I  can  be  used  to  show  that  there 
is  significant  steric  hindrance  in  some  of  these  reactions. 
Brpnsted  plots  of  the  data  for  both  the  protium  and 
deuterium  compounds  are  shown  in  Figure  3. 

The  Brpnsted  correlation  is  rough,  but  the  devia- 
tions of  the  points  for  the  2,6-dimethyl-,  2,4,6-trimethyl-, 
and  2-/-butylpyridines  (amounting  to  a  factor  of  about 
S  too  slow  a  rate  for  the  first  two  bases,  and  about 
30  for  the  third)  are  clear  and  can  be  understood  in 
terms  of  steric  hindrance  to  proton  transfer.  There  is 
no  obvious  deviation  with  any  of  the  other  2-methyl 


V^«0 


Figure  S.    Theoretical  plots  of  log  A:h)  log  koy  and  log  A:h/A:d  cs. 
pi^  for  a  proton  transfer  reaction. 


substituents.    We  shall  discuss  the  results  with  the 
the  apparently  unhindered  bases  first. 

The  slopes  (j8)  of  the  Br0nsted  plots  are  not  well  de- 
fined, but  that  for  the  deuterium  compound  is  about 
0.4.  A  small  difference  in  the  Bronsted  slope  between 
the  hydrogen  compound  and  the  deuterium  is  not 
obvious  from  this  plot,  but  is  more  conspicuous  in 
Figure  4,  in  which  log  Ath/^d  is  plotted  against  p^«  of  the 
pyridinium  ion,  the  bases  with  serious  steric  effects  being 
off  scale.    A  correlation  with  base  strength  is  indicated, 


Table  II.    Temperature  Dependence  of  the  lodination  of 
2-Nitropropane  with  2,4,6-Triniethylpyridine 


Temp, 


10*^H,* 

Af~^  min~i 


10*^D,* 

Af~i  min~» 


ku/ko 


32.08 
27.03 
25.01 
20.45 


9.08  db  0.02 
6.49  db  0.27 
4.89=fc0.05 
3.61db0.20 


0.425  db  0.013 
0.265  db  0.010 
0.197  ±0.006 
0. 138  db  0.007 


21.4 
24.5 
24.8 
26.2 


«  Conditions,  corrections,  and  errors  as  described  in  Table  I 
except  for  temperature. 


and  most  of  the  8  points  fall  reasonably  on  a  line  with  a 
slope  of  0.04,  indicating  that  the  Bronsted  j3  for  un- 
hindered cases  is  perhaps  10%  larger  for  the  proton 
transfer  than  for  the  deuteron  transfer  reaction. 
This  increase  in  isotope  effect  with  base  strength  of  the 
attacking  species  has  often  been  observed  before  (a  few 
of  the  many  examples  are  cited  in  ref  3);  it  is  clear  that 
it  cannot  continue  over  a  wide  range  of  base  strengths, 
for  the  isotope  effects  would  become  unreasonably 
large.  Thus,  this  increase  of  0.04  in  log  knjkjy  per  ^K 
unit  would  predict  /th/^d  =  ^0  with  a  hypothetical  base 
with  conjugate  acid  p^a  of  20.  Such  isotope  effects 
are  unreasonable  and  not  in  accord  with  either  experi- 
ence or  any  theory  of  isotope  effects.  The  Brpnsted 
relationship  runs  into  a  limitation  when  reactions  are 
diffusion  controlled,  but  for  this  same  base  with  con- 
jugate acid  p^a  —  20,  the  rate  constants  kjy  and  k^ 
predicted  by  the  Br0nsted  coefficients  of  0.40  and  0.44, 
respectively,  are  /td  =  0-2  and  fcn  =  10  l./n^ol®  sec, 
which  are  well  below  the  diffusion-controlled  limit.  In 
order  to  reconcile  experience  and  theory  with  this  ex- 
trapolation, it  is  clear  that  the  extrapolation  must  give 
way,  and  the  Brpnsted  relation  for  either  the  proton 
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T»  the  deuteron  transfer,  or  both  must  fail  over 
ide  range  of  base  strengths.  It  is  absurd  to 
I  a  conspicuous  failure  of  the  Bronsted  rela- 
ip  for  only  one  isotope;  it  is  more  reasonable 
e  deviation  from  the  relationship  in  both  reac- 

A  reasonable  form  for  the  deviation  from  lin- 
is  illustrated  in  Figure  S,  which  shows  the  limiting 

of  one  and  zero  as  described  by  Eigen/  The 
nee  curve  is  also  plotted  (with  a  magnified  scale), 
ig  a  maximum  in  kn/kj^  at  some  intermediate 
trength  associated  with  a  Brpnsted  slope  well 
ed  from  either  limit. 

difficult  to  construct  any  other  dependence  of 
^  effect  on  pK  that  does  not  lead  to  a  rather  tor- 
Brpnsted  plot,  especially  since  the  kinetic  isotope 
::an  reasonably  be  expected  to  be  absent  in  the 
:>n-controlled  reverse  reaction  at  the  left-hand 


re  is  no  obvious  analytic  form  to  the  curves  of 
S,  so  that  it  is  not  necessary  to  assume  the  value 
.500  in  the  neighborhood  of  a  base  giving  max- 
isotope  effect.  The  observed  value  of  j8  =  0.4, 
is  probably  near  the  maximum  since  the  isotope 
are  so  large,  is  reasonable.  We  would  expect 
'  that  the  Bronsted  0  would  be  large  for  a  reac- 
ith  isotope  effect  increasing  with  base  strength, 
nail  when  the  isotope  effect  decreases  with  base 
:h. 

lould  be  noted  that  an  imaginative  reader  can 
y  see  a  maximum  in  the  isotope  effect  in  Figure 
it  is  assumed  that  even  the  single  2  substituent 
Lices  a  steric  effect  which  influences  the  isotope 
then  one  should  exclude  these  from  Figure  4, 
le  remaining  points  show  a  maximum  in  isotope 
at  p^a  about  6.1.  If  this  is  real,  then  this  is  the 
3servation  of  such  an  effect  with  a  closely  related 
3f  bases. 

I  interesting  that  this  maximum  in  the  isotope 
on  changing  ^a  is  a  consequence  only  of  the  de- 
ice  of  the  isotope  effect  on  Kt,.  The  maximum 
1  from  these  considerations  may  be  compared 
it  predicted  by  Westheimer*  (and  in  different 
.ge  by  Melander')  for  the  one-dimensional  transl- 
ate with  hydrogen  between  two  heavier  particles. 
)redict  a  maximum  isotope  effect  when  the  force 
nts  to  the  two  particles  are  equal,  and  ku/kjy 
unity  when  either  one  of  these  force  constants  is 
greater  than  the  other.  The  maximum  in  the 
5  effect  may  then  be  expected  roughly  when  the 
t  base  and  product  base  are  equal  in  strength; 
nsition  state  should  then  be  about  halfway  to  the 
:ts  and  thus  the  Bronsted  coefficient  should  be 
one-half.  It  is  of  interest  to  see  to  what  extent 
»ent  situation  fits  these  expectations.  Since  the 
^propane  anion  is  probably  a  stronger  base  than 
^dine  bases,  the  ionization  reaction  is  endo- 
c.    Hence,  following  Hammond,*®  the  transition 


.  Eigen,  Angew.  Chem.,  75,  489  (1963). 

the  reverse  reaction  has  no  isotope  effect  (A:h/^d  *"  1).  then 
loes  the  forward  reaction;  more  strictly,  the  ratio  of  the  forward 
Tse  isotope  effects  is  rigorously  the  equilibrium  isotope  effect, 

is  usually  very  close  to  unity.  This  equilibrium  isotope  effect 
:ted  in  Figure  5. 

H.  Westheimer,  Chem.  Rev.,  61,  265  (1961). 

Melander,  "Isotope  Effects  on  Reaction  Rates,**  Ronald  Press, 
rlc.  N.  Y..  1962. 
}.  S.  Hammond,  7.  Am.  Chem,  Soc.,  11,  334  (1955). 


state  is  somewhat  product-like  but  would  become  more 
symmetric  if  the  attacking  base  were  stronger.  This 
consideration  of  basicity  would  lead  to  the  conclusion 
that  we  are  on  the  left-hand  side  of  the  maximum  in 
Figure  S.  The  observed  coefficient  of  0.4  is  then  ade- 
quately close  to  the  predicted  value.  There  are  two 
complicating  factors  which  should  be  considered  in 
comparing  the  present  results  with  any  theory.  First, 
the  proton  is  attached  to  carbon  in  the  reagent  and  to 
nitrogen  in  the  product,  and  the  reaction  leads  to 
separate  charges  from  neutral  reagents.  There  is  thus 
no  reason  to  believe  that  the  upper  curves  in  Figure  S 
should  have  much  symmetry.  If  a  transition  state  has 
reached  the  halfway  point  in  charge  separation  (the 
condition  expected  with  j3  =  O.S),  it  need  not  have 
attained  exactly  the  halfway  point  in  bond  strengths, 
such  that  the  isotope  effect  is  maximized.  Second,  the 
reported  Bronsted  j3  is  based  on  p^a's  measured  in 
water,  but  to  use  it  as  a  measure  of  the  extent  of  pro- 
ton transfer  in  the  reaction  under  study  the  p^a's 
should  be  measured  in  the  same  solvent  as  is  used  in  the 
reaction. 

The  rates  and  the  isotope  effects  with  the  unhindered 
cases  then  present  elements  of  interest,  especially  with 
regard  to  the  consequences  of  an  isotope  effect  that 
varies  with  base  strength,  but  do  not  present  any  fea- 
tures without  precedent  from  earlier  work.  The  fact 
that  the  isotope  effects  and  rates  are  understood  makes 
them  of  greater  value  as  a  basis  for  the  discussion  of  the 
hindered  cases,  which  we  shall  now  consider. 

There  is  no  conspicuous  evidence  for  hindrance  with 
only  a  2-methyl  group.  We  should  then  limit  this 
discussion  to  those  bases  which  deviate  markedly  from 
the  Br0nsted  plot,  namely  2,6-dimethylpyridine,  2,4,6- 
trimethylpyridine,  and  2-/-butylpyridine.  In  the  last 
case  the  rate  was  very  low,  and  the  deuterium  case  was 
too  slow  to  measure,  so  that  the  isotope  effect  is  quite 
large,  but  undetermined. 

The  very  large  isotope  effects  with  2,6-dimethylpyri- 
dine and  2,4,6-trimethylpyridine  are  somewhat  larger 
than  can  be  accounted  for  even  by  total  loss  of  all  the 
zero-point  energy  of  the  C-H  and  C-D  bonds.  ^  ^ 

The  very  large  isotope  effect  (^h/^d  =  19.5  at  25**) 
has  also  been  reported  for  the  2-nitropropane-2,6- 
dimethylpyridine  reaction  in  water  solution  by  Bell 
and  Goodall."  They  also  report  work  of  great  per- 
tinence to  the  problem  of  variation  in  isotope  effect 
with  acid  and  base  strength. 

The  temperature  dependence  of  the  rate  for  2,4,6- 
trimethylpyridine  (eq  4)  shows  that  the  preexponential 
factor  ratio  An/Aj^  is  significantly  less  than  unity,  so  that 
the  activation  energy  difference  is  even  more  difficult 
to  reconcile  with  zero-point  energy  effects  alone. 


knlkiy  =  An/Aj.e^^'^''''  =  0.15e3«>«/«r 


(4) 


The  large  isotope  effect,  the  large  activation  energy 
difference,  and  the  small  AnlAn  factor  all  suggest,  as 

(11)  Estimates  of  the  isotope  effect  attainable  under  these  circum- 
stances depend  on  the  values  chosen  for  the  bond  vibrational  frequen- 
cies. The  largest  estimate  in  print  is  about  18,  and  a  smaller  maximum 
value  of  about  12  arises  from  a  calculation  based  upon  the  admittedly 
inadequately  resolved  infrared  spectra  of  2-nitropropane  and  of  2- 
nitropropane-2-</. 

(12)  R.  P.  Bell  and  D.  M.  Goodall,  Proc.  Roy.  Soc.  (London).  A29A, 
273  (1966).  We  are  indebted  to  Mr.  Bell  for  conmiunicating  several  of 
these  results  to  us  in  advance  of  publication. 
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discussed  by  Bell,^'  that  there  is  a  significant  tunnel 
correction,  especially  to  k^-  The  existence  of  a  relation- 
ship between  the  steric  hindrance  and  the  anomalous 
isotope  effects  is  strongly  indicated,  and  it  is  worth 
considering  simple  explanations  of  this  relationship. 

The  simplest  picture  of  the  potential  barrier  to  a 
reaction  is  a  one-dimensional  plot  of  potential  energy 
vs.  reaction  coordinate.  The  activation  energy  required 
is  of  two  sorts;  the  first  is  energy  required  to  break 
bonds  or  stretch  them  beyond  their  equilibrium  dis- 
tance, and  the  second  is  that  to  overcome  repulsions 
between  nonbonded  atoms.  It  is  clear  that  steric 
hindrance  falls  in  the  second  category.  At  short 
interatomic  distances,  the  repulsive  energy  between 
atoms,  whether  bonded  or  not,  rises  very  rapidly  as 
the  distance  decreases,  so  that  a  potential  barrier  with 
an  important  steric  repulsion  component  can  be  ex- 
pected to  be  very  steep  in  the  neighborhood  of  the 
maximum.  The  resulting  high  barrier,  which  is  difficult 
to  surmount  classically,  has  steep  sides  and  is,  therefore, 
relatively  thin  at  the  top;  this  situation  is  conducive  to 
significant  contribution  of  tunneling.  ^^ 

It  has  been  pointed  out  by  Johnston**  that  one-dimen- 
sional barrier  is  inadequate  to  understand  tunneling. 
It  is  interesting  that  even  with  a  two-dimensional 
barrier  representing  a  three-atom  linear  system  there  is  a 
factor  which  will  also  enhance  the  fraction  of  tunneling 
in  sterically  hindered  cases.  Let  us  consider  the  familiar 
energy  contours  in  the  plot  of  Tah  w.  Tbh*  and  consider 
that  there  is  in  the  unhindered  case  a  certain  fraction  of 
tunneling  direct  from  some  point  x  on  the  reaction 
coordinate  to  another  point  y  well  below  the  maximum 
on  the  other  side  of  the  barrier  and  also  on  the  reaction 
coordinate.  Steric  repulsion  will  raise  the  entire  sur- 
face at  short  interatomic  distances,  that  is,  near  the 
origin,  but  will  have  little  effect  when  all  distances  are 
large.  This  has  a  major  effect  on  the  transition  state 
but  very  little  effect  on  the  region  directly  between  x 
and  y^  not  along  the  reaction  coordinate.  Thus  this 
tunneling  will  be  relatively  unchanged,  but  the  rate  of 
the  classical  barrier  passage  will  be  greatly  reduced, 
and  the  fraction  of  tunneling  will  be  increased  by  this 
steric  repulsion.**  These  explanations,  which  are  not 
entirely  independent,  do  not  allow  us  to  be  quantitative, 
but  they  do  help  make  these  very  large  isotope  effects 
qualitatively  understandable. 

It  should  be  noted  that  steric  repulsions  in  the  transi- 
tion state  can  also  increase  the  loss  of  zero-point  energy. 
The  most  easy  deformation  in  the  A-H-B  system  to  get 
rid  of  repulsions  between  A  and  B  is  to  stretch  the  hy- 
drogen bond  itself,  and  as  this  is  stretched,  the  bending 
vibrations  will  become  less  stiff  and  there  will  be  sub- 
stantial loss  of  bending  zero-point  energy,  leading  to 
an  isotope  effect  approaching  the  upper  limit  accessible 
from  zero-point  energy  effects  alone.  We  now  believe 
in  fact  that  both  tunnel  effects  and  large  zero-point 
energy  effects  are  responsible  for  these  very  large  isotope 

(13)  R.  P.  Bell.  "The  Proton  in  Chemistry."  Cornell  University  Press, 
Ithaca,  N.  Y..  1959. 

(14)  A  referee  suggests  that  steric  hindrance  may  hold  the  extreme 
atoms  of  a  model  triatomic  system  farther  apart  throughout,  thus 
effectively  making  the  barrier  thicker.  We  have  not  become  convinced 
that  the  barrier  thickness  is  this  simply  estimated,  but  we  present  the 
above  argument  as  a  plausible  but  by  no  means  rigorous  possible  explan- 
ation of  the  observed  experimental  result 

(15)  H.  S.  Johnston  and  D.  Rapp,/.  Am.  Chem.  Soc.,  83,  1  (1961). 

(16)  This  suggestion  was  made  to  us  by  Dr.  James  M.  Perry,  wliom 
we  thank  for  this  idea. 


effects  from  results  of  an  independent  nature  to  be  pub- 
lished shortly. 

No  mention  has  been  made  of  the  role  of  the  solvent, 
nor  can  we  find  any  evidence  of  any  peculiar  feature 
associated  in  the  solvent  in  this  reaction.  Some  less 
precise  measurements  with  somewhat  different  mixtures 
of  /-butyl  alcohol  and  water  showed  essentially  the  same 
large  isotope  effects.  The  discrepancy  between  the 
isotope  effects  measured  here  and  those  reported  in 
aqueous  ethanol  solution  earlier'  is  therefore  worthy 
of  comment.  The  other  measured  isotope  effects  show 
reasonable  agreement;  for  instance  for  pyridine  kB/kjy 
is  10.2  in  /-butyl  alcohol  and  10.7  in  ethanol,  whereas 
for  2,6-dimethylpyridine  we  now  find  that  ^h/^d  >s  24.1 
in  /-butyl  alcohol,  but  only  10.1  was  reported  in  ethanol. 
We  now  believe  that  the  values  in  aqueous  ethanol 
suffer  from  an  experimental  error  and  possibly  an  errOT 
of  interpretation,  both  of  which  could  reduce  the  isotope 
effect.  The  principal  experimental  error  is  the  exis- 
tence of  a  slow  iodine-consuming  reaction  in  the  absence 
of  nitropropane  which  is  essentially  negligible  for  the 
faster  reactions  but  which  becomes  serious  with  the 
slowest  reactions.  It  will  be  seen  from  Table  I  in  ref 
3  that  the  slowest  reactions  are  those  of  the  deuterated 
2-nitropropane  with  pyridine  and  with  2,6-dimethyl- 
pyridine. Since  the  blank  reaction  is  faster  when  pyri- 
dine is  substituted  (either  because  iodination  of  the 
solvent  is  catalyzed  more  effectively  by  the  stronger 
bases  or  because  the  blank  reaction  is  in  part  iodination 
of  the  pyridine  side  chains),  this  blank  correction  is 
largest  for  the  case  in  question  of  2,6-dimethylpyridine. 
Our  blank  corrections  were  made  assuming  that  this 
side  reaction  was  zero  order  in  iodine;  if  the  reaction 
is  first  order,  the  correction  is  too  big.  Thus  uncer- 
tainty in  this  blank  correction  makes  the  value  of  kj) 
for  2,6-dimethylpyridine  the  least  accurate  of  all  the 
data  reported,  and  the  /th/^d  value  the  least  reliable. 

A  possible  error  of  interpretation  in  the  earlier  work 
may  arise  from  the  assumption  that  the  terms  associated 
with  the  general  base  catalysis  in  solvent  and  in  lyate 
ion  are  negligible.  In  aqueous  /-butyl  alcohol  these 
terms  are  indeed  negligible,  but  in  water  solution  both  a 
water  term  and  a  hydroxide  ion  term  are  reported  to 
contribute  markedly.^*  It  is  therefore  possible  that 
these  terms  also  contribute  in  aqueous  ethanol.  Since 
they  would  very  likely  have  smaller  isotope  effects,  the 
ratio  of  gross  rates  of  the  hydrogen  and  deuterium  com- 
pounds would  be  less.  We  are  grateful  to  Mr.  R.  P. 
Bell  for  presenting  this  suggestion  to  us  before  pub- 
lication of  this  explanation.^^ 

The  absence  of  lyate  ion  term  was  demonstrated  for 
pyridine  solutions  by  showing  that  the  rate  was  insensi- 
tive to  the  concentration  of  pyridinium  ions.  This 
experiment  was  not  tried  on  the  more  strongly  basic 
2,6-dimethylpyridine,  where  the  lyate  ion  concentration 
is  higher.  The  solvent  term  was  believed  to  be  small, 
but  the  evidence  is  incomplete.  The  only  pertinent 
data  are  rate  constants  measured  at  two  different  base 
concentrations  which  might  be  interpreted  as  differing 
by  virtue  of  a  solvent  term  in  the  rate  expression  instead 
of  a  change  in  iodine  extinction  coefficients  as  originally 
assumed.  The  data  are  inadequate  to  separate  the  two 
effects,  and  the  blank  error  mentioned  above  makes  it 
unlikely  that  it  will  be  possible  even  with  more  data. 
Nevertheless,  the  presence  of  solvent  and  lyate  ion 
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^th  smaller  isotope  effects  would  reduce  the  gross 
\  effect  substantially  in  the  aqueous  ethanol 
We  therefore  are  inclined  to  weight  the  new 
sotope  more  heavily  than  the  old  in  aqueous 
1  and  do  not  feel  that  a  large  isotope  effect  near  a 
of  20  in  the  aqueous  ethanol  is  necessarily  ex- 
.  The  minimization  of  all  these  complications 
eous  /-butyl  alcohol  is  doubtless  related  to  the 
basicity  and  acidity  of  this  solvent  and  its  re- 
e  to  halogenation.  It  was  indeed  the  unreliability 
lowest  rates  in  the  aqueous  ethanol  solution  that 
ted  us  to  reinvestigate  this  reaction  in  aqueous 
alcohol. 

mental  Section 


2-Nitropropaiie  and  2-nitroproane-2-^  were  pre- 
(  before;*  the  protium  content  of  the  deuterated  species 
^  in  the  2  position,  as  measured  by  the  nuclear  magnetic 
:e  spectnun.  The  substituted  pyridines  were  prq>ared 
ified  as  described  before,  and  several  new  ones  were  com- 
materials  purified  by  distillation.  Impurity  by  gas  chro- 
phy,  which  was  able  to  resolve  all  the  compounds  avail- 
kounted  to  no  more  than  1  %.    2,4,6-Trimethylpyridine  was 

by  distillation  from  its  boron  fluoride  complex  as  de- 
before  for  2,6-dimethylpyridine'  to  remove  unhindered 
Tertiary  butyl  alcohol  was  a  commercial  material  of 
dting  point. 

MiMyrtBMiito.  The  solvent  was  usually  made  by  diluting 
of  0.119  M  aqueous  perchloric  acid  with  30  ml  of  /-butyl 
The  carefully  weighed  appropriate  amount  of  pyridine 
ten  about  0.4  g)  was  mixed  with  the  /-butyl  alcohol  solution 
as  then  diluted  to  50  ml  with  water,  giving  a  solution  about 
in  perchloric  acid  and  0.1  Af  in  pyridine, 
actions  were  started  by  adding  a  concentrated  solution  of 
1  aqueous  /-butyl  alcohol  to  this  base  solution  until  the 
ice  reached  a  preselected  value  (about  0.48)  and  allowed  to 
the  thermostat  temperature.    2-Nitropropane,  about  O.S  g 

weighed,  was  diluted  to  50  ml  with  the  above  base  and 


2327 

iodine  solution  and  the  resulting  solution  was  placed  in  a  10-cm 
absorption  cell  placed  in  a  recording  spectrophotometer  set  at  468 
nm  as  rapidly  as  possible.  Since  temperatures  in  the  cell  com- 
partment were  slightly  closer  to  room  temperature  than  the  thermo- 
stat, because  of  heat  transfer  in  the  circulating  system,  the  tem- 
perature changes  in  dilution  and  cell  filling  were  in  part  compensated 
and  the  times  taken  for  the  cell  to  come  adequately  close  to  the 
compartment  temperature  were  in  fact  rather  small. 

In  order  to  demonstrate  absence  of  serious  error  from  the  con- 
version of  absorbances  to  concentration,  the  results  for  2,4,6-tri- 
methylpyridine  were  repeated  at  360  m^,  using  1-cm  cells  inst^  of 
10  to  compensate  for  the  higher  extinction  coefficients.  The  results 
agreed  within  2%. 

Controls  showed  that  uncertainty  about  the  reaction  temperature 
was  not  a  significant  source  of  error.  Temperatures  were  measured 
with  a  thermistor  in  the  cell  compartment  with  the  thermostat  itself 
used  frequently  as  a  reference  to  compensate  for  drift.  The  thermo- 
stat temperature  was  determined  with  a  Bureau  of  Standards  cali- 
brated thermometer.  Absolute  temperatures  are  probably  not 
accurate  to  better  than  dcO.l  °,  but  relative  temperatures  are  limited 
primarily  by  reading  accuracy  and  by  the  precision  of  bore  of  the 
thermometer,  leading  to  an  error  probably  d=0.02^,  since  the  cali- 
bration was  smooth. 

Solutions  of  known  concentration  of  the  base,  iodine,  and  iodide 
ion  in  the  solvent  simulating  various  extents  of  reaction  were  made 
up,  to  determine  the  relation  between  absorbance  and  concentra- 
tion of  iodine  in  all  its  various  complexed  states.  The  record  of 
absorbance  vs,  time  from  the  rates  was  then  converted  to  a  con- 
centration rj.  time  plot,  which  was  linear  up  to  large  extents  of  com- 
pletion confirming  the  zero  order  in  iodine  and  its  complexes. 
There  was  a  residual  iodine  absorption  because  of  the  reversibility 
of  the  reaction,  but  this  complication  was  avoided  by  using  only  the 
linear  portion  of  the  curve.  The  reported  second-order  rate  con- 
stants are  the  slopes  of  these  linear  plots,  less  a  blank  correction 
amounting  in  the  largest  case  to  10  %  of  the  observed  rate  (measured 
in  a  solution  containing  everything  but  2-nitropropane  and  not 
followed  to  complete  consumption  of  iodine,  since  it  is  so  slow) 
and  then  divided  by  the  base  and  nitropropane  concentrations. 
Blank  runs  with  the  pyridine  base  omitted  showed  negligible  reac- 
tion, and  the  measured  rates  were  unchanged  by  the  omission  of  the 
small  amount  of  perchloric  acid,  usually  added. 
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Ubstract :  The  conversion  of  nitroethane  to  its  ion  by  amine  general-base  catalysis  (ktj^  and  the  retrograde  general- 
icid  neutralization  of  the  anion  {kt^  have  been  investigated.  Both  kt,B  and  Ats^a  are  correlated  by  the  Br0nsted 
quations  for  general-acid  and  general-base  catalysis,  respectively.  Though  the  log  of  the  rate  constants  for  ter- 
iary,  secondary,  and  primary  amines  lie  on  separate  Br0nsted  plots  of  parallel  slope  (presumably  due  to  differences 
rf  solvation),  hydnudne,  N-methylhydrazine,  hydroxylamine,  and  methoxylamine  show  no  positive  deviations 
rom  these  plots.  Therefore,  the  so-called  a  effect  does  not  appear  to  be  operative  in  the  breaking  or  making  of  the 
>H  bond  of  nitroethane. 


term  **a  effect"  has  been  used'  to  describe  the 
;h  reactivity  of  nucleophiles  possessing  an  un- 
pair  of  electrons  adjacent  (a)  to  the  nucleophilic 
This  high  reactivity  is  generally  noted  as  a  large 
e  deviation  of  the  log  k^ibt  for  &  nucleophile  from 

•tdoctoral  Fellow,  University  of  California  at  Santa  Barbara, 
irbara,  Calif. 

•  whom  inquiries  concerning  this  paper  should  be  directed. 
O.  Edwards  and  R.  O.  Pearson,  /.  Am,  Chem,  Soe,,  84^  16 


a  Brpnsted  plot  for  nucleophilic  displacements  by  a 
series  of  like  nucleophiles  in  aqueous  solution.  There- 
fore, the  a  effect  amounts  to  a  nucleophilic  (kinetic) 
parameter  not  predicted  by  the  thermodynamic  af&nity 
of  nucleophile  for  a  proton.  The  various  rationales 
for  this  kinetic  effect  have  recently  been  sununarized 
and  discussed.^    They  include  intramolecular  hydrogen 

(4)  T.  C  Bruioe,  A.  Donzel,  R.  W.  Huffman,  and  A.  R.  Butkr,  Ml., 
89, 2106  (1967). 
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Figure  1.  The  linear  dependence  of  the  pseudo-first-order  rate 
constants  for  the  reaction  of  glycine  with  nitroethane  on  the  concen- 
tration of  glycine  at  five  pH's. 


bonding  to  a  carbonyl  or  similar  group,'**  intramolec- 
ular general-base  catalysis,*  stabilization  of  the  transi- 
tion state  due  to  overlap  of  the  orbitals  of  the  a  lone 
pair  of  electrons,'  lessened  solvation  of  nucleophiles 
exhibiting  the  a  effect  relative  to  other  nucleophiles  of 
the  same  series,^  destabilization  of  the  nucleophile  by 
repulsion  of  the  nonbonding  electrons,*'*  high  polariz- 
ability,  and  stabilization  of  the  products  of  reaction. 

Substrates  upon  which  this  effect  has  been  noted  to 
operate  are  all  valence  states  of  carbon,  peroxides,  and 
tetrahedral  phosphorus  (see  ref  3).  The  question  arises 
as  to  whether  the  a  effect  is  of  importance  in  nucleo- 
philic  displacement  on  hydrogen  (i.e.,  general-base 
catalysis).  It  has  been  reported^®  that  oxime  anions 
show  an  enhanced  effectiveness  in  the  dehydration  of 
acetaldehyde  hydrate.  The  present  work  is  concerned 
with  the  neutralization  of  nitroethane  with  a  series  of 
aliphatic  amines.  This  reaction  has  received  some 
attention  by  Pearson  and  co-workers.  ^^ 

Experimental  Section 

Apparatus.  Absorbance  measurements  were  made  on  Gilford 
Model  2000  or  220  recording  spectrophotometers.  Kinetic  solu- 
tions were  maintained  at  30  ±  0.1°  by  circulating  water  at  this 
temperature  through  Beckman  double  thermospaoers.  pH  Meas- 
urements were  made  with  a  Radiometer  Model  22  pH  meter  with  a 
PHA  630  scale  expander,  using  a  combined  glass-calomel  electrode 
(Radiometer  G.K.  2021Q.  The  electrode  was  thermostated  at 
the  temperature  of  the  kinetic  runs. 

Materials.  Nitroethane  (Matheson  Coleman  and  Bell)  was 
distilled  twice  through  a  9-in.  Vigreux  column;  bp  113°.  Con- 
centrated ammonia  solution  (Baker  and  Adamson,  CP)  and  ethyl- 
amine  (Eastman  White  Label)  were  appropriately  diluted  with 
water.  Diethylamine  (Eastman)  and  piperictine  (Matheson  Cole- 
man and  Bell)  were  distilled  from  barium  oxide,  bp  55  and  103-104°, 
respectively.  Morpholine  (Eastman)  was  rdluxed  over  sodium 
for  24  hr  and  distilled  under  nitrogen,  bp  125-126°.  Methoxyl- 
amine,  glycine  ethyl  ester  (Eastman),  and  hydrazine  (Matheson 
Coleman  and  Bell)  hydrochlorides  were  crystallized  from  ethanol- 


(5)  J.  Epstein,  M.  M.  Demek,  and  D.  H.  Rosenblatt,  7.  Org,  Chem.^ 
21,  796  (1956). 

(6)  W.  P.  Jencks,  J.  Am,  Chem,  Soc.,  SO,  4585  (1958). 

(7)  C.  A.  Bunton  in  **Peroxide  Reaction  Mechanisms,**  J.  O.  Edwards, 
Ed.  Intersdence  Publishers,  Inc.,  New  York,  N.  Y.,  1962,  p  25. 

(8)  K.  M.  Ibne-Rasa  and  J.  O.  Edwards,  J,  Am,  Chem,  Soc.,  84,  763 
(1962). 

(9)  C.  K.  Ingold,  150th  National  Meeting  of  the  American  Chemical 
Society,  J.  F.  Norris  Award  Address,  Atlantic  City,  N.  J.,  Sept  1965. 

(10)  R.  P.  BeU,  J.  Phys.  Chem.,  55,  885  (1959). 

(11)  R.  G.  Pearson  and  F.  V.  Williams,  J,  Am,  Chem,  Soc,,  76,  258 
( 1954).   This  paper  gives  leading  references  to  previous  papers. 


ether  mixtures.  Tris(hydroxymethyl)aminomethaQe  (Matheson 
Coleman  and  Bell),  glycine  (Fisher  reagent),  and  hydroxylamine 
hydrochloride  (Baker  Analyzed  Reagent)  were  used  without  further 
purification.  Methylhydrazine  hydrochloride  was  prepared  by 
passing  dry  hydrogen  chloride  into  an  ethereal  solution  of  the  amine 
(Matheson  Coleman  and  Bell).  The  precipitate  was  crystallized 
from  ethanol-ether  mixtures. 

Kinetics.  The  rate  of  disappearance  of  nitroethane  in  various 
buffers  was  followed  by  measuring  the  variation  in  absorbance  at 
240  m/i.  Stock  solutions  of  nitroethane  in  peroxide-free  dioxane 
were  prepared.  One  drop  of  these  solutions  in  2  ml  <^  buffer  gave 
a  solution  apiH'oximately  10~*  to  10~^  M  in  nitroethane.  Freshly 
distilled  water  was  used  to  prepare  buffer  solutions  and  serial 
dilutions  were  made  with  1.0  Af  potassium  chloride  solution  stored 
under  nitrogen.  The  reactions  were  carried  out  in  T  cuvettes. 
Absorption  due  to  the  various  buffers  was  compensated  for  by 
using  a  reference  cell  containing  only  the  buffer  solution.  The  con- 
centration of  buffer  was  always  in  large  excess  over  that  of  nitro- 
ethane, resulting  in  pseudo-first-order  kinetics.  Reactions  were 
routinely  followed  to  four  half-lives  or  more.  The  pH*s  of  solu- 
tions were  determined  before  and  after  each  run.  Pseudo-first- 
order  rates  were  obtained  from  the  slopes  of  plots  of  log  (OD.  - 
OD|)  OS.  time. 

Results^' 

The  reaction  studied  is  of  the  type 


AH  +  B 


h.B 


BH+  +  A- 


(1) 


If  [B]  and  [BH*^]  are  in  large  excess  over  [At]»  this 
equilibrium  can  be  treated  as  a  unimolecular  equilibrium 

fa.B[B] 
AH   ^ 


A- 


(2) 


fe.A[BH*l 

(2),  for  which  the  rate  expression  is  given  by^' 

-hiaAHlo  -  [AH].)/aAH]  -  [AHW  = 

(k,,jJiB]  +  k,jSBH^J)t    (3) 

where  [AH]o,  [AH],  and  [AH]e  represent  concentrations 
of  AH  at  /  ~  0,  at  any  time  /,  and  at  equilibrium, 
respectively.  As  the  measured  absorbance  is  that  of  the 
nitroethane  anion,  (OD.  —  ODi)  is  proportional  to 
aAH]  -  [AH]e) 

-hi ([AH]o  -  [AH]e)  +  In  (OD.  -  OD|)  = 

(fc2.B[B]  +  *,^BH+])/    (4) 

Thus  the  slope  of  a  plot  of  log  (OD.  —  OD,)  vs.  t  is 
equal  to  0.434(fc2,B[B]  +  fcj.AlBH+l)  =  Ky^.  As  the 
neutralization  is  also  catalyzed  by  hydroxide  ion  this 
term  is  included  in  k^xj^  which  is  then  equal  to  (kt,^]  + 
fc2.AlBH+]  +  fcoH[OH-]).  Thus,  a  plot  of  fcob«i  w.  [Br]  is 
linear,  of  slope  ki  and  intercept  /tohEOH"]  (Figure  1) 

kt'  =  fc2.B([B]/[BTD  +  *2^([BH+]/[BtD         (5) 
and 

kt'  =  k,jiKJI(KJ  +  Ah)]  +  *2.AlflH/(^.'  +  «h)]    (6) 

A  plot  of  ki{KJ  +  Ah)  w.  Ah  is  linear  of  slope  itj^ 
and  intercept  kt;^J  (Figure  2).    For  amines  of  high 

(12)  Abbreviations  used  in  this  study  are:  [Bt]  -  [B]  -f  (BH-*-] 

BH+  5I±:  B  +  H+ 

where  B  and  BH*^  represent  amine  and  its  conjugate  add;  ICote4 
pseudo-first-order  rate  constant  at  constant  pH  and  [Brl;  k%\  apparent 
second-order  rate  constant  at  a  fixed  pH;  kt,K*  ^ajB»  pH-independeot 
second-order  rate  constants  for  general  add  and  general  base  catalysed 
reactions,  respectively;  an*  hydrogen  ion  activity  as  determined  by  the 
glass  electrode,  [OH")  -  1.48  X  10->VflH. 

(13)  A.  Frost  and  R.  G.  Pearson,  **Kinetics  and  Mechanism,**  TbA 
ed,  John  Wiley  and  Sons,  Inc.  New  York,  N.  Y.,  1961,  p  186. 
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le  L    Experimentally  Detcnmned  Rate  Constants  and  Equilibria  Constants  for  the  Reaction  of  Amines  with  Nitroethane 
^ateral30^M"lX) 


Min-i  Af-» . 

^'«i« 

No.  of 

No.  of 

Concn 

Base 

ktjL 

kt.B 

X  io-» 

Acotad 

pH  range 

pH*s 

range,  M 

pAa'« 

1 

Ethylamine 

•    •    m 

7.7 

•  «  • 

20 

10.26-11.10 

5 

0.448-0.090 

10.69* 

2 

•    •    • 

6.7 

•  •  • 

20 

9.63-11.18 

5 

0.5-0.1 

10.10" 

3 

Glycine 

0.22 

1.71 

4.4 

24 

8.87-10.26 

6 

0.5-0.1 

9.63- 

4 

Ammonia 

•  •  • 

0.56 

•  •  • 

20 

8.64-9.85 

5 

0.380-0.076 

9.33* 

5 

Methylhydrazine 

1.65 

1.32 

6.3 

16 

7.36-8.40 

4 

0.5-0.1 

8.14'* 

6 

Hydrazine 

0.72 

0.35 

3.7 

20 

7.42-8.60 

5 

0.5-0.1 

8.11- 

7 

Tris(bydroxy- 
niethyl)aminO" 

0.56 

0.31 

3.7 

20 

7.52-8.87 

5 

0.5-0.1 

8. 15* 

methane 

8 

I^droxylamine 

•  •  • 

5.7  X  10-* 

• . . 

5 

8.95 

1 

1.0-0.1 

6.04* 

9 

Glycine  ethyl  ester 

1.00 

0.23 

4.0 

20 

6.99-8.47 

5 

0.5-0.1 

7.75* 

10 

Methoxylamine 

•  •  • 

1.35  X  10-* 

•  •  • 

3 

8.80 

1 

1.0-0.2 

4.81« 

11 

Diethylamine 

•  •  • 

49.5 

•  «  • 

16 

10.61-11.27 

4 

0.3-0.06 

11.08* 

12 

Piperidine 

•  •  • 

39.2 

•  •  • 

16 

10.20-11.32 

4 

0.5-0.04 

11.10- 

13 

Morpholine 

1.38 

3.45 

6.4 

20 

8.28-9.67 

5 

0.5-0.1 

8.59« 

14 

Hydroxide 

•  •  • 

990 

•  • . 

11 

9.63-11.18 

11 

•  •  • 

•  •  • 

}i  -  1 A  30^    *  See  ref  4.    •  See  T.  C  Bniice,  J.  J.  Bruno,  and  W.  S.  Chou,  /.  Am.  Chem.  Soc,,  85, 1659  (1963).    *  This  study,  by  half- 
ralization. 


/  the  acid-catalyzed  rate  constant  is  small  and 
X^'  +  ^h)  was  a  constant  equal  to  kt^stC^''  Kinetic 
s  using  methoxylamine  and  hydroxylamine  were  car- 
I  out  in  0.1  Af  borate  buffer  to  maintain  constant 
Rate  constants  for  these  amines  were  determined 
he  slopes  of  plots  of  ^oiMd  ^s.  [Br].  In  all  other  cases 
nudeophile  and  its  conjugate  acid  were  used  to 
ntain  a  constant  pH. 


K,  =  [A-]eaH/[AH]eJ^/  =  K\^KJ 


(8) 


o 

o 


^  * 


^? 


4        f        •        10       12 

Oh  X  lOiO(M) 

■€  Z    The  linear  dependence  of  the  product  kt'(Km  +  ^  on 
hydrogen  ion  activity  for  the  reaction  of  glycine  with  nitro- 


lie  rate  constants  for  the  reaction  of  13  amines  with 
oethane  derived  by  these  methods  are  given  in 
de  I.  The  rate  constant  for  hydroxide  was  obtained 
plotting  the  intercepts  at  [Br]  =»  0  from  buffer  dilu- 
i  plots  vs.  [OH"].  The  buffers  used  were  ethylamine, 
dne,  and  ammonia, 
lie  equilibrium  constants  K^  for  (1)  are  given  by 

fC.  =  lc,;Blk,u,  -  [BH+UA-y[AHUB]e       (7) 

Te  the  concentration  terms  refer  to  equilibrium  con- 
Orations 


and  A'^NB  is  the  calculated  dissociation  constant  of 
nitroethane.  The  calculated  constant  as  obtained  for 
each  amine  is  given  in  Table  I. 

Discussion 

The  rate  constants  for  the  general-base  neutralization 
of  nitroethane  by  13  amines  are  given  as  a  Brpnsted 
plot  in  Figure  3.  Comparison  of  this  Brpnsted  plot 
with  that  of  Pearson  and  Williams  ^^  shows  that  the  be- 
havior of  the  various  classes  of  amines  are  essentially 
the  same,  the  only  difference  being  in  the  slope  used  for 
primary  amines  (O.SO  vs.  0.6S  for  Pearson  and  Williams* 
estimate). 


a 

M 


-1.0 


pK'a 


Figure  3.  Br0nsted  plot  for  the  reactions  of  14  bases  with  nitro- 
ethane. The  numbers  refer  to  the  compounds  in  Table  I.  No  sta- 
tistical corrections  have  been  made. 


The  dissociation  constants  (K'nn^  for  nitroethane 
determined  from  the  rate  constants  for  primary  amines 
are  in  good  agreement  with  that  found  by  half-neu- 
tralization (3.6  X  10-»  at  30°).  1*  However,  the  values 
derived  from  rate  constants  with  secondary  amines 
differ    considerably    from    those    obtained    by    half- 

(14)  D.  Tumbull  and  S.  H.  Maron,  J.  Am.  Chem.  Soc.,  65,  212  (1943). 


Gregory  f  Bruice  /  a  Effect  in  NUroeth 


l«Wi 


2330 


neutralization.  This  is  believed  to  be  due  to  a  statistical 
factor,  and  that  the  true  equilibrium  constant  should  be 
expressed  in  terms  of  the  number  of  equivalent  protons 
on  the  conjugate  acid  of  the  amine.  In  order  to  cor- 
relate the  equilibrium  constants  found  with  secondary 
amines  (two  protons)  with  those  for  primary  amines 
and  hydronium  ion  (three  protons),  the  former  con- 
stants were  multiplied  by  a  factor  of  Vb.  This  correc- 
tion gave  a  value  for  the  KJ  of  nitroethane  of  4.1  X 
10~',  which  is  close  to  the  value  found  with  primary 
amines  (3.9  X  10-»). 

The  possibility  that  the  rates  obtained  were  for  reac- 
tion of  the  amine  species  with  the  tautomeric  aci-nitro 
forms  of  nitroethane  and  its  anion  (9)  was  discounted, 
as  the  pKJ  obtained  from  the  kinetic  data  is  that  for 
nitroethane  whereas  the  ipKJ  of  aci-nitroethane  is  ap- 
proximately S.    In  the  pH  range  studied  (7-11)  the 

O  O  O 

/        lUN  /«        R«N+H  / 

CHiCHiN        ^        »  CHaCH=N  ^        >  CH,CH=N 

%       lUN+H  \  RtN  \ 

OH 


o- 


a 


(9) 


equilibrium  concentration  of  ac/-nitroethane  would  be 
so  small  that  equilibrium  9b  can  be  ignored. 

The  order  of  catalytic  efficiency  for  amines  in  this 
reaction  (i.e.,  tertiary  >  secondary  >  primary)  has  been 
attributed  to  solvation  effects  by  Pearson  and  Williams.  ^  ^ 
The  same  order  of  nucleophilicity  of  amines  (i.e.,  terti- 
ary >  secondary  >  primary)  has  also  been  noted  with 
phosphate^'  and  sulfate^*  esters  and  has  also  been  at- 
tributed to  solvation  effects.  It  is  interesting  to  note 
that  these  substrates  are  sensitive  to  the  a  effect.  How- 
ever, toward  phenyl  acetate  primary  and  secondary 
amines  lie  on  a  single  Brpnsted  plot  whereas  tertiary 
amines  exhibit  a  negative  deviation  from  this  plot.^  A 
possible  explanation  for  this  apparent  anomaly  is  found 
in  the  fact  that  the  bond  from  nucleophile  to  substrate  is 
little  formed  in  the  transition  states  for  substrate  equals 
phosphate  or  sulfate  esters  whereas  when  the  substrate 
is  phenyl  acetate  the  bond  is  much  more  completely 
formed.  This  suggestion  is  supported  by  the  small 
Brpnsted  a  constants  for  the  former  substrates  (0.20  and 
0.13,  respectively)  as  compared  to  the  large  value  for 
the  latter  substrate  (l.OS).  Therefore,  steric  effects  out- 
weigh solvation  effects  for  phenyl  acetate  while  steric 
effects  are  of  little  importance  for  phosphate  and  sul- 
fate esters.  This  contention  finds  support  in  the  much 
greater  nucleophilicity  of  azetidines  and  aziridine  toward 
phenyl  acetateas  compared  toacyclicsecondary  amines.  ^^ 

The  rate  constants  for  the  general  base  catalyzed 
reactions  of  hydrazine,  hydroxylamine,  and  methoxyl- 
amine  with  nitroethane  do  not  deviate  significantly  from 
the  Brpnsted  plot  for  primary  amines  (Figure  3).  The 
rate  constant  for  methylhydrazine  lies  on  the  Brpnsted 
plot  for  secondary  amines,  in  agreement  with  Con- 
don's ^^  suggestion  that  protonation  of  alkylhydrazines 
occurs  at  the  nitrogen  bearing  the  greater  number  of 

(15)  A.  J.  Kirby  and  W.  P.  Jencks,  J.  Am,  Chem.  Soc,,  87, 3209  (1965). 

(16)  S.  J.  Benkovic  and  P.  A.  Benkovic,  ibid.,  88,  5504  (1966). 

(17)  L.  R.  Fedor,  T.  C.  Bniice,  K.  L.  Kirk,  and  J.  Mdnwald.  ibid.,  88, 
108  (1966). 

(18)  F.  E.  Condon,  ibid.,  87,  4481  (1965). 


alkyl  groups.  We  can  therefore  find  no  evidence  for 
an  a  effect  for  hydrazine,  methylhydrazine,  hydroxyl- 
amine, or  methoxylamine  in  this  reaction.  The  value 
of  O.S  for  the  slope  of  the  Brpnsted  plot  suggests  that  the 
proton  has  moved  considerably  in  the  transition  state, 
and  that  any  effect  operating  on  the  ground  state  of 
either  products  or  reactants  should  be  observable. 
This  confirms  that  the  reactivity  in  proton  abstraction 
of  these  amines  is  adequately  related  to  their  p^.^'s. 
General  base  catalyzed  proton  abstraction  differs 
from  nucleophilic  displacement  reactions  on  other  ele- 
ments on  two  points.  Whereas  the  latter  must  involve 
direct  attack  of  the  nucleophile  on  the  substrate  mole- 
cule or  capture  of  carbonium  ion,  etc.,  the  former  may 
operate  through  a  water  molecule  in  a  manner  anal- 
ogous to  proton  transfer  in  water.  ^*  Regardless 
of  the  mechanism  of  the  proton  abstraction,  the  un- 


\ 

— N- 
/ 


H 


H   O-H" C— 


I 


(10) 


shared  pair  of  electrons  of  the  base  are  not  considered* 
to  be  greatly  perturbed  in  the  transition  state,  whereas 
considerable  perturbation  of  these  electrons  occurs  in 
other  nucleophilic  displacements.  Thus  proton  ab- 
straction and  nucleophilic  displacements  are  not  strictly 
analogous  in  that  proton  abstraction  is  insensitive  to 
polarizability  of  the  nucleophile. 

As  amines  which  exhibit  the  a  effect  are  similar  in 
polarizability  (as  measured  by  molar  refractivity)  to 
those  which  do  not,  the  a  effect  must  be  a  kinetic 
parameter  which  is  not  described  by  the  ^q  or  P  terms 
of  Edwards.  ^  Our  results  eliminate  such  ground-state 
phenomena  as  diminished  solvation  as  a  cause  of  the 
a  effect  in  amines  such  as  hydrazine  since  amine- 
catalyzed  ionization  of  nitroethane  is  sensitive  to  solva- 
tion changes  at  the  basic  nitrogen. 

The  attribution  of  the  high  reactivity  of  oxime  anions 
in  the  dehydration  of  aldehyde  and  ketone  hydrates  to 
an  a  effect'  is  probably  not  valid,  as  this  too  could  be 
caused  by  solvation  differences  between  these  anions 
and  the  carboxylate  and  phenolate  anions  used  as 
references.  This  is  supported  by  the  fact  that  water 
exhibits  an  equally  great  positive  deviation  from  the 
Brpnsted  plot.  However,  for  the  general  base  cata- 
lyzed hydrolysis  of  ethyl  trifluorothiolacetate'^  and  the 
self-assisted  general  base  catalyzed  aminolysis  of  phenyl 
acetate^  the  a  effect  is  probably  of  importance  and  for  the 
latter  process  of  greater  kinetic  significance  than  for 
simple  nucleophilic  attack  of  amine  on  ester.  These 
reactions  differ  from  the  neutralization  of  nitroethane 
in  that  they  involve  an  actual  nucleophilic  attack  on  an 
unsaturated  center  and  in  addition  proton  transfer 
from  nitrogen  or  oxygen  rather  than  from  carbon.  It 
is  possible  that  work  in  process  may  provide  a  rationale 
for  these  observations. 
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Abstract:  The  mechanism  of  the  decomposition  of  monoperoxyphthalic  acid  has  been  investigated.  The  rate 
law  is  analogous  to  those  found  for  other  monosubstituted  peroxides  (second  order  in  peroxide  with  a  maximum 
rate  at  pH  equal  to  pK^  of  peroxidic  proton).  The  isotope  data  are  consistent  with  previously  observed  cases 
in  that  the  data  are  explicable  in  terms  of  two  competing  transition  states  of  identical  composition  but  different 
configuration. 


i  thermal  decomposition  of  peroxy  acids  in  aque- 
is  solution  to  form  the  parent  acid  and  oxygen  has 
the  subject  of  a  number  of  recent  investigations, 
rds,  et  aLy^"^  have  studied  the  kinetics  of  the 
iposition  of  two  aliphatic  peroxy  acids  and  the 
inic  peroxy  acids  Caro's  acid  and  peroxymono- 
horic  acid.  Goodman  and  Robson^'*  have 
d  the  decomposition  of  peroxybenzoic  acid  and  a 
er  of  substituted  peroxybenzoic  acids.  The  latter 
:rs  have  also  investigated  Caro's  acid  and  have 
led  results  in  agreement  with  those  reported  by 
rds.  Independent  data  on  peroxybenzoic  acids 
»o  in  good  agreement.^ 

ill  cases  it  has  been  found  that  the  rate  of  peroxy 
ecomposition  is  second  order  in  total  peroxy  acid 
itration,  with  a  maximum  rate  constant  at  a  pH 
to  the  pK  of  the  proton  bound  to  the  peroxide 
The  results  are  consistent  with  the  idea  that 
>n  occurs  by  nucleophilic  attack  of  the  peroxy  acid 

upon  the  undissociated  peroxy  acid  molecule, 
ere  has  been  some  question  as  to  the  electrophilic 

at  which  this  attack  occurs.  Whereas  Edwards 
d  attack  at  the  outer  peroxidic  oxygen  atom  (I), 
man  and  Robson  advanced  arguments  which  led 
;o  conclude  that  attack  was  at  the  carbonyl  carbon 
of  the  peroxy  acid  (II)  (sulfur  or  phosphorus  in 
ic  of  Caro's  acid  and  peroxymonophosphoric  acid, 
tively).  These  two  activated  complexes  can  be 
(uished  by  a  tracer  technique.    Mechanism  I 
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predicts  that,  from  a  mixture  of  doubly  oxygen- 18- 
labeled  peroxy  acid  and  unlabeled  peroxy  acid,  some 
scrambled  molecular  oxygen  (mass  34)  should  be  ob- 
tained. Mechanism  II  predicts  that  under  the  same 
condition  no  scrambling  should  occur.  Two  cases 
have  so  far  been  investigated.  In  the  case  of  peroxy- 
acetic  acid  Edwards  and  co-workers*  found  a  distribu- 
tion of  isotopic  label  in  product  oxygen  corresponding 
to  83%  of  the  reaction  occurring  via  II.  Studies  of 
Caro's  acid*  yield  the  result  that  91%  of  the  reaction 
occurs  via  I.  Thus  it  appears  likely  that  the  two 
mechanisms,  which  yield  identical  kinetic  form  and 
differ  only  in  the  conformation  of  the  transition  state, 
are  operating  simultaneously. 

The  double-labeling  method  has  not  yet  been  applied 
to  the  case  of  substituted  peroxybenzoic  acids,  but  the 
experiments  cited  above  suggest  that  if  the  carbonyl 
carbon  electrophilic  site  is  sterically  hindered,  then 
attack  at  outer  peroxidic  oxygen  (I)  may  be  favored. 
Monoperoxyphthalic  acid  is  a  most  suitable  peroxy  acid 
to  test  this  idea  since  the  pK  of  the  peroxy  acid  proton  is 
8.2,  and  the  pK  of  the  carboxylic  acid  proton  is  --0.5,' 
so  that  around  pH  8  decomposition  would  arise  from 
attack  of  the  dinegative  ion  upon  the  mononegative 
ion.  Thus  the  electrostatic  situation  is  similar  to  that 
with  Caro's  acid  (attack  of  SOs*"  on  HSOj")  and  addi- 
tional steric  hindrance  is  provided  by  the  o-carboxyl- 
ate  group. 

This  paper  describes  the  results  of  our  investigation 
of  the  decomposition  of  monoperoxyphthalic  acid. 
Studies  of  the  hydrolysis  of  monoperoxyphthalic  acid 
are  reported  elsewhere.' 

Experimental  Section 

Monoperoxyphtliaiic  add  was  prepared  according  to  the  method 
of  Bohme. '  The  product  was  a  mixture  of  peroxy  acid  and  phthalic 
acid.  Various  preparations  yielded  samples  containing  40-60% 
w/w  monoperoxyphthalic  acid.  The  preparation  of  doubly  oxygen- 
18-labeled  monoperoxyphthalic  acid  followed  the  same  procedure 
except  that,  to  the  hydrogen  peroxide  used,  was  added  sufficient 
HiO,"."  to  give  a  mole  fraction  of  HiO,"."  =-  0.04.  HiOi"»" 
was  prepared  from  water  containing  97  atom  %  O^'  (Yeda  Research 
and  Development  Co.,  Ltd.,  Rehovoth,  Israel)  by  the  electric  dis- 
charge method.  ^^^ 


(8)  M.  L.  Haggett,  D.  Holden,  P.  Jones,  P.  J.  Robinson,  and  A.  Sug- 
gett,  in  preparation. 

(9)  H.  Bohme,  Org.  Syn.,  20,  70  (1940);  H.  Bohme,  **Organic  Syn- 
theses,** Coll.  Vol.  m,  E.  C.  Horning,  Ed.,  John  Wiley  and  Sons, 
Inc.,  New  York,  N.  Y.,  1955,  p  619. 

(10)  R.  E.  Ball,  J.  O.  Edwards,  and  P.  Jones,  /.  Inorg,  Nucl.  Chem., 
28,  2458  (1966). 
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Figure  1.    Second-order  rate  constant  for  decomposition  of  per- 
oxyphthalic  add  as  a  function  of  pH,  temperature  24.6®. 


Buffer  Components.  Analar  NasCOa,  NaHCOi,  NasHPOi, 
and  KHsPOi  were  used.  Reagent  grade  phosphates  were  found  to 
give  an  enhanced  decomposition  rate  (about  8%)  compared  with 
Analar  materials.  Analar  72%  perchloric  acid  and  1  M  NaOH 
(diluted  to  suitable  concentrations)  were  used  to  adjust  pH  where 
necessary.  EDTA,  which  was  added  to  sequester  trace  metal 
cations,  was  recrystallized  as  described  by  Blaedel  and  Knight.  ^^ 
Laboratory  distilled  water  was  further  purified,  either  by  using  a 
mixed-bed  ion  exchanger,  or  by  two  further  distillations  from  alka- 
line KMnOi  and  dilute  phosphoric  acid,  respectively.  Other 
reagents  were  of  Analar  grade  where  possible. 

Procedures.  For  the  decomposition  kinetic  studies  about  0.5 
g  of  peroxyphthalic  add-phthalic  add  mixture  was  weighed  directly 
into  a  flask  and  the  required  volume  of  1  Af  NaOH  added  to  neu- 
tralize the  phthalic  add  and  also  the  carboxylic  add  proton  of  the 
peroxy  acid.  Buffer  solution  (50  ml)  consisting  of  x  ml  of  0.33  M 
NarfffOi  (or  0.67  M  NaHCOa)  +  (60  -  ;c)  ml  of  0.33  Af  KHJO* 
(or  0.67  Af  NaiCX)t)  +  0.65  ml  of  0.1  Af  EDTA  solution  was  added, 
the  solid  dissolved,  and  the  solution  allowed  to  come  to  thermostat 
temperature.  Samples  (5  ml)  were  withdrawn  by  pipet,  quenched  in 
30  ml  of  acetate  buffer  (pH  ^  3)  containing  KI,  and  titrated  with  0. 1 
N  sodium  thiosulfate  using  starch  indicator. 

Second-order  graphs  of  the  results  were  linear  for  at  least  two 
half-lives.  Deviations  at  longer  reaction  times  were  observed,  and 
the  experiments  at  pH  <7  were  less  satisfactory  because  hydrolysis 
of  the  peroxy  add  occurred.  Two  other  buffers  were  tried  out  near 
pH  8.  Tris  buffer  (pK  «  8.1)  was  very  rapidly  oxidized.  With 
NHr-NH4HsP04  buffers,  the  reaction  became  first  order  in  peroxy- 
acid.  Botvinnik**  has  reported  a  reaction  between  ammonia  and 
peroxybenzoic  add. 

The  apparatus  and  technique  used  in  the  isotopic-labeling  experi- 
ments was  the  same  as  that  described  previously.'*^ 

Results 

Figure  1  shows  the  experimental  values  of  the  second- 
order  rate  constants  for  the  decomposition  reaction 
at  24.6  **  as  a  function  of  pH.  The  points  lie  on  a  curve 
with  a  maximum  rate  constant  of  5.6  X  10"*  1.  molc"* 
sec"*  at  pH  8.2.  The  proton  bound  to  the  peroxide 
group  in  peroxyphthalic  acid  has  a  p^  =  8.2  ±  0.1 
at  25^.*  Since  the  dissociation  of  the  carboxylic  acid 
proton  in  peroxyphthalic  acid  has  pK  c^  O.S,  the  de- 
composition reaction  may  be  formulated,  following 
Ball  and  Edwards,^  as  an  attack  of  the  dianion 
-0,CCeH4C08-  upon  the  monoanion  -02CCeH4C08H. 
The  curve  in  Figure  1  was  constructed  using  this  model 
and  the  numerical  values  noted  above.  At  pH  < 
7,  the  experimental  rate  constants  deviate  appreciably 

(11)  W.  J.  Blaedel  and  H.  T.  Knight,  Anal.  Chem.,  26,  741  (1954). 

(12)  M.  M.  Botvinnik,/.  Gen.  Chem.  USSR,  16,  863  (1946). 


from  the  theoretical  curve.  In  this  region  the  decom- 
position and  hydrolysis  reactions^  overlap  so  that  kinetic 
data  for  the  decomposition  reaction  alone  become  much 
less  reliable. 

Table  I  shows  the  results  of  isotopic-labeling  experi- 
ments carried  out  at  pH  8.5  and  room  temperature 
(i^20°).  The  composition  of  the  hydrogen  peroxide 
used  in  the  preparation  of  labeled  peroxyphthalic  acid 
was  determined  by  mass  spectrometric  analysis  of  the 
evolved  oxygen  from  reaction  with  eerie  ammonium 
sulfate  in  acid  solution.  The  values  quoted  are  the 
means  of  four  experiments.  Some  samples  were  ana- 
lyzed on  a  Consolidated-Electronics  21-103  mass  spec- 
trometer at  Harvard  University;   the  remainder  on  a 


Table  I.    Isotopic  Tracer  Results  for  Peroxyphthalic 
Acid  Decomposition 


Source  of  oxygen 


Composition  of  oxygen  gas,  mole  % 
O,"  0,»*  Oi»* 


Peroxyphthalic  acid  de- 
composition (pH  8 . 5 
phosphate  buffer) 

HiOs  from  hydrolysis  of 
peroxyphthalic  acid 


95.8±0.1    0.6=fc0.1     3.6±0.1 
93.6±0.2    5.4=fc0.3     l.OiO.l 


95.2 


0.8 


3.9 


Hitachi-Perkin-Elmer  mass  spectrometer.  The  results 
from  the  two  instruments  were  in  good  agreement 
As  a  check  that  scrambling  did  not  occur  during  syn- 
thesis of  peroxyphthalic  acid,  a  sample  of  the  labeled 
peroxy  acid  was  hydrolyzed  in  phthalate  buffer  solution 
at  pH  4  in  the  presence  of  10"*  M  EDTA,  and  the  hy- 
drogen peroxide  produced  was  then  allowed  to  react 
with  acid  eerie  ammonium  sulfate  solution.  The 
results  of  the  check  experiment  are  shown  in  the  third 
line  of  Table  I.  It  must  be  concluded  from  the  data 
in  the  second  line  that  the  amount  of  scrambling  (indi- 
cated by  per  cent  O2'*)  is  extensive  but  not  complete, 
and  that  this  scrambling  occurred  during  the  process  of 
decomposition. 

Discussion 

The  kinetic  data  conform  well  to  the  pattern  found 
for  other  peroxy  acids  and  are  described  equally  well  by 
either  mechanism  I  or  II.  The  isotopic  tracer  results 
cannot  be  explained  by  either  mechanism  alone.  If  it 
is  assumed  that  both  mechanisms  contribute  to  the  total 
reaction,  then  a  statistical  analysis,  in  which  it  is  assumed 
that  peroxy  acid  species  of  all  isotopic  distributions  will 
react  with  each  other  at  a  rate  unaffected  by  isotopic 
mass,  yields  the  result  that  74  ±  4%  of  the  product 
oxygen  molecules  derive  from  mechanism  I.  Thus,  in 
this  reaction,  decomposition  via  displacement  on  oxygen 
by  oxygen  (I)  predominates  over  decomposition  via 
attack  at  the  alternative  carbonyl  carbon  electrophilic 
center  (II).  This  result  was  expected  since,  in  peroxy- 
phthalic acid,  we  have  chosen  a  molecule  in  which  the 
latter  reaction  path  would  be  disfavored.  It  must  be 
concluded  that  the  decomposition  of  derivatives  of 
peroxycarboxylic  acids  will  not  generally  occur  exclu- 
sively by  attack  at  carbonyl  carbon.  Indeed  the  pres- 
ent results  reinforce  the  idea^  that  peroxy  acid  decom- 
positions occur  by  two  competing  pathways  having 
identical  rate  laws  and  differing  only  in  the  conforma- 
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of  the  transition  state.  In  no  case  so  far  investi* 
1  does  either  mechanism  alone  completely  satisfy 
kinetic  and  isotopic  tracer  results, 
le  investigation  of  the  decomposition  of  a  series 
ibstituted  peroxybenzoic  acids  by  Goodman,  et  al.^ 
present  the  most  complete  study  of  a  group  of 
Rurally  closely  related  acids  and  the  data  suggest 
the  contribution  of  decomposition  by  path  I  may 
be  inappreciable  in  this  series.  For  this  series  of 
tions  there  is  no  simple  Hammett  cp  relationship 
een  the  logarithm  of  the  rate  constant  and  c  since 
dtuents  in  the  aromatic  ring  affect  both  substrate 
nucleophile  instead  of  only  the  substrate  and  also 
)  the  two  mechanisms  should  have  different  p 
^s.  Indeed  it  was  found*  that  the  decomposition 
constants  exceeded  that  for  peroxybenzoic  acid 
:her  electron-releasing  or  -attracting  groups  were 
tituted  in  the  benzene  ring. 

le  convenience  and  the  usefulness  of  the  double- 
ing  method  for  study  of  peroxide  decompositions 
emplified  well  by  the  present  investigation.  Some 
r  systems  to  which  this  technique  is  being  applied 
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at  present  are  the  paramagnetic  peroxyborates,^' 
the  tetraperoxychromate  ion,^^  and  peroxypivalic 
acid.  ^'  A  combined  kinetic  and  isotope  study  of  the 
decompositions  of  substituted  peroxybenzoic  acids 
would  give  data  of  considerable  value  in  understanding 
the  factors  which  govern  the  reactivities  of  carbonyl 
carbon  and  peroxide  oxygen  to  peroxyanions. 
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Abstract :  The  decomposition  of  aryl  iodine  diacetates  takes  place  by  three  mechanisms :  nucleophilic  displacement 
within  an  ion  pair  to  give  aryl  acetate  and  iodine  acetate  (the  major  reaction),  homolysis  to  aryl  iodide  and  acetoxy 
radicals,  and  induced  homolysis.  The  intermediate  iodine  acetate  decomposes  rapidly  to  carbon  dioxide  and  methyl 
iodide,  but  may  be  trapped  completely  by  cyclohexene.  The  radical  chain  homolysis  of  phenyl  iodine  diacetate  is 
enhanced  by  di-/-butyl  peroxide. 


le  decomposition  of  phenyl  iodine  dibenzoate* 
n  aromatic  solvents  gives  clear  indications  of  the 
•nee  of  phenyl  radicals,"'**'*^  and  it  was  at  one  time 
ly  presumed  to  consist  entirely  of  homolysis  to 
oyloxy  radicals,  in  a  process  such  as  eq  1  or  the 
^ponding  sin^e-step  mechanism.  However,  a 
r  detailed  study  of  the  products  and  kinetics  re- 
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d  a  reaction  of  considerable  complexity.*^  One 
le  products,  in  S-2S%  yield,  is  phenyl  benzoate. 
ling  experiments  established  that  the  phenyl 
ty  of  that  ester  comes  exclusively  from  the  aryl 

Petroleum  Research  Foundation  Predoctoral  Fellow. 

The  Chemical  Abstracts  name  is  (dihydroxyiodo)benzene  diace- 

(a)  J.  E.  Leflner,  W.  J.  M.  Mitchell,  and  B.  C.  Menon,  J.  Org. 
,  31,  1153  (1966);  (b)  B.  M.  Lynch  and  K.  H.  Pausacker,  Austra- 
Chem.,  10,  329  (19S7);  (c)  D.  H.  Hey,  C.  J.  M.  StirUng,  and  G.  R 
ms,  /.  Chem.  Sac.,  1475  (1956). 


iodine  moiety  of  the  dibenzoate  and  not  at  all  from 
benzoyloxy-derived  phenyl  radicals.  This  suggested 
that  at  least  part  of  the  reaction  goes  by  way  of  an 
internal  nucleophilic  displacement  (eq  2),  closely  anal- 
ogous to  a  well-established  major  route  for  the  decom- 
position of  diaryliodonium  compounds.^  Kinetic  and 
other  evidence  indicated  that  the  intermediate  iodine 
benzoate  interacted  with  additives  such  as  benzoic  an- 
hydride or  benzaldehyde  to  induce  a  radical  chain 
decomposition  of  the  dibenzoate,  but  the  details  of  the 
mechanism  remained  conjectural.  The  behavior  of  the 
diacetate,  as  reported  in  the  present  paper,  appears  to 
be  simpler  and  more  amenable  to  mechanistic  interpreta- 
tion. 

The  Ion  Pair  Process.  Table  I  and  Figure  1  show 
the  products  and  typical  kinetic  behavior  of  the  de- 
composition of  phenyl  iodine  diacetate  in  chlorobenzene 
under  anhydrous  conditions.^    The  second  yield  col- 

(4)  See,  for  example,  F.  M.  Beringer  and  R.  A.  Falk,  ibid.,  4442  (1964). 

(5)  Unless  otherwise  noted,  the  solvent  is  chlorobenzene  containing 
0.1  Af  acetic  anhydride  to  reacetylate  any  diacetate  that  may  be  hydro- 
lyzed  by  traces  of  water.  Within  experimental  error,  the  presence  of 
this  amount  of  acetic  anhydride  has  no  effect  on  the  decomposition 
rate.  Although  the  direct  reaction  between  traces  of  water  and  acetic 
anhydride  in  chlorobenzene  at  126.8°  is  very  slow,  the  indirect  reaction 
in  the  presence  of  phenyl  iodine  diacetate  is  extremely  fast    Unless 
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18 
Time  (hf$.) 

Figure  1.  Typical  phenyl  iodine  diacetate  decomposition  in 
chlorobenzene  (0.1  M  added  acetic  anhydride)  at  126.8®.  Initial 
concentration  0.02  Af . 
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Iodine  acetate  has  never  been  isolated,  but  has  been 
postulated  as  an  intermediate  in  the  Hunsdiecker  and 
Simonini  reactions,  the  reaction  of  lead  tetraacetate, 
iodine,  and  carboxylic  acids,*'^  the  reaction  of  iodine 
and  peracetic  acid  with  cyclohexene*  or  with  aromatic 
compounds,*  in  the  decomposition  of  iodine  triacetate,^ 
and  the  decomposition  of  acetyl  peroxide  in  chloro- 
benzene in  the  presence  of  iodine.  ^^ 


umn  of  Table  I  and  the  curves  of  Figure  2  show  the 
eflFect  of  adding  cyclohexene.  The  yield  of  methyl 
iodide  is  reduced  drastically  from  70  to  1%  or  less  while 
the  initial  rate  is  left  unchanged.  The  most  plausible 
intermediate  capable  of  giving  methyl  iodide  in  high 


Table  I.    Products  of  Decomposition  o  f  Phenyl  Iodine 
Diacetate  in  Chlorobenzene*  at  126.8°  ^ 


Product 

Mole  %  per  mole  of  diacetate 
Nocyclo-        0.72?  M 
hexene       cyclohexene 

Methyl  iodide 
lodobenzene 

70.4 
26.0 

1 
81.2 

Phenyl  acetate 
Acetic  acid 

74.6 
22.7 

20.0 
121.4 

Chlorotoluenes" 

10.8 

2 

Carbon  dioxide 

72.5 

13.4 

Methane 

0 

2 

Benzene 

0 

22.3 

2-Iodocyclohexyl  acetate 
trans-\  ,2-Diacetoxycyclo- 
hexane** 

... 
... 

>7.7« 
0.8 

*  Containing  0.1  Af  acetic  anhydride.  ^  Product  yields  are  d=  3  %. 
Results  are  the  average  of  two  experiments.  Initial  diacetate  con- 
centrations 0.0662  and  0.0732  M  in  the  absence  of  cyclohexene, 
0.0790  and  0.0765  M  in  the  presence  of  cyclohexene.  '  63  %  ortho, 
24%  meta,  and  13%  para.  *  0.08  mole  %  of  the  cis  isomer  also 
believed  to  be  present.  See  Experimental  Section.  •  2-Iodocyclo- 
hexyl  acetate  partly  decomposes  during  vapor  chromatography. 


yield  yet  capable  of  reacting  still  more  rapidly  with 
cyclohexene  is  undoubtedly  iodine  acetate.  The  ex- 
pected diversion  product,  2-iodocyclohexyl  acetate,  is 
indeed  isolated,  although  in  low  yield.  Reactions 
2  and  3  account  for  70-75  %  of  the  decomposition  in 
the  absence  of  cyclohexene. 


Arl 
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water  is  carefully  excluded  or  removed  in  this  way  the  rates  are  not  re- 
producible. 


Time  (hrs.) 

Figure  2.  Effect  of  varying  cyclohexene  concentration  on  the 
rate  of  decomposition  of  0.034  M  phenyl  iodine  diacetate  in  chloro- 
benzene at  126.8'':  Q,  0.181  Mcyclohexene;  •,  0.0678  Af;  0. 
0.0271  M;  3.  0.013  M, 


The  decomposition  of  phenyl  iodine  diacetate  in  the 
presence  of  cyclohexene  is  complicated  in  its  later  stages 
by  a  secondary  reaction  between  phenyl  iodine  diace- 
tate and  2-iodocyclohexyl  acetate.  This  reaction  ac- 
celerates the  decomposition  of  the  diacetate  as  2-iodo- 
cyclohexyl acetate  accumulates  in  the  latter  part  of 
each  run,  and  increases  the  yield  of  iodobenzene  and 
acetic  acid  at  the  expense  of  phenyl  acetate.  Experi- 
ments in  which  2-iodocyclohexyl  acetate  was  added 
initially  gave  a  very  fast  decomposition  of  the  phenyl 
iodine  diacetate  from  the  beginning  of  the  reaction. 
These  rates  were  not  readily  reproducible,  however, 
and  in  view  of  the  instability  of  2-iodocyclohexyl  acetate 
and  the  difficulty  in  obtaining  pure  samples  of  known 
stereochemical  composition  the  reaction  was  not  in- 
vestigated further.  Judging  from  the  yield  data  in 
Table  I,  the  accelerated  part  of  the  decomposition 
in  the  presence  of  cyclohexene  gives  iodobenzene, 
acetic  acid,  and  benzene  as  the  major  products.    Since 

(6)  D.  H.  R.  Barton,  H.  P.  Faro,  E.  P.  Serebrayakov,  and  N.  F. 
Woolsey,  J.  Chem.  Soc.,  2438  (1965). 

(7)  G.  B.  Bachman  and  J.  W.  Wittman,  J,  Org,  Chem,,  28,  65  (1963). 

(8)  Y.  Ogata,  K.  Aoki,  and  Y.  Furuya,  Chem.  Ind.  (London),  304 
(1965). 

(9)  Y.  Ogata  and  K.  Nakajima,  Tetrahedron,  20,  2751  (1964). 

(10)  J.  W.  H.  Oldham  and  A.  R.  Ubbelohde,  7.  Chem,  Soc„  368 
(1941). 

(U)  G.  S.  Hammond  and  G.  Moses,  private  communicatioa. 
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nal  phenyl  groups  are  otherwise  accounted  for, 
mole  %  of  benzene  probably  comes  from  the 
ene.  A  direct  chain  transfer  between  acetoxy 
and  cyclohexene  to  give  radicals  responsible 
induced  decomposition  of  the  phenyl  iodine 
)  is  unlikely  in  view  of  the  slowness  of  the  initial 
>sition.  A  similar  chain  transfer  between 
radicals  and  2-iodocyclohexyl  acetate,  however, 
t  the  delayed  acceleration  produced  by  added 
ene,  the  immediate  acceleration  produced  by 
iodocyclohexyl  acetate,  and  also  the  formation 
me  and  acetic  acid.  We  envisage  a  process 
1  the  attacking  radical,  derived  from  2-iodo- 
yl  acetate,  supplies  a  hydrogen  atom  and 
the  decomposition  of  the  phenyl  iodine 
t  into  a  molecule  of  acetic  acid,  a  molecule  of 
Eene,  and  a  new  chain-carrying  acetoxy  radical, 
/drogenated  radical  could  then  react  further  to 
izene  by  disproportionation,  elimination,  or 
donation  of  hydrogen  to  phenyl  iodine 
^  or  to  acetoxy  radicals. 

^ee-Radical  Reaction.  The  other  products 
n  Table  I,  phenyl  iodide,  isomeric  chloro- 
,  and  acetic  acid,  could  be  assigned  to  homo- 
ctions  such  as  eq  5-8.    The  presence  of  free 


C«H 


/ 


O 
OCCH, 


CJHJ  +  2CH 


O 

Jto. 


(5) 


\ 
OCCH) 


A 

o 

ChA) ►  CH,.  +  COt 

CH,-   +  CtHjCl  — ►  CHaCtHtQ 


(6) 

(7) 


3. +CJH»I( 


O 
OCCH,) 


CH,C«H«a  + 


CH,COOH  +  CtHJ  +  CH,CO- 


(8) 


is  indicated  by  the  initiation  of  acrylonitrile 
ization,  the  presence  of  methyl  radicals  in 
ir  by  the  chlorotoluene  isomer  ratios  which  are 
vt  to  those  observed  when  di-/-butyl  peroxide** 
lylmercuric  iodide*'   is   used   as  the  radical 

lysis  of  phenyl  iodine  diacetate  to  give  two 
radicals  (eq  5)  is  superficially  like  the  first  step 
omolysis  of  acetyl  peroxide,*^  but  the  higher 
^e  required  and  the  greater  initial  distance 
the  acetoxy  radicals  should  greatly  reduce  the 
of  geminate  recombination.  The  total  ab- 
ethane  and  methyl  acetate  is,  therefore,  in  no 
arkable  and  does  not  necessarily  mean  that  the 
oxy  radicals  are  formed  in  separate  steps. 
il-Indaced  Decomposition.  The  substantial 
of  acetic  acid  formed  in  the  decomposition  of 
odine  diacetate  is  very  unlikely  to  come  from 

iL  Cowley,  R.  O.  C.  Norman,  and  W.  A.  Waters,  J,  Chem, 
(1959). 

•I.  ^miiams  and  G.  E.  Corbett,  Proc,  Chem.  Sac.,  240  ( 1961) ; 
0C.,  3437  (1964). 

I.  W.  Taylor  and  J.  C.  Martin,  J.  Am,  Chem.  Soe.,  88,  36S0 
\  L.  Herk,  M.  Feld,  and  M.  Szwarc,  ibU.,  83,  2998  (1961); 
UKidg  and  W.  D.  Brewer,  Tetrahedron  Letters,  2773  (196^; 
y  and  M.  Szwarc,  7.  Am.  Chem,  Soc.,  76,  5981  (1954). 


reaction  of  acetoxy  radicals  with  the  solvent.  In  the 
decomposition  of  acetyl  peroxide  in  isooctane,  no  more 
than  1%  of  the  acetoxy  radicals  react  in  that  way.^^^ 
Alternative  explanations  for  the  acetic  acid  are  induced 
decomposition  via  eq  8,^'  eq  9-10,  or  eq  11.    Induced 

CHtCOO .  +  CH,C  JH,a ►  CH,(»CXCH,)C  JH,a     (9) 

CH<(:OCXCHt)C«Hia  — ►  CH,C«H«C1  +  CHaCCKDH    (10) 
CHjOX).  +  CHiCJHsa ►  CH^COOH  +  CHjCJHia    (11) 

decomposition  according  to  the  sequence  5-8  with  either 
9-10  or  11  as  the  chain-breaking  steps  would  give  a 
first-order  and  kinetically  undetectable  contribution  to 
the  rate  law.  The  first-order  rate  constants  in  Table  II 
do  not  appear  to  be  very  sensitive  to  the  initial  con- 
centration of  phenyl  iodine  diacetate,  but  since  the 
total  participation  of  homolytic  processes  is  only  25  %, 
a  small  contribution  from  reactions  of  other  than  first 
order  could  easily  escape  detection. 


Table  II.    Effect  of  Initial  Concentration  of  Phenyl  Iodine 
Diacetate  on  Rate  in  Chlorobenzene'  at  126.8" 


10»X 
Co,Af 


10«X 
A:,  •'^^^ 


10»X 
C9,M 


10«X 
A:,  SCO"! 


3.05 

7.39 

16.72 

20.96 


7.16 
7.38 
7.70 
7.68 


25.76 
36.44 
45.31 
23.02 


7.46 
6.67 
6.61 
7.57» 


*  With  0.1  M  acetic  anhydride.  With  less  acetic  anhydride  the 
rates  are  not  reproducible  unless  elaborate  precautions  are  taken  to 
ensure  dryness.  Runs  in  ordinary  solvent  without  added  anhydride 
start  with  a  very  high  rate  constant,  decreasing  later  in  the  run  to 
that  obtained  in  the  presence  of  anhydride.  The  initial  fast  reac- 
tion is  also  suppressed  by  added  acetic  acid.  The  rate  constant  is 
the  same  as  that  for  the  reaction  in  the  presence  of  acetic  anhydride. 
» With  0.2  M  acetic  anhydride. 


The  potential  chain  inhibitors,  trinitrobenzene  and 
iodine,  appeared  to  accelerate  the  decomposition 
slightly,^*  though  only  by  15%  or  less.  Styrene,  like 
cyclohexene,  caused  an  increased  rate  late  in  the  run  but 
had  no  effect  on  the  initial  rate.  Diethyl  ether  (0.14 
M)  had  no  effect.  On  the  other  hand  the  addition  ofdi- 
t'butyl  peroxide  as  an  independent  source  of  methyl 
radicals  gave  a  pronounced  acceleration  (Figure  3). 

Benzoic  anhydride  in  chlorobenzene  causes  an  ac- 
celerated first-order  decomposition  of  phenyl  iodine 
diacetate  after  a  short  delay  during  which  the  reaction 
apparently  proceeds  at  about  its  normal  rate  (Figure  4). 
lliis  behavior  is  very  much  like  the  effect  of  benzoic 
anhydride  on  the  decomposition  of  phenyl  iodine  di- 
benzoate**  except  that  the  final  value  of  the  rate  con- 
stant is  19.0  X  lO"^  sec"i  instead  of  the  61  X  lO"^ 
sec^  obtained  in  the  case  of  the  dibenzoate.  In  the 
latter  investigation  it  was  demonstrated  that  benzoic 
anhydride  trapped  some  intermediate  quantitatively, 
eventually  producing  a  critical  concentration  of  a  chain- 
transfer  agent  responsible  for  the  accelerated  reaction. 
A  possible  explanation  for  the  acceleration  of  the  de- 
composition of  the  diacetate  by  benzoic  anhydride  is 

(15)  A  similar  explanation  has  been  suggested  by  Lorand  for  the 
formation  of  acetic  add  (23  mole  %)  in  the  decomposition  of  /-butyl 
peracetate  in  chlorobenzene  at  140*^ :  J.  P.  Lorand,  Dissertation,  Har- 
vard University,  1964. 

(16)  Aromatic  nitro  compounds  accelerate  the  decomposition  of 
benzoyl  peroxide:  B.  B.  Oill  and  G.  H.  Williams,  7.  Chem,  Sac.,  Phys, 
Org.,  S80  (1966). 
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Figure  3.  Effect  of  added  di-/-butyl  peroxide  (3.55  X  10->  M) 
on  the  rate  of  decomposition  of  phenyl  iodine  diaoetate  (21.9  X 
10-'  M)  in  chlorobenzene  at  126.8**. 
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Figure  5.  Decomposition  of  three  aryl  iodine  diacetatcs  iDus- 
trating  curvature  of  first-order  rate  plots  when  electron-releasing 
substituents  are  present 


Time  (hrs.) 

Figure  4.  Effect  of  added  benzoic  anhydride  on  the  rate  of  decom- 
position of  phenyl  iodine  diacetate  at  126.8'':  •,  Co  0.0241  M, 
benzoic  anhydride  0.050  Af,  ordinary  solvent;  o,  C«  0.0216  Af, 
benzoic  anhydride  0.070  Af  ,  very  carefully  dried  solvent. 


again  the  trapping  of  some  intermediate,  presumably 
iodine  acetate,  with  the  formation  of  a  slightly  different 
chain-transfer  agent.  However,  exchange  of  acetate 
and  benzoate  groups  cannot  be  ruled  out.^^ 

Another  probable  instance  of  induced  decomposition 
is  the  rapid  reaction  at  room  temperature  between  the 
diacetate  and  cyclohexene  in  undegassed  chlorobenzene 
solutions.  This  reaction  takes  place  with  or  without 
acetic  anhydride,  and  loss  of  oxidizing  titer  is  complete 
within  48  hr.  Phenyl  acetate  is  no  longer  detectable, 
and  the  major  products  are  acetic  acid,  iodobenzene 
(100%),  2-cyclohexen-l-one  (42%  based  on  the  phenyl 
iodine  diacetate),  2-cyclohexen-l-ol  (16%),  and  cyclo- 
hexene oxide  (3.6%).  *• 

Substituent  EfTects.  Table  III  shows  the  effects  of 
meta  and  para  substituents  on  the  rate  of  decomposition 
of  phenyl  iodine  diacetate  at  two  temperatures.  Log  k 
is  correlated  with  c,  the  p  value  being  about  0.8  at  126.8^, 

(17)  A  reverse  experiment  by  W.  J.  Mitchell  (this  laboratory)  in 
which  a  0.0OS  M  solution  of  phenyl  iodine  dibenzoate  was  decomposed 
in  the  presence  of  0.01  M  acetic  anhydride  in  chlorobenzene  at  126.8^ 
gave  an  initial  fast  reaction  consuming  about  10%  of  the  oxidizing  titer, 
then  a  first-order  rate  constant  of  13  X  10~*  secK  The  reaction  was 
followed  to  50%  completion,  well  past  the  usual  time  for  acceleration  in 
an  ordinary  run  using  phenyl  iodine  dibenzoate  in  the  presence  of  0.01 
M  benzoic  ahydride. 

(18)  These  yields  are  from  an  experimoit  with  0.125  Af  phenyl  iodine 
diacetate  and  4.88  M  cydohexene  in  benzene  as  solvent  to  facilitate 
separation  of  the  cyclohexene  oxide. 


but  even  this  rather  rough  correlation  requires  the  ex- 
clusion of  para  substituents  capable  of  strong  resonance 
interactions,  whether  electron  donating  or  electron 
withdrawing.  Neglecting  the  contribution  from  the 
homolytic  part  of  the  reaction  for  the  moment,  the 
observed  first-order  rate  constants  should  be  functions 
of  ki  and  k-u  f^te  constants  for  the  ionization  and 
recombination  steps  of  eq  1,  and  k%^  the  rate  constant 


Table  m.    Rate  Constants*  for  the  Decomposition  of  Substituted 
Phenyl  Iodine  Diacetates  in  Chlorobenzene^  •« 


Substituent 


W  X  k,  sec-*  — 

126.8«  150.1« 


p-Methoxy 

p-Fluoro 

p-Methyl 

p-Phenyl 

Hydrogen' 

m-Chloro 

p-Chloro 

m-Nitro 

p-Carbomethoxy 


1.59 
1.78 
4.20 
4.35 
7.24* 

10.5 
6.19 

21.1 

42.3 


13.6 

30.5 
52.5 
60.9 

106 
49.5 

201 

389 


•  In  view  of  the  complexity  of  the  reaction,  the  activation  param- 
eters are  of  no  theoretical  significance.  ^  The  solvent  contained 
acetic  anhydride,  0.1  M.  •  Initial  concentrations  were  usually  in 
the  range  0.02-0.03  Af  .    ''  Mean  of  seven  runs  in  Table  II. 


for  the  nucleophilic  displacement  step.    Since  the  io- 
dine-oxygen bonds  in  the  diacetate  are  already  quite 


*ob«i  =  kiktlikt  +  fc-i) 


(12) 


polar,  only  a  small  negative  value  of  p  is  expected  for  the 
ionization  equilibrium.  The  net  effect  should  be  dom- 
inated by  the  positive  p  of  the  nucleophilic  displaoe- 
ment.^»  A  further  source  of  complexity  in  the  sub- 
stituent effects  is  variation  in  the  relative  rate  of  the 
homolytic  part  of  the  reaction.  As  can  be  seen  in  Fig- 
ure S,  runs  in  which  the  substituent  is  electron  releasiiig 
show  a  distinct  increase  in  first-order  rate  constant  in 
the  latter  part  of  the  reaction.^  The  electron-releasiiig 
substituents  may  not  decelerate  the  homolytic  reaction, 

(19)  A  different  relative  importance  of  inducdve  and  resonanoecffMU 
in  the  two  steps  would  seriously  perturb  any  simple  free-energy  reUtkNi- 
ship  involving  Acobwi:  J-  E*  Leffler  and  E.  Orunwald  **IUtes  and 
Equilibira  of  Organic  Reactions,**  Intersdenoe  Publishers,  Inc.,  New 
York,  N.  Y.,  1963. 

(20)  In  such  cases  the  tabulated  rate  constants  are  initial  valaes^ 
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particularly  the  induced  part,  to  the  same  extent  as  the 
ion-pair  reaction.  If  the  homolytic  reaction  gives 
rise  to  any  cyclohexadienes,'^  their  reaction  with 
iodine  acetate  should  give  an  efficient  chain-transfer 
agent  comparable  to  2-iodocyclohexyl  acetate.  What- 
ever the  explanation  for  the  autocatalysis,  the  products 
from  the  /?-fluoro  derivative  clearly  indicate  a  decreased 
relative  rate  for  the  ion-pair  part  of  the  reaction.  The 
yields  per  mole  of  diacetate  were  as  follows:  methyl 
iodide,  37.4%;  acetic  acid,  27.6%;  /?-fluoroiodoben- 
zene,  54. 1  % ;  and  /?-fluorophenyl  acetate,  48.0  %. 

Experimental  Section 

Clilorobeiiieiie  was  stirred  with  three  portions  of  sulfuric  acid  and 
washed  with  water  and  sodium  bicarbonate  solution.  After  suc- 
cessive 24-hr  periods  of  drying  with  CaCls,  anhydrous  CaSOi,  and 
PsOi,  it  was  distilled  from  PtOg  through  a  35-in.  column  packed 
with  0.25-in.  glass  helices.  A  middle  fraction,  bp  131.1-132.1'', 
was  collected. 

Acetic  anhydride  was  distilled  through  the  glass  helices  column. 
After  a  large  forerun,  a  middle  fraction,  bp  1 39.0°,  was  collected. 

Cyclohexene  (bp  83.1-83.5'')  was  refluxed  over  Na  in  a  nitrogen 
atmosphere.  Samples  were  taken  off  as  needed  by  distillation 
through  a  1-ft  glass  helices  column.  Cyclohexene  exposed  to  the 
air  for  2  days  gave  a  positive  peroxide  test. 

Benzoic  anhydride  (mp  40.0-41. 5 '^)  was  twice  recrystallized  from 
benzene  and  petroleum  ether  (bp  60-70  °).  It  was  shown  by  infrared 
spectroscopy  to  be  free  from  benzoic  acid. 

Aryl  Iodine  Diacetatea.  The  substituted  phenyl  iodine  diacetates 
were  prepared  by  a  procedure  like  that  given  for  m-chlorophenyl 
iodine  diacetate  (see  Table  IV  for  melting  point  data). 


Table  IV 


Subst 

Mp.  °C 

Subst 

Mp,  X 

/>-F-.» 

177.0-179.8- 

m-NOi^» 

151.0-154.2- 

p-COOCUt'." 

150.0-153.3*' 

/>-C.H5* 

141.0-144.1 

o-OCHi* 

146.^150.1 

p-CH* 

109.8-113.2- 

p-CHt<» 

106-110- 

m-Cl/./ 

153.1-154.7- 

p-CH^f 

92.4-96.0 

H* 

161.1-162.2- 

<"  This  paper.  ^  Oxidizing  titer  99  and  99.5  %  of  theoretical. 
The  bis(trideuterioacetate)  melts  at  183.7-185.8''.  It  exchanges 
carboxylate  groups  rapidly  with  acetic  acid  solvent.  '  Oxidizing 
titer  102  and  102%  of  theoretical.  -  K.  H.  Pausacker,  J.  Chem, 
Soc.,  107  (1953).  •  Lit.-  gives  107^  /  C.  H.  C.  Willgerodt,  "Die 
Organischen  Verbindungen  mit  Mehrwertigem  Jod,**  F.  Enke, 
Stuttgart.  1914.  '  Lit./  gives  155^  *  UU  gives  140°:  J.  G.  Sharef- 
kin  and  H.  Saltzman.  Anal.  Chem,,  35,  1428  (1963).  •  Lit.-  gives 
104^  'Lit./  gives  155^  *Lit.  gives  158°:  I.  Lillien,  7.  Chem. 
Soc.,  4498  (1962). 


m-Chlorophcnyl  Iodine  Diacetate.  To  23.8  g  (0.1  mole)  of  m- 
chloroiodobenzene  was  added  dropwise  with  stirring  31  ml  (0.24 
mole)  of  40%  peracetic  acid.  The  flask  was  chilled  with  an  ice- 
water  bath  during  the  slow  addition  (1  hr).  Two  phases  separated, 
but  on  continued  stirring  the  solution  became  homogeneous.  The 
solution  was  stirred  for  an  additional  hour  at  20-25°  and  then 
cooled  in  an  ice-salt  bath.  The  white  crystals  which  formed  were 
washed  qukkly  with  Ke-cold  water.  (Warm  water  may  cause 
hydrolysis  of  the  diacetate  to  the  aryl  iodine  oxide,  particularly  in 
the  case  of  the  />-methoxy-substituted  compound.)  The  crystals 
were  pressed  dry  and  dried  overnight  in  vacuo  over  PtO^.  (The 
use  of  CaClt  instead  of  PsO»  caused  the  crystals  to  turn  yellow.) 
Recrystallization  was  effected  from  a  minimum  amount  (1.5  ml/g) 
of  1 :4  acetic  anhydride-acetk  acid,  yield,  22.5  g  (63%);  mp  154.5- 
156.5°  (lit."  154°).  Pure  dry  benzene  (10  ml/g)  could  also  be  used 
for  the  recrystallization. 

Kinetic  Procedure.  At  no  time  was  the  purity  of  the  aryl  iodine 
esters  used  in  the  Idnetic  runs  less  than  98.5  %.    Standard  solutions 


in  chlorobenzene  were  checked  by  iodometric  titration  before  a  run 
was  started. 

Kinetic  runs  were  made  in  18  X  150  mm  test  tubes  fitted  with  a 
standard  taper,  ground  glass  joint.  The  tubes  were  cleaned  with 
hot  chromic  acid  cleaning  solution  and  rinsed  repeatedly  with 
water,  dilute  ammonium  hydroxide,  water,  and  distilled  water.  The 
tubes  were  oven  dried  and  a  constriction  was  added  for  sealing.  Be- 
fore use,  the  tubes  were  fitted  to  a  vacuum  system  and  leak  tested 
with  a  Tesla  coil. 

The  tubes  were  flushed  with  prepurifled"  nitrogen,  and  ali- 
quots  of  the  diacetate  solution  were  added  to  each  tube  from  a 
calibrated  pipet.  Each  tube  was  then  attached  to  the  vacuum  sys- 
tem and  put  through  a  four-cycle  freeze-degas-thaw  procedure. 
The  flnal  pressure  in  the  vacuum  system  was  less  than  0.(X)5  nun. 
The  tubes  were  sealed  and  removed  for  use  or  storage  at  5°.  Ki- 
netic runs  using  tubes  degassed  fewer  than  three  times  were  usually 
not  reproducible. 

For  the  experiments  with  **carefully  dried  solvent**  aliquots  of 
diacetate  solutions  were  pipetted  into  standard  constricted  tubes. 
These  tubes  and  unconstricted  tubes  containing  phosphorus  pent- 
oxide  were  attached  to  the  vacuum  line.  The  chlorobenzene 
was  degassed  three  times,  distilled  into  the  phosphorus  pentoxide 
tube,  allowed  to  stand  for  1  hr  at  room  temperature,  and  redistilled 
into  the  original  tube.  After  one  more  degassing  cycle,  the  tube  was 
sealed.  For  experiments  with  cyclohexene,  the  constricted  tubes 
were  fitted  with  a  rubber  serum  cap  and  the  cyclohexene  was  injected 
with  a  syringe  just  before  the  last  degassing  cycle. 

Normally,  eight  tubes  were  used  in  each  kinetic  run.  Since  the 
half-life  for  the  decomposition  of  phenyl  iodine  diacetate  at  126.8° 
in  chlorobenzene  is  about  24  hr,  the  warm-up  period  for  the  tubes 
is  insignificant  and  the  zero  point  was  determined  from  an  aliquot 
of  the  prepared  solution.  This  also  provided  a  constant  check  on 
diacetate  purity. 

For  short  runs  {ca.  6  hr  or  less),  all  tubes  were  placed  in  the  bath 
and  the  zero-point  tube  was  removed  when  the  temperature  of  the 
bath  returned  to  equilibrium.  An  accurate  account  of  the  temper- 
ature was  kept  by  a  thermistor-Wheatstone  bridge-recorder  ar- 
rangement.*^ During  the  shorter  runs,  tubes  were  quenched  in 
ice  water. 

For  analysis  the  contents  of  the  tubes  were  decanted  and  rinsed 
out  with  two  1-ml  portions  of  pure  chlorobenzene.  The  concen- 
tration of  diacetate  was  determined  by  iodometric  titration:'* 
(1)  add  10  ml  of  fresh  acetic  acid  (acetic  acid  left  exposed  to  the  air 
gives  high  blank  values),  (2)  add  pellets  of  carbon  dioxide  to  the 
flask  and  at  the  same  time  to  25  ml  of  distilled  water,  (3)  prepare  a 
fresh  solution  of  saturated  potassium  iodide  and  add  3  ml  to  the 
flask,  (4)  swirl  the  flask  and  add  the  deaerated  water,  (5)  titrate 
immediately  to  a  starch-iodine  end  point  with  approximately  0.015 
to  0.10  N  sodium  thiosulfate  using  a  magnetic  stirrer  for  mixing. 
This  titration  occurs  in  a  two-phase  system;  however,  excellent 
results  have  been  obtained  with  both  benzene  and  chlorobenzene 
solutions  of  the  diacetate.  The  use  of  acetic  acid  as  a  solvent 
for  iodometric  titrations  has  been  criticized**  but  titrations  of  ben- 
zene solutions  of  freshly  recrystallized  benzoyl  peroxide  showed 
purities  greater  than  99  %. 

Product  Analysis.  Phenyl  iodine  diacetate  was  weighed  into  a 
modified  Pyrex  hydrogenation  bomb  (A)  and  the  constriction  rinsed 
clean  with  a  few  milliliters  of  chlorobenzene.  Approximately 
300  ml  of  purified  chlorobenzene  was  added  to  a  second  bomb  (B) 
along  with  several  grams  of  phosphorus  pentoxide  and  a  magnetic 
stirring  bar.  The  entire  apparatus  was  attached  to  a  vacuum  system 
and  bomb  B  was  degassed  using  a  three-cycle  freeze-degas-thaw 
procedure.  The  solution  was  stirred  for  1  hr  at  room  temperature 
at  the  end  of  the  third  cycle.  Bomb  A  was  then  cooled  with  liquid 
nitrogen  and  the  chlorobenzene  in  bomb  B  allowed  to  distil  into 
bomb  A.  Stirring  was  continued  to  prevent  bumping.  After  all 
the  liquid  had  been  distilled,  the  system  was  degassed  twice  nK>re 
and  the  constriction  sealed  with  a  flame.  The  bomb  was  then 
placed  in  the  thermostated  bath. 

After  about  ten  half-lives,  the  bombs  were  removed,  cooled, 
wiped  clean,  and  attached  to  the  vacuum  system.  After  the  system 
was  evacuated,  the  capillary  tip  was  broken,  and  the  gases  were  al- 
lowed to  distil  into  the  liquid  nitrogen  trap.     The  bomb  was  re- 


(21)  See,  for  example,  the  decomposition  of  benzoyl  peroxide  in 
aromatic  solvents:  D.  F.  DeTar  and  R.  A.  J.  Long,  /.  Am.  Chem.  Soc., 
m,  4742  (1958). 

(22)  A.  R.  Fox  and  K.  H.  Pausacker.  /.  C/iem.  Soe.,  295  (1957). 


(23)  Minimum  purity:    99.997%;    dew  point:    -85'F,  contains  8 
ppm  oxygen. 

(24)  This  apparatus  was  designed  and  built  by  Mr.  Vern  Champeaux. 

(25)  J.  P.  Wibaut,  H.  B.  vanLeeuwen.  and  B.  van  der  Waal,  Rec. 
Trao.  Chim.,  73,  1033  (1954). 

(26)  R.  D.  Mair  and  A.  J.  Graupner.  Anal.  Chem.,  36.  194  (1964). 
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frozen  with  Dry  Ice-isopropyl  alcohol  and  the  pressure  of  the  non- 
condensable  gases  recorded.  The  liquid  nitrogen  bath  was  removed 
and  the  total  gas  pressure  recorded. 

The  gases  were  thoroughly  mixed  using  a  Toepler  pump  and  then 
forced  by  external  pressure  into  a  gas  sampler  fitted  with  a  rubber 
serum  cap.  A  gas-tight  Hamilton  syringe  was  used  to  transfer  the 
gas  mixture  to  a  F  &  M  Model  TOO  gas  chromatograph  with  a 
thermal  conductivity  detector. "  Air,  methane,  ethane,  and  carbon 
dioxide  are  easily  resolvable  and  a  check  was  made  of  their  sep- 
aration before  an  unknown  was  measured. 

After  the  sample  had  been  removed,  the  system  was  evacuated 
and  the  bomb  degassed  a  second  time.  The  pressure  was  measured 
and  added  to  the  first  pressure  reading.  The  system  was  reevac- 
uated  and  the  total  volume  calculated  by  admitting  a  known  volume 
of  gas  at  atmospheric  pressure  and  observing  the  final  pressure. 

The  Dry  Ice-isopropyl  alcohol  trap  was  rinsed  with  chlorobenzene 
and  the  washings  were  added  to  the  main  solution.  For  qualitative 
identification  the  solution  was  distilled  and  three  fractions  were  col- 
lected; a  5-ml  forerun,  bp  25-130°;  ca.  300  ml  of  chloroben- 
zene, bp  130°;  and  a  high  boiling  residue  (ca.  20  ml).  Each  of  the 
fractions  was  subjected  to  gas  chromatography  (10  ft  X  0.25  in. 
SF-96  silicone  oil,  7  ft  X  0.25  in.  DEGS.»  7  ft  X  0.25  in.  PPE," 
and  7  ft  X  0.25  in.  FFAP«>  columns).    Peaks  were  collected 


(27)  Conditions:  12  ft  X  0.25  in.  copper  column;  30-60  mesh  silica 
gel;  oven,  70-90**;  detector,  80°;  injector.  52°;  helium,  37  cc/min; 
sample,  approximately  30  m1> 

(28)  Diethylene  glycol  succinate. 

(29)  Polyphenyl  ether. 

(30)  A  specially  modified  Carbowax  obtained  from  Wilkins  Instru- 
ment and  Research  Corp.,  Walnut  Creek,  Calif. 


and  identified  by  comparing  their  infrared  and  nmr  spectra  and  gas 
retention  times  with  those  of  authentic  samples. 

Quantitative  measurements  were  performed  using  standard  solu- 
tions of  known  compounds.  Each  peak  was  bracketed  by  injecting 
enough  of  the  standard  solutions  so  that  both  a  smaller  and  a  largo- 
peak  than  that  of  the  unknown  compound  was  obtained.  Analyses 
were  made  using  the  same  chromatographic  conditions.  All  analy- 
ses were  made  in  duplicate. 

No  low-boiling  compounds  other  than  methyl  iodide  were  ob- 
served. Methyl  acetate  was  found  to  be  completely  resolved  from 
methyl  iodide  at  35°  using  a  7  ft  X  0.25  in.  DECS  column;  it  was 
not  present  in  the  product  mixture. 

No  high-boiling  compounds  other  than  those  mentioned  were 
detected.  Biphenyl,  phenol,  o-  and  m-iodochlorobenzene,  o- 
iodophenyl  benzoate,  /xhlorobenzyl  acetate,  and  /Mrhlorophenyl 
acetate  were  shown  to  be  absent  (or  if  present,  in  less  than  1  %  yield) 
by  control  experiments. 

Determination  of  Chlorotolueiie  Isomer  Ratios.  The  chloro- 
toluene  isomer  ratios  were  determined  by  gas  chromatography, 
using  the  liquid  crystal  technique  recently  developed  by  Dewar 
and  Schroeder'^  and  an  F  &  M  Model  700  fiame  ionization  chroma- 
tograph at  125°.  Peak  height-to-composition  conversion  factors 
were  determined  experimentally  for  each  isomer. 
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Abstract:  The  catalytic  decarbonylation  of  aroyl  chlorides,  bromides,  and  cyanides  with  chlorotris(triphenyl- 
phosphine)rhodium(I)  has  been  investigated;  particular  attention  has  been  paid  to  polycyclic  aroyl  halides.  A 
theory  of  the  mechanism  of  decarbonylation  has  been  suggested  which  accounts  for  the  observations  made  in  this 
study.  The  essential  features  of  the  theory  are  the  formation  of  V,  its  isomerization  to  VI,  and  the  loss  of  carbon 
monoxide  from  the  latter.    Several  new  rhodium  complexes  are  described. 


A  previous  communication  from  this  laboratory* 
reported  that  chlorotris(triphenylphosphine)- 
rhodium(I)  catalyzes  the  decarbonylation  of  aroyl 
chlorides  to  the  corresponding  aryl  chlorides.  Almost 
simultaneously,  Tsuji  and  Ohno  observed  that  ali- 
phatic acyl  chlorides  are  converted,  under  the  same  con- 
ditions, into  olefins.^  In  both  cases,  the  analogous 
response  of  acyl  bromides  was  briefly  mentioned.'** 

The  Japanese  authors  suggested  a  mechanism  for 
these  decarbonylation  reactions.  This  mechanism  will 
have  to  be  somewhat  modified  in  view  of  the  more  ex- 
tensive studies  reported  in  the  present  paper. 

In  Table  I,  the  results  obtained  with  a  number  of 
benzoyl  chlorides  are  summarized.    This  table  also 

(1)  To  whom  inquiries  should  be  addressed  at  the  Department  of 
Organic  Chemistry,  Hebrew  University,  Jerusalem. 

(2)  J.  Blum,  Tetrahedron  Letters,  1605(1966). 

(3)  J.  Tsuji  and  K.  Ohno,  ibid.,  4713  (1966). 

(4)  Cf.  J.  Blum,  ibid.,  3041  (1966). 


contains  some  examples  for  the  decarbonylation  of 
benzoyl  and  naphthoyl  bromides.  The  last  two  ex- 
amples in  this  table  indicate  that  carbon  monoxide  can 
be  extruded  also  from  benzylic  carbonyl  chlorides 
without  difficulty.^''  It  is  obvious  from  these  data 
that  the  reaction  is  practically  unaff'ected  by  electronic 
or  steric  influences  of  substituents;  the  seemingly 
accelerating  effect  of  the  a-naphthoyl  residue  (compare 
benzoyl  and  a-naphthoyl  bromide)  is  most  probably  due 
to  the  higher  temperature  at  which  the  reaction  with 
a-naphthoyl  bromide  is  carried  out. 

The  behavior  of  the  three  isomeric  phthaloyi  chlo- 
rides deserves  some  comment.  o-Phthaloyl  chloride 
does  not  react  at  all,  possibly  because  it  has  the  struc- 
ture of  a,a-dichlorophthalide.*  The  other  two  iso- 
mers decompose  in  two  distinct  steps,  via  the  chloro- 
benzoyl  chlorides,  into  the  dichlorobenzenes.    This  is  in 

(5)  F.  B.  Garner  and  S.  Sugden,  /.  Chem.  Soc.,  2877  (1927). 
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Table  I.    Decarbonylation  of  Aromatic  Acid  Chlorides  and  Bromides  (** Distillation  Technique**) 


Yield  of 

Yield  of 

Reaction 

pure  aryl 

Reaction 

pure  aryl 

Acid  halide 

time,  hr 

haUde,  % 

Acid  halide 

time,  hr 

halide,  % 

CJiiCOBr* 

6 

80 

4KCH,CONH)CeH4COCl 

0.25 

Low 

3-CH,C,H4CXX:i* 

20 

74 

l,2-C,H4(CCX:i), 

10 

0 

4-C,HiC,H4CXX:i 

15 

82 

l,3-C.H4(COa),- 

3.5 

78  +  17 

4-CH,OCtH4COCl 

10 

50 

l,4.C»H4(COCl),*' 

4.5 

79  +  5 

4-C,H40C,H4COa 

5 

59 

3,4-Cl,C,H,COCl* 

5 

76 

3-BrC,H4COBr 

2 

85 

2,4.6<CH,),C,H,CCX:i 

2 

55 

4-BrC«H4CX)Br 

0.25 

95 

o-CioH7COBr« 

0.5 

84 

4-NCCeH4COa« 

4 

90 

CeHftCHiCOCl-.* 

0.25 

97 

40,NC,H4COC1' 

8.5 

79 

(CiH,}tCHCOa 

0.25 

94 

*  Cbmpare  ref  3.  ^  Under  nitrogen.  «  A  25-cm-long  Vigreux  column  was  used.  '  The  first  yield  figure  corresponds  to  the  chlorobenzoyl 
chloride,  the  second  to  the  dichlorobenzene.  *  The  acid  bromide  was  prepared  by  refluxing  a-naphthoic  acid  with  twice  its  weight  of  phos- 
phorus tribromide  for  30  min;  bp  195-196°  (30  mm).  This  method  is  superior  to  that  of  Yu.  A.  Ol'dekop  and  A.  M.  Kalinina,  Zh,  Obshch, 
Khim.,  34,  3473  (1964). 


Table  II.    Decarbonylation  of  Polycyclic  Aroyl  Halides  (without  distillation) 


Reaction 

Yield  of 

Reaaion 

Yield  of 

Aroyl  halide" 

temp,  °C 

ArX,  % 

Aroyl  halide* 

temp,  °C 

ArX,  % 

Acenaphthene-5-COCl 

300 

81 

Phenanthrene-9-COBr 

300 

95 

Fluorene-2-COa 

280 

60 

Fluoranthene-3-CX)Cl 

235 

84 

Anthracene-2-COO 

310 

81 

Chrysene-6-COa 

280 

48 

Anthracene-9-CX)a 

310 

24» 

Pyrene-1-COa 

250 

94 

Phenanthrene-2-COCl 

235 

95 

Pyrene-1-COBr 

290 

89 

Phenanlhrene-9-CXX:i 

260 

60 

Benzo[r]phenanthrene-6-COO 

260 

89 

"Ring  Index**  numbering.    *  And  30%  of  ketone  X. 


marked  contrast  to  the  behavior  of  the  benzenedisul- 
fonyl  chlorides.* 

The  very  low  yields  obtained  with/?-acetamidobenzoyI 
chloride  are  due  to  the  very  pronounced  instability  of 
the  aroyl  halide  at  the  required  elevated  temperature. 

In  the  decarbonylation  of  relatively  low-boiling  aroyl 
chlorides  it  has  proven  essential  to  distil  off  the  aryl 
chloride  as  it  is  formed;  otherwise  the  reaction  comes 
to  a  standstill  after  a  given  period,  which  varies  from 
compound  to  compound.  As  examples,  o-,  m-,  and 
/7-chlorobenzoyl  chlorides,  heated  with  a  small  amount 
(100  mg/9.9  g)  of  I  at  217°,  cease  to  react  after  300,  40, 
and  10  min,  respectively  (the  yield  of  the  three  dichloro- 
benzenes  after  these  periods  was  8.0,  15.3,  and  1.7%, 
respectively).  Here  an  influence  of  the  distance  of  the 
carbonyi  group  from  the  substituent  appears  to  exist. 
Following  the  theoretical  concept  outlined  below,  we 
assume  that  a  rhodium  complex  is  formed  which  does 
not  participate  in  the  decarbonylation  reaction.  What- 
ever the  structure  of  the  complex  is,  it  must  be  assumed 
that  it  is  stable  in  the  presence  of  aroyl  halides. 

The  "distillation  technique"  is  not  applicable  to  the 
preparation  of  the  otherwise  difficultly  obtainable  halo- 
genated  polycyclics  in  which  we  were  particularly  in- 
terested in  connection  with  other  projects  of  this  lab- 
oratory. This  is  due  to  the  relative  instability  of  the 
polycyclic  acid  halides  at  elevated  temperatures  and  the 
difficulty  in  obtaining  these  halides  free  from  impurities, 
e.g.,  hydrogen  halide.  We  shall  return  to  this  point 
later  on;  here  it  may  be  said  that  an  easy  technique  has 
been  developed  for  the  polycyclic  acyl  halides.  They 
are  heated  at  about  260°  for  1-3  min  in  the  presence 
of  I,  and  the  product  is  purified  by  chromatography  on 
alumina.  The  results  arc  summarized  in  Table  II, 
from  which  it  can  be  seen  that  this  technique  gives, 
e.g.,  for  1-pyrenoyI  chloride  a  yield  of  94%,  while  the 


"distillation  technique"  at  230°  (8-10  min)  gave  only 
40%  of  l-chloropyrene. 

Table  III  shows  some  experiments  with  aroyl  cyanides 
which  are  also  decarbonylated  by  heating  with  I,  yield- 
ing the  nitriles  of  aromatic  acids.  This  is  perhaps 
not  surprising  in  view  of  the  "pseudo-halogen"  char- 
acter of  the  cyano  group.  Table  III  contains,  for 
comparison,  also  two  examples  for  the  decarbonylation 
of  aldehydes.  The  stoichiometric  decarbonylation  of 
aldehydes  by  the  reaction  with  I  has,  of  course,  been 
known  before.* 

Table  m.    Decarbonylation  of  Aroyl  Cyanides  and  Aldehydes 


%  Yield 

of 

nitrile 

Aromatic 

Reaction 

or  hydro- 

carbonyi compd 

time,  hr 

carbon 

CJH&COCN 

a 

a 

4-aCJH4COCN 

3.5 

95 

a-Ci,H7COCN 

1 

87 

a-CioH7CHO 

2 

88 

/3-C10H7CHO 

2.5 

77 

»  Very  slow  decarbonylation.    After  7  hr,  8  %  of  benzonitrile  and 
91  %  of  unchanged  starting  material  were  obtained. 


Tsuji  and  Ohno'  have  assumed  that  the  essential  in- 
termediate in  the  decarbonylation  reaction  is  chloro- 
carbonylbis(triphenylphosphine)rhodium(II).  As  we 
shall  show,  this  complex  has  a  part  in  the  scheme  of  the 
reaojtion,  but  it  cannot  always  be  an  essential  interme- 
diate ;  it  is  often  much  less  reactive  as  a  decarbonylation 
catalyst  than  I.  a-Naphthoyl  chloride  is  converted  at 
290°  into  a-chloronaphthalene  by  II  in  30,  and  by  I 

(6)  J.  Tsuji  and  K.  Ohno.  Tetrahedron  Utters,  3969  (1965). 
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in  7  min.  Furthermore,  one  would  have  to  assume 
that  II  is  converted,  at  least  initially,  into  a  complex 
of  type  III ;  however,  we  have  not  been  able  to  isolate 
such  a  complex  or  even  detect  its  temporary  appear- 
ance by  its  characteristic  infrared  spectrum. 


RhCl(PPh3)3 
I 


IV 


PPha 
/  Ci 
\^PPh; 

CI 


^     Rha(PPh3)2 

IV 
Rha(CX))  (PPh3)2 

II 


■f     PPhj 


N 

OC     PPha 

Ar— Rh— CI 

/  \ 

CI       PPha 


^ 


VI 


vni 


We  propose  that  compound  I  is  first  converted  into 
the  dimeric  tricoordinate  complex  IV  described  by 
Bennett  and  Longstaff.^  This  complex  reacts  with  the 
aroyl  chloride  to  give  V,  which  isomerizes  to  VI.  The 
next  step  is  normally  the  loss  of  carbon  monoxide, 
leading  to  VII,  followed  by  the  elimination  of  aryl 
chloride.  Thus  IV  is  regenerated  and  the  catalytic 
activity  of  IV  (and,  therefore,  I)  is  explained.  As  a  side 
reaction,  the  steps  of  the  decomposition  of  VI  can  be 
reversed:  elimination  of  the  aryl  chloride  leads  to  II 
and  subsequent  liberation  of  carbon  monoxide  back  to 
IV.  This  would  be  the  mechanism  proposed  by  Tsuji 
and  Ohno'  and,  as  already  pointed  out,  cannot  be  the 
major  component  of  the  scheme. 

In  no  case  have  we  been  able  to  isolate  and  identify 
all  the  intermediary  stages  demanded  by  the  proposed 
reaction  mechanism.  It  seems,  however,  supported 
by  the  observations  described  in  the  following  para- 
graphs. When  some  of  the  substituted  benzoyl  chlo- 
rides, e.g.,  /?-chlorobenzoyl  chloride,  were  heated 
very  briefly  with  I,  yellow  rhodium  complexes  were  ob- 
tained (not  isolated  in  analytical  purity)  which  did  not 
show  any  carbonyl  absorption  in  the  infrared  and  are, 
very  likely,  of  type  VII.  Benzoyl,  m-toluoyl,  and  m- 
chlorobenzoyl  chloride  as  well  as  />-bromobenzoyl 
bromide  gave  at  80  and  at  200°  the  same  type  of  com- 
plex, which  showed  no  absorption  characteristic  of  an 
aroyl  group,  but  metal  carbonyl  peaks  (in  Nujol)  at 
2068,  2058,  2070,  and  2055  cm'S  respectively,  indicat- 
ing that  the  complexes  are  of  formula  VI.  In  analogous 
cases*'*  such  carbonyl  peaks  have  been  observed  at  2080 
and  2072  cm""^  On  the  other  hand,  a-naphthoyl 
chloride  forms,  even  at  250°,  a  complex  (or  rather  a 
mixture  of  two  isomeric  complexes)  which  shows  car- 
bonyl absorption  at  1670  and  1685  cm~S  a-naphthoyl 
bromide  gives  a  complex  with  a  peak  at  1675  cm~S 
and  o-chlorobenzoyl  chloride,  a  rather  unstable  com- 
plex with  carbonyl  bands  at  1675  and  1715  cm-^ 
These  complexes  represent  examples  for  type  V. 

In  one  case — using  j8-naphthoyl  chloride  in  boiling 
benzene — we  have  followed  the  transition  from  an  iso- 

(7)  M.  A.  Bennett  and  P.  A.  Longstaff,  Chem.  Ind.  (London),  846 
(1965).  See  also  J.  F.  Young,  J.  A.  Osborn,  F.  H.  Jardine,  and  G. 
Wilkinson,  Chem,  Commun.,  131  (1965). 

(8)  M.  C.  Baird,  D.  N.  Lawson,  J.  T.  Mangue,  J.  A.  Osborn,  and  G. 
Wilkinson,  ibid.,  129  (1966). 


meric  mixture  of  pentacoordinate  complexes  of  type  V 
(aryl  carbonyl  absorptions  at  1665  and  1680  cm"*) 
to  VI  (Ar  =  jS-CioHt),  showing  a  characteristic  metal 
carbonyl  band  at  2062  cm-^ 

We  have  also  observed  transitions  from  complexes  V 
and  VI  to  II,  though  these  transitions  have  often  been 
erratic  in  their  reproducibility.  When  hexane  or 
ethanol  was  added  to  a  benzene  solution  of  VI  (Ar 
=  CcHs),*  II  precipitated  often,  but  not  always,  in 
quantitative  yield. '^  Heating  of  VI  (Ar  =  C^Hs) 
in  vacuo  (20  mm)  for  4.5  hr  at  144°  did  not  prcxluce  any 
changes,  while  refluxing  with  xylene  for  3  min  caused 
complete  conversion  into  II. 

In  many  experiments  leading  to  II,  the  latter  was  iso- 
lated as  a  mixture  of  two  isomeric  forms,  exhibiting 
carbonyl  absorption  at  1965  and  1978  cm""*;  the  melt- 
ing points  of  the  isomers  were  204-205°  and  209-210°, 
respectively.  Previous  authors®-*  reported  for  II  an 
unsharp  melting  point  around  195°  and  a  carbonyl  ab- 
sorption at  1980  cm-^  As  the  compound  absorbing 
at  1965  cm""*  predominates  in  these  mixtures  it  is  as- 
sumed— in  accord  with  similar  cases  studied  pre- 
viously*'*® — that  it  has  the  trans  structure  (mp  209- 
210°),  while  the  minor  isomer  is  assigned  the  cis  con- 
figuration. Recently  Chatt  and  Shaw  reported  that  the 
trans  isomer  of  II  absorbs  at  1961  cm"*,  but  indicated  a 
melting  point  of  189-190.5°."  The  pure  trans  form 
was  isolated  from  a-naphthaldehyde  and  I,  the  pure 
cis  form,  from  9-anthroyl  chloride  and  I  (after  chroma- 
tography on  neutral  alumina);  the  former  is  partially 
isomerized  to  the  latter  by  heating  with  chlorobenzene  at 
220°  in  a  sealed  tube.  Incidentally,  Tsuji  and  OhnoV 
theory  would  imply  that  under  these  conditions  II  is 
converted  into  VI,  which  is,  however,  not  the  case. 

Let  us  return  to  the  reactions  of  polycyclic  aroyl 
halides.  It  has  been  pointed  out  that  their  transforma- 
tions are  affected  adversely  by  impurities.  Moisture 
and  hydrogen  chloride  may  form  the  hydrido  com- 
plex VHP  or  compound  IX  (see  Table  IV)  from  I. 
VIII  may  also  originate  from  V,  by  reaction  with  mois- 
ture: V  +  H2O  -^  ArCOOH  +  VIII. 

Both  these  complexes  may  catalyze  formation  of 
hydrocarbons  from  the  aroyl  chlorides;  they  may, 
alternatively,  lose  hydrogen  chloride  and  cause  Friedel- 
Crafts  reactions.  Such  a  reaction  has,  indeed,  been 
observed  in  the  case  of  9-anthroyl  chloride.  Together 
with  the  expected  9-chloroanthracene,  a  ketone, 
C29H17CIO,  was  formed,  showing  a  strong  carbonyl 
absorption  at  1645  cm-^  It  is  assigned  structure  X  on 
the  strength  of  two  independent  syntheses:  from  9- 
chloroanthracene  and  9-anthroyl  chloride,  or  from 
anthracene  and  lO-chloro-9-anthroyl  chloride. 

It  is  noteworthy  that  9-anthroyl  chloride  could  only 
be  decarbonylated  with  catalytic  amounts  of  I  above 
300°.  Below  this  temperature,  a  yellow  complex  of 
formula  XI  was  obtained,  which  was  also  formed  when 
the  two  reactants  were  refluxed  in  decalin  for  1  hr. 
The  structure  is  in  accord  with  the  existence  of  two 
carbonyl  absorptions:  1680  cm""'  (acyl  carbonyl) 
and  2055  cm"^  (metal  carbonyl). 

The  analyses  and  some  other  data  for  the  metal  com- 
plexes isolated  in  this  study  are  summarized  in  Table 
IV. 

(9)  L.  Vallarino,  /.  Chem.  Soc,  2287  (1957). 

(10)  L.  Vaska  and  J.  W.  DiLuzio.  /.  Am.  Chem.  Soc.,  83,  2784  (1961), 

(11)  J.  Chatt  and  B.  L.  Shaw,  /.  Chem.  Soc.,  A,  1437  (1966). 
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Table  IV.    Analytical  Data  for  Rhodium  Compounds 


Mp  (dec). 

Carbon, 

% ' 

—  Hydrogen,  %  — s 

■ CI, 

Br,  % . 

Compd 

X 

Found 

Calcd 

Found 

Caicd 

Found 

Calcd 

CnH,,C10P,Rh(cij-II) 

204^205 

64.3 

64.3 

4.4 

4.3 

5.4 

5.1 

CnHitOOPiRh  (/n?itj-II) 

209-210 

64.4 

64.3 

4.6 

4.3 

5.4 

5.1 

CnHiiOPtRh  (IX)- 

Softens  at  195 

61.2 

61.1 

4.4 

4.3 

9.5 

9.8 

C„H,4Br,OP,Rh(XII) 

185-186 

53.1 

53.2 

3.7 

3.5 

25.1 

24.7 

CuHuCOPsRh  (VI,  At  - 

=  C»H,)» 

215-218 

64.1 

64.3 

4.4 

4.4 

9.2 

8.8 

C47H„Br,OPsRh  (XIII) 

174-176 

60.2 

59.9 

4.3 

3.9 

17.5 

17.0 

C«7H„CI,OPtRh  (V,  Ar  - 

a-CioH7) 

220-222 

65.9 

66.1 

4.6 

4.3 

8.3 

8.3 

C47H«a,OP,Rh(V,  At  - 

P-CiJti.y 

145 

66.2 

66.1 

4.4 

4.3 

8.5 

8.3 

C47H„a,OP,Rh  (VI,  Ar  - 

.  /3-CioH7)- 

177-180 

66.2 

66.1 

4.6 

4.3 

8.3 

8.3 

CwHaOsOsPtRh  (XI)' 

195 

71.4 

71.6 

4.0 

4.3 

6.0 

6.4 

•  Rh-H  absorption  at  2095  cm"*;  carbonyl  band  at  1960  cm"*.  Cf.  L.  Vaska,  J.  Am.  Chem.  Soc.,  88,  4100  (1966).  *  Cf.  ref  8.  «  Not 
isomerically  pure;  contaminated  with  VI  (Ar  =»  /3-C10H71);  carbonyl  bands  at  1665  (vs),  1680  (vs),  and  2062  (w)  cnrK  ^  ?co  2062  (vs)  cm'^ 
'  Recrystallized  from  a  mixture  of  benzene-hexane. 


In  conclusion,  some  comment  is  due  on  the  reaction 
of  aroyl  bromides  (Tables  I,  II)  with  the  chloro  complex 
I.  Experiments  at  relatively  low  temperatures  have 
shown  that  in  these  reactions  the  original  metal  chlorine 
atom  is  partly  or  completely  replaced  by  bromine.  For 
example,  p-bromobenzoyl  bromide  gave  with  I  in 
boiling  benzene  (30  min)  a  complex  which  could  be 
recrystallized  from  benzene-hexane,  absorbed  at  2055 
cm-S  and  had  thus  the  structure  XII,  which  is  confirmed 
by  the  analysis.  XII  is  thus  an  analog  to  the  complex 
of  type  VI.  a-Naphthoyl  bromide,  under  the  same 
conditions,  on  the  other  hand,  gave  an  orange  five- 
coordinate  complex,  which  after  recrystallization  from 
benzene  showed  aromatic  carbonyl  absorption  (at 
1675  cm"*)  and  was  thus  XIII,  corresponding  to  V. 


CX)      PPha 

\  /     ^ 
ArCO— Rh— a 

/  \ 

a     pph3 
III 


HRhCL/PPhj), 
VIII 

HRh((X))Cl,(PPh3), 
IX 


(Ar-0O)Rha(CX)XPPh3)2(ArCl) 
XI,Ar-9-anthryl 


CO       PPha 
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Experimental  Section 

The  different  techniques  used  for  the  decarbonylation  reactions 
are  illustrated  by  the  following  examples. 

m-DibroiDobenzeiie  from  m-Bromobeiizoyl  Bromide.  A  mixture 
of  14.0  g  of  m-bromobenzoyl  bromide  (Eastman  Organic  Chem- 
icals) and  50  mg  of  I  was  heated  in  a  Claisen  flask  equipped  with  a 
25-cm-long  Vigreux  column,  so  as  to  permit  distillation  ofthedi- 
bromobenzene  formed  at  214-216''.  After  1  hr  the  evolution  of 
carbon  monoxide  practically  ceased,  and  an  additional  portion  of 
15  mg  of  I  was  added  to  the  reaction  mixture.  This  process  was 
repeated  four  times  in  intervals  of  15  min  (until  decarbonylation  was 


complete).  The  crude  distillate  was  washed  with  alkali,  neutralized, 
and  dried  in  the  usual  manner  and  redistilled  at  215-216°,  yielding 
10.6  g  (85  %)  of  pure  m-dibromobenzene. 

a-Naphthonitrile  from  a-Naphthoyl  Cyanide.  A  mixture  of  9.0  g 
of  a-naphthoy I  cyanide  (mp  101-102'';  prepared  by  refluxing  a- 
naphthoyl  chloride  with  an  equal  amount  of  cuprous  cyanide  at  190° 
for  1  hr)  and  0.1  g  of  I  was  heated  for  45  min  in  a  Claisen  flask,  so 
that  the  product  distilled  off  as  formed  (bp  294  °).  The  product  was 
distilled  again  (during  10  min)  with  0.02  g  of  1.  Thus  6.6  g  (87  %)  of 
a-naphthonitrile  (mp  37'')  was  obtained.  The  nitrite  was  identical 
with  an  authentic  sample. 

a-Chlorodiphenylmethane  from  Diphenylacetyl  Chloride.  A 
quantity  of  6.5  g  of  freshly  distilled  diphenylacetyl  chloride  [bp 
185-187°  (20  mm)]  and  0.1  g  of  I  were  placed  in  a  Claisen  flask 
mounted  with  two  thermometers  and  connected  to  a  variable 
vacuum  system.  The  mixture  was  heated  at  210-230°  (internal 
temperature),  and  a  suitable  vacuum  was  applied,  so  that  the 
product  distilled  off  during  15  min.  On  redistillation  at  137-138° 
(2  mm)  there  was  obtained  5.4  g  (94%)  of  colorless  a-chlorodi- 
phenylmethane,  identical  with  a  product  prepared  from  benzhy- 
drol.»* 

6^Chlorobenzo[r]phenanthrene.  A  mixture  of  1 .45  g  of  6-benzo- 
[r]phenanthroyl  chloride''  and  0.1  g  of  1  was  heated  in  a  test  tube, 
under  exclusion  of  moisture,  at  260°  (internal  temperature)  for  1-3 
min.  After  this  time  the  evolution  of  carbon  monoxide  had  ceased. 
Chromatography  on  alumina,  ^-hexane  serving  as  eluent,  yielded 
1.15  g  (89%)  of  6-chlorobenzo[r]phenanthrene  from  /i-hexane  as 
colorless  needles,  mp  85-86°.  X£2"  (m/i  (log  «))  219  (4.71).  232 
(4.38),  245  (4.15),  276  (4.71),  285  (4.79),  310  (4.00),  318  (4.02),  330 
(3.57).  361  (2.57),  and  380(2.38).  Anal.  Calcd  for  CgHuCl :  C, 
82.4;    H,4.2;  CI,  13.4.     Found:  C  82.2;  H,  4.1;  CI.  13.5. 

Decarbonyhition  of  9-Anthroyl  Chloride.  A  quantity  of  2.34 
g  of  9-anthroyl  chloride  was  heated,  in  a  test  tube,  with  0.1  gof  I 
at  310°  for  3  min.  Chromatography  on  alumina,  benzene  serving 
as  eluent,  yielded,  as  the  first  fraction,  0.49  g  (24%)  of  pale  yellow 
9-chloroanthracene  (mp  102-104°)  identical  with  the  product 
prepared  from  anthracene  and  cupric  chloride.  ** 

A  second  fraction  from  the  chromatography  afforded,  on  recrys- 
tallization from  benzene  and  ethanol,  0.60  g  (30%)  of  X  as  deep 
yellow  crystals,  mp  260-262°.  Anal.  Calcd  for  C29H17CIO: 
C,  83.6;  H,  4.1;  CI.  8.5;  mol  wt.  416.  Found:  C,  83.8;  H. 
4. 1 ,  CI,  8.9 ;  mol  wt,  4 1 6  (mass  spectrum). 

9-Anthryl  10-Chloro.9-anthryl  Ketone  (X)  by  Friedei-Crafls 
Acylation.  a.  Following  the  known  route  for  the  preparation  of 
9-benzoylanthracene,  2.8  g  of  9-chloroanthracene.  3.5  g  of  9-an- 
throyl chloride,  1.8  g  of  aluminum  chloride,  and  50  ml  of  carbon 
disulfide  were  refluxed  for  48  hr.  After  the  usual  work-up,  the 
oily  residue  was  chromatographed  on  alumina,  yielding  0.8  g  of  X, 
mp  260-262°. 

b.  In  a  similar  manner,  anthracene  and  lO-chloro-9-anthroyl 
chloride  were  treated  with  aluminum  chloride  in  carbon  disulfide, 
giving  X  in  21  %  yield,  identical  with  the  samples  obtained  by  the  two 
preceding  methods. 


(12)  A.  M.  Ward./.  Chem.  Soc.,  2285  (1927). 

(13)  M.  S.  Newman  and  J.  Blum./.  Am.  Chem.  Soc,  86,  1835  (1964). 

(14)  D.  C.  Nonhcbel.  Org.  Sj/i.,  43,  15  (1963). 
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Abstract:  A  kinetic  study  of  substituent  effects  on  the  acid-catalyzed  cyclodehydration  of  2-phenyltriarylcarbinois 
to  the  corresponding  9,9-diaryIfluorenes  reveals  that  the  rate-determining  step  depends  on  the  nature  of  the  substitu- 
ents.  A  Hammett  plot  shows  a  sharp  concave  downward  break.  One  group  of  carbinols  have  rates  which  cor- 
relate best  with  a,  have  a  large  negative  p  (—2.51),  and  show  a  strong  rate  dependence  on  solvent  acidity,  a  threefold 
rate  enhancement  in  deuterated  solvent,  and  an  activation  entropy  near  zero  or  slightly  positive.  The  remaining 
carbinols  have  rates  which  correlate  best  with  <r^,  have  a  large  positive  p  (+2.77),  are  insensitive  to  the  solvent 
acidity,  show  no  marked  rate  effect  in  deuterated  solvent,  and  have  a  rather  large  negative  activation  entropy.  These 
observations  are  rationalized  by  a  three-step  mechanism :  (1)  rapid  and  reversible  protonation  of  the  carbinol,  (2)  dis- 
sociation to  the  corresponding  triarylcarbonium  ion,  and  (3)  intramolecular  electrophilic  substitution  on  the  2- 
phenyl  ring.  Step  2  is  rate  determining  for  carbinols  on  the  negative  p  correlation  line;  step  3  is  rate  determining 
for  carbinols  on  the  positive  p  correlation  line. 


Attempts  to  convert  triarylcarbinols  with  a  2-phenyl 
L  substituent  in  one  of  the  aryl  rings  to  the  corre- 
sponding carbonium  ion  by  dissolution  in  acid  generally 
lead  instead  to  a  substituted  fluorene,  by  cyclodehydra- 
tion. *  An  analogous  reaction  has  been  observed  with 
diaryl-^  and  monoaryldialkylcarbinols,'  as  well  as 
with  2-benzyl-,*  2-phenoxy-,*  or  2-thiophenoxytriaryl- 
carbinols.'  For  example,  Clarkson  and  Gomberg,^ 
who  were  the  first  to  isolate  pure,  crystalline  2-phenyl- 
triphenylcarbinol,  found  that  all  attempts  to  convert 
it  to  the  corresponding  chloride  gave  instead  a  quantita- 
tive yield  of  9,9-diphenylfluorene.  Although  this  type 
of  reaction  has  been  known  for  over  60  years,  its  mecha- 
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CeHs   CeHs 


CeHs   CeHs 


nism  has  not  been  examined  in  detail.    Presumably  a 
reaction  sequence  such  as  1-3  is  followed,  but  the 


ROH   -f  H+  :;?=±  ROH, 


ROH,+ 


k.i 


R+   -f   H,0 


R+ 


kt 


product  -f  H"*" 


(1) 


(2) 


(3) 


kinetics  have  not  been  studied.  The  reaction  has 
interesting   aspects.    For   example,    if  fcj   were   rate 

(1)  F.  Ullman  and  R.  von  Wurstemberger.  Ber.,  38,  4105  (1905);  E. 
Khotinsky  and  R.  Patzewitch,  ibid.,  42,  3104  (1909);  P.  G.  Sergeev,  /. 
Russ.  Phys,  Chem.  Soc.,  61,  1421  (1929);  R.  G.  Clarkson  and  M.  Gom- 
berg,y.  Am.  Chem.  Soc.,  52,  2881  (1930);  E.  P.  Kohler  and  L.  W.  Blan- 
chard,  ibid.,  57,  367  (1935);  G.  WitUg  and  G.  Fuhrman,  Ber.,  73B,  1197 
(1940);  J.  H.  Wcisbcrger,  E.  K.  Weisbcrger,  and  F.  B.  Ray. 7.  Am.  Chem. 
Soc.,  72,  4250  (1950);  H.  Gilman  and  R.  D.  Gorsich,  ibid.,  78,  2218 
(1956). 

(2)  E.  Bergmann  and  A.  Bondi,  Ber.,  64,  1477  (1931);  J.  R.  Dice,  T. 

E.  Watkins.  and  H.  L.  Schuman,  /.  Am.  Chem.  Soc.,  72,  1738  (1950); 
C.  F.  Koelsch.  ibid.,  56,  480  (1934);  H.  H.  Hatt.  /.  Chem.  Soc.,  478 
(1941);  H.  Suzuki.  /.  Chem.  Soc.  Japan,  72,  825  (1951). 

(3)  M.  Anchel  and  A.  H.  Blatt./.  Am.  Chem.  Soc,  63,  1948  (1941). 

(4)  E.  Barnett,  J.  W.  Cook,  and  I.  G.  Nixon, 7.  Chem.  Soc.,  504  (1927); 

F.  F.  Blicke  and  R.  A.  Patelski,/.  Am.  Chem.  Soc.,  58,  559  (1936);  F.  F. 
BUcke  and  R.  J.  Warzynski.  ibid.,  62,  3191  (1940);  C.  F.  Koelsch,  /. 
Org.  Chem.,  3,  456  (1938). 

(5)  Fourth  reference  in  footnote  1 . 

(6)  C.  C.  Price,  M.  Hori,  T.  Parasaran.  and  M.  Polk,  /.  Am.  Chem. 
Soc.,  85,  2279  (1963). 


determining,  the  reaction  would  be  analogous  to  an 
SnI  solvolysis,  with  the  aromatic  ring  serving  as  a 
built-in  nucleophile.  On  the  other  hand,  if  ki  were 
rate  determining,  the  reaction  would  be  comparable  to 
other  electrophilic  aromatic  substitutions,  but  with  the 
electrophile  and  substrate  built  into  the  same  reactive 
intermediate.  Substituents  might  be  expected  to  alter 
the  relative  rates  of  the  various  steps. 

With  a  view  to  examining  these  alternatives,  we 
synthesized  a  number  of  carbinols  of  the  type  shown 
(1-12)  and  found  suitable  conditions  for  carrying  out 


X  Z 

1-12 

(for  X,  Y,  and  Z  see  Table  I) 

the  cyclizations  at  measurable  rates.  The  reaction 
rates  were  followed  spectrophotometrically.  A  study 
of  the  effect  of  substituents  on  the  reaction  rates,  of 
activation  parameters,  of  effect  of  solvent  acidity  on 
the  rates,  and  of  solvent  deuterium  isotope  effects  allows 
a  fairly  complete  mechanistic  picture  to  be  presented. 

Results 

The  required  carbinols  were  prepared  either  by  reac- 
tion of  a  substituted  phenyl  Grignard  reagent  with  2- 
benzoylbiphenyl,  or  by  reaction  of  the  Grignard  reagent 
from  2-bromobiphenyl  with  a  disubstituted  benzophe- 
none.  Formulas  of  the  12  carbinols  studied  and  their 
relative  rates  of  cyclodehydration  are  given  in  Table  I 
listed  in  order  of  decreasing  a  values  of  the  substituents. 
Physical  constants  of  the  carbinols  are  given  in  Table 
VI  and  complete  rate  data  are  given  in  Table  VIII  in 
the  Experimental  Section. 

Required  samples  of  the  cyclodehydration  products 
were  obtained  by  adding  a  few  drops  of  strong  acid  to 
a  refluxing  solution  of  the  carbinol  in  acetic  acid. 
Upon  cooling,  nearly  quantitative  yields  of  the  crystal- 
line disubstituted  fluorenes  were  obtained.    They  are 


Journal  cfth^ 


ical  Society  /  89:10  /  May  10, 1967 


2343 


Table  L    Substituted  2-Phenyltriarylcarbinols,  and  Their  Relative  Cyclodehydration  Rates' 


Compd 

X 

Y 

Z 

itr,l»° 

<r* 

<r+» 

^a« 

AH^o 

A5=*=^ 

1 

a 

H 

a 

0.096 

0.454 

0.228 

23.7 

22.8 

1.60 

2 

H 

CF, 

H 

0.052 

0.42 

0.52 

21.3 

22.8 

4.4 

3 

H 

CI 

H 

0.100 

0.373 

0.399 

22.8 

21.7 

2.7 

4 

a 

H 

H 

0.30 

0.227 

0.114 

21.3 

20.1 

-0.8 

5 

H 

OCH, 

H 

0.74 

0.115 

0.047 

25.3 

21.1 

4.3 

6 

H 

H 

H 

1.00 

0 

0 

19.2 

18.9 

-2.6 

7 

H 

CH, 

H 

1.48 

-0.069 

-0.066 

24.0 

19.8 

1.4 

8 

CH, 

H 

H 

3.27 

-0.170 

-0.311 

21.7 

18.6 

-1.0 

9 

OCH, 

H 

H 

0.56 

-0.268 

-0.778 

18.3 

15.0 

-16.7 

10 

CH, 

H 

CH, 

5.80 

-0.34 

-0.622 

15.4 

14.9 

-12.3 

11 

CH, 

H 

OCH, 

1.76 

-0.438 

-1.089 

18.3 

15.0 

-16.7 

12 

OCH, 

H 

OCH, 

0.0090 

-0.536 

-1.556 

21.8 

20.7 

-4.9 

•  In  80  %  aqueous  acetic  acid  containing  4  %  sulfuric  acid.    ^  Values  are  taken  from  H.  C.  Brown  and  Y.  Okamoto,  J,  Am,  Ckem.  Soc.,  80, 
4979(1958).    When  two  substituents  are  present,  the  sums  of  <r*s  are  used.    «  Kcal/mole.    'Cal/mole°. 


listed,  with  their  properties,  in  Table  VII  in  the  Experi- 
mental Section. 

The  cyclization  rates  of  the  carbinols  were  determined 
in  80  %  aqueous  acetic  acid  containing  4  wt  %  of  sul- 
furic acid.  The  choice  of  this  rather  unconventional, 
medium  was  dictated  by  the  need  to  strike  a  balance 
between  measurable  rates  and  solvents  in  which  both 
the  starting  carbinol  and  the  product  hydrocarbon  were 
soluble.  For  some  carbinols,  the  amount  of  sulfuric 
acid  was  varied  (4-6%).  The  reactions  were  studied 
at  five  temperatures  between  15  and  35°.  Progress  of 
each  reaction  was  followed  by  the  appearance  of  a  band 
in  the  vicinity  of  308  m/i  which  was  present  in  the 
fluorenes,  but  absent  in  the  carbinols.  In  several  cases 
(2,  6,  and  10)  a  comparison  of  the  product  isolated  from 
a  kinetic  run  with  that  synthesized  independently 
showed  that  the  reaction  proceeded  quantitatively  to 
completion,  without  formation  of  side  products. 

All  of  the  reactions  followed  precise  first-order 
kinetics  through  at  least  88%  reaction.  The  rate  data 
are  given  in  Table  VIII  in  the  Experimental  Section, 
and  the  derived  activation  parameters  are  listed  in 
Table  I.  The  reaction  rates  were  independent  of 
initial  carbinol  concentration,  tested  with  two  different 
substrates  (Table  II). 


Table  Df.    Effect  of  Initial  Carbinol  Concentration  on 
cyclodehydration  Rates* 


Table  m.    Comparison  of  Cyclodehydration  Rates  Measured 
by  Product  Appearance  and  by  Carbonium  Ion  Consumption* 


Compd 


Initial 

concn, 

moles/1. 

X  10» 


k  X  10\ 

sec"* 


8 


7.05 

7.96dt0.04 

14.10 

8.06  =h  0.05 

25.00 

7.78  ±0.02 

3.30 

87.6dt0.2 

5.71 

86.8  =b  0.2 

9.53 

86.6±0.2 

•  In  80  %  aqueous  acetic  acid  containing  4  %  sulfuric  acid,  at  25  ^. 


Certain  of  the  carbinols  (9-12)  gave  colored  solutions 
in  the  reaction  medium.  In  these  cases,  it  was  possible 
to  follow  not  only  the  appearance  of  product  (at  ^^308 
m/x)  but  also  the  disappearance  of  the  visible  peak 
(at  ^^470  m/i)  due  to  the  carbonium  ion.  The  rates 
of  the  two  processes  were  identical  within  experimental 
error  (Table  HI). 


Compd 


k  X  10*. 
sec"* 


k'  X  10*. 
sec~* 


mM(€) 


9 
10 
11 


14.2 
153 
4.67 


14.3 
159 
4.72 


474(53,000) 
458(53,000) 
487(79.000) 


"  In  80%  aqueous  acetic  acid  containing  4%  sulfuric  acid,  at  25^; 
k  »  rate  constant  measured  by  appearance  of  308-m/i  peak  for  the 
appropriate  fluorene;  k*  -  rate  constant  measured  by  disappear- 
ance of  the  peak  in  the  visible  region,  at  the  wavelength  shown  in 
the  last  column. 


Discussion 

Hammett  Correlations.  It  is  clear  from  the  data 
presented  in  Table  I  that  substituents  markedly  affect 
the  cyclodehydration  rates,  but  that  their  effect  does  not 
follow  a  single  Hammett  plot.  The  fastest  reaction 
occurred  with  two  P'C\l%  substituents,  and  the  slowest 
with  two  p'OCHz  substituents,  whereas  compounds 
with  one  or  two  p-CX  substituents  reacted  at  inter- 
mediate rates.  The  substituents  in  fact  fall  into  two 
groups.  One  of  these  is  best  correlated  by  Hammett 
<T  values,  the  value  of  p  at  25°  being  —2.51.  The  cor- 
relation coefficient  is  0.990,  as  contrasted  with  0.955 
if  a"*"  values  are  used.'  A  plot  of  log  k  vs.  <r  for  these 
substituents  is  shown  in  the  right  portion  of  Figure  1. 
Those  carbinols  which  have  a  p-OCHz  substituent  fall 
nowhere  near  the  correlation  line,  and  in  fact  fall  into 
the  second  group  of  substituents,  which  are  best  cor- 
related by  <r+,  with  a  value  of  p  at  25°  of  +2.67  and  a 
correlation  coefficient  of  0.976.*  Carbinol  10,  with  two 
p-methyl  substituents,  occupies  an  ambiguous  position 
at  the  apex  of  Figure  1 .  The  two  points  shown  for  this 
carbinol  correspond  to  the  use  of  <r  or  <r+  constants,  and 
the  compound  falls  reasonably  close  to  both  correlation 
lines. 

The  activation  parameters  (Table  I)  also  fall  into  two 
groups.  For  those  substituents  on  the  negative  p  cor- 
relation line,  the  activation  enthalpies  decrease  as  the 
electron-donating  power  of  the  substituents  increases, 
and  the  activation  entropy  is  on  the  whole  near  zero  or 
slightly  positive.  Conversely,  for  those  substituents  on 
the  positive  p  correlation  line,  the  activation  enthalpies 
increase  as  the  electron-donating  power  of  substituents 
increases,  and  the  activation  entropy  is  moderately 

(7)  Using  0"+,  p  was  -  1.94. 

(8)  Using,  V,  the  correlation  coefficient  was  0.801  and  p  -  +7.79. 
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Figure  1 .    Hammett  plot  for  the  cyclodehydration  of  2-phenyltriarylcarbinols  in  80  %  aqueous  acetic  acid  containing  4  %  sulfuric  acid  at  25  °. 
Numbers  refer  to  the  formulas  in  the  text. 


large  and  negative.  A  plot  of  A/f*  cs.  AS*  for  either 
set  of  substituents  shows  a  rather  large  degree  of  scatter. 
The  best  straight  lines  drawn  through  each  set  lead  to 
isokinetic  temperatures  well  above  the  temperatures  of 
the  kinetic  measurements. 

Mechanism.  Leffler  and  Grunwald'  have  pointed 
out  that  a  Hammett  plot  which  shows  a  concave  down- 
ward break  (Figure  1)  is  caused  by  a  change  in  the  rate- 
determining  step  of  an  otherwise  constant  mechanism. 
This  is  consistent  with  sequence  1-3,  in  which  step  2 
is  rate  determining  for  those  substituents  which  appear 
on  the  right  side  of  Figure  1,  and  step  3  is  rate  determin- 
ing for  those  substituents  which  appear  on  the  left 
side  of  Figure  1.  Thus  the  ionization  step  is  normally 
rate  determining,  but  when  the  substituents  stabilize 
the  intermediate  carbonium  ion  sufficiently,  ring  closure 
becomes  rate  determining. 

The  signs  and  magnitudes  of  the  p  values,  the  sub- 
stituent  correlations  (i,e,,  a  or  <r+),  and  the  activation 
parameters  are  in  accord  with  this  interpretation. 
When  step  2  is  rate  determining,  the  transition  state  will 
be  electron  deficient  with  respect  to  the  ground  state, 
and  a  negative  p  is  expected.  However,  since  formation 
of  R+  is  undoubtedly  not  complete  at  the  transition 
state,  p  should  be  less  negative  than  —3.64,  the  value 
observed^®  for  the  equilibrium  ionization  of  triaryl- 
carbinols.  The  observed  p  of  —2.51  is  thus  reasonable. 
The  better  agreement  with  <r  rather  than  <r+  indicates 
that  direct  resonance  interaction  of  the  substituents  in 
1-8  with  the  cationic  center  is  small.  Actually  the  cor- 
relation is  not  highly  sensitive  to  the  difference  between 
a  and  <r+  (0.990  vs.  0.955),  possibly  because  the  sub- 


(^)  J.  E.  Leffler  and  E.  Grunwald,  "Rates  and  Equilibria  of  Organic 

Reactions."  John  Wiley  and  Sons.  Inc..  New  York.  N.  Y.,  1963.  p  189. 

(10)  N.  C.  Dene  and  W.  L.  Evans,  J.  Am,  Chem,  Soc.,  79,  5804  (1957). 


stituents  are  mainly  electron  withdrawing  on  the  right 
side  of  Figure  1.  Also,  because  of  the  2-phenyl  sub- 
stituent,  the  transition  state  may  be  sufficiently  non- 
planar  as  to  minimize  the  importance  of  a  resonance 
effect.  The  small,  slightly  positive  activation  entropy 
is  consistent  with  decreased  crowding  accompanying 
the  change  from  sp'  to  sp^  hybridization  at  the  ioniza- 
tion site. 

For  those  substituents  on  the  left  side  of  Figure  1,  the 
reaction  solutions  became  red  almost  instantly,  and  the 
red  color  disappeared  as  the  reaction  proceeded. 
Extrapolation  to  zero  time  gave  the  Xn,«x  (c)  values 
shown  in  the  last  column  of  Table  III.  These  are  nearly 
identical  with  reported  values  for  the  similarly  sub- 
stituted triphenylcarbinols^^  and  support  the  conclusion 
that  the  corresponding  carbonium  ions  of  9-12  form 
rapidly  and  undergo  a  slow,  rate-determining  ring  clos- 
ure (step  3).  In  accord  with  this  interpretation  and 
the  expectation  that  positive  charge  is  more  dispersed 
in  the  transition  state  than  in  the  ground  state,  one  finds 
a  rather  large  positive  p  value.  The  far  better  correla- 
tion with  <r+  than  with  <r  is  to  be  expected,  since  the 
ground  state  is  in  fact  a  carbonium  ion.  Finally,  the 
large  negative  activation  entropy  is  consistent  with  the 
requirement  that  the  2-phenyl  group  and  the  car- 
bonium carbon  atom  be  rather  specifically  oriented  for 
the  reaction 


Ar      -H+ 


product 


(1 1)  W.  N.  White  and  C.  A.  Stout.  /.  Org,  Chem,,  27,  2915  (1962). 
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>nsequent  restriction  in  degrees  of  freedom  should 
in  a  large  entropy  effect. 

tfaer  Tests  of  the  Mechanism.  During  any  given 
:  experiment,  acid  consumed  in  step  1  is  regen- 
in  step  3,  so  that  good  pseudo-first-order  kinetics 
I  be  (and  were)  observed.  However  a  difference 
effect  of  acidity  on  the  observed  rate  constants  is 
ted,  depending  upon  whether  step  2  or  3  is  rate 
lining.  In  the  former  instance,  the  rate  de- 
on  the  concentration  of  ROH2"*"  which,  in  turn, 
ds  on  equilibrium  1.  An  increase  in  the  acid- 
the  medium  should  increase  the  equilibrium 
itration  of  ROH2"^  and  accordingly  increase  the 
red  cyclodehydration  rate.  On  the  other  hand, 
>  3  is  rate  determining,  all  of  the  carbinol  will 
been  rapidly  converted  to  carbonium  ion,  and 
should  be  relatively  little  effect  of  acidity  on  the 
^ed  rate. 

ordingly,  the  cyclodehydration  rates  of  several 
carbinols  which  follow  each  of  the  Hammett  cor- 
>ns  were  measured  as  a  function  of  the  per  cent 
ic  acid  in  the  reaction  medium,  with  the  results 
in  Table  IV.    The  variation  in  per  cent  acid 


V.    The  Effect  of  Acid  Strength  on  the  Cyclodehydration 
of  2-Phenyltriarylcarbinols 


'  kr  X   10*  sec-i«- 

xnpd 

4% 

5% 

6% 

1 

2.53 

4.16 

6.58 

3 

2.64 

4.53 

6.75 

4 

7.88 

14.40 

21.88 

5 

19.5 

31.3 

6 

26.4 

47.6 

73.5 

9 

14.7 

15.7 

14.8 

10 

153 

169 

11 

4.64 

4.88 

sasured  in  80%  aqueous  acetic  acid  at  25^,  with  the  indicated 
pcicentages  of  sulfuric  acid 


ather  limited,  in  order  to  keep  the  rates  in  a 
irable  range;  it  was  sufficient,  however,  to  estab- 
le  essential  correctness  of  the  prediction.  Cycliza- 
•ates  for  the  carbinols  on  the  right  of  Figure  1 
^d  a  strong  dependence  on  acidity,  the  rate  ratios 
4%  and  k^%/k4%  being  1.72  ±  0.08  and  2.68  ± 
respectively.  On  the  other  hand,  these  ratios  for 
irbinols  for  which  step  3  is  thought  to  be  rate  de- 
ling are  only  1.07  ±  0.02  and  1.01  (only  one 
nination). 

alternative  explanation  for  the  increased  rates 
increased  acidity  for  carbinols  on  the  — p  correla- 
^ould  be  that  step  1  rather  than  step  2  is  rate  de- 
ling. Although  the  protonation  of  oxygen  is 
ally  considered  to  be  exceedingly  rapid,**  there 
,  remote  possibility  that  the  environment  around 
lydroxyl  group  in  2-phenyltriarylcarbinols  was 
ently  crowded  with  hydrophobic  groups  that 
nation  might  be  slow.  This  possibility  was  sub- 
to  experimental  test.  It  is  well  known  that  many 
atalyzed  reactions  proceed  more  rapidly  in  D2O 
n  H2O,  and  this  effect  has  been  used  as  a  criterion 
prerate-determining  equilibrium  protonation.  **•*• 

For  a  discussion,  see  F.  A.  Long  and  M.  A.  Paul,  Chem.  Reu., 

(1957). 

For  a  discussion,  see  K.  Wiberg,  Ibid,,  55, 718  (1955). 
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Accordingly,  the  cyclodehydration  rates  of  several 
carbinols  on  both  sides  of  Figure  1  were  determined  in 
80%  CH3COOD-D2O,  with  the  results  given  in  Table 
V.    A  nearly  constant  rate  enhancement  of  about  3 

Table  V.    Solvent  Isotope  Effect  on  Cyclodehydration  Rates' 


Compd 


ku/ki 


4 
6 
8 
9 
10 


2.91 
3.10 
2.88 
0.94 
1.55 


*  Rates  in  deuterated  solvent  were  measured  in  80%  CH^COOD- 
DsO  containing  4  %  H»S04,  at  25  *'.  Total  deuterium  enrichment  of 
acidic  hydrogen  was  97.3%. 

is  observed  for  three  carbinols  (4,  6,  and  8)  on  the  — p 
correlation  line  which  vary  by  a  factor  of  over  10  in 
their  absolute  cyclodehydration  rates.  On  the  other 
hand,  carbinol  9  shows  almost  no  solvent  deuterium 
isotope  effect,  since  step  3  is  rate  determining. 

Carbinol  10,  which  is  at  the  apex  of  Figure  1,  oc- 
cupies an  ambiguous  position.  It  seems  likely  that 
here  kt  and  k^  are  of  comparable  magnitude,  with  the 
result  that  an  intermediate  solvent  deuterium  isotope 
effect  is  observed.  Although  the  rates  for  cyclodehy- 
dration of  10  as  measured  by  product  appearance  and 
by  carbonium  ion  disappearance  agree  well  (Table  III), 
it  must  be  pointed  out  that  this  carbinol  dehydrates  so 
rapidly  that  it  was  impossible  to  get  initial  rate  readings 
until  reaction  was  already  45%  complete  at  25°.  At- 
tempts to  slow  the  reaction  down  by  lowering  the  tem- 
perature were  frustrated  by  limited  solubility  of  the 
product,  so  it  was  not  possible,  as  hoped,  to  observe 
both  the  appearance  and  decay  of  R"*". 

In  summary,  all  of  the  data  seem  to  substantiate 
schemes  1-3  as  the  correct  cyclodehydration  mecha- 
nism; step  1  is  rapid  in  all  cases,  but  step  2  or  3  may  be 
rate  determining,  depending  on  the  substituents. 

Experimental  Section^^ 

Preparation  of  Z-PheayltriarylcarUnols.  One  of  three  procedures 
was  used,  depending  on  the  number  and  type  of  substituent. 
These  procedures,  designated  A,  B,  and  C,  will  be  illustrated  with 
examples,  to  indicate  some  of  the  ways  in  which  the  problem  of 
isolating  pure  carbinols  was  overcome.  The  results  of  all  the  prep- 
arations are  summarized  in  Table  VI. 

Procedure  A.  3-Metiioxy-2'-phenyHriplicnyliiiethanol  (5).  To 
the  Grignard  reagent  prepared  from  0.643  g  (0.0267  g-atom)  of  high 
purity  magnesium  and  5.0  g  (0.0267  mole)  of  3-bromoanisole  in 
90  nU  of  anhydrous  tetrahydrofuran  there  was  added  (Ns  atmos- 
phere) dropwise  a  solution  of  3.0  g  (0.0166  mole)  of  2-phenylbenzo- 
phenone  in  SO  ml  of  the  same  solvent.  The  solution  turned  blue 
immediately,  but  became  yellow  after  30-hr  reflux.  After  48-hr 
reflux,  1(X)  ml  of  distilled  water  was  added  dropwise.  Extraction 
with  ether  (three  100-ml  portions),  drying  over  MgS04,  and  evapo- 
ration of  the  solvent  gave  6.1  g  of  a  viscous  oil.  A  sample  (3.5  g) 
of  the  oil  was  chromatographed  on  100  g  of  Woelm  neutral  alumina, 
activity  1,  using  50%  carbon  tetrachloride-benzene  as  eluent. 
The  nuyor  component  (1.1  g,  31.1  %)  was  an  oil  which  showed  one 
spot  on  tic  plates.  Remaining  fractions  yielded  1.8  g  of  a  com- 
plex mixture  (tic).  The  major  product  crystallized  on  standing, 
and  was  recrystallized  from  pentane,  mp  104-105.5^.  Its  nmr 
spectrum  (CCI4)  showed  singlets  at  r  7.28  (1  H)  and  6.42  (3  H) 
and  a  multiplet  at  r  3.50-2.68  (18  H).^* 


(14)  Melting  points  are  uncorrected.  Analyses  were  performed  by 
the  Spang  Microanalytical  Laboratory,  Ann  Arbor,  Nfich. 

(15)  Infrared  and  nmr  spectra  of  all  compounds  are  given  in  the 
appendix  of  the  Ph.D.  Thesis  of  E.  A.  S.,  Michigan  State  University, 
1965. 
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Table  VI.    Preparation  and  Properties  of  2-Phenyltriarylcarbinols 


Yield,* 

' Calcd, 

% 

' Found,  % . 

Compd 

Conditions' 

% 

Mp,«  X 

C 

H 

C 

H 

1^ 

B,EB,24 

28 

118-1 18. 5(p) 

74.08 

4.48 

74.24 

4.52 

2 

A.T.24 

52 

Oil* 

77.23 

4.74 

77.46 

4.99 

y 

A.EB,5 

14.5 

101 . 5-102(p) 

81.00 

5.16 

81.07 

5.14 

^ 

A,EB,2* 

5 

105.0-106. 5(b) 

81.00 

5.16 

81.02 

5.15 

5 

A,T,48 

31.1 

104-105 . 5  (p) 

85.22 

6.05 

85.07 

6.09 

6 

B,E,4* 

28 

91-92(p)« 

7 

A,T,2 

55.8 

Oil'- 

89.11 

6.33 

88.68 

6.41 

8 

C.E.1 

37 

72.5-74.5 (h) 

89.11 

6.33 

89.27 

6.25 

9 

C.*E 

16 

87. 5-89  (h) 

85.22 

6.05 

85.02 

6.04 

10 

B,T,1 

25 

162-164 (b) 

88.97 

6.64 

88.97 

6.56 

11 

B,T,48 

28 

126-127. 5 (p) 

85.23 

6.36 

85.19 

6.36 

12 

B,T,24 

22 

123-124 (b) 

81.79 

6.10 

81.62 

6.01 

'  The  first  letter  refers  to  the  procedure  used:  A,  arylmagnesium  bromide  -f  2-phenylbenzophenone;  B,  2-biphenylylnuignesium  bromide 
+  an  appropriately  substituted  benzophenone;  C,  aryllithium  -f  2-phenylbenzophenone.  The  second  letter  refers  to  the  solvent:  E,  ether; 
T,  tetrahydrofuran ;  EB,  ether  for  preparation  of  Grignard  reagent,  replaced  by  benzene  for  the  subsequent  reaction.  The  number  refers  to 
the  reflux  time  in  hours  after  addition  of  the  reactants.  Unless  otherwise  stated,  work-up  hydrolysis  was  with  HtO  alone.  *  Purified  prod- 
uct. «  Uncorrected;  recrystallization  solvents  are  given  in  parentheses:  p,  pentane;  h,  hexane;  b,  benzene-petroleum  ether.  'Calculated 
for  CI:  17.50.  Found:  CI,  17.56.  *  Purified  by  chromatography  on  basic  alumina  (50%  benzene-CCU  eluent)  and  silica  gel  (benzene 
eluent)  gave  a  single  tic  spot.  ^  Calculated  for  CI:  9.56.  Found:  CI,  9.44.  ^^  Calculated  for  CI:  9.56.  Found:  CI,  9.54.  *  Hydrol- 
ysis with  ammonium  chloride.  *  Lit.  mp  87-88*^  (Clarkson  and  Gomberg,  ref  1).  '  Purifled  by  chromatography  on  basic  alumina 
(benzene  eluent)  and  Woelm  neutral  alumina,  grade  1  (CCU  eluent);  gave  a  single  tic  spot.    '^  Inverse  addition  at  0*". 

Table  VII.    Preparation  and  Properties  of  9,9-Diarylfl uorenes 


Compd"     Procedure* 


Mp,«  °C 


Composition, «'  % 
C  H 


xS5"*^"  uy 


IF/ 

A(5  min)100 

165-166.5 

77.53 
77.39 

4.17 
4.10 

2F 

B(3  days)60 

127.5-129.5 

80.81 
80.79 

4.44 
4.43 

3F' 

A(l  min)100 

154-155 

85.09 
85.13 

4.86 
4.85 

4F* 

A(5  min)100 

142.5-144.0 

85.09 
84.78 

4.86 
4.81 

5F 

A(10min)95 

150.5-151.5 

89.62 
89.54 

5.79 
5.69 

6F 

• 

7F 

A(l  min)90 

150.0-150.5 

93.94 
94.05 

6.06 
6.02 

8F 

A(30sec)100 

134-134.5 

93.94 
93.82 

6.06 
6.18 

9F 

B(50min)100 

165.5-166.0 

89.62 
89.41 

5.79 
5.84 

lOF 

A(l  min)70 

160.0-160.5 

93.60 
93.51 

6.40 
6.49 

IIF 

B(10hr)96 

129-130 

89.47 
89.39 

6.12 
5.94 

12F 

B(4  days)85 

120-122 

85.69 
85.42 

5.86 
5.90 

308  (6780),  296  (4410).  284s  (9160),  279 .  2s  (1 1,500),  272.4  (15.000).  269.3s 

(14,300),  263. 2s(13.400),  240(31,500) 
307 . 2  (7870),  295 . 4  (5050),  282 .  3s  ( 10 ,  800),  278s  ( 1 2,800),  271 . 0  ( 1 7,200). 

267.0  (16,300),  263s  (15,600),  236.7  (26,600),  228.2  (33,400) 
307 . 2  (7730),  295 . 6  (4900).  283.2s  (10,200),  278.7  (12,400),  271.7  (16,200). 

267.3(15,000),  261.5s  (14,400),  238.5  (27,800),  229.6(34,100) 
307.9  (7470),  295.9  (7070),  284.2s  (8710),  271.6  (15,100),  267.5s  (21,140),  264.05 

(13,680),  237.5  (28,400),  230.0  (34,700).  228s  (33,700) 
307 . 8  (8380),  295.7  (5200),  283.7s  (12,200),  270.0  (17,500),  267.5s  (16,700), 

263s  (15,100),  237s  (27,200),  228s  (38,100) 
307. 8  (8230),  296  (4970),  283s  (8820),  279s  (1 1,500),  271.5  (15,000),  267.5 

(14,600),  263s  (1 3,700),  238  (26,100),  230  (34,000),  224s  (33,500) 
308  (8340),  296  (5200),  283s  (9520),  278.5s  (12,100),  271.6  (15,703),  267.5 

(15,400),  263.3s  (14,500),  238.2(27,100),  230(35,800) 
308. 1  (8310),  296.2  (5040),  284.  Is  (8140),  279s  (1 1,500),  271.3  (15,120),  267.3 

(14,960),  261.9s  (13,910),  237.5s  (27,400),  229.1  (36,050),  224.5s  (35.900) 
308. 6  (8780),  296.5  (5130),  279.5s  (14.200),  273.0  (17,600).  268.2s  (17,300), 

264.1s  (16,470),  236.9s  (12,600),  230.0(17,700) 
308.6  (8500),  296  (5090),  284s  (8160),  279.6s  (1 1,320),  271.8  (14,500),  267.5 

(14,500),  263.5s  (44,800),  238.8  (28,000),  228.3  (40.300) 
308 . 8  (10,400),  297  (5970),  278.9s  (16,300),  271.5  (22,600),  268  (21,800),  230 

(50  300) 
309. 8  (10.800),  297.5  (5620).  279.6s  (19,000),  271  (24,400).  268  (24,800),  263 

(24,800),  230  (79,800) 


«  Compounds  are  numbered  to  correspond  to  the  carbinols  from  which  they  were  prepared  (see  Table  I).  ^  Although  precise  procedures 
varied,  they  can  in  general  be  grouped  into  two  categories:  A,  0.1-0.5  g  of  the  carbinol  was  dissolved  in  10-15  ml  of  glacial  acetic  acid,  the 
solution  brought  to  reflux,  and  three  to  five  drops  of  concentrated  HCl  added;  the  reaction  mixture  became  colored  (yellow  to  red),  then 
clear.  On  cooling,  and  addition  of  a  few  drops  of  water,  crystals  appeared;  B,  0.1-0.3  g  of  the  carbinol  was  dissolved  in  15-20  ml  of  80% 
aqueous  acetic  acid  containing  4%  H»S04,  allowed  to  stand  at  room  temperature  until  the  red  color  faded  to  yellow,  warmed  to  80**,  then 
cooled,  water  added,  and  the  crystals  were  collected.  Reaction  times  are  given  in  parentheses,  and  followed  by  the  per  cent  yield.  <  Meth- 
anol was  the  recrystallization  solvent  in  all  cases.  All  products  showed  a  single  tic  spot.  '  Upper  figures  calculated,  lower  figures  found 
Mnm^;  s,  shoulder.  ^  Calculated  for  CI:  18.31.  Found:  CI,  18.40  <"  Calculated  for  CI:  10.05.  Found:  0,10.00.  *  Calculated 
for  CI :    10.05.    Found :  Q,  10. 1 3.    <  Prepared  according  to  Qarkson  and  Gomberg  (ref  1 ). 


Procedure  B.  4v4'-Dichloro-2''-plicnyHripbenyliiiethaiiol  (1). 
Grignard  reagent  was  prepared  from  1.35  g  (0.0563  g-atomof  high 
purity  magnesium  and  13.1  g  (0.0563  mole)  of  2-bromobiphenyl  in 
50  ml  of  anhydrous  ether.  To  the  refluxing  orange  solution  was 
added  dropwise  a  solution  of  5.5  g  (0.0219  mole)  of  4,4'-dichloro- 
benzophenone  (Dow  Chemical  Co.)  in  25  ml  of  anhydrous  benzene 
and  10  ml  of  ether.  After  addition,  the  mixture  was  refluxed  for 
24  hr,  then  allowed  to  stand  at  room  temperature  for  48  hr.  The 
white  precipitated  complex  was  filtered  through  glass  wool  and 
washed  with  anhydrous  ether  (two  20-ml  portions).  The  complex 
and  glass  wool  were  stirred  with  75  ml  of  ether  and  decomposed 
by  dropwise  addition  of  distilled  water  (20  ml).    The  ether  layer 


was  separated  and  dried  (MgS04)  and  the  solvent  removed  on  a 
rotary  evaporator.  The  oily  residue,  when  stirred  with  20  ml  of 
pentane,  gave  2.48  g  (28  %)  of  the  desired  carbinol.  mp  1 16.5-1 17.0'. 
Recrystallization  from  pentane  raised  the  melting  point  to  11 8- 
118.5°.  The  mother  liquors  gave  4.8  g  of  a  complex  mixture  (tic) 
containing  some  of  the  desired  carbinol.  The  nmr  spectrum  of  1 
in  CO4  had  a  singlet  at  r  7.22  (1  H)  and  a  complex  multiplet  at 
r  4.42-2.67  (16.9  H).w 

Procedure  C.  4-Methyl-2'-plienyltripbenyliiietliaiiol  (8). 
/>-Tolyllithium  was  prepared  (Ns  atmosphere)  from  0.40  g  (0.057 
g-atom)  of  lithium  and  10.0  g  (0.0585  mole)  of/y-bromotoluenein 
75  ml  of  anhydrous  ether.    To  the  gray  solution  was  added  drop- 
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HL    Rate  Constants  (sec~  \  X  10^)  for  Cyclization  of  2-Phenyltriarylcarbinols  in  80  %  Aqueous  Acetic  Acid  Containing 
Tunc  Add* 


Dmpd 

15** 

20  *» 

25  *» 

30^ 

35^ 

1 

(0.295) 

1.26±0.03 

2.53  ±0.12 

4.93  ±0.03 

8.89±0.15 

2 

(0.257) 

(0.631) 

1.36±0.01 

2.25  ±0.02 

13.5±0.1* 

3 

(0.646) 

1.54=h0.02 

2.64  =fc  0.02* 

5.06±0.08 

9.94  ±0.27 

4 

1.87=h0.15 

3.90=h0.09 

7.88=t0.17 

12.2  ±0.1* 

23.8  ±0.9 

5 

6.39dt0.13 

9.88=1=0.02 

19.5dt0.2 

33.0±0.3 

(57.5) 

6 

9.66=h0.38 

15.5dt0.1 

26.4  ±0.6 

50.4±1.6 

76.2±1.6 

7 

12.3dt0.1 

21.8±0.1 

39.2  ±0.1 

66.2±1.3 

(148) 

8 

23.3±0.3 

44.5=h0.2 

86. 3  ±0.5* 

137  ±1* 

(283) 

9 

5.6±0.05 

8.82:1:0.04 

14.7±0.1 

24.4±0.6 

36.0  ±0.7 

10 

53.4±0.1 

99.2dt0.7 

153  ±5 

(282) 

(363) 

11 

(2.04) 

2.79=fc0.01 

4.64±0.2 

8. 00  ±0.05* 

(12.3) 

U 

(0.12) 

0.238  ±0.003* 

(0.417) 

0.701  ±0.007 

ures  in  parentheses  are  estimated  from  Arrhenius  plots. 
:,  which  are  the  average  of  only  two  runs. 


All  values  are  the  average  of  three  or  more  runs,  except  those  marked  with  an 


rer  15  min  a  solution  of  4.0  g  (0.0155  mole)  of  2-phenyl- 
henone  in  1(X)  ml  of  anhydrous  ether.  The  mixture  was 
1  for  1  hr,  then  decomposed  with  50  ml  of  water.  Sepa- 
of  the  ether  layer,  drying,  and  evaporation  afforded  6.0  g 
yellow  oil  which  was  chromatographed  on  silica  gel  (Baker's) 
XI4  as  eluent.  The  first  three  fractions  ( 1 50  ml)  yielded  3.0  g 
ure  alcohol;  the  remaining  fractions  (350  ml)  gave  2.5  g 
ar  oil  which  became  a  glass  when  final  traces  of  solvent  were 
d.  The  glass  resisted  crystallization  from  pentane  or  ben- 
sitane,  but  on  standing  for  2  months  deposited  a  few 
I  (mp  60-75'')  which  were  used  to  seed  a  hexane  solution  of 
ss.  In  this  way,  2.0  g  (37  %)  of  8,  recrystallized  from  hexane, 
5-74.5*',  were  obtained.  The  product  gave  a  single  tic  spot, 
80  m/i  (c  790),  and  an  nmr  spectrum  with  singlets  at  r  7.35 
Qd  7.70(3  H)  and  a  mulUplet  at  r  3.38-2.66  (18  U),^ 
unlkm  of  94>-DiarylfluoreMf.  Preparation  of  these  com- 
i  in  pure  form  offered  no  difikulties,  and  the  procedures 
d  briefly  in  footnote  b  of  Table  VII  should  suffice  for  dupli- 
)ur  results. 

tic  Procedure.  Reactions  were  carried  out  in  1-cm,  3-ml, 
red,  rectangular,  silica  cells  in  the  thermostated  cell  compart- 
>f  a  Beckman  DB  spectrophotometer,  using  a  Tecam  cir- 
g  unit  to  control  the  temperature  to  ±0. 1  °.  Most  reactions 
joi  in  a  solvent  containing  4.(XX)  ±  0.001  %  by  weight  sul- 
ad  in  80%  aqueous  acetic  acid.  The  solvent  was  prepared 
ettler  analytical  balance  by  placing  5gofl00±0.1%  sulfuric 
1  a  stoppered  weighing  flask  and  diluting  with  80.0%  by 
aqueous  acetic  add  until  the  desired  percentage  was  ol> 
This  volume  of  solvent  was  usually  sufficient  to  run  the 
s  of  all  the  compounds  at  a  single  temperature.  To  minimize 
due  to  deterioration  of  the  add  solution^*  the  solvent  was 
ithin  5  days. 

i  solutions  of  the  carbinols  were  prepared  in  5-ml  volumetric 
ising  anhydrous  benzene  as  the  solvent.  Aliquots  (5  /nl)  of 
>lutions  (using  a  10-/Ltl  Hamilton  syringe  for  measurement) 
laoed  in  2-ml  volumetric  flasks  and  thermostated  until  use. 
liluted  to  2  ml  with  solvent,  the  solutions  were  about  9  X  10~* 
irbinoL 


8.  M.  Tolbert  and  O.  E.  K.  Branch,  /.  Am,  Chem.  Soc,,  69,  1083 


A  solution  of  each  9,9-diarylfluorene  was  prepared  by  diluting 
5  /Ltl  of  a  benzene  stock  solution  of  the  hydrocarbon  with  the  reaction 
solvent.  This  solution  was  then  used  to  set  the  exact  Xmmx  wave- 
length position  of  the  "308-m/i*'  band  on  the  instrument  wave- 
length selector. 

Aliquots  of  stock  carbinol  solution  were  diluted  with  thermo- 
stated sulfuric  add-acetic  acid  solution,  mixed  by  six  inversions, 
and  poured  into  the  thermostated  silica  cells,  and  the  recorder  was 
started.  Elapsed  time  was  30  sec  at  most;  time  of  mixing  was 
taken  as  zero  reaction  time.  The  recorder  was  then  allowed  to 
record  the  appearance  of  product  as  a  function  of  time,  measured  to 
an  accuracy  of  1  sec/hr. 

Rate  constants  were  obtained  from  the  expression  kt  »  2.303 
log  lA}rHAh"  —  Ah)]  where  A^  is  the  absorbance  of  the  hydro- 
carbon at  time  /  and  Ah^  is  its  absorbance  at  infinite  time.  For 
those  reactions  in  which  carbonium  ion  was  observable  (9-12) 
the  expression  was  modified  to  kt  =  2.303  log  [Cf^ch  —  eOf 
(Ah"  —  Ah)]  where  C^^  was  the  initial  concentration  of  carbonium 
ion,  €h  and  €%  were  the  molar  extinction  coeflidents  of  the  product 
and  the  carbonium  ion  at  308  m/i,  and  other  terms  are  as  defined 
above,  to  correct  for  the  finite  absorbance  of  the  carbonium  ion 
at  **308  m/i.'*  The  rates  were  also  followed,  in  these  cases,  by  the 
decrease  in  absorbance  at  the  Xmax  of  the  carbonium  ion  (Table  III). 
Plots  of  log  [l/(i4h*°  —  Ah)]  were  linear  in  all  cases.  Rate  constants 
were  checked  with  solvent  and  stock  solutions  prepared  at  different 
times,  and  gave  excellent  agreement.  The  data  are  summarized 
in  Tables  vni,  IV,  and  V. 

Preparation  of  tlie  Deuterated  Soifent  For  the  results  described 
in  Table  V,  solvent  was  prepared  as  follows:  to  16.1908  g  (0.3202 
mole)  of  D|0  (Merck,  Canada)  was  added  dropwise  2.0367  g  of 
100  ±  0.1  %  HfSOi.  The  flask  was  fitted  with  a  condenser,  and 
32.6937  g  of  acetic  anhydride  was  added  dropwise.  Initial  addi- 
tions caused  warming  and  slight  sputtering  at  the  surface.  After 
complete  addition,  the  system  was  closed  and  mixed  well,  then 
allowed  to  remain  at  25  **  for  20  hr  before  use.  The  final  percentage 
was  4.00%  HtS04  in  80.0%  DOAc  and  20.0%  DsO. 

Acknowledgment.  We  are  indebted  to  the  Army 
Research  Office  (Durham)  for  generous  support  of  this 
research  (DA-31-124-ARO(D)-157). 
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Carbanions.    X.    The  Preferential  Migration  of  p-Biphenylyl  in 
2-m-Biphenylyl-2,2-bis  ( p-biphenylyl )  ethyllithium*** 

Erling  Grovenstein,  Jr.,  and  Gary  Wentworth 

Contribution  from  the  School  of  Chemistry,  Georgia  Institute  of  Technology, 
Atlanta,  Georgia    30332,    Received  January  3, 1967 

Abstract:  Reaction  of  2-chloro-l-/w-biphenylyl-l,l-bis0^biphenylyl)ethane  with  lithium  in  tetrahydrofuran  at 
—65°  yields  2-/w-biphenylyl-2,2-bis(/>-biphenylyl)ethyllithium  as  shown  by  carbonation  to  give  3-/w-biphenylyl-3,3- 
bis(/>-biphenylyl)propanoic  acid.  When  the  solution  of  2-/w-biphenylyl-2,2-bis0^biphenylyl)ethyllithium  is  wanned 
to  0®  and  held  at  this  temperature  3  hr  before  carbonation,  the  crude  acid  obtained  consists  of  at  least  98.6  ±  0.4% 
of  2-m-biphenylyl-2,3-bis(/>-biphenylyl)propanoic  acid.  The  much  higher  migratory  aptitude  of /^•biphenylyl  than 
of  m-biphenylyl  is  taken  to  indicate  that  migration  of  an  aryl  group  in  such  organoUthium  compounds  occurs  in  a 
carbanion  by  way  of  a  cyclic  or  bridged  transition  state  or  intermediate  such  as  I.  Analogies  are  pointed  out  to 
certain  related  rearrangements  involving  1,2  shifts  of  vinyl,  carbonyl,  and  trimethylsilyl  groups,  and  it  is  suggested 
that  the  area  of  carbanion  rearrangements  is  more  general  than  usually  supposed. 


In  a  previous  paper'  it  was  shown  that  2,2,2-triphenyl- 
ethyllithium  in  tetrahydrofuran  solution  undergoes 
rearrangement  to  1,1,2-triphenylethyllithium  in  the  pres- 
ence of  benzyllithium  or  phenyllithium-C^*  without 
detectable  incorporation  of  benzyl  or  radioactive  phenyl 
groups.  These  experiments  demonstrate  that  the  1,2 
shift  of  phenyl  occurs  without  the  formation  and  re- 
addition  of  kinetically  free  phenyl  radical,  phenyl  anion, 
or  phenyllithium.^  The  rearrangement  was  thereby 
concluded  to  occur  by  an  intramolecular  process. 
These  experiments,  however,  did  not  eliminate  the 
possibility*  that  2,2,2,-triphenylethyllithium  undergoes 
elimination  of  phenyl  anion  (or  radical)  but  that  phenyl 
anion  (or  radical)  and  1,1-diphenylethene  (or  corre- 
sponding radical  anion)  exist  in  a  solvent  ''cage'*  and 
recombine  before  radioactive  phenyllithium  or  benzyl- 
lithium  can  diffuse  into  the  "cage."  The  possibility 
that  ordinary  phenyllithium  and  1,1-diphenylethene 
could  exist  in  such  a  solvent  "cage"  and  combine  before 
radioactive  phenyllithium  or  benzyllithium  could  diffuse 
into  the  "cage"  can  be  dismissed  since  phenyllithium 
was  found'  to  add  to  1,1-diphenylethene  only  slowly 
under  the  reaction  conditions.  An  attractive  variation" 
of  the  cage-recombination  mechanism  is  that  rearrange- 
ment of  2,2,2-triphenylethyllithium  occurs  with  elimina- 
tion of  phenyllithium  as  an  ion  pair  to  which  1,1-di- 
phenylethene is  bound  as  a  ligand  of  the  lithium  ion; 
the  ion  pair-olefin  complex  then  collapses  to  final  prod- 
uct before  an  external  organoUthium  compound  can 
attack  the  1,1-diphenylethene  in  the  complex  (eq  1). 

While  such  elimination-readdition  mechanisms  may 
appear  attractive  in  light  of  the  proof'-*  of  occurrence 
of  an   intermolecular  elimination-readdition   mecha- 

(1)  Abstracted  from  the  Ph.D.  thesis  of  G.  Wentworth,  Georgia 
Institute  of  Technology,  1966. 

(2)  Presented  in  part  before  the  Division  of  Organic  Chemistry  at  the 
152nd  National  Meeting  of  the  American  Chemical  Society,  New  York, 
N.  Y.,  Sept  13,  1966. 

(3)  Part  IX:  E.  Grovenstein,  Jr.,  and  G.  Wentworth,  J.  Am.  Chem, 
5oc..  89,  1852(1967). 

(4)  By  **kinetically  free"  we  mean  that  the  phenyl  radical,  phenyl 
anion,  or  phenyllithium  had  sufficient  lifetime  to  diflfuse  into  the  sur- 
rounding solvent  away  from  the  1,1-diphenylethene  (or  1,1-diphenyl- 
ethene radical  anion).  It  is  assumed  here  that  kinetically  free  phenyl 
radicals  (or  anions)  would  undergo  very  rapid  lithium  atom  (or  lithium 
cation)  transfer  reactions  with  benzyllithium  or  phenyllithium-C^^. 

(5)  E.  Grovenstein,  Jr.,  and  G.  Wentworth.  ibid,,  85,  3305  (1963). 

(6)  D.  J.  Cram,  "Fundamentals  of  Carbanion  Chemistry,**  Academic 
Press  Inc.,  New  York,  N.  Y.,  1965,  p  237. 
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nism  for  rearrangement  of  2,2,3-triphenylpropyllith- 
ium,  in  earlier  work  it  was  proposed  that  phenyl  migra- 
tion^ proceeded  by  way  of  a  cyclic  transition  state  or 
reaction  intermediate  such  as  I  for  rearrangement  of 
2,2,2-triphenylethyllithium;     similar   transition   states 


PhaC 


of  intermediates  were  proposed  by  Zimmerman  and 
Zweig*  for  migration  of  phenyl  in  2,2-diphenylpropyl- 
lithium  and  phenyl  or  p-tolyl  in  2-phenyl-2-(/^-tolyl> 
propyllithium. 

The  present  investigation  was  undertaken  in  order 
to  try  to  distinguish  between  the  proposed  intramolec- 
ular elimination-readdition  mechanisms  of  phenyl 
migration  and  the  intramolecular  cyclic  mechanism  of 
migration  by  way  of  an  intermediate  or  transition  state 
such  as  I.  Such  a  distinction  appears  possible  since 
in  the  elimination-readdition  process  the  unshared 
electron  pair  in  the  phenyl  anion  or  the  unpaired  elec- 
tron in  the  phenyl  radical  is  in  an  sp*  orbital  which  is 
orthogonal  to  the  aromatic  ir  orbitals  of  the  migrating 
phenyl  group;  hence  the  presence  of  a  substituent  at  the 
meta  or  para  position  of  the  phenyl  group  would  not  be 
expected  to  greatly  affect  the  rate  of  elimination  of  that 
group  as  an  anion  or  radical.  For  comparison, 
Streitwieser  and  Lawler*  have  found  that  the  rate  of 
deuterium  exchange  in  biphenyl  with  lithium  cyclo- 
hexylamide  in  cyclohexylamine  is  for  a  para  position 
only  2.3  times  that  of  a  single  position  in  benzene  and 
for  a  meta  position  3.7  times  that  of  a  position  in  ben- 
zene; similar  partial  rate  factors  were  reported  by 
Shatenshtein^®  for  exchange  with  potassium  amide  in 

(7)  E.  Grovenstein,  Jr.,  and  L.  P.  Williams,  Jr.,  /.  Am,  Chem.  Sac., 
83,  2537  (1961). 

(8)  H.  E.  Zimmerman  and  A.  Zweig,  ibid.,  83,  1196(1961). 

(9)  A.  Streitwieser,  Jr.,  and  R.  G.  Lawler,  ibid.,  85,  2854  (1963); 
87,  5388  (1965). 

(10)  A.  I.  Shatenshtein,  Advan.  Phys,  Org,  Chem.,  1,  187  (1963). 
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ammonia.  For  rearrangement  of  a  2,2,2-tri- 
hyllithium  proceeding  by  elimination  of  an  aryl 
{cf.  eq  1),  a  m-biphenylyl  anion  would  be  expected 

eliminated  somewhat  more  readily  than  a  p- 
nylyl  anion  and  thus  m-biphenylyl  should  migrate 
vhat  more  readily  thanp-biphenylyl. 
the  other  hand  if  rearrangement  of  2,2,2-triaryI- 
ithium  proceeds  by  way  of  an  intermediate  such 
I  p-biphenylyl  group  should  migrate  more  readily 
a  m-biphenylyl  group  because  the  intermediate 
>m  /?-biphenylyl  migration  should  have  greater 
e  delocalization  than  that  of  III  from  m-biphenylyl 
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tion  since  the  mesomeric  effect  of  the  substituent 
r\  group  is  not  conveyed  nearly  as  effectively  from  a 
as  from  Sipara  position.  In  a  system  of  somewhat 
ir  electrical  demand,  m-  andp-phenyl  as  substituent 
^  increase  the  ionization  constant  of  phenoP^ 
ding  to  the  usual  linear  Hammett  relationship  if 
ituent  constants  of  +0.124  and  +0.205,  respec- 
,  are  assigned  ^'  these  groups. 
:ordingly  2-m-biphenyl-2,2-bis(;?-biphenylyl)ethyl- 
m  was  prepared  by  reaction  of  2-chloro-l-/n- 
nyl-l,l-bis(p-biphenylyl)ethane  with  lithium,  and 
elative  migratory  aptitude  of  m-biphenylyl  vs. 
henylyl  was  determined. 

ts 

Synthesis  of  l-Chloro-l-m-biphenylyl-lyl-bisCp-bi- 
rlyl)ethane.    Initially  it  was  intended  to  prepare 

compound  from  chloro-/n-biphenylylbis(;?-bi- 
^lyl)methane  according  to  the  procedure  used  for 
ration**  of  2-chloro-l,l,l-triphenylethane  from 
otriphenylmethane.  /n-Biphenylylbis(;?-biphenyl- 
binol  was  prepared  by  reaction  of  3-lithiobiphenyl 

4,4'-diphenylbenzophenone  in  tetrahydrofuran; 
ver  attempts  to  convert  this  carbinol  to  the  chlo- 
>y  reaction  with  acetyl  chloride  according  to  the 
dure**  for  conversion  of  triphenylcarbinol  to 
3triphenylmethane  gave  a  halogen-free  product. 
i  reaction  of  the  carbinol  with  thionyl  chloride  and 
ine*^  gave  a  chlorine-containing  product,  the 
ial  in  our  hands  proved  difficult  to  purity.  Ac- 
ngly  the  procedure  in  Scheme  I  was  adopted. 
luction  of  4,4'-diphenylbenzophenone  by  the 
ied  Wolff-Kishner  procedure  of  Huang-Minion" 
an  almost  quantitative  yield  of  bis(/?-biphenylyl)- 
me,  whereas  Clemmenson  reduction  under  either 
cidic  or  alkaline  conditions  of  Martin*^  resulted 

F.  Kieffcr  and  P.  Rumpf,  Compt.  Rend.,  238,  360  (1954). 
These  ^  values  were  calculated  from  the  reported  **  pK^.  values  of 
lyl-  and  p-phenylphenol  and  a  plot  of  pK^.  vs.  a  for  other  phenols 
Cohen  and  W.  M.  Jones,  /.  Am.  Chem.  Soc.,  85,  3397  (1963); 
K>n  and  R.  W.  Matthews,  Australian  J.  Chem.,  16,  401  (1963)]. 
E.  Grovcnstcin,  Jr.,  /.  Am.  Chem.  Soc.,  79,  4985  (1957). 
W.  E.  Bachniann  in  "Organic  Syntheses."  Coll.  Vol.  Ill,  E.  C 
g,  Ed.,  John  Wiley  and  Sons,  Inc..  New  York,  N.  Y.,  1955,  p 

R.  H.  Clark  and  H.  R.  L.  Streight,  Trans.  Roy.  Soc.  Canada, 

rj,  I3J  23,  77  (1929). 

Huang-Minion,  /.  Am.  Chem.  Soc.,  68,  2487  (1946). 
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in  almost  quantitative  recovery  of  unreacted  ketone 
(possibly  because  of  the  very  low  solubility  of  the  ketone 
in  aqueous  media).  Bromobis(;7-biphenylyl)methane 
was  prepared  by  reaction  of  bis(;7-biphenylyl)methane 
with  N-bromosuccinimide  according  to  a  general 
procedure  of  Zervas  and  Dilaris^^  except  that  benzoyl 
peroxide  was  employed  as  catalyst.  A  preliminary 
attempt  to  couple  bromobis(;7-biphenylyl)methane  with 
3-lithiobiphenyl  in  tetrahydrofuran  solution  resulted 
in  a  74%  yield  of  l,l,2,2-tetrakis(;?-biphenylyl)ethane, 
possibly  by  way  of  a  halogen-metal  interchange.^* 
The  reaction  of  bromobis(;?-biphenylyl)methane  with 
3-m-biphenylylmagnesium  bromide  in  tetrahydrofuran 
also  gave  l,l,2,2-tetrakis(/^biphenylyl)ethane  in  some 
84%  yield.  While  halogen-metal  interchange  in  reac- 
tions of  Grignard  reagents  has  been  reported**  to  be 
more  facile  in  tetrahydrofuran  than  in  ethyl  ether,  the 
high  yield  of  symmetrical  coupling  product  under  the 
present  conditions  is  unusual.  When  the  coupling  of 
bromobis(/^biphenylyl)methane  with  3-w-biphenylmag- 
nesium  bromide  was  run  in  ethyl  ether,  the  desired 
/n-biphenylylbis(p-biphenylyl)methane  was  obtained ; 
the  best  yield  of  this  compound  (some  72%)  was  ob- 
tained in  ethyl  ether-benzene  solution*^  along  with  18% 
yield  (rf*  l,l,2,2-tetrakis(/^biphenylyl)ethane.  Reaction 
of  m-biphenylylbis(;?-biphenylyl)methane  with  potas- 
sium amide  in  ammonia-ether  solution  gave  a  deeply 
colored  solution  of  the  corresponding  triarylmethyl- 
potassium  which  reacted  readily  with  an  excess  of 
methylene  chloride  to  give  2-chloro-l-m-biphenylyl- 
l,l-bis(p-biphenylyl)ethane.  The  over-all  yield  of  this 
chloride  from  4,4^-diphenylbenzophenone  was  about 
43%. 

Synthesis  of  Carboxylic  Acids.  In  order  to  charac- 
terize the  products  of  carbonation  of  the  organolithium 
compounds  from  2-chloro-l -m-biphenylyl- 1,1 -bis(/?-bi- 
phenylyl)ethane,  it  was  necessary  to  synthesize  all  of  the 
likely  carboxylic  acids. 

3-m-Biphenylyl-3,3-bis(p-biphenylyl)propanoic  acid 
was  prepared  by  reaction  of  w-biphenylylbis(;?-bi- 
phenylyl)carbinol  with  malonic  acid.  This  reaction  is 
modeled  after  the  procedure  of  Hellerman**  for  prepara- 
tion of  3,3,3-triphenylpropanoic  acid  from  triphenyl- 
carbinol; however  in  the  present  case  after  the  reactants 
were  heated  at  a  bath  temperature  of  220°  for  12  hr, 
the  starting  carbinol  was  recovered  almost  quantitatively. 
Also  heating  of  the  reactants  with  acetic  anhydride 
according  to  the  modification  of  Hellerman's  procedure 

(17)  E.  L.  MarUn.  ibid.,  58,  1438  (1936). 

(18)  L.  Zervas  and  I.  Dilaris.  ibid.,  77,  5354  (1955). 

(19)  Cf.  R.  G.  Jones  and  H.  Oilman.  Org.  Reactions,  6,  350  (1951). 

(20)  L.  I.  Zakharkin.  O.  Yu.  Okhlobystin.  and  K.  A.  Bilevitch,  /. 
Organometal.  Chem.  (Amsterdam),  2,  309  (1964). 

(il)  Cf.  W.  E.  Bachman.  /.  Am.  Chem.  Soc.,  55,  2135  (1933). 
(22)  L.  Hellerman,  ibid.,  49,  1735  (1927). 
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suggested  by  Gagnon^'  failed  to  give  any  of  the  desired 
carboxylic  acid.  Evidently  because  of  the  high  melting 
point  of  w-biphenylylbis(;?-biphenylyl)carbinol,  malonic 
acid  decomposes  before  an  effective  melt  of  the  reactants 
can  be  obtained  even  in  presence  of  acetic  anhydride 
(bp  140°);  however  in  the  presence  of  higher  boiling  n- 
butyric  anhydride  (bp  198°),  3-m-biphenylyl-3,3-bis- 
(p-biphenylyl)propanoic  acid  was  obtained  though  in 
only  17%  yield. 

3-m-Biphenylyl-2,2-bis(;?-biphenylyl)propanoic  acid- 
1-C**  was  synthesized  according  to  the  method  of 
Scheme    II.        Reaction    of    bromobis(;?-biphenylyl)- 
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methane  with  cuprous  cyanide  at  160°  gave  the  ex- 
pected nitrile;  however  attempts  to  obtain  this  nitrile 
by  reaction  of  the  same  bromide  with  sodium  cyanide 
in  acetone  or  in  dimethyl  sulfoxide '*  were  unsuccessful. 
In  the  latter  solvent,  after  addition  of  water  4,4 '-di- 
phenylbenzophenone  (27  %  yield)  was  isolated  in  addi- 
tion to  bis(;?-biphenylyl)carbinol.  The  carbinol  doubt- 
lessly arose  from  hydrolysis  of  the  bromide  while  the 
ketone  possibly  arose  from  0-alkylation  of  the  solvent, 
followed  by  base-catalyzed  elimination.  Attempts  to 
hydrolyze  bis(;?-biphenylyl)ethanenitrile  with  dilute 
potassium  hydroxide**  in  diethylene  glycol  at  80° 
resulted  in  essentially  quantitative  recovery  of  starting 
nitrile,  while  at  160°  a  94%  yield  of  bis(;?-biphenylyl)- 
methane  arose,  doubtlessly  by  decarboxylation  of  the 
desired  acid.  At  1 20  °  bis(/?-biphenylyl)ethanoic  acid  was 
obtained  in  some  60  %  yield.  Methyl  bis(/7-biphenylyl)- 
ethanoate  was  alkylated  with  3-(bromomethyl)biphenyl 
in  moderate  yield  by  a  procedure  similar  to  that  of 
Hauser ;  ^  saponification  of  the  product  gave  the  desired 
3-m-biphenylyl-2,2-bis(p-biphenylyl)propanoic  acid- 1  - 
C^*  in  an  over-all  yield  of  some  15%  from  bromobis(p- 
biphenylyl)methane. 

2-m-Biphenylyl-2,3-bis(p-biphenylyl)propanoic  acid- 
1-C**  Was  synthesized  according  to  the  method  of 
Scheme  III.  While  all  of  the  products  from  the  reac- 
tions shown  in  Scheme  III  are  new  compounds,  the 
reactions  are  quite  similar  to  those  which  have  been  dis- 
cussed earlier  (Schemes  I  and  II). 

Reaction  of  2-Chloro-l-/n-biphenylyl-l9l-bis(/?-bi- 
phenylyl)ethane  with  Lithium.  The  reaction  of  2- 
chloro- 1  -m-biphenylyl- 1 , 1  -bis(;?-biphenylyl)ethane  with 
lithium  in  tctrahydrofuran  at  —65°  followed  by  carbon- 
ation  gave  a  carboxylic  acid  which  was  found  to  be 
identical  with  the  sample  of  3-m-biphenyl-3,3-bis(/?- 
biphenylyl)propanoic  acid  (mp  226.4-228.1°)  whose 
synthesis  is  reported  above.    Thus  this  reaction  with 

(23)  P.  Gagnon.  Ann.  Chim,  (Paris).  [10)  12,  299  (1929). 

(24)  C/.  A.  C.  Cope  and  A.  S.  Mehta,  /.  Am,  Chem.  Soc.,  86,  5626 
(1964). 

(25)  C/.  F.  S.  Prout.  et  al,  in  "Organic  Syntheses,"  Coll.  Vol.  IV,  N. 
Rabjohn,  Ed.,  John  Wiley  and  Sons,  Inc.  New  York.  N.  Y.,  1963,  p  95. 

(26)  W.  G.  Kenyon,  R.  B.  Meyer,  and  C.  R.  Hauser,  /.  Org.  Chem., 
28,3108(1963). 
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lithium  gave  the  expected  organolithium  compound  and 
provides  conformation  of  the  structure  of  the  starting 
chloride. 

In  contrast  reaction  of  2-chloro-l-/n-biphenylyl-l,l- 
bis(;7-biphenylyl)ethane  with  lithium  in  tctrahydrofuran 
at  0^  gave  according  to  Oilman's  double-titration  tech- 
nique^ ^  ^^  %  yield  of  organolithium  compound  and, 
after  carbonation,  a  30%  yield  of  crude  acid  of  rap 
208.0-209.5°.  This  acid  was  essentially  identical 
with  the  sample  of  2-m-biphenylyl-2,3-bis(p-biphenylyl)- 
propanoic  acid-l-C**  (mp  209.0-210.0°)  prepared  by 
Scheme  III.  According  to  an  isotope-dilution  analysis 
with  this  radioactive  acid,  98. 1  d=  0.5  %  of  the  crude  acid 
was  2-m-biphenyl-2,3-bis(p-biphenylyl)propanoic  acid. 
From  this  result  it  is  obvious  that  a  p-biphenylyl  group 
has  undergone  a  1,2  shift  during  the  reaction  of  2-chloro- 
l-m-biphenylyl-l,l-bis(p-biphenylyl)ethane  with  lithium 
at  0°  some  time  prior  to  carbonation. 

In  order  to  provide  more  information  concerning  the 
nature  of  this  rearrangement,  the  reaction  of  the  chlo- 
ride was  repeated  as  before  with  lithium  at  —  65  °.  After 
the  usual  3-hr  stirring  period  at  this  temperature,  titra- 
tion indicated  a  39%  yield  of  organolithium  com- 
pound. The  solution  was  then  allowed  to  warm  to  0® 
and  stirred  at  this  temperature  for  4  hr  before  carbona- 
tion. The  crude  acid  was  obtained  in  38%  yield  and 
according  to  isotope-dilution  analysis  contained  98.6 
=t  0.4%  of  2-w-biphenyl-2,3-bis(/?-biphenylyl)propanoic 
acid.  This  result  together  with  the  first  reaction  at 
—  65°  implies  that  reaction  of  2-chloro-l-m-biphcnylyl- 
l,l-bis(/?-biphenylyl)ethane  with  lithium  in  tctrahydro- 
furan at  —65°  yields  2-w-biphenylyl-2,2-bis(p-bi- 
phenylyl)ethyllithium  and  that  upon  increase  of  temper- 
ature to  0°  this  organolithium  compound  rearranges  to 
1  -m-biphenylyl- 1 ,2-bis(/7-biphenylyl)ethyllithium.  At- 
tempts to  analyze  the  crude  reaction  product  for  3-w-bi- 
phenylyl-2,2-bis(;?-biphenylyl)  propanoic  acid  (the  prod- 
uct expected  for  migration  of  the  m-biphenylyl  group) 
were  unsuccessful ;  the  98.6  ±0.4%  yield  of  2-m-biphenyl- 
2,3-bis(/?-biphenylyl)propanoic  acid  corresponds  to  the 
minimum  amount  of />-biphenylyl  migration  in  the  prod- 
uct acid  since  the  remainder  of  the  crude  product  may 
have  been  an  impurity  (solvent,  stopcock  grease,  etc.) . 

(27)  H.  Oilman  and  A.  H.  Haubein,  /.  Am.  Chem.  Soc.,  66,  1515 
(1944). 
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^  present  demonstration  that  in  the  rearrangement 
n-biphenylyl-2,2-bis(p-biphenylyl)ethyllithium  the 
lenylyl  group  migrates,  after  statistical  correction 
lequal  numbers  of  biphenylyl  groups,  more  than 
times  more  readily  than  the  m-biphenylyl  group 
ies  strong  evidence  against  rearrangement  pro- 
ig  by  elimination  of  a  biphenylyl  anion  and  re- 
on  of  this  anion  to  the  resulting  l,l-bis(bi- 
1yl)ethene  according  to  any  of  the  detailed  paths 
.  have  been  previously  discussed.  This  argument 
the  basis  that  a  m-biphenylyl  anion  should  be 
lated  more  readily  than  a  p-biphenylyl  anion  if 
gies  with  the  relative  ease  of  formation***®  of 
id  /^-biphenylyl  anions  during  base-catalyzed  hy- 
n  exchange  upon  biphenyl  are  pertinent  and  if,  as 
ted,  a  l,l-bis(p-biphenylyl)ethene  moiety  is  some- 
more  stable  than  a  l-m-biphenylyl-p-biphenylyl 
y  in  the  transition  state  for  the  elimination, 
th  less  certainty,  the  present  migratory  aptitudes 
-ule  out  migration  by  way  of  a  biphenylyl  radical 
,l-bis(biphenylyl)ethene  radical  anion.  This  con- 
»n  is  based  on  the  probable  argument  that  the  1,1- 
biphenylyl)ethene  radical  anion  is  somewhat  more 
I  (thanks  to  greater  electron  delocalization)  and 
fore  more  readily  formed  than  l-m-biphenylyl- 
iphenylylethene  radical  anion  and  also  that  m- 
nylyl  radical  is  likely  more  readily  formed  than 
henylyl  radical  because  of  greater  contribution 
the  polar  structure  V  in  the  transition  state  for 
age.    Structure  V  should  be  more  stable  when  the 
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>  being  cleaved  is  /w-biphenylyl  rather  than  p-bi- 
^lyl  because  of  the  greater  stability  of  a  m-bi- 
^lyl  than  /^-biphenylyl  anion,  which  is  implied  by 
rcater  ease  of  formation  of  the  former.  For  re- 
gement  proceeding  by  way  of  cleavage  into  a  bi- 
^lyl  radical  and  l,l-bis(biphenylyl)ethene  radical 
I  we  would,  therefore,  anticipate  that  m-biphenylyl 
il  would  cleave  and  hence  appear  to  migrate  more 
ly  than  /^-biphenylyl  radical,  a  result  contrary  to 
[>served  migratory  aptitudes. 
z  observed  migratory  aptitudes  are  in  good  agree- 
with  rearrangement  proceeding  by  way  of  a  cyclic 
ition  state  or  intermediate  such  as  II  or  III.  The 
>ns  of  II  and  III  which  are  of  significant  energetic 
ence  are  contained  in  structures  VI  and  VII, 


VI 


vn 


ctively,  which  are  illustrated  for  simplicity  by 
;  canonical  structures.  In  the  simple  Hiickel 
3  molecular  orbital  approximation,  the  energies 
uctures  VI  and  VII  are  the  same  as  those  of  struc- 
VIII     and     IX,    respectively.      Calculations** 

A.  Streitwieser,  Jr.,  and  J.  I.  Brauman,  "Supplemental  Tables  of 
liar  Orbital  Calculations,**  Vol.  I,  Pergamon  Press  Inc.,  New 
N.  Y.,  1965,  pp  92  and  94. 
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show  that  VIII  is  more  stable  than  IX  by  0.97  |j8|  unit. 
While  |j8|  must  be  regarded  as  an  empirical  parameter, 
a  value  of  35  kcal/mole  has  been  found**  for  attachment 
of  a  proton  upon  a  benzenoid  ring  to  give  a  cationic 
<r  complex.  If  this  value  of  |j8|  is  assumed  in  the 
present  case,  the  equilibrium  ratio  of  VI  to  VII  (or  of 

II  to  III  after  statistical  correction  for  unequal  numbers 
of  migrating  groups)  is  calculated  to  be  525;  if  |j3| 
is  20  kcal/mole,  the  calculated  ratio  is  36.  These  calcu- 
lations suffice  to  show  that  transition  states  or  inter- 
mediates II  and  III  differ  sufficiently  in  energy  to  account 
for  the  observed  highly  preferential  migration  of  p- 
biphenylyl  over  m-biphenylyl. 

While  we  believe  that  the  present  migratory  aptitudes 
are  best  accommodated  by  rearrangement  occurring 
in  a  carbanion  by  way  of  II  or  III,  it  might  be  noted 
that  preferential  migration  of  /^-biphenylyl  over  m- 
biphenylyl  would  also  be  expected  if  the  rearrangement 
occurred  in  the  corresponding  free  radical  through 
transition  states  or  intermediates  differing  from  II  or 

III  by  one  less  electron  each.  Previously  it  has  been 
argued  that  the  greater  migratory  aptitude  of  benzyl 
over  phenyl  in  rearrangement  of  2,2,3-triphenylpropyl- 
lithium  provides  evidence  for  rearrangement  occurring 
in  a  carbanion  rather  than  a  free  radical.^  While  this 
general  argument  still  appears  correct,  the  conclusion  is 
restricted  to  migration  of  benzyl  and  is  not  applicable 
to  migration  of  phenyl  in  2,2,2-triphenylethyllithium 
since  migration  of  benzyl  occurs  by  an  intermolecular 
process  while  migration  of  phenyl  occurs  by  an  intra- 
molecular process. ''^^  It  has  also  been  argued  that 
rearrangement  of  phenyl  in  2,2-diphenylpropyllithium 
occurs  in  a  carbanion  rather  than  a  free  radical,  be- 
cause inter  alia  rearrangement  of  2-p-tolyl-2-phenyl- 
propyllithium  occurs  with  preferential  migration  of 
phenyl  over  p-tolyl;*  in  this  argument  it  was  assumed  on 
general  grounds  thatp-tolyl  would  migrate  more  readily 
than  phenyl  for  rearrangement  of  a  free  radical.  More 
recently,  however,  it  has  been  demonstrated  that  phenyl 
migrates  more  readily  than  p-tolyl  in  rearrangement  of 
free  radicals.*®  While  for  1,2  shifts  of  phenyl  and  other 
aryl  groups  occurring  during  rearrangements  of  organo- 
lithium  compounds,  the  evidence  in  favor  of  rearrange- 
ment occurring  in  a  carbanion  rather  than  a  free  radical 
is  not  as  strong  as  once  supposed;  the  general  evi- 
dence*''* can  still  be  most  simply  accommodated  on  the 
view  that  these  are  rearrangements  of  carbanions. 

Finally  it  is  of  interest  to  note  that  intramolecular 
rearrangements  of  carbanions  or  organometallic  com- 
pounds have  been  observed  for  1,2  shifts  of  vinyl'* 
and   carbonyl"     as   well   as   aryl.    These   reactions, 

(29)  A.  Streitwieser,  Jr..  "Molecular  Orbital  Theory  for  Organic 
Chemistry,"  John  Wiley  and  Sons.  Inc.,  New  York.  N.  Y..  1962.  p  342. 

(30)  C.  RUchardt  and  R.  Hecht,  Tetrahedron  Utters,  961  (1962). 

(31)  E.  Grovenstein,  Jr.,  and  L.  P.  Williams.  Jr..  /.  Am.  Chem.  Soc., 
83,412(1961). 

(32)  D.  J.  Patel.  C.  L.  Hamilton,  and  J.  D.  Roberts,  ibid.,  87,  5144 
(1965);  P.  T.  Lansbury.  V.  A.  Pattison,  W.  A.  Clement,  and  J.  Sidder, 
ibid.,  86,  2247  (1964);  M.  L.  Silver,  P.  R.  Shafer,  J.  E.  Norlander,  C. 
RUchardt,  and  J.  D.  Roberts,  ibid.,  82,  2646  (1960). 

(33)  A.  Nickon.  J.  L.  Lambert.  R.  O.  Williams,  and  N.  H.  Werstiuk, 
ibid.,  88.  3544  (1966);  A.  Nickon,  J.  L.  Lambert,  and  J.  E.  OUver,  ibid., 
88,  2787  (1966);  A.  Nickon  and  J.  L.  Lambert,  ibid.,  88,  1905  (1966); 
J.  P.  Freeman  and  J.  H.  Plonka,  ibid.,  88.  3662  (1966). 
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stripped  of  complicating  details  such  as  the  role  of  the 
metallic  cation  and  solvent,  can  be  represented  in  the 
simplified  form 
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The  remarkable  similarity  of  these  three  rearrangements 
does  not  appear  to  have  received  adequate  emphasis. 
While  it  is  not  known  whether  the  species  (X  and  XII) 
shown  in  brackets  are  transition  states  or  reaction 
intermediates,  at  least  cyclopropylcarbinyllithium  and 
magnesium  derivatives  are  stable  under  certain  experi- 
mental conditions." 

Vinyl,  carbonyl,  and  aryl  groups  have  in  common  an 
unsaturated  character  which  permits  these  groups  to 
accept  additional  electrons  during  the  course  of  rear- 
rangement as  illustrated  by  the  fairly  classical  structures 
of  the  proposed  intermediates  (X,  XI,  XII).  It  seems 
reasonable  also  that  groups  which  are  "unsaturated" 
because  of  the  presence  of  vacant  d  or  p  orbitals  on  the 
atom  Q  to  which  the  carbanionic  center  becomes  at- 
tached (see  XIII)  should  have  high  migratory  aptitudes 


in  carbanion  rearrangements.'*  A  pertinent  example 
in  the  field  of  nitrogen  chemistry  is  provided  by  the 
recent  report  of  facile  base-catalyzed  1,2  shift  of  the 
trimethylsilyl  group  in  various  hydrazines;'*  here  a 
vacant  3d  orbital  of  silicon  is  likely  utilized  during 
rearrangement.  These  considerations  imply  that  the 
area  of  carbanion  rearrangements  is  more  general  than 
usually  supposed  and  that  additional  research  in  this 
area  is  desirable.  Thus  carbanion  rearrangements 
involving  a  1,2  shift  of  an  acetylenic  group  (e.g., 
C^CPh)  appear  likely.  Also  numerous  possibilities 
involving  hetero  atoms  (Zn,  B,  Al,  Si,  Ge,  Sn,  P)  cen- 
trally located  in  the  group  Q  appear  promising.  In 
some  of  these  the  intermediate  XIII  may  be  isolable; 
in  others  polymerization,  elimination,  or  other  side 
reactions  may  occur  in  place  of  rearrangement. 

(34)  A  similar  conclusion  has  been  arrived  at  independently  and 
communicated  to  us  recently  by  Professor  Robert  West. 

(35)  R.  West,  M.  Ishikawa,  and  R.  E.  Bailey,  /.  Am.  Chem.  Soc.,  88, 
4648  (1966);  R.  E.  Bailey  and  R.  West,  ibid.,  86,  S369  (1964). 


Experimental  Section'^ 

m-Biplienylylbi8(/>-biplienylyl)carbiiioL  Into  a  l(X)0-ml  Morton 
flask  equipped  with  a  high-speed  stirrer*^  and  dropping  funnel,  42.0 
g  (0.180  mole)  of  3-bromobiphenyl  was  added  slowly  onto  3.33  g 
(0.480  g-atom)  of  flnely  cut  lithium  and  0.1  ml  of  methyl  iodide  in 
550  ml  of  tetrahydrofuran  (freshly  distilled  from  NaAlHO  at  5* 
under  an  atmosphere  of  dry  nitrogen.  After  addition  of  about  one- 
third  of  the  bromide,  the  reaction  temperature  was  lowered  to 
—25°,  and  the  remainder  of  the  bromide  was  added.  After 
addition  of  the  bromide  was  completed,  the  deep  purple 
solution  was  stirred  for  1  hr  at  —25°.  Oilman  titration"  indi- 
cated the  formation  of  105  mmoies  (58%  yield)  of  3-lithiotiphenyL 
The  solution  was  siphoned  through  a  glass-wool  fiiter  (to  remove 
unreacted  lithium)  under  a  nitrogen  atmosphere  into  a  3-1.  Morton 
flask.  A  solution  of  30.1  g  (0.090  mole)  of  4,4'-diphenylbenzo- 
phenone*  in  1500  ml  of  dry  tetrahydrofuran  was  added  at  a  flask 
temperature  of  5°,  over  a  period  of  1  hr,  and  the  resulting  green 
solution  was  stirred  vigorously  at  room  temperature  for  1  hr.  The 
reaction  mixture  was  acidified  with  4(X)  ml  of  5  %  hydrochloric  add 
and  the  tetrahydrofuran  removed  on  a  rotating  evaporator.  The 
remaining  aqueous  suspension  of  solid  was  extracted  with  ether.  A 
quantity  of  off- white  solid  (7.8  g),  which  was  insoluble  in 
both  aqueous  and  ether  phases,  was  isolated  by  filtration  and 
dried  in  vacuo.  The  ether  extract  upon  evaporation  to  dryness 
yielded  an  orange  solid  residue  which  was  washed  with  cyclo- 
hexane  to  remove  biphenyl.  The  total  weight  of  crude  white 
and  orange  product  was  20.6  g  (mp  201-229°)  of  a  mixture  of  the 
desired  carbinol  and  unreacted  ketone.  Repeated  recrystalliza- 
tions  from  benzene  removed  most  of  the  ketone  and  gave  11.0 
g  (0.022  mole  or  25%  yield  based  on  starting  ketone)  of  white 
powder  of  mp  227-231°.  A  2.00-g  sample  of  this  powder  was 
subjected  to  vacuum  sublimation  at  230°  (0.02  mm),  and  the  sub- 
limate was  recrystallized  four  times  from  benzene  to  give  0.83  g  of 
compound,  mp  231-233°.  This  product  upon  admixture  with  4,4'- 
diphenylbenzophenone  (mp  235-237°)  had  mp  203-222°;  more- 
over the  infrared  spectrum  of  the  product  was  substantially  differ- 
ent from  that  of  the  ketone  (O-H  absorption  at  2.75  /i  and  absence 
of  carbonyl  absorption  at  6. 1  y). 

Anal.  Calcd  for  C,7H280:  C,  90.95;  H,  5.78.  Found:  C, 
90.93,90.90;  H,  5.79,  5.88. 

Reaction  of  a  portion  of  the  carbinol  with  acetyl  chloride*^ 
gave,  after  recrystallization  of  the  product  from  benzene,  a  white 
solid,  mp  128-133°  dec.  A  portion  of  the  sample  in  ethanol  failed 
to  give  a  precipitate  when  treated  with  acidified  silver  nitrate  (tri- 
phenylmethyl  chloride  under  these  conditions  gave  an  instantaneous 
white  precipitate)  and  the  sample  also  gave  a  negative  sodium  fusion 
test  for  halogen.  The  infrared  spectrum  of  the  product  showed 
strong  absorption  at  7.9  ^  (C-O  stretching  frequency),  and  the  nmr 
spectrum  showed  aromatic  but  no  aliphatic  hydrogens.  The  prod- 
uct is  likely  bis[m-biphenylylbis(/>-biphenylyl)methyl]  ether. 

Bi8(/>-biplienylyl)methane.  To  a  solution  of  4,4'-diphenylbenzo- 
phenone  (75.0  g,  0.224  mole)  in  20(X)  ml  of  triethylene  glycol  con- 
taining 38  g  of  potassium  hydroxide  at  120°  was  added  44.7  g  (0.90 
mole)  of  hydrazine  hydrate,  and  the  mixture  was  heated  at  gentle 
reflux  (175°)  for  3  hr.  Excess  hydrazine-water  was  then  allowed 
to  distil  from  the  reaction  mixture  until  a  flask  temperature  of  210° 
was  attained  and  the  mixture  was  maintained  at  this  temperature 
for  26  hr.  The  mixture  was  cooled  to  room  temperature,  diluted 
with  an  equal  volume  of  water,  and  filtered.  The  precipitate  was 
washed  well  with  water  and  this  white  solid  after  drying  amounted 
to  69.8  g  (97%  yield)  of  product  of  mp  157-161  °.  One  recrystalli- 
zation from  absolute  ethanol  (the  product  was  placed  in  the  cup  of 
a  Soxhlet  extraction  apparatus  and  extracted  with  ethanol  in  order 
to  avoid  use  of  a  large  quantity  of  solvent)  gave  63.0  g  of  white 
crystalline  product  of  mp  162-163''  [lit. '*  bis(/>-biphenylyl)niethane 


(36)  Melting  points  were  taken  on  a  Mel-Temp  apparatus  and  are 
uncorrected.  Nuclear  magnetic  resonance  (nmr)  spectra  were  deter- 
mined on  a  Varian  Associates  A-60  instrument.  Infrared  spectra  were 
determined  on  a  Pcrkin-Elmcr  Infracord  Model  137  spectropho- 
tometer. Analyses  were  performed  by  Galbraith  Laboratories,  Inc., 
Knoxville,  Tenn.,  and  by  Bernhardt  Microanalytical  Laboratory, 
Miilheim,  West  Germany.  The  technique  of  combustion  and  counting 
of  radioactive  compounds  was  the  same  as  that  described  earlier  [E 
Grovenstein,  Jr.,  S.  Chandra,  C.  E.  Collum,  and  W.  E.  Davis,  Jr.,  /. 
Am.  Chem.  Soc.,  88.  1275  (1966)]. 

(37)  A.  A.  Morton  and  L.  M.  Redman,  Ind.  Eng.  Chem.,  40,  1 190 
(1948). 

(38)  C.  Calzolari  and  C.  Furlani,  Ann.  Triest.  Cura  Univ.  Trieste^ 
Sez.  2.  22-23,  63  (1953);   Chem.  Abstr.,  49.  938g  (1955). 

(39)  J.  Weiler,  Chem.  Ber.,  7,  1188  (1874). 
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2*1.  The  average  yield  of  crude  product  from  five  similar 
Ations  was96%. 

ioU^(HiiplieBylyl)BWtliaiie.  A  solution  of  1 1 .0  g  (0.0343  mole) 
^biphenylyl)methane,  6.71  g  (0.0377  mole)  of  N-bromosuc- 
ide,  and  0.05  g  of  dibenzoyl  peroxide  in  3(X)  ml  of  carbon 
loride  was  heated  at  reflux  76  hr.  Three  additional  0.05-g 
IS  of  dibenzoyl  peroxide  were  added  periodically  to  the 
n  mixture.  The  solution  was  allowed  to  cool  to  room  tem- 
ne  and  sucdnimide  was  removed  by  filtration.  The  filtrate 
aporated  to  dryness  on  a  rotating  evaporator  and  the  light- 
id  residue,  after  a  recrystallization  from  benzene-petroleum 
gave  10.5  g  (0.0264  mole,  77%  yield)  of  off-white  crystals, 
)8-141°.  After  further  recrystallization  from  benzene- 
um  ether  the  product  had  mp  142-144^  [lit.^  bromobis- 
ieiiylyl)methane  mp  143"^].  The  average  yield  of  six  such 
ations  was73%. 

t^Tctraki8(p4)iplieaylyl)ethaiie.  A.  Preparation  with  3- 
liphenyl.  From  the  reaction  of  9.3  g  (0.040  mole)  of  3- 
biphenyl  vnth  0.61  g  (0.088  g-atom)  of  lithium  in  the  usual 
a  apparatus,  a  solution  of  24  mmoles  (60%  yield  by  Oilman 
in")  of  3-lithiobiphenyl  in  300  ml  of  tetrahydrofuran  was 
ed  at  -  20**.  A  solution  of  8.0  g  (0.020  mole)  of  bromobis- 
ienylyl)methane  in  50  ml  of  tetrahydrofuran  was  added  to  the 
>lithium  compound  at  —20"^  over  a  period  of  20  min.  The 
Qg  mixture  was  stirred  for  10  min  and  then  forced  onto  solid 
I  dioxide.  To  the  carbonated  mixture  was  added  200  ml  of 
^drochloric  acid,  and  the  mixture  was  extracted  with  five 
I  portions  of  ether.  A  quantity  of  solid,  which  remained 
ided  in  the  ether  layers,  was  isolated  by  filtration  and  dried 
t  3.96  g  of  product,  mp  260-270".  An  additional  0.67  g  of 
me  product  [a  total  of  74%  yield  of  crude  l,l,2,2-tetrakis(p- 
iylyl)ethane]  was  isolated  from  the  ether  extract  together  with 
I  oi  3-biphenylcarboxylic  acid  and  2.6  g  of  biphenyl.  A 
KXtion  of  the  hydrocarbon,  mp  260-270'',  was  heated  at  260"" 
nm)  to  remove  0.05  g  of  volatile  impurity.  The  residue  after 
^crystallizations  from  chloroform  and  two  recrystallizations 
toluene  amounted  to  0.83  g  of  white  crystals,  mp  275-279^ 
l,l,2,2-tetrakis(p-biphenylyl)ethane  mp  276-279°]. 
/.  Calcd  for  doHui  C,  94.00;  H,  6.00.  Found:  Q 
93.87;  H,  6.17,  5.97. 

B.  Piepfuration  with  m-BiphenyiylmagneBiani  Bromide.  A 
m  of  in-biphenylylmagnesium  bromide  was  prepared  by  drop- 
ddition  of  13.3  g  (0.057  mole)  of  3-bromobiphenyl  in  50  ml  of 
ydrofuran  to  2.53  g  (0.104  g-atom)  of  magnesium  turnings 
ided  in  500  ml  of  tetrahydrofuran  at  reflux  temperature  in 
ual  Morton  apparatus.  After  4  hr  of  vigorous  stirring,  the 
re  was  cooled  to  25  °  and  a  solution  of  1 1 .4  g  (28.6  mmoles)  of 
>bis(p-biphenylyl)methane  in  1(X)  ml  of  tetrahydrofuran 
Jded  dropwise  over  a  period  of  20  min  and  stirring  was  con- 
1  for  another  20  min  before  addition  of  100  ml  of  5%  hydro- 
:  acid.  The  organic  layer  was  separated,  the  aqueous  layer 
(tracted  with  ether,  and  the  ether  extract  was  combined  with 
-ganic  layer.  Evaporation  to  dryness  gave  a  gummy  solid 
when  washed  with  chloroform  gave  6.2  g  of  white  powder, 
69-277°.  Concentration  of  the  chloroform  solution  and 
an  of  ethanol  gave  upon  chilling  2.0  g  of  solid  which  when 
t  at  245°  (0.02  mm)  gave  0.38  g  of  sublimate,  mp  192-207°. 
sidue  upon  recrystallization  from  toluene  afforded  1.3  g  of 
ct,  mp  270-276°.  The  total  yield  of  high-melting  product 
herefore  7.5  g  (83%  yield).  After  recrystallization  from 
c  the  product  had  mp  274-278°;  the  infrared  absorption 
urn  of  this  product  was  identical  with  that  of  the  previous 
e  of  l,l,2,2-tetrakis(p-biphenylyl)ethane  prepared  from  3- 
riphenyl.  The  sublimate  after  recrystallization  from  chloro- 
ethanol  had  mp  205-208°  and  is  likely  m-biphenylylbis(/>- 
iylyl)nfiethane.  It  was  thought  possible  that  the  large  excess 
gnesium  used  in  this  reaction  might  have  been  responsible  for 
rniation  of  the  coupling  product  of  bromobis(/^biphenyiyi)- 
ne.  Hence  the  reaction  was  repeated  but  the  solution  of 
lienylylmagnesium  bromide  was  filtered  through  a  glass- 
plug  in  order  to  remove  unreacted  magnesium  metal  before 
jn  of  bromobis(p-biphenylyl)methane;  however,  an  84% 
of  crude  l,l,2,2-tetrakis(/^biphenylyl)ethane,  mp  271-277°, 
t>tained. 

tiplMayiylbi§(p4)iphenyiyl)metluuie.  The  Grignard  reagent 
romobiphenyl  was  prepared  in  5(X)  ml  of  ethyl  ether  by  reac- 
f  18.6  g  (0.080  mole)  of  3-bromobiphenyl  with  2.04  g  (0.084 


g-atom)  of  magnesium  turnings  at  the  boiling  point  of  ether  with 
stirring  in  the  usual  Morton  apparatus  for  6  hr.  To  the  solution 
of  m-biphenylylmagnesium  bromide  in  refluxing  ether  was  added 
over  a  30-min  period  a  slurry  of  16.0  g  (0.040  mole)  of  bromobis- 
(p-biphenylyl)methane  in  200  ml  of  ether,  and  the  mixture  was 
stirred  for  30  min  before  decomposition  with  1(X)  ml  of  5  %  hydro- 
chloric acid.  A  white  solid  (12.1  g),  insoluble  in  both  aqueous  and 
ether  phases,  vfas  isolated  by  filtration  and  had  mp  203-227°. 
The  ether  phase  vfas  condensed  to  about  150  ml  and  yielded  2.46  g 
of  white  solid,  mp  201-229°.  The  two  fractions,  after  a  loss  of 
4.0  g  of  the  first  fraction  during  an  attempt  at  recrystallization  from 
toluene,  were  combined  and  sublimed  at  a  bath  temperature  of 
210-230°  (0.03  mm).  The  sublimate  amounted  to  8.3  g  (44% 
yield)  of  product,  mp  202-210°.  Another  vacuum  sublimation 
and  two  recrystallizations  from  chloroform-ethanol  gave  7.5  g  of 
white  solid,  mp  205-21 1  °.  A  chloroform  solution  of  this  solid  was 
extracted  with  several  portions  of  94%  sulfuric  acid.  The  chloro- 
form solution  after  addition  of  ethanol  and  cooling  deposited 
5.9  g  of  white  solid,  mp  211-213°.  Vacuum  sublimation  gave  4.9 
g  (^ a  white  powder,  mp  212-213.5°. 

Anal.  Cakd  for  CnHa:  C,  94.03;  H,  5.97;  mol  wt,  472. 
Found:    C,  93.71, 93.87;  H,  6.18, 6.02;  mol  wt.  508. 

A  more  convenient  synthesis  of  m-biphenylylbis(p-biphenylyl)- 
methane  utilized  benzene  to  dissolve  the  bromobis(/>-biphenylyl> 
methane.  From  the  reaction  of  11.65  g  (0.050  mole)  of  3-bromo- 
biphenyl with  1.22  g  (0.050  g-atom)  of  magnesium  turnings,  a  solu- 
tion of  0.040  mole  (80%  yield)  of  m-biphenylylmagnesium  bromide 
in  250  ml  of  ethyl  ether  was  prepared.  (The  quantitative  analysis^^ 
of  the  Grignard  reagent  was  carried  out  by  hydrolyzing  an  aliquot 
with  water,  acidifying  with  dilute  sulfuric  acid,  adjusting  the 
pH  to  10  with  an  ammonium  hydroxide-ammonium  chloride  buffer, 
and  titrating  for  magnesium  ion  with  a  solution  of  the  disodium  salt 
o!  ethylenediaminetetraacetic  acid  to  an  end  point  marked  with 
Eriochrome  Black  T.  For  confirmation  a  portion  of  the  original 
acidified  hydrolysate  was  titrated  potentiometrically  for  bromide 
ion  with  standardized  silver  nitrate  solution.)  A  solution  of  14.0 
g  (0.035  mole)  of  bromobis(p-biphenylyl)methane  in  100  ml  of  dry 
benzene  was  added  to  the  stirred  solution  of  Grignard  reagent  at 
room  temperature  over  a  period  of  30  min,  and  the  resulting  mixture 
was  heated  at  reflux  for  1  hr.  The  reaction  mixture  was  decom- 
posed by  addition  of  150  ml  of  5%  hydrochloric  acid.  A  quantity 
of  solid,  insoluble  in  both  aqueous  and  organic  phases,  was  removed 
by  filtration  and  after  drying  weighed  14.3  g,  mp  193-229°. 
This  material  was  subjected  to  vacuum  sublimation  (0.05  mm); 
the  fraction  collected  at  a  bath  temperature  of  225-240°  weighMl 
11.9  g  (72%  yield)  and  had  mp  203-208°.  The  brown  residue 
from  the  sublimation  weighed  2.05  g  (18%  yield  of  crude  product) 
and  after  recrystallization  from  toluene  had  mp  272-277°;  this 
material  is  identified  as  l,l,2,2-tetrakis(p-biphenylyl)ethane  and 
had  the  same  infrared  absorption  spectrum  as  the  previous  more 
highly  purified  sample.  The  ether-benzene  phase  was  evaporated 
to  dryness  and  the  residue  extracted  with  200  ml  of  cyclohexane; 
the  undissolved  solid  consisted  of  1.3  g  (1 1  %  yield)  of  a  substance 
of  mp  147-150°,  which  was  identified  as  bis(/>-biphenylyl)methanol 
on  the  basis  of  the  identity  of  its  infrared  absorption  spectrum  with 
that  of  an  authentic  sample.  The  11.9  g  of  hydrocarbon  after 
another  vacuum  sublimation  and  two  recrystallizations  from 
chloroform-ethanol  gave  8.1  g  of  white  crystals,  mp  208-211°. 
Two  further  such  crystallizations  and  a  final  vacuum  sublimation 
gave  5.9  g  of  product,  mp  212-214°,  as  obtained  earlier  for  m- 
biphenylylbis(p-biphenylyl)ethane. 

2-Chloro-l-in-Mphenyiyl-l,l-U8(p-biphenyiyi)ethane.  Potas- 
sium amide  was  prepared  in  a  500-ml  Morton  flask  equipped  with  a 
Morton  stainless  steel,  high-speed  stirrer  and  a  Dry  Ice-acetone 
condenser,  from  the  reaction  of  3.91  g  (0.100  g-atom)  of  potassium 
with  200  ml  of  anhydrous  ammonia  containing  a  small  crystal  of 
ferric  nitrate.  After  the  blue  color  of  the  solution  of  potassium 
metal  had  changed  to  gray-brown  a  slurry  of  4.72  g  (0.010  mole) 
of  m-biphenylylbis(p-biphenylyl)methane  in  100  ml  of  dry  ether 
was  added  and  the  resulting  mixture  stirred  vigorously  at  reflux  for 
8  hr.  The  deep  purple-blue  solution  was  siphoned  under  an  atmos- 
phere of  dry  nitrogen  into  a  flask  containing  30  ml  of  freshly  dis- 
tilled methylene  chloride  at  -30°.  The  blue  color  disappeared 
after  the  mixture  was  stirred  for  15  min.  Unreacted  potassium 
amide  was  destroyed  by  addition  of  5.35  g  (0.100  mole)  of  solid 
ammonium  chloride ;  then  200  ml  of  water  and  250  ml  of  methylene 
chloride  was  added.    The  organic  phase  was  separated,  dried  over 
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anhydrous  magnesium  sulfate,  and  evaporated  to  dryness  on  a  ro- 
tating evaporator.  The  light  tan  solid  residue  was  recrystallized 
from  methyl  ethyl  ketone  to  give  4.61  g  of  nearly  white  powder,  mp 
219-223''  (88.5%  yield).  This  material  after  five  recrystallizations 
from  methyl  ethyl  ketone  gave  3.3  g  of  white  product,  mp  223.2- 
224.3°. 

Anal.  Calcd  for  CnHigCl:  C,  87.59;  H,  5.61;  CI,  6.80. 
Found:    €,87.41,87.35;  H,  5.81. 5.67;  CI,  7. 10, 6.97. 

In  a  similar  preparation  an  84  %  yield  of  2•chlo^o-l•m•biphenylyl- 
l,l-bis(/>-biphenylyl)ethane,  mp  218-222'',  was  obtained. 

3-m-Bipllenylyl-3,3-bi8(/^4)ipllenylyl)pro|>anoic  Add.  In  an 
unsuccessful  experiment  modeled  after  the  procedure  of  Heller- 
man,"  2.44  g  (5.0  mmoles)  of  m-biphenyIylbis(/>-biphenylyl)car- 
binol  was  ground  up  in  a  mortar  and  pestle  with  2.6  g  (25  mmoles) 
of  malonic  acid  and  then  the  mixture  was  heated  at  a  bath  tempera- 
ture of  225 ""  under  a  nitrogen  atmosphere  under  conditions  such 
that  volatile  products  could  distil  from  the  reaction  mixture.  Addi- 
tional 2.6-g  portions  of  malonic  acid  were  added  at  three  3-hr  in- 
tervals, and  after  12  hr  of  heating  the  reaction  mixture  was  ground 
with  an  excess  of  potassium  hydroxide  and  then  thoroughly  stirred 
with  500  ml  of  hot  water.  Undistilled  solid  (2.27  g,  mp  225-233°) 
was  isolated  and  identified  as  unreacted  carbinol  by  its  infrared 
spectrum;  acidification  of  the  filtrate  failed  to  yield  detectable 
carboxylic  acid.  An  experiment  in  which  m-biphenylylbis(/>- 
biphenylyl)carbinol  was  heated  at  reflux  with  a  molecular  equivalent 
of  acetic  anhydride  and  25  %  excess  of  malonic  acid  for  3  hr  and 
then,  after  removal  of  acetic  anhydride  {in  vacuo),  heating  was  con- 
tinued at  reflux  for  6  hr  with  1  molar  equiv  of  propionic  anhydride, 
gave  an  86%  recovery  of  unreacted  carbinol  and  a  dark  resin  which 
yielded  none  of  the  desired  carboxylic  acid  upon  attempted  crystal- 
lization. In  a  successful  experiment,  to  an  intimate  mixture  of  m- 
biphenylylbis(/>-biphenylyl)carbinol  (1.00  g,  2.05  mmoles)  and  ma- 
lonic acid  (2.13  g,  20.5  mmoles)  was  added  0.35  g  (2.2  mmoles)  of 
/i-butyric  anhydride,  and  the  mixture  was  heated  rapidly  in  an  oil 
bath  at  2(X)°  until  gas  evolution  had  ceased  (15  min).  After  work- 
up as  in  the  first  experiment,  0.73  g  of  unreacted  carbinol  was  re- 
covered and  0.198  g  (16.7%  yield)  of  acid,  mp  223-227°.  After 
three  recrystallizations  from  ethanol  white  crystals,  mp  226-228.1°, 
were  obtained. 

Anal.  Calcd  for  CsoHsoOi:  C,  88.27;  H,  5.70.  Found:  C, 
88.13,88.01;  H,  5.69,  5.60. 

Bi8(/?-biplienylyl)etiianeiiitrile-l-C^^  In  a  preliminary  experi- 
ment a  solution  of  0.98  g  (0.020  mole)  of  sodium  cyanide  and  4.0  g 
(0.010  mole)  of  bromobis(/>-biphenylyl)methane  in  3(X)  ml  of  di- 
methyl sulfoxide  (Baker  Analyzed  Reagent)  was  warmed  at  about 
60°  with  stirring  for  36  hr  while  protected  from  atmospheric  mois- 
ture by  a  drying  tube  filled  with  anhydrous  CaSOi.  The  solution 
was  diluted  with  8(X)  ml  of  water  and  the  solid  which  separated  was 
isolated  by  filtration.  Recrystallization  of  the  solid  from  ethanol 
gave  0.90  g  (27%  yield)  of  a  product,  mp  234-236°,  which  was 
identified  as  4,4'-diphenylbenzophenone  according  to  infrared 
spectral  comparisons.  From  the  mother  liquors  was  isolated  2.4 
g  (72%  yield)  of  a  compound,  mp  145-150°,  which  was  primarily 
bis(p-biphenylyl)carbinol  according  to  its  infrared  spectrum. 

In  another  experiment  0.98  g  (0.020  mole)  of  sodium  cyanide  and 
4.0  g  (0.010  mole)  of  bromobis(/^biphenylyl)methane  in  250  ml  of 
acetone  (freshly  distilled  from  P2O5)  was  heated  at  reflux  with  stir- 
ring for  72  hr  with  protection  from  atmospheric  moisture.  After 
dilution  with  water,  only  impure  bis(/^biphenylyl)carbinol  (2.6  g, 
77  %  yield)  was  recovered. 

In  a  successful  experiment  cuprous  cyanide-C^^  was  prepared 
from  sodium  cyanide-C^*  (from  Tracerlab,  Inc.;  activity  of  9.8 
licuries/mmole)  according  to  the  procedure"  for  nonradioactive 
compounds.  Freshly  dried  cuprous  cyanide  (0.737  g,  8.25  m- 
equiv)  was  mixed  with  2.98  g  (7.48  mmoles)  of  bromobis(/>-bi- 
phenylyl)methane  and  the  mixture  heated  at  160°  under  an  atmos- 
phere of  dry  nitrogen  for  12  hr.  The  organk  product  was  extracted 
from  the  cooled  melt  with  acetone,  the  acetone  extract  evaporated 
to  dryness,  and  the  residue  subjected  to  vacuum  sublimation  (0.05 
mm).  The  fraction  collected  at  a  bath  temperature  of  150-160° 
weighed  0.73  g  (29%  yield)  and  had  mp  146-149°;  this  was  identi- 
fied as  impure  bis(p-biphenylyl)carbinol  by  its  infrared  spectrum. 
The  fraction  collected  at  175-200°  weighed  1.83  g  (71  %  yield)  and 
had  mp  1 82- 1 86  °.  A  recrystallization  of  this  material  from  ethanol 
gave  1.62  g  of  white  crystals,  mp  184-186°.    In  three  such  prepara- 


tions the  average  yield  of  crude  bis(/>-biphenylyl)ethanenitrile  was 
63  %.  The  analytical  sample  after  another  recrystallization  from 
ethanol  and  another  vacuum  sublimation  had  mp  185.8-187.2°. 

Anal.  Calcd  for  QeHuN:  C,  90.40;  H,5.54;  N,4.05.  Found: 
C.  90.42, 90.37;  H,  5.74, 5.74;  N.  3.75,  3.78. 

Methyl  Bi8(/^biphenylyI)edianoate-l-C^^  In  a  preliminry  ex- 
periment bis(/>-biphenylyl)ethanenitrile  (0.89  g,  2.6  mmoles)  was 
heated  with  125  ml  of  0.082  N  KOH  in  diethylene  glycol  at  80" 
for  10  hr;  however,  upon  cooling  to  room  temperature  and  dilu- 
tion with  water,  the  starting  nitrile  was  precipitated  (99%  re- 
covery). When  this  experiment  was  identically  repeated  except 
that  the  temperature  was  160°  for  8  hr,  dilution  with  water  gave 0.77 
g  (94%  yield)  of  a  compound,  mp  159-161°,  which  was  identified 
as  bis(/>-biphenylyl)methane  by  mixture  melting  point  and  infrared 
spectral  comparisons.  The  following  procedure  was  the  most 
successful  of  a  number  of  others  tried  for  hydrolysis  of  the  nitrile 
to  the  corresponding  carboxylic  acid.  A  solution  of  32  g  (0.50 
mole)  of  potassium  hydroxide  in  100  ml  of  water  was  added  to  a 
solution  of  2.00  g  (5.80  mmoles)  of  bis(/>-biphenylyl)ethanenitnle 
in  4O0  ml  of  diethylene  glycol  and  the  resuhing  solution  heated  at 
1 20  =k  10  °  for  48  hr.  The  solution  was  cooled  to  room  temperature, 
diluted  with  1.0 1.  of  water,  and  filtered  to  give  0.75  g  of  precipitate. 
Vacuum  sublimation  of  this  material  at  a  bath  temperature  of  155- 
185°  (0.05  mm)  gave  0.170  g  (9.1%  yield)  of  bis(/>-biphcnylyl)- 
methane  (mp  160-162°)  and  at  170-190°  0.45  g  (22%  recovery)  of 
bis(/>-biphenylyi)ethanenitrile.  Acidification  of  the  alkaline  filtrate 
with  concentrated  hydrochloric  acid  and  filtration  gave  1.29  g 
(61%  yield)  of  acid,  mp  201-206°.  Two  recrystallizations  from 
95%  ethanol  gave  0.99  g  of  white  crystals,  mp  206.5-207.5°  pit*' 
bis(/>-biphenylyl)ethanoic  acid  mp  208°].  Repetition  of  this  hy- 
drolysis with  bis(/^biphenylyl)ethanenitrile-l-C**  gave  60%  yield 
of  bis(/>-biphenylyl)ethanoic  acid-l-C*^  Reaction  of  an  ethereal 
solution  of  0.82  g  (2.25  mmoles)  of  bis(p-biphenylyl)ethanoic  acid- 
1-C-^^  with  an  excess  of  diazomethane  in  ether  at  0*"  gave,  after 
evaporation  of  the  ether  and  recrystallization  of  the  residue  from 
methanol,  0.76  g  (89  %  yield)  of  methyl  ester,  mp  125-127°.  After 
two  further  recrystallizations  from  methanol  the  product  had  nip 
126.3-127.8°. 

Anal.  Calcd  for  CnHjjOj:  C,  85.69;  H,  5.86.  Found:  C, 
86.00,85.76;  H,  5.67,  5.73. 

3-(Bromoethyl)biphenyi.  A  solution  of  75.0  g  (0.446  mole)  of 
3-methylbiphenyl  (Aldrich  Chemical  Co.),  87.2  g  (0.490  mole)  of 
N-bromosuccinimide,  and  0.2  g  of  dibenzoyl  peroxide  in  400  ml  of 
carbon  tetrachloride  was  heated  at  reflux.  After  3  hr,  an  additional 
0.2  g  of  dibenzoyl  peroxide  was  added,  and  then  the  mixture  was 
heated  at  reflux  for  an  additional  22  hr.  Insoluble  succinimide  was 
removed  by  filtration,  solvent  was  removed  on  a  rotating  evaporator, 
and  the  residue  distilled  in  vacuo.  The  fraction  boiling  at  165-180* 
(1.5  mm)  weighed  82.3  g  (75%  yield)  and  solidified  upon  standing. 
This  orange  solid,  after  three  recrystallizations  from  petroleum 
ether,  gave  off"- white  crystals,  mp  56.5-58.0°. 

Anal.  Calcd  for  QaHnBr:  C,  63.18;  H,  4.48;  Br,  32,34. 
Found:    C,  63.13;  63.33;  H,  4.49, 4.55;  Br,  32.48,  32.60. 

3-m-Bipllenyiyi-2•2-bis(/^•bipllenyiyi)p^opanoic  Add-l-C^*.  In  a 
500-ml  Morton  flask  equipped  with  a  stainless-steel  Morton  high- 
speed stirrer  and  Dry  Ice-acetone  condenser  was  condensed  200 
ml  of  anhydrous  ammonia.  Under  an  atmosphere  of  dry  nitrogen, 
0.340  g  (8.7  mg-atoms)  of  potassium  and  a  small  crystal  of  ferric 
nitrate  was  added,  and  the  solution  stirred  for  1  hr.  To  the  result- 
ing solution  of  potassium  amide  was  added  2.08  g  (5.5  mmoles)  of 
methyl  bis(p-biphenylyl)ethanoate-l-Ci*  in  50  ml  of  anhydrous 
ether,  and  the  solution  stirred  for  2  hr.  A  solution  of  1.43  g 
(5.8  mmoles)  of  3-(bromomethyI)biphenyI  in  50  ml  of  anhydrous 
ether  was  added  over  a  period  of  30  min  and  the  resulting  solution 
stirred  for  30  min  at  reflux.  Ammonium  chloride  (1 .0  g)  was  added, 
and  the  ammonia  was  allowed  to  evaporate  from  the  mixture. 
After  100  ml  of  water  was  added,  the  ether  phase  was  separated 
and  allowed  to  evaporate  to  dryness.  The  yellow  solid  residue 
was  heated  at  reflux  for  1 5  hr  with  250  ml  of  1 5  %  aqueous  potassium 
hydroxide.  A  small  amount  of  undissolved,  brown  solid  was 
removed  by  filtration  and  the  filtrate  acidified  with  hydrochloric 
acid.  The  white  solid  (2.17  g)  which  separated  from  the  solution 
was  isolated  by  filtration  and  had  mp  182-2(X)°.  This  material 
was  subjected  to  partial  vacuum  sublimation  at  a  bath  temperature 
of  200-220°  (0.04  mm).  The  sublimate,  after  recrystallization  from 
aqueous  ethanol,  weighed  0.238  g  (12%  yield)  and  had  mp  205- 
207°.    This  substance  was  identified  as  bis(p-biphenylyl)ethanoic 


(42)  J.  V.  Supniewski  and  P.  L.  Salzbera,  **Organic  Syntheses,"  Coll. 
Vol.  I.,  A.  H.  Blatt,  Ed..  John  Wiley  and  Sons.  Inc.,  New  York.  N.  Y., 
1948,  p  46. 


(43)  E.  Shilow  and  S.  Burmistrow.  Chem.  Ber.,  68,  S82  (193S). 
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infrared  spectral  comparisons.  The  residue  from  the  sub- 
it  after  two  recrystallizations  from  absolute  ethanol,  gave 
44%  yield)  of  white  solid,  mp  202-204.5  °.  After  two  more 
.llizations  from  ethanol  the  melting  point  was  203.5-204.5°. 
Calcd  for  dtHioOt:  C,  88.27;  H,  5.70.  Found:  C, 
8.34;  H,  5.60, 5.68. 

hcaylcaitoxyUc  Add.  A  solution  of  m-biphenylylmagne- 
omide  in  250  ml  of  ether  was  pr^ared  by  the  reaction  of  23.3 
)  mole)  of  3-bromobiphenyl  (K  and  K  Laboratories,  Inc.) 
15  g  (0.105  g-atom)  of  magnesium  turnings.  The  Grignard 
was  siphoned  onto  a  large  excess  of  solid  carbon  dioxide 
er  the  usual  work-up  10.6  g  (53%  yield)  of  acid,  mp  160- 
•as  obtained.  After  two  recrystallizations  from  ethanol  8.7 
itecrystals  was  obtained,  mp  162-163''  (lit.^^  mp  160''). 
MplMBylbciizoplieiioiie.  Tliis  ketone  was  synthesized  by  a 
ae  like  that  used  for  4,4'-diphenylbenzophenone.'*  Re- 
3f  18.0  g  (0.091  mole)  of  3-biphenylcarboxylic  acid  and  150 
moles)  of  thionyl  chloride  at  reflux  temperature  for  2  hr 
-phenylbenzoyl  chloride,  to  which,  after  removal  of  excess 
chloride  by  ctistillation,  was  added  250  ml  of  carbon  disul- 
.6  g  of  anhydrous  aluminum  chloride,  and  28. 1  g  (0. 182  mole) 
lenyL  After  the  initial  vigorous  reaction  had  subsided  the 
i  was  heated  at  reflux  with  stirring  for  3  hr.  The  black  tar- 
duct,  after  standing  overnight,  was  isolated  by  filtration, 
with  carbon  disulfide  (to  remove  unreacted  biphenyl),  and 
K»ed  with  ice-cold  concentrated  hydrochloric  acid.  The 
was  separated  by  filtration  and  washed  well  with  water  and 
J%  ethanol.  The  crude  product  (26.9  g,  mp  131-136°) 
crystallization  from  benzene-petroleum  ether  amounted  to 
66%  yield)  of  white  crystals,  mp  138-141  °.  Two  recrystal- 
s  from  ethanol  gave  15.5  g  of  crystals  of  mp  142-144°.  An 
:al  sample  after  two  further  crystallizations  from  ethanol  and 
im  sublimation  [at  a  bath  temperature  of  150^  (0.02  mm)] 
>  143.8-145.0°. 

.  Gated  for  QsHuO:  C,  89.79;  H,  5.43.  Found:  C, 
H.  6.05. 

|ilwnylyl-/>-UplieDylyliiiethaiie.  A  solution  of  14.2  g  (0.0425 
if  3,4'-diphenylbenzophenone,  8.5  g  (0.17  mole)  of  hydrazine 
i,  and  8.4  g  (0.128  mole)  of  potassium  hydroxide  pellets  in  600 
riethylene  glycol  was  heated  at  175°  for  2  hr.  The  excess 
ne  was  allowed  to  distil  from  the  reaction  mixture,  where- 
be  temperature  was  raised  to  205°  and  maintained  at  that 
iture  for  36  hr.  The  solution  was  cooled  to  room  tem- 
e,  diluted  with  1500  ml  of  water,  and  extracted  with  six  500- 
tions  of  ether.  The  ether  extract  yielded  1 3.0  g  (95  %  yield) 
te  solid,  mp  92-96°.  After  two  recrystallizations  from 
I  and  a  distillation  in  a  sublimation  apparatus  [bath  tempera- 
3**  (0.03  mm)],  9.2  g  of  hydrocarbon,  mp  99.3-100.4°,  was  ob- 

.    Cakd  for  dsHtoi    C,  93.71;    H,   6.29.    Found:    C, 

>3.55;  H,  6.43, 6.31. 

KKm-biphenylyl-zMUphenylylniethaiie.      A  solution  of  9.10 

mmoles)  of  m-biphenylyl-/>-biphenylylmethane,  5.35  g  (31.3 
s)  of  N-bromosucdnimide,  and  0.1  g  of  dibenzoyi  peroxide 
ml  of  carbon  tetrachloride  was  heated  at  reflux  for  48  hr. 
iitional  0.05  g  of  dibenzoyi  peroxide  was  added  after  the 

hr  of  reaction.  Insoluble  succinimide,  formed  in  the  reac- 
BS  removed  by  filtration  and  the  filtrate  evaporated  to  dryness 
»tating  evaporator.    The  residue  upon  recrystallization  from 

of  cyclohexane  gave  3.2  g  of  yellow  powder,  mp  142-144°; 
sllization  of  this  product  gave  2.7  g  of  nearly  white  solid,  mp 
145°,  which  was  identified  as  3,4'-diphenylbenzophenone 
iig  to  its  infrared  spectrum.  Evaporation  of  the  mother 
from  the  cyclohexane  crystallization  gave  6.2  g  of  nearly 
•owder,  mp  94-100°;  three  recrystallizations  of  this  material 
yclohexane  gave  4.9  g  of  white  product,  mp  102-103.5°. 
1  portion  of  this  product  upon  two  further  recrystallizations 
rclohexane  had  mp  103.4-104.7° ;  since  the  infrared  spectrum 

substance  showed  appreciable  contamination  with  3,4'- 
/Ibenzophenone,  the  crude  broniide  was  not  submitted  for 
%  but  was  employed  for  synthesis*of  the  following  acid. 
plMaylyl-p4iiphenylylethanoic  Add-l-C  * *.  A  mixture  of  4. 14 
)  mmoles)  of  crude  bromo-m-biphenylyl-/>-biphenylylmethane 
12-103.5°)  and  1.02  g  (11.4  mequiv)  of  cuprous  cyanide- 
idioactivity  was  9.8  Mcuries/mmole)  was  heated  at   160° 

hr  under  an  atmosphere  of  dry  nitrogen.  The  organic 
t  was  extracted  from  the  cooled  melt  with  chloroform,  the 


chloroform  extract  evaporated  to  dryness,  and  the  residue  distilled 
in  an  apparatus  for  vacuum  sublimation  at  a  bath  temperature  of 
150-195°  (0.03  mm).  The  product  amounted  to  3.27  g,  mp 
135-148  °.  Recrystallization  from  ethanol  gave  3.0  g  of  white  solid 
of  mp  135-148°,  whose  infrared  spectrum  indicated  that  it  was  a 
mixture  of  m-biphenylyl-/>-biphenylylethanenitrile  and  3,4 '-di- 
phenylbenzophenone.  This  mixture  was  dissolved  in  200  ml  of 
diethylene  glycol  and  a  solution  of  16  g  (0.25  mole)  of  potassium 
hydroxide  pellets  in  50  ml  of  water  was  added  and  the  solution 
heated  at  110-120°  for  24  hr.  The  solution  was  diluted  with  300 
ml  of  water  and  a  precipitate  (1.26  g)  was  isolated  by  filtration  of 
the  cool  solution.  This  precipitate,  mp  137-141  °,  was  identified  as 
somewhat  impure  3,4'-diphenylbenzophenone  according  to  its  infra- 
red spectrum.  Acidification  of  the  filtrate  with  hydrochloric  acid 
gave  1.66  g  (4.6  mmoles)  of  acid,  mp  168-173°.  Two  recrystalliza- 
tions from  aqueous  ethanol  gave  1 . 3 1  g  of  white  crystals,  mp  1 72- 1 74  °. 
Ami,  Calcd  for  QtHsoOs:  C,  85.69;  H,  5.53.  Found:  C, 
85.88,85.94;  H.  5.63,  5.63. 

Methyl  m-Bipbenylyl-/^4)lpheoylylethalloate-l-C^^  An  ethereal 
solution  of  m-biphenylyl-/>-biphenylylethanoic  acid-l-C**  (1.03  g, 
2.83  mmoles)  was  treated  at  0  °  with  excess  diazomethane.  The  solu- 
tion was  evaporated  to  dryness  and  the  residue  crystallized  from 
methanol  to  give  0.98  g  (2.59  mmoles,  91  %  yield)  of  ester,  mp  87- 
90  °.  The  analytical  sample  after  two  further  recrystallizations  from 
methanol  had  mp  89.5-90.5°. 

Anal.  Calcd  for  CnHa02:  C,  85.69;  H,  5.86.  Found:  C, 
85.71,85.87;  H,  5.78,  5.85. 

2-m-Biphc»ylyl-2,3-bi8(/^4)iphenylyl)propanoic  Add-l-C^^.  4- 
Methylbiphenyl  was  synthesized  from  /^-toluidine  by  the  procedure 
of  Gomberg  and  Pemert**  and  converted  to  4<bromomethyl)bi- 
phenyl,  mp  85-87°,  by  the  method  of  Zervas  and  Dilaris**  (but 
with  traces  of  dibenzoyi  peroxide  used  as  catalyst).  In  a  500-ml 
Morton  flask  equipped  with  a  stainless  steel  Morton  high-speed 
stirrer  and  a  Dry  Ice-acetone  condenser,  200  ml  of  anhydrous 
ammonia  was  condensed.  Potassium  (0.415  g,  10.6  mg-atoms) 
and  then  a  small  crystal  of  ferric  nitrate  were  added  and  the  solution 
was  stirred  for  1  hr  (under  an  atmosphere  of  dry  nitrogen  through- 
out this  and  the  following  reactions  in  liquid  ammonia  solution). 
A  solution  of  0.950  g  (2.51  mmoles)  of  methyl  m-biphenylyl-/^ 
biphenylylethanoate-1-C*^  in  75  ml  of  anhydrous  ether  was  added 
and  the  resulting  solution  stirred  for  2  hr.  A  solution  of  0.945  g 
(3.8  mmoles)  of  4-(bromomethyl)biphenyl  in  25  ml  of  anhydrous 
ether  was  then  added  over  a  period  of  10  min  and  the  solution  stirred 
for  30  min.  Unreacted  potassium  amide  was  destroyed  by  adding 
0.54  g  (10  mmoles)  of  solid  ammonium  chloride,  and  the  ammonia 
was  allowed  to  evaporate  from  the  mixture.  Dilute  hydrochloric 
acid  was  added,  the  ether  phase  was  separated,  and  the  aqueous 
layer  extracted  once  with  ether.  Evaporation  of  the  combined 
ether  phases  yielded  a  solid  residue  which  was  heated  at  reflux  for 
24  hr  with  250  ml  of  15  %  aqueous  potassium  hydroxide.  A  quan- 
tity of  dark  brown,  undissolved  solid  was  removed  by  filtration  and 
the  filtrate  acidified  with  hydrochloric  acid.  The  white  solid  (0.545 
g)  41%  yield)  was  isolated  by  filtration  and  had  mp  205-209.5°. 
After  four  recrystallizations  from  ethanol,  this  material  yielded 
0.28  g  of  white  crystals,  mp  209.0-210.0°. 

Anal.  Calcd  for  C39H30O2:  C,  88.27;  H,  5.70.  Found:  C, 
88.22,88.39;  H,  5.60,  5.58. 

Reaction  of  2-C1iioro-l-m-biphenyiyi-l,l-bis(p-biphenylyi)ethaiie 
with  Uthium.  A.  Reaction  at  -65°.  To  a  500-ml  Morton  flask 
(previously  flame  dried  under  a  stream  of  dry  nitrogen)  equipped 
with  a  high-speed  stirrer"  and  dropping  funnel  was  added  150  ml 
of  tetrahydrofuran  (freshly  distilled  from  NaAlH*),  0.153  g  (22.1 
mg-atoms)  of  lithium,  about  2%  of  a  solution  of  3.00  g  (5.75 
mmoles)  of  2-chloro-l-m-biphenylyl-l,^bis(/>-biphenylyl)ethane  in 
100  ml  of  dry  tetrahydrofuran,  and  0.05  ml  of  methyl  iodide.  The 
reactants  were  kept  under  an  atmosphere  of  dry  nitrogen  throughout 
all  of  the  following  reactions  with  lithium.  The  solution  was  stirred 
vigorously  at  0  ±  5°  until  a  faint  purple  color  appeared  (2  hr); 
the  reaction  temperature  was  then  lowered  to  —65  ±  5°  and  the 
remainder  of  the  chloride  added  over  a  period  of  30  min.  The 
solution  was  stirred  at  -65°  for  3  hr;  Gilman  double  titration" 
of  four  5-ml  aliquots  of  this  solution  indicated  that  the  yield  of 
organolithium  compound  was  50  ±  10%.  The  deep  purple  solu- 
tion was  forced  onto  a  large  excess  of  solid  carbon  dioxide.  To  the 
carbonated  mixture,  after  sublimation  of  unreacted  carbon  dioxide, 
was  added  200  ml  of  10%  sulfuric  acid.  The  acidified  mixture  was 
extracted  with  ether  and  the  organic  phase  was  evaporated  to  dryness. 


H.  Schmidt  and  G.  Schultz,  Ann.  Chem.,  203,  133  (1880). 


(45)  M.  Gomberg  and  J.  C.  Pernert,  /.  Am.  Chem.  Soc.,  48,  1372 
(1926). 
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The  solid  residue  was  stirred  vigorously  (3  hr)  with  500  ml  of  2% 
aqueous  potassium  hydroxide.  Undissolved  solid  (2.1  g,  mp  190- 
225  ®)  was  separated  by  filtration.  Acidification  of  the  filtrate 
brought  about  the  precipitation  of  0.722  g  (24%  yield)  of  solid, 
mp  225-228°.  This  acid  after  three  recrystallizations  from  ethanol 
amounted  to  0.489  g  of  white  crystals,  mp  226.5-228°.  This  acid 
gave  no  depression  of  melting  point  when  mixed  with  the  sample  of 
3-m-biphenylyl-3,3-bis(p-biphenylyl)propanoic  acid  synthesized 
above  from  m-biphenylylbis(p-biphenylyl)carbinol.  Moreover,  the 
infrared  spectra  of  the  acid  and  the  synthetic  sample  were  iden- 
tical. 

B.  Reactioa  at  0°.  This  reaction  was  run  in  the  same  apparatus 
and  by  the  same  general  technique  as  that  for  the  reaction  at  —65°. 
To  0.133  g  (19.2  mg-atoms)  of  lithium  and  200  ml  of  tetrahydrofuran 
was  added  0.05  ml  of  methyl  iodide  and  about  10%  of  a  solution  of 
2.50  g  (4.80  mmoles)  of  2-chloro-l-m-biphenylyl-l,l-bis(;>-bi- 
phenylyl)ethane  in  50  ml  of  tetrahydrofuran.  The  solution  was 
stirred  vigorously  at  0  db  5°  until  a  purple  color  appeared  (1  hr). 
Then  the  remainder  of  the  chloride  was  added  over  a  period  of  30 
min  at  0°  and  the  solution  stirred  at  this  temperature  for  6  hr  before 
carbonation.  The  color  of  the  solution  just  before  carbonation 
was  blue  black;  Oilman's  double  titration*^  indicated  the  presence 
of  45  %  yield  of  organolithium  compound.  After  the  usual  work- 
up, 1.88  g  of  neutral  product  (mp  109-177°)  and  0.995  g  (39%  yield) 
of  crude  acid,  mp  208.0-209.5°,  were  obtained.  This  acid  showed 
no  melting  point  depression  when  mixed  with  a  sample  of  2-m-bi- 
phenylyl-2,3-bis(p-biphenylyl)propanoic  acid  synthesized  previously 
according  to  Scheme  III.  Mixtures  (about  50: 50)  of  the  acid  with 
3-m-biphenylyl-3,3-bis(p-biphenylyl)propanoic  acid  and  with  3-m- 
biphenylyl-2,2-bis(p-biphenylyl)propanoic  acid  (synthesized  accord- 
ing to  Scheme  II)  had  mp  201-219°  and  180-202°,  respectively. 
The  infrared  spectrum  of  the  acid  (in  carbon  disulfide)  was  identical 
with  the  infrared  spectrum  of  the  independently  synthesized  sample 
of  2-m-biphenylyl-2,3-bis(p-biphenylyl)propanoic  acid;  however, 
the  infrared  spectrum  of  3-m-biphenylyl-2,2-bis(p-biphenylyl)pro- 
panoic  acid  was  almost  identical  with  these  spectra  except  that  the 
absorptions  at  13.4  and  14.4  /i  were  broader. 

The  remaining  crude  acid  (0.9861  g,  mp  208.0-209.5°)  was  di- 
luted with  0. 1 386  g  of  2-m-biphcnylyl-2,3-bis(p-biphenylyl)propanoic 
acid-l-C»^  (mp  209.0-210.0°,  specific  acUvity  9.793  ±  0.002 
/icuries/mmole  from  Scheme  III).  The  mixture  was  recrystallized 
to  constant  specific  activity.  After  four  recrystallizations  from 
ethanol  and  one  from  benzene,  the  acid  had  mp  209.0-210.0° 
and  specific  activity  1.227  ±  0.005  iicuries/mmole.  From  these 
data,  it  follows  that  98.1  ±  0.5%  of  the  crude  acid  was  2-m-bi- 
phenylyl-2,3-bis(/^biphenylyl)propanoicacid. 


C.  Reaction  at  —65°  and  Rearrangement  at  0°.  Reaction 
between  0.106  g  (15.3  mg-atoms)  of  lithium  and  2.00  g  (3.84  mmoles) 
of  2-chloro-l-m-biphenylyl-l,l-bis(/vbiphenyiyl)ethane  in  250  ml  of 
tetrahydrofuran  at  —  65  db  5°  was  run  as  in  the  first  run  at  -65°. 
After  the  3-hr  stirring  period  at  this  low  temperature.  Oilman's 
double  titration*'  indicated  a  39%  yield  of  organolithium  com- 
pound. The  solution  was  then  allowed  to  warm  to  0  zh  5°  and 
stirred  at  this  temperature  for  4  hr  before  carbonation.  After  the 
usual  work-up  1.33  g  of  neutral  product  (mp  79-132°)  and  0.781 
g  (38%  yield)  of  acid,  mp  205-208°,  were  isolated.  This  acid 
gave  no  depression  of  melting  point  and  had  an  infrared  spectrum 
identical  with  that  of  a  sample  of  2-m-biphenylyl-2,3-bis(/>-biphenyl- 
yl)-propanoic  acid  (synthesized  by  Scheme  III),  while  this  acid  on 
admixture  with  the  synthetic  samples  of  3-m-biphenylyl-3,3-bis(p- 
biphenylyl)propanoic  acid  and  with  3-m-biphenylyl-2,2-bis(p- 
biphenylyl)propanoic  acid  gave  mixtures  which  melted  with  con- 
siderable depression  of  melting  point.  The  crude  acid  (0.7802 
g),  mp  205-208°,  was  mixed  with  0.1400  g  of  2-m-biphcnylyl-2,3- 
bis(p-biphenylyl)propanoic  acid-l-C»*  (activity  of  9.793  db  0.002 
licuries/mmole,  mp  209.0-210.0°)  and  the  mixture  recrystallized 
to  constant  radioactivity.  After  four  recrystallizations  from 
ethanol  and  two  recrystallizations  from  benzene,  the  acid  had  mp 
209.2-210.1  °  and  activity  of  1.508  =fc  0.005  /icuries/mmole.  From 
these  data  it  can  be  calculated  that  98.6  db  0.4%  of  the  crude  acid 
was  2-m-biphenylyl-2,3-bis(p-biphenylyl)propanoic  acid. 

In  an  attempt  to  analyze  the  crude  carboxylic  acid  from  this  run 
and  the  preceding  run  at  0°  for  any  3-m-biphenylyl-2,2-bis(p- 
phenylyl)propanoic  acid,  the  combined  mother  liquors  from  re- 
crystallization  of  the  crude  acid  from  these  two  runs  were  evaporated 
to  dryness  to  give  0.053  g  of  acid,  mp  207-208.5°.  To  this  add 
was  added  0.50  g  of  pure  3-m-biphenylyl-2,2-bis(p-biphenylyl)- 
propanoic  acid-l-C^^.  After  one  recrystallization  from  benzene, 
crystals,  mp  175-196°,  were  obtained;  the  melting  point  of  this 
material  was  not  altered  after  two  more  recrystallizations  from 
benzene.  Benzene  was  removed  from  the  mother  liquors  and  the 
residue  combined  with  the  recrystallized  material.  After  four  re- 
crystallizations from  ethanol,  crystals,  mp  180-197°,  were  obtained. 
Since  only  impure  acid  was  obtained  by  any  of  the  procedures  tried, 
isotope-dilution  analysis  for  3-m-biphenylyl-2,2-bis(p-biphenylyl> 
propanoic  acid  was  abandoned. 
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Singlet  and  Triplet  Nitrenes.    I.    Carbethoxynitrene 
Generated  by  a  Elimination 

John  S.  McConaghy,  Jr.,^  and  Walter  Lwowski^ 

Contribution  from  the  Department  of  Chemistry^  Yale  University ^  New  Haoen, 
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\li8tnicl :  Carbethoxynitrene  was  generated  by  a  elimination  and  the  stereospecificity  of  its  addition  to  cis-  and  tranS' 
^methylpentene-2  was  investigated.  The  addition  is  the  less  stereospecific  the  lower  the  olefin  concentration.  The 
data  fit  quantitatively  a  scheme  in  which  all  the  nitrene  is  generated  in  the  singlet  state,  and  then  decays  to  triplet  in 
x>mpetition  with  addition  to  the  olefin.  Both  singlet  and  triplet  add,  the  former  stereospecifically,  the  latter  com- 
pletely nonstereospecifically.  Triplet  carbethoxynitrene  can  be  trapped  by  a-methylstyrene,  with  which  it  reacts  at 
least  85  times  faster  than  with  c/5-4-methylpentene-2.  Decay  of  the  singlet  nitrene  to  triplet  is  about  one-thirtieth  as 
fast  as  addition  to  the  cis  olefin.    The  structure  of  an  a-methylstyrene  dimer  is  revised. 


renes'  have  long  been  discussed  as  intermediates 
n  organic  chemistry/'^  and  the  subject  has  been 

ed.*~*    For  a  species  R-N:,  singlet  and  triplet 

are  possible.    The  singlet  with  two  paired  sets 

electrons  on  the  nitrogen,  or  the  triplet  with  one 

nd  two  electrons  of  parallel  spins,  might  a  priori 

I  ground  state  of  a  given  nitrene.     However,  a 

I  need  not  be  generated  in  its  ground  state,  and  it 

well  react  before  it  reaches  the  ground  state. 

beyond  ascertaining  the  nature  of  the  ground 

one  has  to  determine  the  electronic  state  of  the 

5  in  a  given  chemical  reaction  before  one  can  give 

led  mechanism  for  it. 

Iron  spin  resonance  studies  have  shown  that  the 

is  the  ground  state  for  a  number  of  nitrenes, •"^^ 

ing  carbethoxynitrene.*'    The  ultraviolet  spec- 

iromatic  triplet  nitrenes  have  also  been  reported.  ** 

less  information  is  available  for  the  electronic 

)f  nitrenes  at  the  moment  of  their  chemical  reac- 

Attempts  have  been  made  to  correlate  chemical 

or  with  electronic  multiplicity — radical  character 

en  ascribed  to  the  triplet  species — but  such  corre- 

>  are  not  unequivocal. 

in  attempt  to  determine  the  electronic  state  of 
hoxynitrene  at  the  moment  of  reaction,  we  have 
gated  the  stereochemistry  of  the  nitrene's  addi- 

ational  Institutes  of  Health  Predoctoral  Fellow,  1965-1966. 
3  whom  correspondence  should  be  addressed:  Chemistry  De- 
it.  New  Mexico  State  University,  Las  Cruces,  New  Mexico 

lie  name  "nitrene**  for  species  R-N  is  most  often  used,  but  is 
itrovcrsial.  The  objection  that  systematic  nomenclature  re- 
le  ending  -ene  for  unsaturated  compounds  can  perhaps  be  met  by 
g  the  last  ''e,**  and  calling  the  species  "nitren.**  This  would  be 
us  to  the  change  of  **urethane**  to  '"urethan,**  for  the  same  rea- 
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,  and  G.  Bowes,  Tetrahedron  Letters,  2635  (1966). 


tion  to  ciS'  and  /rfl/i5-4-methylpentene-2.  This  is  an 
extension  into  the  nitrene  field  of  a  method  developed 
by  Skell"  for  carbenes.  This  method,  although  it 
caused  much  controversy/*  works  very  well  with  car- 
benes. Skell  proposed  that  addition  of  singlet  species 
to  an  olefin  should  produce  the  three-membered  ring 
adduct  in  one  single  step,  thus  in  a  stereospecific  fashion. 
A  triplet  species,  however,  should  first  form  an  open- 
chain  triplet  diradical.  This  is  supposed  to  establish 
conformational  equilibrium,  by  rotation  around  the 
former  double  bond,  much  faster  than  close  to  the  three- 
membered  ring.  Skell  assumed  that  the  delay  in  ring 
closure  is  due  to  the  necessity  of  inversion  of  one  of  the 
spins  of  the  triplet  diradical.  An  alternative  explana- 
tion by  Hoffmann  ^^  does  not  alter  the  stereochemical 
consequences.  Written  for  a  nitrene,  Skell's  scheme  is 
shown  in  Figure  1. 

In  the  following,  we  want  to  show  that  Skell's  scheme 
explains  our  data  not  only  qualitatively,  but  quantita- 
tively as  well.  Strictly  speaking,  what  we  observe  is 
a  "stereospecifically  adding  carbethoxynitrene"  and  a 
"nonstereospecifically  adding  carbethoxynitrene."  Our 
final  conclusion  is  that  these  can  be  identified  with  the 
singlet  and  triplet  species,  respectively.  To  make  the 
discussion  less  awkward,  we  shall  call  them  singlet  and 
triplet  from  the  beginning. 

After  completion  of  the  work  described  here, 
Scheiner**  presented  data  which  independently  support 
the  validity  of  SkelFs  scheme,  applied  to  aziridine  forma- 
tion. Scheiner  obtained  diradical  intermediates,  of  the 
type  shown  in  Figure  1,  not  by  addition  of  a  nitrene  to 
an  olefin,  but  by  direct  and  by  sensitized  photodecom- 
position  of  triazolines.  Direct  photolysis  gave  aziri- 
dines  stereospecifically,  perhaps  via  a  singlet  diradical, 
perhaps  by  a  concerted  process.  Photosensitized 
decomposition  gave  aziridines  nonstereospecifically, 
presumably  via  triplet  diradical  intermediates. 

Results  and  Discussion 

Carbethoxynitrene,  EtO-CO-N,  was  generated  by 

(15)  P.  S.  Skell  and  R.  C.  Wood  worth,  /.  Am.  Chem.  Soc„  78,  4496 
(1956);  R.  C.  Woodworth  and  P.  S.  Skell,  ibid.,  81,  3383  (1959). 

(16)  Cf.  P.  P.  Gaspar  and  G.  S.  Hammond  in  "Carbcne  Chemistry," 
W.  Kirmse,  Ed..  Academic  Press  Inc..  New  York.  N.  Y.,  1964.  p  259  ff. 

(17)  R.  Hoffmann.  Trans.  N.  Y.  Acad.  Sci.,  [2]  28,  75  (1966). 

(18)  P.  Scheiner,  /.  Am.  Chem.  Soc,  88,  4759  (1966). 
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Figure  1. 


photolysis^*  and  thermolysis"-^  of  ethyl  azidoformate 
and  by  base-induced,  a-elimination  of  arylsulfonateion 
from  N-(p-nitrobenzenesulfonyloxy)  urethan.*^**'  Es- 
pecially the  latter  reaction  is  expected  to  give  initially 
the  singlet  carbethoxynitrene,  since  nonconservation  of 
electron  spin  seems  unlikely  in  a  room-temperature 
ionic  reaction. 


ArSOxONCOOEt  + 
II 


p.O,NC.H4SO,ONHCOOEt  +  Et,N: 
I 

slow 

Et,+NH  — ►  ArSOr  +  Et,+N  +  N— COOEt 

III 


Owing  to  the  insolubility  of  the  nitrene  precursor  I, 
the  a-elimination  method  cannot  be  used  in  pure  hydro- 
carbons, and  a  solvent,  usually  dichloromethane,  was 
employed.  Dichloromethane  is  quite  inert  toward  the 
nitrene,  as  shown  by  the  observation  ^^  that  a  35% 
yield  of  aziridine  was  obtained  from  carbethoxynitrene 
in  a  0.2  mole  %  solution  of  cyclohexene  in  dichloro- 
methane. cis'  and  frfl/i5-4-methylpentene-2  were  em- 
ployed as  the  olefins,  mostly  because  they  are  liquids 
and  are  commercially  available.  As  communicated 
earlier,**  the  degree  of  stereospecificity  of  the  aziridine 
formation  is  strongly  dependent  on  the  olefin  con- 
centration. Even  in  pure  olefin,  the  addition  is  not 
fully  stereospecific.  While  our  work  was  in  progress, 
Hafner  reported"  that  the  photolysis  of  methyl  azido- 
formate in  c/5-and  rrfl/i5-2-butene  gave  87  %  c/5-plus  13  % 
/rflW5-aziridines  in  the  former  case,  and  S%cis  and  92% 
trans  in  the  latter.  During  the  progress  of  our  work, 
studies  of  the  dependence  of  stereospecificity  of  addition 
on  substrate  concentration  have  been  carried  out  on 
fluorenylidene,**  dicyanocarbene,^  and  cyanonitrene.** 

(19)  W.  Lwowski  and  T.  W.  Matiingly,  Jr.,  Tetrahedron  Letters,  277 
(1962);  W.  Lwowski  and  T.  W.  Mattingly,  Jr.,  /.  Am.  Chem.  Soc,,  87, 
1947  (1965). 

(20)  R.  J.  Cotter  and  W.  F.  Beach,  /.  Org.  Chem.,  29,  751  (1964). 

(21)  W.  Lwowski,  T.  J.  Maricich,  and  T.  W.  Mattingly,  Jr.,  J.  Am. 
Chem.  Soc.,  85,  1200  (1963). 

(22)  W.  Lwowski  and  T.  J.  Maricich.  ibid.,  87,  3630  (1965). 

(23)  W.  Lwowski  and  F.  P.  Woerner.  ibid.,  87,  5491  (1965). 

(24)  W.  Lwowski  and  J.  S.  McConaghy,  Jr..  ibid.,  87,  5490  (1965). 

(25)  K.  Hafner,  W.  Kaiser,  and  R.  Puttner,  Tetrhaedron  Letters,  3953 
(1964). 


The  imperfect  stereospecificity  cannot  be  attribi 
to  secondary  reactions.  The  stability  of  the  star 
olefins  and  the  products  under  the  reaction  condit 
was  established  both  by  independent  experiments 
by  taking  samples  during  early  and  late  stages  of  i 
vidual  runs,  and  comparing  the  ratios  of  cis  and  t 
products.  Both  olefins  and  the  products  were  st 
under  the  conditions  employed. 

Making  carbethoxynitrene  by  a  elimination  in 
chloromethane  solutions  of  cis-  and  trans-A-mct 
pentene-2  gave,  as  the  main  products,  mixtures  of 
and  trans- 1  -carbethoxy-2-isopropyl-3-methylaziridir 
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CH 


EtOaC— N        H- 


;h 

II 
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I 
CH3 


K  ^/-Pr 


k   - 


EtOaC— N 


+     EiOfi 


cis 
TV 
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K 
trans 


Table  I  gives  yields  and  compositions  of  the  aziri( 
mixtures  obtained  at  olefin  concentrations  betweer 


Table  I.    Addition  of  Carbethoxynitrene  to  cis-  and 
/mfr.r-4-Methylpentene-2,  ocElimination  Route, 
Dichloromethane  Solutions 


From 

trans 

From  cis 

olefin,  % 

olefin, 

Fraction 

% 

of 

Fraction 

Mole  % 

Yield  of 

trans 

of  m 

olefin 

aziridines 

product 

product 

33 

57 

7.8 

2.6 

10 

50 

17.5 

5 

26 

8.0 

3.3 

38 

34 

2.5 

37.5 

1.5 

24 

43 

12.3 

and  l.S  mole  %.    It  is  clear  that  the  data  of  TabI 
are  in  qualitative  agreement  with  Scheme  I. 
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(26)  M.  Jones  and  K.  R.  Rettig,  /.  Am.  Chem.  Soc.,  87.  4013, 
(1965). 

(27)  E.  Ciganek,  ibid.,  88,  1979  (1966). 
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proposed  Scheme  I  holds  true,  the  fraction  of 

^specific  reaction  should  depend  only  on  the 

time  that  elapses  from  the  formation  of  a 

cynitrene  molecule  to  its  consumption.    The 

trene  should  produce  only  one  geometric  iso- 

le  aziridine  from  each  (cis  or  trans)  olefin;  the 

>specific  triplet  reaction  should  produce  the 

netric  isomers  from  either  olefin.     The  frac- 

triplet  reaction  can  be  calculated  from  our 

ntal  data  if  one  assumes  that  the  nonstereo- 

f  is  total,  /.e.,  that  the  composition  of  the 

mixture  produced  by  the  triplet  depends  solely 

»sition  of  the  equilibrium  of  the  two  conformers 

pen-chain  diradical  intermediate  of  Figure  1, 

>n  the  nature  (cis  or  trans)  of  the  starting  olefin 

1  the  following  discussion,  we  will  show  that, 

aisis  of  the  above  assumption,  and  on  Scheme 

>erimental  data  can  indeed  be  correlated. 

given  experiment,  a  fraction  of  the  nitrene  is 

LS  the  triplet,  and  will  produce  (nonstereospe- 

a  fraction  of  the  total  aziridines  obtained. 

tion  (different  for  each  substrate  concentration) 

X.    The  aziridine  produced   by  the  triplet 

i  a  mixture  of  trans  and  cis  isomers;  the  ratio 

should  be  constant  (see  preceding  paragraph) 

fraction  of  fra/i^-aziridine  in  this  mixture  is 

The  values  of  X  for  each  experiment  and 

5  of  Y  are  to  be  determined  from  the  experi- 

lata:    the  fractions  of  /ra/i^-aziridine  in  the 

mixture  from  cis  olefin,  called  A  (and  depend- 

lefin  concentration),  and  the  fractions  of  cis- 

in  the  aziridine  mixtures  produced  from  trans 

so  depending  on  olefin  concentration)  which  we 

B,    A  and  B  will  always  be  smaller  than  Xy 

some  of  the  nonstereospecific  reaction  will 

the  same  aziridine  isomer  that  is  produced 

tcifically  by  the  singlet  nitrene.    With  Y  being 

,  we  have 


A    =    XY 
(experiments  starting  with  the  cis  olefin) 


B  =  X(l  -  Y) 

(experiments  starting  with  trans  olefin, 
the  fraction  of  c/j-aziridine  in  the  **non- 
stereospecific  mixture"  being  I  —  Y) 

iq  1  and  2  gives 

A  +  B=  X 

tituting  (3)  into  (1)  gives 

Y  =  AI(A  +  B) 


(1) 


(2) 


(4) 


is  supposed  to  be  constant,  A/(A  +  B)  and 
mtly  A/B  are  also  supposed  to  be  constant. 
',  A  is  obtained  from  investigation  of  reactions 
?  olefin,  and  B  from  the  trans  olefin.  To  select 
values  of  (concentration-dependent)  A  and  B 
a  series  of  A/B  values  and  to  check  for  their 
ation  independence,  it  is  not  enough  to  com- 
ind  B  values  obtained  at  the  same  concentra- 
cis  and  trans  olefins,  respectively.  One  has 
nto  account  the  different  reactivities  of  the  two 
>ward  the  nitrenes.  In  our  reaction  Scheme  I 
ttition  is  set  up  between  kt  and  /^sColefin]. 
sing  olefins  of  different  reactivity,  the  latter 


term  contains  different  kz  values,  and  it  becomes  neces- 
sary to  know  the  ratio  of  fcajraw'^s.cw.  This  ratio  was 
determined  by  direct  competition,  using  a  mixture  of  10 
mole  %  cis,  20  mole  %  /rfl/i5-4-methylpentene-2,  and 
70  mole  %  dichloromethane.  The  ratio  of  reactivities 
at  these  particular  olefin  concentrations  was  found  to 
be  trans: cis  =  0.7.  Since  the  singlet: triplet  ratio  of 
carbethoxynitrenes  is  supposed  to  change  with  olefin 
concentration,  one  might  anticipate  that  the  reactivity 
ratio  would  also  depend  on  olefin  concentration. 
Fortunately,  there  is  little  or  no  such  dependence. 
The  values  for  A  and  B  were  plotted  as,  olefin  concen- 
tration, and  A  at  a,  given  concentration  was  compared 
with  the  B  at  1/0.7  of  that  concentration.  The  values 
for  A/B  so  obtained  vary  from  3.7  to  4.15  for  concen- 
trations from  33  to  1.5  mole  %,  and  no  clear  trend  is 
observed.  Thus,  the  ratios  of  reactivities  of  cis  and 
trans  olefins  seem  to  be  nearly  the  same  for  the  reactions 
with  singlet  and  triplet  carbethoxynitrene.  The  average 
of  these  reactivity-corrected  A/B  values  is  3.9;  thus  Y 
is  found  to  be  0.80  and  the  fraction  of  transoid  open- 
chain  diradical  intermediate  in  our  case  is  80%.  X, 
the  fraction  of  triplet  reaction,  then  is  calculated  as 
AIO,S  or  JT  =  1.25 A.  JT  equals  1.25  times  the  fraction 
of  /ra/i5-aziridine  in  the  aziridine  mixture  produced 
from  cis  olefin.  It  may  be  mentioned  here  that  the 
average  value  for  A/B  obtained  from  experiments  with 
photolytically  generated  nitrene  (100  and  1.5  mole  % 
olefin)  is  3.87.  The  relation  X  =  1.25^  is  sufficiently 
accurate  for  our  further  use,  since  a  10%  error  in  the 
ratio  A/B  would  lead  only  to  a  3  %  error  in  the  factor 
1.25. 

If  we  use  Scheme  I,  neglect  side  reactions  of  the  tri- 
plet (/:&),  and  call  the  aziridine  from  singlet  ni- 
trene S,  the  aziridine  mixture  from  the  triplet  nitrene 
T,  the  singlet  nitrene  N,  the  triplet  nitrene  'N,  and  as- 
sume that  nitrene  production  is  the  slow  reaction  step, 
then 

d[T]/d/  =  itJ'NIolefin] 

« 

d[S]/d/  =  fcrfNIolefin] 
(d[T]/d/)/(d[S]/d/)  =  fc4[»N]/fc3[N] 

and  with  d[»N]/d/  =  0 

d[»N]/d/  =  itJN]  -  it4[»N][olefin]  =  0 
['N]/[N]  =  itj/fcjolefin] 


(3)       and 


(d[T]/dO/(d[S]/d/)  =  k4fc^/kzkJiolt&n]  =  fcj/fc*  [olefin] 
with  the  olefin  concentration  constant  throughout  the 


run 


[T]/[S]  =  fcj/fcrfolefin] 


Consequently,  a  plot  of  [T]/[S]  vs,  1 /[olefin]  should 
give  a  straight  line  with  the  slope  ^2/^1.  Table  II  gives 
the  data  used  to  construct  Figure  2. 

The  curve  in  Figure  2  follows  the  predicted  straight 
line  only  down  to  about  3  mole  %  olefin.  In  our  com- 
putation, fcs  was  neglected ;  that  is,  the  assumption  was 
made  that  all  triplet  nitrene  produced  is  quantitatively 
converted  to  aziridines.  At  low  olefin  concentrations, 
this  seems  not  nearly  to  be  true,  and  the  scheme  has  to 
be  refined.    It  is  not  necessary  to  take  into  account  side 


McConaghy^  Lwowski  |  Carbethoxynitreniebv  ot^iiwAiia^on 


2360 


[Tl 
1^ 


.015     .010 


I  /[OLERN] 


Figure!. 


reactions  of  the  singlet  nitrene,  since  the  steady-state 
assumption  d[N]/d/  =  0  was  not  needed  in  the  calcula- 
tions made  above.  However,  the  assumption  d['N]/d/ 
—  0  was  made,  and  side  reactions  of  the  triplet  nitrene 
have  to  be  considered.    Adding  the  reaction 


»N 


is  indeed  all  that  is  required  to  obtain  a  straight  line  in 
Figure  2.  The  reaction  or  reactions  described  by  fcs 
could  be  those  of  the  triplet  nitrene  with  solvent.    Re- 


TaUe  n.  Addition  of  Carbethoxynitrene  to 
ciJ-4-Methyipentene-2,  a-Elimination  Route, 
Dichloromethane  Solution,  Reduced  Data 


[Olcfinr* 

A 

m 

[SI 

m/isi 

3 

0.078 

0.098 

0.90 

0.11 

10 

0.175 

0.22 

0.78 

0.28 

20 

0.26 

0.325 

0.675 

0.48 

30 

0.34 

0.425 

0.575 

0.74 

40 

0.375 

0.47 

0.53 

0.89 

67 

0.43 

0.54 

0.46 

1.18 

arrangement  or  dissociation  of  the  triplet  nitrene,  as 
well  as  return  to  the  singlet  state,  could  also  be  contained 
in  ki.    With  the  new  reaction,  we  have 

d[»N]/d/  =  kJiN]  -  ^J'NIolefin]  -  ikJ'N]  =  0 

In  the  same  way  as  above,  this  yields 

[T1/[S]  -  fc2/{*3([olefin]  +  k,/k,)} 

Thus,  a  plot  of  [T]/[S]  vs,  l/([olefin]  +  k-Jki)  should  now 
give  a  straight  line.  To  find  ki/ki,  the  logarithms  of 
all  our  [T]/[S]  values  were  plotted  against  log  l/([olefin] 
+  ;c)  and  various  values  tried.  With  ac  =  0.01  to  0.025, 
straight  lines  could  be  drawn  that  passed  through  the 
error  boxes  of  all  points.  The  best  fit  seems  to  be  given 
by  kilk4  =  0.015.  Figure  3  shows  plots  with  k^/ki 
taken  as  0.01,  0.015,  and  0.025.  The  slopes  of  the  lines 
in  Figure  3  correspond  to  kt/kz,  the  ratio  of  the  (first- 


in 
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Figure  3. 


order)  rate  constant  of  singlet-triplet  conversion  and  the 
(second-order)  rate  constant  for  the  singlet  addition  to 
c/5-4-methylpentene-2.  If  fco//^4  is  taken  to  be  0.015 
±  0.005,  the  k2lkz  is  equal  to  0.036  ±  0.004.  Thus  it 
appears  that  the  addition  of  the  singlet  nitrene  is  about 
30  times  as  fast  as  the  decay  to  triplet. 

The  quantitative  compatibility  of  the  observed  data 
with  a  scheme  based  on  singlet-triplet  conversion  com- 
peting with  the  addition  of  singlet  to  olefin  is  encourag- 
ing, but  does  not  itself  prove  the  validity  of  the  scheme. 
To  provide  independent  evidence,  attempts  were  made 
to  trap  the  triplet  nitrene  selectively. 

Trapping  of  Triplet  Carbethoxynitrene.  The  reac- 
tions reported  above  were  done  in  degassed  solutions 
under  nitrogen.  Changing  to  solutions  saturated  with 
oxygen  resulted  in  slightly  more  stereospecific  addition 
(at  3.3  mole  %  olefin  concentration),  but  the  change 
was  not  large  enough  to  be  convincing.  Since  the 
first  intermediate  in  the  addition  of  the  triplet  nitrene 
to  an  olefin  is  supposed  to  be  a  diradical,  we  tried  next 
an  addend  which  would  give  a  highly  stabilized  di- 
radical, hoping  that  this  stabilization  might  be  reflected 
in  the  transition  state  enough  to  lead  to  very  fast  addi- 
tion. Our  choice  was  a-methylstyrene,  which  we  did 
not  expect  to  be  particularly  reactive  toward  the  singlet 
nitrene.  Indeed,  addition  of  3.3  mole  %  of  j8-methyl- 
styrene  to  an  otherwise  unchanged  run  with  3.3  mole 
%  m-4-methylpentene-2  in  dichloromethane  gave  a 
16%  yield  of  c/5-l-carbethoxy-2-isopropyl-3-methyl- 
aziridine,  and  only  a  trace  of  the  trans  isomer.  Without 
the  a-methylstyrene,  the  reaction  gave  a  25  %  yield  of 
the  ciS'  and  a  1 3  %  yield  of  the  rra/j^-aziridine.  A  similar 
experiment,  using  1.5  mole  %  each  of  a-methylstyrenc 
and  c/5-4-methylpentene-2,  gave  an  aziridine  mixture 
containing  at  the  most  2.1%  of  the  trans  compound. 
Thus,  the  a-methylstyrene  reduced  the  yield  of  the  cis 
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e  by  a  factor  of  1.6,  but  the  yield  of  trans  prod- 
i  factor  of  greater  than  30  (at  3.3  mole  %  concen- 
I.  The  simplest  explanation  is  that  the  triplet 
is  removed  because  its  reaction  rate  with  a- 
ityrene  is  much  greater  than  that  of  the  singlet, 
ne  I  is  extended  by  the  reaction 


»N  +  a 


ka 


products 


oc  stands  for  a-methylstyrene,  then  a  treatment 
3us  to  the  one  used  above  gives 

r]/[S]  =  fc2/{fci([olefin]  +  k,lk,)  +  kJia]/k,] 

lues  except  kJial/ki  are  known,  and  kjki  is 
ted  to  be  86  (using  A  =  0.021  and  [T]/[S]  = 

It  appears  that  a-methylstyrene  is  86  times 
eactive  toward  triplet  carbethoxynitrene  than  is 
ethylpentene-2.  Since  the  2.1%  rra/i^-aziridine 
product  mixture  is  the  maximum  value,  the  rate 
For  the  a-methylstyrene  might  be  greater.  Our 
agree  very  well  with  Skell's  contention  that  the 
on  state  in  the  triplet  addition  has  much  radical 
er.    The  nature  of  the  product  from  a-methyl- 

and  carbethoxynitrene  supports  this  further, 
iridine  corresponding  to  nitrene  addition  to  the 
ylstyrene  could  not  be  found.  The  main  prod- 
is  a  1:1  adduct,  3-carbethoxyamino-2-phenyl- 
>l  (VI).  Its  structure  was  established  by  its 
d  infrared  spectra,  elemental  analysis,  and  inde- 
t  synthesis.  Presumably,  VI  is  formed  not  by 
insertion  into  the  methyl  group,  but  via  a  di- 
intermediate. 


HjC==CH,  +  NCXX)Et 
CH, 


CH, 

/       \ 
-CeHfiC-  H 

\         . 
CHaNCOOEt 


CeHftC 


i 

\ 


CH, 


CHiNHCOOEt 
VI 


ssibility  that  VI  is  a  decomposition  product  of  the 
le  formed  from  a-methylstyrene  was  not  rigorously 
id,  but  it  was  shown  that  VI  is  present  in  the 
n  mixture  before  the  gas  chromatographic  sep- 

Unsaturated  Dimer  of  a-Methylstyrene.  Vpc 
s  of  the  product  mixture  from  a-methylstyrene 
irbethoxynitrene  (produced  by  a  elimination) 
d  a  further  major  product,  which  was  found 
)resence  as  well  as  in  the  absence  of  c/5-4-methyl- 
e-2  in  the  reaction  mixtue.    The  new  product 

to  be  identical  with  the  "liquid  dimer"  or  "un- 
ed  dimer"  of  a-methylstyrene.  This  dimer  had 
taracterized  by  Bergmann**  and  later  by  Hukki,*^ 
d  been  assigned  the  structure  of  2,4-diphenyl-4- 
pentene-2  on  the  basis  of  ozonization  studies.^' 
observed  2,4-ditoyl-4-methylpentene-l  among  the 
ts  of  the  (analogous)  acid-induced  dimerization 
•dimethylstyrene,  and  proposed  that  the  corre- 
ng  terminal  olefin  also  might  be  present  in  the 
t  from  acid-induced  dimerization  of  a-methyl- 

.  Bcrgmann,  H.  Taubadel,  and  H.  Weiss,  Ber.,  64B,  1493  (1931). 
Hukki.  Ado  Chem.  Scand.,  3,  279  (1949). 


styrene,  and  that  Bergmann  might  have  overlooked  it. 
We  prepared  the  a-methylstyrene  dimer  by  Hukki's 
method,  and  found  it  to  have  vpc  retention  time,  in- 
frared, and  nmr  spectra  identical  with  the  product 
from  the  reaction  of  our  nitrene  with  a-methylstyrene 
in  dichloromethane.  The  vpc  analysis  shows  that  little 
or  no  isomeric  olefin  is  present,  and  the  nmr  spectrum 
shows  two  nonequivalent  vinyl  protons.  This,  and  the 
rest  of  the  spectral  data,  establish  the  structure  of  the 
liquid,  unsaturated  a-methylstyrene  dimer  as  2,4-di- 
phenyl-4-methylpentene- 1 . 

2.77(2) 
CH,      y       CH, 


Ctn  5 — C — CHa — C 
CH, 

/  H 

5  1.8(6)  4.74(1) 


/ 


C— H    5.08(1) 


A  broad  multiplet  representing  the  ten  aromatic  protons 
is  centered  around  S  7.1. 

As  shown  by  a  control  experiment,  the  strongest  acid 
present  in  our  system,  triethylammonium  ion,  does  not 
convert  a-methylstyrene  to  the  dimer.  In  our  case, 
it  is  probably  formed  by  a  radical  chain  mechanism, 
such  as 

C«H6CCH,NCX)OEt    +    C.H5C=CH, — > 

CH,  CH, 

CeHftCCHjNCOOEt     +      QHsCCH, 

CH,  CH, 

CH, 

C.H8<!XCH,),  -f  CeH5C==CH2  — ►  CeHiCCHjCCeHs 

CH,  CH,  CH, 

VII 

CH, 
VII  +  C^8C=CH,  — ►  CtHXXCHth  +  CHfiCCHiCCOI. 
CH,  CH,    CH, 


(5) 


(6) 


(7) 


Side  Reactions  of  Carbethoxynitrene.  In  the  preced- 
ing discussion,  only  aziridines  were  considered  as 
products  from  nitrene  and  the  4-methylpentene-2. 
The  experience  gathered  with  other  olefins ^••''  leads 
one  to  expect  other  products  as  well:  all  the  possible 
insertion  products,  especially  the  allylic  ones.  A  crude 
estimation,  based  on  the  data  from  cyclohexene  experi- 
ments, shows  that  only  the  insertion  product  into  the 
tertiary  C-H  bond  at  C-4  is  expected  to  be  formed  in  a 
quantity  greater  than  1  %  of  the  quantity  of  the  aziri- 
dines. However,  the  4-carbethoxyamino-4-methylpen- 
tene-2  might  be  formed  in  a  quantity  as  much  as  12% 
of  that  of  the  aziridines.  While  C-H  insertion  seems 
to  be  a  property  of  the  singlet  only,"  and  thus  should 
not  influence  the  stereospecificity  (see  above),  it  was  at 
first  surprising  that  no  tertiary  allyhc  insertion  product 
could  be  found.  Inspection  of  models,  however,  shows 
that  the  tertiary  allylic  hydrogen  in  m-4-methylpen- 
tene-2  is  very  shielded  by  three  methyl  groups,  and 
attack  on  the  C-4-H  bond  would  be  very  difficult  ster- 
ically.  In  the  trans  olefin,  the  steric  hinderance  of  such 
an  attack  is  also  severe. 

While  C-H  insertion  seems  to  make  a  negligible  con- 
tribution, a  more  serious  interference  could  be  caused 
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by  reactions  of  the  triplet  nitrene  with  olefin  other  than 
aziridine  formation.  Especially  formation  of  4-carb- 
cthoxyaniino-2-methylpentene-2  (VIII)  was  antici- 
pated. 


N^ 


+       N— COOEt      -H^     t- 


COOEt 


COOEt 


spin  inversion 


NHCOOEt 
VIII 

Compound  VIII  was  synthesized  and  a  reaction  mix- 
ture that  contained  a  high  proportion  of  triplet  products 
(from  a  run  with  1.5  mole  %  olefin  concentration)  was 
analyzed  for  VIII.  A  trace  of  a  product  with  vpc 
retention  time  identical  with  that  of  VIII  was  found,  but 
its  quantity  was  too  small  to  attempt  identification  by 
infrared  spectrum.  The  peak  area  corresponded  to  its 
being  formed  in  a  yield  no  greater  than  2.4%  of  the 
aziridine  yield,  or  no  greater  than  4.5%  of  the  yield 
of  the  part  of  the  aziridines  formed  from  the  triplet 
nitrene.  Consequently  this  side  reaction  does  not  ser- 
iously affect  our  conclusions. 

Conclusion 

The  results  discussed  above  show  that  the  a- 
elimination  route  produces  carbethoxynitrene  that 
adds  fully  stereospecifically  to  the  methylpentenes 
(extrapolation  to  infinite  olefin  concentration),  but 
changes  to  a  nitrene  that  adds  nonstereospecifically. 
Since  the  mode  of  generation  makes  it  very  likely  that 
the  singlet  nitrene  is  produced,  and  since  the  ground 
state  has  been  proved  to  be  the  triplet,*'  we  think  it 
reasonable  to  identify  the  two  species  with  the  singlet 
and  the  triplet  states.  Our  results  with  a-methylstyrene 
support  the  contention  that  the  intermediate  produced 
in  the  nonstereospecific  process  is  a  diradical. 

Experimental  Section 

General.  Infrared  spectra  were  obtained  with  a  Perkin-Elmer 
Model  421  spectrometer.  Unless  specified  otherwise,  carbon  tetra- 
chloride was  the  solvent  used  for  the  infrared  as  well  as  the  proton 
magnetic  resonance  spectra.  Tetramethylsilane  was  used  as  an 
internal  standard  for  the  latter,  and  the  chemical  shifts  are  reported 
as  S  values  (ppm  downfield  from  the  TMS  signal).  Ultraviolet  spec- 
tra were  taken  on  a  Gary  Model  14  spectrometer,  mass  spectra  on  a 
Model  21-103  Consolidated  Electrodynamics  Corp.  instrument. '< 
Microanalyses  are  by  Galbraith  Laboratories.  Melting  points 
were  taken  on  a  Fisher-Jones  block,  and  are  uncorrected,  as  are  the 
boiling  points.  Vapor  phase  chromatography  was  done  with  a 
Varian  Aerograph  Model  A-90-P  unit  and  helium  was  used  as  the 
carrier  gas.  The  columns  employed  were:  column  A:  6  ft  X 
0.25  in.  stainless  steel;  20%  GE-SF-96  silicone  oil  on  60-80  mesh 
Firebrick;    column  B:  15  ft  X  0.25  in.  aluminum;  5%  cyanosili- 


cone  XF  1150  on  45-^  mesh  Chromosorb  W;  column  C:  15 
ft  X  0.25  in.  aluminum;  20%  Carbowax  20M  on  45-60  mesh  Chro- 
mosorb W;  and  column  F:  1 1  ft  X  0.25  in.  stainless  steel;  25% 
silver  nitrate  in  glycerol  on  60-80  mesh  Chromosorb  P. , 

Quantitative  vpc  analyses  were  carried  out  by  making  four  in- 
jections per  determination,  tracing  the  peaks  on  unlined  filing  cards, 
cutting  them  out,  and  weighing.  The  error  was  taken  to  be  twice 
the  standard  deviation  found.  Relative  errors  were  less  than  2% 
where  the  ratio  of  compared  peak  areas  was  less  than  10:1.  To 
obtain  absolute  yields,  the  peaks  from  aliquots  of  reaction  mixtures 
were  compared  with  peaks  from  the  injections  of  known  volumes  of 
standard  solutions  of  the  product  in  question.  Unless  stated  other- 
wise, all  reactions  were  run  under  nitrogen,  and  the  solvents  were 
deoxygenated  before  use.  cis-  and  /ra/fj-4-methylpentene-2  were 
Phillips  "pure  grade,"  994-%  pure.  The  olefins  were  distilled 
before  use  and  gave  a  negative  peroxide  test.  Each  sample  of 
olefin  was  first  analyzed  by  gas  chromatography  on  column  F. 
If  a  measurable  amount  of  the  other  isomer  was  found,  it  was 
corrected  for,  but  such  corrections  never  were  larger  than  1%. 
Triethylamine  (Matheson  Coleman  and  Bell)  was  distilled  from 
barium  oxide.  Dichloromethane  (Fisher  Certified  Reagent)  was 
used  without  further  purification. 

Preparation  of  Authentic  cis-  and  /fwi^l-Carfoethoxy-2-isoiiropyl- 
3-iiiethylaziridine8  (LW  and  V).  The  aziridines  were  prepared  by  a 
slight  modification  of  Hassner*s  method." 

a.  N-Carbethoxy-2-aniino-3-iodo-4-methylpentane8.  Iodine (25.4 
g,  0.1  mole)  was  added  in  one  portion  to  a  stirred,  cooled  mixture  of 
20  g  (0.133  mole)  of  freshly  prepared,  dry,  silver  cyanate,  8.4  g 
(0.1  mole)  of  cis-  or  /ra/ij-4-methylpentene-2,  and  200  ml  of  anhy- 
drous ether.  After  2  hr  of  stirring  in  an  ice-salt  bath  and  1  hr  at 
room  temperature,  the  filtered  solution  was  concentrated  to  half  its 
original  volume,  200  ml  of  absolute  ethanol  was  added,  and  the 
solution  heated  to  reflux  for  2  hr.  Solvent  was  distilled  to  reduce 
the  volume  by  half,  and  the  solution  was  poured  into  150  ml  of 
water,  containing  a  little  sodium  sulfite.  The  aqueous  layer  was 
washed  once  with  ether,  and  the  combined  organic  layers  were 
washed  five  times  with  water.  The  combined  aqueous  extracts 
were  once  extracted  with  ether,  and  this  ether  extract  was  washed 
five  times  with  water.  The  washed  ether  extract  was  combined 
with  the  other  organic  phase,  washed  once  with  saturated  sodium 
chloride  solution,  and  dried  over  sodium  sulfate.  Evaporating  the 
ether  left  the  products  as  yellow  oils.  The  crude  yield  from  the  cis 
olefin  was  23.3  g  (78%),  from  the  trans  olefin  20.8  g  (70%).  Both 
iodo  urethans  show  the  ester  carbonyl  band  at  1720  cm"';  the 
NH  band  of  the  compound  from  cis  olefin  is  at  3435,  that  from  the 
trans  olefin  is  at  3440  cm~^  The  nmr  spectra  of  the  products  from 
cis  and  trans  olefin  are  different  in  that  the  isopropyl  CHa  signals 
form  two  doublets  at  S  1.01  and  1.07  in  the  product  from  trans 
olefin,  while  they  are  not  separated  (at  6  l.(X))  in  the  product  from 
cis  olefin.  The  other  nmr  signal  positions  are  common  to  both 
products:  CH|  at  C-1  at  6  1.12,  ethoxy  CHi  at  1.12,  isopropyl  CH 
at  1.3-1.8,  N-C-H  at  3.3-3.7,  I-C-H  at  3.8-4.1,  ethoxy  CH,  at 
4.04,  and  N-H  at  5.25.  The  products  crystallized  on  standing  in 
the  refrigerator,  but  were  usually  used  as  oils  without  further  puri- 
fication. 

b.  l-Carbethoxy-2-isopropyl-3-methylaziridines  (VI  and  V). 
A  solution  of  the  appropriate  N-carbethoxy-2-amino-3-iodo-4-mcth- 
ylpentane  (15  g,  0.05  mole)  in  15  ml  of  /-butyl  alcohol  was  added 
in  one  portion  to  a  rapidly  stirred  solution  of  15  g  (0.134  mole)  of 
potassium  /-butoxide  (MSA  Research  Corp.)  in  200  ml  of  /-butyl 
alcohol.  After  10  min  of  stirring  at  room  temperature,  the  mixture 
was  poured  into  a  solution  of  15  gof  ammonium  chloride  in  400  ml 
of  water.  The  solution  was  extracted  twice  with  200-ml  portions  of 
ether,  and  the  ether  phase  was  washed  with  water  and  sodium  chlo- 
ride solution  and  dried.  After  removal  of  ether  and  /-butyl  alcohol, 
the  product  was  distilled  over  a  short  Vigreux  column.  The  cis- 
aziridine  had  bp  63-66°  (3  mm);  the  trans  boiled  at  67-70^  (3 
mm).  The  yields  were  3.38  g  (40%)  for  the  cis,  and  4.42  g  (51  %) 
for  the  trans  isomer.  Vpc  analysis  on  column  B  showed  the  prod- 
ucts not  to  be  contaminated  by  the  other  isomers.  Infrared  and 
nmr  spectra  confirm  the  structures  of  IV  and  V.  The  signals  from 
the  methyl  groups  are  split  not  only  by  the  H  on  the  adjacent  carbon, 
but  also  due  to  the  asymmetry  on  ring  carbon  2  (J  =  12  cps  for 
the  cis- J  7  =  4  cps  for  the  /m/w-aziridine).  Similar  eflFects  have  been 
observed,'*  and  it  has  been  suggested  that   restricted   rotation 


(31)  We  wish  to  thank  Mr.  David  Friedland  for  his  generous  and 
competent  help  with  the  mass  spectra. 


(32)  A.  Hassner  and  C.  Heathcock.  /.  Org.  Chem.,  29,  3640  (1964): 
30,  1748  (1965). 

(33)  A.  T.  Bottini,  R.  L.  VanEtten,  and  A.  J.  Davidson,  /.  Am,  Chem. 
Soc.,  87.  755  (1965). 
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nost  of  the  effect,'^  but  the  spectrum  of  our  ci>aziridine 
appreciably  different  at  150°  and  at  room  temperature, 
r  spectra  showed  correct  integrals,  and  the  chemical  shifts 
igned  as  shown  in  Table  III. 


Group 

ciSt  5 

trans,  B 

propyl  CH| 

0.94,1.13 

0.95,1.02 

igCH, 

1.21 

1.21 

loxy  CHi 

1.22 

1.22 

•propyl  C-H 

1.3-1.7 

1.3-1.6 

ng  protons 

1.7-2.6 

1.7-2.4 

lOxyCHs 

4.04 

4.04 

e  carbonyl  frequencies  of  both  isomers  were 

atl720cm-i 

-Anal.,  % 

C 

H 

N 

IcdforC^HnNO, 

63.13 

10.01 

8.18 

iind        cis 

62.72 

10.18 

8.20 

trans 

63.18 

10.13 

8.47 

Induced  Decompositioii  of  N-(/>-Nitrobenzeiie8ulfonyl)iire- 
I  in  SolntioaB  of  4-Methylpeiiteiie-2  and  Dichloromethane. 

pidly  stirred  solution  of  0.252  g  (0.00087  mole)  of  I  in  30  ml 
ppropriate  dichloromethane-olefin  mixture  was  added  drop- 
s' 8  min  0.10  g  (0.0010  mole)  of  triethylamine  in  10  ml  of  the 
chloromethane-olefin  mixture.  The  temperature  was  main- 
)etween  35  and  40°.  After  3  hr,  the  volume  was  reduced  to 
ml,  and  50  ml  of  ether  was  added  to  precipitate  the  triethyl- 
iump-nitrobenzenesulfonate,  which  was  usually  obtained  in 
;  yield.  The  solvent  was  removed  from  the  filtrate,  and  the 
analyzed  by  vpc.  Urethan,  IV,  and  V,  were  identified  by  their 

0  times  and  their  infrared  spectra,  IV  and  V  also  by  their 
ectra.  No  single  column  was  found  to  separate  all  the 
s.  Column  A  separated  urethan  and  diethyl  hydrazodi- 
i  from  the  aziridines  IV  and  V;  column  B  separated  the 
es  from  each  other,  but  not  V  from  diethyl  hydrazodifor- 
column  C  separated  all  components  but  a  decomposition 
:  (possibly  from  the  aziridines)  appeared  together  with  IV. 
mdard  procedure  used  was  to  separate  the  aziridines  from 
T  components  on  column  A  (120°),  collect  them,  and  analyze 
n  column  B  (112°)  to  determine  their  ratio.    A  synthetic 

of  IV  and  V  was  analyzed  on  column  B  directly,  and  after 
ssing  it  through  column  A,  the  fraction  of  IV  was  found  to 
and  45.1  %,  respectively,  showing  that  passage  over  column 
lot  affect  the  ratio  of  IV :  V.  Aziridine  mixtures  containing 
te  quantities  of  urethan  were  analyzed  both  directly  on  col- 
ind  after  passage  over  column  A.  The  results  confirmed  the 
ty  of  the  method.    Analysis  of  recovered  olefin  on  column  F 

1  showed  that  less  than  1  %  had  isomerized.  To  determine 
iic  influence  of  the  ratio  of  nitrene  precursor  to  olefin,  the 
lent  using  1.5  mole  %  olefin  concentration  was  repeated, 
ot  40  but  4O0  ml  of  the  dichloromethane-olefin  mixtures. 
ults  are  shown  in  Table  IV. 


V.    Reactions  of  I,  Base,  and  Olefin  in 
'omethane  Solutions 

Yields  from  cis  olefin,  %       From  cis  From  trans 

Diethyl        olefin,  olefin, 

%      Aziri-                    hydrazo-      %  V  in  %  IV  in 

n         dines     Urethan   diformate     IV  +  V  IV  +  V 


3 
5 
5 


57 
50 

38 

24 


1.5 
5 


6-7 


4^8 


42 


7.8 
17.5 
26 
34 
37.5 
43 


2.6 
8.0 


12.3 


In  400-ml  Solution 
5  43  1.5  5.7  45.5 

X)-ml  Solution  and  with  Fivefold  Excess  of  Triethylamine 
5  35  43 


G.  M.  Whitesides,  D.  Holtz,  and  J.  D.  Roberts,  7.  Am.  Chem. 
*9  2628  (1964),  and  references  therein. 


Competition  of  cis-  and  /nvr5>-4-Methyipentene-2  for  tiie  Nitrene. 

Decomposition  of  I  as  above  in  solvent  consisting  of  10  mole  %  of 
cis  and  20  mole  %  of  trans  olefin,  and  70  mole  %  of  dichloromethane, 
and  work-up  as  above,  gave  IV  and  V  in  the  ratio  1 : 1 .73.  The  rela- 
tive reactivity  was  calculated  assuming  that  the  nitrene  would  react 
with  the  cis  olefin  with  the  same  stereospecificity  as  in  a  solution 
containing  10  mole  %  cis  olefin,  90  mole  %  dichloromethane  [V  :(IV 
+  V)  =  0. 175],  and  with  the  trans  olefin  as  if  in  a  solution  of  20  mole 
%  trans  olefin  and  80  mole  %  dichloromethane  (IV:(IV  -f-  V)  =» 
0.04].  Under  these  assumptions,  the  reactivity  of  the  trans  olefin 
is  calculated  to  0.70  times  that  of  the  cis  olefin. 

Preparation  of  3-Carbethoxamino-2-plienyl-propene-l.  a. 
Bromination  of  a-metfayistyrene'^  gave  a  mixture  of  about  75%  3- 
bromo-2-phenylpropene-l  and  25%  l-bromo-2-phenylpropene-l 
in  52%  yield.  This  mixture,  a  powerful  lachrymator,  was  used  in 
the  next  st^. 

b.  To  prepare  3-N-phthalimido-2-phenylpropene-l,  5.07  g 
(0.0257  mole)  of  the  bromophenylpropene  mixture  was  treated 
with  4.7  g  (0.0254  mole)  of  potassium  phthalimide  in  20  ml  of  di- 
methylformamide  at  40°,  then  55°  for  2  hr.  Diluting  with  chloro- 
form, washing  with  water  and  sodium  hydroxide  solution,  drying, 
and  concentrating  in  vacuo  gave  crystals.  Recrystallization  from 
cyclohexane  gave  product  (3.94  g,  58  %  yield),  mp  123-124°. 

c.  To  prepare  3-amino-2-phenylpropene-l,  3.4  g  (0.013  mole) 
of  the  phthalimido  compound  was  heated  to  reflux  for  1  hr  in  30  ml 
of  methanol  containing  1.2  ml  (0.02  mole)  of  85%  hydrazine  hy- 
drate. After  addition  of  20  ml  of  water,  just  enough  hydrochloric 
acid  was  added  to  make  the  solution  acidic.  After  filtration,  the 
solution  was  concentrated,  15  ml  of  6  N  sodium  hydroxide 
solution  was  added,  and  the  mixture  extracted  four  times  with  30-ml 
portions  of  ether.  From  the  dried  ether  extract,  1.03  g  (60% 
yield)  of  3-amino-2-phenylpropene-l  was  isolated  by  distillation, 
bp  95-98°  (17  mm).    Tiffeneau  reported  bp  90-92°  (14  mm).»« 

d.  3-Carbetiioxainino-2-phenyl-propene-l.  A  solution  of  0.85  g 
(0.0064  mole)  of  the  amine  and  0.65  g  (0.0064  mole)  of  triethylamine 
in  15  ml  of  ether  was  treated  in  an  ice  bath  with  0.70  g  (0.0064 
mole)  of  ethyl  chloroformate.  Filtration  and  removal  of  the  ether 
gave  a  product,  bp  123-125°  (2  mm),  a  pale  yellow  solid,  mp  39.5- 
41.5°,  yield  0.82  g  (63%).  The  infrared  spectrum  showed  N-H 
at  3457  (sharp)  and  3360  (broad);  olefinic  and  aromatic  C-H  at 
3090,  3060,  and  3030;  carbonyl  at  1720;  C=C  at  1628;  aro- 
matic ring  at  1600  (weak)  and  1500  cm~^  The  nmr  spectrum 
showed  the  ethoxy  CHa  at  d  1.22  (t),  ethoxy  CHs  at  4.04  (q),  CHs 
at  4.15  (d),  olefinic  C-ITs  at  5.20  and  5.34,  N-H  at  5.3-5.8,  and 
the  aromatic  CH's  at  7.34. 

AnaL  Calcd  for  C„H,iNO,:  C,  70.22;  H,  7.37;  N,  6.83. 
Found:    C,  70.27;  H,  7.44;  N,  7.01. 

The  a-methylstyrene  dimer,  2,4-diphenyl-4-methylpentene-l, 
was  prepared  after  Hukki.*>  Its  infrared  spectrum  showed  olefinic 
and  aromatic  C-H's  at  3087, 3060,  3025 ;  C=C  at  1623 ;  aromatic 
ring  at  \600  and  1490  cm~^  The  nmr  spectrum  showed  the  methyl 
signal  at  S  1.18  (s,  6.0);  CH,  at  2.77  (s,  2.1);  olefinic  C-H  at 
4.74  (broad,  1.0)  and  5.08  (broad,  0.95);  aromatic  CH  centered 
around  7. 1  (multiplet,  area  9.5). 

Reaction  of  Carbethoxynitrene  with  a-Methylstyrene.  A  solution 
of  0.254  g  (0.00088  mole)  of  I  in  a  mixture  of  35  ml  of  dichloro- 
methane and  2.5  ml  of  a-methylstyrene  (3.5  mole  %  in  a-methyl- 
styrene) was  decomposed  and  worked  up  as  described  above.  Vpc 
analysis  on  column  A  (210°)  gave  two  major  peaks,  identified  as  3- 
carbethoxamino-2-phenylpropene-l  and  2,4-diphenyl-4-methylpen- 
tene-1,  respectively,  by  comparison  of  their  vpc  retention  times 
and  infrared  and  nmr  spectra  with  those  of  the  authentic  compounds. 

To  determine  whether  the  3-carbethoxamino-2-phenylpropene-l 
was  formed  during  the  vpc  analysis  from  some  other  original  reac- 
tion product,  the  original  reaction  mixture  was  analyzed  by  thin 
layer  chromatography,  using  five  solvent  systems  (cyclohexane: 
dichloromethane :ethyl  acetate,  2:2:1;  benzene-ether,  1:1;  ben- 
zene-ether, 95:5;  benzene;  and  dichloromethane).  On  silica  gel 
(Merck),  in  all  cases  a  spot  was  found  that  had  run  as  far  as  a  spot 
of  the  authentic  compound. 

Reaction  of  Carbethoxynitrene  with  c/j-4-Methylpentene  and 
a-Methylstyrene  in  Dichloromethane.  The  same  procedure  as 
described  above  for  solutions  not  containing  a-methylstyrene  was 
employed.    The  analysis  procedure  could  be  employed  unchanged. 


(35)  H.  Pines.  H.  Alul.  and  M.  Kolobielski.  /.  Org.  Chem.,  22,  1113 
(1957). 

(36)  M.  Tiffeneau  and  H.  Cahnmann,  BuiL  Soc.  Chim.  France,  [5] 
2.1876(1935). 
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since  products  formed  from  the  a-methylstyrene  did  not  overlap 
with  the  aziridines  IV  and  V. 
Preparatioii     of    4-Carbethoxaiiiiiio-2-iiiethylpenteiie-2     (VIII)* 

A  solution  of  1.5  g  (0.005  mole)  of  the  N-carbethoxy-2-amino-3- 
iodo-4-methylpentane  (from  /nvrj-4-methylpentene-2)  and  2.5  g 
(0.025  mole)  of  triethylamine  in  50  ml  of  absolute  ethanol  was  stirred 
at  room  temperature  for  3  hr,  poured  into  water,  and  extracted  with 
ether.  From  the  washed  ether  solution,  a  residue  was  obtained 
that  yielded  VIII  by  gas  chromatography  on  column  B  (145^). 
It  was  identified  by  its  infrared,  nmr,  and  mass  spectra.  The  infrared 
spectrum  showed  N-H  at  3450  (sharp)  and  3350  (broad),  carbonyl  at 
1715  cm~^  The  nmr  spectrum  showed  the  ethoxy  CHs  at  S  1.22 
(t),  ethoxy  CHj  at  4.10  (q);  CH,  at  1.17  (d),  CH,  groups  at  C-2 
1.72  and  1.74;  N-C-H  at  4.0^.7  (m);  olefinic  C-H  and  N-H  at 
4.7-5.2  (m);  all  with  the  proper  integrals.  The  parent  peak  in  the 
mass  spectrum  was,  as  expected,  at  m/e  171;    ratio  (M  +  1)/M 


10.4%(calcd  for  C9H17NO2:  10.6%);  base  peak  at  m/e  156,  cor- 
responding to  the  loss  of  a  methyl  to  give  EtOOC-NH-CH-CH= 
QCHa)}  for  this  latter  peak,  the  ratio  of  (M  +  1)/M  was  found  as 
8.5  %  (calcd  for  QHmNO,  :    9. 3  %). 

Analysis  for  4-Carbetboxainiiio-2-iiiethyipeiiteiie-2  (VIII).  A 
reaction  mixture  from  a  run  with  1.5%  olefin  concentration  (cb- 
olefin)  was  analyzed  for  VIII  on  column  B.  A  trace  of  material 
with  the  retention  time  of  VIII  was  noted;  its  peak  area  was  14% 
of  that  of  the  combined  aziridines,  IV  +  V. 
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Abstract:  The  thermal  decomposition  of  dimethyl  tetrasulfide  and  trisulfide  at  80°  has  been  followed  by  the  use  of 
nmr  spectroscopy.  In  the  first  case,  dimethyl  tri-,  tetra-,  penta-,  and  hexasulfides  were  found  in  the  early  stages  of 
the  decomposition.  In  the  second  case,  decomposition  was  much  slower  and  dimethyl  di-,  tri-,  and  tetrasulfides 
were  initially  present.  Addition  of  a  stable  free  radical  to  dimethyl  tetrasulfide  was  found  to  inhibit  the  formation 
of  tri-  and  higher  polysulfides.    A  mechanism  for  the  decomposition  of  dimethyl  tetrasulfide  is  suggested. 


The  facile  thermal  decomposition  of  organic  tetra- 
and  trisulfides  has  been  known  for  many  years. 
For  example,  Twiss  recorded  that  diethyl  tetrasulfide 
gives  diethyl  trisulfide  and  free  sulfur  on  distillation 
in  vacuo ;^  Jones  and  Reid  reported  that  the  same 
tetrasulfide  decomposes  to  diethyl  disulfide  and  sulfur 
at  140-1 50°; 2  Bloomfield  found  that  dicyclohexyl 
tetrasulfide  gives  a  material  of  reduced  sulfur  content 
and  dicyclohexyl  hexasulfide  when  heated  at  140-150°;' 
Fuson,  et  al.,  found  that  bis(2-chloroethyl)  trisulfide 
gives  a  mixture  of  bis(2-chloroethyl)  disulfide,  higher 
sulfides,  and  sulfur  on  heating  at  145-160°;*  and  Gury- 
anova,  et  al,  showed  that  when  ditolyl  trisulfide,  in 
which  the  central  sulfur  atom  is  radioactive,  is  heated 
with  diethyl  trisulfide  the  latter  becomes  radioactive 
through  exchange  of  the  central  sulfur  atoms.*  Re- 
cently we  have  illustrated  the  instability  of  the  tetra- 
sulfide linkage  in  a  more  quantitative  manner  with  the 
finding  that  the  dissociation  energy  of  the  tetrasulfide 
linkage  in  dimethyl  tetrasulfide  is  only  about  36  kcal/ 
mole.* 

Although  the  lability  of  the  polysulfide  linkage  has 
been  recognized,  systematic  studies  of  the  thermal 
decomposition  of  organic  polysulfides  have  been 
hindered  by  lack  of  suitable  means  of  analysis.  Because 
the  products  of  decomposition  are  themselves  thermally 

(1)  D.  Twiss.  J.  Am.  Chem.  Soc,  49.  493  (1927). 

(2)  S.  O.  Jones  and  E.  E.  Reid.  ibid.,  60.  2452  (1938). 

(3)  G.  F.  Bloomfield.  y.  Chem.  Soc,  1547  (1947). 

(4)  R.  C.  Fuson,  C.  C.  Price,  D.  M.  Burness,  R.  E.  Foster,  W.  R. 
Hatchard.  and  R.  D.  Lipscomb.  /.  Org.  Chem.,  11,  487  (1946). 

(5)  E.  N.  Guryanova.  V.  N.  Vasilyeva.  and  L.  S.  Kuzina.  Rubber 
Chem.  Technol.,  29,  534  (1956). 

(6)  1.  Kende,  T.  L.  Pickering,  and  A.  V.  Tobolsky,  /.  Am.  Chem.  Soc, 
87.  5582  (1965). 


unstable,  quantitative  data  based  on  classical  methods 
of  separation  are  not  only  difficult  to  obtain  but  are  also 
suspect.  Recently  Grant  and  Van  Wazer  have  reported 
that  various  dimethyl  and  di-/-butyl  polysulfides  can  be 
distinguished  by  nmr  spectroscopy.'  Using  an  anal- 
ogous procedure  we  have  followed  the  thermal  de- 
composition of  dimethyl  tetrasulfide  and  trisulfide  at 
80°.  Investigations  into  the  mechanism  of  decomposi- 
tion were  also  carried  out. 

Experimental  Section 

Reagents.  Dimethyl  tetrasulfide  was  prepared  as  previously 
reported  by  us.'  Dimethyl  trisulfide  was  prepared  by  an  analogous 
procedure  using  sulfur  dichloride  (Matheson  Coleman  and  Bell) 
distilled  immediately  before  use,  bp  57-58°.  The  trisulfide  had  bp 
56-57°  (13  mm)  (lit.  59°  (12  mm),«  54-55°  (11  mm),»  58-59°  (15 
mm)w);  /i»d  1.5973  (lit. »» 1.5972).    The  yield  was  87%. 

Anal.  Calcd  for  CaHftSa:  C,  18.95;  H,  4.78;  S,  76.24.  Found: 
C,  18.99;  H,4.75;  S,  76.30. 

/3-(Phenyl  nitrogen  oxide)-/3-methylpentan-5-one  oxime  (here- 
after called  Banfield*s  free  radical)  was  prepared  by  the  method 
of  Banfield  and  Tudos.**'^*  Azobisisobutyronitrile  (Du  Pont) 
was  used  as  received. 

Procedure.  The  polysulfide  under  investigation  (0.6  ml)  and  a 
small  sealed  capillary  tube  containing  tetramethylsilane  were  placed 
in  a  precision- bore  Pyrex  nmr  tube  to  which  a  standard  taper  joint 
had  been  attached.  The  tube  was  then  degassed  and  sealed  off 
under  a  slight  pressure  of  nitrogen  following  the  method  previously 


(7)  D.  Grant  and  J.  R.  Van  Wazer,  ibid.,  86,  1450  (1964);   86,  3012 
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described  by  us.*  The  tube  was  heated  at  80°  in  a  bath  completely 
protected  from  light.  It  was  removed  at  intervals,  quenched  in 
liquid  nitrogen,  and  allowed  to  attain  room  temperature.  The 
nmr  spectrum  was  taken  and  the  tube  returned  to  the  bath. 

In  the  other  systems  investigated  the  following  materials  were 
used:  (a)  dimethyl  tetrasulfide  (1.12  g),  Banfield*s  free  radical 
(0.100  g),  carbon  tetrachloride  (0.8  ml);  (b)  dimethyl  trisulfide 
(0.668  g),  dimethyl  tetrasulfide  (0.014  g);  (c)  dimethyl  trisulfide 
(0.75  ml),  azobisisobutyronitrile  (0.107  g);  (d)  dimethyl  trisulfide 
(0.25  ml),  benzene  (0.5  ml);  and  (e)  dimethyl  trisulfide  (0.25  ml), 
nitrobenzene  (0.5  ml).  In  each  case  0.6  ml  of  solution  was  placed 
in  an  nmr  tube  and  treated  as  above. 

Nmr  Analysis.  Grant  and  Van  Wazer^  found  that  the  position 
of  the  methyl  resonance  in  a  dimethyl  polysulfide  was  progressively 
shifted  to  lower  fields  as  the  number  of  sulfur  atoms  in  the  poly- 
sulfide increased.  In  mixtures  of  polysulfides  and  in  the  presence 
of  solvents  the  positions  of  the  peaks,  relative  to  tetramethyisilane, 
were  variable,  depending  on  the  composition  of  the  system.  How- 
ever, the  positions  of  the  peaks,  relative  to  each  other,  were  prac- 
tically constant  over  a  range  of  systems. 

In  the  present  work  the  peaks  obtained  from  the  various  reaction 
mixtures  were  assigned  as  due  to  dimethyl  di-,  tri-,  and  tetrasulfides 
by  comparison  with  positions  and  separation  of  the  peaks  obtained 
from  authentic  samples  and  mixtures  thereof.  The  assignment  of 
peaks  to  higher  sulfides  was  made  on  the  assumption  that  the 
extent  of  deshidding  is  a  smooth  monotonous  function  of  the  num- 
ber of  sulfur  atoms  in  the  polysulfide. 

The  difference  in  chemical  shift  of  polysulfides  differing  by  one 
sulfur  atom  was  averaged  over  a  selection  of  spectra  obtained. 
The  values  obtained  are  shown  in  Table  I;  for  comparison  values 
computed  from  the  data  of  Grant  and  Van  Wazer  are  also  given. 


Table  I.    Differences  in  Chemical  Shifts  of  Dimethyl  Polysulfides 


A5i.t-      A54.1*      A5..4*      A56.6' 


9.1  5.7  1.7         1.2         Thiswork 

8.8  5.6         1.0         1.9         Ref7 

«  ASm.n  is  equal  to  the  chemical  shift  of  the  methyl  protons  in 
MeSmMe  minus  the  chenucal  shift  of  the  methyl  protons  in 
MeS«Meincps. 


The  nmr  spectra  were  taken  on  a  Varian  A-60  high-resolution 
spectrometer  using  a  sweep  width  of  50  cps  and  a  sweep  time  of  250 
sec.  Peak  areas  were  determined  by  machine  integration.  For 
each  spectrum  the  area  of  each  peak  assigned  to  a  particular  poly- 
sulfide was  expressed  as  a  percentage  of  the  total  area  due  to  all  the 
polysulfides  present.  Since  all  dimethyl  polysulfide  molecules  con- 
tain the  same  number  of  hydrogen  atoms,  this  percentage  area  is 
equal  to  the  number  of  molecules  of  the  particular  polysulfide 
present  expressed  as  a  percentage  of  the  total  number  of  polysulfide 
nx)lecules  present,  i,e,,  to  the  molar  percentage. 

Results 

The  percentage  molar  distributions  of  dimethyl  poly- 
sulfides in  the  systems  investigated  at  various  time 
intervals  are  shown  in  Tables  II-VIII.  The  quantities 
given  are  probably  accurate  to  about  ±2,  (Several 
duplicate  nmr  measurements  were  made  in  each  case.) 
In  no  spectrum  obtained  was  there  evidence  of  mono- 
sulfide,  and  hydrocarbons  were  not  formed  since  the 
sum  of  the  peak  areas  remained  constant  relative  to  the 
peak  area  given  by  the  tetramethyisilane  standard. 
The  constancy  of  the  CHs:S  mole  ratio  in  each  system 
investigated  shows  that  in  no  case  is  free  sulfur  formed 
in  detectable  quantity. 

Discussion 

In  an  earlier  publication^  we  suggested  that  the  pri- 
mary mode  of  decomposition  of  dimethyl  tetrasulfide 
was  symmetrical  homolytic  cleavage  of  the  tetrasulfide 
linkage.  Our  present  findings  are  in  accord  with  this 
suggestion. 


Table  n.    Decomposition  of  Dimethyl  Tetrasulfide  at  80"" ; 
Percentage  Molar  Composition  of  Product 


Time, 

hr 

MeA 

MetS, 

McS* 

McS, 

Me,S< 

0 

0 

3 

97 

0 

0 

0.5 

0 

8 

80 

10 

2 

1.0 

0 

13 

72 

11 

4 

2.5 

0 

20 

60 

16 

4 

5.2 

0 

31 

49 

13 

7 

20.1 

0 

47 

30 

15 

8 

43.7 

0 

49 

27 

15 

9 

138.0 

Trace 

48 

26 

14 

10 

393.5 

1 

49 

25 

14 

11 

1828.8 

6 

46 

24 

13 

11 

Table  ID.    Decomposition  of  Dimethyl  Trisulfide  at  80"" ; 
Percentage  Molar  Composition  of  Product 


Time, 

hr 

MtSt 

MesS, 

McS* 

McS. 

Me,S< 

0 

0 

100 

0 

0 

0 

5.2 

1 

98 

1 

0 

0 

20.1 

3 

94 

3 

0 

0 

64.6 

5 

89 

6 

0 

0 

237.2 

13 

73 

12 

2 

0 

552.3 

21 

62 

14 

3 

Trace 

767.2 

21 

61 

16 

2 

Trace 

1368.6 

23 

60 

14 

3 

Trace 

Table  IV.    £>ecomposition  of  Dimethyl  Tetrasulfide  at  80''  in  the 
Presence  of  Banfield*s  Free  Radical;  Percentage  Molar  Distribution 
of  Dimethyl  Polysulfides  in  Product 


Time, 

hr 

MesS, 

McS* 

McS. 

McSe 

0* 

3 

97 

0 

0 

1.0 

3 

97 

0 

0 

2.75 

10 

82 

8 

0 

5.5 

20 

62 

15 

3 

18.75 

44 

36 

15 

2 

•  The  nmr  spectrum  was  taken  before  the  addition  of  Banfield's 
free  radical  since  it  was  not  possible  to  obtain  the  spectrum  in  the 
presence  of  the  initial  concentration  of  free  radical. 


TaUe  V.    Decomposition  of  Dimethyl  Trisulfide  at  80°  in  the 
Presence  of  Added  Dimethyl  Tetrasulfide;  Percentage  Molar 
Composition  of  Product 


Time, 

hr 

MeA 

MesS, 

MesS* 

0 

0 

98 

2 

1.0 

0 

98 

2 

2.5 

0 

98 

2 

7.5 

Trace 

98 

2 

18.0 

1 

97 

2 

41.5 

3 

95 

2 

•  No  McsSs  or  MesSe  were  found. 


Table  VI.    Decomposition  of  Dimethyl  Trisulfide  at  80''  in  the 
Presence  of  Azobisisobutyronitrile;  Percentage  Molar  Distribution 
of  Dimethyl  Polysulfides  in  Product* 


Time, 
hr 


MesSs 


MesS] 


MesS< 


0 
4.0 


0 
Trace 


100 
97 


0 
3 


No  MesSft  or  McsSe  were  found. 
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Table  Vn.    Decomposition  of  Dimethyl  TrisuUide  at  80''  in 
Benzene;  Percentage  Molar  Distribution  of  Dimethyl 
Polysulfides  in  Product" 


Time, 

hr 

Mt& 

Me^S, 

Me2S4 

0 

0 

100 

0 

24.9 

Trace 

100 

Trace 

139.9 

2 

96 

2 

638.2 

4 

90 

6 

1137.0 

5 

89 

6 

*  No  Me^Ss  or  MesSe  were  found. 


Table  VIII.    Decomposition  of  Dimethyl  Trisulfide  at  80"  in 
Nitrobenzene;  Percentage  Molar  Distribution  of  Dimethyl 
Polysulfides  in  Product" 


Time, 

hr 

Me^Sa 

Me^Ss 

Me2S4 

0 

0 

100 

0 

24.9 

Trace 

100 

Trace 

139.9 

1 

98 

1 

638.2 

3 

94 

3 

1137.0 

4 

92 

4 

"  No  McjSs  or  MesSe  were  found. 

The  absence  of  dimethyl  disulfide  in  the  early  stages 
of  the  decomposition  of  dimethyl  tetrasulfide  indicates 
that  only  symmetrical  cleavage  of  the  tetrasulfide  linkage 
occurs.  Unsymmetrical  cleavage  would  give  rise  to 
MeS-  and  MeSa-  radicals.  The  MeS-  radical  would 
be  expected  to  give  rise  to  dimethyl  disulfide  by  cou- 
pling or  by  reaction  with  a  polysulfide  molecule.  In 
the  decomposition  of  dimethyl  trisulfide,  where  only 
unsymmetrical  cleavage  can  occur,  dimethyl  disulfide  is 
a  primary  decomposition  product. 

It  has  been  suggested  that  MeSx-  radicals,  where  x  > 
l,can  be  stabilized  by  a  resonance  interaction  with  the  ad- 
jacent S  atoms.  *'•**  The  estimated  dissociation  energy 
of  the  S-S  bond  in  polymeric  S  is  about  33  kcal/mole,  *^ 
not  very  different  from  the  value  of  the  dissociation 
energy  of  dimethyl  tetrasulfide.  This  indicates  that  if 
such  stabilization  exists,  only  two  or  three  sulfur  atoms 
are  effective  in  the  delocalization.  If  more  were  in- 
volved, one  would  expect  a  substantially  larger  differ- 
ence in  the  dissociation  energy  of  these  two  materials. 

A  crude  estimate  of  the  magnitude  of  the  stabilization 
can  be  made  as  follows.  The  dissociation  energy  of  di- 
methyl disulfide  is  known  to  be  about  70  kcal/mole.  *• 
The  difference  between  this  value  and  the  36  kcal/mole 
found  for  the  dissociation  energy  of  dimethyl  tetra- 
sulfide may  be  attributed  to  the  stabilization  each  of  the 
fragments  from  dimethyl  tetrasulfide  derives  from 
delocalization.  This  stabilization  is  thus  (70-36)/2  or 
about  17  kcal/mole.  From  the  arguments  given  above 
we  would  expect  that  the  amount  of  stabilization  avail- 
able to  a  fragment  such  as  MeSa  •  would  not  be  greater 
than  about  20  kcal/mole.  Thus  symmetrical  cleavage 
of  the  tetrasulfide  linkage  would  give  two  stabilized 
fragments  with  roughly  34  kcal/mole  of  "delocaliza- 
tion" energy.  Unsymmetrical  cleavage  would  give 
an  MeS  •  fragment,  which  cannot  be  stabilized,  and  an 

(13)  G.  Gee.  Set  Progr.  (London).  43,  193  (1955). 

(14)  G.  Gee,  F.  Fairbrothcr,  and  G.  T.  Merrall.  /.  Polymer  ScL,  16, 
459(1955). 

(15)  D.  M.  Gardner  and  G.  K.  Fraenkcl./.  Am.  Chem.  Soc.,  78.  3279 
(1956). 

(16)  H.  Mackle.  Tetrahedron^  19,  1159  (1963). 


MeSj-  fragment,  which  is  stabilized  to  the  extent  of  ca. 
20  kcal/mole  or  less.  Thus  unsymmetrical  cleavage 
would  result  in  the  loss  of  about  14  kcal/mole  in  stabil- 
ization energy  in  the  products  and  should  be  very 
unfavorable. 

Table  IV  shows  that  the  decomposition  of  dimethyl 
tetrasulfide  is  completely  suppressed  by  addition  of  a 
free-radical  scavenger.  From  the  rate  constant  for 
cleavage  of  the  tetrasulfide  linkage  reported  earlier* 
it  was  possible  to  compute  how  long  it  would  take  for 
the  scavenger  to  be  consumed.  Under  our  conditions 
about  47  min  should  have  been  required.  Most  of  the 
scavenger  was  consumed  after  45  min.  This  could  be 
ascertained  by  the  appearance  of  a  resolvable  nmr  spec- 
trum at  the  end  of  this  period.  (No  resolvable  spec- 
trum could  be  obtained  in  the  presence  of  the  initial 
amount  of  free-radical  scavenger,  owing  to  the  presence 
of  the  unpaired  electron.)  This  offers  convincing  proof 
that  radicals  are  involved  in  this  decomposition;  other- 
wise it  is  difficult  to  envisage  a  way  of  removing  the 
unpaired  spin.  Dimerization  of  the  free-radical  scav- 
enger may  be  ruled  out  by  the  observation  that  no 
decomposition  occurs  during  the  first  hour  in  the 
presence  of  the  scavenger  whereas  about  25  %  of  the 
initial  amount  of  dimethyl  tetrasulfide  is  decomposed  in 
a  similar  period  in  the  absence  of  the  scavenger.  After 
the  free-radical  scavenger  has  been  consumed,  the 
decomposition  proceeds  in  virtually  identical  fashion 
with  that  observed  in  the  absence  of  inhibitor. 

We  wish  to  suggest  the  following  mechanism  for  the 
decomposition  of  dimethyl  tetrasulfide 


MeSiMe 

a    P    P    a 
Me— S— S— S— S— Me  -f  MeS, 

a    P    P    a 
Me— S— S— S— S— Me  +  MeS, 


2MeSs 


(1) 


MeSaMe  +  MeSa-    (2) 


MeSftMe  +  MeS,-     (3) 


2MeSa- 
MeSa-  +  MeS, 


MeSeMe 


MeSsMe 


(4) 
(5) 


etc. 


It  may  be  noted  that  a  attack  by  MeSs-  radicals  on  di- 
methyl tetrasulfide  results  in  no  new  products.  The 
same  is  true  of  /3  attack  by  MeS2  •  radicals  on  dimethyl 
tetrasulfide.  The  higher  polysulfides  can  undergo 
cleavage  at  these  temperatures  and  give  rise  to  the  same 
type  of  reactions  as  described  above  for  dimethyl  tetra- 
sulfide.    We  also  believe  that  reactions  such  as 


MeS,-  -f  MeS4Me 


MeSfiMe  +  MeS 


(6) 


are  very  unfavorable  under  our  reaction  conditions 
since  the  MeS  •  radical  would  almost  certainly  give  rise 
to  dimethyl  disulfide  (which  was  not  observed  until 
after  long  periods  of  heating). 

The  greater  thermal  stability  of  the  trisulfide  linkage 
as  compared  to  the  tetrasulfide  linkage  is  apparent  from 
the  slower  rate  of  decomposition  of  dimethyl  trisulfide. 
If  this  decomposition  involves  homolytic  cleavage,  this 
observation  is  to  be  expected  from  our  previous  remarks 
concerning  stabilization  of  the  fragments. 

An  attempt  was  made  to  react  dimethyl  trisulfide  with 
Banfeld's  free  radical  in  a  manner  analogous  to  that 
used  with  the  tetrasulfide.  However,  the  slow  rate  of 
decomposition  and  the  thermal  instability  of  the  free- 
radical  scavenger  combined  to  yield  inconclusive  results. 


Jhunta/ii^/^ 
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dition  of  a  small  amount  (2  %  molar)  of  dimethyl 
;ulfide  to  the  trisulfide  did  not  accelerate  the  rate 
composition  of  the  latter.  This  indicates  that 
^Uowing  reaction  does  not  occur  at  any  appreciable 

MeS»Me  +  McS»-  — ►  MeSiMe  +  MeS-  (7) 

lilar  conclusion  follows  from  consideration  of  the 
nee  of  azobisisobutyronitrile  on  the  decomposi- 
3f  dimethyl  trisulfide.  The  initial  rate  of  forma- 
of  dimethyl  tetrasulfide  is  slightly  accelerated, 
^as  the  rate  of  production  of  disulfide  is  unaffected. 
Jmost  certain  that  the  role  of  the  azobisisobutyro- 
i  is  to  generate  isobutyronitrile  radicals  which  sub- 
ntly  attack  the  trisulfide.  The  following  reactions 
i>ssible. 


McStMe  +  McCCN 
MeSsMe  +  Me,CCN 


MciKMeSOCCN  +  MeS  •       (8) 
Me2(MeS)CCN  +  MeS,-       (9) 


tion  8  may  be  excluded  since  the  formation  of 
•  radicals  would  almost  certainly  result  in  the 
jction  of  dimethyl  disulfide.  For  the  same  reason, 
VfeSs-  radicals  produced  cannot  participate  in 
on  7  but  must  undergo  recombination  to  give 
thyl  tetrasulfide. 
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These  last  two  experiments  show  that  the  decomposi- 
tion of  dimethyl  trisulfide  does  not  occur  by  a  free- 
radical  chain  reaction  initiated  by  the  fragments  of 
homolytic  dissociation.  A  nonchain  radical  mechanism 
is  possible  and  the  similarity  in  the  rates  of  decomposi- 
tion in  the  solvents  benzene  and  nitrobenzene  is  in 
accordance  with  this  mechanism.  However,  we  feel 
that  our  evidence  is  not  sufficient  to  allow  a  firm  conclu- 
sion to  be  made  at  the  present  time. 

Preliminary  studies  in  our  laboratories  have  indicated 
that  polysulfenyl  radicals,  RS«  • ,  where  x  >  1 ,  have  sub- 
stantially different  reactivity  than  sulfenyl  radicals, 
RS-."  In  the  past  workers  have  found  that  non- 
M arkovnikov  addition  of  sulfenyl  radicals  to  olefins  is 
suppressed  in  the  presence  of  sulfur  and  polysulfides.**' 
Such  results  have  been  explained  in  terms  of  an  ionic 
addition  caused  by  the  presence  of  sulfur.  While 
such  explanations  are  quite  reasonable,  we  suggest 
that  they  be  viewed  with  due  caution  until  the  reactions 
of  polysulfenyl  radicals  are  more  completely  understood. 
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Abstract:  The  vapor-phase  photolysis  of  o-xylene  has  been  investigated  using  light  of  1600-2100  A.  With  the  ex- 
ception of  a  small  amount  of  benzocyclobutene  which  is  formed  by  vacuum  ultraviolet  photolysis,  the  same  products 
are  formed  as  those  produced  by  irradiation  with  2537-A  light  (toluene,  m-xylene,  /^-xylene,  and  o-ethyltoluene). 
This  coincidence  of  products  suggests  that  both  photolyses  may  proceed  through  a  common  set  of  reactive  interme- 
diates. Fluorescence  measurements,  as  well  as  the  effect  of  added  inert  gases  on  the  reaction,  indicate  that  the  first 
excited  singlet  and  lowest  lying  triplet  states  are  not  suitable  choices  for  such  common  intermediates.  Theinter- 
mediacy  of  highly  vibrationally  excited  ground  electronic  states  seems  to  be  most  consistent  with  the  available  facts. 
The  mechanism  of  formation  of  benzocyclobutene  has  been  investigated  by  deuterium  labeling,  and  found  to  proceed 
by  the  loss  of  a  single  hydrogen  (or  deuterium)  atom  from  each  methyl  group,  rather  than  loss  of  molecular  hydro- 
gen from  one  methyl  group.  The  construction  of  lamps  which  emit  10^*  to  10"  quanta/sec  in  the  vacuum  ultra- 
violet is  described. 


le  interest  in  the  photochemical  reactions  of  simple, 
oncondensed,  aromatic  hydrocarbons  has  recently 
heightened  by  the  reports  of  Wilzbach  and  Kap- 
of  rearrangements  to  the  nonbenzenoid  "isomers" 
r  irradiation  at  the  2537-A  mercury  line.  In  the 
where  the  benzene  ring  is  heavily  substituted  with 
r  groups  (e.g.,  1,2,4-tri-r-butylbenzene)  these  iso- 
are  isolable;^  with  smaller  groups  the  intermedi- 
f  the  isomers  is  inferred  from  the  isomerization  of 
^  compounds.^  These  reactions  occur  with  low 
tum  efficiencies,  typically  about  0.01. 

K.  E.  Wilzbach  and  L.  Kaplan,  /.  Am.  Chem.  Soc.,  87,  4004 

• 

fa)  L.  Kaplan,  K.  E.  Wilzbach,  W.  O.  Brown,  and  S.  S.  Yang, 
r7,  675  (1965);   (b)  K.  E.  Wilzbach  and  L.  Kaplan,  ibid.,  96,  2307 


Irradiation  with  light  of  wavelengths  of  less  than 
2(XX)  A  is  expected  to  bring  about  reactions  much  more 
efficiently.  This  expectation  is  based  on  a  report'  that 
no  fluorescence  was  observed  when  simple  aromatics 
(benzene,  toluene,  p-xylene,  and  mesitylene)  were 
irradiated  in  the  vapor  phase  at  wavelengths  corre- 
sponding to  their  second  and  third  absorption  bands, 
approximately  1600-2100  A.  It  is  reasonable  that  the 
failure  to  observe  light  emission  may  result  from  an 
efficient  predissociation  path  available  to  the  excited 
molecule. 

Since  only  fragmentary  reports  of  the  vacuum  ultra- 
violet photochemistry  of  aromatics  were  available,  an 

(3)  C.  L.  Braun,  S.  Kato,  and  S.  Lipsky,  /.  Chem.  Phys.,  39,  1645 
(1963). 
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investigation  of  the  photolysis  of  very  simple  members 
of  this  compound  class  has  been  initiated  in  this  lab- 
oratory. This  paper  is  a  report  of  the  results  observed 
from  a  single  compound,  o-xylene,  and  of  the  construc- 
tion of  light  sources  suitable  for  such  an  investigation. 

Results 

Vacuum  Ultraviolet  Li^t  Sources.  The  most  ob- 
vious practical  reason  for  the  neglect  of  studies  of 
vacuum  ultraviolet  photochemistry  has  been  the  dif- 
ficulty of  the  construction  of  sources  of  suitable  intensity 
and  stability.  The  production  of  very  pure  fused  silica 
(Suprasil  or  Spectrosil)  has  been  of  great  assistance  in 
the  solution  of  such  problems.  Lamps  constructed 
of  this  material  transmit  light  down  to  about  1600  A 
and  do  not  appear  to  degrade  with  use  (as  does  lithium 
fluoride).  Also,  such  lamps  are  relatively  sturdy,  and 
the  organic  polymers  that  are  frequently  deposited  dur- 
ing photolyses  are  easily  removed  from  them. 

Two  lamp  designs  were  used  in  the  present  investiga- 
tion; both  were  constructed  of  Suprasil  where  vacuum 
ultraviolet  light  transmission  was  required,  and  of 
ordinary  fused  silica  elsewhere.  Both  lamps  consisted 
of  a  discharge  tube  surrounded  by  a  toroidal  cell.  One 
lamp  was  filled  with  xenon  at  a  pressure  of  190  torr  as 
suggested  by  Wilkinson  and  Tanaka,*  and  powered 
by  a  2450-mc  microwave  generator.  The  discharge 
was  contained  in  a  Suprasil  tube,  part  of  which  was 
surrounded  by  a  quartz  jacket  which  formed  the  pho- 
tolysis cell;  the  unjacketed  portion  of  the  tube  was  in- 
serted into  a  slotted  wave-guide  termination  of  the 
generator.  The  output  of  the  lamp  was  inspected  with 
a  vacuum  monochromator,  and  it  agreed  well  with  the 
published  data.*  The  principal  ultraviolet  output  is  a 
continuum  which  rises  steeply  from  the  Suprasil  cutofT 
at  1600  A  to  a  maximum  at  1760  A  and  tails  off  to  2200 
A.  No  other  radiation  is  observed  until  a  few  weak 
bands  begin  at  about  3000  A.  The  output  of  the  lamp 
was  about  6  X  10"  quanta/sec  as  measured  by  oxygen 
actinometry.  The  inner  wall  of  the  cell  compartment 
was  heated  by  the  discharge  to  about  300°. 

The  second  lamp  design  interposed  a  cooling  jacket 
between  the  discharge  and  the  photolysis  cell  (see 
Figure  1).  The  cell  temperature  was  controlled  by 
electrically  heating  the  outer  jacket  and  forcing  nitrogen 
from  a  liquid  nitrogen  boiler  through  the  inner  cooling 
jacket.  This  lamp  was  filled  with  oxygen  at  0.3-0.6 
torr,  and  was  powered  in  the  same  manner  as  the  xenon 

(4)  p.  G.  Witkiawn  and  Y.  Tanaka,  /.  Opi.  Soc.  Am.,  45, 344  (1933). 


lamp.  The  principal  light  output  was  a  series  of  sharp 
lines  beginning  at  1600  A'  and  falling  off  to  2200  A. 
with  no  further  radiation  at  increasing  wavelengths 
until  a  few  weak  and  widely  spaced  lines  appeared  at 
2800  A.  Approximately  95%  of  the  ultraviolet  light 
output  below  2800  A  is  between  1600  and  2000  A. 
Intensity  by  oxygen  actinometry  was  10"  to  10" 
quanta/sec,  depending  on  the  power  input  to  the  lamp. 
Temperatures  in  the  cell  could  be  varied  from  below 
0  to  280°.  The  oxygen  discharge  appears  to  offer 
significant  advantages  over  the  xenon  discharge  in 
intensity,  reproducibility,  and  cost.  Since  no  partic- 
ular care  was  used  to  purify  the  oxygen  it  is  probable 
that  impurities  are  present  in  the  discharge,  and  there 
is  some  evidence  that  they  are  necessary  to  maintain 
the  discharge.' 

Photolysis  with  Vacuum  Ultraviolet  Radiation.  The 
products  obtained  in  the  vacuum  ultraviolet  vapor-phase 
photolysis  of  o-xylene  are  listed  in  Table  I.  These 
products  were  formed  in  approximately  the  same  ratios 
by  both  the  xenon  and  oxygen  lamps  described  above; 
the  reported  distributions  are  for  photolysis  with  the 
oxygen  lamp.  The  conversions  in  all  photolyses  were 
kepi  to  less  than  1  %  (and  more  usually  <0.3  %)  to 
ensure  that  effectively  all  of  the  radiation  was  absorbed 
by  the  reactant.  Thus  direct  photolytic  destruction  of 
products  was  prevented.  Further  reactions  of  prod- 
ucts, photosensitized  by  o-xylene  molecules,  is  of  course 
not  eUminated  by  this  precaution. 

TaMe  1.    ProducU  of  the  Vapor-Phase  Photolysis  of  o-XyletK< 
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ultraviolet,  < 

250° 

2537  A 

Static 

Flow 
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40° 
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2 
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Toluene 

30 

6 

6 

16 

15.6 

Ethylbenzene 

3 
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b 

OS 

w- Xylene 

39 
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82 

64 

68.4 

p-Xylene 

5 

5 

10 

7 

6.2 

Benzocyclobutenc 

5 

2 

o-Ethyltoluene 

15 

b 

2 

10 

7.3 

1 

b 

b 

2 

1.4 

•  The  data  are  in  mole  %.  normalized  lo  100%  for  the  producU 
reported,  *  Product  present  in  minor  amounts,  less  than  1  mole 
%.  'Product  could  not  be  detected,  <0.01  mole  %.  'The 
rqxiTted  percentages  are  averages  of  analyses  of  three  photolyses; 
the  agreement  was  usually  to  ±  1  %  or  better  between  the  individual 
photolyses.  '  Calculated  from  data  reported  by  Witdiadi  and 
Kaplan."' 


Photolyses  were  carried  out  in  both  static  and  flow 
systems.  The  pressure  of  reactant  in  the  photolysis 
cell  in  the  static  system  was  controlled  by  thermostating 
a  reservoir  of  liquid  o-xylene  connected  to  the  cell  at 
25°.  The  equihbrium  vapor  pressure  is  sufficiently 
high  at  this  temperature  to  ensure  that  more  than  99% 
of  the  incident  light  was  absorbed  by  the  sample.^ 

(5)  The  Suprasil  cutoff  at  1600  A  prevents  phoioionization  of  o-rf 
lene,  which  doei  not  set  in  unlil  wavelengths  of  less  than  ■  500  A  in 
reached. 

(6)  Lamps  worked  best  with  oxygen  flowing  past  the  ditchargc  tubi 
during  the  operation.  Sealed  lamps  frequently  failed  aiftet  levenl- 
hours  use.  and  one  acceptable  explanation  is  that  "impurities"  neocMMJ 
for  breakdown  were  destroyed  during  the  first  hours  of  operation. 

(7)  Calculated  from  (he  absorption  speclra  published  by  J.  R.  Fbn 
and  H.  B.  Klevens,  CHtm.  Rte..  41,  301  (1947). 
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le  flow  photolyses  the  o-xylene  sample  was  carried 
;h  the  cell  in  a  helium  stream  at  a  total  pressure 
atm.  The  concentration  of  o-xylene  in  the 
I  was  monitored  by  a  thermal  conductivity  cell 
e  products  and  unreacted  o-xylene  were  trapped 
he  stream  in  a  trap  cooled  with  liquid  nitrogen, 
ime  products  were  formed  in  both  systems,  but 
:ios  were  changed  appreciably  and  the  quantum 
>r  product  formation  (^,  defined  as  quantum  yield 
nation  for  C%  to  C9  compounds)  was  lower  in  the 
ystem  (*  =  0.10)  than  in  the  static  system  (* 

itively  large  increases  of  the  temperatures  of  the 
;  (from  150  to  240**)  for  photolyses  in  the  flow 
caused  little  change  in  product  composition,  but 
increase  in  quantum  yield:  ^  =  0.02  at  150° 
=  0.1  at  240°.  This  increase  in  *  is  at  least  par- 
and  perhaps  completely)  due  to  the  diminished 
ion  of  polymer  on  the  lamp  jacket  at  the  higher 
'ature. 

s  spectral  analysis  of  the  noncondensable  gas 
K)  present  after  a  static  photolysis  indicated  that 
^en  was  present  along  with  smaller  amounts  of 
le.  Polymer  formation  was  visible  only  when 
np  was  cooled  (to  about  150°  or  lower)  or  when 
mounts  of  material  were  passed  through  the  lamp 
flow  system.  The  visible  polymer  at  low  lamp 
atures  probably  resulted  from  further  photolysis 
neric*'  products  which  condensed  on  the  "cold" 
jacket.  Some  dimeric  products  are  formed  in 
Its  much  smaller  than  the  volatile  products, 
rincipal  dimeric  product  has  been  identified  by 
on  time  as  o,o'-dimethylbibenzyl;  other  com- 
s  of  similar  molecular  weight  are  present  but  have 
sn  identified. 

mer  is  certainly  formed  in  photolyses  at  higher 
atures,  because  a  slight  decrease  in  light  output 
lamp  (about  10%)  is  observed  by  oxygen  actin- 
r  following  a  photolysis.*  Some  ring  fragmenta- 
roducts,  Ce  and  less,  were  also  formed  in  small 
its  (less  than  1  mole  %),  but  could  not  be  repro- 
f  measured  and  are  not  included  in  the  reported 
im  yields. 

tolysis  at  2537  A.    The  photochemistry  of  o- 

at  2537  A  has  been  reported  by  Wilzbach  and 

1.***    Their   results  and   those   obtained   under 

conditions  (static  system,  7  torr  o-xylene  pres- 
W°,  low-pressure  mercury  lamp)  in  this  study 

excellent  agreement.  When  the  experiment 
peated  using  a  sample  heated  to  250°  the  product 
tianged  only  slightly. 

ilysis.  To  ensure  that  the  products  formed  in 
ysis  at  250°  were  not  merely  pyrolytic  products, 
simple  pyrolysis  experiments  were  carried  out. 
o-xylene  was  passed  through  a  quartz  tube  at 
I  a  helium  stream,  no  observable  reaction  occurred. 
1°  a  very  small  conversion  was  observed  to  prod- 
xpected  from  free-radical  reactions:  benzene, 
s,  o-cthyltoluene,  and  0,0 '-dimethylbi benzyl, 
izocyclobutene  or  m-  orp-xylene  was  formed. 


lantum  yields  for  polymer  formation  were  not  determined  quan- 
becauae  a  photolysis  to  1  %  conversion  on  samples  of  50  mg  did 
lofHcicnt  material  for  even  approximate  gravimetric  determina- 
liotolysis  to  much  higher  conversions  or  on  larger  quantities  of 
gave  poljrmer  coatings  on  the  lamp  windows  which  made 
deienniiiations  inaccurate. 


Discussion 

The  most  striking  feature  of  the  results  reported  in 
Table  I  is  the  close  correspondence  between  the  products 
formed  by  irradiation  at  2537  A  and  with  vacuum  ultra- 
violet radiation.  Except  for  the  benzocyclobutene 
which  is  formed  only  in  the  vacuum  ultraviolet  pho- 
tolysis, all  of  the  appreciable  products  (greater  than  1 
mole  %)  formed  at  2537  A  are  also  formed  by  the  vacuum 
ultraviolet.  It  is  possible  that  this  similarity  is  merely 
coincidental  and  that  excitation  at  these  different  ener- 
gies leads  to  the  same  products  by  different  paths; 
no  data  are  in  hand  which  exclude  this  possibility. 
However,  an  entirely  reasonable  alternative  is  that  both 
photolytic  systems  lead  to  a  common  set  of  reactive 
intermediates  which  proceed  to  the  stable  products. 
Of  the  two  hypotheses,  the  second  is  best  supported 
by  the  product  studies,  and  leads  to  interesting  specu- 
lation as  to  the  possible  identities  of  such  intermediates. 

A  summary  of  the  facts  which  are  relevant  to  such  a 
speculation  is  presented  below.  These  facts  have  been 
gathered  from  the  results  of  the  closely  related  photoly- 
sis of  benzene,*  and  from  fluorescence  studies  in  the 
vacuum  ultraviolet'  as  well  as  from  the  data  reported 
in  this  study. 

1.  Fluorescence  measurements'  with  benzene,  tol- 
uene, and  p-xylene  (vapor  phase)  clearly  indicate  that 
excitation  in  the  first  allowed  absorption  band  (X 
<2000  A)  does  not  lead  to  light  emission.  It  has  been 
concluded  from  this  study  that  neither  the  first  excited 
singlet  state  (Si)  or  the  lowest  triplet  state  can  be  formed 
by  such  irradiation.  Similar  studies  have  not  been 
done  for  o-xylene,  but  the  spectral  assignments,^  ab- 
sorption intensities,^  and  photochemistry^®  are  so 
similar  for  o-  and  p-xylene  that  the  assumption  that  Si 
and  the  lowest  triplet  are  not  formed  by  vacuum  ultra- 
violet photolysis  is  a  satisfactory  one. 

2.  The  addition  of  inert  gases  or  an  increase  in 
reactant  pressure  decreases  the  observed  quantum  yield 
of  benzene  disappearance  at  1849  A^^  and  a  similar 
effect  of  inert  gas  is  observed  on  the  2537-A  isomeriza- 
tion  of  m-xylene.'**  Helium  (1  atm)  lowered  the  *  from 
o-xylene  by  40  %. 

3.  When  oxygen  is  added  to  photolysis  samples,  it 
is  found  to  be  only  slightly  more  effective  in  lowering 
conversions  than  are  other  foreign  gases.  Thus  oxy- 
gen was  only  three  times  as  effective  in  quenching  m- 
xylene  isomerization  as  was  nitrogen  (both  at  100  torr, 
m-xylene  at  5-7  torr).'**  Oxygen  (2  torr)  had  no  effect 
on  the  disappearance  of  benzene  (1  torr)  with  1849- A 
irradiation.*^ 

4.  Pyrolysis  of  o-xylene  at  550°  led  to  a  few  of  the 
photolysis  products  in  very  low  conversions,  but  the 
major  product,  m-xylene,  was  not  formed. 

5.  Product  ratios  from  both  2537  A  and  the  vacuum 
ultraviolet  photolysis  of  o-xylene  were  changed  by 
changes  in  temperature  and  by  addition  of  inert  gases. 

(9)  There  is  every  reason  to  believe  from  spectral  assignments'  that 
the  same  excited  states  are  being  examined  in  each  case.  Photoproducts 
are  very  different  in  the  two  cases  because  the  principal  reactions  which 
occur  with  the  xylenes  are  either  reiterative  (isomerization)  or  impossible 
Ooss  of  methyl  or  benzylic  hydrogen)  with  benzene.  As  a  result  no 
photoproducts  form  from  benzene  with  2537-A  radiation  in  the  vapor 
phase  [J.  N.  Pitts.  Jr.,  J.  K.  Foote,  and  J.  K.  S.  Wan,  Photochem.  Photo- 
bioL,  4,  323  (1965)],  and  the  principal  reaction  with  vacuum  ultraviolet 
irradiation  is  the  formation  of  fulvene  [H.  R.  Ward,  J.  S.  Wishnok,  and 
P.  D.  Sherman,  Jr.,  /.  Am.  Chem.  Soc.,  89,  162  (1967)]. 

(10)  H.  R.  Ward,  unpublished  data. 

(11)  K.  Shindo  and  S.  Upsky,  7.  Chem,  Phys.,  45,  2292  (1966). 
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The  excited  state  which  prima  facie  is  expected  to  be 
common  between  excitation  at  2537  A  and  by  the  vacuum 
ultraviolet  is  the  Si  state,  since  intersystem  crossing 
from  higher  singlets  to  the  first  excited  singlet  is 
usually  thought  to  be  very  efficient.  ^^ 

The  Si  state  seems  unlikely  as  a  common  reactive 
intermediate  in  this  case  for  several  reasons.  First, 
fluorescence  studies'  (1)  strongly  suggest  that  this  state 
cannot  be  formed  by  vacuum  ultraviolet  irradiation. 
Second,  inert  gas  gives  almost  no  quenching  of  benzene 
fluorescence*'  (when  pressures  in  the  range  of  these 
experiments  are  considered),  but  does  quench  m-xylene 
isomerization.*'^*'  Finally,  oxygen  has  no  effect  on 
benzene  disappearance  at  1 849  A  (3)  even  though  it  is 
known  to  quench  the  Si  state.**  The  presence  of  any 
triplet  state  in  the  reaction  scheme  also  can  be  elim- 
inated by  the  small  effect  of  added  oxygen.** 

A  higher  singlet,  S„,  can  hardly  be  reached  by  2537- 
A  excitation,  but  can  be  eliminated  as  an  intermediate 
leading  directly  to  products  even  from  vacuum  ultra- 
violet photolysis,  because  its  lifetime  is  so  short  (!(>"*' 
sec)  that  no  effect  of  added  inert  gas  would  be  expected' 
(collision  times  under  these  conditions  are  about  IQ-* 
to  10"*®  sec).  The  most  reasonable  remaining  alterna- 
tives for  common  reactive  intermediates  are  various 
highly  vibrationally  excited  ground  electronic  states 
(So*).  Thus  a  molecule  excited  to  an  S^  state  might 
undergo  rapid  internal  conversion  to  such  a  So*  state; 
conversion  from  Si  to  So*  must  compete  with  fluo- 
rescence. The  higher  quantum  yield  for  product  for- 
mation with  the  vacuum  ultraviolet  than  with  2537  A 
is  consonant  with  such  a  system. 

The  effect  of  oxygen  in  decreasing  the  quantum  yield 
of  isomerization  of  m-xylene  may  be  due  to  quenching 
of  Si  before  internal  conversion  occurs.  Added  inert 
gases  would  be  expected  to  decrease  *  of  product  for- 
mation by  coUisional  deactivation.  This  postulate  is 
also  consistent  with  the  observations  listed  in  1.  Sim- 
ilar arguments  have  been  used  by  Shindo  and  Lipsky** 
to  propose  an  excited  ground  state  in  benzene  photoly- 
sis. 

The  sensitivity  of  product  ratios  to  changes  in  tem- 
perature and  added  foreign  gases  indicates  that  the 
products  do  not  proceed  directly  from  any  single  ex- 
cited state.  A  single  intermediate  which  could  lead  to 
such  a  variety  of  products  would  be  very  difficult  to 
visualize  in  any  case.  It  is  not  possible  from  the  avail- 
able data  to  say  anything  about  which  vibrational 
states  might  be  involved,  but  a  close  inspection  of  the 
product  ratios  reported  in  Table  I  leads  to  some  inter- 
esting suggestions.  Thus  at  constant  temperature, 
introduction  of  1  atm  of  helium  (in  the  vacuum 
ultraviolet  system)  causes  a  decrease  in  *  which  is 
almost  entirely  in  products  involving  bond  cleavage 
and  bond  formation  (called,  for  convenience,  decom- 
position products).  Isomerization  proceeds  almost 
unhindered.  This  is  consistent  with  a  model  in  which 
highly  vibrationally  excited  molecules  lead  to  isomeriza- 

(12)  N.  Turro,  "Molecular  Photochemistry,"  W.  A.  Benjamin,  Inc., 
New  York,  N.  Y.,  1965,  p  64. 

(13)  H.  Ishikawa  and  W.  A.  Noyes,  Jr.,  /.  Chem.  Phys.,  yj,  583 
(1962);    G.  B.  Kistiakowsky  and  C.  S.  Parmentcr.  ibid.,  42,  2942 

(1965). 

(14)  Oxygen  is  reported  to  bring  about  the  radiationless  quenching  of 
both  excited  singlets  and  triplets  on  virtually  every  collision  (J.  G.  Cal- 
vert and  J.  N.  Pitts.  Jr.,  "Photochemistry."  John  Wiley  and  Sons,  Inc., 
New  York,  N.  Y.,  1966,  p  599). 


tion  in  a  time  comparable  to  coUisional  times  and  other 
vibrational  states  (probably  lower  lying  than  those 
leading  to  isomerization)  lead  less  rapidly  to  decomposi- 
tion. Although  energy  surfaces  are  so  complex  as  to  be 
almost  abstract  for  molecules  as  complicated  as  o- 
xylene,  this  situation  is  approximated  by  a  surface 
leading  to  isomerization  which  crosses  the  ground- 
state  surface  at  a  high  vibrational  level,  and  a  surface 
which  crosses  at  a  lower  level  leading  to  decomposition 
products.  Reactions  which  lead  to  isomerization 
probably  give  the  initially  formed  isomer  at  a  high 
vibrational  level.  An  increase  in  sample  or  foreign 
gas  pressure  should  operate  to  stabilize  the  isomer  and 
prevent  its  further  decomposition.  This  expected 
effect  is  also  compatible  with  the  observed  results. 

Such  a  model  is  also  consistent  with  the  effect  of 
temperature  on  product  distribution  in  2537-A  radia- 
tion. Internal  conversion  from  the  Si  level  would 
probably  enter  the  ground-state  manifold  at  a  level 
lower  than  that  for  S„  crossing.  Raising  the  sample 
temperature  would  give  a  greater  number  of  molecules 
the  vibrational  energy  necessary  to  isomerize.  Such 
a  model  predicts  that  hot-tube  pyrolysis  should  lead 
mostly  to  decomposition,  since  the  vibrational  levels 
are  populated  from  the  bottom  in  a  Boltzmann  fashion 
and  excited  molecules  would  be  "siphoned"  off  onto 
the  decomposition  route  before  gaining  enough  energy 
to  isomerize.  The  conceptual  model  is  of  course 
highly  oversimplified .  It  is  probably  more  reasonable  to 
postulate  that  each  decomposition  product  results  from 
different  levels  of  vibrational  excitation.  Also,  if  the 
simple  model  were  to  be  strictly  applied,  it  would  pre- 
dict a  larger  relative  percentage  of  isomerization  in 
vacuum  ultraviolet  photolysis  than  is  actually  observed. 

Wilzbach  and  Kaplan  found  no  evidence  of  p-xylenc 
at  low  photolytic  conversions  of  o-xylene  vapor.** 
In  vacuum  ultraviolet  photolysis,  p-xylene  is  present 
even  at  conversions  of  0.05  %,  and  in  a  relatively  con- 
stant ratio  with  m-xylene,  so  that  it  is  most  unlikely 
that  p-xylene  forms  from  a  further  isomerization  of 
m-xylene.  The  suggestion  of  Wilzbach  and  Kaplan 
that  isomerization  proceeds  through  intermediates  of 
benzvalene  (I)  and  prismane  types  (II)  has  considerable 


o 
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experimental  support.  A  benzvalene  intermediate 
formed  from  o-xylene  can  lead  only  to  m-xylene  (or 
back  to  o-xylene),  all  three  isomers  can  be  formed 
from  the  dimethylprismanes.  (No  stable  dimethyl- 
benzvalene  or  dimethylprismane  has  yet  been  detected 
in  this  system.)  The  suggestion  of  Bryce-Smith  and 
Longuet-Higgins^*  that  the  first  excited  singlet  state 
in  benzene  should  lead  to  benzvalene,  and  the  lowest 
triplet  to  prismane  appears  to  be  inapplicable  to  o- 
xylene  at  least  (vide  supra).  The  exact  method  by 
which  isomerization  occurs  has  not  been  established 
for  the  xylenes,  nor  has  the  excited  state  leading  to 
isomerization  been  identified.  Hopefully  these  prob- 
lems will  yield  to  experiments  presently  in  progress. 

Mechanism  of   Benzocyclobutene   Formation.     The 
only  isolated  product  that  is  unique  to  the  vacuum 

(15)  D.  Bryce-Smith  and  H.  C.  Longuet-Higgins,  Chem.  CommmL, 
593  (1966). 
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iolet  photolysis  of  o-xylene  (as  compared  to  2537 
s    benzocyclobutene.    This    product    must    also 

from  some  vibrationally  excited  and  relatively 
lived  intermediate  because  its  yield  is  decreased 
)th  a  decrease  in  temperature  and  by  an  increase 
eign  gas  pressure. 

effect  the  formation  of  benzocyclobutene,  two 
)gen  atoms  muit  be  lost  from  the  o-xylene  mole- 
most  probably  from  the  methyl  groups.  Two 
s  can  be  envisioned  for  this  loss. 
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routes  can  be  supported  by  analogy  to  known 
K:hemical  reactions.  Cleavage  of  C-H  bonds  to 
benzylic  radicals  (as  in  a)  has  been  demonstrated 
)rter  and  Wright.**  Loss  of  molecular  hydrogen 
a  single  carbon  atom  (as  in  b)  is  the  preferred 
of  decomposition  of  ethane  with  1470- A  pho- 
s.^^  The  proof  that  benzocyclobutene  is  pre- 
lantly  formed  by  path  a  was  obtained  by  the 
•lysis  of  a,a,a-trideuterio-o-xylene.  The  isotopic 
nt  of  the  benzocyclobutene  product  was  deter- 

D 
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I  by  mass  spectroscopy  at  low  ionizing  voltage. 
\  chromatograph  direct  coupled  to  a  mass  spec- 
ter showed  that  90%  of  the  benzocyclobutene 
ined  two  deuterium  atoms,  and  only  4%  dz  and 
1.  This  particular  analysis  provides  a  convincing 
nstration  of  the  power  of  this  analytical  combina- 

Thc  photolysis  was  run  on  a  35-mg  sample  of 
euterated  material,  and  the  product  contained 

3  fjLg  of  benzocyclobutene.  This  amount  of 
ial  would  have  been  sufficient  to  obtain  over  100 
ictory  analyses  of  product  distribution  (from  the 
hromatograph  trace)  and  isotopic  composition 
the  mass  spectrometer  output). 

Ineotal  SectioD 

■■I  Ultrafiolet  Lamps.  Xenon  Lamps.  Research  grade 
(at  190  torr)  was  sealed  in  a  Suprasil  tube,  12  mm  o.d.  X 
and  9  cm  of  the  length  was  enclosed  in  a  20-mm  o.d.  quartz 
w\nch  was  fitted  with  ground  joints  at  the  top  and  bottom. 


G.  Porter  and  F.  Wright,  Trans.  Faraday  Soc.,  51,  1469  (1955). 
R.  F.  Hampson,  Jr.,  J.  R.  McNesby,  H.  Akimoto,  and  I.  Tanaka, 
I.  Fhys.,  40,  1099  (1964). 


The  lamp  was  powered  by  inserting  the  unjacketed  stub  of  the 
Suprasil  envelope  into  the  slotted  wave  guide  of  a  PGM- 100  Ray- 
theon microwave  power  generator  (2450  me,  150-8CX)  w).  The 
lamp  was  cooled  during  operation  by  air  blasts  from  several  direc- 
tions. 

Oxygen  Lamps.  The  lower  8-cm  portion  of  a  12  mm  o.d.  X 
16  cm  Suprasil  tube  (0.5-mm  wall)  was  jacketed  by  a  18  mm  o.d. 
Suprasil  tube  carrying  ground  joints  at  the  bottom  and  near  the  top 
ring  seal.  This  jacket  was  used  for  cooling  the  lamp.  The  cooling 
jacket  was  in  turn  enclosed  by  a  40-mm  o.d.  quartz  jacket,  also 
fitted  with  top  and  bottom  joints,  which  comprised  the  photolysis 
cell  (see  Figure  1).  The  discharge  tube  of  this  lamp  was  not  sealed, 
but  operated  with  oxygen  flowing  past  the  top  of  the  discharge  tube 
through  a  T  joint.  The  pressure  was  held  at  0.3-0.6  torr  (as  meas- 
ured by  a  thermocouple  gauge)  by  an  adjustment  of  a  needle  valve 
on  an  oxygen  cylinder  leading  to  the  T  joint  and  a  needle  valve 
leading  away  from  the  T  joint  to  a  mechanical  pump.  The  lamp 
was  powered  in  the  same  manner  as  the  xenon  lamp.  The  light 
output  was  inspected  by  a  Robin,  0.5-m  vacuum  monochromator 
through  the  top  joint  of  the  photolysis  cell. 

Actlnometry.  Oxygen  actinometry  was  used  to  measure  the  out- 
put of  both  lamps.  Oxygen  was  passed  through  the  photolysis 
cell  at  1(X)-160  cc/min  and  bubbled  through  a  dispersion  tube  into 
a  0.1  Af  solution  of  potassium  iodide  buffered  with  sodium  acetate 
and  acetic  acid.  The  Ia~  concentration  was  determined  spectro- 
scopically  at  350  m/u.  Duplicate  determinations  usually  agreed  to 
±5%. 

Photolysis  Technique.  Static  System.  The  o-xylene  sample 
(Phillips  Petroleum  Research  grade)  was  placed  in  a  small  flask 
on  the  bottom  joint  of  the  cell  of  the  oxygen  lamp,  frozen  at  77°, 
the  jacket  was  evacuated  to  0.(X)5  torr,  and  the  sample  was  degassed 
by  a  freeze-thaw  cycle.  The  cell  was  isolated  by  a  stopcock  and 
the  sample  flask  thermostated  at  25°.  After  allowing  suflicient 
time  for  equilibrium  to  be  reached,  the  lamp  was  started,  and  cooling 
nitrogen  was  passed  through  the  cooling  jacket.  The  extent  of 
cooling  was  determined  by  the  voltage  on  a  heater  in  a  liquid  ni- 
trogen boiler.  After  the  photolysis,  the  sample  was  condensed  in 
the  flask  and  removed  for  analysis. 

Flow  Systems.  The  o-xylene  sample  was  inj^ted  into  a  glass 
container  installed  in  the  place  of  a  column  in  the  oven  of  an  Auto- 
prep  gas  chromatograph.  The  eflluent  stream  from  the  thermal 
conductivity  cell  was  conducted  to  the  photolysis  cell  through  a 
heated  line.  The  temperature  of  the  o-xylene  was  controlled  by 
the  oven  thermostat,  the  helium  flow  was  held  constant  by  the 
chromatograph  flow  controller,  and  the  o-xylene  concentration 
was  precisely  monitored  by  the  chromatograph  detector.  For 
sample  sizes  of  0.1  ml  at  temperatures  of  40  to  50°  the  technique 
gave  a  nearly  constant  ^xylene  concentration  for  greater  than  90% 
of  the  photolysis  time.  Samples  were  trapped  at  liquid  nitrogen 
temperature  for  analysis. 

Photolysis  at  2537  A.  Ten  germicidal  lamps  (GE  G25-T8)  were 
arranged  in  a  26-cm  diameter  circle  with  a  stainless  steel  reflector 
surrounding  the  lamps.  The  photolysis  cell  was  a  fused  quartz 
tube,  2.54  cm  o.d.  X  54  cm,  fitted  with  a  sample  holder  and  a 
stopcock.  The  sample  of  o-xylene  (0.01  ml)  was  frozen  in  the 
sample  holder,  the  cell  was  evacuated  to  less  than  0.(X)5  torr  and 
isolated  with  the  stopcock,  and  the  sample  was  allowed  to  warm  to 
room  temperature.  The  cell  was  suspended  along  the  vertical 
axis  of  the  circle  of  lamps  during  the  photolysis.  For  photolysis 
at  250°,  the  cell  was  loosely  wrapped  with  fine  resistance  wire. 
Temperatures  inside  the  tube  were  measured  by  a  thernux^ouple. 
Heating  by  this  method  showed  a  variation  of  di  10°  along  the  tube; 
the  reported  temperature  is  an  average. 

Pyrolysis.  A  quartz  tube  1 .8  cm  o.d.  X  14  cm  was  wrapped  with 
resistance  wire  for  use  as  a  pyrolysis  tube.  The  o-xylene  sample 
was  passed  through  the  tube  in  a  helium  stream,  as  described  for 
the  vacuum  ultraviolet  photolysis  flow  system. 

Analysis.  All  analyses  were  done  by  flame-ionization  gas  chro- 
matography, occasionally  in  conjunction  with  mass  spectroscopy. 
The  most  useful  columns  were  5%  DEGA-5%  Bentone-34  on  100- 
120  mesh  Chromosorb  W,  Vs  in.  o.d.  X  20  ft,  operated  at  about 
70°.  A  support-coated  Carbowax  1540  capillary  column,  0.02 
in.  i.d.  X  50  ft,  was  useful  in  separating  benzocyclobutene  from  the 
ethyltoluenes.  Analysis  for  dimeric  hydrocarbons  was  done  on 
Silicone  SE-30,  Silicone  QF-1,  and  DEGA-Bentone-34  columns  at 
higher  temperatures  (100-140°).  Quantitative  determinations 
were  averages  of  triplicate  analyses,  and  areas  were  measured  by  pla- 
nimeter  or  disk  integrator  and  corrected  for  sensitivity  to  the  flame 
detector  to  give  the  mole  fraction.  Identification  was  by  compari- 
son of  retention  times  with  known  compounds  on  at  least  two  (and 
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usually  three)  columns,  and  by  comparing  the  fragmentation  pattern 
in  the  mass  spectrum.  In  the  gas  chromatograph-mass  spectrom- 
eter combination,  a  Varian  Aerograph,  Model  204-2,  was  connected 
by  a  low  volume  heated  line,  fed  through  an  effluent  stream  splitter, 
to  the  helium  concentrator  of  a  Perkin-Elmer-Hitachi  RMU  6-D. 

Synthesis  of  a,a,a-THdeiiterio-o-xyleiie.  A  solution  of  2.65  g 
(0.0175  mole)  of  methyl  o-toluate  and  0.6  g  of  lithium  aluminum 
deuteride  (Metal  Hydrides)  in  10  ml  of  ethyl  ether  was  stirred  at 
reflux  for  12  hr.  Work-up  with  aqueous  acid  gave  2.14  g  (0.0172 
mole)  of  a  white  solid,  mp  31-33''  (lit.^^  o-methylbenzyl  alcohol 
mp  34°).  The  crude  dideuterio  alcohol  (1  g)  was  added  to  20  ml  of 
cc^d,  freshly  distilled  thionyl  chloride,  and  the  solution  was  slowly 
warmed  to  the  boiling  point  and  refluxed  until  gas  evolution  ceased 
Excess  thionyl  chloride  was  removed  on  a  rotary  evaporator,  and 
small  portions  of  pentane  were  added  and  removed  under  vacuum 
to  flush  out  the  remaining  traces  of  thionyl  chloride.  The  resulting 
clear  oil  was  dissolved  in  20  ml  of  dry  tetrahydrofuran  and  stirred 


(18)  '^Handbook  of  Chemistry  and  Physics,**  32nd  ed.  Chemical  Rub- 
ber Publishing  Co.,  Cleveland,  Ohio,  1950,  p  806. 


at  reflux  under  nitrogen  with  0.26  g  of  lithium  aluminum  deuteride. 
The  reaction  mixture  was  acidifled,  and  the  product  ^xylene  was 
extracted  into  a  known  volume  of  pentane.  Comparison  of  the 
gas  chromatogram  of  this  solution  with  a  standard  mixture  indicated 
that  0.76  g  of  the  deuterated  o-xylene  was  present  (theory,  0.88  g). 
The  ^xylene  was  isolated  by  preparative  gas  chromatography  to 
ensure  purity  of  the  sample.  Analysis  by  mass  spectroscopy  at 
reduced  ionization  voltage  showed  the  o-xylene  to  be  98%  dt 
and  2  %  dt,  with  no  detectable  amounts  ofdi  or  do. 
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Abstract:  The  photochemistry  of  sodium  9-anthroate  in  aqueous  solution  has  been  investigated.  Earlier  reports 
that  irradiation  of  sodium  9-anthroate  in  the  presence  of  air  gives  photodimer  and  anthraquinone  have  been  con- 
firmed, and  carbon  monoxide,  10,10'-bianthrone,  and  anthracene  have  also  been  isolated.  In  degassed  solutions 
sodium  9-anthroate  gives  anthirol  anion  and  carbon  monoxide.  Air  oxidation  of  the  anthrol  anion  is  responsible 
for  formation  of  anthraquinone  and  10,10'-bianthrone.  The  photochemical  isomerization  of  sodium  9-anthroate 
to  anthrol  anion  is  considered  to  be  analogous  to  the  photoisomerization  of  9-nitroanthracene. 


Recent  investigations  of  vinyl '••  and  aryP'*  nitre 
compounds  have  uncovered  photochemical  re- 
arrangements in  which  the  nitro  group  isomerizes  to  a 
nitrite  ester  which  then  gives  rise  to  products. 

Irradiation  (X  <410  m/x)  of  9-nitroanthracene  gives, 
for  example,  10,10'-bianthrone  as  the  major  product 
and  lesser  amounts  of  anthraquinone  and  anthra- 
quinone monooxime,*'^  while  /8-methyl-/8-nitrostyrene 
gives  l-phenyl-l-oximino-2-propanone.''* 

As  one  aspect  of  our  investigation  of  these  rearrange- 
ments, we  have  considered  whether  the  carboxylate 
anion  which  is  isoelectronic  with  the  nitro  group  might 
show  related  rearrangements.  Both  the  nitro  group 
and  the  carboxylate  group  are  capable  of  n  -►  r*  and 
TT  -^  IT*  transitions.  Sodium  9-anthroate  was  selected 
for  initial  study  because  of  its  relationship  to  9-nitro- 
anthracene. Weigert  and  Ludwig  have  reported^  that 
irradiation  of  aqueous  solutions  of  sodium  9-anthroate 
which  were  open  to  air  gave  a  precipitate  (anthraquinone) 

(1)  Photochemical  Transformations,  part  XVIII.  Portions  of  this 
report  were  abstracted  from  the  M.S.  thesis  of  A.  W.  Bradshaw,  Iowa 
State  University  of  Science  and  Technology,  1966. 

(2)  O.  L.  Chapoum,  A.  A.  Griswold,  E.  Hoganson,  G.  Lenz,  and  J. 
Reasoner,  Pure  AppL  Chem.,  9.  585  (1964). 

(3)  O.  L.  Chapman,  P.  G.  Cleveland,  and  E.  D.  Hoganson,  Chem, 
Commurt.,  101  (1966). 

(4)  O.  L.  Chapman,  D.  C.  Heckert,  J.  W.  Reasoner,  and  S.  P.  Thack- 
abeiry,  /.  Am.  Chem.  Soc.,  88,  5550  (1966). 

(5)  F.  D.  Greene,  Bull.  Soc.  Chim.  France,  1356(1960). 

(6)  F.  Weigert  and  L.  Ludwig,  Ber,.  47,  898  (1914). 
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upon  acidification  the  photodimer.    Subsequent 
ies'  have  shown  that  the  photodimer  has  the  head- 
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11  Structure.  Dufraisse  and  Mathieu  have  shown 
irradiation  of  disodium  anthracene-9, 10-dicarbox- 

in  solutions  exposed  to  air  also  gives  anthraqui- 
:.*    It  has  been  assumed  generally  that  the  forma- 

of  anthraquinone  in  these  irradiations  involved 
,10-epidioxide  in  each  case. 

its 

le  results  of  our  initial  irradiations  of  sodium  9- 
roate  are  given  in  Table  I.    The  formation  of 

I.    Irradiation  of  Sodi  um  9-Anthroate 


Conditions 


' %  pure  compound  isolated . 

Dimer 
of 

9-an-  An-    10,10'- 

Starting    throic    Anthra-    thra-     Bian- 
material     acid     quinone    cene    throne 


•hr  irradiation  in         58 
water  in  a  Pyrex 
vessel  open  to 
the  atmosphere; 
concn,  0.040  Af 
•hr  irradiation  in         33 
water  in  a  Pyrex 
vessel 

with  nitrogen 
flush;  concn, 
0.040  Af 

3-hr  irradiation  in       42 
water  in  a  Pyrex 
vessel  with 
nitrogen  flush; 
concn,  0.0045  M 
9 . 5-hr  irradiation        54 
in  water  in  a 
Pyrex  vessel 
using  X  290-360 
m$i  and  nitro- 
gen flush,  concn, 
0.0033  Af 


25 


39 


31 


11 


11 


odimer  and  anthraquinone  was  confirmed,  and 
)'-bianthrone  and  anthracene  were  observed  as 
)r  products.  Flushing  the  solution  with  purified 
»gen*  during  the  irradiation  (which  should  remove 
«t  all  oxygen  from  the  solution)  had  little  effect  on 
uct  composition.  A  change  in  concentration  of 
im  9-anthroate  from  0.040  to  0.0045  M  reduced  the 
of  dimer  slightly  but  did  not  afiect  the  yields  of 
)ther  products  significantly.    Use  of  light  of  wave- 

D.  E.  Applequist,  T.  L.  Brown,  J.  P.  Kdman,  and  S.  T.  Young, 

.  ind.  (London),  850  (1959). 

C  Dufraisse  and  J.  Mathieo,  Bull.  Sec,  Chim,  France,  14,  307, 

K 

Rigorous  degassing  by  freeze-thaw  cycles  was  not  pracdcal  for 

nis  scale  work.    Nitrogen  flashing  during  the  uradiation  should 

:be  solutions  almost  oxygen  free.    In  rigorously  degassed  solutions 

lion  occurred  during  work-up,  and  this  is  presumed  to  be  the  case 

!  solutions  flushed  with  nitrogen. 
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Figure  1.   Ultraviolet  spectra  of  anthrol  anion, ;  sodium  9- 

anthroate, .  .  .  .;  and  the  aqueous  solution  of  sodium  9-anthroate 
after  irradiation  and  before  exposure  to  atmospheric  oxygen, . 


length  290-360  m/x  gave  substantially  lower  yields  of 
photodimer  than  were  obtained  when  the  full  output 
of  lamp  above  290  m/x  was  used.^^  Irradiation  of 
carefully  degassed  aqueous  solutions  of  sodium  9- 
anthroate  in  sealed  ampoules  permitted  isolation  and 
characterization  of  carbon  monoxide.  Monitoring  the 
irradiation  of  the  degassed  solutions  in  sealed  ampoules 
by  ultraviolet  absorption  spectroscopy  revealed  the 
presence  of  an  intermediate  with  an  absorption  maxi- 
mum at  about  4S3  m/x.  This  absorption  is  character- 
istic of  9-anthrol  anion  (Figure  1). 

Irradiation  (290-360  m/x)  of  the  disodium  salt  of  the 
photodimer  in  degassed  solution  in  a  sealed  tube  gave 
sodium  9-anthroate  and  the  anthrol  anion.  The  forma- 
tion of  dimer  is  thus  photochemically  reversible  when 
light  is  absorbed  by  the  dimer.  Formation  of  anthrol 
anion  presumably  is  a  secondary  process  based  on 
sodium  9-anthroate  which  has  a  greater  molar  extinc- 
tion coefficient  in  this  region  than  the  dimer. 

Discussion 

The  photochemical  conversions  of  sodium  9-anthro- 
ate are  summarized  in  Chart  I.  Formation  of  the  photo- 
dimer is  reversible,  and  this  reversibility  is  presumably 
responsible  for  the  wavelength  dependence  of  dimer 
yield.  Decarboxylation  of  sodium  9-anthroate  is 
mildly  surprising,  but  other  photochemical  decarboxyla- 
tions are  known.  *^  In  any  event,  decarboxylation  is  a 
minor  process.  The  most  interesting  reaction  is  the 
photochemical  conversion  of  9-anthroate  anion  to 
anthrol  anion.  The  anthrol  anion  is  known  to  react 
rapidly  with  oxygen  giving  both  anthraquinone  and 
10,10'-bianthrone.^'  In  the  absence  of  oxygen  only 
anthrol  anion  is  formed,  but  when  oxygen  is  admitted 
during  work-up  it  is  oxidized  to  the  observed  products. 
The  nature  of  the  excitation  (n,T*  or  ir,7r*)  in  sodium 
9-anthroate  and  the  multiplicity  of  the  reactive  state 
are  not  known. 

The  formation  of  the  anthrol  anion  can  be  described 
in  much  the  same  fashion  as  the  nitro  to  nitrite  rear- 
rangements.   It  is  assumed  for  the  sake  of  discussion 

(10)  This  wavelength  dependence  is  analogous  to  that  reported  by 
Greene  for  9-nitroanthracene.* 

(11)  J.  D.  Margcrum,y.  Am,  Chem,  Soc.,  S7,  3772  (1965). 

(12)  H.  L.  J.  Backstrom  and  H.  A.  Beatty,  /.  Phys,  Chem,^  35,  2530 
(1931). 
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that  the  excitation  responsible  for  this  reaction  is  local- 
ized in  the  carboxylate  group  and  is  n,ir*.  The  plane 
of  the  carboxylate  group  will  be  nearly  at  right  angles  to 
the  plane  of  the  aromatic  rings  because  of  the  peri 
hydrogens. 
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The  out-of-plane  carboxylate  group  has  the  half-vacant 
nonbonding  orbital  properly  aligned  for  interaction 
with  the  T  system  of  the  aromatic  rings.  ^*  The  anthrol 
anion  formed  by  loss  of  carbon  monoxide  is  stable  (in 
the  absence  of  oxygen),  in  contrast  to  the  9-anthryloxy 
radical  which  is  formed  when  nitric  oxide  is  lost  from 
the  corresponding  nitrite. 

Experimental  Section 

IrradiatioB  of  Sodium  9-Aiitliroate  Open  to  the  AtoMspbcre. 

A  water  solution  of  sodium  9-anthroate  was  made  by  dissolving 
9-anthroic  add  (4.0  g,  0.018  mole)  in  water  (450  ml)  to  which 
sodium  hydroxide  (18.0  ml  of  1.00  Af,  0.018  mole)  had  been  added. 


(13)  The  description  of  the  excited  state  given  above  is  very  crude. 
Actually,  the  two  nonbonding  p  atomic  orbitals  combine  to  give  sym- 
metric (n.)  and  antisymmetric  (n«)  combinations.  The  p  atomic  orbi- 
tal representation  is  used  for  convenience. 


The  solution  (0.040  M,  pH  9.5)  was  filtered  into  a  500-ml  capacity 
Pyrex  immersion  well.  The  solution,  open  to  the  atmosphere,  wm 
irradiated  for  5  hr  with  a  Hanovia  Type  A,  medium-pressure, 
mercury  arc  lamp.  The  solution  was  filtered.  The  solid  (56  im, 
1.4%  of  the  sample  weight,  mp  234-237°)  was  dissolved  in  hot  befr 
zene  and  chromatographed  on  40  g  of  silica  gel  giving  antfunquinoM 
(0.04  g,  1.1%,  mp  255-262°).  The  filtrate  from  the  irradiatioi 
was  continuously  extracted  with  ether  giving  anthraquinooe  (0.07 
g>  1 .8  %  yield).    The  total  yield  of  anthraquinone  was  2.9  %. 

The  water  solution  was  acidified  with  1.5  ml  of  concentnted 
hydrochloric  acid  and  continuously  extracted  with  ether.  White 
crystals  formed  in  the  yellow  ether  solution.  Filtration  yielded  the 
photodimer  of  9-anthroic  acid  (0.99  g.  25%  yield,  mp  216-220*. 
infrared  5.88  /i). 

AmL  Calcd  for  CsoHto04:  C,  81.07;  H,  4.54.  Found:  Q 
80.98;  H,4.63. 

The  acid  dimer  was  converted  to  the  methyl  ester  (mp  222-223*, 
lit.7  226-227°)  by  addition  of  the  acid  chloride  to  methanol.  The 
mass  spectrum  of  the  methyl  ester  showed  mie  472  (0.5%  of  base) 
for  the  parent  ion  and  mle  236  (93.5%  of  base)  for  symmetric^ 
cleavage  of  the  dimer. 

Evaporation  of  the  ether  solution  gave  crude  9-anthroic  add  (13 
g,  58  %)  which  was  identified  by  infrared  comparison. 

Irnidiation  of  Sodium  9-Anthroate  with  a  Nitrogen  Flurii.    A  water 
solution  of  sodium  9-anthroate  was  made  from  9-anthroic  acid 
(4.0  g,  0.018  mole)  and  sodium  hydroxide  (18  ml  of  1.00  A#,  0.018 
mole)  and  enough  water  to  make  a  total  volume  of  450  ml.    The 
solution  (0.040  Af  ,  pH  9)  was  filtered  into  a  500-ml  capacity  Pyrex 
well.    Nitrogen  was  passed  through  the  solution  for  1  hr.    The 
yellow  solution  was  irradiated  for  5  hr  with  a  Hanovia  Type  A, 
medium-pressure,  mercury  arc  lamp  with  a  continuous  flow  of  puri- 
fied nitrogen.    The  solution  was  filtered.    The  solid  (120  mg,  3.0% 
of  the  sample  weight)  was  chromatographed  on  50  g  of  silica  gd 
giving  anthraquinone  (0.10  g,  2.7%,  mp  232-238°,  identified  by 
infrared  comparison  with  an  authentic  sample).    The  mass  spec- 
trum of  the  product  showed  mle  208  for  the  parent  ion,  mle  180 
with  a  metastable  ion  at  mle  155.5  for  the  loss  of  carbon  monoxide, 
and  mle  152  with  a  metastable  ion  at  128.2  for  the  second  loss  of 
carbon  monoxide,  in  agreement  with  the  mass  spectrum  of  anthra- 
quinone reported  by  Beynon.  ^^ 

(Continuous  extraction  of  the  filtrate  with  ether  gave  anthra- 
quinone (0.03  g,  0.8%).  The  total  yield  of  anthraquinone  was 
3.5%. 

The  water  solution  was  acidified  with  1.5  ml  of  concentrated  hy- 
drochloric acid  and  continuously  extracted  with  ether.  Filtration 
of  the  yellow  ether  solution  gave  the  photodimer  of  9-anthroic  acid 
(1.5  g,  39%  yield,  mp  219-220°)  which  was  identified  by  infrared 
comparison.  Evaporation  of  the  ether  gave  crude  9-anthroic  add 
(1.3  g,  33%). 

Irradiation  of  Sodium  9-Aiithroate  at  Lower  OncenCratioM. 
The  solution  of  sodium  9-anthroate  was  made  from  9-anthroic 
acid  (2.00  g,  0.009  mole),  sodium  hydroxide  (20  ml  of  0.50  Af, 
0.010  mole),  and  enough  water  to  make  the  total  volume  2  1.  The 
solution  (0.(X)45  Af,  pH  1 1)  was  filtered  into  a  Pyrex  immersion  well, 
and  purified  nitrogen  was  passed  through  for  2  hr.  The  nitrogen 
was  purified  by  passage  through  a  trap,  two  bottles  of  Fieser*s 
solution,  two  traps,  18  M  sulfuric  acid,  a  trap,  and  finally  a  drying 
tower.  The  solution  was  irradiated  for  20  hr  with  a  Hanovii 
Type  A,  medium-pressure,  mercury  arc  lamp. 

The  solution  was  filtered.  The  solid  (0.2  g,  16%  of  the  sample 
weight)  was  chromatographed  on  40  g  of  silica  gel  giving  anthra- 
cene (0.06  g,  4%,  206-214°),  anthraquinone  (0.17  g,  9%,  225-235*, 
C=0,  5.97  m),  and  10,10'-bianthrone  (0.04  g,  2%,  mp  243-247*, 
C=0, 6.02  m). 

The  filtrate  from  the  irradiation  was  acidified  with  1.5  ml  of 
concentrated  hydrochloric  acid  and  continuously  extracted  with 
ether.  Filtration  of  the  yellow  ether  solution  after  concentratioo 
gave  the  photodimer  of  9-anthroic  acid  (0.62  g,  31  %  yield,  mp  215- 
219°).  Evaporation  of  the  ether  solution  gave  9-anthroic  acid 
(0.84  g,  42%  yield,  mp  212-214°). 

Irradiation  of  Sodium  9-Aiithroate  with  a  Filter  Sdntion.  Hie 
filter  solution  was  made  by  dissolving  nickel  sulfate  (690  g  of 
NiS04-6HsO)  and  cobah  sulfate  (220  g  of  CoSOi-THiO)  in  water 
(1  1.).  This  solution  for  a  0.8-cm  path  length  transmits  90%  of  the 
light  at  300  niM  and  less  than  2.0%  of  the  light  from  360  to  540  nv^. 

The  solution  of  sodium  9-anthroate  was  made  from  9-anthroic 
add  (14  g,  0.0108  mole),  sodium  hydroxide  (1.00  g,  0.025  mole),  and 


(14)  J.  H.  Beynon,  G.  R.  Lester,  and  A.  E.  Williams,/.  Fhyt,  CktWL^ 
63,  1861  (1959). 
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water  to  make  a  total  volume  of  3.2  1.  The  solution 
M^  pH  >11)  was  filtered  into  a  Pyrex  immersion  well. 
nitrogen  was  passed  through  for  1.5  hr. 
>lution  was  irradiated  for  19.5  hr  with  a  Hanovia  Type  A, 
pressure,  mercury  arc  lamp,  The  highest  temperature 
filter  solution  reached  was  55^.  The  solution  was  filtered. 
I  (0.28  g,  12%  of  the  sample  weight)  was  chromatographed 
of  silica  gel  giving  anthracene  (0.02  g,  1  %,  mp  196-203°), 
nnone  (0.15  g,  6.7%,  mp  230-239''),  and  lO.lO'-bianthrone 
L2%,mp  253-256**). 

Itratc  was  continuously  extracted  with  ether  for  3  days. 
d  ((K2  g)  from  the  evaporation  of  the  ether  was  chromato- 
OQ  20  g  of  silica  gel  giving  anthracene  (0.03  g,  1.5%,  mp 
°),  anthr^iuinone  (0.09  g,  4.0%,  mp  232-243''),  and  crude 
ianthrone  (0.05  g,  2.4%,  mp  235-240°).  The  total  yields 
three  products  were  anthracene  (2.5%),  anthraquinone 
iDd  10,10'-bianthrone(6.6%). 

Itrate  was  acidified  with  10  nil  of  concentrated  hydrochloric 
I  continuously  extracted  with  ether  for  3  days.    The  ether 
was  evaporated  to  dryness.    The  solid  was  recrystallized 
nzene.    Filtration  of  the  hot  benzene  solution  gave  the 
ner  of  9-anthroic  acid  (0.25  g,  1 1  %).    Upon  cooling,  the 
sduticm  gave  crystals  of  9-anthroic  acid  ( 1 .4  g,  54  %). 
itiiM  of  Sodimii  9-Aiithroate  in  a  Sealed  Tube.    The  am- 
is made  from  a  test  tube  (13  X  100  mm)  and  a  standard 
ner  joint  (14/20).    The  ampoule  was  filled  with  5  ml  of 
9-anthroate  (0.003  Af )  in  water.    The  ampoule  was  frozen 
Ice-trichloroethylene  bath,  evacuated  to  0.025  mm,  closed, 
fwed  to  thaw.    This  process  was  repeated  except  before 
Bwed  the  second  time  it  was  sealed  off.    The  ampoule  was 
d  for  5  hr  with  a  Hanovia  Type  A,  medium-pressure, 
arc  lamp  using  the  nickel  sulfate-cobalt  sulfate  filter 
described  above.    The  ultraviolet  spectrum  (Figure  1) 
lution  shows  the  presence  of  the  anthrol  anion. 


Irradiation  of  Sodium  9-Aiithroate  in  a  Sealed  Tube  to  Identify 
Carbon  Monoxide.  9-Anthroic  acid  (2.00  g,  0.009  mole)  and  10% 
sodium  hydroxide  (50  ml)  were  diluted  to  75  ml.  The  solution 
(0.12  M)  was  put  in  a  heavy-walled,  Pyrex,  100-ml  capacity  tube 
fitted  with  a  vacuum  stopcock.  The  tube  was  frozen,  evacuated  to 
0.02  mm,  closed,  and  thawed.  This  process  was  repeated  four 
times.  The  tube  was  irradiated  for  19  hr  with  a  Hanovia  Type  A, 
medium-pressure,  mercury  arc  lamp  using  the  nickel  sulfate-cobalt 
sulfate  filter  solution  described  above.  After  irradiation  the 
product  gases  were  expanded  into  an  infrared  gas  cell.  The  infra- 
red spectrum  showed,  in  addition  to  the  bands  for  the  water  present, 
a  broad  band  at  4.7  ^  (Ht.^*  for  carbon  monoxide  4.67  /i). 

The  solution  was  filtered  giving  a  solid  (0.02  g)  which  by  infrared 
comparison  was  shown  to  be  a  mixture  of  anthraquinone  and  10,10'- 
bianthrone.    No  further  attempt  at  separation  was  made. 

Irradiation  of  the  Disodium  Salt  of  the  Photodimer  of  9-Anthroic 
Add  in  a  Sealed  Tube.  The  dimer  of  9-anthroic  acid  (0.222  g, 
0.0005  mole)  was  dissolved  in  10%  sodium  hydroxide  (20  ml)  and 
diluted  to  25  ml  (0.02  Af).  An  ampoule  containing  6  ml  of  the 
solution  was  prepared  in  the  manner  previously  described  and 
irradiated.  The  ultraviolet  spectrum  of  the  solution  showed  the 
presence  of  sodium  9-anthroate  and  the  anthrol  anion.  Filtration 
of  the  solution  gave  water-insoluble  compounds  (0.006  g,  11  %  of 
starting  material).  The  filtrate  was  acidified  and  continuously 
extracted  with  ether.  Filtration  of  the  ether  solution  gave  dimer 
(0.038  g,  71  %  yield)  and  evaporation  gave  9-anthroic  acid  (0.007 
g,  13%  yield). 
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kbitnict:    Six  2,3-dihydropyrazines  have  been  found  to  rearrange  to  imidazoles  upon  photolysis.    Data  are  pre- 
ented  in  support  of  the  proposal  that  the  reaction  proceeds  through  an  irreversibly  fonned  enediimine  intermedi- 

ite. 


oal  comparison  of  the  photolysis  of  the  2,3- 
hydropyrazine  system  1  with  the  photochemistry 
structurally  related  and  extensively  studied  a- 
)nyl  systems  2  and  six-membered  cyclic  dienes  3 
>e  of  practical  and  theoretical  interest.  ^   Analogy 


0 


Xv^O 
Y-^0 


a 


1  2  3 

suggests  1,4'  and  1,2^  additions,  reduction,^  oxi- 

itional  Science  Foundation  Fellow,  1962-1964;  University  of 
dlow.  1964-1965;  Union  Carbide  Fellow,  1965-1966. 
e  formal  aspects  of  these  comparisons  must  be  emphasized. 
systems  are  involved  and  the  details  of  the  processes  may  be 
arcnt  C/.  J.  G.  Calvert  and  J.  N.  Pitts,  "Photochemistry,"  John 
d  Sons,  Inc.  New  York,  N.  Y.,  1966,  pp  528-530. 

A.  Schonberg  and  A.  Mustafa,  /.  Chem.  Soc.,  551  (1945);  (b) 
-e  and  W.  Waters,  ibid.,  238  (1953);  (c)  M.  Rubin,  J.  Org. 
I,  1949  (1963);  (d)  J.  J.  Bohning  and  K.  Weiss,  J.  Am.  Chem. 
2S93  (1966),  and  references  cited  therein. 

B.  Rubin  and  P.  Zwitkowits,  /.  Org.  Chem.,  29,  2362  (1964); 
.  Krauch.  S.  Farid.  and  O.  O.  Schenk,  Ber.,  98,  3102  (1965); 

Rubin  and  R.  G.  LaBarge,  /.  Org.  Chem.,  31,  3283  (1966). 


dation,^'^  and  radical  formation'  might  occur  upon 
photolysis  of  1.  If  3  is  allowed  as  an  analogy,  ring 
opening  to  a  triunsaturated  system,^  ring  closure  to  a 
bicyclo[2.2.0]  system,*  formation  of  a  bicyclo[3.1.0] 
system,'*'*   dimerization,^®    or    aromatization  *  *   might 

(5)  (a)  W.  Urry  and  D.  J.  Trccker,  /.  Am.  Chem.  Soc.,  84,  1 18  (1962); 

(b)  J.  Mdnwald  and  H.  Klingle,  ibid.,  88,  2807  (1966);  (c)  P.  W.  Jolly 
and  P.  de  Mayo,  Can.  J.  Chem.,  42,  170  (1964). 

(6)  Calvert  and  Pitts,  ref  2,  p  421. 

(7)  (a)  D.  H.  R.  Barton,  Helo.  Chim.  Acta,  42,  2604  (1959);  (b)  E. 
Havinga  and  J.  L.  M.  A.  Schlatmann,  Tetrahedron,  16,  146  (1961); 

(c)  R.  L.  Autrey,  D.  H.  R.  Barton,  A.  K.  Ganguly,  and  W.  H.  Reusch, 
y.  Chem.  Soc.,  3313  (1961);  (d)  R.  Srinivisan.  /.  Chem.  Fhys.,  38,  1039 
(1963);  (e)  G.  J.  Fonken  and  K.  Mehrotra,  Chem.  Ind.  (London),  1025 
(1964);  (0  W.  G.  Dauben  and  R.  M.  Coates.  /.  Org.  Chem.,  29,  2761 
(1964);  (g)  J.  Meinwald  and  P.  H.  Mazzocchi,  J.  Am.  Chem.  Soc.,  88, 
2851  (1966),  and  references  cited  therein. 

(8)  (a)  W.  G.  Dauben  and  G.  J.  Fonken,  ibid.,  81,  4060  (1959);  (b) 
W.  H.  Schuller,  R.  N.  Moore,  J.  E.  Hawkins,  and  R.  V.  Lawrence,  /. 
Org.  Chem.,  27,  1178  (1962);  (c)  H.  Prinzbach  and  J.  H.  Hartenstein, 
Angew.  Chem.  Intern.  Ed.  Engl.,  2,  471  (1963);  (d)  E.  J.  Corey  and  J. 
Strcith,  /.  Am.  Chem.  Soc.,  86,  950  (1964);  (c)  W.  G.  Dauben  and  R. 
M.  Coates,  ibid.,  86.  2490  (1964). 

(9)  (a)  G.  R.  Evanega,  W.  Bergmann,  and  J.  English,  Jr.,  J.  Org, 
Chem.,  27,  13  (1962);  (b)  H.  Prinzbach  and  E.  Druckrey,  Tetrahedron 
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be  expected  from  the  irradiation  of  1.  Previous  study 
of  the  photochemistry  of  imines  has  shown  this  func- 
tional group  resembles  the  carbonyl  group  in  its  photo- 
reactions  of  reduction,**  addition,**  and  prototropy.** 
On  the  other  hand  photoisomerization  of  anils,  *^  novel 
photoaddition  and  cyclization  reactions,*'  and  photo- 
oxidation*^  have  been  observed  for  the  imine  function. 
Pyrazine,  a  heteroaromatic  imine,  has  been  reported  to 
photoisomerize  to  pyrimidine***  and  to  undergo  photo- 
fragmentation  to  acetylene  and  hydrogen  cyanide.*^** 
Many  of  the  possibilities  suggested  for  the  2,3-dihydro- 
pyrazines  by  these  analogies  are  intriguing.  This  syn- 
thetic potential  and  an  interest  in  the  chemical  conse- 
quences of  n  -►  IT*  excitation  of  diunsaturated  system 
constrained  to  a  six-membered  ring**  prompted  this 
study. 

In  this  paper  we  report  a  new  reaction,  the  photo- 
rearrangement  of  2,3-dihydropyrazines  to  imidazoles.* 
Evidence  is  presented  which  suggests  an  enediimine, 
formed  irreversibly  after  n  -►  ir*  excitation,  is  an  inter- 
mediate in  this  reaction. 

Results  and  Discussion 

Spectral  Properties.  The  low-intensity  n  -►  ir* 
bands  expected  for  a  dihydropyrazine'*  could  not  be 
resolved  for  2,3-dihydro-5,6-dimethylpyrazine  (4)  or 
2,3-dihydro-5,6-diphenylpyrazine  (5).  These  absorp- 
tions appear  as  the  longest  wavelength  band  in  each 

Utters,  2959  (1965);  (c)  H.  Hart  and  A.  J.  Waring,  ibid.,  325  (1965). 
In  most  cases  these  products  are  considered  to  arise  from  photochemical 
reaction  of  the  triene  produced  by  ring  opening  although  it  is  recognized 
that  such  an  intermediate  is  not  obligatory.  Cf.  D.  H.  R.  Barton,  R. 
Bernasconi,  and  J.  Klein,  7.  Chem.  Soc.,  51 1  (1960). 

(10)  (a)  L.  A.  Paquette  and  G.  Slomp,  J.  Am.  Chem.  Soc,  85,  76S 
(1963);  E.  C.  Taylor  and  R.  O.  Kan.  ibid.,  85,  776(1963);  W.  Ayer.  R. 
Hagatsu,  P.  de  Mayo,  J.  T.  Reid,  and  J.  B.  Stothers,  Tetrahedron  Let- 
ters, 648  (1961);  (b)  D.  J.  Valentine.  N.  J.  Turro,and  O.S.  Hammond, 
J.  Am.  Chem.  Soc.,  86,  5202  (1964);  G.  O.  Schenk,  S.  P.  Mannsfeld,  G. 
Schonberg,  and  C.  H.  Krauch.  Z.  Natur/orsch.,  19b,  18  (1964). 

(11)  R.  Snnivisan,/.  Am.  Chem.  Soc.,  82,  5063  (1960). 

(12)  (a)  J.  Rennert  and  J.  Weisenfield,  Photochem.  Photobiol.,  5, 
337  (1966);  (b)  S.  Kato,  S.  Minagawa,  and  M.  Koizumi,  Bull.  Chem, 
Soc.  Japan,  34,  1026  (1961);  (c)  C.  DuFraisse  and  E.  Toromanoff, 
Compt.  Rend.,  235,  759  (1952). 

(13)  (a)  A.  Schonberg  and  W.  Awad,  /.  Chem.  Soc.,  651  (1947);  (b) 
A.  Mustafa,  A.  K.  Mansour,  and  A.  F.  A.  M.  Shalaby,  /.  Am.  Chem. 
Soc.,Sl,  3409(1959);  (c)  G.  Pfundtand  W.  M.  Hardham.  Tetrahedron 
Utters,  24\\  0965). 

(14)  (a)  M.  G.  Cohen  and  G.  M.  J.  Schmidt,  /.  Phys.  Chem.,  66,  2442 
(1962);  (b)  D.  G.  Anderson  and  G.  Wettermark, /.  Am.  Chem.  Soc.,  87, 
1443(1965). 

(15)  (a)  E.  Fischer  and  Y.  Frei,  J.  Chem.  Phys.,  27,  808  (1957);  (b) 
refll,p460. 

(16)  (a)  P.  Cerutti  and  H.  Schmid,  Heh.  Chim.  Acta,  47,  203  (1964); 
(b)  ibid.,  48,  1359  (1965);  (c)  J.  S.  Shannon,  H.  Silberman,  and  S.  Stern- 
hell,  Tetrahedron  Utters,  659  (1964);  (d)  P.  J.  Collin,  H.  Silberman,  S. 
Sternhell,  and  G.  Sugowicz,  ibid.,  2063  (1965);  (e)  S.  Searles  and  R. 
Qascn,  ibid.,  1627  (1965);  (f)  E.  C.  Taylor,  B.  Forth,  and  M.  Pfau,  J. 
Am.  Chem.  Soc.,  87,  1400(1965). 

(17)  R.  O.  Kan  and  R.  C.  Furey,  Tetrahedron  Utters,  2573  (1966). 

(18)  (a)  F.  Lahmani,  N.  Ivanhoflf,  and  M.  M.  Mayat,  Compt.  Rend., 
263,  1005  (1966);  (b)  K.  K.  Innes,  quoted  in  ref  2,  p  460. 

(19)  The  useful  concept  of  electrons  largely  localized  in  «r,  r,  and 
nonbonding  orbitals  is  retained  in  the  present  discussion  except  for  the 
extended  HUckel  calculations.  Recent  comments  on  the  localized  ap- 
proximation for  azines  have  been  made  by  R.  Hoffmann,  J.  Chem.  Phys., 
40,  2745  (1964). 

(20)  (a)  P.  Beak  and  J.  Miesel,  Abstracts,  150th  National  Meeting  of 
the  American  Chemical  Society,  Atlantic  City,  N.  J.,  Sept  1965,  p  95. 
(b)  Dr.  D.  R.  Arnold  has  independently  discovered  this  reaction ;  D.  R. 
Arnold,  personal  communication.  We  wish  to  thank  Dr.  Arnold  for 
this  information  and  for  valuable  discussion  of  this  manuscript. 

(21)  Analogous  absorptions  in  related  molecules  are  of  low  intensity 
although  allowed  by  local  symmetry  and  affected  by  molecular  sym- 
RKtry;  (a)  for  a  general  discussion  see  J.  W.  Sidman,  Chem.  Rec,  58, 689 
(1958);  M.  Kasha,  Discussions  Faraday  Soc.,  9,  14  (1950);  (b)  for  an 
example  see  K.  K.  Innes,  J.  D.  Simons,  and  S.  G.  Tilford,  J.  MoL 
Spectry,,  11,  257  (1963). 


ch; 


CeH 


case  with  a  broad  featureless  structure.  By  the  em- 
pirical criteria  of  low  intensity,  absence  of  absorptions  - 
in  the  hydrocarbon  analogs,  and  the  shift  of  the  ab- 
sorption to  shorter  wavelengths  in  hydrogen-bonding 
solvents  (Table  I),  this  absorption  is  clearly  of  the  n  -► 
V*  type. *••*'•*'  Attempts  to  demonstrate  the  dis- 
appearance of  the  long-wavelength  band  in  acid  were 
precluded  by  the  instability  of  the  compounds  under 
these  conditions. 


Table  I.    The  n  -^  x*  Absorptions  of 
2,3-Dihydro-5,6-dimethylpyrazine  (4)  and 
2,3-Dihydro-5,6-diphenylpyrazine  (5) 


Compound 


Solvent 


VOfi 


4 

95  %  ethanol 

337 

200 

Methylene  chloride 

349 

240 

Cyclohexane 

352 

215 

5 

95  %  ethanol 

364 

440 

Methylene  chloride 

371 

425 

Cyclohexane 

378 

315 

In  the  ultraviolet  spectrum  of  4  the  n  -^  t*  band  is 
the  only  absorption  above  290  m/x;  in  the  case  of  5 
there  is  a  tailing  absorption  from  290  to  310  m^  from 
an  absorption  shoulder  at  280  m/x.  Accordingly  the 
use  of  a  Pyrex  filter  in  photochemical  experiments  would 
allow  only  excitation  of  the  n  -^  ir*  band  for  4  and 
mainly  n  -^  ir*  excitation  for  5.  2,3-Dihydro-5,6-di- 
phenylpyrazine  (5)  did  not  show  fluorescence  in  meth- 
anol at  room  temperature  or  phosphorescence  in  an 
ethanol-glycerol  glass  at  77  °K. 

Photolyses.  Irradiation  of  2,3-dihydro-5,6-dimethyl- 
pyrazine  (4)  in  absolute  ethanol  using  a  4S0-w  high- 
pressure  mercury  resonance  lamp  with  a  Pyrex  filter" 
for    5    hr    yields    71%    l,4,S-trimethylimidazole  (6). 


CH 


C,H>0H. 


CH.^^N-^ 


CH 
CH 


'N — ^N 
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The  product  was  identified  by  spectral  comparison  with 
an  authentic  sample  and  by  preparation  of  the  picrate. 
Photolysis  of  2,3-dihydro-5,6-diphenylpyrazine  gives 
4,5-diphenyl-l-methylimidazole  (7)  in  75%  yield.  In 
some  photolyses  4,5-diphenyl-l-ethoxymethylimidazolc 
(8)  may  also  be  isolated  in  about  10%  yield.  The  major 
product  was  identified  as  7  by  spectral  and  melting 
point  comparisons  with  an  authentic  sample.  The 
structure  of  8  is  based  on  analytical,  infrared,  ultra- 

(22)  The  short-wavelength  shift  caused  by  conjugative  subttitooili 
for  the  n  -^  T*  band  of  carbonyl  groups'^*  appears  to  be  altofetlier 
reversed  in  comparing  the  n  -^  r*  absorptions  of  4  with  & 
The  reliability  of  this  correlation  for  imines  is  somewhat  oompromised 
by  its  failure  to  predict  the  **conjugative"  shifu  of  the  n  -«>  «^  abaor^ 
tions  of  azo  compounds:  H.  H.  Jaff<6  and  M.  Qrchin,  **Tbeory  and 
Applications  of  Ultraviolet  Spectroscopy/*  John  Wiley  and  Sons.  Inc, 
New  York,  N.  Y..  1962,  pp  185.  430. 

(23)  In  the  following  discussion  these  conditions  should  be  presumed 
unless  otherwise  stated. 
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nmr,  and  mass  spectral  data  as  well  as  its  con- 
i  to  4,S-diphenylimidazole  (9)  in  70%  yield  on 
cnt  with  refluxing  hydriodic  acid.  The  quantum 
for  the  disappearance  of  2,3-dihydro-S,6-di- 
pyrazine  (5)  and  the  appearance  of  4,S-diphenyl- 
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CW 
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yltmidazole  (7)  are  about  0. 1 .  Photolyses  of  5  in 
and  benzene^'  or  in  absolute  ethanol  using  a  23-w 
essure  mercury  resonance  lamp  for  3  to  6  hr 
3  7  in  yields  ranging  from  70  to  90  %.  The  use  of 
thanol  as  a  solvent  for  5  with  the  high-pressure 
ind  a  Pyrex  filter  gives  7  (4%),  8  (8%),  and  9 

ifect  this  reaction  provides  a  method  for  the 
r  of  substituents  from  the  2  and  3  positions  of  a 
ydropyrazine  to  the  2  position  and  the  exocyclic 
bonded  to  nitrogen  of  an  N-substituted  imid- 
^  The  availability  of  2,3-dihydropyrazines  from 
le  and  diamine  precursors  suggests  the  reaction 
fer  some  synthetic  convenience  over  present  pro- 
i  for  the  preparation  of  substituted  imidazoles, 
synthetic  potential  and  the  variation  in  products 
^  in  the  reaction  may  be  illustrated  by  the 
^is  of  //•an5-2,3-diphenyl-5,6,7,8,9, 10-hexahydro- 
aline    (10).    In    absolute    ethanol    the    prod- 


10 


\_^  V^OQH, 
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13 

jc  2,3-diphenyl-6,7,8,9-tetrahydro-5H-imidazo- 
izepine  (11)  in  9%  yield  and  2,3-diphenyl-5- 
■6,7,8,9-tetrahydro-5H-imidazo[  1 ,2-fl]azepine  (12) 
I  yield.  In  cyclohexane  11  was  produced  in  8  % 
ind  2,3-diphenyl-8,9-dihydro-7H-imidazo[  1 ,2-^]- 
;  (13)  in  19%  yield.  The  structural  assignments 
led  on  analytical  data,  consistency  of  ultraviolet, 
d,  nmr,  and  mass  spectral  data  with  the  expected 
using  7  and  8  as  model  compounds,  and  the  con- 

^thetically  this  reaction  compliments  the  conversion  of  5  to 
•2^imidazoline  with  hydrogen  peroxide:  H.  I.  X.  Mager  and  W. 
Rec.  Trac.  CMm.,  84,  314  (1965). 


version  of  13  to  11  on  catalytic  hydrogenation.  This 
appears  to  be  the  second  synthesis  of  this  type  of  imid- 
azoazepine  ring  system.  ^^ 

Additional  cases  are  provided  by  photolyses  of  2,3- 
dihydro-2,3-dimethyl-5,6-diphenylpyrazine  (14),  2,3-di- 
hydro-2-methyl-5,6-diphenylpyrazine  (15),  and  2,3-di- 
hydro-2-isobutyl-5,6-diphenylpyrazine  (16).  Irradia- 
tion of  an  ethanolic  solution  of  14"  for  10  min  gave  4,5- 
diphenyl- 1  -( 1  -ethoxyethyl>2-methylimidazole  (17)  in 
55%  yield.  "^  Reaction  of  15  under  these  conditions 
for  8  hr  gave  1,2  dimethyl-4,5-diphenylimidazole  (18) 
(42%)  and  an  unresolved  mixture  of  4,5-diphenyl-l 
ethoxymethyl-2-methylimidazole  (19)  and  4,5-diphenyl- 
l-(l-ethoxyethyl)imidazole  (20)  (20  ?Q.  Photolysis  of 
16  for  10  min  gave  2-isobutyl-4,5-diphenyl-l-methyl- 
imidazole  (21)  (50%)^  as  well  as  material  characterized 
by  its  spectral  properties  as  2-isobutyl-4,5-diphenyl-l- 
ethoxymethylimidazole  (22)  (6%)*'  and  l-(l-ethoxy-3- 
methylbutyl>4,5-diphenylimidazole  (23)  (20  %).  *' 
Conversion  of  17  to  4,5-diphenyl-2-methylimidazole 
was  achieved  with  hydriodic  acid  while  18  was  identified 
by  direct  comparison  with  an  authentic  sample. 
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14,  R  -  R'  =  CH, 

15,  R  -  CH,;  R'  =  H 

16,  R  =  CH,CH(CH,),; 
R'  -  H 
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20,  R  »  CH(OC,H,)CH, 
23,  R  - 

CH(OQH,)CHiCH(CH,)i 


17,  R  =  CH(OQH,)CH,; 
R'  -  CH, 

18,  R  -  R'  »  CH, 

19,  R  -  CHsOQH,; 
R'  =  CH, 

21.  R  -  CH,; 

R'  -  CH,CH(CH,)> 

22.  R  »  CHsOQH,; 
R'=  CH,CH(CH,), 

Irradiation  of  2,3-dihydro-2-isobutyl-5,6-diphenyl- 
pyrazine  (16)  in  cyclohexane  took  an  unexpected  course 
and  produced  l,2-di(2-isobutyl-4,5-diphenylimidazoyl)- 
ethane  (24)  (43  %)  in  addition  to  the  expected  product 
21  (26  %).  The  infrared  and  ultraviolet  spectra  of  this 
compound  are  very  similar  to  that  of  21,  but  the  extinc- 
tion coefficient  in  the  ultraviolet  was  approximately 

N       N— CH/M,— N       N 

M         M 

CH,    CJIft  CjHs     CsH, 

24 

twice  that  of  21.  The  singlet  assigned  to  the  N-sub- 
stituted methylene  protons  of  24  appears  at  S  3.78  and 
this  value  compares  weU  with  the  chemical  shift  of  S 
3.30  for  the  N-methyl  group  in  21  and  of  S  3.94  for  the 
methylene  of  the  N-ethyl  group  in  4,5-diphenyl-l-ethyl- 
imidazole.    The  mass  spectrum  of  24  confirmed  the 

(25)  R.  G.  Glushov  and  O.  Y.  Mayidson,  Dokl.  Akad.  Nauk  SSSR, 
133,  58S  (1960). 

(26)  The  cis  isomer  and  a  mixture  of  cis  and  trans  isomers  gave  the 
same  product  in  separate  experiments. 

(27)  This  is  based  on  starting  material  consumed. 
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molecular  weight  of  578  and  gave  major  fragments  at 
m/e  303  (metastable  for  578  -^  303  observed  at  158.5; 
calcd,  159)  and  289,  consistent  with  species  a  and  b 
which  can  be  envisioned  to  arise  from  24. 


^'^^^'^^^^  CH, 


a 


Intermediates.  These  conversions  of  2,3-dihydro- 
pyrazines  to  imidazoles  may  be  formulated  for  the 
general  case  as  proceeding  via  an  enediimene  25  formed 
by  photolytic  ring  opening.  Subsequent  ring  closure 
of  25  to  26  would  generate  an  intermediate  which  could 
lead  to  an  N-alkylimidazole  (27)  by  proton  transfer 
or  to  an  N-ethoxyalkylimidazole   (29a)    by  addition 
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of  ethanol  followed  by  oxidation**  of  the  resulting 
imidazoline  28. 

The  generality  of  the  photochemical  ring  opening 
reactions  for  systems  isoelectronic  with  1,3-cyclo- 
hexadienes  was  predicted  by  Barton  8  years  ago.*" 
Despite  the  formidable  uncertainties  involved  in  draw- 
ing formal  analogies  for  photochemical  reactions,*'** 
the  present  case  can  be  considered  to  support  the  em- 
pirical utility  of  Barton's  prediction.  The  cyclization  of 
25  to  26  as  a  nonphotochemical  reaction  has  reasonable 
precedent. " 

This  proposal  outlines  the  general  nature  of  the  inter- 
mediates, and  the  involvement  of  different  tautomers 
and  timing  of  the  reactions  are  open  to  discussion.  At 
least  two  species,  30  and  31,  which  could  fulfill  the 
function  of  25,  can  be  envisioned.  Analogy**  *• 
clearly  favors  25,  however,  and  for  the  lack  of  definative 


Q 


30 


31 


information  about  the  alternatives,  25  will  be  provi- 
sionally preferred.  *  * 

(28)  The  fadlity  of  the  proposed  reaction  is  suggested  by  the  ready 
oxidation  of  aryl-2-iniidazolines:  K.  Hoffmann,  "Imidazole  and  Its 
Derivatives,**  Part  1,  Intersdence  Publishers,  Inc.,  New  York,  N.  Y., 
19S3,  p  42.  The  oxidation  could  be  a  photoreaction  due  to  traces  of 
unremoved  oxygen  in  the  nitrogen  used  for  purging  or  a  subsequent 
reaction  occurring  in  the  work-up.  M.  Busch,  Ber.,  64,  1816  (1931), 
claims  the  preparation  of  a  4-imidazoline  bearing  hydrogens  on  both 
nitrogen  atoms  and  reports  this  compound  is  readily  oxidized  to  the 
corresponding  imidazole. 

(29)  See  the  discussion  by  F.  B.  Mallory,  C.  S.  Wood,  and  J.  T. 
Gordon,  /.  Am.  Chem.  Soc.,  86,  3094  (1964),  for  a  cautionary  note  on 
the  use  of  analogy  for  photochemical  processes. 

(30)  G.  McCoy  and  A.  Day,  Ibid.,  65,  2159  (1943). 


The  results  of  the  photolyses  of  10  can  be  accommo- 
dated in  the  proposed  mechanistic  framework.  Produc- 
tion of  2,3-diphenyl-8,9-dihydro-6H-imidazo(l,2-fl]a2c- 
pine  (13)  from  10  under  these  conditions  could  occur  by 
proton  transfer  of  32  to  give  33  followed  by  oxidation. 
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The  formation  of  4,S-diphenylimidazole  (9)  in  the 
photolysis  of  2,3-dihydro-5,6-diphenylpyrazinc  (5)  in 
95  %  ethanol  could  result  from  the  loss  of  the  elements  of 
formaldehyde  from  28b  or  29b  formed  by  addition  of 
water  to  26  or  by  exchange  with  the  corresponding 
ethers. 

The  product  distributions  in  the  cases  of  the  un- 
symmetrically  2,3-substituted  2,3-dihydropyrazines  15 
and  16  can  be  rationalized  if  the  intermediates  corre- 
sponding to  25  and  26  are  considered  to  lead  predomi- 
nantly to  imidazole  products  resulting  from  intramolec- 
ular nucleophilic  addition  at  the  most  substituted 
imine  carbon  atom."  For  example,  l,2-dimcthyl-4,5- 
diphenylimidazole  (18)  is  formed  in  the  photolysis  of 
2,3-dihydro-2-methyl-5,6-diphenylpyrazinc  (15)  rather 
than  1  -ethyl-4,5-diphenylimidazole. 

The  formation  of  l,2-di(2-isobutyl-4,S-diphenylimid- 
azoyl)ethane  (24)  on  photolysis  of  16  in  cyclohexane 
may  result  from  the  condensation  of  two  molecules  of 
34  to  give  35,  a  species  which  could  undergo  ring 
closure  and  proton  transfer  to  yield  37,  followed  by  oxi- 
dation. Tautomeric  variants  of  this  scheme  can  be  en- 
visioned. A  different  possibility  is  photoreaction  of  34 
to  form  the  diazetidene  36  followed  by  ring  closure, 

(31)  The  assumption  that  changes  in  bond  orders  or  overlap  popula- 
tions on  transformation  from  the  ground  to  the  excited  state  indiciie 
positions  of  bond  formation  and  bond  breaking  in  the  exdted  state*** 
may  be  applied  to  the  present  case  by  use  of  the  extended  HiidEd 
method."^  In  agreement  with  the  suggested  intermediacy  of  the  enedi- 
imine  25,  bond  overlap  populations  obtained  from  the  calculations  show 
a  bond  weakening  of  the  2,3  and  1,6  bonds  and  a  bond  strengthening  of 
the  1,2  and  5,6  bonds  on  promotion  of  an  electron  from  the  highest 
occupied  to  the  lowest  unoccupied  orbital  of  2,3-dihydropyrazine  (1). 
In  contrast  to  this  a  strengthening  of  the  2,3  bond  is  obtained  on  promo- 
tion of  an  electron  from  the  second  highest  occupied  to  the  lowest  un- 
occupied orbital  of  1. 

(32)  (a)  H.  E.  Zimmerman,  Pure  AppL  Chem.,  9,  493  (1964);  J.  P. 
Malrieu,  Photochem.  PhotobioL,  5, 291,301  (1966);  R.  HofTmann,  private 
communication,  (b)  R.  Hoffmann,  J.  Chem.  Phys.,  39,  1397  (1963); 
the  program  used  was  kindly  provided  by  Mr.  Donald  Dugre.  We  are 
grateful  to  Mr.  Dugre  and  Professor  Hoffmann  for  use  of  the  program 
and  for  advice. 

(33)  Although  rationales  can  be  constructed  for  this  proposal,  the 
limited  data,  as  well  as  the  fact  that  small  energy  differences  of  subtle 
origin  may  be  involved,  suggest  that  further  speculation  is  not  warraniad. 
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ring  opening,  and  proton  transfer  to  give  37.  The 
intermediacy  of  36  is  suggested  by  analogy  to  the  pro- 
posals of  Searles  and  Clasen  for  the  photolytic  conver- 
sion of  anils  to  stilbenes  and  azobenzenes.^^  These 
rationales,  however,  do  not  explain  the  apparently 
anomalous  formation  of  24. 
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Support  for  the  proposed  intermediates  is  provided 
by  the  deuterium  incorporation  observed  in  the  course 
of  photolysis.  Irradiation  of  5  in  ethanol-c/  (9S  %  d)^ 
followed  by  heating  the  products  in  ethanol-c/  to  com- 
plete the  exchange  of  the  liable  imidazole  C-2  proton, 
gave  4,5-diphenyl-l-mcthyl-rf-imidazole-2-rf  (38)  which 
has  a  minimum  of  90  %  dideuterium  incorporation.  The 
extent  of  deuterium  incorporation  was  determined  by 
mass  spectrometry,  and  the  position  of  deuteration 
was  determined  by  nmr  analysis.  Direct  comparison 
of  the  spectrum  of  38  with  that  of  7  showed  the  expected 
ratio,  10:2,  of  proton  resonances,  and  the  signal  for  the 
N-deuteriomethyl  group  at  5  3.42  had  an  unresolved 
triplet  shape. '^  Isolation  of  unreacted  5  demonstrated 
that  it  did  not  exchange  under  the  conditions  of  the  ex- 
periment, while  control  experiments  with  4,S-diphenyl- 1  - 
roethylimidazole  (7)  showed  that  exchange  of  only  the 
C-2  proton  occurred  on  treatment  with  ethanol-i/  under 


^'^N^    »y,QH.(M)^     ^^ 
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^1 — ^^ 

CH,D 


38 


the  photolysis  conditions.  '^    The  incorporation  of  deu- 

(34)  The  hydrogen-deuterium  coupling  constant  would  be  expected 
to  be  on  the  order  of  1-2  cps. 

(35)  H.  A.  Staab,  M.  Th.  Wu,  A.  Mannschreck,  and  G.  Schwalbach, 
Tetrahedron  Letters,  845  (1964);  T.  M.  Harris  and  J.  L.  Randall,  Chem. 
Ind.  (London),  1728  (1965);  R.  O.  Olofson,  private  communication. 


terium  into  the  N-methyl  group  of  the  product  imidazole 
is  expected  for  an  intermediate  corresponding  to  26  in 
this  reaction. 

In  an  attempt  to  generate  a  relatively  stable  enedi- 
imine,  the  irradiation  of  2,3-dihydro-5,6-diphenyl- 
2,2,3,3-tetramethylpyrazine  (39)  was  investigated.  The 
expected  enediimine  intermediate  in  this  case  would 
not  be  capable  of  imidazole  formation  by  the  prescribed 
pathway.  Photolysis  of  39  in  absolute  ethanol  for 
2.5    hr    gave    2,2-dimethyl-4,5-diphenyl-3-imidazoline 

(40)  (60%)  and   2,2.dimethyl.4,5-diphenylisoimidazole 

(41)  (9%).    The   imidazoline   40   was   identified    by 
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analytical,  infrared,  ultraviolet,  nmr,  and  mass  spectral 
data.  The  ultraviolet  spectrum  of  40,  \tnmx  245  m/x  (6 
12,500),  is  characteristic  of  phenyl-substituted  Schiflf 
bases.**  The  nmr  resonances  of  two  methyl  groups 
at  5  1.62  and  1.48  are  consistent  with  the  assigned  struc- 
ture and  indicate  that  alternative  structures  bearing 
methyl  groups  on  a  carbon  doubly  bonded  to  nitrogen 
can  be  ruled  out.*'  The  mass  spectrum  shows  that 
losses  of  hydrogen,  a  methyl  group,  and  benzonitrile 
from  the  molecular  ion,  as  expected  for  40,  are  favorable 
processes.  Chemical  confirmation  of  this  assignment 
was  provided  by  the  oxidation  of  40  to  41  with  sulfur  at 
1 25  °  in  high  yield  and  by  the  hydrolysis  of  40  to  desyl- 

O    NH, 

8  acid  II       I 

41  < —  40  — ►  C»H5— C— CH— CHs 

42 

amine  (42)  by  dilute  acid.  The  structure  of  41  was 
established  by  spectral  and  physical  comparison  with  an 
authentic  sample. 

Although  detection  of  the  presumed  intermediate  43 
has  not  been  possible,**  the  observed  products  are 
consistent  with  its  transient  existence.    Ring  closure 
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of  43  followed  by  loss  of  the  nitrogen  substituent, 
presumably  with  formation  of  acetone  or  acetone  diethyl 
ketal,  would  lead  to  40.    The  formation  of  2,2-di- 

(36)  G.  E.  McCasland  and  E.  C.  Horswill,  J.  Am.  Chem.  Soc.,  73, 
3923  (1951). 

(37)  E.  Arnal,  J.  Elyuero,  R.  Jacquier,  C.  Marzin,  and  J.  Wylde,  Butt. 
Soc.  Chim.  France,  877  (1965). 

(38)  A  number  of  experiments,  under  a  variety  of  conditions,  were 
carried  out  and  attempts  were  made  to  detect  43  as  a  nonisolable  species. 
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methyl-4,S-diphenylisoimidazoIe  (41)  in  this  reaction 
may  be  due  to  photooxidation  of  40  by  minor  products 
or  impurities  in  the  system. 

If  the  photolytic  conversioo  of  the  2,3-dihydropyra- 
zines  to  imidazoles  proceeds  via  an  enediimine  corre- 
sponding to  25,  there  is  a  reasonable  possibility  that  the 
photochemical  ring  opening  is  reversible,  i.e.,  that  the 
enediimine  can  re-form  a  2,3-dihydropyrazine."  In 
principle,  this  process  could  be  detected  by  partial 
photolysis  of  a  2,3-dihydropyrazine  which  is  optically 
active  by  virtue  of  an  asymmetric  center  at  position  2 
and  isolation  of  the  starting  material  to  determine  if 
racemization,  requisite  in  ring  closure  of  the  planar 
enediimine  intermediate,  has  occurred.  Photolysis  of 
optically  active  2,3-dihydro-2-isobutyl-5,6-diphenyl- 
pyrazine  (16)  for  10  min  in  absolute  ethanol  or  cyclo- 
hexane  followed  by  recovery  of  starting  material  in  55 
and  44%  yields  showed  that  less  than  5  %  racemization 
had  occurred.  Accordingly,  the  photochemical  ring 
opening  is  not  reversible  within  the  limits  of  detection.^ 


Xr^^ 


16 


cyclohexane 


**   21   +  24 


►  21   +  22+23 


Excited  Spedes.  On  the  basis  of  the  spectral  data 
for  4  the  reaction  may  be  formulated  as  occurring  after 
n  -►  T*  excitation.  The  photolysis  of  2,3-dihydro-2,3- 
diphenylpyrazine  (5)  to  give  4,5-diphenyl-l-methyl- 
imidazole  (7)  does  not  appear  to  be  sensitized  or 
quenched  by  benzophenone,*^  triphenylene,**  tranS'StiU 
bene,**  naphthalene,  or  piperylene,  even  when  the 
latter  is  the  reaction  solvent.  These  results  suggest,  but 
do  not  require,  that  a  triplet  species  is  not  an  interme- 
diate in  the  conversion  of  5  to  7.**  The  reaction  may 
provisionally  be  formulated  as  occurring  in  an  n,v* 
singlet.  It  is  possible  that  a  triplet  which  lies  less  than 
ca.  60  kcal/mole  above  its  ground  state  could  be  in- 

(39)  A  number  of  analogies  for  such  a  process  may  be  found  in  the 
photochemistry  of  1,3,5-hexatrienes.  For  examples,  see  ref  7b;  R. 
Srinivasan,  J.  Am.  Chem.  Soc.,  83,  2806  (1961);  G.  J.  Fonken,  Tetra- 
hedron Utters,  549  (1962). 

(40)  Application  of  the  Woodward-Hoflfmann  concepts  to  the  two 
n  -^  T*  states  presumed  for  these  purposes  to  be  involved  in  the  inter- 
conversion*  of  a  2,3-disubstituted  dihydropyrazine  and  its  isomeric 
enediimine  reveals  that  concerted  ring  opening  and  ring  closure  are 
allowed  both  as  conrotatory  and  disrotatory  processes:  R.  B.  Wood- 
ward and  R.  Hoffmann,  J.  Am.  Chem.  Soc.  87,  395  (1965);  H.  Longuet- 
Higgens  and  E.  W.  Abrahamson,  ibid.,  87,  2045  (1965).  In  this  case, 
unlike  that  of  1,3  cyclohexadienes,  the  symmetry  rules  allow  a  photo- 
lytic intercon version  of  cis-  and  rra/tj-2,3-dihydro-2,3-disubstituted 
pyrazines  by  concerted  processes.  Experimental  demonstration  of  this 
would  assume  both  transitions  occur,  the  enediimine  to  be  photostable, 
and  photochemical  ring  closure  of  the  presumed  enediimine  intermediate. 
The  latter  reaction  was  not  detectable  with  16.  Consistent  with  these 
results,  no  racemization  of  optically  active  14  or  photochemical  intercon- 
version  of  cis  and  trans  isomers  of  14  was  found  in  incomplete  reactions. 

(41)  Quantitative  studies  were  complicated  by  competitive  absorp- 
tions. 

(42)  The  conversion  of  5  to  7  in  the  presence  of /ra/ij-stilbene  provides 
a  marked  contrast  to  the  photoaddition  of  o-quinones  to  rra/u-stilbene 
via  a  triplet  species.  * 

(43)  G.  S.  Hammond  and  N.  J.  Turro,  Science,  142,  1541  (1963); 
O.  S.  Hammond,  N.  J.  Turro,  and  P.  A.  Leermakers,  /.  Phys.  Chem., 
66,  1144  (1962);  H.  E.  Zimmerman  and  J.  S.  Swenton,  /.  Am.  Chem. 
Soc.,  86,  1436  (1964);  G.  W.  Griffin  and  E.  J.  0*Connel,  ibid.,  84,  4148 
(1962). 


volved  as  could  a  triplet  which  is  inefficient  in  energy 
transfer.  Observation  of  the  phosphoresence  spectrum 
of  4  and  5  in  conjunction  with  a  quantitative  study 
of  quenching  and  sensitization  could  settle  this  point. 
Investigation  of  the  nature  of  the  n  -»*  ir*  absorptions 
of  4  and  5  would  also  be  of  interest  for  a  further  un- 
derstanding of  these  reactions. 

Experimental  Section  ^^'^ 

23-Dihydro-5,6-cliiiietfayIpyraziiie  (4)  was  prepared  by  the  method 
of  Ishiguru  and  Matsumurra^^  bp  60-62''  (18  mm)  (lit.^  60-63° 
(18  mm)),  n**D  1.4826.  The  nmr  spectrum  consists  of  singlets  at 
S  3.28  (relative  area  2),  CHt,  and  2.10  (relative  area  3),  C-CHi. 
The  infrared  and  ultraviolet  i\„^x  230  (c  1740)  and  337  am  (c  200)) 
are  consistent  with  the  established  structure.  2,3-Dihydro-S,^ 
dimethylpyrazine  is  unstable  to  standing  in  air  but  is  stable  for 
several  weeks  if  stored  under  nitrogen  in  the  refrigerator. 

Anai.  CalcdforCeH»N,:  C,  65.42;  H,9.15;  N,  23.43.  Found 
C,  65.24;  H.  9.07;  N,  25.35. 

23-I>iliydro-5,6-diphenylpyraziiie  (5)  was  prepared  according  to 
Amundsen,«  mp  162.5-163.5°  (lit.«  161. 5-1 615 ^'^  The  nmr 
spectrum  consists  of  an  unsymmetrical  multiplet  centered  at  h 
7.3  (relative  area  5),  Ar-H,  and  a  singlet  at  5  3.7  (relative  area  2X 
CHt,  The  infrared  and  ultraviolet  (Xo^  224  (c  15,100),  288  (c 
5740),  and  363.5  m/u  (c  440))  are  consistent  with  the  established 
structure.  The  mass  spectrum  showed  major  fragment  peaks  at 
m/e  131  and  103  corresponding  to  the  loss  of  the  elements  of  benzo- 
nitrile.  No  fluorescence  of  2,3-dihydro-5,6-diphenylpyrazine  was 
observed  in  methanol  solution  at  room  temperature  under  con- 
ditions such  that  a  fluorescence  quantum  yield  of  0.01  would  have 
been  detected.  No  phosphorescence  of  5  in  a  1:1  ethanol-glyoerol 
glass  at  77 ''K  was  observed. 

/m;f5-23-I>ipbenyl-5,6,734^,10-hexahydroqiiinoxaliiie  (10).  To  a 
solution  of  2.9  g  of  benzil  in  10  ml  of  absolute  ethanol  was  added 
2.18  g  of  /m/?5-l,2-diaminocyclohexane~COs  adduct  in  5  ml  of 
absolute  ethanol.  The  solution  was  heated  at  reflux  on  a  steam 
bath  under  a  positive  pressure  of  nitrogen  for  45  min.  After  5-10 
min,  yellow  plates  precipitated.  The  reaction  mixture  was  cooled 
in  ice  and  Altered,  and  the  solid  collected  was  washed  with  portions 
of  cold  95%  ethanol.  The  product  consisted  of  3.82  g  of  ydlow 
plates,  mp  170.5-173°  (lit.«  167-168°).  The  product  was  sublimed 
at  110°  (0.1  mm)  to  give  yellow  needles,  mp  171-1 72^  The  nmr 
spectrum  consisted  of  a  multiplet  at  S  7.24  (relative  area  10),  AiH, 
a  series  of  multiplets  at  1.2(>-3.00  (relative  area  10),  C-H.  The 
infrared,  mass  (molecular  ion  at  m/e  288),  and  ultraviolet  spectra 
(Xn»,  223  (c  15,000),  260  (c  5100),  290  (€  5300),  and  369  mpL  (c  450)) 
were  consistent  vhdth  the  expected  values. 

Anai,  Calcd  for  CtoHioNs:  C,  83.29;  H,  6.99;  N,  9.71;  md 
wt.  288.  Found:  C.  83.26;  H.  7.04;  N,  9.33;  mol  wt,  280 
(benzene). 

c/j-23-I>iliydro-2,3-diniethyl-5,6-diplienylpyraziiie  (14).  meso- 
2,3-Diaminobutane  was  isolated  from  commercial  2,3-diamino- 
butane  by  the  method  of  Dickey,  Fickett,  and  Lucas.**    A  solu- 


(44)  The  melting  points  were  determined  with  a  Thomat-Hoovtr 
capillary  apparatus  and  are  corrected.  The  boiling  points  are  uncor- 
rected. The  infrared  spectra  were  determined  on  a  Perkin-Elmer  Modd 
521  infrared  spectrometer  using  10%  chloroform  solutions,  unless 
otherwise  noted.  The  ultraviolet  spectra  were  measured  on  a  Cvy 
Model  14  M  spectrophotometer  and  a  Perkin- Elmer  202  ultraviolet- 
visible  spectrometer  using  95%  ethanol  solutions  unless  otherwise 
noted.  The  proton  magnetic  resonance  spectra  were  obtained  on  a 
Varian  Associates  A-60  spectrometer  using  10-30%  chloroform-^  solu- 
tions, unless  otherwise  noted,  and  are  reported  in  6  (parts  per  million) 
relative  to  the  internal  standard,  tetramethylsilane.  The  mass  spectra 
were  determined  by  Mr.  J.  Wrona  on  an  Atlas  CH4  mass  spectrometer. 
Optical  rotation  measurements  were  performed  on  a  Zeits  0.01  *  polari- 
meter.  Phosphorescence  studies  were  performed  using  an  Aminoo- 
Bowman  spectrophotofluorometer  converted  for  phosphorescence.  The 
fluorescence  spectrum  was  taken  on  the  instrument  described  by  Weber 
and  Bablovzian.  ^' 

(45)  G.  Weber  and  B.  Bablovzian,  J.  Biol.  Chem.,  241,  2558  (1966). 

(46)  The  microanalyses  were  performed  by  Mr.  Joseph  Nemeth  and 
associates. 

(47)  T.  Ishiguru  and  M.  Matsumurra,  Yakugaku  ZassM,  IB,  229 
(1958);   Chem.  Abstr.,  54,  11862  (1958). 

(48)  L.  Amundsen,  y.  Chem.  Educ,  16,  567(1939). 

(49)  A.  Einhorn  and  B.  Bull,  Ann.,  295,  209  (1897). 

(50)  F.  Dickey,  W.  Fickett,  and  H.  Lucas,  /.  Am,  Chem,  Soc„  74, 
944  (1952). 
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itaining  199  mg  of  mfjo-2,3-ciiaininobutane  in  benzene 
ed  to  a  solution  of  445  mg  of  benzil  (94%  of  theoretical)  in 
absolute  ethanol.  The  solution  was  heated  at  reflux  under 
«  pressure  of  nitrogen  for  2  hr.  A  total  of  440  mg  of  fine. 
How  crystals  precipitated  on  cooling  and  scratching  the 
solution.  Second  and  third  crops  totaling  103  mg  were 
1  by  concentrating  the  mother  liquors. 
x>mbined  crude  products  were  chromatographed  on  a 
of  20  g  of  silica  gel.  Elution  with  25%  benzene-Skelly  B 
ireacted  benzil.  Elution  with  25%  ether-benzene  gave 
ihydro-2,3-dimethyl-5,6-diphenylpyrazine  (14).  The  solid 
imed  at  90-100''  (0. 1 5  mm)  to  give  400  mg  of  yellow  needles, 
-98.5°.  The  nmr  consisted  of  a  multiplet  at  5  7.38  (rela- 
I  5),  ArHy  a  quartet  at  3.92  (relative  area  1,  7  »  6  cps), 
I,  and  a  doublet  at  1.26  (relative  area,  3, 7  »  6  cps).  The 
and  ultraviolet  (Xo,..  224  (t  14,850),  290  (c  5700),  and  375 
K)))  spectra  were  consistent  with  the  assigned  structure. 

Calcd  for  CuHuNt:  C,  82.40;  H,  6.92;  N,  10.68; 
262.  Found:  C,  82.56;  H,  6.96;  N.  10.91;  molwt.270. 
rtially  resolved  mixture  of  cis-  and  //iti;tf-2,3-dihydro-2,3- 
1-5,6-diphenylpyrazines  (IS)  was  also  prepared.  Racemic 
linobutane  was  resolved  using  ^/-tartaric  acid  following  the 
of  Dickey,  Fickett,  and  Lucas.  *<>  A  tartrate  sah  of  con- 
tical  rotation  of  +0.90°  was  obtained  and  decomposed  in 
iqueous  sodium  hydroxide.  The  amine  was  isolated  by 
>us  extraction  of  the  aqueous  solution  with  benzene, 
tolution  of  1.35  g  of  benzil  (90%  of  theoretical)  in  5  ml  of 
',  ethanol  was  added  a  benzene  solution  containing  625  mg 
ally  resolved  /-2,3-diaminobutane  by  titration.  The  re- 
nd purification  were  carried  out  as  above. 
nation  gave  light  yellow  needles,  mp  88-94°.  The  sublimed 
were  ground  with  a  mortar  and  pestle  to  ensure  sample 
neity.  The  nmr  spectrum  showed  two  different  C-CHi 
I  at  5  1.24  and  1.48  and  was  consistent  with  a  mixture  of  c/s- 
ru-2,3-dihydro-2,3-dimethyl-5,6-diphenylpyrazines  contain- 
iit  26%  trans  isomer. 

(ptical  rotation  was  determined  using  a  solution  of  219  mg 
ihydropyrazine.  The  mixture  in  10  ml  of  95  %  ethanol  gave 
S3  ±  0.03°,  [a]D  -28.7  =b  4.75%. 
ihydro-5,6-di|ilieoyl-2-metbylpyniziiie  (15)  was  prepared  by 
lod  of  Strache,"  mp  116-118°  (lit."  111-112°).  The  nmr 
ets  at  5  7.28  (relative  area  10),  KvH,  4.20-2.84  (relative 
-CH-CHr-f  and  a  doublet  at  1.44  (relative  area  3),  C-CHi), 
,  and  ultraviolet  spectra  were  consistent  with  the  established 

B. 

olNityl-23-dihydro-5,6-diplienylpyniziiie  (16).  To  a  solu- 
1.84  g  of  benzil  in  5  ml  of  absolute  ethanol  was  added  1 .07  g 
<iiamino-4-methylpentane.* *  The  mixture  was  heated  at  re- 
er  a  positive  pressure  of  nitrogen  for  2.5  hr.  After  sufficient 
to  clarify  the  solution  was  added,  the  solution  was  cooled 
y  Ice  and  precipitation  occurred.  A  total  of  1.84  g  (73% 
!"  light  yellow  crystals,  mp  66-69°,  was  collected  by  filtration. 
rude  product  was  chromatographed  on  silica  gel.  Elution 
%  ether-benzene  gave  a  yellow  oil  which  crystallized  on 
Qg  to  light  yellow  needles,  mp  68-70°.  This  solid  was  sub- 
t  60°  (0.12  mm)  to  give  light  yellow  needles,  mp  69-71°. 
r  spectrum  consisted  of  a  multiplet  centered  at  6  7.28  (rela- 
a  10),  Ar^,  a  multiplet  centered  at  4.00  (relative  area  1), 
,  multifriets  centered  at  3.26  (relative  area  2),  NC^-,  a  series 
pku  at  1.30-2.20  (relative  area  3),  -CH^H-,  and  a  doublet 
[relative  area  6),  -^CHih, 

infrared  spectrum  had  strong  absorptions  at  2970,  1510, 
I  cm-^  The  ultraviolet  spectrum  (X„uiK  224  (c  15,450),  288 
,  and  369  nv^  (€  440))  and  the  mass  spectrum  were  consistent 
I  structure  assigned.  The  optical  rotation  was  determined 
rfution  of  231  mg  of  sublimed  material  in  10  ml  of  95% 
,  oD  +113  db  0.07°,  [a]D  91.90  =b  3.3%. 
Calcd  for  C,»HaN,:  C,  82.72;  H,  7.64;  N,  9.65; 
290.    Found:   C,  82.63;  H,  7.57;   N,  9.47;  mol  wt,  283 

c). 

ipliaiyl-5,5A6-tetranetliylpyrazine  (39).  To  a  solution  of 
of  benzil  in  toluene  was  added  1.65  g  of  2,3-diamino-2,3- 
Ibutane.**  Anhydrous  sodium  sulfate  and  a  trace  of  p- 
sulfonic  acid  were  added  and  the  mixture  was  heated  at  re- 
fer a  drying  tube.  After  10-days  heating  at  reflux  the  soi- 
ls removed  under  reduced  pressure  and  the  residue  was 


chromatographed  on  a  column  of  40  g  of  Florisil.  Elution  with 
50%  benzene-Skdly  B  gave  fractions  which  contained  both  benzil 
(1660-cm~^  band)  and  2,3-diphenyl-5,5,6,6-tetramethylpyrazine 
(975-cm''^  band)  by  infrared  analysis.  These  fractions  were  re- 
crystallized  from  ice-cold  acetone  solution  by  the  addition  of  water. 
This  solid  was  sublimed  to  give  1.1  g  of  light  yellow  needles,  mp  92- 
110°  (29%  yield).  The  nmr  spectrum  consisted  of  two  resonances 
at  b  7.40  (relative  area  5),  AxH,  and  1.42  (relative  area  6),  CXI^i. 
The  infrared  spectrum  showed  strong  absorptions  at  2880,  1545, 
1450,  1160,  and  975  cm'^  The  ultraviolet  spectrum  (Xm«x  223 
(€  12,100),  290  (c  4150),  and  365  van  (c  420))  was  also  consistent  with 
the  assigned  structure. 

Ami.  Calcd  for  QoHsNi:  C,8172;  H,7.64;  N,9.65;  molwt, 
290.    Found:  C,  82.46;  H,7.61;  N,  9.49;  mol  wt,  285  (benzene). 

1,4,5-TriBiethyliiiildazole  (6).  Crude  4,5-dimethylimidazole*« 
(3.0  g)  was  methylated  with  5.0  g  of  dimethyl  sulfate.  The  product 
was  distilled  under  reduced  iM'essure  to  give  a  colorless  oil  which 
became  semicrystalline  during  the  distillation,  bp  107-109°  (18  nun) 
(lit."  117°  (20  mm)).  The  nmr  spectrum  consisted  of  singlets  at 
B  7.70  (relative  area  1),  N==C/fN,  3.62  (relative  area  3).  N-CHi, 
and  2.38  and  2.29  (relative  area  3  each),  C-CHi,  The  nmr  res- 
onances of  the  methyl  groups  in  benzene  solution  appear  at  h  2.80, 
2.20,  and  1.72,  and  these  compare  relatively  well  with  reported 
values  of  b  2.63,  2.21 ,  and  1.65.^*»  The  infrared  and  mass  spectrum 
were  consistent  with  the  established  structure,**  with  the  latter 
showing  a  large  molecular  ion  -  1  peak.  The  picrate,  mp  21S^220° 
(lit.»**»  mp  218-219°),  and  methiodide,  mp  158-160°  (lit.»*»»  mp  158°), 
derivatives  were  prepared. 

4,5-Dlplienyliiiiidazole  was  prepared  by  the  method  of  Davidson, 
Weiss,  and  Jelling. '^  The  crude  product  was  recrystallized  from 
ethanol-water  to  give  colorless  needles,  mp  230-231°  (lit.  249°,*' 
232-233°»»). 

4,5-Diplienyl-l-iiiethyliBiidazole  (5)  was  prepared  by  the  method 
of  Simonev  and  Gamovskii,"  mp  157.5-158°  (lit.**  158°).  The 
nmr  spectrum  consisted  of  a  multiplet  at  ca.  b  7.35  (relative  area  11), 
Ar^  and  N=C/fN,  and  a  singlet  at  3.37  (relative  area  3),  H-CHi. 
The  infrared,  ultraviolet,  and  mass  spectra  were  consistent  with  the 
established  structure. 

l,2-DimethyM,5-diplicnylliiiidazole  (18).  To  2  g  of  solid  4,5-di- 
phenyl-2-methylimidazole*7  was  added  0.9  ml  of  dimethyl  sulfate 
(10%  excess).  The  mixture  was  heated  on  a  steam  bath  for  24  hr 
and  cooled.  A  solution  of  methanol-ammonium  hydroxide  was 
added  before  the  solution  was  poured  into  sodium  hydroxide  solu^ 
tion.  The  aqueous  solution  was  extracted  with  chloroform,  and 
the  chloroform  extracts  were  combined,  washed  with  water,  and 
dried  over  anhydrous  sodium  sulfate.  After  filtration,  the  solvent 
was  removed  under  reduced  pressure.  The  residue  was  recrystal- 
lized from  ether  to  give  colorless  rectangles,  mp  121-24°.  The 
nmr  spectrum  consisted  of  a  multiplet  at  5  7.30  (relative  area  10), 
Ar^,  a  singlet  at  3.30  (relative  area  3),  N-C/fi,  and  a  singlet  at  144 
(relative  area  3),  C-CHi.  The  infrared  spectrum  had  strong  bands 
at  2950, 1605,  and  1400  cm-». 

Anal,  Calcd  for  CnHuN,:  C,  8122;  H,  6.49;  N,  11.28. 
Found:  C,  8116;  H,  6.31;  N,  11.08. 

2,2-DimethyM,5-diplienyli8oiniidazole  (41)  was  prq^ared  accord- 
ing to  the  method  of  Weiss."  mp  78-79°  (lit."  79-80°).  The  nmr 
(«  7.46  (relative  area  10).  AtH,  singlet  at  1.64  (relative  area  5.7), 
CCHt),  infrared,  and  mass  spectra  were  consistent  with  the  estab- 
lished structure. 

General  Procedure  for  Photolysis.  The  solutions  were  photo- 
lyzed  in  a  Pyrcx  container  into  which  the  high-pressure  mercury 
vapor  lamp  and  filter  in  a  quartz  immersion  well  or  the  low-pressure 
mercury  vapor  lamp  without  a  filter  had  been  previously  placed. 
The  solution  was  deaerated  by  a  stream  of  nitrogen  before  and 
during  photolysis.  The  nitrogen  was  purified  by  passage  through 
two  traps  of  Fieser  solution,*'  a  lead  acetate  solution  trap,  and  a 
drying  tower  of  mixed  Molecular  Sieve  and  indicating  Drierite. 
The  photolyses  were  terminated  when  starting  material  could  not 
be  detected  by  infrared  or  ultraviolet  spectroscopy. 
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The  crude  photolysis  mixtures  were  usually  worked  up  by  evapo- 
ration of  the  solvent  at  reduced  pressure,  followed  by  column  chro- 
matography on  either  Florisil  (Horidian  Co.)  or  silica  gel  (E.  Merck 
AG,  0.05-0.20  mm).  Unless  otherwise  noted,  the  column  was 
eluted  with  solvents  in  the  following  order:  50%  benzene-Skelly 
B,  benzene,  bcnzene-1%  ether,  benzene-2%  ether,  benzene-5% 
ether,  benzene-10%  ether,  benzene-25%  ether,  ben2ene-50%  ether, 
ether,  and  more  polar  solvents  as  needed.  The  Skelly  B  used  for 
chromatography  was  predistilled;  all  other  solvents  used  in  the 
chromatographies  were  reagent  grade. 

light  Sources.  The  light  sources  used  for  photolysis  were  an 
Hanovia  Type  L  450-w  high-pressure  quartz  mercury  vapor 
immersion  lamp  and  an  Hanovia  23-w  Type  SC-2537  low-pressure 
Vycor  mercury  vapor  immersion  lamp.  The  Pyrex  filter  sleeve 
used  to  restrict  the  light  absorbed  by  the  sample  transmits  1,  30, 
and  70%  of  the  incident  light  at  280,  300,  and  320  m/i. 

Photolysis  of  23-I>niydro-5,6-diiiiethylpynizine  (4).  A  solution 
of  1.27  g  of  2,3-dihydro-5,6-dimethylpyrazine  (4)  in  420  ml  of 
absolute  ethanol  was  photolyzed  using  a  Pyrex-filtered  high-pressure 
lamp.  The  solvent  was  removed  under  reduced  pressure  and  the 
residue  distilled  to  give  902  mg  (71  %  yield)  of  clear,  colorless  oil, 
bp  107-109°  (18  mm),  which  crystallized  on  standing.  The  nmr  in 
deuteriochloroform  and  benzene,  the  infrared  and  ultraviolet  spec- 
tra, and  the  melting  point  of  the  picrate  derivative  were  identcial 
with  those  of  authentic  1,4,5-trimethylimidazole  (6). 

Photolysis  of  23-Dihydro-5,6-diphenylpynizhie  (5).  A  solution 
of  1.00  g  of  2,3-dihydro-5,6-diphenylpyrazine  (5)  in  420  ml  of  ab- 
solute ethanol  was  photolyzed  using  a  Pyrex-filtered  high-pressure 
mercury  vapor  lamp.  The  yellowish  solid  obtained  by  evapora- 
tion of  the  solvent  was  chromatographed  on  a  column  of  40  g 
of  Florisil.  Elution  with  benzene-5%  ether  gave  746  mg  (75% 
yield)  of  light  tan  crystals.  Recrystallization  of  this  solid  from 
ether  gave  colorless  rectangular  crystals,  mp  159-160*".  This 
material  was  identical  with  authentic  4,5-diphenyl-l-methylimid- 
azole  (7)  by  nmr,  infrared,  ultraviolet,  mass  spectral,  and  mixture 
melting  point  criteria. 

In  a  later  photolysis  of  a  solution  of  1.14  g  of  2,3-dihydro-5,6- 
diphenylpyrazine  in  420  ml  of  absolute  ethanol  using  a  Pyrex- 
filtered  high-pressure  lamp  the  crude  product  was  chromatographed 
on  a  column  of  20  g  of  silica  gel.  Elution  with  10%  ether-benzene 
gave  a  crystalline  fraction  (244  mg)  which  was  rechromatographed 
on  a  column  of  20  g  of  silica  gel.  Elution  with  25  %  ether-benzene 
gave  1(X)  mg  of  crystalline  material  in  the  first  fractions,  and  this 
was  recrystallized  from  ether  to  give  colorless  rectangles,  mp  89.5- 
91.5°.  The  compound  was  identified  as  4,5-diphenyl-l-ethoxy- 
methylimidazole  (8).  The  nmr  spectrum  consisted  of  a  singlet  at 
6  7.80  (relative  area  1),  N=C/fN,  a  broad  multiplet  centered  at 
7.25  (relative  area  10),  AtH,  a  singlet  at  5.08  (relative  area  2), 
N-C/ft-O.  a  quartet  at  3.44  (relative  area  2, 7  =  7  cps).  CHtCHt, 
and  a  triplet  at  1.12  (relative  area  3,  7  =  7  cps).  CHtCHt.  The 
infrared,  ultraviolet,  and  mass  spectra  were  also  consistent  with 
the  structure  assigned. 

Anal.  Calcd  for  C,7H,«N,0:  C,  77.67;  H,  6.52;  N,  10.07. 
Found:   C,  77.58;  H.  6.40;  N,  9.90. 

A  solution  of  76.7  mg  of  4,5-diphenyl-l-ethoxymethylimidazolein 
several  milliliters  of  concentrated  HI  was  refluxed  for  7  hr. 
The  acid  solution  was  diluted  with  distilled  water  and  neutralized 
with  concentrated  ammonium  hydroxide.  The  colorless  precipi- 
tate collected  by  suction  filtration  was  44  mg  (70%  yield)  of  impure 
4,5-diphenylimidazole,  mp  205-220°.  The  crude  product  was  re- 
crystallized  from  ethanol-water  to  give  colorless  needles,  mp  228- 
230°,  undepressed  upon  mixture  melting  point  with  authentic  4,5- 
diphenylimidazole.  The  infrared  and  nuiss  spectra  of  the  cleavage 
product  were  identical  with  those  of  the  authentic  material. 

The  photolysis  of  5  was  carried  out  in  Skelly  B,  benzene,  and  95  % 
ethanol  and  found  to  give  7  in  yields  of  67,  90,  and  4%.  In  the 
latter  case  8  (8%)  and  9  (33%)  were  also  obtained.  Irradiation  of 
5  in  ethanol  for  6  hr  using  the  low-pressure  mercury  resonance 
lamp  gave  7  in  80%  yield. 

Approximate  quantum  yields  for  the  disappearance  of  5  and  the 
combined  appearance  of  7  and  8  were  determined  to  be  0.13  =b  0.03 
in  ethanol  at  25°  by  ultraviolet  analysis  with  a  Pyrex-filtered  high- 
pressure  mercury  resonance  lamp  in  a  thermostated  rotating  re- 
actor** using  the  photoreduction  of  benzophenone  as  an  acti- 
nometer.**    The  semiquantitative  nature  of  this  result  should  be 


noted.*^    The  ultraviolet  spectra  used  for  the  determination  of 
quantum  yields  did  not  show  an  isosbestic  point. 

Attempts  were  made  to  sensitize  the  photoreaction  of  5  in  ethanol 
with  benzophenone,  triphenylene,  and  /ranj-stilbene  and  to  quench 
the  reaction  with  naphthalene  or  by  using  piperylene  as  solvent.  In 
all  cases  the  reaction  appeared  to  give  the  yield  of  7  expected  in  the 
absence  of  sensitization  or  quenching. 

Photolysis  of  5  in  Ethanol-J.  About  250  ml  of  ethanoW  was 
prepared  by  the  hydrolysis  of  diethyl  sulfite  with  DxO.**  The 
ethanol-^  was  distilled,  stored  over  anhydrous  sodium  carbonate, 
and  redistilled.  The  pH  of  the  sample  was  approximately  that  of 
absolute  ethanol  as  determined  with  a  Coming  pH  meter  and  glass 
microelectrodes.  The  deuterium  incorporation  was  determined 
using  the  falling  drop  method. 

Anal.  Calcd  for  QHsDO:  16.6  atom  %  excess  deutcriun. 
Found:  16.6  atom  %  excess  deuterium. 

A  solution  of  852  mg  of  2,3-dihydro-5,6-diphenylpyrazine  (5) 
in  about  250  ml  of  ethanol-^  was  photolyzed  using  a  Pyrex-filtered 
high-pressure  lamp  for  1.5  hr.  After  removal  of  the  solvent  the 
semisolid  deep  yellow  residue  was  chromatographed  on  a  cduma 
of  20  g  of  silica  gel.  Elution  with  5%  ether-benzene  gave  215  mg 
of  starting  material  5.  The  mass  spectrum  at  low  ionizing  voltage 
indicated  no  incorporation  of  deuterium.  Elution  with  25  %  ether- 
benzene  gave  85  mg  of  colorless  needles  identified  by  nmr  and  infra- 
red spectra  as  a  slightly  impure  sample  of  4,5-diphenyl-l-etlioxy- 
methylimidazole  (8).  Elution  with  50%  ether-benzene  gave  135 
mg  of  colorless  crystalline  solid  which  was  recrystallized  from  ether 
to  give  colorless  rectangles,  mp  156-1 59  **.  The  nmr  (multiplet  at 
6  7.28  (relative  area  5),  Ar/f,  unresolved  triplet  at  3.42  (relative 
area  1),  -CHr-D)  and  infrared  spectra  were  consistent  with  the 
expected  product,  2-deuterio-4,5-diphenyl-l-methyl-i^imidazole 
(36).  The  sample  of  the  recrystallized  imidazole  36  was  heated  at 
reflux  overnight  in  ethanol-^/  under  a  drying  tube  to  ensure  complete 
exchange  of  the  labile  imidazole  ring  proton"  before  mass  spcictral 
analysis.  At  low  ionizing  voltage  the  ratio  of  the  molecular  ion 
peaks  of  this  material  indicated  8.6%  Ci»HisNtD  and  91.4% 
Ci»HisNsI>s.  Further  elution  of  the  chromatography  column  with 
ether  gave  an  additional  103  mg  of  solid,  which  was  seen  by  nmr 
spectroscopy  to  be  composed  of  about  70%  dideuterated  imidazole 
36.  Elution  with  ethanol  gave  204  mg  of  light  yellow  soh'd,  mp 
212-228°,  identified  by  its  nmr,  infrared,  and  mass  spectra  as  4,5> 
diphenylimidazole  (9).  The  formation  of  these  products  suggests 
the  deuterioethanol  contained  a  small  amount  of  deuterium  oxide. 

In  a  control  experiment  it  was  shown  that  3,4-diphenyl-l-methyl- 
imidazole  (7)  gave  only  2-deuterio-4,5-diphenyl-l-methylimidazole 
on  photolysis  under  these  conditions. 

Photolysis  of  //YVf^23-I>iphenyl-5,6,7399«10-hezaliydroqiifaioxi- 
Une  (10).  A  solution  of  1.10  g  of  /ra;!^2,3-diphenyl-5,6,7,8,9,10- 
hexahydroquinoxaline  (10)  in  420  ml  of  absolute  ethanol  was 
photolyzed  for  7  hr  using  a  Pyrex-filtered  high-pressure  lamp.  The 
solvent  was  removed  under  reduced  pressure  and  the  residue  was 
chromatographed  on  a  column  of  20  g  of  silica  gel. 

Elution  with  1  %  ether-benzene  gave  356  mg  (32.5%  recovery)  of 
light  yellow  crystals,  found  to  be  unreacted  10. 

Elution  with  2%  ether-benzene  gave  460  mg  (53%  yield)  of  color- 
less solid  which  was  purified  by  sublimation  at  110°  (0.15  mm) 
to  give  fine  colorless  needles,  mp  121-123°.  The  nmr  spectrum 
consisted  of  a  multiplet  at  5  7.28  (relative  area  10),  ArH,  a  muhiplet 
at  5.12  (relative  area  1),  O-CH-N,  a  multiplet  at  3.18  (relative 
area  4),  C^,CH,  and  -CH,C(=)N,  a  series  of  multiplets  at  1.2tV- 
2.50  (relative  area  6),  (-C/fj)i-,  and  a  triplet  at  1 .06  (relative  area  3), 
CHiCHi.  The  infrared  spectrum  had  strong  bands  at  2970,  1600, 
1443,  1350,  1110,  1090,  and  1065  cm-».  The  ultraviolet  (X..,  256 
(€  11,400)  and  269  (sh)  mn  (c  10,200))  and  mass  spectra  are  in 
qualitative  agreement  with  the  structural  assignment  as  2,3-di- 
phenyl-5-ethoxy-6,7,8,9-tetrahydro-5H-imidazo[l ,2-a]azepine    (12). 

Anal.  Calcd  for  CaH^NjO:  C,  79.48;  H,  7.28;  N,  8.43; 
mol  wt,  332.  Found:  C,  79.32;  H,  7.55;  N,  8.56;  mol  wt,  332 
(benzene). 

Elution  with  10%  ether-benzene  gave  70  mg  (9%  yield)  of  color- 
less solid.  This  material  was  purified  by  sublimation  at  120-130° 
(0.15  mm)  to  give  colorless  crystals,  mp  138-140°.  The  nmr  spec- 
trum consisted  of  a  multiplet  at  6  7.30  (relative  area  10),  Arif, 
a  multiplet  at  3.74  (relative  area  2),  CHs-N-,  a  multiplet  at  3.CK2 
(relative  area  2),  -CHiC(=)-,  and  a  multiplet  at  1.82  (relative 
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yCHt)r-'  The  infrared  spectrum  showed  strong  absorp- 
2910,  1600,  and  1350  cm-^.  The  ultraviolet  and  mass 
^ere  consistent  with  the  assigned  structure,  2,3-diphenyl- 
trahydro-5H-imidazo[l,2-a]azepine  (11). 
Cilcd  for  QoHjoN,:  C,  83.29;  H,  6.99;  N,  9.71;  mol 
Found:    C,  83.04;    H,  6.96;    N,  9.56;    mol  wt,  282 

). 

.tion  of  1.06  g  of  10  in  420  ml  of  cyclohexane  for  5  hr 

e  same  conditions  followed  by  the  same  work-up  gave 

(19%)  of  a  crystalline  material  in  the  benzene-2% 
ctions.  This  was  sublimed  to  give  colorless  needles,  mp 
\  The  nuclear  magnetic  resonance  consisted  of  a  mul- 
5  7.30  (relative  area  10),  Ar^,  a  doublet  (with  additional 
:turc)  at  6.24  (relative  area  1,7=  10  cps),  NC/f=CH-,  a 

at  5.24  (relative  area  1),  -C=C/fCH,,  a  multiplet  at  3.10 
area  2),  -CHiQ=)-,  and  multiplets  at  1.76-2.60  (relative 
■CHf-CHt.    The  infrared  spectrum  had  strong  absorptions 

1600,  and  1410  cm-^  The  ultraviolet  (X  280  sh  m^  (c 
end  absorption  255-220  m/x)  and  nuiss  spectra  were  consis- 
I  the  structure  assigned  as  2,3-diphenyl-8,9-dihydro-7H- 
l,2-a]azepine(13). 

CalcdforQoHwN,:  C,  83.88;  H,6.34;  N,9.78.   Found: 

H.6.18;  N,9.42. 
1  with  benzene-10%  ether  gave  90  mg  of  11.    Elution  with 
ar  solvents  gave  other  unidentified  products, 
tic  hydrogenation  of  76  mg  of  13  in  ethanol  over  10% 
D  on  charcoal  gave,  after  ca.  1  equiv  uptake  of  hydrogen 
tmatography,  20  mg  of  starting  material  and  31  mg  of  11 
I  by  infrared,  nmr,  and  melting  point  comparison. 
yA  of  c/jr-23-I>Qiydro-23-diinethyl-5,6-diphenylpyraziiie 

solution  of  917  mg  of  c/5-2,3-dihydro-2,3-dimethyl-5,6- 
;>yrazine  (14)  in  420  ml  of  absolute  ethanol  was  photolyzed 
Pyrex-filtered  high-pressure  lamp  for  10  min.  The  crude 
^^as  chromatographed  on  a  column  of  20  g  of  silica  gel. 
1  with  1  %  ether-benzene  gave  474  mg  of  c/5-2.3-dihydro- 
thyl-5,6-diphenylpyrazine.  No  /ra/fj-dihydropyrazine  was 
in  the  nmr  spectrum. 

1  with  5%  ether-benzene  gave  239  mg  (26%)  of  a  crystal- 
purified  by  vacuum  sublimation  to  give  colorless  crystals, 
5*".  The  nmr  spectrum  consisted  of  a  multiplet  at  5  7.40 
area  10),  Ar//,  a  quartet  at  5.16,  quartet  (relative  area  1, 
»),  OC//-CH3,  two  overlapping  quartets  at  3.30  (relative 
f  »  7  cps),  C//tCHs,  a  singlet  at  2.66  (relative  area  3), 

a  doublet  at  1.60  (relative  area  3,  7  =  7  cps),  -CHC^i, 
jlctat  1.14(relativearea3,y  =  7 cps), CHaCZ/s.  Theinfra- 
nim  had  strong  absorptions  at  2950,  1600,  1385, 1340,  and 
~^  The  ultraviolet  and  mass  spectra  were  consistent  with 
:ture  assigned  as  4,5-diphenyl-l-(l-ethoxyethyl)-2-methyl- 
B  (17). 

Calcd  for  QoH«N,0:  C,  78.40;  H,  7.24;  N,  9.14; 
305.     Found:   C,  78.14;   H,  7.38;   N,  9.14;  mol  wt,  319 

). 

ysis  of  the  partially  resolved  cis-trans  mixture  of  14 
t8.7  =h  4.75%)  for  9  min  in  ethanol  gave  17  (25%)  and  14 
The  recovered  starting  material  contained  27%  trans 
ny  nmr  and  had  optical  activity  of  ao  —0.68  zL  0.02°, 
>.78°  db  3.0%. 

ition  of  190  mg  of  17  in  10  ml  of  concentrated  hydriodic 
heated  at  reflux  for  2  days.  After  cooling  the  mixture 
red  into  water  and  neutralized  with  concentrated  ammo- 
Jroxide.  The  precipitate  was  collected  by  suction  filtration 
47  mg  (97%  yield)  of  4,5-diphenyl-2-methylimidazole,  mp 
',  identified  by  nmr,  infrared,  and  melting  point  comparison 
.uthentic  sample. 

yib  of  23-Dihydro-5,6-diphenyl-2-iiiethylpyrazuie  (15). 
on  of  1.5  g  of  2,3-dihydro-5,6-diphenyl-2-methylpyrazine 
420  ml  of  absolute  ethanol  was  photolyzed  using  a  Pyrex- 
iiigh-pressure  lamp  for  8  hr.  The  crude  product  was 
3graphed  on  a  column  of  20  g  of  silica  gel. 
n  with  1  %  ether-benzene  gave  232  mg  ( 1 5  %  recovery)  of  15. 
n  with  5  %  ether-benzene  gave  272  mg  of  oil.  This  oil  was 
I  at  70-90°  (0.15  mm)  to  give  a  colorless  viscous  oil.  The 
^um  showed  this  to  be  a  mixture  of  4,5-di phenyl- 1-(1- 
tiyl)imidazole  (20)  (singlet  at  6  7.84,  NC//=N,  multiplets 
At//,  5.12,  0-C//CH,,  and  3.30,  OC//,CH8,  doublet  at 
HCHi,  and  triplet  at  1.08,  CHsC/Zs)  and  4,5-diphenyl-l- 
ethyl-2-mcthylimidazole  (19)  (multiplet  at  8  7.30,  Ar//, 
;  5.00,  N-CHr-O-.  multiplet  at  3.30,  0-C//,CHj,  singlet  at 
fi,  and  triplet  at  1.08,  CHiCHt)  in  a  ratio  of  4:3.  The 
Buid  mass  spectra  were  consistent  with  the  assigned  mixture. 


Anal.  Calcd  for  Ci9H«oN,0:  C,  78.05;  H,  6.90;  N.  9.58. 
Found:  C,  77.70;  H,  7.11;  N,  9.39. 

Elution  with  10%  ether-benzene  gave  125  mg  of  oil.  The  nmr 
spectrum  of  this  oil  was  consistent  with  a  mixture  of  4,5-diphen- 
yl-l-ethoxymethyl-2-methylimidazole  (19)  and  l,2-dimethyl-4,5-di- 
phenylimidazole  (18)  in  a  ratio  of  2:3.  The  infrared  spectrum 
was  consistent  with  this  mixture. 

Elution  with  25%  ether-benzene  gave  627  mg  (42%  yield)  of 
crystalline  material  identified  as  l,2-dimethyl-4,5-diphenylimidazole 
(18)  by  comparison  of  the  nmr  and  infrared  spectra  with  those  of 
authentic  material.  Sublimation  of  the  imidazole  gave  colorless 
needles,  mp  125-127°;  a  mixture  melting  point  with  authentic 
material  was  undepressed. 

Photolysis  of  £/-2-Isobutyl-23-dniydro-5,6-diphenylpyrazliie  (16). 
A  solution  of  931  mg  of  £/-2-isobutyl-2,3-(lihydro-5,6-diphenyl- 
pyrazine  ([a]D  91.9°  =b  3.3%)  in  420  ml  of  absolute  ethanol  was 
photolyzed  using  a  Pyrex-filtered  high-pressure  lamp  for  10  min. 
The  crude  product  was  chromatographed  on  a  column  of  20  g  of 
silica  gel. 

Elution  with  1  %  ether-benzene  gave  508  mg  of  light  yellow  solid 
purified  by  sublimation  to  give  446  mg  (50%  recovery)  of  16,  mp 
66.5-69.5°.  The  nmr  and  infrared  spectra  of  the  sublimed  solid 
were  identical  with  those  of  starting  material.  The  optical  rotation 
of  this  material  determined  using  a  solution  of  228.4  mg  of  sublimed 
material  in  10  ml  of  95%  ethanol  was  ao  -f2.il  =h  0.07°,  [a]D 
+92.2°  ±  3.3%. 

Elution  with  2%  ether-benzene  gave  30  mg  of  an  oil  whose 
infrared  spectrum  suggested  an  ethoxyimidazole.  The  nmr  spec- 
trum consisted  of  a  multiplet  at  6  7.30,  Ar//,  singlet  at  5.04,  NC//r-0, 
quartet  at  3.28,  -C//2CH,,  multiplet  at  2.70,  C//2-CH,  multiplet 
at  2.30,  CH,CH(CHzh,  doublet  and  triplet  at  1.10,  CH(C//,)t 
and  CHzC/Za,  and  is  consistent  with  the  structure  assigned  as  2-iso- 
butyl-4,5-diphenyl-  1-ethoxymethylimidazole  (22). 

Elution  with  5%  ether-benzene  gave  194  mg  of  crystalline  solid. 
The  nmr  (multiplet  at  d  7.28  (relative  area  10),  Ar//,  singlet  at  3.30 
(relative  area  3).  NC//i,  multiplet  at  2.68  (relative  area  2),  C//r-CH, 
multiplet  at  2.18  (relative  area  1),  -CHiCH(CHi)i,  and  doublet  at 
1.08  (relative  area  6),  -CH(C//i)j)  spectrum  was  consistent  with 
2-isobutyl-4,5-diphenyl-l-methylimidazole  (21).  The  imidazole 
was  purified  by  sublimation  at  1(X)°  (0.12  mm)  to  give  fine  colorless 
needles,  mp  104-107°.  The  mass,  infrared  (KBr  disk  strong  ab- 
sorptions at  2980,  1600,  770,  and  695  cm^O,  and  ultraviolet  spectra 
were  consistent  with  the  assigned  structure. 

Anal.  Calcd  for  CsoHmN,:  C,  82.72;  H,7.64;  N,9.65.  Found: 
C,  82.57;  H,7.54;  N,9.49. 

Elution  with  10%  ether-benzene  gave  60  mg  of  partially  crystal- 
line material  which  was  composed  of  30-40  %  of  21.  The  remainder 
of  the  material  was  assigned  the  structure  4,5-diphenyl-l-(l-ethoxy- 
4-methylbutyl)imidazole  (23)  discussed  below. 

Further  elution  with  10%  ether-benzene  gave  93  mg  of  an  oil 
which  was  apparently  an  ethoxyimidazole.  The  nmr  spectrum 
(singlet  at  5  7.78  (relative  area  1),  NC//N,  multiplet  at  7.28  (rela- 
tive area  10),  Ar//,  multiplet  at  4.98  (relative  area  1),  0-C//(N> 
CH2-,  quartet  at  3.30  (relative  area  2),  O-C//2CH1,  multiplet  at 
2.68  (relative  area  1),  CH-C//(CH,)j,  multiplet  at  1.78  (relative  area 
2),  CHC//2CH,  doublet  at  1.08,  (relative  area  6),  CH(C//i)j, 
triplet  at  0.80  (relative  area  3),  CH^Ht)  was  consistent  with  an 
impure  sample  of  4,5-diphenyl-l-(l-ethoxy-4-methylbutyl)imidazole 
(23).  Attempts  to  obtain  analytical  samples  of  22  and  23  were  not 
successful. 

Photolysis  of  </-2-Isobutyl-23-dihydro-5,6-dipbenylpyraziiie  (16) 
in  Cyclohexane.  A  solution  of  903  mg  of  sublimed  </-2pisobutyl- 
2,3-dihydro-5,6-diphenylpyrazine  (16)  in  420  ml  of  cyclohexane 
(Fisher  Spectral  Grade)  was  photolyzed  using  a  Pyrex-filtered  high- 
pressure  lamp  for  10  min.  The  crude  product  was  chromatographed 
on  a  column  of  22  g  of  silica  gel. 

Elution  with  benzene  gave  397  mg  (40%  recovery)  of  light  yellow 
crystals  sublimed  to  give  336  mg  of  16,  mp  68.5-70.5°.  The  infra- 
red spectrum  was  identical  with  that  of  the  starting  dihydropyrazine 
16.  The  optical  rotation  was  determined  using  a  10-ml  solution  of 
228.3  mg  of  the  sublimed  solid  in  95%  ethanol,  ao  +2.08  =h  0.08°, 
[a]D  +91.2°  =1=  3.8%. 

Elution  with  1  %  ether-benzene  gave  22  mg  of  yellow  oil  which 
was  identified  as  slightly  impure  16  from  its  infrared  spectrum. 

Elution  with  2%  ether-benzene  gave  107  mg  of  off-white  solid. 
The  infrared  and  nmr  spectra  were  identical  with  those  of  2-iso- 
buty  1-4,5-dipheny  1-  1-methylimidazole  (21). 

Further  elution  with  5  %  ether-benzene  gave  218  mg  of  solid,  mp 
230-270°  dec.  Although  the  compound  was  only  slightly  soluble 
in  all  common  organic  solvents,  it  was  found  that  it  could  be  re- 
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Table  II.    Partial  Mass  Spectrum  of 
l,2-Di(2pisobutyl-4,5-diphenylinudazoyl)ethane  (24)  at  70  ev 


%of 

%of 

Metastable  peaks  and 

largest 

largest 

transition  assignments 

m/e 

peak 

m/e 

peak 

m/e 

Transition 

579 

44.7 

269 

20.8 

550 

578  —  563 

578 

100.0 

261 

49.0 

505-506 

563  —  535 

523 

20.4 

260 

51.2 

495-496 

578  —  535 

304 

26.0 

259 

83.0 

158.5 

578  —  303 

303 

81.0 

247 

23.4 

302 

39.5 

246 

38.2 

301 

20.4 

245 

37.4 

289 

33.6 

244 

24.6 

288 

20.0 

234 

76.7 

287 

24.2 

233 

81.0 

276 

22.9 

232 

34.0 

crystallized  from  acetone  to  give  colorless  rectangles,  mp  269-271  °. 
The  nmr  (multiplet  at  6  7.26,  Ar/f,  singlet  at  3.78,  N-C/fj-,  multi- 
plets  at  1.80-2.30,  CHCHt,  doublet  at  0.90,  CH(C/f,)i),  infrared 
(KBr  disk,  strong  absorptions  at  2970,  1600,  760,  and  690  cnr^\ 
and  ultraviolet  (Xmax  257.5  m/i  (c  23,400),  X  shoulder  268  m/x  (€ 
21,100))  spectra  were  consistent  with  a  1 -substituted  4,5-diphenyl- 
imidazole  dimer,  assigned  the  structure  l,2-di(2-isobutyl-4,5- 
diphenylimidazoyl)ethane  (24).  The  mass  spectrum  (Table  II)  at 
70  ev  was  consistent  with  the  structure  assigned. 

AnaL  Calcd  for  C41H4JN4:  C,  83.06;  H,  7.37;  N,  9.68;  mol 
wt,  578.  Found:  C,  82.93;  H,  7.31;  N,  9.81;  mol  wt,  523 
(chloroform). 

Photolysis  of  23-I>iplMnyl-5,5,6,6-tetraiiietfaylpyrazine  (39).  A 
solution  of  915  mg  of  2,3-diphenyl-5,5,6,6-tetramethylpyrazine  (39) 
in  420  ml  of  absolute  ethanol  was  photolyzed  using  a  Pyrex-filtered 
high-pressure  lamp  for  2.5  hr.  The  residue  remaining  after  solvent 
evaporation  was  chromatographed  on  15  g  of  silica  gel. 

Elution  with  2%  ether-benzene  gave  71  mg  (9%  recovery)  of  39. 

Elution  with  5%  ether-benzene  gave  474  mg  (60%  yield)  of 
crystalline  solid  which  was  recrystallized  from  Skelly  B  and  sub- 
limed at  80''  (0.15  mm)  to  give  colorless  needles,  mp  86.5-88.5''. 
The  nmr  (multiplet  at  5  7.40  (relative  area  10),  AtH,  singlet  at 
5.48  (relative  area  1),  CH,  broad  singlet  (removed  by  shaking  with 
DsO)  at  3.14  (relative  area  1),  NH,  singlet  at  1.62  (relative  area  3), 
C/fs,  and  singlet  at  1.48  (relative  area  3),  CHi),  infrared  (strong 
absorptions  at  2980,  1635,  1500,  and  1450  cm'0>  and  ultraviolet 
(Xmax  245  m/x  (€  12,500))  spectra  of  the  photoproduct  are  consistent 
with  the  assigned  structure,  2,2-dimethyl-4,5-diphenyl-3-imidazoline 


Table  m.    Partial  Mass  Spectrum  of 
2,2-Dimethyl-4,5-diphenyl-3-imidazoline  at  13  ev 


m/e 


%of 

largest 

peak 


250 
248 
235 
148 
147 
145 


2.8 
3.1 
4.7 

12.7 
100.0 

10.0 


(40).  The  mass  spectrum  (Table  III)  was  consistent  with  the 
assigned  imidazoline  structure. 

AnaL  Calcd  for  CnHuNi:  C,  81.56;  H,  7.25;  N,  11.19;  md 
wt,250.    Found:    C,  81.70;  H,  7.38;  N,  11.06;  mol  wt,  271. 

The  presence  of  ca.  9%  2,2-dimethyl-4,5-diphenylisoimidazole 
was  shown  by  nmr  analysis  of  the  crude  reaction  mixture. 

Dehydrogenation  of  2,2-Diinethyl-4,S-diphenyl-3-JmfclaiDiine  (40). 
A  sample  of  120  mg  of  purified  2,2-dimethyl-4,5-diphenyl-3-iniid- 
azoline  was  heated  with  an  equimolar  quantity  of  elemental  sulfur 
for  3  hr  at  95""  and  1  hr  at  125''.*«  The  sample  was  dissolved  in 
ether,  the  unreacted  sulfur  was  removed  by  filtration,  and  the  sol- 
vent was  removed  under  reduced  pressure  to  leave  100  mg  (83% 
yield)  of  pinkish  crystals.  The  nmr,  infrared,  and  ultraviolet 
spectra  were  identical  with  those  of  2,2-dimethyl-4,5-diphenyliso- 
imidazole  (41).  The  compound  was  sublimed  to  give  colorless 
needles,  mp  78-79.5*'  (lit."  78-79°).  A  mixture  melting  point 
with  authentic  41  was  undepressed. 

Add  Hydrolysis  of  2,2-Diinetfayl-43-diphenyl-3-imidaTOiiiie  (40). 
A  sample  of  220  mg  of  2,2pdimethyl-4,5-diphenyl-3-iniidazo]ine  was 
hydrolyzed  by  heating  for  1  hr  in  a  few  milliliters  of  2  ^  hydrochloric 
acid.  The  solution  was  neutralized  with  sodium  carbonate  and  the 
impure  desy lamine  was  collected  by  filtration ;  mp  85-90  '^  QiU**  109  '^). 

A  sample  of  the  hydrolysis  product  was  dissolved  in  warm  dilute 
hydrochloric  acid  and  aqueous  picric  acid  was  added.  The 
precipitate  was  recrystallized  from  water  to  give  yellow  needles, 
mp  185-186''  dec.  A  mixture  melting  point  with  authentic  desyl- 
amine  picrate  was  undepressed.*^  The  infrared  spectrum  of  this 
picrate  was  identical  with  that  of  the  authentic  sample. 


(66)  F.  Asinger,  M.  Thiel,  and  R.  Sowada,  Monatsh,  Chem.,  90, 402 
(1959). 

(67)  R.  Pschorr  and  F.  Bruggemann,  Ber.,  35,  2740  (1902). 
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Abstract :  Kinetic  studies  have  shown  that  azidoformates  decompose  thermally  in  a  variety  of  solvents  in  a  clean  first- 
order  reaction,  the  rate-determining  step  being  evolution  of  nitrogen  and  formation  of  a  nitrene.  The  nitrene  reacts 
with  saturated  hydrocarbons  by  insertion  into  a  C-H  bond  and  by  abstraction  of  two  hydrogen  atoms  from  adjacent 
carbons.  The  insertion  reaction  is  highly  selective,  the  primary: secondary: tertiary  reactivity  being  in  the  ratio  of 
1 :  10: 32.    The  mechanisms  of  these  reactions  are  discussed. 


In  a  search  for  new  reactions  of  saturated  hydrocar- 
bons, our  attention  was  focused  on  the  reactions  of 
several  of  Curtius's  "starre"  or  nonrearranging  azides: 
azidoformates,  sulfonyl  azides,  and  aryl  azides.^  It 
was  felt  that,  if  these  compounds  decompose  by  loss  of 
nitrogen  and  formation  of  an  electron-deficient  nitrene 

(1)  A.  Bcrtho.  J,  Prakt,  Chem,,  [2]  120,  89  (1929). 


species,  the  nitrene  might  insert  into  a  carbon-hydrogen 
bond,  in  analogy  to  the  well-known  carbene  reaction. 
If  the  reaction  followed  this  course,  monofunctional 
compounds  could  be  used  to  introduce  polar  groups  into 
saturated  hydrocarbon  polymers,  such  as  polyethylene 
and  polypropylene,  while  difunctional  derivatives  could 
be  used  as  cross-linking  agents  for  these  polymers  as 
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s  for  saturated  hydrocarbon  elastomers,  such  as 
ne-propylene  copolymers  and  polyisobutylene. 
ugh  peroxides  can  be  used  to  cross-link  poly- 
ne  and  ethylene-propylene  copolymers,  free  radi- 
agents  are  known  to  degrade  polypropylene  and 
obutylene  when  used  in  small  quantities.' 
s  paper  describes  our  experience  with  azidofor* 
.'  When  this  work  was  initiated,  the  literature 
levoid  of  any  pertinent  references.  Methyl,*** 
^•^  and  /-butyF  azidoformates  had  been  described, 
Kcept  for  the  work  of  Curtius  and  Klavehn*  on  1,3- 
ir  cycloaddition  of  the  azide  group  to  acetylenic 
>unds,  the  references  described  essentially  only 
>philic  displacement  of  the  azide  group  from  the 
brmate.' 

s 

en  preliminary  experiments  showed  that  the 
al  decomposition  of  an  alkyl  azidoformate  in 
lexane  did  indeed  give  an  N-cyclohexylcarbamate 
I  of  the  products  of  the  reaction,  a  study  of  the 
:s  of  azidoformate  decomposition  in  a  variety  of 
ts  was  initiated.  The  kinetic  runs  were  carried 
f  determining  the  increase  in  pressure  at  constant 
e  by  means  of  a  transducer  connected  to  a  re- 
*;  a  read-out  device  enabled  one  to  take  individual 
."  /i-Octadecyl  azidoformate  was  chosen  be- 
lt could  be  purified  by  recrystallization,  it  is 

and  its  low  volatility  simplified  the  kinetics; 
[ethylene  bis(azidoformate)  was  chosen  as  a  di- 
3nal  compound.  ^^ 

epresentative  run  with  n-octadecyl  azidoformate 
henyl  ether  is  illustrated  in  Figure  1.  The  reac- 
;  cleanly  first  order  to  95%  reaction;  at  120°,  /i- 
rcyl  azidoformate  has  a  half-life  of  48.1  min. 
I  shows  that  the  rate  constant  is  independent  of 
itration  at  two  different  temperatures  and  that 
olution  is  essentially  quantitative.  Tetramethyl- 
s(azidoformate),  in  which  the  two  azidoformate 
s  are  separated  by  only  four  carbon  atoms,  gives 
:ally  the  same  rate.  The  aromatic  bis(azido- 
te),  2,2-bis(4-azidocarbonyloxyphenyl)propane,  is 
y  less  stable;  at  120°  it  has  a  half-life  of  33.4  min. 
le  decomposition  of  both  the  fi-octadecyl  and  the 
lethylene  azidoformates  AH"*"  is  29.9  kcal/mole 
S*is+4.7eu. 

first-order  decomposition  of  azidoformates  is 
ctcd  by  a  wide  variety  of  reagents.  Potassium 
xide,  p-toluenesulfonic  acid,  fatty  acid  salts  of 
nt  calcium,  zinc,  cadmium,  copper,  lead,  man- 
j,  cobalt,  and  nickel,  titanium(IV)  naphthenate, 

.  D.  Jones  in  **Cheniical  Reactions  of  Polymers,"  E.  M.  Fcttes, 
srsdence  Publishers,  Inc.,  New  York.  N.  Y..  1964,  p  250. 
portion  of  this  work  was  described  in  a  preliminary  communica- 
J.  Prosser,  A.  F.  Marcantonio,  C.  A.  Genge,  and  D.  S.  Breslow, 
fron  Utters,  2483  (1964). 
Curtius  and  K.  Heidcnreich,  /.  Prakt.  Chem.,   [2]   52,   454 

.  Bcrtho,  ibid.,  [2]  116,  101  (1927). 

:.  O.  Forster  and  H.  E.  Fierz,  /.  Chem.  Soc.,  93.  72  (1908). 

A.  Carpino,  /.  Am.  Chem.  Soc.,  79,  4427  (1957). 

Curtius  and  W.  Klavehn.  /.  Prakt.  Chem.,  [2]  125,  498  (1930). 
c,  for  example,  L.  A.  Carpino,  C.  A.  Giza,  and  B.  A.  Carpino, 
'hem.  Soe.,  %U  955  (1959). 

Ve  are  indebted  to  Dr.  F.  A.  Fritz  for  the  design  and  construe- 
fiis  apparatus. 

lthy\  azidoformate  and  tetramethylene  bis(azidoformate)  were 
>  be  somewhat  shock  sensitive.    Explosions  during  distillation 
irmer  have  since  been  reported.  >< 
I.  J.  Cotter  and  W.  F.  Beach,  /.  Org.  Chem.,  29,  751  (1964). 
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Figure  1.    Decomposition  of  0.1  M  /t-octadecyl  azidoformate  in 
diphenyl  ether  at  120''. 


and  aluminum  and  magnesium  acetylacetonates  at  the 
10  mole  %  level,  as  well  as  equal  weights  of  carbon 
black  and  calcium  carbonate,  had  no  effect  on  the  rate 
of  thermal  decomposition  of  /i-octadecyl  azidoformate 
in  diphenyl  ether. 

Table  I.    Decomposition  of  Azidoformates  in  Diphenyl  Ether 


N, 

evolved. 

Azido- 

Concn, 

Temp, 

ki  X  10« 

%of 

formate 

M 

°C 

sec"* 

theory 

ODAF« 

0.02 

133.3 

8.70 

98.5 

0.10 

133.3 

9.00 

99.5 

0.02 

120.0 

2.44 

97.4 

0.10 

120.0 

2.40 

100 

0.10 

100.0 

0.267 

102.7 

TBAF» 

0.02 

133.3 

8.48 

0.10 

133.3 

9.00 

97.0 

0.02 

120.0 

2.26 

98.2 

0.10 

120.0 

2.34 

0.10 

100.0 

0.261 

101 

BPAF' 

0.02 

120.0 

3.46 

97.5 

« /r-Octadecyl     azidoformate.     ^  Tetramethylene    bis(azidofor- 
mate).    « 2,2-Bis(4-azidocarbonyloxyphenyl)propane. 


Table  II  lists  the  first-order  rate  constants  for  the 
decomposition  of  /i-octadecyl  azidoformate  in  a  variety 
of  solvents.  Good  first-order  plots  were  obtained  to 
better  than  75%  reaction  in  most  of  these  solvents; 
deviations  from  first  order  were  observed  in  the  fatty 
acid  after  50%  and  in  2-heptanone  after  65%.  Since 
the  excess  gas  in  the  fatty  acid  run  was  identified  as 
carbon  dioxide,  apparently  a  concurrent  reaction  dis- 
turbed the  normal  first-order  kinetics;  the  reason  for 
the  low  gas  yield  and  the  poor  kinetics  in  2-heptanone 
has  not  been  explained.  The  less  than  fourfold  varia- 
tions in  rate  can  undoubtedly  be  attributed  to  the  widely 
varied  nature  of  the  solvents  rather  than  to  different 
mechanisms." 

(13)  Huisgen  and  Blaschke^*  have  recently  reported  similar  results 
for  the  thermal  decomposition  of  it-propyl  azidoformate  in  anethole. 
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Table  II.    Decomposition  of  /t-Octadecyl  Azidoformate  in 
Various  Solvents  at  120.0°' 


Gas 

evolved. 

ki  X  10« 

Relative 

%of 

Solvent 

sec"* 

rate 

theory 

Diphenyl  ether 

2.40 

1 

100 

Mineral  oil 

2.15 

0.90 

103 

1-Octadecene 

3.76 

1.57 

97.7 

Indene 

5.88 

2.45 

100.8 

Bis(2-methoxyethyl) 

3.32 

1.39 

101.2 

ether 

1-Octanol 

7.40 

3.18 

107.2 

2-(/i-Butoxyethoxy)- 

4.04 

1.68 

91.7 

ethanol 

Phenol 

3.74 

1.56 

97.4 

Q-Cio  fatty  acid 

2.02 

0.84 

119 

Diethyl  sebacate 

2.52 

1.05 

101 

2-Heptanone 

2.96 

1.23 

93.8 

'  0. 10  A/  in  /f-octadecyl  azidoformate. 

To  determine  the  products  of  the  reaction,  an  attempt 
was  made  to  obtain  a  complete  material  balance  in  the 
reaction  of  /i-octadecyl  azidoformate  with  cyclohexane. 
Separations  were  made  using  a  "Scanalyzer,"  a  liquid- 
solid  chromatographic  apparatus  in  which  the  polarity 
of  the  eluting  solvent  is  increased  automatically;  the 
previously  described  apparatus'^  was  modified  to 
monitor  fractions  by  infrared  rather  than  by  ultraviolet, 
as  described  in  the  Experimental  Section.  The  results 
obtained  by  heating  a  1.25%  solution  of  the  azidofor- 
mate in  cyclohexane  at  130°  are  given  in  Table  III;  it 


Table  III.    Reaction  of  /f-Octadecyl  Azidoformate  with 
Cyclohexane  at  130° 


Mole  %  of 


Fraction 


Product 


initial  azide 

fFi-C»rif-     fw-CtHf- 

(NO,),        (NO,), 

absent       present 


I 

II 

III 

IV 
V 


[CHKCH,)i,0],CO 

CHKCH,)i,OCONHCaiii 

CHKCH,)i70CXDNH, 

CHiCCHj),,-' — ^NH 
Q9H,70,N 


59.8 
22.6 

5.0 

7.7 
95.1 


72.6 
14.7 

5.0 

8.1 
100.4 


was  gratifying  to  be  able  to  account  for  95%  of  the 
initial  azide.  Fraction  I  was  identified  as  /t-octadecyl 
carbonate,  an  impurity  present  in  this  sample  of  azido- 
formate. The  major  product  of  the  reaction,  /i-octa- 
decyl  N-cyclohexylcarbamate  (fraction  II),  is  formed  by 
insertion  of  the  nitrene  moiety  into  a  C-H  bond  of  cyclo- 
hexane. However,  there  is  also  a  considerable  amount 
of  the  hydrogen  abstraction  product,  fi-octadecyl  car- 
bamate (fraction  III).^'    Fractions  I-III  were  identified 

ethyl  10-undccenoate,  benzonitrile,  phenylacetylene,  diphenylacetylene, 
diphenyl  ether,  mesitylene,  and  paraffin.  Although  their  rates  seemed 
to  be  about  one-third  slower  than  ours  and  their  result  in  paraffin  was 
abnormal,  their  rate  constants  varied  by  only  a  factor  of  4  in  the  dif- 
ferent solvents. 

(14)  R.  Huisgen  and  H.  Blaschke,  Chem,  Ber.,  98,  2985  (1965). 

(15)  W.  C.  Kenyon,  J.  E.  McCarley,  E.  G.  Boucher,  A.  E.  Robinson, 
and  A.  K.  Wiebe,  AnaL  Chem.,  27,  1888  (1955). 

(16)  Lwowski  and  Mattingly*'  have  recently  reported  a  51  %  yield  of 
N-cyclohexylurethan  and  a  12%  yield  of  urethan  from  the  photolysis  of 
ethyl  azidoformate  in  cyclohexane.    Huisgen  and  Blaschke^^  reported  a 


by  comparison  with  authentic  specimens.  Fractions 
IV  and  V,  which  accounted  for  12.7%  of  the  initial 
azide,  are  isomeric  materials  which  analysis  showed 
to  be  C19H37O2N;  they  are  therefore  intramolecular 
condensation  products  of  the  nitrene.  Fraction  IV 
was  shown  to  be  4-/2-hexadecyl-2-oxazolidinone  by 
comparison  of  its  infrared  and  nmr  spectra  with  those 
of  an  authentic  sample  of  the  4-ethyl  derivative.  Thus, 
both  compounds  showed  carbonyl  absorption  at  1760 
cm'^  In  very  similar  nmr  spectra,  both  compounds 
showed  four  hydrogens  in  addition  to  those  in  the 
alkyl  side  chain,  a  multiplet  (2  H)  centered  at  about 
T  6.4  for  the  two  hydrogens  adjacent  to  oxygen, 
a  multiplet  (1  H)  centered  at  about  r  5.9  for  the  one 
hydrogen  adjacent  to  nitrogen,  and  a  broad  line  (1  H) 
for  the  amide  hydrogen  at  about  r  2.4. 

Although  fraction  V  would  be  expected  to  be  the  cor- 
responding six-membered  ring  compound,  4-n-penta- 
decyltetrahydro-2H-l,3-oxazin-2-one,  comparison  with 
the  analogous  4-methyl  derivative  probably  excludes 
this  structure.  Thus,  the  4-methyl  derivative  showed 
carbonyl  absorption  at  1704  cm'S  while  fraction  V  in 
various  samples  absorbed  in  the  1725-cm"'^  region. 
The  presence  of  an  absorption  band  at  3250  cm~* 
typical  of  N-H  in  a  secondary  amide  together  with  the 
complete  absence  of  an  amide  II  band  indicates  a  cyclic 
amide  structure.  In  the  nmr  spectrum,  the  4-mcthyl 
derivative  showed  the  expected  pattern:  a  multiplet 
(2  H)  centered  at  r  8.14  for  the  middle  methylene  hy- 
drogens, a  multiplet  (2  H)  centered  at  r  6.64  for  the  two 
hydrogens  adjacent  to  oxygen,  a  multiplet  (1  H)  centered 
at  T  5.58  for  the  one  hydrogen  adjacent  to  nitrogen,  and 
a  broad  line  (1  H)  for  the  amide  hydrogen  at  r  2.76. 
Fraction  V  showed  only  three  types  of  hydrogen  in 
addition  to  those  in  the  side  chain:  a  broad  line  (1  H) 
at  r  6.86,  a  broad  line  (2  H)  at  r  5.90,  and  a  broad  line(l  H) 
at  T  2.06.  The  absence  of  the  expected  middle  methyl- 
ene peak  is  not  significant,  since,  if  present,  it  would 
have  been  buried  under  the  large  side-chain  peak.  The 
difficulty  arises  from  the  peak  for  the  two  hydrogens 
being  downfield  from  that  for  the  one  hydrogen,  the 
direct  inverse  of  the  pattern  for  the  4-methyl  derivative. 
Unfortunately,  lack  of  material  precluded  further  in- 
vestigation. 

On  the  basis  of  the  assumption  that  hydrogen  ab- 
straction might  be  a  radical  reaction,  the  decomposition 
of  /2-octadecyl  azidoformate  in  cyclohexane  was  carried 
out  in  the  presence  of  a  small  amount  (0.25  %  based  on 
cyclohexane)  of  a  potential  radical  trap,  w-dinitro- 
benzene.  The  results,  shown  in  Table  III,  were  quite 
surprising.  Although  the  yield  of  hydrogen-abstrac- 
tion product  was  indeed  decreased,  the  yield  of  insertion 
product  was  increased.  There  was  no  reaction  with 
the  m-dinitrobenzene;  all  the  azidoformate  added  could 
be  accounted  for  by  reaction  with  cyclohexane  or  with 
itself. 

That  the  results  with  m-dinitrobenzene  are  well  out- 
side of  experimental  error  was  demonstrated  by  carry- 
ing out  the  decomposition  in  methylcyclohexane,  with- 
out added  nitro  compound.  Although  the  various 
insertion  isomers  were  not  separated  from  each  other, 
the  yields  of  the  different  types  of  products  were  prac- 

78  %  yield  of  N-cyclohexylurethan  in  the  same  experiment,  but  detaik 
are  lacking. 

(17)  W.  Lwowski  and  T.  W.  Mattingly.  Jr.,  /.  Am,  Chem,  Soc.,  17, 
1947(1965). 
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toiction  of  /f-Octadecyl  Azidoformate  with 
i  and  with  Methylcyclohexane 


Product 


' Mole   %  of » 

initial  azide 

Methyl- 
cyclohexane     cyclohexane 


H,)i70CX)NHC«Hu 
H[s)i70CX)NHQHi, 
HOwOCONH, 


'IS 


J ^NH 


>iN 


59.8 

•  •  • 

22.6 

5.0 
7.7 


60.4 
24.4 

4.5 
7.9 


mtical  with  those  obtained  in  cyclohexane 
1. 

:'able  results  were  obtained  in  the  decomposi- 
ramethylene  bis(azidoformate)  in  cyclohexane. 
2%  yield  of  tetramethylene  bis(N-cyclohexyl- 
j),  from  C~H  insertion  at  both  ends,  36%  of 
/lene  N-cyclohexyldicarbamate,  from  inser- 
e  end  and  hydrogen  abstraction  at  the  other, 
I  of  tetramethylene  dicarbamate,  from  ab- 
at  both  ends,  were  isolated.  Based  on  the 
f  azidoformate  groups,  50%  of  the  reaction 
>H  insertion  and  27  %  hydrogen  abstraction, 
able  agreement  with  the  /t-octadecyl  azido- 
»ults,  considering  that  only  77  %  -of  the  ma- 
accounted  for. 

ermine  the  source  of  the  hydrogen  in  the 
ited  carbamate,  the  decomposition  of  an  1 1  % 
3f  n-octadecyl  azidoformate  in  cyclohexane 
tigated.  Cyclohexene  was  identified  in  the 
action  by  mass  spectrographic  analysis;  as- 
le  same  amount  of  unsubstituted  carbamate 
^  as  in  the  more  dilute  reaction,  the  cyclo- 
eld,  based  on  the  amount  of  /t-octadecyl 
5  formed,  was  42%.  The  low  yield  is  not 
,  in  view  of  the  finding  by  Lwowski  and 
'^  that  the  double  bond  in  cyclohexene  reacts 
mally  generated  ethoxycarbonylnitrene  36 
er  than  do  the  nonallylic  methylene  groups; 
)rk  no  attempt  was  made  to  isolate  the  ex- 
iridine.  No  trace  of  bicyclohexyl  could  be 
either  gas  chromatographic  or  mass  spectro- 
lalysis. 

ermine  the  relative  reactivities  of  different 
ds  toward  insertion,  ethyl  azidoformate  was 
ed  in  2-methylbutane,  the  products  being 
by  gas  chromatography.  After  correction 
limber  of  hydrogens,  the  relative  reactivities 

CH, 
,  +  CHiCHCHiCH,  — ► 
}it  CH, 

HCHsCHsNHCOiQH»  -f  CH,CHCHCH,  + 

1  6.5       NHCOjQH* 

CH,  CH, 

C»H»OCONHCH,CHCHiCH,  -f  CH,CCH2CH, 
2.1  I 

NHCOjCjHj 

10.6 

y :  secondary :  tertiary  C-H  bonds  were  found 
1:32. 


Discussion 

There  would  appear  to  be  little  doubt  from  the  kinetic 
results  that  the  rate-determining  step  in  the  thermal 
decomposition  of  azidoformates  is  the  loss  of  nitrogen 
and  the  formation  of  an  electron-deficient  nitrene 
species,  in  complete  agreement  with  the  elegant  work 
of  Lwowski  and  his  co-workers  on  the  photochemical 
decomposition.    The  reaction   of  /t-octadecyl  azido- 

O  O 


LOCN,  — ►  ROCN  + 


or  hi 


N, 


formate  with  cyclohexane  can  then  be  pictured  as  follows- 


0 

II.. 

CjsHaTOCN     + 

0 

II.. 
CisHaTOCN     + 


:>o 


i» 


0 

II 

C„H3,0CNH 


0 

II 


CH2   c=o 

I     I 

H 


'I6":My\ 


C18H37OCNH2    4- 


leHaa-J ^^ 

H 


"„>0 


About  65%  of  the  azidoformate  undergoes  insertion, 
either  intra-  or  intermolecularly,  and  about  20%  under- 
goes hydrogen  abstraction  by  a  process  of  removing 
two  hydrogen  atoms  from  adjacent  carbons. 

Several  examples  of  2-oxazolidinone  formation  have 
been  reported  recently.  Thus,  Smolinsky  and  Feuer^' 
obtained  a  68%  yield  of  the  4-methyl-4-ethyl  derivative 
by  vapor-phase  decomposition  of  2-methylbutyl  azido- 
formate, conditions  under  which  intermolecular  reac- 
tions would  be  minimized.  The  fact  that  /-butyl 
azidoformate,  upon  irradiation  in  the  reactive  solvent, 
/-butyl  alcohol,  cyclizes  to  the  4,4-dimethyl  derivative 
in  60-75%  yield  ^^'^  is  probably  a  reflection  of  the  well- 
known  ge/n-dimethyl  effect,  while  the  complete  absence 
of  2-oxazolidinone  in  the  decomposition  of  ethyl  azido- 
formate under  a  variety  of  conditions'^  is  probably  a 
result  of  the  lower  activity  of  a  primary  as  compared  to 
a  secondary  C-H  bond.  Although  it  appears  rather 
unlikely  that  the  unknown  isomer  in  the  reaction  is  the 
six-membered  cyclic  carbamate,  intramolecular  nitrene 
insertion  to  give  a  six-membered  ring  is  not  without 
precedent;  several  examples  of  S-lactam  formation  by 
photolysis  of  carbonyl  azides  have  been  reported.**'** 

The  reactivity  of  a  formylnitrene  toward  insertion 
into  a  C-H  bond  is  remarkably  independent  of  its 
modes  of  formation.  As  shown  in  Table  V,  essentially 
identical  results  are  obtained  by  azide  thermolysis, 
by  azide  photolysis,  and  by  a  elimination.  In  view  of 
the  quite  high  selectivity  found,  there  must  be  con- 
siderable resonance  stabilization  of  the  nitrene,  e,g. 


O 

LO-C— N 


:0:  - 


S=N: 


:0:+ 


(18)  G.  Smolinsky  and  B.  I.  Feuer.  /.  Am.  Chem,  Soc.,  86,  3085 
(1964). 

(19)  R.  Kreher  and  G.  H.  Bockhorn.  Angew.  Chem.,  76,  681  (1964). 

(20)  R.  Puttner  and  K.  Hafner,  Tetrahedron  Letters,  3119  (1964). 

(21)  J.  W.  ApSimon  and  O.  E.  Edwards,  Can,  /.  Chem,,  40,  896 
(1962). 

(22)  W.  L.  Meyer  and  A.  S.  Levinson,  /.  Org.  Chem,,  28,  2859  (1963). 
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Table  V.    Insertion  of  Carbethoxynitrene  into  the  C-H  Bonds 
of  2-Methylbutane 


T*t/n^  f\f  \v\nti  m 

Method  of  formation 

Primary     Secondary 

Tertiary 

Azide  thermolysis 
Azide  photolysis' 
a  elimination' 

1                  10 
1                    9 
1                  11 

32 
34 
27 

«  W.  Lwowski  and  T.  J.  Maricich,  J.  Am.  Chem.  50c.,87,363O 
(1965). 


Some  progress  is  being  made  in  determining  the  na- 
ture of  the  nitrene,  singlet  or  triplet,  responsible  for  its 
different  reactions.  Considering  the  relatively  low 
temperature  at  which  nitrene  can  be  formed  from  azide, 
it  is  highly  likely  that  nitrene  is  formed  initially  as  a 
singlet.  2 »  This  can  then  react  with  substrate  to  give 
products,   or  it  can   decay  to  ground-state   triplet^* 


Ni  +  RO 


I  substrate  I  substrate 

products         products 

which  in  turn  can  react  with  substrate.  The  facts  that 
tetramethylene  bis(azidoformate)  cross-links  poly- 
isobutylene,*^  whereas  radicals  are  known  to  lead  to 
degradation,'  and  that  the  insertion  reaction  can  be 
highly  stereospecific,^*'**  argues  for  singlet  nitrene 
being  involved  in  C-H  insertion.  However,  recent 
work  with  cyanogen  azide •'  indicates  that  a  triplet 
nitrene  can  insert  nonstereospecifically.  Thus,  the 
spin  multiplicities  involved  in  C-H  insertion  seem  to 
parallel  quite  closely  those  involved  in  addition  to  a 
carbon-carbon  double  bond.  Here,  too,  Lwowski 
and  McConaghy"  concluded  that  both  singlet  an 
triplet  nitrene  add,  the  former  stereospecifically  and 
the  latter  nonstereospecifically. 

There  is  much  less  evidence  available  at  present  re- 
garding hydrogen  abstraction.  It  seems  to  be  fairly 
certain  from  our  results  that  two  hydrogen  atoms  are 
abstracted  from  adjacent  carbon  atoms  in  a  concerted 
fashion,'^  or  at  least  in  rapid  consecutive  reactions, 
since  the  formation  of  free  cyclohexyl  radicals  would 
have  been  expected  to  lead  to  the  formation  of  at  least 
some   bicyclohexyl.    Although   there   is   no  a  priori 

(23)  If  the  law  of  spin  conservation  is  to  be  obeyed,  a  nitrene  triplet 
can  be  the  initial  product  if  singlet  azide  decomposes  into  triplet  nitrene 
and  triplet  nitrogen,  or  if  singlet  azide  is  first  converted  into  triplet 
azide,  which  then  decomposes  into  triplet  nitrene  and  singlet  nitrogen. 
Neither  path  seems  very  likely  at  decomposition  temperatures  in  the 
vicinity  of  100^" 

(24)  R.  A.  Abramovitch  and  B.  A.  Davis,  Chem.  Rec,  64,  178  (1964). 

(25)  Evidence  is  accumulating  that  all  nitrenes  have  triplet  ground 
states.  This  has  been  demonstrated  for  HN,'*  NCN,'^  alkyl  azides,** 
aryl  azides,'*  and  sulfonyl  azides.'* 

(26)  G.  Herzberg,  **Molecular  Spectra  and  Molecular  Structure,** 
D.  Van  Nostrand  Co.,  New  York,  N.  Y.,  1950,  p  369. 

(27)  A.  G.  Anastassiou, /.  Am.  Chem.  Soc.,  87,  5512(1965). 

(28)  E.  Wasserman,  G.  Smolinsky,  and  W.  A.  Yager,  ibid.,  86,  3166 
(1964). 

(29)  G.  Smolinsky,  E.  Wasserman,  and  W.  A.  Yager,  ibid.,  84,  3220 
(1962). 

(30)  D.  S.  Breslow.  U.  S.  Patent  3.284,421  (1966). 

(31)  S.  Yamada,  S.  Terashima,  and  K.  Achiwa,  Chem.  Pharm.  Bull. 
(Tokyo).  13,  751  (1965). 

(32)  A.  G.  Anastassiou,  /.  Am.  Chem.  Soc.,  88,  2322  (1966). 

(33)  W.  Lwowski  and  J.  S.  McConaghy,  Jr.,  tbld.,  87,  5490  (1965). 

(34)  A  referee  has  suggested  that  a  concerted  reaction  is  unlikely  be- 
cause the  two  C-H  bonds  are  skew.  In  view  of  the  rapid  interconver- 
sion  of  cyclohexane  structures,  we  do  not  consider  this  a  valid  objection. 


reason  for  eliminating  the  possibility  of  this  being  a 
singlet  reaction,  it  is  easier  to  explain  our  results  with 
m-dinitrobenzene  on  the  basis  of  hydrogen  abstraction 
involving  a  triplet  nitrene.  Although  the  mech- 
anism of  action  of  nitroaromatics  as  inhibitors  of  free- 
radical  reactions  may  be  uncertain,  they  appear  to 
inhibit  by  reacting  with  free  radicals. ••  Although  the 
yield  of  hydrogen  abstraction  product  was  indeed  re- 
duced by  the  addition  of  m-dinitrobenzene,  all  of  the 
azidoformate  was  accounted  for  as  reaction  products 
with  cyclohexane  or  with  itself.  If  the  same  nitrene 
species  (singlet  or  triplet)  were  responsible  for  both 
insertion  and  abstraction,  one  would  have  expected  m- 
dinitrobenzene  to  decrease  the  insertion  yield  as  weU, 
whereas  in  actual  fact  the  yield  of  insertion  product  in 
the  presence  of  m-dinitrobenzene  actually  increased 
over  that  obtained  in  its  absence.  If  one  assumes  that 
C-H  insertion  under  these  conditions  involves  a  singlet 
nitrene,  then  hydrogen  abstraction  probably  involves 
a  triplet. 

Experimental  Section 

Preparation  of  Chlorofomiates.  Several  different  procedures 
were  used  to  prepare  the  chloroformates.  /t-Octadecyl  chloro- 
formate  was  prepared  as  follows.  To  198  g  (2  moles)  of  phosgeoe 
in  a  flask  connected  to  a  Dry  Ice  condenser  was  added  270.5  g 
(1  mole)  of  molten  1-octadecanol  over  a  period  of  90  min,  the  re- 
action being  kept  at  5-10°  by  external  cooling.  The  cooling  bath 
was  then  removed  and  the  reaction  stirred  for  5  hr.  The  Dry  Ice 
condenser  was  removed  and  the  excess  phosgene  was  allowed  to 
evaporate  overnight,  the  last  traces  being  removed  in  vacuo,  A 
quantitative  yield  of  chloroformate  was  obtained  as  a  clear  yellow 
oil ;  the  absence  of  a  hydroxyl  band  in  the  infrared  spectrum  indi- 
cated the  completeness  of  the  reaction. 

To  70  ml  of  carbon  tetrachloride  in  a  flask  attached  to  a  Dry  ke 
condenser  was  added  45  g  (0.5  mole)  of  tetramethylene  glycol  while 
114  g  (1.15  moles)  of  phosgene  was  passed  in.  The  reaction  was 
kept  at  10-15°  during  the  addition,  which  took  45  min.  The 
reaction  mixture  was  stirred  at  15°  for  an  additional  4.5  hr,  the 
Dry  Ice  condenser  was  removed,  and  the  solution  was  relluxed  to 
remove  excess  phosgene.  Stripping  the  solvent  in  vacuo  left  106  g 
of  tetramethylene  bis(chloroformate),  an  essentially  quantitative 
yield.  Ahhough  pure  enough  for  subsequent  reaction,  the  material 
could  be  further  purifled  by  distillation,  bp  126°  (5-6  mm). 

A  solution  of  46  g  (0.2  mole)  of  2,2-bis(4-hydroxyphenyl)propane 
in  3(X)  ml  of  ether  was  added  to  49  g  (0.5  nK>le)  of  phosgene  cooled 
below  0°  in  an  ice-salt  bath.  To  the  stirred  and  cooled  resulting 
white  slurry  was  then  added  drop  wise  60.5  g  (0.5  mole)  of  dimethyl- 
aniline.  The  mixture  was  stirred  in  the  cooling  bath  for  an  addi- 
tional hour  and  allowed  to  warm  to  room  temperature  overnight, 
and  the  solvent  and  excess  phosgene  were  removed  in  vacuo.  The 
residual  solid  was  suspended  in  400  ml  of  ether  and  poured  onto  ice, 
and  the  organic  layer  was  separated.  After  being  washed  once  with 
5  %  hydrochloric  acid  and  then  with  water,  the  solution  was  dried 
over  sodium  sulfate  and  the  solvent  evaporated.  There  was  thus 
obtained  60  g  (85  %)  of  2,2-bis(4-chlorocarbonyloxyphenyl)propane, 
mp  93-96°.  Recrystallization  from  heptane  gave  a  77%  yield 
of  product  melting  at  96.5-98.5°. 

Preparation  of  Azidoformates.  A  solution  of  16.7  g  (0.05  mole) 
of  /f-octadecyl  chloroformate  in  1(X)  ml  of  chloroform  was  added 
dropwise  to  a  vigorously  stirred  solution  of  6.5  g  (0.10  mok)  of 
sodium  azide  in  1 5  ml  of  water  at  room  temperature.  The  reaction 
mixture  was  stirred  vigorously  at  room  temperature  for  3  days,  and 
the  organic  layer  was  separated,  washed  several  times  with  water, 
and  dried  over  a  mixture  of  magnesium  and  sodium  sulfites. 
Removal  of  the  solvent  yielded  16.5  g  (97%)  of  crystalline  n-octa- 
decyl  azidoformate,  mp  37.8-38.8°. 

Anal.  Calcd  for  Ci9H„NaO,:  C,  67.21;  H,  10.99;  N,  12.38; 
O,  9.43.  Found:  C,  67.54;  H,  11.07;  N,  12.16;  O,  9.07.  For 
the  kinetic  runs,  a  sample  was  recrystallized  several  times  from 
methanol,  mp  41.0-41.5°. 


(35)  C.  Walling.  "Free  Radicals  in  Solution,*'  John  Wiley  and  Sons. 
Inc.,  New  York,  N.  Y.,  1957,  p  169. 
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same  procedure,  tetramethylene  bis(chloroforiTiate)  was 
into  tetramethylene  bis(azidoformate)  in  96%  yield, 
ter  recrystallization  from  ethanol-hexane. 
Calcd  for  CHgN^O^:    C,  31.58;    H,  3.53;    N,  36.84; 

Found:  C,  31.57;  H,  3.27;  N,  37.05;  0, 28.19. 
4-azidocarbonyloxyphenyl)propane  was  obtained  in  92% 
69-70.5°  after  recrystallization  from  ethanol. 
Calcd  for  CnHuOiN.:    C,  55.74;    H,  3.86;   N,  22.93. 
:,56^;  H.  3.72;  N.  23.16. 

Runs.  The  reactor  consisted  of  a  200-ml  creased  flask 
ng  neck  ending  in  a  29/42  standard-taper  female  joint. 
f  the  joint  was  a  side  arm  closed  off  by  a  pressure  stopcock, 
this  was  a  glass-enclosed  magnet  on  which  the  sample  cup 
The  entire  apparatus  was  immersed  in  an  oil  bath  con- 
d:0.01'';  the  reaction  was  stirred  by  a  magnetic  stirring 
;irring  magnet  drive  being  placed  just  below  the  oil  bath, 
e  transducer  built  into  a  stainless-steel  29/42  standard- 
e  joint  was  used  to  determine  pressure  changes.  The 
connected  through  the  side  arm  to  a  thermostated  gas 
also  to  a  100-cm,  closed-end  manometer  to  determine 
wessure;  the  entire  system  could  be  evacuated  or  filled 
lert  gas. 

ation,  the  desired  volume  of  solvent  was  placed  in  the 
id  the  azidoformate,  in  a  small  glass  sample  cup,  was  set 
magnet.  After  the  transducer  was  inserted  and  clamped, 
apparatus  was  alternately  evacuated  to  about  2  mm  and 
an  inert  gas,  nitrogen  or  argon,  to  a  pressure  of  about 
Finally,  the  apparatus  was  filled  with  inert  gas  to  a  pres- 
:ly  in  excess  of  1  atm,  and  the  reactor  was  lowered  into 
int-temperature  bath.  During  equilibration,  the  reactor 
J,  as  required,  to  maintain  the  pressure  at  about  780  mm. 
pressure  had  become  constant  (usually  0.5-1  hr),  the  bar 
IS  retracted,  and  the  sample  cup  was  dropped  into  the  hot 
Pressure  was  recorded  automatically  on  a  strip  chart 
et  at  2  in./hr.  For  rapid  reactions,  the  pressure  was  read 
from  a  digital  read-out  system.  At  the  end  of  the  run, 
irmed  in  the  reaction  was  bled  to  the  thermostated  gas 
fter  equilibration,  the  pressure  in  the  system  was  adjusted 
ial  pressure  by  manipulating  the  mercury  level  in  the  gas 
the  volume  was  read.  The  theoretical  reaction  gas  vol- 
calculated  in  the  usual  way  from  the  known  sample 
essure,  and  temperature  data. 

tograplik  Separations.  The  products  from  reaction  of 
formate  with  cyclohexane  or  methylcyclohexane  were 
on  adsorbent  columns  17  cm  long  and  1.8  cm  i.d.,  con- 
100  parts  by  weight  of  Woelm  neutral  alumina  and  6  parts 
The  two-bottle  gradient  solvent  system  comprised  about 
f  a  relatively  nonpolar  solvent  in  a  9.6-cm  i.d.  bottle  and 
ml  of  a  more  polar  solvent  in  a  5.2<m  i.d.  bottle, 
romatographic  separations  were  made  in  an  automated 
which  used  an  infrared  spectrophotometer  (Perkin-Elmer 
Model  237-B)  as  the  detector.  This  was  set  to  scan  over 
nyl  region,  1850-1650  cm"*.  This  apparatus  is  similar 
icanalyzer*'  previously  described"  which  used  an  ultra- 
ctrophotometer  as  the  detector.  A  typical  run  produced 
)  cuts  which  were  stored  in  a  fraction  collector.  A  strip 
jrded  the  carbonyl  absorbance  of  each  chromatographic 
h  of  the  several  components  of  a  sample  was  isolated  by 
tely  combining  the  pertinent  cuts  and  evaporating  sol- 
.  weight  per  cent  analysis  was  obtained;  typical  recoveries 
mg  sample  were  95-98  wt  %. 

Terent  solvent  systems  were  used  in  these  chromatographic 
IS.  One  system  used  0.4  vol  %  ethanol  in  chloroform  in 
bottle  and  1.6  vol  %  ethanol  in  chloroform  in  the  smaller 
hanol-free  chloroform  was  obtained  by  passing  Mallinc- 
lalytical  reagent  chloroform  through  an  alumina  column). 
;m  gave  good  separation  of  fractions  I-III  but  did  not 
actions  IV  and  V  (Table  III);  the  presence  of  these  two 
in  a  combined  elution  band  was  readily  apparent  because 
erence  in  carbonyl  frequencies,  1760  vs.  1730  cm~*. 
early  work,  this  mixture  of  fractions  IV  and  V  was  sepa- 
"echromatographing,  again  on  the  alumina  and  6  %  water 
jsing  ;!-heptane  as  the  nonpolar  solvent  and  10  vol  % 
alcohol  in  n-heptane  as  the  polar  solvent.  In  later  work, 
complete  resolution  of  all  five  components  in  the  mono- 
late-hydrocarbon  reaction  mixture  was  achieved  using  a 
ixture  consisting  of  1  vol  %  of  acetonitrile  in  carbon  tetra- 
n  the  larger  bottle  and  20  vol  %  of  acetonitrile  in  carbon 
ide  in  the  smaller  bottle. 


Reaction    of    n-Octadecyl    Azidofonnate    witli    Cydohexane. 

it-Octadecyl  carbamate  was  prepared  bypassing  ammonia  into  a  cold 
solution  of  1  g  of  /r-octadecyl  chloroformate  in  250  ml  of  ether. 
Filtration  to  remove  ammonium  chloride,  evaporation  of  the 
solvent,  and  recrystallization  of  the  residue  from  aqueous  acetone 
yielded  1.2  g  (82%  of  theory)  of  product,  mp  101.5-103°. 

Anal.  Calcd  for  Ci.H,«OsN:  C,  72.78;  H,  12.54;  N,  4.47. 
Found:  C,  72.68;  H,  12.54;  N,4.56. 

n-Octadecyl  N<yclohexylcarbamate  was  prepared  by  refluxing  a 
solution  of  2.71  g  (10  mmoles)  of  1-octadecanol,  1.38  g  (11  nunoles) 
of  cyclohexyl  isocyanate,**  and  0.27  g  of  triethylamine  in  25  ml  of 
chloroform.  Removal  of  solvent  and  recrystallization  from  acetone 
yielded  3.26  g  (83%  of  theory)  of  white  solid,  mp  68.5-69.5**. 

Anal,  Calcd  for  CuHitOsN:  C,  75.88;  H,  12.48;  N,  3.54. 
Found:  C,  75.98;  H,  12.87;  N,  2.94. 

4-Ethyl-2-oxazolidinone  was  prepared  in  47%  yield  from  2- 
amino-1-butanol  and  ethyl  carbonate  according  to  the  procedure  of 
Homeyer,"  bp  129-13r  (0.5  mm),  /f»D  1.4637,  mp  17°  (lit." 
«»D  1.4631,  mp  16.0-16.5°). 

Anal.    Calcd  for  CjHjOjN:  N.  12.17.    Found  N,  12.20. 

4-Methyltetrahydro-2H-l,3-oxazin-2-one  was  prepared  in  the 
same  fashion  from  3-amino-l-butanol.  Recrystallization  from 
acetone  gave  a  39  %  yield  of  product,  mp  98.5-99.5  °  (lit.»  mp  91  °). 

Anal.  Calcd  for  CjH^OjN:  C,  52.16;  H,  7.88;  N,  12.17. 
Found:  C,  52.13;  H.  7.89;  N,  12.14. 

Solutions  of  l.()0  g  (2.95  mmoles)  of  /t-octadecyl  azidoformate  in 
100  ml  of  cyclohexane  (Eastman  Kodak  Spectro  Grade)  were  heated 
at  130°  under  nitrogen  in  capped  pressure  bottles  for  16  hr.  Eight 
such  runs  were  combined,  using  chloroform  to  rinse  the  bottles. 
Removal  of  the  solvent  in  vacuo  left  8.745  g  of  solid. 

The  acetonitrile-carbon  tetrachloride  solvent  system  gave  five 
fractions  (Table  III).  Fraction  I  (1.9  wt  %)  had  an  infrared  spec- 
trum very  similar  to  that  of  decyl  carbonate;  it  is  presumably 
octadecyl  carbonate,  present  as  a  minor  impurity  in  the  azidofor- 
mate, and  the  yield  cateulations  were  corrected  accordingly. 
Fraction  II  (62.6  wt  %)  analyzed  correctly  for  /t-octadecyl  N<yclo- 
hexylcarbamate,  and  its  melting  point  and  infrared  spectrum 
agreed  with  those  of  an  authentic  sample.    In  the  same  way  fraction 

III  (18.7  wt  %)  was  identified  as  /t-octadecyl  carbamate.    Fraction 

IV  (4.1  wt  %)  was  identified  as  4-/i-hexadecyl-2-oxazolidinone, 
mp  60.5-62°  after  recrystallization  from  aqueous  acetone. 

Anal.  Cakd  for  C,9HnO,N:  C.  73.25;  H,  11.97;  N,  4.50; 
mol  wt,  311.  Found:  C,  72.94;  H,  12.10;  N,  4.36;  mol  wt 
(Rast),  295. 

The  infrared  and  nmr  spectra  of  fraction  IV  were  very  similar  to 
those  of  4-ethyl-2-oxazolidinone.  Fraction  V  (6.7  wt  %),  mp  75.5- 
77°  after  recrystallization  from  aqueous  acetone,  was  an  isomer  of 
fraction  IV. 

Anal.  Calcd  for  CsHjtOiN:  C,  73.25;  H,  11.97;  N,  4.50; 
mol  wt,  311.  Found:  C,  73.45;  H,  12.25;  N,  4.43;  mol  wt 
(Rast),  309. 

To  determine  the  source  of  the  hydrogen  in  the  unsubstituted 
carbamate,  1.00  g  of /t-octadecyl  azidoformate  was  decomposed  in 
10  ml  of  cyclohexane  as  described  above.  Mass  spectral  analysis 
showed  the  presence  of  0.30  =h  0.05  mole  %  of  cyclohexene.'* 
This  corresponds  to  a  42%  yield  of  cyclohexene,  if  a  22%  yield  of 
unsubstituted  carbamate  is  assumed. 

Reaction  of  /i-Octadecyl  Azidofonnate  with  Cyclohexane  in  tlie 
Presence  of  /n-Dinitrobenzene.  A  solution  of  2.00  g  of  /t-octadecyl 
azidoformate  and  0.50  g  of  m-dinitrobenzene  in  2(X)  ml  of  cyclo- 
hexane was  heated  for  17  hr  at  130°  as  described  above.  Removal 
of  solvent  left  2.750  g  of  residue. 

Chromatographic  separation  of  the  product  gave  fractions  II-V; 
/i-octadecyl  carbonate,  previously  separated  as  fraction  I,  was 
apparently  absent  from  this  sample  of  azidoformate.  Fraction  II, 
/^octadecyl  N-cyclohexylcarbamate,  did  contain  a  yellow  contam- 
inant which  did  not  shown  carbonyl  absorbance.  Rechromato- 
graphing  on  a  similar  column,  using  carbon  tetrachloride  and  5 
vol  %  of  diethyl  ether  in  carbon  tetrachloride  in  the  9.6-  and  5.2<m 


(36)  A.  Skita  and  H.  Rolfes,  Ber.,  53B.  1248  (1920). 

(37)  A.  H.  Homeyer.  U.  S.  Patent  2.399.118  (1946). 

(38)  A.  M.  Paquin.  Z.  Naturforsch.,  1,  518  (1946). 

(39)  We  are  indebted  to  P.  W.  Shearer  of  this  laboratory  for  this  de- 
termination. Since  cyclohexane  has  a  small  peak  contribution  at  M 
—  2  (m/e  82.  the  parent  ion  for  cyclohexene).  a  fresh  calibration  sample 
of  cyclohexane  (Eastman  Kodak  Spectral  Grade)  was  rim  immediately 
preceding  the  questioned  samples.  This  calibration  pattern  was  then 
used  to  apply  the  proper  correction  on  the  M  —  2  (mfe  82)  peak,  leaving 
the  residual  m/e  82  free  for  calculating  cyclohexene.  Relative  sensitivi- 
ties for  constituents  reported  were  based  on  our  instrumental  parameters. 
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bottles,  respectively,  separated  the  yellow  contaminant  from  fraction 
II.  Infrared  indicated  that  most  of  this  contaminant  was  m- 
dinitrobenzene,  but  unidentified  material  was  present  also.  Frac- 
tions II-V  were  identical  by  infrared  with  the  analogous  components 
discussed  above  and  accounted  for  100.4  mole  %  of  the  initial 
azidoformate.  Thus,  the  contaminants,  14.2  wt  %  of  the  sample, 
apparently  were  not  derived  from  the  azidoformate. 

Reactfon  of  /!-Octadecyl  Aztdofomiate  with  Methyleydoliexane. 
Solutions  of  1 .00  g  of  azidoformate  in  100  ml  of  methylcyclohexane 
were  treated  as  described  above.  From  eight  runs,  8.20  g  of  yellow- 
white  solid  was  obtained. 

Chromatographic  separative  analysis  of  the  reaction  product  also 
produced  five  fractions  (Table  IV).  Fraction  I  was  /t-octadecyl 
carbonate  (2.5  wt  %).  Fraction  II  was  a  mixture  of  isomeric 
n-octadecyl  N-methylcyclohexylcarbamates  (66.1  wt  %). 

Anal,  Calcd  for  C2,H8,OtN:  C,  76.22;  H,  12.55;  N,  3.42; 
molwt,410.  Found:  C,  75.74;  H,  12.30;  N,  3.28;  molwt(Rast), 
400. 

Rechromatographing  fraction  II  on  neutral  alumina  and  6% 
water  with  2.0  vol  %  of  diethyl  ether  in  petroleum  ether  (bp  45-70°) 
in  the  9.6-cm  solvent  bottle  and  8.0  vol  %  of  diethyl  ether  in  petro- 
leum ether  in  the  5.2-cm  bottle  showed  the  presence  of  at  least  three 
components.  One  component  (25  %)  was  resolved  from  the  mixed 
elution  band  containing  the  other  two.  The  latter  were  approxi- 
mately in  the  ratio  of  2 :3  in  order  of  elution.  Infrared  spectra  of 
these  three  components  showed  differences,  but  these  were  not 
readily  interpreted  in  terms  of  structure.  Fractions  III  (20.4  wt  %), 
IV  (3.8  wt  %),  and  V  (6.6  wt  %)  were  identical  with  those  described 
above. 

Reaction  of  Tetramethylene  Bi8(azidofoniiate)  with  Cydohexane. 
Tetramethylene  bis(carbamate)  was  prepared  from  the  chlorofor- 
mate  and  ammonia  in  92%  yield  according  to  Rabjohn,^  mp 
197-198^ 

Tetramethylene  bis(N-cyclohexylcarbamate)  was  prepared  from 
1.00  g  (11  mmoles)  of  1,4-butanediol,  3.20  g  (26  mmoles)  of  cyclo- 
hexyl  isocyanate,**  and  2  drops  of  triethylamine.  The  resulting 
white  solid  was  filtered  and  recrystallized  several  times  from  aqueous 
acetone,  yielding  2.66  g  of  product  (71%  of  theory),  mp  178.5- 
180.5**). 

Ami,  Calcd  for  CHaOiNi:  C,  63.49;  H,  9.47;  N,  8.23. 
Found:  C,  63.48;  H,9.62;  N,  8.94. 

Solutions  of  l.(X)  g  of  azidoformate  in  100  ml  of  cydohexane 
were  treated  as  described  above.  From  eight  runs  there  was 
obtained  9.95  g  of  yellow-white  solid.  This  material  was  in- 
completely soluble  in  chloroform;  1.00  g  gave  53  mg  of  crystalline 
solid  whose  analysis,  melting  point,  and  infrared  spectrum  identified 
it  as  tetramethylene  bis(carbamate). 

Oils  and  other  extraneous  matter  in  the  soluble  portion  of  the 
sample  were  removed  by  passage  through  a  chromatographic 
column  of  activated  charcoal  (Darco  G60)  10  cm  high  and  1.8  cm  in 
diameter;  87  %  of  the  sample  was  recovered  by  chloroform  elution. 
This  material  was  chromatographed  on  the  alumina  and  6%  water 


column  in  the  *'Scanalyzer"  with  the  ethanol-chloroform  solvent 
system.  The  first  fraction  eluted  accounted  for  38.9  wt  %  of  the 
original  sample.  Comparison  of  analysis,  melting  point,  and  in- 
frared spectrum  with  those  of  a  synthetic  sample  showed  this 
fraction,  recrystallized  from  acetone-/f-heptane,  was  tetramethylene 
bis(N-cyclohexylcarbamate).  It  accounted  for  32.3  mole  %  of  the 
initial  azidoformate. 

The  second  fraction  eluted  in  the  "Scanalyzer"  run,  35.9  wt  %, 
was  indicated  by  its  infrared  spectrum  to  be  tetramethylene  N-cyclo- 
hexykarbamate. 

Anal,  Calcd  for  diHaOiN,:  C,  55.79;  H,  8.58;  N,  10.85. 
Found:    C,  55.98;   H,  8.73;    N,  10.79. 

The  infrared  spectrum  indicated  the  presence  of  both  -CONH2  and 
-CONHCfHii.  The  same  four  N-H  bands  shown  by  tetramethylene 
bis(carbamate)at  3410, 3300, 3245,  and  3200  cm~^  were  present,  indi- 
cating NHi.  Except  for  the  3300-cm'~  *  band,  these  bands  were  in  the 
correct  ratios  of  intensities.  The  more  intense  33(X)  cm~  \  which  was 
exhibited  also  by  the  tetramethylene  bis(N-cyclohexylcarbamate), 
indicated  the  presence  of  -NHCeHn  in  this  second  fraction.  Cor- 
roborating evidence  for  the  -CONHs  grouping  was  the  amide  II 
band  at  1 6 1 5  cm"  ^  The  presence  of  a  -CONHCeHn  grouping  was 
indicated  by  the  amide  II  band  at  1 530  cm~^ 

An  additional  elution  band  containing  at  least  two  components 
(two  carbony  1  bands  at  1 760  and  1 7(X)  cm"  0  was  isolated.  Limited 
work  on  rechromatographing  this  mixed  fraction  was  unsuccessful 
in  attaining  adequate  separation. 

Reaction  of  Ethyl  Azidofonnate  with  2-MethyBNrt«Be.  Iso- 
amylamine,  2-methylbutylamine,  and  /-amylamine  were  commer- 
cial materials  (K  &  K  Laboratories).  2-Aniinp-3-niethylbutaDe 
was  prepared  by  the  reductive  amination  of  3-methyl-2-butanooe 
according  to  the  procedure  of  Schwoegler  and  Adkins,*^  bp  86.5- 
86.8°,  «"d  1.4032.  The  amines  were  then  converted  to  the  cor- 
responding urethans  by  reaction  with  ethyl  chloroformate  according 
to  the  procedure  of  Hartman  and  Brethen.  * '  Gas  chromatography 
indicated  the  compounds  to  be  94-98  %  pure  without  distillation. 
One  sample  was  purified  by  preparative-scale  gas  chromatography 
and  was  shown  to  have  an  infrared  spectrum  identical  with  that 
of  the  crude  material,  indicating  that  no  decomposition  had  taken 
place  on  the  chromatographic  column. 

To  determine  reactivities,  a  solution  of  approximately  1.5  g  of 
ethyl  azidoformate  in  40  ml  of  2-methylbutane  was  heated  for  4  hr 
at  120**  under  nitrogen  in  a  110-ml  stainless-steel  bomb.  The 
solvent  was  then  stripped  and  the  residue  was  analyzed  by  gas  chro- 
matography. The  results  shown  in  Table  V  are  averages  of  two 
runs.  The  gas  chromatographic  analyses  were  carried  out  on  an 
F  &  M  Model  5(X)  temperature-programmed  instrument.  A  12-ft 
stainless  steel  column  packed  with  UCON  75H  on  Chromosorb  W 
was  used.  The  initial  column  temperature  was  100 **,  and  this  was 
raised  to  200''  at  a  rate  of  1 1 7min.  The  fact  that  the  two  primary 
isomers  were  obtained  in  the  expected  2 : 1  ratio  was  a  good  check 
on  the  analytical  procedure. 


(40)  N.  Rabjohn,/.  Am.  Chem,  Soc.,  70,  1181  (1948). 


(41)  E.  J.  Schwoegler  and  H.  Adkins,  ibid.,  61,  3499  (1939). 
(4^)  W.  W.  Harunan  and  M.  R.  Brethen,  **Organic  Syntheses,'*  Coll 
Vol.  2,  John  Wiley  and  Sons.  Inc.,  New  York,  N.  Y.,  1943,  p  278. 
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act:  Fluorine  nuclear  magnetic  resonance  (F  nmr)  shielding  has  been  investigated  for  an  extensive  series  of 
)ro-m'-  and  -^'-substituted  benzophenones  and  their  Lewis  acid  complexes  in  methylene  chloride  solution, 
study  appears  to  be  the  first  systematic  study  of  substituent  nmr  shielding  effects  in  both  the  reactant  and  the 
act  of  a  chemical  reaction  under  common  conditions.  The  p-fluorophenyl  label  is  used  to  measure  ir-charge 
ty  at  the  carbonyl  carbon  atom.  It  is  concluded  that  the  change  in  ir-charge  density  at  the  carbonyl  carbon  in- 
1  by  the  polar  effect  of  the  m'-  or  p'-substituted  phenyl  group  is  directly  proportional  to  the  product  of  the  a 
:  of  the  substituent  and  the  carbonyl  carbon  atom  charge  density  in  the  unsubstituted  derivative.  This  result 
des  strong  support  for  the  hypothesis  of  Hammett. 


tnt  effects  on  fluorine  nuclear  magnetic 
nee  shielding  (F  nmr)  in  para-substituted 
enes  have  been  related  to  the  changes  in 
charge  density  at  the  fluorine  atom  and  its 
irbon  atom.*  HMO  calculations  further 
proximately  linear  relationships  in  /?-fluoro- 
crivatives,  P-FC6H4COX,  between  the  t- 
isities  at  the  carbonyl  carbon  and  p-fluoro- 
carbon  atom.'  The  expected  consequence 
lationships  is  that  F  nmr  shielding  in  the  /?* 
yl  label  may  be  utilized  to  measure  changes 
on  charge  density  which  occur  at  the  car- 
bon atom. 

lar  effects  of  meta-  and  para-substituted 
3ups  on  chemical  reactivities  follow  with 
ligh  precision  the  modified  ap  relationship.^ 
s  are  encountered  when  the  measured  effects 
ose  of  direct  conjugation.  Hammett  sup- 
;  the  quantity  —a  measures  the  change  in 
isity  produced  by  the  substituent  at  the  side- 
tion  center.*  In  this  paper  we  have  sub- 
hypothesis  to  direct  test  in  the  following 

lielding  in  an  extensive  series  of  p-fluoro-m'- 
bstituted  benzophenones  (structure  I)  and 
ewis  acid  complexes  has  been  determined. 


:h  series,  the  polar  effects  of  the  m'-  and 
ted  phenyl  groups  on  the  F  nmr  shielding 
to  follow  the  a^p  relationship,*  confirming 

(  work  was  performed  at  the  Pennsylvania  State  Univer- 
t  in  part  by  the  Office  of  Naval  Research  is  gratefully 

I.  (b)  Department  of  Chemistry,   University  of  Cali- 
.Calif. 

Taft  and  J.  W.  Rakshys,  /.  Am.  Chem,  Soc.,  87,  4387 

ferences  summarized  therein. 

Taft,  F.  Prosser,  L.  Goodman,  and  G.  T.  Davis,  /.  Chem, 

I  (1963);  and  Ph.D.  Thesis  of  F.  Prosser,  The  Pennsylvania 

ity,  Aug  1961. 

V.  Taft,  S.  Ehrenson,  I.  C.  Lewis,  and  R.  E.  Glick,  /.  Am. 

II,  5352  (1959);  (b)  R.  W.  Taft,  /.  Phys.  Chem.,  64,  1805 

iammett,  '^Physical  Organic  Chemistry,'*  McGraw-Hill 
:.,  New  York,  N.  Y.,  1940,  p  196. 


the  Hammett  hypothesis.  The  values  of  p  for  the 
uncomplexed  ketone  and  for  several  Lewis  acid  adducts 
have  been  determined  by  the  procedure  of  Taft  and 
Lewis. *  A  direct  relationship  is  found  between  the  p 
values  and  the  ir-electron  density  at  the  carbonyl  carbon 
atom  of  unsubstituted  jp-fluorobenzophenone  and  its 
adducts.  The  relationship  bears  an  analogy  to  Mine's 
T  relationship.^  The  results  have  important  application 
to  substituent  effects  on  the  thermodynamic  properties 
for  formation  of  the  Lewis  acid  adducts  of  L  This  is 
the  subject  of  the  following  companion  paper. 

F  nmr  shielding  in  the  formation  of  1 : 1  adducts  of 
BFs,  BCls,  and  BBrs  with  jp-fluorophenyl-labeled  bases 
has  been  found  to  be  ideal  for  the  present  objectives. 
Thus  the  shielding  parameters  of  both  uncomplexed 
base  and  the  1 : 1  adduct  are  obtained  in  a  common  pure 
solvent  (CHsCls).  The  shielding  for  the  adduct  is 
found  to  involve  little  or  no  medium  effect.  In  the 
present  work  results  similar  to  that  previously  obtained 
with  /?-fluorobenzonitriIe*  have  been  found  for  the 
/?-fluorobenzophenones,  L  At  room  temperatures  the 
adducts  are  rapidly  dissociated  giving  rise  to  a  single 
time-average  fluorine  signal.  The  signal  is  the  weighted 
average  of  the  shielding  parameters  for  complexed  and 
uncomplexed  base.*  The  observed  shieldings  for  a 
series  of  methylene  chloride  solutions  having  an  ap- 
proximately constant  concentration  (M).4  Af)  of  the 
/^fluorobenzophenone,  and  increasing  concentrations 
of  Lewis  acid  display  a  limiting  downfield  shift  at  a 
stoichiometric  acid-base  ratio  of  unity  (cf  Figure  2 
of  ref  8  as  a  typical  result).  With  the  weaker  acids  or 
bases  employed  in  this  study  an  acid-base  ratio  of 
3-10  is  required  to  obtain  the  limiting  shift  (the  shield- 
ing parameter  for  the  adduct). 

llie  proton  adducts  of  compounds  such  as  series  I 
ketones  have  F  nmr  shieldings  which  are  highly  medium 
sensitive.^®    It  is,  therefore,  impossible  to  obtain  the 

(6)  R.  W.  Taft  and  I.  C.  Lewis,  /.  Am.  Chem.  Soc.,  81,  5343  (1959). 

(7)  (a)  J.  Hine,  ibid.,  82,  4877  (1960);  (b)  J.  Mine,  *Thysical  Organic 
Chemistry,"  McGraw-Hill  Book  Co..  Inc.,  New  York,  N.  Y.,  1962, 
Chapter  4. 

(8)  R.  W.  Taft  and  J.  W.  Carten,  /.  Am.  Chem.  Soc.,  86,  4199  (1964). 

(9)  J.  S.  Pople,  W.  A.  Schneider,  and  H.  J.  Bernstein  ''High  Resolution 
Nuclear  Magnetic  Resonance,**  McGraw-Hill  Book  Co.,  Inc.,  New 
York,  N.  Y..  1956,  p  218. 

(10)  R.  W.  Taft  and  P.  L.  Levins,  Anal.  Chem.,  34.  436  (1962). 
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Figure  I.    Vacuum  line  schematic. 

shielding  parameters  for  the  proton  adducts  and  the 
uncomplexed  ketones  in  a  common  solvent.  In  this 
work  we  have  obtained  the  shielding  parameters  of  the 
protonated  forms  of  1  as  they  occur  in  99.8%  (wt) 
HiSO,  containing  the  ketone  (-M).4  M). 

Experimental  Section 

Preparatloa  of  m-  and  j^-FtaorobmopbenoMa.  j^-Phnnibcnzo- 
phfnmif,  To  a  solution  of  3  g  of  benzoyl  chloride  and  10  ml  of 
fluorobenzene  in  23  ml  of  carbon  disulfide,  6  g  of  Aid  was  added  in 
several  portioni  with  stining.  Stining  was  c<mtinued  f or  3  hr  and 
then  the  mixture  was  warmed  on  a  iteam  bath  for  1  hr.  The  solvent 
was  removed  and  the  residiie  decomposed  v^th  ice  and  hydrochloric 
add.  The  oily  product  was  extracted  with  ether  and  washed  with 
aqueous  sodium  hydroxide  solution  and  water.  The  ether  was 
evaporated  and  the  residue  purified  through  an  alumina  column. 
Recrystallizations  from  petroleum  ether  gave  S.S  g  of  the  ketone 
(mp  49-S0°.  lit."  mp  48.2-48.7"). 

m-FhwrobenioplMfMiie.  This  ketone  was  obtained  by  the  con- 
densation of  4  g  of  m-fluorobenzoyl  chlc»ide  with  benzene  in  carbon 
disulfide  solution  in  the  presence  of  Aid.  The  product  was  n- 
crystallized  from  petroleum  ether  (mp  54.5-55°,  lit."  mp  55°). 

The  following  ketones  were  prepared  in  the  same  manner  from 
fluorobenzene  and  the  correspondingly  substituted  benzoyl  chlo- 
rides. The  iKoducts  were  purified  by  repeated  recrystallizationt 
from  aqueous  ethanol,  ethanol,  and  petroleum  ether:  /i,;>'-dif1uoro- 
benzophenone  (mp  107",  lit.  mp  106-107°,"  107.5-108.5""), 
nt^'-difluorobenzophenone  (mp  61.0-61.5°),  ^fluoro-m'-chloro- 
benzophenone  (mp  77.5-78°),  p-Huoro-m'-trifluoromethylbenzo- 
phenone  (mp  45-46°),  /i-fluoro-p'-iriRuoromethylbenzophenone 
(mp  100.5-101,5"),  p-lluoro-p'-nitrobenzophenone  (mp  88-88,5°), 
p-fluoro-m '-bromobenzophenone  (mp  84.5"). 

p-MeOoxy-fr'-OiiorabenzopbaMDe.  To  a  solution  of  18  g  of 
anisole  and  15  g  of  p-fluorobenzoyl  chloride  in  75  ml  of  carbon 
disulfide,  IS  g  of  AlQi  was  added  dropwise  under  moderate  re- 
fluxing.  After  standing  for  2  hr  at  room  temperature  the  solvent 
was  removed  and  the  residue  decomposed  with  hydrochloric  acid 
and  ice.  The  resulting  mixture  was  heated  on  b  steam  bath  for  1 
hr  and  the  crystalline  produa  collected  on  a  filter  and  washed 
with  water.  The  product  was  purified  by  recrysiallizations  from 
ethanol  (mp  97-97.5",  lit.  mp  94.5-95.5°,"  96.0-96.5°''). 


(11)  R.  D.  DunlopSDd  J.  H.  Gardner,/.  Am.  Chem.  Soc..  SS,  1665 
(I93J). 

(12)  N,  P.  Buu-Hoi,  E,  Letcot,  Ir„  and  N.  D.  Xuong,/.  Org.  Chem., 
21.  10S7(I957). 

(13)  W.  Funuaka,  T,  Ando,  H,  Osakl,  and  K.  Murakami,   YukI 
GoMl Kagaku KyokDl Shi,  17.  334(1959). 

(14)  Z.  Eckitein,  B.  Fliiksik,  and  W.  Sobofka.  BulL  Acad.  Polon.  Scl., 
Str.  Scl.,  Chlm.,  Geol.  Gtopaph..  7,  803(1939). 


Figure  2.  Polar  effects  of  3'  and  4'  substituents  and  coiuugUioo 
effects  of  4'  substituents  in  p-fluorobenzophenones  and  their  BQi 
adducts  on  fluorine  nuclear  magnetic  resonance  shielding. 


^Mcthosy-m'^Dorobdizopbenoae  was  obtained  in  the  same  wiy 
from  m-fluorobenzoyl  chloride  and  recrystallized  from  aqueoui 
ethanol  and  ethanol  (mp  69.5-70°). 

The  following  ketones  were  prepared  similarly  by  the  Friedel- 
Crafts  reaction  of  m-  or  p-fluorobenajyl  chloride  with  substituted 
benzenes  in  carbon  disulfide  solution.  The  products  were  purified 
by  repeated  recrystallizations  from  aqueous  ethanol,  ethanol,  and 
petroleum  ether:  ^methyl-p'-fluorobcnzophenone  (mp  97.5-98°, 
lit."  mp  98-99°)  and p-methy!-/n'-fluorobenzophenone<mp  53-54°) 
were  obtained  from  toluene;  p-ethyl-/i'-fluorobenzophenone  (mp 
69.5-70")  and  p-ethyl-m'-fluorobenzophenone  [bp  13*-I41' 
(2  mm))  from  elhylbenzene;  p-butyl-;r'-fluorobenzopbeiione  (nip 
75-75.5°)  and  p-f-butyl-m'-fluorot)enzophenone  (mp  30-31°)  from 
/-butyl benzene;  p-chloro-p'-fluoro-  (mp  113-114°,  lit,'*  mp  115°) 
and  p-chloro-m'-fluorobenzophenone  (mp  79.5-80°)  from  chlcro- 
benzene;  p-bromo-p'-fluoroben2ophenone  (mp  1(J8.5-109'',  lit" 
mp  107-108°)  end  p-bromo-m'-fluorobenzophenone  (mp  87-88") 
from  bromobenzene  in  poor  yields;  p-ethoxy-p'-fluorobenzo- 
phenone  (mp  87,5-88°,  lit,"  mp  86.5-87.5°)  and  /t-ethoxy-m'- 
fluorobenzophenone  (bp  176°  (4  mm)]  from  phenyl  ethyl  eiha; 
^phenoxy-;> '-fluty  obenzophenone  (mp  101 .5-102°)  and  p-phenoxy- 
m'-fluorobenzophenone  (mp  61-62°)  from  diphenyl  ether;  ^ 
Ihiomethyl-p'-fluorobenzophenone  (mp  105-106°,  lit,"  mp  105.5- 
106.5°)  and  p-thiomelhyl-m'-fluorobenzophenone  (mp  78-79") 
from  thioanisole;  jvphenyl-p'-fluorobenzophenone  (mp  148.5^ 
149°)  and  j?-phenyl-m'-fluorobenzophenane  (mp  104-105")  from 
bi  phenyl, 

m-Melbyl-nt'*fliiorobenzoplMfiiMe.  To  a  Grignard  solution  pre- 
pared from  14  g  of  nt-fluorobromobenzene  and  2.2  g  of  magnesium, 
9  g  of  m-methylbenzonitrile  diluted  with  an  equal  amount  of  ether 
was  added  dropwise  under  cooling  in  ice-salt  bath.  The  reaction 
mixture  was  allowed  to  stand  overnight,  warmed  under  gentle 
reflux  for  1  hr  and  decomposed  with  ice  and  hydrochloric  add. 
The  aqueous  mixture  was  heated  on  a  steam  bath  for  1  hr  and  left 
overnight.  The  organic  material  was  dissolved  in  ether,  washed 
with  aqueous  sodium  hydroxide  solution,  dilute  hydrochloric  add, 
and  water,  and  dried  over  caldum  chloride.  Distillation  yielded 
12  g  of  the  ketone  [bp  130-130,5=  at  (2  mm)}. 

m-Metbyl-/i'-HiiarobenzapbenoiM  was  prepared  in  the  sune  wty. 
A  center  fraction,  137-139°  (2  mm),  was  recrystallizcd  from  petro- 
leum ether  (mp  46.5-47°). 
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'ifluoromethyl-m'-fluorobenzophenone  (mp  37-38°)  and 
joromethyl-p'-fluorobenzophenone  (mp  45-46°)  were  ob- 
by  the  reaction  of  m-trifluoromethylbenzonitrile  with  the 
ird  reagents  of  the  corresponding  fluorobromobenzenes. 
liloro-m'-fliiorobenzDplienone.  A  Grignard  solution  pre- 
from  15  g  of  m-fluorobromobenzene  in  30  ml  of  ether  was 
slowly  (1  hr)  to  a  cold  solution  of  m-chlorobenzoyl  chloride, 
1  25  ml  of  ether.  After  addition  of  the  reagent,  the  mixture 
owed  to  stand  overnight  at  room  temperature.  The  mixture 
Huxed  for  0.5  hr  and  decomposed  with  ice  and  hydrochloric 
id  the  aqueous  mixture  heated  on  a  steam  bath  for  1  hr. 
rganic  layer  was  taken  up  with  ether  and  washed  with 
aqueous  sodium  hydroxide,  and  water.  After  drying  over 
1  chloride,  the  ether  was  removed,  and  the  resulting  product 
solved  in  alcohol  and  precipitated  by  adding  water.  Three 
allizations  from  light  petroleum  gave  11  g  of  the  ketone 
.5-62°). 

same  procedure  was  applied  for  the  preparations  of  m,m'- 
obenzophenone  (mp  58.5-59°,  recrystallization  from  petro- 
ether),  m-bromo-m'-fluorobenzophenone  from  m-bromo- 
l  chloride  (67-67.5°,  recrystallization  from  aqueous  ethanol, 
1-petroleum  ether  mixture),  and  />-trifluoromethyl-m-fluoro- 
»henone  from  />-trifluoromethylbenzoyl  chloride  (mp  56° 
queous  ethanol  and  petroleum  ether), 
pies  of  the  ketones  which  were  used  to  prepare  the  Lewis 
Iducts  were  sublimed  and  stored  in  a  desiccator, 
s.  Commercial  samples  of  BFa,  BCI3,  and  BBn  were  purified 
>-to-trap  distillation  on  the  vacuum  line.  Appropriate  baths 
sed  in  the  traps  until  a  fraction  was  obtained  with  the  follow- 
xx"  pressure:  BFi,  290  mm  (-112°);  BQi,  470  mm  (0°); 
>4  mm  (20°).  AlCKCHs)^  and  Aia^CtH^  were  purchased 
Texas  Alkyls  Inc.  and  were  distilled  before  use.  Purified 
s  of  of  AlCls  and  Bla  were  kindly  supplied  by  Mr.  J.  W. 

• 

<anitioo  of  Nmr  Samples.  All  solutions  were  prepared  on  a 
n  line  at  10~*  mm  in  the  general  manner  indicated  earlier.* 
1  pictures  the  vacuum  line  scheme.  The  essentially  nonvola- 
izophenones  were  weighed  into  a  small  capillary  tube  which 
aced  in  the  nmr  tube  and  evacuated  to  ^10~*  mm.  The 
IF  J,  BQi,  or  BBri),  the  nmr  reference  (TCTFCB),»«  and  the 
(CHsQs)  were  measured  quantitatively  as  vapors  from  cali- 
constant  volume  manometers.  Transfer  from  the  manom- 
is  made  through  appropriate  Hg  float  valves  in  to  the  U  trap 
bsequently  into  the  nmr  tube  by  means  of  a  liquid  Nj  bath, 
ightly  volatile  acids  [BI3,  AlOs,  AlCl(CsH6)2,  and  AlClr 
I  were  protected  from  contact  with  air  and  moisture  by  the 
magnetic  breaker  seals.  The  breakers  were  filled  with  the 
imate  amount  of  acid  required  in  a  separate  operation  and 
in  a  tube  and  attached  to  the  line.  After  evacuation,  the 
IS  broken  and  the  acid  transferred  from  the  breaker  seal  to 
trap  and  finally  into  the  nmr  tube  with  the  benzophenone. 
dght  of  acid  was  determined  by  weighing  the  breaker  seal 
and  after  the  sample  preparation.  Solvent  and  nmr  refer- 
ere  transferred  subsequently  as  described  above.  In  every 
e  prepared  nmr  tube  was  sealed  off  under  vacuum  and  stored 
id  Nt  until  its  spectra  were  obtained  at  25  db  1°.  In  each 
e  solution  displayed  a  single  p-fiuorophenyl  signal, 
procedure  used  in  preparing  the  samples  of  uncomplexed 
and  the  HsSOi  solutions"  is  that  described  earlier.  The 
Lire  followed  in  obtaining  the  shielding  parameters  also  has 
•eviously  described.** 

\s 

Table  I  are  listed  the  shielding  parameters  (relative 

J»p.X« 
,    for    a  series   of 
H 

acid  adducts  of /?-fluorobenzophenone  in  methyl- 
iloride  solution  at  25°.  The  shielding  parameters 
been  obtained  from  at  least  three  separate  ex- 
ents  with  stoichiometric  acid  to  base  ratio  {a/b) 
o  5.  The  limiting  shifts  from  these  experiments 
•recise  to  =fc0.08  ppm.  For  the  uncomplexed 
e  the  precision  is  ±0.03  ppm.    The  BFa  and  AlCI- 

R.  W.  Taft.  E.  Price,  I.  R.  Fox,  I.  C.  Lewis,  K.  K.  Andersen,  and 

)avis,  J.  Am.  Chem.  Soc,,  85,  709  (1963). 

I.  R.  Fox,  P.  L.  Levins,  and  R.  W.  Taft,  Tetrahedron  Letters,  7, 

61). 


Table  L    Fluorine  Nmr  Shielding  Parameters  for  Lewis  Acid 
Adducts  of  />-Fluorobenzophenone 


Acid 


H       ' 


ppm 


Acid 


H       • 


ppm 


None  (uncomplexed)  6 .  69 

Aia(C,H»),  17.20 

BF.  17.62 

BO,  21.20 


AICMQH.) 
AlCl, 
BBr, 
BI, 


21.77 
22.40 
22.85 
23.62 


(CsH5)s  results  are  about  0.3  ppm  upfield  from  the 
limiting  value  at  a/b  —  I,  presumably  because  of  a 
small  amount  of  dissociation.  For  these,  the  limiting 
shift  was  obtained  at  a/b  =  3-5.  A  titration  curve  for 
BFi  (a/b  =  0.17-5.3)  gave  results  similar  to  those  re- 
ported with  p-fluorobenzonitrile.^  Analysis  by  the 
Ehrenson  computer  program'^  gave  the  limiting  shift 
indicated  and  a  dissociation  equilibrium  constant  (in 
M  units)  Kjy  =  0.004  ±  0.002. 

Table  II  lists  the  3'-  and  4 '-polar  substituent  shield- 
ing effects  for  the  ^p-fluorobenzophenone  and  its  BFs, 
BCI3,  BBrs,  and  HsS04  adducts.  All  except  the  latter 
were  obtained  in  methylene  chloride  solution  at  25^. 
The  latter  are  from  measurements  in  99.8%  H1SO4. 
The  symbol  AS  represents  the  shielding  relative  to  the 
unsubstituted  /?-fluorobenzophenone  derivative.  For 
the  methylene  chloride  solutions,  the  shielding  param- 
eter relative  to  internal  fluorobenzene  may  be  obtained, 

ap-X  /•p-X*  /•x 

=    1         +  A  I  j 

the  results  of  Tables  I  and  II. 

The  shielding  parameters  for  the  BFs  adducts  given 
in  Table  II  were  obtained  utilizing  the  Ehrenson  com- 
puter program  to  analyze  for  each  ketone  the  results  of 
five  to  seven  experiments  with  a/b  «  0.3  to  8.0.  For 
the  p'-CFt  substituent,  for  example,  this  analysis  gave 
AS  =  -3.60  ppm  and  Kjy  =  0.018  ±  0.008.  This  may 
be  compared  with  AS  =  —3.52  ppm  observed  in  an  ex- 
periment with  a/b  =  7.71.  The  values  for  K^  obtained 
for  the  other  BF,  adducts  of  Table  II  were  within  the 
range  0.002-0.02. 

The  shielding  parameters  for  the  BCU  and  BBrs 
adducts  given  in  Table  II  are  the  limiting  shifts  obtained 
from  two  or  three  experiments  with  a/b  =  3-7.  The 
precision  is  approximately  ±0.08  ppm  for  each.  The 
precision  of  the  H2SO4  results  is  comparable. 

Table  III  lists  the  shielding  effects  of  conjugating 
p'  substituents  for  /7-fluorobenzophenone  and  its  BFs, 
BCI3,  BBri,  and  H2SO4  adducts  under  the  same  condi- 
tions as  for  the  corresponding  results  in  Table  II.  The 
shielding  parameters  for  the  BF3,  BCU,  and  BBri 
adducts  were  obtained  as  the  limiting  shifts  for  two  or 
three  experiments  with  a/b  =  1  to  4.  The  precision  is 
db0.08  ppm. 

Table  IV  lists  the  shielding  effects  of  m'  and  p' 
substituents  for  m-fluorobenzophenone  in  benzene  and 
H2SO4  solutions.  For  comparison  the  corresponding 
/7-fluorobenzophenone  shielding  effects  are  also  shown. 
It  is  apparent  from  Table  IV  that  p-F  shielding  effects 
in  the  uncomplexed  ketone  are  uniformly  about  three- 
fold greater  than  for  corresponding  m-F  shielding 
effects.    A  substantial  number  of  similar  results  were 


(18)  Cf.  R.  W.  Taft,  G.  B.  Klingensmith,  and  S.  Ehrenson.  /.  Am. 
Chem,  Soc„  87,  3620  (1965). 
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Table  n.    Polar  Effects  of  3 '  and  4 '  Substltuents  on  Fluorine  Nmr  Shielding  (ppm)  in  />-Fluorobenzophenone  and  Its 
BFt,  BCU,  BBrt,  and  H^SOi  Adducts 


Uncomplexed 

^  BFi  adduct  — 

^BCli  adduct-- 

^BBriadduct-> 

^HjSOi  adduct-- 

ketone 

Subst 

<r« 

/•ezptl 

'J 

^r^r 

/•o            /*ezptl 

^r 

/•exptl 

'J 

^r 

/•ezptl 

^r 

m'-CH, 

-0.07 

+0.15 

+0.17 

+0.57 

+0.45 

+0.53 

+0.54 

•    •    • 

+0.54 

+0.53 

+0.49 

H 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

(0.00) 

m'-F 

0.34 

-0.75 

-0.82 

-1.96 

-2.18 

-2.44 

-2.62 

-2.25 

-2.81 

-2.25 

-2.39 

m'-Cl 

0.37 

-0.88 

-0.89 

•  •  • 

-2.37 

-2.66 

-2.85 

•  •  • 

-3.07 

-2.62 

-2.59 

m'-Br 

0.36 

-0.89 

-0.86 

-2.15 

-2.30 

-2.80 

-2.77 

-2.58 

-2.98 

-2.70 

-2.52 

m'-CFi 

0.48 

-1.17 

-1.17 

•  •  • 

-3.07 

-3.70 

-3.70 

-3.67 

-3.97 

-3.20 

-3.36 

p^'CFt 

0.54 

-1.32 

-1.31 

-3.60 

-3.46 

-4.25 

-4.16 

-4.20 

-4.47 

-3.80 

-3.78 

m'-NOt 

0.70 

-1.79 

-1.72 

'(•  • 

-4.48 

-5.33 

-5.40 

-5.61 

-5.79 

-5.65 

(+0.81)* 

0.82 
1 

-2.01 

-1.99 

•  •  • 

-5.25 

•  •  • 

-6.31 

•  •  • 

-6.80 

-6.78 

(+0.97)» 

'-£/ 

12.15 

-2.43 

-6.40 

-7.71 

-8.27 

(-7.00)» 

rlcd  /V>-Xo 


«AI  »(r^j^»|        (1+  a^/US);  cf,  eq  9  and  Discussion.   *  Calculated  values  of  a^  in  H1SO4.    It  is  noteworthy  that  these  values 

meet  the  usual  relationship,*  (<r®(m)  —  <n)K(r^(p)  —  cri)  ^  0. 5.    «  Observed  value  of?. 


Table  m.    Effects  of  Conjugating  p'  Substituents  on  the  Fluorine  Nmr  Shielding  of 
p-Fluorobenzophenone  and  Its  BFs,  BCls,  BBrs,  and  H^SOi  Adducts' 


Uncomplexed 

BFi  adduct 

BQi  adduct 

BBri  adduct 

H,S04  

ketone 

adduct 

Subst 

(r+ 

/•ezptl 

»+ 

/•exptl 

»+ 

/•exptl 

»+ 

/•exptl 

9+ 

/•exptl 

+<r 

p'-N(CH,), 

-1.7 

+2.19 

-0.90 

•    •    • 

•  •  • 

•    •    • 

■  •  • 

■    •    • 

•  •  • 

•    •    • 

•  •  • 

p'-OCH, 

-0.78 

+0.91 

-0.38 

+4.38 

-0.68 

+5.05 

-0.66 

+5.41 

-0.65 

+6.10 

-0.87 

p'-OQH, 

•  •  • 

+1.01 

-0.42 

•  •  • 

•  •  • 

•  •  • 

■  •  • 

•  •  • 

•  •  • 

+7.00 

-1.00 

p'-OCJi. 

-0.5 

+0.45 

-0.19 

+3.26 

-0.51 

+3.66 

-0.48 

•  •  • 

•  •  • 

+3.30 

-0.49 

p'-CH, 

-0.31 

+0.45 

-0.19 

+1.79 

-0.28 

+1.88 

-0.24 

+2.21 

-0.27 

+2.38 

-0.34 

p'-QH, 

-0.29 

+0.44 

-0.18 

+1.89 

-0.30 

+1.90 

-0.25 

•  •  • 

•  •  • 

+2.38 

-0.34 

p'-z-CiH. 

-0.26 

+0.41 

-0.17 

+1.70 

-0.27 

+1.85 

-0.24 

+2.04 

-0.25 

+2.05 

-0.29 

p'-SCH, 

-0.65 

+0.34 

-0.14 

a     •    • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

+5.75 

-0.82 

p'-CJi, 

-0.22 

+0.02 

-0.01 

+1.12 

-0.18 

+1.25 

-0.16 

+1.48 

-0.18 

-0.30 

+0.04 

p'.F 

-0.07 

-0.19 

+0.08 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

+0.83 

-0.12 

p-d 

+0.11 

-0.52 

+0.21 

-0.54 

+0.08 

-1.05 

+0.14 

-0.85 

+0.10 

-0.45 

+0.07 

f'^yp; 


P  value  is  given  in  Table  II.    Values  in  ppm. 


Table  IV.    Comparison  of  Shielding  Effects  of  3 '  and  4 ' 
Substituents  in  m-Fluorobenzophenones  and 
p-Fluorobenzophenones  in  Benzene  and  Sulfuric  Acid  Solutions 


Subst 


'/ 


C«H<soln,ppm 
m-F  /•p-F 

A 


/p-F  /• 


HsSOi  soln,  ppm^ 

m-F  /•p-F 

A  I  A 


r 


p'-OCH, 

p'-CH, 

p'-SCH, 

fit  -CH, 

H 

p'-Cl 

m'-a 

m'-Br 

m'-CF, 

P'-CF, 


+0.18 
+0.08 
+0.06 
(0.00)« 
-0.21 
-0.36 
-0.39 

•  •  • 

-0.42 


+0.86 
+0.42 
+0.26 
+0.10 
(0.00)* 
-0.56 
-0.90 
-0.90 

•  •  • 

-1.36 


+0.70 
+0.23 
+0.70 
+0.16 
(0.00) 
0.00 
-0.63 
-0.55 
-0.70 
-0.70 


+6.10 
+2.38 
+5.75 
+0.53 
(0.00) 
-0.50 
-2.62 
-2.70 
-3.20 
-3.80 


»ii»-CcH«CO  /•p-CHtCO 

•    ■  -  -0.99  ppm.    *  I  « -6. 13  ppm. 

H  Jh 


obtained  previously.  *•  In  the  proton  adducts  in 
HsS04  it  is  also  apparent  that  this  factor  increases  to 
about  5.5  for  polar  substituent  effects.    For  conjugat- 

(19)  R.  W.  Taft,  E.  Price.  I.  R.  Fox,  I.  C.  Uwis,  K.  K.  Andersen,  and 
O.  T.  Davii,  /.  Am,  Chem.  Soc„  85,  3146  (1963). 


ing  p'  substituents  the  factor  increases  further  to 
approximately  ninefold  (cf.  following  discussion,  in 
particular  concerning  eq  5). 

Discussion 

Theoretical  treatments  of  substituent  effects  on 
fluorine  shielding  in  meta-  and  /^ora-substituted  fluoro- 
benzene  have  given  the  relationship**^ 

p-X 

=  CiA^p  +  CaA/^c-F  +  C^I  (1) 

H 

where    {        is  the  shielding  parameter  for  the  para- 

H 

substituted  fluorobenzene  relative  to  internal  fluoro- 
benzene,  A^p  is  the  change  (relative  to  CeHsF)  in  x- 
electron  charge  density  at  the  fluorine  atom,  A^c-p  i^ 
the  change  in  the  C-F  7r-bond  order,  A/  is  the  change  in 
ionic  character  of  the  C-F  <r  bond  which  is  induced  by 
the  polar  substituent,  and  Ci,  C2,  and  C3  are  constants. 
By  using  the  shielding  of  the  para-substituted  fluoro- 


Jh 


benzene  relative  to  that  of  its  meta  isomer 


Jm-X 


(20)  (a)  M.  Karplus  and  T.  P.  Das,  J.  Chem.  Phys.,  34»  1683  (1961); 
(b)  F.  Protser  and  L.  Goodman,  ibid.,  38,  374  (1963). 
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term  very  generally  vanishes  for  most  practical 
;es.  Further,  HMO  theory  anticipates  linear 
nships  between  corresponding  values  of  ^p, 
,  and  A^c-F)  where  the  latter  is  the  change  (rela- 
CeHsF)  in  T-electron  density  at  the  carbon  atom 
:h  the  fluorine  is  bonded,'  i.e. 


J.p-X 
=    C4A^C-F 
m-X 


(2) 


mstant  Ca  is  estimated  from  experimental  results 
J20  ppm/e.  i» 

>imple  model  HMO  calculations  for  ^p-fluoro- 
fl  derivatives,  p-FC%HaCOX,  where  X  is  a  car- 
cc  atom  of  Coulomb  integral  —0.5  to  +2.0  j8 
e  to  benzene  carbon,  the  substituent  effect  of  X 
nd  to  produce  uniformly  a  sevenfold  greater 
i  in  the  ^-charge  density  at  the  carbonyl  carbon 
that  at  the  para  carbon  atom.'  This  result 
ts  quite  generally  for  /^fluorobenzoyl  derivatives 


A^c-F  =  Cfi^c-o  +  Ce 


(3) 


^c-o  is  the  T-charge  density  at  the  carbonyl 

1  and  Cs  and  Ce  are  constants.    Combination 

2  and  3  indicates  that  the  /?-fluorophenyl  label 
z  used  to  study  the  7r-electron  density  changes  at 
"bonyl  carbon,  i.e. 


J*p-X 
m-X 


C7A9 


c-o 


(4) 


Ci  =  40  ppm/e.  Equation  4  may  be  simplified 
e  present  experimental  investigation.  It  has 
liown"  experimentally  that  for  restricted  families 
ilar  substituents,  such  as  the  ketone  series  I  or 
ewis  acid  adducts  (cf.  Table  IV  and  comments), 
lowing  relationships  hold. 


H  Jh 

=  [(C,  -  l)/Cg]A  I 

m-X  Jl 


(5) 


P-X 

H 


Cs  is  a  constant.    Combining  eq  4  and  5  gives 


J»p-X 
=  CjA^c-o 
H 


(6) 


J  •P-X 
refers  to  the  shielding  of  a  /^'-substi- 
H 

c^fluorobenzophenone  (or  acid  adduct)  relative 
unsubstituted  p-fluorobenzophenone  (or  adduct), 

is  the  corresponding  change  in  the  ir-charge 
'  at  the  carbonyl  carbon,  and  C9  l^^CsCiKCs  — 

constant. 

iterpretation  of  the  meta-  and  /?ara-substituent 
on  rates  and  equilibria  for  side-chain  derivatives 
Ecne  which  are  described  by  the  ap  relationship, 
€tt^  supposed  that  the  quantity  —a  measures 
mge  in  charge  density  produced  by  the  substituent 
side-chain  reaction  center,  i.e.,  for  example,  for 
I  ketones  ^co  **  (""<^)-  By  the  application  of 
0  F  nmr  shielding  in  series  I  ketones  and  their 
acid  adducts,  it  follows  that  the  Hammett  hy- 
is  is  satisfied  by  the  relationship 


J»p-X 
H        "    " 


per 


2395 
(7) 


where  p  is  used  to  distinguish  the  shielding  series 
constant  for  a  given  series  of  ketone  derivatives  from 
the  usual  reactivity  series  constant,  p. 

J»p-X 
values  from  Tables 
H 

III  and  IV  for  m'-  and  /? '-substituted  /7-fluorobenzo- 
phenones  and  their  BCU  adducts  vs.  c^  values.^  In 
general,  a  linear  trend  is  clearly  discernible.  Linear 
relationships  of  excellent  precision,  however,  encom- 
pass only  the  m'  and  nonconjugating  p'  substituents. 
The  crossed-circle  points  for  p'  substituents  represent 
significant  deviations  from  eq  7  according  to  the 
criterion  of  Taft  and  Lewis.'  The  results  in  Figure  2 
have  the  same  characteristics,  for  example,  as  a  plot  of 
Brown's  a+  values*^  vs.  a^.  We  conclude  that  Ham- 
mett's  hypothesis  is  confirmed  for  the  polar  effects  of 
m'  and  p'  substituents. 

The  additional  effects  of  direct  conjugation  between 
-R  p'  substituents  and  the  carbonyl  group  lead  to 
deviations  from  eq  7  as  might  be  expected  by  Brown's 
a"*"  treatment.  *  *  The  latter  parameters,  however,  do  not 
generally  suffice  quantitatively  to  describe  the  observed 
combination  of  polar  and  conjugative  effects.  This 
result  is  seen   by  comparison   of  corresponding   a"*" 


values   and  the  "effective"  <r*" 


h;» 


values 


which  are  listed  in  Table  III  for  conjugating  p'  sub- 
stituents. For  p'-OCHt  and  p'-SCHj,  the  ^^  values 
for  uncomplexed  ketone  and  for  the  BFs,  BCI3,  and 
BBrs  adducts  are  significantly  less  negative  than  Brown's 
a"*"  values.  In  H2SO4,  however,  the  9^  for  these  two 
substituents  are  significantly  more  negative  than  Brown's 
a"*"  values.  For  all  of  the  p'  substituents  of  Table  III 
the  d^  value  of  the  uncomplexed  ketone  is  substantially 
less  than  Brown's  a"*"  value.  On  the  other  hand. 
Brown's  a"*"  values  for  p-OCeHj,  /7-CH3,  p-CjHs,  p-t- 
C4H9,  and  p-Cl  apply  quite  satisfactorily  for  all  of  the 
Lewis  acid  adducts  of  Table  III. 

In  nine's  r  relationship^  the  reaction  constant,  p, 
for  polar  reactivity  effects  of  meta  and  para  substituents 
is  directly  related  to  the  change  in  the  cr  value  of 
the  side-chain  reaction  center.  Thus  the  Hammett 
and  the  Hine  hypotheses  suggest  that  the  7r-charge 
density  of  the  carbonyl  carbon  of  the  unsubstituted 
ketone  derivative  determines  the  susceptibility  of  this 
center  to  changes  in  charge  density  produced  by  sub- 
stituent polar  effects.  This  condition  and  eq  2,  3,  and 
S  lead  to  the  relationship 


-  CI' 


(8) 


J»p-X 
is   the   shielding   of  the   unsubstituted 
H 

/?-fluorobenzophenone  derivative   relative  to  internal 
fluorobenzenes  (Table  I)  and  /:  is  a  constant  for  a  series 
of  carbonyl  derivatives. 
Equation  8  is  confirmed  by  the  excellent  agreement 

/•expti  /•calcd 

between  A  I         and  A  I  values  given  in  Table  II 


/ 


/ 


(21)  H.  C.  Brown  and  Y.  Okamoto,  /.  Am.  Chem.  Soc.,  79,  1913 
(1957);  80,4979(1958). 
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for  the  uncomplexed  ketones  and  their  BF3,  BCU,  and 

/caled 
is  obtained  as 

(— <r"),  I.e.,  k  =  2.75.  The  generality  and  pre- 
cision of  eq  8  (which  is  illustrated  in  Table  II)  indicates 
that  this  relationship  may  be  used  reliably  to  predict 

/•P-X 

I         values  for  the  other  Lewis   acid   adducts   of 
Jh 
Table  I  with  additional  well-behaved  polar  substituents 

of  known  a^  value.    For  these,  the  shielding  of  m'- 

and  /? '-substituted  /?-fluorobenzophenone   derivatives 

relative  to  fluorobenzene  is  given  by 

•/H(caled)  JH(ob0d)  Jh       \  2./D/ 

The  corresponding  relationship  for  7r-charge  density 
given  by  eq  4  is 


^co  =  ^cdl   +  (^/2.75)] 


(10) 


where  ^co  is  the  carbonyl  carbon  7r-charge  density  in 
unsubstituted  p-fluorobenzophenone. 

Using  the  relationships  established  previously  be- 
tween (T  values  and  F  nmr  substituent  shielding 
effects  in  meta-  and  para-substituted  fluorobenzenes, 
the  present  results  may  be  used  to  calculate  the  a 
values  for  the  COCeHj,  CO(BFz}C^lis,  and  CCKBCls)- 
CeHft  substituents.  »••»» 


Jh 


^(p)     =     <^I    +    <^R 

(11) 

/•P-X 

I         =    -29.5crR 

Jm-X 

(12) 

m-X 

=  -T.lffi  +  0.6 


(13) 


►ii»-X 


/ 


H 


In  methylene  chloride  solutions,  the  additional  shield- 
ing parameters  have  been  obtained  for  m-fluorobenzo- 

phenone   (  | 

►m-X  \ 

=     —2.88    ppmj, 
I  =    —  3.81  ppmj.     These  shieldings  and  the 


=    -0.81    ppmj,   its   BFs   adduct 
and    its     BCls    adduct 


H 
tn-X 


corresponding  p-fluorobenzophenone  results  (Table  I) 
yield  the  a  values  listed  in  Table  V.  It  is  further 
illustrated  by  the  p/6,3  values  given  in  Table  V  that  the 
p  values  of  Table  II  are  essentially  directly  proportional 
to  the  a(p)  values  as  required  by  the  discussion  above. 


Table  V.    a  Values  from  F  Nmr  Shielding  Results 


Substituent 


<yi  (TR         <T{p)       pI6,3     Aa(») 


O 


-C 


/ 


\ 


+0.20      +0.20      0.40      0.39       ... 


-C 


/ 


CtHs 
0-BF« 


\ 


+0.49      +0.50      0.99      1.02      0.59 


-C 


/ 


O-BQ, 


\ 


+0.62      +0.59      1.21      1.22      0.81 


CJii 


/P-X 
values 

for  uncomplexed  and  complexed  ketones  (Tables  II  and 
III)  that  the  change  in  a  value  or  charge  density  for  the 
carbonyl  functional  group  on  formation  of  a  Lewis 
acid  adduct  is  not  independent  of  the  3'  or  4'  substit- 
uent. However,  by  consideration  of  eq  10:  for  the 
carbonyl  carbon  of  the  uncomplexed  ketone,  q(^  = 
^(a)[(l  +  ^/2.75)];  for  the  carbonyl  carbon  of  the 
complex,  ^(c)  =  ^(c)[l  +  (<r"/2.75)].  Therefore,  for 
formation  of  the  complex,  Aq  =  ^(c)  —  ^(u)  =  ^^(1  + 
(a^/2.75)].  Thus,  for  the  substituent  effect  on  forma- 
tion of  the  complex,  Aq  —  Aqo  =  A^o(a^/2.75)  « 
(Aaf»)<7®x,  where  Aaf«  =  the  change  in  a^p)  value  for  the 
unsubstituted  functional  group  (cf.  Table  V)  and  a*x 
is  the  a  value  for  the  3'-  or  4 '-polar  substituent.  Fur- 
ther consideration  of  matters  relevant  to  complex 
formation  is  given  in  the  following  companion  paper. 
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Evaluation  of  Ground-State  Electronic  Energy  from  Fluorine 
Nuclear  Magnetic  Resonance  Shielding.    I.    Prediction  of 
Enthalpies  of  Reaction  for  Formation  of  Lewis  Acid 
Adducts  of  Benzophenones^ 

C.  S.  Giam  and  R.  W.  Taft 

Contribution  from  the  Department  of  Chemistry,  University  of  California, 
Irvine,  California    92640.    Received  December  3,  1966 


Abstract:  The  previously  proposed  linear  fluorine  nuclear  magnetic  resonance  shielding  electronic  energy  (SEE) 
relationship  for  p-fluorophenyl  derivatives  is  shown  to  provide  satisfactory  prediction  of  the  standard  enthalpy  of 
reactions  of  m'-  and  ^'-substituted  p-fluorobenzophenones  with  the  Lewis  acids  BCU  and  BBrj.  This  result  indi- 
cates that  p-fluoropYitnyl  shielding  in  appropriate  systems  provides  to  useful  approximation  the  evaluation  of  the 
ground-state  electronic  energy  change  needed  for  a  priori  prediction  of  rather  complex  organic  equilibria  from 
spectroscopic  data.  Using  Arnett*s  calorimetric  procedure,  standard  enthalpies  of  reaction  have  been  measured  for 
the  formation  of  a  substantial  series  of  the  Lewis  acid  adducts  in  methylene  chloride.  The  observed  values,  rang- 
ing from  —11.5  to  —20.6  kcal/mole,  are  in  good  agreement  with  the  predicted  values.  The  linear  SEE  relation- 
ship has  been  used  to  obtain  a  novel  analysis  of  the  contributions  of  substituent  perturbations  in  reactant  and 
product  states  to  the  observed  thermodynamic  substituent  effects. 


a  previous  paper,  ^  it  was  proposed  that  substituent 
effects  on  fluorine  nuclear  magnetic  resonance 
imr)  shielding  in  related  /^-fluorophenyl  derivatives 
linear  with  the  substituent  eflect  on  the  correspond- 
standard  electronic  energy  change.  This  relation- 
has  a  theoretical  basis  in  linear  relationships  be- 
:n  conjugative  substituent  effects  on:  (a)  p-fluoro- 
lyl  nmr  shielding,  (b)  the  LCAO-MO  theory 
large  density  at  the  para  carbon  atom  (bonded  to 
[c)  the  molecular  ionization  potential.^ 
he  proposed  linear  shielding  electronic  energy  (SEE) 
tionship  has  been  confirmed  experimentally  for  the 
large  substituent  effects  involved  in  the  oxidation 
exarylethanes  to  4,4''-disubstituted/?-fluorotriphen- 
ethyl  (/?-fluorotrityl)  cations^  and  in  their  reduction 
\''  and  4 '-substituted  p-fluorotrityl  anions.'  The 
stituent  effects  on  the  standard  free  energy  change  of 
e  processes  are  taken  to  be  close  estimates  of  the 
esponding  electronic  energy  effects.^'  The  mean 
le  of  the  energy-shielding  coefficient  obtained  from 
e  two  reaction  series  is  1.0  kcal/mole  ppm,'*  in 
)rd  with  the  order  of  magnitude  value  anticipated 
he  theory.* 

he  formation  of  complexes  with  strong  Lewis  acids, 
,  BCI3,  is  a  reaction  which  has  been  investigated  in 
lil.*  The  standard  enthalpy  of  adduct  formation 
arently  may  be  taken  as  a  satisfactory  estimator  of 
standard  electronic  energy  change.^  In  reaction  1, 
formation  of  BClj  and  BBrj  adducts  of  3'-  and  4'- 
Uituted  /?-fluorobenzophenones  (series  I  ketones) 
rs  a  close  analogy  to  the  formation  of  the  above 
stituted  />-fluorotrityl  cations. 


This  work  was  supported  in  part  by  the  National  Science  Founda- 

A  preliminary  presentation  of  this  work  was  made  in  Abstracts 

e  49th  Canadian  Chemical  Conference,  Saskatoon,  June  7,  1966, 

R.  W.  Taft  and  L.  D.  McKeever,  /.  Am.  Chem.  Soc.,  87,  2489 

5). 

I  L.  D.  McKeever  and  R.  W.  Taft,  ibid.,  88,  4544  (1966). 

)  F.  G.  A.  Stone,  Chem.  Rec,  58,  101  (1958);   H.  C.  Brown,  D. 

if  cDaniel  and  O.  Hafliger  in  "Determination  of  Organic  Structure 

hysical  Methods,**  E.  A.  Braude  and  F.  C.  Nachod,  Ed.,  Academic 

I  Inc.  New  York,  N.  Y.,  1936,  p  567. 


-H     BX3 


I 


'BX. 


(1) 


In  the  companion  paper^  the  shielding  parameters  for 
series  I  ketones  and  their  Lewis  acid  adduct  in  methyl- 
ene chloride  solution  (relative  to  internal  fluoroben- 
zene)  are  reported.  In  this  paper  we  report  the  de- 
termination of  the  standard  enthalpies  of  adduct 
formation  of  series  I  ketones  in  methylene  chloride 
solution  using  the  calorimetric  procedure  recently 
described  by  Arnett.®  The  predicted  values  of  the 
enthalpies  of  complex  formation  obtained  from  the 
linear  SEE  relationship  are  found  to  be  in  quite  satis- 
factory agreement  with  the  experimental  values.  A 
novel  analysis  of  the  origin  of  the  substituent  eflects  on 
the  standard  enthalpies  of  reaction  1  has  been  obtained 
from  the  shielding  parameters  for  series  I  ketones  and 
their  Lewis  acid  adducts  through  the  use  of  linear  SEE 
relationship. 

Experimental  Section 

Materials.    Cf.  ref  5. 

Procedure.  The  calorimeter  used  was  essentially  that  described 
by  Amett,  et  al.,*  and  was  purchased  from  the  Guild  Corp.,  Bethel 
F^k,  Pa.  A  Leeds  and  Northrup  Model  8687  potentiometer  and  a 
Model  153  Honeywell  1-mv  recorder  were  utilized. 

The  calorimeter  consisted  of  a  30(>-ml  dewar  flask  (4.5  in.  deep 
and  2.5  in.  i.d.).  It  was  fltted  tightly  with  a  Teflon  stopper  which 
held  in  place  in  the  dewar  a  5000ohm  thermistor  and  a  100-ohm 
electric  heating  coil.  Additional  holes  in  the  stopper  were  used  to 
accommodate  syringe  ports  and  a  sealed-glass  tubing  stirrer  with  a 
Teflon  blade.  The  stirrer  was  driven  by  a  constant  speed  motor. 
Plastic  insulating  tape  was  wrapped  around  the  seal  between  the 
Teflon  stopper  and  the  dewar  to  reduce  any  heat  leakage. 


(5)  R.  G.  Pews,  Y.  Tsuno,  and  R.  W.  Taft,  /.  Am.  Chem.  Soc.,  89, 
2391  (1967). 

(6)  E.  M.  Arnett,  W.  G.  Bentrude,  J.  J.  Burke,  and  P.  McDuggleby, 
ibid.,  87,  1541  (1965). 
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Methylene  chloride  (210  ml,  dried  by  distilling  from  CaHi)  was 
placed  in  the  dewar.  In  order  to  minimize  hydrolysis  of  BQ|  or 
BBr«,  the  dewar  was  first  flushed  with  dry  nitrogen  followed  by  the 
boron  halide  and  then  dry  nitrogen.  A  known  volume  of  BQt 
was  measured  with  a  gas  buret  and  introduced  in  the  gas  washing 
bottle  containing  the  dry  methylene  chloride.  The  resulting  solu- 
tion was  then  transferred  under  Ni  to  the  dewar.  Two  or  more 
syringes  containing  the  samples  for  heat  measurements  were  firmly 
wedged  in  the  holes  in  the  Teflon  stopper  so  that  the  injection  ends 
of  the  syringes  were  just  below  the  liquid  in  the  dewar. 

When  equilibrium  conditions  were  established  (25  db  1  °),  heating 
curves  were  taken.  Typically,  using  a  heating  period  of  15  sec 
with  the  heater  current  at  0.1  amp,  ^^l-mv,  deflection  on  the  re- 
corder was  obtained.  When  two  or  more  successive  heating  curves 
did  not  vary  more  than  2-3%,  samples  were  introduced  for  deter- 
mination of  heats  of  solution  or  of  reaction.  Following  sample 
injection,  heating  curves  were  again  repeated  which  usually  did  not 
vary  more  than  5%  from  the  initial  results. 

Reaction  heats  were  determined  by  successive  injections  of  base 
into  methylene  chloride  solutions  containing  on  the  order  of  \Q0- 
fold  excess  of  the  acid.  The  initial  acid  concentration  was  0.1-0.3 
Af .  The  base  was  injected  either  as  pure  liquid  or  solid  or  a  methyl- 
ene chloride  solution.  In  the  former  cases,  the  reaction  heats  were 
obtained  by  correcting  for  the  heat  of  solution  of  the  base  in  methyl- 
ene chloride  as  measured  in  separate  experiments.  Liquid  samples 
were  injected  by  hypodermic-type  syringes.  Solid  samples  were 
placed  in  polypropylene  syringes.  The  injection  ends  of  these 
syringes  were  sliced  off  and  replaced  by  Teflon  plugs  in  order  to 
obtain  a  wide  opening  through  which  the  solid  could  be  forced. 
In  injection  of  solutions,  typically  0.2-1.0  ml  of  a  0.1-0.3  M  stock 
solution  of  base  in  methylene  chloride  was  used.  The  reaction  heat 
obtained  in  this  manner  was  corrected,  if  necessary,  for  the  small 
heat  of  dilution  of  the  acid  solution.  After  the  flrst  or  second 
injection  of  base  into  the  acid  solution,  it  was  found  that  heats  of 
acceptable  precision  and  reproducibility  were  obtained  (c/.  Table  I). 
The  result  of  the  first  or  second  injection  was  generally  erratic  and 
was  not  considered  in  obtaining  the  mean  value.  The  AH°t(txpt\) 
values  of  Table  I  as  the  mean  of  a  least  two  (generally  3-5)  accept- 
able values. 


Results 

In  Table  I  are  listed  the  standard  enthalpies  (and 
their  precision  measures)  of  complex  formation, 
AH^t9  obtained  for  series  I  ketones  with  BCU  and  BBrg 


Table  I.    Experimental  and  Predicted  Values  of  the  Standard 
Enthalpy  of  Formation  (Reaction  1)  of  BCU  and  BBr«  Adducts  or 
m'-  and  p '-Substituted  p-Fluorobenzophenones  in  Methylene 
Chloride  Solution  at  25'' 


— A/f"f(exptl), 

-A^»f(e.|«i),« 

kcal 

-  A,  ppm 

kcal 

BCl,  Adducts 

p-OCHt 

19.0db0.1 

10.40 

19.3 

p-OC»H6 

18.4±0.1 

11.30 

18.4 

p-t-CiHi 

16.7±0.2 

13.07 

16.6 

H 

15.1db0.2 

14.51 

15.2 

p-a 

14.5db0.2 

15.04 

14.7 

m-F 

13.6db0.2 

16.20 

13.5 

m-Br 

13.5db0.1 

16.42 

13.3 

m-CFj 

12.6db0.2 

17.04 

12.7 

P-CF, 

12.3db0.2 

17.44 

12.3 

m-NO, 

11.5±0.3 

BBti  Adducts 

18.05 

11.7 

p-OCHi 

•  «  • 

11.74 

21.3 

p-OCtHi 

20.6db0.3 

12.56* 

20.5 

p-t-CMi 

18.8db0.2 

14.50 

18.6 

H 

17.2±0.3 

16.16 

16.9 

p-Cl 

17.1  dbO. 3 

16.49 

16.6 

m-F 

•  ■  • 

17.66 

15.4 

m-Br 

■  •  ■ 

17.85 

15.2 

m-CFi 

14.9db0.4 

18.66 

14.4 

P-CF, 

•   •   • 

19.04 

14.0 

m-NO, 

14.8±0.1 

19.98 

13.1 

in  methylene  chloride  solution.  Values  are  also  listed 
for  the  corresponding  change  in  the  F  nmr  shielding 
parameter,  A,  between  complexed  and  uncomplexed 
ketone,  /.e.,  A  =  /h(c)^-^  -  /h(u)^''  =  /h  '"^  + 
^/(c)  —  Af(u),  where  the  latter  shieldings  are  as 
designated  and  listed  in  Tables  I-III  of  ref  5.  The  pre- 
dicted values  of  AH^'f  obtained  from  the  linear  SEE 
relationship  (eq  7,  below)  are  given  also.  In  general 
the  agreement  between  calculated  and  observed  values 
of  AH°{  is  within  the  combined  uncertainties.  The 
only  exception  occurs  for  the  enthalpy  figure  for  the 
3  '-nitro-/>-fluorobenzophenone-BBrj  adduct.  With 
BBra  the  precision  of  AH^f  was  generally  poorer  than 
for  BCU,  but  the  deviation  in  this  case  is  beyond  ex- 
perimental error.  In  view  of  the  generally  satisfactory 
agreement  in  Table  I,  the  only  suggestion  which  we  can 
offer  for  the  larger  observed  than  predicted  enthalpy 
change  is  the  possibility  that  there  is  a  contribution  to 
— A/^°f(ob«i)  resulting  from  interaction  of  BBrs  with 
the  nitro  group  in  the  adduct  which  occurs  at  the  very 
high  acid-base  ratio  (>100)  employed  in  the  enthalpy 
determination. 

Discussion 

The  proposed  linear  SEE  relationship  is  expressed  by 

=  m£°  +  b'  (2) 


Jh 


where  /h^'^  is  the  shielding  parameter  for  the  /^fluoro- 
phenyl  derivative  relative  to  internal  fluorobenzene, 
£°  is  the  molecular  electronic  stabilization  energy  (</. 
subsequent  Discussion)  and  tn  and  b  are  constants 
characteristic  of  the  related  series  of  /^fluoropheny! 
derivatives.    For  reaction  1  application  of  eq  2  gives 


A£°  =  E' 


(c) 


-  E^ 


(u)  = 


ml        —ml 

J  H(c)  J  H(u) 


+  6  =  mA  +  ft    (3) 


where  A  is  the  difference  in  the  shielding  parameter 
between  complexed  and  uncomplexed  ketone.  It  is 
assumed  for  present  purposes  that  for  reaction  1 
A£°^A/r°f(298°K). 

In  the  present  application  of  eq  3  two  types  of  struc- 
tural variations  are  being  considered,  i.^.,  variable 
Lewis  acid  and  variable  tn'  and  p'  substituents.  With 
p-fluorobenzonitrile  it  was  found^  (qualitatively)  that 
m  has  positive  sign,  i.e.,  increasing  —AH^t  is  accom- 
panied by  increasing  —A.  A  similar  sign  of  m  is  ex- 
pected for  the  Lewis  acid  adducts  of  p-fluorobenzo- 
phenone.  On  the  other  hand,  with  increased  electron 
withdrawal  by  the  m'  or  p'  substituent,  —A  increases 
but  —AH^t  decreases  (as  expected);  i.^.,  m  has  a  nega- 
tive sign  for  the  substituent  effect. 

Thus  the  following  two  relationships  are  generated 
from  eq  3:  for  various  Lewis  acid  adducts  of /^fluoro- 
benzophenone 


AH^'t  =  ^  A£o°  =  wAo  +  6 


(4) 


'  Calculated  from  eq  7.    ^  Calculated  from  eq  9  of  ref  5  using 
y  =  -0.49. 


and  for  the  substituent  effect  (relative  to  unsubstituted 
p-fluorobenzophenone) 

r  A/T^  ^  f  A£°  =  -m  f  A  =  m(Ao  -  A)    (5) 
Jr  Jr  Jr 

(7)  R.  W.  Taft  and  J.  W.  Garten,  /.  Am.  Chgm.  Soe.,  M.  4199(19^ 
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where  A  refers  to  the  substituted  fluorobenzophenone 
and  Ao  to  unsubstituted  p-fluorobenzophenone.  Com- 
bining eq  4  and  S  gives 


A/T^  =  A^o'^  +    f  ^^°  =  ^"(2^0  -  A)  +  ft 


(6) 


on  the  assumption  that  the  magnitude  of  m  is  the  same 
(1.00  kcal/ppm;  cf,  introductory  section)  for  both  types 
of  structural  dependence. 

In  order  to  obtain  an  independent  evaluation  of  the 
constant  6  in  eq  3  we  have  determined  A  and  A/^^f  for 
reaction  1  for  the  formation  of  the  BCU  adduct  of 
/^-fluoroacetophenone.  We  believe  the  value  of  b  ob- 
tained with  the  use  of  the  latter  ketone  will  be  essentially 
correct  for  use  with  /^-fluorobenzophenone  adducts 
since  acetophonone  and  benzophenone  are  of  essen- 
tially identical  base  strength.*  Values  of  A  =  —  18.20  db 
0.O6  ppm  and  -A//°f  =  18.9  db  0.2  kcal/mole  have 
been  obtained  with  />-fluoroacetophenone  from  which 
b  =  —0.7  kcal/mole.  Equation  6  may  be  reduced 
then  to  the  following  simplified  explicit  form  for 
reaction  1 

A^°f  =  2Ao  -  A  -  0.7  (in  kcal/mole)        (7) 

The  success  of  eq  7  is  displayed  in  Table  I  in  the 
comparison  between  observed  and  predicted  values  of 
— A//°f  for  reaction  1.  It  is  to  be  emphasized  that  the 
predictions  of  eq  7  depend  in  no  way  upon  the  correla- 
tions made  in  the  companion  paper.^  Further,  the 
correlation  of  A  values  with  a^  is  limited  to  substituents 
which  involve  no  direct  conjugative  effects^  whereas 
the  confirmed  predictions  of  eq  7  include  both  strongly 
conjugating  and  nonconjugating  substituents. 

Equation  7  and  similar  relationships  derived  from  the 
linear  SEE  relationship  promise  to  be  of  great  utility 
in  obtaining  values  of  A/^°f  which  are  difficult  or  im- 
possible to  obtain  by  direct  experimental  determination. 
In  our  hands,  A  has  been  found  generally  to  be  a  more 
precisely  and  easily  measured  quantity  than  A/^°f. 

Equation  7  may  be  combined  with  the  polar  sub- 
stituent  effect  relationship,^  A  =  AJl  +  (<7<^/2.75)], 
to  obtain  the  (limited)  relationship 


-A^°f  =  Ao[(T«/2.75]  +  0.7 


(8) 


Equation  8  may  be  used  (where  applicable)  to  calculate 
A/^**f  values  for  any  of  the  Lewis  acid  adducts  for  the 
series  I  ketones  for  which  Ao  {cf.  Table  I,  ref  5  for  acids, 
e.g.,  AlCl(CjH6)2,  BIj,  etc.)  and  a®  values  are  available. 
While  these  uses  of  F  nmr  shielding  for  predictions  of 
reactivities  must  be  regarded  as  having  substantial 
consequences,  the  greatest  significance  of  the  linear 
SEE  relationship  is  probably  in  the  unique  extra- 
thermodynamic  analysis  of  substituent  effects  on 
reactivities  which  it  permits. 

The  electronic  stabilization  energy  which  is  measured 
according  to  eq  2  by  the  F  nmr  shielding  parameter  is 
extrathermodynaraic*  That  is,  in  terms  of  the  theo- 
retical models  used  to  derive  eq  2  the  perturbation  on 
the  TT  electronic  energy  levels  of  /^-fluorobenzophenone 
is  measured  but  the  energy  content  of  the  substituent  is 
not  included.    The  relevant  changes  in   £°   may  be 

(8)  E.  M.  Arnctt,  Progr,  Phys,  Org.  Chem.,  1,  378  (1963). 

(9)  J.  E.  Lefikr  and  E.  Gninwald,  "Rates  and  Equilibria  of  Organic 
Reactions/*  John  Wiley  and  Sons,  Inc.,  New  York  N.  Y.,  1963, 
Chapter  6. 


2399 

approximated  (for  conceptual  purposes)  by  the  follow- 
ing model  thermodynamic  exchange  reactions: 


0— Ai 


+   A, 


+  Ax 


(») 


for  variable  Lewis  acid 


A£° 


(») 


^  £^A.  -  E\,  =  £ 


for  variable  substituent  in  base 


<^ 


^^yJ^ 


0 


X 
X 


+ 


(10) 


AE  cio^  =  E  Y(u)  —  E 


X(u) 


H(u)   = 


/. 


£°(„)=-(SE) 


(u) 


-4 

J(.<x) 


for  variable  substituent  in  adduct 

,0— A 


+ 


(11) 


A£°„i)  ^  ^''xte) 


E" 


H(c)   — 


f  E\,  =  -(SE)(c,  =-a( 

J  R  J  (c) 


Although  values  of  A£°(9),  A£°(io),  and  A£°(u) 
represent  fundamental  quantities,  there  is  little  im- 
mediate prospect  that  precise  values  of  these  quantities 
will  become  available  by  thermodynamic  means. 

The  thermodynamic  substituent  effects  measured  in 
this  investigation,  f^AH^t,  correspond  to  the  follow- 
ing reaction. 


0— A 


'^0^^ 


0 


+     F 


J^A//^a)  =  A//^a2)  ^  AE%u)  =  (SE),  -  (SE)e  = 


AE^ai)  -  A£° 


ao) 


Values  of  the  substituent  stabilization  energies  (as 
defined  above)  for  uncomplexed  and  complexed  ketone 
obtained  from  the  linear  SEE  relationship  therefore 
permit  a  novel  analysis  of  the  origin  of  the  thermo- 
dynamic substituent  effects.  Specifically,  the  relative 
contributions  of  the  substituent  perturbations  on  the 
reactant  and  product  states  of  reaction  1  is  obtained. 


Giamf  Tqft  /  Benzophenone  Formation  of  Lewis  Ao^ 


2400 

The  results  of  this  analysis  for  formation  of  the  BCls 
adducts  are  given  in  Table  II.  Similar  analysis  may 
be  made  with  other  data  from  Table  I  and  Tables  II 
and  III  of  ref  5. 


Table  n.    Analysis  of  the  Contributions  of  Substituent  Effects 
on  the  Stabilization  Energy  of  m'-  and  p '-Substituted 
/7-FIuorobenzophenones  and  Their  BCU  Adducts  to  the 
Thermodynamic  Substituent  Effects  (kcal/mole) 


Reactant 

Product 

State 

State  change 

state 

state 

change 

measured 

SE(u)  = 

SE(c)  = 

-/rA£;°  = 

—  ynA/f  °f  (ob«i) 

Subst 

-A/(u) 

-A/(c) 

/rA 

(dbO.2-0.3) 

p'-OCH, 

+0.99 

+4.90 

+3.91 

+3.9 

p'-OC«H6 

0.45 

+3.66 

+3.21 

+3.3 

p'-z-CiH. 

0.41 

+  1.85 

+  1.44 

+  1.6 

H 

(0.00) 

(0.00) 

(0.00) 

(0.0) 

p'-Cl 

-0.52 

-1.05 

-0.53 

-0.6 

m'-F 

-0.75 

-2.44 

-1.69 

-1.5 

m'-Br 

-0.89 

-2.80 

-1.91 

-1.6 

m'-CF, 

-1.17 

-3.70 

-2.53 

-2.5 

P'-CF, 

-1.32 

-4.25 

-2.93 

-2.8 

m'-NO, 

-1.79 

-5.33 

-3.54 

-3.6 

The  identification  of  the  substituent  stabilization 
energies  for  uncomplexed  and  complexed  ketone  with 

the  quantities  A/(u)  and  A/(c),  of  course,  does  in- 
volve the  assumption  that  w  =  1.00  kcal/mole  ppm 
as  found  for  the  A£°(i2)  (A)  process.  This  assumption 
is  supported  by  the  well-behaved  a®?  behavior  dis- 
played by  both  the  substituted  uncomplexed  and  com- 
plexed ketones^  and  the  fact  that  the  range  in  A  values 
involved  (c/.  Table  I)  of  about  10  ppm  is  of  similar 
order  of  magnitude  as  the  range  of  Sh*^  values 
between  the  uncomplexed  p'-OCHz  compound  and  the 
BBra  complexed  m'-N02  compound  (about  22  ppm). 
In  view  of  this  and  subsequent  discussion  it  is  highly 
unlikely  that  any  errors  due  to  this  assumption  exceed 
20%  of  the  result  listed  in  Table  II  and  smaller  error 
seems  probable. 

It  is  clear  from  the  results  in  Table  II  that  the  thermo- 
dynamic substituent  effects  are  the  resultants  of  sub- 
stantial effects  in  both  complexed  and  uncomplexed 
ketone,  although  effects  in  the  former  state  do  pre- 
dominate. While  the  substituent  effects  are  qualita- 
tively parallel  in  both  states,  there  is  no  fixed  factor 
which  quantitatively  relates  the  effects  of  either  state 
to  the  observed  thermodynamic  properties.  How- 
ever, for  those  substituents  which  exert  only  a  polar 
{a^)  effect,  fixed  factors  are  applicable.  These  are 
obtained  from  the  ratios  of  the  p  values  given  in  ref  5. 

It  is  apparent  from  the  above  discussion  and  results 
that  the  linear  SEE  relationship  provides  also  the  pre- 
diction of  the  reaction  constant,  p  for  reaction  1. 
That  is,  for  the  relationship  f^AH^f  =  a^p  (for  polar 
effects)  the  predicted  values  of  p  (in  kcal/mole  —a^ 
units)  are  obtained  as  p   =    —  Ao/2.75,  where  Ao   = 

/h(c)^^  —  fmu/'^  (values  of  these  parameters 
are  given  in  Table  I  of  ref  5  for  the  acids  A1C1(C2H5)2, 
BFj,  ECU,  AICI2C2H5,  AICI3,  BBr,,  and  BI,). 

Limitations  of  the  Linear  SEE  Relationship.  LCAQ- 
MO  theory  does  not  indicate  completely  general  linear 
relationships  between  local  charge  density  and  elec- 
tronic energy.  *°    Consequently  the  SEE  relationship, 

(10)  C.  A.  Coulson,  Proc.  Phys,  Soc.  (London),  A65,  933  (1952); 
L.  Goodman  and  H.  ShuU,  /.  Chem,  Phys.,  23,  33  (1955). 


which  makes  a  specialized  use  of  such  linearity,^  is 
anticipated  to  have  structural  limitations.  These  limi- 
tations are  not  well  defined  by  present  theory  and,  in 
any  case,  must  be  subjected  to  experimental  determina- 
tion. 

The  results  of  this  and  previous  investigations,*' 
leave  little  doubt  that  the  SEE  relationships  are  satis- 
factorily linear  for  p-fluorophenyl  substitution  at  a 
fixed  functional  group  (within  the  usual  context  of 
such  usage).  It  is  not  necessary,  however,  that  the 
energy  shielding  coefficient,  m,  be  a  universal  constant 
of  precisely  1.00  kcal/mole  ppm. 

In  the  formation  of  trityl  cations  from  their  car- 
binols^*  m  =  0.70  kcal/mole  ppm,  while  in  the  ethane  re- 
duction to  trityl  anions'-**  m  =  1.30  kcal/mole  ppm. 
These  results  suggest  that  m  increases  (in  magnitude) 
as  the  p-fluorophenyl  label  is  substituted  at  substan- 
tially more  "saturated"  (less  sensitive)  functional 
centers.  Unpublished  results  of  Dr.  M.  G.  Schwartz** 
and  Dr.  D.  Gurka**  with  adducts  of  p-fluorophenol 
and  of  Mr.  A.  A.  Grey**  with  adducts  of  p-fluoro- 
phenylboron  dichloride  definitely  confirm  this  trend. 

In  the  application  of  eq  4  to  the  present  study  nearly 
equivalent  results  to  those  listed  in  Table  I  are  ob- 
tained with  m  =  1.05  kcal/mole  ppm  and  b  =  0  whereas 
in  the  application  of  eq  5  w  =  1.00  or  slightly  smaller. 
However,  the  differences  in  the  alternate  treatments  are 
not  significant.  Consequently,  as  a  working  hypoth- 
esis, m  is  taken  to  be  a  constant  for  each  broadly 
defined  functional  group,  (e.g.,  the  carbonyl  group  in 
series  I  ketones  and  their  Lewis  acid  adducts). 

Thermodynamic  Considerations.  The  assumed 
approximation  AH^i  =  A£°eiect  more  accurately  must 
be  replaced  by  the  relationship 

where  A[(H^  —  Eq"")/!]  represents  the  sum  of  the  thermo- 
dynamic function  for  the  products  of  reaction  1  minus 
that  for  the  reactants,  and  A£o°  =  A£°eiect  +  ^E^^hn 
where  A£°vibr  is  the  zero  point  vibrational  energy  change 
for  reaction  1. 

Since  the  thermodynamic  functions  and  AE^^ibr 
can  be  evaluated  from  vibrational  and  rotational  spec- 
troscopic data,  it  follows  that  the  linear  SEE  relation- 
ship provides  in  principle  a  means  of  precise  predic- 
tion of  AH^f  from  the  various  spectroscopic  measur^ 
ments  and  statistical  thermodynamic  relationships.  A 
similar  conclusion  applies  with  respect  to  the  a  priori 
prediction  of  the  equilibrium  constant  through  the 
relationship 

AF°f  =  /?r  In  a:  =  rA[(F^  -  £o°)/71  4- 

In  practice,  the  application  of  this  precise  relation- 
ship must  await  the  evaluation  of  the  precision  of 

(11)  For  shielding  in  substituted  trityl  cations  c/.  ref  2.  Substituent 
shielding  effects  in  the  corresponding  carbinols  have  been  obtained: 
L.  D.  McKeever,  Ph.D.  Thesis.  University  of  California,  Irvine,  Calif., 
Sept  1966.  The  latter  shicldings  parallel  those  obtained  in  the  trityl 
cations  but  are  only  3  %  as  large. 

(12)  Cf.  ref  3.  The  substituent  shielding  effects  in  the  ethanes  have 
been  approximated  as  those  observed  in  the  corresponding  triaryl- 
methanes.  The  latter  shielding  effects  are  approximately  7  %  as  larve 
as  for  corresponding  shieldings  in  the  trityl  anions. 

(13)  M.  G.  Schwartz,  Ph.D.  Thesis,  The  Pennsylvania  State  Univer- 
sity. Dec  1965. 

(14)  Work  in  progress  at  University  of  California,  Irvine,  CaUf. 
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^f  ^eicct  obtained  by  the  linear  SEE  relationship.  In 
the  meanwhile,  the  linear  SEE  relationship  appears  to 
provide  an  extremely  valuable  approximate  relation- 
ship as  discussed  above. 
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Abstract :  The  60-  and  100-Mc/sec  nuclear  magnetic  resonance  spectra  of  several  bridged  bicyclo[2.2. 1  ]heptane  de- 
rivatives have  been  analyzed  in  detail.  These  compounds  possess  the  common  structural  feature  of  a  2,6  oxygenated 
bridge  which  may  be  either  a  lactone  as  in  5-^jr£>-iodo-6-e/u/(9-hydroxybicyclo[2.2.1]heptane-2-6/u/(M:arboxylic 
acid  lactone  (1)  and  the  5-^Jco-bromo  (2),  5-ejco-acetoxy  (3),  5-ejca-tosyloxy  (4),  2-ejc{>-methyl-5-ejc{>-iodo  (5),  l-exo- 
methyl-5-ejto-bromo  (d)  derivatives;  or  the  2,6  bridge  may  be  an  oxido  unit  as  in  4-^jc{>-tosyloxy-6-oxatricyclo[3.2.- 
1 . 1'^'Jnonane  (7)  and  4-ejca-acetoxy-6-oxatricyclo[3.2.1.1''»]nonane  (8).  Chemical  shifts  for  all  the  protons  in  these 
structures  have  been  assigned,  and  the  geminal  and  vicinal  couplings  measured.  Aromatic  solvent  shifts  observed 
for  compounds  1, 5,  and  7  are  discussed  in  terms  of  solvent-solute  collisional  complexes  of  defined  stereochemistry. 
Long-range  couplings  for  the  proton  pairs:  1-4, 3'endo-7(a),  S-endo-lib),  l-exo-fhexo,  l-S-ejco,  l-exo-A,  and  S-exo- 
4  in  compound  1  were  observed  and  most  of  these  were  confirmed  using  spin-decoupling  techniques.  For  the  Cs- 
endo  proton  doublet  in  the  lactone  derivatives  it  is  noteworthy  that  the  principal  coupling  is  with  the  C7(b)  proton; 
this  amounts  to  about  2.5  cps  while  the  d-enda-Crexo  vicinal  coupling  is  negligibly  small  (0.3  cps)  and  the  Csr- 
^/u/o-Ci-vicinal  ranges  from  0.5  to  1.0  cps.  The  nmr  spectra  of  the  5-keto  and  7-keto  derivatives  in  the  2,6  lactone 
series  are  discussed  in  relationship  to  the  changes  in  chemical  shifts  relative  to  the  precursor  secondary  alcohols. 
The  alcohol-ketone  parrs  are  5-ejc(?,6-e/i^a-dihydroxybicyclo[2.2.1]heptane-2-^/w/{>-carboxylicacid  lactone  (9)  and 
5-keto,6-e/w/a-hydroxybicyclo[2.2. 1  ]heptane  2-e/w/a-carboxylic  acid  lactone  (10) ;  6-6/i^(7,7(b)-dihydroxybicyclo[2.2. 1  ]- 
heptane-2-^/tt/(7  carboxylic  acid  lactone  (11)  and  7-keto,6-e/u/9-hydroxybicyclo[2.2.1]heptane-2-e/u/{>-carboxylic  acid 
lactone  (12). 


The  norbomyl  system  has  served  as  a  substrate  for 
the  generation  and  evaluation  of  numerous  mech- 
anistic hypotheses  in  modern  organic  chemistry.  Mech- 
anistic conclusions  originating  from  studies  in  the  nor- 
bornyl  series  frequently  have  been  based  upon  the 
structures  of  rearranged  products.  Detailed  nuclear 
magnetic  resonance  spectral  analyses  in  this  series 
obviously  are  of  importance  in  facilitating  the  elucida- 
tion of  rearrangement  products.  Moreover,  due  to  the 
conformational  rigidity  of  these  systems,  long-range 
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couplings  which  are  often  of  an  unexpectedly  large 
magnitude  may  be  detected.  This  paper  presents 
detailed  analyses  of  the  spectra  of  compounds  1-8. 
The  compounds  included  in  this  study  are  of  current 
and  particular  interest  because  of  uncertainties  of  in- 
terpretation^* and  previous  erroneous  assignments.*** 

Chemical  Shifts 

In  a  preliminary  communication  of  a  portion  of  this 
work,'  we  pointed  out  that  the  chemical  shifts  of  the 
Ci-  and  Ci-exo  protons  in  compound  1  were  anomalous 
in  the  sense  that  the  Ci  proton  appeared  at  a  lower 
field  position  relative  to  the  C^exo  proton  which  is 
attached  to  the  carbon  atom  bearing  the  carbonyl 
group  of  the  lactone.  This  assignment  was  required  to 
explain  the  magnitude  of  the  couplings  associated  with 
the  C^exo  proton.  An  earlier  interpretation  of  the 
spectrum  of  2  used  the  reverse  assignment  of  the  chem- 
ical shift  of  the  Ci-  and  C2-exo  protons.***  This  in- 
correct assignment  was  used  recently  by  Jensen  and 
Miller**  who  corrected  stereochemical  assignments  of 
Traylor  and  Factor  for  the  structure  of  the  oxymercura- 
tion   product  derived   from   5-norbornene-2-e/irf(9-car- 

(2)  (a)  F.  R.  Jensen  and  J.  J.  Miller,  Tetrahedron  Letters,  40,  4861 
(1966);  (b)  E.  Crundwcll  and  W.  Templeton./.  Chem.  Soc,  1400(1964). 

(3)  R.  M.  Moriarty,  H.  Gopal.  H.  G.  Walsh,  K.  C.  Ramey.  and  D.  C 
Lini,  Tetrahedron  Letters,  38,  4SSS  (1966). 
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Figure  1.    100-Mc/sec  nmr  spectra  of:  A,  compound  2;  B,  com- 
pound 6,  and  C,  compound  8,  in  solution  in  CDCi«. 


boxylic  acid.**'*'  The  incorrect  chemical  shift  assign- 
ments used  by  Jensen  and  Miller  for  the  Cr  and  C2- 
exo  protons,  however,  do  not  influence  the  validity  of 
their  conclusions  with  respect  to  the  configuration  of 
the  Ct-endo  proton  in  compounds  1  and  2  which 
they  studied. 

Figure  lA-C  presents  the  100-Mc/sec  nmr  spec- 
tra of  compounds  2,  6,  and  8,  respectively  (Table  I 
presents  chemical  shifts).  For  lactones  2  and  6  one 
may  immediately  discern  a  similarity;  namely,  three 
resonances  equivalent  to  one  proton  each  appear  at 
downfield  positions  and  these  resonances  are  clearly 

(4)  (a)  T.  G.  Traylor  and  A.  Factor,  Abstracts,  147th  National 
Meeting  of  the  American  Chemical  Society,  Philadelphia,  Pa.,  April 
1964,  p  36N.  (b)  Professor  Traylor  informed  us  of  his  revision  of  the 
stereochemistry  originally  proposed  by  him  and  Factor^  for  the 
oxymercuration  product  of  5-norborncn6-2-«n</(9-carboxylic  acid  on 
Nov  20,  1964,  in  a  seminar  in  this  department 


separated  from  the  complex  upfield  absorption.  The 
absorptions  around  r  S.l  and  6.1  are  logically  assigned 
to  the  Ct-exo  and  Ct-endo  protons,  respectively.  The 
resonance  at  r  6.75  in  2  might  be  due  to  the  Ct-exo 
proton  but  this  assignment  leads  to  a  number  of  un- 
reasonable interactions.  For  example,  spin-decoupling 
experiments  revealed  that  the  proton  in  2  at  r  6.75 
was  coupled  with  the  Ct-exo  proton  to  the  extent  of  5 
cps.  This  would  be  an  unprecedentedly  large  long- 
range  coupUng  for  such  protons.  This  coupling  was 
clearly  better  accommodated  by  a  vicinal  rather  than  a 
1,3  arrangement  of  these  interacting  protons.  The 
spectrum  of  6  clarifies  this  point  in  that  a  methyl  group 
occupies  the  site  in  this  derivative  of  the  Ci-exo  proton 
present  in  1  and  2,  yet  a  resonance  still  occurs  at  r 
7.20.  Accepting  this  alternative  assignment,  /.^., 
that  Ci  proton  gives  rise  to  the  absorption  at  r  7.2, 
appearance  of  this  proton  in  6  as  principally  a  doublet 
is  due  to  the  absence  of  a  proton  at  C2  for  coupling. 
Furthermore,  any  reasonable  analysis  of  spectra  in  this 
series,  as  will  be  shown  below,  demands  these  relative 
assignments  of  the  Q-  and  d-exo  protons. 

The  reason  for  this  unexpected  reversal  in  the  chem- 
ical shifts  of  the  Ci-  and  €2-^x0  protons  is  based  upon  a 
model  in  which  the  Ci  proton  is  axial  with  respect  to 
the  lactone  ring  and  is  located  in  the  region  of  maximum 
deshielding  resulting  from  the  ring  current  associated 
with  the  lactone  carbonyl  group.  This  interpretation  is 
also  consistent  with  the  results  obtained  for  compounds 
5  and  6.  The  upfield  shifts  of  about  0.4  ppm  for  the 
Ci  proton  in  compounds  5  and  6  is  probably  due  to  the 
anisotropy  of  the  carbon-carbon  a  bond  of  the  methyl 
group  at  C2.*  Accordingly,  the  Cz-exo  proton  in  1 
should  also  experience  extra  shielding,  and  reference  to 
the  data  in  Table  I  bears  out  this  prediction.  The  differ- 
erence  in  magnitude  of  the  upfield  shift  is  associated 
with  the  dihedral  angle  between  the  C2-CH3  bond  and 
the  Ci-H,  C^-exo-H,  and  Cz-endo-H  bonds.  The 
maximum  upfield  shift  is  experienced  by  the  Cz-exo 
proton,  A8  Cz'exo(l)-Cz'exo(5)  =  +0.54.  The  di- 
hedral angle  here  is  close  to  0°.  The  C2-CH3  and  Ci-H 
dihedral  angle  is  about  40°  and  A8  Ci(l)-Ci(5)  =  +  0.44. 
The  dihedral  angle  for  the  d-CHz-Cz-endo-H  is 
about  120°  and  A8  Cz-endoiiyCz-endoiS)  =  -0.42. 
Thus,  this  proton  suflers  a  large  deshielding  effect  due  to 
the  anisotropy  of  the  C-CH3  bond.  The  effect  upon 
the  Crexo  and  C^^t)  protons  is  very  small.  Replace- 
ment of  the  carbonyl  group  of  the  lactone  by  a  methyl- 
ene group,  as  in  compounds  7  and  8,  causes  a  further 
upfield  shift  of  the  d  protons  relative  to  the  position 
in  the  lactones. 

The  spectrum  of  8,  Figure  IC,  exhibits  a  typical  AB 
part  of  an  ABX  pattern  for  protons  8(a)  and  8(b). 
Inspection  of  models  reveals  that  only  one  of  the  Ct 
methylene  protons  has  the  correct  geometry  for  spin- 
spin  coupling  with  the  C^-exo  proton. 

In  most  cases  the  assignment  of  resonances  cor- 
responding to  the  Cz-exOy  Cz-endo,  and  7(a),  7(b)  proton 
pairs  was  straightforward.  The  expected  larger  value 
of  Jz-exo-z-endo  owcT  /7(a)-7(b)  as  found  by  Laszlo  and 
Schleyer  was  of  diagnostic  value  here.^  Differentiation 
of  the  chemical  shifts  of  the  individual  protons  of  these 

(5)  J.  W.  ApSimon,  W.  G.  Craig.  P.  V.  Dcmarco.  D.  W.  Mathieson, 
L.  Saunders,  and  W.  B.  Whallcy.  Chem.  Commun.,  359  (1966). 

(6)  P.  Laszlo  and  P.  von  R.  Schleyer.  /.  Am.  Chem,  Soc.,  86,  1171 
(1964). 
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)tiefnical  Shifts  for  Some  BicycIo[2.2.1]heptane  Derivatives 
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»nical  shifts  for  the  protons  in  the  8  positions  are  r  6.53,  and  6.47  for  compound  7  and  6.19  and  6.34  for  compound  8.  ^  Note 
mbering  of  the  oxido  methylene  group  as  Q  is  not  correct  as  far  as  nomenclature  is  concerned;  i.e.,  compounds  7  and  8  are  tri- 
I'.ijnonane  derivatives.  However,  we  use  the  above  incorrect  nomenclature  in  order  to  focus  on  the  relationship  of  these  corn- 
heir  norbomyl  analogs. 
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case  of  alcohol  9  the  Cs-endo  proton  at  60 
3pears  as  a  singlet  peak  at  r  6.30.  The  peak 
half-height  is  2.8  cps.  The  Ct-exo  proton 
s  a  doublet  at  r  5.5.  The  principal  coupling 
endo  proton  is  with  the  C7(b)  proton,  while  the 
coupling,  5.0  cps,  for  the  Ca-exo  proton  is 
Ci  proton.  Oxidation  of  9  to  10  removes  the 
proton  absorption.  The  C^-exo  proton  is 
y  +0.55  ppm.  Similarly,  for  11,  the  €7(5) 
jpears  as  a  singlet  with  peak  width  at  a  half- 

4  cps.  The  Ci  proton  appears  as  a  doublet  of 
with  further  small  splitting  (J^-exo-i  "^  5  cps, 

5  cps,  Acb)-!  "^  1.5  cps,  yi-4  ^  1  cps).  Oxi- 
11  to  12  removes  the  C^\,)  resonance  and  the 
ance  is  essentially  unshifted.  The  small 
upling  also  vanishes  as  expected. 

U  Williamson./.  Am.  Chem.  5oc.,85, 516  (1963).  (b)  These 
ifree  with  theoretically  derived  ones:  J.  Karplus,  /.  Chem. 
I  (19S9). 


Further  points  of  interest  with  respect  to  chemical 
shifts  as  presented  in  Table  I  are  (a)  the  €7(5)  proton 
resonates  at  higher  field  than  its  C7(a)  counterpart;  (b) 
the  Cz-endo  proton  occurs  at  higher  field  position  than 
the  Cz-exo  except  in  the  case  of  the  C2  methyl  deriva- 
tives. Again  this  may  be  explained  in  terms  of  the 
anisotropy  of  the  carbon-carbon  a  bond  of  the  methyl 
group;  (c)  reasonable  consistency  prevails  for  the  rela- 
tive chemical  shifts  of  structurally  related  protons. 
Finally,  since  these  assigned  chemical  shifts  are  largely 
based  on  spin-spin  decoupling  this  aspect  of  the  work 
will  be  discussed  next. 

Spin-Spin  Decoupling.  Figures  2  and  3  show  ex- 
panded sweeps  at  100  Mc/sec  of  the  upfield  and  down- 
field  portions  of  the  spectrum  of  compound  2  in  benzene 
solution.  Relative  to  the  spectrum  of  this  compound 
shown  in  Figure  1,  a  considerable  simplification  of  the 
overlapping  resonances  is  immediately  apparent.  Ad- 
vantage was  taken  of  this  solvent-induced  separation  of 
proton  chemical  shifts,  and  spin-decoupling  experiments 
were  performed  using  benzene  solutions. 

Based  upon  the  discussion  presented  above,  the  chem- 
ical shifts  of  the  d-endo  and  Ct-exo  protons  can  be 
assigned  with  strong  certainty.  These  two  resonances 
were  used  as  probes  for  assigning  other  protons  in  the 
more  complicated  high-field  portion  of  the  spectrum. 
While  the  chemical  shift  of  the  Ci  proton  also  appeared 
secure  on  the  basis  of  arguments  presented  above,  we 
nonetheless  attempted  an  analysis  based  upon  the 
assignments  of  Crundwell  and  Templeton;^*'  Le,,  the 
three  downfield  resonances  would  correspond  to  protons 
Ct-exo,  Cfrendo,  and  C^exo  with  increasing  field 
strength,  respectively.  This  set  of  assignments  together 
with  the  assignments  of  protons  Ci  and  C4  to  the  res- 
onances at  r  7.35  and  7.48  for  2  used  in  conjunction 
with  the  other  assignments  as  listed  in  Table  I  yielded 
a  number  of  unreasonable  interactions  such  as  Ji-z-exo 
=  10.5  cps,  /2.«o-4  and  J2-exo^exo  =  5  cps.  These 
results,  which  indicate  that  the  three  downfield  res- 
onances are  correctly  assigned  (Table  I),  were  used  with 
spin  decoupling  to  assign  the  upfield  components  of  the 
spectra. 

The  expanded  spectrum  of  the  Crexo  and  d-endo 
protons  of  2  is  shown  in  Figure  4.  Part  a  depicts  the 
normal  C^-exo  proton  with  coupling  constants  of  5 
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Figure  4,  Expanded  sweep  of  Ci_„,  resonance  of  compound  1: 
a,  normal;  b,  decoupled  from  proton  1 ;  c,  decoupled  from  protoo 
2^x0;  and  d,  normal  resonance  of  C|.ki,  of  compound  2;  e, 
decoupled  from  proton  7(b);  and  f,  decoupled  from  proton  4. 


f^'    u^iyj 
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and  1  cps.  Part  b  shows  the  Ct-exo  proton  absorption 
upon  irradiation  of  the  Ci  proton  at  t  7.29.  Thus,  the 
5-cps  coupling  between  the  d-  and  Ct-exo  proton  is 
established  clearly.  Irradiation  of  the  C%-exo  proton 
at  7.83  cps  (part  c)  eliminates  the  long-range  1.0-cps 
Jt-ao-t-an  as  Well  as  Jt.txB-4-  Irradiation  of  the  Ct- 
endo  proton  at  r  6.43  does  not  alter  the  resonance  of  the 
Ct-exo  proton.  Hence  Jt-txo-t-tmio  is  less  than  0.3 
cps.  Turning  to  the  d-endo.  Figure  4,  part  d,  shows  the 
unperturbed  resonance  of  the  d-endo  proton;  it 
exhibits  a  2.4-  and  a  0.5-cps  coupling.  Surprisingly 
irradiation  of  the  C^  proton  (part  b)  did  not  remove  the 
2.4-cps,  but  rather  only  the  0.5-cps  couphng.  Assum- 
ing a  zigzag  geometric  requirement  for  long-range  cou- 
pling over  four  bonds,  only  the  Ci  and  C^^)  protons 
bear  such  a  relationship  to  the  d-endo  proton. 

Irradiation  at  t  8.69  removes  the  2.4-cps  couphng, 
as  shown  in  part  e  of  Figure  4.  Since  the  chemical 
shift  of  the  Ci  proton  is  known,  and  the  resonance  in 
the  T  8.7  region  possesses  the  appearance  of  a  member 
of  an  AB  pattern,  the  C7(b)  proton  is  fixed.  Further- 
more, the  chemical  shift  of  the  Cjid  proton  is  revealed 
as  the  other  part  of  the  Cr  AB  pattern.  In  Figure  5,  are 
shown  typical  decoupled  spectra  obtained  using  the 
frequency  sweep  technique.  Part  A  shows  the  upfield 
part  of  the  norma!  spectrum  of  2  in  benzene  solution; 
part  B  shows  the  spectrum  obtained  upon  irradiation  of 


Figure  5.  Upfield  portion  of  the  spectrum  of  compound  2  in 
solution  in  C|Hi:  A,  normal;  B,  decoupled  from  proton  4;  and 
C,  decoupled  from  proton  1. 


the  C*  proton  at  t  7.65.  First  to  be  noted  in  going 
from  left  to  right  is  the  beat  note  at  t  7.65  which  is 
recorded  at  reduced  amplitude.  This  indicates  the 
position  of  irradiation.  It  is  followed  by  a  distorted 
region  extending  about  30  cps  in  both  directions  from 
the  point  of  irradiation.  Secondly,  the  appearance  of 
the  7(a)  resonance,  particularly  the  upfield  part,  con- 
firms the  interaction  J7(,)-4  =  1.4  cps.  Next  and  more 
clearly,  despite  the  beat  note  in  the  region,  Jt.,to-i 
"  3.8  cps  is  confirmed.  Lastly,  in  the  upfield  region 
both  y^rtio-*  =  0.8  cps  and  Jubt-*  =  1-5  cps  are  con- 
firmed. Part  C  shows  the  spectrum  resulting  from  ir- 
radiation of  the  Ci  proton  at  t  7.3.  The  overlap  of  the 
best  note  and  the  resonance  of  the  C,  complicates  the 
interpretation,  but  nevertheless  protons  Ci  and  Cj 
obviously  interact.  The  resonance  of  the  Ct-exo 
proton  confirms  the  4.9-cps  interaction  with  the  Ci 
proton,  and  also  a  1.4-cps  coupling  of  proton  d  with 
proton  C;(.). 

The  spectra  shown  in  Figure  5  are  meant  to  be  repre- 
sentative. In  order  to  confirm  the  various  interactions 
indicated,  the  individual  resonance  under  study  was 
expanded  to  SO  cps  and  decoupled. 
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iminal  and  vicinal  coupling  constants  for  the  series 
>mpound$  are  collected  in  Tables  II  and  III,  re- 
ively.  The  omissions  in  Table  III  correspond  to 
in  which  accurate  values  could  not  be  obtained 
o  unresolvable  overlap. 


II.    Geminal  Ci,  Q,  and  Q  Coupling  Constants  for 
0(2.2.  l]heptane  Derivatives 


onpd 


3-eJca-3- 
endo 


/,  cps 


7(a)-7(b) 


8(a)-8(b) 


1 

2 
3 
4 
5 
6 
7 
8 


13.4 
13.2 
13.0 
13.4 
13.6 
13.6 
13.0 
13.2 


11.2 
11.4 
11.0 
11.0 
11.1 
11.1 
10.6 
10.6 


8 
8 


2 
2 


have  been  reported  between  protons  of  the  Ct-endo- 
7(2l),  and  C6-e/irfa-7(b)  type,  0.7-1.8  cps  for  protons 
of  the  C^-exo-C^-exo  variety,  ^^  and  0.8-1.4  cps  for 
protons  of  the  1-4  type."  A  weak  coupling  between 
protons  Cz-exo-Ci  and  Ct-exo-d  has  been  postu- 
lated," but  no  values  were  reported. 

In  the  present  work  values  of  J7(„)^i.endo  and  Jub)-&-€ndo 
ranging  from  1.3  to  3.2  and  1.7  to  2.6  cps,  respectively, 
were  observed.  These  results  are  similar  to  those  re- 
ported by  Musher,*  but  smaller  than  the  values  found  by 
Meinwald  and  Meinwald^  for  related  compounds. 
The  published  data^'*  seem  to  indicate  that  there  is  a 
fairly  large  substituent  effect  upon  these  interactions 
particularly  for  compounds  of  the  type  1-4.  However, 
in  the  system  under  investigation  in  this  study,  the  sub- 
stitution of  a  methyl  group  in  the  C2'exo  position 
(5-6)  appears  to  increase  Ji(^w)-i-€ndo  while  decreasing 
Juh)-^tndo-  Furthermore,  a  change  in  the  oxygenated 
bridge  spanning  the  2-6  positions  produces  a  smaller 
value  of  /7(b)-6-«iirfo  than  that  of  Jjia^yz-endo-  This  seems 
to  indicate  that  the  long-range  couplings  are  sensitive  to 
changes  in  the  planarity  of  the  zigzag  arrangement  of  the 
interacting  atoms.  The  relatively  small  values  of  71-4  and 
Ji-txo-Jt-exo  for  which  the  interacting  protons  conform  to 
a  more  strictly  planar  arrangement  than  other  cases,  as 


m.    Vicinal  Coupling  Constants  for  Some  Bicyclo[2.2.1]heptane  Derivatives 


-\./UUpUU|^  t 

UUlUiOllI,  Jf 

lr4» 

1-6- 

1-2- 

5- 

3- 

3- 

y^ndo- 

3-6X0- 

8(a)- 

mpd 

exo 

txo 

endo~A 

exo-A 

endo~A 

l-exo 

l-exo 

7(a>-l 

7(a>-4 

7(b)-l 

7(b>-4 

l-exo 

1 

5.4 

5.0 

0.5 

3.6 

0.5 

3.0 

10.2 

1.6 

1.8 

0.6 

1.5 

2 

5.0 

4.9 

0.5 

3.8 

0.8 

2.0 

10.6 

1.4 

1.4 

1.5 

1.5 

3 

4.6 

4.6 

0.8 

3.8 

•  •  • 

•  •  • 

10.5 

1.5 

•  •  • 

1.6 

•  •  • 

4 

4.8 

5.0 

1.1 

4.0 

•  •  • 

•  •  • 

10.3 

1.8 

•   •  • 

1.8 

•  •  • 

5 

5.1 

•  •  • 

1.0 

4.7 

0.7 

•  •  • 

... 

1.4 

1.6 

1.6 

1.6 

6 

5.0 

«  •  • 

0.6 

4.1 

0.8 

•  •  • 

... 

1.4 

1.6 

1.3 

1.3 

7 

•  •  • 

•  *  • 

•  •  • 

4.7 

•  ■  • 

2.6 

10.8 

•  •  ■ 

•  ■  • 

■  •  ■ 

•  •  • 

3.6 

8 

5.2 

4.0 

1.1 

... 

•  •  • 

2.2 

10.0 

1.7 

1.7 

1.4 

1.4 

3.6 

ng-Range  Couplings.  Long-range  interactions 
>preciable  magnitude  across  four  saturated  bonds 
been  observed  for  a  number  of  bicycloheptane**' 
bicyclohexane*®'^*  derivatives.  These  long-range 
ictions  appear  to  depend  primarily  upon  the  spatial 
gements  of  the  interacting  protons,  although  other 
rs  such  as  electronegativity  and  steric  effects  of 
ituents  appear  also  to  be  of  importance.  Recent 
ts  have  shown,  both  theoretically  and  experi- 
&Uy,  that  a  near-planar  zigzag  arrangement  of  the 
•ns  is  necessary  for  detectable  interactions.  With 
ntly  available  techniques  this  amounts  to  about  0.3 
On  this  basis,  for  the  structure  below,  proton  pairs, 
-3-ejco,  2-exa-4, 6-exa-4, 5-e/irf{)-7(b),  3-e/irfa-7(a), 
2-€xa-6-^xo  are  expected  to  exhibit  long-range 
ings.     For  similar  systems,  couplings  of  3-4  cps* 

H(a)^      .H(b) 


L  Meinwald  and  Y.  C.  Meinwald,  /.  Am,  Chtm.  Soc.,  85.  25 14 

.  I.  Musher.  MoL  Phys.,  6,  93  (1963). 

J.  Meinwald  and  A.  Lewis,  /.  Am.  Chtm.  Soc.,  83,  2769  (1961). 

K.  B.  Wiberg,  B.  R.  Lowry,  and  B.  J.  Nist,  ibid,.  84,  1594  (1962). 


judged  by  inspection  of  scale  models,  indicate  that 
planarity  of  the  systems  may  not  be  the  dominant  factor 
in  determining  the  magnitude  of  couphng  over  four 
bonds.  Furthermore,  a  direct  relationship  does  not 
appear  to  exist  between  the  size  of  the  coupling  constant 
and  the  1,3  proton  internuclear  distance.  Thus,  in- 
spection of  scale  models  reveals  that  the  C\-Crexo 
proton  distance  in  2  is  4  A  while  the  C^endo-Ci{yii  and 
Ct-exo-C^-txo  distances  are  4.4  A.  Yet,  the  latter  gives 
rise  to  considerably  larger  long-range  couplings. 

As  shown  in  Table  IV,  a  number  of  small  long-range 
couplings  were  observed  involving  Ct-exo^^  Q-a-exo, 
and  Q.ejro-4  for  compounds  1-8.  These  interactions 
were  usually  less  than  1  cps  and  were  generally  difficult 
to  detect  in  normal  spectra.  Under  the  condition  of 
our  decoupling  experiments  at  60  and  100  Mc/sec,  it 
was  possible  to  detect  long-range  couplings  as  small  as 
0.5  cps. 

Solvent  Effects 

The  effect  of  solvent  upon  proton  chemical  shifts  is 
well  documented.^*'"    Solvent-solute  interactions  be- 

(12)  D.  Gagnairc  and  E.  P.  Subiza,  Bull  Soc.  Chim.  France,  2627 
(1963). 

(13)  K.  Tori.  K.  Ano.  Y.  Hata.  R.  Muneyuki.  T.  Tsuji.  and  H.  Tanida, 
Tetrahedron  Letters,  9  (1966). 

(14)  J.  S.  Waugh  and  R.  W.  Fcssenden,  /.  Am,  Chem.  Soc.,  79,  846 
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Figure  6.    Upfield  portion  of  the  spectrum  of  compound  2  in  solu- 
tion in  CDCii  and  CeHt. 


tween  aromatic  solvents  and  polar  solutes  have  been 
used  widely  to  identify  conformational  isomers  of  N- 
methyl  amides"  and  N-methyl  lactams." 


Table  IV.    Long-Range  Coupling  Constants  for 
Bicyclo[2.2.1]heptane  Derivatives  1-8 

7(«).^^7{b) 
4, 

ftndo 
2- CM 


u— 

Coupling  constants,  /,  cps 

^ 

6- 

3- 

7(b>- 

7(a)-3-    2-6- 

Compd  exo-A 

exo-\ 

S-endo 

endo       exo 

2-4 

1-4 

1 

1.0 

0.5 

2.6 

1.3        1.2 

0.6 

1.4 

2 

1.0 

0.3 

2.4 

2.0        1.0 

1.6 

3 

1.2 

0.3 

1.7 

1.2 

1.2 

4 

1.1 

•  •  • 

1.7 

1.1 

1.0 

5 

0.8 

2.1 

2.1 

1.4 

6 

1.0 

2.1 

1.9 

1.4 

7 

2.2 

8 

1.8 

2.2        1.0 

Structural  information  from  these  studies  derives 
from  the  formation  of  a  weakly  associated  solvent- 
solute  coUisional  complex  of  definite  stereochemical 
composition.**  A  consequence  of  the  nonrandom 
orientation  of  the  aromatic  ring  with  respect  to  the 
polar  solute  is  that  nuclei  near  the  disk-like  ring  are 
shielded  relative  to  nuclei  either  remote  from  the  aro- 
matic ring  or  coplanar  with  it.  The  structure  of  the 
coUisional  complex  is  governed  by  a  weak  polar  attrac- 

(1957);    80,  6697  (1958);   J.  A.  Poplc.  J.  Chem.  Phys.,  24, 1111  (1956); 
C.  E.  Johnson  and  F.  A.  Bovey,  ibid.,  29,  1012  (1958). 

(15)  A.  D.  Buckingham.  Can.  J.  Chem.,  38,  300  (1960);  A.  D.  Buck- 
ingham, T.  Shafcr,  and  W.  G.  Schneider,  /.  Chem.  Phys.,  32, 1227 (1960); 
34,  1064  (1961);  R.  J.  Abraham,  ibid.,  34,  1062  (1961);  J.  I.  Musher, 
ibid.,  37,  34  (1962);  P.  Diehl  and  R.  Freeman,  Mol.  Phys.,  4,  39  (1961). 

(16)  J.  V.  Hatton  and  R.  E.  Richards,  ibid.,  3,  253  (1960);  J.  V.  Hat- 
ton  and  R.  E.  Richards,  ibid.,  5,  139  (1962);  L.  A.  LaPlanche  and  M.  T. 
Rogers.  /.  Am.  Chem.  Soe.,  86,  337  (1964);  G.  J.  Karabatsos  and  R.  A. 
Taller,  ibid.,  86,  4373  (1964). 

(17)  R.  M.  Moriarty  and  J.  M.  Klicgman,  /.  Org.  Chem.,  31,  3007 
(1966). 

(18)  For  an  excellent  discussion  of  the  solvent  effect  of  benzene  upon 
the  chemical  shifts  of  protons  of  polar  solutes  see.  J.  Ronayne  and  D. 
H.  White,  Chem,  Commun.,  712(1966). 


tion  of  the  aromatic  ring  for  the  partially  positively 
charged  amide  or  lactam  nitrogen.  A  comparable 
interaction  is  conceivable  for  cis  lactones  of  the  type 
under  study. 


Connolly  and  McCrindle"  have  studied  benzene- 
induced  chemical  shifts  for  a  series  of  lactones.  Table 
V  lists  dilution  shifts  for  compounds  1,  5,  and  7.  The 
shifts  observed  for  the  two  lactones  1  and  5  are  large, 
while  those  for  the  oxido  compound  7  are  small. 
Based  upon  the  model  for  the  benzene-lactone  com- 
plex proposed  above,  one  might  predict  that  the  Q 
proton  would  experience  the  largest  upfield  shift  and 
the  C^exo  proton  should  experience  a  relatively  smaller 
upfield  shift.  These  predictions  are  realized  and  they 
may  be  further  rationalized  on  the  basis  of  the  tendency 
of  the  benzene  molecule  to  avoid  the  partially  negatively 
charged  carbonyl  oxygen  atom  and  residue  closer  to 
Ci.  On  the  average,  the  Ci  proton  is  the  more  highly 
shielded.  Also,  in  the  assumed  model,  the  benzene  ring 
and  the  front  face  of  the  molecule,  which  contains  the 
lactone  ring,  lie  in  parallel  planes.  The  Ci  proton, 
therefore,  is  axial  and  lies  closer  to  the  shield  portion  of 
the  aromatic.  This  last  point  offers  additional  proof 
for  the  correctness  of  the  Q  proton  assignment.  The 
simplified  cation  of  the  spectrum  observed  in  benzene 
solution  for  compound  2  (Figure  6)  relative  to  the  d- 
chloroform  solution  enables  a  more  definitive  analysis 
of  the  Cz.endo-C^[y),  Cz.exo-C^(ti),  and  C2.exd-C4  protons. 
Finally,  note  should  be  made  of  the  advantage  of  com- 
bining spin-spin  decoupling  with  dilution  shifts  ob- 
served for  solutions  of  polar  solutes  such  as  cfs  lactones 
with  aromatic  solvents  such  as  benzene. 


Experimental  Section 

The  spectra  were  obtained  using  Varian  HA- 100  and  A-60  spec- 
tronieters.  Samples  were  run  as  10%  (w/v)  solutions  in  CDQi 
and  C»He  with  tetramethylsilane  as  an  internal  refefence.  De- 
coupling was  carried  out  with  the  HA- 100  spectrometer  utilizing  the 
frequency  sweep  technique  and  the  V-6058-1  spin  decoupler  at  60 
Mc/sec,  which  utilizes  the  field-sweep  technique.  A  Hewlett-Pack- 
ard audiofrequency  oscillator  201C  in  conjunction  with  a  Hewlett- 
Packard  audiofrequency  counter  5512A  was  used  for  frequency 
sweep  decoupling  and  for  the  calibration  of  both  instruments. 

5-ejca-Iodo-6-e/?j0-hydroxybicyclo[2.2.1]heptane-2-e/f</(t>-€arbox- 
yllc  add  lactone  (1)  was  prepared  according  to  the  method  of 
Ver  Nooy,  et  al.,»  and  had  mp  59-60°  (lit.»  58-59°),  yc-o  1783 

cm"*. 

5-ejco-Broino-6-^/?Ja-hydroxybicyclo[2.2.1]heptaiie-2-e/f^a-car- 

boxylic  acid  lactone  (2)  was  prepared  according  to  the  method  of 
Roberts,  et  al.*^  and  had  mp  65-66°  (lit."  64.8-65.9°),  i^c-o 
1779  cm- 1. 

5-€Jca-Acetoxy-6-€«^(?-hydroxybicyclo[2.2.1]heptane-2-^//^o-car- 
boxylic  add  lactone  (3)  was  prepared  according  to  the  method  of 
Henbest  and  Nichols"  and  had  mp  95-96°  (lit."  95-96°),  \^«ci« 
(C=0)  5.60  and  5.75  /a  (1786  and  1739  cm'O- 


(19)  J.  D.  Connolly  and  R.  McCrindle,  Chem.  Ind.  (London),  379, 
2066(1965). 

(20)  C.  D.  Ver  Nooy  and  C.  S.  Rondeslvcdt,  /.  Am.  Chem.  Soc.,  77, 

3585  (1955). 

(21)  J.  D.  Roberts,  E.  R.  Trumbull.  Jr.,  W.  Bennett,  and  R.  Arm- 
strong, i6/</..  72,  3116(1950). 

(22)  H.  B.  Henbest  and  B.  Nichols,  /.  Chem.  Soc,  227  (1959). 


Jfournalofthe  American  Chemical  Society  /  89:10  /  May  10, 1967 


2407 


jV. 

Solvent  Shifts  for  Bicyclo  [2.2.1]  Derivatives  upon 

Dilution  with  Benzene 

ipd 

1 

2- 
exo 

3- 
exo 

3- 
endo 

-  A(«C»H,  - 
4 

-  iCDCla).  ppm 
5- 

endo 

ia,6 

6- 

exo 

7(a) 

7(b) 

8(a) 

8(b) 

0.47 
0.59 
0.18 

0.30 

0.28(CH,) 

0.29 

0.49 
0.51 
0.19 

0.12 
0.44 
0.11 

0.38 
0.46 
0.10 

0.25 
0.36 
0.04 

0.11 
0.32 
0.02 

0.27 
0.32 
0.17 

0.30 
0.51 
0.18 

•  •  ■ 

•  •  • 

0.11 

•  •      • 

•  •      « 

0.08 

'%  (w/v)  solutions  with  TMS  internal  reference.    ^  The  changes  are  taken  as  positive  when  the  resonances  move  upfield  in  going  from 
Is  to  CeH« 


5-^xo-To8yloxy-6-«/f</o-hydroxybicyclo[2.2.1]heptane-2-e/f^ 
ixyUc  Add  Lactone  (4).  To  a  solution  of  1.2  g  of  alcohol  9 
Ivcd  in  the  minimum  amount  of  dry  pyridine,  2.0  g  of  p- 
nesulfonyl  chloride  was  added.  The  mixture  was  warmed  on 
team  bath  until  solution  was  complete,  and  then  the  reaction 
ire  was  allowed  to  stand  at  room  temperature  overnight.  Ice 
M^ter  were  added,  and  the  mixture  was  extracted  thoroughly 
ether.  The  ether  solution  was  washed  with  water,  a  dilute 
ion  of  hydrochloric  acid,  and  then  with  a  saturated  solution  of 
im  bicarbonate.  The  solution  was  dried  with  magnesium 
te  and  then  concentrated  to  dryness  in  vacuo.  The  residue 
recrystallized  from  ether-pentane  to  yield  2.07  g  (87.5%), 
>4-^5^  Anal.  Calcd  for  C15H18O4S:  C,  58.58;  H.  5.21. 
id:    C,  58.72;  H,5.21. 

S-^jr0,6-«/f£/o-Dihydroxybicyclo[2.2.1]heptane-2-e/?^(M:arboxylic 
bctone  (9)  was  prepared  according  to  the  method  of  Henbest 
•aichols  and  had  mp  155-157°  (lit."  leO''). 

54Ceto-6-tf/i£/(>-hydroxybicyclo[2.2.1]heptane-2-e/t</o-carboxylic 
fiKtone  (10).  A  solution  of  400  mg  of  ruthenium  dioxide 
rbon  tetrachloride  was  prepared  according  to  the  procedure  of 
ita."  This  solution  was  added  dropwise  to  a  suspension  in 
Ml  tetrachloride  of  5-^ji:o,6-ew/(9-di  hydroxy  bicyclo(2. 2.1]- 
in&-2-eiidb-carboxylic  acid  lactone  (9),  5  g,  0.033  mole,  with 
ng  and  cooling.  Then,  7.0  g  (0.033  mole)  of  sodium  meta- 
date  solution  was  added  dropwise  over  a  1-hr  period.  The 
>hase  system  was  stirred  at  ice  temperature  for  4  hr,  then  at 
I  temperature  for  18  hr.  The  excess  oxidizing  agent  was 
nposed  by  addition  of  isopropyl  alcohol.  The  layers  were 
separated  and  the  aqueous  layer  was  thoroughly  extracted  with 
oform.  The  chloroform  and  carbon  tetrachloride  solutions 
combined,  dried  over  magnesium  sulfate,  and  concentrated 
3aiess  m  vacuo.  The  resulting  thick  oil,  1.5  g,  was  sublimed 
^75®  (0.5  mm).    The  resulting  sublimate,  1.2  g,  showed  five 

on  tk.  The  sublimate  was  chromatographed  upon  silica 
sing  a  column  (35  X  3.5  cm)  of  100  g  of  silica  gel  prepared 
benzene.  The  column  was  first  eluted  with  benzene-chloro- 
(1:1),  then  with  chloroform,  and  finally  with  chlorcform- 
anol  (97 : 3).  The  first  eight  fractions  were  oils  and  were  put 
Fraction  9  gave  five  spots  in  thin  layer  chromatography  and 
"ed  spectrum  showed  a  strong  carbonyl  absorption  at  1790, 
cm'^,  doublet  with  a  weak  absorption  band  at  1705  cm~^ 
ions  10-14,  the  eluates  of  chloroform,  showed  mainly  one  spot 
in  layer  chromatography  and  the  infrared  spectrum  of  each 
ed  strong  carbonyl  absorption  at  1800, 1 770cm~S  doublet,  and 
f  weak  absorption  band  at  1 705  cm~  ^  Fractions  15-17,  eluates 
loroform-methanol  (97 : 3),  showed  strong  carbonyl  absorption 
)5  cm'^  and  relatively  weak  absorption  in  the  above-mentioned 
let  region.  Fractions  18  and  19,  chloroform-methanol  (97:3) 
ss,  were  identified  as  unreacted  starting  material  by  infrared 
ttrison  of  authentic  sample. 

iction  1 1  (100  mg)  deposited  some  crystalline  material  on  keep- 
le  chloroform  solution  for  a  few  days.  Filtration  of  crystals 
washing  with  ether  afforded  30  mg  of  compound.  Recrystal- 
9n  with  chloroform  gave  quite  pure  crystalline  sample,  mp 
196",  showing  strong  carbonyl  absorption  in  the  infrared  at 
1770  cm~S  doublet  with  no  hydroxy  1  absorption  band.  This 
showed  a  single  spot  in  thin  layer  chromatogram  using  a  chloro- 
-methanol  (97:3)  system  as  given  before.  The  molecular 
It  of  152  was  confirmed  by  a  high-resolution  mass  spectrum. 
•ejr<>-Iodo-6-e/K/o,2-ejra-iiiethylbicyclo[2.2.1]heptane-2-e/}Ja-car- 
Bc  add  lactone  (5)  was  prepared  according  to  the  method  of 
:  and  Trapp"  and  had  mp  85-86°  (lit."  83-86"),  j^c-o  1780 


5-eji:o-Bromo-6-e/f^o,2-ejra-nietfaylbicyc]o[2.2.1]lieptane-2-e/f</o- 
carboxylic  add  ladone  (6)  was  prepared  according  to  the  method  of 
Meek  and  Trapp"  and  had  mp  74-75°  (lit."  74-75°),  i^c-o  1790 
cm"*. 

4-ejra-Tofiyloxy-6-oxatricyclo[3.2.1.1*i^]noiiane  (7).  A  solution 
of  4.5  g  of  4-eA:£>-hydroxy-6-oxatricyclo(3.2.1.1'.*]nonane  and  9  g 
of />-toluenesulfonyl  chloride  in  12  ml  of  very  dry  pyridine  was  stored 
overnight  at  room  temperature.  After  processing  the  reaction 
mixture  in  the  usual  way,  the  crude  product  was  recrystallized  from 
ether-pentane  giving  7.6  g  (77%),  mp  86-87°.  Anal.  Calcd  for 
Ci5H,804S:    C,  61.20;  H.6.16.    Found:    C,  61.50;  H,6.27. 

4-«j(a-Acetoxy-6-oxatricyclo[3.2.1.1''"]nonaiie  (8)  was  prepared 
according  to  the  method  of  Henbest  and  Nichols**  and  had  mp  52- 
53°  (lit."  50-52°). 

7(a),6-^/fJ'a-Dihydroxybicydo[2.2.1]-2-e/f^o-carboxyUc  Add  Lac- 
tone (11).  A  three-necked,  300-ml,  round-bottomed  flask  was 
equipped  with  an  efficient  stirrer  and  a  condenser  to  which  was 
attached  a  calcium  chloride  drying  tube.  Dried  lead  tetraacetate 
(20  g,  0.044  mole),  dry  CaCO,  (12  g),  and  200  ml  of  dry  benzene 
were  introduced  into  the  flask,  and  the  mixture  was  stirred  at  reflux 
for  approximately  30  min.  ^Ar£>-Bicyclo[2.2.1]hept-5-ene-2-carbox- 
ylic  acid**  (3  g,  0.022  mole)  was  then  added  after  which  refluxing 
was  maintained  for  an  additional  48  hr. 

The  solution  was  allowed  to  cool  to  room  temperature  and  was 
then  filtered  through  Celite.  The  filtrate  was  diluted  with  ether, 
washed  with  a  small  amount  of  saturated  aqueous  NaHCDi,  dried 
over  MgSOi,  and  concentrated  in  vacuo.  Chromatography  of  the 
resulting  yellow  oil  (2.5  g)  on  100  g  of  silica  gel  (Baker)  [elution  with 
ether-benzene  (1 :4)]  afforded  1.5  g  (35%)  of  7(a)-acetoxy-6-emfo- 
hydroxybicyclo[2.2.1]-2-^m/o-carboxylic  acid  lactone.  Two  re- 
crystallizations  from  acetone-pentane  gave  an  analytical  sample, 
mp  113-114°,  j'c-o  1735  and  1775  cm"*.  Anal.  Calcd  for 
QoHiiO*:    C, 61.21;  H,6.17.    Found:    C,  61.07;  H,6.17. 

The  acetoxy  lactone  (2.09  g)  and  4.5  g  of  potassium  carbonate 
were  refluxed  in  a  mixture  of  40  ml  of  water  and  60  ml  of  methanol 
for  4  hr.  At  the  end  of  this  time,  the  water  and  methanol  were 
removed  using  a  rotary  evaporator.  The  residue  was  dissolved  in 
30  ml  of  water  and  extracted  twice  with  ethyl  acetate  to  remove  any 
of  the  unreacted  acetate.  The  aqueous  layer  was  acidified  by  drop- 
wise  addition  of  50%  H2SO4,  after  which  the  solution  was  contin- 
uously extracted  with  ethyl  acetate  for  36  hr. 

The  ethyl  acetate  solution  was  washed  with  three  portions  of 
saturated  aqueous  NaHCOa  solution,  dried  over  MgS04,  and  con- 
centrated to  yield  0.914  g  of  crude  9(a),6-e/it/o-dihydroxybicyclo- 
[2.2.1]-2-^/fJo-carboxylic  acid  lactone.  Continuous  extraction 
of  the  NaHCOs  combined  washings  for  24  hr  afforded  an  additional 
0.30  g  of  crude  product,  total  yield  74%.  Two  recrystallizations 
from  acetone-ligroin  gave  an  analytical  sample,  mp  203-204°, 
vo-n  3600  and  3440  cm'M  J'oo  1775  cm"*.  Anal.  Calcd  for 
CgHioO,:    C,  62.32;  H,6.54.    Found:    C,  62.13;  H,  6.60. 

7-Keto-6-£/?Ja-hydroxybicyclo[2.2.1]-2-^/f</o-carboxylic  Add  Lac- 
tone (12).  A  solution  of  2.4  g  of  7(a),6-^/f</a-dihydroxybicyclo- 
[2.2.1  ]-2-^/tt/o-carboxylic  acid  lactone  in  8.2  ml  of  water  was  main- 
tained at  20°  for  a  period  of  45  min  while  7.4  ml  of  6  AT  chromic  acid 
was  added  dropwise  with  stirring.  After  an  additional  10  hr  of 
stirring,  0.3  ml  of  2-propanol  was  introduced  to  decompose  any 
excess  chromic  acid  and  the  solution  was  extracted  several  times  with 
ethyl  acetate.  The  combined  extracts  were  dried  over  magnesium 
sulfate  and  concentrated  at  room  temperature  on  a  rotary  evap- 
orator. Elution  chromatography  of  the  crude  product  mixture 
(2.4  g)  on  140  g  of  silica  gel  (Baker)  with  ether-benzene  (1 :4) 
afforded  initially  0.67  g  (27%)  of  crude  7-keto-6-e/i^£>-hydroxybi- 
cyclo[2.2.1]-2-^/j^o-carboxylic  acid  lactone  followed  immediately 
by  approximately  0.5  g  of  unreacted  starting  alcohol.    A  pure 


)  H.  Nakata.  Tetrahedron,  19,  1959  (1963). 

)  J.  S.  Meek  and  W.  B.  Trapp,/.  Am.  Chem.  Soc.,  79.  3909  (1957). 


(25)  J.  Berson  and  D.  Ben-Effraim,  ibid.,  81,  4083  (1959). 
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sample  of  the  ketone  was  obtained  after  three  recrystallizations 
from  acetone-ligroin,  mp  194-196",  i^c-o  1775  cm"'. 

Treatment  of  the  ketone  with  2,4-dinitrophenylhydrazine  dis- 
solved in  a  mixture  of  phosphoric  acid  and  ethanol  afforded  the 
corresponding  hydrazone  derivative,  mp  262-263°  dec,  I'c-o  1775 
crtrK  Anal,  Calcd  for  Ci4H,jN40e:  C,  50.60;  H,  3.64;  N, 
16.86.    Found:    C,  50.37;  H,  3.61;  N,  16.81. 

A  thioketal  derivative  was  prepared  by  the  method  of  Fieser,'* 
mp  134°.  Anal  Calcd  for  CioHisOsSs:  C,  52.60;  H,  5.30. 
Found:    C,  52.46;  H,  5.18. 

4-ejra-To8yloxy-6-oxatricyclo[3.2.1.1*'«]nonaiie  (7).  A-exo-Hy- 
droxy-6-oxatricyclo[3.2. 1 . 1  *»«]nonane,**  4.5  g,  and  />-toluenesulfonyl 
chloride,  9.0  g,  were  dissolved  in  12  ml  of  dry  pyridine.    The  reac- 


(26)  L.  F.  Fieser,  /.  Am.  Chem.  Soc.,  76.  1945  (1954). 


tion  mixture  was  allowed  to  stand  at  room  temperature  overnight. 
At  the  end  of  this  time,  ice  was  added,  and  the  precipitate  which 
deposited  was  collected  and  washed  thoroughly  with  water.  After 
drying  at  room  temperature,  the  crude  crystalline  product  was 
recrystallized  from  ether-pentane,  7.6  g  (76%),  mp  86-87°.  Aiud, 
Calcd  for  C15H18O4S:  C,  61.20;  H,  6.16.  Found:  C,  61.50; 
H,  6.27. 
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Abstract:  The  "B  nmr  spectra  of  several  compounds  containing  the  group  BOH  have  been  measured  in  neutral 
and  alkaline  solution.  Salt  formation  shifts  the  "B  resonance  far  upfield  (>  13  ppm)  in  the  case  of  boric  acid  and 
simple  arylboronic  acids,  the  line  width  remaining  unchanged  or  becoming  narrower;  this  indicates  that  such  com- 
pounds behave  as  Lewis  acids  toward  base.  The  B-OH  derivatives  of  several  borazaro'  compounds  are  quite  dif- 
ferent in  this  respect,  salt  formation  leading  to  small  downfield  shifts  (3-7  ppm)  in  the  ^^B  resonance,  and  also  to  ex- 
treme broadening  of  the  lines.  Here  salt  formation  must  involve  proton  transfer,  in  agreement  with  earlier  con- 
clusions' and  implying  that  compounds  of  this  type  are  indeed  aromatic. 


Trivalent  boron  compounds  are  well  known  to  be- 
have as  Lewis  acids,  combining  with  base  to  form 
coordination  compounds  (e.g.,  HsN-^BFs);  an  am- 
biguity therefore  exists  in  the  case  of  compounds 
which  contain  the  grouping  BOH  and  so  could  act 
either  as  protic  acids,  or  as  Lewis  acids,  toward  base. 
Thus  hydroxide  ion  could  either  deprotonate  such  a 
compound  to  give  a  planar  ion,  R2BO~  (eq  1),  or  it 
could  add  to  boron  to  form  an  ion  in  which  boron  is 
now  quadricovalent  and  tetrahedral  (eq  2). 


R2BOH  +  OH- 
R.BOH    +   OH 


R2BO-  +  H2O 
R,B-(OH), 


(1) 
(2) 


The  Raman  spectrum  of  boric  acid  in  alkali  indicates 
that  it  behaves  as  a  Lewis  acid,^  forming  the  ion  B- 
(OH)4",  and  the  available  evidence,  while  scanty,  seems 
to  suggest*  that  arylboronic  acids  act  likewise.  On  the 
other  hand,  B-OH  derivatives  of  borazaro  compounds' 
seem  to  behave  as  protic  acids,  judging  by  comparisons 
of  their  ultraviolet  spectra  in  neutral  and  alkaline  solu- 

(1)  Part  XXIV:  M.  J.  S.  Dcwar  and  J.  L.  Von  Rosenberg.  Jr.,  /.  Am. 
Chem.  Soc.,  88,  358  (1966). 

(2)  Robert  A.  Welch  Postdoctoral  Fellow. 

(3)  See  M.  J.  S.  Dewar,  Progr.  Boron  Chem.,  1,  235  (1964). 

(4)  J.  O.  Edwards,  G.  C.  Morrison,  V.  F.  Ross,  and  J.  W.  Shultz, 
/.  Am.  Chem.  Soc.,  77,  266  (1955). 

(5)  (a)  M.  J.  S.  Dewar  and  R.  Dietz,  Tetrahedron,  15,  26  (1961); 
(b)  D.  H.  McDaniel  and  H.  C.  Brown,  J.  Am.  Chem.  Soc.,  77,  3757, 
(1955);  (c)  J.  P.  Lovard  and  J.  O.  Edwards,  J.  Org.  Chem.,  24,  769, 
(1959). 


tion;  this  diflference  has  been  attributed  to  the  aro- 
maticity  of  the  boron-containing  rings  in  compounds  of 
this  kind,  the  boron  being  consequently  reluctant  to 
adopt  a  tetrahedral  geometry. 

It  seemed  to  us  that  **B  nmr  spectroscopy  could  pro- 
vide a  definite  distinction  between  the  two  possible 
modes  of  salt  formation.  Conversion  of  trivalent 
planar  boron  to  quadrivalent  tetrahedral  boron  would  be 
expected*  to  produce  a  large  upfield  shift  in  the  **B 
resonance,  due  to  the  greater  shielding  of  boron  in 
compounds  where  four  pairs  of  valence  electrons  sur- 
round the  boron  atom;  the  available  evidence  sup- 
ports this  conclusion.  Thus  the  ^*B  chemical  shifts 
(relative  to  trimethyl  borate)  of  quadrivalent  boron 
compounds  almost  all  lie  above  7  ppm,  while  com- 
pounds with  lower  chemical  shifts  contain  planar  tri- 
valent boron.^  Salt  formation  according  to  eq  2 
should  therefore  lead  to  a  large  upfield  shift  of  the  "B 
resonance,  while  salt  formation  according  to  eq  1 
should  produce  a  much  smaller  change. 

Conversion  of  boric  acid  to  borate  ion  is  indeed  ac- 
companied' by  a  large  upfield  shift  (17.5  ppm)  in  the  *  'B 
resonance,  as  would  be  expected  if  the  ion  has  the  tetra- 

(6)  J.  W.  Emsley.  J.  Feency,  and  L.  H.  Sutcliffc.  "High  Resolution 
Nmr  Spectroscopy,"  Vol.  II,  Pergamon  Press.  Oxford.  England,  1966, 
p971. 

(7)  P.  C.  Lauterbur  in  "Determination  of  Organic  Structures  by 
Physical  Methods,"  Vol.  II,  F.  C.  Nachod  and  W.  D.  PhilUps,  Ed.. 
Academic  Press  Inc.,  New  York,  N.  Y.,  1962,  p  476. 
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Table  I.    >  >B  Chemical  Shifts  for  Boron  Compounds  in  Neutral  and  Basic  Solutions 


Line  width 

at  half- 

Compd 

Ref 

Solvent 

6tmb" 

^EBT* 

A«« 

height,  Hz 

Boric  acid  (IV) 

•  •  • 

DMF 

-19.9 

370 

H2O 

-19.6 

411 

1  %  NaOH-H/) 

-18.6 

115 

5%NaOH-H/) 

-9.1 

170 

10%NaOH-HiO 

-5.7 

13.5 

139 

Phenylboronic  acid  (V) 

d 

EtOH 

-28.4 

272 

10%NaOH-H/) 

15.0 

-3.15 

25.3 

74 

o-Tolylboronic  acid  (VI) 

e 

EtOH 

-32.2 

191 

20%KOH-EtOH 

-12.6 

19.6 

166 

Boraphthalide(VII) 

f 

EtOH 

-29.1 

228 

20%KOH-EtOH 

12.'5 

-5.6 

23.5 

291 

10-Hydroxy-10,9-borazarophenan- 

g 

EtOH 

-36.8 

623 

thrcnc  (I) 

20%  KOH-EtOH 

-43.9 

-7.1 

>2500 

2-Hydroxy-2,l-borazaronaphthalene 

h 

EtOH 

-29.7 

223 

01) 

20%  KOH-EtOH 

-33.0 

-3.3 

>2500 

4-Hydroxy-4,3-borazaroisoquino- 

e 

EtOH 

-29.8 

265 

line(III) 

20%  KOH-EtOH 

-33.2 

-3.4 

>1500 

4-Hydroxy-4,3-boroxaroisoquino- 

i 

EtOH 

-30.0 

290 

line  (Vin) 

20%  KOH-EtOH 

13.1 

-5.0 

25.0 

210 

4-Methyl-4,3-borazaroisoquinoline 

e 

Benzene 

-36.5 

140 

(IX) 

EtOH 

-38.5 

247 

Trimethyl  borate 

•  •  • 

(None) 

-18.1 

37 

10%  NaOMe-MeOH 

15.3 

-2.8 

54 

20%  NaOMe-MeOH 

15.6 

-2.5 

15.6 

32 

CJti^BFt 

•  •  • 

(None) 

18.1 

•  •  • 

•  •  • 

*  Chemical  shift  (ppm)  relative  to  trimethyl  borate.  ^  Chemical  shift  (ppm)  relative  to  diethyl  ether-boron  trifluoride  complex.  <  Change 
in  chemical  shift  on  passing  from  neutral  to  alkaline  solution.  ^  R.  M.  Washburn,  E.  Levers,  C.  F.  Albright,  and  F.  A.  Biliig,  Org,  5y/f.,  39, 
3 (1959).  •  M.  J.  S.  Dewar  and  R.  C  Dougherty,  /.  Am,  Chem,  Soc.,  86, 433  (1964).  /  K.  Torsell,  Arkio  Kemi,  10, 507(1957).  '  M.  J.  S. 
Dewar,  V.  P.  Kubba,  and  R.  Pettit,  J.  Chem,  Soc„  3073  (1958).  *  M.  J.  S.  Dewar  and  R.  Dietz,  ibid,,  2728  (1959).  •  H.  R.  Snyder,  A.  J. 
Reedy,  and  W.  J.  Lennarz,  J,  Am.  Chem.  Soc,,  80,  835  (1958). 


hedral  structure  B(OH)4~.  However  this  observation 
cannot  in  itself  be  taken  as  evidence  for  such  a  struc- 
ture since  one  cannot  estimate  a  priori  what  the  chemi- 
cal shift  would  be  for  a  planar  ion  such  as  (HO)2BO~. 
In  other  words,  one  needs  for  comparison  a  reference 
compound  RsBOH  in  which  salt  formation  involves 
loss  of  a  proton  (eq  1)  rather  than  addition  to  boron 
(eq  2).  Now  independent  evidence  had  suggested* 
that  this  is  the  case  for  B-OH  derivatives  of  several 
borazaro  compounds,  in  particular  lO-hydroxy-10,9- 
borazarophenanthrene  (I),  2-hydroxy-2, 1  -borazaro- 
naphthalene  (II),  and  4-hydroxy-4,3-borazaroisoquino- 
line  (III).     It  seemed  to  us  that  by  comparing  the 


vAr^n 


B^NH 


OH 


I  n  III 

^*B  nmr  spectra  of  such  compounds  in  neutral  and 
alkaline  solution  with  corresponding  spectra  for  con- 
ventional boron  oxyacids,  we  might  kill  two  birds  with 
one  stone.  Not  only  might  the  comparison  provide  a 
definite  and  general  criterion  between  the  two  modes  of 
salt  formation,  but  it  could  also  provide  unambiguous 
evidence  that  compounds  such  as  I-III  do  indeed  act 
as  protic  acids.  This  is  an  important  point,  since  the 
reluctance  of  boron  to  undergo  addition  provides  one 
of  the  strongest  lines  of  evidence  that  compounds  of 
this  type  are  indeed  aromatic' 

We  have,  therefore,  measured  the  *  *B  nmr  spectra  of 
I-If  I  in  neutral  and  alkaline  solution,  and  also  the  corre- 


sponding spectra  of  boric  acid  (IV),  phenylboronic  acid 
(V),  o-tolylboronic  acid  (VI),  boraphthalide  (VII), 
and  4-hydroxy-4,3-boroxaroisoquinohne  (VIII).  For 
comparison,  we  also  measured  the  spectrum  of  4- 
methyl-4,3-borazaroisoquinoline  (IX)  and  that  of  tri- 
methyl borate  in  methanol  and  in  methanolic  sodium 
methoxide;  in  the  latter  case  salt  formation  can  take 
place  only  by  addition  to  boron,  giving  the  tetrahedral 
ion  B(OMe)4-. 
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Results 

The  nmr  spectra  were  measured  with  a  Varian  DP-60 
spectrometer,  using  trimethyl  borate,  or  the  diethyl 
ether-boron  trifluoride  complex,  as  external  standards. 
The  results  are  listed  in  Table  I.  The  chemical  shifts 
are  believed  to  be  accurate  to  =t0.5  ppm.  The  various 
compounds  were  prepared  by  the  methods  described 
in  the  references  quoted  and  their  physical  properties 
agreed  with  those  previously  reported.    The  chemical 
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shifts  for  trimethyl  borate  and  the  tetramethoxyboride 
ion,  B(OCH3)4~,  are  in  good  agreement  with  values 
reported  by  Phillips,  et  al? 

Discussion 

It  is  immediately  obvious  that  the  compounds  listed 
in  Table  I  fall  into  two  distinct  categories.  One  group 
shows  a  large  upfield  shift  (>13  ppm)  on  passing  from 
neutral  to  alkaline  solution,  comparable  with  the  differ- 
ence between  trimethyl  borate  and  the  ion  B(OCH3)4,"" 
while  the  other  group  shows  a  small  downfield  shift 
(3-7  ppm).  The  arguments  given  above  seem  to  sug- 
gest unequivocally  that  compounds  of  the  first  group  are 
acting  as  Lewis  acids,  those  of  the  second  group  as  pro- 
tic  acids. 

This  conclusion  is  further  supported  by  the  changes  in 
line  width  accompanying  salt  formation.  Resonances 
due  to  *^B  are  usually  broad,  due  to  quadrupole  re- 
laxation; two  factors  can  influence  the  relative  impor- 
tance of  this  in  a  boron  oxyacid  and  in  its  conjugate  base. 
In  the  first  place,  there  is  a  contribution  due  to  unsym- 
metrical  field  gradients  about  boron  inside  the  molecule 
or  ion;  these  should  be  less  important  in  an  ion  formed 
by  addition  to  boron  than  in  one  formed  by  loss  of  a 
proton,  since  the  electron  distribution  about  a  quadri- 
covalent  tetrahedral  boron  atom  must,  in  general,  be 
more  symmetrical  than  that  about  a  planar  trivalent 
one.  An  effect  of  this  kind  is  well  known  in  the  case 
of  nitrogen,  **N  nmr  lines  being  much  sharper  for  am- 
monium ions  than  for  the  corresponding  amines.' 
A  second  source  of  quadrupole  relaxation  is  provided  by 
fluctuating  electric  potentials  due  to  surrounding  mole- 
cules; these  should  be  much  more  important  in  the 
case  of  an  ion  than  a  neutral  molecule,  since  ions  in 
solution  tend  to  be  surrounded  by  ionic  atmospheres 
(Debye-Huckel  effect).  Now  when  a  typical  boron 
oxyacid  forms  a  salt  by  addition  of  base,  these  two 
factors  will  act  in  opposition ;  the  change  in  covalency 
of  boron  should  tend  to  decrease  quadrupole  relaxa- 
tion and  so  reduce  the  line  width,  whereas  the  acquisi- 
tion of  negative  charge  should  tend  to  increase  it. 
If,  on  the  other  hand,  salt  formation  involves  loss 
of  a  proton  so  that  the  boron  atom  remains  planar  and 
tricovalent,  one  might  expect  the  line-broadening  effect 
of  the  charge  to  operate  unopposed.  One  might 
therefore  expect  the  change  in  line  width  on  passing 
from  neutral  to  alkaline  solution  to  serve  as  an  addi- 
tional criterion  of  acid  type;  boron  protic  acids  should 
show  a  much  greater  increase.  Examination  of  Table  I 
shows  that  this  prediction  holds  rather  spectacularly. 
The  line  widths  for  Lewis  acids  are  usually  less  in 

(8)  W.  D.  Phillips.  H.  C.  Miller,  and  E.  L.  Muctterlies.  J.  Am.  Chem, 
5oc..  81,  4496(1959). 

(9)  See,  e.g.,  R.  A.  Ogg  and  J.  D.  Ray.  /.  Chem.  Phys.,  26,  1339 
(1957). 


alkaline  than  in  neutral  solution  and  certainly  show  no 
significant  increase  with  salt  formation,  whereas  the 
line  widths  for  the  protic  acids  increase  enormously 
on  addition  of  alkali. 

We  can  therefore  conclude  with  some  assurance  that 
boric  acid,  the  arylboronic  acids  V  and  VI,  and  bora- 
phthalide  (VII)  behave  as  Lewis  acids  to  hydroxide  ion, 
while  the  hydroxyborazaro  compounds  I-III  behave  as 
protic  acids.  This  difference  can  of  course  be  at- 
tributed^ to  the  aromatic  nature  of  the  latter  com- 
pounds; addition  of  base  to  boron  would  destroy  cyclic 
conjugation  in  the  boron-containing  ring. 

The  last  of  our  hydroxy  acids,  4-hydroxy-4,3-borox- 
aroisoquinoline  (VIII),  is  particularly  interesting  in  this 
respect.  Boroxaro  compounds  should  be  less  aromatic 
than  their  nitrogen  counterparts  and  this  is  known  to  be 
the  case  for  the  oxygen  analog  of  I,^°  lO-hydroxy-10,9- 
boroxarophenanthrene  (X).  Nevertheless  ultraviolet 
spectral  data  seemed  to  suggest  unambiguously  that  X 
behaves  as  a  protic  acid,  the  aromaticity  of  the  central 
ring  still  being  sufficient  to  inhibit  addition  to  boron; 
it  is  therefore  of  interest  to  see  if  the  same  is  true  of 
VIII.  The  ultraviolet  spectrum  of  VIII  is  almost  the 
same  in  alkali  as  in  neutral  solution,  suggesting  that 
VIII  also  behaves  as  a  protic  acid;^*  however,  the  re- 
sults in  Table  I  show  that  this  tentative  conclusion  was 
incorrect,  VIII  behaving  as  a  Lewis  acid  toward  hydrox- 
ide ion.  This  is  indicated  both  by  the  large  upfield 
shift  (25  ppm),  and  by  the  decrease  in  line  width  (290  -^ 
210  Hz),  on  passing  from  neutral  to  alkaline  solution. 

The  chemical  shifts  listed  in  Table  I  are  also  of  some 
general  interest  in  connection  with  the  problem  of 
relating  chemical  shifts  to  structure.  It  will  be  noticed 
that  the  resonances  for  arylboronic  acids  appear  down- 
field  by  ca.  10  ppm  relative  to  boric  acid,  implying  that 
replacement  of  hydroxyl  by  phenyl  has  a  deshielding 
effect.  Phillips,  et  o/.,^  have  drawn  attention  to  this 
surprising  circumstance  and  have  pointed  out  that  it 
cannot  be  attributed  to  any  effect  of  ring  current  or 
unsaturation,  for  the  ^*B  chemical  shifts  of  phenyl- 
boronic  acid  and  /r-butylboronic  acid  differ  by  less  than 
1  ppm.  The  effect  seems  to  be  related  in  some  way 
to  the  presence  of  boron-carbon  bonds,  for  replacing 
the  B-OH  group  in  III  by  methyl  (to  form  VIII)  leads 
to  a  further  downfield  shift  of  6.7  ppm.  The  most 
likely  explanation  seems  to  lie  in  a  strong  magnetic 
anisotropy  of  the  C-B  bond,  resulting  in  a  net  deshield- 
ing effect  on  the  boron  atom. 

Acknowledgment.  This  work  was  supported  by  a 
grant  from  the  Robert  A.  Welch  Foundation.  We 
also  wish  to  thank  Dr.  B.  A.  Shoulders  for  advice. 

(10)  M.  J.  S.  Dewar  and  R.  Diclz.  /.  Chem.  Soc,  1344  (1960). 

(11)  Unpublished  work  by  Dr.  R.  C.  Doughtery;  see  M.  J.  S.  Dewar 
and  R.  C.  Doughtery,  /.  Am.  Chem.  Soc,  86,  433  (1964). 


I  of  ihe  American  Chemical  Society  /  89:10  /  May  10, 1967 


2411 


The  Neighboring  Sulf  onium  Group  in  Ester  Hydrolysis 

Joseph  Casanova,  Jr.,  Newton  D.  Werner,  and  Hansruedi  R.  Kiefer 

Contribution  from  the  Department  of  Chemistry,  California  State  College  at 
Los  Angeles,  Los  Angeles,  California    90032.     Received  December  16, 1966 


Abstract :  The  alkaline  hydrolysis  of  methyl  2-dimethylsulfoniophenylacetate  /^-toluenesulfonate  (a-5)  proceeds  5.2 
times  faster  than  that  of  the  4  isomer  (p-S).  With  a  correction  for  steric  effects,  the  ratio  is  14.  The  2-dimethyl- 
sulfonio  ester  is  hydrolyzed  356  times  faster  than  the  2-isopropyl  ester,  and  the  4-dimethylsulfonio  ester  is  hydro- 
lyzed  25  times  faster  than  the  4-isopropyl  ester.  From  these  data  and  proton  resonance  spectra,  it  is  concluded 
that  the  neighboring  sulfonium  group  in  these  compounds  exhibits  a  small  rate-enhancing  effect  on  ester  hydrolysis, 
probably  via  a  field  effect  rather  than  by  covalent  bonding  between  sulfur  and  oxygen. 


The  role  of  neighboring  functional  groups  in  intra- 
molecular nucleophilic  catalysis  of  ester  hydrolysis 
is  clearly  established  and  has  been  the  topic  of  extensive 
researches.^  The  intervention  of  intramolecular  elec- 
trophilic  catalysis  in  alkaline  ester  hydrolysis  has  been 
advanced  in  the  case  of  hydroxylic  hydrogen,*  and  is 
thought  to  be  of  the  general  acid  type.  Such  electro- 
philic  catalysis  has  not  been  reported  for  other  electro- 
philes,  perhaps  due  to  the  paucity  of  functional  groups 
which  are  potentially  capable  of  serving  in  this  capacity. 
The  extensive  distribution  of  sulfonium  compounds  in 
biological  systems'  and  the  well-documented  propens- 
ity of  sulfur  for  d  orbital  resonance*  suggested  that  a 
neighboring  sulfonium  group  might  function  as  such 
an  electrophilic  group,  capable  of  the  intramolecular 
catalysis  of  alkaline  ester  hydrolysis,  either  by  bonding 
with,  or  inducing  polarization  in  the  carbonyl  group 
(a,  a')  or  by  stabilizing  the  tetrahedral  intermediate 
(b,  b')  in  ester  hydrolysis,  or  both.  Either  effect  should 
lead  to  a  rate  increase.  The  object  of  the  work  de- 
scribed in  this  paper  was  to  prepare  esters  containing 
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(1)  (a)  B.  Capon,  Quart.  Rev,  (London),  18,  45  (1964);  (b)  T.  C. 
Bruice  and  S.  J.  Benkovic,  *'Bioorganic  Mechanisms,"  W.  A.  Benjamin, 
Inc.,  New  York,  N.  Y.,  1966;  (c)  M.  L.  Bender.  Chem.  Rec,  60,  53 
(I960). 

(2)  (a)  H.  B.  Henbest  and  B.  J.  Lovell,  /.  Chem.  Soc.,  1965  (1957); 

(b)  H.  G.  Zachan  and  W.  Karau,  Ber,  93,  1830 (1960);  (c)  H.  Morawetz 
and  I.  Oreskes,  7.  Am.  Chem.  Soc.,  80,  2591  (1958);  (d)  H.  Morawetz 
and  J.  Shaffer,  ibid.,  84.  3783  (1962);  (e)  B.  Capon,  Tetrahedron  Utters, 
91 U 1963). 
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ucis,"  Vol.  XXIII,  L.  Zechmeister,  Ed.,  Springer- Verlag.  Berlin,  1965, 
PP  61-104. 
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Oac,  "Sulfur  Bonding."  Ronald  Press  Co.,  New  York,  N.  Y..  1962; 
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sulfonium  groups  disposed  in  space  so  as  to  favor  the 
incursion  of  such  an  effect  and  to  examine  the  hydrolysis 
rates  of  these  esters  when  compared  to  isomeric  systems 
incapable  of  intramolecular  catalysis. 

Results  and  Discussion 

The  substrates  selected  for  this  study  were  methyl  2- 
dimethylsulfoniophenylacetate  />-toluenesulfonate  (o-S) 
and  the  4-substituted  isomer  (/?-5).  Their  prepara- 
tion is  shown  in  Charts  I   and  II.    Their  selection 
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was  predicated  on  the  well-defined  rigid  geometry  im- 
parted by  the  aromatic  ring  and  by  the  insulating  effect 
of  the  a-methylene  group,  which  would  operate  so  as  to 
minimize  direct  resonance  interaction  between  the 
sulfur  and  carbonyl  carbon.  Inductive  effect  differ- 
ences between  the  ortho  and  para  isomers  should  also 
be  small,  since  the  effect  is  already  attenuated  by  four 
bonds  in  the  ortho  isomer. 

In  order  to  assess  the  magnitude  of  ortho  steric  effects, 
which  are  substantial  in  the  case  of  substituted  ben- 
zoates,^  methyl  2-  and  4-isopropyl  phenylacetates  were 
prepared  and  their  hydrolytic  behavior  was  examined 
under  the  same  conditions  as  employed  for  the  sulfonic 
esters.  The  assumption  was  made  that  an  isopropyl 
group  simulates  a  dimethylsulfonio  group  in  steric 
requirement.  The  preparation  of  the  isopropyl  sub- 
stituted esters  is  shown  in  Chart  III. 

(5)  (a)  M.  Hojo.  M.  Utaka,  and  Z.  Yoskida.  Tetrahedron  Letters,  19 
(1966);  (b)i6W.,25(1966). 
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Hydrolysis  rates  were  measured  titrimetrically  at 
constant  pH  using  50%  v/v  aqueous  dioxane  as  solvent. 
A  plot  of  log  Co/C,  vs,  time  gave  a  straight  line  for 
several  half-lives.  Rate  constants  were  measured  under 
conditions  of  similar  ionic  strength,  although  the  effect 
of  added  salt  was  very  small.  A  sample  run  is  shown 
in  Figure  1.  The  pseudo-first-order  rate  constants  were 
calculated  by  the  method  of  least  squares  using  a  simple 
computer  program®  and  are  shown  in  Table  I.  A  graph 
of  log  k  Ds.  pH  for  the  two  sulfonio  esters  gave  good  paral- 
lel straight  lines  over  the  pH  range  7.2-10.3  with  a  slope 
of  1.0  (Figure  2).    Thus,  both  esters  follow  the  simple 

(6)  J.  Casanova,  Jr.,  and  E.  R.  Weaver,  /.  Chem.  Edtic.,  42,  137 
(1965). 


Table  I.    The  Hydrolysis  Rates  of  Methyl 
4-DimethylsuIfoniophenylacetate  p-ToluencsuIfonate,  Methyl 
2-DimethylsuIfoniophenyIacetate  p-ToIuencsuIfonate,  Methyl 
4-Isopropylphenyiacetate,  and  Methyl  2-IsopropylphenyIacetate 
in  50%  Aqueous  Dioxane  at  Constant  pH 
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rate  expression  —  d(ester)/dr  =  /:(esterXOH~).  A  sum- 
mary of  the  calculated  second-order  rate  constants 
for  hydrolysis  of  the  four  esters  at  69.5°  is  given  in  Table 
II.  It  can  be  seen  that  the  o-sulfonio  ester  (o-5)  is 
hydrolyzed  5.2  times  faster  than  its  para  isomer  (/^5). 
ITiis  rate  order  is  reversed  for  the  isopropyl  esters 
(0-8  and  p-8) 


Table  n.    Second-Order  Rate  Constants  for  the  Alkaline 
Hydrolysis  of  Methyl  4-DimethylsuIfoniophenyIacetate 
/>-Toluenesulfonate,  Methyl  2-DimethyIsuIfoniophenylacetate 
p-Toluenesulfonate,  Methyl  4-IsopropyIphenylacetate,  and  Methyl 
2-Isopropylphenylacetate  at  69.5°  in  50%  Aqueous  Dioxane 
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When  the  ortho:para  rate  ratio  for  sulfonium  ester 
hydrolysis  is  corrected  for  steric  rate  retardation,  which 
would  operate  in  the  hindered  ortho  ester  but  not  in  the 
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Figure  1.  Log  Co/Ct  cs.  time  for  the  hydrolysis  of  methyl  2-climeth- 
ylsulfoniophenylacetate  p-toluenesulfonate  in  50%  aqueous  dioxane 
at  pH  7.17  and  69.5°  (run  026). 
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Figure  2.  The  pH-rate  profile  for  the  alkaline  hydrolysis  of  methyl 
4-dimethyIsulfoniophenylacetate  p-toluenesulfonate  (p-S)  and 
methyl  2-diniethylsulfoniophenylacetate  p-toluenesulfonate  (o-5). 


para^  by  dividing  by  the  ortho:para  rate  ratio  obtained 
for  the  isopropyl  esters  (o-8  and  p-8),  the  ratio  becomes 
14.  Contrasted  with  the  magnitude  of  rate  acceleration 
values  which  have  been  observed  for  systems  in  which 
nucleophilic  neighboring  group  assistance  is  thought 
to  occur  efficiently'  (10*- 10®),  the  enhanced  reactivity 
in  the  present  case  is  hardly  significant. 

To  assess  the  importance  of  a  neighboring  sulfonium 
ion  in  stabilizing  a  negatively  charged  carboxyl  deriva- 
tive, the  pK^  was  measured  for  2-  and  4-dimethylsulfonio- 
phenylacetic  acids  (o-3  and/?-3).  These  values  are  shown 
in  Table  III.    Although  the  resonance-stabilized  car- 

TaUe  III.    Acidity  Constants  of  Carboxylic  Acids  Prepared  in 
This  Study,  Measured  in  45.0%  w/w  Dioxane-Water  at  29° 


Compd 


P^a 


(hi 
P-2 
0-3 
/^3 


6.16 
5.95 
4.07 
4.82 


boxylate  anion  with  a  delocalized  negative  charge  must 
be  a  poor  model  for  the  anticipated  tetrahedral  inter- 
mediate with  a  full  negative  charge  localized  on  one 
oxygen  atom,  both  effects  operate  in  the  same  direction 
and  the  difference  in  acidity  between  the  two  acids 
should  give  an  indication  of  the  importance  of  stabiliza- 
tion of  the  tetrahedral  intermediate  during  ester  hy- 
drolysis. The  o-sulfonium  acid  (o-3)  is  seen  to  be 
more  than  100  times  stronger  an  acid  than  the  corre- 
sponding methylthio  acid  (o-2),  whereas  the  ratio  be- 
tween the  para  acids  (p-3  and  p-2)  is  close  to  10.  How- 
ever, the  difference  in  acidity  between  o-3  and  p-3  is  only 
0.75  pK  unit,  which  does  not  suggest  considerable  sta- 
bilization of  the  carboxylate  anion  by  the  neighboring 
sulfonium  ion.  In  its  ultimate  form,  stabilization  could 
take  the  form  of  covalent  bonding  between  the  car- 
boxylate anion  and  the  sulfonium  sulfur  atom  (c')- 


CH3   CH3 

2>  O 


CH3    CH3 


OClo 


(7)  A.  Strcitwieser,  **Solvolytic  Displacement  Reactions/*  McGraw- 
Hill  Book  Co.,  Inc..  New  York,  N.  Y.,  1962,  pp  104^126. 


The  proton  resonance  spectra  of  the  sulfonio  acids 
(o-  and  p-3)  in  2  A^  DCl  and  2  A^  NaOD  in  DjO  were  de- 
termined, and  the  chemical  shift  of  the  dimethylsulfonio 
protons  was  measured  with  respect  to  the  chemical 
shift  of  the  same  protons  in  pure  D2O.  If  the  covalent 
form  (c')  made  a  significant  contribution  to  the  struc- 
ture of  the  anion,  then  the  methyl  protons  should  show  a 
substantial  increase  in  shielding  as  the  medium  was 
changed  from  acidic  to  basic,  and  the  species  present 
became  the  carboxylate  anion.  The  results  of  these 
measurements  are  shown  in  Table  IV.  Although  the 
ortho  zwitterion  shows  a  slightly  greater  shielding  than 
the  paroy  the  magnitude  of  the  difference  does  not  warrant 
invoking  structure  c'  as  a  significant  contributing  form. 


Table  IV.    The  Chemical  Shift  of  the  Dimethylsulfonio  Protons 
of  4-DimethylsuIfoniophenylacetic  Acid  and 
2-DimethyIsulfoniophenylacetic  Acid  Measured  in 
2NHC\an62N  NaOH 


Chemical  shift,  cps' 


Compd 


2N 
HCl 


2N 
NaOH 


0-3 
p-3 


+6.5* 
+7.5 


-17.0 
-4.5 


**  Relative  to  the  chemical  shift  of  the  dimethylsulfonio  group  in 
pure  DzO.  *  A  positive  number  designated  a  shift  downfield  from 
the  standard. 


It  might  be  anticipated  that  if  the  transition  state  for 
hydrolysis  of  ortho  ester  (o-5)  involved  covalent  bonding 
to  sulfur  (b')  this  difference  would  be  reflected  in  a 
more  negative  AS*  for  the  ortho  than  for  the  para 
ester  because  of  greater  constraint  in  such  a  transition 
state.  The  activation  parameters  for  the  sulfonium 
esters  were  determined  from  the  second-order  rate 
constants  for  hydrolysis  at  pH  10.33  using  rate  measure- 
ments at  four  temperatures.  The  calculated  values  of 
£»  and  AS*  are  shown  in  Table  V.  The  near  coinci- 
dence of  both  the  activation  energy  and  the  activation 
entropy  for  the  two  sulfonio  esters  suggests  again  that 
the  rate  differences  between  the  esters  should  not  be 
attributed  to  any  fundamental  differences  in  the  mode 
of  reaction. 

The  magnitude  and  sign  of  the  entropy  of  activation  is 
itself  very  unusual  and  warrants  comment.  Most 
reactions  which  are  bimolecular  in  the  rate-controlling 
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Table  V.    Activation  Parameters  for  the  Hydrolysis  of  Methyl 
2-Dijiiethylsulfoniophenylacetate  />-Toluenesulfonate  and    Methyl 
4-Dimethylsulfoniophenylacetate  />-Toluenesulfonate  at  pH    10.33 


Compd 


£a,  kcal/ 
mole" 


A5*,eu* 


a-5 
P-S 


20.0 
21.6 


1.0 
1.0 


+6.4±2.9 
+7.9=b2.9 


«  Calculated  graphically  from  a  plot  of  log  kt  vs.  \/T.  These 
values  are,  within  experimental  error,  the  same  as  the  values  obtained 
from  the  expression  £»  =  RTiTt  In  {kilkx)l{TtTx).  *  Calculated 
from  the  expression  kt  =  (ekBT/h)  exp(A5  =*=//?)  c\p(-EJRT).  L. 
L.  Schaleger  and  F.  A.  Long,  Advan,  Phys,  Org,  Chem.,  1,  1  (1963). 

Step  exhibit  an  entropy  of  activation  of  about  —20  eu.® 
Although  the  magnitude  of  the  activation  energy  ob- 
served here  is  similar  to  that  reported  for  many  ester 
hydrolysis  reactions,  the  entropy  of  activation  is  15-30 
eu  greater  than  anticipated.®  One  interpretation  of 
this  result  is  that  ester  hydrolysis  in  the  present  case 
(both  ortho  and  para)  is  not  bimolecular  in  the  rate- 
controlling  step.  A  reasonable  mechanism  involving  a 
ketene  intermediate  can  be  devised  to  accommodate 
that  interpretation.*'^ 


CH 

I 
CH3S 


^xx 


0 


OH 


e 


CH2  OCH3 


0 


G 


Islow 


CH3S 

e 


CH3 
I 


XX 


0 


CH2     eo 


.  or 
OH® 


CH3 
I 


CH3,S 


XX 


CH=C=0 

0 
OCHa 

Inductive  and  resonance  stabilization  of  the  enolate 
anion  renders  this  mechanism  an  attractive  possibility. 
Suggestions  of  the  operation  of  this  mechanism  in  the 
literature  are  rare.**  A  necessary  condition  for  the 
intervention  of  this  novel  pathway  is  that  the  rate  of 
exchange  of  a-hydrogen  be  at  least  as  fast  as  the  over-all 
hydrolysis  rate.  This  has  been  determined  to  be  the 
case  for  the  para  ester  p-3,  for  which  fcsCexchange  per 
hydrogen)/A:2(hydrolysis)  is  8.  Other  experiments  de- 
signed to  test  the  interpretation  stated  above  are  in 
progress. 

A  recent  report  ^^  of  the  kinetics  of  alkaline  hydrolysis 
of  several  substituted  ethyl  acetates  included  the  bro- 

(8)  K.  B.  Wilberg.  **Physical  Organic  Chemistry/*  John  Wiley  and 
Sons,  Inc..  New  York,  N.  Y.,  1964.  p  387. 

(9)  M.  L.  Bender,  R.  D.  Ginger,  and  J.  P.  Unik.  /.  Am.  Chem.  Soc., 
80,  1044  (1958);  A.  Fischer.  W.  J.  Mitchell,  G.  S.  Ogilvie.  J.  Packer,  J. 
E.  Packer,  and  J.  Vaughn,  /.  Chem.  Soc.,  1426  (1958);  E.  Tommila,  A. 
Nurro,  R.  Muren,  S.  Merenheimo,  and  E.  Vuorinen,  Suomen  Kemis- 
tilehtU  32B,  115  (1959);  K.  J.  Laidler  and  D.  Cheu.  Trans.  Faraday 
Soc.,  5b,  1026(1958);  J.  E.  Earlcy.  C.  E.  0*Rourke.  L.  B.  Clapp,  J.  O. 
Edwards,  and  B.  C.  Lawes,  /.  Am.  Chem.  Soc.,  80,  3458  (1958);  A. 
Moffat  and  H.  Hunt,  ibid.,  81,  2082  (1959);  S.  Sarel,  L.Tsai,  and  M.  S. 
Newman,  ibid.,  78,  5420  (1956);  T.  C.  Bruice  and  G.  L.  Schmir,  ibid., 
79,  1663  (1957);  G.  L.  Nolan  and  E.  S.  Amis,  /.  Phys.  Chem.,  65,  1556 
(1961);  ref  Ic,  pll. 

(10)  The  authors  are  indebted  to  E.  Cordes  for  pointing  out  this  possi- 
bility. 

(11)  W.  A.  Remers,  R.  H.  Roth,  and  M.  J.  Weiss,  /.  Org.  Chem.,  30, 
2901  (1965);  ref  Ic,  p  8. 

(12)  R.  P.  Bell  and  B.  A.  W.  CoUcr,  Trans.  Faraday  Soc,  61,  1445 
(1965). 


mide  salt  of  ethyl  dimethylsulfonium  acetate.  The  rate 
differences  observed  were  attributed  largely  to  electro- 
static effects  of  substituent  charges  and  dipoles,  rather 
than  to  inductive  effects.  The  possibility  of  covalent 
bonding  between  sulfur  and  the  carbonyl  group  of  the 
ester  was  not  discussed.  Inductive  effects  were  dis- 
missed as  small  in  the  sulfur-substituted  series,  based 
on  the  questionable  assumption  that  electronegativity 
differences  should  be  small  in  the  series  RS''"(CH3)2, 
RSCH3,  and  RS~.  In  addition,  the  data  presented  by 
these  authors  gives  a  straight  line  when  plotted  as  log 
k2  vs.  (T*.  Under  the  circumstances  we  feel  that  it 
would  be  premature  to  dismiss  an  inductive  effect  as 
unimportant  in  the  sulfonium  salts. 

The  magnitude  of  the  ortho:para  ratio  for  the  sul- 
fonio  esters  is  small  enough  so  that  it  could  be  inter- 
preted in  terms  of  an  inductive  effect  alone.  This  is 
contrary  to  our  assumption  at  the  onset  of  this  study. 
To  the  extent  that  the  hydrolysis  of  sulfonium  esters 
0-5  and  /?-5  follows  a  normal  hydrolytic  sequence,  a 
supposition  to  which  some  doubt  has  been  raised  here, 
it  is  evident  that  neighboring  sulfonium  sulfur  exerts  a 
surprisingly  small  electrophilic  enhancement  of  the  rate 
of  ester  hydrolysis. 

Experimental  Section 

o-Mercaptophenylacetic  Add  (1).  This  compound  was  prepared 
by  the  method  of  Pascal  and  Tarbell.  *'  The  acid  did  not  crystallize 
and  was  used  directly  in  the  preparation  of  the  sulfide.  The  yield 
was  22%. 

2-<Methylthlo)phenylacetlc  Add  (oZ).  A  solution  of  4.0  g  of 
o-mercaptophenylacetic  acid  in  15  ml  of  absolute  ethanol  was  added 
slowly  to  a  warm  solution  of  3.01  g  (0.024  mole)  of  dimethyl  sulfate 
in  15  ml  of  33%  aqueous  sodium  hydroxide  and  heated  at  reflux  for 
0.5  hr.  The  ethanol  was  removed  in  vacuo,  and  approximately  10 
ml  of  water  was  added.  The  solution  was  acidified  with  6  N  HO 
and  solid  appeared.  The  solid  recrystallized  from  chloroform, 
1.31  g  (30%),  mp  127-129°.  An  infrared  spectrum  in  chloroform 
showed  strong  absorption  at  1715  cm"*  (s),  3600-2500  cm~*  (m). 
An  nmr  spectrum  in  CDCI3  with  tetramethylsilane  as  an  internal 
standard  showed  a  complex  multiplet,  centered  at  7.32  ppm,  a 
singlet  at  3.86  ppm,  and  a  singlet  at  2.44  ppm  with  the  area  ratio 
4 :2:3»  respectively. 

AnaL  Calcd  for  C^HioOiS:  C,  59.31;  H.  5.53;  S.  17.59. 
Found:    C,  58.91;  H,  5.55;  S,  17.59. 

2-Diiiiethylsulfonioplienylacetic  Add  />-Tolueiiesulfoiiate  (a-3). 
2-(Methylthio)phenylacetic  acid  (0.5  g,  2.7  mmoles),  1.0  g  (5.4 
mmoles)  of  methyl  />-toluenesulfonate  (Eastman,  distilled),  and 
5  ml  of  toluene  (reagent  grade,  dried  over  sodium)  were  heated 
overnight.  An  oil  separated  and  the  toluene  was  decanted.  The  oil 
was  crystallized  by  trituration  with  methanol.  The  white  solid  was 
twice  recrystallized  by  dissolving  it  in  acetone  containing  a  few  milli- 
liters of  ethanol  and  then  adding  ethyl  acetate  to  give  0.28  g  (27%) 
of  white  solid,  mp  153.0-153.5°. 

Anal.  Calcd  for  CnHjoOsS^:  C,  55.41;  H,  5.47;  S.  17.40. 
Found:    C,  55.38;  H,5.55;  S,  17.22. 

4-(Methylthio)plienylacetic  Acid  (/>-2).  This  compound  was 
prepared  in  45%  yield  by  the  method  of  Elderfield  and  Burgess,** 
mp  93-95°  (lit.  *^  94-95  ). 

4-Diiiiethylsulfonioplienylacetic  Add  />-Toliiefie8iilfonate  (jyZ), 
4-(Methylthio)phenylacetic  acid  (1  g,  5.4  mmoles),  2.0  g  (10.8 
mmoles)  of  methyl  />-toluenesulfonate  (Eastman,  distilled),  and  10 
ml  of  anhydrous  toluene  were  refluxed  for  6  hr.  The  solid  which 
had  formed  was  collected  on  a  filter  and  washed  with  benzene. 
The  solid  was  twice  recrystallized  from  elhanol-ethyl  acetate  to  give 
0.80  g  (41  %)  of  white  solid,  mp  180-182^ 

Anal.  Calcd  for  CnHzoOiSi:  C,  55.41;  H,  5.47;  S,  17.40. 
Found:    C,  55.47;  H,  5.56;  S,  17.08. 

p/Ci  Determinations.  A  standard  solution  of  sodium  hydroxide 
(0.0498  A^)  in  55.0%  (by  weight)  of  distilled  water  and  45.0%  (by 


(13)  1. 1.  Pascal  and  D.  S.  Tarbell,  J.  Am.  Chem.  Soc.,  79,  6015  (1957). 

(14)  R.  C.  Elderfidd  and  K.  L.  Burgess,  ibid.,  82,  1975  (1960). 
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weight)  of  dioxane  (purified  by  the  Hess  and  Frahm  method") 
was  the  titrant.  The  general  method  of  Albert  and  Serjeant^" 
was  used  to  determine  the  pK^  values.  The  sample  was  dissolved  in 
55.0%  (by  weight)  of  water  and  45.0%  (by  weight)  of  dioxane.  A 
Leeds  and  Northrup  pH  meter  was  used,  and  the  meter  was  stand- 
ardized with  both  phthalate  buffer  (pH  4.(X))  and  phosphate  buffer 
(pH  6.86)  before  and  after  the  measurements.  During  the  measure- 
ment of  pH,  prepurified  nitrogen  gas  was  bubbled  through  Fieser*s 
solution,*^  reaction  solvent,  and  into  the  cell.  The  calculation  of 
the  pXa  values  was  carried  out  as  described  elsewhere. "  Corrections 
for  the  hydrogen  ion  concentration  were  applied. 

Methyl  4-<Methyltfaio)phenylacetate  (/>-4).  A  solution  of  5.5  g 
(20  mmoles)  of  4-(methylthio)phenylacetic  acid,  10  ml  of  methanol 
(reagent  grade),  10  ml  of  2,2-dimethoxypropane  (Dow  Chemical 
Co.),  and  a  few  milligrams  of  />-toluenesulfonic  acid  monohydrate 
was  stirred  overnight  at  room  temperature.  The  solution  was  con- 
centrated in  vacuo  and  then  taken  up  in  chloroform  and  washed  in 
sodium  bicarbonate  and  saturated  aqueous  sodium  chloride. 
The  dried  chloroform  solution  was  concentrated  to  give  a  tan  liquid. 
Distillation  of  this  liquid  gave  3.0  g  (51%),  bp  178-180°  (0.5  mm) 
[lit,"  179-181  **  (3  mm)].  An  infrared  spectrum  in  chloroform 
showed  no  absorption  between  36(X)  and  32(X)  cm~^  and  strong 
absorption  at  1735  cm~^ 

Methyl  4-Diiiiethylsiilfoniopbenylacetate  />-Toliieiiesulfonate 
(/^5).  Methyl  ester  pA  (3  g,  0.015  mole)  and  methyl  />-toluene- 
sulfonate  (3.6  g,  0.019  mole)  (Eastman,  distilled)  were  heated  at 
100"  for  3  hr.  After  cooling  to  room  temperature  the  reaction 
mixture  solidified.  The  solid  was  first  washed  with  ethyl  ether 
and  then  collected  on  a  filter.  Recrystallization  from  dioxane- 
methanol  gave  5.0  g  (87  %)  of  a  white  solid,  mp  145-147  °. 

Anal.  Calcd  for  CisHaOA:  C,  56.52;  H,  5.80;  S,  16.77. 
Found:    C,  56.35;  H,  5.80;  S,  16.40. 

Methyl  2-(Methylthio)phenylacetate  (a-4).  A  solution  of  3.7  g 
(0.020  mole)  of  2-(methylthio)phenylacetic  acid,  15  ml  of  absolute 
methanol,  10  ml  of  2,2-dimethoxypropane  (Dow  Chemical  Co.), 
and  a  few  milligrams  of  />-toluenesulfonic  acid  monohydrate  was 
heated  at  reflux  for  4  hr.  The  dark  solution  was  concentrated  in 
jDocuo,  taken  up  in  chloroform,  and  washed  with  sodium  bicarbonate 
solution  and  saturated  aqueous  sodium  chloride  solution.  The 
chloroform  solution  was  dried  and  distilled  to  give  2.8  g  (72%) 
bp  99-100**  (0.75  mm);  w*»d  1.5632.  An  infrared  spectrum  in 
chloroform  showed  no  absorption  between  36(X)  and  32(X)  cm~* 
and  strong  absorption  at  1730  cm~  ^ 

Anal.  Calcd  for  QoHijOjS:  C,  61.20;  H,  6.16;  S,  16.34. 
Found:    C.  61.14;  H,6.08;  S,  16.13. 

Methyl  2-Diiiiethylsiilfoniophenylacetate  />-Toluenesiilfonate  (a-5). 
A  solution  of  2.8  g  (0.014  mole)  of  methyl  ester  oA  and  3.2  g 
(0.017  mole)  of  methyl  />-toluenesulfonate  (Eastman,  distilled) 
was  heated  at  100°  for  3  hr.  The  reaction  mixture  was  cooled  to 
room  temperature  and  a  solid  formed  which  was  washed  with 
ethyl  ether  and  collected  on  a  filter.  The  white  solid  was  recrystal- 
lizcd  from  2-butanol  to  give  2.5  g  (46%)  of  a  white  solid,  mp  156- 
1 58 "".    A  second  crop  of  1 .2  g  (22  %)  was  obtained. 

Ana!.  Calcd  for  CigHz^OsSj:  C,  56.52;  H,  5.80;  S,  16.77. 
Found:    C,  56.15;  H,  5.74;  S,  16.54. 

2-  and  4-l8opropylbefizyl  Bromides  {o-  and  />-6).  Into  a  solution 
of  120  ml  of  (48%)  HBr,  93  g  of  cumene,  39  g  of  paraformaldehyde, 
and  200  mg  of  red  phosphorus,  gaseous  HBr  was  bubbled  for  6  hr 
while  the  mixture  was  stirred  vigorously.  After  20  min  the  reaction 
mixture  because  hot  and  was  cooled  for  30  min  in  an  ice  bath  until 
all  paraformaldehyde  was  dissolved  and  no  further  exothermic  reac- 
tion was  observed.  It  was  then  held  at  55  *"  for  18  hr.  The  organic 
layer  was  separated,  washed  with  water,  and  dried  over  MgSOi. 

DisUllation  at  64°  (0.5  mm)  yielded  141.8  g  (77%)  [lit."  bp  126- 
130=  (20  mm)]. 

2-  and  4-l8opropylbenzyl  Cyanides  (o-  and  p-l).  Potassium  cy- 
anide (60  g)  was  dissolved  with  stirring  in  70  ml  of  water.  After 
addition  of  60  ml  of  ethanol,  the  solution  was  cooled  with  ice  and 
140  g  of  the  bromide  {o-  and  />-6)  in  60  ml  of  ethanol  was  added 
over  a  period  of  30  min.  The  reaction  mbcture  was  then  stirred  at 
room  temperature  for  2  hr.    The  solid  KBr  was  removed  by  filtra- 


tion and  the  alcohol  evaporated.  The  oily  layer  was  washed  with 
water  and  extracted  with  ether.  The  ether  solution  was  dried  over 
MgS04  and  evaporated.  Distillation  on  a  Vigreux  column,  92° 
(0.5  mm),  yielded  96.5  g  (93  %)  of  product. 

Methyl  2-  and  4-Isopropylphenyl  Acetates  (o-  and  ^).  The 
mixed  cyanides  (o-  and  />-7),  96.5  g,  in  1 80  ml  of  methanol  and  80  ml 
of  concentrated  sulfuric  acid  were  refluxed  for  20  hr.  Water  was 
added,  and  the  resulting  oil  was  extracted  into  ether,  washed  with 
10%  NaHCOa  and  water,  dried,  and  distilled,  bp  68-83°  (0.5  mm), 
77  g  (66  %).  This  material  was  distilled  on  a  spinning-band  column 
and  collected  in  three  fractions  (see  Table  VI).  The  first  distilla- 
tion fraction  was  separated  by  preparative  glpc  on  a  10-ft  Carbowax 
20M  column,  185°,  and  the  esters  (8)  collected  were  redistilled. 


Table  VI 


Bp,  °C 
(0.5  mm) 


ortho 


-Glpc,  %- 


para 


Wt, 
8 


86-90 

96 

96-98 


27.5 
15 
6 


72.5 

85 

94 


15 
40 
15 


Anal.  Calcd  for  CijHieOz  [ortho:  bp  78°  (1  mm)]:  C,  74.96; 
H,  8.39.  Found:  C,  74.94;  H,  8.43.  Found  [para:  bp  80° 
(0.2  mm)]:    C,  75.39;  H,8.51. 

Kinetics  Procedure.  The  dioxane  used  was  commercial  grade, 
purified  by  the  method  of  Hess  and  Frahm.  *^  Standard  sodium 
hydroxide  solutions  were  prepared  in  the  reaction  solvent  so  that 
the  composition  of  the  solvent  would  not  be  changed  during  the 
reaction.  The  concentration  of  the  sodium  hydroxide  solution  was 
between  10"'  and  10"*  N,  so  as  to  give  about  2  ml  volume  change, 
depending  on  the  rate  of  the  hydrolysis  reaction. 

A  solution  (50  ml)  of  50.0%  (by  volume)  dioxane  and  50.0% 
(by  volume)  water  was  pipetted  into  a  jacketed  reaction  cell  which 
was  equipped  with  a  Beck  man  amber  glass  electrode  and  a  Beck- 
man  silver  chloride  reference  electrode,  an  automatic  buret,  the 
tip  of  which  was  immersed  in  the  reaction  solution,  and  a  water 
condenser.  The  reaction  solution  was  stirred  magnetically  under 
an  atmosphere  of  prepurified  nitrogen.  The  solvent  was  allowed 
to  equilibrate  thermally  for  1  hr  in  the  cell.  During  the  equilibra- 
tion period,  the  pH  of  the  solution  was  adjusted  to  the  desired  reg- 
ulation point  by  the  addition  of  a  very  small  amount  of  either  acid  or 
base.  Either  100  or  50  mg  of  sample  was  added  to  the  reaction 
cell. 

Base  was  added  automatically  in  small  increments  to  maintain 
the  pH  constant  to  ±0.04  unit.  The  buret  was  driven  by  a  relay 
which  was  activated  by  imbalance  in  a  1:10  scale-expanded  pH 
meter.  The  results  were  recorded  automatically  on  a  chart.  First- 
order  rate  constants  were  calculated  by  the  method  of  least  squares 
using  an  IBM  1620  computer.^ 

The  nature  of  the  hydrolysis  products  was  confirmed  by  carrying 
out  several  reactions  in  nmr  tubes  and  identifying  methanol  and  the 
carboxylic  acids  which  formed  by  their  characteristic  spectra. 

a-Methylene  Exchange  and  Hydrolysis  Rates  by  Nmr.  A  sample 
of />-5  (54.7  mg,  0.143  mmole)  was  dissolved  in  0.50  ml  of  KiBOi- 
H3BO3  buffer  in  D2O  (pH  10.69),  and  the  sample  was  immediately 
frozen  to  —78°.  The  proton  resonance  spectrum  was  followed  at 
36.5°  as  a  function  of  time.  The  cr-methylene  exchange  rate  was 
calculated  by  comparing  one-half  of  the  methylene  peak  integral  to 
an  internal  standard  (3  H  from  the  />-toluenesulfonate  anion).  A 
plot  of  log  [0.5(area  CH2)/area  CH,(tosyl)]  cs.  time  gave  a  straight 
line,  from  which  a  pseudo-first-order  rate  constant  for  a-hydrogen 
exchange  was  obtained.  The  result  is  shown  below.  By  determin- 
ing the  area  under  the  ester  CHj  peak,  relative  to  that  under  the 
tosyl  CHs  peak  during  the  reaction,  or  by  plotting  a  graph  of  log 
[area  CH3(ester)]/[area  CH3(ester)  +  area  CH,( methanol)]  vs.  time, 
a  straight  line  could  be  obtained  which  measured  the  over-aill  hy- 


(15)  K.  Hess  and  H.  Frahm.  Ber.,  71B,  2627  (1938). 

(16)  A.  Albert  and  E.  P.  Serjeant,  **Ionization  Constants  of  Acids 
and  ciases,**  Methuen  and  Co.,  Ltd.,  London,  England,  1962. 

(17)  L.  Fciser,/.  Am.  Chem.  Soc.,  46,  2639  (1924). 

(18)  J.  W.  Corse,  R.  G.  Jones,  Q.  F.  Soper,  C.  W.  Whitehead,  and  O. 
K.  Behrens.  ibid.,  70,  2837  (1948). 

(19)  I.  N.  Nazarova  and  A.  V.  Semenovskii,  Old.  Khim.  Nauk,  840 
(1957). 
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drolysis  rate  constant.  The  values  are  shown  below,  and  compare 
quite  favorably  with  those  obtained  by  the  titrimetric  method  shown 
in  Table  VII. 
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Abstract:  Oxidation  of  alcohols  with  dimethyl  sulfoxide  and  acetic  anhydride  is  reported.  The  conversion  of 
secondary  hydroxyl  functions  to  ketones  in  a  variety  of  alkaloids  and  steroids  occurs  in  moderate  to  excellent  yields. 
The  dimethyl  sulfoxide-acetic  anhydride  oxidation  procedure  is  particularly  useful  for  oxidation  of  sterically  hin- 
dered hydroxyl  groups  and  for  oxidation  of  hydroxyl  functions  in  sensitive  molecules  such  as  indole  alkaloids. 
The  mechanism  of  oxidation  is  discussed.  By-products  often  formed  are  methylthiomethyl  ethers  of  the  starting 
alcohols. 


Our  continued  interest  in  improved  methods  for  the 
oxidation  of  secondary  hydroxyl  groups  of  indole 
alkaloids^  to  ketones  led  to  the  discovery  of  a  novel 
method  of  oxidation  of  alcohols  to  their  corresponding 
carbonyl  derivatives  with  dimethyl  sulfoxide  (DMSO) 
and  acetic  anhydride.^  Oxidation  of  alcohols  with 
acetic  anhydride-DMSO  is  a  mild  oxidative  method  and 
is  particularly  useful  with  indole  alkaloids  which  are 
sensitive  to  nonselective  oxidizing  reagents.  In  addi- 
tion this  procedure  gives  good  yields  with  sterically 
hindered  hydroxyl  groups  and  has  been  applied  to  a 
number  of  steroids.  However,  it  is  obvious  that  this 
method  will  fail  in  cases  where  alcohols  are  rapidly 
acetylated  under  the  conditions  of  the  reaction,  for 
O-acetylation  will  then  effectively  compete  with  oxida- 
tion. 

In  general,  the  procedure  consists  of  stirring  a  solu- 
tion of  the  alcohol  in  a  mixture  of  DMSO  and  acetic 
anhydride  for  15-24  hr  at  room  temperature.  Di- 
methyl sulfoxide  has  been  used  as  both  solvent  and 
reagent,  although  there  is  no  reason  to  believe  that  an 
inert  diluent  is  deleterious.  In  our  original  experiments 
a  ratio  of  20  moles  of  acetic  anhydride  to  1  mole  of 
alcohol  was  employed ;  however,  such  a  large  excess  of 
acetic  anhydride  is  not  necessary.  Successful  oxidations 
have  been  carried  out  with  3-5  moles  of  anhydride  per 
mole  of  alcohol. 

Optimal  conditions  for  the  reaction  and  variations 
which  could  be  employed  were  determined  using  yo- 
himbine (1)  as  substrate.  The  reaction  of  1  (1  mmole), 
3  ml  of  DMSO,  and  2  ml  (ca.  20  mmoles)  of  acetic  an- 
hydride was  followed  by  periodically  removing  aliquots 

(1)  For  a  previous  study  of  oxidation  of  alcohols  see  J.  D.  Albright 
and  L.  Goldman,  J.  Org.  Chem.,  30.  1 107  (1965). 

(2)  See  J.  D.  Albright  and  L.  Goldman,  J.  Am.  Chem.  Soc,  87,  4214 
(1965),  for  preliminary  communication  of  this  work;  for  application  of 
this  method  in  the  carbohydrate  field  see  W.  Sowa  and  G.  H.  S.  Thomas, 
Can.  J.  Chem.,  44,  836  (1966). 


and  determining  the  extent  of  reaction  by  thin  layer 
chromatography  (tic)  on  silica  gel.  In  4-5  hr  the  reac- 
tion was  approximately  50%  complete  and  in  12  hr  no 
more  starting  material  remained.  Yohimbinone'  (3) 
was  isolated  in  80%  yield  at  the  end  of  this  time.  No 
reduction  in  the  yield  was  observed  on  decreasing  the 
molar  ratio  of  alcohol  1  to  acetic  anhydride  to  1 : 5. 


CH3O2C' 


1,  R~H,  -OH 

2,  R— OH,-H 


4,  R — H,  -OCHaSCHj 
5,R--OCH2SCH3,  -H 


Certain  other  acid  anhydrides  can  be  used  in  place  of 
acetic  anhydride.  Benzoic  anhydride  (17  moles)  and  yo- 
himbine (1  mole)  in  DMSO  at  room  temperature 
for  22  hr  afforded  82%  of  jS-keto  ester  3.  However 
trifluoroacetic  anhydride  and  /?-toluenesulfonic  anhy- 
dride were  not  effective.  Based  on  plausible  mecha- 
nistic considerations  (vide  infra)  anhydrides  unreactive 
to  DMSO  should  be  unsatisfactory  as  should  overly 
reactive  ones.  Phosphorus  pentoxide*  and  polyphos- 
phoric  acid  were  studied  briefly  with  the  following 
results.  Yohimbine  (1)  (1  mole)  and  phosphorus 
pentoxide  (1  mole)  in  DMSO  at  65''  for  18  hr  gave 
y  ohimbinone  (3)  in  45  %  yield .  Poly  phosphoric  acid  and 
1  at  room  temperature  for  41  hr  afforded  3  in  51% 

(3)  M.-M.  Janot,  R.  Goutarel,  E.  W.  Warnhoff.  and  A.  Le  Hir,  Bull. 
Soc.  Chim.  France,  637  (1961). 

(4)  The  oxidation  of  alcohols  to  ketones  in  the  carbohydrate  field 
with  DMSO-phosphorus  pentoxide  has  been  described  recently:  K. 
Onodera,  S.  Hirano,  and  N.  Kashimura,  J.  Am.  Chem.  Soc.,  87,  4651 
(1965). 
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Oxidation  of  testosterone  with  polyphosphoric 
d  DMSO  at  room  temperature  was  unsatisfactory 
oxidation  of  ajmaline  with  phosphorus  pentoxide- 
•  at  65®  (multiplicity  of  products  on  tic). 
use  of  sulfoxides  other  than  DMSO  was  briefly 
.  For  example,  with  tetramethylene  sulfoxide, 
nne  (1)  (1  mole)  and  acetic  anhydride  (21  moles) 
^himbinone  (3)  in  80%  yield,  while  diphenyl  sulf- 
iave  no  oxidation.  These  limited  results  showed 
ily  sulfoxides  reactive  to  acid  anhydrides*  will 
3  oxidation  as  anticipated  from  mechanistic 
nations. 

i  yohimbine  (1)  undergoes  oxidation  with 
►-acetic  anhydride  to  give  yohimbinone  (3)  in 
^  yields,  this  method  constitutes  a  superior 
lire  for  the  preparation  of  3.'''    In  the  oxida- 

1  to  3  a  small  amount  of  a  second  product  was 
id.  From  a  large-scale  oxidation  of  1  the  minor 
nent  was  isolated  and  identified  as  methyl  17a- 
rlthio)methoxy]yohimban- 1 6a-carboxylate  (4). 
nr  spectrum  (in  5)  of  4,   with  singlets  at  2.10 

and  3.73  (OCHj)  and  an  AB  quartet  centered 
1  (OCHjS),  demonstrated  the  presence  of  the 
thiomethoxy  group  and  established  the  structure, 
application  of  the  DMSO-acetic  anhydride  oxi- 
procedure  to  a  variety  of  substrates  was  under- 
o  further  define  the  utility  of  the  method  and  to 
iformation  bearing  on  the  mechanism  of  the 
1.  /8-Yohimbine  (2),  which  differs  from  1  only 
jonfiguratioii  of  the  C-17  hydroxyl  group  (equa- 


OH  OCHaSCH, 

7  8       . 


CHfi 


9,  R— OH,  -H 
10,R-=0 
11,  R- — OCH2SCH3,  •H 


'  reactivity  of  sulfoxides  to  anhydrides  (Pummerer  rearrange- 

R.  Pummerer,  Ber,  43, 1401  (1910);  L.  Horner  and  P.  Kaiser, 

..  19  (1959). 

id  Oppenauer  oxidation  of  yohimbine  (1)  gives  yohimbinone 

5J  yield. » 

fiimbine  (1)  was  oxidized  to  3  (80%)  with  dicyclohexylcarbo- 

DMSO,  and  phosphoric  acid.  ^ 


torial  in  2  vs,  axial  in  1),  was  completely  converted  to  a 
50:50  mixture  (determined  by  tic  and  integration  of 
pmr  signals)  of  ketone  3  and  methylthiomethoxy  deriva- 
tive 5.  Chromatography  on  silica  gel  afforded  25  %  of 
3  and  18%  of  5.  In  a  similar  manner  a-yohimbine  (6) 
(equatorial  hydroxyl)  afforded  equal  amounts  of  two 
components  which  were  separated  by  chromatography 
to  give  40%  of  crude  methyl  17-hydroxyalloyohimb- 
16-ene-16-carboxylate^  (7)  and  10%  of  methylthio- 
methyl  ether  8. 

Methyl  reserpate  (9)  (equatorial  hydroxyl)  afforded 
33  %  of  methyl  ketoreserpate®  (10)  and  1 1  %  of  methyl 
reserpate  methylthiomethyl  ether  (11). 

Ajmaline  (12)  has  two  possible  sites  for  oxidation,  the 
C-17  hydroxyl  and  the  C-21  carbinolamine  hydroxyl. 
However,  oxidation  with  DMSO-acetic  anhydride, 
followed  by  treatment  of  the  product  with  methanolic 
sodium  hydroxide  to  hydrolyze  0-acetates,  gave 
ajmalidine*  (13)  (52  %  as  a  glass)  and  methylthiomethoxy 
derivative  14  (10%).  Difficulties  were  encountered  in 
crystallizing  ajmalidine.  From  the  glass  crystalline  13 
(4%  from  12)  was  obtained  with  the  expected  spectral 


vX/iijSCHs 


15 

(infrared,  ultraviolet,  pmr)  properties.  Thin  layer 
chromatography  and  pmr  spectral  data  indicated  that 
both  the  glass  and  the  crystalline  material  were  iden- 
tical. Furthermore,  treatment  of  the  glass  with  acetic 
anhydride-pyridine  gave,  in  68%  yield,  the  same  O- 
acetate  15  as  was  obtained  from  crystalline  13.  That 
ajmalidine  O-acetate  (15)  is  one  of  the  original  products 
of  the  oxidation  was  shown  by  isolation  of  15  when  the 
methanolic  base  treatment  was  eliminated  from  the 
product  work-up.  On  a  larger  scale  (0.04  mole)  oxida- 
tion of  ajmaline  (12),  crystalline  ajmalidine  (13)  was 
obtained  in  25%  yield  along  with  18%  of  methylthio- 
methoxy derivative  14. 

(8)  M.  M.  Robison,  W.  G.  Pierson.  R.  A.  Lucas,  I.  Hsu,  and  R.  L. 
Dziemian,  /.  Org.  Chem.,  28,  768  (1963). 

(9)  (a)  M.  Gorman,  N.  Neuss,  C.  Djerassi,  J.  P.  Kutney,  and  P.  J. 
Scheuer,  Tetrahedron,  1,  328  (1957);  (b)  C.  Djerassi,  J.  Fishman,  M. 
Gorman,  J.  P.  Kutney,  and  S.  C.  Pakrashi,  /.  Am.  Chem.  Soc.,  79,  1217 
(1957);  (c)  C.  Djerassi.  M.  Gorman.  S.  C.  Pakrashi,  and  R.  B.  Woodward, 
ibid.,  7«,  1259  (1956);  (d)  S.  C.  Pakrashi,  C.  Djerassi,  R.  Wasicky,  and 
N.  Neuss,  ibid.,  77,  6687  (1955). 
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Oxidation  ^^  of  galanthamine  (16),  an  allylic  alcohol, 
with  DMSO  and  acetic  anhydride  gave  narwedine^^ 
(17)  in  moderate  yield,  while  oxidation  of  codeine  to 
codeinone  was  unsuccessful. 


CH,Q 


NCH. 


CH^O 


NCH, 


16 


17 


The  oxidation  of  a  number  of  steroidal  alcohols  was 
studied.  Tic  showed  that  testosterone  (18)  is  oxidized 
with  DMSO-acetic  anhydride  to  give  approximately 
70%  of  4-androstene-3,17-dione»2  (19)  and  30%  of 


OCH2SCH3 


19 


20 


1 7i8-[(methyl  thio)methoxy]-4-andr  osten-3-one  * '  (20). 
Chromatography  afforded  34%  of  19  and  8%  of  20. 
The  effect  of  the  configuration  of  the  hydroxyl  "group 
on  the  product  composition  was  vividly  demonstrated 
by  comparison  of  the  oxidation  of  hydrocortisone  21- 
acetate  (21)  (axial  ll)3-hydroxyl)  and  lla-hydroxy- 
progesterone  (23)  (equatorial  hydroxyl).  The  sterically 
hindered  11/3-hydroxyl  group  of  21  was  oxidized 
smoothly  but  slowly  (92  hr  at  room  temperature)  to 
give  cortisone  21 -acetate^*  (22)  (53%  by  direct  crys- 
tallization of  the  product).  In  contrast,  lla-hydroxy- 
progesterone  (23)  afforded,  after  partition  chromatog- 
raphy, two  major  components,  the  larger  of  which  was 
a  gum  (56%)  identified  by  its  pmr  spectrum  as  methyl- 
thiomethoxy  derivative  25.  The  second  component 
(30%  as  glass)  was  crystallized  to  give  11-ketoproges- 
terone*^  (24)  in  13%  yield.  It  is  of  interest  that  oxida- 
tion of  23  with  dicyclohexylcarbodiimide  (DCC), 
DMSO,  and  pyridinium  trifiuoroacetate  has  been  re- 
ported by  Pfitzner  and  Moffatt^*  to  proceed  smooothly 
while  no  oxidation  was  observed  with  21. 

Some  conclusions  about  the  mechanism  of  oxidation 
of  alcohols  with  DMSO  and  acid  anhydrides  can  be 

(10)  Experiment  carried  out  by  E.  Benz  of  these  laboratories. 

(1 1)  D.  H.  R.  Barton  and  G.  W.  Kirby,  /.  Chem.  Soc.,  806  (1962). 

(12)  E.  S.  Wallis  and  E.  Fernholz.  /.  Am.  Chem.  Soc.,  57,  1511  (1935). 

(13)  Compound  20  has  also  been  isolated  in  the  oxidation  of  19  with 
dicyclohexylcarbodiimide,  DMSO,  and  phosphoric  acid:  K.  E.  Pfitzner 
and  J.  G.  Moffatt.  ibid.,  87,  5670  (1965);  J.  B.  Jones  and  D.  C.  Wig- 
field,  Tetrahedron  Letters,  4103  (1965),  have  also  isolated  methylthio- 
methoxy  derivatives  in  oxidations  with  DCC  and  DMSO. 

(14)  T.  Reichstein,  Heio.  Chim.  Acta,  20,  978  (1937). 

(15)  D.  H.  Peterson,  H.  C.  Murray,  S.  H.  Eppstein,  L.  M.  Reineke, 
A.  Weintraub,  P.  D.  Meister.  and  H.  M.  Leigh,  J.  Am.  Chem.  Soc.,  74, 
5933  (1952). 

(16)  K.  E.  Pfitzner  and  J.  G.  Moffatt,  ibid.,  85,  3027  (1963);  87,  5670 
(1965). 


CH2OAC 

0=0 
r— OH 


21.  R 

22.  R 


OH,  -H 
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23.  R--OH. 

24.  R-  =0 


—  H 


CH3SCH2OS. 


25 

drawn.  Carboxylic  acid  anhydrides  are  known  to 
react  with  sulfoxides  to  give  a-acyloxy  sulfides^" 
and  recently  carboxylic  acids  have  been  shown  to  react 
with  phosphorus  pentoxide  and  DMSO  to  give  a- 
acyloxy  sulfides.**  The  reaction  of  thionyl  chloride 
and  acid  chlorides  such  as  benzoyl  chloride  with  sulf- 
oxides has  been  shown**  to  give  a-chloro  sulfides.  All 
these  reactions  have  one  feature  in  common  in  that  they 
are  best  visualized  as  proceeding  by  reaction  of  an 
electrophile  on  the  electronegative  oxygen  atom  of  the 
sulfoxide  to  give  intermediate  oxysulfonium  salts  of 
type  26. 

ROX 

(CH,),S=0  — ►  (CH,)2S®ORXe 

26 


a,  R  =  CXX:H,;    X 

b,  R  «  CX)C.H8;  X 

c,  R  =  SOCl;        X 


(XXKTH, 

CI 
CI 


We  were  led  to  consider  an  oxidation  sequence  in- 
volving activation  of  DMSO  to  give  an  intermediate  of 
type  26  by  the  evidence  for  such  intermediates  and  by 
reasoning  that  they  might  react  with  an  alcohol  in  situ. 
Such  Sn2  displacements  with  alkoxysulfonium  salts^ 
have  been  demonstrated  recently.  Alkoxysulfonium 
salt  26  (wherein  R  =  alkyl  or  cycloalkyl)  could  be 
reasonably  expected  to  collapse  in  the  presence  of  a  base 
to  give  carbonyl  products.  The  oxidation  of  a-bromo- 
ketones  and  alkyl  tosylates  with  DMSO  and  base  is 
based  on  similar  mechanistic  principles.  ^  *  The  sequence 
of  reactions  in  Chart  I  can  be  considered  for  the 
oxidation  of  alcohols  with  DMSO-acetic  anhydride. 
The  acyloxysulfonium  salt  27  is  first  formed,  and  nu- 
cleophilic  attack  of  an  alcohol  on  the  positively  charged 
sulfur  atom  of  27  with  back-side  displacement  of  acetate 
ion  occurs  to  give  alkoxysulfonium  salt  29.  Base- 
promoted  removal  of  a  proton  from  the  methyl  group 
of  2922  then  gives  the  sulfur  stabilized  ylid  33  which, 
through  a  cyclic  transition   state,  collapses  to   give 

(17)  S.  Oak,  T.  Kitao,  S.  Kawamura.  and  Y.  Kitaoka,  Tetrahedron, 
19,  317  (1963);  W.  E.  Parham  and  M.  D.  Bhavsar.  J.  Org.  Chem.,  28, 
2686  (1963);  W.  E.  Parham  and  S.  H.  Groen.  ibid.,  30,  728  (1965). 

(18)  K.  Onodera,  S.  Hirano,  N.  Kashimura,  and  T.  Yajima,  Tetra- 
hedron Letters,  43TJ  (1965). 

(19)  F.  G.  Bordwell  and  B.  M.  Pitt,/.  Am.  Chem.  Soc.,  77,  572  (1955). 
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(21)  N.  Kornblum.  W.  J.  Jones,  and  G.  J.  Anderson,  J.  Am.  Chem. 
Soc.,  81,  4113  (1959);  N.  Kornblum.  J.  W.  Powers.  G.  J.  Anderson.  W. 
J.  Jones,  H.  O.  Urson.  O.  Zevand.  and  W.  M.  Weaver,  ibid.,  79,  6562 
(1957). 

(22)  See  ref  20  for  the  reactions  of  alkoxysulfonium  salts  with  alk- 
oxides. 
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carbonyl  derivative  34  and  dimethyl  sulfide.  Fenselau 
and  Moffatt"  have  recently  demonstrated  that,  in 
oxidations  of  alcohols  with  sulfoxides  and  carbodi- 
imides,  sulfur  ylid  33  is  an  intermediate  and  showed 
that  proton  abstraction  is  intramolecular. 

If  an  alkoxysulfonium  salt  29  is  an  intermediate  in 
oxidations  with  DMSO-acetic  anhydride,  acetate  anion 
must  be  serving  as  the  base  to  remove  a  proton  from 
alkoxysulfonium  salt  29  to  give  ylid  33.  That  acetate 
is  a  strong  enough  base  for  this  step  is  expected,  since 
it  is  known  that  protons  of  methyl  groups  attached  to 
sulfur  in  trimethylsulfonium  and  trimethyloxosulfon- 
ium  salts  35  and  36  are  readily  exchanged  ^^  with  D2O. 
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The  possibility  that  an  alkoxysulfonium  salt  29 
is  not  an  intermediate  in  oxidations  with  DMSO- 
acetic  anhydride  must  be  considered.  Thus,  nucleo- 
philic  attack  of  an  alcohol  on  acyloxysulfonium  salt 
27  without  displacement  of  acetate  ion  would  give  a 
neutral  tetrasubstituted  sulfur  intermediate  30.  Col- 
lapse of  30  in  a  cyclic  mechanism  (loss  of  acetic  acid) 
would  give  the  ylid  33  directly  without  the  intermediacy 
of  alkoxysulfonium  salt  29.  The  recent  report^*  that 
isobutoxydimethylsulfonium  tetraphenylborate  gave 
only  traces  of  carbonyl  compounds  under  DMSO- 
acetic  anhydride  oxidative  conditions  would  appear  to 
indicate  that  alkoxysulfonium  salts  29  are  not  inter- 
mediates. However,  these  results  do  not  definitively 
rule  out  intermediate  29.  In  DMSO-acetic  anhydride 
oxidations,  1  mole  of  acetate  anion  is  produced  for  each 
mole  of  alkoxysulfonium  ion  formed.  In  the  absence 
of  an  alcohol  acetic  anhydride  and  DMSO  produce 
intermediate  27  which  undergoes  Pummerer  rearrange- 
ment to  acetoxymethyl  methyl  sulfide  (37)  and  acetic 
acid.     Thus  acetate  anion  is  not  available  for  removal  of 

(23)  A.  H.  Fenselau  and  J.  G.  Moffatt,  /.  Am.  Chem.  Soc.,  88,  1762 
(1966). 

(24)  W.  von  E.  Docring  and  A.  H.  Hoffman,  ibid.,  77,  521  (1955); 
G.  S.  Smith  and  S.  Winstein,  Tetrahedron,  3,  317  (1958). 

(25)  K.  TorsselU  Tetrahedron  Letters,  4445  (1966). 


a  proton  from  the  preformed  alkoxydimethylsulfonium 
tetraphenylborate  to  give  ylid  33.  It  would  be  instruc- 
tive to  know  whether  acjdition  of  potassium  acetate 
would  promote  the  conversion  of  alkoxysulfonium  salts 
to  carbonyl  products. 

Several  pathways  for  formation  of  methylthiomethyl 
ethers  are  possible,  either  through  an  independent  com- 
petitive reaction  via  intermediate  28  (path  a)  or  by  re- 
arrangement of  ylid  33  (path  b).  If  methylthiomethyl 
ether  31  is,  indeed,  formed  by  rearrangement  of  ylid 
33,  it  is  difficult  to  reconcile  the  greater  yields  of  methyl- 
thiomethoxy  derivative  31  in  oxidations  with  DMSO 
and  acetic  anhydride  than  with  carbodimides  and 
DMSO.^®  With  the  same  intermediate  ylid^'  involved 
in  both  oxidations,  similar  amounts  of  rearrangement 
prcxluct  would  be  expected,  and  this  is  not  observed. 
Therefore,  it  appears  unlikely  that  rearrangement  of 
ylid  33  is  the  sole  source  of  methylthiomethoxy  deriva- 
tive. If,  however,  a  competitive  reaction  is  occurring 
involving  intermediate  28"  a  greater  amount  of  ether 
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31  in  oxidations  involving  DMSO-acetic  anhydride 
than  in  oxidations  with  carbodiimides  may  be  expected, 
for  a  solvated  form  of  28,  or  more  likely  an  ion  pair 
with  acetate  anion,  may  be  an  intermediate  in  this  reac- 
tion as  well  as  in  the  Pummerer  rearrangement^  reaction. 
With  DMSO-acetic  anhydride  the  Pummerer  rear- 
rangement and  oxidation  are  occurring  concurrently. 

Another  pathway  for  the  formation  of  methylthio- 
methoxy derivatives  was  also  considered.  It  is  con- 
ceivable that  under  the  mildly  acidic  conditions  of  the 
reaction,  acetoxymethyl  methyl  sulfide  (37)  and  an  alcohol 
might  give  ether  31,  for  acetoxymethyl  methyl  sulfide 
(37)^  is  an  acetylated  hemithioacetal  of  formaldehyde. 
This  possibility  was  eliminated  when  it  was  found  that 
acetoxymethyl  methyl  sulfide  (37)  and  alcohols  such  as 

o 
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37 

yohimbine  and  )3-yohimbine  do  not  give  methylthio- 
methoxy derivatives  under  the  conditions  of  the  oxida- 
tion either  in  the  presence  or  absence  of  acetic  acid. 

Some  qualitative  information  about  the  rate  of  reac- 
tion of  acetic  anhydride  and  DMSO  was  obtained  by 
the  observation  that  a  mixture  of  acetic  anhydride  and 
DMSO  (slight  excess)  still  contained  unreacted  acetic 
anhydride  after  standing  at  room  temperature  for  1 
month.  This  aged  mixture  converted  j8-yohimbine  (2) 
to  yohimbinone  (3)  and  methylthiomethoxy  derivative 
5  very  slowly  at  room  temperature,  but  heating  at 
65-70°  for  7  hr  gave  complete  conversion  to  j8-keto 
ester  3  (50%)  and  ether  5  (50%).  Yohimbine,  on  heat- 
ing with  the  1  month  aged  DMSO-acetic  anhydride 
mixture  for  9  hr  at  65-70°  was  converted  to  a  50:50 
mixture  of  ketone  3  and  ether  4.  The  increase  in 
methylthiomethoxy  derivative  from  yohimbine  on  oxi- 
dation in  aged  DMSO-acetic  anhydride  is  due  to  the 
presence  of  acetic  acid.  The  use  of  acetic  acid  as  sol- 
vent in  the  oxidation  of  testosterone  with  equimolar 

(26)  It  is  conceivable  that  ylid  i  is  the  reactive  intermediate  in  forma- 
tion of  ether  31  although  this  possibility  appears  unlikely. 
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amounts  of  acetic  anhydride  and  DMSO  leads  to  ca, 
65  %  of  methylthiomethoxy  derivative  20  after  6  days 
at  room  temperature.  In  addition,  testosterone  O- 
acetate  and  4-androstene-3,17-dione  (19)  were  formed 
as  evidenced  by  tic. 

The  difference  in  product  composition  observed  be- 
tween compounds  with  an  axial  or  equatorial  hydroxyl 
group  deserves  further  comment.  The  increased 
amounts  of  methylthiomethoxy  derivative  with  com- 
pounds having  an  equatorial  hydroxyl  group  may  be 
explained  on  the  basis  of  two  independent  pathways,  one 
for  oxidation  {via  intermediates  29  or  30  and  ylid  33) 
and  one  for  methyl  thiomethyl  ether  formation  {via 
ion  pair  28).  It  is  then  necessary  to  postulate  that  the 
less  hindered  equatorial  alcohol  reacts  sufliciently 
faster  with  ion  pair  28  than  an  axial  alcohol  due  to 
steric  factors.  If  ylid  33  is  the  intermediate  for  both 
oxidation  and  ether  formation  and  the  rate-determining 
steps  are  collapse  of  ylid  with  abstraction  of  the  hy- 
drogen on  the  carbinol  carbon  and  rearrangement,  a 
faster  rate  of  oxidation  of  sterically  hindered  hydroxyl 
groups  (steric  assistance)  would  explain  the  fact  that 
axial  alcohols  give  more  ketone  and  less  ether  deriva- 
tive. A  faster  rate  of  oxidation  of  sterically  hindered 
hydroxyl  groups  has  been  observed  in  chromic  acid 
oxidations  of  steroidal  alcohols ^^  and  these  results 
were  rationalized  in  terms  of  steric  assistance.^ 

Without  definitive  rate  data  no  conclusive  choice 
between  alternative  mechanisms  can  be  made.  How- 
ever, we  believe  methylthiomethoxy  derivatives  31  are 
formed  in  a  pathway  independent  of  the  oxidative 
sequence  rather  than  by  rearrangement  of  ylid  33 
{via  ion  pair  32).  This  belief  rests  mainly  on  the  fact 
that  little  rearrangement  of  ylids  of  type  33  is  observed 
in  oxidations  with  DMSO,  DCC,  and  phosphoric 
acid. '»^  »•*«•" 

The  fact  that  trifluoroacetic  anhydride  and  p-toluene- 
sulfonic  anhydride  were  unsatisfactory  was  mentioned 
previously  and  is  readily  understood  on  the  basis  of 
mechanistic  considerations.  For  successful  oxidations 
the  intermediate  acyloxysulfonium  salt  must  be  stable 
enough  and  present  in  sufficient  concentration  to  allow 
nucleophilic  attack  by  an  alcohol  to  occur.  With  a 
very  reactive  anhydride,  the  acyloxysulfonium  salt 
will  rearrange  (Pummerer  reaction)  too  rapidly  to  allow 
subsequent  reactions  with  it.  Experimentally  tri- 
fluoroacetic anhydride  reacts  violently  with  DMSO 
at  room  temperature.  Probably  for  similar  reasons  a 
mixture  of  l-chIoro-N,N-diethyl-N'-propylformami- 
dine"  (39)  and  DMSO  failed  to  oxidize  testosterone. 
Alcohols  react  rapidly  with  chloroformamidine  38 
and,  therefore,  intermediate  39  must  be  preformed. 
However,  39  may  go  on  to  other  products  too  rapidly 
for  subsequent  reaction  with  an  alcohol. 

CI 
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(27)  J.  Schreiber  and  A.  Eschenmoser,  Helc.  Chim.  Acta,  38,  1529 
(1955);  E.  L.  Eliel,  **Stercochemistry  of  Carbon  Compounds/*  Mc- 
Graw-Hill Book  Co..  Inc..  New  York,  N.  Y..  1962.  p  289. 

(28)  Prepared  by  R.  B.  Conrow  of  these  laboratories  from  N,N-di- 
ethyl-N'-propylurea  and  phosgene. 


Further  evidence  that  oxidations  of  alcohols  by  rea- 
gents prepared  from  mixtures  of  DMSO  and  suitable 
electrophiles  proceeds  via  oxysulfonium  salts,  and  that 
this  is  a  general  phenomenon  was  provided  by  experi- 
ments with  **0-Iabeled  alcohols.  Oxidation  of  benz- 
hydrol->80  (4.8%  ^^O)  with  DCC,  DMSO,  and  phos- 
phoric acid  gave  unlabeled  N,N'-dicyclohexylurea  and 
42%  of  the  **0  was  found  in  the  benzophenone  iso- 
lated." Oxidation  of  ethanoI-^^O  (1.9%  ^K>)  afforded 
N,N'-dicyclohexyIurea  with  only  16%  of  **0  label. '^ 
In  addition  pseud ourea  40'^  was  unaffected  by  the  oxi- 
dizing reagent.  These  results  indicate  that  DCC  and 
DMSO  interact  to  give  sulfonium  salt  41  which  reacts 
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with  alcohols  to  give  alkoxysulfonium  salts.  Similar 
conclusions  have  been  reached  by  Fenselau  and 
Moffatt.2  2 

Testosterone  was  found  to  be  oxidized  to  4-andro- 
stene-3,17-dione  by  a  mixture  of  ethoxyacetylene, 
DMSO,  pyridine,  and  phosphoric  acid.  Mechanis- 
tically the  reaction  may  be  illustrated  as  follows. 
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Protonation  of  ethoxyacetylene  followed  by  reaction 
with  DMSO  gives  intermediate  42  which  then  reacts  with 
an  alcohol.  Tic  demonstrated  that  no  testosterone 
O-acetate  was  formed  in  the  reaction. 

Experimental  Section 

All  melting  points  were  taken  on  a  Mel-Temp  apparatus  and  are 
uncorrected.  Samples  for  analysis  were  dried  in  vacuo  over  phos- 
phorus pentoxide  at  100*"  for  18-24  hr.  Ultraviolet  absorption 
spectra  were  measured  on  a  Gary  recording  spectrophotometer. 
Infrared  spectra  were  determined  on  a  Perkin-Elmer  spectrophotom- 
eter (Model  21).  Pmr  spectra  were  determined  with  a  Varian 
Model  A-60  spectrometer  in  deuterated  chloroform  or  deuterated 
dimethyl  sulfoxide;   chemical  shifts  (8)  are  in  parts  per  million 


(29)  Per  cent  ^K)  was  determined  by  mass  spectral  analysis.  Partial 
loss  of  label  in  the  benzophenone  probably  resulted  from  exchange  with 
solvent  during  aqueous  acidic  work-up. 

(30)  If  ethanol  were  adding  to  the  DCC  the  N.N'-dicyclohcxylurca 
should  have  been  extensively  labeled  with  ^K).  The  small  incorpora- 
tion of  label  may  have  occurred  from  reaction  of  DCC  with  water- ^O 
produced  by  aldol  condensation  of  the  acetaldehyde-  ^"O  formed  in  the 
oxidation. 

(31)  Prepared  by  the  method  of  E.  Schmidt  and  F.  Moosmiiller,  Ann., 
597,  235  (1955);  E.  Schmidt  and  W.  Carl,  ibid.,  639,  24  (1961). 
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relative  to  internal  tetramethylsilane.  Concentrations  were  carried 
out  in  cacuo.  Dimethyl  sulfoxide  was  dried  over  Molecular  Sieves 
(Type  4A,  Fisher).  Per  cent  *HD  in  labeled  compounds  was  de- 
termined by  mass  spectral  analysis.  The  ^K>  labeled  water  was 
purchased  from  Yeda  Research  and  Development  Co.,  Ltd. 
(affiliated  with  Weizmann  Institute  of  Science),  Rehovoth, 
Israel. 

Oxidation  of  Yohimbine  (1)  to  Yohimbinone  (3).  A.  WithDMSO 
and  Acetic  Aniiydride.  To  a  mixture  of  886  g  of  yohimbine  (1) 
and  7.55  1.  of  dry  dimethyl  sulfoxide  was  added  5.05  1.  of  acetic 
anhydride.  The  mixture  was  stirred  at  room  temperature  for  18 
hr.  The  mixture  was  diluted  with  1 6.8 1.  of  ethanol,  stirred  for  1  hr, 
and  diluted  with  4.2  1.  of  water.  Concentrated  ammonium  hy- 
droxide (11  1.)  was  added  while  maintaining  the  temperature  at 
15-30'  by  cooling  and  the  mixture  was  then  diluted  with  16.8  1.  of 
water.  Filtration  gave  a  solid  which  was  washed  with  water  and 
dried  to  give  818  g  (93%)  of  tan  crystals,  mp  248-250°  dec.  This 
was  slurried  twice  with  4  1.  of  ethanol  and  filtered  to  give  742  g 
(84%)  of  3,  mp  253-254^  dec;  lit.'  mp  243-249°. 

The  filtrate  from  the  first  slurry  with  4  1.  of  ethanol  was  con- 
centrated to  give  a  dark  colored  gum.  The  gum  was  dissolved  in 
chloroform-acetone-ethanol  (6:3:1)  and  filtered  through  synthetic 
magnesia  silica  gel,  the  filter  cake  was  washed  with  acetone,  and  the 
combined  filtrates  were  concentrated  to  give  40  g  of  dark  gum.  The 
gum  (20  g)  was  chromatographed  on  a  column  of  300  g  of  silica 
gel  using  chloroform-ethanol  (99.3:0.7)  as  eluting  solvent  and 
250-ml  cuts  were  collected.  Evaporation  of  cuts  5-1 1  gave  the 
product  as  a  glass.  The  combined  glass  from  two  column  purifica- 
tions was  crystallized  from  methanol  to  give  6.95  g  (0.7  %)  of  methyl 
17a-[(methylthio)methoxy]yohimban-!6a-carboxylate  (4)  as  tan 
crystals,  mp  195-198°.  On  standing  the  mother  liquors  gave  a 
second  crop  (2.7  g,  0.3%)  of  yellow  crystals,  mp  195-198°.  Re- 
cry^tallization  of  2.0  g  from  20  ml  of  methanol  gave  1.2  g  of  off- 
white  crystals  of  4,  mp  198-200°;  [a]"D  -164°  (c  1.03,  pyridine); 
pmr  (CDCla)  singlets  at  8  2.10  (SCH,)  and  3.73  (OCH,);  AB 
quartet  centered  at  5  4.62  (Jab  =  12  cps)  (OCH^S);  v^^l  1724  (s), 
1156(s),  1041cm-»(s). 

Anal.  Calcd  for  C^jHsoN^OaS:  C,  66.6;  H,  7.30;  N,  6.76; 
S,7.74.     Found:     C,66.8;  H,6.99;  N,6.89;  S,  7.74. 

B.  With  DMSO  and  Benzoic  Anhydride.  A  mixture  of  2.12  g 
(0.0060  mole)  of  1,  22.6  g  (0.10  mole)  of  benzoic  anhydride,  and  20 
ml  of  dry  dimethyl  sulfoxide  was  allowed  to  stand  at  room  tem- 
perature for  22  hr.  The  mixture  was  diluted  with  10  ml  of  water 
and  50  ml  of  ethanol  and  allowed  to  stand  30  min.  The  mixture 
was  chilled  by  means  of  an  ice  bath  and  made  basic  with  concentrated 
ammonium  hydroxide.  After  diluting  with  75  ml  of  water,  the 
solid  was  collected  by  filtration  and  washed  with  water  and  with 
eiher  to  give  1.73  g  (82%)  of  3  as  light  tan  needles,  mp  253-256° 
dec. 

C.  With  Tetramethylene  Sulfoxide  and  Acetic  Anhydride.    A 

mixture  of  0.708  g  (0.0020  mole)  of  1, 10  ml  of  tetramethylene  sulf- 
oxide, and  4  ml  of  acetic  anhydride  was  allowed  to  stand  at  room 
temperature  for  21  hr.  The  solution  was  poured  into  20  ml  of 
ethanol,  chilled,  and  made  basic  with  concentrated  ammonium 
hydroxide.  The  mixture  was  diluted  with  25  ml  of  water  and 
filtered  to  give  0.57  g  (80%)  of  3  as  tan  crystals,  mp  250-253°  dec. 

D.  With  DMSO  and  Polyphosphoric  Acid.  A  mixture  of  1.8  g 
of  polyphosphoric  acid  (Matheson  Coleman  and  Bell,  82-84% 
P:Oi),  0.708  g  of  1,  and  6  ml  of  dry  dimethyl  sulfoxide  was  warmed 
on  a  steam  bath  until  the  solid  dissolved,  and  the  solution  was  then 
stirred  at  room  temperature  for  41  hr.  The  resulting  solution  was 
diluted  with  25  ml  of  ethanol  and  5  ml  of  water,  chilled,  and  made 
basic  with  concentrated  ammonium  hydroxide.  The  chilled  mix- 
ture was  diluted  with  30  ml  of  water  and  filtered,  and  the  precipitate 
was  washed  twice  with  25-ml  portions  of  water.  The  solid  was  then 
washed  with  ether  to  give  0.36  g  (51  %)  of  3  as  tan  crystals,  mp  239- 
243''  dec.  Recrystallization  from  ethanol-chloroform  gave  the 
product  as  tan  crystals,  mp  250-253°  dec. 

E.  With  DMSO  and  Phosphorus  Pentoxide.  To  a  solution  of 
1.06  g  (0.0030  mole)  of  1  in  10  ml  of  dry  dimethyl  sulfoxide  was 
acjded  0.425  g  (0.0030  mole)  of  phosphorus  pentoxide.  The  solu- 
tion was  heated  at  65°  for  18  hr  under  nitrogen.  The  mixture  was 
poured  onto  ice  and  made  basic  with  concentrated  ammonium 
hydroxide,  and  the  resulting  solid  was  removed  by  filtration  and 
washed  with  water.  The  partially  dried  solid  was  dissolved  in 
chloroform-ethanol  (6:4)  and  filtered  through  Florisil.  The  filter 
cake  was  washed  with  chloroform-ethanol  (9:1),  and  the  filtrate 
was  concentrated.  The  residue  was  triturated  with  ethanol,  and 
ihe  crystals  were  removed  by  filtration  and  washed  with  ether  to 
give  0.48  g  (45%)  of  3  as  yellow  crystals,  mp  240-243°  dec. 


Oxidation  of  iS^YohfanMne  (2)  to  Yohimbinone  (3).  A  mbcture  of 
5.30  g  of  2,  45  ml  of  dry  dimethyl  sulfoxide,  and  30  ml  of  acetic 
anhydride  was  allowed  to  stand  at  room  temperature  for  19.5  hr 
under  an  atmosphere  of  nitrogen.  The  solution  was  diluted 
with  1(X)  ml  of  ethanol  and  10  ml  of  water,  chilled,  and 
made  basic  with  concentrated  ammonium  hydroxide.  The  chilled 
mixture  was  diluted  with  125  ml  of  water  and  filtered;  the  precipi- 
tate was  washed  with  water  to  give  4.35  g  of  tan  crystals.  Chroma- 
tography of  the  product  over  silica  gel  gave,  on  elution  with  chloro- 
form-methanol  (99.5:0.5),  a  glass  which  was  crystallized  from 
methanol  to  yield  1.1  g  (18%)  of  methyl  17/3-[(methylthio)methoxy]. 
yohimban-16a-carboxylate  (5)  as  colorless  crystals,  mp  167-169°. 
Recrystallization  from  methanol  gave  0.7  g  of  5,  mp  189-190°; 
[a]«D  -80°  {c  1.0,  pyridine);  pmr  (CDCI3)  singlets  at  8  2.10 
(SCHa),  3.78  (OCH,),  and  4.62  (OCH2S);  v^l*;  1736  (s),  1064  (s), 
andl047cm-»(s)(sh). 

Anal.  Calcd  for  QjHaoNjOjS:  C,  66.6;  H,  7.30;  N,  6.76; 
S,7.74.     Found:    C,66.5;  H,  7.47;  N,6.71;  S,  7.36. 

Further  elution  of  the  column  with  chloroform-methanol 
(99.5 :0.5)  afforded,  after  recrystallization  from  acetone-chloroform 
(80:20),  1.4  g  (25%)  of  3,  mp  255-258°. 

Oxidation  of  a-Yohimbine  (6)  to  Methyl  IT-Hydroxyalloyohiml)- 
16-ene-16-carboxylate  (7).  A  mixture  of  2.12  g  of  6,  25  ml  of  dry 
dimethyl  sulfoxide,  and  4.0  ml  of  acetic  anhydride  was  stirred  at 
room  temperature  for  21  hr.  The  mixture  was  poured  onto  60  g 
of  ice  and  10  ml  of  water  and  made  basic  with  concentrated  am- 
monium hydroxide.  The  solid  which  separated  was  removed  by 
filtration  and  washed  with  water.  The  dry  solid  was  dissolved  in 
ether  and  filtered  through  10  g  of  synthetic  magnesia  silica  gel. 
The  filter  cake  was  washed  with  ether  and  the  combined  filtrates 
were  concentrated  to  give  2.10  g  of  a  pale  orange  glass.  Chro- 
matography of  4.1  g  of  the  glass  over  200  g  of  silica  gel  gave  in  the 
first  fractions,  on  elution  with  chloroform-ethanol  (99.5 :0.5),  a  glass 
which  was  crystallized  from  methanol  to  yield  0.48  g  (10%)  of 
methyl  1 7a-[(methylthio)methoxy]alloyohimban-16/3-carboxylate 
(8)  as  tan  crystals;  melting  point  changes  above  92°  to  a  viscous 
mass  which  slowly  liquifies.  Recrystallization  from  methanol  gave 
colorless  crystals  of  8  hemihydrate,  melting  point  changes  to  viscous 
mass  above  100°  which  slowly  liquifies;  [a]"D  -f25°  (c  1.0, 
pyridine);  pmr  (CDCI3)  singlets  at  8  2.10  (SCHa),  3.76  (a==0> 
OCHa),  and  4.62  (OCH2S);  vlT,  1 724  (s)  and  1064  cm" » (s). 

Anal.  Calcd  for  CaHaoNiOaSO.SHjO:  C,  65.2;  H.  7.38; 
N,  6.61;  S,  7.57.  Found:  C,  65.5,  65.0;  H,  7.76,  7.05;  N,  6.74; 
S,  7.62. 

Further  elution  of  the  column  with  chloroform-ethanol  (99.5 :0.5) 
afforded  1.8  g  (40%)  of  7  as  a  glass  which  was  crystallized  from 
methanol  to  give  0.67  g  of  tan  crystals,  mp  176-179°  dec;  lit.* 
mpl85-l88'^dec. 

Oxidation  of  Methyl  Reserpate  (9)  to  Methyl  Ketoreserpate  (10). 
A  mixture  of  8.29  g  of  9,  60  ml  of  dry  dimethyl  sulfoxide,  and  40 
ml  of  acetic  anhydride  was  stirred  at  room  temperature  for  20  hr. 
The  mixture  was  poured  onto  350  g  of  ice  and  made  basic  with  10  N 
sodium  hydroxide.  The  mixture  was  extracted  with  250  ml  and 
with  two  100-ml  portions  of  dichloromethane.  The  combined 
extracts  were  washed  with  water,  dried  over  magnesium  sulfate, 
and  concentrated.  The  residue  was  suspended  in  ethanol  and  con- 
centrated nearly  to  dryness.  The  residue  was  triturated  with  ether 
and  filtered  to  give  5.17  g  of  ofT-white  crystals.  The  ether  fihrate 
was  concentrated,  and  the  residue  was  triturated  with  ether  and 
filtered  to  give  2.2  g  of  solid.  Trituration  with  1 5  ml  of  hot  ethanol 
and  filtration  afforded  1.81  g  (22%)  of  10  as  tan  crystals,  mp  229- 
231°  dec;  I  it  .»mp  24 1 -242  "dec. 

The  5.17  g  of  solid  from  above  was  chromatographed  over  250 
g  of  silica  gel  with  chloroform-ethanol  (96:4).  The  first  fractions 
afforded  1.45  g  (15%)  of  methyl  reserpate  methylthiomethyl  ether 
(11)  which  was  recrystallized  from  methanol  to  give  1.0  g  (11  %)  as 
off-white  crystals,  mp  248-252^  dec;  [a]"D  -81'  (c  l.l,  pyridine); 
pmr  (CDCla-DMSO-t/e)  singlets  at  8  2.15  (SCHa),  3.53  (OCHa), 
3.78  (two  OCH3),  and  4.73  (OCH>S);  u^T.  1736  (s),  1151  (s),  1058 
cm"^  (s). 

Anai.  Calcd  for  C.5H34N.i05S:  C,  63.3;  H,  7.22;  N,  5.90;  S, 
6.76.     Found:     C,63.1;  H,  7.28;   N,6.18;  S,  6.74. 

The  latter  fractions  from  the  column  afforded  an  additional  0.65 
g  (1 1  %)  of  10  as  off-white  crystals,  mp  229-231  °  dec. 

Oxidation  of  Ajmaline  (12)  to  Ajmalidine  (13).  A.  A  mixture  of 
7.17  g  of  12,  60  ml  of  dry  dimethyl  sulfoxide,  and  40  ml  of  acetic 
anhydride  was  allowed  to  stand  at  room  temperature  for  18  hr. 
The  solution  was  poured  onto  250  g  of  ice,  and  the  chilled  mixture 
was  made  basic  with  concentrated  ammonium  hydroxide  and  ex- 
tracted with  dichloromethane.    The  extract  was  washed  with  water, 
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dried  over  magnesium  sulfate,  and  concentrated  to  give  a  gum. 
The  gum  was  dissolved  in  50  ml  of  hot  ethanol,  and  the  solution 
was  diluted  with  10  ml  of  water  and  2.5  ml  of  10  N  sodium  hy- 
droxide. The  solution  was  heated  on  a  steam  bath  for  45  min,  and 
the  solvent  was  then  removed  under  reduced  pressure.  Ethanol 
was  added,  and  the  solvent  was  again  removed.  The  residue  was 
triturated  with  water  and  filtered  to  give  6.1  g  of  solid.  Chro- 
matography of  the  solid  over  silica  gel  with  chloroform-methanol 
(98 : 2)  as  eluent  gave  3.4  g  (52  %)  of  13  as  a  colorless  glass  which  was 
crystallized  from  acetone  to  give  0.26  g  (4%)  of  colorless  crystals, 
mp  240-243°;  lit.»<»  mp  241-242°;  [a]"D  -80°  (c  1.0,  acetic  acid); 
J'm«  1742  (s)  and  1616cm-»(m). 

Anal.  Calcd  for  C20H54N2O,:  C,  74.0;  H,  7.46;  N,  8.64. 
Found:    C,73.7;  H,7.76;  N,8.63. 

The  mother  liquors  from  crystalline  13  were  evaporated  to  a  glass 
which  was  acetylated  in  the  next  experiment. 

Further  elution  of  the  column  with  chloroform-methanol  (98:2) 
gave  0.80  g  (10%)  of  17/3-[(methylthio)methoxy]-21a.ajmalaninol 
(14)  as  colorless  crystals,  mp  145-147°.  Recrystallization  from 
methanol  afforded  0.45  g  of  colorless  crystals,  mp  148-150°; 
[a]«D  -9.8°  (c  1.0,  pyridine);  pmr  (CDCI3)  singlets  at  8  2.20 
(SCH3)  and  2.77  (NCH3);  AB  quartet  at  8  4.73  (Jab  =  12  cps) 
(OCHjS) ;  v^'!:  1 605  (m)  and  1047  cm" » (s). 

AnaL  Calcd  for  C22H30N2O2SO.25H2O:  C,  67.6;  H,  7.86; 
N,  7.16;  S,  8.20.  Found:  C,  67.3;  H,  8.04;  N,  7.00;  S, 
7.97. 

B.  In  a  similar  manner  14.34  g  (0.040  mole)  of  12  was  oxidized 
and  the  product  chromatographed  over  350  g  of  silica  gel  (200-ml 
cuts)  with  the  eluents  chloroform-ethanol  (99.3:0.7)  (5.2  1.), 
chloroform-ethanol  (98.3:1.7)  (1  1.),  and  chloroform-ethanol 
(97 : 3)  (3  1.).  The  solid  from  fractions  1 3-33  was  crystallized  from 
methanol  to  give  3.5  g  (25%)  of  13  as  colorless  crystals,  mp  240- 
243°.  The  solid  from  fractions  40-50  were  crystallized  from  meth- 
anol to  give  2.3  g  (1 5  %)  of  14,  mp  147-1 50°. 

In  another  oxidation  of  12  the  crude  product,  extracted  with 
dichloromethane  from  the  basified  (with  ammonium  hydroxide) 
reaction  mixture,  gave  crystals  of  ajmalidine  O-acetate  (15),  mp 
209-211°. 

Ajmalidine  O-Acetate  (15).  Ajmalidine  (13)  (1.8  g  of  glass  ob- 
tained from  mother  liquors  of  crystalline  13;  see  part  A  of  preceding 
experiment)  was  dissolved  in  5  ml  of  dry  pyridine  and  2  ml  of 
acetic  anhydride.  The  solution  was  allowed  to  stand  for  19  hr  at 
room  temperature  and  then  poured  onto  35  g  of  ice.  After  standing 
2  hr  the  mixture  was  made  slightly  basic  with  concentrated  am- 
monium hydroxide  and  filtered.  The  solid  was  washed  thoroughly 
with  water  and  dried  to  give  1.4  g  (68%)  of  15  as  off-white  crystals, 
mp  208-213°.  Recrystallization  from  ethanol  gave  0.80  g  of  15 
as  colorless  needles,  mp  218-220°;  [a]«D  -f  242°  (c  I.O,  pyridine); 
pmr  (CDCI3)  singlets  at  5  2.12  (OCOCH3),  2.78  (NCH,),  and  5.35 
(>CHOCO),  one  proton  doublet  at  3.77  (C-2  H),  and  one  proton 
multiplet  at  3.23  (C-I6  H);  p^l  1739  (s),  1613  (m),  and  1244 
cm~*  (s). 

Anai.  Calcd  for  CaHieNxO,:  C,  72.1;  H,  7.15;  N,  7.65. 
Found:     C,72.1;  H,6.96;  N,7.81. 

In  a  similar  experiment  crystalline  ajmalidine  afforded  the  same 
O-acetate  as  colorless  crystals,  mp  218-219°. 

Oxidation  of  (— )-Galanthani]ne  (16)  to  Narwedine  (17).  A  mix- 
ture of  1.00  g  of  16,  10.5  ml  of  dimethyl  sulfoxide,  and  6.98  ml  of 
acetic  anhydride  was  stirred  at  room  temperature  for  18  hr.  The 
solution  was  poured  into  2(X)  ml  of  ice-water  and  made  alkaline 
with  concentrated  ammonium  hydroxide.  The  mixture  was  ex- 
tracted with  dichloromethane  and  the  extract  was  washed  with 
water,  dried  over  magnesium  sulfate,  and  concentrated.  Tritura- 
tion of  the  residual  yellow  gum  with  ether  and  filtration  gave  0.38 
g  (38%)  of  17  as  a  yellow  solid,  mp  167-180°  dec.  Recrystalliza- 
tion from  acetone  gave  0.20  g  of  colorless  crystals,  mp  184-188°; 
lit.»'mp  187-190°. 

Oxidation  of  Testosterone  (18)  to  4-Androstene-3,17-dione  (19). 
A.  With  DMSO  and  Acetic  Anhydride.  To  a  solution  of  1.15 
g  of  18  in  12  ml  of  dry  dimethyl  sulfoxide  was  added  8  ml  of  acetic 
anhydride.  The  solution  was  stirred  for  13  hr  at  room  temperature 
and  poured  onto  125  g  of  ice.  The  mixture  was  made  basic  with  10 
A^  sodium  hydroxide,  and  the  resulting  precipitate  was  removed  by 
filtration  and  washed  thoroughly  with  water  to  give  1.10  g  of  white 
crystals.  Recrystallization  from  ether  gave  0.70  g  (60%)  of  19 
as  white  crystals,  mp  160-162°.  Concentration  of  the  mother 
liquors  gave  0.25  g  of  crystals  which  were  partitioned  on  a  column 
of  640  g  of  Celite  diatomaceous  earth  (stationary  phase :  2-methoxy- 
ethanol  saturated  with  heptane).  The  column  was  developed  with 
heptane  and  the  fraction  which  was  collected  at  3.8-5.8  hold-back 


volumes  (HBV)  gave,  on  evaporation,  0.090  g  (8%)  of  19,  mp  168- 
170°;  lit.»*mpl70°. 

The  fraction  collected  at  1.0-1.5  HBV  was  concentrated  and  the 
solid  was  recrystallized  from  petroleum  ether  (bp  30-60°)  to  give 
0.117  g  (8%)  of  17/3-[(methylthio)methoxy]-4-androsten-3-one  (20) 
as  colorless  needles,  mp  123-124°;  lit.*'  mp  128-129°;  [a]«*D 
+  113°  (c  1.1,  CHCI3);  pmr  (CDCI3)  singlets  at  8  0.82  (CH3),  1.20 
(CH,),  2.12  (SCH3),  4.60  (OCH2S),  5.70  (>0=C(CO)H);  v^T,  1675 
(s),  1626  (m),  1075  (s),  and  1062  cm-*  (s). 

Anal.  Calcd  for  C^iMj^OaS:  C,  72.4;  H,  9.26;  S,  9.20.  Found: 
C,71.9;  H,9.37;  S,9.07. 

B.  With  DMSO,  Phosphoric  Acid,  Pyridine,  and  Ethoxyacetyl- 
ene.  To  a  chilled  mixture  of  4.0  ml  of  dry  dimethyl  sulfoxide, 
0.98  g  (0.010  mole)  of  crystalline  phosphoric  acid,  0.577  g  (0.0020 
mole)  of  18,  and  0.95  ml  (0.012  mole)  of  dry  pyridine  was  added 
1.0  ml  of  redistilled  ethoxyacetylene.  The  mixture  was  allowed  to 
warm  to  room  temperature  and  stand  at  room  temperature  for  23 
hr.  The  mixture  was  poured  into  25  ml  of  ice-water  and  ten  drops 
of  acetic  acid  was  added.  The  mixture  was  extracted  with  four 
25-ml  portions  of  dichloromethane;  the  combined  extracts  were 
washed  with  two  25-ml  portions  of  water,  dried  over  magnesium 
sulfate,  and  concentrated  to  a  gum.  Ether  was  added  several 
times,  and  the  solvent  was  removed  in  vacuo  after  each  addition. 
Ether  and  heptane  were  added,  and  the  solvent  was  evaporated  to 
give  0.5  g  of  off-white  crystals.  Tic  on  silica  gel  [solvent :  cyclo- 
hexane-ethyl  acetate  (7:3)]  showed  the  presence  of  three  com- 
ponents: ca.  25%  4-androstene-3,17-dione,  ca.  70%  testosterone, 
and  ca.  5%  of  a  fast  moving  component  [probably  17/3-(methyl- 
thiomethoxy)-4-androsten-3-one];  the  infrared  spectrum  showed  a 
ketone  band  at  1747  cm"*.  No  testosterone  O-acetate  was  present 
as  determined  by  tic  comparison  with  an  authentic  sample. 

17/9-(Methylttiioniethoxy)-4-androsten-3>one  (20).  To  a  mixture 
of  11.5  g  (0.040  mole)  of  testosterone,  35  ml  of  dimethyl  sulfoxide, 
and  40  ml  of  acetic  anhydride  was  added  40  ml  of  glacial  acetic 
acid.  The  mixture  was  chilled  briefly  and  then  allowed  to  stand 
at  room  temperature  for  6  days.  The  solution  was  poured  onto  5(X) 
g  of  ice  and,  after  standing  for  2  hr,  was  made  basic  with  concen- 
trated ammonium  hydroxide.  A  gummy  solid  separated,  and  the 
liquid  was  decanted.  The  gummy  solid  was  triturated  with  meth- 
anol and  filtered  to  give  9.2  g  of  colorless  crystals.  Recrystalliza- 
tion from  hot  methanol  gave  6.9  g  (49  %)  of  20  as  colorless  crystals, 
mp  126-127°.  Recrystallization  from  methanol  afforded  5.35  g 
(38%)  of  colorless  crystals,  mp  127-128°;  lit.i=»mp  128-129°. 

Oxidation  of  Hydrocortisone  21-Acetate  (21)  to  Cortisone  21- 
Acetate  (22).  A  mixture  of  0.404  g  (0.0010  mole)  of  21,  3  ml  of 
dry  dimethyl  sulfoxide,  and  2  ml  of  acetic  anhydride  was  allowed 
to  stand  at  room  temperature  for  56  hr.  The  mixture  was  poured 
into  a  mixture  of  50  g  of  ice  and  10  ml  of  water,  and  the  resulting 
gummy  precipitate  was  triturated  while  the  pH  of  the  mixture  was 
adjusted  to  7  by  addition  of  concentrated  ammonium  hydroxide. 
Filtration  gave  0.400  g  of  white  crystals.  Recrystallization  from 
acetone  gave  0.15  g  (37%)  of  22,  mp  237-239°;  [a]"D  +236°  (c 
0.63,CHCl3);  lit.'^mp  239-241°. 

Anai.  Calcd  for  C23H30O6:  C,  68.6;  H,  7.51.  Found:  C, 
69.0;  H,7.45. 

In  a  similar  run  with  0.606  g  (0.(X)15  mole)  of  21  carried  out  for 
92  hr,  0.57  g  (94%)  of  product  was  obtained.  Recrystallization 
from  acetone-petroleum  ether  (bp  30-60°)  afforded  0.31  g  (53%) 
of  22  as  colorless  crystals,  mp  236-239°. 

Oxidation  of  lla-Hydroxy progesterone  (23)  to  11-Ketopro- 
gesterone  (24).  A  mixture  of  0.330  g  of  23,  3  ml  of  dry  dimethyl 
sulfoxide,  and  2  ml  of  acetic  anhydride  was  allowed  to  stand  at  room 
temperature  for  25  hr.  The  solution  was  poured  onto  a  mixture  of 
20  g  of  ice  and  10  ml  of  water,  made  basic  with  concentrated  am- 
monium hydroxide,  and  diluted  with  25  ml  of  water.  The  mixture 
was  extracted  with  chloroform,  and  the  extracts  were  dried  over 
magnesium  sulfate  and  concentrated  to  give  3(X)  mg  of  a  gum. 
This  material  was  chromatographed  on  a  column  of  440  g  of  Celite 
diatomaceous  earth  (stationary  phase:  methanol  saturated  with 
heptane)  with  a  hold-back  volume  (HBV)  of  600  ml,  using  heptane 
saturated  with  methanol  as  solvent.  The  fraction  collected  from 
6.0-7.6  HBV  was  concentrated  under  reduced  pressure  to  yield 
0.1(X)  g  (30%)  of  24  as  a  colorless  glass.  Crystallization  from  ace- 
tone-petroleum ether  (bp  30-60  °)  gave  0.044  g  ( 1 3  %)  of  24  as  color- 
less crystals,  mp  171-172°;  lit.»'  mp  172-175°;  vl^^,  1709  (s),  1667 
(s),  and  161 3  cm"  Hm). 

The  fraction  collected  at  2.77-4.1  HBV  was  concentrated  to  give 
0.220  g  (56%)  of  methylthiomethoxy  derivative  25  as  a  pale  yellow 
gum  which  could  not  be  induced  to  crystallize;  pmr  (CDCI3)  singlets 
at  8  0.72  (CH,),  1.35  (CH,),  2.15  and  2.23  (COCH,,  SCH,),  4.72 
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(OCHjS),  5.77  (>C=aCO)H);    v^  1709  (s).  1667  (s),  1613  (m), 
and  1042  cm- >(s). 
Oxidatioii  of  />-Nitrobeiizyl  Alcohol  to  /^•Nit^obellzaldehyde.    A 

mixture  of  1.53  g  of  p-nitrobenzyl  alcohol,  30  ml  of  dry  dimethyl 
sulfoxide,  and  10  ml  of  acetic  anhydride  was  allowed  to  stand  at 
room  temperature  for  20  hr.  The  solution  was  poured  onto  75  g 
of  ice  and  allowed  to  stand  for  1  hr.  The  chilled  mixture  was  made 
basic  with  cold  10  ^  sodium  hydroxide  and  extracted  with  ether. 
The  ether  extract  was  washed  with  water,  dried  over  magnesium 
sulfate,  and  concentrated.  The  residue  was  triturated  with  ether 
and  filtered,  and  the  precipitate  was  recrystallized  from  ether  to 
give  0.47  g  (31%)  of />-nitrobenzaldehyde  as  pale  yellow  crystals, 
mp  102-103°  (infrared  spectrum  identical  with  an  authentic  sample). 

The  mother  liquors  were  combined  and  concentrated  to  give  0.95 
g  of  crystals  which  were  recrystallized  from  ether  to  yield  0.55  g  of 
crystals.  The  pmr  spectrum  (CDCI3)  showed  the  latter  crystals 
were  a  mixture  composed  of  two-thirds  />-nitrobenzaldehyde  and 
one-third  p-nitrobenzyl  alcohol  O-acetate:  singlets  at  8  2.13 
(C(=0)CH3),  5.20  (CH2O),  and  10.1  (CHO)  with  intensities  of 
1.5:1:1. 

Oxidation  of  Etiuuiol-^«0  widi  DMSO,  Phosphoric  Add,  and  DCC. 
To  a  mixture  of  4.09  g  (0.020  mole)  of  D(X  and  5  ml  of  dry  DMSO 
under  nitrogen  was  added  0.300  g  of  crystalline  phosphoric  add. 
The  mixture  became  warm  and  was  cooled.  After  standing  for  15 
min,  0.39  ml  (0.0067  mole)  of  ethanol  (containing  1.9%  ^K))  was 
added.  The  temperature  was  kept  below  20°  by  cooling  and,  after 
stirring  for  1.33  hr,  10  ml  of  dry  dichloromethane  was  added,  and 
the  mixture  was  filtered.  The  solid  was  washed  with  200  ml  of 
dichloromethane,  two  20-ml  portions  of  dry  acetone,  and  finally  with 
ethanol  and  water  to  give,  after  drying,  1 .83  g  of  N,N'-dicyclohexyl- 
urea,  mp  22S-229°.  Analysis  by  mass  spectral  measurements  for 
^  content  showed  a  maximum  of  0.3%  ^K).  In  a  similar  run 
the  solid  which  precipitated  during  the  reaction  was  removed  by 
filtration  and  washed  with  dichloromethane  and  ethanol.  The 
sob'd  was  extracted  with  250  ml  of  hot  acetone,  and  the  acetone 
extract  was  chilled  and  filtered  to  give  0.30  g  of  N,N'-dicyclohexyl- 
urea,  mp  231-232°.  Mass  spectral  analysis  showed  a  maximum  of 
0.26%  MQ. 

Benzybydrol-^"0.  A  mixture  of  4.04  g  (0.020  mole)  of  benzhydryl 
chlonde,  25  ml  of  dry  acetone,  and  5.0  ml  of  water  labeled  with  10% 
^  was  allowed  to  stand  at  room  temperature  for  7  days.  The 
solution  was  concentrated  and  filtered  to  give  3.3  g  of  colorless 
crystals.  These  crystals  were  washed  with  10  ml  of  ethanol,  and 
the  ethanol  wash  was  diluted  with  water.  The  resulting  crystals 
were  removed  by  filtration.  The  filtrate  was  concentrated,  chilled, 
and  filtered  to  give  colorless  crystals  which  were  recrystallized  from 
petroleum  ether  (bp  60-90°)  to  yield  0.53  g  of  benzhydrol  as  white 
Deedles,  mp  64-65°.  Mass  spectral  analysis  showed  the  benzhy- 
drol to  contain  4.8  %  "O. 

Oxidation  of  Benzhydrol- 'K)  with  DMSO,  Phosphoric  Add,  and 
DCC.  A  mixture  of  0.184  g  (0.001  mole)  of  benzhydrol- »K)  (4.8  % 
"O),  0.61 3  g  (0.003  mole)  of  DCC,  0.050  g  of  phosphoric  acid,  and 
1  ml  of  DMSO  was  allowed  to  stand  at  room  temperature  for  16  hr. 


The  mixture  was  diluted  with  8  ml  of  dry  ether  and  filtered  to  remove 
solid  A.  To  the  filtrate  was  added  5  ml  of  water  and  several  drops 
of  acetic  acid.  After  standing  6  hr,  the  mixture  was  filtered,  and 
the  solid  was  washed  with  ether.  The  ether  was  separated  from  the 
aqueous  layer  of  the  filtrate,  and  the  aqueous  layer  was  extracted 
with  ether.  The  combined  ether  extracts  were  dried  over  mag- 
nesium sulfate  and  concentrated.  The  residue  was  extracted  with 
petroleum  ether  (bp  60-90°)  and  the  petroleum  ether  extract  was 
concentrated  to  a  gum.  Mass  spectral  analysis  of  the  crude  benzo- 
phenone  showed  the  presence  of  2.0%  *»0  (42%  of  the  original 
label). 

Solid  A  was  washed  with  ether  and  with  water  to  yield  0.39  g  of 
white  crystals.  Recrystallization  from  acetone  gave  0. 3 1  g  (0.(X)1 38 
mole)  of  N,N'-dicyclohexylurea,  mp  227°;  no  ^K>  above  natural 
abundance  was  found  by  mass  spectral  analysis. 

l,^-Dicydohexyl-2-/^•nitrobenzylpseudollrea  (40).  To  a  solution 
of  7.66  g  (0.050  mole)  of  />-nitrob^nzyl  alcohol  and  10.2  g  (0.050 
mole)  of  DCC  in  150  ml  of  acetone  was  added  10  mg  of  anhydrous 
cupric  chloride.  The  mixture  was  stirred  at  room  temperature  for 
70  hr,  and  the  solvent  was  then  removed.  The  oil  was  dissolved 
in  30  ml  of  petroleum  ether  (bp  30-60°)  and  30  ml  of  acetone  and 
1.0  g  of />-nitrobenzyl  alcohol  and  10  mg  of  cupric  chloride  were 
added.  After  70  hr  the  solvent  was  removed  and  a  solution  of  the 
residual  oil  in  ether  was  fihered  through  neutral  alumina  (Woelm, 
activity  I).  The  first  250  ml  of  filtrate  was  concentrated  to  a  pale 
yellow  oil  which  crystallized  on  chilling  [12.2  g  (66%),  mp  48-52°]. 
A  portion  (8.6  g)  was  recrystallized  from  petroleum  ether  (bp  30- 
60°)  to  give  7.1  g  (38%)  of  40  as  nearly  colorless  crystals,  mp  55- 
57°. 

Anal.  CalcdforQoHjflNiO,:  C,  66.8;  H,  8.13;  N,  11.7.  Found: 
C,66.3;  H,8.32;  N,  11.9. 

Reaction  of  13-Dicydohexyl-2-/Miitrobenzylp8eudoiirea  (40) 
with  DMSO  and  Phosphoric  Add.  A  mixture  of  3.61  g  (0.010 
mole)  of  40,  0.40  g  of  crystalline  phosphoric  acid,  and  12  ml  of 
dry  dimethyl  sulfoxide  was  stirred  at  room  temperature  for  18  hr. 
The  mixture  was  poured  onto  50  g  of  ice  and  allowed  to  stand. 
The  mixture  was  made  basic  with  10  N  sodium  hydroxide  and 
extracted  with  ether.  The  ether  extracts  were  concentrated,  and 
the  residue  was  diluted  with  water  and  extracted  with  petroleum 
ether  (bp  30-60°).  Concentration  of  the  extract  gave  a  pale  yellow 
oil  which  crystallized.  Chilling  and  filtering  gave  2.2  g  (61  %)  of 
starting  material,  mp  48-50°. 

Acknowledgment.  We  wish  to  express  our  thanks  to 
Mr.  L.  M .  Brancone  and  staff  for  elemental  analyses, 
Mr.  W.  Fulmor  and  staff  for  infrared,  pmr,  and  idtra- 
violet  spectral  determinations,  Mr.  T.  E.  Mead  and 
Mrs.  R.  H.  Barritt  (Research  Service  Department, 
Stamford  Laboratories)  for  mass  spectral  determina- 
tions, Dr.  P.  Kohlbrenner  and  staff  for  the  large-scale 
oxidation  of  yohimbine,  and  Mr.  C.  Pidacks  and  staff 
for  partition  chromatography. 


Albrighu  Goldman  /  DMSChAcid  iin/iydride  OrSAoXVsr  '^^  ^^fioWA^ 


2424 


Studies  on  the  Reaction  between  Peroxydisulf  ate  Ions  and 
Aromatic  Amines.    The  Boyland-Sims  Oxidation 

E.  J.  Behrman 

Contribution  from  the  Department  of  Biochemistry  y  The  Ohio  State  University  ^ 
Columbus^  Ohio    43210.    Received  January  9, 1967 


Abstract :  Aromatic  amines  and  persulfate  ions  react  in  aqueous  base  to  give  a  45-55  %  yield  of  (7-aminoaryl  sulfate, 
ammonia,  and  a  polymeric  material  known  as  humic  acid.  The  reaction  is  first  order  in  neutral  amine  and  ini- 
tially first  order  in  persulfate  ion.  The  effect  of  substituents  on  the  rate  of  the  reaction,  the  activation  parameters, 
and  the  lack  of  effect  of  a  radical  trap  suggest  a  nucleophilic  displacement  by  the  amine  nitrogen  on  peroxide  oxygen 
to  give  the  corresponding  arylhydroxylamine  O-sulfonate.  This  postulated  intermediate  may  then  rearrange  to 
the  o-aminoaryl  sulfate  or  be  oxidized  by  persulfate  to  humic  acid  and  ammonia. 


The  reaction  between  aromatic  amines  and  per- 
oxydisulfate  (persulfate,  peroxodisulfate)  ions  in 
aqueous  base  to  form  o-aminoaryl  sulfates  was  first 
reported  in  1953.*  The  preparative  aspects  of  this 
reaction  were  explored  in  a  series  of  further  papers  which 
established  the  scope  of  the  reaction.  *"*  The  reaction 
might  appropriately  be  named  the  Boyland-Sims  oxida- 
tion. Primary,  secondary,  and  tertiary  aromatic  amines 
are  all  successfully  converted  to  the  o-sulfate  esters, 
although  the  yields  of  isolated  material  are  frequently 
poor.  The  range  is  generally  between  10  and  40%. 
If  both  ortho  positions  are  blocked,  para  substitution 
takes  place.  Otherwise,  ortho  substitution  is  exclusive 
except  for  the  case  of  the  persulfate  oxidation  of  an- 
thranilic  acid^  in  which  a  small  proportion  of  the  para 
isomer  was  detected.  Much  starting  material  is  gen- 
erally recoverable,  even  though  an  excess  of  persulfate  is 
used.  The  reaction  mixtures  are  highly  colored ^'^ 
and  a  number  of  products  in  addition  to  the  sulfate 
esters  have  been  reported.  Azo  and  azoxy  compounds 
have  been  isolated^  and  a  substituted  quinone  imine 
has  been  found  as  a  product  of  the  oxidation  of  2- 
naphthylamine.  *  The  formation  of  insoluble,  brown, 
amorphous  material,  frequently  in  substantial  amounts, 
has  been  noted  in  a  number  of  these  oxidations.  *•'•* 
The  scope  of  the  reaction  has  been  extended  to  include 
indoles  and  aminopyrimidines.'-®  The  results  of  a  pre- 
liminary mechanistic  study  of  this  reaction®  suggested 
that  it  proceeds  via  a  nucleophilic  displacement  on 
peroxide  oxygen**^  rather  than  by  a  radical  mechanism, 
and  that  it  is,  therefore,  closely  allied  to  the  Elbs  per- 
sulfate oxidation  of  phenols**  with  the  notable  exception 
of  the  orientation  of  the  sulfate  group.  This  investiga- 
tion was  undertaken  with  the  hope  of  defining  those 
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(10)  E.  J.  Behrman  and  J.  O.  Edwards,  Progr.  Phys.  Org.  Chem.,  4, 
93  (1967). 

(11)  E.  J.  Behrman  and  P.  P.  Walker.  J.  Am.  Chem.  Soc,  84,  3454 
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differences  between  the  phenol  and  the  amine  oxida- 
tions which  for  the  latter  case  lead  to  preferential  ortho 
substitution. 

Materials  and  Methods 

2-Amino-3-hydroxypyridine  and  2-amino-3-pyridyl 
hydrogen  sulfate  were  prepared  by  the  persulfate  oxida- 
tion of  2-aminopyridine  according  to  Boyland  and 
Sims.*  2,2'-Azopyridine  and  2-nitropyridine  were  pre- 
pared according  to  Kirpal  and  Bohm.*^  2-Amino-3,5- 
dideuteriopyridine  was  prepared  by  heating  20  g  of 
D2O,  4.7  g  of  2-aminopyridine,  and  2.45  g  of  sulfuric 
acid  in  a  sealed  tube  at  180°  (refluxing  2-octanol)  for 
90  hr.  At  the  end  of  this  period,  the  tube  was  cooled, 
the  contents  removed,  and  the  volatile  material  removed 
in  vacuo.  An  additional  20  g  of  D2O  was  then  added 
and  the  heating  repeated.  A  third  run  was  then  com- 
pleted following  which  the  reaction  mixture  was  made 
basic  with  sodium  hydroxide  and  extracted  continuously 
with  ether.  The  ether  was  removed  and  the  material 
crystallized  from  n-hexane-ether.  The  yield  was  2.7  g. 
The  calculated  isotopic  purity  is  99.8%.  Examination 
of  the  nmr  spectrum  of  the  product  in  D2O  showed  no 
trace  of  the  multiplet  attributable  to  the  3  and  5  protons 
centered  at  r  3.4,  and  the  collapse  of  the  4-proton  triplet 
to  a  singlet  at  r  2.4.  Other  amines  were  obtained  from 
Eastman  or  Aldrich  and  were  either  redistilled  or  re- 
crystallized  before  use.  Inorganic  compounds  were 
reagent  grade  and  were  used  without  further  purifica- 
tion. 

Kinetic  runs  were  carried  out  in  a  water  bath  held  to 
within  0.1  °  of  the  indicated  temperature.  The  kinetics 
of  the  reactions  were  followed  by  measurement  of 
persulfate  concentration  as  a  function  of  time  using  the 
iodometric  method  of  Kolthoff  and  Carr*'  with  the 
modification  that  the  reaction  aliquots  were  quenched 
in  acetic  acid  which  was  consequently  present  during  the 
15-min  incubation.  The  blank  value  was  0.1  ml  of 
0.01  M  thiosulfate.  Kinetics  were  run  under  pseudo- 
first-order  conditions  with  the  amine  present  in  at  least 
tenfold  excess.  The  formation  of  2-amino-3-hydroxy- 
pyridine  was  followed  by  assay  with  the  Folin  phenol 
reagent,  essentially  according  to  the  method  already 
described.  ^^  Hydrolysis  of  the  sulfate  ester  was  com- 
plete within  5  min  at  100°  in  3  A^  HCl.  The  blue  color 
produced  by  the  reduction  of  the  Folin  phenol  reagent 

(12)  A.  Kirpal  and  W.  Bbhm,  Ber.,  65,  680  (1932). 

(13)  I.  M.  Kolthoff  and  E.  M.  Carr,  Anal.  Chem.,  25,  298  (1953). 


an  Chemical  Society  /  89:10  /  May  10, 1967 


was  measured  in  a  Klett-Summerson  photoelectric 
colorimeter  using  the  660-mM  filter.  2-Aminopyridine 
does  not  interfere.  2-Amino-3-hydroxypyridine  (0.1 
/imole)  gave  a  Klett  reading  of  90.  Beer's  law  was 
obeyed  up  to  at  least  a  Klett  reading  of  400.  2-Amino- 
3-hydroxypyridine  is  stable  to  heating  in  acid  but  is 
rapidly  destroyed  under  these  conditions  in  the  presence 
ofpersulfate. 

The  formation  of  2-amino-5-nitrophenol  from  /?- 
nitroaniline  was  measured  similarly.  The  formation 
of  o-aminophenol  from  aniline  was  measured  by  use 
of  the  Folin  uric  acid  reagent.  ^^  Ammonia  was  deter- 
mined by  direct  Ncsslerization. 

Results 

2-Aminopyridine  was  chosen  as  the  model  amine  for 
these  studies  because  of  the  ease  of  product  determina- 
tion. 

1.  Yield  and  Stoichiometry.  Yield  of  material 
capable  of  reducing  the  Folin  phenol  reagent  was  ex- 
amined as  a  function  of  the  ratio  of  the  reactants,  of 
temperature,  and  of  hydroxyl  ion  concentration. 
These  results  are  summarized  in  Table  I.  All  reactions 
were  run  for  a  sufficiently  long  time  to  consume  at  least 
99%  of  the  smaller  component.  The  yield  appears 
to  be  independent  of  temperature,  but  dependent  on 
both  the  hydroxyl  ion  concentration  and  the  ratio  of 
the  reactants. 


Table  I.    Yield  of  2-Amino-3-hydroxypyridine  from  the 
Reaction  of  Persulfate  and  2-Anriinopyndine 


m 

Temp, 

Yield,* 

[2-APf 

[s,OgH 

Ratio 

[KOH] 

X 

% 

0.0475 

0.00250 

19 

0.5 

40 

56 

0.0450 

0.0050 

9 

0.5 

40 

52 

0.0400 

0.0100 

4 

0.5 

40 

45 

0.0250 

0.0250 

1 

0.5 

40 

29 

0.0100 

0.0400 

0.25 

0.5 

40 

4 

0.200 

0.0245 

8.15 

0.475 

40 

40.5 

0.400 

0.0387 

10.2 

0.475 

30 

41 

0.400 

0.0400 

10 

0.475 

50 

42.5 

0.10 

0.01 

10 

1.8 

40 

31 

0.10 

0.01 

10 

0.9 

40 

36 

0.10 

0.01 

10 

0.45 

40 

44 

0.10 

0.01 

10 

0.09 

40 

46 

0.10 

0.01 

10 

0.018 

40 

50 

'  2-AP  is  2-aminopyridine.  *  Yield  determinations  are  the 
averages  of  two  runs. 

The  ultraviolet  spectra  of  ether  extracts  of  reaction 
mixtures  were  examined  for  the  presence  of  2-nitroso- 
pyridine,  2-nitropyridine,  2,2'-azopyridine,  and  2,2'- 
azoxypyhdine.  None  of  these  materials  was  detected. 
Paper  chromatography  of  reaction  mixtures  following 
acid  hydrolysis  revealed  only  one  Folin-positive  spot 
corresponding  to  2-amino-3-hydroxypyridine,  although 
a  number  of  other  unidentified  ultraviolet-absorbing 
spots  were  present. 

2.  Order  in  Persulfate.  At  an  amine: persulfate 
ratio  of  10,  the  disappearance  of  persulfate  followed  ap- 
parent first-order  kinetics  for  about  75%  of  the  re- 
action, when  the  kinetics  were  examined  as  plots  of  the 
logarithm  of  persulfate  concentrations  vs,  time;  a 
negative  deviation  was  evident  thereafter.  A  typical 
plot  is  shown  in  Figure  1.    If,  however,  successive  k 

(14)  E.  J.  Behrman  and  M.  N.  D.  Goswami,  Anal.  Chem.,  36,  2189 

(1964). 
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Figure  1.  Rate  plot  for  the  oxidation  of  2-aminopyridine  by  per- 
sulfate. Conditions  were:  0.450  N  KOH,  0.5  Af  2-aminopyridine, 
0.0501  M  KsSiOs,  40.0''.  The  solid  line  represents  the  experimental 
findings;  the  dotted  line  is  straight. 


values  are  computed,  a  steady  drift  to  more  negative 
values  is  evident.  The  drift  during  the  first  half  of  the 
reaction  is  less  than  S  %. 

3.  Order  in  Amine.  Table  II  shows  that  the  re- 
action is  likewise  first  order  in  amine.  We  may  thus 
write  the  rate  law,  v  =  A:[S208^~][ArNH2],  at  least  for 
the  major  part  of  the  reaction. 

Table  II.    Order  in  2-Aniinopyridine' 


[2-AP] 


[s,o,«-i 


k,  l./mole 
min 


0.040 

0.100 

0.1062 

0.200 

0.300 

0.400 


0.0038 

0.010 

0.010 

0.024 

0.0295 

0.030 


0.0403 

0.0392 
(0.0402) 

0.0404 
(0.0397) 

0.0405 


•  General  conditions :  0. 475  A/  KOH,  40. 0°.  2-AP  is  2-amino- 
pyridine. k  values  were  calculated  by  measurement  of  the  pseudo- 
first-order  rate  constant  during  the  first  half-time  of  the  reaction  and 
division  of  this  constant  by  2-aminopyridine  concentration.  The 
values  given  are  the  averages  of  duplicate  determinations  with  the 
exception  of  the  values  marked  with  parentheses,  which  are  the 
result  of  single  runs.    The  average  k  value  is  0.0401. 


4.  pH  Dependency.  The  variation  of  rate  with  pH 
is  shown  in  Figure  2  and  demonstrates  that  it  is  the 
unprotonated  amine  which  is  the  reactive  species.  2- 
Aminopyridine  has  a  pATa  of  6.9.  The  ionic  strength 
was  constant  within  this  series  of  experiments. 

5.  Salt  Effects.  Table  III  shows  that  there  is  a 
general  and  positive  salt  effect  of  rather  small  magnitude, 
as  expected  for  a  reaction  between  an  ion  and  an  un- 
charged molecule. 

6.  Activation  Parameters.  The  variation  of  the 
rate  constant  with  temperature  is  given  in  Table  IV. 
The  derived  activation  parameters  are  as  follows: 
£a  =  15.7  =b  0.3  kcal/mole;  AS*  =  -25.5  =b  1  eu. 
These  values  are  of  the  magnitude  expected  for  nucleo- 
philic  displacement  on  peroxide  oxygen.  ^'^ 
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Table  V.    The  Effect  of  Substituents  on  the 
Rate  of  Oxidation  of  Anilines 


Figure  2.  The  effect  of  pH  on  the  rate  of  oxidation  of  2-amino- 
pyridine  by  persulfate.  General  conditions  were:  0.200  M  2- 
aminopyridine,  0.020  M  persulfate,  40.0°.  Buffers  were  added  such 
that  the  ionic  strength  increment  was  equal  to  0.475.  The  specific 
pH  values  and  additions  were:  pH  13.7,  KOH;  pH  11.1,  phos- 
phate; pH  9.7,  carbonate;  pH  8.1,  phosphate;  pH  7.3,  phosphate; 
pH  6.3,  phosphate;  pH  5.0,  acetate;  pH  4.0,  acetate. 


7.  Effect  of  Radical  Traps.  Ally!  acetate,  an  ef- 
fective sulfate  radical  trap,^*  had  no  effect  on  the  rate 
of  disappearance  of  persulfate  in  the  presence  of  2- 
aminopyridine  at  pH  7.  The  final  yield  of  2-amino-3- 
hydroxy pyridine  was  likewise  unaffected.    The  rate  of 

Table  m.    Sah  Effects- 


Additions 


k,  l./mole 
min 


No  additions 

0.2A/NaCl 

0.5AfNaCl 

l.OA/Naa 

2.0AfNaa 

VjAfNa,S04 

VjA/Na,S04 

lAfKCl 

1  M  NaClO** 


0.0401 
0.0415 
0.0457 
0.0535 
0.0782 
0.0471 
0.0725 
0.0507 
0.0498 


•  General  conditions:  0.475  M  KOH,  0.200  M  2-aminopyridine, 
0.02  M  persulfate,  40.0"*.  ^  For  the  reaction  in  the  presence  of 
sodium  perchlorate,  NaOH  was  substituted  for  KOH. 


Table  IV.    Rate  Dependence  on  Temperature' 


Temp, 


k,  l./mole 
min 


50.0 
40.0 
30.0 
19.3 


0.0822 
0.0401 
0.0178 
0.00665 


•  General  conditions :  0 .  475  M  KOH,  0 .  400  M  2-aminopyridine, 
and  0.04  M  persulfate. 


disappearance  of  persulfate  in  the  presence  of  p-nitro- 
aniline  at  pH  7  was  also  unaffected  by  the  presence  of 
allyl  acetate. 

8.  Effect  of  Substituents.  Second-order  constants 
for  the  reaction  of  persulfate  with  aniline,  p-toluidine, 
and  p-nitroaniline  are  presented  in  Table  V.    It  is  clear 

(15)  I.  M.  Kolthoff,  E.  J.  Meehan,  and  E.  M.  Carr,/.  Am.  Chem.  Soc., 
75,  1439  (1953). 


^,1./ 

Concn, 

Temp, 

k\ 

mole 

Compound 

M 

Solv« 

X 

min"* 

min 

p-Nitroaniline 

0.029 

A 

40.0 

0.00326* 

0.113 

p-Nitroaniline 

0.029 

B 

40.0 

0.00062* 

0.0215 

Aniline 

0.0302 

B 

40.0 

0.0344 

1.14 

Aniline 

0.0302 

C 

40.0 

0.0764 

2.53 

Aniline 

0.0121 

C 

40.0 

0.0298 

2.47 

Aniline 

0.0121 

D 

40.0 

0.0297 

2.46 

Aniline 

0.0302 

C 

30.0 

0.0399 

1.32 

p-Toluidine 

0.0300 

C 

30.0 

0.101 

3.36 

«  Solvents:  A,  0.475  Af  KOH  in  24%  2-propanol;  B,  0.04  M 
phosphate  buffer,  pH  7.0  in  24%  2-propanol;  C,  0.04  M  phosphate 
buffer,  pH  7.0  in  water;  D,  0.1  Af  KOH  in  water.  *  These  values 
have  been  corrected  for  the  rate  of  oxidation  of  2-propanol  by 
subtracting  0.00018  from  the  pseudo-first-order  rate  constants. 


that  the  reaction  is  accelerated  by  electron-releasing 
substituents.  A  Hammett  plot  of  these  data  suggests  a 
p  value  in  the  vicinity  of  — 1.3.  This  may  be  compared 
with  the  value  of  —1.86  reported  for  the  reaction  of 
aromatic  amines  with  peroxyacetic  acid,*®  and  of  — 1.58 
for  the  reaction  of  nitrosobenzenes  with  peroxyacetic 
acid.^'  The  rate  of  oxidation  of  aniline  is  decreased 
by  about  a  factor  of  two  in  24%  2-propanol  as  com- 
pared with  water  as  solvent.  In  accordance  with  the 
evidence  that  the  reactive  species  of  2-aminopyridine  is 
the  unprotonated  amine,  the  rate  of  oxidation  of  aniline 
(p^a  =  4.6)  is  the  same  at  pH  7  and  in  0.1  M  KOH. 
p-Nitroaniline  is  oxidized  more  rapidly  in  0.475  M 
KOH  than  at  pH  7,  but  this  is  perhaps  attributable  to 
ionization  to  the  anion.** 

9.  Site  of  Attack.  Since  aromatic  amines  are  ambi- 
dent  nucleophiles,  either  attack  at  carbon  or  attack  at 
nitrogen  followed  by  rearrangement  is  a  priori  con- 
ceivable. Table  VI  compares  the  rates  of  oxidation  of 
three  sets  of  aromatic  amines  in  which  one  ortho 
position  is  blocked  and  a  common  substituent  is 
placed  either  meia  to  the  amino  group  (para  to  the  final 
position  of  the  sulfate  group)  or  para  to  the  amino  group 
(meta  to  the  final  position  of  the  sulfate  group).  One 
isomer  will  react  with  persulfate  faster  on  the  hypothesis 
of  rate-limiting  electrophilic  attack  at  nitrogen,  the 
other  on  the  assumption  of  rate-limiting  electrophilic 
attack  at  carbon.  For  each  set,  the  order  of  reactivity 
is  that  to  be  expected  on  the  basis  of  rate-limiting  at- 
tack at  nitrogen,  as  shown  by  the  values  of  the  a  con- 
stants. 

10.  Rate  of  Oxidation  of  2-Ainino-3,5-dideuterio- 
pyridine.  The  rate  of  oxidation  of  this  material  by 
persulfate  was  identical  with  that  of  the  undeuterated 
material.  The  yield  of  product  at  hydroxyl  ion  con- 
centrations from  0.1  to  3  Af  as  measured  by  the  quan- 
tity of  Folin-reactive  material  present  following  acid 
hydrolysis  was  likewise  unaffected  by  deuteration. 

11.  Formation  of  Ammonia  from  2-Aminopyridine 
and  2-Amino-3-hydroxypyridine.  Considerable  quan- 
tities of  ammonia  are  produced  during  the  oxidation  of 
2-aminopyridine  by  persulfate.  At  2-aminopyridine: 
persulfate  ratios  between  100  and  10,  in  0.9  M  KOH 

(16)  K.  M.  Ibnc-Rasa  and  J.  O.  Edwards,  ibid.,  84,  763  (1962). 

(17)  K.  M.  Ibne-Rasa,  C.  G.  Lauro.  and  J.  O.  Edwards,  ibid.,  85.  1 165 
(1963). 

(18)  C.  H.  Rochester,  Trans.  Faraday  Soc.,  59,  2820  (1963). 
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J  VI.    C6mparison  of  the  Rate  of  Oxidation  of  2,3-  and 
>isubstitiited  Aromatic  Amines  by  Persulfate  Ions« 


Compound 


Concn,  M 


min"^ 


kA.\ 

mole 

min 


I.  2-Aminopyridine  Series  (0.475  M  KOH  in  water) 

•Amino-5-methylpyridine    0.1001        0.0184  0.183 

•Amino-5-methylpyridine    0.200         0.0380  0.190 

•Amino-6-methylpyridine    0.1001        0.00935  0.0934 

•Amino-6-methylpyridine    0.2023        0.0189  0.0935 
Values  for  the  methyl  o-  constants  are: 
am  =  -0.069.  <7p+  =  -0.311 

II.  2-ChIoroaniline  Series  (0.04  M  phosphate  buffer, 

pH  7.0  in  24%  2-propanol) 
3-Dichloroaniline  0.0401        0.00276        0.0690 

4-EHchloroaniline  0.0401        0.00538        0.134 

Values  for  the  chloro  a  constants  are: 
<7„  =  0.373,  <7p+  =  0.114 

III.  2-Methylaniline  Series  (0.04  M  phosphate  buffer, 

pH  7.3  in  24%  2-propanol) 

Methyl-4-nitroaniline         0.01505      0.000790      0.0525 

Mcthyl-3-nitroaniline         0.01502      0.00350       0.233 

Values  for  the  nitro  a  constants  are: 

<rm  =  0.710,  Op-  =  1.27 


U  runs  were  conducted  at  40.0°.  The  initial  amine : persulfate 
(vas  10  in  all  cases.  Values  for  the  a  constants  are  from  J. 
"Physical  Organic  Chemistry,"  2nd  ed,  McGraw-Hill  Book 
oc.  New  York,  N.  Y..  1962,  pp  87-90. 

®,  the  molar  ratio  between  ammonia  produced  and 
ilfate  added  is  between  0.34  and  0.21.  Thus 
lily  30%  of  the  persulfate  added  in  these  experi- 
s,  where  the  yield  of  2-amino-3-pyridyl  hydrogen 
tc  is  in  the  45-55%  range  (see  Table  I),  is  con- 
d  in  reactions  resulting  in  deamination.  2-Amino- 
Iroxypyridine  reacts  with  persulfate  at  least  1000 
.  faster  than  2-aminopyridine  to  give  a  quantitative 
of  ammonia  and  oxidation  products  (see  below), 
linophenol  likewise  gives  a  quantitative  yield  of 
onia,  while  aniline,  like  2-aminopyridine,  gives  a 
of  about  30%.  2-Amino-3-pyridyl  hydrogen  sul- 
cacts  with  persulfate,  but  only  at  a  rate  about  one- 
hat  of  2-aminopyridine. 

Formation  of  Material  with  the  Properties 
smthetic  Humic  Acid.  When  an  alkaline  mix- 
of  aniline  and  persulfate  is  acidified,  a  dark 
Q  polymeric  material  precipitates.  The  ultraviolet 
rum  in  alkaline  solution  shows  no  peaks  at  wave- 
is  longer  than  220  m/i.  The  infrared  spectrum  is 
n  in  Figure  3.  Oxidation  of  o-aminophenol  by 
Ifate  under  alkaline  conditions  produced  a  similar 
ial  whose  infrared  spectrum  is  shown  for  com- 
>n  in  Figure  3.  The  spectra,  although  not  iden- 
are  closely  similar.  The  oxidation  of  o-amino- 
)1  by  persulfate  in  alkali  was  described  in  1925  by 
*•  The  product  is  a  member  of  the  class  of  mate- 
known  as  synthetic  humic  acid.  In  quantitative 
,  the  oxidation  of  1  mole  of  aniline  by  0.1  mole  of 
Ifate  in  1  1.  of  0.5  M  KOH  gave  an  isolated  yield 
i  g  of  this  polymer.  These  are  conditions  which 
I  50-55%  yield  of  o-aminoaryl  sulfate  so  that  the 
ined  yield  of  sulfate  ester  and  polymer  amounts 
ighly  75-80%  of  starting  material. 


I  evidence  suggests  rate-limiting  electrophilic  attack 
;  persulfate  ion  on  nitrogen  of  the  neutral  amine 

W.  eicr,  Ann,,  442,  173  (1925). 
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Figure  3.  Infrared  spectra  of  humic  acids  isolated  from  the  per- 
sulfate oxidation  of  aniline  (upper  curve)  and  of  a-aminophenol 
(lower  curve).  The  spectra  were  taken  in  mineral  oil  mulls  using  a 
Perkin-Elmer  Model  237B. 


followed  by  rearrangement  to  the  o-aminoaryl  sulfate. 
Attack  at  nitrogen  rather  than  at  carbon  is  consistent 
with  work  in  other  systems,  "'"-^^^s  Haberfield  and 
Paul  have  recently  demonstrated  the  existence  of  an  N- 
chloro  intermediate  in  the  chlorination  of  N-methyl- 
aniline.2* 

The  effect  of  substituents  in  the  persulfate-aromatic 
amine  reaction  argues  strongly  for  electrophilic  attack 
at  nitrogen.  Initial  attack  at  nitrogen  also  provides 
the  rationale  for  the  preferential  ortho  orientation.  The 
absence  of  significant  radical  involvement  is  shown 
by  the  first-order  dependence  on  both  amine  and  per- 
sulfate and  by  the  lack  of  effect  of  radical  traps  on  either 
the  rate  of  disappearance  of  persulfate  or  the  yield  of 
o-aminoaryl  sulfate.  The  points  of  difficulty  are  the 
nature  of  the  initial  product  resulting  from  attack  of  the 
peroxide  on  nitrogen  and  the  fate  of  those  molecules 
which  do  not  appear  as  o-aminoaryl  sulfate.  If  the 
attack  were  initially  at  nitrogen/  a  reasonable  inter- 
mediate would  be  the  arylhydroxylamine-O-sulfonate. 

Salts  of  phenylhydroxylamine-O-sulfonate  have  been 
prepared  by  Boyland  and  Nery.^^  These  authors 
report  that  phenylhydroxylamine  O-sulfonate  rear- 
ranges to  o-aminophenyl  sulfate  on  standing  at  room 
temperature  in  2  A^  HCl.  The  paper  states  that  salts 
of  the  various  hydroxylaminesulfonic  acids  "are  un- 
changed in  2%  aqueous  sodium  hydrogen  carbonate  or 
2  N  ammonia  after  16  hr  at  room  temperature  in  the 
dark — "  and  that  "In  hot  2  A^  sodium  hydroxide 
they  give  complex  mixtures  containing  o-  and  p-amino- 
phenol,  aniline,  azoxybenzene,  and  unidentified  prod- 
ucts." Our  attempts  to  demonstrate  the  presence  of 
alkali-labile  material  in  aniline-persulfate  reactions 
run  at  neutrality  were  unsuccessful.  However,  Pro- 
fessor Boyland  has  informed  me  that  although  the  N- 
acyl  derivatives  are  stable,  phenylhydroxylamine-O- 
sulfonic  acid  itself  is  unstable  in  solution  at  all  pH 
values,  that  the  potassium  salt  shows  signs  of  decom- 


(20)  A.  G.  Davies,  "Organic  Peroxides,"  Butterworth  and  Co.,  Ltd., 
London,  1961.  pp  135-136. 

(21)  D.  B.  Denney  and  D.  Z.  Denney.  /.  Am.  Chem.  Soc,  82,  1389 
(1960). 

(22)  D.  M.  Graham  and  R.  B.  Mesrobian,  Can.  J.  Chem.  41,  2938 
(1963). 

(23)  W.  B.  Geiger.  /.  Org.  Chem.,  23.  298  (1958). 

(24)  P.  Haberfield  and  D.  Paul.  /.  Am.  Chem.  Soc,  87,  5502  (1965). 

(25)  E.  Boyland  and  R.  Nery.  /.  Chem.  Soc,  5217  (1^2). 
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position  in  the  solid  state  at  0**  after  a  few  days,  and  that 
considerable  rearrangement  occurs  during  chroma- 
tography of  the  compound  in  neutral  solvent  systems.  ^* 
Although  we  cannot  say  how  the  rate  of  rearrangement 
of  the  arylhydroxylamine-O-sulfonates  to  the  o-amino- 
aryl  sulfates  varies  as  a  function  of  pH,  it  appears  that 
the  O-sulfonates  are  at  least  not  unreasonable  inter- 
mediates in  the  reaction  between  aromatic  amines  and 
persulfate  ions.  Boyland  and  Nery  also  report  that 
phenylhydroxylaminesulfonic  acids  (both  O-  and  N- 
substituted  compounds  are  discussed)  reduce  am- 
moniacal  silver  nitrate  and  Fehling's  solution.  Aniline 
does  not  reduce  either  solution.  Phenylhydroxylamine- 
O-sulfonate  is  thus  a  better  reducing  agent  than  the 
parent  amine.  This  is  reasonable  since  the  hydroxyl- 
amines  are  members  of  the  class  of  nucleophiles  which 
exhibit  an  enhanced  degree  of  nucleophilic  reactivity 
which  has  been  termed  the  a  effect  by  Edwards  and 
Pearson."  This  aspect  of  their  expected  behavior  is 
consistent  with  their  role  as  intermediates  in  the  per- 
sulfate oxidation  of  aromatic  amines  and  with  the  low 
yields  of  o-sulfates  obtainable  in  the  reaction.  The 
postulated  intermediate  is  more  readily  oxidized  than 
the  starting  material.  The  yield  of  o-aminoaryl  sulfate 
falls  in  strong  alkali,  a  fact  perhaps  attributable  to  even 
more  ready  attack  by  persulfate  on  the  dianion  of  the 
arylhydroxylamine-O-sulfonate.  We  may  write  a  gen- 
eral scheme  for  the  course  of  the  reaction 

hi  kt 

amine  -f-  persulfate  — >-  X  — >■  (?-aminoaryl  sulfate 

n (persulfate)  \  kt 

further  oxidation  products  -f-  ammonia 

where  X  may  be  the  arylhydroxylamine-O-sulfonate. 
On  the  steady-state  assumption,  the  ratio  of  the  rate  of 
formation  of  o-aminoaryl  sulfate  to  the  rate  of  forma- 
tion of  further  oxidation  products  will  be  equal  to 
^s/Mpcrsulfate].**  This  expression  is  then  consistent 
with  the  dependence  of  the  yield  on  the  persulfate: 
amine  ratio  and  also  explains  the  deviation  from  first- 
order  dependence  on  persulfate  concentration. 

(26)  Letter  from  Professor  Boyland. 

(27)  J.  O.  Edwards  and  R.  G.  Pearson,  /.  Am.  Chem.  Soc,  84,  16 
(1962). 


The  major  product  of  the  reaction  other  than  the  o- 
aminoaryl  sulfate  is  a  polymer  known  as  synthetic  humic 
acid.  Materials  of  this  class  were  reported  as  products 
of  the  alkaline  persulfate  oxidation  of  dihydric  phenols 
and  aminophenols  by  EUer.^'**  Even  monohydric 
phenols  are  oxidized  to  humic  acids  with  persulfate: 
phenol  ratios  of  2  to  4.*^*"  These  are  conditions  under 
which  the  phenol  p-sulfate  (the  normal  Elbs  product) 
is  formed  in  very  low  yield.  ^*  Ziechmann  and  Scholz" 
and  Elofson^  have  reported  spectroscopic  character- 
istics of  humic  acids  from  a  variety  of  sources  which  are 
thought  to  arise  through  condensation  of  hydroxy- 
quinones.'^  A  substituted  napthoquinone  imine  of 
this  oxidation  level  has  been  identified  as  a  product  of 
the  persulfate  oxidation  of  2-naphthylamine.  *  Char- 
acterization of  humic  acids  is  difficult  and  we  have  not 
undertaken  this  task  here.  Recent  reviews  are  avail- 
able.'2.  a  a  ii  suffices  for  our  purposes  to  have  shown 
the  close  similarity  between  the  polymeric  material 
obtained  from  the  oxidation  of  o-aminophenol,  known 
to  be  oxidized  to  a  humic  acid  by  persulfate,  ^'  and  that 
obtained  from  aniline.  A  corresponding  product  is 
presumably  obtained  from  2-aminopyridine,  but  due 
to  the  ring  nitrogen,  it  is  soluble  in  acid  and  we  have 
not  isolated  it. 

The  humic  acid  polymers  should  be  distinguished  from 
polymers  of  the  aniline  black-emerald ine  type  which 
result  from  homolytic  coupling  of  aromatic  amines 
in  acid  solution.'* 
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Abstract:  Ozonolysis  of  a  series  of  cis  and  trans  olefins  indicates  that  the  ozonide  cis:  trans  ratio  produced  in  both 
normal  ozonides  and  cross-ozonides  is  a  function  of  both  olefin  stereochemistry  and  steric  effects  in  the  olefin.  Isola- 
tion of  an  epoxide  in  which  the  olefin  stereochemistry  has  been  preserved  has  been  observed  in  the  case  of  one 
trans  olefin.    The  mechanistic  consequences  of  these  results  are  discussed. 


It  has  now  been  amply  demonstrated ^'^  that  olefins 
can  give  both  cis  and  trans  ozonides.  Of  greater 
significance  to  the  mechanism  of  ozonolysis  are  a  few 
observations  which  indicate  that  the  ozonide  cis- 
trans  ratio  obtained  can  be  a  function  of  olefin  stereo- 
chemistry. A  different  ozonide  cis:  trans  ratio  is  ob- 
tained from  the  stereoisomers  of  di-/-butylethylene,^ 
l,4-dibromo-2,3-dimethylbutene-2,'  methyl  p-methoxy- 
cinnamate,'  and  a  number  of  simple  alkenes.'"' 

Also  of  considerable  importance  to  the  study  of  the 
mechanism  of  ozonolysis  are  the  reports  by  several 
groups*'^  ^®  that  unsymmetrical  olefins  give,  in  addi- 
tion to  the  expected  unsymmetrical  ozonide  cis-trans 
pair,  two  symmetrical  ozonide  cis-trans  pairs  derived 
from  the  cleavage  of  the  olefin  unsaturation.  We 
have  recently  shown  that  a  combination  of  these  two 
important  pieces  of  information,  that  is,  the  formation 
of  cross-ozonides  and  the  observation  of  ozonide 
cis-trans  pairs,  can  be  used  to  provide  results  which  raise 
serious  questions  about  the  general  validity  of  the  Crie- 
gee  mechanism  of  ozonolysis.  ^  ^  Specifically,  it  was 
shown  that  the  ozonide  cis: trans  ratios  observed  in 
cross-ozonides  are  also  dependent  upon  olefin  geome- 
try. "  In  these  cases  the  intervention  of  an  intramolecu- 
lar stereoselective  pathway,  such  as  was  considered 
to  explain  similar  results  in  the  normal  ozonide  cases,^'* 
is  not  possible.  These  results  have  led  us  to  propose 
a  new  path  to  ozonide  formation  in  which  the  molozonide 
assumes  the  role  of  a  true  intermediate  in  an  exchange 
reaction  with  aldehydes,  and,  thus,  exerts  an  influence 
on  the  ozonide  cis:  trans  ratios  produced.^' 

The  observation  that  both  ozonide  and  cross- 
ozonide  cis:  trans  ratios  can  be  dependent  on  olefin 
geometry  provides  a  powerful  new  probe  for  studying 
the  mechanism  of  ozonolysis.    Effective  use  of  this 

(1)  (a)  Bell  Telephone  Laboratories,  (b)  On  leave  of  absence  from 
the  Wcizmann  Institute  of  Science,  Rchovoth,  Israel,  (c)  The  University 
of  Georgia,  Athens,  Ga. 

(2)  G.  Schroder,  Chem.  Ber„  95,  733  (1962). 

(3)  R.  Cricgec.  S.  S.  Bath,  and  B.  V.  Bornhaupt.  ibid,,  93,  2891  (1960). 

(4)  O.  S.  Privett  and  E.  C.  Nickell.  /.  Upid  Res.,  4,  208  (1963). 

(5)  G.  Riezebos,  J.  C.  Grimmelikhuysen,  and  D.  A.  Van  Dorp,  Rec. 
Trac.  Chim.,  82,  1234  (1963). 

(6)  P.  Kolsaker,  Acta  Chem.  Scand.,  19,  223  (1965). 

(7)  F.  L.  Greenwood  and  B.  J.  Haske,  Tetrahedron  Letters,  63!  (1965). 

(8)  O.  Lorcnz  and  C.  R.  Parks,  /.  Org.  Chem.,  30,  1976  (1965). 

(9)  L.  D.  Loan,  R.  W.  Murray,  and  P.  R.  Story,  /.  Am.  Chem.  Soc, 
17,737(1965). 

f  10)  O.  S.  Privett  and  E.  C.  Nickell,  /.  Am.  Oil  Chemists*  Soc,  41, 
72  (1964). 

(II)  R.  Cricgee,  Record  Chem.  Progr.  (Kresge- Hooker  Sci.  Lib.), 
18,  111(1957). 

(\2)  R.  W.  Murray,  R.  D.  Youssefyeh,  and  P.  R.  Story,  /.  Am.  Chem. 
Soc.,  88.  3143  (1966). 

fl3)  P.  R.  Story,  R.  W.  Murray,  and  R.  D.  Youssefyeh,  ibid.,  88, 
3144(1966). 


probe  requires  that  the  ozonide  stereoisomer  designa- 
tions be  made  on  an  unequivocal  basis,  however. 
Such  an  assignment  has  recently  become  available^* 
and  is  based  on  the  fact  that  the  trans  isomer  of  a 
symmetrical  ozonide  must  consist  of  a  dl  pair  and, 
hence,  be  amenable  to  complete  or  partial  resolution. 

The  establishment  of  a  comprehensive  mechanism  of 
ozonolysis  on  a  sound  basis  requires  that  a  number  of 
variables  be  studied  in  a  systematic  manner.  We 
report  here  the  results  of  such  a  study  in  which  the 
major  emphasis  is  on  the  effect  of  olefin  steric  factor 
and  olefin  stereochemistry. 

Discussion  of  Results 

We  consider  first  the  normal*^  ozonides  produced 
upon  ozonolysis  of  a  series  of  olefins.  In  the  cis  series 
there  is  a  clear  dependence  of  the  ozonide  cis:  trans 
ratios  on  the  substituent  size  in  the  olefin  as  shown  in 
Table  I.    A  similar,  although  less-pronounced,  effect 

Table  I.    Normal  Ozonide  Stereoisomers  from  cis  Olefins 


Olefins 


CIS, 

% 


/ 


67 
66 

54 

53 

49 

42 
41 

39 


trans, 
% 

Total 

yield« 

of 

ozonides, 

% 

33 

84 

34 

85 

46 

81 

47 

81 

51 

86 

58 

91 

59 

72 

61 


48 


«  It  should  be  noted  that  for  unsymmetrical  olefins  this  figure  in- 
cludes the  yield  of  cross-ozonide. 


(14)  R.  W.  Murray,  R.  D.  Youssefyeh,  and  P.  R.  Story,  ibid.,  88, 
3655  (1966). 

(15)  The  term  normal  ozonide  is  here  used  to  describe  the  parent 
ozonide  obtained  upon  ozonolysis  of  an  olefin.  For  a  symmetrical 
olefin  this  is  a  symmetrical  ozonide.  For  an  unsymmetrical  olefin  it  is 
the  unsymmetrical  ozonide.  The  two  symmetrical  ozonides  obtained 
in  the  latter  case  are  here  referred  to  as  cross-ozonides. 
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is  seen  in  the  trans  series  for  olefins  below,  and  in- 
cluding, diisopropylethylene  in  steric  requirements 
(Table  II).    In  the  cis  series  this  effect  is  in  the  form 

Table  II.    Normal  Ozonide  Stereoisomers  from  trans  Olefins 


Olefins 


Total 

yield* 

of 

cis, 

trans. 

ozonides, 

% 

% 

% 

29 


71 


16» 


30 


70 


32* 


53 


53 


48 


40 


38 


38 


47 


47 


52 


60 


62 


62 


47 


49 


66 


53* 


56 


36 


<*  It  should  be  noted  that  for  unsymmetrical  olefins  this  figure 
includes  the  yields  of  cross-ozonide.  *  Yield  of  one  or  both  cross- 
ozonides  could  not  be  determined. 


of  a  higher  per  cent  cis  ozonide  accompanying  higher 
steric  requirements  in  the  olefin.  The  same  effect  is 
noticed  in  the  trans  series  for  olefins  below  diisopropyl- 
ethylene. The  remaining  two  members  of  the  trans 
series,  both  of  which  contain  a  /-butyl  group,  do  not 
follow  this  trend  but  instead  give  a  much  higher  per 
cent  trans  ozonide.  The  results  reported  earlier  by 
Schroder  also  fit  well  into  these  two  series.  For  cis- 
di-/-butylethylene  Schroder  obtained  a  70:30  cis: 
trans  ratio,  placing  it  at  the  top  of  the  cis  series,  con- 
sistent with  its  higher  steric  requirements.  Likewise, 
for  /rfl/25-di-/-butylethylene  he  reported  obtaining  100% 
trans  ozonide,  which  places  this  result  in  the  group  at 
the  top  of  the  trans  series.  Apparently,  the  presence 
of  the  /-butyl  group  in  the  trans  olefins  introduces  a 
new  factor  which  disrupts  the  trend  in  the  ozonide  cis: 
trans  ratios.  Our  observations  with  two  members  of 
this  group  indicate  that  these  same  olefins  are  also 
most  prone  to  give  olefin-ozone  adducts  which  undergo 
rearrangements.  One  of  these  rearrangements,  that 
which  gives  /-butyl  formate,  involves  migration  of  the 
/-butyl  group.  These  processes  are  undoubtedly  com- 
peting with  ozonide  formation  and  are  probably  re- 
sponsible for  the  change  in  trend  in  the  ozonide  cis: 
trans  ratios  as  well  as  the  lower  yields  obtained  in 
these  cases. 

The  difference  in  the  steric  effect  between  the  cis  and 
trans  series  is  seen  to  diminish  with  size  of  substituent 
until  the  diethylethylene  case  (hexene-3)  is  reached 
where  the  ozonide  isomer  distribution  is  the  same  for 
both  series  at  53 : 47  (c:/).  In  fact  with  all  of  the  olefins 
below  hexene-3  in  steric  requirements  both  olefin  series 


give  approximately  the  same  ozonide  isomer  distribu- 
tion, and  the  steric  effect  on  this  ratio  within  either 
series  is  less  pronounced  than  for  those  olefins  having 
greater  steric  requirements  than  hexene-3. 

Examination  of  the  ozonide  cis:  trans  ratios  obtained 
in  the  cro55-ozonides  reveals  a  similar  trend  to  that  ob- 
served in  the  normal  ozonides,  although  fewer  examples 
are  available  to  support  this  general  observation 
(Tables  III  and  IV).    The  effect  is  quite  clear  in  the 

Table  m.    Cross-Ozonide  Stereoisomers  from  trans  Olefins 

Ozonide  Yield  of 
stereoisomer  cross- 
distributions,  %  ozonide, 
cis         trans  % 


Cross-ozonide 
Olefins  obtained 


■O-Q 


-Q 


-^ 


O-Q 


O-Q 
0 


50 


38 


50 


62 


11 


VN^>^ 


.O-Q 
0 


^  0-0 


39 


41 


61 


59 


11 


8 


.0-0 
0 


32 


68 


10 


<*  Yield  and  isomer  ratio  could  not  be  obtained  but  ozonides  were 
produced. 

cis  series  where  the  larger  of  the  two  cross-ozonides 
obtained  for  each  olefin  is  quite  sensitive  to  the  steric 
factor  in  the  olefin.  Thus,  in  the  series,  c/.s-4,4-di- 
methylpentene-2,  m-4-methylpentene-2,  and  c/5-pen- 
tene-2  the  cis: trans  ratios  in  the  cross-ozonides  di-/- 
butylozonide,  diisopropylozonide,  and  diethylozonide 
were  74:26,  66:34,  and  56:44  (c:/),  respectively.  A 
similar  trend  is  perhaps  discernible  in  the  trans  series, 
but  this  conclusion  must  be  regarded  as  tentative. 
One  point  is  clear,  however.  As  reported  earlier,** 
the  cis:  trans  ratios  for  cross-ozonides  are  dependent  on 
olefin  geometry  for  a  number  of  olefins.  To  us  this 
observation  is  inconsistent  with  the  Criegee  zwitterion 
mechanism,  in  which  the  zwitterion  precursor  to 
ozonide  should  give  the  same  ozonide  cis:  trans  ratios 
for  both  olefin  stereoisomers  in  both  normal  and  cross- 
ozonides.  In  considering  alternatives  to  this  mecha- 
nism*' we  have  considered  several  possible  pathways 
as  being  in  competition,  with  the  Criegee  zwitterion 
pathway  retained  as  a  possible  contributing  pathway. 
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Table  IV.    Cross-Ozonide  Stereoisomers  from  cis  Olefins 


Ozonide 

Yield  of 

stereoisomer 

cross- 

Ck-oss-ozonide 

distributions,  % 

ozonide, 

Olefins 

obtained 

cis         trans 

% 

^> 


0-0 


>Cx 


82 


62 


74 


46 


66 


49 


56 


18 


38 


26 


54 


34 


51 


44 


11 


12 


19 


12 


14 


0-0 
0 


W.-W 


o-o 

0 


44 


56 


18 


43 


57 


16 


'  Yield  and  isomer  ratio  could  not  be  obtained  but  ozonides  were 

produced. 


An  additional  observation  can  be  made  relative  to 
the  cis:  trans  cross-ozonide  ratios  obtained  in  the  cis 
scries.  In  many  cases  this  ratio  for  the  larger  of  the 
two  cross-ozonides  obtained  is  almost  identical  with 
the  ratio  obtained  from  the  symmetrical  cis  olefin 
which  would  give  the  same  ozonide.  In  the  c/5-4,4- 
dimethylpentene-2  case,  for  example,  the  di-/-butyl- 
ozonide  obtained  has  a  74: 26  (c:/)  ratio  while  Schroder* 
reported  a  70:30  (c:/)  ratio  for  the  same  ozonide  from 
m-di-/-butylethylene.  Likewise,  c/5-4-methylpentene-2 
gives  a  66:34  (c:/)  ratio  for  the  diisopropylozonide, 
which  is  exactly  the  same  ratio  obtained  from  the  sym- 
metrical olefin,  ci5-2,S-dimethylhexene-3.  A  similar 
situation  exists  for  the  hexene-3  ozonides  from  c/s- 
pentene-2  and  c/5-hexene-3  where  the  ratios  are  56:44 
and  53:47  (c:t\  respectively.  In  the  case  of  cis-t' 
butylethylethylene,  on  the  other  hand,  the  di-/-butyl- 
ozonide  produced  has  the  remarkably  high  cis:  trans 
ratio  of  82:18.  This  result  surely  argues  against  a 
pare  zwitterion  mechanism  for  cross-ozonide  formation. 
In  fact,  the  cross-ozonides  from  the  cis  olefins  taken 
as  a  whole  suggest  an  intermediate  for  their  production 
which  is  quite  sensitive  to  steric  factors  in  the  olefin 
and,  like  the  normal  ozonides,  the  correlation  is  that 
higher  steric  requirements  leads  to  a  higher  per  cent 
OS  ozonide  being  produced. 

We  have  proposed  a  mechanism  which  we  believe  to 
be  consistent  with  these  observations^'  (Scheme  I). 
According  to  this  proposal  an  olefin  can  give  either  a 
molozonide  2  or  a  (t  complex  3  with  either  of  these 
adduces  perhaps,  but  not  necessarily,  preceded  by  a 


T  complex  1.  The  percentage  of  each  pathway  taken 
will  depend  on  the  stereochemistry  and  steric  factors 
present  in  the  olefin.  In  general  cis  olefins  are  more 
likely  than  trans  to  take  the  a-complex  pathway,  and 
those  which  are  badly  sterically  hindered  proceed 
almost  exclusively  via  this  pathway,  at  least  in  produc- 
ing normal  ozonides.  The  molozonide  pathway  has 
several  alternatives  available  to  it,  one  of  which  is  to 
cleave  to  give  the  Criegee  zwitterion  4  and  a  carbonyl 
compound  5.  The  other  alternative  gives  to  the 
molozonide  the  role  of  a  true  intermediate  which  is 
visualized  as  cleaving  to  a  zwitterionic  form  6  either 
prior  to  or  assisted  by  the  approach  of  an  aldehyde 
molecule,  with  which  it  will  undergo  an  aldehyde  ex- 
change reaction.  This  latter  reaction  gives  either 
normal  ozonide  or  cross-ozonide,  depending  upon  the 
nature  of  the  aldehyde.  The  direction  of  cleavage  of  2 
shown  here  is  contrary  to  that  usually  given  *^  in  which 
the  single  oxygen  carries  the  positive  charge.  It  is  our 
contention  that  a  structure  in  which  the  positive  charge 
can  be  delocalized  over  two  oxygen  atoms  will  be  more 
stable.  The  adduct  between  the  opened  molozonide 
and  the  aldehyde  is  a  transitory  intermediate  7  which 
can  exist  in  four  possible  conformations  7a-d.  Two 
of  these  conformers  are  precursors  to  a  cis  ozonide  and 
two  to  a  trans  ozonide.^'  This  process  for  the  case  of 
cw-4-methylpentene-2  and  isobutyraldehyde  is  depicted 
in  Scheme  I.  Examination  of  scale  molecular  models 
for  this  case  reveals  that  one  of  these  conformations 
is  preferred  (7c),  since  it  contains  only  H-H  non- 
bonded  repulsions.  Since  this  conformation  leads  to 
cis  ozonide,  the  ozonide  formed  in  this  aldehyde  inter- 
change is  expected  to  have  a  higher  per  cent  cis  con- 
figuration as  observed.  A  similar  analysis  starting 
with  the  trans  isomer  is  depicted  in  Scheme  II.  Here 
a  consideration  of  the  possible  conformations  of  the 
molozonide-aldehyde  adduct  shows  no  over-all  prefer- 
ence for  cis  or  trans  ozonide  precursor.  Again,  the 
experimental  results  are  in  keeping  with  this  analysis; 
e.g.,  see  the  cases  of  the  diisopropyl  ozonide  formed 
from  /rfl/25-4-methylpentene-2  and  the  hexene-3  ozonide 
formed  from  /rfl/i5-pentene  2.  It  should  be  remembered 
that  in  all  cases  the  observed  cis:  trans  ratio  is  believed 
to  be  the  net  result  of  contributions  from  several  path- 
ways. In  the  cases  just  discussed,  for  example,  these 
detailed  pathways  are  seen  as  the  dominant  contribu- 
tions to  the  observed  ratio  with  other  pathways  making 
smaller  contributions. 

Another  observation  which  seems  to  be  generally 
true  is  that  the  cis  olefins  always  give  a  higher  yield  of 
ozonide  than  the  trans.  This  is  true  both  for  normal 
ozonides  and  cross-ozonides.  Similar  results  with  re- 
spect to  normal  ozonides  have  been  reported  by 
Schroder,  2  Greenwood  and  Haske,'  and  Lorenz  and 
Parks.®  We  have  also  observed  an  increase  in  yields 
of  free  aldehyde  in  the  trans  series,  as  well  as  the  pro- 
duction of  acids  which  sometimes  complicated  isola- 
tion of  the  ozonides  by  glpc.  Where  the  steric  effect 
is  especially  pronounced  as,  for  example,  in  trans- 
2,2-dimethylhexene-3,  sufficient  quantities  of  both  ester 
and  epoxide  are  produced  to  permit  their  isolation. 
The  gas  chromatograms  also  indicated  that  traces  of 
these  materials  were  formed  in  some  of  the  other 


(16)  R.  Criegee  in  "Peroxide  Reaction  Mechanisms.'*  J.  O.  Edwards, 
Ed..  Intersdcnce  Publishers,  Inc.,  New  York,  N.  Y.,  1962,  p  32. 
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trans  olefins.  All  of  these  observations  seem  to  be 
consistent  with  the  mechanistic  scheme  described  above. 
That  is,  ozonolysis  of  a  trans  olefin  is  expected  to  in- 
volve a  greater  percentage  of  the  pathways  originating 
with  molozonide.  These  pathways  involve  the  polar 
intermediates  4  and  6,  either  of  which  can  undergo 
rearrangements  to  give  the  acids  and  esters.  These 
pathways  might  also  be  expected  to  give  lower  yields 
of  ozonides  since  they  involve  a  greater  degree  of 
separation  of  olefin  fragments.  The  cis  isomers,  on  the 
other  hand,  are  more  likely  than  the  trans  to  proceed 
Dta  the  pathway  involving  the  a  complex  3,  which  can 
proceed  directly  to  normal  ozonide  without  involving 
the  molozonide  or  separation  of  olefin  fragments. 
Important  to  this  view  is  the  reported"  absence  of  a 
molozonide  upon  ozonolysis  of  cw-di-/-butylethylene, 
whereas  the  trans  isomer  gives  a  molozonide  which  is 
stable  at  —75°.  Greenwood^  has  suggested  that  cis 
olefins  in  general  may  also  give  molozonides  which  are 

(17)  R.  Criegee  and  G.  Schrdder,  Chem.  Ber.,  93,  689  (1960). 
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much  less  stable  than  those  from  the  trans  isomers. 
The  conclusion  was  based  in  part  upon  the  production 
of  a  white  solid  upon  ozonolysis  of  c/5-hexene-3,  and 
the  subsequent  explosive  decomposition  of  this  ma- 
terial upon  warm-up.  While  Greenwood's  interpreta- 
tion seems  reasonable,  it  may  be  that  the  unstable 
species  which  is  found  in  the  cis  case  is  not  a  molozonide 
at  all,  but  a  different  species,  perhaps  the  a  complex 
or  something  related  to  it.  Besides  explaining  the 
higher  yields  the  a  complex  pathway  may  be  the  reason 
for  the  observed  greater  retention  of  configuration  for 
hindered  cis  olefins. 

The  basic  reason  for  cis  olefins  being  more  likely 
to  involve  the  a  complex  than  the  trans  is  perhaps  seen 
from  a  critical  examination  of  the  steric  requirements 
for  its  formation  with  the  aid  of  scale  models.  The 
formation  of  the  complex  is  depicted  as  involving 
approach  of  the  ozone  molecule  so  that  the  plane  of 
the  three  oxygen  atoms  is  perpendicular  to  the  plane 
containing  the  olefinic  carbon  atoms.  The  complex 
itself  is  seen  as  having  one  end  oxygen  of  the  ozone 


Journal  of  the  American  ^ 


'^ety  I  89:10  /  May  10, 1967 


n 


). 


Q-O. 


+  CH3CHO 


O— Q 


molecule  above  the  olefinic  carbon  plane  and  the  other 
end  oxygen  below  this  plane.  It  is  this  assembly 
which  it  is  proposed  can  proceed  stereospecifically  and 
intramolecularly  to  ozonide.  Formation  of  such  an 
assembly  and  its  subsequent  internal  rearrangement  are 
both  more  difficult  in  a  trans  olefin  than  in  the  cis 


isomer. 
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Isolation  of  the  epoxide  in  the  case  of  /ro/i^-r-butyl- 
ethylethylene  provides  further  valuable  information 
which  may  be  highly  pertinent  to  the  mechanistic 
scheme  described  above.  While  the  production  of 
epoxides  upon  ozonolysis  has  been  reported  previ- 
ously,** this  appears  to  be  the  first  case  of  isolation  of 
an  epoxide  where  the  olefin  is  capable  of  giving  both 
cis  and  trans  epoxides.  The  epoxide  obtained  from 
this  trans  olefin  has  the  trans  structure  as  evidenced  by 
the  fact  that  it  is  identical  with  that  obtained  by  peracid 
epoxidation  of  the  same  olefin.  This  could  be  a  very 
significant  result  in  that  it  may  provide  evidence  for 
an  initial   olefin-ozone  adduct  in   which  the   olefin 

(18)  p.  S.  Bailey.  Chtm,  Rev.,  SS,  925  (1958). 
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Stereochemistry  is  preserved,  and  which  is  capable  of 
proceeding  to  prcxlucts,  in  this  case  the  epoxide. 
Such  an  initial  adduct  could  be  the  t  complex  pro- 
posed earlier  by  Bailey**  or  the  <t  complex  proposed  by 
us.*'  This  is  the  type  of  complex  which  we  have  pro- 
posed may  proceed  stereospecifically  to  ozonide  partic- 
ularly in  the  case  of  hindered  cis  olefins.  Further 
work  on  the  mechanism  of  production  of  epoxides 
and  their  stereochemistry  is  in  progress. 

The  results  described  here  indicate  a  definite  influence 
of  olefin  stereochemistry  and  steric  factors  on  the 
ozonide  cis: trans  ratios  produced.  Olefin  stereochem- 
istry also  exerts  a  strong  influence  on  the  total  yield  of 
ozonide  as  well  as  on  the  possibility  of  producing  such 
minor  prcxlucts  as  acids,  esters,  and  epoxides.  We 
have  attempted  to  describe  a  mechanistic  scheme  to 
account  for  all  of  these  observations  and,  while  we  feel 
that  the  scheme  proposed  does  provide  a  cohesive  frame- 
work for  the  ozonolysis  reaction,  it  has  some  obvious 
shortcomings.  Further  refinement  of  the  scheme  must 
await  the  results  of  studies  in  progress  on  the  eflects  of 
solvent,  concentration,  and  temperature. 

Experimental  Section 

The  nmr  spectra  were  determined  on  a  Varian  A-60  high-resolu- 
tion nmr  spectrometer.  Elemental  analyses  are  by  Schwarzkopf 
Microanalytical  Laboratory,  Woodside,  N.  Y.  11377.  The 
glpc  analyses  were  carried  out  on  an  Aerograph  Model  A-700 
gas  chromatograph  using  a  10  ft,  10%  cyanosilicone  column. 

Ozonolyses.  A  Welsbach  Model  T-23  ozonator  was  used  as  a 
source  of  ozone.  The  ozonolyses  were  carried  out  at  ca,  —70** 
using  a  1  Af  solution  of  the  olefin  in  pentane.  Ozonolysis  was 
continued  to  75  %  of  the  theoretical  ozone  required.  The  reaction 
mixtures  were  analyzed  by  glpc  using  an  Aerograph  Model  471 
digital  integrator  to  obtain  quantitative  data.  The  assignment  of  cis 
and  trans  structures  to  the  ozonide  geometric  isomers  was  made  on 
the  basis  of  glpc,  infrared,  and  nmr  data  and  the  correlation  of  these 
data  with  the  unequivocal  assignment  based  on  partial  resolution 
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Table  V. 


Summary  of  Ozonide  Experimental  Data 


Calcd,  5i 
H 

-Elemental  anal.- 

Found, 
H 

or 

.  i.^Jmi*   rffifo  .  _  _ 

r  (multiplicity)" 

Wt 

ratio 

Ozonide 

C 

O 

C 

/o 

o 

trans 
cis 

46.15 
46.15 

7.75 
7.75 

46.10 
46.10 

46.36 
46.01 

7.80 
7.66 

46.00 

•  •  • 

4.75(q),  8.72(d) 
4. 70  (q),  8.63(d) 

1:3 
1:3 

p-o 

^0^ 

trans 
cis 

50.83 
50.83 

8.53 
8.53 

40.63 
40.63 

50.82 
50.77 

8.49 
8.46 

40.56 

•   •  • 

4.7-5. 15  (m),  8. 2-8. 7  (m), 

8.67(d).  9.05  (t) 
4.79(q),  4.95 (t),  8.0-8.5 

(m),  8.68(d),  9. 07  (t) 

2:2:3:3 
1:1:2:3:3 

0-q 

trans 
cis 

54.53 
54.53 

9.15 
9.15 

36.32 
36.32 

54.39 
54.62 

9.21 
8.65 

34.17 

•  •  • 

5. 04  (t).  8. 05-8. 6  (m), 

9.03  (t) 
5.02(t),8.1-8.9(m),9.09 

(t) 

1:2:3 
1:2:3 

0-0 

trans 
cis 

54.53 
54.53 

9.15 
9.15 

36.32 
36.32 

54.38 
54.71 

9.00 
9.24 

36.67 
36.21 

4. 68-5. 05  (m)  [8. 4-9. 3  (m), 

8.68(d),  9. 07  (t)] 
4.68-5. 16(m)  [8. 25-9. 3 

(m),  8.71(d),  9.  l(t)] 

1:5* 
1:5* 

>-0^ 

trans 
cis 

59.98 
59.98 

10.07 
10.07 

29.96 
29.96 

60.10 
59.96 

10.23 
10.18 

29.84 
30.02 

5.25(d),  7. 86-8. 47  (m), 

9.09(d) 
5.23(d),  7. 86-8. 62  (m), 

9.11(d) 

1:1:6 
1:1:6 

trans 
cis 

57.51 
57.51 

9.65 
9.65 

32.84 
32.84 

57.26 
57.63 

9.61 
9.52 

•  •  • 

33.01 

4.9(q),5.3(s),8. 67(d), 

9.08  (s) 
4.79(q),  5. 32  (s),  8.68(d), 
9.11(s) 

1:1:3:9 
1:1:3:9 

^O-^ 

trans 
cis 

59.98 
59.98 

10.07 
10.07 

29.96 
29.96 

59.92 
60.18 

9.85 
9.89 

29.83 
30.12 

5.08(t),5.35(s),8.15-8.65 
(m)[8.96(t),9.10(s)] 

5.01  (t),  5. 35  (s),  8. 15-8. 70 
(m)[9.12(t),9.13(s)] 

1:1:2:12* 
1:1:2:12* 

K.V 

trans 
cis 

63.79 
63.79 

10.71 
10.71 

25.50 
25.50 

63.33 
63.55 

10.53 
10.68 

•  ■  • 

25.61 

5.37(s),9.08(s) 
5.3(s),9.10(s) 

1:9 
1:9 

-o^ 

trans 
cis 

54.53 
54.53 

9.15 
9.15 

36.32 
36.32 

54.76 
54.74 

9.27 
9.02 

36.58 

... 

4.87(q), 5. 19(d),  7.94-8.45 
(m),  8.67(d),  9.06(d) 

4.78(q),  5.20(d),  7.94-8.5 
(m),  8. 69(d),  9. 09(d) 

1:1:1:3:6 
1:1:1:3:6 

"  Abbreviations  used  are:  s,  singlet;  d,  doublet;  t,  triplet;  q,  quartet;  m,  multiplet.    ^  Corresponds  to  the  weight  ratio  for  the  total  peaks 
indicated  in  the  bracket. 


of  the  trans-dl  pair  for  diisopropylozonide.^^  The  cis  isomer  has 
the  longest  glpc  retention  time.  In  the  infrared  spectra  the  trans 
isomer  is  characterized  by  a  band  at  ca.  1320  cm~^  which  is  absent 
in  the  cis  isomer.  Likewise  the  cis  isomers  have  a  band  at  ca. 
830  cm~^  which  is  missing  in  the  trans  spectra.  Examination  of 
the  data  in  Table  III  will  reveal  a  consistent  correlation  in  the  nmr 
spectra  as  well.  For  a  symmetrical  ozonide  the  methine  hydrogens 
are  always  at  lower  field  in  the  cis  isomer.  In  the  case  of  an  un- 
symmetrical  ozonide  at  least  one  of  these  protons  will  be  at  lower 
field  in  the  cis  isomer. 

The  cis :  trans  ratios  reported  are  the  result  of  several  integrations 
of  the  glpc  peak  areas  and  have  a  maximum  variation  of  dbO.5%. 
Control  experiments  demonstrated  that  the  glpc  conditions  used 
do  not  affect  the  ozonide  cis: trans  ratios.  A  summary  of  yields, 
analytical  data,  and  nmr  data  is  given  in  Table  V. 

In  the  case  of  /ran>2,2-dimethylhexene-3  sufficient  quantities 
of  two  additional  materials  were  produced  to  permit  their  isolation. 
The  first  of  these  has  a  relatively  low  glpc  retention  time  (6.2  min 


at  70°).  Its  nmr  spectrum  consists  of  just  two  singlets  at  2.21 
and  8.58  with  an  integrated  area  ratio  of  1 :9.  Of  the  two  most 
likely  structures  for  this  material,  the  aldehyde,  pivalaldehyde,  is 
eliminated  on  the  basis  of  nmr  spectra  since  the  aldehyde  has  two 
sharp  singlets  at  0.52  and  8.87.  This  material  is  therefore  assigned 
the  other  possible  structure  containing  highly  deshielded  protons, 
namely  /-butyl  formate.  The  second  new  material,  isolated  in 
4%  yield,  has  nmr  and  infrared  spectra  identical  with  those  for 
authentic  /ra/ij-2,2-dimethylhexene-3  epoxide  obtained  by  the 
epoxidation  of  /m/f5-2,2-dimethylhexene-3  using  m-chloroperben- 
zoic  acid. 

Anal.  Cakd  for  QHieO:  C,  74.94;  H,  12.58.  Found: 
C,  74.94;  H,  12.60. 
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Abstract:  An  improved  synthesis  of  the  recently  described  dialkyl  sulfone  diimines^''  in  acetonitrile  is  described. 
Reaction  of  chloramine-ammonia  with  dialkyl  sulfides  in  2-propanol  has  been  shown  to  yield  sulfoxide  and  sulfone 
imine  by-products,  as  well  as  sulfone  diimines.  Their  formation  is  best  accounted  for  by  assuming  that  displace- 
ment of  sulfur  on  chloramine  occurs  to  some  extent  on  chlorine,  as  well  as  on  nitrogen.  The  crystalline  and  aqueous 
solution  Raman  spectra  of  dimethyl,  diethyl,  and  methyl  dodecyl  sulfone  diimine  have  been  measured  and  are  shown 
to  be  consistent  with  tetrahedral  bonding  for  sulfur  (Qv  local  symmetry).  Tentative  band  assignments  are  pre- 
sented based  on  comparison  with  analogous  compounds  and  the  Raman  spectra  of  dimethyl  sulfide,  diethyl  sulfide, 
and  dimethyl  sulfone  imine.  Characteristic  vibrational  bands  for  R2S(NH)2  are  tabulated  and  the  spectral  evidence 
for  hydrogen  bonding  of  this  new  semipolar  group  is  discussed.  The  sulfone  diimines  were  shown  to  be  considerably 
more  stable  thermally  than  sulfimines  but  less  stable  than  sulfoxides.  Hydrolysis  by  acid  or  base  catalysis  could  not 
be  effected,  although  decomposition  via  other  routes  occurred  in  acid.^  The  basicity  and  metal  complexing  abilities 
of  sulfone  diimines  parallel  those  of  amine  oxides,  except  toward  silver.  Silver  ion  reacts  in  aqueous  solution  with 
the  formation  of  a  precipitate  and  a  decrease  in  pH  to  2-3. 


Cogliano  and  Braude^  recently  isolated  from  the 
reaction  of  chloramine  with  dialkyl  sulfides  a  new 
class  of  compounds  to  which  they  assigned  structure  II. 


Ri  NH 

\/^ 
S 

/  \ 
Rs  NH 

I 


[R,S— NHNH]j 


II 


The  alternative  structure,  I,  was  recently  proposed 
by  Appel,  et  aL^^  for  these  compounds,  on  the  basis 
of  their  inertness  toward  oxidizing  agents,  the  absence 
of  hydrazine  or  nitrogen  in  the  hydrogen  chloride  cleav- 
age products,  and  mass  spectral  studies.  The  present 
work  provides  further  support  for  structure  I  derived 
from  Raman  and  infrared  spectral  studies,  an  improved 
synthesis,  new  information  regarding  the  chemistry 
involved  in  the  synthesis,  and  some  further  chemical 
and  physical  properties  of  sulfone  diimines. ' 

Synthesis 

The  sulfone  diimines  are  best  synthesized  by  allowing 
the  dialkyl  sulfide  to  react  with  excess  chloramine  and 
ammonia^  in  acetonitrile.^    They  are  easily  isolated  in 

(1)  J.  A.  Cogliano  and  G.  L.  Braude.  /.  Org.  Chem.,  29,  1397  (1964). 

(2)  R.  Appel,  H.  Fehlhaber,  D.  Hanssgen,  and  R.  Schollhorn,  Chem. 
fiff.,  99,  3108(1966). 

(3)  The  nomenclature  of  the  imines  with  which  we  are  concerned  has 
not  developed  systematically.  A  system  based  on  analogy  with  the 
oomenclature  of  quinone  imines  and  diimines  is  proposed,  in  which  i 
(usually  termed  a  **sulfoximine**)  is  termed  a  **sulfone  imine,**  and  ii, 

O  NH 

s  s 

/  \  /  \ 

NH  NH 

•  •  • 

1  u 

a  "sulfone  diimine.**  The  **quinone  imine**  terminology  is  broadly 
applicable  to  most  semipolar  S-»-N  (or  P-»-N)  compounds  one  might 
imagine. 

The  term  **sulfoximine**  for  the  monoimine  of  a  sulfone  is  unfortu- 
nate in  that  it  may  connote  the  sulfoxide  oxidation  state,  and  thus  the 
structure  >S-»-NH,  which  has  been  variously  termed  a  "sulfinimine,** 
**sulfilimine,*'  or  a  **sulfimine.**  The  latter  term,  which  has  been 
adopted  by  Appel,*  seems  simplest  and  least  ambiguous. 

(4)  R.  Appel,  W.  fiuchner,  and  E.  Guth,  Ann.,  618,  S3  (1958);  R. 
Appel  and  W.  BUchner,  Chem.  Ber.,  95,  855  (1962). 

(5)  The  necessary  chloramine  was  generated  from  gaseous  chlorine 


45  %  yields  as  the  free  base  by  solvent  extraction  from 
the  ammonium  chloride.® 

Acetonitrile  is  superior  to  2-propanoP**  as  a  reaction 
medium  because  reaction  in  the  latter  solvent  produces 
several  previously  unrecognized  by-products.^  For 
example,  methyl  dodecyl  sulfide  in  2-propanol  yields, 
in  addition  to  sulfone  diimine,  the  sulfone  imine  (6%), 
sulfoxide  (1%),  1-dodecene  (10%),  and  dodecaneni- 
trile  (1  %).  The  olefin  and  nitrile  are  formed  in  either 
solvent.  Unfortunately,  methyl  tetradecyl  and  hcxa- 
decyl  sulfides  crystallize  from  acetonitrile  at  low  tem- 
peratures, necessitating  the  use  of  2-propanol  for  these 
homologs  and  resulting  in  more  difficult  purification. 

The  formation  of  the  product  by  a  sequence  of  nucleo- 
philic  displacement  reactions  on  the  nitrogen  of  chlor- 
amine has  been  suggested.^'*  Further  evidence  for 
intervention  of  a  sulfimine  intermediate  is  isolation  of 
the  olefin  and  nitrile,  which  are  likely  decomposition 
products  of  sulfimines.**  The  conditions  encountered 
during  work-up  were  too  mild  for  the  olefin  and  nitrile 
to  have  been  formed  from  the  diimine. 

The  formation  of  sulfoxide  and  sulfone  imine  suggests 
that  nucleophilic  attack  of  sulfur  on  chloramine  occurs 
to  some  extent  on  chlorine  as  well  as  on  nitrogen,  as  is 
the  case  with  other  nucleophiles.'  Displacement  by 
the  dialkyl  sulfide  on  chlorine  would  yield  a  dialkyl- 
chlorosulfonium  ion,  R2S-^C1,  which  would  be  expected 
to  undergo  alcoholysis  to  sulfoxide.  Displacement  by 
the  sulfur  atom  of  the  sulfimine  on  chlorine  would  yield 

and  ammonia  using  a  modified  version  of  the  Sisler  generator  [H.  H. 
Sisler,  F.  T.  Neth,  R.  S.  Drago,  and  D.  Yaney,  /.  Am.  Chem.  Soc.,  76, 
3906(1954)). 

(6)  The  dimethyl  homolog  was  more  difficult  to  isolate,  and  was  ob- 
tained in  12-39  %  yields.  The  sulfone  diimines  were  actually  formed  to 
the  extent  of  ca.  60%. 

(7)  AppeP  reported  the  isolation  only  of  dimethyl  sulfiminium  chlo- 
ride from  dimethyl  sulfide  in  acetonitrile.  The  diimine  must  have  been 
formed  but  was  liberated  into  the  solvent  as  the  free  base. 

(8)  A  recent  paper  [D.  W.  Cornell,  R.  S.  Berry,  and  W.  Lwowsld,  /. 
Am.  Chem.  Soc,  88,  544  (1966)]  suggests  the  possibility  that  the  nitrile 
might  have  been  formed  by  reaction  of  the  olefin  with  NH,  generated  by 
thermal  cleavage  of  an  S-»N  bond.  Neither  olefin  nor  nitrile  was  found 
if  the  reaction  was  worked  up  by  chromatography  and  the  recrystalliza- 
tion  step  omitted. 

(9)  W.  Theilacker  and  E.  Wegner,  Angew.  Chem.,  72,  127  (1960). 
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FiBure  1.  Raman  spectra  of  dimethyl  sulfide,  aqueous  dimethyl 
sulfone  diimine.  and  unsymmetrical  dimethylhydrazine.  Gain: 
A,  100;  B,  200;  C,  500. 


an  intermediate,  RiS+(NHX^l,  which  is  structurally 
analogous  to  sulfoxonium  ions  and  which  would  sol- 
volyze  to  the  sulfone  imine. 

The  sulfoxide  could  also  conceivably  have  been 
formed  by  hydrolysis  of  the  reactive  suifimine  by  ad- 
ventitious moisture,  although  not  by  alcoholysis.  * 
No  alternate  scheme  for  the  formation  of  sulfone  imine 
is  apparent.  The  sulfone  diimine  is  hydrolytically  inert 
(see  later),  and  the  possibihty  that  the  sulfone  imine 
could  have  been  formed  by  amination  of  sulfoxide  was 
also  ruled  out.  The  sulfoxide  is  nearly  inert  to  chlor- 
amine  under  the  reaction  conditions,  and  it  is  incon- 
ceivable that  the  observed  high  sulfone  imine  :sulf oxide 
ratio  ica.  6:1)  would  have  occurred  if  sulfoxide  amina- 
tion were  the  mode  of  sulfone  imine  formation. 

It  is  clear  from  these  results  why  hydroxylic  solvents 
are  to  be  avoided  in  the  synthesis  if  possible.  Displace- 
ment on  chlorine  likely  occurs  to  some  extent  in  aceto- 
□itrile;  however,  ammonolysis  of  the  S-chloro  species 
would  lead  to  the  same  product  as  if  direct  displacement 
on  nitrogen  had  occurred.'" 

Proof  of  Structure 

The  reported  nmr  spectra  of  the  diimines  formed  from 
dimethyl  and  diethyl  sulfide'''  clearly  establish  that  the 
alkyl  groups  remain  intact  and  exist  in  magnetically 
equivalent  environments.  The  structural  problem  is 
reduced  by  these  facts  to  determining  whether  the  suif- 
imine intermediate  is  aminated  by  chloramine  in  the 
second  stage  of  the  synthesis  on  nitrogen  or  on  sulfur. 
Amination  on  sulfur  leads  to  structure  I  and  tetra- 
hedral  coordination  of  sulfur,  while  N-amination  yields 
II  or  III  and  trigonal  sulfur.  The  dipolar  form  II 
would  probably  be  much  less  stable  than  its  tautomeric 
isomer  lU.  Both  tautomers  have  equivalent  skeletal 
symmetry  that  is  distinctly  different  from  the  tetra- 
hedral  diimine  structure,  I.  Thus,  the  vibrational  spec- 
trum ought  to  allow  one  to  distinguish  between  these 
two  forms. 

Here  we  report  the  Raman  spectra  of  the  dimethyl, 
diethyl,  and  methyl  dodecyl  derivatives  of  the  chlor- 
amine--dialkyl  sul^de  reaction  product.    A.  vibrational 


analysis  and  band  assignment  for  the  dimethyl  deriva- 
tive is  consistent  with  Ci,  symmetry,  and  strongly  sup- 
ports I  as  the  correct  structure  of  the  group.  Addi- 
tional evidence  has  been  obtained  from  infrared  spectra 
and  from  the  chemical  properties  of  the  compounds. 
The  latter  evidence  is  considered  later  at  appropriate 
points  in  the  description  of  these  properties. 

Dimethyl  Sulfone  Diimine.  A.  Spectroscopic  Evi- 
dence. The  Raman  spectrum  of  a  concentrated  aque- 
ous solution  of  the  dimethyl  sulfone  diimine  is  exhibited 
in  Figure  I  along  with  comparison  spectra  of  liquid 
dimethyl  sulfide  and  unsymmetrical  dimethylhydrazine 
(u-DMH).  Qualitative  inspection  of  the  spectra  indi- 
cates the  preservation  of  bands  arising  from  the  (CHi)tS 
functional  group  and  the  completely  different  pattern 
for  the  hydrazine  spectrum.  In  particular,  we  note  the 
absence  of  an  intense,  polarized  band  in  the  700-900- 
cm^'  range  which  can  be  assigned  as  the  N-N  stretching 
region  for  a  hydrazine  structure  (808  cm^'  (Raman), 
802  cm-'  (infrared)  for  u-DMH).  In  addition,  we  can 
find  no  evidence  for  bands  associated  with  the  NHj 
group.  In  u-DMH,  the  JKNH*)  deformation  occurs  at 
1606  cm-'  with  25(NHi)  at  3207  cm"',  probably  in 
Fermi  resonance  with  i-^NH)  at  3332  cm^'.  These 
NHt  motions  persist  as  discernible  features  in  25  %  aque- 
ous solutions  of  u-DMH.  In  chloroform  solution, 
both  the  Raman  and  the  infrared  spectra  of  1  exhibit  a 
single  band  at  3311  cm"',  indicating  degeneracy  of  the 
in-phase  and  out-of-phase  NH  stretch  consistent  with 
RiS(NH),  and  not  R,S-N-NH,. 

Table  I  summarizes  the  Raman  data  obtained  on  the 
aqueous  sample  of  dimethyl  sulfone  diimine.  Fre- 
quency assignments  are  based  on  comparison  with  the 
Raman  spectra  of  dimethyl  sulfide  ((CHi),S)"  and  di- 
methyl sulfone  ((CH,),SO,),"  and  the  infrared  data  on 
sulfamide  ((NHj)5SOi). "  For  clarity,  bands  associated 
with  the  sulfonyl  group  or  interaction  of  SOj  with  other 
modes  have  been  omitted  from  the  table. 

The  dimethyl  sulfide  group  appears  to  be  unper- 
turbed by  formation  of  the  diimine  structure  though  the 
methyl  hydrogen  stretches  do  appear  to  be  sensitive 
to  changes  in  sulfur  bonding.  Again,  note  the  absence 
of  bands  associated  with  the  NHj  group:  NH,  rocking 
modes  at  720  and  1131  cm-',  the  NHj  scissors  at  1557 

(11)  The  data  labulaled  here  are  in  substantial  agreement  with  thai  of 
R,  Fonleyne,y.  Chem.  Phys.,»,fiO(\9AO), 

(12)  W.  R.  Feairhellcr,  Jr.,  and  I.  E.  Kalon,  Specfrochlm.  Ada,  M. 
1099  (1964). 

(13)  I.  W.Herrick  and  E.L.  Wagner,  ibfi^.,  II,  1S69(196S). 
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Tibit  I.    Raman  Spectra  of  Dimethyl  SulTone  Diimine  and  Comparison  Compounds  (cm  '')■ 

Infrared 
Aqueous*  Liquid*  Aqueous'  cryst' 

(CH,>«NH>.  (CH,),S  (CHifeSO,  (NHJiSO, 


1026  w,P 

1149  w 

930  w 

1221* 

1006  m,  P 

1266  w 

1090* 

1223  vw 

1341  w 

1292* 

1408  m 

1427  m 

1407  s 

1420  m 

1444  ra 

2831* 
2833  w 

1430  ms 

2932  vs,  P 

2914  ws,P 
2968s 

2928  vs.  P 

3018s 

2982  s 

3024  vs 

32«m,B 

3112 
3223 

3323 


Assienment 

«SC,),  scissors 
i<SCi),  rock 
«SN,),  scissors 
r(SNH<),  NHi  torsion 
rtSN,),  rock 
t(SN,).  twist 
k/CS),  sym  stretch 
r(NH,),NH]rock 
"-(CS),  asym  stretch 
►.(SN),  sym  stretch 
VtJ[Sii),  asym  stretch 
r(NH.),NH,rock 

r(CH,),rock 


J(CH.),  bend 
i(NH,),NHi  scissors 
2S(CH,)(?) 
vJ.CH),  sym  stretch 
>-u(CH),  asym  stretch 
i-CNH),  stretch 


''This*ork.    'Referenced.     '  Refer - 


Tilife  n.    Raman  Spectra  (cm  '■)• 


(CH,),S(0)NH 
Sdid        aqueous 


274  w 

285  m 

285  s 

J(SQ).  scissors 

323  m 

315  m 

319  s 

r(SC,).rock 

368W 

374* 

373  m 

*(SN,,SNO).  scissors 

43S« 

466s 

457  s 

r(SN,,SNO),rock 

432  w 

442  m 

t{Cr^NA  twist 

685  vs 

694  vs 

690vs,P 

►.(CS),  sym  stretch 

746  m 

762  m 
814* 

762  s 

v^CS),  asym  stretch 

? 

934  w 

r(CH,),  rock  7 

918  s 

971m 

I 

(■JSN),  stretch 

933  s 

989* 

989  s.P/ 

(crystal  spUiiing  ?) 

962  vw 

I'^SN),  asym  stretch 

1006  vw 

1031* 

1050  m.P 

KSO).  stretch 

1161* 

1122* 
llSOw 

1132*,  p) 

J(SNH>,bend? 

1212* 

1206* 

ftCH,),rock 

1405  w 
1418* 

1403  m 
1434  m 

1406m    1 
1423  m    / 

J(CH,).bend 

2930  vs 

2925  s 

2933  s,P 

(•.(CH),  sym  stretch 

3015  s 

3009m 

3019  s 

MCH),  asym  stretch 

3190  m 

3191* 

3274  in.B 

KNH),  stretch 

3410  m.B 

»(0H),  water  bend 

■  Abbreviations  used 

are:   w,  weak 

m,  medium;  s,  strong;  v, 

very;  P,  polarized:  B,  broad. 

apparent.  Not  only  is  the  visual  display  (pattern) 
of  the  spectra  of  these  two  tetrahedral  molecules  quite 
similar,  but  there  are,  in  addition,  many  close  coinci- 
dences in  the  actual  positions  of  bands  arising  from 
similar  modes  of  vibration.  The  replacement  of  NH 
by  O  transforms  the  weak  i-^y^tSN)  at  962  cm" '  into  the 
more  intense  KSO)  at  1031  cm"'  (1050  cm-'  in  aqueous 
media). 


M 


—^ 


•=3c;*;tt 


£2 


i 

"    ~TV 
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Figure  2.    Raman  spectra  of  crystalline  dimethyl  sulfone  diimine 
and  aqueous  dimethyl  sulfone  imine. 


cm->,  and  the  NH,  stretch  triplet  at  3112,  3223,  and 
3323  cin~  ■  in  the  sulfamide. 

The  Raman  spectrum  of  crystalline  (CH,),S(NH), 
and  of  a  50%  aqueous  solution  of  dimethyl  sulfone 
imine  ((CHt)^0)NH)  are  presented  in  Figure  2.  Table 
II  summarizes  the  observed  positions  of  the  vibrations 
and  proposed  assignments.  The  similarity  in  the  skele- 
tal vibrations  f<»'  these  two  molecules  is  immediately 


B.  Vibrational  Assignment.  The  dimethyl  sulfide 
reaction  product  can  be  analyzed  as  a  pseudo-pentatomic 
molecule  if  we  neglect  all  hydrogen  motions.  This  is  a 
reasonable  approximation  since  we  expect  only  very 
weak  coupling  between  the  light  hydrogen  atom  vibra- 
tions and  motions  of  the  heavier  skeletal  atoms.  For 
each  of  the  pentatomic  models  we  expect  nine  funda- 
mental skeletal  vibrations  with  all  modes  observable 
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Figure  3.  Raman  spectra  of  diethyl  sulfide,  crystalline  diethyl  sul- 
foiK  diimine.  and  methyl  dodecyl  sulfone  diimine.  Gain:  A,  100; 
B,  200;  C,  500;  D,  40. 


in  the  Raman.  Four  of  these  fundamentals  should 
arise  primarily  from  stretching  motions  and  five  from 
angle  deformations. 

The  diimine  structure  I  has  Cjv  symmetry.  Its  vi- 
brational representation  is  4Ai  +  Ai  +  2Bi  +  2Bi. 
There  should  be  one  inactive  infrared  fundamental 
(At,  a  torsional  mode)  and  four  polarized  Raman 
lines.  Two  of  the  latter  should  be  intense  and  arise 
from  C-S  and  N-S  stretching  motions. 

The  hydrazine  structure  III  (or  II)  has  C,  molecular 
symmetry.  With  a  vibrational  representation  of  6A' 
+  3A",  all  modes  should  be  active  in  both  the  infrared 
and  Raman.  However,  the  six  A'  modes  should  be 
polarized  in  the  Raman  and  three  of  these  should  be 
strong  lines  related  to  C-S,  S-N,  and  N-N  stretching 
motions. 

Since  hydrogen  deformations  are  weak  scatterers  in 
the  Raman,  we  can  expect  all  strong  bands  observed 
below  1100  cm-'  to  arise  from  skeletal  motions.  The 
Raman  spectrum  of  an  aqueous  solution  of  the  alkyl 
sulfide  reaction  product  exhibits  only  two  strong  polar- 
ized lines  in  the  skeletal  stretching  region  and  no  evi- 
dence for  a  third,  strong,  polarized  band  associated 
with  the  N-N  stretch.  We  associate  the  paired  coup- 
lets 679, 741,  and  947, 975  cm"'  with  the  symmetric  and 
asymmetric  motions  of  (CH3)iS  and  (NH),S,  respec- 
tively, and  note  the  absence  of  strong  interaction  be- 
tween the  two  pairs  of  vibrators.  The  remaining  five 
bands  we  assign  to  the  predicted  five  deformation 
modes.  The  proposed  band  assignments  for  the  skele- 
tal motions  are  summarized  in  Table  III.  The  assign- 
ment of  (^  and  Vi  to  SNH  motions  is  based  on  the  in- 
crease in  apparent  intensity  of  the  respective  Raman 
bands  upon  crystallization  and  the  formation  of  inter- 
molecular  hydrogen  bonds  (see  below).  All  assign- 
ments are  consistent  with  those  of  ref  12and  13. 

DialkyI  Sulfone  Diimines.  In  addition  to  the  methyl 
derivative,  we  have  also  examined  the  Raman  spectra 
of  the  diethyl  and  the  methyl  dodecyl  derivatives.  Rep- 
resentative data  are  listed  in  Table  IV  with  typical 
spectra  illustrated  in  Figure  3.  Spectral  assignments 
are  complicated  by  the  presence  of  rotational  isomers** 


Table  HI.    Symmetry  Assignment  for  (CHi)tS(NH)i 

Fre- 
. — Symmeiry— -  qoency,"  Approumate  mode 

Oass      Specie       em""  description 

Ai  VI  947  S-N  symmetric  stretch 

n  679  C-S  symmetric  stretch 

y,  371  NSN  bend 

F.  278  CSC  bend 

A,  Ui  460  ToRion.  S(NH),  twist 

Bi  vt  975  S-N  antisymmetric  stretch 

1^  436  S(NH),rock  1  S(CH|)]  plane 

Bt  v>  741  C-S  antisymmetric  stretch 

>>,  326  S(NH)iwag  1 1  S(CH.),  plane 

*  Aqueous  solution 

which  generate  multiple  strong  Raman  bands  in  the 
600-700-cm-'  region.  Diethyl  sulfide  data  have  been 
included  to  aid  in  the  comparison.  Again  we  note  the 
persistence  of  the  characteristic  vibrations  of  the  dialkyl 
sulfide  group  and  the  absence  of  strong  perturbation  by 
amination.  These  data  are  also  quite  consistent  with 
the  diimine  structure  proposed  for  the  dimethyl  sulfide 
reaction  product.  The  characteristic  positions  for 
Raman  bands  associated  with  the  S(NH)i  structural 
unit  in  dialkyl  sulfone  diimines  are  summarized  in 
Table  V,  The  variation  in  characteristic  frequency 
appears  to  be  consistent  with  the  effects  of  hydrogen 
bonding  on  each  vibrational  mode  and  the  presence  of 
water  in  the  sample.  The  S-N  asymmetric  stretch 
and  the  SNH  deformation  would  be  expected  to  be  more 
prominent  in  the  infrared,  and  may  he  of  some  diag- 
nostic value. 

Properties 

Thermal  Stability.  The  thermal  stability  of  dimethyl 
and  diethyl  sulfone  diimines  is  sufficient  to  allow  them 
to  be  analyzed  by  gas  chromatography  at  150°,  with 
partial  decomposition  at  the  inlet.  After  16  hr  at  100°, 
neat  methyl  dodecyl  sulfone  diimine  is  largely  decom- 
posed, to  the  products  shown. 


C„H,iS(NH)iCH, 


-  Ci.Hj.SCH,  (50%) 

'  C,oH„CH=CH,  (30%) 

C„H,.C^N  (5%) 

unknown  (5%) 


Ammonia,  azide  (Nr),  and  thiocyanate  (SCN~)  were 
also  detected. 

As  with  amine  oxides,"  the  thermal  stability  of  the 
sulfone  diimines  is  greatly  enhanced  in  hydroxylic 
solvents.  An  aqueous  solution  of  methyl  dodecyl 
sulfone  diimine  underwent  less  than  10%  decomposi- 
tion under  the  same  conditions  which  completely  de- 
composed the  neat  sample  (above). 

Hydrolysis  and  Reduction  Reactions.  The  extra- 
ordinary resistance  of  sulfone  diimines  toward  acid- 
or  base-catalyzed  hydrolysis'  has  been  confirmed.  Di- 
methyl sulfone  diimine  was  recovered  unchanged  after 
67  hr  at  100°  in  water;  no  hydrolysis  products  were 
detectable  either  by  infrared  spectra  or  gas  chromato- 
graphic analysis.  Similar  results  were  obtained  after 
1.5  hrat  l(X)°in2  A^  sodium  hydroxide. 

The  cleavage  of  the  C-S  bond  in  sulfone  diimines  by 
aqueous  hydrochloric  acid  to  form  alkyl  chlorides  and 
sulfinic  acids  has  been  reported,'  and  we  obtained 
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2439 


TtUe  IV.    Raman  Spectra  (on  '0* 


(CH*CH,),S» 
Liquid 


<CH,CH,),S(NH)r 


Crystal 


Aqueous 


(C„H,6XCH,)S(NH), 

Crystal  Aqueous 


Qualitative 
description 


187  w 
256  vw 
305  m.P 
334  m,P 
383  w 


639  vs.  P 

657vs,P 

693  s 

764  vw 

778  vw 

975  s 

1017  w 

1047  s 

1074  m 

1249  w 

1274  w,P 

1382  w 

1427  s 

1450  s 

2729  m,P 

2874  s,P 

2929  vs,P 

2966s 

227  w 
267  w 


382  m 
407  s 
444m 


619  s 

707  w 
774  vw 
792  vw 
922  s 
976  w 

1010  vw 

1043  w 

1068  w 

1155w,B 

1238  vw 
1282  vw 
1380  vw 
1421  w 
1456  w 


2877  w 
2922  vs 
2937  m 
2959  m 
2976  w 
3227  w 


260  vw 
313w 
343  m 

407  m 
444w 
475  w 
521  w 
621s 
636vs,P 
662  m,P 
700m 
779  vw 
817vw 
945  s,P 
979  w 

1026  w 

1041  w 

1074  w 

1150w,B 

1236  w 

1382W 
1414  m 
1456  m 


2885  s 

2939  vs 

2988  s 
3290  s,  B 


306w 

376  w 
417  vw 
445  vw 
470  vw 
510vw 
610  vw 


707  s 
734  m 
817w 
925  m 
957  w 

i 
1056  w 
1083  w 
1125  m 
1167VW 
1207  vw 
1295  m 

1412  w 
1442  m 
1458  m 

2850  vs 
2879  vs 
2928  vs 


3180  w 
3222  w 
3307  w 


303  w 
356  w 
437  m 


643  w,P 
683  S.P 
707  m.P 
732  m,  P 

943  m,P 
979  w,P 

1071  w 
1084  w 
1131  w 
1165VW 

1306s 

1418  m 
1444  s 


2857  vs,  P 
2895  vs,  P 
2934  vs.  P 

3018  m 


3304  m,B 
3397  m,  B 


CSC  skeletal  bend 


Skeletal  deformations 


SNt  rock 


CiS  sym  stretch 
(rotational  isomers) 

CiS  asym  stretch 

S-N  sym  stretch 

C-C  sym  stretch 

Combination? 

CHs  deformation 

SNHbend? 

Overtone? 


CHs  deformation 


*  CH  stretch 


NH  stretch 
HsO  stretch 


•  Abbreviations  used  are:  w,  weak ;  m,  medium;  s,  strong;  v,  very;  P,  polarized;  B,  broad.    *  Data  below  1500 cm"*  from  ref  14. 


TtUe  V.    Characteristic  RtS(NH)2  Raman  Bands 


Type  of  motion 


Position, 
cm"* 


Quality 


SNs  deformation 

340-380 

m,P 

SNs  rock 

435-445 

m 

S-N  sym  stretch 

920-950 

S.P 

S-N  asym  stretch 

960-980 

w 

SNH  deformation 

1125-1160 

w 

NH  stretch 

3190-3335 

m 

identical  results.  Unexpectedly,  the  reaction  took  a 
completely  different  course  in  aqueous  hydrochloric 
acid  containing  potassium  iodide  (2.4  N  HCl,  6  N 
KI).  A  few  per  cent  cleavage  to  alkyl  halides  was  again 
observed,  but  the  major  products  were  the  dialkyl 
sulfide  and  iodine.  Sulfoxides  are  also  reduced  to 
sulfides  by  iodide  in  acidic  solution.  ^^ 

The  reluctance  of  the  group  to  undergo  acid-  or  base- 
catalyzed  hydrolysis  to  sulfone  imines  or  sulfones  con- 
stituted supporting  evidence  for  structure  I.  The  related 
sulfone  imines  are  also  resistant  to  hydrolysis,  whereas 
structures  II  or  III,  being  N-substituted  sulfimines, 
should  resemble  the  parent  sulfimines  in  being  readily 
hydrolyzable. 

Methyl  dodecyl  sulfone  diimine  reacted  exothermi- 
cally  with  massive  quantities  of  hydrogen-bearing  W-2 

(16)  D.  Landini,  F.  Montanari,  H.  Hogeveen,  and  G.  Maccagnani, 
TitrakedroH  Utten,  2691  (1964). 


Table  VI.    Acid  Dissociation  Constants  of  Protonated  Sulfone 
Diimines  and  Other  Compounds 


Compound 


IPKa 


(CH,),S(NH)NH,+,  a- 
(CH5),S(NH)NH,+,  Cl- 
CiiH,.(CH,)S(NH)NH,+,  CI" 
(CH,),S(0)NH,-^,  Cl- 
(CH,)8S+(0)0H.  Cl- 
(CH,)8S+OH,  Cl- 
(CH,),NOH+,  Cl- 


5.59=h0.01* 
5.93±0.05« 
4.73±0.1« 
3.24  =h  0.02* 
-12.3* 
0^ 
4.65^ 


<>  Calculated  from  potentiometric  titration  curves  following  the 
method  of  A.  Albert  and  £.  P.  Serjeant,  ''Ionization  Constants  of 
Acids  and  Bases,**  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y., 
1962,  p  33.  *  Calculated  following  the  method  of  Albert  and 
Serjeant,  p  38.  "^  S.  K.  Hall  and  E.  A.  Robinson,  Can,  J,  Chem,^ 
42,  1113  (1964).  *  P.  Nylcn,  Z.  Anorg,  Allgem.  Chem,,  246,  227 
(1941). 


Raney  nickel  in  alcohol.  Methyl  dodecyl  sulfide  (18%) 
and  dodecane  (10  %)  were  isolated. 

Basicity  and  Metal  Complexing.  The  pK/^  data  in 
Table  VI  show  that  the  sulfone  diimines  are  weakly 
basic  molecules.  They  are  about  2.5  pK  units  more 
basic  than  sulfone  imines. 

The  pK^  data  also  constitute  evidence  which  favors 
I  as  the  correct  structure  of  the  group.  Structure  III 
can  be  viewed  as  a  modified  hydrazine,  in  which  a  par- 
tial negative  charge  resides  on  one  nitrogen. 
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Figure  4.    Solubility  diagram  of  dimethyl  sulfone  dilmine  in  water. 


This  negative  charge  would  be  expected  to  increase  the 
basicity  of  111  over  that  of  hydrazine  itself,  so  that  the 
predicted  pA'a  of  the  conjugate  acid  of  III  should  be 
>8.5.  The  much  lower  values  observed  rule  against 
structure  III.  It  is  impossible  to  predict  exactly  what 
the  basicity  of  I  should  be,  but  if  the  same  difference 
exists  between  its  basicity  and  that  of  NHj"  as  exists 
between  that  of  sulfones  and  OH~,  a  value  in  the  neigh- 
borhood of  6  for  the  pKf,  of  its  conjugate  acid  would  be 
anticipated."  The  ori^nal  structure  proposal,'  RjS'*"- 
NH-NH~,  is  not  stabihzed  by  semipolar  bonds  and, 
in  having  an  amide  ion  insulated  from  the  sulfur  by  the 
-NH-  group,  should  be  considerably  more  basic  than 
was  observed  (compare  RjN+NHs  withapArA>  15). 

The  metal  complexing  ability  of  the  sulfone  diimine 
group  with  metal  salts  from  vanadium  to  zinc  in  the  first 
long  row  of  the  periodic  table  (in  convenient  oxidation 
states)  was  screened  in  a  qualitative  fashion.  Obvious 
complexing  occurred  only  with  V(1V),  Cr(lII),  Fe- 
(IIl),  and  Cu(ll).  The  complexing  ability  of  the  sulfone 
diimine  thus  parallels  that  of  aliphatic  amine  oxides  in 
general,  in  line  with  the  close  similarity  in  basicity  of 
the  two  groups  (Table  VI). 

With  silver  nitrate,  each  of  the  sulfone  diimines 
formed  an  insoluble  grayish  precipitate  which  was  ac- 
companied by  a  sharp  decrease  in  the  pH  of  the  solution 
to  2-3.'*  It  thus  appears  that  actual  hberation  of 
mineral  acids  occurs  in  aqueous  solution  through  reac- 
tion with  silver  ion,  although  potentiometric  titration 
with  base  revealed  no  clean-cut  stoichiometry.  No  such 
pH  effect  was  noted  with  any  other  metal  ion.  Forma- 
tion of  the  precipitate  was  reversible:  addition  of  nitric 
acid  redissolved  it.  Also,  it  was  not  formed  from  silver 
acetate  in  glacial  acetic  acid.  The  latter  system  con- 
stituted a  convenient  qualitative  test  for  chloride  in  the 
presence  of  sulfone  diimines. 

(17)  The  p*:*  of  H-OH  (IS)  ii  lowered  to  -12  in  R.S'(0)-OH,  b 
difference  of  27  pJC  unili.  Taking  33  as  Ihe  fK^  of  NH^  R.S^(0)NHi 
should  have  a  value  of  6  if  Ihe  same  difference  were  observed  (the  actual 
val  jc  ii  3),  and  RiS(NH>-NHi  would  nol  be  expected  to  be  terribly  dif- 
ferent. This  crude  line  of  reasoning  only  shows  that  the  observed  values 
are  in  a  rcsonabk  ranse. 

(IS)  The  formation  of  a  precipitate  with  silver  ion  was  previously  re- 
ported,' but  not  Ihe  pH  effect 


Polarity  and  Hydrogen  Boadk^.  The  sulfone  di- 
imine group  is  a  polar  functional  group,  as  indicated 
by  the  high  water  solubility  of  the  dialkyi  derivatives. 
Figure  4  describes  the  water  solubility  of  dimethyl 
sulfone  diimine.  Methyl  dodecyl  sulfone  diimine  is 
likewise  water  soluble,  while  methyl  dodecyl  sulfone  is 
by  contrast  totally  insoluble. 

The  vibrational  spectral  data  suggest  that  the  sulfone 
diimine  group  readily  engages  in  hydrogen  bonding. 
Spectrally,  hydrogen-bond  formation  is  manifested  in 
intensity  changes,  band  broadening,  and  frequency 
shifts."  For  dimethyl  sulfone  diimine  v^,  »!,  and  » 
(NH)  are  shifted  from  415,  933,  and  3311  cm"'  in 
relatively  inert  chloroform  to  436, 947,  and  1,150^  cm"' 
in  aqueous  solution.  This  corresponds  to  an  increase 
in  the  resistance  to  deformation  of  a  bending  mode  and 
an  effective  elongation  of  the  NH  bond  upon  hydrogen 
bond  formation.  Dimethyl  sulfone  imine  exhibits 
similar  spectral  effects  in  a  comparison  of  chloroform 
and  aqueous  solution  spectra:  KSN)  shifts  from  982  to 
989  cm-',  KSO)  from  1020  to  1050  cm->,  and  KNH) 
from  3340  to  3274  cm- '. 

Hydrogen-bond  formation  is  more  pronounced  in 
the  crystalline  state,  as  indicated  by  Uie  larger  shift 
of  the  NH  stretching  frequencies  summarized  in  Table 
VII.  Extensive  hydrogen  bonding  is  evident  in  crystal- 
Table  VII.    NH  Stretching  Bands,  cm-> 

Compound  Costal      Aqueous      CHOi 


(CH,)^NH), 
(CH,),S(0)NH 
(CJ1»),S(NH>, 
(CH,XC,,H„)S(NH), 


3190  3250 

3191  3274 
3227  3290 
3178  3304 
3222 


line  dimethyl  sulfone  diimine:  vt  and  t^  are  stronger  and 
sharper  bands  and  vt  is  split  into  two  components. 
The  splitting  is  interpreted  as  arising  from  intermolec- 
ular  interaction  rather  than  local  site  symmetry  effects 
since  v^  is  not  spht  in  the  crystalline  spectrum.*' 

Only  one  type  of  imine  hydrogen  is  indicated  in  the 
solution  and  crystalline  spectrum  for  the  dimethyl 
derivative;  thus  we  propose  a  general  structural  model 
of  the  form 

H 
-X  CH,  X- 

"-„      :      h' 

\       i       / 
N-S-N 

/      i      \ 


(19)  G.  C.  Pimentel  and  A.  L.  McOellan,  'The  Hydrogen  Bond."  W. 
H.  Freeman  and  Co.,  San  Francisco,  Calif.,  1960, 

(20)  All  aqueous  NH  stretching  bands  are  broadeiKd  and  their  posi- 
tions are  less  certain  owing  (o  variation  in  internudear  distance  caused 
by  hydrogen  bonding. 

(21)  Preliminary  X-ray  dilfraclion  studies"  indicate  each  of  the  eight 
molecules  in  the  unit  cell  is  situated  at  a  local  site  with  Ct  symmetry. 
Thus,  n  and  n  should  be  similarly  affected  if  crystal  site  splitting  is 
operative. 

(22)  N.Webb,  these  laboratories,  personal  cc 
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present  the  spatial  interaction  with  either  water 
:ous)  or  diimine  (crystal).  This  model  also 
:ts  the  dual  nature  of  the  diimines  in  accepting 
lonating  hydrogens  in  interaction  with  other  elec- 
igative  atoms. 

le  shift  of  KNH)  for  crystalline  diethyl  sulfone  di- 
i  is  35  cm"*  less  than  for  the  dimethyl  derivative, 
ating  a  weaker  hydrogen  bond.  This  probably 
i  from  van  der  Waals  repulsion  of  the  alkyl  frag- 
s  leading  to  lattice  packing  problems.  When  one 
e  alkyl  groups  is  replaced  by  a  bulky  long  chain 
it  unsymmetrical  methyl  dodecyl  derivative  we 
"ved  two  NH  bands,  indicating  both  a  long  and 
>rtNH--Nbond. 

wc  assume  a  value  of  3350  cm**  for  free  imine 
stretching  frequency,*'-'*  then  the  average  shift  of 
m"*  allows  us  to  estimate  the  crystalline  hydrogen- 
strengths  for  these  diimines  as  2.5-3.0  kcal/mole 

n  NH N  bond.  "•"'*•    On  the  same  basis,  the 

iction  with  water  is  probably  of  the  order  of  2.0- 
cal/mole.  Thus  the  solvation  of  the  diimines  is 
iced  by  the  availability  of  4-5  kcal/mole  of  diimine- 
-  interaction  energy. 

■tic« 

th  the  synthesis  of  the  sulfone  diimines,  all  the 
ble  imines  of  sulfoxides*  and  sulfones  have  been 
ed.  It  is,  therefore,  of  interest  to  compare  the 
rs  with  each  other  and  with  the  parent  oxygen 
)Ounds. 

e  various  imines  may  be  conveniently  divided  into 
classes:  sulf oxide-like  structures  incorporating 
one  semipolar  bond,  and  sulfone-like  structures  in 
ti  two  semipolar  bonds  are  formed  to  the  same  het- 
:om.  Comparison  of  the  sulfone  diimines  with  the 
nines  reveals  that  the  same  fundamental  relation- 
in  properties  which  exist  between  sulfones  and  sulf- 
as also  exist  between  the  two  classes  of  imines.  The 
nal  stability  of  the  sulfone  diimines  clearly  exceeds 
of  the  sulfimines.  For  comparable  decomposition 
,  roughly  100**  higher  temperatures  are  required 
le  sulfone  diimines.  Also,  the  basicity  of  the 
nines  appears  to  exceed  that  of  the  sulfone  di- 
^,  as  is  the  case  with  sulfoxides  and  sulfones 
le  VI).  While  direct  measurement  of  the  basicity 
Ifimines  in  aqueous  solution  is  precluded  by  their 
olytic  instability,  they  are  known  to  form  an  ad- 
with  carbon  dioxide  in  nonhydroxylic  solvents, 
•►N+HCOj","  whereas  the  sulfone  diimine  group 
not.  A  chloroform  solution  of  the  latter  saturated 
carbon  dioxide  shows  the  free  COj  infrared  band, 
lo  absorption  corresponding  to  -CO2"  or  -CO2H. 
he  other  hand,  the  sulfimines  are  not  sufficiently 
to  prevent  their  liberation  from  their  conjugate 
at  least  in  part,  by  ammonia.  The  aqueous  pA^A 
le  species  R2S+-NH2  is  therefore  most  likely  in 
ange  8-10. 

A  higher  frequency  than  the  3311  cm~»  observed  in  CHCli  is 
ed  since  self-assodation  and/or  interaction  with  the  acidic  proton 
iroromi  would  tend  to  lower  the  free  =NH  frequency. 

N.  B.  Colthup,  /.  Opt.  Soc.  Am.,  40,  397  (1950),  cites  a  range  of 
MOO  cm~^  for  an  imine  NH. 

R.  Schroeder  and  E.  R.  Lippincott,  /.  Phys.  Chem.,  61,  921 

D.  Nakamoto,  M.  Margoshes,  and  R.  E.  Rundle,  /.  Am.  Chem. 
r7,  6480(1955). 
IL  Appel  and  G.  BUchler,  Ann.,  684,  112  (1965). 


Examination  of  the  presently  known  imines  reveals 
a  striking  difference  between  the  two  classes,  above,  with 
regard  to  hydrolytic  reactivity.  It  appears  to  be  gen- 
erally true  that  sulfoxide-like  imines  are  readily  hy- 
drolyzable  to  the  parent  oxygen  compounds,  while 
sulfone-like  imines  are  hydrolytically  inert.  The  acid- 
or  base-catalyzed  hydrolysis  of  a  sulfone  imine  or  di- 
imine has  so  far  never  been  observed.  ^^  Examples  of 
hydrolytically  reactive  sulfoxide-like  imines  include 
RjS-^NH*  and  R-S(NH)NH2.2«  Similarly  reactive 
phosphorus  imines  which  are  "sulfoxide-like"  in  the 
above  sense  include  RaP-^NH^  and  (H2N)8P-^NH.»i 

Now  let  us  consider  the  relationship  between  sulf- 
oxides and  sulfones,  and  their  imine  derivatives.  It  is 
apparent  that  the  thermal  stability  of  the  imines  is  sig- 
nificantly lower  than  that  of  the  oxygen  compounds. 
Sulfimines  decompose  at  room  temperature  and  below, 
sulfoxides  in  the  vicinity  of  150°  and  higher.  Sulfone 
diimines  decompose  rapidly  at  slightly  over  100**, 
sulfones  only  at  temperatures  well  over  200°.'*  The 
sulfone  monoimine  is  more  like  the  sulfone  than  the 
sulfone  diimine  in  this  respect. 

Another  fundamental  distinction  between  the  S-N 
and  S-O  compounds  is  the  course  which  thermal  de- 
composition takes.  Both  fragment  to  olefins,  when  )3 
elimination  is  permitted  by  the  structure.  However, 
the  S-N  compounds  (both  sulfimines  and  sulfone  di- 
imines) yield  the  parent  dialkyl  sulfide  as  a  major  de- 
composition product  whereas  with  sulfoxides  and 
sulfones  the  dialkyl  sulfide  is  a  very  minor  product.'* 
The  possibility  that  the  dialkyl  sulfide  is  not  a  primary 
decomposition  product  but  is  formed  by  a  secondary 
reaction  between  olefin  and  mercaptan  cannot  be  rig- 
orously excluded. 

Another  prominent  difl*erence  between  the  oxygen 
and  nitrogen  analogs  exists  with  regard  to  basicity  and 
metal  complexing.  The  figures  in  Table  VI  indicate 
the  two  sulfone  imines  to  be  15-18  pA^  units  more  basic 
than  the  corresponding  sulfone,  a  figure  comparable 
to  the  difl*erence  between  amide  and  hydroxide  ion 
(p/Ta  of  NHa  ^  33,  p/Ta  of  HjO  ^  15).  The  cause  for 
the  large  difl*erence  in  each  case  stems  from  the  difl*er- 
ence  in  nuclear  charge  of  nitrogen  and  oxygen. 

It  is  evident  from  this  work  that  the  sulfur  atom  of 
sulfimines  is  appreciably  more  nucleophilic  toward 
chloramine  than  is  that  of  sulfoxides.  Chloramine 
reacts  preferentially  with  the  sulfimine  intermediate  in 
the  presence  of  high  ammonia  concentrations  at  tem- 
peratures below  0°.    Sulfoxides,  by  contrast,  compete 

(28)  Indirect  hydrolysis  of  the  monoimine  by  reaction  with  hydrogen 
peroxide  or  nitrous  acid  has  been  carried  out  [A.  Schbberl  and  A.  Wagner, 
**Methoden  der  Organischen  Chemie  (Houben-Weyl),"  Vol.  9,  Eugen 
Muller  Ed..  Georg  Thicme  Verlag.  Stuttgart.  1955,  p  220;  F.  Misani.  T. 
W.  Fair,  and  L.  Reiner,  /.  Am.  Chem.  Soc,  73,  459  (1951)).  However, 
the  monoimines  have  been  recovered  unchanged  from  refluxing  50% 
sodium  hydroxide  (J.  S.  Berry,  private  communication  from  these 
laboratories). 

(29)  This  species  is  presumably  formed  as  the  initial  sulfur-containing 
product  of  the  hydrochloric  acid  cleavage  of  sulfone  diimines.  Hydro- 
lytically reactive  aromatic  derivatives  have  also  been  reported  [G. 
Kresse,  C.  Seyfried.  and  A.  Trede,  Tetrahedron  Letters,  3933  (1965)1. 

(30)  H.  H.  Sisler,  A.  Sarkis.  H.  S.  Ahuja.  R.  J.  Drago,  and  N.  L. 
Smith.  /.  Am.  Chem.  Soc,  81.  2982  (1959);  R.  Appel  and  A.  Hauss, 
Chem.  Ber.,  93,  405  (1960). 

(31)  M.  Becke-Goehring  and  K.  Niedcnzu,  ibid.,  90,  2072  (1957). 

(32)  Methyl  dodecyl  sulfone  distils  with  some  decomposition  at  355** 
at  atmospheric  pressure. 

(33)  Methyl  dodecyl  sulfoxide  at  190-230°  in  an  open  system  gave  less 
than  1  %  sulfide.  The  yield  of  sulfide  from  pyrolysis  of  the  sulfone  was 
still  less,  if  formed  at  all.  See  W.  Carruthers,  I.  D.  Entwistle,  R.  A.  W. 
Johnstone,  and  B.  J.  Millard,  Chem.  Ind.  (London),  342  (1966). 
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TaUe  Vm.    Melting  Points  and  Analyses  of  Dialkyl  Sulfone  Diimines,  RR  'S(NH)z 


CH, 

CioHti 

CiiHst 

Ci«Hij 

Ci«Hii 


R' 


CHi 
CH, 
CHi 
CH, 
CH, 


Mp.  X 


%C- 


108.5-110 
56-57 
64.5-66.5 
73.5-74.5 
79-80 


26.1 
60.5 
63.4 
65.6 
67.5 


26.1 
60.1 
63.7 
65.6 
67.7 


%H- 


Calcd        Found        Calcd        Found 


8.7 
12.1 
12.3 
12.5 
12.7 


8.8 
11.7 
12.2 
12.1 
12.4 


Calcd 


%S- 


Found 


34.8 
14.8 
13.0 
11.7 
10.6 


34.1 
15.1 
13.4 
12.0 
10.4 


%N- 

Calcd         Fc 


30.4 
12.9 
11.4 
10.2 
9.3 


i: 
1 
II 


Table  IX.    Nmr  Chemical  Shifts  of  S-Methyl  Groups  (r  units) 


CDC1,« 


DiO« 


(CH,),S 

7.89 

•  •  • 

(CH,),SO 

7.39 

•  •  • 

(CH,),SO, 

7.08 

•  •  • 

(CH,):S(0)NH 

6.90 

•  •  • 

(CH,),S(NH), 

6.94 

6.59 

(CH,)^+(NH)NH,,  a- 

6.36 

6.10 

(CH,),s+(0)NH,,  a- 

6.23 

5.98* 

C11H15SCH, 

7.94 

•  •  • 

CiiHssSOCH, 

7.44 

•  •  • 

Q2H2«S(NH),CH, 

7.02 

6.73 

C„H,5S(0XNH)CH, 

7.10 

•  ■  • 

C»H,.SO^H, 

7.15 

•  •  • 

*  Internal  tetramethylsilane  reference.    ^  Tetramethylsilane  capil- 
lary reference.    "  In  the  presence  of  excess  HQ. 


Table  X.    Nmr  Spectra  of  (C::sH,)zS(NH)2  (r  units) 


Solvent 

CHK3) 

CH,(4) 

NH(1) 

y,  cps 

D1O 

CDa, 

ecu 

ca*^ 

8.42 
8.61 
8.70 
8.7 

6.60 
7.00 
7.17 
7.1 

5.00 

8.27 (broad) 
8.49  (sharp) 
8.1 

7.4 
7.4 
7.7 

•  •  • 

•  Reference  1. 

very  poorly  with  ammonia  for  chloramine  under  com- 
parable conditions. 

Experimental  Section 

Melting  point  (capillary,  Mel-Temp  apparatus,  uncorrected)  and 
analytical  data  are  listed  in  Table  VIII.  Elemental  analyses  were  per- 
formed by  our  analytical  department.  Nmr  data  were  determined 
with  a  Varian  HA- 100  spectrophotometer.  The  chemical  shifts  of 
S-methyl  groups  in  various  compounds  are  tabulated  in  Table  IX. 
The  spectra  of  the  long-chain  compounds  included  other  features 
expected  from  the  structure,  namely  a  triplet  for  the  -CHs-  a  to  the 
sulfur  downfield  from  the  2S-methyl  absorption,  characteristic  long- 
chain  absorption  at  r  8.75  and  9.15  (methylene  protons  and  term- 
inal methyl  protons),  plus  broad  absorption  slightly  downfield  from 
most  of  the  methylene  protons  attributable  to  the  /3-methylene 
group.  Table  X  gives  complete  nmr  data  for  diethyl  sulfone  di- 
imine  in  various  solvents. 

Raman  spectra  were  obtained  on  the  Cary  81  Raman  spectro- 
photometer using  4358-A  mercury  excitation  and  capillary  cells 
(0.2-cc  capacity).  The  instrument  was  calibrated  with  respect  to 
argon,  neon,  and  helium  emission  lines  from  low-pressure  discharge 
lamps,  and  all  strong  Raman  bands  are  believed  accurate  to  db2 
cm~^  The  hygroscopic  nature  of  the  samples  made  it  convenient 
to  obtain  spectra  from  aqueous  solutions  although  crystalline  and 
chloroform  solution  spectra  were  also  obtained.  All  solutions  were 
filtered  through  activated  charcoal  and  0.45-/i  Millipore  filters  to 
minimize  fluorescence  and  scattering  from  particulate  matter. 
Polarization  data  were  obtained  in  the  conventional  manner  using 
Polaroid  cylinders. 

Good  infrared  spectra  were  difficult  to  obtain  free  from  the  inter- 
fering effects  of  absorbed  moisture.  The  solution  spectra  reported 
were  taken  on  a  Perkin-Elmer  421  grating  spectrometer. 

Gas  chromatography  was  carried  out  on  a  Model  700  F  &  M  in- 
strument, using  a  10%  Apiezon  on  polytetrafluoroethylene  col- 
umn. Partial  decomposition  of  the  dimethyl  sulfone  diimine  in 
the  inlet  (kept  <170°)  prevented  quantitative  application  of  gc, 


but  a  standard  mixture  of  dimethyl  sulfone,  sulfone  imi 
sulfone  diimine  approached  the  expected  peak  area  ratios 
sample  levels  (several  milligrams).  Relative  retention  t 
dimethyl  sulfone,  sulfoxide,  sulfone  imine,  and  sulfone  diimi 
1.0, 0.87, 1.53,  and  1.90,  respectively.  At  a  column  temper 
135°  (0.25-in.  columns,  50  cc  of  He/min),  the  sulfone  had  a  r 
time  of  ca.  3  min. 

The  reference  sulfone  imines  were  prepared  from  su 
and  hydrazoic  acid  by  the  method  of  Whitehead  and  B< 
Thin  layer  chromatography  (tic)  was  carried  out  on  standa 
gel  G  plates,  develop^  with  methanol  except  where  ot 
noted.  The  spots  were  visualized  by  spraying  with  25% 
acid  and  charring. 

Dimethyl  Sulfone  Diimine.  In  a  5(X)-ml,  three-neckc 
equipped  with  a  10-mm  diameter  gas  inlet  tube,  stirrer,  an< 
cold-finger  condenser  fitted  with  a  drying  tube  were  place 
(0.10  mole)  of  dimethyl  sulfide  and  180  ml  of  acetonitrile  (dn 
4A  molecular  sieves).  Chloramine-ammonia  from  a  gc 
operating  at  10  mmoles/min  of  Clt  and  10:1  NHs:Os  ral 
passed  in  at  — 15°  for  1  hr  (ca.  0.4  mole),  and  the  flask  pad 
—20°  ice-salt  bath  and  stirred  overnight.  The  temperature 
in  the  morning.  The  reaction  was  filtered,  the  filtrate  eva 
to  dryness  in  oacuo,  and  the  residue  sublimed  at  80-90°  (O.C 
Yields  varied  from  12  to  39%  of  material  which  was  largely 
diimine  contaminated  by  sulfoxide  and  sulfone  imine  ac 
to  gas  chromatography.  The  hygroscopic  crystals  could  be 
either  by  recrystallization  from  acetonitrile  or  resublimatio 
tempts  to  improve  this  work-up  procedure  or  scale  up  the  1 
to  0.3  mole  gave  poorer  yields. 

Diethyl  Sulfone  Diimine.  Diethyl  sulfide  (9.0  g,  0.10  mc 
aminat^  as  described  above  for  dimethyl  sulfide.  The  filtr 
evaporated,  taken  up  in  acetonitrile,  and  washed  with  50%  a 
potassium  carbonate  until  chloride  free  (see  preparation  of 
dodecyl  homolog  for  description  of  test),  the  solvent  evaj: 
and  the  residue  distilled;  bp  70°  (0.1  mm).  The  distillate 
51  %)  had  a  freezing  temperature  of  48  °,^'  and  was  identical 
its  nmr  and  infrared  spectra  with  the  compound  synthes 
Cogliano  and  Braude.  It  could  be  gas  chromatographed 
through  the  same  column  used  for  the  dimethyl  homolog. 

Methyl  Dodecyl  Sulfone  Diimine.  In  a  2-1.  apparatus  sir 
that  described  above,  but  without  the  condenser,  were  plac 
g  (0.400  mole)  of  methyl  dodecyl  sulfide  and  13(X)  ml  of  acel 
(dried  over  4A  molecular  sieves).  Chloramine  was  passed  1 
flask  at  0-5°  during  four  1-hr  periods,  at  an  average  rate 
mole/hr.  After  each  1-hr  period,  the  glass  wool-ammoniu 
ride  filter  was  replaced.  The  reaction  was  then  stirred  oven 
0°  and  filtered  cold. 

The  filter  cake  was  extracted  thoroughly  with  2-propan 
the  bulk  of  the  2-propanol  removed  in  vacuo  using  a  rotar; 
orator.'*  The  residue  was  then  redissolved  in  2-propan 
washed  several  times  with  50%  aqueous  potassium  carbonat 
a  test  sample  of  ca.  1  ml,  dissolved  in  3-5  ml  of  glacial  acet 
gave  no  precipitate  with  a  few  drops  of  aqueous  0.5%  silver 
test  reagent.  The  2-propanol  was  again  evaporated  and  th 
residue  recrystallized  from  ethyl  acetate  or  acetonitrile,  yi 
45%.  Tic  indicated  the  once  recrystallized  product  to  be  re 
pure  but  contaminated  with  sulfone  imine,  sulfoxide,  and  a  n 
with  Rt  0.  Multiple  recrystallizations  reduced  these  impur 
a  level  not  detectable  on  the  chromatogram  with  a  l(XX)-^g 
«0.5%).  Work-up  of  the  mother  liquors  from  recrystall 
of  the  main  product  yielded  11%  recovered  sulfide,  plus  1 
dodecene  and  1%  dodecanenitrile.  Each  was  unambig 
identified  by  gas  chromatography  retention  times  on  a  pol 
nonpolar  column,  infrared  spectra,  and  (in  the  case  of  the 


(34)  J.  K.  Whitehead  and  H.  R.  Bentley.  /.  Chem.  Soc.,  1572 

(35)  If  this  evaporation  wasomitted,  it  proved  to  be  essentially 
sible  to  wash  the  system  free  of  chloride  with  the  potassium  carb 
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the  nmr  spectrum.  The  sulfone  diimine  (Infracord,  mull)  showed 
infrared  bands  at  3.02  (m),  3.4  (s),  3.5  (s),  3.85  (m),  7.1  (m),  7.65  (m), 
9.1  (s,  broad),  9.5  (s),  9.75  (m),  10.15  (m),  10.45  (m),  10.85  (s), 
13.1  (w),  13.45  (m),  13.55  (m),  13.9  (m),  and  14.2  a  (w). 

A  similar  preparation  was  carried  out  in  molecular  sieve  dried 
2-propanol.  After  stirring  overnight,  the  reaction  was  filtered 
and  the  anunonium  chloride  precipitate  washed  with  2-propanol. 
The  combined  filtrate  and  washings  were  evaporated,  taken  up  in 
2-propanoI,  and  worked  up  as  described  above ;  yield  44%. 

Tic  of  the  crude  2-propanol  reaction  product  after  the  carbonate 
washes  showed  four  spots  at  Rt  0,  0.48,  0.64,  and  0.75,  which  cor- 
responded to  an  unknown  compound  (possibly  the  sulfimine  or  its 
hydrochlcxide,  or  the  hydrochloride  of  the  sulfone  diimine),  the 
sulfone  diimine,  the  sulfone  imine  and/or  sulfoxide,  and  the  sulfide, 
respectively.  To  determine  the  amounts  of  these  quantitatively, 
the  amination  was  repeated  under  identical  conditions  on  2.00  g  of 
sulfide,  and  the  entire  reacti(Mi  product  chromatographed  on  a 
silica  gel  column  (22  X  280  mm),  eluting  first  with  2-propanol  and 
then  with  3A  ethanol.  The  yield  of  recovered  sulfide  (free  of  do- 
decene)  was  8%,  the  sulfone  imine-sulfoxide  fraction  7%,  and  the 
sulfone  diimine  fraction  64%.  The  nmr  spectrum  of  the  sulfone 
imme-sulfoxide  fracti(Mi  showed  the  two  components  to  be  present 
in  ca.  5:1  ratio,  from  the  relative  intensities  of  the  S-CHt  peaks  at 
r  7.05  and  7.46.  A  ratio  of  this  magnitude  was  confirmed  by  tic 
using  a  solvent  system  later  found  to  resolve  sulfoxide  from  sulfone 
imine  (95 :9 : 1 :0.5  chloroform-methanol-water-acetic  acid). 

Methyl  Decyl  Sulfone  Diimine.  This  compound  was  prepared 
from  0.3  mok  of  methyl  decyl  sulfide  and  1 .2  moles  of  chloramine  in 
acetonitrile  following  the  same  procedure  described  above  for  the 
dodecyl  homolog.    The  compound  was  isolated  in  45  %  yield. 

MctlKyI  Tetradecyl  (and  Hexadecyl)  Sulfone  Diimine.  These 
booiologs  could  not  be  obtained  in  satisfactory  yield  in  acetonitrile 
reaction  medium,  because  the  sulfide  starting  material  crystallized 
from  acetonitrile  solution  at  the  desired  reaction  temperature. 
They  were,  therefore,  prepared  in  2-propanol,  in  which  the  sulfides 
are  more  soluble  in  the  cold.  Tic  showed,  however,  that  recrystal- 
yzation  failed  to  remove  the  sulfone  imine  impurity.  It  was  neces- 
sary to  resort  to  column  chromatography  on  silica  gel  (described 
above)  for  purification. 

Thfiiai  Decomposition  and  Hydrolysis  Experiments.  These 
were  carried  out  in  sealed  tubes  immersed  in  a  steam  bath.  In  the 
case  of  the  dimethyl  homologs,  the  products  were  isolated  by  adding 
the  reaction  mixture  to  several  volumes  of  50%  potassium  carbo- 
ute  and  extracting  with  2-propanol.  It  was  shown  that  dimethyl 
sulfoxide,  sulfone,  sulfone  imine,  and  sulfone  diimine  could  all  be 
Rcovered  from  aqueous  solution  in  high  yield  by  this  technique. 
In  2  A^  add,  no  recoverable  products  were  found  after  30  min  at 
100**.  Decomposition  products  of  the  dodecyl  compound  in  acid 
were  unambiguously  identified  by  comparison  of  gas  chromatog- 
raphy retention  times  and  infrared  spectral  data  with  those  of  au- 
thentic materials.  Yields,  where  reported  in  the  text,  were  deter- 
mined l^  iruecting  several  large  samples  (30-40  yX)  in  the  gc  and 
weighing  the  fractions  collected. 

Decomposition  experiments  on  the  dodecyl  homolog  in  2.4  N 
Ha-6  Af  KI  at  lOO""  for  30  min  gave  Is  (1.2  moles/mole  of  diimine) 


and  a  liquid  which  was  principally  methyl  dodecyl  sulfide  (48%) 
containing  dodecyl  chloride  and  dodecyl  iodide  (combined  yield 
3  %).  However,  when  methyl  dodecyl  sulfone  diimine  was  heated 
with  2  N  HQ  and  worked  up  with  a  carbonate  wash,  a  water-sol- 
uble long-chain  potassium  salt  lacking  an  S-CHt  in  the  nmr  was 
isolated,  in  addition  to  dodecyl  chloride,  and  was  shown  to  be 
potassium  dodecanesulfinate  by  reaction  in  aqueous  solution  with 
methyl  iodide.  Methyl  dodecyl  sulfone,  identified  unambiguously 
by  infrared  spectra  and  gas  chromatography  retention  time,  was 
isolated.  The  experiment  was  repeated,  and  the  dodecyl  chloride 
and  dodecanesulfinic  acid  yields  were  estimated  to  be  53  and  37%, 
respectively. 

No  dodecyl  mercaptan  was  ever  detected  among  the  decomposi- 
tion products  (gas  chromatography) 

Metal  Complexing.  Solutions  (0.1  M)  of  dimethyl  sulfone  di- 
imine, trimethylamine  oxide,  or  trimethylphosphine  oxide  solutions 
were  mixed  with  an  equal  volume  of  0.1  M  solutions  of  the  metal 
salts.  The  phosphine  oxide  caused  no  visible  change  with  any 
salt  but  VOSO4  (blue  -^  green).  The  visible  changes  with  diimine 
and  amine  oxide  were  indistinguishable:  VOSO4,  blue  -»-  green, 
gray  precipitate;  Cr(NOt)t,  blue  -^  green;  MnCs,  no  change; 
FeCli,  yellow  -^  red-orange,  prevented  precipitation  on  standing 
which  occurred  in  the  control  solution;  CoOs,  no  change;  NiCls, 
no  change;  CUSO4,  blue-green  precipitate,  identified  as  CU4SO4- 
(OH)e  by  the  X-ray  powder  pattern;  ZnQs,  no  change.  Adding 
CUSO4  solutions  to  a  concentrated  solution  of  the  sulfone  diimine 
gave  an  obvious  deepening  of  the  blue  color. 

Addition  of  AgNOt  test  reagent  to  any  of  the  sulfone  diimines  in 
aqueous  solution  gave  a  gray  precipitate,  and  a  decrease  in  pH  of  the 
solution  from  ca,  8  to  ca,  2.5.  The  precipitate  did  not  form  when 
the  chloride  test  described  above  was  used.  Potentiometric  titra- 
tion with  KOH  of  a  system  containing  AgNOi  and  (CHt)iS(NH)i 
in  2.48 : 1  mole  ratio  gave  a  gradually  sloping  curve.  The  pH  at  1 
mole  of  KOH  per  mole  of  diimine  was  4.8,  and  at  1 .5  moles  of  KOH 
per  mole  of  diimine  was  6.8.  Neither  a  precipitate  nor  a  pH  lower- 
ing was  observed  when  dimethyl  sulfone  imine  was  mixed  with 
AgNOi. 

Solubility  Omre.  The  solubility  of  dimethyl  sulfone  diimine  (Fig- 
ure 4)  was  described  by  determining  the  temperature  at  which 
crystals  separated  on  cooling  and  dissolved  on  heating  with  syn- 
thetic mixtures.  The  separating  phase  below  the  discontinuity  is 
probably  a  quarter-hydrate.  Nitrogen  analyses  on  a  sample  crys- 
tallized from  water  and  dried  by  blowing  nitrogen  over  the  sample 
at  room  temperature  (which,  incidentally,  slowly  evaporates  the 
compound  itselO  gave  values  of  29.0,  28.9,  and  29.2%;  calculated 
for  (CHt)iS(CH)i0.25HiO,  29.0%.  The  separating  phase  above 
the  discontinuity  is  presumed  to  be  anhydrous  crystals. 
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Abstract:    Physical  and  chemical  characteristics  of  lincomycin,  together  with  spectral  data  and  examination  of  the 
products  of  hydrolysis  and  periodate  oxidations,  allow  the  postulation  of  a  gross  structure  as  a  working  hypothesis. 


Iincomycin,  as  has  been  reported,  *"•  is  a  new  anti- 
^  biotic  produced  by  an  actinomycete  designated 
Streptomyces  lincolnensis  var.  lincolnensis,  n.sp.  Clin- 
ical use  has  shown  it  to  be  an  effective  agent  for  treat- 
ment of  infections  in  humans.^  This  paper  presents 
the  general  characteristics  of  the  antibiotic  and  the 
preliminary  degradations  which  led  to  the  postulation  of 
the  gross  structure  as  a  working  hypothesis. 

Lincomycin  is  a  basic  compound  in  which  the  single 
amine  group  is  tertiary  with  a  pKJ  of  7.6.  The  free 
base  is  soluble  in  water  and  most  organic  solvents  other 
than  the  hydrocarbons  and  has  the  empirical  formula 
Ci8Ha4N206S.  The  crystalline  hydrochloride  salt,  which 
is  soluble  in  water  and  the  lower  alcohols,  forms  hy- 
drates and  was  isolated  as  the  hemihydrate,  C18H34- 
NjOeS  •  HCl  •  O.SHjO.  Group  analyses  showed  the  pres- 
ence of  two  C-methyl,  one  N-methyl,  and  no  acetyl  or 
methoxyl  groups.  The  infrared  absorption  spectrum 
indicates  multiple  OH  and  NH  groups  and  a  mono- 
substituted  amide  function  (amide  I  and  II  bands). 
Lincomycin  shows  no  absorption  maxima  in  the  ultra- 
violet or  visible  regions.* 

Although  the  nmr  spectrum  of  lincomycin  hydro- 
chloride (Figure  1)  is  quite  complex,  with  many  over- 
lapping areas,  it  provides  some  valuable  information. 
An  anomeric  hydrogen  is  indicated  by  a  doublet  at  322 
cps,*  one  C-methyl  appears  as  a  triplet  at  53  cps,  indicat- 
ing two  neighboring  hydrogens,  and  the  other  C-methyl 
as  a  doublet  at  70  cps,  indicating  one  neighboring  hy- 
drogen. The  N-methyl  is  readily  recognized  at  178 
cps  and,  with  no  acetyl  or  methoxyl  groups  present, 
the  remaining  sharp  singlet  at  128  cps  can  be  attributed 
to  an  S-methyl  group.  In  addition,  although  the  spec- 
trum was  not  factorable,  nor  could  complete  assign- 
ments be  made,  area  measurements  to  indicate  the  total 
number  of  hydrogens  and  their  distribution  were  used 
to  exclude  certain  otherwise  possible  structures. 

These  characterization  data  suggested  a  possible  close 
structural  similarity  to  celesticetin,  an  antibiotic  iso- 
lated previously  in  these  laboratories  and  on  which 

(1)  This  work  was  presented  in  part  at  the  148th  National  Meeting  of 
the  American  Chemical  Society,  Chicago,  111.,  Aug  1964. 

(2)  Part  I  of  this  series  was  a  preliminary  communication :  H.  Hoek- 
sema,  B.  Bannister,  R.  D.  Birkenmeyer,  F.  Kagan,  B.  J.  Magerlein,  F. 
A.  MacKellar,  W.  Schroeder,  G.  Slomp,  and  R.  R.  Herr,  /.  Am.  Chem. 
Soc.,  86,  4223  (1964). 

(3)  D.  J.  Mason,  A.  Dietz,  and  C.  DeBoer,  Antimicrobial  Agents 
Chemotherapy,  554  (1962). 

(4)  R.  R.  Herr  and  M.  E.  Bergy,  ibid.,  560  (1960). 

(5)  L.  J.  Hanks,  D.  J.  Mason,  M.  R.  Burch,  and  R.  W.  Treick,  ibid., 
565(1962). 

(6)  C.  N.  Lewis,  H.  W.  Clapp,  and  J.  E.  Grady,  ibid.,  570(1962). 

(7)  G.  K.  Daikos.  et  al.,  ibid.,  197  (1963);  W.  J.  Holloway,  et  al, 
ibid.,  200  (1963);  J.  Harnecker.  et  al.,  ibid.,  204  (1963);  E.  W.  Walters. 
et  al.,  ibid.,  210  (1963);  J.  C.  Trakas  and  H.  E.  Und,  ibid.,  216  (1963). 

(8)  Frequencies  in  water  solutions  are  measured  from  sodium  4,4- 
dimethyU4-silapentanesulfonate  (SDSS);  in  chloroform  solution  from 
tetramethylsilane  (TMS). 


some  structure  work  had  been  done.*  For  this  reason, 
initial  experiments  on  lincomycin  paralleled  those  on 
celesticetin,  and  results  substantiated  this  similarity. 
Subsequent  work  elucidated  the  complete  structural 
relationship.  ^° 

Vigorous  acid  hydrolysis  of  lincomycin  was  accom-  i 
panied  by  considerable  charring  but  afforded  two  prod- 
ucts, methyl  mercaptan,  isolated  and  identified  as  its 
2,4-dinitrophenyl  thioether,  and  an  amino  acid,  iso-  ^ 
lated  as  a  crystalline  hydrated  hydrochloride.     Analy-   " 
sis  and  titration  of  the  amino  acid  indicated  an  empiriad   ' 
formula  C9H17NO2HCIO.5HJO.    No  color  was  pro-  " 
duced  with  ninhydrin  or  isatin.    A  similar  Ce  amino  acid  * 
from  celesticetin  had  been  identified  as  L-hygric  acid  ^ 
(N-methylproline),  and  comparison  of  the  nmr  spec-  * 
trum  of  the  lincomycin  moiety  with  that  of  a  synthetic  * 
sample  of  DL-hygric  acid  *  *  showed  the  new  amino  acid  ^ 
to  be  a  /i-propylhygric  acid  (Figure  2).    The  similarity   J 
of  the  spectra  in  the  100-300-cps  region  can  be  seen,  to-  " 
gether  with  the  obvious  differences  in  the  lower  frc-  ' 
quency  range.    The  presence  in  the  spectrum  of  the  ^ 
lincomycin  amino  acid  of  a  C-methyl  group  as  a  triplet 
at  45  cps  and  an  area  equivalent  to  four  hydrogens  in 
the    80-cps   region   representing   the   two    methylene 
groups  of  the  alkyl  chain  give  a  clear  picture  of  a 
n-propyl  group.    The  position  and  configuration  of 
the  alkyl  group  could  not  be  determined  from  the  spec- 
trum, since  the  ring  hydrogen  multiplets  could  not  be 
factored. 

The  specific  rotation  of  the  amino  acid  hydrochloride 
in  water,  [a]D  — 153°,  and  the  slight  positive  rotational 
shift  of  the  free  amino  acid  from  [a]D  —67°  in  water  to 
[a]D  —62°  in  5  TV  hydrochloric  acid  suggested  the 
L  configuration,  although  this  was  not  definite  due  to 
the  presence  of  the  second  asymmetric  center.^*  The 
position  of  the  propyl  group  and  the  complete  stereo- 
chemistry of  the  amino  acid  was  determined  by  subse- 
quent work.*' 

Although  the  sugar  portion  of  the  molecule  is  de- 
stroyed during  acid  hydrolysis,  much  could  be  deduced 
from  other  chemical  and  nmr  data.  The  ease  of  re- 
moval of  the  S-methyl  under  acid  conditions,  plus  the 
clear  indication  of  an  anomeric  hydrogen  by  nmr,  placed 
this  as  a  glycosidic  group.  Acetylation  of  lincomycin 
showed  the  presence  of  four  hydroxyls  by  formation 

(9)  H.  Hoeksema  and  J.  W.  Hinman.  /.  Am.  Chem.  Sac.,  86,  4979 
(1964). 

(10)  H.  Hoeksema.  Abstracts,  148th  National  Meeting  of  the  Ameri- 
can Chemical  Society.  Chicago.  III..  Aug-Sept  1964,  p  385. 

(11)  Furnished  by  Dr.  W.  Schroeder;  obtained  by  acid  hydrolysis 
of  the  methyl  ester,  which  was  prepared  by  dry  distillation  of  stachydrin. 
See  G.  Trier.  Z.  Physiol.  Chem.,  67,  324  (1910). 

(12)  J.  P.  Greenstein  and  M.  Winitz.  "Chemistry  of  the  Amino  Acids," 
Vol.  I.  John  Wiley  and  Sons.  Inc.,  New  York.  N.  Y..  1961.  p  83. 

(13)  B.  J.  Magerlein.  R.  B.  Birkenmeyer.  R.  R.  Herr,  and  F.  Kagan, 
J.  Am.  Chem.  Sac.,  89,  2459  (1967). 
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1.    Nuclear  magnetic  resonance  spectrum  (60  Mc)  of  lincomydn  hydrochloride  in  water. 


5tra-0-acetate,  as  shown  by  group  analyses  and 
The  nmr  spectrum  of  the  tetraacetate  in  chloro- 
solution  showed  four  resolved  acetyl  methyl 
)tions  at  114, 1 19, 124,  and  127  cps  (Figure  3). 
>eriodate  oxidations  about  4  moles  of  periodate 
msumed  per  mole  of  lincomycin.  The  quantita- 
however,  was  somewhat  unreliable  because  of 
end  points  due  to  the  influence  of  the  oxidized 
group.**  Replacement  of  the  S-methyl  group 
drogen  on  treatment  with  Raney  nickel  gave  a 
ct  designated  anhydrolincomycitol,  which  cleanly 
ned  2  moles  of  periodate/mole.  As  expected, 
rolincomycitol  showed  no  S-methyl  group  or 
trie  hydrogen  in  its  nmr  spectrum  (Figure  4). 
preparative  scale,  periodate  oxidation  of  linco- 
followed  by  brief  acid  hydrolysis  allowed  isola- 
of  glyoxal  as  its  2,4-dinitrophenylhydrazone. 
titration  with  alkali  following  periodate  oxidation 
d  the  formation  of  1  mole  of  formic  acid.  Based 
se  data,  plus  the  proton  distribution  data  obtained 
he  nmr  spectrum,  structure  1  was  proposed  as  a 
le  partial  structure  for  lincomycin. 


»-Plr 


■NH- 
HO- 


S-CH, 


HO      J    ^OH 
OH 


odate  results  require  the  three  adjacent  hydroxyls 
ring,  with  the  glyoxal  derived  from  carbons  1  and 
the  formic  acid  from  carbon  3.  The  nmr  spec- 
Figure  1)  shows  that,  other  than  the  methyl  hy- 
is,  all  the  remaining  hydrogens  in  the  sugar  por- 
f  the  molecule  are  on  carbons  bearing  negative 
;.  Thus,  the  methyl  group  represented  by  the 
;t  at  70  cps  is  attached  to  a  carbon  holding  one 
;en  plus  either  an  oxygen  or  nitrogen  function, 
facts  require  the  pyranose  ring  since  any  furanose 
ructure  would  either  contain  a  tertiary  hydroxyl 

/.  A.  Bonner  and  R.  W.  Driski,  /.  Am,  Chem,  Soc,,  73,  3699 
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Figure  2.  Nuclear  magnetic  resonance  spectra  of  DL-hygric  add 
hydrochloride  (synthetic)  and  the  amino  add  hydrochloride  from 
lincomydn,  in  water. 


and  additional  paraffin  hydrogens  which  are  not  seen 
in  the  nmr  spectrum  or  would  not  account  for  the 
formation  of  formic  acid  on  oxidation.  Another 
pyranose  structure  with  a  branched  sugar  skeleton 
is  allowed  by  these  data,  but  structure  1  was  used  as  a 
working  hypothesis,  and  the  straight  chain  skeleton 
was  confirmed  by  subsequent  examination  of  degrada- 
tion products. " 

The  relative  positions  of  the  amide  function  and  the 
last  hydroxyl  group  were  uncertain.  The  fact  that 
lincomycin  and  some  of  its  degradation  products  give 
negative  iodoform  tests  led  us  to  postulate  the  positions 
shown  in  1,  but  later  nmr  data  was  in  better  agreement 
with  the  reverse  arrangement.**  Subsequent  chemical 
work  showed  conclusively  that  their  true  positions  are 
the  latter.  ^^ 

(15)  W.  Schrocdcr,  B.  Bannister,  and  H.  Hoeksema,  ibid.,  89,  2448 
(1967). 

(16)  G.  Slomp  and  F.  A.  MacKclIar,  ibid.,  89,  2454(1967). 
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Figure  3.    Nuclear  magnetic  resonance  spectrum  (60  Mc)  of  tetraaoetyllincomycin  in  chloroform. 
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Figure  4.    Nuclear  magnetic  resonance  spectrum  of  anhydrolincomycin  hydrochloride  in  water. 


Experimental  Section^^ 

Add  Hydrdyses.  (a)  For  Methyl  Mercaptan.  A  solution  of 
lincomycin  hydrochloride  (1  g)  in  5  ^  sulfuric  acid  (10  ml)  was  re- 
fluxed  and  the  evolved  gases  were  passed  through  a  mixture  of  0.3 
ml  of  3.3  N  sodium  hydroxide  (aqueous)  and  3  ml  of  ethanol. 
To  the  resulting  solution  was  added  a  solution  of  l-chloro-2,4- 
dinitrobenzene  (200  mg)  in  warm  benzene  (3  ml).  The  yellow 
crystals  which  formed  immediately  were  collected  and  recrystallized 
from  ethanol  to  give  58  mg  of  shinyl  yellow  plates,  mp  127-128; 
lit.  for  methyl  2,4-dinitrophenyl  thioether,  mp  128.^  The  infrared 
spectrum  was  identical  with  that  of  an  authentic  sample. 

AnaL  Calcd  for  C7H»N,04S:  C,  39.25;  H,  2.83;  N,  13.08; 
S,  14.97.    Found:    C,  39.03;  H,2.67;  N,  12.84;  S,  14.95. 

(b)  For  Propylhygric  Add.  A  solution  of  lincomydn  hydrochlo- 
ride (2  g)  in  6  A^  hydrochloric  add  (50  ml)  was  refluxed  for  30  min 
and  then  distilled  to  dryness.  The  dry  residue  was  dissolved  in 
water  (20  ml)  and  extracted  twice  with  chloroform  (two  10-ml 
portions).  The  aqueous  solution  was  diluted  with  60  ml  of  water 
and  extracted  twice  with  butanol  (two  20-ml  portions).  The 
aqueous  solution  was  then  evaporated  to  dryness  and  the  dry  residue 
was  dissolved  in  ethanol  (20  ml).  The  ethanolic  solution  was  de- 
colorized with  carbon,  and  ether  (100  ml)  was  added  to  the  filtrate. 
A  gummy  precipitate  which  separated  was  removed  by  filtration 
and  discarded.  The  fihrate  was  again  treated  with  carbon,  and 
additional  ether  (1000  ml)  was  added  to  the  filtrate.  After  stand- 
ing several  weeks  in  the  refrigerator  crystals  formed;  yield  650  mg. 


(17)  Melting  points  were  determined  on  a  Kofler  hot-stage  apparatus. 

(18)  R.  L.  Shriner  and  R.  C.  Fuson,  *The  Systematic  Identification  of 
Organic  Compounds,"  2nd  ed,  John  Wiley  and  Sons,  Inc.,  New  York, 
N.  Y.,  1940,  p  225. 


A  sample  for  analysis  was  recrystallized  several  times  from  ethanol- 
ether.  On  heating,  the  crystals  softened  at  about  123°  and  finally 
melted  with  decomposition  at  160-170°.  The  pA^*s  in  water  were 
2.4  and  10.  The  infrared  spectrum  in  mineral  oil  suspension  sug- 
gested a  tertiary  amino  add  hydrochloride,  hydrated,  and  had  bands 
at  3530,  3460,  2720  (broad),  1740,  1225,  1210,  1190,  1150.  1120, 
1 105, 1040, 1025, 980, 925, 845,  and  810cm- ». 

Anal.  Calcd  for  C,H,7NOi.HC1.0.5H,O:  C,  49.87;  H,  8.84; 
N,  6.46;  a,  16.36;  mol  wt,  216.7.  Found:  C,  49.35;  H,  8.55; 
N,  6.75;  CI,  16.96;  mol  wt  (electrometric  titration),  216. 

Lincomydn  Free  Base.  A  solution  of  lincomycin  hydrochloride 
(100  g)  in  ddonized  water  (1700  ml)  was  adjust^  to  pH  10  by  the 
addition  of  5  ^  sodium  hydroxide  and  extracted  three  times  with 
chloroform  (three  1700-ml  portions).  The  extracts  were  combined 
and  dried  over  sodium  sulfate,  and  the  chloroform  was  evaporated 
under  reduced  pressure  while  ddonized  water  was  added.  The 
resultant  aqueous  solution  was  freeze  dried  to  yield  85  g  of  white 
amorphous  lincomycin  base.  Karl  Fischer  determination  showed 
this  material  to  contain  1.50%  water.  Analytical  values  shown  are 
corrected  for  the  water  content,  with  actual  values  shown  in 
parentheses.  The  optical  rotation  was  [a]D  +158°  (156°)  (c  1, 
water).  The  nmr  spectrum  was  very  similar  to  that  of  the  hydro- 
chloride except  that  the  N-methyl  absorption  of  the  free  base  was 
shifted  38  cps  upfield  as  a  result  of  the  removal  of  the  charge  from 
the  nitrogen. 

Anal.  Cklcd  for  Ci8H,40«NtS:  C,  53.18;  H,  8.43;  N,  6.89; 
S,7.89;  mol  wt,  406.5.  Found:  C,  53.11  (52.31);  H,  8.40  (8.44); 
N,  6.95  (6.83);  S,  7.98  (7.86);  mol  wt  (electrometric  titration). 
408  (415). 

Lincomydn  Tetraacetate.  Lincomycin  base  ( 1 .7  g)  was  acetylated 
with  pyridine  (50  ml)  and  acetic  anhydride  (25  ml)  at  room  tem- 
perature.   After  24  hr  the  excess  reagents  were  removed  under 
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ed  pressure  and  the  residue  was  dissolved  in  methylene  chlo- 
md  water.  The  mixture  was  neutralized  with  saturated  so- 
bicarbonate,  phases  were  separated,  and  the  aqueous  layer 
xtracted  with  methylene  chloride.  The  combing  methylene 
ide  extracts  were  washed  until  they  were  neutral  and  dried 
iodium  sulfate,  and  the  s6lvent  was  evaporated  under  reduced 
lire.  The  glassy  residue  did  not  crystallize  and  was  therefore 
buted  countercurrently  for  500  transfers  using  the  solvent 
Ti  Skellysolve  B-acetone-water  in  the  ratio  7:16:3.  The 
bution  was  analyzed  by  the  determination  of  solids  and  showed 
;le  peak  with  the  center  at  tube  323,  K  -  1.8,  which  fit  well  with 
leoretical  curve.  Tubes  310-350  were  pooled  and  the  solvents 
>rated  under  reduced  pressure.  The  residue,  a  glass  which 
lot  crystallize,  was  converted  to  the  hydrochloride  salt  by 
ving  in  ether  and  bubbling  in  hydrogen  chloride.  The  hydro- 
ide  which  precipitated  was  collected  by  filtration  and  dissolved 
mall  anK>unt  of  chloroform,  which  was  then  layered  with  ether 
hilled  in  the  refrigerator.  Crystallization  began  at  the  inter- 
nnore  ether  was  added  gradually,  and  finally  the  layers  were 
L  The  crystals  were  collected,  recrystallized  by  the  same 
dure,  and  air  dried,  mp  226-233°;  [a]D  +149°  (c  1,  water), 
ifrared  spectrum  was  consistent  with  the  formation  of  a  tetra- 
:e;  the  NH  absorption  at  3200  cm~.^  remained  but  the  OH 
ption  at  3400-3600  cm~^  had  disappeared.  Analyses  indi- 
the  crystalline  hydrochloride  as  prepared  to  be  a  hemihydrate. 
i/.  Calcd  for  QJi4iN,OioS  HQ  0.5H,O:  C,  50.35;  H, 
N,  4.52;  O,  27.09;  S,  5.17;  CI,  5.72;  H,0.  1.45;  acetyl 
7.8;  cquiv  wt,  620.  Found:  C,  49.83;  H,  7.57;  N,  4.52; 
.10;  S,  4.99;  CI,  5.81;   HjO,  1.72;  acetyl,  25.53;  equiv  wt, 

iodate  Oxidation  of  Lincomydn  Hydrochloride,    (a)  Titratioiia. 

ion  of  lincomycin  hydrochloride  by  the  Fleury-Lange  pro- 
e  using  0.23  M  sodium  metaperiodate  solution  showed  con- 
tion  of  periodate  varying  from  3.5  to  5  moles  because  of  fading 
K>ints.  Titration  of  the  products  of  oxidation  was  carried 
s  follows.  Two  45-mg  samples  of  lincomycin  hydrochloride 
sach  dissolved  in  20  ml  of  water.  Five  milliliters  of  a  50-mg/ 
lution  of  sodium  metaperiodate  in  water  was  added  to  each 
e  and  the  beakers  were  wrapped  with  foil.  A  blank,  using  20 
water  and  5  ml  of  the  periodate  solution,  was  similarly  treated, 
standing  at  room  temperature  for  45  min,  ethylene  glycol  (2 
as  added  to  each  beaker;  the  mixture  was  again  let  stand  for 
The  solutions  were  then  titrated  with  0.02  N  sodium  hy- 
de.  A  second  blank  containing  47.6  mg  of  lincomycin  hydro- 
de  in  20  ml  of  water  was  also  titrated  with  the  sodium  hy- 
le.  Comparison  of  the  results  indicated  1.2  moles  of  acid, 
»  3.5,  formed  per  mole  of  lincomycin  (lit.  for  formic  acid  is 
=  3.75). 

iMlatioii  of  Glyoxal  l^DinitroplMnylhydrazoiie.  A  solution 
Mxnycin  hydrochloride  (1  g)  in  25  ml  of  water  was  added  to  a 
on  of  sodium  metaperiodate  (2  g)  in  75  ml  of  water.  After 
ing  at  room  temperature  for  1  hr,  barium  hydroxide  solution 
idded  until  no  more  precipitate  formed.  The  mixture  was 
d  and  the  filtrate  was  extracted  with  methylene  chloride  (three 
portions).  The  extracts  were  combined  and  concentrated 
reduced  pressure.  The  almost  colorless  oily  residue  was 
ved  in  ethanol  (25  ml)  and  added  to  a  hot  solution  of  2,4- 


dinitrophenylhydrazine  (1  g)  in  ethanol  (75  ml).  Concentrated 
hydrochloric  acid  (2.5  ml)  was  added  and  heating  continued.  The 
remaining  undissolved  reagent  went  into  solution  and  almost  im- 
mediately a  precipitate  began  to  separate.  The  product  was  col- 
lected, washed  with  ethanol,  and  air  dried;  mp  319-325°  (lit.^*  for 
the  glyoxal  derivative  328°).  It  was  identified  as  the  2,4-dinitro- 
phenylhydrazone  of  glyoxal  by  comparison  of  its  infrared  and  ultra- 
violet spectra  with  those  of  an  authentic  sample. 

AnbydroUncoinydtoI.  Raney  nickel  (W-3)  was  washed  with 
water  until  the  washings  were  neutral,  and  about  40  g  of  this  nickel 
was  added  to  a  solution  of  lincomycin  hydrochloride  (5  g)  in  water 
(125  ml).  The  mixture  was  stirred  and  refluxed  for  1  hr,  at  which 
time  about  25  g  of  fresh,  washed  Raney  nickel  was  added.  Again 
the  mixture  was  stirred  and  refluxed  for  1  hr,  and  again  25  g  of  fresh 
nickel  was  added.  After  a  third  hour  of  stirring  and  reflux,  the 
mixture  was  cooled  and  the  nickel  was  removed  by  filtration. 
The  filtrate  was  adjusted  to  pH  9.2  with  sodium  hydroxide  and 
extracted  exhaustively  with  chloroform  (six  250-ml  portions,  then 
six  500-ml  portions).  The  chloroform  extracts  were  combined 
and  the  solvent  was  removed  under  reduced  pressure.  The  glassy 
residue  (2.6  g)  was  distributed  for  300  transfers  using  the  solvent 
system  methyl  isobutyl  ketone-water-ethanol  in  the  ratio  5:5:2. 
The  distribution  was  analyzed  by  the  determination  of  solids  and 
showed  a  single  peak,  peak  tube  82,  K  ^  0.38,  with  an  excellent 
fit  to  the  theoretical  curve.  Tubes  65-l(X)  were  pooled  and  con- 
centrated to  an  aqueous  solution  (10  ml)  under  reduced  pressure. 
This  concentrate  was  acidified  with  concentrated  hydrochloric  acid 
(ten  drops)  and  acetone  was  added  slowly  while  stirring  until  the 
solution  became  cloudy  (140  ml  of  acetone).  Another  60  ml  of 
acetone  was  added,  and  scratching  the  flask  induced  crystalliza- 
tion. The  crystals  were  collected  and  dried  in  a  vacuum  desiccator; 
1.52  g.  Addition  of  150  ml  of  acetone  to  the  mother  liquor  gave 
a  second  crop  of  crystals,  214  mg;  total  yield  of  anhydrolincomy- 
citol  hydrochloride,  1.73  g  (38%).  A  sample  for  analysis  was  re- 
crystallized  from  acetone-water,  mp  206-210°.  The  nmr  spec- 
trum was  consistent  with  the  proposed  removal  of  a  thiomethyl 
glycosidic  group;  both  the  anomeric  hydrogen  doublet  at  314  cps 
and  the  S-methyl  singlet  at  120  cps  had  disappeared.  Analyses 
indicated  the  crystalline  hydrochloride  to  be  a  hemihydrate.  The 
compound  showed  no  measurable  optical  rotation  at  the  sodium  D 
line. 

AnaL  Cklcd  for  C,7H„N,0«  HCl  0.5H,O:  C,  50.29;  H, 
8.43;  N,  6.90;  O,  25.62;  CI,  8.73;  H,0,  2.22;  equiv  wt,  406. 
Found:  C,  50.35;  H,  8.40;  N,  6.77;  O,  25.79;  CI,  8.94;  Hrf), 
2.43;  equiv  wt,  396. 

Periodate  Oxidation  of  Anhydrolincomydtol  Hydrochloride. 
Anhydrolincomycitol  hydrochloride  was  titrated  by  the  Fleury- 
Lange  procedure  using  0.23  M  sodium  metaperiodate  solution. 
The  consumption  of  periodate  was,  in  hours  (moles):  0.5  (2.(X)), 
1.5  (2.06),  3.5  (2.00),  19  (2.00). 
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Lincomycin.    III.  ^*"*    The  Structure  and  Stereochemistry  of  the 
Carbohydrate  Moiety 
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Abstract:  Qeavage  of  lincomycin  at  the  amide  bond  into  methyl  thiolincosaminide  and  an  amino  acid  was  readily 
effected  in  refluxing  hydrazine.  The  carbohydrate  structure  was  determined  by  various  physical  and  chemical  pro- 
cedures to  be  an  unbranched  6-aminooctose.  The  stereochemistry  of  six  of  its  seven  asymmetric  centers  was  estab- 
lished by  isolation  of  D-galactose  a-methylphenylhydrazone  and  N-2,4-dinitrophenyl-D-allothreonine,  following 
oxidative  cleavages  of  the  appropriate  derivatives.  The  configuration  of  the  thiomethyl  group  was  assigned  from 
considerations  of  optical  rotations. 


Partial  structure  1  for  lincomycin  was  derived  in  paper 
IV^  of  this  series.  The  strenuous  hydrolytic  proce- 
dures employed  therein  freed  the  peripheral  moieties, 
methyl  mercaptan  and  a  propylhygric  acid,  but  failed  to 
provide  the  intact  carbohydrate.  Hydrazine  hydrate  at 
reflux  temperatures'  efficiently  cleaved  the  amide  bond, 
liberating  methyl  thiolincosaminide  (MTL)  in  high 
yield.    MTL  appeared  to  be  the  intact  carbohydrate. 


n-CaHv 


SCHs 


The  amino  acid  fragment  was  isolated  as  the  hydrazide 
which  could  be  hydrolyzed  in  aqueous  acid  to  the  pro- 
pylhygric acid  described  in  the  earlier  work.  To  show 
that  the  vigorous  reaction  conditions  had  induced  no 
rearrangements  or  racemizations  in  MTL,  highly  puri- 
fied MTL  was  reacylated  with  the  amino  acid  moiety. 
The  reconstituted  lincomycin  so  obtained  was  identical 
in  every  way  with  the  antibiotic  isolated  from  fermenta- 
tions. 

Consideration  of  the  partial  structure  1  led  to  working 
structure  2  for  MTL.*    Regardless  of  the  ambiguity 


NH2.  OH,  2H 


O^^SCHa 


(1)  (a)  Preliminary  accounts  of  this  work  appeared  during  the  148th 
National  Meeting  of  the  American  Chemical  Society,  Chicago,  111.,  Aug- 
Scpt  1964;  (b)  part  I:  H.  Hoeksema,  B.  Bannister,  R.  D.  Birkenmeyer, 
F.  Kagan,  B.  J.  Magerlein,  F.  A.  MacKellar.  W.  Schroeder,  G.  Slomp, 
and  R.  R.  Hcrr,  /.  Am.  Chem.  Soc.,  86,  4223  (1964);  (c)  part  II:  R. 
R.  Herr  and  G.  Slomp,  ibid.,  89,  2444  (1967);  (d)  part  IV:  G.  Slomp 
and  F.  A.  MacKellar,  ibid.,  89, 2454(1967);  (e) part  V:  B.  J.  Magerlein. 
R.  D.  Birkenmeyer,  R.  R.  Hcrr,  and  F.  Kagan,  ibid.,  89,  2459  (1967). 

(2)  To  whom  inquiries  should  be  addressed. 

(3)  M.  L.  Wolfrom  and  B.  O.  Julaiano,  /.  Am.  Chem.  Soc.,  82,  2588 
(1960). 

(4)  Hereafter,  the  complete  structural  formulas  as  ultimately  deter- 
mined will  be  employed,  although  some  uncertainties,  particularly  that 
relating  to  substituents  on  C«  and  C?  as  illustrated  in  2,  actually  per- 
sisted to  the  very  end  of  this  investigation. 


of  the  Ce  and  C7  substituents,  oxidative  cleavage  of  the 
vicinal  amino  alcohol  would  provide  an  aldehyde  cap- 
able of  either  oxidation  or  reduction  to  a  known  com- 
pound after  removal  of  the  thioaglycone.  Thus,  struc- 
tural and  stereochemical  information  concerning  most 
of  the  MTL  would  be  provided.  Blocking  of  the  ring 
hydroxyls  of  2  to  periodate  cleavage  would  provide  an 
intermediate  suitable  for  cleavage  at  the  desired  posi- 
tion.   Since  an  acetonide  3  of  lincomycin  itself  formed 


n-CsH?' 


CH3 
O    H0~ 


l^ll-HN- 


CHa 


readily  with  ring  hydroxyls  as  the  most  likely  locations 
for  the  isopropylidene  group,  hydrazinolysis  of  this 
compound  was  expected  to  provide  the  desired  in- 
termediate (7).  However,  isopropylidenelincomycin 
proved  completely  resistant  to  hydrazinolysis  and 
could  be  recovered  unchanged  following  140  hr  of  re- 
fluxing  in  hydrazine  hydrate.  Reasons  for  this  are  not 
completely  clear.  It  may  be  due  to  the  high  degree  of 
insolubility  of  the  compound  at  reaction  temperatures. 
Alternately,  studies  of  models  show  that  the  back-side 
attack  of  the  amide  carbonyl  by  hydrazine  is  severely 
hindered  when  the  conformation  is  such  that  the  large 
acyl  group  is  adjacent  to  the  isopropylidene  group. 
Hindrance  to  hydrazinolytic  cleavage  of  amides  has 
recently  been  reported.*^ 

An  alternate  route  to  the  desired  intermediate  was 
to  convert  MTL  (4)  to  N-acetyl-MTL  (5)  with  acetic 
anhydride  in  methanol.  Subsequent  treatment  of  5  with 
acetone  and  sulfuric  acid  gave  N-acetylisopropylidene- 
MTL  (6)  in  good  over-all  yield.  This  compound 
underwent  hydrazinolysis  more  readily,  affording  the 
key  intermediate  7.  Consumption  by  7  of  3  moles  of 
periodate  produced  acetaldehyde  and  a  compound 
considered  to  be  aldehyde  8. 

Oxidation  of  8  with  nitric  acid  yielded  a  dibasic  acid 
which  was  identified  by  infrared  spectra  and  mixture 
melting  points  as  mucic  acid.  Treatment  of  8  with 
borohydride,  followed  by  acid  hydrolysis  in  the  pres- 

(5)  M.  Fujinaga  and  Y.  Matsushima,  Buii.  Chem.  Soc.  Japan,  39,  185 
(1966). 
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ence  of  a-methylphenylhydrazine,  afforded  D-galactose 
a-methylphenylhydrazone,  presumably  via  9  which  was 
not  isolated.  The  isolation  of  the  hydrazone  in  58% 
(from  7)  yield  confirmed  stereochemistry  of  carbons 
2-5,  as  well  as  establishing  the  d  series  (see  Chart  I). 


HO— 

AcHN-- 


Ac«0 

Miofr        HO 


•cetone. 


}J— Q,  H  + 

pTSCHc 
OH 


NalO. 


SOCH3 

OH 


CO2H 


HNO3 


mucic  acid 


/ 


NaBH4 


CH2OH 


OH 

9 


CH2OH 


H 


a-M«*phenylh3rdraziiie 


]— fNHN-CsHj 
OH 


10 


Relative  locations  of  nitrogen  and  oxygen  and  the 
stereochemistry  on  carbons  6  and  7  remained  to  be  elu- 
cidated. Although  lincomycin  and  MTL  (and  subse- 
quently compounds  11,  15,  and  16)  failed  to  give  an 
iodoform  test,  the  nmr*  spectrum  of  MTL  favored 
assignment  of  nitrogen  to  Ce  and  oxygen  to  C7.  This 
issue  was  further  clouded  by  the  positive  iodoform  test 
obtained  following  nitrous  acid  deamination  of  4. 
Efforts  to  resolve  the  impasse  by  periodate  studies^ 
in  the  open-chain  series  of  compounds  11-16  (Chart  II) 
were  inconclusive. 

The  location  of  the  groups  was  established  by  char- 
acterization of  the  ketone  formed  by  oxidation  of  the 
hydroxyl  in  question.  Thus,  compound  6,  obtained 
from  MTL,  was  desulfurized  with  Raney  nickel,  af- 
fording 17,  containing  one  ring  hydroxyl  which  was 
inert  to  mild  chromic  acid  oxidation  and  a  side-chain 
hydroxyl.  Such  oxidation  of  17  in  either  pyridine  or 
glacial  acetic  acid  yielded  a  crystalline  ketone  18,  dis- 

(6)  Nmr  studies  on  MTL,  which  also  led  to  the  conclusion  that  the 
stereochemistry  of  Cr-Cs  was  galacto,  appear  in  ref  Id. 

(7)  Both  the  sulfur  [see  L.  Hough  and  M.  I.  Taha,  /.  Chem.  Soc.,  3994 
(1957)]  and  propylhygroyl  fragments  can  contribute  to  periodate  com- 
plications. 


playing  carbonyl  absorption  at  1720  cm"*,  which  now 
gave  a  positive  iodoform  test.  Furthermore,  nmr 
studies  of  17  and  18  show  that  the  terminal  methyl 
doublet  of  17  at  1.10  and  1.21  ppm  had  disappeared  in 
the  spectrum  of  18.  Instead,  a  new  singlet  at  2.33  ppm 
was  displayed.  Thus,  formulation  A  for  the  side  chain 
cannot  obtain,  leaving  the  alternative  B.  Reduc- 
tion of  18  with  borohydride  afforded  a  mixture  from 
which  iodoform  again  could  not  be  obtained. 

Confirmation  of  the  above  information  as  well  as 
elucidation  of  the  stereochemistry  of  carbons  6  and  7 
were  derived  through  the  isolation  of  the  terminal 
four  carbons  as  an  amino  acid.  Following  numerous 
unsuccessful  attempts  to  obtain  such  fragments  from 
such  intermediates  as  14,  15,  16,  or  N-benzoylated 
13  and  15,  a  single  compound  was  finally  isolated  using 
19,  the  dinitrophenyl  (DNP)  derivative  of  15.  After 
oxidation  with  periodate-permanganate  mixture,®  an 
amorphous  product  was  purified  by  countercurrent 
distribution.  The  analytical  data  and  paper  chroma- 
tograms  indicated  an  allothreonine-DNP,  excluding  the 
alternate  choice,  alanine-DNP,  Rotational  data,  ap- 
pearing in  Table  I,  for  the  isomeric  threonine  and  for 
L-allothreonine  leave  no  doubt  that  the  acid  here 
isolated  was  D-allothreonine-DNP. 


Table  I.    Comparison  of  Known  2,4-DNP  Derivatives  of  the 
Isomeric  Threonines  with  the  2,4-DNP  Acid  from  Lincomycin 


-[M]D,  degrees- 


Compd 


D-Thre- 
onine 


L-Thre- 
onine" 


L-Allo- 

threo- 

nine» 


Unknown 


HOAc 
NaHCOi 


-fl41 
-305 


-141 
+305 


-84 
+305 


+83.4 
-320* 


«  J.  P.  Greenstein  and  M.  Winitz,  "Chemistry  of  the  Amino 
Acids,"  Vol.  II,  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y., 
1961,  p  1564.  *  The  error  in  this  value  is  considered  to  be  due  to  the 
necessity  for  a  vacuum  filtration  of  the  test  solution  through  a 
Millipore  filter,  resulting  in  some  evaporative  concentration. 


The  assumption  of  stereochemical  assignment  at 
carbon  1  was  based  originally  on  considerations  of  the 
nmr  spectrum  of  MTL.^*  That  the  configuration  of  the 
methylthio  group  was  a,  however,  was  an  important 
consideration  in  the  process  of  factoring  the  entire 
spectrum  and  predicting  galactose  stereochemistry. 

Proof  of  the  axial  configuration  of  the  thioglycoside 
was  obtained  as  follows.  Acetylation  of  MTL  in 
acetic  anhydride-pyridine  gave  the  pentaacetyl  deriva- 
tive 20,  mp  218-220^  [a]D  +223°  (CHCI3).  In 
ethanol-free  chloroform  solution,  this  pentaacetyl 
thioglycoside  reacted  rapidly  with  bromine*  with  the 
formation  of  the  acetobromo  derivative,  considered  to 
be  the  0  anomer  21,  but  which  could  not  be  isolated 
crystalline. 

The  acetobromo  sugar  reacted  readily  with  thiourea*® 
in  acetone  and  the  isothiouronium  salt,  which  was  not 
isolated,  was  hydrolyzed  and  the  resulting  mercaptan 
methylated  with  methyl  iodide  in  aqueous  carbonate. 

(8)  R.  V.  Lemieux  and  E.  von  RudloflT,  Can.  J.  Chem.,  33,  1711 
(1955). 

(9)  (a)  W.  A.  Bonner.  /.  Am.  Chem.  Soc.,  70,  770,  3491  (1948);  (b) 
F.  Weygand  and  H.  Ziemann.  Ann.,  657,  179  (1962);  (c)  M.  L.  Wolfrom 
and  W.  Groebke.  /.  Org.  Chem.,  28,  2986  (1963). 

(10)  M.  Cerny,  J.  Vrkoc,  and  J.  Stanek.  Collection  Czech.  Chem, 
Commun.,  24,  64  (1959);  M.  Cerny  and  J.  Pacak.  ibid.,  24,  2566  (1959). 
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ft 


.SCH3 
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OH 
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HOi-OH 
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OH 
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OH 


OH 


11 


12 
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HO 
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CH3 

H0~ 
AcHN— 
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SCHj 
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CH3 
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OH 
15 


f-f  SCH3 
OH 


RaNi 


CH3 

HO— 

AcNH-- 


CrOt 


AcNH 


CHj 


AcHN-C-H 
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h 

CH3 


AcHN-CH 


H 


O2N 


ks>-HN~ 
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N02 


CH: 


KMn04 


O2N 


OH  cnzi 


Ic^J^HN-- 
NO2         COOH 


19 


HO- 

H2N-- 

HO 


AcaO 


ifSMe 
OH 


pyridine 


Bra 


CHCIs 


SMe 
OAc 


20 


OAc 


l.(H2N)2CS 
2.CO|-     T 

HSO3-, 

Mel 


OAc 


16 


14 


A  crystalline  methyl  pentaacetylthioglycoside,  22, 
was  isolated  in  excellent  yield  as  the  sole  reaction 
product,  mp  272-274°,  [a]D  +31°  (CHCl,).  Since  no 
opportunity  exists  in  this  sequence  of  reactions  for  a 
change  in  ring  size  to  occur,  stereospecific  anomeriza- 
tion  due  to  participation  by  the  neighboring  acetate 
group  leads  to  the  jS  anomer,  showing  a  much  lower 
positive  rotation  than  pentaacetyl-MTL. 

MTL,  then,  can  best  be  represented  by  structure  23, 
methyl  6-amino-6,8-dideoxy-  I-thio-D-er^^/Aro-a-D-ga/ac- 
/o-octopyranoside. 


HsC 


23 

Experimental  Section^ ^ 

Hydrazinolysis  of  Lincomydn.  Methyl  ThioUncofiaminide  (4). 
A  solution  of  4.06  g  (0.01  mole)  of  lincomycin  base  in  40  ml  of  hydra- 
zine hydrate  was  refluxed  for  21  hr.  The  excess  hydrazine  was 
then  distiiled  off  on  the  steam  bath  under  reduced  pressure  (house 
vacuum).  The  residue  set  to  semisolid  mush  of  crystals  when  most 
of  the  hydrazine  was  gone.  The  residue  was  cooled  and  then  stirred 
with  acetonitrile  until  all  of  the  lumps  had  broken  up.  The  crystals 
were  collected  and  washed  with  acetonitrile  and  then  ether.  After 
being  dried  in  vacuo  the  crude  product  weighed  2.1  g  (83%).  This 
material  was  recrystallized  by  dissolving  1.5  g  in  a  mixture  of  5  ml  of 
H|0  and  10  ml  of  methanol  and  adding  40  ml  of  1-butanol.  The 
resulting  solution  was  filtered  and  the  water  and  methanol  were 
slowly  evaporated  in  vacuo.  The  crystals  which  slowly  separated 
from  the  butanol  were  collected,  washed  with  butanol,  and  dried 
in  vacuo  to  afford  7(X)  mg  of  white  crystals,  mp  225-228°,  [a]*»D 
+264°  (c  0.718,  H2O).    Material  crystallized  in  this  manner  was 


21 


22 


(11)  Melting  points  were  determined  on  a  Kofler  micro  hot-stage 
apparatus.  Infrared  spectra  were  consistent  with  the  proposed  struc- 
tures. 
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>scopic.    The  analytical  sample  contained  3.15%  HsO  by 
Fisher  titration. 

al.    Calcd  for  CgHi.NOsS   -f   3.15%  H,0:    Q  41.6;    H, 
N,  5.42;  S,  12.35;  equiv  wt  (for  hemihydrate),  262.    Found: 
.86;  H,7.45;  N,  5.63;  S,  12.07;  equiv  wt  (by  titration),  257; 
=  7.5. 

iterial  subsequently  recrystalUzed  from  ten  volumes  of  di- 
ylformamide  was  found  not  to  be  hygroscopic. 
'drazinolysis  of  Lincomycin.  Propyl-L-hysric  Add  Hydrazide 
Tate.  Evaporation  to  dryness  of  the  acetonitrile  washes 
ned  from  procedures  as  described  above  yielded  crude  propyl- 
c  acid  hydrazide.  A  5-g  sample  of  crude  4-/i-propylhygric 
hydrazide  so  obtained  was  dissolved  in  water  and  extracted 
several  equal  volumes  of  chloroform.  The  chloroform  ex- 
.  were  then  reextracted  with  one-fourth  volume  of  water, 
procedure  served  to  remove  hydrazine  and  methyl  thiolincos- 
ide  from  the  hydrazide.  The  chloroform  solution  was  then 
over  sodium  sulfate  and  evaporated  on  a  rotary  evaporator  at 
D  leave  2.5  g  of  a  heavy  oily  residue.  This  residue  of  partially 
ed  hydrazide  crystallized  on  standing  overnight,  but  the  waxy, 
nelting  material  was  hygroscopic  and  resisted  crystallization 
a  number  of  common  solvents.  An  alcoholic  solution  when 
id  with  picric  acid,  however,  deposited  a  crystalline 
-ate  which  could  be  recrystallized  from  ethanol  to  aflford  an 
tical  sample. 

a/.     Calcd  for  C,iHwN,Oi5:    C,  39.19;    H,  3.92;    N,  19.60. 
d:    C,  39.47;  H,3.71;  N,  19.39. 

iTcrsioii  of  4-/i-PropyUiygric  Acid  Hydrazide  to  4-/f-Propyl- 
c  Add  Hydrochloride.  A  solution  of  6  g  of  crude  4-/r-propyl- 
:  acid  hydrazide  in  20  ml  of  6  /^  hydrochloric  acid  was  refluxed 
r.  The  reaction  mixture  was  evaporated  to  dryness  in  vacuo 
he  gummy  residue  was  washed  thoroughly  with  boiling  /• 
alcohol  until  it  become  granular.  This  was  dissolved  in  20 
'  2-propanol,  treated  with  activated  carbon,  then  diluted  with 
il  of  acetone  and  treated  again  with  carbon  at  boiling  tempera- 
Finally,  50  ml  of  ether  (and  later  a  second  50-ml  portion) 
^t  about  crystallization  for  a  total  yield  of  2.96  g.  Recrystal- 
>n  of  0.5  g  of  this  from  15  ml  of  acetonitrile  yielded  crystals 
ical  by  infrared  with  that  obtained  from  acid  hydrolysis, ^<> 
-46.8**  (c  3.42,  H,0). 

idiyl  N-Acetyltfaioliiicosaininide  (S).  Methyl  thiolincosaminide 
)  g)  was  suspended  in  50  ml  of  methanol  and  treated  under 
ous  stirring  with  3.75  ml  of  acetic  anhydride  at  room  tempera- 
Most  of  the  solid  dissolved  within  a  few  minutes,  and  then 
replaced  by  a  new  precipitate.  After  stirring  overnight  at 
temperature,  the  solid  was  removed  at  the  pump,  washed  with 
mol,  and  recrystallized  from  the  same  solvent,  giving  small 
less  needles,  mp  243-245°;  [a]D  +248°  (95%  EtOH),  +265° 

). 

al.  Calcd  for  CiiH«0»NS:  C,  44.72;  H.  7.17;  N,  4.74; 
85.  Found:  C,  44.87;  H,  7.10;  N,  4.65;  S,  10.99. 
lyntiiesis  of  Lincomydn.  A  suspension  of  finely  divided  /f- 
4-N-methylproline  hydrochloride  (4.14  g,  0.02  mole)  in  150 
*  dry  acetone  was  treated  with  1 1.2  ml  (0.08  mole)  of  triethyl- 
*.  The  acid  hydrochloride  dissolved  rapidly  and  triethylamine 
)chloride  precipitated.  To  this  suspension  was  added  2.3 
light  excess  of  0.02  mole)  of  /f-propyl  chloroformate  and  the 
ire  was  stirred  at  room  temperature  for  1  hr.  The  resulting 
nsion  was  cooled  in  ice  and  Altered  rapidly  with  suction  into  a 
15°)  solution  of  5.06  g  (0.02  mole)  of  methyl  thiolincosaminide 

150  ml  of  water.  The  mixture  was  stirred  well  for  15  min 
hen  air  sucked  through  the  filter  for  45  min  to  evaporate  most 
e  acetone.    The  remainder  of  the  acetone  was  removed  in 

at  40^.  The  remaining  aqueous  phase  was  extracted  with 
1 50-ml  portions  of  methylene  chloride  and  the  extracts  were 
k1  with  30  ml  of  water  and  dried  over  MgS04.  The  methylene 
ide  was  removed  in  vacuo  to  leave  2  g  of  residue.  This  residue 
issolved  in  10  ml  of  1  yv  HCl  and  20  ml  of  acetone  was  added. 
all  amount  of  insolubles  was  removed  by  filtration  and  180 
tore  acetone  was  added  to  the  filtrate.  Crystals  separated 
I  were  collected  after  standing  for  a  while  and  washed  with 
tie  and  ether.  After  drying  in  vacuo  at  room  temperature 
eld  of  white  crystals  was  1.0  g.  The  substance  was  recrystal- 
from  acetone-water  and  dried  in  vacuo  at  room  temperature 
nalysis.  Karl  Fisher  titration  showed  the  presence  of  0.615 
of  water;  pKJ  in  water  =  7.55;  [a]«D  -f  137°  (c  1.044,  H2O). 
nfrared  spectrum  was  identical  with  that  of  a  lincomycin  ref- 
e  standard, 
i/.     Calcd  for  Ci»H,5N2O.SC10.615H«O:     C,   47.61;     H, 


8.05;  N,  6.17;  S,  7.05;  Q,  7.82.  Found:  C,  47.41;  H,  8.24; 
N,  6.76;  S,  6.92;  CI,  7.75. 

3,4-O-Isopropylideiieliiicomydn  (3).  A  solution  of  9.8  g  of  linco- 
mycin in  150  ml  of  acetone  was  added  to  a  solution  of  9.8  g  of  />• 
toluenesulfonic  acid  monohydrate  in  100  ml  of  acetone  with  good 
stirring.  The  mixture  was  stirred  at  ambient  temperature  for  1  hr, 
after  which  100  ml  of  anhydrous  ether  was  added  and  stirring  was 
continued  in  an  ice  bath  for  0.5  hr.  The  crystals  were  filtered  off 
and  dried  in  vacuo  at  50°;  yield  13.35  g  (85.5  %)  of  3,4-O-isopropyl- 
idenelincomycin  />-toluenesulfonate.  An  additional  1.15  g  (7.4%) 
could  be  recovered  from  the  mother  liquors  by  adding  350  ml  of 
anhydrous  ether  and  chilling  the  solution  for  1  hr.  Conversion  to 
the  free  base  was  achieved  by  suspending  the  combined  crops  in 
200  ml  of  ether  and  shaking  vigorously  with  125  ml  of  5  %  potassium 
bicarbonate  solution.  The  aqueous  layer  was  back-extracted  with 
two  100-ml  portions  of  ether.  The  ether  extracts  were  washed  with 
50  ml  of  saturated  sodium  chloride  solution  and  filtered  through 
anhydrous  sodium  sulfate,  and  the  ether  was  evaporated  in  vacuo, 
leaving  7.9  g  (73.1  %)  of  3,4-O-isopropylidenelincomycin,  which  was 
then  dissolved  in  25  ml  of  ethyl  acetate.  The  solution  was  concen- 
trated to  about  10-15  ml  and  allowed  to  stand  at  room  temperature 
for  several  hours.  After  refrigerating  overnight,  the  crystals  were 
filtered  from  the  solution  and  washed  sparingly  with  cold  ethyl 
acetate;  yield  4.55  g  (42.2%)  of  3,4-O-isopropylidenelincomycin 
having  a  melting  point  of  126-128°,  [a]**D  102°  (c  1,  methylene 
chloride). 

Anal.  Calcd  for  CsiHasN^OiS:  C,  56.48;  H,  8.58;  N,  6.27; 
S,7.18.     Found:    C,  56.37;  H,8.55;  N,6.01;  S.7.24. 

Methyl  N-Acetylisopropylidenethiolincofiaiiiinide  (6).  A  suspen- 
sion of  5.3  g  of  finely  powdered  methyl  N-acetylthiolincosaminide 
(S)  was  stirred  for  60  hr  at  room  temperature  with  5(X)  ml  of  acetone 
and  0.5  ml  of  concentrated  HsSOi.  Most  of  the  starting  material 
was  still  insoluble  at  this  time.  An  additional  5  ml  of  HtSOi  was 
added  and  the  insoluble  material  dissolved  rather  rapidly.  Stirring 
was  continued  for  30  min  at  room  temperature.  The  solution  was 
then  added  to  a  suspension  of  150  g  of  barium  carbonate  in  100  ml 
of  water  and  the  mixture  stirred  until  neutral.  The  barium  salts 
were  filtered  off  and  washed  with  acetone.  The  filtrate  was  evap- 
orated to  dryness  in  vacuo  at  50°.  The  residue  was  taken  up  in 
acetone-ether  (10:1)  and  the  insolubles  were  filtered  off.  The 
fihrate  was  evaporated  to  dryness  and  the  residue  was  taken  up  in 
100  ml  of  ethanol,  which  was  then  removed  in  vacuo  to  leave  a  yellow 
gum.  The  gum  was  dissolved  in  20  ml  of  warm  water  containing  a 
small  amount  of  sodium  carbonate,  some  insolubles  were  filtered 
off,  and  the  filtrate  was  cooled.  The  crystals  which  formed  were 
collected  after  standing  in  the  refrigerator  for  4  hr  and  washed 
with  cold  water.  After  drying  in  vacuo  they  weighed  2.0  g.  A 
portion  was  recrystallized  from  water  for  analysis,  mp  174-175°; 
[a]"D  4-189°  (c  0.4136,  H,0). 

Anal.  Calcd  for  CuH,5NO.S:  C,  50.12;  H,  7.52;  N,  4.17; 
S,  9.55.  Found:  C,  49.87;  H,  7.46;  N,  4.11;  S,  9.56;  HA 
none  by  Karl  Fisher. 

Methyl  IsopropylidcnethioUiicosaiiiiiiide  (7).  A  solution  of  1  g  of 
methyl  N-acetyl-3,4-0-isopropylidenethiolincosaminide  (6)  in  10  ml 
of  hydrazine  hydrate  was  refluxed  for  24  hr.  The  excess  hydrazine 
was  distilled  off  in  a  nitrogen  stream  on  the  steam  bath.  The  crys- 
talline residue  was  taken  up  in  5  ml  of  water  and  allowed  to  re- 
crystallize.  The  crystals  were  collected  and  washed  with  cold  water. 
After  drying  in  vacuo  the  crystals  weighed  450  mg.  Recrystalliza- 
tion  from  ethanol  afforded  the  analytical  sample,  mp  177-178°; 
[a]»»D  -f  186°  (c  0.689,  H,0). 

Anai.  Calcd  for  ChHmNOsS:  C,  49.12;  H,  7.90;  N,  4.78;  S, 
10.91.     Found:    C,  49.27;  H,  8.0;  N,  5.01;  S,  10.92. 

Larger  Scale  Preparation  of  Methyl  3,4-0-l8opropylideiietlilolin- 
cosaminide  (7).  A  suspension  of  20  g  of  MTL  (4)  in  400  ml  of 
methanol  was  stirred  and  20  ml  of  acetic  anhydride  added.  All  of 
the  solid  dissolved  in  a  few  minutes,  and  then  crystals  of  the  N-acetyl 
derivative  started  to  separate.  After  cooling  in  the  refrigerator  1 
hr  the  crystals  were  collected  and  washed  with  methanol.  Drying 
in  vacuo  overnight  afforded  19.3  g  of  N-acetate.  This  material 
was  well  powdered  and  suspended  in  1500  ml  of  acetone.  While 
stirring,  1 5  ml  of  concentrated  HsS04  was  added.  After  stirring  for 
1  hr  at  room  temperature,  all  was  in  solution.  After  cooling  in  the 
refrigerator  for  an  additional  hour  a  slight  excess  (Hydrion  paper) 
of  ammonia  gas  was  passed  in  to  neutralize  the  sulfuric  acid.  The 
ammonium  sulfate  was  filtered  off  and  washed  with  acetone.  The 
colorless  filtrate  was  evaporated  in  vacuo  at  50°  to  a  frothy  gum. 
The  yield  of  crude  N-acetylisopropylidene  derivative  was  24.8  g. 
This  crude  materia!  was  dissolved  in  210  ml  of  hydrazine  hydrate. 
Crystals  started  to  form,  but  they  redissolved  on  heating.    The 
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resulting  solution  was  refluxed  for  23  hr.  The  excess  hydrazine 
was  removed  in  vacuo  on  the  steam  bath.  The  residue  was  taken 
up  in  ethanol,  some  insolubles  were  filtered  off,  and  the  ethanol  was 
then  removed  in  vacuo.  The  crystalline  residue  was  slurried  with 
50  ml  of  acetonitrile  to  break  up  lumps  and  the  crystals  were  col- 
lected, washed  with  acetonitrile  and  ether,  and  dried  in  vacuo. 
The  yield  of  first  crop  was  12.35  g.  The  filtrate  upon  evaporation 
afforded  another  1.0  g  of  product.  The  total  yield  of  material 
identical  with  that  prepared  previously  was  13.35  g  (57.5  %). 

Muck  Add  from  7.    A  solution  of  3.2  g  (slight  excess  of  3  equiv) 
of  sodium  periodate  in  25  ml  of  warm  water  was  cooled  to  room  tem- 
perature and  1.5  g  of  methyl  3,4-Oisopropylidenethiolinco8amin- 
ide  was  added  simultaneously  with  good  stirring.    The  MTL 
derivative  dissolved  rapidly  and  some  salt  precipitated  (probably 
NalOt).    The  temperature  was  maintained  at  room  temperature 
by  occasional  cooling.    The  odor  of  acetaldehyde  was  strong. 
The  solution  was  placed  in  a  flask  fitted  with  a  sparger,  Ns  gas  was 
passed  through,  and  the  acetaldehyde  was  converted  to  its  2,4-DNP 
derivative  with  Brady*s  reagent.    After  3  hr  the  formation  of  2,4- 
DNP  had  practically  ceased.    The  yield  of  acetaldehyde  2,4-DNP 
was  750  mg  (65  %).    The  original  reaction  mixture  was  filtered  from 
precipitated  sodium  iodate  and  a  slight  excess  of  barium  acetate 
was  added  to  the  filtrate  to  remove  the  remainder  of  the  iodate. 
The  salts  were  removed  and  washed  with  water.    The  filtrate  (50 
ml)  was  treated  with  15  ml  of  concentrated  HNOs  and  heated  in  an 
open  beaker  on  the  steam  bath  for  3  hr.    By  this  time  the  solution 
had  gone  to  dryness.    The  residue  was  dissolved  in  15  ml  of  water 
and  the  resulting  solution  was  permitted  to  stand  overnight.    After 
cooling  in  the  refrigerator  for  1  hr,  the  crystals  which  had  separated 
were  collected  and  washed  with  water,  ethanol,  and  ether.    After 
being  dried  in  vacuo  they  weighed  250  mg  and  were  identified  by 
solubility,  infrared  spectrum,  and  direct  comparison  with  mucic 
acid;    [ajp  0^  (c  0.5,  NaOH).    An  additional  205  mg  of  mucic 
acid  separated  from  the  filtrate  on  standing  in  the  refrigerator  for 
several  days.    The  total  yield  was  therefore  455  mg  (41  %). 

D-Galactoae  a-Methylphenylhydrazone  (10)  from  7.  A  solution 
of  6.4  g  of  sodium  periodate  in  75  ml  of  water  was  cooled  and  3.0  g 
of  isopropylidene-MTL  (7)  added  all  at  once.  The  mixture  was 
stirred  and  cooled  to  moderate  the  reaction.  After  standing  in  the 
refrigerator  overnight,  the  salts  were  filtered  off  and  barium  acetate 
was  added  in  slight  excess  to  remove  the  remainder  of  the  iodate. 
The  salts  were  again  removed  and  the  filtrate  was  treated  with  400 
mg  of  sodium  borohydride.  After  standing  at  room  temperature 
for  1  hr,  an  additional  400  mg  of  borohydride  was  added.  After 
30  min,  acetic  acid  was  added  dropwise  to  pH  6  to  destroy  excess 
borohydride.  Some  insoluble  material  was  filtered  off  and  about 
one-fifth  volume  of  IR  120-H'''  resin  added  along  with  a  few  milli- 
grams of  sodium  bisulfite  to  reduce  some  iodine  liberated  on  acidi- 
fication. The  resulting  suspension  was  heated  on  the  steam  bath 
for  4.5  hr,  at  which  time  a  test  for  reducing  sugar  (Benedict)  was  at 
its  maximuHTL  Some  Darco  G-60  was  added  and  the  mixture  was 
filtered.  The  filtrate  was  then  reduced  in  volume  to  about  70  ml 
in  vacuo  at  50°.  To  this  solution  was  added  2  g  of  sodium  acetate, 
2  g  of  sodium  bisulfite,  1.5  g  of  a-methylphenylhydrazine,  and  1  ml 
of  acetic  acid.  Crystals  separated  on  standing.  After  overnight 
in  the  refrigerator,  the  crystals  were  collected,  washed  with  water, 
and  dried  in  vacuo.  The  slightly  orange  crystals  weighed  900  mg, 
mp  187-189''.  After  standing  an  additional  day  in  the  refrigerator, 
the  filtrate  had  deposited  another  8(X)  mg  of  product;  total  yield 
17(X)  mg  (58.5%).  Recrystallization  from  hot  water  afforded 
colorless  crystals  of  D-galactose  a-methylphenylhydrazone;  [a]'*D 
+  12.4°  (c  2.06,  DMSO).  An  authentic  sample  of  D-galactose 
a-methylphenylhydrazone  had  [a]«*D  -|-12.2°  (c  2.0,  DMSO)  and 
was  identical  in  melting  point  and  infrared  spectrum  with  the 
material  derived  from  isopropylidene-MTL. 

N-(4-Propyl-L-hygroyl)linco6aiiiiiie  Dimethyl  Mercaptal  (11). 
In  a  three-necked  flask  equipped  with  a  Dry  Ice  condenser,  150  nil 
of  concentrated  hydrochloric  acid  and  50  ml  of  methanethiol  were 
chilled  to  0"".  After  rapid  addition  of  15  g  of  lincomycin  hydro- 
chloride the  mixture  was  vigorously  stirred  for  5  hr,  then  diluted 
with  one  volume  of  ice  water  and  extracted  with  two  lOO-ml  portions 
of  pentane  (or  Skellysolve  B).  The  extract  was  discarded.  The  6 
N  hydrochloric  acid  solution  was  next  partially  neutralized  by  addi- 
tion of  a  subequivalent  amount  (1(X)  g)  of  potassium  hydroxide 
pellets  at  20-30''  (Dry  Ice-acetone  cooling  permitted  rapid  addi- 
tion). The  potassi um  chloride  was  removed  by  filtration.  Next,  2(X) 
ml  of  chloroform  was  added  to  the  filtrate  which  was  then  brought 
to  pH  10  with  sodium  hydroxide.  The  chloroform  layer  was  re- 
moved and  a  second  extract  was  made  with  chloroform.  The  com- 
bined extracts  were  washed  with  three  50-ml  portions  of  water 


(emulsions),  and  the  chloroform  was  evaporated  in  vacuo 
presence  of  water,  transferring  the  product  to  the  aqueous 
which  was  then  freeze  dried. 

The  freeze-dried  product  was  crystallized  from  75  ml  of 
acetone  to  give  7.5  g,  mp  134-140''.    A  second  crystallizatic 
material,  mp  146-148°;  [a]D  -  33°  (c  1,  methylene  chloride). 

Anal.  Calcd  for  QgHieNtOeSs:  C,  50.19;  H,  8.42;  N 
S,  14.10.    Found:    C,  50.15;  H,  8.20;  N,  5.94;  S,  14.31. 

N-(4  Propyl-L-hygroyl)-l-deoxylinco6aminol  (12).  A  susp 
of  100  g  of  W-3  Raney  nickel  (washed  to  pH  7  with  watei 
washed  three  times  with  absolute  ethanol)  was  stirred  and 
to  reflux  in  1  1.  of  absolute  ethanol  with  15  g  of  the  me 
(11).  After  4  hr  the  hot  reaction  mixture  was  filtered  a 
nickel  was  washed  with  6(X)  ml  of  hot  ethanol.  The  cor 
filtrate  and  washings  were  evaporated  to  dryness.  A  fi> 
countercurrent  distribution  at  60  ml/phase  was  run  in  the 
1-butanol-water,  moving  the  upper  phase.  The  contents  oi 
4  and  5  were  evaporated  to  dryness  (7  g)  and  crystallized  frc 
ml  of  ethyl  acetate  (5.7  g),  mp  105-108°. 

Anal.  Calcd  for  CnHMN^Oe:  C,  56.33;  H,  9.46;  N 
Found:  C,  56.23, 56.29;  H,  9.16, 9.30;  N,7.68. 

l-Deoxylinco6aminol  (13)  by  Add  Hydrolysis.  A  solutic 
g  of  N-(4-propyl-L-hygroyl)-l-deoxylincosaminol  (12)  was 
under  reflux  in  50  ml  of  4  /^  sulfuric  acid  for  4  hr.  The  soluti< 
cooled,  brought  to  pH  8  with  saturated  barium  hydroxide  so 
and  filtered.  The  filtrate  was  passed  through  a  0.75-in.  c 
containing  10  g  of  Dowex  2  in  the  hydroxyl  cycle,  and  the  c 
was  freeze  dried,  yielding  2(X)  mg  of  white  solid.  A  120-mg  i 
was  crystallized  from  absolute  ethanol  to  yield  40  mg  of  produ 
177-185°. 

Anal.  Cklcd  for  QH,  jNOs :  C.  45.92 ;  H,  9. 1 5 ;  N,  6.69 ; 
wt,  209.24.  Found:  C,  46.29;  H,  9.24;  N,  6.40;  equiv  w 
titration  showed  1  basic  function,  pKJ  -  8.5. 

l-Deoxylincosaminol  (13)  by  Hydrazinolysis.  A  5-g  quan 
compound  12  was  heated  under  reflux  for  6  days  in  1(X)  ml  of 
zine  hydrate.  The  hydrazine  was  evaporated  in  vacuo  and  X\ 
due  was  crystallized  in  two  crops  from  2  ml  of  water  in  75 
absolute  ethanol;  yield  60%. 

N-Benzoyl-l-deoxylincottuninol.  To  700  mg  of  1-deoxy! 
aminol  (13)  in  50  ml  of  absolute  ethanol  was  added  1  g  of  b 
anhydride.  This  was  stirred  until  all  dissolved  and  until  X\ 
precipitate  was  completely  formed.  After  overnight  stand 
room  temperature  730  mg  (70%  yield)  of  white  crystals  w 
tained,  mp  188-190°. 

Anal.  Cklcd  for  dOiaNOe:  C,  57.49;  H,  7.40;  N, 
Found:    C,  57.33;   H,  7.45;   N,  4.22. 

N-Acetyl-1-deoxylincosaminol  (14).  To  1  g  (0.0048  mc 
1-deoxylincosaminol  (13)  in  1(X)  ml  of  methanol  was  addc 
(0.01  mole)  of  acetic  anhydride  at  5°.  This  mixture  was 
until  everything  dissolved,  and  then  refrigerated.  After  20  \ 
ml  of  ether  was  added,  and  the  precipitate  was  filtered.  Tl 
mg  of  dried  white  solid  was  recrystallized  from  30  ml  of  at 
ethanol,  yielding  630  mg  of  white  crystals,  mp  174-176°. 

Anal.  Calcd  for  CioHtiNO»:  C,  47.39;  H,  8.43;  N, 
Found:    C,  48.09;   H,  8.27;  N,  5.43. 

Lincosamine  Dimethyl  Mercaptal  (IS).  A  10-g  quantity  o 
pound  11  in  1(X)  g  of  hydrazine  hydrate  was  heated  under 
for  6  days.  The  hydrazine  hydrate  was  evaporated  in  vacuo  i 
nitrogen  ebullator.  The  residue  was  crystallized  from  hot 
nitrile  (1(X)  ml)  in  two  crops,  for  a  total  of  4.3  g  (64%  yield), 
analytical  sample  was  further  crystallized  from  absolute  ei 
yielding  a  sample,  mp  142-144° ;  pAT,'  =  7.95  in  water. 

Anal.  Cklcd  for  QoHssNOftS,:  C,  39.84;  H,  7.69;  N, 
S,  21.27;  equiv  wt,  301.41.  Found:  C,  39.74;  H,  7.09;  N 
S,  20.54;  equiv  wt,  320. 

N-Benzoyliincosamine  Dimethyl  Mercaptal.  A  solution  ol 
(0.(X)6  mole)  of  15  in  1(X)  ml  of  ethanol  was  heated  under  refl 
1  hr  with  3.6  g  (0.016  mole)  of  benzoic  anhydride.  The  nr 
was  evaporated  to  dryness  and  the  residue  washed  with  ac 
Recrystallization  from  acetone  gave  300  mg,  mp  182-184°. 

Anal.  Calcd  for  CnHrNOA:  C,  50.35;  H,  6.71;  N, 
S,  15.81.     Found:    C,  50.34;  H,6.81;  N,  3.67;  S,  15.%. 

N-Acetyllincosamine  Dimethyl  Mercaptal  (16).  A  1-g  ( 
mole)  quantity  of  compound  15  suspended  in  30  ml  of  me 
was  stirred  with  1  ml  (0.011  mole)  of  acetic  anhydride  at 
temperature  for  2  hr.  During  this  time,  the  starting  materia 
into  solution.  Upon  dilution  with  20  ml  of  ether  crystalli 
occurred,  yielding  660  mg  (59%)  of  dried,  ether-washed, 
solid,  mp  177-179°.  Recrystallization  from  15  ml  of  at 
ethanol  gave  0.5  g  mp  179-179.5°. 
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Anal.  Calcd  for  Ci3H»N0«St:  C,  41.96;  H,  7.34;  S,  18.67. 
Found:    C,  41.92;  H,  7.18;   S,  19.15. 

N-Acetyl-l-deoxylincosamiiiol  (14)  by  DesaUurization.  From 
2.49  g  (0.007  mole)  of  16  and  ca.  50  g  of  nickel  catalyst,  refluxed 
10  hr  in  200  ml  of  absolute  ethanol,  was  obtained  1  g  (0.004  mole) 
of  N-acetyl-1-deoxylincosaminol,  identical  with  that  above. 

N-Acetyl-3,4-04Bopropylideiie-l-deoxylincosaiiiiiie  (17).  A  15- 
g  quantity  of  methyl  N-acetyl-3,40-isopropylidenethiolincosamin- 
ide  (6)  was  heated  under  reflux  for  7  hr  with  100  ml,  loosely  packed, 
of  Raney  nickel  in  5(X)  ml  of  ethanol.  The  mixture  was  filtered  and 
the  catalyst  was  washed  with  a  total  of  1 1.  of  boiling  ethanol.  The 
filtrate  and  washings  were  combined  and  evaporated  to  dryness, 
leaving  a  partially  crystalline  residue.  This  residue  was  purified 
by  countercurrent  distribution,  200  transfers,  in  the  system  1- 
butanol-water.  A  major  fraction,  K  ~  0.48,  was  isolated  by  evap- 
oration to  give  a  white  crystalline  solid,  mp  220-235''  dec,  [ajo 
+70 ""  (c  1,  50%  ethanol).  This  material  gave  a  negative  iodoform 
tesL 

Anal.  Calcd  for  Ci,H„NO«:  C,  53.96;  H.  8.09;  N,  4.84. 
Found:     C,  53.87;  H,8.23;  N.  5.67,  4.92. 

N-Acetyl-3,4-0-i8opropylidene-7-dehydro-l-deoxylincoBaniine 
(18).  A.  Oxidation  in  Pyridine.  To  a  solution  of  1  g  (0.0034  mole) 
of  compound  17  in  10  ml  of  pyridine  and  1  ml  of  water  was  added  1 
g  (0.0066  mole)  of  chromic  oxide  in  7  ml  of  pyridine  and  1  ml  of 
water.  The  mixture  was  stirred  overnight,  then  added  to  a  solution 
of  1 25  ml  of  ether  and  1 25  ml  of  ethyl  acetate.  After  standing  3  hr, 
this  mixture  was  filtered  and  the  filtrate  was  evaporated  to  dryness. 
The  residual  crystalline  material  was  triturated  with  acetone  and 
dried,  yielding  225  mg  of  crystalline  material.  A  second  crop  of  50 
mg  was  recovered  from  the  filtrate  by  countercurrent  distribution  in 
1-butanol-water,  K  -  0.78.  On  recrystallization  from  acetone,  a 
total  of  185  mg  of  material  was  recovered  which  melted  at  205- 
210''.  This  material  showed  new  infrared  absorption  at  1730  cm~  ^ 
and  the  nmr  spectrum  showed  a  new  signal  at  2.35  ppm.  This 
product  gave  a  positive  iodoform  test.  Upon  treatment  of  the 
product  with  sodium  borohydride  in  methanol,  the  iodoform  test 
again  v^as  negative.  Anal.  Calcd  for  CuHsiNOe:  C,  54.34; 
H,7.37;  N,4.88.    Found:    C,  54.39;  H,7.59;  N,5.06. 

B.  Oxidation  in  Glacial  Acetic  Add.  To  a  solution  of  1  g 
(0.OO34  mole)  of  compound  17  in  10  ml  of  glacial  acetic  acid  was 
added  1  g  (0.(X)66  mole)  of  chromic  oxide  in  10  ml  of  acetic  acid. 
The  mixture,  which  warmed  immediately,  was  stirred  overnight. 
A  250-ml  solution  of  ethyl  acetate  and  ether  (1 : 1)  was  added  and  the 
mixture  was  filtered,  then  evaporated  to  dryness.  Trituration  of 
the  residue  with  acetone  produced  40  mg  of  white  crystals  identical 
with  those  obtained  from  the  pyridine  oxidation. 

N-(2A-I>initrophenyl)linco6amine  Dimethyl  Mercaptal  (19). 
To  1  g  (0.(X)33  mole)  of  lincosamine  dimethyl  mercaptal  in  20  ml  of 
50%  ethanol  was  added  0.5  g  of  sodium  bicarbonate  and  1  g  (0.(X)54 
mole)  of  l-fluoro-2,4-dinitrobenzene,  the  latter  in  10  ml  of  ethanol. 
After  2  hr  of  stirring,  the  mixture  was  evaporated  to  dryness  and  the 
residue  was  leached  with  50  ml  of  benzene,  which  was  then  dis- 
carded. Upon  washing  the  residue  twice  with  25  ml  of  water,  1.2 
g  of  yellow  solid  remained.  This  was  recrystallized  from  boiling 
acetone  to  give  a  total  of  820  mg  of  yellow  crystals,  mp  138-140 

Ami.  Calcd  for  CHisNiOsS,:  C,  41.10;  H,  5.39;  N,  8.99; 
5,13.72.     Found:    C,  41.12;  H,  5.38;  N,  8.69;  S,  13.33. 

Isolation  of  D-AUotfareonine.  Oxidative  Cleavage  of  N-2A-Dini- 
tropbenylttncosaniine  Dimethyl  Mercaptal.  A  suspension  of  4.3 
g  (0.0092  mole)  of  N-2,4-dinitrophenyllincosamine  dimethyl  mer- 
captal (19),  30  g  of  sodium  metaperiodate,  3  g  of  sodium  carbonate, 
and  650  mg  of  potassium  permanganate  in  19(X)  ml  of  water  was 
stirred  6  hr.  The  mixture  was  extracted  with  700  ml  of  ether,  then 
acidified  and  further  extracted  with  200  ml  of  ether.  The  combined 
extracts,  washed  with  100  ml  of  water,  were  then  dried  over  sodium 
sulfate  and  finally  evaporated  to  dryness.  The  residue  was  taken 
into  50  ml  of  ether  and  washed  with  50  ml  of  5%  bicarbonate,  then 
with  water.  After  acidification  and  reextraction  of  the  alkaline 
layer,  the  dried  (magnesium  sulfate)  ether  solution  was  evaporated 
to  dryness  and  the  residue  was  subjected  to  countercurrent  distribu- 
tion in  the  system  ethyl  acetate-cyclohexane-95  %  ethanol-water 
(1:1 :1 :1,  v/v).  The  contents  of  tubes  270-360  {K  =  1.28)  were 
pooled  and  isolated  by  evaporation  to  an  aqueous  phase  and  freeze 
drying  to  yield  175  mg  of  yellow  amorphous  solid,  which  failed  to 


crystallize;  [M]d  —320°  (4%  sodium  bicarbonate  solution), 
+83°  (glacial  acetic  acid).  Paper  chromatographic  comparison 
with  DL-allothreonine-DNP  and  DL-threonine-DNP  in  the  system 
1-butanol-water-ethanol  (4:5:1,  v/v,  use  upper  phase)  showed 
similar  Rt  values  for  DL-allothreonine  and  the  unknown  compound 
(0.64),  while  that  of  threonine  was  lower  (0.61). 

Anal.  Calcd  for  CoHnNaa:  C,  42.11;  H,  3.89;  N,  14.73. 
Found:  C, 42.12;  H,419;  N,  13.93. 

Iodoform  from  Nitrous  Acid  Treated  Methyl  Thiolincoaaminide. 
A  solution  of  100  mg  of  MTL  in  1  ml  of  water  and  five  drops  of 
acetic  acid  was  treated  with  100  mg  of  sodium  nitrite  in  portions 
over  a  2-min  period  at  room  temF>erature.  Gas  evolution  was 
vigorous  and  the  solution  turned  pink.  After  standing  at  room 
temperature  for  2  hr,  5  ml  of  2  iV  sodium  hydroxide  and  seven  1-ml 
portions  of  It-KI  solution  were  added.  Iodoform  started  to  pre- 
cipitate immediately.  After  cooling  in  the  refrigerator  for  2  hr, 
the  precipitate  was  collected  and  dried  in  air.  The  yield  of  iodoform 
melting  at  121-122°  (Kofler)  was  60  mg  (39  %). 

The  control  experiment  which  contained  no  sodium  nitrite  gave  no 
evidence  of  iodoform  production. 

Pentaacetyl-MTL  (22)  (Methyl  6-N-AcetyI-2 A4,7-tetra-0-acetyI- 
1-thio-a-lincosaminide).  Methyl  1-thio-a-lincosaminide  (3.0  g) 
was  acetylated  by  allowing  a  solution  in  pyridine  (50  ml)  and  acetic 
anhydride  (25  ml)  to  stand  overnight  at  room  temperature.  Solvent 
was  removed  on  the  rotating  evaporator  at  40°  (15  mm),  and  the 
syrupy  residue  was  distributed  between  water  and  methylene 
chloride.  The  organic  extract,  after  washing  with  dilute  hydro- 
chloric acid  (1  yV),  water,  and  saturated  aqueous  sodium  bicarbo- 
nate and  drying  over  anhydrous  sodium  sulfate,  was  taken  to  dry- 
ness //}  vacuo,  giving  a  colorless  crystalline  residue  which  was 
recrystallized  from  ethyl  acetate-Skellysolve  B  to  give  rods,  showing 
a  double  melting  point  of  210-212  and  218-200°;  [a]D  -|-223°  (c 
0.906,  CHCl,). 

Anal.  Calcd  for  CiJis9NOioS:  C,  49.22;  H,  6.31;  N,  3.02; 
S,6.92.    Found:    C,  49.10;  H,  6.57;  N,  3.23;  S,  6.91. 

Pentaacetyl-a-MTL  (22)  (Methyl  6-N-AcetyI-23,4,7-tetra-0- 
acetyl-1-thio-a-lincosaminide).  The  above  a-pentaacetate  (2.0  g, 
4.3  mmoles),  dissolved  in  ethanol-free  chloroform  (50  ml),  was 
stirred  magnetically  and  a  solution  of  bromine  (1.11  g,  0.36  ml, 
6.9  mmoles)  in  the  same  solvent  (20  ml)  was  added  over  the  course  of 
10  min  (Drierite  tube).  After  stirring  for  an  additional  15  min, 
no  trace  of  starting  material  could  be  detected  by  thin  layer  chroma- 
tography (SiOi,  ethyl  acetate-Skellysolve  B,  1:1).  Solvent  was 
removed  on  a  rotating  evaporator  at  40°  (7  mm),  giving  a  yellow- 
orange  syrup  which  was  redissolved  in  chloroform,  the  solvent 
removed  as  above,  and  the  process  repeated  twice  more,  giving 
a  colorless  syrup  which  could  not  be  induced  to  crystallize.  This 
procedure  removes  the  methylsulfinyl  bromide. 

A  solution  of  this  syrup  in  acetone  (analytical  reagent,  25  ml) 
was  heated  under  reflux  (Drierite  tube)  with  thiourea  (656  mg,  8.6 
mmoles)  for  1  hr.  After  cooling,  potassium  carbonate  (680  mg), 
sodium  bisulfite  (860  mg),  water  (10  ml)  and  methyl  iodide  (3.06, 
g,  1.34  ml,  21.6  mmoles)  were  added,  and  the  mixture  was  stirred 
vigorously  for  3  hr  at  room  temperature. 

The  acetone  was  removed  in  vacuo,  and  the  residue  was  dis- 
tributed between  water  and  chloroform.  The  aqueous  layer  was 
extracted  thoroughly  with  chloroform,  and  the  combined  extracts 
were  washed  twice  with  water  and  dried  over  anhydrous  sodium 
sulfate.  Removal  of  the  solvent  on  a  rotating  evaporator  at  40° 
(7  mm)  gave  a  colorless  solid  (1.48  g)  showing  only  one  spot  on  thin 
layer  chromatography  (SiOi,  ethyl  acetate-Skellysolve  B,  1:1). 
The  solid  crystallized  from  ethyl  acetate-Skellysolve  B  in  colorless 
platelets,  mp  272-274°  (1.12  g,  56%),  unchanged  by  further  crystal- 
lization. Countercurrent  distribution  of  the  crude  product  in  the 
system  water-acetone-methyl  ethyl  ketone-cyclohexane  (3:5:4:4, 
v/v)  showed  only  one  material,  o(  K  =  1.14,  to  be  present;  [a]D 
+31  °(c  0.680,  CHCl,). 

Anal.  Calcd  for  CaHj.NOioS:  C,  49.22;  H,  6.31;  N.  3.02; 
S,6.92.     Found:    C,  49.15;  H,  6.23,  N,  3.00;  S,6.75. 

Acknowledgment.  The  authors  wish  to  thank  Mr. 
James  Shiley  for  valuable  technical  assistance  and  Mr. 
Raymond  Anderson  and  his  associates  for  the  analytical 
results. 
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Abstract :  The  contributions  of  nmr  spectroscopy  to  the  determination  of  the  structure  of  lincomycin  are  reported. 
The  amino  acid  portion  was  partially  identified  by  nmr  by  comparison  with  synthetic  samples.  The  structure  of 
the  sugar  portion  was  independently  determined  by  analysis  of  nmr  spectra.  The  observation  of  an  unusual  intra- 
molecular hydrogen  bonding  yielded  the  configuration  of  the  sugar  by  conformational  analysis.  The  spectra  of 
some  analogs  and  degradation  products  are  correlated  with  their  structures  and  conformations. 


The  structure  of  lincomycin,  ^  an  important  new  anti- 
biotic with  activity  against  gram-positive  organisms, 
was  the  subject  of  a  brief  communication  from  these 
laboratories.'  The  present  paper  describes  the  nmr 
studies  on  lincomycin,  some  degradation  products,  and 
some  analogs. 

The  nmr  spectrum  of  lincomycin  hydrochloride 
(C18H36N2O6SCI)  (Figure  1)  is  complex,  containing 
many  superimposed  multiplets  which  were  difficult  to 
factor.  There  are  several  prominent  signals  which  can 
be  interpreted,  but  the  severe  overlapping,  especially 
in  the  carbinol  hydrogen  region,  makes  complete  in- 
terpretation impossible.  The  spectrum  observed  at  100 
Mc*  is  not  greatly  different,  indicating  the  close  proxim- 
ity of  the  shifts  of  the  carbinol  hydrogens.  Attention 
was  therefore  turned  to  degradation  products  and  de- 
rivatives. 

Chemical  experiments*  showed  that  the  molecule 
could  be  hydrolyzed  at  the  amide  linkage  into  an  amino 
acid  (C9H17NO2)  (I)  and  an  amino  thio  sugar  (methyl 
thiolincosaminide,  MTL)  (C9H19NO6S)  (II).  Various 
aspects  of  the  structures  of  these  two  compounds  were 
determined  by  nmr,  and  when  combined  with  chemical 
information  the  complete  structure  for  the  antibiotic 
was  determined. 

Amino  Acid  Portion.  The  nmr  spectrum  of  the  amino 
acid  moiety  (1)  is  shown  in  Figure  2.  The  material 
was  thought  to  be  a  propyl-substituted  hygric  acid  by 
comparison  with  known  L-hygric  acid.*  The  location 
and  configuration  of  the  alkyl  group  could  not  be 
determined  from  the  spectrum  because  the  2-  and  5- 
hydrogen  multiplets  could  not  be  factored.  The  2- 
hydrogen  multiplet  was  an  unsymmetrical  three- 
line  pattern  with  some  additional  absorptions  be- 
tween the  three  peaks.  It  could  be  rationalized  as 
several  partly  superimposed  doublets,  each  arising 
from  the  2-hydrogen  of  molecules  having  a  different 
ring  conformation  or  different  N-methyl  configurations. 

(1)  This  material  was  presented  in  part  at  the  148th  National  Meeting 
of  the  American  Chemical  Society,  Chicago,  111.,  Aug-Sept  1964, 
Abstracts,  p  378. 

(2)  See  footnotes  1-5  of  ref  3. 

(3)  H.  Hoeksema,  B.  Bannister,  R.  D.  Birkenmeyer,  F.  Kagan,  B.  J. 
Magerlein,  F.  A.  MacKellar,  W.  Schroeder,  G.  Slomp,  and  R.  R.  Herr, 
/.  Am.  Chem.  Soc,  86,  4223  (1964). 

(4)  We  are  grateful  to  Dr.  Leroy  Johnson  of  Varian  Associates  for 
this  determination. 

(5)  W.  Schroeder,  B.  Bannister,  and  H.  Hoeksema,  /.  Am.  Chem.  Soc, 
89,  2448  (1967). 

(6)  R.  R.  Herr  and  G.  Slomp,  ibid.,  89.  2444  (1967). 


Similar  reasoning  might  also  apply  to  the  5/3-hydrogen 
resonance.  Subsequent  experiments  at  increased  tem- 
perature^ showed  that  at  100°  the  2-hydrogen  resonance 
collapsed  to  a  regular  triplet  (/  =  9.0  cps)  and  the  5/3- 
hydrogen  resonance  became  a  doublet  of  doublets  (/ 
=  5  and  10  cps).  The  original  spectrum  was  regen- 
erated when  the  sample  returned  to  room  temperature. 
Abraham  and  McLauchlan  indeed  found  such  ring 
buckling  in  the  closely  related  cis-  and  rra/25-4-hydroxy- 
L-prolines*  and  further  concluded  that  the  latter  was  a 
mixture  of  conformers.^ 

A  synthetic  sample  of  D-c/5-4-propylhygric  acid  gave 
a  spectrum  which  appeared  to  represent  only  one  con- 
former  (Figure  3).  It  was  noted  from  the  nmr  spec- 
trum that  a  sample  of  the  unknown  hygric  acid  was 
unexpectedly  isomerized  to  the  c/5-4-propylhygric  acid. 
This  focused  attention  on  the  possibility  that  the  un- 
known acid  was  the  A-trans  isomer  and  that  it  had  epi- 
merized  at  C-2  in  this  experiment. 

The  structure  of  the  amino  acid  was  proved  as  L- 
/ra«5-4-/i-propylhygric  acid  (I)  by  synthesis  and  deg- 
radation.* 


CH.CH.cii 


COOH 
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H, 


The  analogous  /rfl/25-4-methylproline  reported  by 
Abraham  and  co-workers**"  gave  an  nmr  spectrum 
uncomplicated  by  conformers  as  did  also  the  amide  of 
/rfl/i5-4-propylhygric  acid  hydrochloride  and  the  qua- 
ternary analog  /rfl«5-4-propylstachydrine  (the  betaine 
of  I).  L-Proline  gave  a  spectrum  similar  to  that  of  I 
with  conformational  complications.  This  was  not 
noted  by  Abraham,  et  al.,^  in  their  analysis  of  this 
spectrum.   We  plan  to  investigate  this  isomerism  further. 

Amino  Thio  Sugar  Portion.  The  nmr  spectrum  of 
MTL  (II)  in  deuterium  oxide  (Figure  4)  showed  absorp- 
tions for  six  kinds  of  hydrogen,  as  follows :   (a)  a  doublet 

(7)  We  thank  Mr.  C.  R.  Joller  and  his  staff  at  the  Pittsburgh  Service 
Center  of  Varian  Associates  for  assistance  in  these  measurements. 

(8)  (a)  R.  J.  Abraham  and  K.  A.  McLauchlan,  Mol.  Phys.,  5,  195 
(1962);  (b)  R.  J.  Abraham  and  K.  A.  McLauchlan,  ibid.,  5,  513  (1962); 
(c)  R.  J.  Abraham.  K.  A.  McLauchlan,  S.  Dalby,  G.  W.  Kenner.  and 
R.  C.  Sheppard,  Nature,  192,  1150  (1961). 

(9)  B.  J.  Magerlein,  R.  D.  Birkenmeyer,  R.  R.  Herr,  and  F.  Kagan, 
/.  Am.  Chem.  Soc.,  89,  2459  (1967). 
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Figure  1.    Nmr  spectrum  of  lincomycin  hydrochloride. 
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Figure  3.    Nmr  spectrum  of  isomeric  amino  acid  (D-4-ci>/f-propyl- 
hygric  acid  hydrochloride)  in  DsO. 
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Figure  2.     Nmr  spectrum  of  amino  acid  portion  (L-4-/nzni-/f- 
propylhygric  acid  hydrochloride)  in  DsO. 

of  area  3  at  68.0  cps,^®  /  =  6.5  cps,  indicative"  of  a  car- 
binol  methyl  group  coupled  to  only  one  neighboring 
hydrogen;  (b)  a  singlet  of  area  3  at  127  cps,  assigned  to 
the  S-methyl  group;  (c)  a  doublet  of  doublets  of  area 
1  at  188.5  cps,  J  =  10.5  and  3.0  cps,  indicative  of  a 
carbamine  hydrogen  coupled  differently  to  two  neigh- 
bors; (d)  a  group  of  resonance  lines  with  a  total  area  of 
5,  lying  between  212  and  256  cps,  arising  from  the 
carbinol  hydrogens  of  the  sugar;  (e)  the  HOD  line  at 
276  cps,  containing  the  resonances  of  six  exchangeable 
hydrogens  on  oxygen  and  nitrogen;  and  (Q  a  doublet 
of  area  1  at  320  cps,  /  =  5.5  cps,  attributed  to  the 
anomeric  hydrogen  of  the  sugar.  The  multiplets  are 
expanded  for  further  study  in  Figure  5. 

The  nmr  spectrum  of  MTL  contained  evidence  that 
the  molecule  was  a  sugar.  The  presence  of  an  anomeric 
hydrogen  signal  suggested  an  aldose,  but  aldoses  are 
usually  mixtures  of  many  isomeric  forms.  The  absence 
of  mixture  characteristics  and  the  presence  of  a  methyl- 
thio  group  suggested  it  was  a  methyl  thioglycoside. 
The  size  of  all  the  couplings  and  the  general  lack  of 
sharpness  suggested  the  rigidity  of  an  aldopyranoside 
rather  than  a  furanoside.  ^^ 

The  spectrum  was  empirically  factored  as  much  as 
possible  using  a  dividers  and  making  use  where  possible 
of  the  line  shapes  of  the  simple  multiplets  to  evaluate 
y/8  frequency  and  to  determine  5  frequency  (see  Figure 
5).   The  empirical  factoring  was  subsequently  confirmed 

(10)  spectra  were  calibrated  in  cps  units  at  60  Mc,  downfield  from 
internal  sodium  2,2-dimethyl-2-silapentane-5-sulfonate  (SDSS)  [O.V.D. 
Tien  and  R.  I.  Coon,  /.  Or%.  Chem.,  26,  2097  (1961)J. 

(11)  K.  Nukada,  et  ai.  Anal.  Chem.,  35,  1892  (1963). 

(12)  Furanosides  owing  to  their  rapid  ring  conversion  often  give 
sharp  spectra,  and  most  of  the  coupling  constants  are  of  an  averaged 
magnitude  which  is  about  3  cps. 
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Figure  4.    Nmr  spectrum  of  methyl  thiolincosaminide  in  DiO. 
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Figure  5.   Portions  of  the  nmr  spectrum  of  methyl  thiolincosaminide 
in  DsO. 


by  spin-decoupling  experiments.^  The  factored  spec- 
trum revealed  the  structure  of  the  sugar.  The  anomeric 
hydrogen  was  observed  in  the  spectrum  as  a  doublet 
at  320  cps.  It  was  coupled  (yi.2  =  5.5  cps)  to  one 
neighboring  hydrogen  at  C-2.  The  absorption  of  this 
2-H  was  found  at  248  cps,  in  the  carbinol  hydrogen 
region,  and  C-2,  therefore,  bears  one  hydrogen  and  one 
hydroxyl  group.  The  2-H  absorption  was  actually 
a  doublet  of  doublets  and  in  addition  to  the  coupling  to 
1-H  it  was  further  split  (J2.Z  =  10.5  cps)  by  one  hydrogen 
at  C-3.  The  absorption  of  this  3-H  was  accordingly 
found  at  218  cps,  in  the  carbinol  hydrogen  region. 
Thus,  C-3  bears  one  hydrogen  and  one  hydroxyl  group. 
The  3-hydrogen  absorption  was  actually  a  doublet  of 
doublets  with  the  same  /s.s  but  with  a  second  coupling 
(JiA  =  3.0  cps)  to  one  hydrogen  at  C-4.  The  absorp- 
tion of  this  4-H  could  be  extracted  from  the  spectrum 
only  by  spin-decoupling  experiments,^  and  it  was  found 
at  240  cps,  in  the  carbinol  hydrogen  region.  Thus,  C-4 
bears  one  hydrogen  and  one  hydroxyl  group.  Since 
the  4-hydrogen  multiplet  could  not  be  factored,  atten- 
tion was  turned  to  the  other  end  of  the  molecule. 


Slompt  MacKellar  (  Uncomvcin  Dejsrad  *     '^-•^ducx^ 


The  methyl  group  embodying  the  8-hydrogens*' 
absorbed  as  a  doublet  at  68  cps.  These  hydrogens 
were  therefore  coupled  to  one  neighboring  hydrogen 
at  C-7.  The  absorption  of  this  7-H  was  found  at  245 
cps,  again  in  the  carbinol  hydrogen  region,  and  C-7, 
therefore,  bears  one  hydrogen  and  one  hydroxyl  group. 
The  7-H  absorption  was  actually  a  doublet  of  quartets 
and  in  addition  to  the  coupling  to  the  three  hydrogens 
at  C-8  it  was  further  split  (/ej  =  9.25  cps)  by  one  hy- 
drogen at  C-6.  The  absorption  of  this  6-H  was  ac- 
cordingly found  at  188  cps,  in  the  carbamine  hydrogen 
region.  Thus,  C-6  bears  one  hydrogen  and  one  amine 
group.  This  6-hydrogen  absorption  was  actually  a 
doublet  of  doublets  with  the  same  /e  j  but  with  a  second 
coupling  (y6.6=  3.75  cps)  to  one  neighboring  hydrogen 
at  C-5.  The  absorption  of  this  5-H  could  be  extracted 
from  the  spectrum  only  by  spin  decoupling^  and  it  was 
observed  at  228  cps,  in  the  carbinol  hydrogen  region, 
but  again  this  multiplet  could  not  be  factored.  Thus, 
C-5  bears  one  hydrogen  and  one  oxygen  substituent 
which  in  this  case  must  be  the  pyran  ring  (vide  supra). 

The  similarity  of  the  shift  of  the  4-  and  5-hydrogens 
apparently  resulted  in  a  very  closely  coupled  multiplet 
which  was  not  factored  by  empirical  procedures.  Such  a 
multiplet  would  have  an  intense  center  at  about  234 
cps  as  shown  in  Figure  5,  but  the  outlying  portions 
would  be  weak  and  would  not  be  seen  in  the  spectrum. 

Since  all  the  peaks  in  the  spectrum  have  been  ac- 
counted for  and  all  the  alloted  hydrogens  have  been 
used,  it  remains  to  connect  C-4  and  C-5  to  yield 
structure  II  for  this  sugar.    This  analysis  independently 


TaUe  I.    Couplings*  and  Possible  Conformations 
of  the  Sugar  Hydrogens^ 


confirmed  earlier  chemical  evidence^  that  MTL  was  a 
thiomethyl  pyranoside  of  an  aminodideoxyoctose  but 
disagreed  in  the  position  of  the  NH2  substituent.  ^* 

The  data  so  far  obtained  also  provided  some  informa- 
tion regarding  the  conformation  and  configuration  of 
MTL.  In  a  pyranoside  ring  some  deformation  is 
possible,  as  for  example  in  /3-glucopyranose,  ^^  and  the 
dihedral  angles  are  not  always  exactly  60  or  180^. 
Even  though  the  Karplus  relationship  does  not  yield 
exact  dihedral  angles  from  coupling  constants,  ^^  the 
magnitude  of  the  calculated  angle  does  allow  a  distinc- 
tion between  neighboring  hydrogens  that  are  diaxial 
vs.  those  which  are  diequatorial  or  axial-equatorial. 
The  observed  coupling  constants  are,  therefore,  sum- 
marized in  Table  I,  and  the  appropriate  conformational 

(13)  The  empirical  formula  and  subsequent  reasoning  (vide  infra) 
showed  that  the  molecule  terminated  with  C-8. 

(14)  The  negative  iodoform  test*  required  the  NHs  group  to  be  atC-T, 
but  this  test  was  subsequently  shown  to  be  anomalous. 

(15)  R.  W.  Lenz  and  J.  P.  Heeshen.  /.  Polymer  Sci.,  51,  247  (1961). 

(16)  M.  Karplus,  /.  Am.  Chem.  Soc,,  S5,  2871  (1963). 
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<*  The  coupling  constants  are  simply  first-order  values  obtained 
from  the  spacings  in  the  spectra.  Some  of  these  approximate 
values  may  thus  be  in  error  by  as  much  as  0.5  cps  but  this  is  not 
serious  since  exact  fitting  of  angles  was  not  sought.  ^  The  italic 
values  were  the  ones  that  fit  the  final  structure.  «  Observed  in  the 
Drdding  model  of  la.    ^f  a  »  axial,  e  =  equatorial. 


relationships  have  been  deduced   from  the   Karplus 
angles. 

The  configuration  of  the  sugar  can  now  be  deduced 
from  the  dihedral  angle  data  of  Table  I.  Since  the 
2-H-3-H  dihedral  angle  must  be  about  180°,  these  two 
hydrogens  must  be  trans  diaxial.  A  chair-formed 
pyranose  ring  was  arbitrarily  drawn  in  the  d  form  and 
axial  hydrogens  were  placed  at  carbons  2  and  3.  Now 
if  2.H  and  3-H  are  axial,  the  1-H-2-H  and  the  3-H-4-H 
relationships  cannot  be  equatorial-equatorial  but  must 
be  equatorial-axial  and  axial-equatorial,  respectively. 
Equatorial  hydrogens  were  placed  at  carbons  1  and  4. 
Now  the  4-H-5-H  angle  is  not  known  because  these 
multiplets  could  not  be  factored.  However,  one  may 
assume  that  the  alkyl  chain  at  C-S  is  equatorial  because 
this  is  the  more  stable  form  which  is  reached  by  ring 
conversion  between  the  two  possible  chair  forms. 
Thus,  the  S-H  must  be  axial  and  the  ring  has  the  a- 
galactoside  configuration. 

It  was  noteworthy  that  the  signals  arising  from  the  6- 
and  7-hydrogens  were  not  very  sharp.  This  was  ob- 
served by  comparing  their  ringing  with  that  from  the 
methyls.  Also,  the  coupling  constants  of  the  S-,  6-, 
and  7-hydrogens  were  not  about  7  cps  as  would  be  ex- 
pected for  a  freely  rotating  side  chain.  It  was  therefore 
concluded  that  this  chain  was  held  rigid,  in  one  preferred 
conformation.  Steric  effects  observed  from  Catalin 
models  did  not  seem  to  be  serious  enough  to  bring  about 
this  rigidity,  but  the  opportunity  for  hydrogen  bonding 
from  the  side  chain  to  the  ring  in  several  different  ways 
was  clearly  apparent  from  the  Dreiding  models.  To 
adequately  immobilize  the  side  chain  the  7-hydroxyl 
was  suspected  of  involvement.  Although  several  sites 
were  possible,  the  chelate  formed  by  bonding  the  7-  to 
the  4-hydroxyl  group  looked  ideal  in  the  models." 
This  chelate  ring  contained  seven  atoms.  *^ 

Further  information  on  the  configuration  of  the  side 
chain  was  now  obtained  by  conformational  analysis. 
From  the  coupling  constants  (Table  I)  the  6-H-7-H 
angle  must  be  about  150°  and  the  5-H-6-H  angle  about 
46  or  117°.    The  eight  possible  side-chain  conforma- 

(17)  Hydrogen  bonds  vary  in  energy  but  are  strongest  when  certain 
spatial  requirements  are  met  The  optimum  OH-O  distance  in  alcohols 
is  about  2.74  A  and  collinearity  is  desirable.  1*  Thus,  intramolecular 
hydrogen  bonds  lead  to  various-sized  rings,  but  those  containing  five  to 
seven  atoms  are  common. 

(18)  G.  C.  Pimentel  and  A.  L.  McCIellan.  "The  Hydrogen  Bond.** 
W.  H.  Freeman  and  Co.,  San  Francisco,  Calif.,  1960,  Chapters  5  and  7; 
J.  D.  Bernal  in  "Hydrogen  Bonding,"  D.  Hadzi  and  H.  W.  Thompson, 
Ed.,  Pergamon  Press  Inc.,  New  York,  N.  Y.,  1959,  p  7. 
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tions  allowed  by  these  angle  requirements  were  ex- 
amined with  the  aid  of  Dreiding  models  and  only  that 
shown  in  Ila  affords  both  the  approximate  required 


Ha- 


MM  irtCTIWI  OP /|.NT»MITtTNTL  TMMCIIIITOMIIIIMM  iNTC) 


angles  and  the  possibility  of  hydrogen  bonding  from 
the  7-OH  to  the  ring.^'  Thus,  the  analysis  led  to  the 
conclusion  that  MTL  was  either  Ila  or  its  enantio- 
morph. 

This  structure,  containing  two  cw-fused  rings,  both 
in  the  chain  form,  looked  reasonable.  The  8-methyl 
and  7-amine  were  both  in  the  low-energy  equatorial 
conformation.  The  foregoing  reasoning  was  ad- 
mittedly speculative  at  several  points,  but  the  results 
were  completely  confirmed  and  the  d  series  was  indi- 
cated by  subsequent  chemical  degradations  of  MTL 
yielding  D-galactose^  from  the  pyranose  portion,  and 
D-a//a-threonine*'2*  from  the  side-chain  portion. 

Reconstitution  of  the  amide  linkage  yields  III  as  the 
structure  of  lincomycin. 


.CH2CH2CHJ 


SCHs 


lU 

Resonance  data  obtained  on  some  analogs  and  de- 
rivatives of  MTL  are  collected  in  Table  II.  The  glyco- 
side configurations  were  determined  from  the  nmr 
data.  The  spectrum  (Figure  6)  of  2-hydroxyethyl 
thiocelestosaminide  (HTC)  (IV),  the  sugar  portion  of 
celesticetin,*^  was  identical  with  that  of  MTL  after 
allowing  for  the  replacement  of  the  S-methyl  absorb- 
ance  by  the  A2X2  absorbance  of  the  hydroxyethylthio 
substituent  and  the  addition  of  a  7-methoxy  signal,^' 
thus  confirming^'  that  the  sugar  moieties  of  both  anti- 
biotics have  the  same  configuration  and  showing  that 

(19)  A  second-choice  structure  had  less  desirable  ring  size  and  poorer 
agreement  with  observed  angles  but  the  same  side-chain  configuration  as 
la.  It  had  the  7-OH  bonded  to  the  ether  oxygen  to  make  a  six-mem- 
bered  ring  with  an  unusually  long  O-O  distance.  This  model  also 
required  SH-6H  and  6H-7H  angles  to  be  120°  instead  of  150  and  117** 
as  observed.  The  rejection  of  this  chelate  was  later  confirmed  when 
the  T-methoxy  sugar  was  studied.  It,  too,  showed  the  same  hydrogen 
bonding;    vide  infra.^ 

(20)  Since  the  exact  location  of  the  hydrogens  in  the  hydrogen  bond  is 
not  known,  the  structure  is  written  in  this  noncommital  form.  It  may 
be  possible  that  both  hydrogens  are  involved  in  a  diamond  arrangement 
with  the  two  oxygens.  >* 

(21)  B.  Bannister  and  H.  Hoeksema,  Abstracts,  148th  National 
Meeting  of  the  American  Chemical  Society,  Chicago,  111.,  Aug-Sept 
1964  D  6P 

(22)  H.  Hoeksema,  7.  Am.  Chem.  5oc.,  86,  4224  (1964). 

(23)  The  6>hydrogen  of  HTC  absorbed  16  cps  higher  than  that  of 
MIL.  This  carbamine  hydrogen  could  easily  shift  this  much  as  a  result 
of  pH  diiTerenoes  in  these  two  solutions. 
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Figure  6.    Nmr  spectrum  of  iS-hydroxyethyl  thiocelestaminide  in 
DjO. 


HTC  must  be  the  a  anomer.    The  presence  of  a  7- 
methoxy  group  in  HTC  did  not  alter  the  chelation. 

Compounds  V,  VI,  VII,  and  VIII  constitute  two 
anomeric  pairs  of  sugars  and  the  glycoside  configura- 
tion was  deduced  from  the  following  observations. 


CHj 


RiO 


R2HN- 


R2O 


-H 


■H 


OR2 


II,  Ri 
IV.  Ri 

V.Ri 

VI,  Ri 

VII.  Ri 

VIII.  Ri 

IX.  Ri 

X.Ri 


R,  =  Ri  =  H;    R4  =  SCH, 

CHr.    R,  «  Ri  =  H;    R4  =  SCHjCH^H 

R,  =  Ac;    Rt  -  SCH,;    R4  =  H 

R,  =  Ac;    Ra  =  H;    R4  =SCHt 

R,  =  Ac;    Rt  =  OAc;    R4  =  H 

Ri  =  Ac;    Rt  =  H;    R4  =  OAc 

CHt;    Ri  =  Ac;    R,  =  OAc;    R4  =  H 

CHt;    R2  =  Ac;    Rt  -  H;    R4  =  SCH,CHrf)Ac 


The  nmr  spectra,  summarized  in  Table  II  of  the  /3 
anomers  of  MTL-pentaacetate  (V)  and  lincosamine 
hexaacetate  (VII),  differed  from  the  a  anomers  (VI 
and  VIII)  by  showing  1-H  resonances  at  lower  frequency 
and  /i,8  couplings  that  were  larger.  2*  Since  the  2-H  in 
galactose  is  axial,  the  1-H  of  the  j3  isomer  would  be  in  a 
diaxial  relationship  to  it,  and  this  is  in  agreement  with 
the  7.5-  and  9-cps  coupling  constants. 

Additional  conclusions  can  be  drawn  from  the  2-,  3-, 
and  5-H  resonance  frequencies.  In  the  a  anomers,  the 
axial  S  or  O  atom  at  1  is  nearer  the  symmetrically 
located  axial  hydrogens  at  3  and  5  than  it  is  in  the  P 
anomers.  This  deshielding  effect  of  the  O  or  S  would 
be  expected  to  increase  the  3-  and  5-H  resonance  fre- 
quency, and  this  was  indeed  observed  as  assigned.  The 
differences  were  20,  20,  34,  and  17  cps.  One  would 
accordingly  expect  the  2-H  to  resonate  at  higher  fre- 
quency in  the  j3  anomers  since  the  O  or  S  atom  is  now 
slightly  closer  than  in  the  a  anomer.  This  was  also 
observed  on  these  pairs.  The  actual  differences  were  9 
and  13  cps. 

(24)  In  a  study  of  the  nmr  of  many  pyranosides,  Lemieux,  et  ai,  ** 
reported  that  in  cases  of  rigid  six-membered  rings,  equatorial  hydrogens 
absorbed  at  a  lower  magnetic  field  (larger  cps  from  TMS)  than  axial 
hydrogens  did.  Similar  results  have  been  observed  in  these  laboratories. 
Further,  it  was  noted  that  diaxial  hydrogen  neighbors  showed  a  coupling 
constant  of  5-10  cps  and  axial-equatorial  or  diequatorial  hydrogen 
neighbors  a  coupling  of  3-5  cps  (the  variation  arises  from  some  departure 
from  perfect  chair  conformations^'). 

(25)  R.  U.  Lemieux.  R.  K.  Kullnig.  H.  J.  Bernstein,  and  W.  G. 
Schneider,  /.  Am.  Chem.  Soc.,  80,  6098  (1958);  82,  6427  (1960). 
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Table  n.    Sugar  Moiety  Proton  Absorbances"  and  Coupling  Constants 


Material 

Hi 

H, 

H, 

H4 

H, 

H. 

Ht 

Ha 

Ji,t 

/i.i 

71.4* 

A. 

/^.e 

Ui 

/t.! 

a-MTL*  (II) 

320 

248« 

218 

240» 

228« 

188 

245 

68 

5.5 

10.5 

3.0 

•  •  • 

3.75  9.25 

6.5 

o-HTO  (IV) 

325 

248*' 

220 

240 

225 

204 

245 

67 

5.5 

10.0 

2.5 

•   •  • 

3.0 

9.5 

6.5 

^-MTL  pentaacetate  (V) 

261 

318 

300 

326 

224 

272 

307 

78 

9.0 

10.0 

3.0 

<1 

9.5 

3.0 

7.0 

cx-MTL  pentaacetate  (VI) 

339 

305-* 

320*' 

326 

258 

277 

306 

77 

4.75 

•  •  ■ 

•  •  • 

<1 

10.5 

2.5 

7.0 

/3-Lincosamine  hexaacetate  (VII) 

344 

322 

305 

326 

231 

277 

307 

73 

7.5 

10.0 

2.5 

<2 

10.0 

3.0 

7.0 

a-Lincosamine  hexaacetate  (VIII) 

383 

313** 

325*' 

329 

248 

272 

306 

73 

2.0 

10.0 

2.5 

<1 

10.0 

3.0 

7.0 

/3-C^lestosamine  pentaacetate  (IX) 

343 

321 

307 

327 

238 

268 

210 

71 

7.0 

10.0 

3.0 

<1 

10.0 

2.5 

7.0 

a-HTC^  pentaacetate  (X) 

348 

305** 

315*' 

326 

260 

275 

211 

71 

5.0 

•    •    • 

2.0 

•  •  • 

10.0 

2.5 

7.0 

7-Chloro-7-deoxylincomycin  (XV) 

325 

249 

219 

235 

260 

264 

272 

87 

5.5 

10.5 

3.5 

1 

10.5 

1.5 

7.0 

«  II,  IV,  and  XV  were  observed  in  DsO  with  SDSS  reference,  others  were  in  CDCls  with  TMS  reference.  ^  MTL,  methyl  thiolincosaminide; 
HTC,  2-hydroxyethyl  thiocelestosaminide.  "  Centers  of  absorbances  located  by  spin-decoupling  experiments.  <<  Absorbances  not  factored 
completely,  centers  are  approximated. 


The  celestosamine  pentaacetate  (IX)  was  judged  to 
be  j3  from  the  nmr  data  because  of  the  very  close  simi- 
larity to  that  of  j3-lincosamine  hexaacetate  (VII)  in  all 
four  of  the  above  criteria.  The  fact  that  all  the  shifts 
and  couplings  in  IX  compared  so  closely  to  those  of 
/3-lincosamine  hexaacetate  (VII)  confirms  the  conclu- 
sions that  the  two  sugars  are  the  same  configuration 
and  conformation. 

The  HTC  pentaacetate  sample  X,  when  compared 
by  nmr  spectroscopy  to  the  a-  and  j8-MTL  pentaace- 
tates  (VI  and  V),  was  judged  to  be  the  a  anomer  because 
of  the  high-frequency  1-H  resonance,  the  small  /i,2, 
the  high-frequency  3-  and  5-H  resonance,  and  the  low- 
frequency  2-H  resonance.  Since  this  compound  came 
from  celesticetin  with  no  possible  inversion  at  C-1, 
the  celesticetin  precursor  must  have  been  the  a  anomer. 

Inspection  of  Table  II  reveals  that  the  coupling  con- 
stants of  the  5-,  6-,  and  7-hydrogens  in  the  spectra  of  the 
acetylated  sugars  as  a  group  were  now  quite  diiferent 
from  those  found  in  the  MTL  and  HTC  spectra.  It  is 
apparent  that  the  esterification  of  the  OH  groups 
destroyed  the  chelate  ring  and  as  a  result  the  side  chain 
shifted   to   a  second   preferred   orientation   Via.    In 


AcNH 


these  acetylated  molecules  steric  effects  may  well  be  the 
decisive  factor.  Catalin  models  indeed  showed  VI 
with  the  5,6-hydrogens  trans  and  the  6,7-hydrogens 
gauche  to  be  a  conformation  with  minimum  steric 
interference  among  bulky  acetyl  groups. 

Analogs.  Many  analogs  of  lincomycin  have  been 
studied  by  nmr.  Extensive  alterations  of  either  the 
amino  acid  or  sugar  portions  of  lincomycin  brought 
appropriate  changes  in  the  nmr  spectrum.  Minor 
modifications  only  altered  the  spectrum  slightly.  Thus, 
nmr  served  as  a  convenient  tool  for  the  identification  of 
these  analogs. 

Alteration  of  the  fermentation  conditions  and  in- 
gredients has  produced  several  close  analogs  of  linco- 
mycin which  were  identified  as  XI-XIV.^*  When  the 
Ri  substituent  was  hydrogen  instead  of  methyl  the  N- 

(26)  A.  D.  Argoudelis,  J.  A.  Fox,  D.  J.  Mason,  and  T.  E.  Eble,  /.  Am. 
Chem.  Soc.,  86,  5044  (1964);  also  presented  at  the  Interscience  Con- 
ference on  Antimicrobial  Agents  and  Chemotherapy,  New  York,  N.  Y., 
Oct  26-28,  1964. 


CHa 

I 
HO-C— H 


C— NH-C— H 
°       HO^O 


m 


SRa 

OH 

HI,  Ri  =  CHsi  Rj  =  ihCiiii'f  Rj  ^  CHj 

XI,  Ri  =  CH,;  R,  «  QHs;  R,  =  CH, 

XII,  Ri  =*  CHsi  Rj  ™  /f-CjH?;  Rt  =  CjHs 

XIII,  Ri  -  H;    Rj  =  rhCzHu  R,  =  CH, 

XIV,  Ri  -  H;  R,  =  /^C,H7;  R,  =  QHj 


methyl  singlet  disappears  from  the  spectrum  and  the 
new  N-hydrogen  appears  with  the  exchangeable  hydro- 
gens. When  Ri  was  higher  alkyl,  the  position  and  shape 
of  the  new  absorptions  from  these  alkyl  groups  were 
observed  as  expected.^  The  appropriate  carbamine 
and  terminal  hydrogen  frequencies  are  collected  in 
Table  III.    It  was  noteworthy  that  the  two  methyls  of 


Table  m.    Characteristic  Absorptions  of  N-Alkyl 
Analogs  of  Lincomycin  Hydrochloride^ 


N  substit- 

*  Frequency,  cps  (7,  cps) » 

uent 

N-C^ 

C-C^, 

Methyl 

179 

Ethyl 

199(7.5) 

77(7.5) 

/i-Propyl 

193^(7.5) 

57(7.5) 

Isopropyl 

217H6.5) 

78,80(6.5) 

n-Butyl 

190^(6.5) 

53(7.0) 

o  D|0  was  the  solvent.    ^  Unusually  broad. 


the  isopropyl  group  experience  slightly  different  shield- 
ing. It  is  proposed  that  this  arises  from  restricted  ro- 
tation of  this  isopropyl  group. 

When  the  R2  substituent  was  an  alkyl  group  other 
than  propyl,  very  little  change  was  observed  in  the 
spectrum  compared  to  that  of  lincomycin  hydrochloride. 
The  area  of  the  methylene  absorption  and  the  char- 
acteristics of  the  terminal  methyl  absorption  varied 
as  expected*^  for  these  substituents. 

When  R2  was  hydrogen  or  ethoxy,  the  spectra  lacked 
the  methylene  hump  and  the  methyl  triplet.  The 
ethoxy  analog  showed  instead  a  carbinol  hydrogen 
quartet  at  212  cps  (7=7  cps)  or  at  217  cps  (7=7  cps) 

(27)  K.  W.  Bartz  and  N.  F.  Chamberlain,  Anal.  Chem.,  36,  2151 
(1964). 
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V.    Characteristic  Absorptions  of  S-Alkyl 
^  of  Lincomycin  Hydrochloride' 


substit- 
uent 


Frequency,  cps  (7,  cps) . 

S-C^  C-C^,        Anomeric  H 


(ethyl 

:h^ 

opropjd 


128 

158(7.5) 

178(7.0) 


75 
78 


322(5.5) 
327(5.5) 
331(5.5) 


3  was  the  solvent. 


f5  or  trans  configuration,  and  a  methyl  triplet 
md  72  cps,  respectively. 

en  the  Ra  substituent  was  an  alkyl  group  other 
methyl,  the  spectrum  showed  minor  changes. 
bsence  of  the  S-methyl  singlet  and  appearance  of 
>propriate  S-alkyl  absorptions  were  noted,  together 
I  small  shift  in  the  absorption  frequency  of  the 
eric  hydrogen  (see  Table  IV). 


When  the  7-hydroxyl  was  replaced  by  a  chlorine 
atom  XV,  profound  changes  were  observed  in  the 
carbinol  region  of  the  spectrum  (see  Table  II).  It  is 
important  to  note  that  the  intramolecular  hydrogen 
bond  is  also  destroyed  and  the  /s.o  and  /q.t  coupling 
constants  indicate  a  side-chain  conformation  similar  to 
Via. 

Experimental  Section 

Nmr  spectra  were  observed  on  a  Varian  A-60  spectrometer  using 
solutions  (ca.  0.4  ml,  0.3  M)  of  the  samples  in  chloroform-^/  or 
deuterium  oxide.  Spectra  were  calibrated  with  internal  tetra- 
roethylsilane  (TMS)  or  sodium  2,2-dimethyl-2-silapentane-5- 
sulfonate  (SDSS).*  Spectra  are  calibrated  in  cps  at  60  Mc  to  allow 
discussion  of  portions  of  multiplets.**  Spin-decoupling  experi- 
ments were  performed  with  a  Varian  HR-100  spectrometer  using  a 
V-3521  integrator  for  field-sweep  decoupling.^' 

The  preparation  of  degradation  products,  derivatives,  and  analogs 
used  in  this  study  is  described  elsewhere.  •.•~^*^**." 


(28)  G.  Slomp,  /.  Am,  Chem.  Soc.,  84,  673  (1962). 


Lincomycin.    V.    Amino  Acid  Fragment^ 

Barney  J.  Magerlein,  Robert  D.  Birkenmeyer,  Ross  R.  Herr,  and  Fred  Kagan 

Contribution  from  the  Research  Laboratories  of  the  Upjohn  Company^ 
Kalamazoo f  Michigan.    Received  December  20^  1966 


Abstract:    The  amino  acid  derived  from  the  cleavage  of  the  antibiotic  lincomycin  is  shown  to  be  /ran.^l-methyl-4-/i- 
propyl-L-proline.    A  partial  synthesis  of  lincomycin  is  described. 


avage  of  the  antibiotic  lincomycin  hydrochloride 
'1)  into  methyl  thiolincosaminide  (2)  and  1-methyl- 
pylproline  (3)  was  described  in  previous  papers 
s  series.*''  The  determination  of  the  position  of 
•propyl  substituent  and  the  configuration  at  car- 
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CH^ 


H0-- 
C-NH-- 
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OH 
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resented  at  the  148th  National  Meeting  of  the  American  Chemi- 
ety,  Chicago,  111.,  Sept  1964;  Abstracts  of  Papers,  p  6P.  For  a 
lary  report  cf.  H.  Hoeksema,  B.  Bannister,  R.  D.  Birkenmeyer, 
in,  B.  J.  Magerlein,  F.  A.  MacKellar,  W.  Schroeder,  G.  Slomp, 
R.  Hcrr,  /.  Am.  Chem.  Soc.,  86,  4223  (1964). 
-  R.  Herr  and  G.  Slomp,  /.  Am.  Chem.  Soc.,  89,  2444  (1967). 
/.  P.  Schroeder,  B.  Bannister,  and  H.  Hoeksema,  ibid.,  89,  2448 


bon  atoms  C2  and  C4  in  the  proline  fragment  is  now 
reported. 

The  over-all  plan  was  to  establish  the  position  of  the 
alkyl  group  and  confirm  the  absolute  stereochemistry  of 
C-2  by  synthesis  of  3-,  4-,  and  5-/i-propyl-l-methyl-L- 
proline*'  and  then  to  determine  the  absolute  configura- 
tion of  C4  by  degradation. 

The  synthesis  of  l-carbobenzoxy-4-methylene-L-pro- 
line  (5)  resulting  from  the  action  of  methylenetriphenyl- 
phosphorane  on  l-carbobenzoxy-4-keto-L-proline  (4) 
was  recently  described.***  Under  similar  conditions 
rt-propylidenetriphenylphosphorane  failed  to  give  the 
desired  4-propylidene  compound  6.  However,  a  modi- 
fication of  the  recently  described  sodium  methylsulfinyl- 
carbanion-dimethyl  sulfoxide  procedure^  afforded  6 
in  55%  yield. 

Although  the  double  bond  of  6  could  be  hydro- 
genated  over  a  platinum  catalyst  to  give  7,  concomitant 
hydrogenation  and  hydrogenolysis  of  6  to  yield  8  was 
generally  more  convenient.  Reductive  methylation  of 
8  afforded  the  methylated  amino  acid  9  in  high  yield. 
The  saturated  amino  acids  7,  8,  and  9  were  obtained  as 
cis-trans  isomers,  but  separation  of  these  isomers  could 
not  be  achieved  through  chromatography,  electro- 
phoresis, or  fractional  crystallization. 


(4)  (a)  Rotational  data  suggested  the  l  configuration  for  the  carboxyl 
group.  See  ref  2.  (b)  M.  Bethell,  G.  W.  Kenner,  and  R.  C.  Sheppard, 
Nature,  194,  864  (1962).  The  authors  are  indebted  to  Professor  G.  W. 
Kenner  for  experimental  details  of  this  reaction  prior  to  publication. 

(5)  R.  Greenwald,  M.  Chaykovsky,  and  E.  J.  Corey,/.  Org.  Chem.,  28, 
1128(1963). 


Magerlein^  Birkenmeyer^  Herr^  Kagan  /  Andno  Acid  Fragment  from 


2460 


Cbz 

/)-^COOH 
0 

4 

0 

II 
Cbz— COCHaCeHs 


Cbz 

A. 


CH2 


•(CeHiOaNH 
COOH 


5 

Cbz 


Pc 


.(C«Hn)2NH 

COOH 
CHCaHs 

6 


COOH 


Conversion  of  the  acids  9  to  the  amides  afforded  a 
mixture  of  cis  and  trans  isomers  10  and  11  which  was 
readily  separated  by  chromatography  over  silica  gel. 
One  of  these  compounds  was  identical  with  the  amide 
prepared  from  naturally  occurring  propylhygric  acid, 
thus  establishing  the  position  of  the  propyl  group  at  C-4 
and  the  absolute  configuration  of  the  C-2  carbon  atom 
as  L.  The  absolute  configuration  of  C-4  was  estab- 
lished by  degradation. 

The  amino  acid  fragment  obtained  from  the  hy- 
drazinolysis  of  lincomycin  was  frequently  partially  or 
completely  epimerized  at  the  a-carbon  atom.  After 
conversion  to  the  amides,  the  d  and  l  isomers,  10 
and  12,  were  separated  by  chromatography. 


synthetic 


hydrazinolysis 
product 


-f 


CONH2 

CaHj-n 

[tt]D  -104^  (water) 
11 

CH3 

N     CONH2 


+ 


CONH2 


10  12 

[a)D  -93°  (water)         [a]D  +103°  (water) 


The  nmr  curves  of  diastereoisomers  10  and  11  (epi- 
meric  at  the  4  position)  differed  from  each  other  as  did 
the  curves  of  10  and  12.  However,  the  curves  of  the 
mirror  images  11  and  12  were  identical  as  were  those 
for  10  prepared  from  either  synthetic  amino  acids  9 
or  natural  amino  acid  3.  Since  the  amides  10  prepared 
from  either  epimeric  acids  obtained  by  hydrazinolysis 
of  lincomycin  or  from  synthesis  were  identical,  and 
since  the  synthetic  amide  was  prepared  from  4-keto- 
L-proline,  we  concluded  that  the  /i-propyl  group  was  at 
position  4  and  that  the  amino  acid  was  in  the  L  con- 
figuration. The  isomers  11  and  12  which  possessed 
identical  nmr  spectra,  but  optical  rotations  of  opposite 
sign,  were  formulated  as  optical  isomers  though  the 
absolute  configuration  of  the  propyl  group  was  not  as 
yet  established.    The  absolute  configuration   of  the 


rt-propyl  group  was  determined  by  degradation  as  will 
be  described  later. 

Concurrently  with  the  synthesis  of  l-methyl-4-n- 
propyl-L-proline  from  l-carbobenzoxy-4-keto-L- proline, 
total  syntheses  of  this  amino  acid  and  1-methyl  3-«- 
propylproline  were  investigated.  The  method  of  syn- 
thesis was  similar  to  that  published  for  racemic  4- 
methylproline.®  Acetamidomalonic  ester  (13)  was  con- 
densed with  the  appropriate  aldehyde  14  or  15  to  yield 
the  cyclic  intermediate  16  or  17.  This  compound  was 
not  obtained  pure,  but  was  reduced  and  hydrolyzed  to 
18  or  19.  Reductive  methylation  of  18  and  19  gave 
racemic  20  and  21.  In  neither  case  was  racemic  3-/2- 
propyl  or  4-«-propyl-l-methylproline  resolved  though 
thin  layer  chromatography  of  the  amide  derivatives 
indicated  that  the  cis  and  trans  dl  pairs  could  be  sep- 
arated by  chromatography.  The  4-substituted  amides 
prepared  from  21  showed  two  spots  on  thin  layer 
chromatography  which  moved  with  the-racemic  acids 
obtained  from  lincomycin  (10  and  12)  and  which  sep- 
arated from  the  3-substituted  amides  prepared  from  20. 
This  constituted  additional  evidence  for  4  substitution 
in  the  hygric  acid  moiety  of  lincomycin. 

The  racemic  acid  21  was  coupled  with  the  amine  2 
using  the  mixed  carbonic  anhydride  method.  The  crude 
product  showed  12%  of  the  activity  of  lincomycin  when 
assayed  microbiologically  or  by  thin  layer  chromatog- 
raphy.   No  attempt  was  made  to  purify  this  material. 


COOEt 

I 


AcNHCH 

I 


COOEt 


13 


R2     Ri 
+  I        I 

CH=CHCHO 

14,Ri  =  H;R2  =  C3H7-n 
15,R,  =  C3H7-n;R2  =  H 


COOEt 


Hi    R2 

16,  Ri  =  H;  Ro  =  CaHy-n 

17,  Ri  =  CsHt-u,  R2  =  H 


A        R2 

18,Ri  =  H;R2  =  C3H7-n 
19,Ri  =  C3H7-n;R2  =  H 


A       X\2 

20,Ri  =  H;R2  =  C3H7-n 
21,Ri  =  C3H7-n;R2  =  H 


Under  similar  conditions  racemic  l-methyl-3-Ai-propyl- 
proline  (20)  failed  to  condense  with  2,  only  the  carbamate 
22  being  isolated  from  the  reaction  mixture. 

CH3 


0    HO-CH 

CH3^  II  I 

^CHCHaOC-NH-CH 
CH3 

HO  J — O 


Ni 


OH 


OH 


22 


(6)  J.  S.  Dalby,  G.  W.  Kenner,  and  R.  C.  Sheppard,  /.  Chem.  Soc., 
4387  (1962). 
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lie  l-methyl-5-/i-propylproline  was  synthesized 
led  and  separated  into  the  racemic  pairs  23 


I-(CH2)3-C=0 

34 


n.CaH7CH  (CHajaCHCOOH 
35 


I 


ONHCHs 


CH, 

N-    .-HCI 


C3ri7-n 
Cft 


V_7cc 


+ 


COOH 


N 


•HCI 


"Wc 


COOH 


CaHT-n 


3€ 


23 


24 


'  spectra  of  23  and  24  differed  sufficiently  from 
the  natural  amino  acid  so  as  to  exclude  the 
-S-/i-propylprolines  (23  and  24)  as  lincomycin 
Jon  products. 

tereochemistry  at  C-4  in  l-methyl-4-n-propyl- 
was  determined  by  the  use  of  a  degradative 
introduced  by  Neuberger  in  his  classical  work 
stereochemistry  of  hydroxyprolineJ  This 
was  recently  employed  in  the  determination  of 
lute  configuration  of  the  4-methyl  group  in  4- 
roline  (25  and  26).^  In  this  case  the  oxidation 
iastereoisomers  25  and  26  gave  D-(+)-methyl- 
acid  (27).  Exhaustive  oxidation  of  the  race- 
imino  acid  fragment  (3')  from  lincomycin 
D-(+)-/i-propylsuccinic  acid  (28).' 


COOH      COOH 

.cH^y 


li  =  C00H;R2=H 
^2  =  C00H;Ri  =  H 

CHa 

I 

VCOOH 


3' 


1 


27 


COOH      COOH 


28 


5  stereorelationship  between  D-(+)-methyl  and 
propylsuccinic  acid  is  known,  ^®  we  concluded 
propyl  group  of  3  is  oriented  similarly  to  the 
;roup  of  25  and  26.  That  is,  it  is  trans  to  the 
yl.  Therefore,  the  amino  acid  fragment  from 
;in  is  /rflH5-l-methyi-4-n-propyl-L-proline  (29). 

CHs 

N 


COOH 


CH2CH2CH; 


29 


feuberser,  J,  Chem,  Soc.  429  (1945). 

Dalby.  G.  W.  Kenner.  and  R.  C.  Sheppard,  ibid.,  4387  (1962). 

\  Qutterbuck,  H.  Raistrick,  and  F.  Rcuter,  Biochem.  J,,  31, 

4brahamsson,  S.  Stallberg-Stenhagen,  and  E.  Stenhagen, 
n  the  Chemistry  of  Fats  and  Other  Lipids,"  Vol.  VII,  Part  1, 
lan,  Ed.,  Pergamon  Press,  Oxford,  1963,  p  24. 


Two  partial  syntheses  of  lincomycin  (1)  from  4- 
hydroxy-L-proline  were  achieved.  In  the  first  the 
cis-trans  mixture  of  l-methyl-4-/i-propyl-L-proline  (9) 
was  coupled  with  methyl  thiolincosaminide  (2)  to  give 
a  mixture  of  lincomycin  (1)  and  its  cis  isomer  33. 
In  the  first  step  of  the  second  method,  l-carbobenzoxy-4- 
propylidene-L-proline  (6)  was  hydrogenated  to  give  7, 
a  cis  and  trans  mixture.  The  hydrogenation  of  the 
exocyclic  double  bond  in  l-carbobenzoxy-4-propyli- 
dene-L-proline  (6)  over  platinum  oxide  or  platinum  or 
palladium  on  the  usual  supports  led  to  mixtures  con- 
taining only  a  small  percentage  of  the  desired  trans 
isomer.  The  palladium  catalysts  invariably  also  caused 
hydrogenolysis  of  the  carbobenzoxy  group.  The  high 
ratio  of  the  cis  isomer  indicated  that  the  hydrogen  atoms 
were  approaching  the  molecule  from  the  side  opposite 
the  carboxyl  group.  Therefore,  if  the  amino  acid 
could  be  attracted  to  the  catalyst  by  its  carboxyl  group, 
the  hydrogen  atoms  should  then  approach  from  the 
carboxyl  side  forming  a  greater  proportion  of  trans 
isomer.  Such  a  situation  may  exist  if  the  catalyst  were 
deposited  on  a  basic  ion-exchange  resin.  Therefore, 
the  use  of  platinum  on  an  ion-exchange  resin  *^  was 
investigated  and  the  hydrogenation  product  found  to 
contain  considerably  more  of  the  desired  trans  isomer 
of  7  (25-35%)  in  which  the  carbobenzoxy  group  re- 
mained intact. 


CHj 
I 
HOCH 


COOH 


C3H7 


SCH3 


OH 


31,R  =  Cbz 
32,R-H 


CH3 
HOCH     "HCI 


-NH-CH 


H( 


rtcH. 


OH 

l,Ri  =  n-C3H7;R2=H. 

33,  R2  =  n-CaH?!  Ri  ■*  H 

The  blocked  amino  acid  7  was  coupled  with  methyl 
thiolincosaminide  (2)  in  high  yield,  forming  31.  The 
blocking  group  was  removed  by  hydrogenolysis  and  the 
resulting  product  32  reductively  methylated  to  yield  a 
mixture  of  lincomycin  (1)  and  its  cis  isomer  33.  From 
this  mixture  pure  lincomycin  (1)  was  isolated  by  chro- 
matography. This  material  was  identical  in  both  its 
physical  and  microbiological  properties  with  the  natural 
antibiotic.  The  cis  isomer  33  was  also  isolated  as  a  pure 
compound.  It  possessed  about  one-half  the  anti- 
bacterial activity  of  lincomycin.    This  semisynthetic 

(11)  F.  J.  McQuillin,  W.  O.  Ord,  and  P.  L.  Simpson,  /.  Chem,  Soe., 
5996  (19^). 
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preparation  of  lincomycin  confirmed  the  structure  of 
the  amino  acid  portion  of  lincomycin. 

The  partial  synthesis  of  lincomycin  from  4-hydroxy- 
L-proline  has  been  adapted  to  the  preparation  of  linco- 
mycin analogs  having  variations  in  both  the  amino 
acid  and  sugar  moieties.  ^^ 

Experimental  Section  ^^ 

l-Carbobenzoxy-4-propylldene-L-proliiie  Dicydohexylamine  Salt 

(6).  A  sodium  hydride  suspension  (3.8  g)  was  warmed  with  75  ml 
of  dimethyl  sulfoxide  at  70-75°  until  reaction  was  completed. 
After  cooling  to  20°,  30.8  g  of  propyltriphenylphosphonium  bro- 
mide was  added.  The  resulting  red  solution  was  stirred  for  30  min 
to  ensure  complete  reaction.  A  solution  of  5.2  g  of  4* Mn  15  ml 
of  dimethyl  sulfoxide  was  added  over  a  period  of  15  min.  The 
resulting  mixture  was  stirred  for  20  min  at  26°  and  then  at  70°  for 
4  hr.  The  cooled  reaction  mixture  was  treated  with  100  ml  of  5% 
potassium  bicarbonate  and  100  ml  of  water  and  filtered.  The  fil- 
trate was  washed  twice  with  1 50-ml  portions  of  ether  and  the  ether 
discarded  after  back-extracting  with  bicarbonate  solution.  The 
aqueous  solution  was  diluted  with  200  ml  of  water,  acidified,  and 
extracted  with  three  200-ml  portions  of  ether.  The  combined  ether 
solution  was  washed  with  three  50-ml  portions  of  saturated  sodium 
bisulfite  solution,  then  with  water,  and  dried.  The  residue,  5.7  g, 
obtained  after  evaporation  of  the  solvent,  was  dissolved  in  18  ml  of 
acetonitrile  and  treated  with  2.8  ml  of  dicydohexylamine.  The 
crystalline  salt,  5.2  g  (55%  yield),  melted  at  154-157°.  The  ana- 
lyt  cal  sample  prepared  by  three  recrystallizations  from  acetonitrile 
melted  at  164-166°  and  showed  [a]D  —8°  (chloroform). 

AnaL  Calcd  for  Q5H42N2O4:  C,  71.45;  H,  9.00;  N,  5.95. 
Found:    C,  71.77;  H,9.39;  N,5.91. 

trans-  and  c/j-4-w-Propyl-L-proline  (8).  Ten  grams  of  6  was  con- 
verted to  the  free  base  as  described  below  in  the  preparation  of 
30. 

This  oil  was  dissolved  in  250  ml  of  methanol  and  shaken  under  hy- 
drogen over  2  g  of  platinum  on  Dowex  ^  ^  for  4  hr.  Palladium  on  car- 
bon (2  g,  1 0  %)  was  added  and  shaking  contin  ued  for  2  hr .  The  cata- 
lyst was  removed  by  filtration  and  the  solvent  distilled  under  reduced 
pressure.  The  residue  was  shaken  with  ether  and  2.77  g  (82.9  %)  of 
crystalline  8,  mp  220-223°  dec,  deposited.  Three  recrystalliza- 
tions from  methanol-acetone  afforded  the  analytical  sample,  mp 
232-234°,  [a]D  -63°  (water). 

Anai.  Calcd  for  CgHiiNOi:  C,  61.12;  H,  9.26;  N,  8.91. 
Found:    C,  61.06;  H,  9.46;  N,  8.94. 

trans-  and  c/5-l-Methyl-4-^-propyl-L-proline  Hydrodiloride  (9). 
Formalin  (4  ml)  was  added  to  3.4  g  of  crude  8  from  the  previous 
step  dissolved  in  200  ml  of  methanol.  The  mixture  was  shaken 
under  hydrogen  for  2.5  hr  at  45  psi  pressure.  The  catalyst  was 
removed  by  filtration  and  the  solvent  distilled.  The  residue  was 
crystallized  from  methanol-ether-hydrogen  chloride  to  afford 
2.82  g  of  9,  mp  200-202°.  After  several  recrystallizations  from 
methanol-ether  the  hydrochloride  melted  at  201-206°  and  gave 
[a]  -60°  (water). 

AnaL  Calcd  for  CgHigNOia:  C,  52.04;  H,  8.73;  N.  6.75. 
Found:    C,  51.72;  H,8.96;  N,  6.44. 

c/5-LJncomydn  Hydrochloride  (33).  A  mixture  of  2.47  g  of  9 
and  7.6  ml  of  /f-tributylamine  in  80  cc  of  distilled  acetonitrile  was 
stirred  until  all  of  the  solid  had  dissolved.  The  solution  was  cooled 
in  an  ice  bath  and  1.64  g  of  isobutyl  chloroformate  slowly  added. 
A  solution  of  3.0  g  of  methyl  thiolincosaminide  in  40  ml  of  water  was 
added.  The  reaction  mixture  was  stirred  for  1  hr  in  the  ice  bath  and  3 
hr  at  26  ° .  The  acetonitrile  was  distilled  under  vacuum.  The  residue 
was  diluted  with  20  ml  of  water  and  extracted  twice  with  ether. 
The  aqueous  solution  was  lyophilized.  The  residue  was  triturated 
several  times  with  chloroform  and  this  solution  chromatographed 
over  Florisil,^*  using  an  elution  system  of  Skellysolve  B**-ethyl 


(12)  For  a  preliminary  report,  see  B.  J.  Magerldn,  Abstracts  of 
Papers,  5th  Intersdence  Conference  on  Antimicrobial  Agents  and 
Chemotherapy,  and  Uth  International  Congresi  of  Chemotherapy, 
Washington.  D.  C,  Oct  17-21,  1965,  p  17. 

(13)  Melting  points  were  taken  in  Pyrex  capillaries  and  are  corrected. 
Infrared  spectra  were  recorded  on  a  Perkin-Elmer  Model  21  spectro- 
photometer equipped  with  sodium  chloride  optics.  Nuclear  magnetic 
resonance  spectra  were  run  on  a  Varian,  high-resolution,  60-Mc  instru- 
ment; measurements  are  expressed  in  parts  per  million  downfield  from 
tetramethylsilanc  used  as  an  internal  standard. 

(14)  A.  A.  Patchctt  and  B.  Witkop,  /.  Am.  Chem,  Soc.,  79,  183  (1957). 


acetate  with  increasing  amounts  of  methanol.  The  fractions  which 
showed  material  in  the  lincomycin  area  by  tic  were  combined. 
This  oil  (0.86  g)  was  dissolved  in  dilute  hydrochloric  acid  and  the 
crude  hydrochlorides  33  and  1  precipitated  with  acetone.  The 
yield  was  480  mg  (9.04%).  Tic  (ethyl  acetate-acetone-water, 
8:5:1)  showed  a  major  spot  moving  slightly  slower  than  lincomycin 
and  also  a  weak  lincomycin  spot.  Bioassay  indicated  37%  linco- 
mycin.   Bioautography  showed  activity  in  the  lincomycin  area. 

Several  recrystallizations  of  the  crude  hydrochloride  afforded  an 
analytical  sample,  mp  147-150°,  of  m-lincomycin  hydrochloride 
(33)  containing  only  a  trace  of  lincomycin. 

Anal.  Calcd  for  CgHasClN^OsS :  C,  48.80;  H,  7.96;  N, 
6.32.  Found  (corrected  for  9.47%  H,0):  C,  49.15;  H,  7.80; 
N,6.39. 

c/>l-Methyl-4-A7-propyl-L-proline  Amide  (11)  and  tranS'l-Methyi- 
4-A7-propyl-L-proline  Amide  (10).  A  mixture  of  3.09  g  of  9,  9.5  ml 
of  tri-A7-butylamine,  100  ml  of  acetonitrile,  and  40  ml  of  acetone 
was  stirred  until  solution  was  complete.  To  this  solution,  cooled 
to  10°,  there  was  added  2.05  ml  of  isobutyl  chloroformate.  The 
reaction  mixture  was  stirred  for  30  min  in  an  ice  bath  after  which 
time  15  ml  of  ammonium  hydroxide  was  added.  Stirring  was  con- 
tinued for  2  hr.  The  solvent  was  distilled  under  vacuum.  The 
residue  was  acidified  and  extracted  with  ether.  After  neutralizing 
the  aqueous  solution,  it  was  extracted  with  methylene  chloride. 
Chromatography  of  this  product  over  silica  gel"  using  80%  aqueous 
acetone  as  the  eluent  gave  two  fractions,  one  showing  an  enrich- 
ment of  10,  the  other  almost  pure  11.  The  10  component-rich 
fraction  (359  mg)  was  rechromatographed  to  yield  a  small  fraction 
of  fairly  pure  10,  the  other  fractions  being  mixtures  of  10  and  11. 
The  latter  fractions  were  again  rechromatographed  and  the  result- 
ing fractions  recombined  on  the  basis  of  tic.  The  fractions  con- 
taining the  purest  10  were  combined  and  recrystallized  from  Skelly- 
solve B  to  give  10  mg  of  10,  estimated  to  be  about  85  %  pure  on  the 
basis  of  tic.  This  material  showed  [a]D  —93°  (water).  Its  nmr 
was  almost  identical  with  10  isolated  from  natural  4-propylhygric 
acid. 

In  another  experiment  the  original  crystalline  product  was  re- 
crystallized   for  analysis  from  ethyl  acetate-Skellysolve  B.    Tic 
showed  it  to  be  almost  pure  11,  mp  1 13.5-1 15.5°,  [a]  d  -  104°  (water). 
Anai.    Calcd  for  CsH.gOjN:     C  63.49;    H,   10.66;    N,   16.46. 
Found:     C,  63.41;  H,  10.76,  N,  16.28. 

/rflW5-l-Methyl-4-/;-propyl-L-proline  Amide  (10)  and  c/j-l-Mcthyl- 
4-^?-propyl-D-proliiie  Amide  (12)  from  Hydrazinolysis  Cleavage 
Product.  Partially  racemic  l-methyl-4-/7-propylproline  was  con- 
verted to  the  mixture  of  isomeric  amides  in  the  same  manner  as  de^ 
scribed  for  the  preparation  of  racemic  l-methyl-3-//-propylproline 
amide.  Recrystallization  of  the  crude  product  from  Skellysolve 
B  gave  a  65%  yield  of  material,  mp  86-86.5°,  [a]D  +10°  (water). 

Anal.  Calcd  for  CsHj.NOj:  C,  63.49;  H,  10.66;  N,  16.46. 
Found:    C,  63.35;  H,  10.92;  N,  16.28. 

A  thin  layer  chromatograph  of  the  above  material  on  silica  gel, 
using  an  acetone-water  (8:2)  irrigating  system,  disclosed  the  pres- 
ence of  two  compounds  of  very  similar  mobility.  Separation  was 
effected  via  chromatography  over  silica  gel  using  acetone-water 
(8:2)  for  elution.  The  faster  moving  component  was  identified  as 
the  L'trans  amide  and  melted  at  117-118°  after  recrystallization 
from  Skellysolve  B;  [a]D -93°  (water). 

Anai.  Calcd  for  CJii.NO,:  C,  63.49;  H,  10.66;  N,  16.46. 
Found:    C,  63.57;  H,  10.73;  N,  16.71. 

The  more  polar  component,  the  d-c/j  amide,  [ajp  -f  103°  (water), 
melted  at  1 14-1 15°  after  recrystallization  from  Skellysolve  B. 

l-Acetoxy-2^-€arbethoxy-4-propyl-5-hydroxypyrrolidiiie  (17). 
A  mixture  of  5.6  g  of  2-propylacrolein  (15),**  10  g  of  diethyl  acct- 
amidomalonate,  and  0.25  ml  of  26%  sodium  methoxide-methanol 
solution  in  1 50  ml  of  benzene  was  stirred  for  3  hr  at  ambient  tem- 
perature. The  solution  was  neutralized  with  a  few  drops  of  acetic 
acid,  clarified  by  filtration,  and  evaporated.  This  material  did  not 
crystallize  and  was  used  in  the  following  step. 

Racemic  4-/f-Propylproline  Hydrochloride  (19).  The  pyrrolidine 
17  from  above  was  suspended  in  127  ml  of  water  and  127  ml  of 
concentrated  hydrochloric  acid,  and  22.8  g  of  granulated  tin  added. 


(15)  Synthetic  magnesia-silica  gel  manufactured  by  the  Floridin  Co., 
Pittsburgh,  Pa. 

(16)  A  saturated  hydrocarbon  fraction,  bp  60-71  **,  available  from 
Skelly  Oil  Co.,  Kansas  City.  Mo. 

(17)  Silica  gel  0.05-0.20  mm  for  chromatography,  E.  Merck  A.  G. 
Distributors,  Brinkmann  Instruments,  Inc.,  Westbury,  N.  Y. 

(18)  M.  B.  Green  and  W.  J.  Hickinbottom, /.  Chem,  Soc.,  3262(1957). 
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xing  for  1  hr,  the  metal  was  removed  by  filtration  and  the 
'aporated  under  vacuum.  The  solution  was  saturated 
3g«i  sulfide,  and  the  precipitated  solids  were  separated. 
e  was  treated  repeatedly  in  this  manner.  The  reaction 
^as  lyophilized.  The  residue  was  dissolved  in  a  small 
f  water,  extracted  with  ether,  and  again  lyophilized.  It 
dried  at  55°  under  vacuum.  The  residue,  14.7  g,  was 
i  from  acetcnitrile  affording  1.62gof  19,mp  162-l65^ 
recrystallizations  from  methanol-ether  of  material  pre- 
i  similar  manner  afforded  an  analytical  sample,  mp  165- 

Qilcd  for   CHisNOt-HQ:    C,   49.61;    H,   8.33;     N, 
und:    C,  49.24;  H,  8.13;  N,  7.53. 
:  l-Metliyl-4-|Nropylproliiie  Hydrochloride  (21).    In  the 
scribed  for  the  preparation  of  20, 1.1  g  of  19  was  methyl- 
tain  620  mg  of  21,  mp  164-166''.    Recrystallization  from 
-ether  gave  an  analytical  sample,  mp  165-167''. 
Calcd  for   CaHnNOt-HCl:    C,   52.04;    H,   8.73;     N, 
und:    C,  51.74;  H.  8.48;  N,  7.13. 
:  l-Metfayl-4-#f-propylprolylaiiiide.    In  the  manner  de- 
r  the  preparation  of  10  and  12,  1.0  g  of  21  was  converted 
emic  amides,  mp  86-89'',  in  90%  yield.    An  analytical 
spared  from  Skellysolve  B  melted  at  84-85  °. 
Calcd  for  C,Hi,NO,:     C,  63.49;    H,  10.66;    N,  16.46. 
C,  63.53;  H,  10.64;  N,  16.48. 

e  Lfacomydn.  In  the  manner  described  for  the  prepara- 
,  racemic  21  was  condensed  with  methyl  thiolincosaminide 
a  crude  product  which  possessed  1 1  %  of  the  antibacterial 
'  lincomycin  and  showed  about  the  same  amount  of  linco- 
thin  layer  chromatography. 

»xy-2;2-€arbethoxy^propyl-5-hydroxypyrrolidiiie  (16). 
Loner  described  above,  2-hexenal^*  (14)  and  diethyl  acet- 
lonate  were  condensed  to  afford  16,  mp  101-102°,  in  a 
1  after  recrystallization  from  acetone-ether. 
Qdcd  for  C,&H,»NO.:  C,  57.13;  H,  7.99;  N,  4.44. 
C,  57.07;  H,  8.02;  N,  4.72. 

ok  3-#i-Propylproline  Hydrochloride  (18  HQ).    Acidic 
i  of  16,  as  described  in  the  preparation  of  17,  afforded 
eld  of  18,  mp  165-168'',  after  recrystallization  from  eth- 
r. 
Calcd  for  C,Hi.aNO,:    C,  49.61;    H,  8.33;    N,  7.23; 

Found:  C,  49.84;  H,8.30;  N,  7.49;  CI,  18.09. 
c  3-M-Propylproline  (18).  A  mixture  of  880  mg  of  3-/f- 
»line  hydrochloride  (18  HQ),  2.0  g  of  silver  carbonate, 
of  water  was  stirred  at  25"  for  0.5  hr  and  then  warmed  on 
ath  for  30  min  and  fihered.  The  filtrate  was  evaporated 
:uum  and  the  residue  recrystallized  from  ethanol-ethyl 
a  melting  point  of  229-230  **.  The  yield  of  once  recrystal- 
Tial  was  600  mg  (85  %  yield). 

Cakd  for  CgHuNO,:  C,  61.12;  H,  9.62;  N,  8.91. 
C.  61.45;   H.  9.60;   N,  8.95. 

e  l-Metfayl-3^ft-propylprolIne  (20).  A  mixture  of  14  g 
Dpylproline  (18),  11.8  ml  of  formaldehyde,  200  ml  of 
,  and  2.0  g  of  10%  Pd-C  catalyst  was  hydrogenated  on  a 
ogenator  at  35  psi  hydrogen  pressure.  A  yield  of  11.6  g 
product  was  obtained,  melting  at  202-203°,  after  recrys- 
i  from  ethanol-ethyl  acetate. 

Qdcd  for  C^HnNOt:    C,  63.12;    H,   10.01;    N,  8.18. 
H.  10.02;  N,8.42. 

c  l-Metfayl-3-#f-propylprolylamide.  To  a  stirred  mixture 
of  racemic  l-methyl-3-/f-propylproline  (20),  1.68  ml  of 
line,  and  69  ml  of  dry  acetonitrile  at  0°  was  added  0.58 
lyl  chloroformate.  The  reaction  mixture  was  maintained 
for  0.5  hr  and  6  ml  of  concentrated  NH4OH  then  added. 
iding  18  hr  at  25°,  the  reaction  mixture  was  evaporated  to 
nder  vacuum  and  the  residue  dissolved  in  50  ml  of  water, 
with  HCl,  and  extracted  with  four  50-ml  portions  of 
t  chloride.  The  methylene  chloride  extracts  were  dis- 
id  the  aqueous  phase  was  neutralized  and  extracted  with 
nl  portions  of  methylene  chloride.  The  methylene  chloride 
■re  combined  and  evaporated  and  the  residue  was  recrystal- 
n  Skellysolve  B  to  a  melting  point  of  99-100°.  A  60% 
roduct  was  obtained. 

Calcd  for  Caii»N,0:    C,  63.49;    H,  10.66;    N,  16.46. 
C,  63.60;  H,  10.85;  N,  16.22. 
aterial  showed  only  one  spot  when  chromatographed  on 


I.  Hoaglin  and  D.  H.  Hirsh,  /.  Am.  Chem.  Soc.,  71,  3468 


silica  gel   using   a   methyl   ethyl   ketone-acetone-water  system 
(75:25:10). 

Attempted  Coupling  of  Racemic  l-Methyl-3-/f-propylproline  (20) 
with  Methyl  Thiolincosamiiiide.  To  a  mixture  of  60  ml  of  distilled 
acetonitrile,  1.68  ml  of  triethylamine,  and  1.03  g  of  amino  acid  20 
cooled  at  0°  was  added  0.87  ml  of  isobutyl  chloroformate.  After 
stirring  at  0°  for  0.5  hr,  1.52  g  of  methyl  thiolincosaminide  dissolved 
in  20  ml  of  water  was  added.  Stirring  was  continued  for  a  period  of 
60  hr  at  25°.  The  reaction  mixture  was  evaporated  to  dryness 
and  the  residue  chromatographed  over  silica  gel,  eluting  with 
acetone.  The  fast-moving  material  was  isolated  (140  mg)  and 
recrystallized  from  acetone-Skellysolve  B  to  a  melting  point  of  186- 
187°.  The  infrared  and  limr  data  support  the  carbamate  structure 
22. 

Anal.  Calcd  for  CmH^NOtS:  C,  47.57;  H,  7.70;  N,  3.96; 
S,9.07.    Found:    C,  47.73;  H,7.84;  N,4.03;  S,9.25. 

Ethyl  2,5-DibromooctamMite  (35).  At  0°  13  g  of  5-caprylo- 
lactone  (34)  was  added  to  10.5  ml  of  phosphorus  tribromide  followed 
by  7.1  ml  of  bromine.  After  stirring  at  ambient  temperature  for 
18  hr,  1  ml  of  phosphorus  tribromide  and  6  ml  of  bromine  were 
added.  The  reaction  mixture  was  heated  at  reflux  for  24  hr.  To 
the  cooled  solution  was  added  30  ml  of  absolute  ethanol  and  the 
mixture  heated  at  reflux  for  1.5  hr.  The  solvents  were  removed 
under  vacuum  and  the  residue  was  dissolved  in  benzene.  This  solu- 
tion was  washed  free  of  bromide  ion,  dried,  and  concentrated.  The 
yield  of  35,  bp  125-135°  (0.8  mm),  was  15-20  g (43-57%  yield). 

Anal.  Calcd  for  CioHigBrtOt:  C,  36.38;  H,  5.49;  Br,  48.43; 
0, 9.70.    Found:    C,  35.43;  H,  5.37;  Br,  48.75;  0, 9.81. 

Racemic  l-Metfayl-5-/f-propylproline  N-Metfaylamidea  (36).  A 
14.85-g  quantity  of  ethyl  2,5-dibromooctanoate  (35)  was  condensed 
with  17.4  g  of  methylamine  in  85  ml  of  methanol  by  heating  at  140° 
for  4  hr  in  an  autoclave.  The  reaction  mixture  was  filtered  and 
evaporated  in  vacuo  to  dryness.  The  residue  was  dissolved  in 
chloroform  and  filtered  to  remove  methylamine  hydrobromide. 
The  filtrate  was  evaporated  to  dryness,  and  the  residue  was  dis- 
tributed countercurrently  for  200  transfers  using  the  solvent  system 
ethyl  acetate-ethanol-cyclohexane-water  (1:1:1:1).  Two  main 
peaks  were  noted  on  analysis  by  determination  of  solids.  The 
first,  in  tubes  80-107,  was  pooled  and  evaporated  to  dryness.  The 
partially  crystalline  residue  was  recrystallized  from  Skellysolve  B  to 
give  1 .8  g  of  product. 

Anal.  Calcd  for  CioHmN,0:  C,  65.18;  H,  10.94;  N,  15.21. 
Found:  C,  65.86;  H,  11.27;  N,  14.54. 

The  second  peak  in  tubes  118-150  was  pooled  and  evaporated  to 
dryness.  The  residue  crystallized  in  the  refrigerator,  but  melted 
at  room  temperature.  No  suitable  solvent  for  recrystallization  was 
found,  so  this  material  was  used  directly  in  the  next  step. 

cis-  and  /ra/f5^1-Metfayl-5-/f-propylproline  Hydrochloride  (23 
and  24).  A  250-mg  sample  of  the  crystalline  methylamide  of  1- 
methyl-/i-propylproline  (36)  was  heated  at  reflux  with  10  ml  of  6  TV 
HCl  for  4  hr.  The  solution  was  evaporated  to  dryness  in  vacuo. 
The  residue  was  dissolved  in  water  and  Dowex  2  (OH")  was  added 
to  about  pH  10.  The  resin  was  collected  and  eluted  with  dilute 
hydrochloric  acid.  The  eluate  was  evaporated  to  dryness,  and  the 
residue  was  dissolved  in  a  small  amount  of  anhydrous  ethanol. 
Ether  was  added  until  the  solution  was  cloudy,  and  the  mixture  was 
cooled.  A  small  amount  of  yellow  oil  separated.  The  supernatant 
was  decanted  and  diluted  with  several  volumes  of  ether.  Crystals 
formed  slowly  on  cooling.  From  two  such  runs,  143  mg  of 
crystalline  material  was  obtained.  Recrystallization  from  aceto- 
nitrile-ether  gave  95  mg  of  hydrochloride. 

Anal.  Calcd  for  C9H,8ClNO,:  C,  52.04;  H,  8.73;  N,  6.74; 
O.  15.41;  CI,  17.07.  Found:  C,  51.12;  H,  8.45;  N,  7.03;  O, 
14.85;  a.  16.55. 

About  800  mg  of  the  lower  melting  isomer  was  hydrolyzed  by 
heating  under  reflux  with  40  ml  of  6  AT  HCl  for  4  hr.  The  product 
was  isolated  as  described  above  to  give  107  mg  of  recrystallized 
amino  acid  hydrochloride. 

Anal.  Found:  C,  51.82;  H,  9.33;  N,  7.08;  0, 18.5;  CI,  16.90. 
D-(+>^-Propylsucdnic  Add  (27)  from  Oxidation  of  Partially 
Racemic  l-Metfayl-4-/?-propylproline.  A  solution  of  7.44  g  of  par- 
tially racemized  l-methyl-4-/f-propylproline  hydrochloride  in  100 
ml  of  water  containing  36  ml  of  1  TV  sodium  hydroxide  was  added 
slowly  with  vigorous  stirring  to  28  g  of  potassium  permanganate  in 
550  ml  of  water.  The  temperature  of  the  mixture  was  maintained 
at  25  ±  2°  by  occasional  cooling.  When  most  of  the  acid  was 
added  the  permanganate  color  was  no  longer  present.  Therefore, 
2  g  of  the  additional  permanganate  was  added.  The  reaction 
mixture  was  filtered  after  the  addition  of  filter  aid.  The  purple 
color  of  the  filtrate  was  discharged  with  excess  sodium  bisulfite  and 
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the  solution  refiltered.  The  clear  filtrate  was  acidified  and  ly- 
ophilized.  The  residue  from  lyophilization  was  shaken  with  ab- 
solute alcohol-ether  (3:1)  and  filtered.  The  filtrate  was  evaporated 
to  yield  4.4  g  of  oil.  This  oil  was  chromatographed  over  12S  g  of 
silica  gel  using  a  mixture  of  solvents  for  elution  made  up  of  ben- 
zene-methanol-acetic  acid  (10:2:1).  The  fractions  thus  obtained 
were  checked  by  thin  layer  chromatography  (same  system)  using 
itf-propylsuccinic  acid*  as  the  control.  Those  fractions  showing 
only  material  moving  with  the  control  were  combined  (1.83  g)  and 
crystallized  from  benzene-Skellysolve  B  several  times.  The  crystal- 
line product,  280  mg,  melted  at  101.5-103.5°  and  rotated  at  +23° 
(water). 

Anal.  Calcd  for  CtHi^O*:  C.  52.49;  H,  7.55.  Found:  C, 
52.48;  H,7.67. 

cis-  and  //YVt5^1-Cart)obeiizoxy-4-/i-propyl-L-proliiie  (30).  The 
amine  salt  (6,  10  g)  was  shaken  with  ether  and  2%  potassium  hy- 
droxide. The  aqueous  layer  was  separated  and  acidified.  Extrac- 
tion with  methylene  chloride  led  to  the  isolation  of  6  g  of  oily  acid. 
A  mixture  of  2  g  of  this  oil  and  8(X)  mg  of  platinum  on  Dowex-1  cata- 
lyst*^ in  50  ml  of  methanol  was  shaken  under  40  psi  hydrogen 
pressure  for  17  hr.  The  catalyst  was  removed  by  filtration  and  the 
solvent  distilled  in  cacuo,  leaving  a  residue  of  2  g  of  oily  30.  Thin 
layer  chromatography,  using  a  methanol-5  %  ammonium  hydroxide 
system  and  permanganate-periodate  indicator  spray,  indicated  that 
the  double  bond  was  hydrogenated.  Ninhydrin  gave  a  negative 
test.  This  product  resisted  crystallization  and  was  used  without 
purification  in  the  next  step. 

cis-  and  //wf*-Metbyl  N-(l'-Carbobenzoxy-4'-#f-propyl-L-iirolyl)- 
thiolincosaminide  (31).  To  a  solution  of  7.5  g  of  30  and  4.25  ml  of 
triethylamine  in  700  ml  of  distilled  acetonitrile  cooled  to  0°  there 
was  added  4.16  ml  of  isobutyl  chloroformate  in  5  ml  of  acetonitrile. 
The  mixture  was  stirred  at  0°  (±5°)  for  15  min.  A  solution  of  7 
g  of  methyl  thiolincosaminide  (2)  in  1(X)  ml  of  water  was  added 
rapidly.  The  resulting  solution  was  stirred  at  0°  for  1  hr,  the  cool- 
ing bath  removed,  and  stirring  continued  for  another  hour.  The 
acetonitrile  was  removed  by  distillation  under  vacuum  leaving 
a  partially  crystalline  residue.  The  mixture  was  cooled  to  10°  and 
filtered.  After  drying  at  55°  under  vacuum  the  crystalline  product 
weighed  10.5  g  and  melted  at  191-194°.  In  vitro  assay  ds,  S.  lutea 
showed    <1%   the   antibacterial   activity   of  lincomycin.    This 


(20)  P.  A.  S.  Smith  and  J.  P.  Horwitz,  /.  Am.  Chem.  Soc.,  71,  3418 
(1949). 


material  was  recrystallized  twice  from  ethyl  acetate  containing  a 
few  drops  of  water  to  afford  the  analytical  sample,  mp  197-203°, 
[o]D-flll°(MeOH). 

Anal.  Calcd  for  QaHwNjOgS:  C,  57.01;  H,  7.27;  N,  5.32; 
S,6.09.    Found:    C.  56.93;  H,  7.45;  N,  5.35;  S,  6.03. 

ciS'  and  trans-MelhyX  N-(4-Propyl-L-|Mrolyl)thiolinco8aininide  Hy- 
drochloride (32- HQ).  A  solution  of  8.95  g  of  31  in  200  ml  of 
methanol  was  shaken  over  2  g  of  10%  Pd-C  under  40  psi  hydro- 
gen pressure  for  6  hr.  The  catalyst  was  removed  by  filtration  and  the 
solution  concentrated  under  vacuum.  The  residue  was  dissolved 
in  75  ml  of  0.5  N  hydrochloric  acid  and  250  ml  of  water  with  warm- 
ing to  about  35°.  Dilution  with  1500  ml  of  acetone  precipitated 
32-HCl  which  was  collected  by  filtration.  The  crystals,  dried  at 
55°  under  vacuum,  weighed  6.0  g  (82.3%  yield)  and  melted  at  202- 
205  °.    The  rotation  was  -f- 1 5 1  °  (H,0). 

Anal.  Calcd  for  CnHnNjOgSHCI:  C,  47.57;  H,  7.75;  N. 
6.57;  S,  7.47.  Found  (corrected  for  3.31%  water):  C,  47.67; 
H,7.72;  N,6.53;  S,7.14. 

In  one  experiment  the  free  base  crystallized  from  acetone.  It 
melted  at  178-180°. 

Anai.  Calcd  for  C,7Ha2N,0«S:  C,  52.02;  H,  8.22;  N.  7.14. 
Found:    C,  51.97;  H,8.01;  N,7.00. 

Lincomydn  Hydrochloride  (1)  and  cf^Lincomydn  Hydrochloride 
(33).  Two  grams  of  32  •  HCl,  2.4  ml  of  formalin,  and  800  mg  of  10  % 
palladium  on  carbon  in  200  ml  of  methanol  was  shaken  under  40 
psi  hydrogen  pressure  for  5  hr.  The  catalyst  was  removed  by 
filtration.  Triethylamine  (1  ml)  was  added  and  the  solution  evap- 
orated. The  residue  was  chromatographed  twice  over  silica  gel 
using  for  elution  a  solvent  mixture  of  ethyl  acetate-acetone-water 
(8:5:1).  The  various  fractions  were  monitored  by  thin  layer  chro- 
matography on  silica  gel  using  the  same  solvent  system  and  fractions 
showing  only  1  and  33  combined.  The  crude  1  (free  base)  fraction 
weighed  320  mg.  It  was  dissolved  in  dilute  hydrochloric  acid  and 
1  •  HCl  precipitated  by  the  addition  of  acetone.  The  yield  of  1  •  HQ 
was  290  mg.  After  two  recrystallizations  from  the  same  solvent 
it  melted  at  155-157°  dec.  This  material  had  identical  spectra 
with  lincomycin  hydrochloride  by  infrared  and  nmr.  It  possessed 
full  antibacterial  activity  when  compared  with  lincomycin  hydro- 
chloride. 

The  slower  moving  fraction,  570  mg,  from  above  was  similarly 
converted  to  its  hydrochloride.  After  recrystallization  from  ace- 
tone-water it  melted  at  138-145°  dec  and  was  identical  in  the  in- 
frared and  nmr  with  rf>lincomycin  hydrochloride  (33)  prepared  as 
described  above. 


The  Morphine-Thebaine  Group  of  Alkaloids.    IX/ 
The  Reaction  of  Thebaine  with  Magnesium  Iodide 

K.  W.  Bentley 
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Abstract:  The  reaction  of  thebaine  with  anhydrous  magnesium  iodide  has  been  shown  to  give  the  iminium  salt 
VIII,  the  structure  of  which  has  been  deduced  from  its  oxidation  to  4-methoxyphthalic  acid,  its  hydrolysis  and  cycle- 
dehydration  to  thebenine  (II),  and  its  reduction  to  neodihydrothebaine  (VII,  R  =  H).  The  structure  of  neodihydro- 
thebaine  has  been  confirmed  by  degradation  and  spectral  studies.  Hydrolysis  and  recyclization  of  the  iminium 
salt  VIII  has  been  found  to  give  an  enamine,  kryptothebaine,  which  is  clearly  not  the  enamine  I  and  is  assigned 
structure  IV. 


The  reaction  of  thebaine  (III)  with  anhydrous  mag- 
nesium iodide  in  ether  and  benzene  has  previously 
been  shown'  to  give  a  product  containing  magnesium 

(1)  Part  VII :  K.  W.  Bentley,  J.  C.  Ball,  and  J.  P.  Ringc,  /.  Chem.  Soc., 
1963  (1956);  the  paper  by  K.  W.  Bentley  and  S.  F.  Dyke,  ibtd.,  2574 
(1959),  is  now  regarded  as  part  VIII  of  this  series. 

(2)  K.  W.  Bendey  and  R.  Robinson,  ibid.,  947  (1952). 


and  iodine,  to  which  the  iminium  salt  structure  VIII  was 
assigned  on  the  basis  of  its  conversion  into  phenyldi- 
hydrothebaine  (VII,  R  =  Ph)  on  treatment  with  phenyl- 
magnesium  bromide.  This  assignment  of  structure  is 
now  supported  by  the  reduction  of  the  salt  to  neodi- 
hydrothebaine (VII,  R  =  H),  by  its  oxidation  to  4- 
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methoxyphthalic  acid  (IX),'  and  by  its  conversion  into 
thebenine  (II). 

(3)  In  an  earlier  report  of  this  reaction,*  it  was  stated  that  4-meth- 
oxyphthalic  add  could  not  be  isolated  from  the  products  of  the  oxidation 
under  the  conditions  used  for  the  oxidation  of  phenyldihydrothebaine. 
This  add  has  now  been  isolated  after  oxidation  of  the  iminium  salt  with 
very  much  larger  quantities  of  permanganate  than  previously  used,  and 
it  leems  probable  that  in  the  earlier  work  oxidation  was  incomplete 
probably  not  progressing  even  to  the  production  of  a  homophthalic  add. 
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Reduction  of  the  iminium  salt  VIII  with  lithium  alu- 
minum hydride  in  ether  or  with  sodium  borohydride  in 
ethanol  takes  place  very  rapidly  and  affords  a  very  good 
yield  of  (+)-neodihydrothebaine  (VII,  R  =  H);*  the 

(4)  This  reaction  was  previously  reported  >  to  give  a  noncrystalline 
uncharacterizable  product  It  is  now  known  that  the  lithium  aluminum 
hydride  used  in  the  earlier  work  was  seriously  contaminated  with  alu- 
minum chloride,  which  is  known  to  affect  the  course  of  reductions  with 
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mild  conditions  involved  in  the  formation  and  reduc- 
tion of  the  salt  were  insufficient  to  cause  racemization 
of  the  diphenyl  system,  which  is  generated  in  one  con- 
figuration only.  The  structure  assigned  to  neodihydro- 
thebaine  (VII,  R  =  H)  has  been  confirmed  by  degrada- 
tion of  the  base  and  its  methyl  ether.  Hofmann  deg- 
radation of  neodihydrothebaine  methiodide  occurs 
readily  in  aqueous  potassium  hydroxide  to  give  the 
isomethine  XI  (R  =  H)  only,  the  structure  of  the 
product  being  demonstrated  by  its  easy  cyclization  to 
the  nonphenolic  base  XII  on  heating  with  concentrated 
hydrochloric  acid.  The  phenolic  nucleus  apparently 
inhibits  Hofmann  degradation  on  one  side  of  the  nitro- 
gen since  only  the  isomethine  XI  (R  =  H)  is  produced 
during  this  reaction,  and  the  methiodide  of  the  iso- 
methine is  resistant  to  further  degradation  in  refluxing 
40%  aqueous  potassium  hydroxide.  By  contrast, 
however,  the  isomethine  methyl  ether  (XI,  R  =  Me) 
methiodide  can  be  degraded  in  aqueous  solution  to  a 
neutral  product,  which  is  presumably  the  olefin  XVIII 
(Et  =  CH=CH2),  but  which  could  not  be  adequately 
characterized  owing  to  the  speed  with  which  it  poly- 
merized. Catalytic  reduction  of  the  isomethine  XI 
(R  =  H)  proceeded  very  rapidly  and  gave  the  dihydro  base 
XV  (R  =  H).  The  methiodide  of  this  base,  like  that  of 
the  parent  phenol  XI  (R  =  H)  resists  further  Hofmann 
degradation  in  aqueous  solution,  though  the  methiodide 
of  the  methyl  ether  XV  (R  =  Me)  can  be  easily  de- 
graded to  the  olefin  XVIII. 

Hofmann  degradation  of  neodihydrothebaine  methyl 
ether  methiodide,  unlike  the  degradation  of  the  parent 
phenol,  aff'ords  a  mixture  of  two  products,  readily 
separated  as  the  methiodides.  The  minor  component 
is  identical  with  the  isomethine  methyl  ether  (XI,  R 
=  Me)  and  hence  the  major  product,  which  is  isomeric 
with  this  base,  may  be  assigned  the  structure  X  of  the 
methine  base.  Evidently  in  the  absence  of  the  stabiliz- 
ing effect  of  the  phenolic  hydroxyl  degradation  can 
occur  with  ring  fission  on  either  side  of  the  nitrogen 
atom.^  Oxidation  of  the  mixture  of  methine  and  iso- 
methine bases  obtained  in  this  way  with  alkaline  potas- 
sium permanganate  afforded  an  uncrystallizable  yellow 
acid,  which  is  presumably  a  mixture  of  a-keto  acids  since 
on  further  oxidation  with  alkaline  hydrogen  peroxide  it 
gave  a  good  yield  of  5,6,5 '-trimethoxydiphenic  acid 
(XIII),  identical  with  material  prepared  from  phenyl- 
dihydrothebaine  (VII,  R  =  Ph)  and  from  acetyl- 
thebaol.  The  structure  of  this  acid  was  further  con- 
firmed by  its  cyclization  to  1,5,6-trimethoxyfluorenone- 
4-carboxylic  acid. 

this  reagent.  It  may  be  noted  that  the  characteristics  of  the  reduction 
product  described  in  the  earlier  communication  bear  a  striking  resem- 
blance to  those  of  the  product  of  reduction  of  kryptothebaine  (IV) 
reported  in  this  paper. 

(5)  A  similar  difference  in  behavior  on  Hofmann  degradation  has 
been  observed  between  methyldihydrothebaine  (VII,  R  »  Me)  and  its 
O-acetyl  derivative  (L.  F.  Small  and  E.  M.  Fry,  /.  Org.  Chem.,  3,  509 
(1939)],  and  between  isothebaine  (i)  methiodide  and  methyl  ether 
methiodide  [V.  V.  Kiselev  and  R.  A.  Konovalova,  /.  Gen.  Chem.  USSR, 
19,  148  (1949)1. 
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Further  Hofmann  degradation  of  the  methine  base 

X  methiodide  proceeds  readily  with  the  formation  of 
the  same  readily  polymerized  olefin  XVIII  (Et  = 
CH=CH8)  as  is  obtained  by  the  degradation  of  the  iso- 
methine methyl  ether  (XI,  R  =  Me)  methiodide.  Hy- 
drogenation  of  the  methine  base  X  proceeds  rapidly 
and  gives  the  dihydromethine  XIV,  the  methiodide  of 
which  can  be  degraded  to  a  nitrogen-free  product  XVI 
isomeric  with  that  XVIII  obtained  by  the  degradation 
of  the  dihydroisomethine  methyl  ether  (XV,  R  =  Mc) 
methiodide.  These  two  nitrogen-free  products  afford 
the  same  2,2'-diethyl-5,6,5'-trimethoxydiphenyl  (XVII) 
on  catalytic  reduction. 

The  spectra  of  the  various  compounds  in  this  series 
are  in  accord  with  the  assigned  structures.  The  ultra- 
violet spectra  of  the  bases  X  and  XI,  R  =  H,  and  the 
nitrogen-free  products  XVI  and  XVIII  are  styrenoid, 
and  the  infrared  spectra  of  all  four  compounds  show 
bands  at  10.77-10.83  /i  attributed  to  the  vinyl  group, 
whereas  the  spectra  of  the  bases  VII  (R  =  H),  XV  (R 
=  H),  XV  (R  =  Me),  XIV,  XII,  and  the  nitrogen-free 
product  XVII,  from  which  the  vinyl  compounds  are 
derived  or  into  which  they  have  been  converted,  show 
no  absorption  bands  in  this  region. 

The  nmr  spectrum  of  neodihydrothebaine  (VII,  R 
=  H)  shows  a  complex  signal  at  8  7.4-6.6  (5  aromatic 
H)  and  signals  at  8  5.25  (OH),  3.86  (OCH,),  3.75 
(OCHj),  approximately  2.5,  complex  (8  H  as  CHj), 
and  2.25  (NCHj).    The  spectrum  of  the  isomethine 

XI  (R  =  H)  shows  a  complex  signal  at  8  7.8-6.6  (5 
aromatic  H)  and  signals  at  8  5.69  and  5.25  (double 
doublet,  C-16  H,  /i6,i6/ra»«  =  18  cps;  /le.ie  =  ca. 
3  cps),  8  5.09  and  4.82  (double  doublet,  C-16  H,  /isaecM 
=  10  cps;  /is  16  =  cfl.  3cps),  8  5.90  (OH),  3.85  (OCHj), 
3.76  (OCHiX  ca.  2.35  (4  H  as  CHj),  and  2.0  (6  H  as 
NMcj).  In  dimethyl  sulfoxide  the  hydroxyl  proton 
of  the  isomethine  gave  a  signal  at  8  7.95,  and  the  signal 
due  to  the  C-15  proton,  which  was  obscured  in  the 
spectrum  of  the  base  in  deuteriochloroform  by  the 
aromatic  and  hydroxyl  proton  signals,  appeared  as  a 
double  doublet  with  centers  at  8  6.17  and  5.77  (JiB,ittrant 
=  18  cps;  Ju,ucis  =  10  cps).  The  spectrum  of  2,2'- 
diethyl-5,6,5'-trimethoxydiphenyl  (XVII)  showed  sig- 
nals at  8  7.6-6.6  (5  aromatic  H),  3.9,  3.8,  and  3.59 
(30CH8),  2.3  (quartet,  4  H),  and  1.02  (triplet  6H),  the 
latter  two  signals  being  attributable  to  two  ethyl  groups 
in  virtually  identical  environments. 

The  iminium  salt  VIII  is  very  rapidly  decomposed  by 
dilute  acids  and  even  by  water,  and  the  product  may  be 
assumed  to  be  the  amino  aldehyde  V,  since  on  warming 
with  mineral  acid  the  iminium  salt  is  converted  into 
thebenine  (II),  which  is  the  product  of  cyclodehydra- 
tion  of  the  aldehyde  V.«  From  the  mechanism  of  this 
cyclodehydration  thebenine,  not  its  O-methyl  ether, 
would  be  expected  to  be  the  product  of  this  reaction. 

Attempts  to  isolate  the  amino  aldehyde  V  were  all 
unsuccessful  and  led  to  the  recovery  of  a  new  base  iso- 
meric with  thebaine  in  empirical  formula  and  showing 
an  infrared  absorption  band  at  1645  cm""*  indicating 
that  the  base  is  an  enamine.  This  base,  like  the  im- 
inium salt  VIII  is  very  rapidly  converted  by  hot  2  N 

(6)  In  the  earlier  communication  >  thebenine  was  not  clearly  identified 
as  the  product  of  this  reaction.  The  iminium  salt  used  in  that  work  was 
not  freshly  isolated,  and  the  use  of  partially  autoxidized  material  has  a 
profound  effect  on  the  fluorescence  of  the  resulting  thebenine  in  alkaline 
solution,  though  not  in  adds. 
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hydrochloric  acid  into  thebenine  (II),  presumably  by 
way  of  its  hydrolysis  product,  the  amino  aldehyde  V. 
The  simplest  structure  for  this  enamine  would  be  that 
shown  in  formula  I,  which  could  be  formed  from  the 
amino  aldehyde  V  or  directly  by  deprotonation  of  the 
iminium  salt  VIII,  and  the  nmr  spectrum  of  the  base 
is  compatible  with  such  a  structure.  The  spectrum 
shows  signals  at  S  6.9-6.6  (5  aromatic  H),  6.2  (doublet, 
C-10  H,  Jio^cis  =  ca.  13  cps),  4.55  (doublet,  C-9  H, 
J^^ocis  =  ca.  13  cps),  4.65  (OH),  3.9  (OCH,),  3.81 
(OCH,),  ca.  2.6  (4  H  as  CH,),  and  2.35  (NCH,).  This 
structure  for  the  product  is  untenable,  however,  since 
on  reduction  catalytically  or  with  sodium  borohydride 
the  enamine  is  reduced  to  an  uncharacterizable  base, 
which  is  clearly  diiferent  in  solubility,  Rf  value,  and 
sign  of  optical  rotation  from  neodihydrothebaine  (VII, 
R  =  H),  although  the  two  bases  have  virtually  identical 
infrared  absorption  spectra.  The  only  rational  ex- 
planation of  these  results  is  that  the  enamine  has  the 
dimeric  structure  IV,  the  18-membered  ring  of  which 
might  be  expected  to  be  formed  from  the  amino  alde- 
hyde V  more  readily  than  the  nine-membered  ring  of  the 
simpler  base  I,  since  rings  of  the  latter  size  are  noto- 
riously difficult  to  close.  The  nmr  spectrum  of  the 
enamine  is  equally  compatible  with  the  structures  IV 
and  I  in  which  the  environments  of  the  protons  are 
virtually  identical.  Similarly,  the  environments  of  all 
of  the  atoms  in  neodihydrothebaine  (VII,  R  =  H) 
and  the  base  that  would  result  from  the  reduction  of  the 
enamine  IV  are  virtually  identical,  and  it  is  reasonable  to 
assume  that  the  infrared  absorption  spectra  of  the  two 
bases  would  be  almost  indistinguishable.  The  sign  of 
optical  rotation  of  the  reduced  enamine  is  the  same  as  that 
of  the  isomethine  XI  (R  =  H),  in  which  the  relatively 
rigid  nine-membered  ring  of  neodihydrothebaine  (VII,  R 
=  H)  has  been  cleaved.    Hydrolysis  of  the  enamine 

IV  would,  of  course,  afford  the  amino  aldehyde  V, 
convertible  by  acids  to  thebenine  (II).  Formation  of 
the  enamine  IV  from  the  amino  aldehyde  V  would  be 
expected  to  be  accompanied  by  the  formation  of  a  small 
amount  of  the  enamine  I  and  a  considerable  quantity 
of  a  linear  polymeric  enamine,  and  indeed  a  very  good 
yield  of  crude  enamine  can  be  obtained  but  only  about 
25-30%  of  this  is  recoverable  as  a  crystalline  solid 
from  2-ethoxyethanol,  and  material  recovered  from  the 
mother  liquors  defies  all  attempts  at  crystallization. 
Catalytic  reduction  of  the  crude  enamine,  however, 
affords  about  5-8%  of  neodihydrothebaine,  readily 
separable  from  other  products  by  virtue  of  its  solubility 
in  ether.  A  good  yield  of  thebenine  is,  however,  ob- 
tained from  the  crude  enamine  on  boiling  with  2  N 
hydrochloric  acid,  as  would  be  expected,  since  all 
three  possible  enamines  would  give  the  amino  aldehyde 

V  on  hydrolysis.  These  results  suggest  that  the  crude 
enamine  consists  of  about  5%  of  the  simple  base  I, 
30%  of  the  dimeric  base  IV,  and  65%  of  a  mixture  of 
polymeric  enamines. 

Experimeiital  Section 

Reaction  of  Thebaine  with  Aniiydroai  Magneriian  Iodide.    A 

solution  of  anhydrous  magnesium  iodide  (28  g,  0.1  mole)  prepared 
from  iodine  (25.6  g)  and  excess  (8  g)  of  magnesium  in  dry  ether 
(20O  ml)  and  dry  benzene  (3(X)  ml)  was  added  over  45  min  to  a  vig- 
orously stirred  boiling  solution  of  thebaine  (31.1  g,  0.1  mole)  in 
diy  boizene  (250  ml)  under  nitrogen.  A  li^t  green-brown  pre- 
cipitate rapicily  formed.  The  mixture  was  stirred  under  reflux 
for  another  45  min.    For  most  purposes  this  mixture  was  used 


directly  without  isolation  of  the  product.  Isolation  of  the  product 
by  filtration  of  the  mixture  afforded  a  solid  which,  on  washing 
well  with  ether  and  rapid  drying  in  air,  was  obtained  as  an  off-white 
powder  that  rapidly  became  green  and  degenerated  to  a  sticky  dark 
product  in  moist  air. 

Oxidation  of  the  Thebalne-Magnesiuin  Iodide  Reaction  Product 
VIII.  The  product  of  the  above  reaction,  isolated  as  above  (30 
g)  was  vigorously  stirred  on  the  boiling  water  bath  with  water 
(350  ml),  potassium  hydroxide  (50  g),  and  potassium  permanganate 
(3(X)  g)  over  a  period  of  4  hr,  the  oxidizing  agent  being  added  in 
portions  of  50  g.  The  mixture  was  filtered,  and  the  residue  was 
washed  with  three  100-ml  portions  of  boiling  water.  The  filtrate 
was  heavily  contaminated  with  colloidal  manganese  dioxide  which 
was  coagulated  by  passing  sulfur  dioxide  through  the  solution, 
which  was  filtered,  concentrated  to  3O0  ml,  and  acidified  by  the 
cautious  addition  of  concentrated  hydrochloric  acid.  Continuous 
ether  extraction  of  the  resulting  mixture  over  2  days  afforded,  on 
evaporation  of  the  dried  extract,  a  solid  product  that  gave  a  de- 
rivative of  fluorescein  on  fusion  with  resorcinol  and  concentrated 
sulfuric  acid.  A  portion  of  this  material  was  dissolved  in  aqueous 
methylamine,  and  the  solution  was  evaporated.  The  residue  was 
heated  strongly  and  the  volatile  matter  evolved  was  condensed  and 
recrystallized  from  ethanol,  when  4-methoxy-N-methylphthalimide 
was  obtained  as  very  pale  yellow  needles,  mp  156°  alone  or  mixed 
with  an  authentic  specimen.  A  further  portion  of  the  oxidation 
product  was  heated  alone  and  the  volatile  matter  was  condensed  and 
recrystallized  from  a  1 : 1  mixture  of  benzene  and  light  petroleum 
(bp  60-80°);  4-methoxyphthalic  anhydride  was  obtained  as  pale 
yellow  needles,  mp  94°  alone  or  mixed  with  an  authentic  spedraen. 

Action  of  Hydrochloric  Acid  on  tlie  Tbebaine-Magnesiuin  Iodide 
Reaction  Product  VIII.  The  freshly  isolated  reaction  product  (4  g) 
was  boiled  with  2  N  hydrochloric  acid  (20  ml)  for  5  min.  The  mix- 
ture was  cooled  and  basified  with  ammonia,  and  the  amorphous 
product  was  collected  and  washed  well  with  water.  Comparative 
chromatographic  studies  on  thin  layer  plates  indicated  that  this 
product  was  thebenine  (II).  It  was  dissolved  in  hot  2  N  hydro- 
chloric acid  (15  ml),  and  the  solution  was  cooled  in  ice  when  a 
viscous  hydrochloride  separated.  This  crystallized  on  trituration 
with  ice-water  and  was  obtained  as  pale  yellow  needles,  mp  234- 
236°,  identical  in  melting  point,  mixture  melting  point,  infrared 
absorption,  and  Rf  value  with  thebenine  hydrochloride. 

Neodihydrothebaine  (Vn,  R  »  H).  a.  A  solution  of  lithium 
aluminum  hydride  (4.5  g)  in  anhydrous  ether  (200  ml)  was  added  to 
a  vigorously  stirred  suspension  of  the  product  of  reaction  of  the- 
baine (31.1  g)  with  anhydrous  magnesium  iodide  (28  g)  in  ether- 
benzene.  A  vigorous  reaction  ensued  and  the  light  green-brown 
suspended  material  became  white.    The  mixture  was  stirred  for 

1  hr;  the  excess  of  hydride  was  cautiously  decomposed  by  the  addi- 
tion of  water,  and  the  product  was  dissolved  by  the  addition  of 

2  N  hydrochloric  acid.  The  organic  layer  was  discarded,  and  the 
aqueous  layer,  after  extraction  once  with  ether  to  remove  all  of  the 
benzene,  was  diluted  with  saturated  sodium  potassium  tartrate 
and  ammonium  chloride,  covered  with  a  layer  of  ether,  and  basified 
with  ammonia.  The  precipitated  base  dissolved  rapidly  m  the 
ether,  which  was  separated,  dried,  and  passed  through  a  column  of 
Florisil  (60-l(X)  mesh)  (30  g)  to  remove  a  small  amount  of  purple 
material.  Evaporation  of  the  ether  then  afforded  neodihydrothe- 
baine (VII,  R  =  H)  as  a  very  pale  brown  oil  that  slowly  crystallized 
on  standing.  The  base  was  recrystallized  with  difficulty  from  90% 
methanol  below  0°,  when  it  was  obtained  as  almost  colorless  prisms, 
mp  98-100°,  [a]»D  +63,7°  (c  2.0,  CHCl,). 

Anal.  Calcd  for  C^HmNOi:  C,  73.3;  H,  7.4.  Found:  C, 
73.6;    H,  7.5. 

The  base  was  readily  soluble  in  aqueous  alkalis,  and  the  solution 
coupled  instantaneously  with  diazotized  sulfanilic  acid  to  give  a 
blood  red  dye. 

The  metliiodide  formed  rapidly  in  ethanol  and  was  obtained  as 
pale  cream  prisms,  mp  249-250°  from  ethanol. 

Anal,  Calcd  for  C,9H„N03CH,I:  C,  53.1;  H,  5.6.  Found: 
v^,  32.0;  11,  3.O. 

The  methyl  ether  methiodide  was  prepared  by  the  addition  of 
methyl  sulfate  to  a  solution  of  the  phenol  in  aqueous  potassium 
hydroxide,  when  the  initial  precipitate  of  the  methyl  ether  rapidly 
dissolved,  followed  by  the  addition  of  potassium  iodide.  The  pre- 
cipitated salt  crystallized  rapidly  and  was  collected  and  recrystallized 
from  water  as  white  plates,  mp  260-261  °. 

Anai.  Calcd  for  CoHmNCCH,!  0.5H,O:  C,  52.7;  H,  6.1. 
Found:    C,  52.8;  H,  6.0. 

b.  The  same  base  was  obtained  by  reduction  of  the  suspen- 
sion of  the  iminium  salt  VIII  in  ether-benzene  by  the  addition  of 
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sodium  borohydride  (8.0  g)  in  hot  ethanol  (200  ml).  The  finely 
divided  suspension  rapidly  coagulated  to  a  sticky  green  mass  that 
dissolved  quickly  as  the  reduction  proceeded.  The  mixture  was 
finally  diluted  with  aqueous  ammonium  chloride,  and  the  ether- 
benzene  layer  was  removed,  washed  twice  with  water,  dried,  passed 
through  Horisil  as  in  part  a  above,  and  evaporated  in  vacuo.  The 
residual  base  was  identified  with  that  produced  in  part  by  a  thin 
layer  chromatography  and  by  conversion  into  the  methiodide  and 
methyl  ether  methiodide. 

Identical  results  were  obtained  when  the  iminium  salt  VIII  was 
isolated,  washed  with  dry  ether,  and  added  to  a  vigorously  stirred 
solution  of  sodium  borohydride  in  ethanol,  with  isolation  of  the 
product  by  the  addition  of  aqueous  ammonium  chloride  and  ether 
extraction. 

Neodihydrotliebaiiie  Isomethine  (XI,  R  =  H).  Potassium  hy- 
droxide was  added  to  a  boiling  solution  of  neodihydrothebaine 
methiodide  (4  g)  in  water  (50  ml)  until  the  solution  became  turbid 
due  to  the  separation  of  a  potassium  salt.  The  solution  was 
clarified  by  the  addition  of  a  small  volume  of  water  and  then  boiled 
for  30  min,  during  which  time  a  viscous  oil  separated.  The  mix- 
ture was  cooled  in  ice-salt  and  the  liquid  decanted  from  the  hard 
brown  glass,  which  was  then  dissolved  in  2  ^V  hydrochloric  acid 
(50  ml)  and  methanol  (30  ml).  The  base  was  precipitated  as  a 
crystalline  solid  by  the  slow  addition  of  aqueous  ammonia  to  the 
vigorously  stirred  acid  solution,  and  was  collected,  washed  with 
water,  and  recrystallized  from  aqueous  methanol,  and  obtained  as 
off-white  prisms,  mp  128-129°,  [a\»D  -24.5°  (c  2.0,  CHCl,). 

Anal.  Calcd  for  CioH2ftNOs:  C,  73.5;  H,  7.7.  Found:  C, 
73.7;  H,7.1. 

The  methiodide  was  obtained  from  ethanol  as  off-white  prisms, 
mp  268-269°. 

Anal.  Calcd  for  QoHssNOa-CHsI:  C,  53.8;  H,  6.0.  Found: 
C.53.8;  H,5.9. 

The  methyl  ether  methiodide  was  obtained  by  the  addition  of 
aqueous  potassium  iodide  to  the  aqueous  solution  finally  resulting 
from  the  methylation  of  the  base  in  aqueous  potassium  hydroxide 
with  methyl  sulfate.  It  was  readily  recrystallized  from  water 
and  obtained  as  white  needles,  mp  205°. 

Anal.  Calcd  for  CnHnNOiCHal:  C,  54.6;  H,  6.2.  Found: 
C.54.4;  H,6.0. 

The  methyl  ether  metboperchlorate  was  prepared  by  the  addition 
of  perchloric  acid  to  a  solution  of  the  methyl  ether  methiodide  in 
aqueous  ethanol.  On  recrystallization  from  aqueous  ethanol  it  was 
obtained  as  white  elongated  plates,  mp  161-162°. 

Anal.  Calcd  for  QiHjtNOiCHiCIO*:  C,  58.1;  H,  6.65. 
Found:    C,  57.9;  H,6.6. 

CycUzation  of  Neodihydrothebaine  Isomethine  (XI,  R  »  H). 
Neodihydrothebaine  isomethine  (0.5  g)  was  boiled  with  concen- 
trated hydrochloric  acid  (5  ml)  for  3  min.  The  solution  was  diluted 
with  water  and  poured  into  an  excess  of  aqueous  potassium  hy- 
droxide. The  precipitated  nonphenolic  base  XII  was  isolated  by 
ether  extraction,  but  could  not  be  induced  to  crystallize,  and  was 
characterized  as  the  picrate,  yellow  prisms,  mp  208-210°. 

Anal.  Calcd  for  CsoHuNOsCsHsNsO?:  C,  56.2;  H,  5.1. 
Found:    C,  56.4;  H,  5.4. 

Neodihydrothebaine  Dihydroisomethhie  (XV,  R  »  H).  Neodi- 
hydrothebaine isomethine  (XI,  R  =  H)  (1  g)  was  shaken  under 
hydrogen  at  20°  (750  mm)  in  the  presence  of  10%  palladium-on- 
charcoal  catalyst  (0.25  g).  Hydrogen  (70  ml)  was  absorbed  over 
15  min.  Filtration  and  evaporation  of  the  solution  afforded  the 
dihydroisomethine  (XV,  R  =  H)  as  a  colorless  oil,  [a]»D  -10.0° 
(c  2.1,  CHCls).  that  could  not  be  crystallized. 

The  methiodide  was  obtained  readily  as  white  prisms,  mp  286- 
288°  from  ethanol. 

Anal.  Calcd  for  CsoHrNOs  •  CHJ :  C,  53.55 ;  H,  6.4.  Found : 
C,53.6;  H,6.7. 

The  methyl  ether  methiodide  was  obtained  as  white  prisms,  mp 
228-230°  from  water. 

Anal.  Calcd  for  CmH«NOiCH,I:  C,  54.5;  H,  6.6.  Found: 
C,54.6;  H,6.6. 

Hofmann  Degradation  of  Neodihydrothebaine  Isomethine  Methyl 
Ether  (XI,  R  =  Me)  Methiodide.  Potassium  hydroxide  was  added 
to  a  boiling  solution  of  neodihydrothebaine  isomethine  methyl 
ether  methiodide  (1  g)  in  water  (25  ml)  until  separation  of  an  oil 
began.  The  mixture  was  then  boiled  for  1  hr,  during  which  time  a 
base  (trimethylamine)  was  evolved,  and  an  insoluble  oil  separated. 
The  mixture  was  cooled  and  extracted  with  ether,  and  the  ether 
extract  was  shaken  twice  with  2  N  hydrochloric  acid  and  evaporated, 
to  leave  an  uncrystaUizable  fluorescent  (blue)  neutral  oil  that  was 
rapidly  converted  into  a  rubbery  solid  on  attempted  distillation  or 


(more  slowly)  on  standing.  Thin  layer  chromatographic  studies 
indicated  that  this  product,  presumably  the  divinyldiphenyl  XVIII 
(Et  -  CH=CH2),  was  identical  with  the  product  of  degradation  of 
neodihydrothebaine  methine  methyl  ether  (X)  methiodide. 

Hofmann  Degradation  of  Neodihydrothebaine  Dihydroisomethiiie 
Methyl  Ether  (XV,  R  =  Me)  Methiodide.  Neodihydrothebaine 
dihydroisomethine  methyl  ether  methiodide  (2  g)  was  degraded  by 
the  process  given  above  to  yield  2'-ethyl-5,63-trimethoxy-2-finyl- 
diphenyl  (XVm)  as  a  pale  brown  oil  which  was  distilled  under 
high  vacuum,  and  was  obtained  as  a  colorless  oil,  bp  190-200° 
(bath  temp)  (0.05  mm). 

Anal.  Calcd  for  CisHuOa:  C,  76.5;  H,  7.6.  Found:  C, 
76.4;  H,7.7. 

2,2'-Diethyl-5,63'-trimethoxydiphenyl  (XVII).  2'-Ethyl-5,6.5- 
trimethoxy-2-vinyldiphenyl  (XVIII)  (0.8  g)  in  ethanol  (25  ml)  was 
shaken  under  hydrogen  at  20°  (760  mm)  in  the  presence  of  10% 
palladium-on-charcoal  catalyst  (0.25  g).  Hydrogen  (66  ml)  was 
absorbed  over  10  min.  The  solution  was  filtered  and  evaporated, 
and  the  residual  oil  was  distilled  when  the  diphenyl  XVII  was  ob- 
tained as  a  colorless  oil,  bp  190-200°  (bath  temperature)  (0.05  mm). 

Anal.  Calcd  for  QaHjiO,:  C,  76.1;  H,  8.1.  Found:  Q 
76.2;  H,  8.1. 

The  same  product,  identical  in  behavior  with  the  above  on  thin 
layer  chromatography,  was  obtained  by  the  hydrogenation  of 
2-ethyl-5,6,5'-trimethoxy-2'-vinyldiphenyl  (XVI),  obtained  by  the 
degradation  of  the  methiodide  of  neodihydrothebaine  dihydro- 
methine  methyl  ether  (XVI). 

Neodihydrothebahie  Methfaie  Methyl  Ether  (X).  Neodihydro- 
thebaine methyl  ether  methiodide  (5  g)  was  dissolved  in  boiling 
water  (50  ml),  and  potassium  hydroxide  was  added  to  the  solution 
until  separation  of  an  oil  began.  The  mixture  was  then  boiled 
for  30  min,  cooled,  and  diluted,  and  the  product  was  isolated  by 
ether  extraction.  Thin  layer  chromatographic  studies  showed  that 
the  uncrystallizable  oil  contained  two  bases.  It  was  converted 
into  the  methiodide  by  heating  with  methyl  iodide  and  ethanol,  and 
on  cooling  the  solution  slowly  deposited  neodihydrothebaine  iso- 
methine methyl  ether  methiodide  (0.5  g),  mp  205°,  identical  with 
the  salt  prepared  from  the  isomethine  (see  above).  Evaporation 
of  the  mother  liquors  after  removal  of  this  salt  afforded  material 
that  could  not  be  obtained  crystalline  from  ethanol  or  from  water. 
It  was  converted  into  neodihydrothebaine  methine  methyl  ether 
metboperchlorate  by  the  addition  of  perchloric  acid  to  a  solution 
of  the  methiodide  in  water.  The  metboperchlorate  was  obtained 
as  white  needles,  mp  150-151  °,  on  recrystallization  from  water. 

Anal.  Calcd  for  C,iH«N0,CH,.CH,C104:  C,  58.1;  H, 
6.65.    Found:    C,  58.1;  H.  6.55. 

Oxidation  of  Neodihydrothebahie  Methine  Methyl  Ether.  Neo- 
dihydrothebaine methine  methyl  ether,  containing  some  of  the  iso- 
methine methyl  ether  (1.8  g),  was  stirred  on  the  boiling  water  with 
potassium  hydroxide  (2.0  g),  potassium  permanganate  (4.0  g), 
and  water  (50  ml)  for  4  hr.  The  mixture  was  filtered,  and  the 
yellow  filtrate  was  acidified  with  hydrochloric  acid;  the  precipitated 
product  was  isolated  by  ether  extraction  and  obtained  as  a  viscous 
yellow  oil.  Thin  layer  chromatographic  studies  showed  this 
material  to  consist  of  two  yellow  products  and  about  10%  5,6,5'- 
trimethoxydiphenic  acid.  The  material  was  dissolved  in  1  N 
potassium  hydroxide  solution  (50  ml),  and  the  solution  was  warmed 
on  the  water  bath  for  10  min  with  30%  hydrogen  peroxide  (1  ml). 
Acidification  of  the  solution  then  afforded  5,6,5 '-trimethoxydi- 
phenic  acid  (1.2  g)  as  white  prisms,  mp  215°,  from  aqueous  meth- 
anol ;  the  melting  point  was  undepressed  on  mixing  with  authentic 
specimens  prepared  from  acetylthebaol  and  phenyldihydrothebaine. 

The  trimethoxydiphenic  acid  was  warmed  with  concentrated 
sulfuric  acid  at  50°  for  15  min.  Dilution  of  the  solution  with 
water  precipitated  l,5,6-trimethoxyfluorenone-4-carboxylic  add 
as  yellow  needles  from  50%  acetic  acid,  mp  256°  alone  or  mixed 
with  an  authentic  specimen. 

Hofmann  Degradation  of  Neodihydrothebaine  Methine  Methyl 
Ether  (X)  Methiodide.  Degradation  of  the  methiodide  of  the  base 
X  by  the  process  described  above  for  the  degradation  of  neodi- 
hydrothebaine isomethine  methyl  ether  methiodide  afforded  a  neu- 
tral product  identical  with  that  obtained  in  that  degradation. 

Neodihydrothebahie  Dihydromethine  Methyl  Ether  (XIV).  Neo- 
dihydrothebaine methine  methyl  ether  (containing  about  10%  of 
the  isomethine  methyl  ether)  (5.4  g)  was  shaken  in  ethanol  (50  ml) 
with  10%  palladium  on  charcoal  (0.25  g)  under  hydrogen  at  20° 
(760  mm).  Hydrogen  (348  ml)  was  absorbed  over  40  min.  Fil- 
tration and  evaporation  afforded  a  noncrystalline  gum,  which  was 
converted  into  the  methiodide.  Two  recrystallizations  of  the 
methiodide  afforded  the  dihydromethine  methyl  ether  methiodide 
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he  isomethine  derivative  (tic)  as  white  prisms,  mp  200- 

Galod  for  CiiH,»NO,CHJ:    Q  54.5;  H,  6.6.    Found: 
H.6.6. 

■I  DcvndatioB  of  NeodihydrotlielMiiie  Dfliydroiiiethiiie 
lAttr  (XIV)  Methiodide.  The  methiodide  (2.0  g)  was  de- 
1  boiling  aqueous  potassium  hydroxide,  when  trimethyl- 
is  evolved  and  2-ethyl-5,6^'-trliiietlioxy-2'-Yinyldiphenyl 
s  isolated  by  ether  extraction  and  distillation  and  obtained 
less  oil,  bp  190-200°  (bath  temperature)  (0.05  mm). 
Calcd  fcMT  QtHaOi:  C,  76.5;  H,  7.6.  Found:  C, 
7.4. 

tic  reduction  of  this  compound  proceeded  readily  in 
yver  10%  palladium  on  charcoal,  and  gave  2,2'-diethyl- 
nethoxydiphenyl  (XVII),  identical  in  thin  layer  chromato- 
)diavior  with  material  prepared  by  the  reduction  of  2'- 
5'*triniethoxy-2-vinyldiphenyl  (XVIII)  described  above. 
dwlMdM  dV).  The  product  of  reaction  of  thebaine  (31.1 
nhydrous  magnesium  iodide  in  ether-benzene  suspension 
ed  with  2  N  hydrochloric  acid.  A  sticky  insoluble  mass 
bly  a  hydriodide)  was  obtained,  and  the  aqueous  and 
s<riutions  were  poured  off.  After  the  material  was 
in  methanol,  the  solution  was  diluted  with  ice  water  and 
f  basified  with  ammonia.  A  further  quantity  of  base 
ined  by  adding  ammonia  to  the  aqueous  acid  layer  sep- 
i  above.  The  precipitated  solid  was  collected  and  re- 
xl  from  ethanol  and  from  aqueous  2-ethoxyethanol; 
product,  kryptothebaine  (IV),  was  obtained  in  each  case 
gray  prisms,  mp  274°  (8.5  g).  Recrystallization  from 
2-cthoxyethanol  with  the  addition  of  a  drop  of  aqueous 


2469 

sodium  dithionite  gave  the  enamine  as  pale  cream  prisms,  mp  274 **, 
but  these  rapidly  became  green  on  standing,  the  color  darkening 
to  almost  black  after  several  days. 

Anal,  Calcd  for  CisH»NsO«:  C,  73.3;  H.  6.75;  mol  wt,  622. 
Found:    C,73.3;  H,6.8;  mol  wt  (Rast  in  camphor),  586. 

Reduction  of  this  base  catalytically  over  10%  palladium  on  char- 
coal was  sluggish  and  was  only  complete  after  10  hr,  and  reduction 
with  sodium  borohydride  was  slow  even  in  boiling  2-ethoxyethanol. 
The  same  base  was  obtained  in  each  case,  and  unlike  neodihydro- 
thebaine  (which  it  closely  resembled  in  infrared  absorption),  it  was 
completely  insoluble  in  ether.  No  crystalline  salts  of  this  un- 
crystallizable  base  could  be  prepared. 

Catalytic  reduction  of  the  crude  product  (2  g)  obtained  on  basi- 
fication  of  the  aqueous  methanolic  solution  of  the  hydriodide, 
however,  gave,  slowly,  a  product  part  of  which  dissolved  in  ether. 
Evaporation  of  the  ether  gave  neodihydrothebaine  (0.16  g)  identi- 
fied as  its  methiodide,  mp  249-250°  from  ethanol. 

Reaction  of  Kryptothebaine  (IV)  with  Hydrochloric  Acid.  Kryp- 
tothebaine  (IV),  prepared  as  above  (2  g),  was  boiled  with  2  N  hy- 
drochloric acid  (10  ml)  for  5  min.  The  solution,  on  cooling,  de- 
posited a  viscous  gum  (2.0  g),  which  crystallized  from  water  at  0° 
as  yellow  needles,  mp  234-236°,  identical  in  melting  point,  mixture 
melting  point,  infrared  absorption,  and  Rt  value  with  thebenine 
(II)  hydrochloride  prepared  in  the  same  way  from  thebaine. 
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batract :  The  indole  alkaloids  deserpideine  and  raujemidine  correspond  to  expressions  I  and  la,  respectively.  The 
ost  interesting  transformation  of  deserpideine  is  its  hydrogenation  and  hydrogenolysis  with  Adams  catalyst  to 
eki  products  n,  m,  X,  and  XU. 


nitial  investigation  of  the  alkaloids  of  Rauwolfia 
la  Jacq.  by  Salkin  and  his  groups  led  to  the  isola- 
ijmalicine,  isoreserpiline,  isoreserpinine,  rauniti- 
anitidine,  reserpiUne,  and  reserpinine. 
ave  now  found  that  the  weakly  basic  alkaloid 
from  certain  samples  of  R.  nitida  yields,  in 
I  to  the  known  alkaloid  deserpidine  (II),  a 
^talline  alkaloid,  deserpideine  (I),  C82H36N2O8, 
^152^  [a]*»D  -133°  (pyridine),  whose  ultra- 
;pectrum  is  identical  with  its  companion  de- 
te.  The  infrared  spectrum  of  deserpideine  is 
ry  similar  to  that  of  deserpidine,  but  varies 
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slightly  from  the  latter  in  the  fingerprint  region.  In 
analogy  with  deserpidine  (II),  the  Bohlmann  bands 
between  3.4  and  3.6  /a  were  missing  in  deserpideine  (I), 
indicating  a  cis  C-D  ring  fusion. 

The  chemistry  of  deserpideine  (I)  initially  indicated  a 
behavior  that  somewhat  paralleled  the  chemistry  of 
deserpidine  (II).  The  reaction  of  deserpideine  (I) 
with  sodium  methoxide  at  room  temperature  gave  the 
expected  methyl  3,4,5-trimethoxybenzoate  (Ilia)  and 
methyl  deserpideate  (IV),  C22H26N2O4  •  H2O,  mp  159- 
162%  [a]"D  +8°  (pyridine).  Hydrolysis  of  either 
deserpideine  or  methyl  deserpideate  with  potassium 
hydroxide  in  aqueous  methanol  gave  deserpideic  acid 
(V),  C21H24N2O4,  mp  224^226°,  [a]"D  -29°  (50%  meth- 
anol-water),  which  could  be  converted  to  deserpideic 
acid  lactone  (VI),  C21H22N2O3,  mp  159-161°,  [a]"D 
—  58°  (50%  methanol-water),  on  treatment  with  acetic 
anhydride  in  pyridine.  When  deserpideic  acid  lactone 
was  allowed  to  stand  at  0°  in  sodium  methoxide  in 
methanol,  methyl  deserpideate  (IV)  was  obtained. 
Deserpideine  (I)  itself  could  be  reconstituted  by  treat- 
ment of  methyl  deserpideate  with  3,4,5-trimethoxy- 
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benzoyl  chloride.  The  reaction  cycle  was  completed 
by  converting  deserpideic  acid  (V)  to  methyl  deserpideate 
(IV).  This  esterification  could  be  accomplished  by 
either  of  two  methods.  The  reaction  of  deserpideic 
acid  with  diazomethane  proceeded  poorly  giving  only  a 
25%  yield  of  methyl  deserpideate,  the  remainder  of  the 
product  being  unreacted  starting  material.  The  Fischer 
esterification,  however,  went  smoothly  at  room  tem- 
perature giving  an  88%  yield  of  methyl  deserpideate. 

Oxidation  of  deserpideine  with  2  molar  equiv  of  lead 
tetraacetate  and  reduction  of  the  crude  reaction  product 
with  borohydride  gave  a  new  compound,  3-isodeserpi- 
deine  (VII),  crystallized  as  the  nitrate  and  the  methio- 
dide  salts. 

On  the  other  hand,  if  the  methanolysis  of  deserpideine 
with  sodium  methoxide  were  allowed  to  proceed  in 
refluxing  methanol,  a  considerable  amount  of  a  new 
compound  was  obtained.  This  material,  mp  174- 
176^,  analyzes  for  C21H20N2O2O.5QH5OH,  has  a  very 
high  dextrorotation,  [a]"D  +288°  (pyridine),  and  an 
infrared  spectrum  exhibiting  only  one  carbonyl  band 
which  appears  at  5.83  /i.  The  nmr  spectrum  shows  one 
methoxyl  singlet  at  5  3.88  due  to  three  protons,  and  the 
mass  spectrum  has  a  molecular  ion  peak  at  mje  332. 
From  these  data,  structure  VIII  was  considered  for  this 
new  compound. 

To  ascertain  this  structural  assignment,  our  highly 
dextrorotatory  compound,  presumed  to  be  VIII,  was 
converted  to  the  alcohol  IX  by  means  of  lithium  alu- 
minum hydride  and  compared  with  authentic  IX  that 
we  had  synthesized  by  a  route  developed  by  Elderfield 
and  Fischer.*  Comparison  of  the  two  alcohols  (IX) 
as  their  hydrobromide  salts  showed  the  two  salts  to  be 
identical.  They  both  had  identical  infrared  spectra 
taken  as  KBr  pellets  and  they  showed  the  same  char- 
acteristics on  melting.  Paper  chromatography  Ri 
values  in  a  number  of  solvent  systems  further  showed  the 
identity  of  the  two  materials.  The  structure  of  the 
highly  dextrorotatory  compound  was  thus  shown  to  be 
11-demethoxytetrahydroalstoniline  (VIII),  and  its  for- 
mation has  no  analogy  in  the  reserpine  series. 

Significant  information  about  the  stereochemistry 
of  the  new  alkaloid  could  be  derived  from  a  study  of  its 
rate  of  quaternization  with  methyl  iodide.  Rates  of 
methiodide  formation  had  previously  proven  to  be  a 
useful  tool  in  the  study  of  the  stereochemistry  of  the 
yohimbinoid  alkaloids.*  These  rates  were  determined 
in  acetonitrile  solution  using  pseudo-first-order  kinetics, 
a  large  excess  of  methyl  iodide  being  present.  The 
pseudo-first-order  rate  constants  for  deserpideine  and 
its  derivatives  and  a  variety  of  other  indole  alkaloids  are 
given  in  Table  I.  In  the  yohimbine  series,  such  a  very 
fast  rate  as  that  exhibited  by  deserpideine  (I)  and  its 
derivatives  IV  and  VI  is  associated  with  the  pseudo- 
configuration,  but  in  the  present  case  a  more  specific 
statement  is  desired;  namely,  that  in  deserpideine  and 
its  derivatives  the  basic  nitrogen  is  unhindered. 

A  second  piece  of  data  of  great  utility  was  supplied 
by  mass  spectrometry.  Since  deserpideine  free  base  is 
rather  unstable,  the  mass  spectra  were  run  on  its  more 
stable  crystalline  derivatives,  methyl  deserpideate  (IV) 
and  deserpideic  acid  lactone  (VI).  The  molecular  ion 
peaks  of  methyl  deserpideate  and  the  lactone,  at  mje 

(5)  R.  Elderfield  and  B.  Fischer,  /.  Org.  Chem.,  23,  949  (1958). 

(6)  M.  Shamma  and  J.  Moss,  /.  Am,  Chem.  Soc.,  83,  5038  (1961); 
M.  Shamma  and  J.  Richcy,  ibid.,  85,  2507  (1963). 


Table  I.    Pseudo-First-Order  Rates  of  Methiodide  Formi 


k  X  10*, 

S 

Alkaloids  and  derivatives 

see"' 

ch 

Deserpideine  (I) 

300 

Methyl  deserpideate  (IV) 

350 

Deserpideic  acid  lactone  (VI) 

220 

3-Isodeserpideine  (VII) 

31 

Deserpidine  (II) 

7.2 

E 

1 6- Methyl- 1 9-methoxy  alloyohi  m- 

2.5 

A 

bane(XI) 

a- Yohimbine  methyl  ether  (XII) 

1.1 

A 

3-Isodeserpidine 

1.0 

A 

Yohimbine 

48.7 

N 

382  (C22H26N2O4)  and  m/e  350  (C21H22N2O3),  respe 
were  two  mass  units  less  than  for  the  corresp 
compounds  in  the  deserpidine  series.  These  resi 
mediately  indicated  the  presence  of  either  an  unsat 
or  an  additional  ring  in  compounds  of  the  deser 
series,  and  further  confirmed  the  assignment 
CS2H36N2O8  formulation  to  deserpideine,  which 
mass  units  less  than  that  for  deserpidine.  The 
between  an  unsaturation  and  an  extra  ring  was  dec 
the  study  of  a  third  piece  of  data,  the  nmr  spectra 
spectra  of  deserpideine  and  its  derivatives  show 
sorption  at  5  5.55  corresponding  to  one  proton, 
absorption  is  in  the  region  of  vinylic  absorption, 
deserpideine  possesses  a  trisubstituted  double  bo 
is  not  conjugated  to  the  chromophoric  system 
most  likely  positions  for  such  a  double  bond  w( 
C-14(15)orC-19(20). 

In  an  attempt  to  reduce  this  isolated  double 
deserpideine  was  hydrogenated  using  Adams  c 
in  ethanol  at  room  temperature.  The  alkaloid  d 
up  hydrogen,  but  only  slowly.  If  the  reactioi 
allowed  to  proceed  for  12  hr,  a  complex  mixt 
products  ensued. 

A  thin  layer  chromatogram  of  the  reduction  p 
showed  at  least  ten  spots.  The  crude  hydroge 
mixture  was,  therefore,  separated  into  an  ac 
basic,  and  a  neutral  fraction  by  classical  exti 
techniques.  A  crystalline  compound  was  obta 
68%  yield  from  the  acidic  fraction  which  was 
characterized  as  3,4,5-trimethoxybenzoic  acid  (IIT 
identification  of  this  material  strongly  indical 
position  of  the  double  bond  to  be  at  C- 19(20),  $ 
hydrogenolysis  of  the  allylic  3,4,5-trimethoxyb 
group  can  then  occur. 

Following  removal  of  the  acidic  and  neutra 
ponents,  crystallization  of  the  basic  fraction  W£ 
sible,  and  a  white  crystalline  compound  was  ob 
This  compound  was  shown  to  be  identical  wi 
thentic  deserpidine  (II)  in  a  number  of  ways.  T 
compounds  had  the  same  infrared  spectra  in  chloi 
and  in  acetonitrile  solution,  and  their  nmr  spectr 
also  identical.  Thin  layer  chromatograms  in  a  n 
of  solvent  systems  always  resulted  in  the  two  comp 
having  the  same  Rf  values.  A  methiodide  rate 
showed  the  synthetic  material  to  have  a  rate  of 
10~*  sec~^,  characteristic  of  the  expected  epiall 
figuration.  Finally,  the  melting  points  (224 
were  the  same  and  a  mixture  melting  point  was 
pressed.  As  a  precautionary  measure,  rotation 
determined  and  found  to  be  the  same,  [a]"D 
in  chloroform.  This  shows  that  the  deserpidii 
lated  from  the  hydrogenation  reaction  has  the  sai 
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AcaO,  pyridin« 
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CHa" 


XI 


LiAlH4 


LiAlH4 
HBr 


HjKPt)- 


Br" 


HOH2C- 
IX 
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CHaOOC 

OCHs 
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•  OCHs 

CH300C 


XII 


dCHs 


COOR 


OCH3 
III,R»H 
IIIa,R«CHs 


CHsOO 


OTMB 
OCH, 

XIII 


solute  configuration  as  natural  deserpidine.  Thus,  the 
identity  of  the  two  compounds  was  clearly  established, 
and  this  transformation  proves  the  stereochemistry  of 
deserpideine  to  be  as  indicated  in  I. 

The  neutral  fraction  readily  crystallized  into  a  color- 
less compound  which  contained  no  carbonyl  band  be- 
tween 5  and  6  ^9  hut  possessed  a  very  intense  absorp- 
tion at  6.13  M-  1*he  loss  of  basicity  of  the  nitrogen  and 
the  disappearance  of  the  ester  carbonyl  bands  accom- 
panied by  the  presence  of  the  6.13-/A  peak  clearly  point 
to  allylic  hydrogenolysis  of  the  C-21(N-4)  bond  fol- 
lowed by  intramolecular  ester-amide  conversion  to 


form  lactam  XJ  Further  evidence  for  the  structural 
assignment  for  the  neutral  compound  is  seen  in  the 
nmr  and  mass  spectra  of  the  material.  The  mass  spec- 
trum shows  a  molecular  ion  peak  at  m/e  338  which  is 
the  correct  molecular  weight  calculated  for  16-methyl- 
19-methoxy-21-oxoyohimbane  (X).  The  nmr  spec- 
trum shows  only  one  methoxyl  absorption  at  5  3.25  and 
shows  a  C-CHj  doublet  at  5  1.03.  The  absence  of  a 
vinylic  absorption  and  the  presence  of  the  C-CH| 
doublet  clearly  indicate  reduction  of  the  double  bond 

(7)  F.  L.  Weisenborn  and  H.  E.  Applegate,  /.  Am.  Chem,  Soe,,  78, 
2021  (1956). 
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originally  present  in  I.  The  stereochemistry  of  the 
asymmetric  centers  at  C-3,  C-15,  C-19,  and  C-20  in 
lactam  X  must  be  as  indicated  from  our  knowledge 
of  the  stereochemistry  of  deserpideine.  Upon  reduc- 
tion of  lactam  X  with  lithium  aluminum  hydride,  16- 
methyl-19-methoxyalloyohimbane  (XI)  was  obtained 
which  showed  a  molecular  ion  peak  at  m/e  324  in 
accordance  with  the  formula  C21H28N2O.  The  infra- 
red spectrum  showed  no  carbonyl  absorption  and 
specifically  the  band  at  6.13  /li  had  disappeared.  The 
rate  of  methiodide  formation  for  compound  XI  was 
found  to  be  2.5  X  10~*  sec"^  which  is  a  slow  rate 
strongly  characteristic  of  an  alio  configuration. 

After  removing  the  crystalline  deserpidine,  the  basic 
fraction  of  the  hydrogenation  product  still  contained 
several  minor  components  as  monitored  by  thin  layer 
chromatography,  and  it  was  found  possible  to  separate 
one  additional  basic  component.  The  infrared  spec- 
trum of  this  compound  showed  the  absence  of  the  band 
at  6.3  /Lt,  characteristic  of  the  3,4,5-trimethoxybenzoyl 
group,  and  the  presence  of  Bohlmann  bands  at  3.4-3.6  /it. 
It  was,  therefore,  assumed  that  this  compound  had 
lost  the  3,4,5-trimethoxybenzoyl  group  via  hydro- 
genolysis,  and  that  the  proton  at  C-3  had  epimerized 
to  the  a  configuration.  A  rate  of  methiodide  forma- 
tion was  needed  to  decide  from  which  side  of  the  mole- 
cule hydrogenation  had  occurred,  and  a  choice  had  to 
be  made  between  the  normal  and  the  alio  configuration 
for  the  new  base.  The  rate  was  found  to  be  extremely 
slow,  1.1  X  10"*  sec'S  indicating  an  alio  configuration 
and  a  hydrogenation,  so  that  the  compound  had  to  be 
the  known  a-yohimbine  methyl  ether  (XII).*  Indeed, 
when  the  two  compounds  were  compared,  they  were 
found  to  be  identical.  The  isolation  of  this  product 
further  supports  the  assignment  of  stereochemistry  of 
the  asymmetric  centers  at  C-15,  C-16,  and  C-17  in 
deserpideine  (I).  The  isomerization  of  C-3  in  this  reac- 
tion is  not  surprising  since  it  is  known  that  reserpine  is 
converted  to  3-isoreserpine  under  these  reducing  con- 
ditions.' 

Catalytic  hydrogenation  of  3-isodeserpideine  (VII) 
under  the  same  conditions  as  for  deserpideine  also  led 
to  a  complex  mixture  of  products.  Extraction  of  the 
acidic  material  gave  a  65%  yield  of  3,4,5-trimethoxy- 
benzoic  acid,  the  same  yield  as  obtained  from  the  hy- 
drogenation of  deserpideine.  Addition  of  methanol 
to  the  amorphous  material  obtained  after  extraction  of 
the  acidic  material  caused  it  to  crystallize.  The  crystal- 
line material,  obtained  in  a  28%  yield,  was  shown  to 
be  a  a-yohimbine  methyl  ether  (XII)  by  comparison 
with  an  authentic  sample.  The  yield  of  this  compound 
is  significantly  greater  than  in  the  hydrogenation  of 
deserpideine  which  gave  a  12%  yield,  and  this  would  be 
expected  since  the  hydrogen  at  C-3  is  already  in  the  a 
configuration  in  3-isodeserpideine  (VII).  A  small 
amount  of  3-isodeserpidine  (XIII)  also  could  be  ob- 
tained from  the  hydrogenation. 

Hydrogenation  of  methyl  deserpideate  (IV)  with 
Adams  catalyst  led  to  a  complex  mixture  of  products. 
This  reaction  mixture  was  separated  into  a  neutral 
lactam  fraction  and  a  basic  fraction.  Preparative 
thin  layer  chromatography  of  the  basic  fraction  yielded 

(8)  A.  Popelak  and  G.  Lettenbauer,  Arch.  Pharm.,  295,  427  (1962). 

(9)  R.  Lucas,  M.  Kuehne,  M.  Ceglowski,  R.  Dziemian,  and  H.  Mac- 
Phillamy.  J,  Am.  Chem.  Soc..  81,  1928  (1959);  F.  L.  Wcisenborn,  ibid., 
79.4818(1957). 


pure  methyl  deserpidate  (XIV)  which  was  shown 
identical  with  authentic  material. 

These  data  give  compelling  evidence  that  deserpi 
must  have  structure  I  and  is,  therefore,  19-dch 
deserpidine.  The  position  of  the  double  bond  is 
onstrated  by  the  results  of  the  hydrogenation  e: 
ments,  the  rate  studies,  and  the  formation  of  1 
methoxytetrahydroalstoniline  (VIII).  All  asymr 
centers  were  shown  to  have  the  same  stereochemis 
deserpidine. 

Application  of  Hudson's  lactone  rule^°  to  th< 
serpideine  series  to  determine  the  absolute  configur 
led  to  ambiguous  results.  When  the  rotations 
measured  in  methanol,  the  change  in  the  molecuk 
tation  from  deserpideic  acid,  [M]'*d  —107°,  t< 
serpideic  acid  lactone,  [M]"d  —20(5°,  was  found 
—  99°,  indicating  that  the  hydroxyl  group  at  C-18 
This  configuration  is  opposite  to  that  assigned  o 
basis  of  the  isolation  of  ( — )-deserpidine  from  th 
drogenation  reaction.  However,  when  the  roU 
were  measured  in  pyridine,  the  change  in  mole 
rotation  was  found  to  be  +73.3°,  indicating  a  /3 
figuration  for  the  C-18  hydroxyl.  Thus,  the  abs 
configuration  that  may  be  assigned  by  use  of  Hud 
lactone  rule  is  shown  to  be  solvent  dependent  ii 
present  case.  This  finding  along  with  other  ki 
exceptions  *^~^*  shows  that  assignments  of  abs 
configuration  on  the  basis  of  Hudson's  lactone 
should  be  done  with  extreme  caution. 

11-Demethoxytetrahydroalstoniline  (VIII)  has 
asymmetric  center  and  the  compound  is  dextro 
tory,  so  that  the  contribution  of  C-3  to  the  assymr 
of  the  molecule  must  be  dextrorotatory, 
method  of  rotational  differences  had  previ 
been  applied  to  the  C-3  hydrogen  in  the  rese 
series.**  It  was  found  that  when  the  hydrogen  al 
was  a,  this  center  made  a  large  negative  contributi< 
the  molecular  rotation.  In  the  case  of  11-demetl 
tetrahydroalstoniline,  the  asymmetric  center  at 
makes  a  large  positive  contribution  to  the  mol 
rotation,  and  therefore  the  C-3  proton  should  I 
This  is  in  agreement  with  the  absolute  configur: 
presently  assigned  to  deserpideine  on  the  basis  of  th( 
lation  of  ( — )-deserpidine  from  the  hydrogenation 
ture. 

It  is  fitting  at  this  point  to  turn  our  attention  t< 
alkaloid  raujemidine  obtained  from  R.  canescen 
1956.  This  base  had  been  reported  to  give  an  elem 
analysis  nearly  identical  with  that  of  reserpine,  and  1 
treatment  with  sodium  methoxide  yielded  methyl  1 
trimethoxybenzoate. "  A  rate  of  methiodide  form; 
was,  therefore,  determined  for  raujemidine  and 
found  to  be  3.0  X  lO-^  storK  This  very  fast  rate 
cated  that  the  molecule  possesses  an  unhindered  ^ 
nitrogen.  The  nmr  spectrum  of  raujemidine  was  • 
to  that  of  reserpine,  but  it  possessed  an  additional  vi 
absorption  at  5  5.50.  The  relationship  between 
alkaloid  and  deserpideine  seemed  obvious;  it  appc 

(10)  W.  Klyne.  Chem.  Ind.  (London),  1198  (1954). 

(1 1)  H.  Fritz.  Angew.  Chem.  Intern.  Ed.  Engl.  1,  513  (1962). 

(12)  J.  Clark-Lewis  and  P.  Mortimer,  J.  Chem.  Soc.,  4268  (1961 

(13)  G.  Fodor  and  F.  Soti,  Tetrahedron  Letters,  1917  (1964). 

(14)  R.  Lcmieux  and  M.  Hoffer,  Can.  J.  Chem.,  39,  1 10  (1961). 

(15)  C.  Huebner,  H.  MacPhillamy,  E.  Schlittler,  and  A.  Sl  A 
Experientia,  11,  303  (1955). 

(16)  P.  Ulshafer,  M.  Pandow,  and  R.  Nugent,  J.  Org.  Chen 
923  (1956). 
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'Hujemidine  was  19-dehydroreserpine  (la),  so  that 
nidine  stands  to  reserpine  in  the  same  relationship 
leserpideine  is  related  to  deserpidine. 
test  this  hypothesis,  raujemidine  was  hydrogenated 
the  same  conditions  as  deserpideine.  It  was  found 
he  two  compounds  behaved  similarly  in  the  pres- 
^f  platinum  and  hydrogen.  Raujemidine  hydro- 
sd  slowly  and  gave  a  complex  mixture  of  products. 
),4,S-trimethoxybenzoic  acid  (III)  was  extracted 
the  product  and  was  shown  to  be  identical  with 
ntic  material.  This  settled  the  position  of  the 
e  bond  at  C-19.  An  infrared  spectrum  of  the 
lex  residue  showed  an  increased  absorption  at  6.13 
to  the  formation  of  a  lactam.  The  residue  was 
sd  by  preparative  scale  thin  layer  chromatography 
he  band  that  possessed  the  same  R{  value  as  re- 
le  (Ila)  was  examined  in  detail.  This  compound 
rluted  from  the  silica  gel  and  crystallized  from 
inol.  The  crystalline  compound  was  shown  to  be 
cal  with  authentic  reserpine  by  comparing  phys- 
roperties.  They  both  had  identical  infrared  spec- 
chloroform  and  acetonitrile.  The  nmr  spectra 
practically  superimposable,  the  melting  points 
identical,  and  a  mixture  melting  point  was  unde- 
d.  The  Rf  values  in  a  number  of  solvent  systems 
dentical. 

t  structure  of  raujemidine  was  therefore  settled 
la,  with  a  molecular  formula  CssHssN^Oy.  Rauje- 
e  is  the  second  member  of  the  19-dehydroyohim- 
1  series  to  be  characterized.  Further  investiga- 
nth  raujemidine  was  precluded  by  its  instability, 
Iso  by  lack  of  sample.  Very  recently,  Arndt  and 
ssi  isolated  19-dehydroyohimbine  from  Aspido- 
a  pyricollum  which  represents  the  third  member 
rare  19-dehydroyohimbinoid  alkaloids.  ^^ 

iBcntol  Section 

iard  Expcrimntal  Procedures.  All  microanalyses  were  per- 
by  Midwest  Microlab,  Inc.,  Indianapolis,  Ind.,  and 
zkopf  Microanalytical  Laboratory,  Woodside,  N.  J.  The 
\  points  were  taken  either  on  a  Nalge  melting  point  ap- 
(  or  in  a  sealed  capillary  and  are  uncorrected.  The  nmr 
were  measured  on  a  Varian  Associates  A-60  spectrometer 
microcells  purchased  from  Varian  Associates,  with  deu- 
loroform  as  the  solvent  and  tetramethylsilane  as  the  internal 
tL  The  mass  spectra  of  a  few  derivatives  were  graciously 
ined  in  the  laboratories  of  Professor  Carl  Djerassi  or  Pro- 
iGaus  Biemann.  The  remainder  of  the  mass  spectra  were 
d  on  a  Nuclide  12-90-Gl.l  mass  spectrometer.  Adsorb- 
purchased  from  Applied  Science  Laboratories  of  State  Col- 
L,  was  used  to  prepare  the  thin  layer  chromatography  plates 
this  study.  The  spots  were  visualized  by  placing  the  plates 
le  vapors  or  by  shining  an  ultraviolet  light. 
rpidciDe  (I).  The  milled  root  of  R,  nitida,  originally  collected 
island  of  Hispaniola,  was  moistened  with  saturated  potassium 
ftte  solution  and  extracted  with  benzene.  The  benzene 
was  shaken  with  0.5  M  phosphoric  acid.  The  acid  solution 
jacted  at  pH  2  with  chloroform,  and  the  chloroform  layer 
with  potassium  carbonate  solution.  Evaporation  of  the 
left  the  weakly  basic  alkaloid  fraction  behind. 
alkaloids  were  precipitated  from  ethanol  solution  as  their 
salts.  The  crude  nitrate  salts  were  placed  in  chloroform 
shed  with  aqueous  sodium  carbonate  solution.  The  chloro- 
yer  was  then  separated  and  the  solvent  evaporated. 
residue  was  taken  up  in  methanol,  and  the  reserpine  which 
ized  out  was  removed  by  filtration.  After  concentration  to 
^  the  mother  liquors  were  taken  up  in  ethyl  acetate  to  give  a 
;  of  deserpidine  and  deserpideine.  Crystallization  of  the 
lydrochloride  salts  from  acetone  gave  deserpideine  hydro- 


R.  R.  Arndt  and  C  Djerassi,  Experientla,  21,  566  (1965). 


chloride,  whk;h  after  recrystallization  from  methanol  melted  at 
277**  dec,  [a]**D  -98.5°  (c  0.5,  chloroform). 

Anal,  Cakd  for  CmHstCINsO.:  C,  62.68;  H,  6.09;  CI,  5.78; 
N,  4.57;  O,  20.87.  Found:  C,  62.49;  H,  6.23;  CI,  5.76;  N, 
4.56;  O,  20.81. 

The  free  base  was  liberated  from  a  chloroform  solution  of  the 
hydrochloride  with  sodium  carbonate  and  crystallized  from  ether, 
mp  149-152°  dec,  [a]»»D  -133°  (c  1,  pyridine),  [a]»»D  -108° 
(chloroform). 

Anal.  Ca\cd  for  CssHnNsOg:  C,  66.64;  H,  6.29;  N,  4.86; 
0,22.20;  50CH,,  26.87.  Found:  C,  66.62;  H,  6.60;  N,  4.91;  O, 
22.30;  OCH,,  26.30. 

Deserpideine  Mediiodide.  A  solution  of  1(X)  mg  (0.174  mmole) 
of  deserpideine  in  1.5  ml  of  ethyl  acetate  was  prepared  and  cooled 
to  0°.  To  this  slightly  yellow  solution,  1.0  ml  of  pure  methyl 
iodide  was  added.  The  flask  was  flushed  with  nitrogen,  stoppered, 
and  allowed  to  stand  at  0°  for  4  hr.  Evaporation  of  the  excess 
methyl  iodide  caused  an  insoluble  residue  to  form.  Crystallization 
of  this  residue  was  effected  by  adding  three  drops  of  methanol  to 
the  ethyl  acetate  mixture  and  heating.  Filtration  and  recrystalliza- 
tion from  methanol  gave  112  mg  (0.156  mmole,  90%)  of  the  white 
crystalline  methiodide.  Recrystallization  from  methanol  for  an 
analytkal  sample  gave  a  compound  that  melted  246-248  °  dec. 

Anal.  Calcd  for  ChHmINiOs:  C,  54.70;  H,  5.43.  Found: 
C,  54.89;  H,5.47. 

Methyl  Deserpideate  (IV).  About  1(X)  mg  of  clean  sodium  metal 
was  placed  into  10  ml  of  anhydrous  methanol.  The  solution  was 
allowed  to  stand  in  ice  for  1  hr.  Then,  921  mg  (1.60  mmoles)  of 
deserpideine  in  10  ml  of  dry  methanol  was  added.  The  flask  was 
flushed  with  nitrogen,  stoppered,  and  allowed  to  stand  in  the  dark  at 
room  temperature  for  24  hr.  The  solution  had  acquired  a  yellow 
color.  After  adding  20  g  of  ice,  the  solution  was  adjusted  to  pH  6 
(Hydrion  paper)  with  dilute  hydrochlork:  acid.  The  solution  was 
then  extracted  with  three  10-ml  portions  of  ether  to  remove  the 
methyl  3,4,5-trimethoxybenzoate.  The  aqueous  layer  was  made 
bask:  by  adding  5%  sodium  carbonate  and  was  then  extracted 
with  three  10-ml  portions  of  chlorofornL  The  chloroform  solution 
was  dried  over  sodium  sulfate  and  filtered,  and  the  solvent  was 
removed  under  reduced  pressure.  The  residue  that  remained 
weighed  612  mg.  This  was  dissolved  in  2  ml  of  95%  ethanol,  and 
the  solution  was  made  acidk:  by  adding  hydrochloric  acid  in  ethanol 
Crystallization  proceeded  very  slowly.  Filtration  gave  400  mg  (0.96 
mmole,  60%)  of  white  crystalline  methyl  deserpideate  hydrochloride, 
mp  246-247°  dec,  X^S"  221  and  278  tm  (log  e  4.59  and  3.94). 

Anal.  Cak:d  for  CaHnClNi04:  C,  63.07;  H,  6.50;  CI,  8.46; 
N,  6.69;  O,  15.27;  20CH,,  14.97.  Found:  C,  63.30;  H, 
6.40;  a,  8.81;  N.6.55;  0, 15.45;  OCH,,  14.67. 

The  free  base  melted  at  159-161°  dec,  la]**D  -f8.4°  (c  1,  pyri- 
dine), x::^"  225  and  280  mn  (log  c  4.53  and  3.91). 

Anal.  Cakd  for  CbH,«N«O40.5  H«0:  C,  67.50;  H,  6.95; 
N,  7. 16.    Found:    C,  67.38 ;  H,  6.76;  N,  7.36. 

Treatment  of  methyl  deserpideate  with  3,4,5-trimethoxybenzoyl 
chloride  in  pyridine  resulted  in  the  formation  of  deserpideine  with 
unchanged  specific  rotation  and  melting  point. 

ll-Demetboxytetrahydroalstoniline  (VIII).  Deserpideine  (2  g, 
3.46  mmoles)  was  refluxed  in  90  ml  of  absolute  methanol  and 
0.2  g  of  sodium  under  nitrogen  for  2  hr.  The  solution  was  acidified 
with  glacial  acetic  acid  and  concentrated  in  vacuo  to  10  ml,  poured 
into  ice  water,  acidified  with  HCl,  and  extracted  with  ether.  From 
the  ether  layer,  0.7  g  of  3,4,5-trimethoxybenzoic  acid  methyl  ester 
was  obtained.  Basification  with  potassium  carbonate  and  extrac- 
tion with  ether  gave  1 .2  g  of  crude  product.  Crystallization  from 
alcoholk:  HCl  gave  0.7  g  (49  %)  of  methyl  deserpideate  hydrochloride, 
mp  246-247°  dec,  [a]»*D  -46°  (c  1,  methanol). 

The  mother  liquors  of  the  methyl  ester  hydrochloride  crystalliza- 
tion after  conversion  to  the  free  base  were  chromatographed  over 
alumina  (Merck  acid  washed)  and  eluted  with  benzene  followed  by 
benzene  with  increasing  amounts  of  chloroform.  A  50:50  mix- 
ture eluted  a  substance  which  crystallized  as  the  hydrochloride 
from  absolute  alcohol  and  had  a  melting  point  of  237-239°  dec, 
la]*^  +249°  (50%  ethanol-water),  X^^^  223  and  282  mn  (log 
6  4.70  and  4.02). 

Anal.  Calcd  for  CuHmCINjO,:  C,  68.38;  H,  5.74;  CI,  9.61; 
N,  7.59;  O,  8.68.  Found:  C,  68.37;  H,  5.76;  CI,  9.32;  N. 
7.40;  O,  8.66. 

The  free  base  VIII  crystallized  from  ethanol,  mp  174-176°  dec, 
la]**D  +288°  (c  0.5,  pyridine),  and  was  susceptible  to  air  oxidation. 

Anal.  Calcd  for  Ct,H,oNj02  0.5C,HftOH:  C,  74.34;  H,  6.52; 
N,  7.88;  O,  11.25;  OCH.  8.73.  Found:  C,  74.84;  H,  6.52; 
N,7.70;  0, 11.14;  OCH,,  9.07. 
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Deierpideic  Add  (V).  Deserpideine  hydrochloride  (1.2  g,  1.96 
mmoles)  in  12  ml  of  methanol  and  6  ml  of  10  A^  sodium  hydroxide 
was  kept  at  45  "*  for  5  hr.  The  alcohol  was  then  removed  under  slight 
vacuum,  and  the  solution  was  carefully  adjusted  to  pH  4.8  giving 
3,4,5-trimethoxybenzoic  acid  (0.43  g).  Acidification  to  pH  2  with 
concentrated  HCl  gave  crystals  of  deserpideic  acid  hydrochloride 
(0.5  g,  63%).  The  salt  was  recrystallized  from  water,  mp  282  "* 
dec,  [a]'*D  —32.5°  (methanol).  The  melting  point  of  deserpideic 
acid  was  224-226 **  dec,  [a]«*D  -29'  (50%  methanol-water). 

Anal,  Calcd  for  CnH»aNi04:  C,  62.30;  H,  6.22;  Q,  8.76; 
N,6.92.    Found:    C,  62.39;  H,6.69;  a,8.42;  N,6.84. 

Deserpideic  add  Lactone  (VI).  Deserpiddc  acid  (2  g,  5.43 
mmoles)  was  kept  at  room  temperature  for  24  hr  in  25  ml  of  pyri- 
dine and  20  ml  of  acetic  anhydride.  The  solution  was  then  con- 
centrated in  vacuo  and  poured  onto  ice.  The  clear  solution  was 
made  basic  with  sodium  bicarbonate  and  extracted  with  chloroform, 
and  the  chloroform  solution  concentrated  to  incipient  crystallization. 
Filtration  and  recrystallization  from  methanol  gave  deserpideic  acid 
lactone  (1.1  g,  58%),  mp  159-16r  dec,  [a]»D  -58**  (methanol). 

Anal.  Calcd  for  CnHnNsOi:  C.  71.98;  H.  6.33;  N,  7.99. 
Found:    C,  71.81 ;  H,  6.73;  N,  8.24. 

Preparation  of  Methyl  Deserpideate  (IV)  from  Deserpiddc  Add 
(V)  and  Diazomethane.  A  solution  of  diazomethane  in  ether 
was  prepared  by  stirring  1.0  g  of  Du  Ponfs  EXR-101  (70:30  N,N'- 
dimethylterephthalamide:  white  mineral  oil)  in  10  ml  of  50%  so- 
dium hydroxide  and  50  ml  of  ether  and  codistilling  the  diazometh- 
ane with  ether.  To  this  ethereal  diazomethane  solution,  a  solu- 
tion of  340  mg  (0.924  mmole)  of  deserpideic  acid  in  15  ml  of  ether 
and  45  ml  of  methanol  was  added.  The  yellow  solution  was  al- 
lowed to  stand  at  O""  overnight  in  a  hood.  After  evaporating  the 
solvent,  the  methyl  deserpideate  was  removed  by  adding  chloroform 
to  the  residue  and  filtering.  The  starting  acid  is  insoluble  in  chloro- 
form. The  yield  of  methyl  deserpideate  was  87  mg  (0.228  mmole, 
25%). 

Preparation  of  Methyl  Deserpideate  (IV)  from  Deserpiddc  Add 
(V)  and  Metiianoiic  Hydrogen  Chloride.  To  a  solution  of  dry  hy- 
drogen chloride  in  15  ml  of  anhydrous  methanol  202  mg  (0.544 
mmole)  of  deserpideic  acid  was  added.  The  flask  was  flushed 
with  nitrogen,  stoppered,  and  allowed  to  stand  at  room  tempera- 
ture in  the  dark  for  48  hr.  Th  methanol  was  evaporated  in  vacuo 
giving  a  yellow  viscous  oil.  This  oil  was  extracted  with  5  %  sodium 
carbonate  and  chloroform.  The  chloroform  layer  was  dried,  and 
the  solvent  was  removed  giving  185  mg  (0.484  mmole,  88%)  of  an 
off-white  solid  whose  infrared  spectrum  and  nmr  spectrum  were 
identical  with  those  of  authentic  methyl  deserpideate.  This  product 
was  recrystallized  from  methanol,  mp  159-161  °  dec. 

Preparation  of  Methyl  Deserpideate  (IV)  from  Deserpiddc  Add 
Lactone  (VI).  About  25  mg  of  fresh  sodium  was  placed  into  3  ml 
of  anhydrous  methanol.  After  the  sodium  had  reacted,  the  solu- 
tion was  cooled  to  0"",  and  1 5  mg  (0.0428  mmole)  of  deserpideic  add 
lactone  was  added.  The  flask  was  flushed  with  nitrogen,  stoppered, 
and  allowed  to  stand  in  the  dark  at  0°  for  45  hr.  Dry  methanolic 
hydrogen  chloride  was  slowly  added  to  bring  the  solution  to  pH  5, 
sodium  chloride  precipitating  out.  The  solvent  was  removed  by 
passing  a  stream  of  dry  nitrogen  over  the  solution.  Chloroform  was 
added  to  the  residue,  and  the  inorganic  salts  were  filtered.  The 
chloroform  was  evaporated  und^  reduced  pressure;  the  residue 
was  taken  up  into  5  ml  of  chloroform,  and  the  solution  was  washed 
with  two  5-ml  portions  of  5%  sodium  carbonate  solution.  The 
chloroform  layer  was  dried  with  anhydrous  sodium  sulfate  and 
filtered  and  the  solvent  removed  under  reduced  pressure.  The 
product  from  this  treatment  had  melting  point  and  infrared  and 
nmr  spectra  that  were  identical  with  those  of  authentic  methyl 
deserpideate. 

Hydrogenation  of  Deserpideine  (I).  Exactly  2.86  g  (4.96  mmoles) 
of  deserpiddne  was  dissolved  in  250  ml  of  95%  ethanol  and  added 
to  a  mixture  of  565  mg  of  platinum  oxide  in  10  ml  of  95  %  ethanol. 
The  hydrogenation  bottle  was  flushed  with  nitrogen  and  placed  on 
a  Parr  hydrogenation  apparatus  and  was  then  charged  with  36  lb 
of  hydrogen.  Shaking  was  started  and  continued  for  2  days.  The 
bottle  was  then  removed  and  thoroughly  flushed  with  nitrogen. 
The  catalyst  was  filtered  from  the  solution  by  repeatedly  passing  the 
mixture  through  very  retentive,  quantitative  filter  paper  (Schleicher 
and  Schuell,  Analytical  Filter  Paper.  No.  576)  until  no  catalyst 
was  seen  on  the  filter  paper;  four  times  were  sufficient.  The  sol- 
vent was  removed  under  reduced  pressure  giving  2.69  g  of  yellowish 
amorphous  solid.  The  hydrogenation  product  was  extracted  with 
aqueous  sodium  carbonate  and  chloroform.  The  aqueous  extracts 
were  acidified  by  the  addition  of  concentrated  hydrochloric  acid.  A 
white  crystalline  precipitate  formed,  which  was  filtered  from  the  cold 


solution  giving  723  mg  (3.41  mmoles,  69%)  of  a  white  crystalline 
solid,  mp  168-170°.  This  compound  was  shown  to  be  identical 
with  authentic  3,4,5-trimethoxybenzoic  acid  by  melting  point, 
mixture  melting  point,  and  infrared  spectrum.  The  chlorofom 
extracts  were  dried  over  anhydrous  sodium  sulfate,  filtered,  and 
evaporated  to  dryness  leaving  1.97  g  of  a  tan  amorphous  solid 
This  material  was  then  distributed  between  ether  and  0.5  Af  phos- 
phoric acid.  The  ether  extracts  were  dried  and  evaporated  leaving 
410  mg  of  a  yellow  residue.  This  was  the  neutral  fraction.  Addi- 
tion of  ethyl  acetate  to  this  fraction  caused  it  to  crystallize.  After 
filtration  and  recrystallization  from  methanol,  123  mg  of  white 
crystalline  16-methyl-19-methoxy-21-oxoyohimbane  (X)  was  ob* 
tained,  mp  245-247°  dec.  [a]"D  +142°  (c  0.8,  chloroform).  An 
infrared  spectrum  showed  no  absorption  between  5.0  and  6.0  ^. 
The  nmr  spectrum  showed  one  methoxyl  absorption  at  h  3.25 
and  a  C-CH|  doublet  at  h  1.03.  The  mass  spectrum  exhibited  i 
molecular  ion  peak  at  mje  338. 

Anal.  Calcd  for  CmHmN^O,:  C,  74.52;  H,  7.74;  N,  8.28. 
Found:    C,  74.62;  H,7.84;  N,8.55. 

The  acidic  aqueous  layer  containing  the  basic  fraction  was  basified 
with  aqueous  sodium  carbonate  to  pH  8  (Hydrion  paper)  and  ex- 
tracted with  ether.  The  ether  extracts  were  dried  over  anhydrous 
sodium  sulfate,  filtered,  and  evaporated  to  dryness  leaving  1.39  g 
of  a  tan  amorphous  solid.  Addition  of  ethyl  acetate  to  this  mate* 
rial  caused  it  to  crystallize.  Recrystallization  from  methanol  gave 
156  mg  of  white  crystals,  mp  224-226°  dec,  [a]»D  -123^  (c  0.3. 
chloroform).  This  compound  had  a  rate  of  methiodide  formation 
of  7.2  X  10~^  sec~'\  characteristics  of  the  epiallo  configuration. 
Its  melting  point  was  the  same  as  authentic  deserpidine,  and  a 
mixture  melting  point  was  undepressed.  Infrared  spectra  in  chloro- 
form and  acetonitrile  showed  the  compounds  to  be  identical.  The 
nmr  spectra  were  superimposable.  Rt  values  in  a  number  of  sol- 
vent systems  also  showed  their  identity:  Rt  0.50,  chloroform: 
ethanol :acetone  (90:5:5);  Rt  0.92,  ether: methanol  (80:20); 
Ri  0.63,  ether  :ethanol  (95:5).  Finally,  both  compounds  had  the 
same  specific  rotation,  [a]**D  — 123°  in  chloroform. 

From  the  mother  liquor  of  the  above  crystallization,  1.20  g  of 
amorphous  material  was  obtained.  A  thin  layer  chromatogram 
with  chloroform: acetone: methanol  (80:16:4)  as  the  solvent  system 
showed  that  the  material  consisted  of  at  least  nine  compounds.  A 
preparative  scale,  thin  layer  chromatogram  was  used  to  purify  this 
mixture,  but  only  one  fraction  crystallized,  mp  266-267°  dec,  and 
was  shown  to  be  identical  with  authentic  a-yohimbine  methyl  ether 
(XII).  The  infrared  spectra  were  identical.  Thin  layer  chroma- 
tograms  showed  the  two  compounds  to  have  the  same  Rt  values  in 
a  number  of  different  solvent  systems:  Rt  0.74,  chloroform:ace- 
tone:methanoI  (90:8:2);  Rt  0.81,  benzene: acetone  (80:20); 
Rt  0.67,  benzene:  ether  (50:50);  Rt  0.42,  chloroform :acetone 
(94:6);  /{f  0.41,  benzene :acetone  (90:10);  /{f  0.33,  benzene: ether 
(80:20);  Rt 0.53, chloroform: ether (80:20). 

Preparation    of   16-Methyl-19-niethoxyaUoyohimbane    (XI)-    A 

solution  of  25  mg  (0.074  mmole)  of  16-methyl-19-methoxy-21- 
oxoalloyohimbane  (X)  in  50  ml  of  anhydrous  ether  was  added 
dropwise  to  a  stirred  suspension  of  150  mg  of  lithium  aluminum 
hydride  in  50  ml  of  refluxing  ether.  After  addition  was  completed, 
the  stirring  and  refluxing  were  continued  for  12  hr.  The  excess 
lithium  aluminum  hydride  was  decomposed  by  the  dropwise  addi- 
tion of  water,  and  the  inorganic  salts  were  filtered.  The  ether 
was  evaporated  leaving  21  mg  (0.065  mmole,  87%)  of  white  16- 
methyl- 19-methoxyalloyohimbane  (XI)  that  could  be  recrystallized 
from  either  acetonitrile  or  methanol,  mp  217-220°  dec.  An  in- 
frared spectrum  showed  the  disappearance  of  the  band  at  6.13  m> 
and  the  pseudo-first-order  rate  of  methiodide  formation  was  2.5 
X  10"*  sec"*,  indicative  of  an  alio  configuration.  The  mass  spec- 
trum exhibited  a  molecular  ion  peak  at  m/e  324  in  accord  with  the 
molecular  formulation  CsiHssNsO. 

Hydrogenation  of  Methyl  Deserpideate  (IV).  Platinum  oxide 
(34  mg)  in  6  ml  of  95  %  ethanol  was  reduced  by  stirring  in  the  pres- 
ence of  hydrogen  for  20  min.  To  this  mixture,  66  mg  (0.1 73  mmole) 
of  methyl  deserpideate  in  1 1  ml  of  95  %  ethanol  was  added,  and  the 
reaction  was  allowed  to  proceed  with  stirring  for  4  days.  The 
mixture  was  flushed  with  nitrogen,  and  the  catalyst  was  filtered 
(Schleicher  and  Schuell  Filter  Paper  No.  576).  The  solvent  was 
removed  under  reduced  pressure  leaving  60  mg  of  an  oil.  This 
oil  was  shown  to  consist  of  at  least  1 2  components  by  thin  layer 
chromatography.  An  infrared  spectrum  showed  an  absorption  at 
6.12  fi.  Partial  separation  of  the  mixture  was  accomplished  by 
extraction  with  aqueous  hydrochloric  acid  and  chloroform.  The 
chloroform  layer  (neutral  material)  was  dried  and  solvent  removed 
under  reduced  pressure.    The  residue  was  crystallized  by  the  addi- 
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eChanol  and  yielded  12  mg  of  white  crystalline  16-methyl- 
cy-I9-niethoxy-21-oxoalloyohimbane,  mp  287-289°  dec. 
ed  spectrum  showed  no  absorption  between  5.0  and  6.0  fi 
ed  a  strong  amide  band  at  6.12  /x*  The  mass  spectrum 
molecular  ion  peak  at  m/e  354. 

Calcd  for  CnHstN^Oi:    C,   71.16;    H,  7.39.    Found: 
H,  7.76. 

ueous  hydrochloric  acid  fraction  was  basified  by  adding 
;odium  carbonate,  and  this  was  then  extracted  with  chloro- 
tie  chloroform  extracts  were  dried  with  anhydrous  sodium 
id  filtered,  and  the  solvent  was  removed  under  reduced 

This  gave  45  mg  of  a  yellow  solid  which  was  subjected 
itive  scale  thin  layer  chromatography  using  chloroform : 
:  acetone  (60:20:20)  as  the  solvent  system.  The  band 
value  corresponded  to  authentic  methyl  deserpidate  (Rt 
.  removed.  The  organic  material  was  eluted  from  the 
by  use  of  hot  chloroform  and  hot  methanol.  This  gave 
in  oil  which  was  once  again  subjected  to  preparative  scale 
chromatography  using  the  same  solvent  system,  and  again 
r  band  was  removed.    After  elution,  10  mg  of  a  white 

collected.  This  compound  gave  an  infrared  spectrum 
dentical  with  authentic  methyl  deserpidate  in  chloroform 
ind  in  acetonitrile  solution.  The  nmr  spectrum  was  also 
with  that  of  authentic  methyl  deserpidate  and  different 
tiyl  deserpideate.  Thin  layer  Rt  values  further  established 
y  of  the  two  compounds:  Rt  0.49,  chloroform :  methanol : 
X):20:20);  Rt  0.46,  ether: methanol  (50 :50). 
I  Alwrfnimi  Hydride  Reduction  of  ll-Demethoxytetrahy- 
Uae  (Viny.  11-Demethoxytetrahydroalstoniline  hydro- 
50  mg,  0.135  mmole)  was  converted  to  the  free  base  by 
I  with  aqueous  sodium  carbonate  and  ether.  The  ether 
10  ml)  were  dried  over  anhydrous  sodium  sulfate,  filtered, 
xl  in  a  50-ml  addition  tube.  This  solution  was  added 
to  a  stirred  suspension  of  300  mg  of  lithium  aluminum 
1  10  ml  of  ether.  After  addition  was  completed  (1  hr), 
xc  was  stirred  for  1  hr.  Subsequently,  2(X)  mg  more  of 
iiuninum  hydride  was  added,  and  the  mixture  was  stirred 

The  excess  lithium  aluminum  hydride  was  decomposed 
ipwise  addition  of  water.  Sodium  sulfate  ( 1  g)  was  added ; 
anic  salts  were  filtered,  and  the  solvent  was  evaporated 
until  about  half  its  volume  was  removed.  The  hydro- 
Alt  was  prepared  by  adding  methanolic  hydrogen  bromide 
sreal  solution  of  the  free  base.  The  precipitate  was  fihered 
led  45  mg  (0.1 12  mmole,  83%)  after  drying.  Recrystalli- 
3m  methanol  gave  yellow  crystalline  1 -hydroxy methyl- 
strahydro- 1 3H-benzo[g]indolo[2, 3-a]quinolizine  hydro- 
(trivial  name:  11-demethoxytetrahydroalstonilinol  hy- 
de)  that  decomposed  without  sharp  melting  around  280®. 
fid  spectrum  as  a  KBr  pellet  was  identical  with  that  of 
material.*  Paper  chromatography  Rt  values  in  three 
solvent  systems  were  the  same  for  the  two  compounds:  Rt 
S  acetic  acid:5%  sodium  acetate  (v/v),  saturated  with 
Jier;  Rt  0.92,  n-butyl  alcohol  saturated  with  water;  Rt 
i  ii-butyl  alcohol  :ethanol,  saturated  with  water. 
Cakd  for  CtoHaBrNsO:  C,  62.34;  H,  5.49.  Found: 
H,  5.62. 

ttion  of  3-Isode8erpideine  (Yll).  A  solution  of  576  mg 
le)  of  deserpideine  in  10  ml  of  glacial  acetic  acid  was  heated 
means  of  an  oil  bath.  To  this  stirring  solution,  56  ml  of 
lead  tetraacetate  in  glacial  acetic  acid  was  added  dropwise 
course  of  90  min.  The  temperature  was  maintained  at 
od  the  system  was  kept  under  a  nitrogen  atmosphere.  The 
wine  red  solution  was  stirred  at  45-50°  for  an  addi- 
ir.  The  acetic  acid  was  then  removed  in  vacuo,  leaving 
loiL  Thisoil  was  dissolved  in  400  ml  of  chloroform;  20 
ler  was  added  and  the  mixture  chilled.  To  this  mixture, 
sodium  hydroxide  was  added  dropwise  until  the  material 
to  Hydrion  paper  (about  10  ml  was  needed).  The  chloro- 
t  was  separated  and  washed  once  with  20  ml  of  water, 
roform  layer  was  dried  over  anhydrous  sodium  sulfate 
xL  It  was  then  made  acidic  by  adding  dropwise  ethanolic 
Mic  acid,  a  color  change  from  dark  red  to  orange  being 
lie  chloroform  was  removed  under  reduced  pressure  leav- 
ng  (0.955  mmole,  95  %)  of  an  orange  solid  that  resisted 
ition  attempts.  The  infrared  spectrum  showed  absorp- 
9, 3.4, 5.8, 6.1,  and  6.3  m. 

ude  tetradehydrodeserpideine  chloride  (581  mg,  0.955 
/as  dissolved  in  25  ml  of  methanol  and  cooled  in  an  ice 
Kiium  borohydride  (676  mg)  was  added  in  small  portions 
xxnse  of  15  min.    After  10  min,  the  dark  brown  solution 


was  refluxed  for  5  min  on  a  steam  bath.  Water  (70  ml)  was  added, 
and  the  methanol  was  removed  under  reduced  pressure.  The  solid 
was  filtered  and  dried  to  constant  weight  (495  mg).  This  material 
was  dissolved  in  a  minimal  amount  of  chloroform  and  passed 
through  a  4-in.  column  of  Florisil  giving  a  yellow  solution.  The 
chloroform  was  evaporated  leaving  a  yellow  amorphous  material 
that  weighed  270  mg.  A  thin  layer  chromatogram  of  this  showed 
it  to  consist  of  two  compounds  which  were  separated  by  preparative 
thin  layer  chromatography  using  chloroform: acetone: methanol 
(90 :8 :2)  as  the  solvent  system.  The  main  component  of  the  reac- 
tion was  shown  to  be  3-isodeserpideine  (230  mg,  40%).  Its  rate 
of  methiodide  formation  was  31  X  10~^  sec~^  and  its  infrared  spec- 
trum showed  the  3-iso  bands  at  3.4-3.6  /x. 

A  solution  of  3-isodeserpideine  was  prepared  by  dissolving  80 
mg  (0.138  mmole)  of  pure  3-isodeserpideine  (VII)  in  0.5  ml  of 
methanol.  This  solution  was  made  slightly  acidic  by  the  dropwise 
addition  of  glacial  acetic  acid.  Eight  drops  of  a  saturated  ammo- 
nium nitrate  in  methanol  solution  was  then  added.  A  white  pre- 
cipitate formed  immediately.  This  was  filtered  and  recrystallized 
from  methanol  giving  73  mg  (0. 1 14  mmole,  83  %)  of  white  crystalline 
3-isodeserpideine  nitrate  salt,  mp  246-249"^  dec. 

AnaL  Calcd  for  CnHnNsOu:  C,  60.24;  H,  5.83.  Found: 
C,  60.07;  H,  5.77. 

Exactly  32  mg  (0.055  mmole)  of  3-isodeserpideine  was  dissolved 
in  1.0  ml  of  ethyl  acetate  and  cooled  to  O"".  Then,  0.5  ml  of  pure 
methyl  iodide  was  added,  and  the  solution  was  allowed  to  stand  at 
0°  for  3  days.  Crystallization  commenced  after  6  hr.  The  solvent 
was  removed  under  reduced  pressure,  and  the  residue  was  crystal- 
lized from  methanol.  Filtration  gave  23  mg  (0.032  mmole,  58  %) 
of  white  crystals  of  3-isodeserpideine  methiodide,  mp  250-253° 
dec.  An  analytical  sample  was  prepared  by  recrystallizing  from 
methanol-water  to  give  white  clusters,  mp  254-255°  dec. 

Anal.  Calcd  for  CnHsoINsOg:  C,  54.70;  H,  5.43.  Found: 
C,  55.02;  H,5.64. 

Hydrogenation  of  3-l9odeserpideiiie  (VII)*  Exactly  32  mg  of 
platinum  oxide  in  4  ml  of  95  %  ethanol  was  reduced  to  platinum 
black  in  a  microhydrogenation  apparatus.  To  this  mixture  100  mg 
(0.173  mmole)  of  3-isodeserpideine  in  7  ml  of  95%  ethanol  was 
added,  and  the  reduction  was  allowed  to  proceed  for  15  hr.  The 
catalyst  was  removed  by  filtration  through  very  retentive  filter  paper 
(Schleicher  and  Schuell,  No.  576),  and  the  ethanol  was  removed 
under  reduced  pressure.  A  yellow  amorphous  solid  weighing  92 
mg  remained  which  was  extracted  with  5  %  sodium  carbonate  and 
chloroform.  The  aqueous  layer  was  acidified  by  adding  cold  con- 
concentrated  hydrochloric  acid,  and  a  white  precipitate  formed. 
Filtration  and  drying  gave  16  mg  (64%  yield)  of  a  white  crystalline 
compound  that  was  shown  to  be  3,4,5-trimethoxybenzoic  acid  by 
its  melting  point  (168-170°),  mixture  melting  point  (undepressed), 
and  infrared  spectrum.  The  chloroform  layer  was  then  extracted 
with  dilute  hydrochloric  acid,  and  the  chloroform  layer  was  dried 
and  evaporated.  This  left  10  mg  of  a  neutral  fraction  that  showed  a 
amide  peak  in  the  infrared  at  6.13  m>  The  aqueous  hydrochloric 
acid  layer  was  basified  and  extracted  with  chloroform.  The  chloro- 
form layer  was  dried  and  evaporated  leaving  62  mg  of  a  yellow 
solid.  Addition  of  methanol  caused  crystallization  to  occur. 
Filtration  and  drying  gave  12  mg  (0.033  mmole,  20%)  of  a  white 
crystalline  material  that  was  shown  to  be  a-yohimbine  methyl  ether 
(XII)  by  melting  point  and  mixture  melting  point  (266-267°  dec) 
and  thin  layer  Rt  values.^ 

Hydrogenation  of  Raujemidine  (la).  Exactly  39  mg  of  platinum 
oxide  in  5  ml  of  95%  ethanol  was  reduced  to  platinum  black  in  a 
microhydrogenation  apparatus.  To  this  mixture  200  mg  (0.33 
mmole)  of  raujemidine  in  12  ml  of  95  %  ethanol  was  added,  and  the 
hydrogenation  was  allowed  to  proceed  for  72  hr.  The  catalyst  was 
removed  by  filtering  three  times  through  very  retentive  filter  paper 
(Schleicher  and  Schuell,  No.  576).  The  solvent  was  removed 
under  reduced  pressure  leaving  190  mg  of  a  yellow  amorphous 
solid.  This  solid  was  extracted  with  5%  sodium  carbonate  and 
chloroform.  The  aqueous  phase  was  acidified  with  concentrated 
hydrochloric  acid  leaving  a  white  precipitate.  Filtration  and  drying 
of  this  precipitate  gave  25  mg  (0.118  mmole,  38%)  of  a  white  crys- 
talline solid  that  was  shown  to  be  3,4,5-trimethoxybenzoic  acid 
by  its  melting  point  (168-170°),  mixture  melting  point  (unde- 
pressed), and  infrared  spectrum.  The  organic  phase  was  evap- 
orated and  gave  a  yellow  amorphous  solid.  This  was  subjected  to 
preparative  scale  thin  layer  chromatography  using  chloroform: 
ethanol : acetone  (90 :6 :4)  as  the  solvent  system  and  the  band  whose 
Rt  values  corresponded  to  reserpine  (Rt  0.60)  was  removed.  Elu- 
tion of  the  compound  from  the  silica  gel  and  recrystallization  of  the 
eluted  material  gave  19  mg  (9%  yield)  of  pure  reserpine  (Ila)  as 
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shown  by  infrared  and  nmr  spectra,  melting  point,  and  mixture 
melting  point. 

Rate  Studies.    The  rates  of  methiodide  formation  were  deter- 
mined by  the  method  used  previously,*  except  for  a  few  minor 


changes.  Instead  of  using  10  mg  of  sample,  rates  were  determined 
on  3  mg  of  sample  in  the  present  study.  The  acetonitrile  that  was 
used  was  carefully  distilled  from  CaHi  and  had  an  observed  initial 
resistance  of  greater  than  1,000,000  ohms. 


Biosynthesis  of  Methylcyclopentane  Monoterpenoids.    I. 
Skytanthus  Alkaloids^* 
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Abstract:  The  biosynthesis  of  the  steam-volatile  Skytanthus  alkaloids  has  been  investigated  by  administering 
DL-mevalonate-2-^Hr  and  L-methionine-methyl-^HT  into  the  green  stems  of  mature  flowing  Skytanthus  acutus  M. 
plants.  Radioactivity  from  nievalonate-2-'^  was  incorporated  into  the  alkaloid.  Radioactivity  from  DL-lysine- 
2-'Hr  was  not  incorporated,  which  indicates  that  lysine  is  not  a  precursor.  Gas- liquid  chromatographic  analysis  of 
the  alkaloid  fraction  indicated  that  the  natural  oil  contains  a  mixture  of  which  about  90  %  is  a-,  P-,  5-,  and  dehydro- 
skytanthines.  The  anoounts  of  these  alkaloids  vary  with  the  parts  of  the  plant,  with  roots  containing  most.  Specific 
activities  of  the  alkaloids  derived  from  mevalonate-2-^Hr  and  methionine-methyl-^HT  also  vary  in  different  parts  of 
the  plant.  At  least  four  alkaloids  of  unknown  structure  which  comprise  about  10  %  of  natural  Skytanthus  oil  were 
detected.  Chemical  degradations  on  micro  quantities  of  alkaloid  to  eliminate  nitrogen  and  to  determine  the 
amount  of  radioactivity  located  in  carbons  3, 4,  7,  9,  and  10  were  devised.  It  was  found  that  L-methionine-methyl- 
^*C  was  the  precursor  of  the  N-methyl  group  of /?-skytanthine  The  results  of  biosynthesis  experiments  using  meva- 
lonate-2-^Hr  as  a  precursor  provide  evidence  for  the  formation  of  skytanthine  isomers  Dta:  (a)  an  isoprenoid  pathway 
which  involves  randomization  of  the  label  between  the  terminal  methyl  carbon  atoms  of  the  monoterpene  or  mono- 
terpenoid(/.e.,  geranyl  pyrophosphate)  intermediate  in  1.3-year-old  plants,  and  (b)  an  isoprenoid  pathway  which 
does  not  involve  randomization  of  the  label  between  the  monoterpene  terminal  methyl  carbon  atoms  in  3-year-old 
plants. 


Natural  oil  of  Skytanthus  acutus  M.  contains  a 
mixture  of  alkaloids  of  the  rare  monoterpenoid 
class.  At  least  three  skytanthine  isomers  (Figure  1: 
la,  1/3, 15)  and  a  dehydroskytanthine  (II)  are  produced  by 
Skytanthus  acutus  M.*-^  Skytanthus  acutus  M.  is 
native  to  the  Atacama  desert  of  Chile  and  owing  to  the 
characteristic  shape  of  its  seed  pods  is  commonly  re- 
ferred to  as  "Goats-horn"  by  natives  of  the  area. 
Skytanthus  alkaloids  have  no  known  physiological 
activity,  in  contrast  to  most  other  methylcyclopentane 
monoterpenoids,  most  of  which  possess  biological  ac- 
tivity. The  biosynthesis  of  the  Skytanthus  alkaloids  is 
of  interest  because  they  are  terpenoid  alkaloids*"'  and 
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because  they  may  serve  as  a  link  to  higher  alkaloids.  *^^* 
The  structures  of  the  Skytanthus  alkaloids  suggest 
that  the  piperidine  nucleus  of  these  molecules  could 
arise  from  an  isoprenoid  precursor.  The  present  evi- 
dence for  the  route  of  formation  of  the  piperidine  ring 
in  plants  is  based  largely  on  studies  of  the  alkaloid 
biosynthesis  of  anabasine^**^*  produced  by  tobacco, 
homostachydrine**  by  alfalfa,  and  pipecolic  acid*'"* 
by  various  plants  and  microorganisms.  These  mole- 
cules are  derived  from  lysine.  In  contrast,  the  piper- 
idine ring  of  coniine  and  conhydrine,  which  are  alkaloids 
of  hemlock,  appears  to  be  formed  from  a  poly-jS-keto  acid 
derived  from  four  acetate  units.  ^^-'^  Thus,  if  the  piper- 
idine ring  of  skytanthine  is  isoprenoid  in  origin,  a  third 
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ay  for  the  formation  of  piperidine  rings  by  plants 
Lecte"  has  recently  reviewed  the  biosynthesis 
piperidine  ring. 

;  results  reported  in  this  paper  conclusively  estab- 
at  the  skytanthine  isomers  are  of  isoprenoid  origin 
hat  lysine  is  not  involved  in  the  biosynthesis. 
onine  was  shown  to  be  a  precursor  of  the  N- 
i  group. 

imental  Section 

fadstnitioii  of  Labeled  Compounds.  Mature,  flowering 
thus  acufus  M.  plants  3  years  old  were  used  except  for  the 
lent  reported  on  1.3-year-old  plants.  These  plants  were 
n  a  greenhouse. 

queous  solution  of  the  labeled  compound  was  injected  into 
ns  of  a  plant.  After  4  days  the  plants  were  harvested  and 
into  leaves,  green  stems,  woody  stems,  and  roots  for  analysis. 
>arts  were  stored  in  plastic  bags  at  — 15^  until  used. 
led  Compounds  Used.  Chromatographically  pure  dl- 
niq  acid-2-^K^  (N,N'-dibenzylethylenediamine  salt  obtained 
uclear  Research  Chemicals,  Orlando,  Fla.,  or  New  England 
r  Corp.,  Boston,  Mass.,  was  used.*^  Chromatography  was 
ned  using  Whatman  No.  1  filter  paper  and  2-propanol-am- 
n  hydroxide-water  (80:5:15)  as  the  solvent.  DL-Lysine- 
nth  a  specific  activity  of  0.6  mcurie/mmole  was  purchased 
Tracerlab-Keleket,  Waltham,  Mass.,  and  L-methionine- 
•^*C  with  a  specific  activity  of  2.25  mcurie/mmole  was  ob- 
from  Nuclear  Research  Chemicals,  Orlando,  Fla.  The 
adds  were  radiochemically  pure  as  determined  by  paper 
itography  on  Whatman  No.  1  filter  paper  and  development 
lenol  saturated  with  water  and  1-butanol-acetic  acid-water 
:15). 

location  of  radioactivity  was  made  with  a  Nuclear-Chicago 
ipb  II  paper  strip  scanner. 

tkm  of  Steam-Volatile  Alkaloids.  The  frozen  plant  seg- 
were  cut  into  0.5-in.  pieces  and  ground  with  a  mortar  and 
and  the  pH  was  adjusted  to  10  with  4  A^  potassium  carbonate, 
xnogenate  was  steam  distilled  until  300  ml  of  distillate  was 
;d.  The  distillate  was  acidified  to  pH  2  with  concentrated 
id  steam  distilled.  This  latter  steam-volatile  fraction  con- 
the  neutral  material.  The  pH  of  the  material  in  the  steam 
lion  flask  was  adjusted  to  10  with  4  N  NaOH  and  the  volatile 
ds  were  steam  distilled  and  collected.  The  neutral  and  basic 
OS  were  saturated  with  sodium  chloride  and  extracted  with 
iier.  The  ether  layers  were  dried  over  anhydrous  magnesi um 
,  filtered,  and  concentrated  by  distillation.  The  concen- 
which  remained  were  each  dissolved  in  a  small  amount  of 
taced  in  1-ml  volumetric  flasks, and  stored  at  — 15"^  until  used. 
Chromatography*  Analyses  of  the  alkaloids  by  gas-liquid 
Itography  were  made  on  0.125  in.  X  10  ft  stainless  steel  col- 
packed  with  10%  Carbowax  20M  on  100-120  mesh  base- 
ly* Firebrick.  The  injector  temperature  was  kept  at  160® 
le  thermal  conductivity  detector  cell  at  230''.  Peak  areas 
leasured  with  a  disc  integrator >*  and  the  amounts  represented 
itimated  by  comparison  with  standard  curves  obtained  with 
r-  and  /3-skytanthine  and  dehydroskytanthine.  The  pure 
ds  were  obtained  by  preparative  gas  chromatography  (0.375 
10  ft  column  with  the  same  packing  as  described  above). 
>pe  Analyses.  Carbon-14  activity  of  the  compounds  ad- 
Tcd  to  the  plants,  the  isolated  alkaloids,  and  the  products 
J  during  chemical  degradation  of  Ifi  was  determined  using 
diochromatography  and/or  liquid  scintillation  counting. '^•^ 
sas  radiochromatography  measurements  were  performed 
Perkin-Elmer  Model  801  gas-liquid  chromatograph  equipped 
thermal  conductivity  detector  and  a  Nuclear-Chicago  Model 
woportional  gas  flow  counter.  The  total  efllluent  from  the 
yr  was  fed  into  the  counting  chamber  through  a  heated  inlet 


E.  Leete,  Science,  147,  1000  (1965). 

Preliminary  experiments  indicated  that  no  difference  in  incorpo- 
of  carbon-14  was  found  when  either  the  free  acid  or  the  salt  was 
s  the  precursor. 

Washed  three  times  with  saturated  methanolic  KOH  and  once 
IHiOH. 

Disc  Instruments,  Inc.,  Santa  Anna,  Calif. 

Tri-Carb,  Model  314,  Packard  Instrument  Co.,  La  Grange,  111. 

K.  S.  Yang,  R.  K.  Gholson,  and  G.  R.  Waller,  J.  Am.  Chem. 
n,  4184  (1965). 


Figure  1.    Structures  of  Skytanthus  alkaloids.    The  Greek  letters 
refer  to  isomers  of  skytanthine.  ^  •*   II  is  dehydroskytanthine. 


line.  The  inlet  line  and  the  gas  counting  chamber  were  held  at 
250®.  Peak  areas  were  measured  using  a  Nuclear-Chicago  Model 
8350  automatic  integrator.  The  eflSciency  was  32%  as  calculated 
from  a  reference  standard  of  n-heptane-l-'^C,  specific  activity 
0.25  MCurie//xmole. 

Chemical  Degradation-  of  /3-Skytanthlne  (10).  Hofinann  Deg- 
radation of  Skytanthine  G^)  to  the  Andno  OMn  IV.  A  Z5-g 
sample  of  |9-skytanthine  (10),  purified  by  preparative  gas  chroma- 
tography on  a  0.375  in.  X  10  ft  column  of  alkali-treated  Chromo- 
sorb  P  coated  with  15%  Carbowax  20M,  was  dissolved  in  15  ml 
of  absolute  ethanol  and  5  ml  of  methyl  iodide  was  added.  The 
mixture  was  heated  at  reflux  temperature  for  6  hr.  The  reaction 
mixture  was  cooled,  ether  was  added  to  precipitate  the  methiodide, 
and  the  precipitate  was  filtered  out  to  give  3.5  g  of  /3-skytanthine 
methiodidc,  mp  293-295^  {\\V  296-298°).  The  mcthiodidc.  3.5  g. 
was  dissolved  in  200  ml  of  water  and  then  stirred  with  freshly  pre- 
pared silver  oxide.'*  The  suspension  was  filtered,  and  the  filtrate 
was  concentrated  at  40-50°  under  vacuum  to  give  3  g  of  oil.  A 
\0-ti\  sample  of  the  N-methyl-|9-skytanthine  hydroxide  (III)  was 
ii\jected  into  the  alkaline  20M  Carbowax  column.  The  injection 
port,  column,  and  detector  temperatures  were  200,  123,  and  250°, 
respectively.  Two  peaks  were  observed,  one  corresponding  to 
recovered  0-skytanthine  (1/9)  and  the  other  to  the  amino  olefin  IV. 
The  retention  times  were  16.5  and  12.5  min,  respectively.  The 
amino  olefin  IV  was  purified  by  preparative  gas  chromatography 
on  the  alkaline  Carbowax  20M  column  with  a  yield  of  about  40%. 
The  infrared  spectrum  of  IV  showed  bands  at  3.26, 6.07,  and  1 1.3  m* 

Amine  Oxide  Degradation  of  Amino  OMn  IV.  A  0.2-g  sample 
of  IV  was  stirred  with  1.5  g  of  30%  hydrogen  peroxide  for  16  hr 
until  a  positive  test  for  base  using  phenol phthalein  was  no  longer 
observed.  The  excess  hydrogen  peroxide  was  destroyed  by  stirring 
with  24  mg  of  platinum  oxide  catalyst  until  lead  sulfide  treated 
paper  showed  no  reaction.  The  reaction  mixture  was  filtered  and 
concentrated  at  30-40°  under  vacuum  and  then  pyrolyzed.  The 
pyrolysis  products  were  analyzed  on  the  0.375  in.  X  10  ft  alkaline 
Ovbowax  20M  column.  Peaks  were  observed  for  N,N-dimethyl- 
hydroxylamine  VII  (1.8  min),  the  diene  VI  (2.3  min),  and  un- 
reacted  IV  and  1/9. 

Ozonolysis  of  Amino  Olefin  IV.  The  amino  olefin  IV  (0.6  g)  in 
ether  was  dissolved  in  10  ml  of  acetic  acid  and  treated  at  room 
temperature  for  15  min  with  oxygen  containing  ozone.  The 
ozonized  solution  was  transferred  to  a  flask  containing  a  solution 
of  1  g  of  ferrous  sulfate  in  10  ml  of  water,  and  the  reaction  mixture 
was  stirred  at  room  temperature  for  30  min,  heated  for  30  min, 
and  immediately  steam  distilled  into  a  solution  of  0.4  g  of  dimedon 
in  1(X)  ml  of  water.  The  dimedon  derivative  was  filtered  out  and 
crystallized  from  hot  aqueous  methanol  to  give  0.022  g,  mp  192- 
193°.  The  purity  of  the  dimedon  derivative  of  formaldehyde  was 
tested  by  thin  layer  chromatography,*^  using  benzene-ethanol-ace- 
tate  (1 :1 :4)  as  the  solvent  system  for  separation  and  2,4-dinitro- 
phenylhydrazine  spray  solution  for  detection. 

The  steam  distillation  pot  residue  was  cooled,  basified  with 
sodium  hydroxide  solution,  and  extracted  several  times  with  ether. 
The  ether  extract  was  dried  over  anhydrous  sodium  sulfate  and 
filtered,  and  the  ether  was  removed  through  a  fractionating  column 
to  give  a  concentrate  containing  the  amino  ketone  VIII. 

The  amino  ketone  VIII  (80  mg)  was  obtained  by  preparative  gas 
chromatography,  using  a  0.375  in.  X  10  ft  aluminum  column  packed 
with  15%  Carbowax  20M  loaded  on  base-washed  60-80  mesh 


(29)  The  silver  oxide  was  prepared  from  7.0  g  of  silver  nitrate  in  70  ml 
of  water  containing  1.7  g  of  sodium  hydroxide  by  heating  the  resulting 
suspension  at  85**  and  washing  free  of  alkali  with  hot  water. 

(30)  Eastman  Kodak  Type  K301  R  Chromatogram  sheet. 
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Chromosorb  P.  The  temperatures  of  the  column,  injection  port, 
and  detector  were  140,  200,  and  250'',  respectively.  A  gas  pressure 
of  80  psi  at  a  flow  rate  of  160  cc/min  was  used.  The  retention  time 
of  the  amino  ketone  VIII  was  31  min.  VIII  was  further  purified 
by  thin  layer  chromatography,  using  silica  gel  G  in  0.2  A^  sodium 
hydroxide  solution  for  coating  the  glass  plates  and  hexane-acetone- 
ethanol  (4:1 :1)  as  the  solvent  system  with  1%  iodine  solution  in 
methanol  as  a  detecting  spray.  The  infrared  spectrum  of  VIII 
showed  an  absorption  peak  at  5.85  /u. 

Peroxytrifluoroacetic  Acid  Oxidation  of  Amino  Ketone  Vm.i' 
Peroxytrifluoroacetic  acid  was  prepared  by  adding  1.5  ml  of  tri- 
fluoroacetic  anhydride  to  a  stirred  mixture  of  0.4  ml  of  90%  HsOt 
and  7.5  ml  of  methylene  chloride  and  then  stirring  at  room  tem- 
perature for  30  min.  This  product  was  added  dropwise  over  a 
period  of  5  min  to  a  well-stirred  mixture  containing  0.6  g  of  amino 
ketone  VIII  in  1  ml  of  ether  and  0.4  g  of  sodium  dihydrogen  phos- 
phate in  15  ml  of  methylene  chloride.  After  addition  of  the  per- 
acid,  the  reaction  mixture  was  stirred  at  room  temperature  for  30 
min  and  heated  at  reflux  temperature  for  1.5  hr.  The  reaction 
mixture  was  cooled  and  a  concentrated  solution  of  sodium  sulfite 
added  dropwise  with  stirring  until  no  more  gas  was  released. 
Water  (10  ml)  was  then  added  and  stirring  continued  for  30  min  to 
ensure  complete  hydrolysis  of  any  excess  anhydride.  The  reaction 
mixture  was  basifled  with  sodium  hydroxide  solution  and  extracted 
several  times  with  methylene  chloride.  The  methylene  chloride 
extract  was  dried  over  anhydrous  magnesium  sulfate  and  filtered 
and  the  methylene  chloride  removed  by  fractionation  to  give  0.1  g 
of  the  amino  acetate  IX  containing  a  trace  of  methylene  chloride. 
The  infrared  spectrum  of  the  amino  acetate  IX  showed  absorption 
peaks  at  5.76  and  8.00  /u. 

Saponification  of  the  Amino  Acetate  IX.  The  amino  ester  IX 
(0.1  g)  was  added  to  1  ml  of  20%  aqueous  sodium  hydroxide  con- 
taining a  few  drops  of  methanol.  The  mixture  was  heated  at 
reflux  temperature  for  30  min.  The  alkaline  reaction  mixture  was 
cooled  and  extracted  exhaustively  with  ether.  This  ether  extract 
was  dried  over  anhydrous  sodium  sulfate  and  then  distilled  to  give 
50  mg  of  the  amino  alcohol  X  which  was  purified  by  thin  layer 
chromatography,  using  silica  gel  G  in  2%  sodium  hydroxide 
solution  for  coating  the  glass  plates,  hexane-acetone-ethanol 
(2:1 :1)  as  the  solvent  system,  and  1  %  iodine  solution  in  methanol 
as  a  detecting  spray.  The  infrared  spectrum  of  the  amino  alcohol  X 
showed  an  absorption  peak  at  2.95  /u. 

The  alkaline  residue  remaining  from  the  extraction  of  the  amino 
alcohol  X  was  acidified  with  0.5  ^  sulfuric  acid  and  steam  distilled 
until  50  ml  were  collected.  The  steam  distillate  was  neutralized 
using  0.07  N  sodium  hydroxide.  The  10  mg  of  sodium  acetate  ob- 
tained on  evaporation  under  reduced  pressure  was  purified  by 
chromatography  on  a  Celite  column. 

Kuhn-Roth  Oxidation  of  ^-Skytantfaine.'^  /S-Skytanthine  (1/9) 
(20  mg)  was  oxidized  with  Kuhn-Roth  reagent  by  heating  at  re- 
flux temperature  for  90  min.  The  reaction  mixture  was  steam 
distilled  until  50  ml  was  collected,  and  the  steam  distillate  was 
neutralized  with  0.07  N  sodium  hydroxide.  The  10  mg  of  sodium 
acetate  obtained  on  evaporation  under  reduced  pressure  was  puri- 
fied by  chromatography  on  a  Celite  column. 

Preparation  of  Skytanthine-^<J  Used  for  Chemical  Degradation. 
The  alkaloids  from  the  methionine-methyl-^^C  biosynthesis  ex- 
periment were  diluted  30-fold  with  pure  /3-skytanthine  (10)  and 
degraded  to  give  amino  olefin  IV,  the  diene  VI,  and  dimethyl- 
hydroxylamine  VII. 

/9-Skytanthine-^^C  formed  from  mevalonate-2-'^C  biosynthesis 
experiments  was  purified  by  preparative  gas  chromatography  as 
previously  described,  diluted  two-  to  fivefold  with  pure  10,  and 
degraded  as  described  above.  A  portion  of  diluted  1/9  was  de- 
graded using  the  Kuhn-Roth  oxidation  procedure. 

The  specific  activity  of  the  diluted  alkaloid  was  redetermined 
using  gas  radiochromatography  and  the  hquid  scintillation  pro- 
cedures described  above. 

Results'^ 

Distribution  of  Alkaloids.  The  distribution  of  a-,  0-, 
and  dehydroskytanthine  in  mature  Skytanthus  acutus 
M.  plants  is  shown  in  Table  I.  The  roots  contained 
about  5%  of  the  total  alkaloids.    The  /8  isomer  pre- 

(31)  E.  J.  Eisenbraun,  S.  M.  McElvain,  and  B.  F.  Aycock,  /.  Am. 
Chem,  Soc,  76,  607  (1954). 

(32)  Unless  otherwise  stated  results  and  discussion  are  based  on 
results  obtained  from  3-year-old  plants. 


dominated  in  all  tissues.  These  three  alkaloids  con- 
stituted about  90%  of  the  total  alkaloids  isolated.  The 
remaining  10%  of  the  alkaloid  fraction  was  composed 
of  at  least  four  unknown  alkaloids  and  5-skytanthine; 
the  structure  of  these  unknown  alkaloids  is  being  inves- 
tigated. It  has  been  previously  reported  that  natural 
skytanthine  alkaloids  are  a  mixture  of  three  and  pos- 
sibly four  diastereoisomers  (a,  /3,  7,  and  6).*  No  7 
isomer  was  found  in  this  study;  however,  dehydro- 
skytanthine was  found  in  all  parts  of  the  plant.  Most 
of  the  5  isomer,  which  constitutes  about  1  %  of  the  nat- 
ural skytanthine  alkaloids,  was  located  in  the  roots. 


Table  I.    Distribution  of  a-Skytanthine,  ^-Skytanthine,  and 
Dehydroskytanthine  in  Mature  Skytanthus  acutus  M.  Plants"* 


-  ^Irirtan 

,*!«>  .o 

' —          3K.yiaIiiiiuo 

alkaloids,    % 

Plant  parts 

a 

fi 

Dehydro 

Leaves 

0.007 

0.06 

0.006 

Green  stems 

0.007 

0.03 

0.009 

Woody  stems 

0.006 

0.03 

0.02 

Roots 

0.018 

0.13 

0.07 

Whole  plant 

0.033 

0.25 

0.105 

•  Fresh-weight  basis.    *  Three-year-old  plants. 

Alkaloid  Biosynthesis.  The  results  obtained  using 
DL-lysine-2-**C,  DL-mevalonate-2-**C,  and  L-meth- 
ionine-methyl-**C  are  shown  in  Table  II.  The  a-,  jS-, 
and  dehydroskytanthine  alkaloids  contained  0.56%  of 
the  administered  carbon- 1 4  from  me valonate-2-  ^  *C,  none 
from  lysine-2-^*C,  and  1.04%  from  methionine-methyi- 
^*C.  The  incorporation  of  radioactivity  from  meva- 
lonate-2-**C  along  with  lack  of  incorporation  from 
lysine-2-**C  provides  evidence  that  the  carbon  skeleton 
of  skytanthine  arises  via  an  isoprenoid  precursor  rather 
than  a  pathway  which  involves  lysine.  These  results 
confirm  and  extend  the  preliminary  report  of  Casinovi 
and  Marini-Bettolo"  on  the  incorporation  of  radio- 
activity from  mevalonate-2-**C  into  skytanthine  pro- 
duced by  sterile  excised  roots  of  Skytanthus  acutus  M. 
A  comparison  of  the  specific  activities  of  the  skytan- 
thine isomers  produced  in  the  various  parts  of  the  plant 
from  mevalonate-2-**C  and  methionine-methyl-**C 
shows  that  the  highest  values  were  observed  in  the 
alkaloids  isolated  from  the  green  stems.  Most  of  the 
carbon- 14  in  the  alkaloids  is  in  the  0  isomer,  which 
might  be  expected  since  it  is  present  in  the  largest 
amount.  The  isotope  dilution  values,  which  are  read- 
ily calculated  from  the  specific  activities,  indicate  that 
the  least  dilution  occurs  in  the  green  stems  for  all  three 
skytanthine  isomers.  The  distribution  of  carbon- 14  in 
a-,  j3-,  and  dehydroskytanthine  formed  from  mevalo- 
nate-2-**C  was  13,  53,  and  34%,  respectively.  Corre- 
sponding values  from  the  methionine-methyl-**C  ex- 
periment were  9.5,  74.0,  and  12. 1  %.  In  the  methionine- 
methyl-**C  experiment  4.4%  of  radioactivity  was  found 
in  an  unknown  alkaloid.** 

Chemical  Degradation  of  /3-Skytanthine  (1/9).  A. 
Elimination  of  Nitrogen.    The  structure  of  the  skytan- 

(33)  (a)  C.  G.  Casinovi  and  G.  B.  Marini-Bettolo.  Abstract  Ab-3. 
lUPAC  Meeting.  London.  1963.  p  285;  (b)  C.  G.  Casinovi,  G.  Giovan- 
nozzi-Sermanni.  and  G.  B.  Marini-Bettolo,  Gazz.  Chim.  Itai,  94,  1356 
(1964). 

(34)  Mass  spectral  data  indicate  that  this  unknown  alkaloid  has  a 
molecular  weight  of  16S,  which  corresponds  to  a  dehydroskytanthine 
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Table  II.    Incorporation  of  Carbon-14  from  Labeled  Compounds  into  a-,  0-,  and  Dehydroskytanthine  Alkaloids  Produced 
by  Mature  Skytanthus  acutus  M.  Plants'* 


-  Skytanthus  alkaloids  - 

' a  ; 

isomer . 

R\ 

' Dehydro » 

p\ 

laumcr     -   -  ■  ■>» 

Specific 

Specific 

Specific 

activity, 

activity. 

activity, 

Compd  admin  Oimoles 

Plant 

Yield. 

m/icuries/ 

Yield, 

m/icuries/ 

Yield. 

m/xcuries/ 

injected;  sp  act.,  MCuries//xmole) 

part 

/xmoles 

pimole 

pi  moles 

/xmole 

/xmoles 

/imole 

DL-Lysine-2-"C  (85;  0.6) 

Leaves 

14 

0 

47 

0 

4 

0 

Green  stems 

2 

0 

13 

0 

3 

0 

Woody  stems 

8 

0 

117 

0 

20 

0 

Roots 

38 

0 

296 

0 

110 

0 

DL-Mcvalonate-2-"C(21.4;  4.18) 

Leaves 

144 

0.07 

1250 

0.04 

123 

0.07 

Green  stems 

128 

0.17 

562 

0.23 

179 

0.29 

Woody  stems 

120 

0.18 

730 

0.05 

480 

0.12 

Roots 

358 

0.04 

2500 

0.02 

1410 

0.04 

L-Methionine.methyl-i<:(60;  2.25) 

Leaves 

21 

3.4 

69 

5.3 

7 

7.4 

Green  stems 

3 

4.7 

4 

16.4 

1 

7.4 

Woody  stems 

9 

0.9 

41 

5.7 

14 

1.0 

Roots 

38 

1.0 

152 

2.4 

75 

1.3 

•  Three-year-old  plants. 


thine  skeleton  I  was  initially  established  by  dehydro- 
genation  to  actinidine'-*  and  by  partial  degradation  to 
the  amino  olefin  IV  and  the  amino  ketone  VIII.^ 

The  existence  of  three  isomers  of  skytanthine  (la,  /8, 
and  5)  in  Skytanthus  acutus  M.,  their  structures,  and 
their  absolute  configurations  and  stereochemistry  were 
established  by  comparison  with  isomers  of  skytanthine 
obtained  by  partial  synthesis  from  the  nepetalinic  acids 
of  known  absolute  configuration  and  stereochemistry.*^ 

Despite  these  extensive  studies,  a  nitrogen-free  degra- 
dation product  of  skytanthine  has  not  been  reported. 
The  reported  degradation  routes  were  extended  to  pro- 
vide a  series  of  molecules  which  would  reveal  location 
of  carbon-14  incorporated  into  the  skytanthine  skele- 
ton. The  results  show  that  when  pure  /8-skytanthine 
{\ff)  is  subjected  to  the  Hofmann  elimination  reaction 
it  is  cleanly  converted  to  the  previously  reported  amino 
olefin  IVa.^'**'*  The  choice  of  the  route  to  be  used  for 
complete  removal  of  nitrogen  from  IVa  was  then  be- 
tween a  second-stage  Hofmann  or  an  amine  oxide 
elimination  reaction.  These  methods  were  compared 
and  both  were  found  to  give  nitrogen-free  diene.  The 
amine  oxide  elimination  from  IVa  via  V  was  preferred 
because  the  resulting  diene  VI  appeared  to  be  a  single 
product,  whereas  a  conventional  Hofmann  elimina- 
tion reaction  of  IVa  proceeded  to  a  mixture  of  dienes 
possibly  having  the  structures  XI  and  XII.    This  mix- 


XI 


XII 


ture  is  to  be  expected  in  view  of  the  well-known  course 
of  the  Hofmann  elimination  of  nitrogen  from  piper- 

(35)  Analysis  of  the  methines  produced  in  the  reaction  was  made  on 
the  combination  mass  spectrometer-gas  chromatograph  (prototype  of 
the  LKB-9000)  using  a  0.2S  in.  X  16  ft  glass  column  packed  with  20% 
Car bowax  20M  on  1 00- 1 20  mesh  base- washed  ^  Firebrick.  The  column 
conditions  were  200**  for  injection  port,  125°  for  the  column,  and  a  flow 
rate  of  45  cc  of  He/min.  The  retention  time  of  IVb  was  2 1  min  and  that 
of  IVa  was  23  min.  C^nitative  estimation  of  the  relative  amounts  of 
each  methine  was  performed  by  planimetry.  IVa  comprised  over  99  % 
of  the  mixture. 

(36)  We  are  investigating  the  Hofmann  elimination  reaction  as  applied 
to  5-slcytanthine  (15)  to  determine  whether  stereochemical  alteration  in 
the  carbon  skeleton  of  the  skytanthine  isomers  affects  the  direction  of 
elimination  and  whether  more  than  one  olefin  is  formed. 


idine  to  give  piperylene  (1,3-pentadiene)  rather  than  1,4- 
pentadiene. 

The  paucity  of  starting  material  and  lack  of  knowl- 
edge of  the  structure  of  skytanthine  possibly  prevented 
earlier  workers  from  fully  eliminating  nitrogen  from 
the  skytanthine  skeleton.  In  our  hands,  this  was  ac- 
complished without  difficulty  and  procedures  (Figure  2) 
were  developed  so  that  complete  nitrogen  elimination 
could  be  carried  out  on  a  milligram  scale. 

The  results  presented  in  Table  III  show  the  distribu- 
tion of  label  in  the  skytanthine  alkaloids  formed  from 
L-methionine-methyl-**C.  When  the  products  of  the 
degradation  were  analyzed  by  gas  radiochromatography 
it  was  found  that  47  %  of  the  radioactivity  was  in  VI  and 
26  and  27%  of  the  radioactivity  was  present  as  unre- 
acted  I  and  IV,  respectively.  The  diene  VI  was  com- 
pletely devoid  of  radioactivity.  These  results  provide 
conclusive  evidence  that  the  N-methyl  group  of  the 
skytanthine  alkaloids  originated  from  the  methyl  group 
of  methionine. 


Table  III.    Distribution  of  Radioactivity  in  j3-Skytanthine 
Biosynthetically  Formed  from  L-Methionine-methyl-»*C" 


Compd 


Sp  act., 
Mcurie/ 
mmole 


/3-Skytanthine(I/3) 
Methine  (IV) 
Diolefin(VI) 
N,N-Dimethylhydroxylamine  (VII) 


0.10 

0.105 

0 


100 
105 
0 
100 


*  Three-year-old  plants. 

B.  Chemical  Degradation  of  /9-Skytanthine  (Ij8)  to 
Remove  Carbons  3,  4,  and  9.  The  previously  reported 
degradation^'®  of  the  amino  olefin  IV  to  the  amino 
ketone  VIII  and  the  amino  alcohol  X  was  utilized  in 
obtaining  techniques  to  provide  suitable  derivatives  and 
degradation  products  for  carbon-14  assay  to  locate  the 
positions  of  radioactive  labeling  in  1/8.*^  The  ozonoly- 
sis  of  amino  olefin  IV  readily  provided  the  amino  ke- 
tone VIII  and  formaldehyde.  The  latter  was  isolated 
as  the  dimedon  derivative,  purified  by  recrystallization 
and  thin  layer  chromatography  to  constant  specific 
activity,  and  then  counted  to  determine  the  carbon-14 
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Figure  2.  Chemical  degradation  of /9-skytanthine  to  remove  carbons  8,  3,  4,  and  9. 
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Figure  3.    Labeling  patterns  of  /3-skytanthine  biosynthesized  by 
Skytanthus  acutus  plants  from  mevalonate-2-^<^. 


radioactivity  at  position  3  of  1/3.  A  conventional 
Baeyer-Villiger  oxidation  of  the  amino  ketone  VIII 
with  peroxytrifluoroacetic  acid*^  yielded  the  expected 
amino  acetate  IX  which  was  hydrolyzed  to  the  amino 
alcohol  X  and  acetic  acid.  The  acetic  acid  was  iso- 
lated and  used  to  determine  the  carbon- 14  radioactivity 
of  carbons  4  and  9  of  1/8. 

The  results  presented  in  Table  IV  show  the  distribu- 
tion of  the  label  in  /8-skytanthine  (1/3)  formed  from 
mevalonate-2-**C  using  plants  of  two  ages.  The  data 
reported  in  this  table  are  the  results  of  specific  activity 
determinations  made  using  the  liquid  scintillation 
method  on  weighed,  purified  samples  of  1/3  and  its  de- 
rivatives. Gas  radiochromatography  experiments  (3- 
year-old  plants)  on  1/8,  IV,  VIII,  and  X  agree  with  the 
results  obtained  using  liquid  scintillation  counting,  but 
in  general  these  were  less  reliable  because  of  the  low 
specific  activities  encountered.  The  dimedon  deriva- 
tive of  formaldehyde  and  acetate  were  counted  only  by 
the  liquid  scintillation  technique. 

A  Kuhn-Roth  oxidation  on  the  carbon- 14-labeled 
amino  alcohol  X  would  provide  information  on  the 

(37)  W.  F.  Sagcr  and  A.  Duckworth,  /.  Am.  Chem.  Soc,  77,  188 
(1955). 


amount  of  radioactivity  residing  in  carbons  7  and  10. 
Because  insufficient  carbon- 14-labeled  X  was  available, 
this  degradation  was  applied  directly  to  /3-skytanthine- 
**C  which  yields  acetate  representing  carbons  7  and  10 
and  4  and  9. 

Three- Year-Old  Plants.  Results  from  the  chemical 
degradation  indicated  that  carbon  3  contained  40%  of 
the  radioactivity  present  in  the  original  /3-skytanthine- 
**C  (1/3).  The  amino  alcohol  X  and  the  sodium  acetate 
formed  from  the  amino  ketone  VIII  had  49  and  5% 
of  the  radioactivity,  respectively  (Table  IV).  Results 
from  the  Kuhn-Roth  oxidation  on  the  original  1/3 
are  shown  on  the  last  line  of  Table  IV  and  indicate  that 
5%  of  the  carbon- 14  resides  in  carbons  4  and  9  and  7 
and  10.  These  data  are  interpreted  to  mean  that  about 
10%  of  the  original  radioactivity  present  in  /8-skytan- 
thine is  present  in  carbons  4  and  9  and  7  and  10  (Figure 

3). 

Of  the  original  activity  present  in  /3-skytanthine-'*C, 
94%  (carbons  3, 4,  9,  and  the  amino  alcohol  X)  was  re- 
covered in  these  experiments  (Table  IV).  These  results 
combined  with  the  results  of  the  Kuhn-Roth  oxidation 
of  1/3  provide  convincing  evidence  for  the  nonrandomiza- 
tion  of  the  carbon- 14  label  in  /3-skytanthine-^*C  formed 
from  mevalonate-2-**C.  In  addition,  a  Kuhn-Roth 
oxidation  was  performed  on  a-skytanthine  possessing 
a  specific  activity  of  9.25  m/itcuries/mmole.  The  sodium 
acetate  obtained  was  found  to  possess  a  specific  activity 
of  0.70  m/Ltcurie/mmoIe,  which  indicates  that  7.6%  of 
the  radioactivity  was  located  in  carbons  4  and  9  and  7 
and  10. 

16-Month-(1.3  years)-01d  Plants.  The  degradation 
of  /8-skytanthine- ^*C  from  1.3-year-old  plants  yielded 
entirely  different  results  than  were  obtained  with  3-year- 
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Distribution  of  Radioactivity  in  /S-Skytanthine  Biosynthetically  Formed  by  Skytanthusacutus 
•m  Mevalonate-2-^K^ 


' 3  years  old 

' 1.3  years 

old  . 

Spact., 

Sp  act., 

/3-Skytanthine 

m/icuries/ 

nvicuries/ 

Compound 

carbon  atom 

mmole 

% 

mmole 

% 

/3-Skytanthine  (1/9) 

All 

8.87 

100 

5.63 

100 

Methine  (IV) 

All 

8.7 

98 

5.70 

101 

Ketone  (VIII) 

All  but  3 

5.1 

57 

4. -25 

75.5 

HCHO(dimedonderiv) 

3 

3.5 

40 

1.37 

24.4 

Amino  alcohol  (X) 

All  but  3, 4,  and  9 

4.3 

49 

•  •  ■ 

•  •  • 

Sodium  acetate  (from  VIII) 

4  and  9 

0.41 

5 

•  ■   • 

•  ■  • 

Sodium  acetate  (from  1/9) 

4  and  9,  also 
7  and  10 

0.41 

5 

0.77 

13.7 

Its  (Table  IV).    Owing  to  the  limited  quantity  of 

j3-skytanthine-**C,  chemical  degradation  could 

carried  beyond  the  formation  of  the  amino 

VIII  and  the  dimedon  derivative  of  formal- 

(carbon  3).    The  results  indicate  that  24  %  of  the 

tivity  is  located  in  carbon  3.    Sodium  acetate 

ed  from  the  Kuhn-Roth  oxidation  of  the  /8- 

hine  contained  about  14%  of  the  radioactivity 

in  the  alkaloid.     A  theoretical  value  of  15% 

radioactivity  would  be  expected  to  be  found  in 

ium  acetate  if,  in  the  original  /8-skytanthine-'*C, 

*  the  radioactivity  was  located  in  carbon  9  and 

carbon  10  (this  is  assuming  that  the  acetate  ob- 

rom  the  Kuhn-Roth  oxidation  of  1/8  is  formed  in 

imounts  from  carbons  4  and  9  and  7  and  10). 

other  hand,  if  carbons  9  and  10  each  contained 

the  radioactivity,  then  the  acetate  obtained  from 

Roth  oxidation  would  be  expected  to  contain 

f  the  radioactivity.    If  these  carbons  contained 

the  radioactivity  present  originally,  then  the 

obtained  would  be  expected  to  contain  5  %  of  the 

tivity  also.    The  fact  that  the  acetate  contained 

'  the  radioactivity  provides  evidence  that  one  of 

s  9  and  10  contained  about  25%  and  the  other 

icd  about  5  %  of  the  original  radioactivity  present 

ytanthine-**C.    To  further  support  this  view,  a 

Roth  oxidation  of  dehydroskytanthine-**C  (ob- 

from  the  same  biosynthesis  experiment)  possess- 

specific  activity  of  41.0  m/icuries/mmole  was 

out  and  sodium  acetate  possessing  a  specific 

of   6.10    m/icuries/mmole    corresponding    to 

of  the  radioactivity  originally  found  in  II,  was 

I.    These  data  and  the  data  shown  in  Table  IV 

'  the  conclusion  that  about  25%  of  the  radio- 

'  originally  present  in  /8-skytanthine-**C  (Ij3)  is 

in  carbon  9  and  that  5  %  is  located  in  carbon  10 

:  3).     It  would  then  appear  that  in  the  young, 

ng  Skytanthus  acutus  M.  plants,  randomization 

label  from  mevalonate-2-**C  at  the  monoterpene 

xurs  when  the  two  terminal  methyl  groups  were 

lent  (/.e.,  geraniol,  geranyl  pyrophosphate,   or 

mcthylcyclopentanc   monoterpenoid    intermedi- 

K  comparison  of  the  different  labeling  patterns 

cytanthine-**C  (1/3)  biosynthesized  from  meva- 

2-**C  using  1.3-year-old  and  3-year-old  Sky  tan- 

utus  M.  plants  is  shown  in  Figure  3. 

of  interest  to  compare  these  results  with  those 
5d   by   Yeowell  and  Schmid.'*      Results  from 

I.  A.  Yeowell  and  H.  Schmid,  Experentia,  20,  250  (1964). 


chemical  degradation  of  plumieride  formed  biosyn- 
thetically from  mevalonate-2-^*C  showed  that  ran- 
domization occurred  between  carbon  atoms  3  and  IS 
(25%  of  the  radioactivity  residing  in  each),  and  that 
carbon  7  contained  44%.     It  can  be  assumed  that 


44%. 


*^"^M% 


PLUHIERIOE 


carbon  atom  10  would  contain  about  6%  of  the  radio- 
activity, which  is  in  agreement  with  our  finding  on  j3- 
skytanthine.  Yeowell  and  Schmid^  suggested  that 
randomization  might  occur  after  ring  closure  of  the 
cyclopentanoid  ring  and  that  carbon  atoms  3  and  IS 
might  be  equivalent  aldehyde  groups.  Randomization 
of  the  terminal  methyl  label  in  the  isoprenoid  portion  of 
certain  indole  alkaloids  has  also  been  reported,'*"** 
and  the  proposed  mechanisms  are  similar  to  that  sug- 
gested for  plumieride.  These  data  are  also  supported  by 
labeling  experiments  using  geranyl  pyrophosphate-2- 
14CU.40-4S  and  geraniol-2-»*C.'»2--»4    For  a  review  on 

methylcyclopentane  monoterpenoids  as  intermediates 
in  the  biosynthesis  of  indole  alkaloids  see  Taylor.  ^^ 
It  seems  logical  that  randomization  might  occur  at  the 
monoterpenoid  level  in  these  compounds  since  carbon 
15  of  plumieride  is  further  oxidized  to  a  carboxylic 
acid  group  and  this  biological  oxidation  might  be  ex- 
pected to  proceed  in  a  stepwise  direction  involving 
alcohol,  aldehyde,  and  finally  acid.  In  skytanthine  car- 
bon atom  9  (equivalent  to  carbon  15  of  plumieride) 
remains  as  a  methyl  carbon,  and  the  chance  for  ran- 
domization of  label  via  a  similar  type  of  intermediate 
involving  methyl  groups  as  carbon  atoms  3  and  9  exists 
at  the  geraniol  or  geranyl  pyrophosphate  state  in  /3- 
skytanthine  biosynthesis.  In  contrast  to  the  experi- 
ments showing  the  occurrence  of  randomization,  the 

(39)  F.  McCapra,  T.  Money.  A.  I.  ScoU,  and  I.  G.  Wright.  Chem. 
Commun.,  1,  537  (1965). 

(40)  H.  Goeggel  and  D.  Arigoni,  ibid.,  1,  538  (1965). 

(41)  A.  R.  Battcrsby,  R.  T.  Brown.  R.  S.  Kapil,  A.  O.  Plunkett,  and 
J.  B.  Taylor,  ibid.,  2.  47  (1966). 

(42)  A.  R.  BaUersby.  R.  T.  Brown,  J.  A.  Knight.  J.  A.  Martin,  and  A. 
O.  Plunkett.  ibid.,  2,  346  (1966). 

(43)  P.  Loew,  H.  Goeggel,  and  D.  Argoni.  ibid.,  2,  347  (1966). 

(44)  E.  S.  Hall,  F.  McCapra,  T.  Money,  K.  Fukumoto,  J.  R.  Hanson, 
B.  S.  Mootoo,  G.  T.  Phillips,  and  A.  I.  Soctt,  ibid,,  2,  348  (1966). 
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results  obtained  by  Birch,  et  al.,^^  from  the  incorpora- 
tion of  mevalonate-2-^*C  into  the  terpenoid  side  chain 
of  mycelianamide  indicated  that  80%  of  the  radio- 
activity was  not  randomized,  and  it  was  suggested  that 
the  degree  of  randomization  observed  was  more  likely 
a  result  of  the  chemical  degradative  procedure  than  of  a 
lack  of  specificity  during  biosynthesis.  It  is  possible 
that  the  extent  of  randomization  which  can  occur  on  the 
appropriate  intermediate  (/.e.,  geranyl  pyrophosphate) 
is  subject  to  control  at  the  enzyme  level  and  by  the  pool 
size  of  the  substrate.  Insufficient  knowledge  exists 
on  both  of  these  points  to  permit  a  definite  conclusion. 

There  may  be  several  possible  types  of  enzymatic 
control.  For  example,  different  enzyme  inhibitors  or 
different  levels  of  enzyme  may  be  present  in  the  old  and 
young  plants.  Also,  it  may  be  possible  that  the  par- 
ticular enzyme  responsible  for  randomization  of  the 
monoterpenoid  intermediate  does  not  exist  in  the  old 
plant.  An  analogous  situation  is  known  to  occur  in  the 
rapid  appearance  and  disappearance  of  diamine  oxi- 
dase in  pea  seedlings.*^  Control  by  the  substrate  pool 
size  can  best  be  visualized  by  considering  that  the  young 
plant  has  a  rather  large  pool  of  monoterpenoid  inter- 
mediate and  that  the  two  terminal  methyls  become 
equivalent.  In  the  old  plant  perhaps  only  a  small  pool 
of  monoterpenoid  intermediate  exists,  and  this  sub- 
strate is  immediately  utilized  in  the  biosynthesis  and 
does  not  remain  long  for  randomization  of  the  methyl 
carbons  to  occur. 

An  alternative  explanation,  although  remote,  to  the 
finding  of  randomization  of  label  in  the  1.3-year-old 
plant  is  the  possibility  of  incorporation  of  mevalonate- 

(45)  A.  J.  Birch,  M.  Kocor,  N.  Sheppard,  and  J.  Winter,  J.  Chem. 
Soc.,  1502(1962). 

(46)  R.  H.  Kenton  and  P.  J.  G.  Mann,  Biochem.  /.,  50,  360  (1952). 


U'^^C  which  has  been  formed  by  degradation  of  the  ad-    ; 
ministered  mevalonate-2-^*C  to  **C02  which,  in  turn,  is    f! 
reincorporated  via  CO2  fixation.    The  results  recently 
reported  by  Battu  and  Youngken*'  suggest  that  degra- 
dation of  mevalonate  to  CO2  and  reincorporation  of  the    " 
latter  into  monoterpenes  of  Mentha  piperita  can  occur. 

Our  data  also  support  the  mechanism  of  isomerization  ' 
of  isopentenyl  pyrophosphate  proposed  first  by  Agran-  ', 
off,  et  al.,*^  and  later  established  by  Shah,  et  al.** 
In  this  mechanism,  the  methylene  carbon  atom  of  iso- 
pentyl  pyrophosphate  is  protonated,  the  proton  from 
carbon  atom  2  is  discharged  into  the  medium,  and  di- 
methylallyl  pyrophosphate  is  formed.  In  the  reverse 
reaction,  a  proton  is  added  stereospecifically  at  carbon 
atom  2  of  dimethylallyl  pyrophosphate.  Hence  this 
isomerization  does  not  result  in  a  randomization  of 
label  originally  present  in  the  methylene  group  of  iso- 
pentenyl pyrophosphate. 

The  metabolic  relationship  of  mevalonate-2-^*C  and 
/3-skytanthine-**C  (1/8)  in  1.3-year-old  plants  and  3.0- 
year-old  plants  has  been  examined  and  this  com- 
pound has  been  implicated  in  the  biosynthesis  of  sky- 
tanthine  by  Skytanthus  acutus  M.  The  pathway  for  the 
biosynthesis  of  skytanthine  isomers  is  not  well  under- 
stood. The  contrast  in  our  finding  of  randomization  of 
label  in  /S-skytanthine  formed  from  mevalonate-2-**C 
in  1.3-year-old  plants  with  that  of  nonrandomization  of 
label  in  3.0-year-old  plants  requires  additional  study 
before  its  significance  can  be  determined.  Variation  in 
an  enzymatic  reaction  mechanism  due  to  age  appears  to 
to  be  a  new  phenomenon. 

(47)  R.  G.  Battu  and  H.  W.  Youngken.  Lloydia,  29,  360  (1966). 

(48)  B.  W.  Agranoff,  H.  Eggerer,  U.  Henning,  and  F.  Lynen,  /.  Biol. 
CAem.,  235,  326(1960). 

(49)  D.  H.  Shah,  W.  W.  Clcland,  and  J.  W.  Porter,  ibid.,  240,  1946 
(1965). 
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Reactions  of  Vapor-Produced  /-Butyl  Carbonium 
Ion  Injected  into  Liquid  Isobutylene 

The  reactions  of  specific,  highly  reactive  hydrocarbon 
ions  in  the  liquid  phase  are  difficult  to  study  directly. 
Ions  may  be  produced  in  the  liquid  by  direct  liquid 
radiolysis,  but  the  situation  is  complicated  because 
many  other  reactive  species  such  as  electrons,  radicals, 
and  excited  molecules  are  produced  simultaneously. 
This  complex  situation  may  be  simplified  by  producing 
specific  ions  in  the  vapor  phase  and  injecting  them  by 
means  of  an  electric  field  into  a  liquid  or  solid  matrix. 
Under  such  conditions  the  positive  ion  is  separated 
from  its  concomitant  electron  and  is  accelerated  into 
the  liquid  or  solid  alone.  To  achieve  this  we  describe 
a  successful  experimental  method  which  is  based  on 
previous   experiments   by   Schlag   and    Sparapany.^'* 

(1)  E.  W.  Schlag  and  J.  J.  Sparapany,  J.  Am.  Chem.  Soc,  86,  187S 
(1964). 

(2)  J.  J.  Sparapany.  ibid.,  88,  1357  (1966). 


By  this  method  we  have  studied  the  liquid  phase  re- 
action of  /-butyl  carbonium  ion  with  isobutylene  to 
form  Cg  carbonium  ions  and  their  subsequent  neutral- 
ization reactions. 

The  apparatus  has  been  described.'  A  krypton 
resonance  lamp**^  with  intensity  of  greater  than  10^* 
quanta/sec  ionizes  research  grade  isobutylene  in  the 
vapor  phase.  An  electric  field  at  right  angles  to  the 
photon  beam  drives  the  positive  ions  into  a  detachable 
arm  containing  liquid  isobutylene.  The  liquid  arm  of 
the  cell  extends  into  a  dewar  and  is  thermostated  with 
a  cold  nitrogen  gas  stream;  the  temperature  may  be 
varied  by  changing  the  flow  rate.  A  voltage  of  400  v 
was  applied  to  the  external  electrodes  during  photolysis. 
At  —128°  the  per  cent  conversion  of  isobutylene  was 
linear  beyond  120  min  of  photolysis  time;  the  conversion 
rate  was  0.01%/min.    Gas  chromatography  showed 

(3)  L.  Kevan,  J.  Zimbrick,  and  N.  S.  Viswanathan,  Annual  Summary 
Report  AFRPL-TR-66.359,  Nov  1966.  p.  76. 

(4)  H.  Okabe.  J.  Opt.  Soc.  Am.,  54,  478  (1964). 

(5)  L.  J.  Stief  and  R.  J.  Mataloni,  Appl.  Opt.,  4. 1674(1965). 
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that  Cs  and  Cm  compounds  comprised  all  detectable 
products;  no  products  between  Cg  and  Cn  were  ob- 
served. Material  balance  calculations  showed  that  the 
Cg  and  Cvt  compounds  detected  constituted  over  95  % 
of  the  reacted  isobutylene.  In  several  experiments  the 
polarity  of  the  electric  field  was  reversed.  With  re- 
versed polarity  no  products  were  observed;  also,  direct 
photolysis  of  isobutylene  vapor  at  5  torr  produced  no 
detectable  Cg  or  C12  products.  These  results  support 
our  contention  that  the  positive  ions  are  reacting  in  the 
liquid  phase. 

The  Cg  products  were  analyzed  on  a  AgNOa-benzyl 
cyanide  gas  chromatographic  column,  which  discrimi- 
nates between  alkenes  and  alkanes,  and  on  an  SE-30 
column,  which  discriminates  according  to  boiling  point. 
The  compounds  were  identified  by  retention-time  com- 
parison on  both  columns  with  Cg  standards  from  Chemi- 
cal Samples  Co.,  and  identification  was  confirmed  in 
part  by  mass  spectrometry.  Table  I  summarizes  the 
products  found  at  —128°;  it  will  be  seen  that  the  in- 
dividual Cg  isomers  reveal  the  probable  structure  of  the 
Cgcarbonium  ions  and  how  they  are  neutralized. 


Table  I.     Relative  Yields  of  C%  and  Cis  Products 
from  /-C4H9'*"  Reaction  with  Liquid  Isobutylene** 


Product 

Yield,  % 

Relative  Total  Products 

Ck  products 

73=t6 

Cis  products 

27  ±4 

Relative  Cg  Products 

2,2,4-Trimethylpentane 

4.5±  1.0 

2,4,4-Trimethylpentene-2 

48. 4±  4.8 

2,2,3-Trimethylpentane 

19. 8±  1.1 

3»4,4-Trimethylpentene-2 

27. 3±  3.8 

■  120-min  photolysis,  -128 


ization  reactions  for  the  Cg  carbonium  ions:  one  is 
hydride  transfer  to  the  carbonium  ion  to  yield  an  alkane 
plus  C4H7"*",  and  the  other  is  proton  transfer  from  the 
carbonium  ion  to  give  an  alkene  plus  C4H9'^.  Both 
the  2,2,4  alkene  and  alkane  are  observed,  but  their 
relative  abundances  show  that  proton  transfer  pre- 
dominates by  10:1.  This  selectivity  is  probably  as- 
sociated with  the  stability  of  the  product  C4H9^;  it  also 
demonstrates  that  we  can  obtain  relative  rates  of  ion- 
molecule  reactions  in  certain  liquids. 

The  other  two  Cg  products  indicate  somewhat  sur- 
prisingly that  r-C4H9"*"  also  reacts  at  the  tertiary  carbon 
in  isobutylene.  This  yields  a  2,2,3, 3-tetramethylbutyl 
primary  carbonium  ion  which  is  expected  to  rearrange 
rapidly  to  give  the  tertiary  2,2,3-trimethylpentyl  struc- 
ture. Proton  transfer  from  and  hydride  transfer  to 
this  carbonium  ion  lead  to  the  observed  3,4,4  alkene 
and  2,2,3  alkane,  respectively.  For  this  carbonium 
ion  the  results  show  that  proton  transfer  again  pre- 
dominates, but  only  by  2:1. 

It  is  interesting  to  point  out  that  the  total  reactivity 
of  r-C4H9-*-  at  both  the  primary  and  tertiary  carbons  in 
isobutylene  is  about  50%.  Since  /-C4H9"'"  shows  so 
little  selectivity  in  this  situation,  it  may  well  be  excited. 
We  are  presently  studying  the  eff"ects  of  electric  field 
and  temperature  to  gain  more  insight  into  this  pos- 
sibility. We  are  also  investigating  other  liquid-phase 
ion-molecule  reactions  by  this  new  technique. 
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The  krypton  resonance  lamp  emits  photons  at  1236 
A  (lO.O  ev)  and  1 165  A  (10.6  ev)  with  relative  intensities 
of  LOG  and  0.28,  respectively.^  The  ionization  potential 
of  isobutylene  is  9.4  ev,  and  the  lowest  appearance 
potential  for  a  fragment  ion  from  isobutylene  is  1 1.3  ev 
{C4H7-^^).^  Therefore  the  only  ion  produced  is  the 
parent  C4Hg''".  Under  our  experimental  pressure 
(0.05  torr)  and  nominal  electric  field  (70  v/cm),  we 
calculate  that  the  C4Hg+  ion  will  make  one  or  two  col- 
lisions with  isobutylene  to  form  mainly  /-C4H9'*"  as  shown 
by  mass  spectrometry^ ^°  before  reaching  the  liquid. 
The  electron  released  may  gain  sufficient  energy  in  the 
electric  field  to  cause  ionization  and  fragmentation. 
However,  variation  of  the  nominal  electric  field  produces 
no  change  in  product  distribution,  so  such  electron 
fragmentation  does  not  seem  to  be  significant.  We 
conclude  that  most  of  the  ions  striking  the  liquid  are 
/-C4H9"*'  with  some  unreacted  C4Hg+  also  present. 

/-C4H9"*"  can  react  with  the  two  double-bonded 
carbons  in  isobutylene.  Reaction  with  the  terminal 
carbon  in  isobutylene  gives  a  2,2,4-trimethylpentyl 
carbonium  ion.  This  yields  the  correct  carbon  skeleton 
for  the  major  product.    There  are  two  basic  neutral- 

(6)  J.  R.  McNesby  and  H.  Okabe,  Advan.  Photochem.,  3. 1 57  (1964). 

(7)  F.  H.  Field  and  J.  L.  Franklin,  "Electron  Impact  Phenomena," 
Academic  Press  Inc.,  New  York,  N.  Y..  1957,  Table  45. 

(8)  V.  L.  Talrozeand  A.  K.  Lyubimova,  Dokl.  Akad.  Nauk.  SSSR,  86, 
909(1952). 

(9)  R.  Fuchs,  Z.  Naturforsch.,  16a,  1026(1961). 

(10)  I.  Koyano.  /.  Chem.  Phys.,  45,  706  (1966). 


Evidence  for  Trapped  Dielectrons  in  Ice 

Sir: 

Electrons  produced  by  y  radiation  are  trapped  in 
hydroxide  ices  at  77  °K.  The  trapped  electron,  er, 
is  characterized  by  an  epr  singlet  at  g  =  2.001,*  a 
broad  absorption  band  with  a  maximum  at  5850  A,* 
and  a  hydroxide  anion  vacancy  trapping  site.'  We 
have  found  that  at  high  radiation  doses  Ct"  reacts  to 
form  a  diamagnetic  species  which  we  believe  to  be 
best  described  as  a  dielectron,  e2t^~,  or  two  electrons 
trapped  in  the  same  hydroxide  anion  vacancy. 

Frozen  solutions  of  10.0  and  6.0  M  NaOH  were  y 
irradiated  at  77  °K  with  Co^,  The  yields  of  er  and 
0~  were  measured  by  epr  under  conditions  where 
power  saturation  was  absent.  The  results  as  a  function 
of  radiation  dose  are  shown  in  Figure  1. 

The  Ct"  yield  saturates  at  about  2  Mrads  in  both  6 
and  10  M  NaOH,  and  the  saturation  yield  in  6  A/  NaOH 
is  proportionately  less  than  in  10  M  NaOH.  The 
striking  result  is  the  decrease  in  the  ec  yield  above  8 
Mrads;  the  optical  absorption  band  shows  a  similar 
decrease.  Since  the  0~  yield  continues  to  increase 
over  the  entire  dose  range,  and  since  no  new  para- 

(1)  B.  G.  Ershov,  A.  K.  Pikacv,  P.  Ya.  Glazunov,  and  V.  I.  Spitsyn, 
Dokl,  Akad.  Nauk  SSSR,  149.  363  (1963). 

(2)  D.  Schulte-Frohlinde  and  K.  Eibcn,  Z.  Naturforsch.,  17a,  445 
(1962);  18a,  199  (1963). 

(3)  L.  Kevan,  J.  Am.  Chem.  Soc,  87,  1481  (1965). 
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Figure  1 .    Relative  er  and  0~  yields  as  a  function  of  y  radiation 
dose  in  alkaline  ices  at  77  °K. 


magnetic  species  are  observed,  the  Ct"  must  react 
above  8  Mrads  with  a  species  other  than  O"  to  form  a 
diamagnetic  species. 

A  plausible  explanation  for  the  dose  saturation  be- 
havior is  suggested  by  considering  reactions  which  can 
compete  with  the  trapping  reaction  for  radiation- 
produced  mobile  electrons,  Cn,".  The  trapping  reaction 
is  shown  by  (1)  where  T  denotes  an  available  trap  for 
Cm",  and  possible  competing  reactions  for  Cn,"  are 
given  by  (2)  and  (3). 

kl 

em-  +  T — ►er  (1) 


em"  +  Ct" 


its 


->e,t' 

kl 


er  +  (H^)+  — ►  H^ 


(2) 

(3) 


From  the  dose  saturation  data  for  6  and  10  /»/NaOH, 
it  is  seen  that  the  number  of  traps  available  in  the 
system  is  proportional  to  [OH"].  Reaction  3  involving 
the  radiation-produced  hole,  (H20)+,  predicts  that  the 
dose  saturation  yield  should  be  independent  of  [OH"] 
and  that  the  dose  at  which  saturation  occurs  should 
depend  on  [OH~].  Neither  prediction  is  observed 
experimentally,  so  reaction  3  does  not  explain  the 
results. 

The  formation  of  Cjt^"  by  reaction  2  is  consistent 
with  our  results.  The  onset  of  dose  saturation  occurs 
when  a  specific  fraction  of  the  available  traps  are 
filled;  hence  it  is  independent  of  [OH~].  At  low  doses, 
ki[T]  »  kJiQc]y  saturation  occurs  when  fcJT]  = 
kitf];  and  for  ^2  >  ku  [er]  decreases  at  high  doses. 

In  an  e2t^~  center  we  expect  that  the  second  electron 
would  be  bound  more  weakly  than  the  first  electron. 
In  this  case  thermal  dissociation  could  lead  to  e2t^~  -► 
Ct".  We  searched  for  this  reaction  by  warming  colorless 
spheres  of  10  M  NaOH  that  had  been  irradiated  to  15 
Mrads  at  77  °K  and  showed  no  epr  spectrum  due  to 


Ct".  Above  120°K  a  blue  color  was  observed  to  appear; 
this  was  trapped  by  suddenly  recooling  to  77  °K. 
Both  the  epr  line  and  optical  band  of  Ct"  were  then 
observed  for  the  warmed  samples.  We  believe  this 
experiment  conclusively  demonstrates  the  existence  of 
e2t  ~. 

The  direct  analogy  of  Cat^""  in  hydroxide  ices  is  the 
F'  center  in  irradiated  alkali  halides.*  The  F'  center 
consists  of  two  electrons  trapped  in  the  same  halide 
ion  vacancy;  it  is  diamagnetic,  has  broad  optical 
absorption  in  the  near-infrared,  can  be  thermally 
dissociated  to  yield  the  F  center  which  is  analogous  to 
Ct",  and  can  be  produced  by  optical  bleaching  of  the 
F  center.  Symons  and  co-workers^  have  studied 
optical  bleaching  of  tc  and  indeed  find  a  new,  broad 
absorption  in  the  near-infrared,  although  no  maximum 
could  be  observed.  This  observation  is  additional 
evidence  for  Cjt^". 

The  binding  of  two  electrons  in  the  same  anion 
vacancy  can  be  understood  qualitatively  as  follows. 
The  wave  function  of  Ct"  extends  over  a  greater  volume 
than  that  of  the  OH~  which  it  replaces;  consequendy, 
there  will  be  a  small  potential  well  in  the  tc  volume 
which  can  bind  a  second  electron.  This  argument 
implies  that  the  second  electron  is  bound  more  weakly 
than  the  first.  Vinetskii  and  Giterman*  have  cal- 
culated the  interaction  of  two  electron  centers  in  a 
dielectric  medium.  They  find  a  minimum  in  the  poten- 
tial curve  at  an  '^4-A  separation  between  the  two 
electrons.  The  radius  of  the  Ct"  charge  distribution 
has  been  previously  estimated  as  3-4  A  from  experi- 
mental data.'  Hence  the  existence  of  e^t^-  seems 
compatible  with  the  approximate  theoretical  calcula- 
tions. 
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Molecular  Orbital  Symmetry  Conservation  in 
Transition  Metal  Catalyzed  Transformations 

Woodward  and  Hoffmann  have  published  a  series 
of  communications  extending  simple  molecular  orbital 
theory   into   the   area   of  reaction   chemistry.^    This 

(1)  (a)  R.  B.  Woodward  and  R.  Hoffmann.  J.  Am.  Chem.  Soc.,  87, 
395.  251 1. 4389 (1965);  (b)  ibid.,  87. 2046(1965);  (c)  ibid.,  87,4388(1965); 
(d)  see  also  H.  C.  Longuet-Higgins  and  E.  W.  Abrahamson.  ibid.,  87, 
2045  (1965);  and  K.  Fukui,  Tetrahedron  Letters,  2009  (1965). 
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fresh  approach  to  understanding  reacting  systems  under- 
lines a  fundamental  concept  which  correlates,  with 
respect  to  symmetry,  the  molecular  orbitals  of  reactants 
with  those  of  products.  The  Woodward-Hoffmann 
postulate,  dividing  molecular  transformations  into 
"allowed"  and  "forbidden"  categories,  has  proven  a 
powerful  tool  for  understanding  a  large  body  of  com- 
plex chemistry.  This  communication  extends  the 
concept  of  symmetry  conservation  into  transition  metal 
catalysis. 

Bicyclo[2.2.  l]hepta-2,5-diene  undergoes  smooth 
dimerization  to  cyclobutane  derivatives  in  the  presence 
of  zerovalent  Fe,*  Ni,'^"^  and  Co*  catalysts,  and 
tctracyclo[2.2.1.0*'*.0''^heptane  (quadricyclene)  has  re- 
cently been  reported  to  undergo  a  facile  valence 
isomerization  to  bicyclo[2.2.1]hepta-2,S-diene  catalyzed 
by  various  noble  metal  complexes.^  Since,  in  the 
metal-free  system,  a  mechanism  involving  a  concerted 
molecular  transformation  in  these  reactions  is  strictly 
forbidden  by  the  Woodward-Hoffmann  rules,  ***  the 
role  of  the  transition  metal  catalysts  invites  examination. 

The  concerted  fusion  of  two  olefins  to  a  ground-state 
cyclobutane  ring  requires  the  introduction  of  two  elec- 
trons into  the  olefin  AS  orbital  and  the  removal  of 
two  electrons  from  the  olefin  SA  orbital  (A  =  anti- 
symmetric; S  =  symmetric).***  A  transition  metal 
system  containing  d  orbitals  of  sufficient  energy  and 
possessing  the  appropriate  number  of  d  electrons  can, 
conceivably,  carry  out  these  operations.  We  propose  a 
mechanism  for  metal-catalyzed  cycloaddition  in  which 
the  metal  orbitals  combine  with  the  olefin  orbitals, 
giving  a  set  of  occupied  molecular  orbitals  of  the  sym- 
metry required  for  an  allowed  reaction  path. 

Consider  the  metal-diolefin  complex  I.    For  the 


^c 

.-^!\ 


H     H. 


H 


H 


concerted  cyclobutanation,  the  elements  of  symmetry 
are  the  ZX  and  YZ  planes.  The  symmetry  classi- 
fications of  the  TT-orbital  combinations  of  I  (Qv) 
are  the  same  as  those  reported  for  the  uncatalyzed 
reaction.*^  These  orbitals  interact  with  combinations 
of  metal  atomic  orbitals  as  follows:  SS  (aO  with 
metal  s,  p.,  dst,  and  d^i-yt;  SA  (bi)  with  metal  p^  and 
d„;  AS  (bs)  with  metal  py  and  dy^ ;  A  A  (as)  with  metal 
dry.  Metal  orbitals  of  the  appropriate  energy  could 
combine  with  the  olefin  orbitals  yielding  a  set  of  new 
molecular  orbitals  of  the  same  symmetry  classification ; 
bonding  between  the  metal  and  the  olefin,  then,  could 
result  with  electronic  population  of  the  bonding  mo- 
lecular orbitals. 

(2)  C.  W.  Bird,  D.  L.  Colinese,  R.  C.  Cookson,  J.  Hudec,  and  R.  O. 
WilUams.  Tetrahedron  Utters,  373  (1961);  P.  W.  Jolly,  F.  G.  A.  Stone, 
and  K.  Mackenzie,  J,  Chem.  Soc.,  6416  (1965). 

(3)  (a)  C.  W.  Bird.  R.  G.  Cookson,  and  J.  Hudec,  Chem.  Ind.  (Lon- 
don). 20  (I960);  (b)  G.  N.  Schrauzer  and  S.  Eichler,  Chem.  Ber.,  95, 
2764  (1962);  (c)  L.  G.  Canndl,  U.  S.  Patent  3,258,502  (1966). 

(4)  D.  R.  Arnold,  D.  J.  Trecker,  and  E.  B.  Whipple,  J.  Am,  Chem, 
Soc.,  87.  2596  (1965). 

(5)  H.  Hogeveen  and  H.  C.  Volger,  Ibid.,  89, 2486  (1967). 
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Figure  1. 


A  correlation  diagram  for  the  cyclobutanation  of  the 
ligand -bound  olefins  is  illustrated  in  Figure  1,  which 
describes  an  orbital  pathway  for  the  placement  of 
electron  pairs  into  the  cyclobutane  a  bonds  and  for  the 
removal  of  the  appropriate  olefin  t  electrons.  In  this 
process,  the  electron  density  in  the  AS  and  SA  orbitals 
of  the  complex  is  redistributed;  in  the  AS  orbital,  elec- 
tron density  shifts  into  the  incipient  cyclobutane  <r 
bond  while  in  the  SA  orbital,  electron  density  is  localized 
in  the  metal  d„  orbital.  This  can  be  envisaged  as  a 
change  in  ligand-to-metal  bonding  as  the  system  moves 
across  the  reaction  coordinate.  Ring  closure  draws 
the  olefin  SA  combination  sharply  upward  in  energy, 
thereby  diminishing  the  ligand-to-metal  orbital  mixing 
and  increasing  the  electron  density  in  the  d„  orbital. 
The  olefin  AS  orbital,  rehybridizing  to  a  <r  bond,  under- 
goes an  increase  in  electron  density  with  diminished 
metal  dy«  orbital  mixing.  An  electronically  excited 
product  can  conceivably  result  depending  on  the  nature 
and  geometry  of  the  metal  system,  but,  given  the  general 
ordering  of  orbitals  pictured  in  Figure  1,  a  reaction 
path  to  a  ground-state  cyclobutane  ligand  exists. 
This  simple  description  is  supported  by  extended  Hiickel 
molecular  orbital  calculations^  carried  out  on  the 
cyclobutanation  of  two  olefin  ligands  attached  to 
nickel  dicarbonyl,  a  system  reported  to  cyclobu- 
tanize  bicyclo[2.2.  l]hepta-2,5-diene.  ^*  The  calculations 
yielded  correlation  diagrams  describing  the  allowed 
transformation.^ 

Other  transition  metal  catalyzed  reactions  suggest 
metal  participation  of  this  sort.  The  nickel-catalyzed 
conversion  of  acetylene  to  cyclooctatetraene,  the  Reppe 
synthesis,^  is  an  example.  In  a  close  examination  of 
this  reaction,  Schrauzer  has  favored  a  concerted  mech- 
anism in  which  the  four  a  bonds  of  the  cyclooctatetra- 
ene are  formed  essentially  simultaneously.'  Since  the 
isolated  transformation  is  thermally  forbidden,^**  such 
a  mechanism  suggests  the  electronic  participation  by 
the  metal.  The  molecular  orbital  symmetry  aspects 
of  this  reaction  were  examined  using  as  a  model  the 
structure  II  proposed  by  Schrauzer.' 

The  four  ir  orbitals  of  the  acetylene  ligands  in  II 
can  be  treated  as  two  sets,  each  containing  a  pair  of 

(6)  R.  Hoffmann.  /.  Chem.  Phys.,  39, 1397  (1963). 

(7)  Orbital  functions  were  taken  from  E.  Clementi  and  D.  L.  Rai- 
mondi.  ibid.,  38,  2686  (1963);  J.  W.  Richardson.  W.  C.  Nieuwpoort, 
R.  R.  Powell,  and  W.  R.  Edgell.  ibid.,  36. 1057  (1962);  J.  W.  Richardson, 
R.  R.  Powell,  and  W.  C.  Nieuwpoort,  ibid.,  38,  796  (1963);  H.  Basch, 
A.  Viste,  and  H.  B.  Gray,  ibid.,  44. 10(1966). 

(8)  W.  Reppe.  O.  Schlichting.  K.  Klagcr.  and  T.  Towpel.  Ann.  Chem., 
560,  1  (1948). 

(9)  G.  N.  Schrauzer,  Angew.  Chem.  Intern.  Ed.  Engl.,  3, 185  (1964). 
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T  orbitals  (Figure  2).  The  ligands  seated  at  the  corners 
of  0-2  comprise  set  1  and  the  ligands  positioned  on  the 
edges  of  <ri  constitute  set  2.    The  members  of  each  set 


II 

interact  yielding  the  following  combinations.  Orbitals 
in  set  1  will  interact  with  orbitals  in  set  2  of  the  same 
symmetry  yielding  a  new  set,  half  the  members  of 
which  are  bonding  in  the  region  of  space  between  the 
sets  and  the  other  half  antibonding.  The  SS  and  SS 
orbitals,  for  example,  combine  giving  two  orbitals, 
both  of  SS  symmetry,  one  bonding  in  the  region  of  the 
incipient  cyclooctatetraene  a  bonds  and  the  other 
antibonding  in  that  region.  The  four  bonding  members 
of  the  final  set  correspond  in  symmetry  to  the  incipient 
<r  bonds  of  cyclooctatetraene.  If  the  interaction  be- 
tween the  orbitals  of  the  metal  system  and  the  olefin 
combinations  results  in  the  electronic  population  of 
these  four  molecular  orbitals,  then  an  orbital  pathway 
to  the  concerted  cycloaddition  exists. 

The  application  of  symmetry  conservation  concepts 
to  the  selected  reactions*®  introduces  a  novel  mech- 
anism involving  a  role  for  the  transition  metal  unique 
in  catalysis.  The  results  suggest  that  certain  metal 
systems  containing  orbital  configurations  of  the  pre- 
requisite energy  are  capable  of  rendering  otherwise 
forbidden  cycloaddition  reactions  allowed  by  providing 
a  template  of  atomic  orbitals  through  which  electron 
pairs  of  transforming  hydrocarbon  ligands  and  metal 
systems  can  interchange  and  flow  into  the  required 
regions  of  space. 
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Valence  Isomerization  of  Quadricyclene^'^  to 
Norbornadiene^^  Catalyzed  by  Transition 
Metal  Complexes 

The  thermal  isomerization  of  quadricyclene  (1)  to 
norbornadiene  (II)  is  known  to  proceed  slowly  (/i/,  > 
14  hr  at  140°).^  It  has  now  been  found  that  the  rate 
of  this  reaction  is  dramatically  increased  by  transition 
metal-olefin  complexes.  For  instance,  /i/,  at  —26® 
was  found  to  be  45  min  for  a  0.7  M  solution  of  I  in 
CDCls  in  the  presence  of  2  mole  %  of  di-/Lt-chloro-bis- 
(bicyclo[2.2.1]hepta-2,5-diene)dirhodium(I). 


I  II 

Complexes  such  as  di-/Lt-chloro-tetrakis(ethylene)- 
dirhodium(I),  dichloro(  1 ,5-cyclooctadiene)palladium- 
(II),  di-/x-chloro-bis(7r-methallyl)dipalladium(II),  and 
dichloro(bicyclo[2.2.1]hepta-2,5-diene)platinum(Il)  be- 
have similarly.  For  all  complexes  a  quantitative 
conversion  of  I  into  II  was  observed.  The  isomeriza- 
tion catalyzed  by  di-/x-chloro-bis(bicyclo[2.2.  l]hepta- 
2,5-diene)dirhodium(I)  was  followed  kinetically  by 
integration  of  the  olefinic  triplet  (6  6.82  ppm)  in  the 
nmr  spectrum  of  the  norbornadiene  formed.  The 
samples  were  prepared  at  about  —60°  in  CDCI3, 
warmed  up  rapidly  to  the  desired  temperature,  and 
then  transferred  to  the  cavity  of  the  nmr  spectrometer 
(being  at  the  same  temperature). 

The  reaction  proved  to  be  first-order  in  quadricyclene 
and,  as  shown  in  Table  I,  about  first  order  in  catalyst. 


Table  I.    Pseudo- First-Order  Rate  Constants  of  the  Reaction' 
Quadricyclene  -*-  Norbornadiene 


[Rhs(norbornadiene)iCls],  M 


10*)t,  sec 


-1 


0.02 
0.06 


0.025 
0.068 


«  At  -26°;  [quadricyclene]  =  0.7  Af  (CDCla). 

The  apparent  values  of  the  activation  parameters 
(inaccurate  because  of  experimental  difiiculties,  such 
as  temperature  control  and  instability  of  the  catalyst 
solution)  are  A//=*=  21  =b  5  kcal  mole^S  A5=*=  =  45  =fc 
18  eu  (catalyst  concentration  0.036  A/). 

The  mechanism  of  the  reaction  is  thought  to  involve 
a  coordination  of  quadricyclene  to  the  transition  metal 
either  via  an  exchange  with  the  originally  coordinated 
olefin  or  by  extension  of  the  coordination  around  the 
metal.    For  the  rhodium-olefin  complexes  and  for  the 

(1)  (a)    lUPAC    designation    tctracyclo[3.2.0.0»  ^0*«jheptane;    (b) 
lUPAC  designation  bicyclo[2.2.1Jhcpta-2,5-diene. 

(2)  G.  S.  Hammond,  N.  J.  Turro,  and  A.  Fischer,  /.  Am.  Chem.  Soc., 
83.4674(1961). 
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T-allyl-palladium  complex  coordination  is  possible 
with  either  the  binuclear  or  the  mononuclear  species. 
This  coordination  of  quadricyclene  (I)  may  well  be 
due  to  the  v  character  of  the  cyclopropane  bonds 
common  to  the  three-  and  four-membered  rings.  • 

The  valence  isomerization  I  -►  II  described  is,  by  the 
Woodward-Hoffmann  rule  for  cycloadditions/  ther- 
mally forbidden.  The  catalysis  observed  might  well  be 
caused  by  the  presence  in  the  complex  of  occupied 
molecular  orbitals  with  symmetries  that  make  the 
isomerization  an  allowed  process. '^ 

(3)  A.  D.  Walsh,  Nature,  159,  165,  712  (1947);  C.  A.  Coulson  and 
W.  E..  Moffitt,y.  Chem.  Phys.,  15,  151  (1947). 

(4)  R.  Hoffmann  and  R.  B.  Woodward,  J.  Am.  Chem.  Soc.,  87,  2046 
(1965). 

(5)  F.  D.  Mango  and  J.  H.  Schachtschneider,  ibid.,  89, 2484  (1967). 

H.  Hogeveen,  H.  C.  Volger 

KoninkliJke/Shell'Laboratorium 
Shell  Research  N.  V.,  Amsterdam ^  The  Netherlands 

Received  December  22,  1966 


The  7-Norbornyl  Cation 

Sir: 

The  nature  of  the  cation  formed  in  the  solvolysis 
of  7-tosyloxybicyclo[2.2.1]heptane  (1)  has  not  been 
clearly  established.  Winstein  and  co-workers  have 
described  the  ionization  of  1  as  an  ''example  of  carbon 
participation  in  solvolysis*'  in  which  the  delocalized 
ion,  2,  is  formed.^    In  contrast,  Foote'  and  Schleyer* 

H. 


have  used  the  solvolysis  of  1  as  an  example  of  a  system 
which  solvolyzes  without  anchimeric  assistance.^ 

We  have  found  that  solvolysis  of  exo,exo-2,3- 
dideutcrio-fl/i//-tosyloxybicyclo[2.2.  l]heptane  (3),  in 
acetic  acid  buffered  with  sodium  acetate,  gave  the  mix- 
ture of  products  previously  reported  in  the  literature.  ^ 
Isolation  of  the  7-acetoxybicyclo[2.2.1]heptane,  which 
constituted  greater  than  90%  of  the  reaction  product, 
provided  a  mixture  of  deuterium  labeled  compounds. 
Infrared  analysis  vs.  standard  mixtures  showed  that  the 
solvolysis  product  consisted  of  90  db  3  %  of  4  and  10  db 
3%  of  5. 

Both  the  tosylate,  3,  and  the  acetate,  4,  were  pre- 
pared from  6.  The  synthesis  of  6  involved  dideuterio- 
diimidc*'*  reduction  of  fl«//-7-hydroxybicyclo[2.2. 1]- 
heptcne.^    The  acetate,  5,  was  synthesized  from  7,  which 

(1)  S.  Winstein,  F.  Gadient,  E.  T.  Stafford,  and  P.  E.  Klinedinst, 
Jr.,  J.  Am.  Chem.  Soc.,  80,  5895  (1958). 

(2)  C.  S.  Foote,  ibid.,  86,  1853  (1964). 

(3)  P.  Schleyer,  ibid.,  86,  1854,  1856(1964). 

(4)  It  is  assumed  in  this  paper  that  anchimeric  assistance  and  par- 
ticipation of  neighboring  groups  are  interrelated  phenomena.  For 
discussion  of  this  relationship  see  P.  Bartlett,  **Nonclassical  Ions,** 
W.  A.  Benjamin,  Inc.,  New  York,  N.  Y.,  1965,  and  J.  Berson,  **Mo- 
lecular  Rearrangements,**  Vol.  1,  P.  de  Mayo,  Ed.,  Intersdence  Pub- 
lishers, Inc.,  New  York,  N.  Y.,  1963,  Chapter  3. 

(5)  We  wish  to  thank  Professor  J.  Berson  for  providing  us  with 
experimental  details  for  dideuteriodiimide  reductions. 

(6)  The  acetate  prepared  from  6  was  shown  to  contain  90%  of  the 
theoretical  amount  of  deuterium.  All  deuterium  analyses  were  per- 
formed by  J.  Nemeth,  Urbana,  III. 

(7)  S.  Winstein,  M.  Shatavsky,  C.  Norton,  and  R.  B.  Woodward, 
/.  Am.  Chem.  Soc.,  77,  4183  (1955);  S.  Winstein  and  M.  Shatavsky, 
ibid.,  78,  592  (1956). 


+        P 


t 


6  8  7 

had  been  prepared  via  diimide  reduction  of  the  known* 
exo.exo  -  2,3  -  dideuterio  -  syn  -  7  -  hydroxybicyclo[2.2. 1]- 
hept-5-ene.'  In  order  to  ascertain  that  the  dideuterio- 
diimide reduction  occurred  from  the  exo  side,  both  6 
and  7  were  oxidized  to  the  same  ketone,  8.  Whereas 
the  ketones  obtained  from  6  and  7  were  identical  in  all 
respects,  the  infrared  and  nmr  spectra  of  each  member 
of  the  epimeric  pairs,  6  and  7, 4  and  5,  and  3  and  9,  were 
different. 

We  propose  that  the  large  degree  of  retention  of 
configuration  observed  in  the  solvolysis  of  3  is  most 
consistent  with  concerted  participation  of  the  1,2  <r 
electrons  to  form  the  delocalized  ion,  10.  Unlike 
certain  explanations  of  the  formation  of  the  2-nor- 


X 


11  5 

bornyl  cation,  ^^  the  formation  of  10  may  not  be  postu- 
lated to  proceed  via  an  intially  formed  classical  ion 
such  as  11  since,  if  11  were  an  intermediate,  approxi- 
mately equal  amounts  of  4  and  5  should  be  formed. ^^ 
Thus,  it  appears  likely  ^^  that  concerted  ionization  and 
carbon  participation  occur  in  the  acetolysis  of  3. 

(8)  B.  Franzus  and  E.  I.  Snyder,  ibid.,  87, 3423  (1965). 

(9)  A  tosylate,  9,  prepared  from  7,  was  shown  to  contain  95  %  of  the 
theoretical  amount  of  deuterium. 

(10)  It  has  been  suggested  that  the  initial  step  in  the  solvolysis  of  2- 
tosyloxybicyclo[2.2.1]heptanc  is  formation  of  a  classical  carbonium 
ion  at  C-2  of  the  bicyclo[2.2.1]heptyl  system.  For  a  discussion  of  this 
point  of  view  see  H.  C.  Brown.  *The  Transition  State.*'  Special  Pub- 
lication No.  16.  The  Chemical  Society,  London,  1962. 

(11)  It  is  assumed  that  the  steric  requirements  of  deuterium  vs. 
hydrogen  would  not  be  sufficiently  different  to  cause  the  observed 
product  distribution. 

(12)  An  alternate  rationalization  of  the  observed  results  would  invoke 
a  front-side  displacement  on  the  ion  pair  by  solvent.  Indeed,  Brown 
has  suggested"  the  [possibility  "that  even  static  classical  ions,  where  the 
structure  inhibits  approach  from  the  back  side,  may  well  undergo  sub- 
stitution with  retention."  Obviously,  special  classes  of  molecules, 
such  as  bridgehead  tosylates  where  back-side  approach  is  impossible, 
can  only  solvolyze  with  retention.**  However,  we  doubt  whether  the 
tosylate,  3,  can  be  justifiably  classified  as  one  in  which  solvent  approach 
from  the  back  side  is  hindered  to  the  extent  that  the  mechanism  of 
acetolysis  becomes  one  of  "front-side  displacement.**  In  the  absence 
of  such  steric  hindrance  to  back-side  approach  of  solvent  we  see  no 
obvious  reason  for  suggesting  front-side  displacement  of  solvent  on 
any  ion  pair  derived  from  3. 
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The  occurrence  of  ca.  10%  of  the  inverted  product  5 
merits  comment.  Two  reasonable  possibilities  exist 
for  the  formation  of  5.  A  direct  displacement  of 
tosylate  ion  by  acetic  acid  with  inversion  of  configura- 
tion at  C-7  could  account  for  the  presence  of  5.  Alter- 
nately, 10  could  be  "leaking"  to  the  classical  ion  11 
which  would  then  be  partitioned  between  4  and  5. 
Precedent  for  this  latter  type  of  interconversion  has 
been  noted  in  the  bicyclo[2.2.2]octyl  system.  ^'^  Ex- 
periments aimed  at  distinguishing  between  these  two 
possibilities  are  in  progress. 

Acknowledgment.  This  investigation  was  supported 
by  a  grant  from  the  Petroleum  Research  Fund  admin- 
istered by  the  American  Chemical  Society. 

(13)  H.  C.  Brown,  R.  Bernheimer,  C.  J.  Kim,  and  S.  E.  Scheppele, 
/.  Am.  Chem.  Soc.,  89,  370  (1967). 

(14)  It  should  be  noted  that  an  unusual  case  of  partial  retention  has 
recently  been  found  in  the  solvolysis  of  a  tertiary  p-nitrobenzoate 
[H.  L.  Goering  and  S.  Chang,  Tetrahedron  Letters,  No.  40, 3607  (1963)]. 

(15)  J.  A.  Berson  and  D.  Willner,/.  Am.  Chem.  Soc.,  86, 609  (1964). 

(16)  National  Science  Foundation  Trainee,  1965-1967. 
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Retention  of  Configuration  in  the  Solvolysis  of 
2,3-Dideuterio-7-norbornyl/?-Broniobenzenesulfonate 

Sir: 

Acetolysis  and  formolysis  of  fln//-2,3-dideuterio-7- 
norbornylp-bromobenzenesulfonate  (la)^  proceed  with 
predominant  retention   of  configuration.    Therefore, 
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Figure  1.  Nmr  spectra  of  a/f/i-2,3-dideuterionorboman-7-ol  (lb) 
(top)  and  an  equimolar  mixture  of  syn  and  anti  deuterated  alcohols 
(bottom)  in  carbon  tetrachloride  containing  tetramethylsilane. 


solvolysis  cannot  proceed  through  the  free  classical 
7-norbornyl  cation. 

Deuterated  p-bromobenzenesulfonate  (ia)  was  pre- 
pared from  the  corresponding  alcohol  (ib)  by  treat- 
ment withp-bromobenzenesulfonyl  chloride  in  pyridine. 
The  alcohol  was  prepared  by  addition  of  deuterium  gas 
to  fln/i-7-norbornenol.*  The  syn  isomer  of  alcohol 
Ib  was  prepared  as  an  equimolar  mixture  with  the 
anti  alcohol  by  oxidation  of  anti  alcohol  with  chromium 
trioxide  in  pyridine  followed  by  lithium  aluminum 
•hydride  reduction  of  the  resulting  ketone.  Nuclear 
magnetic  resonance  (nmr)  spectra  are  given  in  Figure  1 
for  fln//-2,3-dideuterionorbornan-7-ol  (ib)  and  for  an 
equimolar  mixture  of  syn  and  a/i// deuterated  alcohols. 

Deuterated  p-bromobenzenesulfonate  la  was  sol- 
volyzed  for  90  min  (ca.  two  half-lives)  in  acetic  acid 
at  205°.  The  product,  7-norbornyl  acetate,  was 
isolated  and  purified  by  gas  chromatography.  Ex- 
amination of  the  nmr  spectrum  of  this  acetate  revealed 
that  it  consisted  of  90  ±  5  %  anti  acetate  (Ic)  (retention 
of  configuration)  and  10  ±  5%  syn  acetate  (inversion  of 
configuration).'  The  relative  amounts  of  inversion 
and  retention  were  unaffected  by  the  presence  of  added 
sodium  acetate. 

Solvolysis  of  deuterated  /?-bromobenzenesulfonatc 
la  for  16  hr  (ca,  one  half-life)  in  refluxing  formic  acid 
containing  sodium  formate  gave  (after  saponification 
of  the  product  formates)  deuterated  7-norbornanol 
with  85  =b  5  %  retention  of  configuration.' 

The  predominant  retention  of  configuration  in  the 
solvolysis  of  deuterated  p-bromobenzenesulfonate  la 
may  be  explained  in  terms  of  nonclassical  ion  II  or  in 
terms  of  classical  ion  III. 

For  the  case  of  classical  ion  III,  one  assumes  that 


la,  X-OBs 

b,  X-OH 

c,  X— OAc 


n 


(1)  The  terms  syn  and  anti  will  be  used  to  refer  to  the  [position  of  the 
deuterium  atoms  with  respect  to  the  oxygen  function. 


solvolysis  proceeds  through  front-side  collapse  of  an 
ion  pair.  Brown  and  co-workers  have  mentioned  the 
possibility  of  front-side  ion-pair  collapse.*'*  Examples 
of  this  have  been  provided  by  Goering  and  Chang  in 
the  case  of  2-phenyl-2-butyl  p-nitrobenzoate*  and 
Shoppee  and  Johnston  in  the  case  of  4,4-dimethyl- 
cholcstan-3-yl  systems.^ 

The  classical  ion  hypothesis  is  further  supported  by 
the  fact  that  on  the  basis  of  the  acetolysis  rate  correla- 
tions of  Foote*  and  Schleyer'  (a  correction  has  been 
applied  to  Foote's  correlation^®)  there  is  no  evidence 

(2)  Alcohol  Ib  and  p-bromobenzenesulfonate  la  both  contained  88% 
of  the  theoretical  amount  of  deuterium.  Deuterium  analysis  was  by 
J.  Nemeth,  Urbana,  111. 

(3)  The  analysis  was  carried  out  by  comparison  with  the  nmr  spectra 
of  mixtures  of  syn  and  anti  alcohols  or  acetates  of  known  proportion. 
Acetates  were  prepared  by  acetylation  of  the  alcohols  with  acetic 
anhydride  in  pyridine. 

(4)  H.  C.  Brown,  K.  J.  Morgan,  and  F.  J.  Chloupek,  J.  Am.  Chem. 
5oc.,  87,  2137(1965). 

(5)  H.  C.  Brown,  R.  Bernheimer,  C.  J.  Kim,  and  S.  E.  Scheppele, 
i6W..  89,  370(1967). 

(6)  H.  L.  Goering  and  S.  Chang,  Tetrahedron  Letters,  3607  (1965). 

(7)  C.  W.  Shoppee  and  G.  A.  R.  Johnston,  /.  Chem.  Soc.,  3261 
(1961). 

(8)  C.  S.  Foote,  J.  Am.  Chem.  Soc,  86,  1853  (1964). 

(9)  P.  von  R.  Schleyer,  ibid.,  86,  1854  (1964). 
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ichimeric   acceleration   in   the  acetolysis   of  7- 
rnyl  /^toluenesulfonate. 

lominant  retention  of  configuration  in  the 
fsis  of  deuterated  p-bromobenzenesulfonate  la 
lily  explained  by  the  postulate  that  nonclassical 
is  an  intermediate.  The  corresponding  un- 
ated  nonclassical  ion  was  proposed  in  1958  by 
an,  et  al,  in  their  work  on  the  acetolysis  of  7- 
'nyl  /^bromobenzenesulfonate  in  order  to  explain 
ct  that  the  rearranged  acetate  formed  in  this 
(Tsis,  2-bicyclo[3.2.0]heptyl  acetate,  is  exclusively 
cms  isomer.*^  The  presence  of  some  syn-l- 
-nyl  product  in  the  present  work  may  be  ex- 
i  by  concurrent  Sn2  reaction  (unlikely  since 
sodium  acetate  does  not  change  the  proportion 
to  anti  acetate  in  the  acetolysis  product)  or  by 
ige"  to  classical  ion  III.  "Leakage"  to  a  classi- 
n  seems  reasonable  since  there  appears  to  be 
r  any  rate  enhancement  in  acetolysis.*"^®  There 
«  some  rate  enhancement,  though.  (Accelera- 
f  a  factor  of  up  to  ten  or  so  would  not  be  distin- 
ble  from  the  scatter  in  the  Foote  and  Schleyer 
itions.) 

as  hoped  that  the  results  of  the  formolysis  might 
e  a  means  of  choosing  between  the  classical 
onclassical  ion  interpretations.  If  nonclassical 
re  involved,  formolysis  at  a  lower  temperature 
100**)  would  be  expected  to  give  relatively  more 
on  than  does  acetolysis  at  a  higher  temperature 
205  **)  on  the  basis  of  the  fact  that  in  solvolysis 
;thrO'  and  /Areo-3-phenyl-2-butyl  p-toluenesul- 
s  the  amount  of  retention  of  configuration  in- 
i  from  95%  to  over  99%  in  going  from  acetic 
t  75°  to  formic  acid  at  25°.^»  On  the  other 
if  retention  is  to  be  explained  on  the  basis  of 
iide  collapse  of  ion  pairs,  formolysis  at  100** 
be  expected  to  give  much  more  inversion  than 
icetolysis  at  205°,  on  the  basis  of  the  fact  that 
and  Winstein  found  that  acetolysis  of  p-methoxy- 
ethyl  p-toluenesulfonate  at  75°  needed  to  be 
)ed  in  terms  of  ion  pairs  and  dissociated  ions 
formolysis  at  25°  was  explained  in  terms  of  dis- 
rf  ions  only.^*  Also,  Winstein,  et  al.,  report 
me  finding  for  2,4-dimethoxyphenylethyl  arene- 
ates.**  The  experimental  observations  of  10  db 
version  in  acetic  acid  at  205°  and  15  =b  5%  in- 
1  in  formic  acid  at  100°  if  anything  fit  the  ion- 
l  explanation  slightly  better  than  they  do  the 
ssical  ion  explanation,  but  are  clearly  about 
y    between    the   extremes   cited    above.    It    is 


'wo  of  the  twenty  compounds  used  by  Foote  in  his  correlation 
sn  shown  to  have  structures  different  from  those  accepted  at 
the  correlation  was  published.  *  ^  Also,  7-norbornyl  p-toluene- 
e  is  itself  used  in  establishing  the  correlation.  Consequently, 
-squares  line  of  the  Foote  correlation  was  recalculated  omitting 
compounds  whose  structures  were  incorrect  (case  A)  and  omit- 
se  two  com]>ounds  and  also  omitting  7-norbornyl  p-toluene- 
e  (case  B).  The  results  are:  case  A:  log  k^i  »  —0.132 
1 720),  correlation  coefficient  -  0.98 ;  case  B :  log  ^^i  "  -  0. 1 33 
1720),  correlation  coefficient  —  0.9S.  The  observed  rate  for 
'nyl  p-toluenesulfonate  is  log  Acrei  ==  —7.00.  The  calculated 
g  /lcr.1  «  -  7.00  (case  A)  and  -  7.04  (Case  B). 
\  von  R.  Schleyer,  W.  E.  Watts,  and  C.  Cupas,  /.  Am.  Chem. 
,  2727  (1964). 

.  Winstein,  F.  Gadient,  E.  T.  Stafford,  and  P.  E.  Klinedinst, 
,80,  5893(1958). 

>.  J.  Cram,  (bid.,  74,  2129.  2137  (1952). 
I.  F.  Jenny  and  S.  Winstein,  Heic.  Chim.  Acta,  41, 807  (1958). 
.  Winstein,  B.  Appel,  R.  Baker,  and  A.  Diaz,  Special  Publica- 
19,  The  Chemical  Society,  London,  1965,  p  120. 
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therefore  not  possible  to  make  a  clear-cut  choice 
between  the  classical  and  nonclassical  ion  interpreta- 
tions at  this  point. 

Further  work  on  the  solvolysis  of  7-norbornyl  p- 
bromobenzenesulfonate  is  in  progress. 
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The  Structure  of  Cyclooctatetraeneiron 
Tricarbonyl  in  Solution^ 

Sir: 

We  recently  reported  that  cyclooctatetraeneiron 
tricarbonyl  (COTFe(CO),)  in  solution  has  a  1,3-diene- 
bonded  structure  (I)  and  that  the  nmr  spectrum  of  the 
compound  at  —145°  is  that  of  the  "frozen"  structure 
I.*  Two  other  groups  of  workers.  Cotton,  Davison, 
and  Faller  (CDF)»  and  Keller,  Shoulders,  and  Pettit 
(KSP),*  subsequently  reached  conclusions  different 
from  ours.  We  now  show  that  our  original  inter- 
pretation is  correct,  and  that  the  deductions  of  CDF 
and  KSP  are  invalid. 

That  COTFe(CO)3  has  structure  I  in  the  crystalline 
state  is  well  established^  and  is  not  in  dispute.  CDF' 
present  two  arguments  against  COTFe(CO)8  having 
structure  I  in  solution,  and  they  suggest  a  l,S-diene- 
bonded  (tub)  structure  under  these  conditions. 

CDF's  first  argument  is  that  the  infrared  C-H 
stretching  bands  of  COTFe(CO)3  in  solution  are  dif- 
ferent from  those  found  in  the  solid,  but  are  similar  to 
those  of  1,5-diene-bonded  (tub)  COT  complexes. 
However,  the  great  similarity  of  the  fingerprint  region 
of  COTFe(CO)3  in  the  solid  and  in  solution*'  was 
ignored  by  CDF.  These  spectra  are  presented  in 
Figure  1,  together  with  the  spectra  of  COTMo(CO)4^ 
and  COTW(CO)4,*  two  compounds  which  have  1,5- 
diene-bonded  (tub)  structures  and  which  display  the 
expected*  two  sharp  lines  in  their  nmr  spectra  (r  4.46, 
5.80  and  3.66, 5.25,  respectively). 

In  the  structurally  significant  fingerprint  region 
(1600-750  cm-^),  only  very  small  differences  (0.1-0.3%) 
in  the  frequencies  of  COTFe(CO)3  are  observed  be- 
tween the  solid  and  solution  spectra.    The  general 

(1)  (a)  Research  supported  in  part  by  the  National  Science  Founda- 
tion; (b)  research  sponsored  in  part  by  the  U.  S.  Army  Research  Office 
(Durham). 

(2)  C.  G.  Kreiter,  A.  Maasbol,  F.  A.  L.  Anet,  H.  D.  Kaesz,  and  S. 
Winstein.  /.  Am.  Chem.  Soc,  88,  3444  (1966). 

(3)  F.  A.  Cotton.  A.  Davison,  and  J.  W.  Faller.  ibid.,  88,  4570 
(1966). 

(4)  C.  E.  Keller.  B.  A.  Shoulders,  and  R.  Pettit.  ibid.,  88, 4760(1966). 

(5)  B.  Dickens  and  W.  N.  Lipscomb.  /.  Chem.  Phys.,  37,  2084 
(1962). 

(6)  R.  T.  Bailey.  E.  R.  Lippincott.  and  D.  Steele.  /.  Am.  Chem.  Soc., 
87,  5346  (1965). 

(7)  H.  D.  Kaesz.  S.  Winstein.  and  C.  G.  Kreiter.  ibid.,  88,  1319 
(1966). 

(8)  This  complex  has  recently  been  prepared  in  these  laboratories  by 
procedures  similar  to  those  used  in  the  preparation  of  the  molybdenum 
analog  (A.  Maasbol,  unpublished  work). 

(9)  M.  L.  Maddox.  S.  L.  Stafford,  and  H.  D.  Kaesz,  Advan.  Organo- 
metal.  Chem.,  3.  1  (1965). 
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similarity  of  the  fingerprint  region  of  the  spectra  of  the 
molybdenum  und  tungsten  (tub)  complexes  is  to  be 
contrasted  with  the  great  differences  between  these 
spectra  on  the  one  hand  and  the  spectra  of  the  iron 
:  fe{CO), 


complex  on  the  other.  Therefore,  despite  the  slight 
variation  in  the  precise  shape  of  the  C-H  stretching 
band"  of  COTFo(CO),  in  the  solid  and  liquid  phases. 


the  infrared  evidence  is  overwhelmingly  in  favor  of  a 
single  structure  ( 1,3-diene  bonded)  in  the  two  phases. 

CDF's  second  argument  is  that  the  chemical  shifts 
found  for  COTFe(CO)»  at  -145°  are  not  those  ex- 
pected for  structure  la,  especially  for  the  protons  on 
Ci  and  Ci."  However,  their  suggested  alternative 
tub  structure  certainly  does  not  have  the  expected 
chemical  shifts,"  nor  does  it  explain  the  widths'  of 
the  bands  of  the  nmr  spectrum  of  COTFc(CO),  at 
- 145°. 

KSP*  accept  the  1,3-diene-bonded  structure  1  for 
COTFe(CO)i  in  solution,  but  they  present  the  same 
objections  as  did  CDF'  to  our  assignments  of  chemical 

(10)  The  chaniie  in  Ihc  C-H  band  of  COTFe<CO)i  on  going  from 
lolid  (o  solution  appears  lo  be  due  lo  a  broadening  or  Ihc  low-rrequency 
band  of  the  C-H  doublet  and  is  not  necessarily  indicative  of  a  structural 

(11)  On  (he  baiis  of  our  published  spectrum,"  we  estimate  that  the 
highest  chemical  shift  occurring  in  COTFe(CO)i  at  -  145°  is  cc.  r  S.T. 
Because  of  the  peculiar  structure  ofl.  known  1,3-diene-iron  Iricarbonyl 
compleies  may  not  be  good  model  compounds.  Furthermore,  an 
examination  of  the  literature'.''*  indicates  that  Hi  and  H,  in  1,3-diene 
complexes  have  rather  variable  chemical  shifu. 

(12)  Bonding  of  metals  to  olelins  results  in  a  high-field  shift  of  the 
oletitiic  protons.  These  shifts'  are  very  similar  (I.T  and  1.5  ppm, 
respectively)  for  norbornadienc  and  COT  upon  bonding  to  Mo(CO)i. 
This  should  also  be  trtie  for  the  corresponding  Fe{CO)i  complexes. 
For  norbornadienc  this  shift*  is  3.S  ppm.  Therefore  the  high-field 
protons  in  a  tub  COTFe<CO)i  complex  should  be  at  t  4.3  +  3.5  - 
7.B,  whereas  the  observed  shift  is  T  S  S.Tppm. 
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shifts  at  —145°.  They  agree  that  the  spectrum  at 
-145°  is  that  of  I,  but  propose  that  the  valency  tau- 
tomerism  la  ^  lb  is  still  very  rapid  at  —145°.  By 
using  plausible  chemical  shifts  (see  la),  they  predict 
that  the  low-temperature  spectrum  should  consist  of 
two  bands  at  r  4. 1  and  5.5,  roughly  as  observed.  ^' 

KSP*  claim  support  for  their  theory  from  the  fact 
that  the  nmr  spectrum  of  methylcyclooctatetraeneiron 
tricarbonyl  (MeCOTFe(CO)3)  consists  of  three  bands 
(r  4.33,  4.92,  and  5.50;  intensity  ratios  of  3:2.3:1.8) 
at  room  temperature  and  of  two  bands  (r  4.05  and 
5.62,  reported  as  of  "approximately  equal  areas")  at 
- 1 20  °.  They  argue  that  the  room-temperature  band  at 
r  5.50  must  be  the  average  between  two  bands,  one  of 
which  is  of  the  normal  olefinic  type  and  at  low  field; 
therefore,  the  other  band  must  be  at  much  higher  field 
than  T  5.5  for  the  average  to  be  at  r  5.5.  It  is 
quite  clear  that  this  argument  is  fallacious  as  is  shown 
below.  Thus  the  nmr  spectrum  of  MeCOTFe(CO)j 
does  not  support  the  ideas  of  KSP.^* 

We  now  show  that  the  data  of  KSP  on  MeCOTFe- 
(CO)j  are  actually  in  excellent  agreement  with  our 
interpretation.  2  The  evidence  indicates  that  the  Fe- 
(CO)j  group  prefers  to  be  attached  to  certain  carbon 
atoms  of  the  ring  of  MeCOT,  a  possibility  ignored  by 
KSP.  These  carbons  are  8123  and  7812  in  ila  and 
lib,  respectively.  In  our  view,  the  spectrum  at  low 
temperatures  is  that  of  frozen  Ila  and  lib,  whereas  at 
room  temperature  the  chemical  shifts  are  the  average 
of  those  in  Ila  and  lib.  On  this  basis,  and  using^^ 
the  value  r  4.1  for  any  of  the  protons  of  noncomplexed 
olefinic  groups  and  r  5.4  for  any  of  the  iron-bonded 
olefinic  protons,  the  chemical  shifts  shown  in  Table  I 


Table  L    Predicted  Chemical  Shifts  for  Ila  and  lib 


Av  of  Ila 

and  lib  (inten- 

Chemical shifts  at  -145°,  r 

sity)  at  room 

Positions 

Ila 

lib 

temp 

2  and  8 

5.4,5.4 

5.4,5.4 

5.4(2) 

3  and  7 

5.4,4.1 

4.1,5.4 

4.75(2) 

4and6 

4.1,4.1 

4.1,4.1 

::!}"> 

5 

4.1 

4.1 

are  predicted  for  MeCOTFe(CO)3  at  -145°  and  at 
room  temperature.  The  predicted  low-temperature 
spectrum  (r  4.1  and  5.4,  relative  intensities  4:3)  and 
the  high-temperature  spectrum  (r  4.1,  4.75,  and  5.4, 
relative  intensities  3:2:2)  are  in  substantial  agreement 
with  those  reported  by  KSP.*  Valency  tautomers  with 
the  Fc(CO)i  at  positions  different  from  those  in  Ila 
or  lib  give  calculated  spectra  in  gross  disagreement  with 
the  experimental  data  and  thus  cannot  be  present  in 
significant  amounts. 

(13)  The  high-field  band*  of  COTFe(CO)»  is  actually  much  too  broad 
and  complex  to  be  due  to  four  protons  all  having  the  same  chemical 
shift,  as  is  required  by  KSP*s  theory. 

(14)  These  authors  do  not  attempt  to  explain  the  spectra  of  Me- 
COTFe(CO)<.  We  find  that  it  is  impossible  to  explain  both  the  room- 
and  low-tcmpcrature  spectra  of  MeCOTFe(CO)i  with  KSP*s  theory. 

(15)  For  this  calculation  we  have  used  rounded  values  of  the  chemical 
shifts  given  by  KSP. « 
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The  spectra  of  a  deuterated  derivative  of  MeCOTFe- 
(CO)3,  described  in  the  accompanying  communication,  ^' 
confirm  our  conclusions. 

(16)  F.  A.  L.  Anet,/.  Am.  Chem.  Soc,  89, 2491  (1967). 

F.  A.  L.  Anet,  H.  D.  Kaesz 
A.  Maasbol,  S.  Winstein 

Contribution  No.  2058,  Department  of  Chemistry 
Unicersity  of  California^  Los  Angeles,  California    90024 

Receii^ed  February  23,  1967 

Valency  Tautomerism  in 
Methylcyclooctatetraeneiron  Tricarbonyl  ^ 

Sir: 

We  have  shown ^  that  the  nmr  data  of  Keller, 
Shoulders,  and  Pettit  on  methylcyclooctatetraeneiron 
tricarbonyl  (1)  can  best  be  explained  on  the  basis  that 
the  Fe(CO)3  group  exhibits  a  preference  for  bonding 
with  carbon  atoms  1,  2,  7,  and  8  (la)  or  1,  2,  3,  and  8 
(lb)  of  the  ligand,  and  that  valency  tautomerism, 
la  ^  lb,  is  fast  (on  the  nmr  time  scale)  at  room  tem- 
perature, but  slow  at  —145°.  An  examination  of  the 
nmr  spectrum  of  methyl-rf-cyclooctatetraene-2, 3,4,5,6,7- 
rfe-iron  tricarbonyl  (II),  presented  in  this  communica- 
tion, confirms  our  deductions  and  clearly  shows  that 
the  terminal  and  internal  protons  in  the  iron-bonded 
diene  moiety  of  II  have  only  slightly  different  chemical 
shifts. 

Lithium  aluminum  hydride  reduction  of  cyclo- 
octatetraenyl-2,3,4,5,6,7-rfe-methyl-rf  bromide'  in  di- 
ethyl ether  gave  methyl-rf-cyclooctatetraene-2,3,4,5,6,7- 
rfe  (III)^  as  a  yellow  oil,  isolated  by  glpc.  Reaction  of 
III  with  an  equimolecular  amount  of  Fe2(CO)9  in 
boiling  hexane  for  a  few  minutes  gave,  after  removal  of 
the  solvent,  the  dark  red  complex^  II,  which  was  purified 
by  evaporative  distillation  in  vacuo. 

The  nmr  spectrum  of  II  in  deuterated  chloroform 
showed  only  two  bands:  the  CH2D  protons  at  r 
8.15  and  the  ring  proton  at  r  5.44.  The  high-field 
chemical  shift  of  the  ring  proton  is  only  consistent  with 
Ila  and  lib  being  the  dominant  species  at  room  tem- 
perature.® 

In  CHCI2F  solution,  the  ring  proton  in  II  changed 
from  a  sharp  line  at  room  temperature  to  two  sharp 
lines  at  —145°  (Figure  1).  No  change  was  observed 
in  the  CH2D  band,  apart  from  some  broadening  at 
very  low  temperatures.^    At  the  coalescence  temper- 

(1)  Work  supported  by  National  Science  Foundation  Grant  No. 
G.P.  3780. 

(2)  F.  A.  L.  Anet,  H.  D.  Kaesz,  A.  Maasbol,  and  S.  Winstein,  7.  Am. 
Chem.  Soc,  89,  2489  (1967). 

(3)  F.  A.  L.  Anet,  A.  J.  R.  Bourn,  and  Y.  S.  Lin,  unpublished  results; 
cf.  F.  A.  L.  Anet,  A.  J.  R.  Bourn,  and  Y.  S.  Lin,  J.  Am.  Chem.  Soc., 
86,  3S76  (1964).  The  undeuterated  compounds  have  been  prepared 
previously:  A.  C.  Cope  and  H.  C.  Campbell,  ibid.,  74,  179  (1952); 
A.  C.  Cope,  R.  M.  Pike  and  D.  F.  Rugcn,  ibid.,  76. 4945  (1954). 

(4)  The  rate  of  bond  shift  in  III  has  been  determined  from  the  tem- 
perature dependence  of  the  nmr  spectrum,  which  also  confirms  the 
structure  and  isotopic  labeling  of  the  compound  (to  be  published). 

(5)  The  same  procedure  applied  to  cyclooctatetracne  was  found  to 
give  a  good  yield  of  pure  iron  tricarbonyl  complex.  Mass  spectra  of 
II  showed  a  ratio  of  l-di.-hdt.'l-di  of  30 : 5 : 1  and  a  cracking  pattern 
consistent  with  its  structure. 

(6)  Other  tautomers  would  have  the  ring  proton  at  least  half  of  the 
time  in  the  unbonded  diene  portion  of  the  molecule  and  would  there- 
fore exhibit  a  low  chemical  shift  (r  <  5).  The  presence  of  appreciable 
amounts  of  these  tautomers  would  lower  the  average  chemical  shift  of 
the  ring  proton  of  II,  as  compared  with  the  high-field  band  (ca.  r  5.5) 
in  the  spectrum  of  COTFe(CO)i  at  -  145*. 

(7)  The  greater  broadening  of  the  CHsD  protons  relative  to  the  ring 
proton  is  consistent  with  the  closeness  of  the  two  protons  in  the  CHsD 
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Figure  1.  Proton  spectrum  (60  Mc/sec,  deuterons  decoupled)  of 
II  in  CHCI2F  at  various  temperatures.  Only  the  olefinic  region  is 
shown.  The  scale  is  cps  downiield  from  internal  tetramethyl- 
silane. 


ature  (—125®)  for  the  ring-proton  bands,  the  rate 
constant  for  the  valency  tautomerism,  Ila  ^  lib,  is 
35  sec"S  and  the  free  energy  of  activation  (AF*)  is 
7.5  kcal/mole,  a  value  close  to  the  7.2  kcal/mole  ob- 
served* for  the  parent  compound. 


8/   Fe(CO)s 
NyOCHaD 


CHaD 


la    (D  replaced  H) 
Ila 


lb    (D  replaced  H) 
lib 


The  average  of  the  chemical  shifts  of  the  two  ring- 
proton  bands  at  — 150®  is  very  close  to  the  chemical 
shift  of  the  coalesced  bands  (e.g.,  at  — 100°  or  higher). 
This  is  in  agreement  with  the  conclusion  based  on  the 
chemical  shift  of  the  ring  proton  that  tautomers  other 
than  Ila  or  lib  must  be  present  in  very  small  amounts. 

Tautomers  other  than  Ila  or  lib  should  show  a  ring- 
proton  band  at  low  field  (ca.  r  4)  at  —145°,  but  un- 
unfortunately  this  region  is  partly  obscured  by  a  ^'C 
satellite  of  the  solvent  as  well  as  being  very  close  to  an 

group  and  relaxation  by  the  direct  spin-spin  interactions  modulated 
by  molecular  rotation. 

(8)  C.  G.  Kreiter.  A.  Maasbol,  F.  A.  L.  Anet,  H.  D.  Kaesz,  and  S. 
Winstein.  /.  Am.  Chem.  Soc,  88,  3444  (1966). 


intense  solvent  peak.  We  plan  to  examine  the  spectrum 
further  in  a  deuterated  solvent,  which  should  allow  the 
detection  of  small  peaks  in  this  region.  On  the  basis 
of  the  present  evidence,  it  appears  that  more  than  90  % 
of  II  is  in  the  form  of  Ila  and  lib. 

The  present  work  does  not  allow  an  unambiguous 
assignment  to  be  made  to  the  ring-proton  bands  in  the 
low-temperature  spectrum  of  II.  Since  the  ring  proton 
in  lib  would  be  expected  to  be  upfield  from  that  in 
Ila,*  the  bands  at  r  5.42  and  5.68  can  be  assigned 
tentatively  to  Ila  and  lib,  respectively. 

The  origin  of  the  low  energy  of  Ila  and  lib  is  of 
interest.  In  Ila  or  lib  the  methyl  group  is  attached  to  a 
ring  carbon  atom  which  in  cyclooctatetraeneiron 
tricarbonyP®  has  an  internal  angle  of  124.6°.  In  other 
tautomers  of  II  the  methyl  group  would  be  attached  to 
carbon  atoms  having  internal  angles  greater  than  130°. 
From  previous  work'*^^  on  the  rates  of  ring  inversion 
and  bond  shift  in  derivatives  of  cyclooctatetraenc 
(COT),  it  is  known  that  large  groups,  and  even  methyl 
groups,^*  destabilize  the  planar  form  of  COT  (bond 
angles  of  135°)  relative  to  the  tub  form  (bond  an^es  of 
about  125°).  This  effect  was  ascribed  to  the  greater 
steric  repulsions  existing  between  a  substituent  and 
adjacent  hydrogen  atoms  in  the  planar  form  relative 
to  the  tub  form.  Although  II  is  nonplanar,  these 
steric  effects  should  operate  to  make  Ila  and  lib  more 
stable  than  other  tautomers.  Steric  repulsions  be- 
tween the  Fe(CO)3  and  the  methyl  group  would  de- 
stabilize Ila  and  lib  and  therefore  do  not  appear  to 
be  important.  Inductive  and  hyperconjugativc  effects 
of  the  methyl  group  may  be  significant  in  stabilizing 
Ila  and  lib;  experimental  investigations  of  this  pos- 
sibility are  planned. 

(9)  M.  L.  Maddox,  S.  L.  Stafford,  and  H.  D.  Kaesz,  Adcan.  Organo- 
metal.  Chem.,  3,  1  (1965). 

(10)  D.  Dickens  and  W.  N.  Lipscomb.  J.  Chem.  Phys.,  37,  2084 
(1962). 

(11)  F.  A.  L.  Anet.  /.  Am.  Chem.  Soc,  84,  671  (1962);  G.  M.  White- 
sides  and  J.  D.  Roberts,  unpublished  observations,  quoted  by  J.  D. 
Roberts,  Angew.  Chem.,  75,  20  (1963). 

(12)  The  rate  constant  for  bond  shift*  in  III  at  — 10°  is  not  more 
than  one-tenth  of  that  ^Hn  cyclooctatetraenc. 

F.  A.  L.  Anet 

Contribution  No.  2059,  Department  of  Chemistry 
University  of  California,  Los  Angeles,  California    90024 

Received  February  23,  1967 


Mass  Spectrometric  Evidence  for  the  Gaseous 
SisN  Molecule 

Sir: 

Optical  spectroscopic  studies^  and  ionic-model  cal- 
culations^ have  indicated  that  the  binding  energies  of 
gaseous  nitrides  should  be  of  the  order  of  100  kcal 
mole^S  and  thus  one  expects  that  gaseous  nitrides 
should  be  relatively  stable.  Most  of  the  refractory 
nitrides  have  been  reported,  however,  to  dissociate 
when  heated  under  vacuum. '"^    Only  gaseous  gallium 

(1)  G.  Herzberg,  "Spectra  of  Diatomic  Molecules,"  D.  Van  Nostrand 
Co..  Inc.,  New  York,  N.  Y.,  1950. 

(2)  J.  L.  Margrave  and  P.  Sthapitanonda,  /.  Phys.  Chem.,  59,  1231 
(1955). 

(3)  P.  Schissel  and  W.  Williams,  Bull.  Am.  Phys.  Soc.,  [2]  4,  139 
(1959). 

(4)  P.  A.  Akishin  and  Yu.  M.  Khodeev.  Zh.  Neorgan.  Khim.,  7,  941 
(1962). 

(5)  J.  L.  Margrave,  L.  H.  Dreger,  and  V.  V.  Dadape,  /.  Phys.  Chem., 
66,  1556(1962). 
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Partial  Pressures  of  Gaseous  Species  over  the  Si-BN  System  and  Heat  of  the  Reaction  SisNCg)  «  2Si(g)  +  O.SNiCg) 


np, 
C 


Si 


—Pressure,  atm- 


SisN 


-4. 576  log  Jf, 

cal  deg~* 

mole"' 


,-< 


F^T  -  //W 


T 

/       Aiy%». 

cal  deg-» 

kcal 

mole"' 

mole"' 

(43) 

124 

(43) 

124 

(43) 

123 

(43) 

123 

Aiy%« 

,  =  123.5  db  1.0 

46 
)6 
S5 
42 


8.03  X  10"« 
4.34  X  10"« 
2.30  X  10-^ 
1.66  X  10"« 


2.82  X  10"^ 
1.91  X  10-« 
1.19  X  I0-< 
1.05  X  10"« 


2.17  X  10-' 
1.08  X  10"T 
4.20  X  10"« 
2.83  X  10"« 


24.3 
25.7 
26.8 
27.4 


has  been  observed  mass  spectrometrically,^ 
>  attempt  was  made  to  establish  its  stability. 
1  spectra  have  been  cited  as  evidence  for  gaseous 
andTiN.*" 

he  course  of  a  mass  spectrometric  study  of  the 
zation  of  siUcon  from  a  boron  nitride  Knudsen 
le  Si^N  molecule  has  been  identified  in  the  gas 

This  species  is  isoelectronic  with  the  well-estab- 
gaseous  species  QN  for  which  both  the  CCN 
NC  isomers  are  known  from  optical  spectra.  ^  ^ 
experiments  were  performed  on  a  12-in.  radius, 
ctor  mass  spectrometer,  similar  to  that  described 
lupka  and  Inghram.^^  The  Knudsen  cell  was 
aed  from  a  high-purity  boron  nitride  rod  and  was 
fitted  into  a  heavy  tantalum  crucible.  The  cell 
eated  by  electron  bombardment,  and  the  tem- 
re  was  measured  with  an  optical  pyrometer 
1  into  the  blackbody  hole  in  the  bottom  of  a 
jm  crucible. 

ti  the  cell  heated  above  ISOO^K,  the  main  peaks 
mass  spectrum  were  N^'*'  and  Si+,  both  increasing 
^mperature.  At  temperatures  above  1700°K,  the 
ij"»",  Sij+,  and  Si4"*',  as  well  as  peaks  at  mje  70,  71, 
>,  were  observed.  From  the  isotopic  abundance 
itions  the  peaks  at  masses  70,  71,  and  72  were 
icd  with  the  SiiN^  ion.  The  appearance  po- 
,  determined  by  the  vanishing-current  method, 
the  ionization  potential  of  Si  as  standard  was 
0.3  ev.  This  value  suggests  that  the  SiiN+  ion  is 
d  by  direct  ionization  of  the  SijN  molecule  and 
fragmentation. 

as  impossible  in  these  experiments  to  decide  un- 
uously  whether  the  molecules  SijNj  or  SijN4 
I  in  the  vapors,  because  of  interference  of  Sis"*"  and 
ms  at  the  same  mass. 

ion  intensities  of  Si+,  Nj+,  and  Si2N+  were 
red  at  several  temperatures  in  the  range  1742- 
iC  and  were  used  to  calculate  the  equilibrium 
mt  for  the  reaction 

Si,N(g)  -  2Si(g)  -h  0.5N,(g)  (1) 

the  JANAF^'  free-energy  functions  for  Si(g) 
«(g)»  values  for  SijNCg),  estimated  by  analogy  with 

.  L.  Hildenbrand  and  W.  F.  Hall,  /.  Phys.  Chem.,  67, 888  (1963). 
[.  Hoch,  D.  P.  Dingledy,  and  H.  L.  Johnston,  /.  Am.  Chem. 
,304(1955). 

P.  Gordienko,  G.  V.  Samsonov,  and  V.  V.  Fesenko,  Russ.  J. 
hem.,  38.  1620(1964). 

C  Howard  and  J.  G.  Conway,  UCRL-14139  Report,  April  21. 
'.  Chem.  Phys.,  43,  3055  (1965). 
N.  H.  Robinson  and  E.  M.  Reeves,  Can.  J.  Phys.,  41,  702 

a)  A.  J.  Merer  and  D.  N.  Travis,  ibid.,  43,  1795  (1965);   (b) 

,  353  (1966). 

V.  A.  Chupka  and  M.  G.  Inghram,  /.  Phys.  Chem.,  59,  100 

•JANAF  Thermochemical  Tables,"  The  Dow  Chemical  Co., 
I,  Mich..  1963. 


AUO(g),  and  equiHbrium  constants  derived  from  the 
ion-current  data  with  the  aid  of  a  silver  calibration,  one 
can  derive  the  heat  of  reaction  1  by  the  third-law 
method.    The  results  are  given  in  Table  I. 

From  the  heat  of  reaction  1  and  the  heat  of  subUma- 
tion  of  silicon,  AH^'^tw  =  108.4  ±  3.0  kcal  mole-^^^ 
one  calculates  A/^f°[Si2N(g)]  =  93  db  5  kcal  mole-^ 
The  heat  of  atomization  of  SijNCg),  as  calculated  from 
the  heat  of  reaction  1  and  the  dissociation  energy  of  N^, 
/>o^  =  225.0  =b  2  kcal  mole-^l»  is  A^JSi2N(g)]  = 
236  =b  10  kcal  mole""*,  close  to  the  atomization  energy 
for  AI2O  of  248  kcal  mole"  K  *^ 
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(14)  H.  L.  Schick,  *Thermodynamics  of  Certain  Refractory  Com- 
pounds,** Vol.  1,  Academic  Press  Inc..  New  York,  N.  Y.,  1966,  p  158. 
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Sulfur  Dioxide  Insertion.    IV. 
A  New  Allylic  Rearrangement^ 

Sir: 

The  unusual  paucity  of  data  on  insertion  reactions  of 
c-bonded  allylic  complexes  of  the  transition  elements* 
prompted  us  to  examine  the  behavior  of  several  such 
organometallics  toward  sulfur  dioxide.  Reported  now 
are  some  preliminary  results  on  a  new  type  of  rearrange- 
ment which  accompanies  insertion  of  SOj  into  metal- 
carbon  bonds. 

The  qualitative  observation  of  one  of  us  (F.  A.  H.) 
that  aUylmanganese  pentacarbonyl  inserts  sulfur  di- 
oxide at  a  rate  much  faster  than  do  the  methyl  and 
benzyl  analogs'  suggested  a  possibility  of  mechanistic 
differences  between  these  reactions.  Particularly  invit- 
ing was  a  path  involving  an  allylic  rearrangement  re- 
sulting from  cleavage  of  the  Mn-C(l)  bond  and  forma- 
tion of  the  Mn-S  and  S-C(3)  bonds  (eq  1).  in  order  to 
test  for  this  possibility  we  have  examined  the  reaction  of 

(1)  For  part  III  of  this  series,  see  J.  P.  Bibler  and  A.  Wojcicki, 
/.  Am.  Chem.  Soc.,  88,  4862  (1966). 

(2)  The  only  example  of  such  reactions  known  to  the  authors  is  the 
reversible  carbonylation  of  aUylmanganese  pentacarbonyl:  T.  H. 
Coffield,  J.  Kozikowski,  and  R.  D.  Closson,  Lecture  to  International 
Conference  on  Coordination  Chemistry,  London,  England,  April  1939; 
quoted  by  G.  E.  Coates,  "Organometallic  Compounds,"  John  Wiley 
and  Sons,  Inc..  New  York,  N.  Y.,  1960,  p  280. 

(3)  F.  A.  Hartman  and  A.  Wojcicki,  /.  Am,  Chem.  Soc.,  88, 844  (1966). 
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Table  I.    Infrared  Carbonyl  and  Sulfur-Oxygen  Stretching  Frequencies  (cm~  *)  of  the  Complexes'* 


Complex* 

Carbonyl  stretches*^ 

SO  stretches** 

Mn(CO)iS02C3Hi 
Mn(CO).S02C4H7 
MniCOyjSOiCM, 

2137  (mw),  2088  (w),  2057  (s),  2042  (s),  2025  (m) 
2136  (mw),  2089  (w),  2057  (s),  2040  (s),  2024  (m) 
2135  (mw),  2088  (w).  2058  (s),  2039  (s),  2020  (ni) 

1190(s),  1043  (s) 
1189  (s),  1048  (s) 
1190(s),  1041  (s) 

<*  Recorded  on  a  Beckman  Model  IR-9  spectrophotometer.  Abbreviations:  s,  strong;  m,  medium;  mw,  medium  weak;  w,  weak. 
*  Satisfactory  carbon,  hydrogen,  and  sulfur  analyses  and  molecular  weights  were  obtained  for  all  complexes  reported.  ^  CC\i  solution. 
^  Nujol  mull. 


Table  II.    Supplementary  Information 

r'liIrH     °^ 

/MicliyuCdl  Uula 

— Found, 
H 

%— 

S 

Molecular  weight 
Calcd          Found 

C 

v^aicu,  /o 
H 

s               c 

Mn(CO)5S02C3Hi              32.01 
Mn(CO)5S02C4H7               34.41 
Mn(CO)5S02CaH9               36.59 

1.68 
2.25 
2.76 

10.68                32.27 

34.38 

9.77                36.74 

1.82 
2.28 
3.00 

10.68 
9.49 

300               294 
314               314 
328                326 

sulfur  dioxide  with  2-butenylmanganese  pentacarbonyl 
and  with  3-methyl-2-butenylmanganese  pentacarbonyl, 
since  structures  of  the  sulfinato  products  of  these  reac- 
tions should  resolve  readily  the  question  of  occurrence 
of  the  postulated  rearrangement. 


TMS 


H. 


oc 


c 

0 


c-c: 


'H 


^C-'^YM.        H 


XK, 


CH,     \»C 


oci^U,co 


TMS 


^eV.^ J 

1 1 L 

:.o         1.0         0 


OPPM 

Figure  1.  Proton  magnetic  resonance  spectra  of  sulfinatopenta- 
carbonylmanganeseCI)  complexes  obtained  from  the  reaction  of  sul- 
fur dioxide  with  (A)  2-propenylpentacarbonylmanganese,  (B)  2- 
butenylpentacarbonylmanganese,  (C)  3-methyI-2-butenylpenta- 
carbonylmanganese  (recorded  on  a  Varian  Associates  A-60  spec- 
trometer in  CDCI3  solution). 


In  a  typical  reaction,  an  allylmanganese  pentacar- 
bonyl complfex*  (ca,  3  g)  was  allowed  to  interact  with 
about  IS  ml  of  anhydrous  liquid  sulfur  dioxide  at  ca. 
—40°  for  approximately  2  hr.'    The  SO2  was  then  re- 

(4)  Prepared  from  sodium  pentacarbonylmanganate(— 1)  and  the 
organic  halide;  see  W.  R.  McClellan,  H.  H.  Hoehn,  H.  N.  Cripps, 
E.  L.  Muetterties,  and  B.  W.  Howk,/.  Am.  Chem.  Soc.,  83,  1601  (1961). 
The  compound  was  characterized  by  nmr  spectroscopy. 

(5)  Actually,  these  reactions  reach  completion  in  much  shorter  times. 


moved,  the  orange  residue  was  extracted  with  20  ml  of 
absolute  ethanol,  and  10  ml  of  ether  was  added  to  the 
extracts.  Cooling  the  resulting  solution  to  —40°  for 
1  hr  caused  separation  of  pale  yellow  crystals.  The 
product  was  washed  with  20  ml  of  ether  and  then 
recrystallized  from  chloroform-hexane.  The  yield 
ranged  from  70  to  80%. 


<1)    (2)  (3) 

(CO)5MnCH2CH=CH2    +  SQ^ 


0) 


i        ^^ 

0— &     (3)(2)CH 


(3)  (2)        iXi 

(CO)5MnS(),CH2CH==CH,    (1) 

The  infrared  carbonyl  and  sulfur-oxygen  stretching 
frequencies  of  the  products,  listed  in  Table  I,  are  very 
similar  to  those  reported  for  the  analogous  methyl,' 
ethyl,*  and  benzyP  derivatives  and  attest  to  the  S- 
sulfinatopentacarbonyl  formulation  of  the  complexes. 
Supplementary  data  are  given  in  Table  II. 

The  question  concerning  the  position  of  attachment 
of  the  allyl  moieties  to  sulfur  in  (CO)6MnS02C4H7  and 
(CO)5MnS02C5H9  is  resolved  upon  examination  of  the 
proton  magnetic  resonance  spectra  of  these  derivatives 
in  conjunction  with  the  spectrum  of  the  2-propenyl- 
pentacarbonyl  sulfinate,  all  shown  in  Figure  1.  The 
nmr  spectrum  of  (CO)6MnS02C3H5  consists  of  a  doublet 
centered  at  r  6.25  and  of  a  complex  multi-line  absorp- 
tion farther  downfield  (relative  intensities  2:3).  The 
former  signal  is  assigned  to  the  two  protons  of  the 
methylene  group  bonded  to  SO2,  and  the  latter  to  the 
three  vinyl  hydrogens.  The  salient  features  in  the 
spectrum  of  (CO)5MnS02C4H7  are  presence  of  a  multi- 
plet  at  r  6.10-6.38  and  of  a  complex  absorption  pattern 
at  r  3.59-4.66  (relative  intensities  1 :3).  No  signal  is 
detectable  in  the  r  5-7  range  of  the  spectrum  of  (CO)5- 
MnS02C6H9;  the  resonances  at  r  3.91-4.83  and  the 
sharp  line  at  r  8.59  (due  to  the  six  methyl  protons) 
occur  with  the  intensity  ratio  of  3:6. 

These  data  are  in  complete  agreement  with  the  struc- 
tures containing  rearranged  allylic  moieties  of  the  last 
two  derivatives  (see  Figure  1).  Had  there  been  no  re- 
arrangement, each  spectrum  would  be  expected  to  ex- 

(6)  F.  A.  Hartman,  Ph.D.  Thesis,  The  Ohio  Sute  University,  1966. 
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a  doublet  at  r  5-7  with  the  relative  intensity  cor- 
mding  to  two  methylene  protons.  Furthermore 
townfield  signals  would  occur  with  the  relative  in- 
ties  and  multiplicities  reflecting  the  presence  of 
and  one  vinyl  protons  in  the  C4H7  and  CsHj  sul- 
5S,  respectively.^ 

e  generality  of  the  above-described  allylic  rear- 
^ment  is  supported  by  the  behavior  of  the  2-butenyl 
atives  of  cyclopentadienyliron  dicarbonyl,  cyclo- 
idienylmolybdenum  tricarbonyl,  and  cyclopenta- 
Itungsten  tricarbonyl  toward  sulfur  dioxide.  The 
spectra  of  all  of  the  resulting  sulfinates  are  con- 
it  with  the  rearranged  structure  of  the  hydrocar- 
noicty.* 

i  are  currently  examining  insertion  reactions  be- 
1  allyl  metal  complexes  and  substrates  other  than 
r  dioxide  with  a  view  to  elucidating  the  scope  of 
^arrangement  described  herein. 

knowledgment.  The  support  of  the  National 
ce  Foundation  and  of  the  Petroleum  Research 
I,  administered  by  the  American  Chemical  Society, 
itefully  acknowledged. 

rhis  argument  receives  support  from  the  recent  isolation  of 
e(CO)iSOiCHsCH=C(CHa)«  da  the  reaction  of  Na[C»H»Fe(CO)3] 
iiifur  dioxide  with  l-chloro-3-methyl-2-butene.  The  proton 
tic  resonance  spectrum  of  the  sulfinate  exhibits  doublets  at 
(CHt)  and  6.17  (CHs)  with  the  relative  intensity  ratio  of  6:2,  a 
sin^et  at  r  4.68  (CsHtX  and  a  complex  signal  at  r  4.30-4.9S 
C)»  in  complete  accord  with  the  proi>osed  allylic  attachment." 
I.  L.  Downs  and  A.  Wojcicki,  to  be  published. 
Uthough  we  cannot  rule  out  the  possibility  that  the  "rearranged** 
sttlfinato  complexes  result  from  the  initial  formation  of  the  cor- 
ding ''normal**  allyl  sulfinates,  which  then  rapidly  undergo  isom- 
>n,  there  is  evidence  against  such  a  sequence  of  events.  The 
ivc  C»H»Fe(CO)tSOtCH»CH=C(CHs)«  retains  its  identity  after 
'  refluxing  in  liquid  SOs;  a  3 : 1  mixture  of  the  geometric  isomers 
e(CO)iSOiCHsCH=C(CHi)f  and  CftHftFe(CO)tSOsC(CHs)fCH= 
comes  ca.S'A  and  14:1  upon  refluxing  for  4  and  8  hr,  respectively, 
4  sulfur  dioxide.  Thus,  at  least  in  this  case,  isomerization  of  the 
tes  does  occur,  albeit  of  the  sterically  more  hindered  CftHtFe- 
(XC(CHi)sCH=CHs  to  the  less  crowded  CftH»Fe(CO)2SOsCH}. 
XCH«)s. 

FMtefick  A.  Hartman,  Philip  J.  Poiliclc 
Raymond  L.  Downs,  Andrew  Wojddd 

The  McPherson  and  Eoans  Chemical  Laboratories 
The  Ohio  State  University,  Columbus,  Ohio    43210 

Received  January  16,  1967 


c  Polyethera  and  Their  Complexes 
Metal  Salts 


irty-thrce  cyclic  polyethers,  derived  from  aromatic 
il  diols  and  containing  from  9  to  60  atoms  in- 
ag  3-20  oxygen  atoms  in  the  ring,  have  been  syn- 
sed.  Some  of  these  have  been  prepared  in  good 
\  without  the  use  of  a  high-dilution  technique. 
m  of  the  compounds  have  been  catalytically 
>graated  to  the  corresponding  saturated  cyclic 
thers. 

my  of  these  cyclic  polyethers  have  the  unusual 
aty  of  forming  relatively  stable  complexes  with 
i  and  alkaline  earth  metal  ions.  The  more  ef- 
e  ligands  are  those  containing  S-10  oxygen  atoms, 
separated  from  the  next  by  2  carbon  atoms.  This 
Qunication  deals  primarily  with  two  examples  of 
x-oxygen  compounds  which  are  the  most  effective 
versatile  complexing  agents:  an  aromatic  com- 
d  derived  from  catechol,  2,3,1 1,12-dibenzo-l, 
),139l6-hexaoxacyclooctadeca-2,ll-diene  (I);  and 
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Figure  1 .    o-Benzo  or  1 ,2-cyclohexyl  polyethers. 

its  hydrogenation  product,  a  mixture  of  cis-trans 
isomers,  2,5,8, 1 5, 1 8,2 1  -  hexaoxatricyclo[20.4.0.0«'  ^  ^]  - 
hexacosane  (II). 

The  two  cyclic  polyethers  form  stable  complexes 
with  ionic  compounds  of  Li,  Na,  NH4,  RNH3,  K,  Rb, 
Cs,  Ag(I),  Ca,  Sr,  Ba,  Cd,  Hg(I),  Hg(II),  La(III), 
T1(I),  Ce(III),  and  Pb(II).  The  complexes  are  thought 
to  be  field  valency  compounds  formed  by  ion-dipole 
interaction  between  the  cation  and  the  negative  dipoles 
of  the  oxygen  atoms  of  the  polyether  ring,  as  shown 
in  Figure  1 ;  the  formation  of  stable  ammonium  com- 
plexes supports  this  interpretation.  The  "hole"  in 
I  and  II,  estimated  to  be  4  A  in  diameter,  is  large 
enough  to  accommodate  any  unsolvated  or  unco- 
ordinated inorganic  cation.  The  stoichiometry  of  the 
complexes  is  one  molecule  of  polyether  per  single 
cation  regardless  of  the  valence. 

Compound  I  is  prepared  by  treating  1  mole  of 
catechol,  2  moles  of  sodium  hydroxide,  and  1  mole  of 
bis(2-chloroethyl)  ether  in  1-butanol  at  reflux  temper- 
ature ( 1 1 5  °)  for  about  24  hr.  The  yield  is  44-48  %,  and 
1  mole  (360  g)  of  product  can  be  synthesized  in  a 
volume  of  5  1.  White  fibrous  crystals  are  obtained 
by  crystallization  from  benzene;  mp  164°;  bp  ca, 
380-384°  (769  mm).  Anal  Calcd  for  C20H24O6: 
C,  66.6;  H,  6.7;  mol  wt,  360.  Found:  C,  66.3; 
H,  6.8;  mol  wt,  371.  Compound  1  is  readily  soluble 
in  methylene  chloride  and  chloroform,  and  very  little 
soluble  in  methanol  and  water.  Its  ultraviolet  spectrum 
in  methanol  has  a  peak  at  274  m/x  (c  5200).  Its 
infrared  spectrum  shows  no  OH  band  but  two  strong, 
broad  ether  bands  near  8. 1  and  8.5  /x*  Its  nmr  spectrum 
is  consistent  with  the  proposed  structure:  a  multiplet 
4.11  ppm  downfield  from  TMS,  area  ratio  2.2,  and  a 
singlet,  6.92  ppm,  area  ratio  1.00.  The  good  yield  of 
I  obtained  without  resorting  to  a  high-dilution  tech- 
nique is  unusual  for  an  18-membered  ring.  Possibly 
the  sodium  ions  promote  ring  formation  by  properly 
orienting  the  reactants  and  the  intermediate  products 
through  ion-dipole  interaction. 

Compound  II  is  prepared  by  hydrogenating  I  in  a 
stainless  steel  autoclave  at  100°  and  1600  psig  using 
p-dioxane  as  solvent  and  ruthenium  dioxide  as  catalyst. 
The  product,  free  of  alcoholic  by-products,  is  obtained 
by  chromatography  with  acid-washed  alumina  and 
/2-heptane  in  67%  yield.  Anal  Calcd  for  C20H36O6: 
C,  64.5;  H,  9.7;  mol  wt,  372.  Found:  C,  64.5; 
H,  9.6;  mol  wt,  378.  The  product  is  a  mixture  of 
isomers,  melts  between  30  and  56°,  and  boils  at  about 
344°  (769  mm).  It  is  soluble  in  organic  solvents  in- 
cluding petroleum  ether.  Its  solubility  in  water  at 
26°  is  0.036  mole/1,  and  decreases  with  rising  temper- 
ature. Its  ultraviolet  spectrum  shows  no  significant 
absorption  above  200  /x,  and  its  infrared  spectrum  shows 
no  OH  band  but  a  strong,  broad  ether  band  near  9  /x* 
Its  nmr  spectrum  is  consistent  with  the  proposed 
structure:    a  multiplet  1.50  ppm  downfield  from  TMS, 
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area  ratio  1.17,  and  a  singlet,  3.67  ppm,  area  ratio 
1.00. 

Crystalline  1 : 1  complexes  of  I  have  been  prepared 
with,  for  example,  Lils,  NaNOj,  KI,  KCNS,  NH4CNS, 
CN3NH3CNS,  RbCNS,  CsCNS,  CaClj,  Ba(OH)2, 
CdCU,  HgCl2,  and  Pb(OAc)2.  The  potassium  thio- 
cyanate  complex  can  be  obtained  as  long,  glistening 
crystals  melting  at  248-249°,  considerably  higher  than 
the  melting  points  of  the  components  (172°  for  potas- 
sium thiocyanate).  The  ammonium  thiocyanate  com- 
plex melts  at  187-189°  (149°  for  ammonium  thio- 
cyanate). The  analytical  data  on  the  complexes  are 
satisfactory.  ^ 

The  solubility  of  1  in  polar  solvents  is  increased  by 
the  addition  of  soluble  complexable  salts.  For  ex- 
ample, the  solubility  of  I  in  methanol  at  30°  (1.1  m- 
moles/1.)  is  increased  to  the  following  values  by  the 
presence  of  the  salts  at  25  mM:  NaCNS,  23.6  m- 
moles/1.,  KF,  24.7;  RbCNS,  25.6;  AgNOa,  22.2; 
SrCh,  17.9;  and  BaCU,  26.6.  The  complexes  tend  to 
be  more  soluble  in  organic  solvents  of  high  dielectric 
constant,  but  most  are  decomposed  by  water.  All 
soluble,  ionic  compounds  of  the  complexable  elements 
form  complexes  in  solvents,  such  as  methanol,  regard- 
less of  the  anion. 

Compound  II,  being  a  mixture  of  isomers,  forms  solid 
complexes  with  not  so  well-defined  melting  points, 
but  always  higher  than  the  melting  point  of  11  itself. 
Some  of  its  complexes,  such  as  that  of  potassium  tri- 
iodide,  are  stable  to  water.  II  has  the  useful  property 
of  solubilizing  ionic  compounds  in  aprotic  solvents 
including  aromatic  hydrocarbons.  The  following  are 
a  few  examples.  Crystals  of  potassium  permanganate 
are  insoluble  in  benzene,  but  they  begin  to  dissolve 
immediately  after  the  addition  of  II  and  continue  to 
dissolve  until  the  concentration  of  permanganate 
exceeds  0.02  M,  Crystals  of  palladous  chloride  arc 
insoluble  in  o-dichlorobenzene,  but  when  crystals  of 
potassium  chloride  and  II  are  added,  they  go  into 
solution  as  the  complex  of  II  with  K2PdCl4.  The  salts 
of  many  other  alkali,  alkaline  earth,  and  transition 
metals  have  been  solubilized  by  these  two  methods. 
A  most  interesting  and  useful  complex  is  that  of  II 
with  potassium  hydroxide,  which  is  soluble  in  toluene 
to  over  0.3  mole/1.  This  solution  saponifies  the  hin- 
dered esters  of  2,4,6-trimethylbenzoic  acid  by  the  normal 
acyl-oxygen  fission. 

Not  all  complexable  salts,  however,  can  be  solubilized 
even  in  the  better  aprotic  solvents.  Salts  of  high 
crystal  lattice  energy,  such  as  potassium  fluoride, 
sulfate,  nitrate,  phosphate,  and  carbonate,  do  not 
form  complexes  in  aprotic  solvents,  and  neither  can 
these  complexes  be  isolated  as  solids  from  protic  sol- 
vents, such  as  methanol. 

A  detailed  paper  on  the  cyclic  polyethers  and  their 
complexes  with  metal  salts  is  being  prepared  for  publi- 
cation. 

(1)  Crystalline  etherates  of  the  alkali  metal  salts  have  not  been  com- 
mon heretofore.  Two  ([Na(CHiOCHiCHiOCHjCH,OCHs)il[Ta(CO)«l 
and  [K(CHiOCHtCHiOCHjCHiOCHi)»l[Mo(CX)).ID  are  mentioned 
by  F.  A.  Cotton  and  G.  Wilkinson,  "Advanced  Inorganic  Chemistry." 
Interscience  Publishers,  Inc.,  New  York,  N.  Y.,  1962,  p  318. 
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Observation  of  Helix-Coil  Transition  Using 
Nuclear  Magnetic  Resonance  Halogen  Ion 
Probe  Technique 

Sir- 
Recent  work  has  shown  that  nuclear  magnetic 
resonance  of  halide  ions  may  be  a  valuable  tool  for 
investigating  the  gross  physical  characteristics  and 
specific  chemical  reactivities  of  large  biological  mole- 
cules in  solution.^  This  note  reports  an  observation 
of  the  well-substantiated  helix-coil  transition  in  syn- 
thetic poly-L-glutamate  using  '^Cl  resonance,  and  thus 
illustrates  a  direct  application  of  wide-line  nmr  to  the 
study  of  macromolecular  structure.  The  **C1  line 
width  is  usually  determined  by  quadrupole  relaxation 
so  that  in  the  extreme  narrowing  limit  the  line  width  for 
a  nucleus  of  spin  V2  is  given  by  eq  1,  where  Av  is  the 


Ap  =  ^(e^qQyr, 


(1) 


full  line  width  in  cycles  per  second  at  half-height,  q 
is  the  electric  field  gradient  at  the  nucleus  with  quad- 
rupole moment  Q,  t^  is  the  correlation  time  for  mo- 
lecular rotation,  and  the  asymmetry  parameter  has  been 
neglected.  2  In  aqueous  sodium  chloride  solutions  the 
chloride  ion  is  symmetrically  solvated  producing  a 
field  gradient  at  the  nucleus  close  to  zero  and  a  line 
width  of  about  16  cps.  If,  however,  the  quadrupolar 
chlorine  nucleus  can  be  found  at  environmentally 
different  sites  in  solution,  the  line  width  will  depend  on 
the  relative  concentration  of  each  site,  the  values  of 
(e^qQY  and  t^  associated  with  each  site,  as  well  as 
the  frequency  with  which  the  '^Cl  nucleus  samples  the 
various  sites.  In  the  case  where  exchange  of  the  chlo- 
ride is  fast  with  respect  to  I/ttAv,  a  single  composite 
line  is  observed  with  the  line  width  given  by 


A^  =  (ApJP,  +  (A^b)/>b 


(2) 


where  Ap^,  and  Avb  are  the  contributions  to  the  line 
width  associated  with  sites  a  and  b,  while  P.  and  ?b 
are  the  probabilities  that  the  chlorine  is  at  site  a  and  b, 
respectively.' 

When  a  2  Af  sodium  chloride  solution  is  made  10"'  M 
in  mercuric  chloride,  the  **C1"  resonance  is  broadened 
to  34  cps.  The  effect  is  explained  by  the  rapid  ex- 
change of  chloride  ions  in  solution  with  the  covalent 
chlorine  associated  with  the  HgCh*"  complex;  thus, 
eq  2  correctly  describes  the  line  width.  Since  a  similar 
effect  is  observed  with  species  of  the  type  RSHgQ 
in  sodium  chloride  solutions,  where  R  is  almost  any 
organic  molecule,  the  mercury  atom  provides  a  con- 
venient label  for  investigating  changes  in  the  correlation 
time  of  the  molecule  to  which  it  is  attached.  ^ 

In  aqueous  solutions  of  low  pH,  poly-L-glutamate 
acquires  a  helical  structure  while  at  higher  pH  the 
randomly  coiled  form  predominates.  The  transition 
from  the  helical  to  the  randomly  coiled  structure  has 
been  investigated  as  a  function  of  pH  using  measure- 
ments of  optical  rotation,  viscosity,  per  cent  ioniza- 
tion, optical  rotatory  dispersion,  and  the  infrared 
spectrum.*'^    In  solutions  of  low  salt  concentration  the 

(1)  T.  R.  Stengle  and  J.  D.  Baldeschwielcr,  Proc.  Nat!.  Acad.  ScL 
U.  5..  55,  1020(1966). 

(2)  A.   Abragam,   "The  Principles  of  Nuclear   Magnetism,**  The 
Clarendon  Press.  Oxford,  1961,  p  314. 

(3)  T.  J.  Swift  and  R.  E.  Connick,  /.  Chem,  Phys,,  37, 307  (1962). 
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sition  is  quite  sharp  at  about  pH  S.8,  but  in  0.2 
3dium  chloride  the  transition  is  shifted  to  approxi- 
dypH5.2. 

>ly-L-glutamic  acid  (DP  530)  as  the  sodium  salt  was 
hased  from  Pilot  Chemical  Co.  Sodium  chloride, 
;uric  chloride,  sodium  hydroxide,  and  potassium 
ogen  phthalate  were  purchased  as  analyzed  re- 
its  from  the  Baker  Chemical  Co.  The  N-acetyl- 
omocysteine  thiolactone  was  obtained  from  Pro- 
ir  L.  Stryer  of  Stanford  University.  The  "CI 
width  measurements  were  made  on  a  Varian 
Icl  V-4300  nmr  spectrometer  at  4.3  Mc  using  500- 
;  modulation  and  lock-in-detection  to  stabilize  the 
line. 

ily-L-glutamate  was  labeled  at  the  terminal  amide 
tion  by  reaction  with  N-acetyl-DL-homocysteinc 
actone  using  the  method  reported  by  Benesch  and 
sch.*  The  solutions  measured  were  made  using  a 
im  hydroxide-potassium  hydrogen  phthalate  buflfer 
a  pH  range  from  4  to  8.  All  solutions  were  1.00 
I  sodium  chloride,  1.0  X  10~^  M  in  mercuric  chlo- 
and  0.18%  poly-L-glutamate  by  weight.  On  mix- 
he  labeled  poly-L-glutamate  with  the  mercury  solu- 
the  mercury  adds  to  the  -SH  group  so  that  the 
molecule  observed  may  be  represented  as 

o  o 

PGA— NH--C--CH--NHC--CH, 

CH, 
CHjSHgCl 

ough  the  mercury(II)  is  in  approximately  a  tenfold 
»,  the  line  broadening  caused  by  10"*  M  mercury- 
n  1 .0  Af  sodium  chloride  is  less  than  2  cps.^  Under 
:  conditions  the  probabilities  of  the  chloride  being 
ich  site  are  a  constant  from  one  solution  to  the 
so  that  any  change  in  line  width  reflects  only 
ges  in  the  correlation  time  of  the  mercury  site 
xd  by  the  variations  of  pH.  The  experimental 
ts  are  summarized  in  Figure  1. 
le  detailed  features  of  the  experimental  curve  are  in 
lent  agreement  with  those  reported  by  Idelson  and 
t  for  optical  rotation  as  a  function  of  pH  for  a  0.2  % 
ion  of  poly-L-glutamate  in  0.2  M  sodium  chloride.* 
lat  plot,  however,  there  was  a  maximum  at  about 
4.6  and  the  authors  suggested  that  the  decrease 
I  the  maximum  rotation  associated  with  the  helical 
.  could  be  caused  by  a  contraction  of  the  helix 
ting  from  protonation  of  the  carboxyl  groups. 
[e  such  a  maximum  is  consistent  with  the  data  in 
re  1,  the  data  are  also  consistent  with  a  straight 
of  zero  slope.  This  indicates  that  a  change  in  the 
dation  time  for  the  helix  associated  with  such  a 
Taction  is  on  the  order  of  the  experimental  error 
his  technique.  These  results  demonstrate  that  the 
gen  ion  probe  is  a  sensitive  technique  for  the 
ttigation  of  structural  properties  and  gross  be- 
c»r  of  large  molecules  in  solution. 

M.  Idelson  and  E.  R.  Blout,  /.  Am,  Chem.  Soc.,  80, 4631  (1958). 
P.  Doty,  A.  Wada,  J.  T.  Yang,  and  E.  R.  Blout,  /.  Polymer  Set, 
1  (1957). 

R.  Benesch  and  R.  E.  Benesch,  Biochim.  Biophys,  Acta,  63,  166 
I. 

At  high  pH  the  OH"  ion  interferes  with  the  chloride  exchange 
mercury  site;  however,  below  pH  9  the  exchange  is  unaffected: 
^ant,  unpublished  results. 


Figure  1.  "Q  line  width  as  a  function  of  pH  for  0.18%  poly- 
L-glutamic  acid  in  1.0  M  sodium  chloride  showing  the  poly-L- 
glutamic  acid  helix-coil  transition  at  pH  5.2. 
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Oxidation  of  Radon  in  Aqueous  Solutions 

Sir: 

We  have  observed  an  apparent  oxidation  of  radon 
in  aqueous  oxidizing  solutions  under  certain  condi- 
tions. Previously,  Fields,  Stein,  and  Zirin  reported 
that  a  radon  fluoride  of  low  volatility  was  formed  when 
radon  and  fluorine  were  heated  to  400^,^  but  research 
on  the  chemistry  of  radon  has  been  limited  because  of 
the  short  half-life  and  high  specific  activity  of  radon,  a 
radioactive  daughter  of  radium. 

In  our  experiments,  10~^  M  RaBri  solutions  were 
allowed  to  remain  in  contact  with  various  aqueous, 
oxidizing  solutions  for  a  period  of  23  days  or  longer 
(six  half-lives  of  radon).  These  solutions  were  then 
extracted  with  equal  amounts  of  hexane.  The  relative 
amounts  of  radon  in  the  two  phases  were  determined 
by  counting  the  0.3S-Mev  a  activity  of  a  subsequent 
daughter,  ***Pb.  The  samples  were  counted  after  a 
2-hr  aging  period  which  was  suflicient  time  to  essentially 
establish  a  state  of  secular  equilibrium  between  the 
"*Rn  and  the  *^*Pb.  The  ratios  of  the  "^Pb  counting 
rates  in  the  two  phases  are  given  in  Table  I  as  the  dis- 
tribution ratio  of  radon  between  hexane  and  the  various 
aqueous  solutions.  The  error  given  is  the  standard 
deviation  of  the  6-12  trials  run  on  each  particular 
aqueous  phase.  A  change  from  a  nonpolar  species  in 
water  to  a  polar  or  ionic  species  in  oxidizing  solutions 
is  apparent.  This  behavior  is  not  due  to  merely  the 
influence  of  electrolyte  in  the  aqueous  phase.    Tatsuya 

(1)  p.  R.  Fields,  L.  Stein,  and  M.  H.  Zirin,  **Noble  Gas  Compounds,'* 
H.  H.  Hyman,  Ed.,  The  University  of  Chicago  Press,  Chicago,  III.,  1963, 
pp  1 13-1 19;    /.  Am,  Chem,  Soc.,  84, 4164 (1962). 
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Figure  1.  Anion  exchange  of  nonoxidized  Rn  (•)  in  HiO  and 
oxidized  Rn  (O)  in  0.1  M  KsSiOs,  made  strongly  alkaline  with 
NH4OH. 


and  Yamasaki'  have  shown  that  addition  of  strong 
electrolyte  to  water  lowers  the  solubility  of  radon  in 
that  phase,  whereas  in  our  experiments,  the  opposite 
effect  was  observed  in  that  the  distribution  ratio  for 
extraction  was  diminished  when  oxidizing  electrolytes 
were  present  in  the  aqueous  phase. 


Table  I.    Distribution  Ratios  for  Extraction  of  Radon 
into  Hexane  from  Aqueous  Solution 


Aqueous  phase 
(all  contained  RaBri) 


Distribution  ratios 
(hexane/aqueous) 


HtO 

5%H,0, 

5%H,(VlArHNO, 
25%H,0, 

25%H,Ot-lA^HNO, 
0.5  Af  KjCtiOt 
0.2Af  KMn04 
0.1  Af  KtSiOi 


33.2±6.3 
10. 4±  1.5 
7.0=fc0.9 
4.3±  1.8 
3.4±  1.5 
7.3±0.8 
2.6db0.8 
0.2d=0.1 


This  apparent  oxidation  of  radon  is  substantiated 
by  the  results  of  flushing  the  aqueous  solutions  with 
air  or  argon.  Five  times  the  amount  of  radon  was 
removed  from  a  nonoxidizing  solution  as  was  removed 

(2)  S.  Tatsuya  and  A.  Yamasaki,  Bull  Chem,  Soc,  Japan,  38,  1110 
(196S). 


from  an  oxidizing  solution  after  1  hr  of  bubbling  air 
through  the  solutions.  Further  argon  flushing  of  the 
nonoxidizing  solution  removed  an  additional  small 
amount  of  radon,  while  further  flushing  of  the  oxidizing 
solution  produced  no  additional  loss. 

Ion-exchange  experiments  were  conducted  with  the 
radon  from  the  0. 1  M  KsSsOs  and  the  25  %  H/),  solu- 
tions. They  have  shown  the  oxidized  radon  species  to 
be  nonionic  in  a  neutral  or  acidic  solution  and  to  be 
negatively  charged  in  a  strongly  alkaline  solution. 
The  resins  used  were  100-200  mesh  Dowex  1-X8  anion 
exchanger  (CI"  form)  and  Dowex  50-X8  cation-ex- 
change resin  (H+  form).  The  anion-exchange  resin 
bed  was  washed  exhaustively  with  sodium  hydroxide  to 
convert  the  resin  to  the  hydroxide  form.  The  various 
radon  solutions  were  allowed  to  flow  through  the  par- 
ticular resin  at  a  rate  of  1  ml/min.  The  elution  process 
then  consisted  simply  of  passing  the  desired  eluent 
through  the  column  at  the  same  rate  and  collecting  the 
eluate  in  5-ml  fractions.  The  amount  of  radon  in 
each  fraction  was  then  determined  in  the  previously 
described  manner.  The  eluents  consisted  of  water, 
0.1  M  NaCl,  and  0.1  M  Cr(NO,),,  consecutively. 
Oxidized  radon  in  solutions  that  had  been  made 
strongly  alkaline  with  ammonium  hydroxide  (trials 
at  pH  11.4,  11.8,  and  12.S)  was  retained  on  the  anion- 
exchange  column.  Elution  was  not  accomplished  with 
water  or  chloride  ions,  but  the  radon  was  removed  by 
elution  with  nitrate  ions  (see  Figure  1).  Oxidized 
radon  in  a  neutral  or  acidic  solution,  when  passed 
through  the  anion-exchange  column,  could  be  eluted 
with  water.  The  same  was  found  for  oxidized  radon, 
regardless  of  acidic  or  basic  conditions,  when  passed 
through  the  cation-exchange  resin.  Nonoxidized  ra- 
don produced  from  radium  decay  in  water  was  not 
retained  on  either  the  cation-  or  anion-exchange  resin 
regardless  of  the  pH  of  the  radon  solution.  Figure  1 
gives  an  example  of  nonoxidized  radon  passed  through 
an  anion-exchange  resin. 

Oxidized  radon  in  neutral  or  acidic  solutions  be- 
haved as  a  polar  but  nonionic  species.  It  was  non- 
extractable  into  hexane,  and,  when  it  was  passed  through 
either  an  anion-  or  cation-exchange  column,  a  larger 
volume  of  water  (ca.  25  ml)  was  required  for  elution 
than  was  required  for  the  elution  of  the  nonoxidized 
form  (ca.  5  ml). 

If  an  analogy  is  drawn  between  radon  and  xenon,'** 
the  oxidized  radon  species  could  be  RnOs  below  a 
pH  of  11  and  HRn04'"  above  a  pH  of  11.  However, 
further  work  is  required  to  reveal  the  extent  to  which 
any  such  analogy  can  be  made. 

The  oxidation  of  radon  has  been  accomplished  only 
in  solutions  in  which  ^'^Rn  has  been  allowed  to  come  to 
secular  equilibrium  with  ^'^Ra.  Attempts  at  oxidizing 
elemental  radon,  which  had  previously  been  separated 
from  its  parent  radium,  have  been  unsuccessful.' 

(3)  E.  H.  Appelman  and  J.  G.  Malm,  J,  Am,  Chem,  Soc.,  86,  2141 
(1964). 

(4)  H.  H.  Claassen  and  G.  Knapp.  ibid,,  86, 2341  (1964). 

(5)  This  work  was  supported  by  the  Atomic  Energy  Commission, 
Contract  AT(ll-l)-584. 
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tonuitioii  of  Small  Peptides.    I. 
ndmry  Structure  in  a  Tetrapeptide 

evious  work  in  this  laboratory  has  shown  that  a 
ched  hexapeptide  is  hydrogen-bonded  intramolec- 
y  between  the  two  tripeptide  moieties.  ^  Goodman 
earlier  reported  that  the  onset  of  secondary  struc- 
occurred  at  the  pentapeptide  level  in  small  pep- 
J  It  appears  from  our  data  that  the  tetrapeptide 
yloxycarbonyl-L-valyl-L-valyl-L-alanylglycine  ethyl 

(I)  has  a  secondary  structure  in  chloroform,  in 
lanol)  and  even  in  hexafluoroacetone  sesquihydrate 
Ky  Only  in  0.5  M  KF  in  HFA  does  I  seem  to 
^  no  secondary  structure. 

le  amino  acid  structure  of  I  corresponds  to  the 
ence  133-136  of  the  jS  chain  of  human  hemoglobin 
This  occurs  at  approximately  the  center  of  helix 
'  the  P  chain,  a  long  helical  segment  which  extends 
e  carboxyl  terminus  of  the  native  polypeptide.  • 
trapeptide  I  was  synthesized  in  a  stepwise  manner 
the  dicydohexylcarbodiimide^  method.  Carbo- 
oxy-L-alanine  and  glycine  ethyl  ester  hydrochloride 

carbobenzoxy-L-alanylglycine  ethyl  ester,*  mp 
103®,  which  was  treated  with  hydrogen  bromide  in 
al  acetic  acid  and  coupled  with  carbobenzoxy-L- 
c    to    give    carbobenzoxy-L-valyl-L-alanylglycine 

ester,  mp  192-192.5^  [a]»«D  +5^  (c 2.0,  dimethyl- 
amide).    This  tripeptide  was  similarly  treated  to 

the  crystalline  tripeptide  L-valyl-L-alanylglycine 

ester  hydrobromide,  mp  181.5-182°,  [a]"D  +33** 
0,  water),  which  was  coupled  with  /-butyloxy- 
>nyl-L-valine  to  give  I,  mp  212-213*',  [a]"D  +77** 
0,  methanol).  Anal.  Calcd  for  CMH40N4O7:  C, 
.;    H,  8.53;    N,  11.86.    Found:    C,  55.94;    H, 

N,  11.75. 
lutions  of  I  in  deuteriochloroform  were  examined 
le  infrared  at  concentrations  from  1.45  X   10~* 
1  to   1.45   X    10-*  M.    The  absorption  band  at 

cm"*  due  to  hydrogen-bonded  N-H  showed  an 
I  decrease  on  the  first  tenfold  dilution,  so  that  its 
sity  at  1.45  X  lO"'  Af  was  roughly  half  that  at 
X  10^*  Af .  However,  the  two  subsequent  dilutions 
uced  no  significant  changes  in  the  relative  in- 
ties  of  the  3330-  and  3430-cm~^  bands  compared  to 
1.45  X  10"'  M  sample.  This  concentration-in- 
ndent  absorption  indicates  the  presence  of  intra- 
cularly  hydrogen  bonded  N-H. 
ic  optical  rotatory  dispersion  of  I  in  the  far-ultra- 
t  was  found  to  show  two  troughs  and  a  positive 

in  both  methanol  and  HFA  (see  Table  1).  In 
and,  the  troughs  occurred  at  235  and  205  m/x  with 
leak  lying  below  200  m/x.  A  similar  curve  was  ob- 
d  in  HFA:    troughs  at  227  and  205  m/x  and  the 

again  below  200  m/x.  On  examination  of  the 
de  in  0.5  Af  KF  in  HFA,  the  trough  at  ca.  230  m/n 
no  longer  present.    The  trough  at  205  m/x  and  a 

at  189  m/x  were  the  only  distinguishable  features. 
ith  molecular  models,  one  can  build  three  structures 

I.  E.  Shields,  Biochtmistry,  5, 1041  (1966). 

M.  Goodman,  E.  E.  Schmitt,  and  D.  A.  Yphantis,  /.  Am.  Chem, 

14,  1288  (1962):    M.  Goodman,  M.  Langsam,  and  I.  G.  Rosen, 

ymeri,  4, 305  (1966). 

W.  A.  Schroeder,  Ann.  Reo.  Biochem.,  32,  301  (1963). 

I.  C  Sheehan  and  G.  P.  Hess,  /.  Am.  Chem.  Soc.,  77,  1067 

;  H.  G.  Khorana.  Chem.  Ind.  (London),  1087  (1955). 

M.  Bergmann,  L.  Zervas,  J.  S.  Fruton,  F.  Schneider,  and  H. 

:h.  J,  Biol.  Chem.,  109,  325  (1936);  Ut.  mp  98-99°. 
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Figure  1.    The  folded  fi  fomi. 
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Figure  2.    The  3io  helix.^ 


Table  I.    Mean  Residue  Rotations  of  ORD  Troughs 


Solvent 


deg 


deg 


Methanol 
HFA 

0.5AfKFin 
HFA 


-2800 
-4200 
-7000 


4100 
4800- 


Minioium  shifted  to  227  m/Li.    ^  Minimum  absent. 


for  I  with  internal  hydrogen  bonds.  One  of  these 
represents  the  beginning  of  an  a  helix  and  allows  for- 
mation of  a  single  intramolecular  bond  The  differ- 
ences between  the  other  two  appear  to  be  slight,  and 
both  allow  formation  of  two  hydrogen  bonds.  Struc- 
ture I  (Figure  1)  corresponds  to  the  folded,  antiparaUel 
/8-sheet  conformation  proposed  by  Schwyzer*  for  cycli- 
zation  of  hexapeptides.  The  other,  structure  II  (Figure 
2),  is  the  3io  helix  of  Bragg,  Kendrew,  and  Pcrutz^  after 
Huggins.®    Our  models  appear  to  allow  either  a  left- 


(6)  R.  Schwyzer,  Ciha  Found.  Symp,  Amino  Acids  Peptides  Anti- 
metabol.  Activity,  1958,  171  (1958). 

(7)  L.  Bragg,  J.  C.  Kendrew,  and  M    F.  Perutz,  Proc.  Roy.  Soc, 
(London),  A203,  321  (1950). 

(8)  M.  L.  Huggins.  Chem.  Rev.,  32,  195  (1943). 
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handed  or  a  right-handed  screw  sense  in  the  3io  structure. 

The  trough  at  235  m/i  observed  for  I  in  methanol  sug- 
gests the  233-m/i  minimum  found  for  a-helical  poly- 
peptides,* while  the  227-m/i  trough  in  HFA  suggests 
the  minimum  found  for  certain  proteins  thought  to  have 
the  j8-sheet  structure.  *®  The  205-m/i  trough  found  in  all 
our  systems  is  probably  the  same  as  that  found  for  the 
random-coil*  structure  of  polypeptides. 

The  mean  residue  rotations  observed  for  small  pep- 
tides at  the  extrema  of  the  optical  rotatory  dispersion 
curves  have  been  found  to  be  much  smaller  than  in  the 
cases  for  high  molecular  weight  polyamino  acids. 
This  is  to  be  expected,  since  the  amide  groups  involved 
in  intramolecular  hydrogen  bonding  in  these  peptides 
are  so  engaged  on  only  one  of  their  sides, ^  leaving  the 
other  free  to  interact  with  solvent.  Our  data  on  di- 
peptides  and  tripeptides  are  similar  in  nature  but  do 
not  indicate  the  presence  of  such  secondary  structure 
as  has  been  found  for  tetra-  and  higher  peptides.^ 
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Metalated  Carboxylic  Acids.    I.    Alkylation 

Sir: 

Aliphatic  carboxylic  acids  and  their  salts  have  not 
been  reported  to  metalate  by  a  simple,  generalized 
process  on  treatment  with  Grignard  reagents,^  organo- 
lithium  reagents, *•'  or  alkali  metal  amides.*  Except 
for  salts  of  acetic  acid*'  and  methacrylic  acid,***  homol- 
ogous metalated  carboxylic  acid  salts  apparently  de- 
compose under  conditions  used  for  their  formation.** 
Arylacetic  acids,  as  well  as  their  salts  and  simple  car- 
boxyl  derivatives,  are  exceptional  in  that  they  produce 
"Ivanov"  reagents  on  treatment  with  Grignard  re- 
agents or  "Ivanov-like"  reagents  on  treatment  with 
other  organometallic  agents.^  Phenylacetic  acid  has 
been  metalated  also  with  sodium  (potassium)  amide  in 
ammonia.'  This  communication  reports  the  metala- 
tion   of  aliphatic  carboxylic   acids  to  be  a  general 

(1)  M.  S.  Kharasch  and  O.  Reinmuth,  **Gngnard  Reactions  of 
Nonmetallic  Substances,**  Prentice-Hall,  Inc.,  New  York,  N.  Y.,  1954, 
p  948  ff. 

(2)  The  reaction  of  carboxylic  acids  with  2  equiv  of  an  organo- 
lithium  has  preparative  value  for  the  sjoithesis  of  ketones,  particularly 
methyl  ketones.* 

(3)  E.  A.  Braude,  Progr,  Org.  Chem.,  3, 188  (1955). 

(4)  (a)  D.  O.  DePree  and  R.  D.  Qosson,  /.  Am.  Chem.  Soc.,  80, 
2311  (1958);  (b)  D.  O.  DePree.  ibid.,  82,  721  (1960);  (c)  R.  D.  Closson, 
U.  S.  Patent  2,850,528  (1958);  D.  O.  DePree  and  W.  R.  ElUs.  U.  S. 
Patent  2,852,559  (1958);  R.  D.  Closson  and  D.  O.  DePree,  U.  S.  Patent 
2.918,494(1959). 

(5)  The  terms  **Ivanov"  and  *ivanov-like**  reagents  apparently 
originated  with  F.  F.  Blicke  and  H.  Raffelson,  /.  Am.  Chem.  Soc,  74, 
1730  (1952).  For  a  recent  review  see  P.  E.  Wright,  Ph.D.  Dissertation, 
University  of  Michigan.  1959;  Dissertation  Abstr.,  21, 3642  {\960). 

(6)  C.  R.  Hauser  and  W.  J.  Chambers,  /.  Am.  Chem.  Soc.,  78,  4942 
(1956);  W.  J.  Chambers,  W.  R.  Brasen,  and  C.  R.  Hauser,  ibid.,  79, 
879  (1957). 


phenomenon  which  is  illustrated  by  the  metalation  of 
isobutyric  acid^  (1,  R  =  CHj)  on  treatment  with 
lithium  diisopropylamide. 


CHi 


(CH,)CO,H  -h  2LiN(i-Pr), 
1  R 

LiQ 


R'X 


R 

CH,XXWLi  ~-^  R'C(CH,)COtH 
2  3 

The  addition  of  isobutyric  acid,  1  (R  =  CHj),  to 
lithium  diisopropylamide,  prepared  from  /i-butyl- 
lithium  and  diisopropylamine,  in  tetrahydrofuran- 
heptane  (hexane)  at  0°  produced  2  (R  =  CHj)  in  homo- 
geneous solution.  Metalated  isobutyric  acid,  2  (R  = 
CHs),  is  apparently  quite  stable  in  the  indicated  solvent 
system  at  least  up  to  40  °.  The  success  of  the  metalation 
can  be  attributed  in  large  measure  to  the  use  of  lithium 
as  metal,  which,  among  other  factors,  confers  favorable 
solubility  on  the  metalated  species.^  Homogeneous 
solutions  of  2  (R  =  CHj)  of  at  least  1  Af  in  tetrahydro- 
furan-heptane  (hexane)  (1:5,  v/v)  have  been  prepared. 
The  existence  of  2  (R  =  CHs)  could  be  demonstrated 
by  alkylation  with  n-butyl  bromide  (iodide)  to  produce 
2,2-dimethylhexanoic  acid  in  preparativcly  useful 
yields  (Table  I). 

The  alkylation  of  2  (R  =  CH,)  has  synthetic  utility 
for  the  preparation  of  highly  hindered  trialkylacetic 
acids.  Several  examples  are  illustrated  in  Table  I. 
Useful  yields  were  obtained  for  those  alkyl  halides  that 
were  not  especially  susceptible  to  elimination  or  related 
side  reactions.  The  alkylation  of  dilithium  derivative 
2  (R  =  CHa)  appears  to  be  superior,  even  for  such 
a  sterically  hindered  example,  to  the  alkylation  of 
sodium  sodioacetate*  and  more  direct  than  most  syn- 
theses of  trialkylacetic  acids.  *^  The  yields  of  prod- 
uct are  comparable  to  those  obtained  for  the  alkyla- 
tion of  lithioisobutyronitrile.  ^  ^  When  2  (R  =  CHi) 
was  similarly  treated  with  aliphatic  dihalides,  the 
tetramethyldicarboxylic  acids  listed  in  Table  II  were 
obtained.^* 

Table  I.    Synthesis  of  Alkyldinnethylacetic  Acids  from 
Metalated  Isobutyric  Acid 

LiaCHi),CO,Li  +  RX  — >  RO(CH,),CO,H 


Alkyldimethyl- 

Alkylating  agent 

acctic  acid,"  % 

/i-Butyl  bromide 

80 

/f-Butyl  iodide 

89 

Allyl  chloride 

61 

Benzyl  chloride 

46 

/3- Bromophenetole 

41 

2-Bromoethyl  ethyl  ether 

66 

Cyclohexyl  bromide 

6 

«  Satisfactory  combustion  analyses  and  consistent  spectral  data 
have  been  obtained  for  all  products,  as  well  as  satisfactory  com- 
parison of  physical  properties  with  reported  values.  Yields  are 
based  on  purified  product. 


(7)  The  metalation  of  other  aliphatic,  olefinic,  araliphatic,  and  toluic 
acids  will  be  subjects  of  future  reports. 

(8)  Contrast  with  the  poor  solubility  of  sodium  sodioacetate.^* 

(9)  H.  Hopff  and  H.  Diethelm,  Ann.,  691,  61  (1966). 

(10)  C.  Hennart,  Ind.  Chim.  Beige,  30,  820  (1965),  reviews  the  various 
sjoitheses. 

(11)  K.  Ziegler  and  H.  Ohlinger,  Ann.,  495,  84  (1932). 

(12)  A.  M  Durr,  Jr..  H.  H.  Eby,  and  M.  S.  Newman,  U.  S.  Patent 
3,210,404  (1965);  Chem.  Abstr.,  64,  \96Sd  (1966)  (for  comparison  with 
the  preparation  of  a,a,a),cD-tetraalkyldicarboxylic  acids  by  alkylation  of 
esters). 


Joumalcfthe 


ffty  I  S9:10  /  May  10, 1967 


2501 


TaMe  IL    Synthesis  of  Tetramethyldicarboxylic  Acids 
from  Metalated  Isobutyric  Acid 

UaCH,),CCMJ  -h  X(CH,),»X  — ► 

HO,aCH,),(CH,),0(CH,),«>,H 


Alkylating  agent 

Tetramethyldicarboxylic 
acid.  % 

Ethylene  dichloride 
1 ,3-Dibron[K>propane 
1 ,4-Dibron[K>butane 

0 
65 
75  (97)- 

«  Crude  yield. 

The  utility  of  metalated  carboxylic  acids  (2)  for 
synthetic  purposes  can  be  partiaUy  illustrated  with  the 
following  examples.  Addition  of  2-methylbutyric  acid, 
1  (R  =r  CsHft),  to  lithium  diisopropylamide  as  above 
produced  2  (R  —  CtH^)  in  homogeneous  solution. 
Subsequent  addition  of  n-butyl  bromide  gave  2-ethyl-2- 
meth^exanoic  acid  (76%)  on  acidification  and  distil- 
lation." Alkylation  of  2  (R  =  CH,)  with  2,3-di. 
chloropropene  yielded  4-chloro-2,2-dimethyl-4-pen- 
tenoic  acid  (70%)  which  on  hydrolysis  in  sulfuric  acid^* 
conveniently  produced  2,2-dimethyllevulinic  acid  (98%). 
Finally,  to  illustrate  the  reaction  of  metalated  carboxylic 
acids  with  epoxides,  treatment  of  17j8,20-epoxy-17a- 
iiiethyl-5-androsten-3/8-ol  (4)"  with  excess  2  (R  = 
CHO  at  40""  produced  spirolactone  5(81%). 


0.-7 


+     2(R-.CH3) 


(13)  R.  E.  Pincock  and  J.  H.  Rolston,/.  Org.  Chem.,  29,  2990  (1964), 
obtained  38  %  of  the  ethyl  ester  by  alkylation  with  /i-butyl  bromide. 

(14)  J.  A.  Marshall  and  D.  J.  Schaeffer,  ibid.,  30, 3642(1965). 

(15)  P.  L.  Creger,  Dutch  Patent  6,514,607  (1966);  Chem,  Abstr., 
65,  1064!tf  (1966);  G.  Drefahl,  K.  Ponsold,  and  H.  Schick.  Chem. 
Ber.,  97.  3529  (1964);  C.  E.  Cook,  R.  C  Corley.  and  M.  E.  Wall, 
Abstracts,  1 49th  National  Meeting  of  the  American  Chemical  Society, 
Detroit,  Mich.,  April  1965.  p  45P;  D.  Bertin  and  L.  Nedelec,  Buii. 
Soe.  Chim.  France,  2140  (1964);  G.  MUller  and  A.  Poittevin.  French 
Patent  1,359.646(1964). 

P.  L.  Creger 

Parke,  Davis  and  Company 
Ann  Arbor,  Michigan    48106 

Received  February  20,  1967 


solutions  of  dilute  acids,  general  acid  catalyzed  attack 
of  water  possibly  via  a  cyclic  transition  state  has  been 
proposed  as  an  attractive  alternative  pathway.^  An 
attempt  is  made  in  this  article  to  assess  whether  the 
activation  produced  by  protonation  of  a  smaU  fraction 
of  ester  molecules  is  sufficient  to  account  for  observed 
hydrolysis  rates  in  weakly  acid  solutions.  A  compari- 
son is  made  between  the  specific  rate  constant  for  water 
attack  on  protonated  esters  and  that  calculated  from 
hydrolysis  rates  of  esters  chelated  to  transition  metal 
ions. 

Observed  second-order  rate  constants  for  acid  hy- 
drolysis of  ordinary  esters  such  as  ethyl  acetate'  at 
25°  are  about  10"*  M"^  sec-^  When  these  constants 
are  multiplied  by  the  acid  ionization  constants  of  about 
10«.6  M  for  carboxylic  acids  and  esters,'  a  first-order 
rate  constant  of  about  lO'-^  sec"^  is  calculated  for  the 
rate  of  water  attack  upon  protonated  esters  in  aqueous 
solutions.  Protonation  of  esters  is  known  to  occur  at 
the  carbonyl  oxygen.  *  If  the  species  with  a  protonated 
ether  oxygen  is  advanced  as  the  kinetically  active  one, 
its  greater  acid  ionization  constant  decreases  the  con- 
centration of  kinetically  significant  protonated  species 
which  must  be  compensated  by  a  correspondingly 
greater  reactivity.^  In  this  research,  10*-*  sec"^  is  taken 
as  the  rate  of  water  attack  on  the  kinetically  significant 
carbonyl  oxygen  protonated  ester.  The  remainder  of 
this  paper  attempts  to  determine  whether  this  rate  con- 
stant is  reasonable. 

An  estimate  may  be  made  of  the  hydrolysis  rate  to  be 
expected  from  placement  of  a  positive  charge  on  the 
carbonyl  oxygen  atom  from  two  studies  of  transition 
metal  ion  catalyzed  glycine  ethyl  ester  hydrolysis.  At 
25°  the  first-order  rate  constant  for  water  attack  upon 
the  dipositive  cupric  ion  complex  of  glycine  ethyl 
ester •  is  4.3  X  10"^  sec~^  The  corresponding  value 
for  water  attack  upon  N -protonated  glycine  ethyl  ester* 
is  5  X  10"*  sec"^  Since  the  rate  for  the  cupric  com- 
plex exceeds  the  last  figure  by  almost  10*,  while  the 
effect  predicted  for  an  increase  of  unit  positive  charge 
at  the  nitrogen  atom  is  less  than  10^  hydrolysis  in  the 
cupric  ion  case  proceeds  via  a  chelated  ligand  with  the 
transition  metal  ion  positive  charge  located  at  the  car- 
bonyl oxygen.  A  similar  argument  for  chelation  has 
been  presented  for  hydroxide  ion  attack  at  protonated 
and  cupric  ion  complexes  of  glycine  ethyl  ester.* 
Though  hydrolysis  proceeds  via  a  chelated  cupric  ion 
complex,  it  is  not  known  to  what  extent  the  carbonyl 
oxygen  is  chelated  to  the  cupric  ion,  the  primary  binding 
site  of  which  is  at  the  amino  nitrogen.'  Complete 
chelation  might  serve  to  increase  the  rate  constant  if 
it  represents  a  value  for  a  condition  where  the  complexes 
are  not  chelated  most  of  the  time.  It  has  been  estab- 
lished that  glycine  ethyl  ester  is  virtually  completely 
chelated  in  the  cobaltic  complex  [CoCNHjCHaCHj- 
NHjKNHiCHiCOOCjHs)]'^-.  At  25°  the  first-order 
rate  constant  for  ester  hydrolysis  due  to  water  attack 


Acid-Catalyzed  Ester  Hydrolysis 

Sir: 

The  mechanism  of  acid-catalyzed  hydrolyses  of  ordi- 
nary esters  is  most  frequently  represented  as  occurring 
cia  water  attack  on  preprotonated  esters.  Because  the 
concentration  of  protonated  ester  is  minute  in  aqueous 


(1)  Ya.  K.  Syrkin  and  I.  I.  Moiseev.  Usp.  Khim.,  27,  717  (1958); 
M.  L.  Bender.  Chem.  Rev.,  60,  68  (1960). 

(2)  R.  P.  Bell.  A.  L.  Dowding,  and  J  A.  Noble,  /.  Chem,  Soc.,  3106 
(1955). 

(3)  E.  M.  Arnett,  Frogr.  Phys.  Org.  Chem.,  1,  223  (1963). 

(4)  G.  Frankel.  J.  Chem.  Phys.,  34,  1466  (1961). 

(5)  G.  Aksnes  and  J.  E.  Prue,  /.  Chem.  Soc.,  103  (1959). 

(6)  H.  L.  Conley,  Jr.,  and  R.  B.  Martin,  /.  Phys.  Chem.,  69,  2914 
(1965). 
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upon  this  tripositive  complex' is  7.2  X  10~*  seer  i,  about 
170  times  faster  than  for  the  dipositive  cupric  complex. 
That  this  factor  is  about  twice  as  large  as  might  be  pre- 
dicted from  the  difference  of  one  unit  of  positive  charge 
in  the  two  transition  metal  ion  complexes  may  be  due  to 
only  about  half  the  cupric  complexes  being  chelated 
at  any  one  time  or  to  a  greater  polarizing  power  for 
cobaltic  ion  at  the  carbonyl  oxygen. 

The  rate  constant  from  the  second  paragraph  of 
10*-*  sec"^  for  water  attack  at  carbonyl  oxygen  pro- 
tonated  ester  of  unit  positive  charge  exceeds  by  lO*' 
and  10^*®  the  respective  rate  constants  for  water  attack 
of  10"*-*  see"*  at  the  dipositive  cupric  chelate  and 
10-«.i  see"*  at  the  tripositive  cobaltic  chelate  of  glycine 
ethyl  ester.  On  the  basis  of  the  argument  so  far  pre- 
sented, the  large  rate  advantages  for  the  protonated 
ester  over  the  transition  metal  ion  chelates  suggest 
that  acid-catalyzed  ester  hydrolysis  proceeds  much  too 
rapidly  to  be  accounted  for  by  water  attack  on  the  small 
concentrations  of  preprotonated  ester  existing  in  weakly 
acid  solutions.  The  argument  presented  is  an  elec- 
trostatic one  based  on  considerations  of  specific  rate 
constants  of  species  of  known  charge  distribution.  It 
is  generally  recognized,  however,  that  the  polarizing 
power  of  the  proton  even  when  hydrated  is  greater  than 
that  of  metal  ions  in  similar  solvents.  It  is  necessary, 
therefore,  to  attempt  an  estimate  of  the  relative  charge 
densities  at  the  carbonyl  carbon,  where  water  attack 
takes  place,  due  to  the  different  polarizing  powers  of 
the  hydrated  proton  and  cupric  or  cobaltic  ions  located 
at  the  carbonyl  oxygen  atom. 

The  relative  <r-bond  polarizing  powers  due  to  the 
hydrated  proton  and  cations  at  an  atom  attached  to 
oxygen  may  be  estimated  from  the  acid  ionization  con- 
stants for  loss  of  a  proton  from  their  respective  hydra- 
tion spheres  according  to  eq  1,  where  H+  is  an  abbrevi- 


Rate  constants  for  water  attack  at  carbonyl  oxygen 
protonated  esters  may  now  be  calculated  by  multiplying 
the  rate  constant  for  water  attack  at  each  metal  ion 
chelate  of  glycine  ethyl  ester  by  the  relative  polarizing 
powers  of  hydrated  proton  and  cation.  We  obtain  for 
the  cobaltic  chelate,  lO"**  X  1(F«  =  10*-»  see"*  and 
for  the  cupric  chelate,  10"**  X  10«>  =  10'«  see-*. 
These  values  are  about  10««  times  greater  than  the 
experimental  value  of  10«»  see"*  so  that  this  last  rate 
constant  appears  to  be  an  attainable  one.  We  con- 
clude that  acid-catalyzed  hydrolysis  of  ordinary  esters 
may  well  proceed  by  water  attack  on  preprotonated 
ester. 

Because  of  the  symmetrical  nature  of  ester  hydrolysis 
and  formation  reactions*  and  the  similar  values  of 
carboxylic  acid  and  ester  ionization  constants'  as  sug- 
gested by  their  comparable  dipole  moments,  ^  the  con- 
clusion advanced  here  is  applicable  to  the  formation  as 
well  as  the  hydrolysis  reaction.  Partitioning  of  the 
tetrahedral  carbon  addition  intermediate  to  yield  ester 
or  acid  is  comparable  in  both  acid**  and  metal  ion** 
catalyzed  reactions  so  that  the  conclusions  are  not 
affected  by  a  change  in  the  rate-limiting  step. 

(9)  R.  B.  Martin,  J.  Am.  Chem,  Soc.,  84,  4130  (1962):    86.  5709 
(1964). 

(10)  C.  P.  Smyth,  "Dielectric  Behavior  and  Structure,"  McGraw-Hill 
Book  Co.,  Inc.,  New  York,  N.  Y.,  1955,  p  304. 

(U)  M.  L.  Bender,  J.  Am,  Chem,  Soc,,  73,  1626  (1951);     M.  L. 
Bender.  R.  D.  Ginger,  and  J.  P.  Unik.  ibid,,  80, 1044  (1958). 
(12)  M.  L.  Bender  and  B.  W.  Turnquest,  ibid.,  79, 1889  (1957). 
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M(H,0),« 


M(H,0)^i(OH-)«-»  -h  H+ 


(1) 


ation  for  the  hydrated  proton.  For  M  as  H-*-,  Cu*+, 
and  Co*"*",  the  respective  pK^  values'  for  eq  1  are  — 1.7, 
7.3,  and  1.7,  indicating  that  the  polarizing  power  of  the 
proton  is  about  lO'®  and  10'*  times  greater  than  for 
the  aquo  metal  cations.  However,  when  cobaltic  ion 
is  combined  with  five  nitrogen  donors,  its  polarizing 
power  appears  much  decreased  since  for  eq  2  p/T.'  is 
6.2.    A  steady  increase  in  pK^  for  ionization  from  water 


Ck)(NH,)»H,0»+ 


Co(NHi)»OH«+  -h  H+ 


(2) 


occurs  as  nitrogen  is  substituted  for  oxygen  donors 
about  the  cobaltic  ion."  The  hydrated  proton  appears 
to  be  lO^'  times  more  polarizing  than  cobaltic  ion 
with  five  nitrogen  donors.  No  corresponding  informa- 
tion seems  to  be  available  for  cupric  ion  where  the  pK^, 
for  coordinated  water  ionization  from  a  complex  with 
one  nitrogen  donor  is  desired.  Allowing  one  log  unit 
per  nitrogen  donor,  we  may  estimate  the  hydrated  pro- 
ton to  be  10*^  times  more  polarizing  than  cupric  ion 
with  one  nitrogen  donor. 

(7)  M.  D.  Alexander  and  D.  H.  Busch.  /.  Am,  Chem,  Soc.,  88,  1130 
(1966). 

(8)  "Stability  Constants,**  Special  Publication.  No.  17,  The  Chemical 
Society,  London,  1964. 


N-Sulfonylamines 


Sir: 


We  wish  to  report  the  generation  of  a  new  class  of 
electrophilic  amine  derivatives  designated  as  N-sul- 
fonylamines  (RN=SOi).  Unlike  the  related  N-sul- 
finylamines*  (RN=S=0),  the  N-sulfonylamines  studied 
so  far  appear  to  be  stable  only  at  low  temperature  in 
solution.  Ethylsulfamoyl  chloride'  (II)  reacts  rapidly 
with  1  equiv  of  triethylamine  in  toluene  solution  at 
—78°  to  afford  a  nearly  quantitative  yield  of  precipi- 
tated triethylamine  hydrochloride.  Filtration  at  this 
temperature  provides  solutions  of  I,  which  undergoes 
mildly  exothermic  polymerization  upon  warming. 
Successful  interception  of  the  N-sulfonylethylamine 
was  accomplished  by  the  addition  to  this  solution  of  a 
nucleophile  such  as  aniline  which  results  in  a  21% 
yield  of  N-phenyl-N'-ethylsulfamide (III).** 


(1)  G.  Kresze.  et  al.,  Angew.  Chem.  Intern.  Ed.  Engl.,  1,  89  (1962). 

(2)  Prepared  by  the  interaction  of  ethylamine  hydrochloride  and 
sulfuryl  chloride  in  diethyl  ether  solution :  N.  C.  Hansen.  Acta  Chem. 
Scand.,  17,  2141  (9163);  G.  Schulze  and  G.  Weiss,  Belgian  Patent 
667.311  (1966). 

(3)  Identified  by  mixture  melting  point  (where  appropriate)  and  infra- 
red spectral  comparison  with  an  authentic  sample. 

(4)  A.  Dorlars  in  Houben-WeyPs  "Methoden  der  Organischen 
Chemie,**  Vol.  8.  E.  Muller.  Ed..  Georg  Thieme  Verlag,  Stuttgart, 
Germany,  1952,  pp  720-721. 
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generation  of  I  at  room  temperature  in  the  pres- 
f  2-(di£hloromethylene)-l,3-dioxalane'  affords  a 
quantitative  yield  of  a  cycloadduct,  mp  74-75®, 
td  the  1,2-thiazetidine  l^l-dioxide  structure  IV.® 


^•NHS0.C1        J,^^"^-^^^^     C,HaN=S^_ 


II 


CI 


CI- 


u 


ICeH»NHi 


^ 


N— C1H5 


C2HSNHSO2NHC6H6 
III 


IV 


lass  spectrum  of  IV  displayed  a  molecular  ion' 
>  262  and  prominent  ions  at  m/e  107  (C2H5- 
')  and  154  (C4H4O1CI2+)  resulting  from  1,4  and 
nd  cleavage  only;  therefore  our  proposed  orien- 
of  this  cycloadduct  rests  upon  the  mechanistic 
eration  that  the  transition  state  polarization  of  I 

S+O,. 

•e  electrophilic*  N-sulfonylamines  such  as  N- 
ylbenzamide  (V)  were  prepared  in  toluene  solu- 
t  —78**  in  an  analogous  manner  from  benzoyl- 
loyl  chloride.*  The  existence  of  V  was  likewise 
shed  by  the  formation  of  N-benzoyl-N'-ethyl- 
ide*  in  66%  yield  upon  quenching  with  ethyl- 
at-78^^» 


— N=S:J  <^»NH,,  -78  ^     C.H6CONHSO2NHC2H5 

V  VI 

CsH«OCI^CH2,aO" 


Ha 


SQi 


N-C0C«H5 


H, 


VII 


Ha       SOaNHCOCHs 
VIII 


respectively,  with  Jab  =  14  cps,  Jax  =  9  cps,  and  Jbx  = 
3  cps,  and  the  molecular  ion  appeared  at  m/e  255  in  the 
mass  spectrum.  Treatment  of  VII  with  a  benzene  solu- 
tion of  triethylamine  at  30®  provided  in  nearly  quan- 
titative yield  an  isomer,  mp  135-136®,  assigned  struc- 
ture VIII.  ^1  The  nmr  spectrum  (CDCU,  60  Mc)  of 
VIII  indicated  a  doublet  for  Hx  centered  at  r  4.08 
coupled  (J  =  12  cps)  with  Ha,  whose  absorption  was 
superimposed  on  the  aromatic  and  imide  proton 
signals  at  t  2.1-2.7.  This  evidence  supports  the  struc- 
tural assignment  and  establishes  the  orientation  of  the 
cycloaddition  reaction  leading  to  VII. 

If  a  toluene  solution  of  V  at  —78®  is  allowed  to  warm 
to  room  temperature  in  the  absence  of  a  trapping  agent 
exclusive  rearrangement  to  phenyl  isocyanate'  occurs. 
It  is  interesting  to  speculate  that  this  reaction  may 
represent  an  a  elimination  of  sulfur  dioxide,  i.e. 


O 

/ 
CeHs-C 

-^N=S02 


CeH,N=0=0 


Studies  are  in  progress  on  the  synthetic  usefulness  of 
N-sulfonylamines  in  elaborating  small-ring  hetero- 
cycles. 

Acknowledgment.  We  wish  to  thank  the  National 
Institutes  of  Health  for  a  predoctoral  fellowship  to 
G.  M.  A.  and  Dr.  C.  C.  Sweeley  of  the  University  of 
Pittsburgh  (Graduate  School  of  Public  Health)  for  the 
mass  spectra. 

(11)  This  imide  was  isolated  as  the  triethylamine  salt  which  was  con- 
verted to  VIII  upon  silica  gel  chromatography.  This  salt  also  results 
from  the  reaction  of  ethyl  vinyl  ether  with  VI  in  the  presence  of  excess 
triethylamine. 

George  M.  Atkins,  Jr.,  Edward  M.  Burgen 

School  of  Chemistry,  Georgia  Institute  of  Technology 
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Photoreduction  of  Acetone  by  Tributylstannane 


formation  of  V  in  the  presence  of  excess  ethyl 
jther  at  30°  in  benzene  solution  affords  a  71% 
)f  a  cycloadduct,  mp  87-88°,  for  which  structure 
proposed  based  on  the  following  evidence.  The 
pectrum  (CDClj,  60  Mc)  displayed  quartets  for 
[b,  and  Hx  centered  at  t  6.53,  6.20,  and  4.07, 

M  McElvain  and  M.  J.  Curry.  /.  Am,  Chem.  Soc,  70,  3781 

tisfactory  elemental  analyses  were  obtained  for  all  new  com- 
reported  herein. 

le  appearance  of  a  M  +  2  and  M  +  4  ion  resulting  from  the 
isotopic  combinations  substantiated  the  dichloro  assignment 

•Sulfonylethylamine  fails  to  react  at  room  temperature  with 

f  low  nucleophilicity  such  as  ethyl  vinyl  ether. 

epared  by  the  interaction  of  chlorosulfonyl  isocyanate  and 

add  in  benzene  solution.    See  ref  4,  p  700. 

Currently  under  investigation  is  the  possibility  that  the  reactive 

present  is  the  triethylamine  adduct,  CeHtCON-SOsN'^CCiHs)!. 
us  adducts  of  certain  sulfenes  have  been  reported  recently  by 
and  D.  Bucher,  Tetrahedron  Letters,  A3,  5263  (1966). 


Sir: 


The  intermediacy  of  the  triplet  states  of  ketones  in 
their  photoreductions  is  so  well  established  ^~'  that 
there  has  been  some  doubt  whether  the  corresponding 
excited  singlet  states  have  any  chemical  reactivity  in 
bimolecular  reactions  in  solutions.  When  it  became 
clear  that  aliphatic  ketones  undergo  type-II  photo- 
elimination  from  both  singlet  and  triplet  excited  states,^ 
we  suggested^  that  the  n,Tr*  excited  singlet  states  of 
carbonyl  compounds  may  in  general  be  just  as  reactive 

(1)  (a)  G.  Porter  and  F.  Wilkinson,  Trans.  Faraday  Soc.,  57,  1686 
(1961);  (b)  W.  M.  Moore,  G.  S.  Hammond,  and  R.  P.  Foss,/.  Am.  Chem. 
Soc.,  83,  2789  (1961);  (c)  W.  M.  Moore  and  M.  Ketchum,  ibid.,  84, 
1368  (1962):  (d)  J.  A.  BcU  and  H.  Linschitz.  ibid.,  85, 528  (1963). 

(2)  G.  S.  Hammond  and  P.  A.  Lecrmakers,  ibid.,  84, 207  (1962). 

(3)  P.  J.  Wagner,  ibid.,  88,  5672  (1966). 

(4)  (a)  P.  J.  Wagner  and  G.  S.  Hammond,  ibid.,  87,  4009  (1965); 
(b)  T.  J.  Dougherty,  ibid.,  87,  4011  (1965). 

(5)  P.  J.  Wagner  and  G.  S.  Hammond,  ibid.,  88, 1245  (1966). 
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as  the  corresponding  triplet  states  but  not  undergo 
bimolecular  reactions  simply  because  the  competing 
intersystem-crossing  process  is  too  rapid.  If  a  bi- 
molecular singlet-state  photoreaction  is  to  be  observed, 
it  seems  obvious  that  both  a  very  reactive  substrate  and 
a  ketone  with  a  low  rate  of  intersystem  crossing  are 
necessary.  Consequently,  the  photoreduction  of  ace- 
tone by  tri-/]-butylstannane  has  been  studied. 

Degassed  hexane  solutions  containing  0.75  M  ace- 
tone, 0.005  M  fluorobenzene  as  internal  standard, 
0.38  M  freshly  prepared  tri-/i-butylstannane,  and 
various  concentrations  of  2,5-dimethyl-2,4-hexadiene 
(0-0.10  M)  or  1,3-pentadiene  (5  M)  were  sub- 
jected to  equal  intensities  of  3130-A  radiation.  Quan- 
tum yields  of  2-propanol  formation  were  then  deter- 
mined by  glpc  analysis.  Quite  unexpectedly,  it  de- 
veloped that  a  slow  dark  reaction  produces  isopropyl 
alcohol,  or  at  least  a  compound  with  the  same  retention 
time  on  a  FFAP  glpc  column,  even  in  the  presence  of 
diene.  It  was  at  first  assumed  incorrectly  that  this 
unquenchable  alcohol  formation  indicated  some  singlet 
photoreduction.  However,  in  experiments  in  which 
analysis  was  performed  immediately  after  irradiation, 
only  traces  of  alcohol  could  be  detected  in  samples 
containing  5  M  diene  and  as  much  as  1.5  Af  stannane. 
Photochemical  conversion  of  acetone  to  2-propanol 
proceeded  with  unit  quantum  yield  in  samples  contain- 
ing no  quencher.  The  2-hydroxy-2-propyl  radical 
initially  formed  apparently  abstracts  a  hydrogen  atom 
from  a  second  stannane  molecule  with  very  high  effi- 
ciency. In  solutions  containing  5  M  diene,  the  quan- 
tum yield  of  2-propanol  formation  was  <0.01  for  both 
0.38  and  1.5  M  stannane.  Moreover,  the  quantum 
yield  of  acetone  disappearance  was  negligible  at  high 
piperylene  concentrations,  indicating  that  the  dienes 
quench  by  triplet  energy  transfer  rather  than  by  trap- 
ping of  intermediate  radicals.  The  possibility  of  singlet 
quenching  is  eliminated  by  our  observation*  that 
singlet  type-II  reactions  are  not  quenched  by  dienes 
and  by  Rebbert  and  Ausloos'  report  that  dienes  do  not 
quench  the  fluorescence  of  acetone.®  Stern-Volmer 
plots  of  relative  quantum  yields  yielded  a  straight 
line,  with  a  slope  equal  to  feq/0.38/c3h,  where  k^  is  the 
bimolecular  rate  constant  for  quenching  and  kz\,  is  the 
bimolecular  rate  constant  for  hydrogen  abstraction 
from  the  stannane  by  triplet  acetone.  The  values  of 
the  slope  were  32.5  and  29.1  Af-^  in  two  separate 
runs. 

That  acetone  should  be  photoreduced  only  from  its 
triplet  state  by  moderately  high  concentrations  of 
tri-n-butylstannane  becomes  quite  striking  when  the 
magnitudes  of  the  relevant  rate  constants  are  considered. 
A  10%  hexane  solution  of  the  stannane  is  only  slightly 
more  viscous  than  hexane  itself,  so  that  k^^  can  be 
estimated  to  equal  1  X  10^°  Af-*  sec-^^  The  value 
of  fcah  thus  indicated  by  the  Stern-Volmer  slopes  is 
8  X  10«  Af-*  sec-*.  This  very  large  number  is  not  too 
surprising  in  view  of  the  ability  of  the  stannane  to 
photoreduce  acylnaphthalenes^  and  greatly  exceeds 
the  measured  rate  of  decay  of  triplet  acetone  in  hexane 
alone, '•'•'  1  X  10*  sec"*.  The  actual  rate  of  reaction 
of  triplet  acetone  with  0.38  Af  stannane  is  3.2  X  W 


(6)  R.  E.  Rebbert  and  P.  Ausloos.  /.  Am.  Chem.  Soc.,  87,  5569  (1965). 

(7)  R.  F.  Borkman  and  D.  R.  Kearns.  ibid,,  88,  3467  (1966). 

(8)  F.  Wilkinson  and  J.  T.  Dubois,  /.  Chem.  Phys.,  39, 377  (1963). 


sec-*.  If  the  rate  of  intersystem  crossing  (isc)  of 
acetone  is  4  X  10'  sec-*,'  and  if  singlet  acetone  were 
just  as  reactive  as  triplet  acetone,  then  a  quantum  yield 
of  unquenchable  singlet  photoreduction  equal  to  0.89 
ought  to  be  observed.  However,  since  ^s  <  0.01, 
even  at  1.5  Af  stannane  concentration,  ki^  <  0.01 
kisc-  Borkman  and  Kearns  estimated  ki^  as  4  X 
10'  sec-*  from  the  integrated  absorption  intensity  of 
acetone  and  from  their  measured  fluorescence  quantum 
yield  in  solution  of  0.01. •  Heicklen  and  Noycs  have 
reported  that  the  quantum  yield  of  acetone  fluorescence 
in  the  gas  phase  at  40°  is  0.002.*®  There  is  no  reason 
to  suspect  that  the  radiative  lifetime  estimated  from  the 
integrated  absorption  intensity  is  in  error  by  more  than 
a  factor  of  2,**  and  thus  it  does  not  seem  likely  that 
feiac  for  acetone  exceeds  2  X  W  sec-*.  Nor  does  it 
seem  possible  that  the  stannane  might  be  producing  a 
heavy-atom  enhancement  of  ki^,  since  theory  predicts** 
and  experiment  confirms*'  that  n,Tr*  excited  states  arc 
not  very  susceptible  to  heavy-atom  eff*ects.  If  ifcih 
were  to  equal  fegh,  ki^  would  have  to  equal  at  least 
10**  sec-*.  It  seems  much  more  likely  that  the  lack  of 
singlet-state  reaction  is  caused  by  fcih  being  smaller 
than  10®  Af-*  sec"*,  so  that  it  must  be  concluded  that 
excited  singlet  acetone  is  appreciably  less  reactive  than 
triplet  acetone. 

If  excited  singlet  acetone  is  only  */iooo  as  reactive  as 
triplet  acetone  in  hydrogen-abstraction  reactions,  such 
should  be  the  case  with  other  aliphatic  ketones,  in 
which  case  the  already  mentioned  intermediacy  of  both 
excited  states  in  type-II  processes*-*  requires  a  new 
explanation.  From  the  measured  singlet-state  quan- 
tum yields  and  triplet-state  lifetimes  of  2-pentanone  and 
of  2-hexanone,*'*  an  assumption  of  equal  reactivity  in 
both  states  yields  an  estimate  of  3  X  10*  sec-*  for  ki^ 
This  value  is  larger  than  what  might  have  been  ex- 
trapolated from  the  published  value  for  acetone* 
but  convincingly  smaller  than  the  value  for  acetone 
which  results  from  the  assumption  of  equal  singlet  and 
triplet  state  reactivity.  Fortunately,  it  remains  highly 
possible  that  type-II  photoelimination  may  proceed 
by  different  mechanisms  in  the  two  excited  states, 
namely  by  a  concerted  six-center  process  in  the  singlet 
and  by  a  perhaps  faster  intramolecular  hydrogen 
abstraction  in  the  triplet. 

There  is  no  good  theoretical  explanation  for  n,x* 
excited  states  of  difl'erent  multiplicities  having  different 
reactivities,  and  as  long  ago  as  1958  Robinson  pre- 
dicted from  a  high-resolution  spectroscopic  investiga- 
tion of  formaldehyde  that  the  two  states  should  have 
similar  reactivities.**  The  prediction  was  based  on  the 
very  similar  electronic  distribution  in  the  two  excited 
states.  However,  with  a  little  hindsight  it  might  be 
noted  that  triplet  formaldehyde — and  presumedly  other 
carbonyl  compounds — comes  much  closer  to  assuming 
a  pyramidal  (tetrahedral)  geometry  than  does  the 
singlet  state.**  WalUng  and  Gibian  have  demon- 
strated the  close  parallel  between  the  reactivities  of 

(9)  R.  F.  Borkman  and  D.  R.  Kearns,  ibid.,  44.  945  (1966). 

(10)  J.  Heicklen  and  W.  A.  Noyes,  Jr..  /.  Am.  Chem.  Soc.,  81,  3858 
(1959). 

(11)  E.g.,  W.  R.  Ware  and  B.  A.  Baldwin,  /.  Chem.  Phys.,  40,  1703 
(1964). 

(12)  M.  A.  El-Sayed,  ibid.,  41,  2462  (1964). 

(13)  P.  J.  Wagner,  ibid.,  45,  2335  (1966). 

(14)  G.  W.  Robinson  and  V.  E.  DiGiorgio,  Can.  J.  Chem.,  36,  31 
(1958). 
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e  triplet  states  and  of  alkoxy  radicals,  ^^  and  the 
simple  minded  appraisal  might  suggest  that  the 
y  radical  character  of  the  triplet  ketone  is  closely 
lated  with  its  tetrahedral  geometry. 
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mroUcyclopropyl.  Evidence  for  the  Formation  of  a 
propanol  during  flie  Hydrolysis  of  a 
propyl  Halide 


wish  to  report  unprecedented  examples  of  sol- 
»  of  a  simple  cyclopropyl  derivative  which  result 
)ducts  that  arise  from  the  attack  of  solvent  on  an 
tiediate  ion  in  which  the  cyclopropane  ring  is 
itact. 

ause  of  the  facile  rearrangement  of  the  cylo- 
1  to  the  allyl  carbonium,  ion,  the  only  products 
have  ever  been  observed  in  the  solvolyses  of 
isly  substituted  cyclopropyl  derivatives  have  been 
>en-chain  allylic  structures.^*' 


[>-0T8 


ix: 


OTs 


HOAc. 


HOAc 


QHs 


CH2=CHCH20Ac 
CH2=CCH20Ac 


hough  reports  have  appeared  that  the  nitrous 
jeamination  of  apotricyclylamine  (1),'  1 -amino- 
cyclene  (2),*  and  3-amino-l,2-cyclopropanoace- 
hene  (3)'  resulted  in  unrearranged  products,  the 


.  D.  Roberts  and  V.  C.  Chambers,  /.  Am.  Chem.  Soc.,  73,  5034 

i)  C.  H.  DePuy.  L.  G.  Schnack.  J.  W.  Hausser,  and  W.  Wiede- 

ibid.,  87,  4006  (1965);  (b)  C.  H.  DePuy,  L.  G.  Schnack.  and 

Ausser,  ibid.,  88, 3343  (1966). 

'.  Uppand  C.  Padberg,  Chem.  Ber.,  S4B,  1316(1921). 

I.  Hart  and  R.  H.  Martin,  /.  Am.  Chem.  Soc.,  82, 6362  (1960). 

L  Pettit,  ibid.,  82, 1972  (1960). 


explanation  for  the  lack  of  rearrangement  has  been 
based  either  on  considerations  of  orbital  symmetry 
during  the  electrocyclic  transformation  to  the  allylic 
structure^^'®  or  on  the  assumption  that  the  mechanism 
may  have  been  free  radical  in  nature^  rather  than  in- 
volving a  carbonium  ion." 

In  the  present  study,  1-chlorobicyclopropyl  (4)  was 
prepared  in  an  over-all  yield  of  30-44%  by  vapor  phase 
chlorination  of  the  parent  hydrocarbon  followed  by 
distillation  of  the  monochloride  product  fraction 
which  contained  about  89  %  of  the  desired  material.* 


O-^ 


HOAc 
AgOAc 


OAc 
5 


OAc 

^(nBu>,SnH       fs^      Li 


Br, 


The  acetolysis  of  chloride  4  in  the  presence  of  silver 
acetate  at  1 15°  for  72  hr  produced  a  mixture  of  products 
from  which  a  42.6  %  component  was  isolated  and  identi- 
fied as  the  unrearranged  1-acetoxybicyclopropyl  (5). 
A  direct  infrared  spectral  comparison  with  a  sample 
prepared  by  the  addition  of  dibromocarbene  to  the 
enol  acetate  of  methyl  cyclopropyl  ketone,  followed 
by  reduction  of  the  resulting  dibromoacetate  6  with 
tri-n-butyltin  hydride,  confirmed  the  assignment  of 
structure.  ^^  In  a  similar  experiment,  the  silver  ion 
assisted  hydrolysis  of  4  (65°,  24  hr)  produced  a  mixture 
of  several  compounds,  of  which  the  major  com- 
ponent (65%)  was  identified  as  ethyl  cyclopropyl 
ketone  (8)  by  spectral  comparison  of  the  collected  peak 
(vpc)  with  an  authentic  sample.  No  other  single 
component  of  the  product  mixture  represented  more 
than   24%.^^    In  view   of  the  acetolysis  results,  the 


OH 
7 


H,0* 


[>— COCH2CH3 
8 


presence  of  ketone  8  as  the  major  product  can  be 
readily  explained  by  assuming  that  1-bicyclopropanol 
(7)  is  formed  initially  and  then  undergoes  an  acid- 
catalyzed  ring  opening  to  the  ketone,  the  latter  reac- 
tion having  been  well  established  for  a  variety  of  1- 
substituted  cyclopropanols.  ^^  If  instead  of  undergoing 
an  attack  by  water,  the  initially  formed  carbonium 
ion  had  opened  to  produce  the  allylic  ion,  a  process  of 
the  type  which  occurs  to  the  exclusion  of  all  others 
during  the  solvolyses  of  other  cyclopropyl  derivatives, 
the  expected  product  would  have  been  /3-cyclopropyl- 
allyl  alcohol,  a  compound  which  may  yet  be  identified 
as  a  minor  constituent  of  the  product  mixture. 

(6)  S.  J.  Cristol.  R.  M.  Scqueira.  and  C.  H.  DePuy.  ibid.,  88,  4007 
(1966);   R.  B.  Woodward  and  R.  HoflTman,  ibid.,  87,  395  (1965). 

(7)  K.  V.  Schercr,  Jr..  and  R.  S.  Lunt,  III.  ibid:,  88. 2860(1966). 

(8)  In  the  original  explanation  of  the  behavior  of  2  and  3  by  Hart.^ 
it  was  assumed  that  the  unrearranged  product  formed  from  the  collapse 
of  a  diazonium  ion  pair  directly  to  the  product. 

(9)  Chloride  4  gave  the  correct  analysis  for  CeHtCl  and  an  nmr 
spectrum  consistent  only  with  the  assigned  structure. 

(10)  The  nmr  spectrum  of  5  showed  only  complex  multiplcts  from 
T  8.0  to  8.6  and  9.0  to  9.9  and  a  sharp  singlet  at  8.1. 

(11)  Several  other  products  have  only  been  tentatively  identified  and 
will  be  discussed  in  detail  in  a  subsequent  publication. 

(12)  C.  H.  DePuy.  F.  W.  Brcitbeil,  and  K.  R.  DeBruin,  /.  Am.  Chem. 
Soc.,  88,  3347  (1966),  and  references  cited  therein. 
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That  the  ion  formed  initially  during  the  hydrolysis 
of  4  had  considerable  charge  delocalization  is  sug- 
gested by  considering  a  comparison  of  the  solvolysis 
rate  of  4  in  aqueous  ethanoP'  with  that  of  cyclopropyl 
chloride  (Table  I).    Although  a  direct  comparison  of 


bond  linkage,  e.g.,  ajmaline  (1)  and  sarpagine  (2).'  ; 

Since  the  structural  elucidation  of  ajmal  ne  by  Wood-  f 

ward**  and  Robinson,***  the  unique  features   of  the  fc 

alkaloids  have  presented  a  considerable  challenge  to  i 

synthetic  organic  chemists.    We  describe  herein  the  t 
first  total  synthesis  of  ajmaline. 


Table  I.    Solvolysis  Rates  of  Selected  Cyclopropyl  Derivatives 


Temp, 

Compound 

*»C 

Solvent 

Ar,  sec-* 

Cyclopropyl  chloride 

95 

50%EtOH 

2.5    X  10-w 

1-Chlorobicyclopropyl 

95 

50%  EtOH 

1.58  X  10-*» 

Cyclopropyl  bromide 

130 

50%  EtOH 

2.6   X  10-«« 

1-Methylcyclopropyl 

bromide 

130 

50%  EtOH 

1.05  X  10-*  • 

Cyclopropyl  tosylate 

108 

HOAc 

1.5    X  10-^'' 

1-Phenylcyclopropyl 

tosylate 

108 

HOAc 

1.93  X  10-»« 

'  Extrapolated  data  from  ref  1 ;  see  J.  A.  Landgrebe  and  D.  E. 
Applequist,  /.  Am.  Chem.  Soc„  86,  1536  (1964).  *This  work. 
« E.  F.  Cox,  M.  C.  Caserio,  M.  S.  Silver,  and  J.  D.  Roberts,  /.  Am. 
Chem.  Soc.,  83,  2719  (1961).  'i  ExU-apolated  from  data  in  ref  1. 
•  Reference  2b. 


all  the  numerical  values  in  the  table  is  not  possible 
because  of  the  variety  of  solvents,  temperatures, 
and  leaving  groups  employed  by  various  workers,  it 
seems  clear  that  the  introduction  of  a  cyclopropyl 
group  into  the  1  position  of  cyclopropyl  chloride  has  a 
very  large  accelerating  effect  compared  with  the  in- 
troduction of  a  1 -methyl  or  even  a  1 -phenyl  group  on 
cyclopropyl  bromide  and  tosylate,  respectively.  Ex- 
tensive charge  delocalization  in  the  ion  formed  initially 
during  the  solvolysis  of  4  would  be  expected  on  the 
basis  of  the  well-known  behavior  of  the  cyclopropyl- 
carbinyl  system  ^^  and  is  undoubtedly  responsible  for 
the  unique  solvolysis  behavior  of  chloride  4.  Further 
studies  on  systems  of  this  type  are  in  progress.  ^' 

(13)  A  substantial  amount  of  ketone  8  was  also  formed  during  the 
solvolysis  of  4  in  50  vol.  %  aqueous  ettianol,  i.e.,  under  the  conditions 
of  the  kinetic  study.  Most  if  not  all  of  the  other  silver  ion  assisted 
hydrolysis  products  appear  to  be  present  as  products  of  the  aqueous 
ethanolysis. 

(14)  P.  von  R.  Schleyer  and  G.  W.  Van  Dine,  /.  Am.  Chem.  Soc.,  88, 
2321  (1966),  and  references  cited  therein. 

(15)  Note  Added  in  Proof.  Recent  evidence  for  trapping  a  cyclo- 
propyl cation  in  very  low  yield  has  been  reported  by  W.  Kirmse  and 
H.  SchUtte,  ibid.,  89,  1284  (1967). 

John  A.  Landgrebe,  Larry  W.  Becker 

Department  of  Chemistry,  University  of  Kansas 

Lawrence,  Kansas    66044 

Received  March  14,  1967 


The  Synthesis  of  Ajmaline^ 

Sir: 

Numerous  naturally  occurring  ajmaline-sarpagine 
type  alkaloids^  are  structurally  characterized  by  the 
presence  of  the  quinuclidine  ring  and  the  C5  and  Cie 

(1)  This  work  was  presented  before  the  Chemical  Institute  of  Canada 
Symposium,  Banff,  Alberta,  Canada,  Aug  31-Sept  2, 1966. 

(2)  M.  Hesse,  'Indolalkaloide  in  Tabellen,"  Springer- Verlag,  Berlin, 
Germany,  1964,  p  67. 


HO^io 


c'h,« 


CH2OH 


COOC2H5 


3,  R-N-Methyl-3-indolyl 


H  NH, 

4,R'-H;R'  =  CHirOH 
Awl,  R'  =  CH2OH;  ft'  =  H 


cx 


IH 
CH3 

6,R-CH20Bz;R*  =  H 
6«,R  =  H;R'  =  CH20Bz 


Condensation^  of  the  magnesium  chelate  of  ethyl 
hydrogen  A'-cyclopentenylmalonate®  with  N-methyl-3- 
indolacetyl  chloride,  mp  9-11°,  provided  in  80%  yield 
a  keto  ester  (3),  mp  20-23°.  Reaction  of  3  with  mcth- 
oxyamine  followed  by  lithium  aluminum  hydride  af- 
forded in  70%  yield  an  approximately  2:1  mixture  of 
readily  separable  epimeric  a,7-amino  alcohols  4  [di- 
acetyl  derivative,  mp  140-141°;  dibenzoyl  derivative 
5,  amorphous]  and  4a,  mp  113.5-114.5°  [diacctyl 
derivative,  mp  117-118°;  dibenzoyl  derivative  5a, 
mp  170-172°].  These  epimeric  series  of  compounds 
are  both  useful  for  the  synthesis  of  natural  products, 
and  they  are  interconvertible  at  a  later  stage  of  the 
synthesis  {vide  infra).  Treatment  of  5  and  5a  with 
osmium  tetroxide  and  then  sodium  metaperiodate 
afforded  quantitatively  aldehydes  6  and  6a,^  which 
were  warmed  with  acetic  acid  at  50°  for  1  hr  to  give 
tetracyclic  aldehydes  7  and  7a  in  40  and  50%  yield, 
respectively.  Structures  7  and  7a  were  compatible 
with  spectral  data^  of  the  respective  compounds  and 


(3)  W.  I.  Taylor.  Alkaloids,  8, 785  (1965). 

(4)  (a)  R.  B.  Woodward,  Angew.  Chem.,  68,  13  (1956);  (b)  R.  Robin- 
son. iW^/..  69.  40  (1957). 

(5)  R.  E.  Ireland  and  J.  A.  Marshall.  /.  Am.  Chem.  Soc.,  81,  2907 
(1959). 

(6)  Prepared  from  the  corresponding  diethyl  ester:  C.  C.  Lee  and 
E.  W.  C.  Wong.  Tetrahedron,  21,  539  (1965). 

(7)  The  preparation  of  dialdehydes  by  this  procedure  was  utilized 
in  earlier  indole  alkaloid  syntheses:  (a)  E.  E.  van  Tamelen.  M.  Sharma, 
A.  W.  Burgstahler,  J.  Wolinsky.  R.  Tamm.  and  P.  E.  Aldrich,  J.  Am. 
Chem.  Soc,  80.  5006  (1958);  (b)  E.  E.  van  Tamelen,  L.  J.  Dolby,  and 
R.  G.  Lawton.  Tetrahedron  Letters,  No.  19,  30(1960). 

(8)  Spectral  data  included  ultraviolet,  infrared,  nmr,  and  mass  spectra. 
Compounds  with  no  description  of  melting  points  have  been  amorphous. 
These  compounds  were  purified  until  each  gave  a  single  spot  on  thin 
layer  chromatography,  using  several  solvent  systems.  All  new  crystal- 
line compounds  gave  satisfactory  elemental  analyses. 
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characterized  by  converting  them  in  more  than 
ield  into  the  corresponding  dihydroxy  secondary 

7',  mp  208-209°,  and  7a',  mp  162-163°,  with 
I  aluminum  hydride  and  then  catalytic  hydrogena- 

yersion  of  7  into  the  cyano  compound  8  was 
achieved  by  treatment  with  hydroxylamine 
td  by  benzoyl  chloride  in  warm  pyridine.  The 
of  8  (triphenylmethylsodium-tetrahydrofuran) 
rated  with  excess  ethyl  iodide  to  provide  in  70% 
lonoethyl  compounds,  from  which  a  pure  ethyl 
compound  9*  was  isolated  in  60-70%  yield, 
reatment  of  9  with  sodium  methoxide  removed 
nzoyl  group  from  the  ester  to  give  a  hydroxy 
und  (10),  mp  202.5-204.5°.  Similarly,  8a  was 
ted  into  9a«  and  10a.«  Spectra*  of  9,  10,  9a, 
a  were  identical  with  those  of  the  corresponding 
ation  products  of  ajmaUne,  as  shown  below. 


ROCH,    H 


RO-CH2   H 


CH3 

R  =  R»=Bz;R«  =  CHO 
R-R»-H;R'  =  CH20H 
R-R'«B2;R*-CN 


9,R-Bz 
10,R=H 
13,R  =  H 
14,R«Bz 


HC=OH 


:iC^ 


ll,R-H;R'=Bz 
17,R«Ac;R*  =  Bz 

IS.R-HjR^^CHaCeHs 
19,R-R^-H 


12 


OAc 


15 


16 
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corresponding  hydroxy  compound  13,  mp  228-230° 
and  261-262°,  O-benzoate  (14).  ^»  In  the  presence  of 
alumina  12  was  equilibrated  with  its  epimer,  12a; 
nmr  (CDCl,,  60°)^  t  0.32  (CHO)  and  6.54  (N-CH,), 
in  a  3:7  ratio  in  favor  of  12a.  Thus  12  and  12a  were 
interconvertible.  The  sodium  borohydride  reduction 
of  12a  provided  a  hydroxy  compound  (13a)  which  was 
converted  with  hydrochloric  acid  to  a  lactone  (15), 
mp  312-313°.  Compounds  13  and  13a  were  oxidized 
with  dimethyl  sulfoxide  and  acetic  anhydride  (or  car- 
bodiimide)^^  to  afford  12  and  12a,  respectively.  Iden- 
tity of  spectral  data^  of  13, 14, 13a,  and  14a  with  those 
of  10,  9,  10a,  and  9a,  respectively,  estabUshed  the  struc- 
tures and  stereochemistry  of  synthetic  intermediates. 

Compound  12  upon  treatment  with  hydrochloric 
acid  in  acetic  acid  and  acetic  anhydride  underwent 
cyclization  to  afford  in  65  %  yield  compound  16,  which 
was  hydrogenated  with  platinum  catalyst  in  6  N  hy- 
drochloric acid  to  yield  in  60%  yield  compound  17, 
mp  202-204°,  and  the  corresponding  2  epimer  in  30% 
yield.  ^*'^*  Reduction  of  17  with  lithium  triethoxy- 
aluminum  hydride  provided  the  corresponding  benzyl 
derivative  18,  mp  170.5-171.5°,  which  was  in  turn 
hydrogenolyzed  to  a  secondary  amine  (19),  mp  260- 
262°.'  Since  19  has  already  been  converted  into  1  with 
Uthium  aluminum  hydride,'  we  have  completed  the 
first  synthesis  of  ajmaline.  ^* 

Acknowledgment.  The  authors  are  grateful  to  the 
National  Research  Council  of  Canada  for  financial 
support. 

(11)  A.  H.  Fenselau  and  J.  G.  Moffatt,  J,  Am.  Chem,  Soc.,  88,  1762 
(1966),  and  references  cited  therein. 

(12)  Compound  16  existed  exclusively  in  the  indoleninium  form  under 
these  conditions:  Xlif^'  294  m/i  (c  7200).  244  (11,700),  and  236 
(13,200). 

(13)  Catalytic  hydrogenation  of  21-deoxyajmalal-A*  and  2-hydroxy- 
vincamedine  under  acidic  conditions  proceeded  from  the  a  side  of  the 
compounds  to  yield  1-epi  series  of  ajmaline  type  compounds  [J.  Gosset- 
Garnier,  J.  Le  Men,  and  M.-M.  Janot,  Bull  Soc,  Chim,  France^  676 
(1965)].  Dreiding  models  of  these  compounds  reveal  that  the  a  and 
^  sides  present  only  a  slight  difference  in  steric  hindrance  toward  hy- 
drogenation. The  exclusive  a  attack  reported  above  was  presumably 
due  to  the  presence  of  the  protonated  nitrogen  atom  in  the  a  side.  In 
accord  with  this  view,  16,  in  which  the  amine  was  benzoylated,  pro- 
vided predominantly  a  compound  of  the  normal  series. 

(14)  Compound  15  was  readily  converted  into  N-methyl-10-desoxy- 
dihydrosarpagine'  through  a  sequence  of  four  steps  in  35%  over-all 
yield. 

S.  Masamime,  Sining  K.  Ang,  Christiaii  Egli 
Nobuo  Nakatsuka,  S.  K.  Sarkar,  Yumiko  Yasunari 

Department  of  Chemistry^  University  of  Alberta 

Edmonton,  Alberta,  Canada 

Received  February  10,  1967 


rounds  7a,  7a',  8a,  etc.,  are  epimeric  at  Ci%  with  7,  7',  8, 
pectively.  Compounds  9  and  10  are  racemates;  13  and 
lie  ^  (or  /)  isomers. 


itment  of  ajmaline  oxime*  with  benzoyl  chloride 
rm  pyridine  followed  by  sodium  hydroxide 
ed  a  cyanobenzamide  (11),  mp  265-266°.  Re- 
of  11  with  lead  tetraacetate'  followed  by  neutral 
jp  afforded  an  aldehyde  (12),  mp  219-220**, 
:DC1,,  60°)»»  t  0.45  (CHO)  and  6.46  (N-CH3), 
was  reduced  with  sodium  borohydride  to  the 

A.  L.  Anet,  D.  Chakravarti,  R.  Robinson,  and  E.  Schlittler, 
.  Soc.,  1242  (1954). 

i\\  compounds  containing  the  benzamide  group  showed  tem- 
-dependent  nmr  spectra. 


The  Stereospecific  Introduction  of  a  Vicinaliy 
Functionalized  Angular  Methyl  Group. 
A  Synthesis  of  /-Valeranone 

Sir: 

The  molecular  rearrangement  accompanying  the 
transformation  of  /3-diketones  and  related  substances 
into  monoketones  by  the  action  of  zinc  and  acid  has 
been  interpreted  in  terms  of  reductive  formation  of 
cyclopropanols  followed  by  acid-induced  ring  cleavage.^ 

(1)  (a)  E.  Wenkert  and  E.  Kariv.  Chem.  Commun.,  570(1965);  (b) 
B.  R.  Davis  and  P.  D.  Woodgate,  /.  Chem.  Sac.,  2006  (1966),  and  ref- 
erences therein. 
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The  high  specificity  of  protolysis  of  a  fused,  poly- 
cyclic  methoxycyclopropane  recently  isolated  from  a 
Clemmensen  reduction  (in  methanol  solution)  which 
had  been  quenched  at  an  early  stage  (a  -^  b)*  strongly 
recommended  the  use  of  cyclopropyl  ethers  in  organo- 
chemical  synthesis  in  general  and  for  the  construction 
of  quaternary  carbon  sites  next  to  oxygenated  carbon 
centers  in  particular.  We  now  wish  to  report  a  seven- 
step  synthesis  of  /-valeranone  (I)'  whose  biosyntheti- 
caUy  anomalous  a-methylketo  moiety  (encircled  struc- 
tural unit  in  I)  made  this  sesquiterpenic  ketone  an 
ideal  object  for  exploitation  of  the  new  synthetic 
procedure.  * 


w^ 


HjO^ 


9H3  0 


a 


b 


Me 


i"  CHMei 
H 


Condensation  of  rf-carvomenthone  with  1,4-di- 
methoxy-2-butanone,^  the  in  situ  precursor  of  methoxy- 
methyl  vinyl  ketone,®-'  under  the  influence  of  ethanolic 
potassium  hydroxide  in  ether  solution"  produced 
a  mixture  of  ketol  and  isomeric  enones,  predominating 
(4.5:1)  in  the  lOa-methyl  configuration,  from  which 
the  liquid  ketol  Ila  [36%;  infrared  (neat):  2.90  (OH. 
m),  5.81  /i  (C=0,  s);  pmr  (CDCI3):  one-proton 
singlet  at  S  3.99  (methoxymethine),  three-proton 
singlet  at  3.50  (methoxyl),  1.25  (angular  Me),  six- 
proton  broad  doublet  at  0.83  (J  =  6.0  cps,  isopropyl 
methyls).  Anal.  Found:  C,  70.94;  H,  10.40]  could 
be  isolated.  The  structure  of  this  ketol  was  deter- 
mined by  its  conversion  into  the  demethoxy  derivative 
lib  [79%;  infrared  (neat):  2.84  (OH,  m),  5.85  m 
(C=0,  s).  AnaL  Found:  C,  74.37;  H,  10.70]  on 
lithium-ammonia  reduction,  followed  by  transforma- 


(2)  E.  Wenkert  and  J.  Zylber,  unpublished  observations. 

(3)  H.  Hikino,  Y.  Hikino,  Y.  Takeshita,  K.  Meguro,  and  T.  Take- 
moto,  Chem.  Pharm.  Bull  (Tokyo),  13,  1408  (1965),  and  references 
therein. 

(4)  J.  A.  Marshall,  W.  I.  Fanta,  and  G.  L.  Bundy,  Tetrahedron 
Letters^  4807  (1965),  have  executed  a  synthesis  of  </- valeranone  along 
traditional  lines. 

(5)  G.  F.  Hennion  and  F.  P.  Kupiecki.  /.  Org,  Chem.,  18,  1601 
(1953). 

(6)  While  neither  this  vinyl  ketone  nor  the  keto  diether  appears 
to  have  found  use  in  Robinson  annelation  reactions  heretofore,  the 
condensation  of  2-methyI-3-hydroxy'2-cyclohexenone  with  a  mixture 
of  3-methoxy-4-diethylaniino-2-butanone  and  l-methoxy-4-diethyl- 
aniino-2-butanone  (also  an  in  situ  precursor  of  methoxymethyl  vinyl 
ketone),  derived  from  a  Mannich  condensation  of  methoxyacetone, 
formaldehyde,  and  diethylamine,  is  on  record  [J.  Szmuszkovicz,  ibid., 
19,  1424(1954)]. 

(7)  Even  though  the  Robinson  ring  annelation  reaction  is  nowadays 
part  of  the  standard  repertoire  of  organochemical  synthesis,  the  choice 
of  the  all-important  vinyl  ketone  component  in  the  Michael  condensa- 
tion is  limited  usually  to  compounds  with  no  more  daring  structural 
variation  than  different  alkyl  substituents.  The  recent  utilization  of 
carbomethoxymethyl  vinyl  ketone  in  an  annelation  process  was  of 
immense  value  in  diterpene  synthesis  [E.  Wenkert,  A.  Afonso,  J.  B. 
Bredenberg,  C.  Kaneko,  and  A.  Tahara,  /.  Am.  Chem.  Soc,  86,  2038 
(1964)].  Methoxymethyl  vinyl  ketone  or  its  equivalents  can  be  expected 
to  assume  similar  importance  in  the  future. 

(8)  Cf,  N.  C.  Ross  and  R.  Levine,  /.  Org.  Chem.,  29, 2341  (1964). 


tion  of  the  latter  on  acid-induced  dehydration*  into 
the  unsaturated  ketone  Illb  (91  %,  mp  28-28.5°)  whose 
optical  rotatory  dispersion  curve  was  the  mirror  image 
of  the  known  enantiometer.^o  The  ketones  lib  and 
Illb  also  were  the  products  of  a  base-catalyzed  con- 
densation^ of  J-carvomenthone  and  methyl  vinyl 
ketone. 


Y  6h  H  ^  H 

n  m 

a,Y-OMe;    b,Y-H 

Treatment  of  the  ketol  Ila  with  ethanolic  potassium 
hydroxide  yielded  the  enone  Ilia  [78%;  [ay^D  —163° 
(c  1.0,  CHCU);  infrared  (neat):  5.96  (C=0,  s), 
6.21  /x  (C=C,  m);  \^^  (EtOH)  257  m/x  (c  8500); 
pmr  (CDCls) :  three-proton  singlet  at  6  3.6 1  (methoxyl), 
1.27  (angular  Me),  six-proton  pair  of  doublets  at  0.97, 
0.87  (J  =  5.5  cps,  isopropyl  methyls).  Anal.  Found: 
C,  76,21;  H,  10.15]  whose  lithium  aluminum  hydride 
reduction  produced  the  alcohol  IV  [94%;  [ay*D  +25.1° 
(c  1.2,  CHCI3);  infrared  (neat):  2.99  (OH,  m),  6.01  /x 
(C=C,  m);  pmr  (CDCI3):  one-proton  multiplet  at 
6  4.44  (hydroxymethine),  three-proton  singlet  at  3.58 
(methoxyl),  1.14  (angular  Me),  six-proton  pair  of 
doublets  at  0.94,  0.85  (J  =  6.0  cps,  isopropyl  methyls). 
Anal.  Found:  C,  75.95;  H,  10.71].  Simmons- 
Smith  reaction*^  of  this  allyl  alcohoP^  led  to  the 
cyclopropane  derivative  V  [91%;  [a]«»D  —38.9°  (c 
0.8,  CHCI3);  infrared  (neat):  2.90  (OH,  m),  3.25  /x 
(probably  cyclopropyl  H,  w);  pmr  (CDCI3):  one- 
proton  multiplet  at  8  4.34  (hydroxymethine),  three- 
proton  singlet  at  3.36  (methoxyl),  0.92  (angular  Me), 
six-proton  broad  doublet  at  0.83  (J  =  5.5  cps,  iso- 
propyl methyls),  one-proton  doublets  at  0.66,  0.21 
(J  =  6.0  cps,  cyclopropyl  methylene).  Anal.  Found: 
C,  76.33;  H,  11.12]. 


Me 


OMe 


CHMci        HO'" 
MeO 


CHMez 


IV 


Jones  oxidation  of  V  produced  the  ketone  Via 
[54%;  mp  40.5-42.0°;  [a  ^d  -39.8°  (c  0.8,  CHCI3); 
infrared  (neat):  3.30  (probably  cyclopropyl  H,  w), 
5.92  n  (G=0,  s);  pmr  (CDCI3):  three-proton  singlet 
at  8  3.47  (methoxyl),  1.12  (angular  Me),  six-proton 
pair  of  doublets  at  0.83,  0.81  (J  =  5.5  cps,  isopropyl 
methyls).    Anal.    Found:     C,  76.96;  H,  10.21]  whose 

(9)  Cf.  E.  Wenkert  and  T.  E.  Stevens.  /.  Am.  Chem.  Soc.,  78,  2318 
(1956). 

(10)  C.  Djerassi.  J.  Burakevich.  J.  W.  Chamberlin.  D.  Elad,  T.  Toda, 
and  G.  Stork,  ibd.,  86,  465  (1964). 

(1 1)  H.  E.  Simmons  and  R.  D.  Smith,  ibid.,  81, 4256(1959). 

(12)  W.  G.  Dauben  and  G.  H.  Bcrezin,  ibid.,  85,  468  (1963);  W.  G. 
Dauben  and  A.  C.  Ashcraft,  ibid.,  85,  3673  (1963). 
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WoUf-Kishner  reduction  yielded  the  tricyclic  ether 
VIb  (80%;  [ay'D  -55.6°  (c  0.8,  CHCU);  infrared 
(neat):  3.30  m  (probably  cyclopropyl  H,  w);  prar 
(CDCU):  three-proton  singlet  at  8  3.25  (methoxyl), 
0.91  (angular  Me),  six-proton  doublet  at  0.86  (J  = 
6.0  ops,  isopropyl  methyls),  one-proton  doublets  at 
0.30  and  0.16  (J  =-  5.0  cps,  cyclopropyl  methylene). 
Anal.  Found:  C,  81.49;  H,  11.94].  Exposure  of 
the  latter  to  aqueous,  methanolic  hydrochloric  acid 
afforded  a  quantitative  yield  of  /-valeranone  (I),  identi- 
cal in  all  respects  with  the  natural  plant  product.  >« 


MeO 


MeO 


VIa,Y-0 
b,Y-H2 


from  the  methionine  feeding  experiment  was  de- 
methylated  to  give  the  activities  for  the  O-methyl  and 
N-methyl  groups  separately,  the  total  activity  was, 
within  the  limits  of  experimental  error,  the  same  as  in 


(13)  The  authors  are  indebted  to  Dr.  T.  Takemoto  (Tohoku  Uni- 
versity) for  a  fffi  of  natural  /-valeranone  and  to  the  National  Science 
Foundation  for  partial  support  of  this  work. 

(14)  Public  Health  Service  predoctoral  fellow,  196S-. 

Ernest  Wenkert,  David  A.  Berges^^ 

Department  of  Chemistry,  Indiana  University 

Bloomingtan,  Indiana    47401 

Received  February  24, 1967 


Table  I.    Incorporation  of  Radioactive 
Compounds  into  Mesembrine' 


Biosynthesis  of  Mesembrine.    The  Incorporation  of 
One-Carbon  Units  and  the  Origin  of  the  Ce  Unit^ 


Sir: 


The  alkaloid  mesembrine  (1,  R  =  R'  =  O)  along  with 
several  cogeners,  mesembrinol  (1,  R  =  OH;  R'  =  H) 
and  mesembrinine  (2),  occur  in  several  plants  of  the 
Aizoacea  family.^  The  biosynthesis  of  these  alkaloids 
is  of  interest  since  the  skeletal  framework  would  appear 
to  contain  a  C«-Cr-N  unit,  which  in  the  case  of  mesem- 
brine is  comprised  of  the  cyclohexanone  ring  and  the 
attached  Cj-N  bridge,  and  a  Ce  unit  represented  by  the 
aromatic  ring.  The  presence  of  an  isolated  Ce  unit 
is  an  unusual  structural  feature,  and  its  biosynthetic 
origin  is  therefore  of  interest.  We  report  the  results 
obtained  which  provide  information  on  a  precursor  to 
this  unit  and  also  the  results  obtained  from  the  in- 
corporation of  the  label  from  methionine-S-methyl-C^* 
into  mesembrine. 

The  labeled  compounds  were  fed  to  Sceletium  strictiun 
L.  BoL,'  and  after  periods  ranging  from  3  to  22  days 
the  plants  were  harvested  and  the  mesembrine  isolated 
by  using  inactive  mesembrine  as  a  carrier.  The  results 
are  summarized  in  Table  I  and  are  for  mesembrine 
of  constant  activity.    When  the  mesembrine  derived 


(1)  Supported  by  National  Science  Foundation  Grant  06-4361 
and  a  grant-in-aid  from  Eli  Lilly  Co. 

(2)  A.  Popelak,  E.  Haak,  G.  Lettenbauer,  and  H.  Spengler,  Natur- 
wissenschaften,  47,  150.  231  (1960);  E.  Smith.  N.  Hosansky.  M. 
Shamma,  and  J.  B.  Moss.  Chem.  Ind.  (London).  402  (1961);  M.  Shamma 
and  H.  Rodriguez,  Tetrahedron  Letters,  4847  (196^. 

(3)  We  arc  indebted  to  Mr.  H.  Herre,  Stellenbosch,  South  Africa, 


In- 

Iso- 

Incor- 

jected, 

lation, 

poration, 

Precursor 

Mcunes 

days 

%* 

Methionine  S-methyl-C»« 

50 

3 

0.75 

Tyrosine-3-Ci« 

50 

10 

o.osi 

Phenylalanine-2-C » * 

50 

10 

<0.001 

Phenylalanine  [uniformly 

50 

22 

0.059 

labeled  in  the  ring 

50 

10 

0.053 

with  C»*] 

'  Samples  were  counted  on  a  Nuclear  Chicago  Unilux  scintil- 
lation counter  in  toluene  or  dioxane-methanol-water  scintillator 
solutions.  ^  This  figure  may  be  regarded  as  a  minimum  since  it 
was  calculated  on  the  basis  of  the  weight  of  inactive  mesembrine 
added  to  the  plant  extract. 


the  alkaloid.  Furthermore,  the  ratio  of  the  activities 
for  the  two  methoxyls  and  the  N-methyl  group  was  2:1. 
This  suggests  that  each  of  these  one-carbon  sites  makes 
an  equal  contribution  to  the  total  activity,  in  accordance 
with  expectation  for  the  result  of  a  transmethylation 
process  involving  the  S-methyl  group  of  methionine.* 

These  results  were  independently  confirmed  by  the 
degradation  of  radioactive  mesembrine  to  veratric 
acid  and  demethylation  of  the  latter  to  protocatechuic 
acid.  The  relative  activities  of  the  products  of  the 
degradation  sequence  are  shown  in  Table  II. 

Radioactive  mesembrine  derived  from  phenylalanine 
[C^*-ring  labeled]  was  converted  to  veratric  acid  which 
was  degraded  further  to  protocatechuic  acid.  The  rela- 
tive activities  of  the  degradation  products  indicate  that 
the  aromatic  ring  of  phenylalanine  is  incorporated  in- 
tact into  the  aromatic  ring  of  mesembrine  and  that  the 
label  is  restricted  to  this  portion  of  the  molecule. 
These  results,  when  considered  in  conjunction  with  the 
results  of  the  incorporation  of  radioactivity  from 
tyrosine-3-C^*  and  the  lack  of  activity  in  the  mesem- 


for  supplying  these  rare  botanicals,  and  to  Mr.  J.  N.  McQuay,  Botany 
Department,  Duke  University,  for  invaluable  help  with  their  cultiva- 
tion. 

(4)  See  R.  N.  Gupta  and  I.  D.  Spenser,  Can.  7.  Chem,,  43,  133 
(1965). 
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Table  n.    Relative  Activities  of  Mesembrine 
and  Its  Degradation  Products 


Phenylalanine 

Methionine- 

(Glaring 

S-methyl-C»* 

labeled) 

Mesembrine 

1.00 

1.00 

Veratric  acid 

0.64 

1.00 

Protocatechuic  acid 

<0.01 

1.01 

Methoxyls" 

0.58 
0.64* 

•  •  • 

N-Methyl« 

0.36 

a     •     a 

'  The  activity  on  the  carbons  of  the  methoxyls  and  the  N-methyl 
group  in  mesembrine  was  determined  by  the  Zeisel  method  in 
which  the  liberated  methyl  iodide  was  trapped  as  (CH^iNI  and 
converted  to  the  chloride  on  Dowex  AG  1-X8  before  counting. 
^  Figure  obtained  from  demethylation  of  veratric  acid. 


brine  derived  from  phenyIalanine-2-C^*,  indicate  (1) 
that  phenylalanine  is  not  converted  to  tyrosine  before 
incorporation  into  mesembrine,  (2)  phenylalanine  can 
serve  as  the  precursor  of  the  aromatic  Ce  unit  of  the 
alkaloid,  and  (3)  further  suggest  but  do  not  prove  that 


tyrosine  may  serve  as  a  precursor  of  the  C«-Cr-N  unit' 
The  results  on  the  incorporation  of  these  precurson 
into  mesembrine  are  reminiscent  of  those  obtained  for 
the  Amaryllidaceae  alkaloids  of  the  structurally  related 
crinane  series;  cf.  haemanthamine  (3).^  Experiments 
to  test  the  possibility  that  mesembrine  is  biosynthesized 
by  a  route  which  may  be  considered  as  an  extension  of 
that  known  to  occur^  in  the  crinane  series  are  in  hand. 


(5)  Degradation  studies  designed  to  determine  the  position  of  the 
label  in  the  mesembrine  derived  from  tyrosine-3-C*^  which  would 
establish  this  are  in  progress. 

(6)  A.  R.  Battersby,  H.  M.  Fales.  and  W.  C.  Wildman,  J.  Am.  Chem, 
Soc.,  83,  4098  (1961);  P.  W.  Jeffs.  Proc.  Chem.  Soc„  80  (1962);  W.  C 
Wildman,  H.  M.  Fales.  and  A.  R.  Battersby.  /.  Am.  Chem.  Soc.,  84, 
681  (1962);  D.  H.  R.  Barton.  G.  W.  Kirby.  J.  B.  Taylor,  and  G.  M. 
Thomas.  /.  Chem.  Soc.,  4545  (1963);  R.  J.  Suhadolnik  and  J.  Zulalian, 
Proc.  Chem.  Soc,  216  (1963). 

(7)  For  a  summary,  see  A.  R.  Battersby,  ibid.,  189  (1963);  D.  H.  R. 
Barton,  ibid.,  293  (1963). 

(8)  NSF  Undergraduate  Research  Participant,  1964-1965. 

(9)  NASA  Fellow,  1965  to  present. 

P.  W.  Jeffs,  W.  C.  Archie,*  D.  S.  Farrier* 

Department  of  Chemistry,  Duke  University 
Durham^  North  Carolina    27706 

Received  March  17, 1967 


Book  Reviews 


Electrophilic  Additions  to  Unsaturated  Systems.  By  P.  B.  D. 
DE  LA  Mare,  M.Sc.  (New  Zealand),  D.Sc.  (London),  F.R.I.C. 
Professor  of  Chemistry,  Bedford  College,  University  of  London, 
R^ent*s  I^k,  London  N.W.I,  and  R.  Bolton,  B.Sc.  (W.  Aus- 
tralia), Ph.D.  (Hull),  Lecturer  in  Chemistry,  Bedford  College,  Uni- 
versity of  London,  Regent*s  Park,  London,  N.W.I.  American 
Elsevier  Publishing  Co.,  52  Vanderbilt  Ave.,  New  York,  N.  Y. 
1966.    X  -h  284  pp.    14.5  X  21.5  cm.    $14.50. 

There  is  a  tremendous  amount  of  useful  information  in  this  rela- 
tively small  book,  which  is  primarily  concerned  with  acid-catalyzed 
additions  to  olefinic  double  bonds.  The  additions  of  electrophilic 
hydrogen  (water,  weak  and  strong  acids),  halogens,  oxygen,  sul- 
fur, nitrogen,  phosphorus,  arsenic,  and  the  elements  of  groups 
I-IV  are  covered  in  Chapters  3-10.  In  the  last  three  chapters  one 
finds  a  treatment  of  electrophilic  additions  to  acetylenes  and  allenes 
(Chapter  11),  conjugated  double  bonds  and  aromatic  hydrocar- 
bons (Chapter  12),  multiple  bonds  between  carbon  and  other 
atoms,  and  also  the  N=N  and  S==0  double  bonds  (Chapter  13). 
The  text  is  well  written  in  a  clear,  uncomplicated  manner.  Al- 
though there  is  too  much  material  covered  to  expect  all  of  it  to  be 
presented  critically,  the  authors  do  a  good  job  of  analyzing  the 
validity  of  the  results  they  review. 

Books  which  contain  discussions  of  so  many  isolated  experiments 
often  lack  continuity,  but  Drs.  de  la  Mare  and  Bolton  somehow 
manage  to  avoid  that  pitfall.  The  only  criticism  I  have  to  make  is 
that  Chapter  2,  titled  "The  Chemistry  of  Carbonium  Ions**  (de- 
spite the  claim  on  the  dust  jacket  that  it  is  an  important  chapter), 
could  better  have  been  omitted,  for  it  is  an  attempt  in  19  pages  to 
review  all  other  carbonium  ion  processes  not  included  in  electro- 
philic additions  to  unsaturated  molecules.  Such  material  has  been 
so  well  covered  elsewhere  that  it  is  unnecessary  here,  and,  further, 
it  cannot  be  adequately  treated  in  so  brief  a  manner. 

The  authors,  however,  have  provided  a  gold  mine  of  information 
for  professors  who  give  graduate  courses  in  physical  organic  chem- 


istry, because  their  effort  has  produced  a  competent  and  critical 
survey  of  a  field  which  has  not  previously  been  well  reviewed.  This 
last  fact  alone  is  enough  to  make  "Electrophilic  Additions  to  Un- 
saturated Systems**  a  popular  monograph,  for  it  fills  a  glaring  gap 
in  the  literature  of  carbonium  ions. 

Although  the  subject  matter  is  probably  too  specialized  to  be  of 
much  use  to  the  average  undergraduate,  most  practicing  organic 
chemists  can  profit  by  reading  this  book. 

(1)  Operated  by  the  U.  S.  Atomic  Energy  Commission  under  con- 
tract with  the  Union  Carbide  Corp. 

Clair  J.  Colliiis 

Oak  Ridge  National  Laboratory^ 

Oak  Ridge,  Tennessee 

and  University  of  Tennessee 

Knoxviile,  Tennessee 


The  Peptides.  Volume  n.  Synthesis,  Occurrence,  and  Action  of 
Biologically  Active  Polypeptides.  By  Eberhard  Schroder 
and  Klaus  LObke,  Hauptlaboratorium  der  Schering  AG, 
West  Berlin,  Germany.  Translated  by  Erhard  Gross,  Na- 
tional Institutes  of  Health,  Bethesda,  Maryland.  Academic 
Press  Inc.,  Ill  Fifth  Ave.,  New  York,  N.  Y.  1966.  xxvii  -f 
632  pp.    16  X  23  cm.    $30.00. 

This  admirable  book  is  a  thorough,  well-written  compilation  of 
information  on  biologically  active  peptides  as  it  existed  at  the  end 
of  1964.  Together  with  the  companion  volume  on  synthesis,  it 
will  undoubtedly  become  the  standard  reference  on  peptides. 

In  common  with  most  books  designed  to  give  a  large  amount  of 
information  in  concise  form,  this  book  will  not  be  exciting  reading— 
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at  least  to  the  nonexpert.  Its  presentation  b  well  organized,  direct, 
and  clear.  The  translation  from  the  original  German  by  Dr.  E. 
Cross  is  excellent,  and  typographical  errors  are  almost  nonexistent. 

The  authors  indicate  in  the  Introduction  that  the  book  is  written 
far  the  peptide  chemist.  Therefore,  a  critical  comparison  of  dif- 
ferent syntheses  for  a  naturally  occurring  peptide  could  be  expected, 
and  indeed  could  be  the  most  valuable  contribution.  Although 
some  criticism  is  made,  it  is  not  enough.  Take  the  example  of 
oxytocin.  The  synthesis  of  this  hormone  by  du  Vigneaud  and  as- 
sociates in  1953  is  generally  regarded  as  the  first  milestone  in  modem 
peptide  synthesis.  The  importance  of  this  synthesis  is  mentioned 
only  in  the  Introduction.  Reading  on  to  the  synthesis  of  oxytocin 
by  Boissonnas  and  associates,  we  find  a  statement  that  their  ap- 
proach is  more  rational,  but  no  reason  is  given  why.  Then, 
further  on,  the  stqjwise  ^nitrophenyl  ester  synthesis  by  Bodanszky 
and  du  Vigneaud  is  given  without  any  indication  of  its  importance 
as  the  first  significant  synthesis  by  the  now  very  popular  active- 
ester  approach. 

There  are  many  other  places  where  the  authors,  who  are  well 
qualified  by  their  own  important  contributions,  could  have  given 
valuable  critical  appraisal  as  to  the  possibility  of  racemization, 
superiority  of  one  synthesis  over  another  in  yields,  etc.  Generally 
speaking,  the  peptide  chemist  must  still  go  back  to  the  original  lit- 
erature for  these  comparisons,  but  Schroder  and  Liibke  have  given 
him  a  fine  starting  point. 

This  book  will  be  useful  to  anyone  interested  in  structure-ac- 
tivity relationships  of  peptides.  Excellent  tables  for  comparison 
are  given ;  for  instance,  the  table  for  oxytocin  derivatives  and  analogs 
summarizes  testing  results  on  67  compounds.  The  authors,  of 
course,  could  only  give  results  as  reported  in  the  literature,  and, 
since  biological  testing  results  vary  from  one  laboratory  to  another, 
absolute  comparisons  are  not  possible. 

Since  the  peptide  field  is  a  broad  one,  including  hormones,  pressor 
and  depressor  substances,  antibiotics,  and  even  enzymes  by  an  ex- 
tension of  the  definition,  it  is  unquestionably  important.  A  few 
synthetic  peptides  are  becoming  available  as  drugs  (oxytocin, 
angiotensin,  ACTH  derivatives),  and  undoubtedly  there  will  be 
more.  The  work  reported  by  Schroder  and  Lijbke  was  mostly 
done  in  the  past  ten  years,  a  testimony  to  improved  methodology 
and  increased  interest.  The  next  few  years  should  bring  even 
greater  advances. 

George  W.  Anderson 

Organic  Chemical  Research  Section,  Lederle  Laboratories 
American  Cyanamid  Company,  Pearl  River,  New  York 


Mojucnlar  Biology  of  Hmnan  Proteiiis  with  Special  Reference  to 
Piasaui  ProteioB.  Vohinie  1.  Nature  and  Metabolism  of  Extra- 
ccHoiar  ProteioB.  By  H.  E.  Schultze,  Formerly  Scientific  Direc- 
tor of  the  Behringwerke  AG,  Marburg/Lahn,  Germany,  and  J.  F. 
Heremans,  Professor  of  Internal  Medicine,  University  of  Louvain, 
Belgium.  American  Elsevier  Publishing  Co.,  Inc.,  52  Vanderbilt 
Ave..  New  York,  N.  Y.  1966.  xii  -f-  904  pp.  18  X  25  cm. 
S52.50. 

The  first  of  two  volumes  on  ^'Molecular  Biology  of  Human  Pro- 
teins** is  a  veritable  encyclopedia.  It  is  extremely  heavily  docu- 
mented, having  over  5500  references,  and  will  serve  as  an  excellent 
starting  point  for  becoming  familiar  with  almost  any  aspect  of  the 
subject.  A  unique  feature  is  a  comprehensive  large  chart  relating 
the  sedimentation  coefficients  of  the  various  serum  proteins  with 
their  behavior  on  paper  and  starch  gel  electrophoresis  and  on  im- 
munoelectrophoresis,  followed  by  a  table  listing  93  different  pro- 
teins found  in  serum  and  43  tables  giving  additional  data  on  those 
which  have  been  obtained  in  purified  form.  A  general  introduction 
to  structure  and  molecular  and  genetic  variation  in  proteins  is 
followed  by  sections  on  analytical  methods  in  protein  chemistry, 
the  data  on  the  various  serum  proteins  mentioned  above,  methods 
of  fractionation,  synthesis  and  turnover  of  plasma  proteins,  and 
exchange  between  mother  and  child.  The  final  section  contains 
10  chapters  on  proteins  of  extravascular  fluids  including  intestinal 
fluids,  urine,  cerebrospinal  fluid,  saliva,  milk,  and  colostrum,  etc. 

Both  authors  have  had  extensive  experience  in  working  with 
serum  proteins,  and  one  finds  useful  critical  comments  in  their  pres- 
entation of  the  subject  matter.  As  with  all  encyclopedic  works  it 
tends  to  be  sketchy  in  some  areas;  for  example,  it  is  doubtful  that 


one  can  learn  much  about  the  principle  of  electron  spin  resonance 
from  the  little  more  than  a  page  devoted  to  it  whhout  consulting 
the  references.  A  most  objectionable  feature  is  not  the  fault  of 
the  authors  but  of  the  publisher  who  used  a  very  glossy  paper  so 
that  one  is  constantly  disturbed  by  reflection  and  glare  while  read- 
ing by  artificial  light.  All  in  all  the  l)ook  is  of  great  value  and 
should  be  widely  consulted. 

EivinA.Kabat 

Department  of  Microbiology,  Columbia  University 

New  York,  New  York    10032 
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Chemical  Yields  and 
Quantum  Yields 


A  synthetic  organic  chemist  may  choose  to 
ignore  the  quantum  yield  and  concentrate  his 
attention  on  the  chemical  yield  which  after  all 
spells  out  the  utility  of  a  photochemical  reac- 
tion. But  the  unfortunate  fact  about  most 
photochemical  reactions  is  that  the  time  it 
takes  to  direct  enough  photons  into  the  reac- 
tion vessel  usually  introduces  another  factor 
which  cannot  be  ignored.  The  duration  of  a 
photochemical  reaction  is  invariably  measured 
in  hours,  frequently  in  days.  This  time  is  costly 
if  the  research  worker  has  to  watch  the  irradia- 
tion equipment  constantly.  It  is  no  longer  pos- 
sible to  leave  a  sealed  ampoule  of  the  material 
on  the  roof  of  the  laboratory  for  six  months  in 
the  hope  that  sunlight  which  is  both  cheap  and 
plentiful  (in  certain  latitudes)  will  make  the 
reaction  go. 

The  photoisomerlzation  of  1,  3-dienes  is  a 
useful  synthetic  method  for  the  preparation  of 
the  relatively  rare  cyclobutenes.' 


CH   =  CHg  . 
I  1 

R-CH   s  CHa 


CH  -  CH2 
II  I 

R-CH-  CH2 


(1-3  per  cent)  of  the  diene  is  used.  The  one  ex- 
ception among  the  simple  dienes  is  1,  3-buta- 
diene  which  gives  about  85  per  cent  of  cyclo- 
butene  and  15  per  cent  of  bicyclobutane.^  But 
these  isomerizations  have  very  low  quantum 
yields  which  range  from  0.1  to  0.01.  To  convert 
2  moles  of  1,  3-butadlene  would  require  200 
einsteins  of  photons  of  the  right  wavelength. 
The  RPR-208  reactor  gives  120  watts  of  uv  light 
at  254  m/i  which  is  highly  suitable  for  irradiating 
1,  3-dienes  including  1,  3-butadiene.  Yet  its 
power  input  is  only  500  watts.  It  requires  no  ex- 
ternal cooling  nor  any  special  high-voltage 
power  supplies  so  that  it  needs  virtually  no  at- 
tention while  in  operation. 

It  is  more  practical  to  use  somewhat  more 
concentrated  solutions  of  the  diene  (10-15  per 
cent)  in  an  inert  solvent  with  a  b.p.  at  least  40° 
different.  The  solution  is  taken  in  a  cylindrical 
quartz  vessel  and  irradiated  for  a  few  days  un- 
til all  of  the  diene  is  consumed.  To  isolate  the 
product  it  is  merely  necessary  to  separate  the 
solvent  and  any  polymeric  residue  by  distilla- 
tion. In  the  case  of  cyclobutene,  the  bicyclo- 
butane  can  be  readily  eliminated  by  letting  the 
material  stand  over  powdered  maleic  anhydride. 


The  chemical  conversion  in  the  reaction  is 
essentially  100  per  cent  if  a  very  dilute  solution 


For  mar*  information  aboirt  tha  Rayonct  RPR-201  or  th*  RPR*100  Roactor  and  Intorchangoablo  light  sourcas,  wrlta  to: 


The  Southern  New  England  Ultraviolet  Co. 

Dapt.  J203  •  9H  Nawflald  StrMt 
MMdlatown,  ConnKtlcut  OUST  U.S.A. 


22  Deuterated  Solvents 
for  Nuclear  Magnetic  Resonanci 

Available  in  high  isotopic  purity 
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Problems  in 
Spectroscopy 

Organic  Structure 

Determination 

by  NMR, 

IR,  UV,  and  Mass  Spectra 

Barry  M.  Trost 

University  of  Wisconsin 

412  Pages    Paperbound,  approx.  $2.95 

Cloth  bound,  approx.  $7.00 

This  series  of  problems  in  spectroscopic 
methods  of  structure  determination  is 
intended  to  supplement  senior-graduate 
courses  on  spectroscopy  in  organic 
chemistry  and  to  reacquaint  research 
chemists  with  its  methods.  After  the 
problems  have  been  done,  it  will  serve 
as  an  excellent  reference  of  standard 
spectra  in  which  all  the  spectral  data 
for  a  single  compound  are  in  one  place. 

Over  200  sets  of  problems  are  included, 
involving  almost  all  the  major  classes  of 
organic  compounds.  Each  problem 
consists  of  a  reproduction  of  the  IR, 
UV,  NMR,  and  in  most  cases,  mass 
spectra.  Compounds  possessing  typi- 
cal IR  functional  group  absorptions,  UV 
chromophores,  NMR  splitting  patterns, 
and  MS  fragmentation  patterns  are  in- 
cluded. In  addition,  an  information 
card  appears  with  each  unknown  which 
contains  data  such  as  the  compound 
number,  molecular  weight,  an  analysis 
for  the  elements,  and  any  deviation 
from  the  standard  set  of  recording  con- 
ditions used. 


W.  A.  BENJAMIN,  INC. 
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jHterscience  annomces  the 
INTERNATIONAL  JOURN 
OF  QUANTUM  CHEMIST 

Editor-in-Chief  PER-OLOV  LOwdIN,  Unin 
of  Uppsala,  Sweden,  and  University  of  Fi 

This  new  journal  is  devoted  to  original  paper 
quantum  mechanics  and  its  applications  to 
theory  of  atoms,  molecules,  and  crystals.  Partia 
attention  is  given  to  the  following  fields:  Fur 
mental  concepts  and  mathematical  structure 
quantum  chemistry;  Applications  to  atoms;  . 
plications  to  molecules;  Applications  to  cryst 
Applications  to  molecular  biology;  and  Compi 
tional  methods  of  quantum  chemistry. 

This  journal  consists  of  two  parts:  regular 
monthly  issues,  and  symposia  (issued  irregulai 
The  first  of  the  symposia,  scheduled  for  publical 
in  1967,  will  comprise  the  proceedings  of  the  In 
national  Symposium  in  Atomic,  Molecular,  ; 
Solid-State  Theory  in  Honor  of  Professor  J. 
Slater,  held  in  Florida  in  January,  1967.  Ma 
scripts  received  for  the  regular  issues  and  sympc 
indicate  that  subscribers  will  receive  at  least  1 
pages  of  material. 

1967  Buhscription  rate:  $70.00 

INTERSCIENCE  PUBLISHERS, 

a  diyision  of 

JOHN  WILEY  &  SONS,  Inc. 

605  Third  Avenue,  New  York,  N.  Y.  10016 


International  Summer  Scho 
on  Theoretical  Chemistry 

sponsored  by  the 
Science  Committee  of  the  NAT( 


Direction: 

Prof.  Dr.  H.  Hartmann 

Institut  fiir  physikalische  Chemie 

der  Johann-Wolfgang-Goethe-Universitat, 

6  Frankfurt  /  Main, 

Germany. 

Course  1967: 

Nuclear  Quadrupole  Resonance  Spectroscopy 
(Lectures  in  English) 

The  course  will  take  place  at  Frascati  (Roma) 
Italy  from  October  11th  to  October  21st,  1967 

Applications  are  invited  from  prospective 
participants  addressed  to 

Ferienkurs,  Institut  fiir  physikalische  Chemie, 
6  Frankfurt  am  Main  1,  Robert-May er-Strabe  1 

Closing  date  for  applications:   June  30th^  1967 
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This  is  a  corporation  talking. 

As  an  artificial  person,  we  can 
aspire  to  immortality. 

Makes  a  convenient  fapade 
for  lively  mortals. 


If  we  hadn't  had  good  people  we  wouldn't  be  where 
we  are  today,  but  wc  don't  have  enough  of  them  to 
face  the  problems  of  the  years  ahead. 

We  are  getting  smarter.  We  now  understand  that 
just  people  aren't  enough.  We  require  individuals— 
no  two  too  much  alike. 

Ideally,  we  hope  by  these  words  to  attract  into  our 
midst  an  individual  who  will  proceed  to  scientific  ac- 
complishments that  freshman  textbooks  of  the  1990s 
can  scarcely  ignore.  An  alternative  ideal  outcome 
would  be  to  attract  another  and  very  different  individual 
who  will  eventually  turn  from  direct  personal  contribu- 
tion to  science  and  will  wind  up  as  chairman  of  the 
corporation's  board  of  directors  in  the  1990s. 

The  effort  will  still  have  been  worthwhile  if  it  merely 
advises  a  few  scientists  that  our  size,  organic  integration, 
and  diversification  mean  for  the  individual  a  freedom 
of  choice  where  his  scientific  interests  and  experiences 
can  lead  him  as  the  years  go  on.  We  serve  human  needs 
both  through  the  photographic  process  and  through 
technologies  now  grown  far  away  from  photography. 
Thus  we  find  economic  support  for  a  very  broad  range 
of  fundamental  studies  on  which  the  technologies  may 
possibly  feed.  Hence  the  freedom  in  area  of  work. 

We  have  come  to  appreciate  also  the  need  for  free- 
dom in  choosing  the  direction  of  approach  to  scientific 
problems.  Strongly  motivated  scientists  we  can  set  free 
to  put  up  to  100%  of  their  working  time  into  research. 
They  can  have  assistance  and  auxiliary  laboratory  serv- 
ices by  colleagues  themselves  well  recognized  as  experts 
in  their  techniques— a  situation  that  fortunately  prevails 
in  the  Kodak  Research 
Laboratories.  They  can 
communicate  freely  with 
peers  and  yet  need  not 
carry  the  "teamwork"  fig- 
ure of  speech  to  where  one 
forgets  his  own  name  in 
return  for  a  dry  stall  and 
an  assured  bag  of  oats. 


EASTMAN  KODAK  COMPANY 


Radiochemistry 
Keutron  activation  analysis 
Cyclic  voitarmtietry 
Electroctiemical  stripping 

analysis 
Design  and  use  of  new 

electrocliemical  instruments 
Nonaqueous  titrimetry 
Automated  analysis 
Determination  of  functional 

grojps  in  polymers 
Analysis  by  thermometric 

titration 
Gas  cliromatography 
Gel  permeation 

chromatography 
Hiinlayer  chromatography 
Liquid-liquid  partition 

chromatography 
Membrane  osmometry 
Vapor  pressure  osmometry 
Dialysis 
Diftusivlty 
Diffusion  in  colloids 
Lattice  vibrations  in 

inorganic  crystals 
Properties  of  colloidal 

metallic  particles 
Bonding  in  complexes  of 

transition  metals 
Effect  of  structure  on 

optical  properties 
Solid-state  chemistry 
High-resolution  mass 

spectrometry 
Nuclear  magnetic  resonance 

spectrometry 
Long-range  Spin-Spin  coupling 

in  phosphorus  compounds 
Infrared  spectroscopy 
Electron  microscopy 
X-ray  fluorescence 
Atomic  absorption 

spectrometry 
Molecular  structures  by  single- 
crystal  x-ray  diffraction 
Kinetics  and  mechanisms  of 

chemical  reactions 
Rapid  reactions 
Mechanism  of  photographic 

development 
Reactivity  of  methylene  groups 
Mechanism  of  condensation 

reactions 
Reactions  of  singlet  oxygen 
Mechanisms  of  heterogeneous 

catalysis 
Reactions  at  solid-liquid  and 

liquid-liquid  interfaces 


Computational  simulathin  of 

chemical  processes 
Energy  transfer  mechanisms 
Mobility  of  small  molecules  in 

polymer  matrices 
Glass  transitions  in  polymers 

and  solid  polymeric  solutions 
Surfactant-polymer  interaction 
Melting  and  recrystailiiation 

of  polymers 
Structuie  of  liquids  and  gels 
Hydrothermal  stability  of  gel 

structures 
New  polymerization  reactions 
Organic  reactions  applied  to 

polymer  molecules 
Inorganic  polymers 
Syntnesis  of  new  water-soluble 

polymers 
Polymerization  kinetics 
Synthesis  and  properties  of 

poiyaliomers 
Optical  characteristics  of 

polymers 
Photochemistry  ot  organic 

stiver  complexes 
Organometallrc  compounds 
Luminescence  and 

photochemistry  of  organic 

compounds 
Organic  print-out  and 

bleach-out  systems 
Pholoreactions 

Photo-induced  redox  processes 
Photo  polymerization 
Photodegradation 
Solid-state  phenomena  In 

organic  compounds 
Photoconductivity 
Flash  photolysis  studies 
Exploration  ot  navel  methods 

ot  photography 
Polypeptide  chemistry 
Col  Of -forming  reactions 
Synthesis  of  organic 

compounds  for  many 

applications 
Synthesis  of  new  monomers 
Synthesis  of  new  heterocyclic 

compounds 
Pyrazolone  chemistry 
Synthesis  of  sulfur 

heterocyclics 
Cyanine  dye  synthesis 
Antioxidants 
Color  and  constitution  of 

organic  compounds 
Studies  of  dyes  and  dye  images 
Basic  chemistry  of  color 

photography 


The  above  list  is  printed  to  enable  the  reader 
of  Journal  of  the  American  Chemical  Society 
to  match  our  current  research  topics  against 
interests  he  may  have  developed  in  graduate 
school.  Communication  can  be  established 
through  Dr.  Dudley  B.  Glass,  Eastman  Kodak 
Company,  Rochester,  N.Y.  14650. 

In  Rochester,  N.Y.,  we  make  photographic 
and  non photographic  products.  In  Kingsport, 
Tenn.,  our  Tennessee  Eastman  Company 
makes  fibers,  plastics,  and  industrial  chemi- 
cals. In  Longview,  Tex.,  our  Texas  Eastman 
Company  does  petrochemistry.  All  in  all,  an 
equal-opportunity  employer  offering  a  broad 
choice  of  professional  work  and  living  con- 
ditions. 


f0uma/t^fAe  American  Chemical  Society  /  S9:ll  j  May  24, 1967 


JOURNAL 


OF    THE    AMERICAN    CHEMICAL    SOCIETY 

Volume  89,  Number  11  May  24,  1967 


PHYSICAL 

Solute-Solvent  Interactions.    I.    Evaluations  of  Relative  Activities  of  Reference  Cations  in  Acetonitrile  and  Water 

.   .   .  J.  F.  Coetzee  and  J.  J.  Campion    2513 

Solute-Solvent  Interactions.    II.    Relative  Activities  of  Anions  in  Acetonitrile  and  Water    .    .   .    J.  F.  Coetzee  and  J.  J.  Campion    2517 

Hydration  of  Undissociated  Salts  in  Acetonitrile I.  M.  Kolthoff  and  M.  K.  Chantooni,  Jr.    2521 

Very  Low-Pressure  Pyrolysis.    I.    Kinetic  Studies  of  Homogeneous  Reactions  at  the  Molecular  Level 

.   .   .  Sidney  W.  Benson  and  G.  Neil  Spokes    2525 

A  Nuclear  Magnetic  Resonance  Study  of  Steric  Effects  in  cis-  and  /ro/ij- 1, 4- Dichloro-2-butene 

.    .    .  Harry  G.  Hecht  and  Bob  L.  Victor    2532 

Halogen  Atom  Complexes.    Thermodynamic  and  Kinetic  Properties  of  the  Iodine  Atom- 

o-Xylene  Charge-Transfer  Complex     Robert  L.  Strong  and  Jeanne  Perano    2535 

The  Crystal  and  Molecular  Structure  of  the  Silver  Nitrate  Complex  of 

r/5^i5/ra-l,4,7-Cyclononatriene,  C»His(AgNOs)3 Richard  B.  Jackson  and  William  E.  Streib    2539 

Proton  and  Phosphorus-31  Nuclear  Magnetic  Resonance  Studies  of  Tetraalkoxyphosphonium 

Hexachloroantimonates  and  Related  Compounds Jack  S.  Cohen    2543 

INORGANIC 

Kinetics  and  Mechanism  of  the  Inner-Sphere  Electron- Exchange  Reaction  of  Hypophosphitochromium(III)  and  Chromium(II) 
Ions  in  Acidic  Solution Kermit  A.  Schroeder  and  James  H.  Espenson    2548 

The  Oxidation  of  Water  by  Cobaltic  Aquo  Ions Michael  Anbar  and  Israel  Pecht    2553 

Fonnation  of  Open-Cage  and  Closed-Cage  Carboranes  from  Tetraborane(10)  and  Acetylene 

.    .    .  Russell  N.  Grimes  and  Christopher  L.  Bramlett    2557 

ORGANIC 

The  Chemistry  of  Methylnorbomyl  Cations.    I.    Introduction  and  General  Survey 

.   .   .  Jerome  A.  Berson,  James  H.  Hammons,  Arthur  W.  McRowe,  Robert  G.  Bergman,  Allen  Remanick,  and  Donald  Houston    2561 

The  Chemistry  of  Methylnorbomyl  Cations.    II.    Sources  and  Identification  of  Sixteen  of  the  Methylnorbornanols 

.    .    .  Jerome  A.  Berson,  Arthur  W.  McRowe,  Robert  G.  Bergman,  and  Donald  Houston    2563 

The  Chemistry  of  Methylnorbomyl  Cations.    111.    Configurational  Correlation  of  2,3-  and  2,7-Substituted  Norbornyl 

Derivatives  by  Way  of  3-Substituted  Nortricyclenes Jerome  A.  Berson  and  Robert  G.  Bergman    2569 

The  Cbemistry  of  Methylnorbomyl  Cations.    IV.    Ratios  of  Rates  of  Nucleophilic  Capture  of  the  Cations  at 

Wagner-Meerwein-Related  Sites Jerome  A.  Berson,  Arthur  W.  McRowe,  and  Robert  G.  Bergman    2573 

The  Chemistry  of  Methylnorbomyl  Cations.    V.    Solvent  Capture  and  Hydride  Shift  in  the  3-^/f  Jo-Methyl  Series 

.   .    .  Jerome  A.  Berson,  Robert  G.  Bergman,  James  H.  Hammons,  and  Arthur  W.  McRowe    2581 

The  Chemistry  of  Methylnorbomyl  Cations.    VI.    The  Stereochemistry  of  Vicinal  Hydride  Shift. 
Evidence  for  the  Nonclassical  Structure  of  3-Methyl-2-norbomyl  Cations 
.    .    .  Jcrone  A.  Berson,  James  H.  Hammons,  Arthur  W.  McRowe,  Robert  G.  Bergman,  Allen  Remanick,  and  Donald  Houston    2590 

Studies  on  the  Molecular  Geometry  of  the  Norbornyl  Cation.    I.    The  Synthesis  and  Acetolysis  of  the  exo-  and 

ciidi9-4,5-Trimethylene-2-norbomyl  /^-Toluenesulfonates E.  J.  Corey  and  Richard  S.  Glass    2600 

Syntheses  and  Reactions  of  3-Substituted  Tricyclo[3.3.0.0*.«]octanes  and  of  Tricyclo[3.3.0.0».«]oct-3-ene 

.    .    .  Jerrold  Meinwald  and  Bruce  Emil  Kaplan    261 1 

Aromatic  Azapentalenes.    I.    Dibenzo-l,3a,4,6a-tetraazapentalene  and  Dibenzo-l,3a,6,6a-tetraazapentalene.    New 

Heteroaromatic  Systems R.  A.  Carboni,  J.  C.  Kauer,  J.  E.  Castle,  and  H.  E.  Simmons    261 8 

Aromatic  Azapentalenes.    II.    Reactions  of  Monobenzo-  and  Dibenzo-l,3a,4,6a-tetraazapentalenes 

.    .    .  R.  A.  Carboni,  J.  C.  Kauer,  VV.  R.  Hatchard,  and  R.  J.  Harder    2626 

Aromatic  Azapentalenes.    III.    l,3a,6,6a-Tetraazapentalenes J.  C.  Kauer  and  R.  A.  Carboni    2633 

Journal  of  the  American  Chemical  Society  \  89:11  \  Ma-y'lA^^^^T 


Kekule  Centennial 

ADVANCES  IN  CHEMISTRY 
SERIES  No.  61 

Ten  papers  develop  the  background  leading  up  to  Kekul^'s 
benzene  theory,  the  controversies  surrounding  it,  and  its  reper- 
cussions during  the  past  century.    Topics  include: 

«  History  of  structural  repr«s«nta(lon 

«  KakuM-Butiarov-Markovnlkov  controversies 

•  Effects  on  the  dy*  Industry 

•  Development  of  unsaturatlon 

•  Nonclasslcal  aromatic  compounds 

•  The  Ladenburg  formula 

•  Strain  theory 

198  pages  with  index.  Cloth  bound  (1966)  $6.50 

postpaid  In  U.  S.  and  Canada;   plus  20  cents  foreign  and  PUAS. 

Sat  of  LC.  cards  free  with  library  orders. 

Order  from: 

Dept.  I 

Special  Issues  Sales 
American  Chemical  Society 
1155  Sixteenth  Street,  N.W. 
Washington,  D.  C.  20036 


Ugnin 
Structure 
and  Reactions 


59 


LIGNIN  STRUCTURE 
AND  REACTIONS 

ADVANCES  IN  CHEMISTRY  SERIES  NO.  59 


Surveys  the  past  10  years'  research  on  lignin.  In  this  period 
quinonemethides  emerged  as  the  most  important  reactive 
intermediate  in  lignin  formation. 

The  current  presentation  of  lignin  structure  is  oversimplified; 
the  main  features  of  tlie  structural  concept  are  sharper  than 
ever,  and  new  fine  details  are  added. 

Seventeen  papers  including  a  survey  of  lignin  constitution 
by  Karl  Freudenberg,  to  whom  the  book  is  dedicated. 


267  pages  with  Index 


(1966)  $1.00  postpaid  In  U.S.  and  Canada;  plus  20  cants  foreign  and  PUAS. 

Set  of  L.C.  cards  free  with  library  orders. 
Order  from 

Special  Issues  Sales,  Dept.  I 

American  Chemical  Society 

1155  Sixteenth  St.,  N.W. 

Washington,  D.C.  20036 


'^oTia/of/Ae  AmeHam  Chemical  Society  /  89:11  /  May  24, 1967 


Aromatic  Azapentalenes.    IV.    Heats  of  Combination  of  Monobenzo-  and  Dibenzo-l,3a,6,6a-tetraazapentalenes 
and  Monobenzo-  and  Dibenzo-l,3a,4,6a-tetraazapentalenes.    The  Structure  of  Tetraazapentalenes 

.    .    .  Y.  T.  Cilia  and  H.  E.  Simmons    2638 

Aromatic  Azapentalenes.    V.     1,1 '-  and  l,2'-Bibenzotriazoles  and  Their  Conversion  to  Dibenzotetraazapentalenes 

.    .    .  R.  J.  Harder,  R.  A.  Carboni,  and  J.  E.  Castle    2643 

Tetrahexylammonium  Benzoate,  a  Liquid  Salt  at  25°,  a  Solvent  for  Kinetics  or  Electrochemistry 

.    .    .  C.  Gardner  Swain,  Atsuyoshi  Ohno,  David  K.  Roe,  Ronald  Brown,  and  Thomas  Maugh,  II    2648 

Evaluation  of  the  Basicity  of  Phosphine  Oxides  and  Phosphine  Sulfides  by  Measurements  of  Chemical  Shift  in  Sulfuric 

Acid  Solutions Paul  Haake,  Robert  D.  Cook,  and  Gail  H.  Hurst    2650 

Comparison  of  Liquid-Phase  and  Gas-Phase  Reactions  of  Free  Radicals Frank  R.  Mayo    2654 

Rotation  of  Styrene  and  r-Butylethylene  in  Pt(II)  Complexes  with  2,4,6-Trimethylpyridine 

.    .    .  Allan  R.  Brause,  Fred  Kaplan,  and  Milton  Orchin    2661 

Catalysis  of  or-Hydrogen  Exchange.    IV.    Deuterium  Exchange  of  Methoxyacetone 

.   .    .  Jack  Hine,  K.  Gerald  Hampton,  and  B.  C.  Menon    2664 

Equib'brium  in  Formation  and  Conformational  Isomerization  of  Imines  Derived  from  Isobutyraldehyde  and 

Saturated  Aliphatic  Primary  Amines Jack  Hine  and  Chuen  Yuan  Yeh    2669 

The  meso-iil  Isomerization  of  2,3-Dimethyl-2,3-diphenylsuccinonitrile Laiu-ence  I.  Peterson    2677 

The  Effect  of  Pressure  on  Rate  and  Equilibrium  in  Nucleophilic  Addition  to  Mesityl  Oxide  .    .    .  Julian  J.  Scott  and  K.  R.  Brower    2682 

Mechanisms  of  Ester  Hydrolysis  in  Aqueous  Sulfuric  Acids Keith  Yates  and  Robert  A.  McOelland    2686 

Stable  Cftrbonium  Ions.    XXXIV.    The  1-Methylcyclopentyl  Cation 

.   .   .  George  A.  Olah,  J.  Martin  Bollinger,  Chris  A.  Cupas,  and  Joachim  Lukas    2692 

Stable  Cftrbonium  Ions.    XXXVIII.    Alkenyloxocarbonium  Ions George  A.  Olah  and  Melvin  B.  Comisarow    2694 

Carbodiinriide-Sulfoxide  Reactions.    VL    Syntheses  of  2'- and  3 '-Ketouridines A.  F.  Cook  and  J.  G.  Moffatt    2697 

An  Electron  Spin  Resonance  Study  of  the  Radical  Cations  of  Some  />-Dialkoxybenzenes 

.    .    .  W.  F.  Forbes,  P.  D.  SulUvan,  and  H.  M.  Wang    2705 

Mass  Spectrometry  in  Structural  and  Stereochemical  Problems.    CXXX.    A  Study  of  Electron  Impact 

Induced  Migratory  Aptitudes Peter  Brown  and  Carl  Djerassi    2711 

Mass  Spectra  of  Nucleic  Acid  Derivatives.    II.    Guanine,  Adenine,  and  Related  Compounds 

.   .   .  Jerry  M.  Rice  and  Gerald  O.  Dudek    2719 

BIOLOGICAL 

Optical  Properties  and  the  Chemical  Nature  of  Acyl-Chymotrypsin  Linkages Elliot  Chamey  and  Sidney  A.  Bemhard    2726 

The  Mechanism  of  Polymerization  of  N-Carboxyanhydrides  in  Dimethylformamide.    Evidence  of  the 
Presence  of  Cyclic  Terminals  in  Polymers  Obtained  by  Strong  Base  Initiation 

.   .    .  M.  Terbojevich,  G.  Pizziolo,  E.  Peggion,  A.  Cosani,  and  E.  Scoffbne    2733 

COMMUNICATIONS  TO  THE  EDITOR 

PHYSICAL 

Rate  Constants  and  the  Mechanism  for  the  Transfer  of  Triplet  Excitation  Energy Richard  A.  Keller  and  Lloyd  J.  Dolby    2768 

INORGANIC 

Structures  of  Two  Compounds  Containing  Strong  Metal-to-Metal  Bonds 

.    .   .  M.  J.  Bennett,  F.  A.  Cotton,  B.  M.  Foxman,  and  P.  F.  Stokely    2759 

Preparation  and  Properties  of  Monocesium  Chloroxenate  (CsClXeOs) Bruno  Jaselskis,  T.  M.  Spittler,  and  J.  L.  Huston    2770 

l^de  Bond  Formation  and  Subsequent  Hydrolysis  at  a  Cobalt(III)  Center 

.    .    .  D.  A.  Buckingham,  L.  G.  Marzilli,  and  A.  M.  Sargeson    2772 

Chlorosilyl  Derivatives  of  Transition  Metals  and  Evidence  for  a  Conformational 

Eifect  on  Metal  Carbonyl  Stretching  Bands W.  Jetz  and  W.  A.  G.  Graham    2773 

The  Crystal  Structure  of  HReiMn(CO)i4.    A  Neutral,  "Electron-Deficient," 

Polynuckar  Carbonyl  Hydride H.  D.  Kaesz,  R.  Bau,  and  M.  R.  Churchill    2775 

Luminescence  of  Iridiiun(III)  Chelates  with  2,2'-Bipyridine  and  with  1,10-PhenanthroUne 

.    .    .  Kenneth  R.  Wunschel,  Jr.,  and  William  E.  Ohnesorge    2777 

Chlorinedll)  Oxide,  a  New  Chlorine  Oxide Edward  T.  McHale  and  Guentber  von  Elbe    2795 

ORGANIC 

Reaction  of  Carbon  Monoxide  at  Atmospheric  Pressure  with  Trialkylboranes.    A  Convenient  Synthesis  of  Trialkylcarbinols 

B&i  H>dlroborBtioQ Herbert  C.  Brown  and  Michael  W.  Ratfake    2737 

Journal  of  the  American  Chemical  Society  \  89:11  \  Ma^l4,\%1        V 


Reaction  of  Carbon  Monoxide  at  Atmospheric  Pressure  with  Trialkylboranes  in  the  Presence  of  Water. 

A  Convenient  Synthesis  of  Dialkylketones  via  Hydroboration Herbert  C.  Brown  and  Michael  W.  Rathke    2738 

Reaction  of  Carbon  Monoxide  at  Atmospheric  Pressure  with  Trialkylboranes  in  the  Presence  of  Sodium 

or  Lithium  Borohydride.    A  Convenient  Procedure  for  the  Oxymethylation  of  Olefins  via  Hydroboration 

.   .    .  Michael  W.  Rathke  and  Herbert  C.  Brown    2740 

Organic  Photochemistry.    II.    The  Photosensitized  Cross-Addition  of  Butadiene 

to  o-Acetoxyacrylonitrile Wendell  L.  Billing  and  J.  C.  Little    2741 

Organic  Photochemistry.    III.    1,2  vs.  1,4  Addition  as  a  Function  of  Sensitizer  Triplet  Energy  in  a  Cross- Addition  Reaction 

.    .    .  WendeU  L.  Dilling    2742 

A  New  Peptide  Coupling  Reagent D.  S.  Kemp  and  S.  W.  Chien  2743 

Specific  Base  Catalysis  of  Azlactone  Formation D.  S.  Kemp  and  S.  W.  Chien  2745 

A  Valence  Tautomer  of  Pyrener/>  15,1 6-Epoxide B.  Andes  Hess,  Jr.,  A.  S.  Bailey,  and  V.  Boekelheide  2746 

[2.2]Metacyclophane-l-eneand  ItsPhotoisomerization  to4,5J5,16-tetrahydropyrene Heinz  Blascfake  and  V.  Boekelheide  2747 

A  Stereoselective  Synthesis  of  Hydroazulenes.    Grounds  for  Structure  Revision  of  the  Vetivane  Sesquiterpenes 

.    .    .  James  A.  Marshall,  Niels  H.  Andersen,  and  Porter  C.  Johnson    2748 

The  Structure  of  /3-Vetivone  and  Related  Vetivane  Sesquiterpenes James  A.  Marshall  and  Porter  C.  Johnson    2750 

The  Acidities  of  Weak  Acids  in  Dimethyl  Sulfoxide  (DMSO)  Solutions.    III.    Comments  on  the  H-  Acidity  Scales 

.    .    .  Edwin  C.  Steiner  and  Joan  D.  Starkey      2751 

Acidity  in  Nonaqueous  Solvents.    V.    Acidity  Scales  in  Dimethyl  Sulfoxide  Solution 

.    .    .  Calvin  D.  Ritchie  and  Ronald  E.  Uschold    2752 

A  Novel  Method  for  the  Synthesis  of  Isomerically  Pure  Vinyl  Halides  from  Alkynes  via  the  Hydroalumination  Reaction 

.   .    .  George  Zweifel  and  Charles  C.  Whitney    2753 

A  New  and  Convient  Method  for  the  Preparation  of  Isomerically  Pure  a,/3-Unsaturated  Derivatives  via 

Hydroalumination  of  Alkynes George  Zweifel  and  Roger  B.  Steele    2754 

Organonickel  Compounds  as  Reagents  for  Selective  Carbon-Carbon  Bond 

Formation  between  Unlike  Groups     E.  J.  Corey  and  Martin  F.  Semmelhack    2755 

The  Synthesis  of  Large-Ring  1,5-Dienes  by  Cyclization  of  Allylic  Dibromides  with 

Nickel  Carbonyl E.  J.  Corey  and  Edward  K.  W.  Wat    2757 

Total  Synthesis  of  Humulene E.  J.  Corey  and  E.  Hamanaka  2758 

Photolysis  of  7-Keto  Sulfides Peter  Y.  Johnson  and  Glenn  A.  Berchtold  2761 

Photochemistry  of  Isothiochroman-4-one William  C.  Lumma,  Jr.,  and  Glenn  A.  Berchtold  2761 

Inhibited  Pseudo-Rotation  in  a  Cyclic  Monoalkylphosphorane D.  G.  Gorenstein  and  F.  H.  Westheimer  2762 

Contact  and  Solvent-Separated  Ion  Pairs  of  Carbanions.    III.    Reactivities  in  Proton-Abstraction  Reactions 

.    .    .  T.  E.  Hogen-Esch  and  J.  Smid    2764 

Indirect  "N-*H  Spin-Spin  Couplings  in  Quinoline-"N,  Its  Ethiodide,  and  Its  N-Oxide.    Relative  Signs  and  Solvent  Dependence 

.    .    .  K.  Tori,  M.  Ohtsuru,  K.  Aono,  Y.  Kawazoe,  and  M.  Ohnishi    2765 

Dibenzoequinene.    A  Novel  Heptacyclic  Hydrocarbon  from  the  Photolysis  of  [2.2]Paracyclonaphthane 

.    .    .  Harry  H.  Wasserman  and  PhiUp  M.  Keehn    2770 

The  Total  Synthesis  of  Racemic  Genipin G.  BikAi,  B.  Gubler,  Richard  S.  Schneider,  and  J.  Wild    2776 

Reaction  of  Tropone  with  Benzyne.    Formation  and  Photoisomerization  of  6,7-Benzobicyclo[3.2.2]nona-3,6,8-trien-2-one 

.    .   .  Joseph  Ciabattoni,  James  E.  Crowley,  and  Andrew  S.  Kende    2778 

Hofmann  Elimination.    I.    An  Example  of  a  cis-E2  Mechanism James  L.  Coke  and  Manning  P.  Cooke,  Jr.    2779 

Polar  Additions  to  Olefins  and  Acetylenes.    IV.    Evidence  for  Synchronous  C-H  and  C-Cl  Bond  Formation 

in  the  trans  Addition  of  Hydrogen  Chloride  to  3-Hexyne Robert  C.  Fahey  and  Do-Jae  Lee    2780 

Synthesis  of  Allenes  by  Means  of  Cycloelimination  Reactions Robert  Kalish  and  W.  H.  Pirkle    2781 

The  Rearrangement  of  Phosphorane  Boranes      R.  K5ster  and  B.  Rickbom    2782 

The  Stereochemistry  of  the  Free-Radical  Addition  of  Thiolacetic  Acid  to 

2-Chloro-4-r-butylcyclohexene Norman  A.  I^Bel  and  Andrew  DeBoer    2784 

Coordination-Catalyzed  Skeletal  Rearrangement  of  1 ,4-Dienes R.  G.  Miller    2785 

Conformational  Rigidity  in  Aliphatic  Paraffins.    Synthesis  and  Determination  of  Absolute  Configuration 

of  (35,55)- and  (3/?,5S)-2,2,3,5-Tetramethylheptane S.  Pucci,  M.  Aglietto,  P.  L.  Luisi,  and  P.  Pino    2787 

The  Configuration  of  Vinyl  Radicals.    The  Generation  and  Trapping  of  Each  Member  of  a  Configurationally  Isomeric 

Pair  of  Vinyl  Radicals G.  Dann  Sargent  and  M.  Warren  Browne    2788 

The  Reaction  of  Phenyl(trihalomethyl)mercurials  with  Hexamethylditin.    The  First  Case 
of  Dihalocarbene  Insertion  into  a  Metal-Metal  Bond  to  Give  a  Stable  MCX^M  System 

.   .    .  Dietmar  Seyferth  and  Frank  M.  Annbredit,  Jr.    2790 


The  Tricyclo[2.1.0.0*'*]pentane  System James  Trotter,  C.  S.  Gibbons,  Nobuo  Nakatsuka,  and  S.  Masamune    2792 

Photolysis  of  Dibenzoylstilbene  Episulfoxide.    Formation  of  Monothiobenzil 

.    .    .  Donald  C.  Dittmer,  George  C.  Levy,  and  George  E.  Kuhlmann    2793 

A  Novel  Method  for  the  Reduction  of  a,/3-Unsaturated  Ketones 

.    .    .  Sudarshan  K.  Malhotra,  Douglas  F.  Moakley,  and  Francis  Johnson    2794 

Synthesis  of  a  Medium  Ring  Containing  Bridge  Biphenyl  by  Photochemically  Induced  Intramolecular  Arylation 

.    .    .  P.  W.  Jeffs  and  J.  F.  Hansen    2798 

BIOLOGICAL 

The  Synthesis  of  N^Acetyl-3,4,5,6-tetrahydrocytidine  and  Copolymers  of  Cytidylic  Acid  and 

N*-Acetyl-3,4,5,6-tetrahydrocytidylic  Acid Naishun  Miller  and  Peter  A.  Cenitti    2767 

The  Presence  of  Dehydroalanine  in  the  Antibiotic  Nisin  and  Its  Relationship  to  Activity  ....  Erhard  Gross  and  John  L.  Morel!    2791 

2,3-Iminosqualene,  a  Potent  Inhibitor  of  the  Enzymic  Cyclization  of  2,3-Oxidosqualene  to  Sterols 

.    .    .  E.  J.  Corey,  Paul  R.  Ortiz  de  Montellano,  Kang  Lin,  and  Peter  D.  G.  Dean    2797 

ADDITIONS  AND  CORRECTIONS 

Halomethyl-Metal  Compounds.    II.    The  Preparation  of  ^m-Dihalocyclopropanes  by 
the  Reaction  of  Phenyl(trihalomethyl)mercury  Compounds  with  Olefins 

.    .    .  Dietmar  Seyferth,  James  M.  Burlltch,  Richard  J.  Minasz,  Jeffrey  Yick-Pui  Mui, 

Harry  D.  Simmons,  Jr.,  Amo  J.  H.  Treiber,  and  Susan  R.  Dowd    2799 

Nuclear  Magnetic  Resonance  Spectroscopy.    The  Configurational  Stability  of  Primary  Grignard 

Reagents.    Structure  and  Medium  Effects George  M.  Whitesides  and  John  D.  Roberts    2799 

Substituent  Effects.    VII.    The  ^*F  Nuclear  Magnetic  Resonance  Spectra  of  Substituted  1-  and  2-Fluoronaphthalenes 

.    .    .  W.  Adcock  and  M.  J.  S.  Dewar    2799 

The  Crystal  and  Molecular  Structure  of  2,4- Dithiouracil Eli  Shefter  and  Henry  G.  Mautner    2799 

Cyclosemigramicidin  S Michinori  Waki  and  Nobuo  Izumiya    2799 

Total  Synthesis  of  ^/-Atisine 

.    .    .  Wataru  Nagata,  Tsutomu  Sugasawa,  Masayuki  Narisada,  Toshio  Wakabayashi,  and  Yoshio  Hayase    2799 

The  Stereochemistry  of  the  Pentacyclic  Oxindole  Alkaloids 

.    .    .  Maurice  Shamma,  Robert  J.  Shine,  Ivan  Kompi§,  T.  Sticzay,  F.  Morsingh,  J.  Poisson,  and  J-L.  Pousset    2799 

Anodic  Oxidations  of  Medium  Ring  Cycloalkanecarboxy lie  Acids James  G.  Tray nham  and  John  S.  Dehn    2799 

BOOK  REVIEWS 

The  Molecular  Orbital  Theory  of  Conjugated  Systems.    By  Lionel  Salem Reviewed  by  Michael  J.  S.  Dewar    2800 

Solid  State  Cfhemistry,  Whence,  Where  and  Whither.    By  J.  Arvid  Hedvall Reviewed  by  M.  B.  Panish    2800 


Journal  of  the  American  Chemical  Society  \  89:11  \  Ma^  14,19 


AUTHOR  INDEX 


Adcock,  W..  2799 
Aglietto,  M.,  2787 
Anbar,  M.,  2553 
Andersen,  N.  H.,  2748 
Aono,  K.,  2765 
Armbrecht,  F.  M.,  Jr., 
2790 

Bailey,  A.  S.,  2746 
Bau,  R.,  2775 
Bennett,  M.  J.,  2759 
Benson,  S.  W.,  2525 
Berchtold,  G.  A.,  2761 
Bergman,  R.  G.,  2561, 

2563,  2569,  2573,  2581, 

2590 
Bernhard,  S.  A.,  2726 
Berson,  J.  A.,  2561,  2563, 

2569,  2573.  2581,  2590 
Blaschke,  H.,  2747 
Boekelheide,  V.,  2746, 

2747 
Bollinger,  J.  M.,  2692 
Bramlett,  C.  L.,  2557 
Brause,  A.  R.,  2661 
Brower,  K.  R.,  2682 
Brown,  H.  C,  2737,  2738, 

2740 
Brown  P.,  271 1 
Brown,  R.,  2648 
Browne,  M.  W.,  2788 
Biichi,  G.,  2776 
Buckingham,  D.  A.,  2772 
BurUtch,  J.  M.,  2799 

Campion,  J.  J.,  2513,  2517 
Carboni,  R.  A.,  2618, 2626, 

2633,  2643 
Castle,  J.  E..  2618,  2643 
Cerutti,  P.  A.,  2767 
Chantooni,  M.  K.,  Jr., 

2521 
Charney,  E.,  2726 
Chia,  Y.  T.,  2638 
Chien,  S.  W.,  2743,  2745 
Churchill,  M.  R.,  2775 
Ciabattoni,  J.,  2778 
Coetzee,  J.  F.,  2513,2517 
Cohen,  J.  S.,  2543 
Coke,  J.  L..  2779 


Comisarow,  M.  B.,  2694 
Cook,  A.  F.,  2697 
Cook,  R.  D.,  2650 
Cooke,  M.  P.,  Jr.,  2779 
Corey,  E.  J.,  2600,  2755, 

2757,  2758,  2797 
Cosani,  A.,  2733 
Cotton,  F.  A.,  2759 
Crowley,  J.  E.,  2778 
Cupas,  C.  A.,  2692 

Dean,  P.  D.  G.,  2797 
DeBoer,  A.,  2784 
Dehn,  J.  S.,  2799 
Dewar,  M.  J.  S.,  2799, 

2800 
DilUng,W.L.,  2741,2742 
Dittmer,  D.  C,  2793 
Djerassi,  C,  2711 
Dolby,  L.  J.,  2768 
Dowd,  S.  R.,  2799 
Dudek,  G.  O.,  2719 

Espenson,  J.  H.,  2548 

Fahey,  R.  C,  2780 
Forbes,  W.  F.,  2705 
Foxman,  B.  M.,  2759 

Gibbons,  C.  S.,  2792 
Glass,  R.  S.,  2600 
Gorenstein,  D.  G.,  2762 
Graham,  W.  A.  G.,  2773 
Grimes,  R.  N.,  2557 
Gross,  E.,  2791 
Gubler,  B.,  2776 

Haake,  P.,  2650 
Hamanaka,  E.,  2758 
Hammons,  J.  H.,  2561, 

2581,2590 
Hampton,  K.  G.,  2664 
Hansen,  J.  F.,  2798 
Harder,  R.  J.,  2626,  2643 
Hatchard,  W.  R.,  2626 
Hayase,  Y.,  2799 
Hecht,  H.  G.,  2532 
Hess,  B.  A.,  Jr.,  2746 
Hine,  J.,  2664,  2669 
Hogen-Esch,  T.  E.,  2764 


Houston,  D.,  2561,  2563, 

2590 
Hurst,  G.  H.,  2650 
Huston,  J.  L.,  2770 

Izumiya,  N.,  2799 

Jackson,  R.  B.,  2539 
Jaselskis,  B.,  2770 
Jeffs,  P.  W..  2798 
Jetz,  W.,  2773 
Johnson,  F.,  2794 
Johnson,  P.  C,  2748,  2750 
Johnson,  P.  Y.,  2761 

Kaesz,  H.  D.,  2775 
Kalish,  R..  2781 
Kaplan,  B.  E.,  261 1 
Kaplan,  F.,  2661 
Kauer,  J.  C,  2618,  2626, 

2633 
Kawazoe,  Y.,  2765 
Keehn,  P.  M.,  2770 
Keller,  R.  A.,  2768 
Kemp,  D.  S.,  2743,  2745 
Kende,  A.  S.,  2778 
Kolthoff,  I.  M.,  2521 
KompiS,  I.,  2799 
Koster,  R.,  2782 
Kuhlmann,  G.  E.,  2793 

LeBel,  N.  A.,  2784 
Lee,  D.-J.,  2780 
Levy,  G.  C.  2793 
Lin,  K.,  2797 
Little,  J.  C.  2741 
Luisi,  P.  L..  2/87 
Lukas,  J.,  2692 
Lumma,  W.  C,  Jr.,  2761 

Malhotra,  S.,  2794 
Marshall,  J.  A.,  2748,  2750 
Marzilli,  L.  G.,  2772 
Masamune,  S.,  2792 
Maugh,  T.,  II,  2648 
Mautner,  H.  G.,  2799 
Mayo,  F.  R.,  2654 
McClelland,  R.  A.,  2686 
McHale,  E.  T.,  2795 
McRowe,  A.  W.,  2561, 
2563,  2573,  2581,  2590 


Meinwald,  J.,  261 1 
Menon,  B.  C,  2664 
Miller.  N.,  2767 
Miller  R.  G.,  2785 
Minasz.  R.  J.,  2799 
Moaklcy,  D.  F.,  2794 
Moffatt,  J.  G.,  2697 
MoreU,  J.  L.,  2791 
Morsingh,  F.,  2799 
Mui,  J.  Y.-P.,  2799 

Nagata,  W.,  2799 
Nakatsuka,  N.,  2792 
Narisada,  M..  2799 

Ohnesorge.  W.  E.,  2777 
Ohnishi,  M.,  2765 
Ohno,  A.,  2648 
Ohtsuru,  M.,  2765 
Olah,  G.  A.,  2692,  2694 
Orchin,  M.,  2661 
Ortiz  de  Montellano,  P.  R., 
2797 

Panish,  M.  B.,  2800 
Pecht,  I.,  2553 
Peggion,  E.,  2733 
Perano,  J.,  2535 
Peterson,  L.  I.,  2677 
Pino,  P.,  2787 
Pirkle,  W.  H.,  2781 
Pizziolo,  G.,  2733 
Poisson,  J.,  2799 
Pousset,  J.,  2799 
Pucci,  S.,  2787 

Rathke,  M.  W.,  2737, 2738 

2740 
Remanick,  A.,  2561,  2590 
Rice,  J.  M..  2719 
Rickborn,  B..  2782 
Ritchie,  C.  D.,  2752 
Roberts,  J.  D.,  2799 
Roe,  D.  K.,  2648 

Sargent,  G.  D.,  2788 
Sargeson,  A.  M.,  2772 
Schneider,  R.  S.,  2776 
Schroeder.  K.  A.,  2548 


Scoffone,  E.,  2733 
Scott,  J.  J.,  2682 
Semmelhack,  M.  F.,  2755 
Seyferth,  D.,  2790.  2799 
Shamma,  M.,  2799 
Sheftcr,  E.,  2799 
Shine,  R.  J.,  2799 
Simmons,  H.  D.,  Jr.,  2799 
Simmons,  H.  E.,  2618, 

2638 
Smid,  J.,  2764 
Spittler,  T.  M.,  2770 
Spokes,  G.  N.,  2525 
Starkey,  J.  D.,  2751 
Steele,  R.  B.,  2754 
Steiner,  E.  C,  2751 
Sticzay,  T.,  2799 
Stokely,  P.  F.,  2759 
Streib,  W.  E.,  2539 
Strong,  R.  L.,  2535 
Sugasawa,  T.,  2799 
Sullivan,  P.  D.,  2705 
Swain,  C.  G.,  2648 

Terbojevich,  M.,  2733 
Tori,  K.,  2765 
Traynham,  J.  G.,  2799 
Treiber.  A.  J.  H.,  2799 
Trotter,  J.,  2792 

Uschold,  R.  E.,  2752 

Victor,  B.  L.,  2532 
von  Elbe,  G.,  2795 

Wakabayashi,  T.,  2799 
Waki,  M.,  2799 
Wang,  H.  M.,  2705 
Wasserman,  H»  H.,  2770 
Wat,  E.  K.  W.,  2757 
Westheimer,  F.  H..  2762 
Whitesides,  G.  M.,  2799 
Whitney,  C.  C,  2753 
Wild,  J.,  2776 
Wunschel,  K.  R.,  Jr.,  2777 

Yates,  K.,  2686 
Yeh.  C.  Y..  2669 

Zweifel,  G.,  2753,  2754 


Joiirmi/o//he  American  Chemical  Society  /  89:11  /  May  24, 1967 


JOURNAL 


OF    THE   AMERICAN   CHEMICAL   SOCIETY 

Rtgitt^td  in  U,  S.  Patent  OJUg,     ©  Copyright,  19^,  by  th$  AnuHean  Chtmical  Socisty 


VoLUNfB  89,  Number  1 1 


May  24,  1967 


Physical  and  Inorganic  Chemistry 


Solutes-Solvent  Interactions.    I.    Evaluations  of  Relative 
Activities  of  Reference  Cations  in  Acetonitrile  and  Water 

J.  F.  Coetzee^  and  J.  J.  Campion' 

Contribution  from  the  Department  of  Chemistry  ^  University  of  Pittsburgh^ 
Pittsburgh^  Pennsylvania    15213.    Received  December  12, 1966 


Abstract:  Extratheniiodynamic  methods  that  have  been  used  to  split  solvation  energies  of  electrolytes  into  the 
ionic  components  and  to  compare  single  ion  activities  in  different  solvents  are  reviewed  critically.  In  this  work, 
the  application  of  the  Bom  equation  is  restricted  in  such  a  manner  that  the  probable  reliability  of  the  compari- 
sons is  improved  significantly.  The  free  energy  of  transfer  from  acetonitrile  to  water  associated  with  potentially 
useful  reference  couples,  including  the  rubidium,  thallium,  ferrocene,  and  ferroin  systems,  is  evaluated.  The  rela- 
tive advantages  of  these  couples  are  discussed. 


It  is  well  known  that  the  properties  of  electrolytic 
solutes  quite  generally  are  modified  substantially  by 
interaction  with  the  solvent.  However,  quantitative 
information  about  this  important  process  is  limited. 
In  order  to  assess  the  relative  extent  of  such  inter- 
actions in  various  solvents,  it  is  necessary  to  estimate 
single  ion  activities  in  different  solvents  relative  to  a 
conunon  standard  state. 

The  basic  problem  of  evaluating  single  ion  activities 
and  Galvani  potentials,  and  the  related  ones  of  com- 
paring potentiate  in  different  solvents  and  splitting  the 
solvation  energies  of  electrolytes  into  the  ionic  com- 
ponents, constitute  classical  dilenmias  of  chemistry 
which  have  received  much  attention. '"^  The  essential 
point  is  that,  since  the  problem  is  not  accessible  to  exact 
thermodynamics,  it  is  necessary  to  follow  extrathermo- 
dynamic  procedures.  Perhaps  the  most  promising 
approach  at  present  is  based  on  an  assumed  ideal 
(nonspecific)  behavior  of  certain  solutes  with  respect  to 
their  oxidation-reduction  or  their  solubility  properties. 
Thus  various  authors  have  assumed  that  the  standard 

( 1 )  Address  all  correspondence  to  this  author. 

(2)  From  the  Ph.D.  thesis  of  this  author,  University  of  Pittsburgh, 
1966. 

(3)  H.  Strefalow,  Z.  Eiekirochem,,  56, 1 19,  827  (19S2). 

(4)  N.  A.  Izmailov,  ''Electrochemistry  of  Solutions,"  Kharkov  Uni- 
versity Press»  Kharkov,  U.S.S.R.,  1959. 

(5)  R.  G.  Bates,  ''Determination  of  pH,**  John  Wiley  and  Sons, 
lac..  New  York,  N.  Y..  1964. 


potentials  of  couples  such  as  rubidium  ion-rubidium 
amalgam,  ^'^  ferricinium  ion-ferrocene,^  or  the  iron- 
(III-II)  complexes  of  the  phenanthrolines'**®  are  rela- 
tively insensitive  to  specific  solvation  effects  and  there- 
fore should  be  reasonably  constant  in  different  solvents. 
In  a  related  approach,  Popovych^^  has  estimated  single 
ion  solvation  energies  from  solubility  data  by  assuming 
that  in  any  given  solvent  the  cation  and  anion  of  an 
appropriate  reference  electrolyte,  such  as  triisoamyl- 
butylammonium  tetraphenylboride,  will  have  equal 
free  energies  of  solvation.  These  assumptions  all  suffer 
from  certain  limitations.  Thus,  the  assumed  equality 
of  the  free  energy  of  solvation  of  the  ions  of  the  above 
reference  electrolyte  is  based  on  the  transport  properties 
of  the  ions,  specifically  the  approximate  equality  of  the 
Stokes  radii  in  methanol  and  water."  However,  no 
simple  correlation  necessarily  exists  between  the  trans- 
port properties  and  the  free  energy  of  solvation  of  an 

(6)  V.  A.  Pleskov,  Usp,  KMm„  16,  254(1947). 

(7)  J.  F.  Coetzee,  D.  K.  McGuire,  and  J.  L.  Hedrick,  /  Phys,  Chem,, 
67,  1814(1963). 

(8)  H.-M.  Koepp,  H.  Wendt,  and  H.  Strehlow,  Z.  Elektrochem.,  64, 
483  (1960);  also  see  H.  Schneider  and  H.  Strehlow,  /.  Eketroanal 
CAem.,  12,  530(1966). 

(9)  I.  V.  Nelson  and  R.  T.  Iwamoto,  Anal  Chem,,  33,  1795  (1961); 
35,867(1963). 

(10)  I.  M.  Kolthoff  and  F.  G.  Thomas,  /.  Phys.  Chem,,  ^,  3049 
(1965). 

(1 1)  O.  Popovych,  Anal  Chem,,  38,  558  (1966). 

(12)  J.  F.  Skinner  and  R.  M.  Fuoss,  /.  Phyt,  Chem,,  68,  1882  (1964). 
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ion,  because  other  factors  also  affect  transport  proper- 
ties. One  such  factor  is  the  additional  frictional  force 
produced  as  a  result  of  the  dielectric  relaxation  induced 
by  ionic  motion  in  a  polar  medium;^'  another  is  the 
change  in  local  viscosity  produced  by  the  structure-mak- 
ing and  structure-breaking  properties  of  ions  in  a  solvent 
such  as  water ;^^  and,  finally,  the  size  and  effective 
'^number"  of  the  solvent  molecules  accompanying 
the  ion  during  its  migration  also  enter  into  its  transport 
properties.  This  problem  would  persist  even  if  a  more 
ideal  reference  electrolyte,  such  as  tetraisoamylam- 
monium  tetraisoamylboride,^^  were  used.  The  uncer- 
tainty would  be  particularly  large  in  a  dipolar  aprotic 
solvent,  such  as  acetonitrile,  which  solvates  anions 
(except  those  that  are  highly  polarizable)  much  more 
poorly  than  cations.  For  such  solvents,  splitting  solva- 
tion energies  of  electrolytes  on  any  basis  involving  di- 
rectly or  even  indirectly  the  properties  of  an  anion 
probably  should  be  avoided.  Furthermore,  reference 
electrolytes  of  the  type  under  discussion  have  quite 
high  solubilities  in  dipolar  aprotic  solvents,  and  the 
required  activity  coefficients  for  the  saturated  solutions 
may  be  difficult  to  measure.  Nevertheless,  Popovych's 
approach  may  be  eminently  suitable  for  comparisons 
among  solvents  of  similar  relative  solvating  power  for 
cations  and  anions,  such  as  the  water-methanol  pair 
actually  studied.^' 

As  far  as  the  use  of  reference  redox  couples  for  the 
comparison  of  potentials  in  different  solvents  is  con- 
cerned, desiderata  include  the  lowest  and  most  shielded 
charge  possible,  maximum  size  and  symmetry,  and 
minimum  polarizability.  Other  factors  to  be  con- 
sidered are  listed  in  ref  8.  The  high-charge  type  of  the 
iron(III-II)-phenanthroline  couples  presents  a  serious 
problem;  the  Born  equation  (see  below)  predicts 
that  for  equal  effective  radii  the  free-energy  differ- 
ence associated  with  a  III-II  couple  will  be  five 
times  as  large  as  that  for  a  I-O  couple.  This  problem 
persists  even  after  due  allowance  has  been  made  for 
the  effect  of  ionic  strength  on  the  formal  potentials 
in  both  solvents  (through  activity  coefficients  and 
possible  incomplete  electrolytic  dissociation).  Fur- 
thermore, specific  solvation  effects  generally  are  magni- 
fied with  ions  of  high-charge  type. 

For  the  reasons  mentioned  above,  we  prefer  to 
base  our  comparisons  on  I-O  couples,  such  as  the 
rubidium  (or  cesium)  and  the  ferrocene  systems.  The  lat- 
ter has  the  important  advantage  of  considerably  greater 
size,  but  a  serious  uncertainty  comes  from  the  fact  that 
the  reduced  form  of  the  couple  is  also  present  in  solu- 
tion, so  that  Its  solvation  energy  is  involved,  and  this 
may  vary  considerably  from  one  solvent  to  another  (see 
below).  For  this  reason  we  place  prime  emphasis  on 
the  rubidium  scale,  adjusted  by  a  suitable  modification 
of  the  Born  equation,  as  described  in  this  paper.  The 
thallium(I-O)  potential  is  then  placed  on  this  scale, 
and  from  the  solubilities  of  thallium(I)  salts  the  relative 
activities  of  anions  in  acetonitrile  and  water  are  eval- 
uated, as  described  in  the  next  paper. 

Experimental  Section 

Preparation  and  Puriflcatioo  of  Chemicals.  Matheson  Coleman 
and  Bell  practical  grade  acetonitrile  was  purified  as  described 

(13)  R.  Zwaniig.  J.  Chem.Phys.,3$,  1603,1605(1963). 

(14)  H.  S.  Frank  and  M.  W.  Evans,  ibid.,  13,  507  (1945). 

(15)  J.  F.  Coetzee  and  G.  P.  Cunningham,  /.  Am.  Chem,  Soc^  87, 
2529(1965). 


before.  ^*  Thaliiuin(I)  perchlorate  was  prepared  by  treating  10  g  of 
Fisher  Purified  thalliuin(I)  nitrate  with  40  ml  of  3  A/  perchloric  add, 
evaporating  to  dryness,  and  then  recrystallizing  three  times  from 
water  and  drying  at  120°.  Tetraethylammonium  perchlorate  was 
prepared  as  described  elsewhere.^'  Thallium  amalgam  was  pre- 
pared by  adding  Fisher  Purified  thallium  metal  to  Bethlehem  Ap- 
paratus Co.  triple-distilled  mercury  and  heating  with  an  infrared 
lamp  under  a  nitrogen  atmosphere.  Analysis  of  the  amalgam  by 
addimetric  titration  >^  showed  that  it  contained  0.74  mole  %  of 
thallium.    It  was  stored  under  0.01  M  aqueous  sulfuric  add. 

Potcntionetrlc  Expcrimntf.  Measurements  were  made  with  a 
Leeds  and  Northrup  Model  8687  precision  potentiometer.  An  H- 
type  cell  was  constructed  with  10-mm  diameter  fritted  glass  disks  of 
fine  porosity  inserted  5  cm  apart  in  the  horizontal  (salt  bridge)  section 
of  the  cell.  Between  the  two  disks  a  vertical  tube  was  provided 
for  the  introduction  or  removal  of  salt  bridge  solution.  In  all 
experiments,  one  working  (vertical)  compartment  of  the  all-aceto- 
nitrile  cell  contained  an  Ag{(0.01  Af  AgNOi)  electrode  as  ref- 
erence.^* The  salt  bridge  compartment  contained  0AM  tetra- 
ethylammonium perchlorate.  In  the  measuring  compartment  a 
thallium  amalgam  dectrode  dipped  into  deaerated  0.01  M  tetra- 
ethylammonium perchlorate  containing  varying  amounts  of  thal- 
lium(I)  perchlorate.  Immediately  before  use  the  thallium  amalgam 
was  washed  twice  with  ddonized  water  and  then  twice  with  aceto- 
nitrile, after  which  it  was  introduced  into  a  J-tube  dectrode.**  An 
atmosphere  of  nitrogen  saturated  with  acetonitrile  was  maintained 
during  all  measurements. 

Results  and  Discussion 

In  Table  I  the  crystaliographic  radii  and  polaro- 
graphic  half-wave  potentials  of  the  alkali  metals  in 
acetonitrile  and  water  are  compared.''*^'**  In  Table 
II  the  standard  reduction  potentials  of  various  couples 
in  the  same  solvents  are  compared.***®**-" 

Standard  Potential  of  Thallium.  From  the  results  of 
three  different  series  of  experiments  with  0.74  mole  % 
thallium  amalgam  in  the  following  cell 

Tl(Hg)|Tia04  (O  -f  Et4Na04  (10-«  Af)|Et4NC104 

(10-»  M)|AgNOt  (10-«  M)|Ag 

plots  of  emf  OS.  log  C  were  linear  with  slopes  near 
the  theoretical  value  of  59  mv  for  values  of  C  in  the 
range  10"'  to  10"*  M.  Extrapolation  to  C  =  0  gave 
a  formal  potential  (on  the  molar  scale)  Eo'  for  the  par- 
ticular amalgam  used  in  10-*  M  Et4NC104  of  -0.521 
±  0.003  V  vs.  the  Pleskov  reference  electrode,  hereafter 
designated  as  PE. 

The  Debye-Hiickel  equation  for  the  rational  ac- 
tivity coefficient,  /j,,  of  a  1 : 1  electrolyte  in  acetonitrile  is 


-log  f±  = 


1.64S*/» 


1  +  (0.485aS*/') 


(1) 


where  S  represents  the  ionic  strength.  Rational  and 
molal  activity  coefficients  in  acetonitrile  are  related  as 
follows  through  the  molality,  m,  of  the  electrolyte  and 
the  molecular  weight,  M,  of  acetonitrile. 

y±  «  /±/(l  +  2  X  10-»  mAf)  =  fj(l  +  0.082  m)    (2) 
It  is  evident  that  at  molalities  below  0.1  the  two  scales 

(16)  J.  F.  Coetzee,  G.  P.  Cunningham,  D.  K.  McGuire,  and  G.  R. 
Padmanabhan,  Anal.  Chem.,  34, 1 139  (1962). 

(17)  J.  F.  Coetzee  and  J.  L.  Hedrick,  /.  Phys.  Chem.,  67,  221  (1963). 

(18)  T.  W.  Richards  and  F.  Daniels,  /.  Am.  Chem.  Soc.,  41, 1732 
(1919). 

(19)  V.  A.  Pleskov,  Zh.  Fiz.  Khim.,  22,  3S1  (1948). 

(20)  I.  M.  Kolthoff  and  J.  J.  Lingane,  /.  Am.  Chem,  Soc.,  57,  2377 
(1935). 

(21)  R.  M.  Noyes,  ibid.,  84,  513  (1962). 

(22)  W.  E.  Qark,  ibid.,  75,  6042  (1953). 

(23)  G.N.  Lewis  and  W.L.Argo,  <!>/</.,  37,  1983(1915). 

(24)  W.  M.  Latimer,  "Oxidation  Potentials,'*  2nd  ed,  Prentice-Hall, 
Inc.,  New  York,  N.  Y.,  1952. 

(25)  G.  N.  Lewis  and  M.  Randall,  "Thermodynamics,**  McGraw- 
Hill  Book  Co.,  Inc.,  New  York,  N.  Y.,  1923. 


Awraa/o/rAeAmeHcan  Chemical  Society  /  89:11  /  May  24, 1967 


TiUe  L    Comparison  of  Polarographic  Half- Wave  Potentials  of  Alkali  Metal  Ions  in  Acetonitrile  (AN)  and  Water  ( W) 


2515 


Ion 

r+« 

-(EvJan** 

(i^V.OxN- 

-(£vJw*'« 

(EV«')W 

AEv«'^ 

AEi/,',ciod' 

U+ 

0.60 

1.95 

0.03 

2.33* 

-0.20 

0.23 

0.25 

Na+ 

0.95 

1.85 

0.13 

2.12 

0.01 

0.12 

0.11 

K+ 

1.33 

1.96 

0.02 

2.14 

-0.01 

0.03 

0.02 

Rb+ 

1.48 

1.98 

0.00 

2.13 

0.00 

0.00 

0.00 

Cs^ 

1.69 

1.97 

0.01 

2.09 

0.04 

-0.03 

-0.02 

•  Orystallographic  radius.  A;  ref  21.  *  Volts  w.  aqueous  see.  «  Reference  7.  ^  Volts  vs,  (Ev«)an  of  Rb*^.  •  Volts  vs.  (EvJw  of  Rb"*". 
^  AEi//  s  (EviOan  —  (Ei/,Ow.  '  Values  of  AEv/  calculated  from  the  modified  Bom  equation  with  r^'  values  of  0.81  and  0.72  for  AN  and 
W,  respectively;  see  text.    *  Reference  22. 


Table  II.    Comparison  of  Standard  Reduction  Potentials  in 
Acetonitrile  (AN)  and  Water  (W)  Based  on  an  Adjusted 
Rubidium  Molal  Scale 


Measured  in 

AN,  V  vs. 

Derived  for 

Value  in  W, 

Ag|0.01  M 

AN,  V  vs. 

V  w. 

Couple 

AgNO,  (AN) 

nhe(W) 

nhe(W) 

Rubidium(I-0) 

-3.282« 

-2.779- 

-2.928* 

Thallium(I-0) 

-0.648* 

-0.145 

-0.336/ 

Ferrocene(l-0) 

+0.074*' 

+0.577 

+0.394* 

Fcrroin(ra-II) 

+0.846* 

+1.349 

+1.120* 

«  Computed  from  amalgam  potential  given  in  ref  19;  see  text 
^  This  work.  *  Reference  10;  also  see  ref  8  and  35.  -  Bom  cor- 
rection of  +0.149  applied  to  value  for  water.  On  this  basis  the 
AgiO.Ol  M  AgNOi  (AN)  reference  electrode  has  a  potential  of 
+0.503  V  referred  to  nhe  (W);  see  text.  « Reference  23.  /Refer- 
ence 24. 


differ  by  less  than  1  %.  Salts  such  as  Et4NC104,  which 
contain  relatively  "ideal"  ions,  are  completely  dis- 
sociated in  acetonitrile  at  concentrations  which  are  as 
low  as  10~*  M;"  hence  S  ^  10"*.  Assuming  that  the 
ion-size  parameter  a  can  be  approximated  by  the  Stokes 
radii"  for  Et4N+  (2.79  A)  and  CIO4-  (2.29  A),  it  is  found 
that  a  ^^  5  A  and  hence  y±^f±  =  0.74.  The  formal 
potential,  £oS  is  related  to  the  standard  (reduction) 
potential,  £09  as 


£0'  =  £0  +  0.059  log/nV(A>n(Hg) 


(3) 


where  x  is  the  mole  fraction  of  thallium  in  the  amal- 
gam. Assuming  that  for  the  very  dilute  amalgam  used 
/ti(He)  =  1,  it  is  found  that  £0  =  —0.639  v  vs.  PE. 
Applying  the  small  correction  of  --0.(K)25  v  for  the 
free  energy  of  amalgamation  of  thallium,*^  a  final  value 
of  i?o  =  —0.642  V  vs.  PE  is  obtained.  Since  the  density 
of  acetonitrile  is  equal  to  0.777  g  ml""\  the  correspond- 
ing value  of  £0  on  the  molal  scale  is  —0.642  —  0.(X)6 
or -0.648  vrs.PE. 

Standard  Potential  of  Rubidium.  Pleskov^*  measured 
an  emf  of  2.3275  v  for  the  following  all-acetonitrile  cell 
with  0.54  mole  %  amalgam. 

Rb(Hg)|RbI  (10-«  Af)|AgNO,  (10-«  Af)|Ag 

The  Stokes  radii  of  Rb+  and  I-  are  2.75  and  2.33  A, 
respectively.  Hence,  assuming  a  value  of  5  A  for  the 
ion-size  parameter  for  Rbl,  we  calculated  from  eq  1 
that  /fc  =  0.74.  Lewis  and  Argo*'  determined  the 
free  energy  of  amalgamation  of  Rb  by  measurements  on 
the  following  cell:  Rb(Hg)|RbI  in  EtNHs  containing 
7.9  mole  %  NH,|Rb.  With  0.54  mole  %  amalgam 
(the  same  concentration  as  that  used  later  by  Pleskov), 
the  emf  was  1 .0745  v.  Consequently  the  standard  po- 
tential of  Rb  in  acetonitrile  (on  the  molal  scale)  is  given 
by 


AG4.^  = 


£0  =  -2.3275  -  0.059  log  (0.74  X  10-«)  - 

1.0745  -  0.006  =  -3.282  v  vs.  PE 

Rubidium  Potential  Referred  to  the  Water  Scale. 
Modification  of  the  Born  Equation.  The  main  purpose 
of  this  paper  is  to  refer  the  potentials  measured  in 
acetonitrile  vs.  PE  (listed  in  the  second  colunm  of 
Table  II)  to  that  of  the  normal  hydrogen  electrode  in 
water.  Our  reasons  for  selecting  the  rubidium  potential 
for  this  purpose  have  been  given  in  the  introductory 
section. 

The  change  in  electrostatic  free  energy  occurring  when 
a  mole  of  electrolyte  is  transferred  from  the  gas  phase 
to  a  medium  of  dielectric  constant  D  is  given  as  a  first 
approximation  by  the  Bom  equation 

where  r+  and  r-  are  the  crystallographic  radii  of  the 
cation  and  anion,  respectively,  and  other  symbols  have 
their  customary  meaning.  However,  it  is  well  known 
that  the  Born  equation  has  the  serious  limitations  that  it 
recognizes  neither  specific  solvation  nor  dielectric  sat- 
uration. For  the  relatively  ideal  solutes  considered 
here,  specific  solvation  efi*ects  are  likely  to  be  unim- 
portant, but  the  same  is  not  true  of  the  diflerences  in 
dielectric  saturation  that  may  be  expected  in  water  and 
acetonitrile.  There  is  no  consensus  about  the  quantita- 
tive aspects  of  dielectric  saturation  in  water, ^"  although 
a  modification  of  the  Born  equation  which  explicitly 
allows  for  this  perturbation  has  been  used  with  apparent 
success  to  calculate  free  energies  of  transfer  from  water 
to  deuterium  oxide"  and  to  water-alcohol  mixtures. *• 
Too  little  is  known  about  dielectric  saturation  in  aceto- 
nitrile to  allow  a  quantitative  treatment  here.  How- 
ever, from  a  rough  comparison  of  the  known  polariza- 
bility  of  the  C^N  bond  in  HCN  (31  A')"  and  the 
average  polarizability  of  the  water  molecule  (14  A'),** 
it  can  be  predicted  qualitatively  that  dielectric  satura- 
tion may  be  even  more  pronounced  in  acetonitrile 
than  in  water.  (The  dipole  moments  of  acetonitrile 
and  water  are  3.37  and  1.84  D.,  respectively.) 

In  the  absence  of  a  reliable  estimate  of  the  eflective 
dielectric  constants  of  water  and  acetonitrile,  the  only 
practical  approach  is  the  well-known  one  introduced 
by  Latimer,  Pitzer,  and  Slanski,'^  in  which  the  eflective 


t» 


(26)  R.  A.  Robinson  and  R.  H.  Stokes,  ''Electrolyte  Solutions, 
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radii  of  the  solute  ions,  rather  than  the  dielectric  con- 
stant of  the  solvent,  are  corrected. 


AG^""  = 


-f  0  -  iX 


1 


r+  +  r+' 


+ 


r-  +  r-7 


(5) 


A  single  pair  of  values  for  the  correction  terms  r+' 
and  r-'  gives  a  fairly  self-consistent  match  of  calculated 
and  experimental  solvation  energies  for  the  alkali  metal 
halides  in  water.  This  self-consistency  provides  some 
justification  for  the  use  of  eq  5  to  split  solvation  ener- 
gies into  the  ionic  components.  Strehlow  and  his 
co-workers®  have  carried  out  such  a  split  for  acetonitrile 
by  comparing  the  solubilities  (S)  of  the  alkali  metal 
halides  in  water  (W)  and  acetonitrile  (AN) 


AG^^AN  =  AG±  V  +  2RT  In  |^ 


(6) 


and  then  fitting  the  AG±*^an  values  to  eq  5.  Omitting 
activity  coefficients  (which  are  unknown),  the  results 
lead  to  average  correction  terms  r+'  and  r-'  of  0.72 
and  0.61  A  for  acetonitrile,  as  compared  to  Latimer, 
Pitzer,  and  Slanski's  values  (subsequently  revised; 
see  below)  of  0.85  and  0.25  A,  respectively,  for  water. 
However,  the  fluctuations  in  these  values  for  the  indi- 
vidual salts  in  acetonitrile  are  quite  large.  Further- 
more, the  smaller  value  of  r+'  in  acetonitrile  means 
that  the  alkali  metal  ions  are  more  strongly  solvated  in 
that  solvent  than  in  water,  which  is  the  opposite  of  what 
polarographic  and  other  data  unambiguously  show  to 
be  the  case.  For  example,  the  second  last  column  of 
Table  I  shows  that  the  half-wave  potentials  of  the 
smaller  alkali  metal  ions  referred  to  that  of  rubidium 
or  cesium  are  more  negative  (corresponding  to  more 
difficult  reduction  of  the  ion)  in  water  than  in  aceto- 
nitrile, and  that  this  negative  shift  increases  smoothly 
with  decreasing  size  of  the  ion.  It  is  clear  that  all  of 
these  ions  must  be  more  strongly  solvated  in  water  than 
in  acetonitrile.  The  stronger  solvation  of  cations  by 
water,  as  compared  to  that  by  acetonitrile,  is  not  re- 
stricted to  the  alkali  metals.  In  particular,  high-charge 
type  ions  [e.g.,  Eu(IlI)]  show  large  positive  shifts  in 
half-wave  potential  in  acetonitrile,^  and  spectrophoto- 
metric  and  a  host  of  other  data  show  that  the  proton  is 
solvated  much  more  strongly  by  water  than  by  aceto- 
nitrile.'^ 

We  now  assume  that  the  Born  equation  can  be  modi- 
fied empirically  according  to  the  approach  of  Latimer, 
Pitzer,  and  Slanski  to  account  for  this  negative  shift 
in  water.  This  is  done  with  due  cognizance  of  the 
demonstrated  limitations  of  the  Born  equation  in  pre- 
dicting absolute  values  of  the  electrostatic  free  energy 
of  transfer  of  ions  from  the  gas  phase  to  water.  How- 
ever, by  restricting  the  use  of  the  equation  to  the  differ- 
ence between  water  and  acetonitrile,  and  by  imposing 
still  another  restriction  by  comparing  this  difference  for 
rubidium  with  those  for  the  other  ions,  many  of  the 
uncertainties  inherent  in  the  Born  treatment  should  be 
eliminated.  We  assume  that  the  "neutral"  part  of  the 
solvation  energy  differences  is  the  same  in  both  solvents 

(zero-energy  assumption '0- 

Sample  Calculation.  The  second  to  last  column  in 
Table  I  shows  that  the  difference  between  the  half-wave 
potentials  of  lithium  and  cesium  ions  is  0.26  v  smaller 

(32)  J.  F.  Coetzee,  Progr,  Phys.  Org.  Chem.,  in  press. 


in  acetonitrile  than  in  water,  corresponding  to  a  differ- 
ence in  solvation  energy  which  is  0.26(96,500  X  10"')/ 
4.18  or  6.0  kcal  mole""*  smaller  in  the  former  solvent. 
From  Noyes'  recent  tabulation,"  the  average  value  of 
r+ '  tor  water  is  0.72  ±  0.03.  Equation  5  with  D  = 
78.5  then  predicts  a  difference  in  solvation  energy  of 
lithium  and  cesium  of  56.1  kcal  mole"*  in  water. 
Hence,  in  acetonitrile  this  difference  amounts  to  56.1  — 
6.0  =  50.1  kcal  mole-*.  On  substituting  this  value, 
and  D  =  36.0,  for  acetonitrile  into  eq  5,  it  follows  that 


50.1  =  161 


k 


1 


1 


60  +  r+'       1.69 +  r+ 


-) 


from  which  the  value  of  r+'  for  acetonitrile  is  found  to 
be  0.81  A.  Similar  calculations  for  the  pairs  Li+-K+ 
and  Na+-K+  (for  which  the  differences  in  solvation 
energy  are  reasonably  large)  give  r+'  values  of  0.80 
and  0.82  A,  respectively.  We  therefore  assume  an 
average  value  of  0.81,  which  on  substitution  into  eq  5 
leads  to  calculated  positive  shifts  in  the  half-wave  (or 
standard)  potentials  in  acetonitrile  as  compared  to  water 
of  0.42, 0.28, 0.19, 0.17,  and  0.15  v  for  Li,  Na,  K,  Rb,  and 
Cs,  respectively.  The  last  column  of  Table  I  shows  an 
internally  consistent  agreement  between  calculated  and 
observed  differences  in  half-wave  potentials.  Vir- 
tually the  same  differences  are  calculated  if  the  compari- 
sons are  based  on  the  correction  factor  of  Latimer,  et  aL^ 
rather  than  that  of  Noyes.  For  exact  comparisons  of 
free-energy  values  in  two  different  solvents  it  is  neces- 
sary to  allow  for  the  difference  in  solvent  molality  in 
the  two  solvents.  Such  allowance  is  included  in  Gur- 
ney's  J  factors"  and  Frank  and  Rasaiah*s  "aquamolal- 
ity"  scales.'*  A  correction  of  —0.021  v  is  required  for 
this  purpose.  Consequently  the  standard  potential  of 
rubidium  becomes  0.17  —  0.021  =  0.149  V  more  positive 
in  acetonitrile  than  in  water.  The  standard  potentials 
for  the  thallium,  ferrocene,  and  ferroin  couples  in  aceto- 
nitrile reported  in  the  third  column  of  Table  II  are  based 
on  this  value. 

In  principle  it  should  be  preferable  to  apply  the  modi- 
fied Born  treatment  to  standard  potentials,  rather  than 
half-wave  potentials.  However,  the  standard  potential 
of  lithium  in  water  is  uncertain**  and  that  reported  for 
lithium  in  acetonitrile**  appears  to  be  seriously  in  error. 
We  have  discussed  elsewhere^  factors  to  be  considered 
in  the  comparison  of  half-wave  potentials  in  different 
solvents.  Many  of  the  uncertainties  associated  with 
such  comparisons  should  be  minimized  here,  since  only 
differences  among  the  alkali  metal  ions  are  involved. 
For  example,  conductance  data  show  that  the  influence 
of  M+CIO4"  ion-pair  formation  should  be  similar  for 
all  alkali  metal  ions  and  is  quite  small. 

The  Thallium,  Ferrocene,  and  Ferroin  Potentials. 
The  positive  shift  in  the  standard  potential  of  the  thal- 
lium(I-O)  couple  (0.191  v)  is  considerably  larger  than 
those  for  rubidium  (0.149  v)  or  potassium  (0.169  v), 
even  though  its  crystallographic  radius  (1.40  A)  is 
intermediate  between  those  of  the  two  alkali*  metals 
(1.48  and  1.33  A).  We  attribute  this  additional  shift 
to  the  "abnormally"  strong  hydration  of  T1+,**  which 
may  be  the  result  of  its  empty  5f  orbital. 

(33)  R.  W.  Gurney,  "Ionic  Processes  in  Solution/*  Dover  Publica- 
tions, New  York,  N.  Y.,  1953. 

(34)  J.  S.  Rasaiah,  Ph.D.  Thesis,  University  of  Pittsburgh,  1965. 


fMi/ 0/ the  American  Chemical  Society  /  89:11  /  May  24, 1967 


2517 


le  ferrocene  potential  is  0.18  v  more  positive  in 
3nitrile  than  in  water.  With  r+  =  3.8  A"  and 
values  of  0.72  and  0.81  A  for  water  and  acetonitrile, 
M:tively»  eq  5  applied  to  ferricinium  ion  accounts  for 

V  of  this  positive  shift.  It  may  appear  that  the 
lining  0.12  v  must  be  the  result  of  a  lower  solvation 
gy  of  ferrocene  in  water  than  in  acetonitrile.  How- 
,  the  actual  ratio  of  the  solubilities  of  ferrocene  in 
T  and  acetonitrile  is  smaller  than  would  be  ex- 
ed  on  this  basis.  Kolthoff  and  Thomas^®  deter- 
:d  a  solubility  value  of  1.7  X  10"^  m  voltametrically 
in  aqueous  0.1  M  Et4NC104  solution;  we  found  a 
e  of  2  X  10"^  m  by  extracting  a  saturated  solution 
:rrocene  in  pure  water  with  carbon  tetrachloride, 
»orating  (caution:  ferrocene  sublimes  easily),  and 
Jiing.    In  acetonitrile  we  found  a  solubility  of 

m.  Assuming  that  in  both  solvents  the  activity 
Sdent  of  ferrocene  is  near  unity,  the  expected  shift 
landard  potential  resulting  from  this  cause  would 
ear  0.24  v,  rather  than  0.12  v.  It  is  possible  that 
decrease  of  0.12  v  in  positive  shift  is  caused  by 
ophobic  repulsion,  which  would  decrease  the 
ility  of  ferricinium  ion  in  water.  Finally,  the 
rved  solubility  ratio  of  ferrocene  in  the  two  solvents 
esponds  to  18  eu,  which  may  be  attributed  quite 
3nably  to  the  reduced  entropy  expected  on  the 
I  of  the  Frank-Evans  modeP^  as  a  result  of  possible 
lation  of  cage  structures  between  ferrocene  and 
T,  We  conclude  that  both  ferrocene  and  ferri- 
im  ion  may  be  involved  in  specific  interactions 

water,  and  hence  that  this  couple  is  unsuitable  for 
purpose, 
le  ferroin  potential  is  0.23  v  (or  0.20  v  based  on  the 

in  ref  36)  more  positive  in  acetonitrile  than  in 
;r.    This  shift  corresponds  to  an  average  "effective 

)  D.  R.  Stnmks,  Disausioru  Faraday  Soe,,  29»  73  (1960). 
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radius  term  in  the  Born  equation  of  ca.  2.5  A,  a  value 
which  is  uncertain  but  not  unreasonable.  Although 
the  ligand  molecules  are  large,  the  structure  of  the 
iron(III)  and  iron(II)  complexes  is  quite  open,  per- 
mitting close  approach  of  both  water  and  acetonitrile 
molecules.  An  additional  complication  was  reported 
by  Kratochvil  and  Knoeck.*'  Partial  molal  entropy 
values  for  the  ferroin  couple  in  acetonitrile  indicate,  as 
expected,  a  greater  degree  of  solvent  ordering  around 
the  iron(III)  than  around  the  iron(II)  complex,  but  in 
water  the  situation  is  reversed.  This  difference  in 
solvent  ordering  was  attributed  to  preferential  hydrogen 
bonding  of  water  to  localized  regions  of  electronega- 
tivity on  the  iron(II)  complex.  Clearly  specific  inter- 
actions occur. 

It  therefore  appears  that  complexes  such  as  ferrocene 
and  ferroin,  which  contain  large  organic  ligands,  may 
be  useful  for  comparisons  among  relatively  similar 
nonaqueous  solvents,  but  not  for  comparisons  with 
water,  which  is  involved  in  a  variety  of  specific  inter- 
actions with  such  ligands,  the  details  of  which  at  present 
are  incompletely  understood. 

In  conclusion,  it  is  likely  that  application  of  the  Bom 
equation  in  the  restricted  manner  described  in  this 
communication  results  in  a  significant  improvement 
in  the  reliability  of  comparisons  of  potentials  in  water 
and  acetonitrile.  However,  it  should  be  stressed  that 
unambiguous  proof  of  the  validity  of  any  split  of  solva- 
tion energies  in  any  solvent  is  impossible  at  present. 

Acknowledgments.  We  are  indebted  to  Professor 
Henry  S.  Frank  of  this  department  for  stimulating 
discussions  on  the  interaction  of  solutes  with  the  struc- 
ture of  water.  This  work  was  supported  by  the  Na- 
tional Science  Foundation  under  Grant  No.  GP-1479. 

(36)  B.  Kratochvil  and  J.  Knoeck,  /.  Phys,  Chem.,  70, 944  (1966). 
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AMract:  The  free  energies  of  transfer  of  the  halides  and  of  nitrate,  perchlorate,  and  picrate  ions  from  water  to 
acetonitrile  have  been  evaluated.  Striking  differentiation  in  the  activities  of  these  ions  occurs  in  acetonitrile,  to  such 
an  extent  as  to  justify  the  statement  that  the  chemistry  of  electrolytes  in  this  solvent  generally  is  dominated  by  dif- 
ferences in  the  properties  of  anions.    The  implications  of  this  statement  are  discussed. 


onsiderable  circumstantial  evidence  indicates  that 
in  solvents  which  are  dipolar  but  essentially  aprotic, 
I  as  acetonitrile,  acetone,  nitromethane,  N,N- 
sthylfonnamide,  and  dimethyl  sulfoxide,  anions 
solvated  more  weakly  and  therefore  possess  higher 
^ties  than  is  the  case  in  water.    Only  two  examples 

Addrctt  all  oorresiwndence  to  this  author. 

From  the  Ph.D.  theais  of  this  author,  University  of  Pittsburgh, 


will  be  given  here,  (a)  Bimolecular  reactions  of  an- 
ions which  pass  through  large,  polarizable  transition 
states  containing  the  anion  proceed  much  more  rapidly 
in  aprotic  solvents  than  in  others.  For  example,  the 
relative  rates  of  the  following  Sn2  reaction 

a-  +  CH,i  — ►  I-  +  CH,a 

in  methanol,  formamide,  N-methylformamide,  and 
N,N-dimethylformamide  are   1,   12.5,  45.3,  and    1.2 
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Solubility  Products  of  Thalliuin(I)  Salts  and  Potassium  Picrate 

!■«•     VT  Ck^Wm    A«1»<9W%> 

\#1A 

Wnti>r  ..    . 

Log 
M7x-» 

Salt 

Sol- 

7±* 

pKsp 

Sol« 

y± 

pKsp 

^pKsB 

na 

3.19  X  10-^* 

1.00 

12.99 

3.76« 

9.23 

5.6 

TlBr 

4.25  X  10-»* 

1.00 

12.74 

5.47« 

7.27 

3.7 

Til 

8.07  X  10-»* 

1.00 

12.19 

7.19' 

5.00 

1.4 

TISCN 

9.04  X  10-»* 

0.97 

8.11 

3.77 

4.34 

0.8 

TINO, 

5.03  X  10-*  • 

0.93 

6.66 

4.407  X  10-» « 

0.497* 

1.32 

5.34 

1.8 

Tiao* 

3.31  X  10-»« 

0.65 

3.33 

5.22  X  10-1/ 

0.525* 

1.12 

2.21 

-1.4 

KPi 

1.53  X  10-»- 

0.72 

3.92 

2.42  X  10-»t 

0.88* 

3.34 

0.58 

-2.6 

>  Solubility,  as  molality.  ^  This  work,  results  of  tracer  experiments.  '  This  work,  results  of  evaporating  and  weighing.  '  Kolthoff  and 
Chantooni ;'  complete  dissociation  assumed.  *  Molal  activity  coeflScient,  calculated  from  the  Debye-Hiickel  equation  with  a=^5A.  f  Arith- 
metic mean  of  solubilities  at  20  and  30°  given  in  ref  9.  '  Reference  10.  *  Experimental  values,  ref  11.  •  Extrapolated  values,  ref  12. 
i  Based  on  adjusted  rubidium  scale,  according  to  which  log  utx-  *>  ApAspcrix)  —  3.59  ~  ApAIbKkx)  —  3.22;  see  text. 


X  10",  respectively.'  Such  striking  differences  in  rates 
have  many  important  implications  in  organic  chemistry 
in  particular;  for  details  refer  to  the  extensive  discus- 
sions by  Parker  and  co-workers.*'*  (b)  Many  Brpnsted 
acids  dissociate  in  aprotic  solvents,  S,  according  to  the 
following  over-all  scheme 

HA  +  S  +  HA  :^:^  SH+  +  AH  •  •  A- 

in  which  the  high  activity  of  A"  results  in  "homocon- 
jugation*'  (a  term  coined  by  Kolthoff)  with  the  parent 
acid.  Such  reactions  have  been  studied  extensively  in 
acetonitrile,  particularly  by  Kolthoff  and  Chantooni,^ 
and  also  by  others.* 

The  chemistry  of  electrolytes  in  aprotic  solvents 
generally  differs  markedly  from  that  in  other  solvents. 
Many  of  the  most  striking  differences  are  dominated  by 
variations  in  the  activities  of  anions,  such  as  those 
described  above.  However,  present  knowledge  about 
the  quantitative  aspects  of  these  variations  in  activity 
is  unsatisfactory.  This  communication  is  concerned 
with  the  evaluation  of  such  effects. 

It  is  important  to  improve  our  understanding  of  the 
chemistry  of  electrolytes  in  aprotic  solvents,  because 
in  such  solvents  a  clearer  picture  of  the  intrinsic  prop- 
erties of  solutes  can  be  obtained  than  is  possible  in  a 
strongly  masking  solvent  such  as  water.  However,  for 
various  reasons  water  must  remain  a  solvent  of  unique 
importance,  and  the  complex  spectrum  of  interactions 
occurring  between  water  and  solutes  has  far-reaching 
implications  in  many  branches  of  science.  It  is  evident 
that  comparisons  of  solute  properties  in  water  and  in 
"nonwaterlike"  solvents  are  bound  to  clarify  our  under- 
standing of  interactions  occurring  with  water. 

In  the  first  paper  of  this  series,^  we  have  presented  the 
results  of  an  extrathermodynamic  evaluation  of  the 
free  energy  of  transfer  of  certain  reference  cations,  such 
as  rubidium  ton  and  also  of  thallium(I)  ion,  from  water 
to  acetonitrile.  In  the  present  paper  the  complemen- 
tary quantities  are  evaluated  for  a  series  of  anions  from 
the  relative  solubilities  of  the  corresponding  thallium(I) 
salts  in  the  two  solvents.  The  results  show  striking 
differences  in  activity  of  anions  in  water  and  acetoni- 
trile. 

(3)  A.  J.  Parker,  Quart,  Rev.  (London),  16, 163  (1962). 

(4)  B.  W.  Clare,  D.  Cook,  E.  C.  F.  Ko,  Y.  C.  Mac,  and  A.  J.  Parker, 
/.  Am,  Chem.  Soc.,  88,  1911  (1966),  and  earlier  papers. 

(5)  I.  M.  Kolthoflf  and  M.  K.  Chantooni,  Jr.,  /.  Phys,  Chem,,  70,  856 
(1966),  and  earlier  papers. 

(6)  J.  F.  Coetzee  and  G.  P.  Cunningham,  /.  Am,  Chem,  Soc,,  87,  2534 
(196S);  J.  F.  Coetzee  and  G.  R.  Padmanabhan,  /.  Phys,  Chem.,  69, 
3913(1965). 

(7)  J.  F.  Coetzee  and  J.  J.  Campion,  /.  Am,  Chem,  Soc,,  89,  2513 
(1967). 


Experimental  Section 

Preparatioo  and  Puriflaitioii  of  Chemicata.  Eastman  White 
Label  tetraethylammoniuin  chloride  and  bromide  were  recrystal- 
lized  from  2-propanol  and  dried  in  vacuo  at  50*".  Tetraethyl- 
ammonium  iodide  was  prq3ared  by  titrating  Eastman  Yellow  Label 
tetraethylammonium  hydroxide  solution  with  Eastman  50%  hy- 
drogen iodide.  The  solution  was  concentrated  by  heating,  and  the 
crystals  were  filtered  off  and  recrystallized  from  ethanol.  The 
product  was  dissolved  in  a  1 : 1  mixture  of  ethanol  and  acetone,  then 
precipitated  with  ether,  and  finally  dried  in  vacuo  at  50^.  Tetra- 
ethylammonium thiocyanate  was  prepared  directly  in  ac^onitrile 
by  treating  a  solution  of  tetraethylanunonium  chloride  with  a  1  % 
excess  of  Baker  Analyzed  Reagent  potassium  thiocyanate  and  then 
filtering  off  potassium  chloride,  which  is  virtually  insoluble  in  ace- 
tonitrile. The  solution  was  standardized  by  titration  with  silver 
nitrate.  Fisher  Purified  thalliimi(I)  nitrate  was  recrystallized  fi*oai 
water  and  dried  at  120°.  Other  chemicals  were  treated  as  de- 
scribed.7 

PotentioiiieCrie  Experiments.  The  apparatus  was  the  same  as  that 
described  previously.  Solubility  products  of  the  thallium(I) 
halides  and  thiocyanate  were  determined  by  measuring  the  potential 
of  a  thallium  amalgam  electrode  in  a  solution  prepared  by  adding 
5  X  10-*  to  5  X  10-»  A/  thallium(I)  perchlorate  to  5  X  lO"*  M 
tetraethylammonium  halide  or  thiocyanate. 

Radioactivity  Measurements.  All  measurements  were  made  with 
a  Gdger  counter  coupled  with  a  Nuclear  Chicago  decade  scaler 
(Model  181).  Samples  were  counted  on  stainless  steel  planchets 
mounted  on  aluminum  cards  and  covered  with  Mylar.  Radio- 
active thallium(I)-204  nitrate  supplied  by  the  Oak  Ridge  National 
Laboratory  was  diluted  with  water  to  give  an  activity  of  ca.  1 
mcurie/ml,  and  this  solution  was  then  used  to  dissolve  an  accurately 
weighed  100-fold  excess  of  inactive  thallium(I)  perchlorate  and  to 
make  it  up  to  exactly  10  ml,  giving  a  0,500  M  labeled  solution. 
Precipitates  of  labeled  TIQ,  TlBr,  Til,  and  TISCN  were  prepared  by 
treating  exactly  1  ml  of  this  labeled  solution  with  exactly  1  ml  of 
0.525  M  reagent  quality  NaQ,  KBr,  KI,  and  NaSCN,  respectively. 
The  precipitates  were  washed  at  least  four  times  with  distilled  water, 
transferred  to  polypropylene  bottles,  and  dried  in  vacuo  at  60°. 
Acetonitrile  was  added,  and  the  bottles  were  sealed  with  serum  caps 
and  shaken  for  24  hr.  Aliquots  then  were  transferred  to  propyl- 
ene centrifuge  tubes  by  means  of  plastic  syringes  and  centrifuged. 
Aliquots  (1  ml)  were  withdrawn  with  polypropylene  pipets  and 
evaporated  on  planchets  under  an  infrared  lamp.  A  Duco  cement- 
ethyl  acetate  mixture  (1  ml)  was  then  added  to  each  planchet  and 
also  evaporated,  after  which  the  samples  were  counteid.  Aliquots 
(1  ml)  of  5.(X)  X  10~*  M  labeled  TlQOi  (prepared  by  diluting  the 
0,500  M  stock  solution  of  TIQO4)  served  as  standards.  It  was 
necessary  to  use  plastic  ware,  because  it  was  found  that  glass  ad- 
sorbed appreciable  amounts  of  thallium.  Several  measurements 
were  made  with  each  precipitate,  with  a  reproducibility  of  ca, 
d:  5  %  in  the  number  of  counts. 

Results 

The  solubilities  of  a  variety  of  thallium(I)  salts  and 
potassium  picrate  in  acetonitrile  and  water  are  com- 
pared in  Table  I.*-**    The  values  listed  for  the  halides 


(8)  L  M.  Kolthoff  and  M.  K.  Chantooni,  Jr.,  ibid.,  87,  4428  (1965). 

(9)  "International  Critical  Tables,*'  Vol.  IV,  McGraw-Hill  Book  Co., 
Inc.,  New  York,  N.  Y.,  1928.  p  220. 

(10)  A  Seidell,  **Solubilities  of  Inorganic  and  Metal  Organic  Com- 
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liocyanate  in  acetonitrile  were  obtained  by  tracer 
irements  and  were  checked  potentiometrically  as 
bed  in  the  Experimental  Section.  The  potentio- 
:  data  gave  the  following  p^sp  values:    TICl, 

TlBr,  12.4;  Til,  11.8;  and  TISCN,  8.0.  We 
'  the  tracer  data,  because  of  the  uncertainty 
^ed  in  estimating  the  activity  coefficients  required 
iting  the  results  of  the  potentiometric  experiments, 

were  primarily  designed  to  detect  possible  for- 
n  of  anion  complexes.  The  Stokes  radii  of  I~ 
r"  are  2.33  and  2.37  A,  respectively,*'  and  that  for 
i  near  2.5  A,  as  computed  from  the  approximate 
of  Walden  and  Birr.**  Hence,  as  before,'  we 
ic  that  a  =  5  A  in  the  Debye-Hiickel  equation, 
ypical  experiment  with  a  mixture  of  5.0  X  10"* 
traethylammonium  halide  and  5.0  X  1&~'  M 
im(I)  pcrchlorate,  S  '^  4.5  X  10"*,  assuming 
lete  diss3ciation  of  the  quaternary  ammonium 
'  and  no  significant  complexation  beyond  the 
stage.  (Actually,  no  complexation  whatever 
etected.)    We  obtain /j.*  =  0.35,  a  value  which  is 

enough  to  introduce  considerable  uncertainty, 
uther  details,  see  ref  2. 

nkm 

OB  Activities.  It  will  be  convenient  here  to  refer 
:tivity  coefficient  of  an  ion  in  acetonitrile  to  its 
dy  dilute  solution  in  water  as  standard  state, 
onversion  factor  required  for  this  purpose  is  the 
ium  activity  coefficient,"  mTi- 


w7i.AN   =   (AN7l,ANXM7i) 


(1) 


AN7i.AN    is    the    conventional    Debye-Hiickel 

activi^  coefficient  of  the  ion  in  acetonitrile  re- 

to  acetonitrile  as  standard  state,'  and  wTi.an 

desired  over-all  activity  coefficient.    It  is  clear 

he  medium  activity  coefficient  simply  represents 

ee  energy  of  transfer  of  the  ion  from  acetonitrile 


AG,^  =  Gi^AN  -  G|  V  =  RT  In  mTi 


(2) 


urther  information,  refer  to  the  discussions  by 
^*  and  Popovych.*' 

dium  activity  coefficients  are  tabulated  in  the  last 
ji  of  Table  I  for  several  anions.    The  numbers  are 

on  log  M7i  values  for  T1+  and  K+  ions  of  3.23 
,86,  respectively,  and  a  correction  term  of  0.36 
iterconversion  with  the  ''aquamolality  scale."^ 
mmediate  significance  of  medium  activity  coef- 
s  can  be  illustrated  as  follows.  Compare  the 
y  of  chloride  ion  in  10~^  m  solutions  of  lithium 
de  in  water  and  acetonitrile,  referred  in  both  cases 

infinitely  dilute  solution  in  water  as  standard 
In  water,  w7ci-.w  ^  0-9;  hence,  w^a-.w^  9  X 

In  acetonitrile,  AN7a-,AN  "^  0-8  (calculated 
the  Debye-Huckel  equation)  and  mTq-  =  4  X 
lence,  w^ks-u^  '^  3  X  10*. 

.-  VoL  I,  3rd  cd,  D.  Van  Noitrand  Co.,  Inc.,  New  York.  N.  Y., 
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All  anions  tested,  except  perchlorate  and  picrate 
ions,  favor  water  over  acetonitrile  as  solvent.  In  water, 
anions  are  stabilized  mainly  by  strong  hydrogen  bond- 
ing as  a  result  of  the  localized  positive  charges  of  the 
water  dipoles.  Although  the  dipole  moment  of  aceto- 
nitrile is  high  (3.37  D.),  and  in  a  nitrile  the  positive 
pole  apparently  is  localized  mainly  on  the  cyanide 
carbon  atom,*^"  the  charge  density  there  is  likely  to 
be  less  than  on  the  small  water  protons;  in  addition,  a 
certain  degree  of  charge  delocalization  nevertheless  is 
likely  to  occur.  Steric  factors  probably  also  impede 
solvation  of  anions  by  acetonitrile.  Thus,  because 
of  the  vicinity  of  the  electron  cloud  of  the  C^N  bond, 
an  anion  probably  will  be  forced  to  take  up  the  specific 
position  indicated  in  structure  I,  resulting  in  loss  of 
freedom  of  rotation.  Furthermore,  solvation  of  a 
(small)  anion  by  more  than  one  acetonitrile  molecule 
then  becomes  improbable.  The  same  is  not  true  for 
the  cylindrically  symmetrical  solvate  of  a  cation,  indi- 
cated in  structure  II. 
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Direct  measurement  of  the  medium  activity  coefficient 
of  fluoride  ion  is  likely  to  be  prone  to  large  errors. 
Fluoride  ion  should  be  a  very  strong  base  in  acetonitrile, 
and  traces  of  acidic  impurities  (such  as  water)  should 
cause  a  large  increase  in  the  solubility  of  sparingly 
soluble  fluorides.  However,  it  may  be  possible  to 
estimate  an  approximate  value  for  its  medium  activity 
coefficient  from  those  of  the  other  halide  ions.  A  plot 
of  log  m7x-  ^s.  the  reciprocal  of  the  crystallographic 
radius  is  linear  (Figure  1),  which  on  extrapolation  to  r 
=  1.36  A  gives  log  m7f-  "^  14.  The  corresponding 
value  for  potassium  ion,  which  has  virtually  the  same 
radius  (1.33  A),  is  only  2.86,  or  11  units  smaller.  On 
the  other  hand,  iodide  ion  and  a  hypothetical  alkali 
metal  ion  of  the  same  radius  should  have  approximately 
the  same  medium  activity  coefficient.  These  estimates 
illustrate  one  aspect  of  the  strong  differentiation  in  the 
properties  of  electrolytic  solutes  occurring  in  acetoni- 
trile. 

The  two  intercepts  in  Figure  1  predict  that  a  hypo- 
thetical alkali  metal  ion  with  a  radius  near  13  A  (the 
exact  value  is  uncertain)  should  have  equal  solvation 
energies  in  acetonitrile  and  water,  and  that  for  a  halide 
ion  the  analogous  radius  is  only  2.3  A.  We  attribute 
the  fact  that  neither  value  is  infinity  (which  may  have 
implications  for  Izmailov's  splits;  see  below)  to  the  in- 
fluence of  other  factors,  in  addition  to  that  which  may  be 
termed  a  first-order  (Born)  electrostatic  effect.  The  po- 
larizabilities  of  the  ions,  which  increase  rapidly  with  in- 
creasing radius,  may  be  such  an  additional  effect.  The 
polarizability  of  a  halide  ion  is  greater  than  that  of  an 
alkali  metal  ion  of  equal  radius,  and  the  difference  in- 
creases with  increasing  radius.^*  Hence,  it  is  to  be 
expected  that  this  additional  effect  will  cause  equal 
solvation  of  a  halide  ion  in  the  two  solvents  to  occur 

(17)  F.  E.  Murray  and  W.  G.  Schneider,  Can,  J,  Chem,,  33,  797 
(1955). 

(18)  W.  Dannhauser  and  A.  F.  Flueckinger,  J,  Phye,  Chem.,  68, 1814 
(1964). 

(19)  E.  S.  Rittner,  /.  Chem.  Phys,,  19, 1030  (1951). 
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Figure  1 .   Dependence  of  medium  activity  coeflSdents  of  halide  and 
alkali  metal  ions  on  radii. 


at  a  smaller  radius  than  would  be  the  case  for  an  alkali 
metal  ion,  as  observed.  Another  factor  which  must 
be  involved  is  the  structure-making  and  structure-break- 
ing properties  of  the  ions  in  water.^ 

The  very  polarizable  picrate  ion  is  more  stable  in 
acetonitrile  than  in  methanol,  which  has  approximately 
the  same  dielectric  constant,  and  in  which  log  m7i 
==  —1.1.**  This  is  yet  another  illustration  of  the  fact 
that  the  bulk  dielectric  constant  of  the  solvent  is  not  a 
very  useful  parameter  in  predicting  the  properties  of 
solutes.  The  affinity  of  perchlorate  ion  for  acetonitrile 
(or,  more  likely,  its  phobia  for  water)  is  puzzling. 

The  well-known  fact  that  the  solubility  of  a  salt  in 
acetonitrile  (and  other  aprotic  solvents)  is  particularly 
sensitive  to  the  nature  of  the  anion  is  clearly  illustrated 
by  the  data  in  Table  I. 

It  is  obvious  that  it  now  becomes  possible  to  calculate 
the  solubilities  of  numerous  salts  in  acetonitrile  from 
the  known  values  in  water,  by  using  the  log  mTi  values 
for  anions  reported  in  Table  I  and  those  calculated 
from  the  shifts  in  potential  given  in  the  previous  paper.' 
This  will  be  true  whether  or  not  our  original  split  of 
solvation  energies  into  the  ionic  components  was  ac- 
curate. The  only  requirement  is  that  for  a  given  salt 
the  sum  of  the  two  log  mTi  values  be  accurate. 

Our  results  can  be  compared  to  two  other  estimates 
based  on  data  appearing  in  the  literature.  Izmailov^ 
split  solvation  energies  of  electrolytes  into  the  ionic 
components  by  extrapolating  plots  of  the  solvation 
energies  of  the  hydrogen  halides,  and  of  the  differences 
in  solvation  energy  between  the  hydrogen  halides  and 
the  corresponding  alkali  metal  halides,  vs.  the  reciprocal 
of  the  radius  of  the  varying  ion  to  infinite  radius;  or, 
of  appropriate  combinations  of  solvation  energies 
vs.  the  quantity  l/n^  to  n  =  »,  where  n  is  the  principal 
quantum  number  involved.  The  following  log  mTi 
values  were  obtained:  Rb+,  1.6  (our  value  is  2.52); 
CI",  8.0;  Br",  5.0;  I~,  2.3.  This  split  obviously  indi- 
cates a  greater  difference  between  cation  and  anion 
activities  than  ours  does.  Izmailov*s  extrapolation  is 
long  and  uncertain,  a  fact  which  undoubtedly  con- 
tributes to  the  discrepancy  (also  see  above). 

(20)  N.  A.  IzmaUov,  Dokl.  Akad.  Nauk  SSSR,  149, 1364  (1963). 


Another  estimate  can  be  obtained  from  the  solubility 
data  of  Pavlopoulos  and  Strehlow^^  for  the  alkali  metal 
halides  in  acetonitrile.  The  rubidium  halides  ^^  have 
the  following  molal  solubilities^'  and  molal  mean 
activity  coefficients,^^  respectively,  in  water:  RbCl, 
7.77,  0.58;  RbBr,  7.04,  0.52;  Rbl,  7.72,  0.52.  For 
acetonitrile  the  corresponding  solubilities^^  and  ac- 
tivity coefficients  (calculated  from  the  Debye-Hiickel 
equation  with  a  =  5  A)  are:  RbCl,  2.6  X  10"*,  0.95; 
RbBr,  2.6  X  10-«,  0.86;  Rbl,  8.0  X  l<^^  0.56.  Using 
our  values  of  2.52  for  log  M7Rb*  and  0.36  for  conversion 
to  the  aquamolality  scale,  we  calculate  log  mTx-  values 
of  5.6,  3.5,  and  1.0  for  the  halides,  in  reasonable  agree- 
ment with  the  numbers  in  Table  I. 

liquid  Junction  Potentials.  Many  polarographic 
measurements  in  acetonitrile  (and  other  nonaqueous 
solvents)  have  been  carried  out  with  an  aqueous  sat- 
urated calomel  electrode  (see)  as  reference.  Various 
estimates  have  been  made  of  the  magnitude  of  the  liquid 
junction  potential  (see  pertinent  papers  listed  in  ref  7). 
Provided  the  mobilities  in  both  solvents  and  the  medium 
activity  coefficients  of  all  ions  involved  are  known,  it 
should  be  possible,  in  principle,  to  calculate  the  junction 
potential  ab  initio.  This  required  information  is  now 
available  (for  Et4N+,  we  estimate  log  mTi  "^  —0.3 
from  the  relative  solubilities  of  Et4NI  in  water  and  aceto- 
nitrile), but  various  other  factors  introduce  gross  un- 
certainties into  such  calculations.  Typically  we  are 
dealing  with  the  following  complex  interface 

acetonitrile 

Et4N'*" — 
OOf  — 


K 

a' 


water 


where  the  water  phase  may  or  may  not  contain  agar. 
Furthermore,  the  exact  profile  of  the  interface  is  un- 
known (acetonitrile  and  water  are  miscible  in  all  pro- 
portions). However,  a  semiempirical  value  of  the 
junction  potential  can  be  obtained  from  our  derived 
value  of  +0.503  v  for  the  potential  of  the  Pleskov  elec- 
trode referred  to  the  normal  hydrogen  electrode  in 
water,'^  i.e.,  +0.257  v  referred  to  see,  and  Iwamoto's 
experimental  value  of  +0.291  v  for  the  Pleskov  elec- 
trode vs.  see  with  0.1  M  Et4NC104  as  salt  bridge." 
Thejunction  potential  then  is  0.291  -  0.257  =  0.034  v, 
of  such  sign  as  to  make  all  potentials  measured  directly 
vs.  see  too  positive  by  0.034  v.  One  may  speculate  that 
this  relatively  small  value  does  not  appear  unreasonable 
in  view  of  the  marked  compensating  activity  effects 
occurring  across  the  interface.  Thus,  the  medium 
activity  coefficients  of  the  four  ions  involved  show 
qualitatively  that  the  net  effect  is  that  the  water  phase 
is  favored  by  an  anion  (Cl~),  and  the  acetonitrile  phase 
also  by  an  anion  (ClOr).  Finally,  it  should  be  noted 
that,  since  potentials  measured  in  acetonitrile  against 
the  see  certainly  are  reproducible  to  within  a  few  milli- 

(21)  T.  Pavlopoulos  and  H.  Strehlow,  Z.  Physik.  Chem.  (Frankfurt). 
2,89(1954). 

(22)  We  are  omitting  from  consideration  those  salts  which  form 
hydrates  and  for  which  comparisons  therdfore  are  more  prone  to  error. 
In  addition,  the  solubility  reported  for  CsBr  in  acetonitrile  appears  to 
be  inconsistent  with  the  other  data. 

(23)  Reference  10.  pp  1429. 1433. 1437. 

(24)  R.  C.  Larson.  R.  T.  Iwamoto.  and  R.  N.  Adams,  Anal.  Chim. 
i4cra,  25,  371(1961). 
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volts,  a  very  large  value  of  the  junction  potential  appears 
to  be  unlikely. 
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AlMtnct:  An  equation  has  been  derived  to  calculate  from  the  total  and  ionic  solubilities  of  potassium  picrate, 
salicylate,  3,5-dinitrobenzoate,  and  3,5-dinitrophenolate  in  acetonitrile  (AN)  in  the  presence  of  known  concentra- 
tions of  water  the  individual  formation  constants  K'^mau  tuid  J^'(ma),w  of  dissolved,  undissociated  mono-  and 
dihydrated  salts,  (MA)w  and  (MA)2w.  Using  these  values  and  the  previously  determined  values  of  formation 
constants  of  hydrated  ions  in  AN,  it  has  been  possible  to  calculate  the  concentration  of  all  species  present  in  satu- 
rated solutions  of  the  above  salts  in  the  presence  of  water.  This  allowed  the  calculation  of  the  ionic  dissociation 
constant  K^ujo^  which  was  found  to  be  greater  than  K\mau  (unhydrated  salt).  Unexplained  is  the  result  that 
K^{UA)t,  of  potassium  salicylate  was  found  smaller  than  the  corresponding  constant  of  the  anhydrous  salt.  In 
the  presence  of  water  the  dissociation  constant  of  the  anhydrous  salt  was  found  to  be  virtually  unaffected  up  to  a 
water  concentration  of  0.6  Af  .  The  red  solid  salt,  potassium  3,5-dinitrophenolate,  changes  into  a  yellow  solid  in 
the  presence  of  small  concentrations  of  water  in  AN.  This  solid  was  found  to  be  a  monohydrate.  No  hydrated  solid 
was  formed  with  the  other  salts  used.  The  ionic  dissociation  constant  of  the  monohydrate  was  found  greater  than 
that  of  the  anhydrous  salt,  while  the  constant  of  the  dihydrate  was  found  considerably  greater  than  that  of  the 
monohydrate. 


In  a  previous  paper^  the  equilibrium  constant  of  the 
hydration  of  several  monovalent  ions  I^  was  de- 
termined. In  that  study  it  was  not  necessary  to  con- 
sider a  reaction  between  the  dissolved  undissociated 
anhydrous  salt,  (MA),  (M"*"  and  A"  both  being  mono- 
valent ions),  and  water. 

In  the  present  investigation  the  formation  constants 
of  the  hydrates  of  the  potassium  salts  of  picric,  salicylic, 
and  3,S-dinitrobenzoic  acids  and  3,S-dinitrophenol  were 
determined.  The  potassium  ion  forms  only  a  mono- 
hydrate with  a  formation  constant  of  1,  while  the  sodium 
ion  is  much  more  strongly  hydrated  and  forms  at  least 
a  mono-  and  a  dihydrate.  For  this  reason  sodium 
salts  have  not  been  used  in  the  present  study  as  they 
are  expected  to  form  higher  hydrates  than  those  of 
potassium.  On  the  basis  of  the  uncertainty  in  the 
assumptions  made  and  in  the  experimental  results,  the 
hydration  and  dissociation  constants  calculated  for 
sodium  salts  would  be  considerably  more  uncertain 
than  those  of  hydrated  potassium  salts. 

Denoting  (MA),  as  the  unhydrated  potassium  salt 
and  (MA)zyw  as  the  hydrated  salts,  the  following 
equilibria  can  be  written 

(MA)i-|-HiO:;=±(MA)w    Ama)w  -  (MAlw/IMAUH,0]     (1) 

(MA),  +  2HiO  :^=±  (MA),.    K^uxyt,  -  [MA],w/[MAUH,0]« 

(2) 

From  the  total  molar  solubility,  St,  and  the  total  ionic 
solubility,  it,  in  presence  of  known  concentrations  of 
water  eq  3  results,  [MA],  being  the  solubility  of  undissoci- 

(1)  This  work  was  sui>ported  by  Uie  Directorate  of  Chemical  Sciences, 
Air  Fdrce  Office  of  Scientific  Research,  under  Grant  AF-AFOSR-28-65. 

(2)  M.  K.  Chantooni,  Jr.,  and  I.  M.  KolthoflT,  /.  Am.  Chem.  Soc.,  99, 
1SS2  (1967). 


^t  =  It  +  [MAL  +  [MA]zyw  (3) 

ated  anhydrous  salt  in  absence  of  water  and  [MA]zyw 
the  total  concentration  of  hydrated  undissociated  salts 
in  presence  of  water.  From  the  experimentally  de- 
termined values  of  St,  I't,  and  [MA],,  [MA]zyw  is  readily 
obtained.  Assuming  that  the  ratio  of  the  solubility 
product  and  dissociation  constant  of  (MA)„  K^p/ 
^\ma)m9  equal  to  [MA],,  does  not  change  with  water 
content,  the  values  of  the  individual  formation  con- 
stants K'  of  the  hydrates  (eq  1  and  2)  are  found  from 
the  relation 

5t~/t~[MAl,^     [MAJzyw         j^  . 

[MAJJHsO]         [MA]JH,0]  "      ^^^^-  "^ 

[U,0]K',MA)r.      (4) 

which  is  derived  by  combining  eq  1-3.  A  plot  is  made 
of  St  -  It  -  [MAy[MAUH,0]  vs.  [HjO].  If  the  slope 
of  the  linear  plot  is  zero  or  close  to  zero,  it  is  safe  to 
conclude  that  y  =  1  and  only  a  monohydrate  is  formed. 
When  the  linear  plot  does  not  have  a  slope  of  0,  ;;  = 
2,  the  intercept  being  equal  to  A^(ma)w  and  the  slope 

From  the  experimental  data  it  was  also  possible  to 
calculate  the  dissociation  constant  of  the  salt  (MAXr 
and  of  (MA)j^  (eq  5  and  6).    The  over-all  dissocia- 

(MA)w  :^=±:  M.+  +  Aw"  ^'*(iiA)w  -  [M.+IAw-]/*/[MA]w  (5) 
(MA),w  ^:±:  M.+  -|-  Aiw"      ^*(iiA).w  =  [M.+KA,w-]/^/[MA],w   (6) 

tion  constant  Ar**z(MA).+w(eq  7)  is  calculated  in  the  follow- 
[[M.+]  +  [Mw+lKAr]  +  [Aw-]  +  [A,w-]]/* 


[MAL  +  [MAlzyw 


(7) 
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ing  way.  First  [M.+J  is  calculated  from  the  ionic  solu- 
bility, It,  taking  the  value  of  JCkw*  equal  to  1.0*.  Then 
[A.~]  is  found  from  the  solubility  product,  K^  (K^  = 
[M.+IA.-]/').  From  the  values  of  [A,-]  and  the  in- 
dividual formation  constants*  ^Aw-  andA^Aiw- 

/:'a.-  =  [Aw-]/[A.-IH,0] 

^A,w-  =[A,w-]/[A.-IH,0]* 

[Aw""]  and  [A2w""]  become  known,  while  [MAJw  and 
[MA]2w  are  calculated  from  the  values  of  ^(ma)«  and 
^(MA).w  (eq  1  and  2)  and  [MA]..  Finally  K^cmau  and 
^*'(MA)2w  are  evaluated  from  eq  5  and  6. 

Experiments  have  been  carried  out  to  check  the  as- 
sumption that  the  ionic  dissociation  constant  of  the 
unhydrated  salt  (MA),  does  not  change  in  the  presence 
of  relatively  small  concentrations  of  water.  For  this 
purpose,  water  in  known  concentrations  was  added  to 
a  saturated  solution  of  potassium  salicylate  in  AN 
and  the  conductance  measured.  Using  previously  de- 
termined constants,  J^^(ma).  could  be  calculated,  writing 
in  eq  3  the  total  concentration  C,  of  the  salt  instead  of 
^t.    From  the  relations 


(8) 


i^-^i  -  m^ 


>[H,0] 


[A.  ]       J  _^  ^^^_  jjj^Qj  ^  JC'as.-CH^O]*       ^^^ 


and 


[MA].  -  J  ^  JC'(MA)JH,0]  +V(MA)JH,0]*    <*°^ 
we  obtain  K'^qaa),  in  the  presence  of  water 


0.3  ml  of  anhydrous  acetic  add,  adding  3  ml  of  AN,  and  titrating 
with  0.450  M  perchloric  add  in  acetic  add  using  dibromothymol 
benzdn  as  indicator.  A  very  sharp  color  change  from  yellow  to 
red  was  obtained  at  the  end  point^ 

Results 

Ionic  Mobilities  and  Dissociation  Constants  of  Salts. 

The  mobilities  of  the  following  ions  were  previously 
reported  in  AN;  potassium,  86;*  3,5-dinitrobenzoate, 
100;*  3,5-dinitrophenolate,  96;*  salicylate,  78 ;«  and 
picrate,  78.*  It  was  found  that  with  the  exception  of 
the  picrate  ion,  the  mobilities  of  the  above  ions  did  not 
change  with  the  addition  of  water  up  to  a  concentration 
of  at  least  1 .5  Af  .  *  The  following  values  of  the  mobility 
of  the  picrate  ion  in  the  presence  of  water  have  been 
reported:'  0.55  M  HjO,  80;  1.94  M  HjO,  84;  2.13  M 
H,0,84;  and  3. 14  J»/ HA  84. 

The  dissociation  constants  and  solubility  products  in 
anhydrous  AN  of  the  salts  in  Table  I  are:  potassium 
picrate, *•«  6.7  X  10-«,  2.8  X  10"*;  3,5-dinitroben- 
zoate,* 2.6  X  10-*,  5.3  X  10-»;  3,5-dinitrophenolate,» 
3.6  X  10-»,  6.7  X  10-«;  and  salicylate,  1.4  X  10-«, 
9.6  X  10"*,  respectively.  The  dissociation  constants 
of  the  latter  two  salts  were  estimated  from  the  Fuoss  and 
Kraus  plot  of  conductivity  data  in  Table  II. 

Viscosity  of  AN  in  the  Presence  of  Water.  The 
viscosity  of  AN  solutions  containing  water'  is  0.352  cp 
in  0.46  M  H^;  0.356  m  0.91  M  HjO;  0.366  in  1.88 
M  HjO;  and  0.382  in  3.13  A/  H2O.  All  reported  con- 
ductivities in  the  presence  of  water  were  corrected  for 
viscosity. 

Total  and  Ionic  Solubility  of  Salts.  Table  I  lists  the 
total  molar  solubility,  ^t*  and  total  ionic  solubility. 
It,  at  various  concentrations  of  water  up  to  2  Af  in 


K^ 


(MA).    = 


ityXl  +  ^(MA),[H»0]  +  J^<MA),JH,0]» 


(11) 


Experimental  Section 

ChenicalB.  Acetonitrile  was  purified  and  dispensed  as  described 
previously.'  Potassium  picrate,^  3,5-dinitrobenzoate,*  and  3,5- 
dinitrophenolate*  were  used  previously  while  potassium  salicylate 
was  prepared  in  a  similar  way  as  the  sodium  salt.* 

The  monohydrate  of  potassium  3,5-dinitrophenolate  was  pre- 
pared and  analyzed  in  the  following  way.  Approximately  0.5  g 
of  the  red  anhydrous  salt  was  introduced  into  lo  ml  of  AN,  the 
solution  made  1.6  Af  in  water,  and  the  mixture  shaken  until  equi- 
librium was  obtained.  The  orange-yellow  solid  was  collected 
by  filtering  with  suction  on  a  sintered-glass  filter  crucible  and  left 
exposed  to  the  air  until  constant  weight  was  attained  (2  hr).  The 
water  content  of  the  salt  was  determined  by  heating  412.2  mg  at 
1 10®  to  constant  weight.  The  loss  in  weight  corresponded  to  KA  • 
0.96HsO.  A  blank  experiment  in  the  absence  of  water  gave  a  loss 
in  weight  of  Of^?  mg  for  402.0  mg  of  air-dried  salt.  Under  the  same 
conditions  as  above,  947.2  mg  of  air-dried  potassium  salicylate 
lost  0.6  mg  upon  drying  at  llC,  while  in  the  blank  experiment  902 
mg  of  air-dried  salt  lost  0.2  mg.  Apparently  undissodated  po- 
tassium salicylate  is  not  hydrated  in  acetonitrile  containing  1.6  Af 
water. 

Ionic  and  Total  Molar  Solubility.  Ionic  solubilities  were  obtained 
fi'om  the  conductance  of  the  saturated  solutions  as  described  pre- 
viously.* 

The  total  molar  solubility,  su  was  found  by  taking  a  1-ml  aliquot 
of  the  saturated  solution  containing  water,  after  filtering,  evaporat- 
ing to  dryness  under  an  infrared  lamp,  dissolving  the  residue  in 


(3)  I.  M.  KoIthofT,  S.  Bruckenstein,  and  M.  K.  Chantooni,  Jr.,  /.  Am. 
Chem,  Soc„  83,  3927  (1961). 

(4)  I.  M.  Kolthoff  and  M.  K.  Chantooni,  Jr.,  ibid,,  87,  4428  (1965). 

(5)  I.  M.  Kolthoff  and  M.  K.  Chantooni,  Jr..  ibid.,  85,  426  (1963). 
{€)  I.  M.  Kolthoff  and  M.  K.  Chantooni,  Jr.,/.  Phys,  Chem.,  70,  856 

(1966). 


saturated  solutions  of  the  various  salts.  From  the  ex- 
perimental data  K^iMAu,  ^(ma),w,  ^(ma)w,  ^^'(ma),. 
(the  latter  only  for  potassium  salicylate),  and  iP'zcMA).^. 
(eq  7)  were  calculated  as  described  in  the  introductory 
section,  and  the  results  are  given  in  Table  I.  Values  of 
J^Aw-  and  J^A>w-  reported  in  Table  I  have  been  taken 
from  a  previous  publication.* 

Of  the  salts  in  Table  I  potassium  3,S-dinitrophenolate 
is  the  only  one  which  becomes  hydrated  in  the  solid 
phase.  This  occurs  when  the  water  concentration  is 
equal  to  or  greater  than  about  0.2  M,  The  product 
[Mg+IA,"]/*  then  becomes  smaller  than  K^^.  With  the 
monohydrate  as  the  solid  phase,  values  of  [M,+], 
[Mw"^],  [As""],  [Aw""],  and  [Ajw""]  were  found  from  the 
total  ionic  solubility,  I't,  and  the  reported  hydration 
constants  of  the  ions,  using  eq  8  and  9,  while  [MA],  was 
calculated  from  the  experimentally  determined  value  of 
St  —  it  and  the  known  value  of  J^(ma)w  using  eq  10. 
The  molarity  of  water  reported  in  Table  I  has  been 
calculated  in  all  instances  from  the  amount  of  water 
added  and  that  removed  by  the  various  hydrated  species. 

Table  III  presents  the  conductance  of  solutions  ob- 
tained by  adding  water  to  a  saturated  solution  of  potas- 
sium salicylate  in  anhydrous  AN.    The  last  column 

(7)  Details  of  the  titration  of  carboxylates  in  AN  with  perchloric 
add  will  be  described  elswehere. 

(8)  P.  Walden  and  E.  J.  Birr,  Z.  Physik,  Chem,,  144,  269  (1929). 

(9)  I.  M.  Kolthoff,  M.  K.  Chantooni,  Jr.,  and  S.  Bhowmik,  /.  Am, 
Chem,  Soc„  88,  5430  (1966). 
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lists  the  calculated  values  of  i^^(KA).  in  the  presence  of 
water  (c/eq  10). 

Discussion 

From  the  data  in  Table  I  it  appears  that  undissoci- 
ated  potassium  picrate  does  not  become  hydrated,  at 
least  up  to  a  water  concentration  of  1  M,  The  most 
extensive  study  has  been  carried  out  with  potassium 
salicylate.  The  solubility  of  this  salt  is  great  enough  to 
determine  the  formation  constants  ^(ka)w  and  A^(KA)aw 
with  reasonably  accuracy.  In  the  presence  of  O.S  M 
or  higher  concentrations  of  water,  the  values  of  [MA]w 
and  especially  [MAlsw  become  considerably  greater  than 
the  concentration  of  the  unhydrated  salt  [MA]a.  It  was 
expected  that  the  ionic  dissociation  constants  of  the 
hydrated  salts  would  be  greater  than  that  of  the  an- 
hydrous salt  due  to  the  separation  of  center  of  charge 
on  the  cation  and  anion  resulting  from  interposing  one 
or  two  water  molecules  between  them.  This  was  found 
to  be  true  for  the  monohydrate  of  potassium  salicylate, 
its  constant  being  of  the  order  of  4.5  X  10"'  as  com- 
pared to  1.4  X  10-*  for  that  of  the  anhydrous  salt. 
Unexpectedly,  the  constant  for  the  dihydrate  was  found 
to  be  0.8  X  10-'  and  smaller  than  that  of  the  anhydrous 
salt.  All  calculations  of  the  activity  coefficients  had 
been  made  using  the  limiting  Debye-Hiickel  expression, 
which  should  yield  only  approximate  values  at  the  rela- 
tively high  ionic  strength  of  the  solutions.  All  calcula- 
tions were  repeated  using  the  extended  Debye-Huckel 
expression 


-log/  = 


1 .  53\/m 


1  +  (4.7  X  10'^>iVm 


Using  Kielland*s^°  values  in  water  for  the  ionic  size 
a  of  potassium,  3  X  10"*  cm,  and  of  salicylate,  6  X 
10-»cm,  we  obtain  -log/K*  =  1.53\/m/(1  +  1.41\/m) 
andlog/sai-  =  1.53Vm/(1  +  2.82  Vm). 

The  values  in  parentheses  in  Table  I  refer  to  those 
calculated  with  the  aid  of  the  extended  Debye-Hiickel 
expression.  The  values  of  J^**(ma).>  ^(ma)w»  and 
^*^(MA)iw  remained  unchanged.  The  data  in  Table 
III  indicate  that  ^^(ma).  remains  practically  unchanged 
up  to  a  water  concentration  of  0.6  Af .  All  calculations 
in  Table  I  were  repeated  taking  into  account  the  small 
effect  of  water  on  J^**(ma),.  The  values  obtained  were 
almost  the  same  as  those  reported  in  Table  I  up  to  a 
water  concentration  of  0.8  M.  Considering  the  ex- 
perimental uncertainty  in  the  values  of  the  four  con- 
stants needed  for  the  calculation  of  the  dissociation 
constants  and  also  the  uncertainty  in  the  assumptions 
made  (especially  that  [MAJg  remains  unaffected  by 
water),  the  values  for  the  dissociation  constants  of  the 
hydrated  forms  of  potassium  salicylate  are  no  more 
reliable  than  to  within  50%.  However,  it  is  fair  to 
conclude  that  the  ionic  dissociation  constant  of  the 

(10)  J.  Kielland./.  Am,  Chem,  Soc„  59,  1675  (1937). 


dihydrate  is  relatively  small  since  its  formation  con- 
stant is  large  and  the  value  of  the  "over-all"  dissocia- 
tion constant  of  potassium  salicylate,  reported  in  the 
last  column  of  Table  I,  increases  only  very  slightly  with 
increasing  water  content  because  of  formation  of  rela- 
tively large  concentrations  of  the  dihydrate.  In  the 
presence  of  1.3  Af  water,  the  "over-all"  dissociation 
constant  is  only  twice  as  large  as  that  of  the  unhydrated 
salt,  while  a  similar  "constant"  of  potassium  3,5-dini- 
trobenzoate  was  found  to  increase  15  times  when  the 
water  concentration  was  1.3  M, 

The  solubility  product  and  the  ionic  dissociation 
constant  of  potassium  3,5-dinitrobenzoate  in  anhy- 
drous AN  are  much  smaller  than  those  of  the  salicylate. 
In  order  to  obtain  results  from  eq  4  which  are  reason- 
ably accurate  it  is  necessary  that  ^t  —  't  "-  [MA]a  = 
[MA]2yw  be  considerably  greater  than  corresponds 
to  the  experimental  error  in  the  determination  of  Su  iu 
and  [MA],.  This  is  not  found  to  be  the  case  with  potas- 
sium 3,5-dinitrobenzoate.  The  sum  of  the  concentra- 
tions of  the  three  un-ionized  hydrated  forms  [MA^yw 
is  so  small  that  the  formation  constant  of  each  hydrate 
cannot  be  calculated.  Only  the  "over-all"  dissociation 
constant  is  found  with  good  accuracy;  it  is  found  to 
increase  very  much  with  increasing  water  concentration 
(last  column.  Table  I).  The  solubility  product  and 
ionic  dissociation  constant  of  anhydrous  potassium 
3,5-dinitrophenolate  are  of  the  same  order  of  magnitude 
as  the  corresponding  constants  of  the  salicylate.  At  the 
low  water  concentrations  where  the  solid  phase  is  an- 
hydrous salt,  formation  of  undissociated  dihydrated 
salt  can  be  neglected,  as  its  concentration  is  porpor- 
tional  to  [HjO]*.  At  the  three  lowest  water  concentra- 
tions used  a  constant  value  of  K\ma)w  of  6  X  10"*  is 
found  as  compared  to  3.6  X  10"'  for  the  anhydrous 
salt. 

In  saturated  solutions,  the  monohydrate  being  the 
solid  phase,  [MA],  is  no  longer  constant,  but  it  decreases 
with  increasing  concentration  of  water.  On  the  other 
hand,  [MA]w  is  now  a  constant  and  equal  to  I.I4  X 
10-»  M  (Table  I).  Knowing  iS:**(MA)w  and  [K,+],  the 
value  of  [Aw~]  is  readily  obtained  and  found  equal  to 
2.8  X  10-«  Af  at  a  water  concentration  of  0.55  M. 
From  K^iMAu  we  obtain  [MA]s  =  5  X  10"*  and  from 
K^(MA).,  [A,-]  =  0.9  X  10-».  From  eq  3  we  get  that 
[MAJjw  is  2  X  10-*  M.  This  small  value  is  highly 
uncertain,  but  its  order  of  magnitude  should  be  correct 
Using  this  value  of  [MA^w  we  obtain  for  iP'cMA)..  a 
value  of  the  order  of  3  X  10"*,  which  is  considerably 
greater  than  K^^^ma),  =  3.6  X  10-».  The  formation 
constant  of  the  dihydrate  is  of  the  order  of  1. 

The  large  increase  of  the  "over-all"  dissociation  con- 
stant (last  column.  Table  I)  with  increasing  water 
concentration  substantiates  the  conclusion  that  the 
dissociation  constant  of  the  dihydrate  must  be  con- 
siderably greater  than  that  of  the  anhydrous  salt 
and  greater  than  that  of  the  monohydrate. 
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Abstract:  Gases  have  been  pyrolyzed  in  a  very  low-pressure  environment  in  which  attention  has  been  given  to  the 
establishment  of  uniform  temperature  conditions,  and  energy  transfer  is  predominantly  via  gas-wall  collisions. 
We  have  compared  the  observed  low-pressure  and  theoretical  high-pressure  decomposition  rates  of  molecules  of 
widely  different  chemical  and  structural  character.  Complicated  molecules  with  small  activation  energies  are 
pyrolyzed  into  simpler  products  at  a  rate  which  is  close  to  the  high-pressure  rate.  Simpler  molecules  decompose 
aiore  slowly  at  rates  which  become  controlled  by  energy  transfer.  Wall  catalysis  is  relatively  unimportant  in  the 
process.  Studies  of  the  unimolecular  decomposition  of  isopropyl  iodide  have  given  information  on :  (1)  the  energy 
accommodation  between  wall  and  molecule,  (2)  the  effective  number  of  Kassel  oscillators  deduced  from  a  simple 
theoretical  treatment  of  the  data,  and  (3)  the  efjfects  of  wall  conditioning  on  the  decomposition  rate.  The  kinetic 
equations  for  the  steady-state  condition  in  a  stirred  flow  reactor  at  very  low  pressures  are  evaluated  explicitly.  These 
include  the  effects  of  induction  periods  due  to  "mixing**  and  to  lack  of  attainment  of  a  steady-state  internal  energy 
distribution.  Preliminary  results  on  isopropyl  iodide  indicate  that  about  80  wall  collisions  are  needed  to  attain 
steady  state  at  900 ''K. 


imber  of  authors^"*  have  pyrolyzed  complex 
nolecules  at  sufficiently  low  pressures  that  there 
rry  few  gas-phase  collisions,  and  most  collisions 
Dlace  with  the  walls  of  the  vessels.  The  results 
li  studies  have  been  useful  as  a  means  of  produc- 
ee  radicals  and,  in  one  or  two  isolated  instances, 
lave  given  information  about  the  initial  molecular 
I  or  isomerization.  However,  quantitative  in- 
tation  of  the  kinetics  has  proven  difficult.  Num- 
reasons  can  be  cited  for  this  difficulty,  but  the 
pal  reasons  have  been  that  the  Boltzmann  equi- 
n  has  not  been  achieved  in  the  reacting  gas  and 
lie  wrong  equations  have  been  applied  to  the 
\  and  have  resulted  in  incorrect  interpretation  of 
ita.  It  is  the  purpose  of  the  present  and  sue- 
ig  papers  to  describe  a  variant  of  these  experi- 
1  techniques  which  lends  itself  to  quantitative 
rotation  and  thus  provides  a  new  kinetic  tool  for 
jantitative  study  of  the  details  of  unimolecular 
>BS9  energy  transfer,  and  bimolecular  reactions 
gas  phase.  It  can  also  be  used  to  study  hetero- 
118  reactions.^  It  is  useful  to  refer  to  the  tech- 
as  "very  low-pressure  pyrolysis"  or  "VLPP." 

faMntal  Section 


Procedure    The  gas  to  be  studied  is  stored  in  a 
ervoir  at  a  few  torr  pressure.    The  gas  passes  through  an 


.  J.  Sinke.  O.  A.  Pressley.  A.  B.  Baylis,  and  F.  E.  Staflford,  /. 
^hys.,  41, 2207  (1964);  A.  B.  BayUs.  G.  A.  Pressley.  Jr..  and  F.  E. 
I.  J.  Am,  Chem,  Soc„  S8,  2428  (1966). 

.  LeGoff.  A.  Cassuto,  and  A.  Pentenero.  Ind.  Chim.  Beige,  29  (4X 
64);   paper  presented  at  the  12th  ASTM  Conference  on  Mass 
vofttry  and  Allied  Topics,  Montreal.  Canada,  1964. 
P.  Fisher,  J.  B.  Homer,  B.  Roberts,  and  F.  P.  Lossing,  material 
id  at  the  Ottawa  Symposium  on  Pyrolysis,  Sept  1964.    They 
He  carrier  to  produce  high  space  veloddes  and  thus  had  many 
dve  fas  collisions  but  almost  no  secondary  reactions. 
.  F.  Thomas  and  D.  F.  Swinehart,  150th  National  Meeting  of 
srican  Chemical  Society,  Atlantic  City,  N.  J.,  Sept  1965,  p  65- V. 
'.  P.  Fehbier  and  W.  S.  Koski,  /.  Am,  Chem.  Soc„  87,  409  (1965). 
Collin,  **Pyrolysis  Studies  by  Mass  Spectrometry,'*  EUR21 14e— 
n  Report  obtainable  from  Presses  Academiques  Europeennes, 
isafe  de  Charleroi,  Brussels  6. 
D.  McKinley»  /.  Chem.  Phys.,  40,  120  (1964). 


adjustable  leak  valve  at  a  rate  of  from  10^*  to  10^*  molecules/sec 
and  into  the  reactor  through  a  short  length  of  small  bore  capillary 
tube  which  prevents  back  diffusion  from  the  reactor.  Pyrolysis 
occurs  in  a  cylindrical  fused  silica  reactor  approximately  9  cm  long 
and  2.2  cm  i.d.  The  ratio  of  internal  surface  area  to  exit  aperture 
area  gives  the  average  number  of  gas-wall  collisions  Zr  made  by  a 
molecule  while  in  the  reactor.  We  have  a  number  of  reactors 
whose  exit  apertures  are  in  the  range  of  0.8  to  0.008  cm'.  A  typical 
vessel  is  shown  in  Figure  1.  A  pair  of  1-cm'  fused  silica  baffles 
interrupt  the  direct  path  between  the  gas  iixjection  capillaries  and  the 
exit  aperture.  The  pyrolysis  vessel  temperature  is  maintained  to 
better  than  ±  lO''  up  to  1000''.  Heating  is  by  means  of  a  pair  of 
4-in.  long  clam  shell  heaters*  with  temperature  '^trimming*'  ele- 
ments (each  consisting  of  a  coil  of  nichrome  heating  element) 
placed  at  the  upper  and  lower  parts  of  the  furnace.  Six  chromd- 
alumel  thermocouples  monitor  temperature  at  various  parts  of  the 
vessel.  The  low  thermal  inertia  system  is  lagged  with  Microquartz 
fiber  to  exclude  drafts.  (Microquartz*  is  a  fabric  composed  of 
short,  fine,  quartz  fibers;  its  properties  are  essentially  unaffected  by 
a  Bunsen  flame.)  We  have  arranged  for  a  sharp  temperature 
gradient  at  the  point  of  gas  injection  in  order  to  heat  the  ii\jected 
molecules  as  fast  as  possible.  It  is  very  important  to  avoid  pyrolysis 
of  the  gas  in  the  higher  pressure  region  above  this  injection  capillary. 
Gas  density  in  the  reactor  depends  on  the  area  of  the  pyrolysis 
chamber  exit  aperture,  on  the  degree  of  molecular  decomposition 
achieved,  and  on  factors  such  as  molecular  throughput,  tempera- 
ture, and  molecular  weight. 

Gases  which  effuse  from  the  reactor  pass  to  the  ionization  cham- 
ber of  a  quadr  upole  mass  spectrometer.  >*  A  schematic  drawing  of 
the  apparatus  is  given  in  Figure  2.  The  spectrometer  is  located  in  a 
large  (10-in.  i.d.  by  18-in.  long)  cylindrical  aluminum  chamber. 
Electrical  connections  are  made  by  means  of  Kovar  glass  seals 
which  are  epoxied  (using  Epon  828  vacuum  epoxy)  to  the  aluminum 
support  plate.  An  NRC  HS4-750  pump  (5-in.  diffusion  pump), 
using  DC704  pump  oil,  evacuates  the  chamber  through  an  ambient- 
cooled  baffb  and  a  4-in.  Temescal  manifold  gate  valve.  The  base 
pressure  of  the  system  is  about  10~*  torr;  a  slight  air  leak  gives  peaks 
at  28  and  32  amu,  and  other  residual  gases  give  interference  at  17, 
18,  73,  77,  78,  91,  and  135  amu  and,  less  importantly,  at  numerous 
other  places  in  the  mass  spectrum.  A  correction  is  applied  when 
interference  occurs.  Ordinarily  such  interference  is  serious  only 
when  HsO,  Os,  or  Ni  are  produced  and  have  to  be  measured  ex- 
plicitly.   The  effective  pumping  speed  is  about  60-80  l./sec  in  the 


(8)  Hevi  Duty  Type  73  KS  designed  for  operation  at  up  to  1200**  with 
210-w  input  power,  manufactured  by  the  Hevi  Duty  Electric  Co., 
Watertown,  Wis. 

(9)  Obtainable  from  Western  Asbestos  Co.,  Brisbane,  Calif.    94005. 

(10)  Further  details  regarding  the  operating  characteristics  of  the 
mass  spectrometer  will  be  supplied  by  the  authors  on  request 
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mass  spectrometer  chamber.  The  mass  spectrometer  consists  of  bd 
ionizer,  rod  system,  and  particle  multiplier  tube  Ted  by  appropriate 
power  supplies.  Data  are  recorded  by  an  oscilloscope-Polsroid 
camera  combination. 

The  electronics  which  supply  the  quadrupole  analyzer  rods  were 
designed  by  members  of  the  Engineering  Department  of  Stanford 
Research  Institute."  The  radiofrequency  generator  operates  at  a 
fixed  frequency,  and  the  mass  spectrum  is  scanned  by  variation  of 
applied  voltage.  A  sawtooth  signal  from  a  waveform  generator 
(lUctronix,  TVpe  162)  drives  a  dc  amplifier  and  a  coupled  radio- 
frequency  generator  wid,  in  addition,  the  signal  drives  or  triggers 


For  the  work  rqxxted  in  this  paper,  no  effective  trapping  had 
been  ivovided  between  the  diffusion  pump  and  the  mass  spectrom- 
eter. It  was  thus  necessary  to  heat  the  ionizer  Id  a  temperature  of 
about  200°  in  order  to  maintain  ionizer  openiion  far  as  long  as 
several  days. 

The  ionizer  is  mounted  appronmately  7  cm  from  the  furnace  exit 
aperture.  We  estimate  that  less  than  1.6%  of  the  gas  concentra- 
tion in  the  ionizer  is  due  to  species  which  have  arrived  there  from 
the  reactor  without  making  any  collisions.  The  electron  beam  is 
directed  at  right  angles  to  the  analyzer  rod  system  axis.  Typically, 
operating  pressures  in  the  spectrometer  chamber  are  below  10"' 
torr,  and  satislaaory  signals  are  obtained  with  an  electron  beam 
current  of  about  2  ma  at  70  ev.    [nterruption  of  the  path  between 


the  horizontal  sweep  of  the  recording  oscilloscope  (Tdctronix 
S3SA).  linearity  of  mass-fUtered  as.  instantaneous  voltage  of  tbe 
uwtootb  gives  a  linear  mass  spectrum  on  the  osciUoscope  screen. 
The  radiofrequency/dc  ratio  has  to  be  maintained  accurately  in 
otder  to  obtain  a  stable  mass  spectrum.  Unds  normal  operating 
condilitms  tbe  electrical  inputs  to  tbe  analyzer  rod  system  are  ad- 
justed until  we  get  a  mass  spectrum  whose  relative  peak  heights  arc 
almost  unchanged  as  the  radiofrequency/dc  ratio  control  (or 
resdution)  is  changed. 

We  have  found  it  necessary  to  keep  tbe  i 
constant  sweep  rate  in  inder  to  avoid  drift  effects" 
wbeo  the  quadrupole  electronics  are  operated  at  fixed  output  </.«., 
when  BttenqKing  to  measure  tbe  intensity  of  a  single  peak).  This 
has  lo  far  limited  our  [»^$ion  to  about  ±S%.  We  have  found 
that  best  accuracy  can  be  achieved  by  measuring  adjacent  or  close- 
spaced  mass  peaks.  For  this  reason,  for  example,  work  on  i-Prl 
ckcompositicm  to  C|Ht  and  HI  has  been  followed  most  easily  by 
monitoring  tbe  peaks  39,  40,  41,  42,  and  43.  We  think  that  our 
analytical  methods  cause  erron  of  less  than  about  3  %  (in  midrange) 
in  the  rate  umstants." 


(11)  We  are  gratrful  lo  memben  of  the  Applied  Physics  group  of 
StaoTord  Roearch  Inilitule  for  the  uic  of  thdr  designs  of  various  parts 
of  the  quadrupole  spectrometer  and  electronics. 

(12)  These  drift  effects  seem  to  have  been  eliminated  in  a  new  set  of 
electronici  recently  acquired  from  Electronic  Assodaies  Inc.,  Palo 
Alto,  Calif. 

(13)  Other  error)  such  as  the  detemunation  of  the  escape  rate  con< 
(tant  of  the  reactor  are  comparable  with  this.  A  referee  has  pointed 
out  thai  pcrhapi  10%  of  the  material  emerginB  from  a  lOO-coUiaion 
reactor  will  reenter  the  vessel  and  be  lubfccted  to  further  pyrolyiis.  All 
quoted  rates  for  reactors  of  93,  ItO,  and  120  colliiioni  should  be 
reduced  by  about  10^ 


Figure  2.   Schematic  of  low-pressure  pyrolysis  apparatus. 


furnace  aixl  iomzet  by  means  of  a  beam  flag  bas  shown  that  only 
about  15-30%  of  the  signal  of  the  detector  is  due  to  gases  which 
have  just  emerged  from  the  reactor  into  the  volume  between  the 
reacltx'  exit  aperture  and  the  ionizer.  These  gas  molecules  will 
have  already  made  a  number  of  collisions  with  walls  in  the  neighbor- 
hood of  this  volume.  The  bulk  of  the  signal  is  given  t^  gases 
which  have  made  many  coUisicms  with  the  walls  of  the  spectrom- 
eter chamber  and  have  thus  cooled  to  a  low  tenq>ereture.  We  do 
not,  therefore,  make  any  (TIM)'/'  correcton  to  adjust  for  changing 
sensitivities  for  substances  of  different  mass. 

We  have  also  noted  that  after  a  rapid  change  is  made  in  the 
nature  of  the  gases  injected  into  the  mass  spectrometer,  the  spectrum 
may  take  socnc  minutes  to  readjust  to  its  new  values.  For  example, 
when  equimolar  amounts  of  /-C1H7I  and  C|H|  are  injected,  several 
minutes  must  elapse  after  their  introduction  before  reprodudUe 
runs  are  obtained.  Similariy,  when  furnace  temperature  is  raised 
■o  that  the  amount  of  decomposition  is  changed  B^xvciably,  a 
waiting  time  must  be  allowed  for  equilibration. 

Some  free-radical  products  such  as  CHi  cannot  be  detected 
directly  with  the  present  instrument,  althougta  their  presence  has 
been  estabUsbed  by  titration  with  NO,.  We  are  well  aware  of  tbe 
problems  attaching  to  direct  detection  of  free  radicals  with  mass 
spectrometers'*  and  have  not  attempted  to  surmount  tfaem  in  this 
work. 


Results 

A.  Pyrolysis  of  Selected  Compounds.  The  extent 
of  decomposition  of  the  reactant  listed  in  Table  I  was 
followed  by  measuring  the  ratio  of  reactant  peaks  to 
product  peaks.  Where  available,  API'*  sensitivity 
data  were  used  to  estimate  decomposition.  When  they 
were  not  available,  estimates  were  made  from  the  re- 

(M)  p.  p.  Loning  in  "Mass  Spectrometry,"  C.  A.  McDowell.  Ed., 
McGraw-Hill  Book  Co.,  Inc.,  New  York,  N.  Y..  1963,  p  442. 

(13)  American  Petroleum  Institute  Project  44,  Collectian  of  Mui 
Spectral  Data,  Carnegie  Inititute  of  Technology,  Pittsburgh,  Pa.,  iime 
30, 1959. 
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L    Comparison  of  VLPP  Data  for  Some  Selected  Compounds  with  High-Pressure  Rates,"  Nominal  1 10-Collision  Vessel 
Reaction  LogAro,*  Tu  kn^  A:«»  Teo  kn^ 


k  M 


CH,I  —  CH,  +  I 

CHa,  —  ca,  +  HQ 
CH,ca>  —  CH,ca,  +  hq 

ff-CtHTQ  —  CHi  4-  HQ 
fCsHTl  —  C,H.  +  HI 
CHtCOOEt  —  CHtCOOH  +  C1H4 
l-BuOH  —  /-C4H,  +  HOH 
toluene  -^  C«HsCHf  +  H 
(CJHOi  -*  2C,H«* 
[(CH,),COl  -*  2(CH,),CO 


14.5-56/d« 

11.4-47/^' 

14.0-54/^ 

13.0-54/^ 

13.0-43.5/^ 

12.0-46/^ 

13.5-60/^ 

14.8-84/^/ 

13.0-33.7/^ 

15.6-37. 5/d* 


>1100 

>1370 

^1370 

^1270 

1070 

1020 

1120 

>1370 

^^20 

^^20 


<44 

<53.5 
50.6 
63.6 
39.6 
53.8 
61.6 

<61.0 
34.2 
32.6 


>2500 

>8000 

2.5  X  10» 

5000 

1.3  X  10* 

215 

63 

>25 

13 

240 


>1100 

>1370 

>1370 

>1370 

1220 

1120 

1220 

>1370 

^730 

--690 


<303 

<365 

254 

338 

385 

223 
195 


>2.5  X  10» 
>2.4  X  10* 

1.6  X  10» 

1000 

630 

830 
6300 


«  Literature  values  of  Arrhenius  parameters  are  given  in  the  second  column.  The  temperatures  (or  their  limits)  at  which  20  and  60% 
decomposition  was  observed  are  listed  in  the  columns  headed  Tto  and  Tm.  The  terms  k^M^  and  k^M^  are  the  apparent  first-order  rate  con- 
stants at  Tt9  and  Tm.  (From  the  stirred  flow  reactor  equations  we  have  kn^  ^  0.2(1  —  0.2)~>A:m,  where  A:^  is  the  escape  rate  constant  for 
the  reactor.)  The  terms  kc^^  and  kco^  are  high-pressure  rate  constants  at  Tto  and  Tm,  respectively.  The  ratio  of  ku  to  A:^  gives  a  measure  of 
the  fall-off.  ^  Arrhenius  parameters  taken  from  compilation  by  S.  W.  Benson,  '^Foundations  of  Chemical  Kinetics,**  McGraw-Hill  Book 
Co.,  Inc.,  New  York,  N.  Y.,  1960.  Units  are  sec~^  for  all  rate  constants.  '  Estimated  from  back-reaction  and  thermal  data.  $  =  2.303RT 
in  kcal/mole.  '  A.  E.  Shilov  and  R.  D.  Sabirova,  Russ.  J.  Phys.  Chem.,  34,  408  (1960).  •  D.  H.  R.  Barton  and  P.  F.  Onyon,  7.  Am,  Chem. 
Soc,.  72, 988  (1950).  /  S.  J.  Price,  Can,  J.  Chem.,  40, 1310  (1962).  '  L.  Batt  and  S.  W.  Benson.  /.  Chem.  Phys.,  36,  895  (1962).  *  C,H.  = 
l,3-<^opentadiene. 


duction  in  parent  peak  intensity,  using  eq  17  of  the 
Appendix.  Species  like  di-/-butyl  peroxide  give  un- 
stable /-BuO  radicals,  which  decompose  completely 
in  our  system  to  acetone  +  CHs.  This  makes  them 
useful  as  sources  of  CHs  radicals.  Extent  of  de- 
composition was  determined  from  measurement  of  the 
ratio  of  mass  peaks  at  146  and  73  amu  (parent  com- 
pound) to  that  at  58  amu  (acetone).  Preliminary  data 
on  some  of  the  reactions  we  have  studied  in  a  nominal 
1 10-collision  vessel  are  shown  in  Table  I.  Rather 
than  give  the  entire  decomposition  curves,  we  have 
listed  the  temperatures  at  which  we  have  observed  20 
and  60%  decomposition.  For  comparison  we  have 
given  the  high-pressure  rate  constants,  using  literature 
values  for  the  Arrhenius  parameters.  We  have  used 
the  equations  for  a  stirred  flow  reactor  to  derive  the 
apparent  first-order  rate  constants  from  the  per  cent 
reaction.  Details  of  the  application  of  these  equa- 
tions to  our  system  are  developed  in  the  Appendix. 

In  the  cases  of  CHsI,  CHCU,  and  toluene,  we  ob- 
served no  measurable  decomposition  in  this  vessel  up 
to  the  highest  temperatures  listed. 

The  mean  molecular  residence  time  in  the  vessel 
was  about  16(MIT)^^*  msec,  where  Af  is  the  mass  in 
amu.  For  i-Prl,  for  example,  this  was  about  6.S 
msec  at  lOOO^'K. 

B.  bopropyl  Iodide.  In  order  to  check  the  validity 
of  the  results  of  VLPP  for  measurements  of  kinetics 
and  energy  exchange,  we  have  studied  the  unimolecular 
decomposition  of  i-PrI  in  a  number  of  vessels  of  different 
nominal  collision  numbers. 

The  unimolecular  decomposition  of  isopropyl  iodide 
and  the  inverse  reaction  (addition  of  HI  to  propene) 
have  been  thoroughly  investigated  by  several  groups 
of  workers,  and  there  is  satisfactory  agreement  on  the 
rate  constants  of  the  reactions.  ^^' ^^  For  reaction  i, 
ik.  «  io»»-**-^»/'  sec-S  where  0  =  2. 303/jr (kcal/mole). 


KTiHtI 


COit  +  HI 


(i) 


The  error  limits  on  log  Ai  are  d:O.S  and  on  E  are 


(1^  H.  Tcraniihi  and  S.  W.  Benton.  /.  Chem.  Phys.,  40,  2946  (1964); 
S.  W.  Benson  and  A.  N.  Bos«,  Wid.,  37, 1081  (1962). 
(17)  W.  Tsam,  tbUU.  41, 24S7  (1964),  and  references  died  therein. 


^1.0  kcal/mole;  /:«  refers  to  the  high-pressure  rate 
constant. 

Isopropyl  iodide  was  pyrolyzed  in  our  fused  silica 
vessels  at  very  low  pressures.  Gas  flows  were  typically 
3  X  10"  to  5  X  10"  molecules  sec"^;  except  for  the 
9000-collision  vessel,  molecules  made  very  many  more 
collisions  with  the  wall  than  with  other  molecules. 
For  the  9000-collision  reactor  the  mean  free  path  for 
gas-gas  collision  was  4  cm  compared  with  about  2  cm 
for  gas-wall  collisions.  The  decomposition  rate  was 
measured  as  a  function  of  temperature  for  several 
vessels  whose  collision  numbers  Zr  were  93,  110,  630, 
1100,  and  9000.^'  The  relative  heights  of  the  frag- 
ment peaks  at  43  and  41  amu  give  an  accurate  measure 
of  the  amount  of  decomposition.  These  mass  peak 
heights  were  measured  after  steady  state  had  been 
reached  at  each  temperature.  The  fraction  of  un- 
decomposed  material  was  calculated  from  our  measure- 
ments of  the  relative  sensitivities  of  these  peaks,  the 
parent  compound,  and  propylene.  (There  is  a  small 
but  important  contribution  to  the  43  peak  from  €"- 
C^jHe"^.)  A  slight  error  is  introduced  into  our  re- 
sults, since  we  cannot  be  sure  that  parent  molecules  will 
contribute  to  peaks  43  and  41  in  the  same  way  when 
the  furnace  is  at  a  high  temperature  as  they  do  when  it 
is  cold.  This  error  could  be  significant  when  decom- 
position is  less  than  5  %,  but  the  approximation  which 
ignores  this  correction  should  be  satisfactory  when 
decomposition  is  in  excess  of  this  amount. 

From  the  kinetic  equations  which  have  been  derived 
for  the  VLPP  conditions,  we  compute  apparent  first- 
order  rate  constants  k  =  k^6,  where  6  is  the  ratio  of 
product  to  reactant  fluxes  and  k^  is  the  known  first- 
order  rate  constant  for  escape  from  our  reactor.^* 
Figure  3  shows  log  fc  as  a  function  of  temperature  for 
the  diflTerent  reactors  (k  is  in  sec"0-  Included  for 
comparison  is  k^  calculated  from  the  Arrhenius 
parameters. 

Individual  points  in  Figure  3  are  averages  of  three 
or  more  observations.    Each  observation  was  made 


(18)  Collision  number  is  given  by  the  ratio  of  internal  surface  area  to 
exit  aperture  area.  All  vessels  were  cylinders  of  2.2  cm  internal  di- 
ameter and  length  about  9  cm. 

(19)  We  estimate  that  for  /-Prl  in  our  vessels,  k.  »  S.5Ahy/f  sec'S 
where  Ah  cm*  is  the  exit  aperture  area. 
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Figure  3.    Apparent  first-order  rate  constant  for  isopropyl  iodide 
ion.    The  dimensions  of  A:  are  sec  ^ 
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after  short-term  (i.e.,  ^15  min)  reproducibility  was 
obtained.  Long-term  (i.e.,  on  a  day-to-day  basis) 
reproducibility  was  generally  fairly  good  on  well- 
conditioned  vessels.  These  included  the  110-,  1100-, 
and  9000-collision  reactors.  The  effect  of  history  is 
illustrated  for  the  less  well-conditioned  630-collision 
reactor.  Reactor  temperature  (®K)  was  increased  in 
steps  as  follows:  300,  700,  800,  830,  898,  958,  1000, 
lOSO,  again  lOSO  after  90  min  at  temperature,  1148, 
and  1203.  The  temperature  was  then  reduced  to 
1000  and  then  to  848  ^'K.  (Except  for  the  second  run 
at  lOSO^K,  readings  were  ordinarily  taken  after  IS 
min  at  temperature.)  Results  for  the  93-collision 
vessel  are  included  for  interest,  although  this  reactor 
was  previously  unused.  No  conditioning  studies  were 
possible  with  this  reactor,  since  it  broke  during  a  run 
at  1300°K.  Its  "freshness"  could  account  for  the 
apparently  fast  rates  compared  with  the  1 10-collision 
reactor. 

A  well-coioditioned  vessel  differs  visually  from  a  fresh 
one;  it  is  slightly  darker  in  color.  HF  solution  acts 
on  the  walls,  causing  a  thin,  dark  (presumably  car- 
bonaceous) film  to  peel  off.  We  have  estimated  that 
the  percentage  of  material  decomposing  ma  carbon  and 
other  products  is  less  than  10%. 

Discussion 

The  high-pressure  rate  constants  approximately 
describe  the  observed  results  for  the  more  complex 
molecules  but  are  inadequate  for  the  simpler  ones  in 
the  1 10-collision  vessel.  Further  confirmatory  work 
is  required  to  clarify  some  of  the  data,  particularly 
the  fate  of  the  radical  species  in  the  case  of  di-/-butyl 
peroxide  decomposition.  It  is  clear  from  the  slow- 
ness of  the  rates  found  from  the  experimental  data  that 


the  walls  are  not  "catalyzing**  the  reactions  of  the 
reactant  molecules  listed  in  Table  I.  The  principal 
value  of  the  work  on  the  pyrolysis  of  this  wide  range  of 
compounds  was  to  eliminate  our  fear  that  wall  reac- 
tions would  seriously  interfere  with  the  pyrolysis. 
However,  we  would  like  to  know  the  magnitudes  of 
the  relative  roles  of  low-pressure  falloff  effects  and  of 
slowness  of  energy  equilibration,  for  example.  We 
have  some  indication  of  the  importance  of  the  latter 
process  for  i-Prl,  but  a  comprehensive  survey  of  all 
of  these  molecules  would  be  of  considerable  general 
interest. 

In  order  to  unravel  the  various  kinetic  features  from 
one  another,  we  have  developed,  in  the  Appendix,  a 
treatment  of  the  theory  of  the  method  which  we  think 
is  able  to  explain  the  data  quantitatively. 

Comparison  of  k^  for  i-PrI  with  the  observed  rates 
confirms  that  energy  transfer  to  the  molecules  limits 
the  rate  of  decomposition. 

Equations  derived  from  the  theory  in  the  Appendix 
permit  us  to  evaluate  k  from  the  classical  Arrhenius 
parameters  and  from  n,  the  effective  number  of  internal 
oscillators  in  i-Prl.  These  theoretical  values  are 
shown  in  Figure  3  for  n  —  IS  and  18  and  appear  to 
bracket  the  experimental  data  very  well  except  at  the 
highest  temperatures.  It  may  be  that  the  precision 
of  our  data  warrants  the  more  accurate  RRKM^° 
quantum  theory,  and  we  are  exploring  this  possibility. 

The  difference  in  the  rate  constants  for  the  1 10-  and 
for  the  630-  and  1 100-collision  vessels  arises  from  the 
slowness  of  energy  accommodation  between  wall  and 
molecule  which  introduces  an  induction  period,  ap- 
preciable only  for  the  smaller  collision-number  reactors. 
At  900  °K  the  energy  required  by  an  i-PrI  molecule  to 
undergo  breakup  in  about  10-*'  sec  is  of  the  order 
of  60  kcal/mole  or  ^TfSKT.  Accommodation  to  this 
energy  seems  to  occur  in  80  ±  30  collisions.*^ 

Wall-conditioning  appears  to  be  associated  with  the 
formation  of  a  carbonaceous  coating.  The  condition- 
ing process  could  be  associated  with  different  energy- 
transfer  processes  between  wall  and  reactant  as  the 
wall  is  progressively  coated.  The  alternative  view 
which  cannot  yet  be  ruled  out  is  that  the  wall  gives 
rise  to  catalytic  decomposition  of  parent  molecules. 
The  occurrence  of  coating  obviously  implies  that  wall- 
promoted  reactions  can  occur.  Their  rates  are  small, 
however,  on  our  time  scale,  and  it  is  more  likely  that 
these  reactions  are  taking  place  with  products  than  with 
reactants. 

We  are  continuing  our  investigations  of  the  nature 
of  wall-conditioning  effects  and  will  report  on  these 
subsequently. 

Application  of  the  Method 

The  possible  applications  of  the  low-pressure  pyroly- 
sis technique  to  chemical  kinetics  are  manifold.  By 
covering  a  large  temperature  range,  we  are  able  to 
measure  apparent  unimolecular  rate  constants  k^ 
whose  values  range  in  each  case  over  4  to  6  decades 
(e.g.,  10-2  <  itd  <  10'-*  sec^O-  For  vao^X,  molecules 
studied,  this  carries  k  into  the  region  well  below  the 
high-pressure  limit  rate  constant  /c»,  and  energy  trans- 

(20)  D.  W.  Placzek,  B.  S.  Rabinovitch,  G.  Z.  Whitten«  and  E.  Tschui- 
kow-Roux,  /.  Chtm,  Phys.,  43,  4071  (1965). 

(21)  Calculated  from  theory  presented  in  Appendix,  eq  24. 
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s  rate  controlling.  Using  the  theory  with  the  ex- 
oiental  data,  it  is  possible  to  obtain  the  Arrhenius 
imeters  for  /c.  and  the  details  of  energy  transfer, 
^  with  the  walls  or  with  added  carrier  gases, 
lies  of  the  induction  times  in  low-collision-number 
els  yield  values  for  the  rates  at  which  the  upper 
ational  levels  of  complex  molecules  relax  in  coi- 
ns. Such  studies  are  now  under  way. 
srhaps  the  most  important  use  for  VLPP  is  in  the 
y  of  the  direct  products  of  primary  thermal  ex- 
ion  in  unimolecular  decomposition.  Thus  we 
^  found  that  both  1-  and  2-nitropropane  decom- 
j  to  give**  CsHe  +  HNO2,  rather  than  the  much 
ussed  n-  or  isopropyl  radical  +  NO2.  We  hope 
listinguish  the  paths  CHCU  -►  CHCl,  +  CI  (or 
I  +  HCl)  in  CHCls  pyrolysis.  Present  data" 
:ate  that  carbene  formation  is  important.  We 
nate  that  the  activation  energy  exceeds  56  kcal.*^ 
inally,  the  system  lends  itself  extremely  well  to 
:t  studies  of  the  kinetics  and  stoichiometry  of 
;cule-surface  reactions,  and  we  are  now  beginning 
ies  of  this  type  for  suitable  molecules  with  various 
•hitic  and  metal  surfaces. 


endix.    Treatment  of  Data 

le  experimental  technique  of  very  low-pressure 
lysis  (VLPP)**  consists  of  permitting  a  steady- 
;  flow  of  reactant  molecules  to  pass  into  a  thermo- 
d  reaction  cell  under  conditions  of  such  low  pres- 

that  most  collisions  of  reactant  (or  product) 
xniles  take  place  with  the  vessel  walls  and  not  in  the 
3ha8e.  For  oiu-  usual  reactors  this  corresponds  to 
jurcs  P  <  10"*  torr.  Once  in  the  cell,  reactant 
xniles  may  decompose,  escape  from  the  cell,  or,  in 
ial  cases,  react  chemically  with  added  carrier  gases 
roducts.  In  conditioned  quartz  vessels,  the  rates 
^terogeneous  reactions  have  turned  out  to  be  small 

less  than  10%  of  the  observed  rates).  This  is 
lecessarily  the  case  in  metal  vessels. 
le  apparent  first-order  rate  constants  measured  in 
system  fall  considerably  below  those  obtained  at 
er  pressiu-es  in  static  systems.  In  the  following 
ons  we  shall  develop  the  appropriate  equations 
h  permit  us  to  interpret  our  data  and  explain 
ititatively  the  falloff  in  rate  constants  in  our  system 
in  similar  ones. 

Flow  Kinetics.  The  conditions  in  VLPP  cor- 
:>nd  closely  to  those  in  a  stirred  flow  reactor.*^'*' 
mportant  difierence  between  the  usual  stirred  flow 
tor  equation  and  those  applicable  here  will  emerge 
tly.  We  can  represent  the  mechanism  by  the 
wing  set  of  kinetic  equations  in  which  A  represents 
ictant  molecule  and  B  represents  an  added  carrier 
ies  (e.g.,  NOi)  or  product  molecule  which  can 
t  with  A  (or  the  products  of  A). 

I  O.  N.  Spokes  and  S.  W.  Benson,  manuscript  in  preparation. 

I  S.  W.  Benson  and  G.  N.  Spokes,  paper  submitted  to  the  11th 

Mium  on  Combustion,  Berkeley,  Calif,  Aug  1966. 

)  Assuming  an  A  factor  of  10^*-*  sec~^  and  a  Kassel  n  of  1.5. 

I  VLPP  may  be  defined  as  **pyrolysis  in  a  reactor  at  low  pressure 

Jyit  energy  transfer  from  an  external  heat  source  is  primarily  by 

( of  gas-wall  interactions.    Gas  flow  is  chiefly  free  molecular  flow. 

erature  history  of  average  molecules  is  well  characterized.** 

)  M.  Bodcnstein  and  K.  Wolgast,  Z.  Physik.  Chem.,  61,  422 

I. 

I  K.  Denbigh,  "Chemical  Reactor  Theory,"  Cambridge  University 

Cambridge^  Mass..  1965. 


A  +  B 


products  [/fpP  +  «aQ] 


escape  through  orifice 


other  products  [/irR  +  nJSl 


(1) 


where  rit  is  the  stoichiometric  number  of  moles  of 
product  formed  per  mole  of  A  decomposing. 

(A)ss»  the  steady-state  concentration  of  A  in  the 
reactor,  is  determined  by  the  rate  of  introduction  N^ 
in  moles/second  (essentially  the  steady-state  flow  rate) 
and  the  various  depletion  processes.  From  the  above 
we  find 


(A)ss  = 


N, 


[*ea  +  k  +  fcb(B)ss]>' 


(2) 


where  V  is  the  reactor  volume  in  liters  and  concentra- 
tions are  in  units  of  moles/liter.  The  steady-state 
concentration  of  species  in  the  reactor  thus  depends  on 
ktti  and  k^B)ss-  These  terms  depend  in  turn  on  an 
average  molecular  speed,  and  there  is  thus  this  im- 
portant difierence  between  the  stirred  flow  reactor 
equations  for  high  and  for  very  low  pressures. 
The  flux  of  unreacted  A  in  the  exit  stream  is  given  by 


VkUAhs  = 


N^k 


A'^'ea 


(3) 


[fcea  +  k  +  /:b(B)ss] 
The  exit  flux  of  product  molecules  P  at  steady  state  is 

KMP)ss  =  *(A)ss«pK  (4) 

where  k^  is  the  first-order  escape  rate  constant  for  P. 

The  mass  spectrometer  is  calibrated  by  passing 
known  fluxes  of  products  and  reactants  through  the 
system.  From  the  observed  signals  at  two  or  more  mass 
peaks,  we  can  determine  the  relative  fluxes  of  product 
and  reactant.  From  eq  4,  this  relative  flux  8p  or  5q 
for  product  P  or  Q  is  given  by 


J    ^  fecp(P)ss  _fe/tp 

^         *ea(A)ss        *ea 

MQ)ss     kn^ 


8«  = 


MA) 


ss 


(5) 


(6) 


where  8p  and  5q  are  the  ratios  of  the  observed  signals  of 
P  and  Q,  respectively,  to  A.  We  can  write  similar 
equations  for  5r  &nd  5s>  the  relative  fluxes  of  R  and  S. 
From  kinetic  theory^  the  escape  rate  constant  through 
a  thin  aperture  is** 

V4?A^h ,  .J. 


Kmm.    "~ 


lO'K 


sec 


-1 


where  i^h  is  the  hole  area  in  cm*  and  Za  is  the  mean 
molecular  speed  of  A.  From  kinetic  theory  I^a  = 
1.46  X  lOHT/M^'^*  cm/sec.  Ma  is  the  mass  of  A 
in  amu.    Hence,  from  eq  S  and  7 


k  = 


3.65AtbX^* 
Vh^Ma'^' 


(8) 


Using  the  relation  Z,  =  Ay/A^^,  we  can,  if  we  wish, 

(28)  S.  Dushman,  "Vacuum  Technique/*  2nd  ed,  John  Wiley  and 
Sons,  Inc.  New  York,  N.  Y..  1962,  p  90.  Equation  7  is  derived  from 
Dushman*s  eq  2.36  by  dividing  the  pumping  speed  of  the  aperture  by 
the  vessel  volume  in  liters. 

(29)  We  may  note  that  the  escape  rate  constant  is  independent  of  gas 
pressure.  This  means  that  the  volume  effect  treated  by,  for  example, 
G.  M.  Harris  (/.  Phys.  Colloid  Chem.,  51, 505  (1947))  does  not  apply  to 
VLPP  conditions. 
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rewrite  k  in  terms  of  the  vessel  collision  number  Z, 
and  the  internal  surface  area  of  the  vessel  Ay  (cm*) 


k  = 


3.658py<vr/' 


(9) 


Now 


«1._!9_ 


/ 


n. 


n. 


(1-/) 


(10) 


where  /  is  the  fraction  of  unimolecular  decomposition 
of  A  in  the  reactor. 
From  eq  5  and  10 


k  =  k 


f 


ea 


(1    -/) 


(11) 


From  eq  9  and  10 


^  ^  3.6S^vr/'["     /     1 


Z^KMa"/'  L(1 


(12) 


It  will  be  noted  that  eq  11  and  12  bear  a  Formal  simi- 
larity to  the  equations  for  a  stirred  flow  reactor. " 

If  /'  represents  the  fraction  of  A  disappearing  by 
chemical  reaction  with  B,  we  can  show  that 


_  3.6S^vr/t/-7(l  -  /Q] 
*b(B)ss z;VM^^ 


(13) 


Here/7(1  —  /O  is  a  direct  experimental  observable  and 
is  equal  to  i^lrir  or  ijn^. 

Since  our  experimental  data  give//(l  — /)and/7(l  — 
f)  directly,  we  can  immediately  use  eq  12  and  13  to  give 
first-order  and  second-order  rate  constants. 

Some  experiments  are  not  directly  amenable  to  the 
foregoing  treatment.  For  example,  we  may  some- 
times not  be  able  to  measure  the  relative  sensitivities 
of  a  parent  molecule  and  its  free-radical  decomposition 
products.  For  such  experiments  we  must  measure  the 
absolute  flux  of  parent  molecules  under  the  various 
experimental  conditions. 

The  mass  spectrometer  signal  /^  is  closely  propor- 
tional to  the  flux  of  species  A.  If  we  denote  the  con- 
stant of  proportionality  (or  sensitivity)  by  ax,  then 
(with  eq  2) 


/a  =  QfA*e*(A)ss  = 


A^A^eaOfA 


fc  +  fcea  +  fcb(B)sS 


(14) 


We  can  determine  ax  by  calibration.** 

In  this  type  of  measurement  Nk>  the  mass  flow  rate, 
is  kept  constant  and  the  temperature  range  is  scanned. 
At  low  temperatures  where  no  reaction  takes  place,  we 
observe  a  signal  I^  ==  i^A«A  (from  eq  4)  so  that  we  can 
eUminate  N^.  and  ax  and  write 


(15) 


/a«         [*  +  *ea  +  fcb(B)ss] 


(30)  Equation  12  can  be  transformed  to  eq  10  of  ref  31  by  the  sub- 
stitutions klkm  "^  b,f  »  B,  and  Z,  -  ym.  kw  is  the  wall-collision 
frequency  where  Atw  -  3.65i4vrVt/(KA/A*/t)scc-». 

(31)  P.  LeGoff.  /.  Chim,  Phys.,  359  (1956). 

(32)  One  must  correct  for  the  effect  of  oven  temperature  on  aa  when 
working  with  molecular  beams.  This  problem  has  been  studied  by 
O.  Osberghaus  and  R.  Taubert,  Z.  Physik,  Chem.  (Leipzig),  B516.  264 
(1955);  H.  Ehrhardt  and  O.  Osberghaus,  Z.  Natur/orsch,,  13a,  16 
(1958);  15a,  575  (1960).  The  mass  spectrometer  experiments  described 
earlier  in  this  paper  were  not  beam  experiments  and  most  of  the  mole- 
cules were  cooled  to  close  to  ambient  temperature  prior  to  entering  the 
ionizer. 


Solving  for  k,  the  apparent  first-order  rate  constant  for 
decomposition  of  A,  we  find 

.  -  ^.m — ^]  (.« 

In  the  absence  of  any  secondary  reactions  by  B,  wc 
have 

or,  alternatively 

/ 


*  =  fc 


(1-/) 


(17) 


2.  Induction  Periods.  Two  types  of  induction  times 
must  be  considered  in  our  system.  The  first,  Tm,  cor- 
responds to  a  "mixing**  time  and  arises  because  reactant 
molecules  are  introduced  at  one  end  of  a  cylindrical 
vessel  and  escape  from  an  orifice  at  the  opposite  end. 
The  probability  of  escape  is  lower  for  these  molecules 
than  for  the  average  molecule,  and  one  can  make  a 
simple  estimate  that  in  time  Tm,  Z^  collisions  are  required 
to  bring  these  molecules  to  an  "average"  position  in 
our  cell.  For  a  cylinder  of  length  /  cm  and  radius 
r  cm,  Zn,  ^  (//2r)*.  Z„  is  estimated  on  the  basis  of  a 
random  walk  of  step  size  r  cm.  For  our  system  Z^  is 
about  4  to  6  and  generally  negligible. 

The  second  induction  period  is  related  to  the  time 
Ti  necessary  to  reach  the  stationary  population  of  the 
upper  vibrational  levels  of  the  reactant  molecules. 
Since  internal  energies  of  average  reacting  molecules 
are  in  the  range  of  40RT,  one  would  imagine  that  on  the 
order  of  at  least  40  and  possibly  (40)^  wall  collisions 
would  be  required  to  establish  such  stationary  states. 

We  can  examine  the  effect  of  this  internal  energy 
relaxation  by  considering  the  fate  of  a  number  of 
molecules  K(AA)  introduced  into  the  reactor  at  time 
/  =  0  in  a  time  interval  At  which  is  very  short  compared 
to  the  mean  residence  time  r,  in  the  reactor.    Note  that 

Ignoring  the  complications  of  secondary  reactions 
with  B,  the  rate  of  depletion  of  the  group  AA  in  the 
reactor  is  given  by 


H^^Ck  +  k^AA) 


(18) 


where  k  is  now  some  monotonic  function  of  time.  If 
we  wish  to  take  account  of  the  mixing  time  t^^  we  can 
easily  do  so  by  saying  that  k^^  is  a  step  function,  k^  = 
0  for  0  <  /  <  Tm,  and  k^^  =  k^  for  /  >  Ta,  with  t^  = 
ZtnTw  where  Tw  is  the  mean  time  between  wall  collisions. 
Integrating  eq  18  between  limits  0  and  r,  we  find 


=   kUt  -   Tnd+  {k)t 


(20) 


where  {k)  is  the  average  of  k  over  the  time  interval 
t  and  is  a  function  of  f  as  defined  by  eq  19  and  20. 
Now  the  rate  of  unimolecular  reaction  is  given  by 


-[^'L-'<-' 

and,  on  eliminating  (AA)  with  the  aid  of  eq  20 


(21) 
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-1   rd(AA)1        ^ 

(AA)oL      d/     Jchcm 

fcexp{-[M/-r„)  +  (fc)]}     (22) 

The  total  fraction  of  chemical  reaction /which  occurs 
in  the  group  AA  is  obtained  by  integrating  eq  22  be- 
tween limits  0  <  /  <  » .    We  find 

/  =  exp(fcear  J  J"  k  exp[-(/:e*  +  {k))t\  At    (23) 

This  can  be  integrated  if  we  have  an  explicit  form  for 
klj).  As  a  simple  case  which  is  probably  not  far  from 
reality,  we  may  assume  that  /:  is  a  step  function  such 
that  it  =  0  for  0  <  r  <  Ti  and  k  ^  ktox  t>  ti.  tj  is 
then  an  induction  time  for  energy  relaxation.  Under 
these  conditions /becomes 


f^  A:exp{-fcea(n-  r^)]  ^  __ 

^  (*ea  +  k)  (fcea 


k/fi 


+  k) 

with  j8  ^  exp{/:ea(n  —  ^m)}  and  generally  j8  >  1. 
Solving  for  k  we  find  a  result  similar  to  eq  1 1 

(1-/18) 


(24) 


(25) 


where  /j3  can  be  interpreted  as  a  corrected  fraction  of 
decomposition. 

In  vessels  with  very  small  apertures  where  k^(Ti  — 
Ta)  «  1>  eq  11  and  25  are  identical,  and  we  can  ignore 
the  induction  times.  This  permits  us  to  solve  for  k  from 
calculations  of  /:»  (eq  ^)  and  measurement  of/  We  can 
then  solve  for  the  induction  parameters  (from  eq  24)  by 
measuring  /  at  the  same  temperatures  in  a  series  of 
vessels  of  different  k^  where  kj(ji  —  Xm)  «  1. 

From  preliminary  results  reported  here,  it  appears  as 
though  for  isopropyl  iodide,  at  about  1000°K,  (ti  — 
Ta)  ^^  4  msec  in  a  conditioned  quartz  vessel.  This 
would  correspond  to  about  80  wall  collisions  for  the 
average  i-PrI  molecule  to  pick  up  about  40RT  of  in- 
ternal energy.  If  we  assume  an  oversimple  Brownian 
process  of  energy  exchange  between  the  walls  and  /- 
PrI  molecules,  this  corresponds  to  about  4.5 RT  =  9 
kcal/mole  transfer  of  energy  per  wall  collision,  es- 
sentially a  '"strong"  collision  mechanism." 

3.  RRK  Theory  of  the  Unimolecular  Rate  Constant 
fca.  The  Rice-Ramsperger-Kassel  (RRK)  theory  of 
unimolecular  reactions  assumes  that  molecules  are 
activated  and  deactivated  by  collisions  and  that  a 
stationary  population  of  vibrationally  excited  species 
is  produced  by  these  processes  together  with  the  process 
of  spontaneous  unimolecular  decomposition.  The 
rate  constant  falls  off  from  its  high-pressure  limit  when 
spontaneous  decomposition  depletes  the  upper  energy 
states  responsible  for  reaction  faster  than  collisional 
deactivation  does. 

Normally,  one  studies  such  effects  by  measuring  the 
apparent  first-order  rate  constant  at  fixed  temperature 
but  successively  lower  pressures.  In  the  VLPP  tech- 
nique, the  frequency  of  wall  collisions  is  essentially 
fixed  by  the  dimensions  of  the  vessel.  As  one  goes  to 
higher  and  higher  temperatures,  the  rate  of  spon- 
taneous decomposition  increases,  and  at  sufiiciendy  high 
temperatures  all  unimolecular  reactions  will  fall  off 
from  their  high-pressure  limits. 

(33)  O.  R  Kohlmaier  and  B.  S.  Rabinovitch.  /.  Chem,  Phys.,  38, 
1692  (1963). 


For  an  arbitrary  reactant  molecule  A,  the  RRK 
scheme  is** 


wall  +  A 


A* 


kd 


A*  +waU 
products 


(26) 


Here  k^,  and  k^  are  rate  constants  for  vibrational  energy 
exchange  at  the  wall,  and  kr  is  the  specific  decomposi- 
tion rate  of  a  critically  energized  molecule  with  in- 
ternal energy  E  >  £♦,  the  activation  energy  for  reaction 
at  0°K.  The  observed  apparent  first-order  rate  con- 
stant k  is  then 


-/, 


KfJCj^ 


E*  fcd  +  K 


d£ 


(27) 


Using  the  classical  RRK  forms  for  k^  and  kjk^^  it  can 
be  shown  that  the  integrand  in  eq  27  has  a  simple  sharp 
maximum  at  £  =  £„  where  E*  <  E^a  <  E*  +  (jt  -- 
\)RT,  and  n  is  the  effective  number  of  classical  oscil- 
lators in  the  molecule  A.  If  the  half-width  of  the  inte- 
grand is  A^m  around  the  maximum,  then  we  can  write 


_  kJiE^)kXE^X^E^)/RT 
[k^(E^)  +  kriEnJl 


(28) 


It  can  be  further  shown  that  this  maximum  occurs 
very  close  to  the  value  of  £„  that  makes  fcdC^m) 
kt(Ea),  so  that  eq  28  becomes 


r**^ 


* "  (1)^'  -  m)m  - 


1  AF 

2  RT 


(29) 


where  /X^m)  =  kjk^  is  the  probability  of  finding  a 
molecule  of  internal  energy  E^in  a,  system  at  equilib- 
rium.   It  is  given  classically  by 


/X£m)  = 


1 


(n  -  l)l\RTj 


n-l 


exp 


\Rt) 


(30) 


Now  k^(Etn)  can  be  written  as  Xdfcw,  where  k^  is  the 
frequency  of  wall  collisions,  typically  ^10*-*  secr-i  jq 
our  system,  and  Xd  is  the  probability  that  a  molecule 
with  internal  energy  £„  will,  on  a  wall  collision,  lose 
enough  of  this  energy  that  it  is  not  capable  of  reacting 
in  10"**  sec.  The  amount  of  energy  required  is  prob- 
ably of  the  order  of  2RT  and  Xd  is  probably  of  the  order 
of  1 .    Thus  we  can  set 


while  from  the  RRK  theory 

£„  -  £♦ 


(31) 


kXE„d 


- 


'm 


r 


(32) 


where  A  is  the  Arrhenius  A  factor  in  sec-'.    From  eq 
31  and  32 


or 


£=-(7') 


(33) 


(34) 


(34)  S.  W.  Benton.  'Toundations  of  Chemical  Kinetics,"  McGraw- 
Hill  Book  Co.,  Inc.  New  York,  N.  Y.,  1960,  Chapter  XI. 
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Thus  if  we  know  or  can  choose  a  value  of  n  and  A  we 
can  calculate  the  ratio  £*/£„  for  our  system. 

Having  calculated  the  ratio  (E*IEtt,X  one  then  uses 
eq  29  and  30  with  AEJRT  ~  (n  -  1)*/'  to  calculate 
Enx  at  any  given  temperature.'*  This  is  done  numeri- 
cally, explicit  solutions  not  being  possible. 

With  Stirling's  approximation  for  (n  —  1)!  we  have 
from  eq  29  and  30 

(33)  This  approxiiiiation  for  A£m  is  obtained  by  use  of  the  method  of 
steepest  descents  for  the  integration  of  eq  29. 


k  =  J^l^-i^^ 


n-l 


-(-  i) 


(35) 


which  permits  us  to  solve  for  £„  from  the  observed 
value  of  k  and  the  appropriate  value  of  n. 

When  the  high-pressure  Arrhenius  parameters  A  and 
E*  are  known,  as  is  often  the  case,  n  is  the  only  un- 
known parameter  and  it  can  be  determined  accurately. 

We  have  used  eq  35  in  our  theoretical  estimates  for 
the  rate  of  decomposition  of  i-Prl. 
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Abstract:  The  60-Mc  nmr  spectra  of  cis-  and  /ran^l,4-dichloro-2-butene  are  reported  and  analyzed.  A  popula- 
tion analysis  based  upon  the  observed  vicinal  couplings  indicates  that  the  steric  interaction  between  -CHsQ  groups 
in  the  ci5  isomer  is  at  least  170  cal  mole~^  larger  when  the  chlorine  atom  is  oriented  trans  with  respect  to  the  adjacent 
vinyl  proton. 


The  nuclear  spin-spin  coupling  between  vicinal 
protons  in  HC-CH  groups  of  ethane  and  ethylene- 
type  molecules  has  been  found  to  be  dependent  upon 
the  dihedral  angle.'  Since  internal  rotational  energy 
barriers  about  carbon-carbon  single  bonds  are  low, 
only  an  average  coupling  is  observed  in  many  cases, 
but  such  an  average  can  still  be  useful  to  determine 
which  is  the  more  stable  rotamer. 

The  analysis  of  the  complex  nmr  spectra  of  cis-  and 
/ran5- l,4-dichloro-2-butene  was  undertaken  since  the 
coupling  constants  obtained  from  these  spectra  can  be 
used  to  infer  the  conformation  of  the  CHsCl  groups 
about  the  carbon-carbon  single  bonds.  Our  primary 
objective  was  to  see  if  we  could  determine  the  extent  of 
the  steric  interaction  of  these  groups  in  the  cis  com- 
pound. 

The  basis  for  our  conformational  study  rests  upon 
the  following  considerations.  Figure  1  shows  the 
anticipated  stable  conformation  of  /ra«^-l,4-dichloro-2- 
butene.*"^  It  is  assumed  that  in  this  case  a  certain 
average  vicinal  coupling  between  the  methyl  protons 
(Ha)  and  the  adjacent  vinyl  proton  (Hb)  will  be  observed, 
the  magnitude  of  which  is  determined  by  the  energy 
difference  between  the  conformation  of  Figure  1  and 
others  obtained  by  rotations  about  the  carbon-carbon 
single  bonds.    If  the  same  trans  orientation  of  an  H^ 

(1)  Based  in  part  on  work  peiformed  under  the  auspices  of  the  U.  S. 
Atomic  Energy  Commission. 

(2)  Author  to  whom  inquiries  should  be  addressed:  University  of 
California,  Los  Alamos  Scientific  Laboratory,  Los  Alamos,  N.  M. 
87544. 

(3)  M.  Karplus,  /.  Chem.  Phys.,  30,  11  (1959). 

(4)  M.  Barfield  and  D.  M.  Grant,/.  Am.  Chem.  Soc.,  85,  1899  (1963). 

(5)  H.  J.  M.  Bowen,  A.  Gilchrist,  and  L.  E.  Sutton,  Trans.  Faraday 
Soc.,  51,  1341  (1955). 

(6)  A.  A.  Bothner-By  and  H.  GUnther,  Discussions  Faraday  Soc.,  34, 
127(1962). 


proton  with  respect  to  the  adjacent  Hb  proton  persisted 
in  the  cis  isomer,  we  would  expect  to  observe  a  rather 
strong  steric  interaction  between  the  H^  protons  of  the 
different  -CH2CI  groups.  Of  course  with  the  chlorine 
atoms  trans  with  respect  to  Hb,  the  steric  effect  would  be 
even  more  pronounced.  Because  of  these  interactions, 
conformational  stability  requirements  are  altered,  and 
these  changes  should  be  reflected  in  the  average  proton 
couplings  observed. 

lliis  unsaturated  system  may  be  regarded  as  an  al- 
lylic  system,  since  there  is  spin-spin  coupling  between 
protons  separated  by  one  double  bond  and  three  single 
bonds,  and  also  as  a  homoallylic  system,  where  the 
coupling  between  protons  is  over  five  bonds  with  the 
protons  symmetrically  placed  about  the  carbon-carbon 
double  bond,  i.e.,  H— C— C=C— C— H.^ 

Karplus,^  through  a  valence  bond  treatment,  has 
had  most  success  in  correlating  experimental  results 
with  theoretical  calculations,  with  respect  to  both  the 
sign  and  magnitude  of  couplings  in  sdlylic  and  homo- 
allylic systems.  The  proposed  mechanism  involves 
hyperconjugation  determined  by  a-T  configuration 
interaction. 

From  the  theoretical  point  of  view,  the  allylic  cou- 
pling constants  are  negative  in  sign  with  the  coupling 
being  transmitted  mainly  through  the  ir-electron  sys- 
tem." The  magnitudes  of  the  allylic  coupling  constants 
have  been  found  to  vary  between  0  and  3  cps.*  These 
coupling  constants  attain  a  maximum  of  approximately 
3  cps  when  the  azimuthal  angle  is  90^,  and  a  minimum 
when  the  azimuthal  angle  is  0  or  180^. 


(7)  S.  Sternhell.  Rev.  Pure  Appi.  Chem.,  14,  15  (1964). 

(8)  M.  Karplus,  J.  Chem.  Phys.,  33,  1842  (1960). 

(9)  F.  A.  L.  Anet,  Can.  J.  Chem.,  39,  2262  (1961). 
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In  the  homoallylic  system  the  coupling  also  involves 
the  a-r  configuration  interaction  mechanism.'  The 
theory  predicts  the  sign  to  be  reversed,  but  there  should 
be  no  change  in  the  magnitude  of  the  coupling  constants 
on  replacing  the  fragment  C=C  by  C=C— CH.  The 
same  stereochemical  limitations  should  apply  as  for  the 
allyliccase. 

Expcrimoital  Section 

Pnparatka  of  Compovidi.  r/iau-l,4-DichIoro-2-biiteDe  was 
obtained  from  K  and  K  Laboratories  Inc.  OS  a  98%  pure  coinpouiid. 
cu-l,4-DichlorD-2-buteiK  was  synthesized  Tollowiiig  the  procedure 
of  Babbit,  Amundsen,  aad  Staoer."  Attempts  to  puiiiy  these 
con^xjunds  by  distillatioo  and  fractional  oystallizaiicxi  were 
unsuccessful,  but  through  the  courtesy  of  Dr.  G.  Perkins,  Jr.,  of 
Continental  Oil  Co.,  both  ctxnpounds  were  finally  purified  using  gas 
chromatography.'*  The  chromatogram  indicUed  that  the  tram 
compound  was  contaminated  with  about  18%  of  impurities  before 
purificauon. 

Before  observing  the  nmr  spectra  of  the  liquid  samples  of  cb- 
>nd  rniiu-l,4-dichl«^2-butene,  these  samples  were  degassed  by 
flushing  with  nitrogen  gas  in  standard  thin-waUed  cells.  Sealed 
capillaries  of  benzene  were  inserted  into  the  sample  tubes  for  use  as 
an  external  reference  standard.  There  wtrc  no  bulk  susceptibility 
corrections  made. 

Im<i iMMiilatliai  The  nmr  qiectra  were  recorded  on  a  Varian 
A-60  spectrometer  operating  at  room  Umperalure.  Tbe  line 
positions  were  measured  at  total  peak  height  with  a  probable 
error  of  ±0.05  cps. 

Tbe  spectra  were  calculaKd  using  a  computer  jM'ogram  written 
for  an  IBM  1620  Model  II  computer  having  a  disk  pack.  Tbe  com- 
puter [vogram  was  written  in  iortran  n  following  the  procedure 
given  by  Pople,  Schneider,  and  Bernstein."  Values  for  the  chem- 
ical shift  for  each  prottm  plus  the  coupling  constants  between  tbe 
various  protons  in  the  molecule  are  used  as  parameters  to  calculate 
tbe  spectrum.  By  varying  these  parameters  the  experimental  spec- 
trum was  fairiy  well  rc^oduced.  Tbe  probable  errra*  for  the  cal- 
ddation  of  tbe  frequencies  and  intensities  isO.OS  toO.l  cps.  Thus 
we  Ted  that  the  chemical  shifts  and  coupling  constants  determined 
ia  (bis  wiv  are  accurate  to  at  least  ±0. 1  cps. 


The  calculated  chemical  shifts  and  coupling  constants 
for  the  cis  and  tram  isomers  as  determined  by  the 
methods  discussed  above  are  found  in  Tables  I  and 
n,  respectively.  The  results  are  illustrated  in  Figures 
2  and  3.  The  field  is  calibrated  in  cycles  per  second 
from  the  benzene  external  standard. 

The  results  obtained  are  in  agreement  with  the  theory 
as  wdl  as  with  the  results  obtained  by  other  investi- 
gates.^ The  small  but  significant  differences  in  the 
allylic,  vicinal,  and  long-range  coupling  constants  for 
the  two  isomers  can  be  used  to  discuss  conformational 
effects.  Since  tbe  vicinal  coupling  is  the  more  straight- 
fcvward,  we  will  limit  oiu*  subsequent  discussion  to  it. 

A  complete  conformational  analysis  is  complicated 
by  the  fact  that  much  less  experimental  data  arc  avail- 
aUe  in  the  case  of  orientations  about  a  carbon-carbon 
single  bond  which  involves  sp*  hybridization  on  one  end 
and  sp*  hybridization  on  ttie  other.  However,  both 
theoretical"  and  experimental*''*  indications  are  that 
the  angular  dependence  of  the  vicinal  coupling  con- 
stant closely  parallels  that  found  for  sp'-sp*  hybridiza- 
tion. 

(10)  J.  Babbit,  L.  Amnndsen,  and  R.  Stdner.  J.  Org.  Chem.,  15. 
2231(1960). 

(tl)  A.  B.  Card  and  O.  Pakins,  Jr.,  Anal.  Chlm.  Acta.  34,  83  (1966). 

(12)  I.  A.  Pofie,  W.  O.  Schnddo',  anil  H.  J.  Bemtteiii,  '-High-Resalu- 
tioii  Nuckar  Magnclic  Rewnance,"  McGraw-Hill  Book  Co,,  Inc., 
New  York.  N.  Y.,  19S9,  p  103. 

(11)  J.  Ranfl,<<iDi.i'A/f., 9, 124(1962). 

(14)  A.  A.  Bothoer-By, C Naar-Cotin, and  H.  OUntbcr,/.  Am.  Chem. 
Soe^  M.  274S  (196I>. 
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Heeht,  Victor  /  Sterie  Effeai  te  cia-  and  traiu-lA-1 


JLDDn 


Figure  1 .   Assumed  conformation  of  trans- 1 ,4-dichloro-2-butene. 


Cfllcd. 


Cnlcd.    .11  ll  III  \   . 

144    147    liO     C.p.$. 


Co/cd.  ,».  .1    .ll.    ll  iL    i.l 

29  34  39      c.p.t. 


192     e.p.e. 


Figure  3.  The  experimental  and  calculated  6Q-MC  nmr  spectrum  of 
ir)tv»-l,4-dichloro-2-butene. 


0,  then  the  energy  difference  in  the  conformers  I  or  II 
and  III  is 


90      c.p.t. 


Figure  2.    The  experimental  and  calculated  6Q-MC  nmr  spectrum 
of  c^l,4-dichloro-2-butene. 


A  population  analysis  based  upon  the  three  conforma- 
tions I-III  leads  to  an  average  vicinal  coupling  constant 

J  =  PiJt  +  (1  -  />iVg 

where  Jt  and  Jg  are  the  trans  and  gauche  couplings,  and 
the  fractional  populations  are  pu  Piu  and  pm  (pi  » 

Put  Pi  +Pn  +Pui  =  1)- 
We  assume  the  values  of  Jt  —  13.4  cps  and  Tg  = 

2.4  cps  reported  by  Bothner-By,  et  al.,^^  for  the  vicinal 

trans  and  gauche  couplings  in  allyl  chloride.    Then 

we  find  for  the  trans  configuration  (7  =  7.1  cps)  pi  = 

0.427,  and  for  the  cis  configuration  (J  =  7.9  cps)  pi  = 

O.SOO.    If  we  assume,  as  is  usually  done,^^  that  AS  » 

(IS)  A.  A.  Bothner-By,  S.  Castellano,  S.  J.  Ebersole,  and  H.  OUnther, 
/.  Am.  Chem.  Soc.,  88,  2466  (1966). 


A^=  -RTlnK^  =  -RT]n 


2p} 


eq 


I  -Pi 


We  find  in  this  way  that  AH  tram  =  —237  cal  mole~^  and 
AHcu  =  —411  cal  mole-^  The  difference,  ^^170 
cal  molcS  represents  a  lower  limit  to  the  difference  in 
energy  of  interaction  of  a  proton  and  a  chlorine  atom 
in  the  trans  orientation  (with  respect  to  the  vinyl  proton) 
with  the  average  potential  of  a  -CHjCl  group  oriented 
cis  (with  respect  to  the  other  -CH2CI  group). 

The  fact  Aat  this  figure  is  but  a  lower  limit  is  shown 
by  the  value  of  pi  =  0.5  for  the  cis  compound,  which 
means  that  pni  =  0  and  7  =  (A  +  •/g)/2.  Obviously, 
all  that  we  can  determine  is  the  least  amount  of  inter- 
action energy  which  is  required  to  drive  the  system  to 
this  limit.  It  is  also  possible  that  there  may  be  some 
skewing  of  the  stable  conformation  due  to  the  steric 
interaction,  similar  to  that  reported  by  Woolfenden  and 
Grant"  for  o-methyl  groups  in  aromatic  systems. 
Whether  or  not  this  effect  is  significant  should  be  re- 
vealed by  a  study  of  the  parent  compounds,  i.e.,  the 
ciS'  and  rran5-2-butenes,  where  no  population  effects 
are  involved.  Such  a  study  is  being  pursued  by  us  at 
the  present  time. 

(16)  W.  R.  Woolfenden  and  D.  M.  Grant,  ibid.,  88, 1496  (1966). 
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Abstract:  Thermodynamic  and  kinetic  properties  of  the  transient  complex  between  iodine  atoms  and  o-xylene  in 
the  liquid  phase  have  been  determined  by  flash  spectrophotometry.  The  formation  constant  and  enthalpy  of 
formation  at  25°  are  reasonably  consistent  with  those  inferred  from  kinetic  recombination  studies  for  the  gas-phase 
complex  when  solvation  effects  are  considered,  and  show  that  charge-transfer  interactions  can  lead  to  both  the 
specificities  and  observed  negative  temperature  coefficients  for  relatively  efficient  third-body  species. 


The  homogeneous  gas-phase  recombination  of  halo- 
gen atoms  (X)  in  the  presence  of  a  third  body  (M) 
is  now  generally  considered^  to  occur  either  by  the 
energy-transfer  mechanism 


X  +  X 


XX* 


XX*  +  M  — ►  X,  +  M 

or  the  radical-molecule  complex  mechanism 

X  +  M  ^I^  XM 

XM  +  X  — ►  X,  +  M 


0) 

(2) 

(3) 
(4) 


In  these  mechanisms,  XX*  represents  a  short-lived 
diatom  with  more  than  sufficient  energy  to  dissociate, 
and  XM  is  a  complex  of  sufficiently  long  life  to  be 
collisionally  deactivated  and  to  participate  in  step  4, 
leading  to  recombination 


X  +  M 
XM*  -h  M 


XM* 


XM  -h  M 


(3a) 
(3b) 


the  over-all  rate  of  recombination  in  either  case  being 


^  =  *.pp[X]«[M] 


(5) 


The  first  mechanism  satisfactorily  describes  the  re- 
combination of  iodine  atoms  in  the  presence  of  atomic 
or  relatively  simple  molecular  third  bodies.'  In  more 
complex  systems,  however,  the  large  rate  constants 
cannot  adequately  be  explained  by  energy  transfer 
alone,  and  the  second  mechanism  accounts  for  re- 
combination where  the  binding  energy  of  XM  is  greater 
than  kT,  Dispersion  forces  alone,  although  leading  to 
reasonable  binding  energies,'*'  do  not  result  in  the 
large  variations  actually  observed  in  third-body  ef- 
ficiencies,^^ whereas  charge-transfer  interactions  lead 
to  quite  large  binding  energies  but  reasonable  specifici- 
ties among  the  donor  third  bodies. 

(1)  S.  W.  Benson  and  W.  B.  DeMore,  Ann,  Reo.  Phys.  Cfum.,  16, 

397(1965). 

(2)  M.  Eusuf  and  K.  J.  Laidler.  Trans,  Faraday  Soc.,  59,  2750  (1963). 

(3)  D.  L.  Bunker  and  N.  Davidson,  J,  Am,  Cfum,  Soe„  80,  5090 
(1958). 

(4)  K.  E.  Russell  and  J.  Simons,  Proe.  Roy.  Soe.  (London),  A217,  271 
(1953). 

(5)  R.  Engleman  and  N.  R.  Davidson,  J,  Am,  Chgm,  Soe.,  82, 4770 
(I960). 

(6)  O.  Pdrter  and  i.  A.  Smith,  Proc.  Roy.  Soe.  (London),  A261, 28 
(1961). 


Following  the  flash  photolysis  of  molecular  iodine, 
a  transient  absorption  attributed  to  a  strong  inter- 
mediate complex  between  a  nitric  oxide  molecule  and 
an  iodine  atom  has  been  detected  in  the  gas  phase.^ 
Similarly,  charge-transfer  complexes  between  iodine 
atoms  and  aromatic  donors  have  been  observed  spec- 
trophotometrically  in  the  liquid  phase;'-*  the  absorp- 
tion spectra  of  these  relatively  weak  complexes  have 
not  been  observed  in  the  gas  phase,  but  formation 
constants  deduced  from  the  gas-phase  atom  recombina- 
tion studies  are  at  least  an  order  of  magnitude  greater 
than  the  comparable  molecular  iodine-aromatic  com- 
plexes in  the  liquid  phase.  ^®  A  stronger  atom  com- 
plex is,  in  fact,  to  be  expected,  as  the  electron  affinity 
of  the  iodine  atom  is  greater  than  that  of  the  iodine 
molecule.  Although  the  formation  constant  for  the 
iodine  atom-hexamethylbenzene  complex  has  been 
shown  ^^  to  be  somewhat  larger  than  that  for  the 
molecular  iodine-hcxamethylbenzene  complex  (2.7  and 
1.5  I.  molc-^  respectively,  both  at  25°,  CCI4  solvent), 
this  difference  is  not  large  enough  to  account  for  the 
at  least  tenfold  difference  cited  above  and  may  indicate 
a  compensating  effect  between  the  standard  enthalpies 
and  entropies  of  formation  not  present  in  the  gas  phase. 
In  addition,  however,  it  has  recently  been  shown" 
that  gas-phase  molecular  iodine  complexes  are  ap- 
preciably stronger  than  comparable  liquid-phase  com- 
plexes (although  the  enthalpies  of  formation  are  ap- 
proximately the  same),  the  effect  diminishing  with  in- 
creasing strength  of  the  complex." 

Determination  of  the  thermodynamic  properties  of 
the  liquid-phase  iodine  atom-aromatic  complexes 
requires  the  precise  measurement  of  absorbance  changes 
as  a  function  of  temperature  and  donor  concentration 
at  two  wavelengths,  one  of  which  corresponds  to  change 
in  molecular  iodine  concentration  only.  Accordingly, 
the  flash  spectrophotometric  apparatus  of  this  labora- 
tory has  been  modified  to  permit  the  simultaneous 
recording  of  two  absorbance  changes  as  a  function  of 

(7)  G.  Porter,  Z,  O.  Szabo,  and  M.  O.  Townsend,  /6W.,  A270,  493 
(1962). 

(8)  S.  J.  Rand  and  R.  L.  Strong,  J.  Am.  Chem,  Soe.,  82.  5  (1960). 

(9)  R.  L.  Strong,  S.  J.  Rand,  and  J.  A.  Britt,  ibid,,  82.  5053  (1960). 

(10)  T.  A.  Cover  and  G.  Porter,  Proe.  Roy,  Soe,  (London),  A262,  476 
(1961). 

(1 1)  R.  L.  Strong  and  J.  Perano,  J,  Am.  Chem,  Soe.,  83,  2843  (1961). 

(12)  F.  T.  Lang,  and  R.  L.  Strong,  ibid.,  87.  2345  (1965). 

(13)  J.  M.  Goodenow  and  M.  Tamres,  J.  Chem,  Phys,,  43,  3393 
(1965). 
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time  following  flash  photolysis,  one  in  the  ultraviolet 
region  (due  to  dissociation  of  iodine  in  the  molecular 
iodine-aromatic  complex)  and  the  other  in  the  visible 
region  (resulting  from  the  simultaneous  dissociation 
of  iodine  and  formation  of  the  atom  complex). 

Experimental  Section 

Flash  Apparatof.  The  flash  spectrophotometric  apparatus  used 
in  this  work  was  a  modification  of  the  unit  used  in  previously  re- 
ported experiments  in  this  laboratory  on  transient  charge-transfer 
species.*  The  flash  lamp  consisted  of  two  parallel  quartz  tubes 
(15-mm  i.d.,  1.5-mm  wall  thickness),  each  approximately  15  cm 
long  with  either  cup  stainless  steel  or  5-mm  tungsten  rod  electrodes 
12  cm  apart.  Semicircular  Pyrex  manifolds  at  each  end  positioned 
the  tub^  at  a  distance  of  8  cm  from  each  other  and  provided  for 
common  gas  filling  of  both  tubes  (Xe,  60-120  mm).  The  lamp 
was  mounted  horizontally  on  the  optical  bench  in  a  polished  cylin- 
drical reflector,  and  the  reaction  cell  was  positioned  midway  be- 
tween the  two  tubes. 

The  discharge  tubes  were  connected  in  series  electrically.  Two 
ASEA  Type  CTU A  capacitors  (625  joules  each)  charged  in  parallel 
were  discharged  across  the  lamp,  triggering  being  effected  by  a 
20-35-kv  pulse  applied  at  the  midpoint  connection  between  the  two 
tubes.  Tlie  maximum  capacitance  voltage  possible  was  10  kv. 
However,  as  with  flash  units  elsewhere,  ^^  a  "saturation  effect"  was 
also  encountered  here;  /.e.,  at  low  energies  the  peak  light  intensity 
is  directly  proportional  to  the  electrical  energy,  but  at  higher  dis- 
charge energies  the  peak  intensity  becomes  roughly  constant  and  the 
flash  duration  time  (or  ''tailing**)  increases.  The  voltage  at  which 
this  effect  becomes  significant  apparently  is  a  function  of  the  design 
of  the  apparatus  and  was  encountered  here  at  a  much  lower  voltage 
(c0.  8  kv)  than  on  the  unit  described  previously*^  (23  kv),  although 
the  energies  dissipated  per  unit  length  of  discharge  path  (33  send 
42  joules/cm,  respectively)  are  more  comparable.  For  the  rela- 
tively fast  recombination  reactions  reported  here,  it  was  desirable 
to  minimize  flash  tailing  as  much  as  possible  consistent  with  a  high 
peak  light  intensity,  and  therefore  all  measurements  were  made  at 
not  more  than  8  kv  (8(X)  joules). 

Analyzing  light  from  the  continuous  light  source  (Osram  Type 
XBO  450W/P  xenon  lamp,  powered  by  a  Sola  dc  constant  wattage 
supply  further  stabilized  by  two  parallel  18-v  storage  battery  units) 
was  partially  collimated  so  that  it  passed  through  the  reaction  cell 
without  hitting  the  sides  and  was  split  past  the  cell  with  a  partially 
silvered  mirror.  The  transmitted  portion  (70%)  was  focused  on 
the  entrance  slit  of  a  Zeiss  MM  12  double  monochromator  and  de- 
tected by  an  EMI  9558Q  photomultiplier  tube;  this  unit  involving 
the  larger  fraction  of  the  analyzing  beam  was  used  for  lower  wave- 
length (ultraviolet)  measurements.  The  reflected  light,  for  meas- 
urements in  the  visible  spectral  region,  was  focused  on  the  entrance 
slit  of  a  Beckman  DU  monochromator  and  detected  by  an  EMI 
9558B  photomultiplier.  Voltage  outputs  developed  across  load 
resistors  (variable  in  steps  from  10  kilohms  to  1  megohm)  and  shunt- 
ing capacitors  (from  0  to  600  pO  were  dc-coupled  through  12AU7 
cathode  followers  to  the  upper  and  lower  2A63  amplifier  plug-in 
units  of  a  Tektronix  Type  565  dual-beam  oscilloscope,  llie  two 
traces  were  maintained  on  the  cathode  ray  screen  by  opposing  the 
dc  voltages  from  the  continuous  analyzing  light  with  variable  dc 
voltage  applied  at  the  negative  inputs  of  the  two  amplifier  sections. 
The  two  sweeps  were  simultaneously  initiated  by  a  manual  trigger 
switch,  and  the  gate-out  signal  from  the  oscilloscope  was  used  to 
initiate  the  high-voltage  flash  trigger  pulse.  The  rise  time  of  the 
2A63  amplifier  is  1  usee,  and  this  was  the  limiting  factor  for  fast 
time  resolution.  However,  the  time  constant  of  each  detecting 
assembly  could  be  stepwise  increased  to  a  maximum  of  6(X)  /isec 
by  the  appropriate  combination  of  load  resistor  and  shunting  ca- 
pacitor in  order  to  give  the  optimum  signal-to-noise  ratio  consist- 
ent with  negligible  signal  distortion. 

Reaction  Cell.  The  Pyrex  reaction  cell  was  cylindrical  (10  cm 
light  path,  2.5  cm  i.d.)  with  evacuated  2-cm  cylindrical  chambers  at 
each  end.  Surrounding  the  cell  compartment  and  approximately 
three-fourths  of  each  end  section  was  an  annular  jacket  (ca.  1-cm 
inside  thickness)  through  which  was  circulated  the  thermostated 
aqueous  filter  solution  (1  M  CuQ, -211,0  -f  0.5  M  CaQs^HsO). 
With  this  arrangement,  temperature  control  and  uniformity  over  the 
entire  cell  was  sufficiently  precise  to  prevent  any  distortion  of  the 


analyzing  light  beam  by  density  gradients  at  the  highest  temperature 
used. 

FdriflcatioB  of  Maloriaii.  To  Eastman  o-xylene  was  added  a 
small  amount  of  iodine  and  the  solution  illuminated  for  36  hr. 
Excess  iodine  was  removed  with  sodium  sulfite  solution;  the  wet 
o-xylene  was  shaken  with  portions  of  concentrated  sulfuric  add 
until  no  discoloration  of  the  add  occurred,  washed,  shaken  with  a 
10%  sodium  hydroxide  solution,  washed,  and  distilled  twice  over 
sodium  through  a  48-cm  Vigreux  column,  the  second  distillation 
being  at  a  high  reflux  ratio.  A  similar  procedure  was  used  for 
carbon  tetrachloride  (Fisher  reagent  grade),  except  that  chlorine 
was  added  instead  of  iodine  before  illumination,  and  distillation 
was  performed  over  phosphorus  pentoxide  instead  of  sodium. 
Iodine  (Fisher)  was  freshly  resublimed  and  used  without  further 
purification. 

Cakiiiatioiia.  At  Xi,  where  it  is  assumed  that  the  changes  in 
absorbance  (optical  path  length  d)  are  due  only  to  changes  in  total 
molecular  iodine  concentration,  A[I«|  (dther  free  or  complexed) 


A^x.  =  tu^mu] 


(6) 


(Values  for  the  apparent  molar  extinction  coeffkient  of  iodine, 
€i,.xi,  ^vcre  determined  at  the  temperatures  and  donor  molecule 
concentrations  used  in  this  work  in  independent  measurements 
with  a  thermostated  Beckman  DU  spectrophotometer  using  1-cm 
quartz  absorption  cells.)  At  Xs,  the  other  wavelength  at  which 
absorbance  changes  as  a  function  of  time  are  simultaneously 
measured 


Ay<x.  =   €c.xAC]  +  eu^mU] 


(7) 


where  [C]  is  the  concentration  of  the  iodine  atom-aromatic  com- 
plex, and  €cxs  &n<l  <it.xt  c^re  the  molar  extinction  coeffidents  at 
Xs  of  the  complex  and  molecular  iodine,  respectively.  The  forma- 
tion constant  Kx  of  the  1:1  complex  between  an  iodine  atom  and 
the  donor  aromatic  molecule  (mole  fraction  ^d)  is 


„  _  jq [Q 

*'  -  Xdl]      ^d(-2A[I,]  -  [CD 


(8) 


Rearrangement  of  eq  6, 7,  and  8  leads  to  an  equation  similar  to  the 
well-known  Benesi-Hildebrand  equation"  in  the  form  suitable  in 
particular  to  relatively  weak  complexes'* 


2/?, 


1         1 


+ 


1 


(1   ~  ^A^)«It.Xi  <C^«^x-^D  <CAt 


(9) 


(14)  S.  Claesson,  L.  Lindqvist,  and  R.  L.  Strong,  Arkio  Kemi,  22,  245 
(1964). 


where  Ra  =  Av4x,/Av4x,  and  R,  =  €i,.x»/<ii.Xr 

Trotter  and  Hanna  have  recently  pointed  out^'  that  solution  non- 
ideality  will  lead  to  different  values  for  cc  depending  on  the  concen- 
tration units  of  the  donor,  D,  although  linear  plots  of  the  Benesi- 
Hildebrand  equation  still  result.  This  will  affect  also  the  values  for 
K  determined  from  these  plots  in  addition  to  the  conversion  unit 
factors.  In  this  work,  however,  within  the  rather  wide  experimental 
errors,  no  differences  were  found  in  cc  for  the  different  concentra- 
tion scales;  mole  fraction  units  have  therefore  been  used  throughout 
for  comparison  purposes. 

Resolts  and  Discussion 

lodine-o-Xylene  System.  The  transient  absorbance 
changes,  present  1(X)  /isec  following  initiation  of  the 
flash  discharge,  were  measured  simultaneously  at  350 
and  570  m/i  as  functions  of  temperature  (25,  45,  and 
65'')  and  o-xylene  mole  fraction  (0.082:1,  CCU  sol- 
vent), but  constant  (3.9  X  10"*  M)  initial  molecular 
iodine  concentration.  The  choice  of  the  former  wave- 
length represents  a  compromise  between  maximum 
ultraviolet  absorption  by  iodine  in  o-xylene  (316  m/x**) 
and  the  increasing  noise-to-signal  ratio  at  lower  wave- 
lengths ;  the  latter  wavelength  is  the  maximum  of  the 
o-xylene-iodine  atom  complex.* 

(IS)  H.  Benesi  and  J.  H.  HUdebrand,  7.  Am,  Chem,  Soc„  71.  2703 
(1949). 
(1^  P.  R.  Hammond,  7.  Chem.  Soc.,  479  (1964). 

(17)  P.  J.  Trotter  and  M.  W.  Hanna,  7.  Am,  Chem.  Soc,,  8S,  3724 
(1966). 

(18)  L.  J.  Andrews  and  R.  M.  Keefer,  ibid.,  74.  4300  (19S2). 
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The  ratios  of  these  absorbance  changes  are  shown 
in  Figure  1  as  a  function  of  the  reciprocal  of  the  o-xylene 
mole  fraction  according  to  eq  9,  each  point  representing 
the  average  of  at  least  ten  oscillograms.  From  these 
plots  €c>s  s^d  K^  were  calculated  from  the  intercepts 
and  slopes  of  the  best  straight  lines  using  the  method  of 
least  squares.  The  results  are  given  in  Table  I  and  are 
compared  at  25^  with  those  of  the  molecular  iodine- 
o-xylene  complex.  (In  practice,  the  data  were  also 
plotted  using  the  technique  of  Rose  and  Drago^*  in 
order  to  determine  experimental  scattering  and  to  verify 
the  validity  of  the  thermodynamic  data  resulting  from 
the  specific  range  of  conditions  used;  no  significant 
differences  resulted  using  this  latter  technique.) 


Table  L    Comparison  of  Themiodynamic  Constants  for  the 
Iodine  Atom-  and  Mdecular  lodine-o-Xylene  Complexes 
in  the  Liquid  Phase 


I  complex 

Ii  complex* 

^AniAX 

(\^ 

590  nvi) 

316  niM) 

ifTxt  mole  fraction  units 

250 

7.4 

2.96 

45'' 

3.5 

65'' 

2.9 

AH%.  kcal  mole-» 

-4.4 

-2.0 

AS**»,  eu 

-10.9 

-4.9 

c«.,l.moler»cnri 

3400 

12,500 

•  J.  A.  A.  Ketelaar,  /.  Phys.  Radium,  15, 197  (1954). 


Since  the  slopes  of  the  lines  in  Figure  1  can  be  de- 
termined more  accurately  than  /T,,  which  depends  on 
both  the  slope  and  the  intercept  (i.e.,  the  extinction 
coefiicient),  the  enthalpy  and  entropy  of  formation  at 
25^  were  calculated  according  to  the  integrated  form  of 
the  van't  Hofi"  equation  from  the  reciprocals  of  the 
slopes,  thereby  assuming  €c.x,  and  A/f  ^^  ^^^  independent 
of  temperature.  These  thermodynamic  properties  are 
also  given  in  Table  I. 

That  the  equilibrium  constant  at  25^  for  the  atom 
complex  is  greater  than  that  for  the  molecular  complex 
is  to  be  expected  from  Mulliken's  treatment  of  charge 
transfer^  because  of  the  greater  electron  affinity  of  the 
iodine  atom,  leading  also  to  the  visible  shift  of  the 
charge-transfer  band.  The  correspondence  between 
enthalpy  and  entropy  is  also  quite  general,  the  relative 
values  for  the  iodine  atom  complex  agreeing  well  with 
those  for  ^  large  number  of  donor  species  with  molecular 
iodine.**  The  energy  of  formation  of  the  complex, 
ca,  —4.1  kcal/mole,  is  essentially  the  same  as  the  cal- 
culated binding  energy  for  a  gas-phase,  charge-transfer 
complex  according  to  Mulliken  following  the  method 
of  Eusuf  and  Laidler.'  There  is  little  question,  there- 
fore, of  the  charge-transfer  nature  of  this  intermediate. 

The  third-order,  gas-phase  recombination  rate  con- 
stant, A:app  (defined  by  eq  S),  for  iodine  atoms  with  p- 
xylene  as  the  third  body  is  approximately  3.3  X  10** 
L*  mole-*  scc~i  ^t  room  temperature.*  For  the  re- 
combination mechanism  given  by  eq  3  and  4,  /c^pp  = 
k^K^maf  where  (iQga.  =  kz/k-z  is  the  formation  con- 
stant (in  concentration  units)  for  the  assumed  equilib- 

(19)  N.  J.  Rose  and  R.  S.  Drago.  J,  Am,  Ckem.  Soc,,  81,  6138  (1959). 

(20)  R.  S.  Mulliken,  ibid.,  74.  811  (1952). 

(21)  O.  Briegleb.  ''Elektronen-Donator-Acceptor-Komplexe,**  Sprin- 
ger-Vcriag,  BcrUo,  1961,  p  141. 
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Figure  1.  Absorbance  changes  at  100  ^sec  as  a  function  of  o^xylene 
mole  fraction,  plotted  according  to  eq  9:   O,  25°;  X,  45"";  A,  65^ 


rium  between  I  atoms,  xylene,  and  the  charge-transfer 
complex.  The  bimolecular  rate  constant  k^  is  easily 
estimated  since  this  metathetical  reaction  would  be 
expected  to  have  essentially  zero  activation  energy  and 
therefore  should  proceed  at  a  rate  proportional  to 
coUisional  frequency,  the  specific  collision  number 
between  unlike  molecules  being  given  by 


-»'  -  -C-fO 


Vt 


(10) 


where  <r  is  the  collision  diameter  of  the  I-I  pair*  (4.3  X 
10-*  cm)  and  m  is  the  reduced  mass  of  the  MM  pair. 
The  major  uncertainty  in  this  calculation  is  the  statistical 
factor  giving  the  fraction  of  iodine  atom  pairs,  each 
atom  being  in  its  ground  (*Pvi)  state,  that  lead  to  a 
stable  configiu-ation.  Porter  and  Smith*  have  used 
V16  since  the  total  degeneracy  of  the  ground-state  iodine 
atom  is  16,  whereas  the  degeneracy  of  the  stable  singlet 
molecular  ground  state  is  unity.  However,  Eusuf  and 
Laidler*  point  out  that  8  of  the  16  possible  states  from 
combination  of  two  iodine  atoms  are  attractive  and  can 
lead  to  combination  if  stabilized  by  coUisional  deactiva- 
tion; the  appropriate  statistical  factor  is  therefore 
Vj.  On  this  basis,  (fcOcaicd  =  4.8  X  10 "  1.  mole-^  sec-^ 
at  25  "^  and  (Ac)ga8  =  6.9  1.  mole-^  The  formation 
constant  in  solution  for  this  same  intermediate  species 
IM  at  25®  (Table  I)  is  7.4  in  mole  fraction  units;  in 
concentration  units,  (Ac)nquid  =  0.9  1.  mole^^  Agree- 
ment between  the  formation  constants  in  the  two  phases 
is  considered  to  be  reasonably  close  in  view  of  the  ex- 
perimental errors  associated  with  the  transient  ab- 
sorbance measurements  in  solution  and  the  uncertainties 
in  the  calculation  of  k^.  The  results  do,  however,  indi- 
cate a  smaller  formation  constant  in  the  liquid  phase 
than  in  the  gas  phase,  in  agreement  with  results  for 
weaker  complexes  between  atomic  iodine  and  ethyl 
iodide  or  bromide  ^*  and  between  molecular  iodine  and 
benzene  or  diethyl  ether."  This  behavior  is  presum- 
ably due  to  competition  between  complexing  and  solva- 
tion of  the  donor  molecule  in  the  liquid  phase,"  the 
disagreement  between  the  formation  constants  in  the 
two  phases  decreasing  with  increasing  strength  of  the 
complex."    (For  the  stronger  complex  between  molec- 

(22)  S.  Carter.  J.  N.  Murrell.  and  E.  J.  Rosch.  7.  Chem.  Soc„  204S 
(1965). 
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ular  iodine  and  diethyl  sulfide,  the  agreement  between 
the  two  phases  is  much  closer.  ^•) 

The  negative  temperature  dependence  of  the  gas- 
phase  recombination  of  iodine  atoms  with  xylene  as  a 
third  body  has  not  been  determined,  but  certainly  is  less 
than  that  for  toluene  (—3.4  kcal/mole)  and  is  probably 
close  to  the  —4.1 -kcal/mole  complex  formation  energy 
obtained  in  this  liquid-phase  work.  It  is  thus  quite 
clear  that  charge-transfer  interactions  can  account  for 
both  the  third-body  specificities  and  observed  negative 
recombination  temperature  coefficients  for  relatively 
efficient  third-body  species. 

The  formation  of  molecular  iodine  in  the  liquid  phase 
after  the  dissociation  fiash  intensity  has  decayed  to  a 
negligible  value  is  second  order  (as  shown  by  linear 
time  plots  of  l/Ai^s&o)  and  is  consistent  with  a  bimolec- 
ular  recombination  mechanism  involving  free  or  com- 
plexed  iodine  atoms  where  a  third  body  is  essentially 
in  contact  in  every  bimolecular  encounter.  The  second- 
order  rate  constant,  fc,  defined  by 


dt 


Idpi 
2 


d/ 


Itotal  ir^l  t 


(11) 


where  (I)totai  ^  ^h^  ^otal  iodine  atom  concentration  (free 
or  complexed)  was  calculated  from  the  slope  of  this 
second-order  plot  and  eq  6  ([I]totai  =  —  2A[IJ)  for  each 
oscillogram,  and  the  average  values  are  summarized  in 
Table  II  for  each  concentration  at  25,  45,  and  65®.  At 
25®,  the  rate  of  recombination  is  in  good  agreement  with 
the  rate  of  recombination  in  pure  carbon  tetrachloride.** 


Table  n.    Rate  of  Recombination  of  Iodine  in 
o-Xylene-Carbon  Tetrachloride  Solutions 


[o-Xylene], 

250 

45  *» 

65* 

mole  fraction 

fcXia-«,l.*molc- 

•scc-i » 

0.082 

5.3 

7.1 

7.7 

0.167 

5.4 

6.7 

7.1 

0.255 

5.3 

6.2 

6.4 

0.446 

5.2 

5.6 

6.8 

0.651 

5.4 

6.1 

6.5 

1.00 

4.5 

5.0 

4.7 

Combination  of  the  Smoluchowski  relation 

SiraDN 


k  = 


1000 


(1.  mole*"^  sec~^) 


(12) 


which  gives  the  diffusion-controlled  recombination 
rate  constant  assuming  that  even  on  a  molecular  scale 
the  solvent  can  be  treated  as  a  continuous  medium 
of  viscosity  17  and  the  Stokes-Einstein  equation  for  the 
diffusion  coefficient 


D  = 


kT 


(cm*  sec~^) 


(13) 


shows  that  the  product  kri  should  be  a  function  only  of 
temperature 

(23)  R.  L.  Strong  and  J.  E.  Willard,  7.  Am.  Chem.  Soe,.  79,  2098 
(1957). 


if  the  encounter  diameter  in  solution  (2a)  pertinent  to 
the  recombination  process  is  taken  to  be  the  same  as  the 
diffusion  diameter  (2^.).  The  viscosities  for  all  the 
(>-xylene-carbon  tetrachloride  solutions  used  in  this 
work  were  determined  at  25, 45,  and  65  °  with  an  Ostwald 
viscometer  (modified  at  the  top  to  prevent  evaporation 
of  the  solution  at  the  higher  temperatures)  which  was 
calibrated  with  the  two  pure  liquids  o-xylene  and  carbon 
tetrachloride  at  25°;  these  are  tabulated  in  Table  III 
with  the  densities  (measured  at  room  temperature  with 
a  Westphal  balance  and  assumed  to  be  independent  of 
temperature)  and  values  for  krj. 


Table  m.    Values  of  hi  for  Iodine  Atom  Recombination  in 
o-Xylene-Carbon  Tetrachloride  Solutions 


[o-Xylene], 

250 

45**          65'' 

mole 

pit* 

kr, 

X  10-T  poise 

fraction 

gCC"» 

»?t5,cp 

l.« 

moler*  sec"* 

0.00 

1.590 

0.901 

0.082 

1.508 

0.886 

4.7 

5.0         4.4 

0.167 

1.430 

0.875 

4.7 

5.1         4.1 

0.255 

1.360 

0.860 

4.6 

4.2         3.6 

0.446 

1.216 

0.831 

4.3 

3.7         3.7 

0.651 

1.080 

0.803 

4.4 

3.9         3.4 

1.00 

0.880 

0.753 

3.4 

3.0         2.3 

It  is  seen  that  kri  is,  in  fact,  roughly  constant  at  room 
temperature  but  decreases  with  increasing  o-xylene 
concentration  at  the  higher  temperatures.  Since  two 
iodine  atoms  must  come  into  close  proximity  for  re- 
combination to  occur,  the  apparent  encounter  diameter 
(2a)  should  be  approximately  constant  (or  decrease 
by  a  steric  efTect),  whereas  the  average  diffusion  diameter 
(2aa)  must  surely  increase  with  increased  extent  of  com- 
plexing,  both  factors  leading  to  the  observed  behavior. 
The  net  effect,  however,  is  to  give  an  inverse  temperature 
relationship  in  kri  at  the  higher  o-xylene  concentrations, 
approximately  90%  of  the  iodine  atoms  being  com- 
plexed in  pure  o-xylene.  A  similar  effect  (or  constancy 
of  k^  as  shown  in  Table  II)  in  a  pure  donor  has  also 
been  observed  by  Gover  and  Porter  for  iodine  in 
benzene^®  and  has  been  interpreted  in  part  as  a  possible 
compensation  by  a  temperature  dependence  of  the 
extinction  coefficient,  since  in  the  benzene-iodine  sys- 
tem only  the  ratio  k/e  can  be  determined.  The  fact 
that  there  is  appreciable  overlapping  of  the  molecular 
iodine-iodine  atom-benzene  complex  spectra  in  the 
visible  region  would  be  expected  to  lead  to  just  such  an 
effect,  but  should  not  be  a  major  factor  in  measurements 
made  at  350  mn  on  the  atomic  iodine-o-xylene  com- 
plex since  presumably  there  is  negligible  contribution 
to  the  absorbance  at  350  mn  of  the  atomic  complex 
absorption  ciurve.  At  the  lowest  concentration,  the 
expected  constancy  of  kri  is  roughly  followed  and  is 
consistent  with  the  temperature  coefficient  for  the 
recombination  of  iodine  atoms  in  carbon  tetrachlo- 
ride." 
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\b8tnict:  The  structure  of  the  silver  nitrate  t  complex  of  c/5,c/5,c/>l,4,7-cyclononatriene,  C9His(AgNOs)i,  has 
xen  determined  by  a  three-dimensional  single-crystal  X-ray  diffraction  investigation.  The  complex  crystallizes  in 
ipace  group  R3c;  cell  dimensions  for  the  triply  primitive  hexagonal  cell  are  a  =  16.258  and  c  »  9.556  A  at  approxi- 
nately  — 125°.  The  cyclononatriene  ring  is  in  the  crown  configuration  and  shows  little  or  no  distortion  due  to  the 
x>mplex  formation.  Each  silver  is  associated  with  only  one  ethylenic  bond  at  divergent  ends  of  the  ir-bonded 
;>  orbitals.    The  silver  ions  are  distorted  17°  in  the  direction  of  the  cis  hydrogens. 


structure  of  cis^ciSyCiS'  1 ,4,7-cyclononatrienc, 
Hi2,*"*  is  known  to  have  a  crown  configura- 

Silver  complexes  of  olefins  are  well  known^ 
jveral*"^*  have  been  investigated  by  X-ray  dif- 
n  techniques.  The  present  study  was  undertaken 
her  elucidate  the  geometry  of  the  nine-membered 
^tem  and  to  compare  the  bonding  in  the  olefin 
lat  of  its  silver  complex. 

mental  Section 

GoDection.  White  needles  of  C9Hi«(AgNOi)t  were  pre- 
and  supplied  to  us  by  Dr.  Karl  Untch.  Irregular  single 
approximately  0.2  X  0.2  X  0.3  mm  were  cleaved  and 
j,  the  first  of  these  with  the  needle  axis  along  the  goniometer 
is.  Preliminary  Weissenberg  and  precession  photographs 
d  a  rhombohedrally  centered  hexagonal  unit  cell,  the  hexag- 
ods  corresponding  to  the  needle  axis.  The  conditions  for 
Ktion,  -/r  +  ^  +  /  =  3/1  for  hkii  and  /  «  2/i  for  MiOl, 

1  the  space  group  to  be  R3c  or  R3c.  Cell  dimensions 
i  from  film  measurements  and  an  approximate  density  (by 
i)  of  2.9  g/cm*  indicated  six  molecules  in  the  hexagonal 
L  It  was  assumed,  and  later  verified,  that  the  molecule 
tame  symmetry,  3m-CtT,  as  its  parent  compound.    This 

ry  condition  restricted  the  space  group  to  R3c,  since  R3c 

lave  required  the  molecule  to  have  3-Cti  or  32-Dt  symmetry. 
sets  of  three-dimensional,  low-temperature  intensity  data 
ilkcted:  initially  (a)  integrated  Weissenberg  multiple  film 
ling  Cu  Ka  radiation,  of  levels  hkiO-hki3  and  Okil-Skil, 

later  refinement  (b)  counter-diffractometer  data,  collected 
ly  with  Mo  Ka  radiation  on  a  General  Electric  spectro- 
etcr  equipped  with  a  single-crystal  orienter  and  scintillation 
.  Threefold  redundant  data  were  measured  for  483  unique 
ensities  and  364  unique  counter  intensities.  The  integrated 
ere  measured  with  a  Nonius  Model  I  densitometer.  Both 
jata  were  collected  at  low  tenq^erature  using  a  conventional 
1  vapor  cold  stream  in  order  to  reduce  thermal  motion  and 
xt  a  gradual  surface  decomposition  of  the  crystals.    Im- 

hexagonal  cell  dimensions,  obtained  by  least-squares  fit 
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.  G.  Untch,  ibid.,  85,  4061  (1963). 
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yL  G.  Newton  and  I,  C.  Paul,  J.  Am.  Chem.  Soc.,  88,  3161  (1966). 
M.  C  Baenager,  H.  L.  Haight,  R.  Alexander,  and  J.  R.  Doyle, 
'henu.  5, 1399  (1966). 
C  G.  Uatch  and  D.  J.  Martin,  /.  Org.  Chem..  29, 1903  (1964). 


with  diffractometer  IB  data,  were  a  ^  16.258  =b  0.005  and  c  » 
9.556  d:  0.003  A  at  approximately  - 125''. 

Compatatioiis.  All  calculations  were  performed  on  a  CDC  3600 
computer.  The  raw  data  were  correlated  and  corrected  for  Lorentz 
and  polarization  effects  using  a  program  written  at  this  laboratory. 
Standard  errors  for  the  film  intensities  were  based  on  observed  devi- 
ations during  fihn  correlation  with  a  minimum  error  of  0.05/obMi  to 
avoid  accidental  agreement.  Standard  errors  for  the  counter  data 
were  based  on  counting  statistics  as  described  by  Johnson.^*  C^ll 
dimensions  and  errors  were  determined  using  the  least-squares 
program  by  Heaton,  Gvildys,  and  Mueller."  Patterson  and  elec- 
tron-density maps  were  computed  using  the  Gvildys  Fourier  sum- 
mation program.  ^7  The  Busing  and  Levy  full-matrix  least- 
squares  program"  was  used  for  the  structure  refinement,  and  their 
function  and  error  program**  was  used  for  calculation  of  bond 
distances,  angles,  anisotropic  parameters,  and  their  respective 
standard  deviations. 

Stmctnre  Detemdnatioii.  The  structure  was  solved  by  the  heavy- 
atom  method.  The  x  and  y  silver  atom  coordinates  were  deter- 
mined from  a  two-dimensional  Patterson  map  calculated  from 
40  hkffi  film  intensities.  Since  there  was  only  one  silver  atom  in  the 
asymmetric  unit  and  the  position  of  the  origin  along  the  c  axis  was 
arbitrary,  we  proceeded  directly  to  a  three-dimensional  least- 
squares  refinement.  Two  cycles,  varying  the  silver  coordinates 
and  the  absolute  scale  factor,  decreased  the  residual,  /{  «  2)  1 1  Fo  |  — 
I  Fe  1 1  /S I  Fo|,  from  0.41  to  0.22.  A  three-dimensional  Fourier  map 
revealed  the  approximate  positions  of  the  carbon  ring  atoms. 
After  two  least-squares  cycles  refining  silver  and  carbon  coordinates, 
another  difference  map  was  computed  and  the  nitrate  group  atoms 
were  located.  Further  refinement  of  all  coordinates  (except  hydro- 
gen), scale  factor,  and  isotropic  temperature  factors  failed  to  lower 
R  below  0.185.  The  relatively  high  value  of  R  at  this  stage  of  re- 
finement led  us  to  make  a  correction  for  systematic  errors  in  the 
form  of  artifkial  temperature  factors.  The  film  data  were  collected 
over  an  extended  period  of  time  involving  more  than  one  crystal 
and  several  interruptions  in  the  operation  of  the  cold  stream.  It 
was  therefore  suspected  that  the  various  film  packs  may  have  been 
exposed  at  somewhat  different  temperatures  and  that  this  would 
constitute  the  m^or  systematic  error.  The  original  intensities 
were  corrected  according  to  the  relation  /m»i«<i  »  Aci/obMi  exp(— ^< 
sin*  ^/X*),  where  /obMi*s  are  the  observed  intensities  for  a  given 
film  pack,  ki  is  the  correlation  scale  factor  for  that  pack,  and  Bi 
is  the  individual  film  pack  temperature  factor  which  was  fitted 
by  least  squares.  Two  cycles  of  isotropic  refinement  with  the  cor- 
rected intensities,  followed  by  two  cycles  with  anisotropic  tempera- 


(15)  C.  K.  Johnson,  Acta  Cryst.,  18,  1004  (1965). 

(1^  L.  Heaton,  J.  Gvildys,  and  M.  Mueller,  '*B-106^  A  Program  For 
The  Determination  of  Crystal  Lattice  Constants,**  Argonne  National 
Laboratory,  1964. 

(17)  J.  Gvildys,  '*B-149,  Two-  And  Three-Dimensional  Crystallo- 
graphic  Fourier  Sununation  Program,**  Argonne  National  Laboratory, 
1965. 

(18)  W.  R.  Busing,  K.  O.  Martin,  and  H.  A.  Levy,  "orfls,  A  For- 
tran Crystallographic  Least-Squares  Program,*'  Oak  Ridge  National 
Laboratory,  1962. 

(19)  W.  R.  Busing,  K.  O.  Martin,  and  H.  A.  Levy,  **ORFFB,  A 
Fortran  Crystallographic  Function  and  Error  Program,**  Oak  Ridge 
National  Laboratory,  1964. 


Jackson^  Streib  /  Silver  Nitrate  Cqmpl€X  of  cis^la^ii-l  V^^l-Cyd 


2540 


TaMe  L    Observed  and  Calculated  Structure  Factors* 
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•  The  Fo*s  were  obtained  from  counter  data.    Columns  contain  values  of  A,  k,  lOFo,  10 
designated  by  an  asterisk. 


Fc  1 ,  10 Ac^  and  lOBc.    Unobserved  reflections  are 


ture  factors  for  the  silver  atom,  and  a  final  cycle  refining  all  paranv- 
eters  yielded  a  final  R  of  0.1 18. 

At  this  point  the  errors  in  the  light-atom  coordinates  were  still 
large  and  the  set  of  counter  intensity  data  was  collected.    Starting 


with  the  previously  determined  parameters,  two  cycles  of  isotropic 
refinement,  followed  by  two  cycles  with  anisotropic  temperature 
factors  for  silver,  yielded  R  =  0.028  and  an  acceptable  set  of 
standard  deviations  on  the  light  atoms.    The  final  calculated  and 
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observed  structure  factors  are  listed  in  Table  I  which,  in  addition, 
includes  70  unobserved  intensities  estimated  (at  the  raw-data  level) 
as  half  the  minimum  observed  intensity.  The  unobserved  data 
were  not  used  in  the  least-squares  refinements. 

Results 

Atom  coordinates,  isotropic  temperature  factors,  and 
their  standard  deviations  are  given  in  Table  II.  Inter- 
atomic distances  and  angles  and  their  errors  are  given 
in  Table  III. 


Table  II.    Atomic  Coordinates  and  Isotropic  Temperature  Factors 


\ 


Atom 

I        x/ai 

ylat 

zlc 

5,A« 

Ag 

0.8717(1)- 

0.2823(1) 

0.2441* 

e 

•    •    • 

c, 

0.7969(10) 

0.3549(11) 

0.3657(14) 

1.08(28) 

c. 

0.7306(11) 

0.2589(11) 

0.3624(12) 

1.34(27) 

c, 

0.6398(12) 

0.2111(12) 

0.2741(14) 

0.87(29) 

o, 

0.2868(7) 

0.3018(8) 

0.1806(10) 

2.03(22) 

o, 

0.2928(7) 

0.1792(7) 

0.2521(12) 

1.46(23) 

o, 

0.3825(8) 

0.2645(8) 

0.0805(11) 

2.56(24) 

N 

0.3217(8) 

0.2483(8) 

0.1690(11) 

1.24(22) 

«  Standard  deviations  are  XlO^  for  coordinates  and  XIO*  for 
ff%,  ^  The  position  of  the  origin  along  the  c  axis  is  arbitrary  and 
was  chosen  for  convenience  in  computing  a  suitable  unit  in  the 
dectron-density  maps.  «  See  Table  IV  for  the  anisotropic  thermal 
panmeters  for  silver. 


TiMelll. 

Distances  and  Angles  for 

CJIi^AgNO,), 

Bonded  Distances  (A)  and  Angles 

Cr<:t 

1.532  ±0.020 

Cr<:r<:4 

107. 6±  1.1° 

CVC4 

1.542  ±0.019 

Ci-Q-C, 

126.4±1.2** 

Ci-C, 

1.384±0.020 

Cr-C4-Ci 

122.9±1.4° 

^%r<\ 

2. 379  ±0.015 

Agi-Ci-C, 

74.5  ±0.9° 

Agi-C, 

2.411  ±0.014 

Agi-Q-Ci 

71.9±0.9° 

N-Oi 

1.259  ±0.015 

Oi-N-O, 

117.7±l.r 

H-O, 

1.259  ±0.014 

OrN-O, 

121. 9±  1.3° 

N-O, 

1.225±0.013 

Oi-N-O, 

120.4±1.2° 

Midpoint  of  Q-Cs  to  Agi  2.300  ±  0.014 

Nonbonded  Distances  (A) 

CV-C4 

2.480±0.020 

0,-0, 

2. 155  ±0.016 

Cr<^ 

3. 133  ±0.027 

Ox-O, 

2. 156  ±0.015 

Agi-C, 

3.357  ±0.016 

Or-Oi 

2. 172  ±0.016 

Agi-C 

3.281  ±0.017 

Distances  (A)  and  Angles  in  Silver  Environment 

Agr-Oi 

2.438  ±0.012 

AgrOg 

3.190±0.011 

Agr-O, 

2.927  ±0.011 

AgrOii 

3.240  ±0.011 

Agr-04 

2.484  ±0.010 

0»-Agr04 

97.7  ±0.4° 

AgrOi 

2.771  ±0.012 

Oj-Agr-Oj 

111.5±0.3° 

AgrOi 

2.474  ±0.010 

Oi-Agr-Oj 

86.3  ±0.2° 

Agr-Oi 
AgrOi 
AgrOi 
AgrOi 


(Midpoint  of  Cr-C»)-Agr07 109.9  ±  0.2" 
(Midpoint  of  C«-Cs)-AgrOs  108.8  ±  0.2° 
(Midpoint  of  Cr-C»)-Agr04 140. 1  ±  0.2° 

Distances  (A)  in  Nitrate  Environment 
2.430  ±0.012        Agr-Oi  2.474  ±0.010 

2.927  ±0.011        Ag4-Os  3. 190  ±0.011 

3.240  ±0.011        AgrOi  2.484  ±0.009 

4.711  ±0.010        Agr-Oi  2.771  ±0.012 


Dihedral  Angles  between  Planes  Each  Defined  by  Three  Atoms 

Q-Cr-C4andQ-Q-C4  73.0±1.7° 

Agi-Q-C,  and  C1-Q-C9  107. 8±  1.5° 

Agi-Ci-QandCi-Cf-Ct  106.4±1.5° 

Ci-<V<^tanda,6plane  49.3  ±0.4° 

Oi-<VOi  and  a,^  plane  42.4±0.8° 

Agr-Ag4-AgiandOr<VOs  8.3  ±1.0° 


As  proposed,  ^^  the  cyclononatriene  ring  retains  the 
crown  configuration  on  complex  formation  with  silver 
nitrate.    The  rings  are  stacked  along  the  threefold  axes 


^^\ 


Figure  1.  The  environment  of  a  silver  ion  (Ags)  showing  all  neigh- 
boring oxygen  atoms.  Agi  and  Ags  are  related  by  a  threefold  axis; 
Agt,  Ag4,  and  Ags  are  related  by  a  3i  screw  axis.  A  3s  screw  axis 
relates  the  NOi  groups  4-5-6,  7-8-9,  and  10-11-12.  Oxygens 
Oi,  Oi,  O4,  Os,  Or,  Of,  and  On  are  within  4.0  A  of  the  silver  ion. 
Agi-Oj,  Agr-04,  AgrOr,  and  Agr-<midpoint  of  C4-C»)  are  the 
shortest  distances  and  are  in  a  roughly  tetrahedral  configuration 
(dotted  lines). 

of  the  crystal  at  intervals  of  c/2,  each  ring  being  rotated 
35.7®  from  its  nearest  neighbors  above  and  below. 
Each  silver  ion  interacts  with  only  one  double  bond, 
all  other  double  bonds  directionally  feasible  being 
greater  than  S  A  distant.  The  closest  approach  of  any 
two  silver  ions  is  4.5  A.  Several  nitrate  groups  sur- 
round the  silver  ions  (Figure  1);  five  oxygen  atoms 
approach  within  3  A,  and  three  of  these  are  close  enough 
to  2.46,  the  sum  of  the  atomic  radii,  to  suggest  some 
degree  of  covalency.*  These  three  oxygens  together 
with  the  midpoint  of  the  interacting  double  bond  form 
a  roughly  tetrahedral  arrangement  around  silver. 

The  average  N-O  bond  length  of  1.25  A  compares 
well  with  values  determined  in  other  silver  nitrate  com- 
plexes***" and  in  AgNOs  itself.*  It  is  slightly  greater 
than  the  value  of  1.218  =t  0.004  A  reported  ^^  for 
NaNOs.  The  average  O-N-O  bond  angle  is  120**,  and 
the  group  is  planar  within  experimental  error. 

The  local  environment  of  the  nitrate  group  consists 
of  three  silver  ions  (Ags,  Ag4,  and  Ags)  within  3.25  A 
of  the  nitrogen  atom  which  describe  a  plane  somewhat 
above  and  parallel  to  the  NOs  plane.  Ags  lies  below 
and  at  a  distance  of  4.25  A  from  the  nitrogen  atom.  As 
is  indicated  by  the  Ag-O  bond  lengths  in  Table  III,  the 
silver-oxygen  coordination  is  not  simple.  It  appears 
as  if  each  silver  ion  above  the  NOg  group  interacts  with 
two  oxygens  and  that  Ag3  is  coordinated  only  to  Oa. 

Silver  anisotropic  temperature  parameters,  Uij% 
are  given  in  Table  IV.  Also  tabulated  are  the  direction 
cosines  (^,  ^,  and  cu  corresponding  to  the  cell  edges 
au  ^2,  and  c,  respectively)  and  root-mean-square  displace- 
ments of  the  principal  axes  of  the  ellipsoid  of  vibration. 
The  errors  in  the  directions  of  the  principal  axes  are 
large.  The  only  general  conclusion  drawn  is  that  the 
most  extensive  thermal  vibration  is  approximately  along 
the  c  axis  but  is  tilted  slightly  so  that  principal  axis  P 

(20)  p.  F.  Lindley  and  P.  Woodward,  7.  Chem.  Soc,,  Sect.,  A,  123 
(1966). 

(21)  R.  L.  Sass,  R.  Vidale,  and  J.  Donohue,  Acta  Crytt,,  10,  367 
(1957). 
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Figure  2.  The  cyclononatriene  ring  with  assumed  hydrogen  posi- 
tions. The  silver  ion  is  shown  interacting  with  carbons  Q  and  Q 
and  distorted  17°  from  the  normal  position  (dotted  lines)  along  the 
perpendicular  bisector  of  the  ethylene  group.  P,  Q,  and  R  are  the 
principal  axes  of  thermal  motion  for  the  silver  ion.  One  r-bonded 
p  orbital  is  shown  in  its  normal  position.  The  lower  lobe  is  con- 
vergent with  five  other  lobes  below  the  ring. 


increased  to  109.4^  d-Qr-Ca  to  126.9 ^  and  Cr-C4-C, 
to  123.8^.  These  values  generally  show  poorer  agree- 
ment with  normal  bond  lengths  and  angles  than  those 
previously  obtained  (Table  III).  Also,  with  the  excep- 
tion of  the  angle  Ci-Cr-Ci,  all  shifts  were  within  one 
standard  deviation.  Therefore  the  shifts  were  con- 
sidered meaningless  and  Tables  II-IV,  which  are  based 
on  the  final  refinement  without  the  hydrogen  atoms, 
were  retained. 


Table  V.    Estimated  Hydrogen  Coordinates 


Atom 


xlax 


ylo% 


zlc 


Hi 
H, 
H, 

H4 


0.859 
0.741 
0.625 
0.648 


0.383 
0.210 
0.141 
0.254 


0.434 
0.427 
0.242 
0.182 


(Figure  2)  lies  almost  parallel  to  the  plane  Cg-Ci-Ci-Ca. 
Therefore  the  silver  motion  is  perpendicular  to  the 
direction  of  the  p  orbitals  and  allows  the  silver  to  remain 
approximately  equidistant  from  the  double  bond 
throughout  the  vibration. 

Table  IV.    Anisotropic  Thermal  Motion  Parameters'* 


C/i 


11 


Values  of  Uij  for  Silver 
Un  Vu  Un 


U, 


u 


U, 


It 


0.01898      0.01829      0.03493    0.00968    0.00066    0.00299 
(0.00075)   (0.00073)   (0.00046)  (0.00072)  (0.00051)  (0.00051) 

Direction  Cosines  and  Root-Mean-Square 

Values  of  Principal  Axes  __ 

^  w  VJT*  (A) 


Axis 


4> 


P 
Q 

R 


0.84 
0.50 
0.24 


0.87 
-0.49 
-0.07 


0.17 
0.17 
0.97 


0.1283(31) 
0.1365(29) 
0.1904(14) 


■  Anisotropic  temperature  factors  were  calculated  and  refined  in 
the  form  exp(-(|3i,A«  +  /3«Ac«  +  |3„/«  +  IfivJik  +  2/3i,^  +  2hM\ 
and  were  converted  [D.  W.  J.  Cruickshank,  Acta  Cryst.y  19, 153 
(1965)]  to  UifS  according  to  I7ii  =  |3ii/fl*»2ir«,  etc. 


Discussion 

The  carbon  ring  geometry  is  almost  identical  with 
that  of  the  uncomplexed  c/5,c/5,c/5-l,4,7-cyclononatri- 
ene/  The  only  possibly  significant  change  is  a  stretch- 
ing of  the  Ci-Ci  bond  from  1.34  to  1.38  A  which  would 
indicate  a  weakening  due  to  the  silver  interaction  as  is 
also  indicated  by  infrared  studies  of  other  silver  tc  com- 
plexes.^^ The  increase  in  the  normal  trigonal  angles 
to  an  average  of  124^  has  the  effect  of  separating  the 
intraannular  hydrogen  atoms  as  discussed  previously.* 
It  would  appear,  therefore,  that  the  structure  of  the 
cyclic  olefin  is  changed  little,  if  at  all,  with  silver  com- 
plex formation. 

At  the  request  of  a  referee,  an  attempt  was  made  to 
observe  the  eflfect  of  the  hydrogen  atoms  on  the  ring 
geometry.  The  hydrogen  positions  (Table  V)  were  not 
apparent  in  the  difference  Fourier  maps  and  were  there- 
fore estimated  using  standard  criteria.  Two  cycles  of 
least-squares  refinement  resulted  in  a  shortening  of  the 
Ci-Q,  Ci-Cg,  and  Ci-Ci  bond  lengths  to  1.372,  1.514, 
and    1.536  A,  respectively.    The  angle  Ct-Cz-Ca  is 

(22)  H.  Hosoya  and  S.  Nagakura,  Bull  Chem,  Soc.  Japan,  37,  249 
(1964). 


The  Ag-C  distances  of  2.379  and  2.41 1  A  are  within 
error  of  those  obtained  for  the  humulene-silver  nitrate 
adduct,»«'ii  CifiHiiCAgNOs)!,  and  the  silver  nitrate 
adduct  of  norbornadiene,^'  CiH^AgNOi)i.  Corre- 
sponding values  for  the  silver  nitrate  adduct  of  cyclo- 
octatetraene,*  CgHgAgNOg,  and  its  dimer,*  CieHie- 
AgNOa,  are  approximately  0.1  A  longer  due  to  the 
interaction  of  two  or  more  ethylenic  bonds  with  each 
silver  ion. 

The  slight  difference  in  the  two  Ag-C  distances  has 
been  observed  in  all  the  silver  it  complexes  thus  far 
studied  in  detail.  Turner  and  Amma''  have  explained 
the  discrepancy  for  silver  aromatic  complexes  in  terms 
of  molecular  orbital  theory.  The  5s  orbital  of  silver 
is  expected  to  accept  electrons  from  the  bonding  v 
orbital  (ci)  and  the  filled  d  orbitals  to  donate  electrons 
to  the  antibonding  tp  orbital  (cs).  The  silver  ion  seeks 
a  position  allowing  maximum  overlap,  which  is  directly 
above  one  of  the  carbon  p  lobes  for  the  5s,  but  is  above 
and  symmetrically  between  two  carbon  atoms  for  the 
d  orbital.  It  is  postulated  that  the  equilibrium  is  a 
compromise  somewhat  off  center,  hence  the  difference 
in  bond  lengths.  The  same  argument  can  be  applied 
to  Ag-olefin  complexes  although  the  observed  dis- 
crepancy is  considerably  less  than  in  Ag-aromatic 
complexes. 

Several  considerations  enter  a  rationale  for  the  fact 
that  in  C»Hii(AgNOj)8  the  plane  Agi-Ci-Ci  is  not  per- 
pendicular to  the  Ci-Ci-Cr-C»  plane  but  rather  forms 
an  angle  of  107®  with  it  (Figure  2).  This  distortion  of 
17°  from  the  normal  silver  position  which  would  assure 
maximum  overlap  with  the  t  orbital  can  be  explained 
by  (a)  steric  repulsions  between  the  silver  ion  and  the 
intraannular  hydrogens  or  carbon  atoms  Cg  and  C9; 
(b)  a  twisting  of  the  7r-bonded  p  orbitals  themselves  so 
that  silver  is,  in  fact,  in  the  optimum  position  for  over- 
lap; or  (c)  homoconjugation. 

That  steric  effects  play  an  important  role  in  forcing 
the  silver  ion  away  from  the  ring  is  unlikely  since  in 
the  normal  position  silver  is  encircled  by  a  nearly 
symmetrical  ring  of  hydrogen  atoms  (Table  VI). 
Carbon  atoms  C»  and  Cs  would  be  too  far  away  (3.3  A) 
and  in  unfavorable  directions  to  exert  much  steric  in- 
fluence.   Also  there  is  no  evidence  of  twisting  of  the 

(23)  R.  W.  Turner  and  E.  L.  Amma,  J,  Am,  Chem.  Soe,,  88,  1877 
(1966). 
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TtUk  VL    Estimated  Hydrogen  to  Sflver  Distances  (A) 


Agi-Hi 

2.53 

Agn-Hi- 

2.78 

Agi-H, 

2.54 

Afc-H, 

2.78 

Agi-H. 

3.49 

Agn-H, 

3.26 

Agi-H4 

3.49 

Agn-H4 

3.04 

Agi-H» 

3.40 

Afc-H, 

2.94 

Agr-H, 

3.40 

Ago-H, 

3.15 

•  Aga  refers  to  silver  in  the  normal  position  estimated  at  x/ai  » 
0.850,^/01  -  0.289.  z/c  -  0.187. 

Cs  and  C9  atoms  about  the  Ci-Ct  bond.  The  dihedral 
angle  between  Q-Ci-Cj  and  C1-C1-C9  is  1.8  ±  2.3''. 

That  the  divergent  lobes  of  the  p  orbitals  are  twisted 
outward  from  their  normal  positions  (assuming  sp' 
hybridization)  is  consistent  with  the  argument'^  that 
in  c/5-ethylenic  systems  the  ^-bonded  carbon  p  orbitals 
are  distorted  in  order  to  relieve  strain  due  to  bond 
oppositions.  (It  is  noteworthy  that  for  the  trans 
double  bond  in  the  humulene-silver  nitrate  adduct  the 
silver  ion  is  distorted  only  S  ^  from  the  normal  position, 
whereas  for  the  cis  double  bonds  in  the  norbornadiene 
adduct,  the  distortion  is  approximately  24^.) 

Finally,  a  distortion  of  the  p  orbitals  could  be  at- 
tributed to  a  rotation  of  the  p  orbitals  about  the  Ci-d 

(24)  P.  D.  Gardner,  R.  L.  Brandon,  and  N.  J.  Nix,  Chem.  Ind.  (Lon- 
don), 1363  (195^. 


axis  affecting  a  further  spreading  of  the  divergent  lobes 
and  a  congestion  of  those  which  are  convergent.  The 
driving  force  for  such  a  distortion  would  be  a  stabiliza- 
tion due  to  increased  overlap  of  the  convergent  lobes 
and  resulting  homoconjugation.  It  is  unlikely  that 
homoconjugation  is  a  very  important  factor  in  the  bond- 
ing of  the  complex.  Homoaromaticity  in  cyclononatri- 
ene  itself  is  expected  to  be  small  according  to  simple 
LCAO-MO  calculations,''^  and  it  would  seem  reason- 
able that  the  silver  ion  would  tend  to  withdraw  elec- 
trons during  complex  formation,  thus  further  decreas- 
ing any  existing  p-orbital  overlap.  Also,  increases  in 
the  trigonal  carbon  angles  and  a  decrease  in  the  tetra- 
hedral  angles  of  the  ring,  which  would  be  expected  to 
accompany  significant  homoconjugation,  are  small  and 
can  be  explained  by  the  intraannular  hydrogen  inter- 
actions. 
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Abitnicl:  Tetramethoxyphosphonium  hexachloroantimonate  (la)  was  obtained  in  moderate  yield  from  the 
reaction  between  trimethyl  phosphite  and  methyl  hypochlorite  in  the  presence  of  antimony  pentachloride  (reaction  ii, 
X  »  O).  Proton  and  phosphorus-3 1  nuclear  magnetic  resonance  (nmr)  and  infrared  and  conductivity  studies  sup- 
pori  this  formulation.  Evidence  was  also  obtained  for  the  formation  of  the  triethoxymethoxy-  and  triphenoxy- 
methoxyphosphonium  cations.  These  results  confirm  that  such  salts  are  intermediates  in  the  reaction  between  phos- 
phite triesters  and  alkyl  hypochlorites.  The  control  reaction  (iii)  between  trimethyl  phosphite  and  antimony  pen- 
tadiloride  gave  a  minor  product  which  was  shown  to  be  trimetiioxymethylphosphonium  hexachloroantimonate  (II), 
the  intermediate  from  intermolecular  transmethylation. 


Current  advances  in  the  understanding  of  the  mech- 
anisms of  phosphorus  reactions  owe  much  to  the 
detection  and  characterization  of  four-  and  five-covalent 
intermediates  resulting  from  valency  expansion  of  phos- 
phorua(ni) compounds. '"^^    While  stable  pentaalkoxy- 

(1)  (a)  A  preUminary  account  of  Uiis  work  was  given  in  J.  S.  Cohen, 
TetrakedroH  Letten^  3491  (1965);  (b)  Department  of  Pharmacology, 
Harvard  Medical  School,  Boston.  Mass.    02115. 

(9  (a)  F.  Ramirez  and  N.  B.  Desai,  J.  Am,  Chem,  Soc,,  S5,  3252 
(1963);  (b)  F.  Ramirez,  Pure  AppL  Chem.,  9,  337  (1966). 

(3)  K.  Dimroth  and  A.  Nurrenbach,  Angew.  Chem.,  70,  26  (1958); 
Chem,  Ber.,  93, 1 649  (1960). 

(4)  F.  O.  Vcrkade,  T.  J.  Hutteman,  M.  K.  Fung,  and  R.  W.  King, 
Imttg.  Cktm.,  4,  83  (1965). 

(5)  D.  B.  Deoney  and  H.  M.  Relies,  /.  Am.  Chem.  Soe.,  86,  3897 
(1964);  f7, 138  (1965);  88. 1839  (1966). 

(Q  R.  O.  Hvvey  and  B.  R.  DeSombre,  "Topics  in  Phosphorus 


phosphoranes^  and  trialkoxyalkylphosphonium  salts'*^ 
have  been  isolated,  the  tetraalkoxyphosphonium  salts 
have  only  been  tentatively  identified  as  transient  in- 
termediates. Dcnney  and  Relies"  observed  their  for- 
mation using  proton  nmr  in  the  reactions  between  tri- 
alkyl  phosphites  and  neopentyl  hypochlorite  (reaction  i). 

Chemistry,**  Vol.  1.  Interscience  Publishers,  New  York,  N.  Y.,  1964,  p 
57. 

(7)  B.  MiUer.  rcf  6.  Vol.  2. 1965,  p  133. 

(8)  G.  M.  Blackburn  and  J.  S.  Cohen,  ref  6,  Vol.  6,  in  press. 

(9)  H.  N.  Rydon,  Special  Publication  No.  8,  The  Chemical  Society, 
London,  1957,  p  61 ;  H.  N.  Rydon  and  B.  L.  Tonge,  J.  Chem.  Soc.,  3043 
(1956). 

(10)  O.  Mitsunobu,  T.  Obata,  and  T.  Mukaiyama,  /.  Org.  Chem.,  30» 
101. 1071  (1965). 

(11)  B.  Miller,  y.  Am.  Chem.  Soc.,  88, 1841  (1966). 

(12)  D.  B.  Denney  and  H.  M.  Relies,  Tetrahedron  Letters,  573  (1964). 
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Antimony  pentafluoride  and  related  compounds  have 
been  used  extensively  in  the  now  classical  work  of 
Olah  and  co-workers^'  for  the  isolation  of  salts  of  rela- 
tively unstable  carbonium  ions.  Hilgetag  and  Teich- 
mann^^  applied  this  technique  to  the  reaction  between 
trialkyl  phosphites  and  alkyl  sulfenyl  chlorides  (reac- 
tion ii,  X  =  S)  to  give  isolable  tetralkyloxythiolphos- 
phonium  salts  (I,  X  =  S).  The  present  work  describes 
a  similar  application  of  the  technique  to  the  trialkyl 
phosphite-alkyl  hypochlorite  reaction  (ii,  X  =  O) 
leading  to  the  first  isolation  and  characterization  of  a 
tetraalkoxyphosphonium  salt  (la). 

Investigation  of  the  control  reaction  (iii)  between 
trimethyl  phosphite  and  antimony  pentachloride  led  to 
the  isolation  of  the  minor  product  trimethoxymethyl- 
phosphonium  hexachloroantimonate  (11),^'  which  was 
shown  to  be  the  intermediate  for  intermolecular  trans- 
methylation. 


[(RO),POR']+Cl- 

I    R'XCl  +  SbCU 
(RO),P ► 


(RO),P(OX)R'  +  RQ       (i) 


SbCu\ 


[(RO),PXR']+sbar 

la,  R  =  R'  =  Me;  X  =  O 
b,  R  =  R'  =  Me;  X  =  S 


(ii) 


[(RO),  P-R]+Sba.-  -f  products 
II,  R  ==:  Me 


(iii) 


Experimental  Section 

All  phosphites  were  distilled  and  stored  in  a  desiccator  (sodium 
drying  is  not  recommended).  Antimony  pentachloride  (90%)  was 
obtained  from  the  Baker  and  Adamson  Co.,  Morristown,  N.  J. 
The  methylene  dichloride  used  was  analytical  grade  and  was  dried 
over  calcium  chloride.    All  melting  points  are  corrected. 

Nuclear  Magnetic  Resonance  Spectroscopy.  Proton  nmr  data 
were  obtained  using  a  Varian  Associates  A-60  spectrometer. 
Chemical  shifts  are  quoted  in  r  values  relative  to  tetramethylsilane 
(r  10)  as  external  reference. 

Phosphorus-31  nmr  data  were  obtained  using  a  Varian  Associates 
4300B  spectrometer  operating  at  24.3  Mcps  with  5-  or  15-mm  non- 
spinning  sample  tubes.  Chemical  shifts  are  quoted  in  h  ppm 
relative  to  85%  HtPOi  as  external  reference.  Unstable  materials 
were  stored  and  manipulated  in  nmr  tubes  at  liquid  nitrogen  tem- 
perature. 

Tetramethoxyphosphonium  Hexachloroantinionate  (la).  A  methyl- 
ene dichloride  solution  of  methyl  hypochlorite  was  prepared  by 
carefully  controlled  (to  pH  8.0)  addition  of  1  ^acetic  acid  to  sodium 
hypochlorite  solution  (4-6%,  90  ml)  and  methanol  (2.8  ml).»« 
TTie  methyl  hypochlorite  was  extracted  with  methylene  dichloride 
(five  5-ml  portions)  until  no  more  yellow  coloration  was  obtained. 
The  extracts  were  dried  (calcium  chloride)  and  filtered  into  a  four- 
necked  flask,  fitted  with  a  reflux  condenser  and  a  calcium  chloride 
tube,  and  cooled  to  —70°  in  an  acetone-Dry  Ice  bath.  Methylene 
dichloride  solutions  (15  ml)  of  trimethyl  phosphite  (3.5  ml,  1  mole) 
and  antimony  pentachloride  (3.8  ml,  1  mole)  were  added  dropwise 
under  dry  nitrogen  with  stirring.  After  the  addition  was  completed 
(15-30  min),  the  flask  was  allowed  to  warm  slowly  up  to  10°. 
Ether  or  petroleum  ether  (sodium  dried)  was  added,  and  a  white 
solid  precipitated.  This  was  separated  by  filtration  using  a  sintered 
glass  disk,  washed  with  ether,  and  dried  in  a  desiccator.  Tetra- 
methoxyphosphonium hexachloroantimonate  (la)  was  recrystallized 
three  times  from  methylene  dichloride-ether  and  had  mp  139° 
dec;  5.6  g  (38%). 

Anal  Calcd  for  CiHuOiQePSb:  P,  6.3;  Q,  43.5.  Found: 
P,6.5;  CI,  43.6. 


(13)  G.  A.  Olah,  E.  B.  Baker,  J.  C.  Evans,  W.  S.  Tolgyesi,  J.  S.  Mc- 
Intyre,  and  I.  J.  Bastien,  7.  Am.  Chem.  Soc.,  86,  1360  (19M),  and  others 
in  the  series. 

(14)  G.  Hilgetag  and  H.  Teichmann,  Chem.  Ber.,  96,  1465  (1963). 

(15)  C/.  D.  H.  Brown.  G.  W.  Eraser,  A.  McAuley.  and  D.  W.  A. 
Sharp,  Chem.  Ind.  (London),  2098  (1965). 

(16)  M.  Anbar  and  I.  DosU'ovsky,  /.  Chem.  Soc.,  1094,  1105  (1954). 


The  solid  slowly  decomposed  during  several  weeks  in  an  evacuated 
desiccator. 

Proton  Nmr  Studies  on  la.  (i)  The  solutions  of  methyl  hypochlorite 
extracted  into  methylene  dkhloride  and  deuteriochloroform  sol- 
vents showed  only  one  product  peak,  r  6.02,  in  the  proton  nmr 
spectrum. 

(ii)  The  spectrum  of  the  crude  product  la  in  methylene  dichloride 
solution  contained  only  a  doublet  centered  at  r  5.70  (/ph  =  11.2 
cps).  Impurities  were  less  than  5  %.  To  a  solution  of  a  recrystal- 
lized sample  of  la  at  -50**  a  solution  of  trimethyl  phosphite  (10%) 
in  methylene  dichloride  was  added  dropwise.  An  exothermic  reac- 
tion ensued,  and  the  nmr  spectrum  of  the  solution  now  contained 
ten  major  peaks  including  a  doublet  at  r  8.5  (/ph  =  17  cps). 

(iii)  There  was  no  change  in  the  spectrum  of  a  solution  of  la 
in  methylene  dichloride  after  standing  at  23  **  for  24  hr.  On  heating 
at  50°  for  2  hr,  the  following  doublets  were  observed:  r  5.80, 5.85, 
and  7.82  (the  latter  two  in  a  ratio  of  3-3.5:1)  with  coupling  con- 
stants /pH  of  11.5,  11.5,  and  17.2  cps,  respectively.  la  was  almost 
insoluble  in  CHQi  and  CDOt. 

Infrared  Studies  on  la.  An  infrared  absorption  spectrum  was 
recorded  using  a  Beckman  IR-7  spectrophotometer  on  a  4  %  methyl- 
ene dichloride  solution  of  la  in  a  0.5-mm  cell.  The  bands  shown  in 
Table  I  were  observed. 


Table! 


Band,  cm~* 


Assignment 


874  (m) 
1088  (s) 
1189(m) 
1270 (m) 
1454  (w) 
2310 (w) 
2990  (s) 
3055  (vs) 


Sym  P— (OQ4  stretching 
Asym  P—iOCU  stretching 
C— OP  stretching 
P==0  stretching 
CHt  asym  bending 
2X1189cm-» 
CHj  sym  C — ^H  stretching 
CHi  asym  C— H  stretching 


A  spectrum  was  also  recorded  using  a  Perkin-Elmer  Infracord 
spectrophotometer  on  a  KBr  disk  of  la.  This  showed  no  band 
corresponding  to  P=0  stretching.  All  other  bands  were  as  given 
in  Table  I. 

Conductivity  Studies.  Measurements  were  taken  on  a  Bamstead 
PM3A  conductivity  meter  operating  at  60  cycles  and  23°.  The 
following  values  were  recorded  for  the  specific  conductivities  of 
lOr*  M  solutions  in  methylene  dichloride  of  compounds  la  and  II; 
1.08  X  10-«  and  1.22  X  lO"'  ohm"*  cm->.  respectively.  Pure 
methanol  gave  a  value  of  7.4  X  10"^  ohm-»  cm'S  methylene  di- 
chloride was  nonconducting,  and  a  number  of  tetraalkylammonium 
salts  gave  values  in  the  range  2.0-Z3  X  10"*  ohm"*  cm~>. 

TrimetiioxyniethylpliosphoaiuiB  Hexadiloroantinionate  (II).  (i) 
Using  the  same  conditions  as  described  above,  methylene  dichloride 
solutions  of  trimethyl  phosphite  (1.75  ml,  1  mole)  and  antimony 
pentachloride  (1.9  ml,  1  mole)  were  dripped  into  a  flask  containing 
methylene  dichloride  (20  ml).  Addition  of  ether  gave  a  white  pre- 
cipitate of  trimethoxymethylphosphonium  hexachloroantimonate, 
0.8  g  (12%),  which  on  recrystallization  from  methylene  dichloride- 
ether  had  mp  153°  dec. 

Anal.  Cacld  for  CiHuOtQePSb:  Q,  44.9.  Found:  O, 
44.7. 

The  proton  nmr  spectrum  in  methylene  dichloride  solution 
showed  two  doublets  centered  at  r  5.87  (/ph  »  11.5  cps)  and  7.85 
(/PH  =  17.2). 

(ii)  1,1-Dichloroethane  (distilled)  was  used  as  solvent  for  a  reac- 
tion carried  out  as  in  part  i.  The  product  (3.0  g,  21  %  yield)  was 
the  same  as  in  part  i ;  the  ratio  of  the  doublets  in  the  nmr  spectrum 
in  methylene  dichloride  solution  was  3:1  (1,1-dichloroethaDe  was 
not  a  useful  solvent  for  the  product  since  the  low-field  doublet 
was  partially  covered). 

Phosphoru8-31  Nmr  Studies,  (i)  Reactions  were  carried  out  on  a 
small  scale,  using  proportionately  one-quarter  of  the  amounts  of  the 
reactants  given  above,  but  with  smaller  volumes  of  methylene  di- 
chloride (2-5  ml).  The  reaction  solutions  were  quickly  transferred 
from  the  cooled  flask  into  a  5-mm  nmr  tube  and  scanned  in  the 
spectrometer.  Chemical  shifts  for  the  major  and  consistent  peaks 
are  given  in  Table  II.  The  minor  component  at  —56  ppm  in  the 
control  reaction  (iii)  could  not  always  be  observed. 

(ii)  A  saturated  methylene  dichloride  solution  of  la  was  prepared. 
The  mean  value  for  the  chemical  shift  obtained,  using  a  15-mni 
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TWUtn.    I»>CbeniialShifti(ppai)Rdativcto8S%HtPOi- 
RHeO}J>Sba.inCH.ah-51.S]  


+Sba 

.+ 

+SbCU 

MeOa 

Peak 

Peak 

Chem 

mas. 

Chem 

areas 

Photphite        thiflt 

_%_ 

shifu 

%_ 

PwnnilBtioa 

Ref 

{MeO)J            +1 

25 

+1 

40 

(MeO),PO 

-8 

30 

-8 

40 

(Me0),P(O)a 

-28 

15 

-27 

7 

(MeO)J(0)CH.a 

b 

-36 

25 

-34 

3 

(MeO)iP(0)Mc 

e 

-53 

10 

(MeO)J^ 

-56* 

3 

(MeO)J^Me 

{ElO)rf»             +16 

5 

((EtO)JO]iO 

t 

+10 

5 

+8 
+3 

5 

3 

+i;3 

43 

+1 

35 

(EtOW« 

-4 

30 

-3 

35 

(Eio)j^O)a 

e 

-16 

5 

-14 

3 

-22 

3 

-23 

5 

(ElO>J<0)CH.a 

b 

-50 

5 

(MeOPMOEt), 

(CIM»JOB    +18 

io 

+  14 

25 

[RO)J«kO 

+4 

23 

+3 

23 

-3 

30 

-3 

3 

Acyclic  P(0)CI 

-17 

15 

-18 

10 

(CIW))J(0)OR 

17 

-25 

15 

-27 
-39 

25 

3 

Acyclic  P(0)CK(a 

b 

-33 

3 

(CH.O)J(0)R 

{R-Me.Et) 

f 

•  plectra  recorded  on  a  Varian  4300B  spectrometer  at  24.3  Mcps 
ysing  nofspiiming  5-inm  sample  lubes.  Only  mvor  and  consistent 
pciki  are  recorded.  Relative  peak  sreu  were  variatde,  values  are 
sppn>xiiiiale(±lX  *ThisworiL  '  K.  Moedrilzer,  L.  Maier,  and 
L  C.  D.  Oroenwc^ie,  J.  Chem.  Bug-  Data,  7,  307  (1962).  '  This 
component  not  always  observed  'R.  A.  Y.  Jones  and  A.  R. 
KBtrit±y,  Angew.  Chem.  hum.  E4.  Engl.,  1,  32  (1962).    f  O.  M. 


«w«r'™'"»  stmide  tube,  was  -51.5  ppm.  Aitempu  to  observe 
ite  spUttiof  patteni  were  iHUuccessf uL 

(iiO  Trimethyl  pbosiAtte  was  reOned  in  methylene  dichloride 
idulian.  Evolutioa  of  gas  was  observed.  After  4  hr  the  solutioo 
was  ooooentrated  under  vacuum,  and  the  product  showed  the  M- 
kiwins  dietnical  shifts:  +3  (phosphate),  -23.  and  -32  [(MeO)r 
P(O)M(!]ppminaratio<rf'8:10:l(abo  some  rcndual  |Aoq>hite. 
-140  ppm). 

TtktmnrmH^nrtkDwrlin^  HamMumaaUamaale.  Methyl- 
eae  dkfalocide  solutions  at  triethyl  pboq>hite  (5.0  ml,  I  mole)  and 
satimooy  ptntaddoride  (3.8  ml,  1  mole)  were  added  drapwise  to  a 
lolutioa  of  methyl  hypodilorilc  After  completion  of  the  leactioa. 
prt'^'r""  etber  (bp  30-40°)  was  added,  and  a  ydlow  <n1  separated, 
wtith  eoM  not  be  crystallized.  Some  of  this  was  pipetted  into  a 
cooled  pniiaa  nmr  tube  and  diluted  with  methylene  dichlcride, 
Ite  spedmn  obtained  (see  Figure  1)  showed  the  following  char- 
seteiistics  (apart  from  solvent  peaks):  multiplet  centered  at  r 
3.32,  3.73  doublet  f/n  -  1  IS  qn),  and  8.37  distorted  triplet  (Jhb 
—  7  cpa).  An  estimate  of  the  areas  under  the  multiplet  and  dou- 
blet (by  weitfiiiig  peaks)  gave  aiatioor4:l, respectively.  Heating 
the  sample  to  50  and  thm  to  80°  produced  do  systematic  diminu- 
ikn  in  the  qdittiag  pattern  of  the  miilti(riet. 

Tilpti  j'  noaiMla-NMhyl  HypocMortle  Reactioa.  Triphenyl 
^iO«pliiu  (7.7  ml,  1  mcrie)  and  antimony  peniachloride  (3.8  ml, 
1  mole)  solutions  woe  added  dropwise  to  a  solutioo  ot  methyl 
kypoddorite  in  methylene  dichloride.  An  unstable  red  fvedpitate 
wasfonned.  A  sample  of  the  solution  was  quickly  transferred  to  a 
cooled  nmr  lube.  The  qwctrum  showed  a  doublet  centered  at 
r  3.38  (/pa  —  12.2  cps);  an  approximate  ratio  relative  to  the  total 
broad  ptanyl  proton  muhiito  was  1 :  10. 

Addition  ofetber  to  half  (tf  the  reaction  mixture  while  stili  ccdd 
produeed  a  copious  brown  precipitate  (6  g,  mp  137°  dec  after  re- 
crystaUizBtioa  of  methylene  dichloride-ethcr).  71m  proton  nmr 
spwirum  showed  a  th|rfet  al  r  8.16  (/bb  -  7  cps),  a  singlet  at  3.46 
(ratio  1:1.8,  reqiectivcly),  and  a  quartet  at  4.98  (7  cps.).  Addition 
of  elher  icauliod  in  the  rqndpitatiaa  ofthe  sdid.  On  redissolving 
ia  DMtbykae  flii'hM*''**  the  nmr  spectrum  now  showed  two  sets  <rf 
IripleU  (r  8.80, 8.20)  and  quanett  (6.47, 3.00),  as  wdl  as  the  singlet 
(WO). 


5.32       5,75f 


Rgure  1.    Section  of  proton  nmr  spectrum  (rf*  triethoxymethoxy- 
lAosphcNiium  hexachloroantimonate  showing  (a)  multii^  of  ethyl 


Ethyl  Ethyloe  PhoqUte  Rcacttaaa.  Ethyl  ethylene  phospUle 
was  prepared  by  transesterification  between  triethyl  pho^ihitc  and 
eth^ene  glycol."  A  reaction  was  carried  out  as  described  for  la 
using  this  [rfiosphite  but  gave  no  useful  result. 

Phospharus-3t  nmr  studies  were  carried  out  as  described  above, 
and  the  results  are  detailed  in  Table  IL 

Perkow  ReactfcM  with  AaUwny  PtotacMnride.  Trimeth^ 
phosphite  (3.6  ml,  1  mde)  and  antimony  pentachloride  (3.8  ml,  I 
mole)  were  added  simultaneously  to  a  salutic»  of  a<hloroacetone 
(2.4  ml,  1  mole)  in  dicbloromethane  (13  ml).  Addition  of  ether 
or  petrdcum  ether  to  the  reaction  sdution  gave  a  ydlow  oil,  the 
nnr  spectra  of  which  gave  no  consistent  result. 

The  contrcri  reaction  between  cr-chloroacetone  and  antimony 
pentachloride  in  methylene  dichloride  solution  gave  a  precipitate 
while  still  cold,  which  was  filtered  cmto  a  sintered-glass  disk.  The 
proton  nmr  spectrum  in  methylene  dichloride  solution  showed  two 
BingletsBtr6.97and  3.34 (ratio  3:2).  Onadditionof  aliquots  ofa 
solution  of  cr-chloroacetone  in  methylene  dichloride,  theae  peaks 
were  observed  to  shift  upAeld  in  a  stepwise  manner.  Tbe  td^i 
was  very  unstaUe. 

Results  and  Discussion 

(a)  Trimetliyl  Ptaospliite  Reactfoos.  Tlie  simulta* 
neous  addition  of  trimethyl  phosphite  and  antimony 
pentachloride  to  a  sdution  of  methyl  hjrpochlorite'*  in 
methylene  dichloride  at  —70°  resulted  in  the  formation 
of  tetramethoxypbosphonium  hexachloroaDtimtmate 
(la)  (38%  yield).  The  proton  nmr  spectrum  of  this 
compound  in  methylene  dichloride  solution  consisted 
of  a  doublet  centered  at  t  5.70  {Jm  =  11.2  cps).  The 
value  quoted  by  Denney  and  Relics'*  for  the  chemical 
shift  of  the  oc  protons  of  tetrancopentyloxyphospho- 
nium  chloride,  with  tialf-Ufe  at  room  temperature  of  3 
min,  was  t  5.69.  By  comparison  with  trimethyl  phos- 
phite (t  7.0),  trimethyl  phosphate  (r  6.5),  and  penta- 
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methoxyphosphorus'  (t  6.3)  such  a  value  for  the  tctra- 
methoxyphosphonium  cation  is  consistent  with  less 
electron  shielding  at  the  a-hydrogen  atoms.  The 
product  was  shown  not  to  be  a  molecular  complex 
between  trimethyl  phosphite  and  antimony  pentachlo- 
ride  since  addition  of  a  methylene  dichloride  solution  of 
trimethyl  phosphate  resulted  in  an  exothermic  reaction. 

Comparative  phosphorus-31  nmr  studies  were  carried 
out  on  a  number  of  reaction  mixtures.  Results  (Table 
I)  when  trimethyl  phosphite  was  treated  with  antimony 
pentachloride  and  methyl  hypochlorite  (reaction  ii,  X 
=  O)  or  with  antimony  pentachloride  alone  (reaction 
iii)  indicated  the  formation  in  the  former  case  of  an  ad- 
ditional product  with  a  chemical  shift  (relative  to  85  % 
phosphoric  acid)  of  about  —  50  ppm.  That  this  peak 
corresponded  to  the  tetramethoxyphosphonium  cation 
was  confirmed  by  the  fact  that  pure  la  had  a  mean  P'^ 
chemical  shift  of  —  51.5  (±  1)  ppm  in  methylene  dichlo- 
ride solution.  This  value  confirms  the  recent  qualitative 
prediction  of  Ramirez  and  Desai*^  that  a  tetraalkoxy- 
phosphonium  cation  would  have  a  chemical  shift  of  the 
order  of  —60  ppm,  with  shielding  at  phosphorus  in- 
termediate between  that  of  phosphites  and  phosphates. 

The  formation  of  a  minor  component  with  a  chemical 
shift  of  —  56  ppm  in  the  control  reaction  of  trimethyl 
phosphite  with  antimony  pentachloride  was  investi- 
gated. Addition  of  ether  to  the  reaction  mixture  re- 
sulted in  the  precipitation  of  a  small  amount  of  mate- 
rial. The  proton  nmr  spectrum  contained  two  doublets 
at  T  5.87  (JpH  =  11.5  cps)  and  7.85  (Jph  =  17.2  cps) 
in  a  ratio  of  3 : 1.  The  latter  doublet  corresponds  rea- 
sonably well  in  chemical  shift  and  coupling  constant  to 
those  recorded  for  tetraalkylphosphonium  salts.  ^^'^* 
Together  with  the  chlorine  analysis,  this  evidence  indi- 
cated a  formulation  [(MeO),P+Me]Sba6-  (II)  for  the 
product  (12  %  yield).  While  this  work  was  in  progress, 
the  isolation  of  the  corresponding  hexafluoroanti- 
monate  was  reported  by  Brown,  et  a/.,^^  from  the  reac- 
tion between  trimethyl  phosphite  and  antimony  penta- 
fluoride.  A  chemical  shift  of  —56  ppm  has  been  as- 
signed to  a  transient  trialkoxyalkylphosphonium  salt'^ 

The  trimethoxymethylphosphonium  ion  is  the  inter- 
mediate for  the  Arbuzov-Michaelis  reaction^ 


(MeO)iP  +  MeQ 


[(McO)a»Me]+a- 

(MeO]^0)Me  +  MeQ 


Previous  preparations  of  trialkoxyalkylphosphonium 
salts  (as  opposed  to  triphenoxyalkylphosphonium  de- 
rivatives**) have  been  carried  out  by  alkylation  of  phos- 
phites with  oxonium  or  carbonium  salts.  ^'^ 

A  reaction  carried  out  in  1,1-dichloroethane  solution 
gave  the  same  product  II  in  roughly  the  same  yield, 
confirming  that  II  was  not  in  fact  an  Axbuzov-Michaelis 
intermediate  derived  by  reaction  with  the  solvent. 
This  minor  component  is  presumably  an  intermediate 
in  the  fbrmation  of  dimethyl  methylphosphonate  as 
one  of  the  major  products  of  the  reaction.  The  inter- 
molecular  reaction  would  account  for  the  moderate 
yields  of  the  desired  tetraalkoxyphosphonium  salt  la 
obtained  in  reaction  ii  (cf.  ref  14).    As  expected,  the 

(18)  J.  B.  Hendrickson.  M.  L.  Maddox,  J.  J.  Sims,  and  H.  D.  Kaesz» 
Tetrahedron,  40.  449  (1964). 

(19)  See  also  C.  E.  Griffin  and  M.  Gordon,  7.  Organometal,  Chem,,  3, 
414  (1965). 

(20)  R.  F.  Hudson  and  P.  A.  Chopard,  Heh.  Chim,  Acta^  45, 1137 
(1962);  48,1983(1965). 


peak  of  dimethyl  methylphosphonate  shows  a  marked 
relative  decrease  when  comparing  reaction  ii  with  iii 
(see  Table  II). 

Although  interaction  with  the  solvent  might  have 
been  anticipated,  the  absence  of  a  peak  in  the  phos- 
phorus-31 nmr  spectrum  at  —  18.S  ppm,  the  value 
assigned  for  (MeO)iP(0)CHsQ,^^  appeared  to  show 
otherwise.  A  methylene  dichloride  solution  of  tri- 
methyl phosphite  was  refiuxed  and  then  showed  two 
major  peaks  at  +3  (trimethyl  phosphate)  and  —25 
ppm.  The  latter  value  could  only  correspond  to 
(MeO)iP(0)CHsCl  and  is  the  same  as  the  only  hitherto 
unassigned  value^*  obtained  for  the  reactions  between 
trimethyl  phosphite  and  antimony  pentachloride. 

The  proton  nmr  spectrum  of  la  was  unchanged  after 
standing  in  methylene  dichloride  solution  for  24  hr. 
On  heating  at  50^  for  2  hr  doublets  at  the  following  r 
values  were  observed:  S.80,  S.8S,  and  7.82,  with  cou- 
pling constants  Jph  ^  ll.S,  ll.S,  and  17.2,  respectively. 
The  latter  two  doublets  were  found  to  be  consistently 
in  a  ratio  of  3:1.  It  appears  that  the  product  is  the 
same  as  that  (II)  obtained  from  the  reaction  (iii)  be- 
tween trimethyl  phosphite  and  antimony  pentachloride. 
The  anticipated  formation  of  dimethyl  methylphos- 
phonate is  ruled  out  by  the  ratio  of  areas  of  the  POCHa 
and  PCHs  doublets. 

The  infrared  spectrum  of  la  in  solution  in  methylene 
dichloride  (4%)  showed  some  absorption  at  1270  cm'S 
due  to  P=0  stretching.  However,  the  spectrum  ob- 
tained on  a  potassium  bromide  pellet  of  la  had  no  such 
absorption.  The  infrared  spectrum  quoted  by  Hilgetag 
and  Teichmann^^  for  compound  lb  shows  a  band  at  S83 
cm"^  corresponding  to  P-SC  stretching  but  the  ap- 
parent absence  of  strong  absorption  for  P-OC  stretch- 
ing (at  about  1000  cnr^)  is  surprising. 

That  the  symmetrical  P-<OCHs)4  stretching  of  la 
absorbs  as  low  as  874  cm^S  compared  with  about  970 
cm"^  for  triethyl  phosphate,**  is  analogous  to  the  situa- 
tion in  trimethyl  phosphate  which  shows  this  band  at 
850  cm""*.**  The  corresponding  antisymmetrical  P- 
(OCHs)4  bands  for  la  and  trimethyl  phosphate  are  at 
1088  and  1042  cm""S  respectively.  The  C-OP  stretch- 
ing band  at  1189  cm""*  is  also  analogous  to  that  of 
trimethyl  phosphate  at  1 171  cm""*. 

It  is  interesting  to  note  that  both  for  compound  la 
and  trimethyl  phosphate  only  the  antisymmetrical  CHa 
bending  gives  rise  to  appreciable  bands  (at  1454  and 
1447  cm""*,  respectively),  while  the  symmetrical  CHa 
bending  (which  usually  shows  a  significant  band  at  1380 
cm""*)  seems  to  be  practically  inactive.  This  may 
possibly  result  from  the  high  symmetry  in  these  cases. 

The  very  high  C-H  stretching  frequencies  of  la  (2990 
and  3055  cm~*)  are  not,  however,  shared  by  trimethyl 
phosphate,  which  absorbs  almost  normally  (at  2833 
and  2933  cm""*).  The  increase  in  the  stretching  fre- 
quency of  the  hydrogen  atoms  is  unusual  and  might  be 
connected  with  some  kind  of  interaction  between  these 
atoms  and  the  anionic  chlorine  atoms,  which  increases 
the  energy  needed  for  this  stretching. 

Conductivity  measurements  confirmed  that  la  and 
II  were  salts. 

(21)  See  footnote  c.  Table  IL 

(22)  E.  D.  Oergman,  U.  Z.  Uttauer,  and  S.  Pinchas,  /.  Chem,  Soc„ 
S47(1952). 

(23)  Documentation  of  Molecular  Spectroscopy  Catalogue,  Com- 
pound Card  No.  5176. 
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(b)  Reactions  with  Other  Phosphites.  Evidence  for 
the  formation  of  a  new  P-O  bond  was  obtained  when 
methyl  hypochlorite  was  treated  with  triethyl  phosphite 
and  antimony  pentachloride  (reaction  ii,  X  —  O,  R  = 
Et,  R'  =  Me).  Although  no  solid  could  be  isolated 
in  this  case,  addition  of  petroleum  ether  to  the  reaction 
mixture  in  methylene  dichloride  resulted  in  the  separa- 
tion of  an  oil.  The  proton  nmr  spectrum  of  this  showed 
a  doublet  (Figure  1)  with  characteristic  splitting  (Jm 
=  11.5  cps)  for  the  P-OCHg  group,  and  with  a  chemical 
shift  (r  5.75)  expected  for  the  presence  of  a  positive 
charge  at  phosphorus.  An  additional  peak  was  also 
observed  at  —  50  ppm  in  the  phosphorus-3 1  nmr  spec- 
trum compared  to  the  control  reaction  iii  (Table  I). 

For  the  presumed  product  [(EtO)8P+OMe]SbCl6"" 
it  was  not  possible  to  accurately  integrate  the  area 
of  the  doublet  relative  to  that  of  the  multiplet  of  the 
ethyl  methylene  protons  (Figure  1)  partly  due  to  the 
fine  splitting.  However,  an  estimate  of  the  ratio  was 
obtained  and  was  smaller  than  that  required  for  the 
pure  compound.  Such  a  value  would  tend  to  indicate 
that  no  transesterification  had  occurred  to  produce, 
say,  diethyl  methyl  phosphite. 

The  multiplet  of  the  ethyl  methylene  group  (Figure 
1)  and  the  distorted  triplet  of  the  ethyl  methyl  protons 
were  both  noted  to  contain  a  large  degree  of  fine  split- 
ting. Some  splitting  in  the  latter  case  must  result 
from  the  7-phosphorus  atom.  Fine  splitting  has  also 
previously  been  described  for  the  methylene  proton 
multiplet  of  triethyl  phosphite  and  phosphate.*^  The 
splitting  in  these  cases  has  now  been  found  to  persist 
in  methylene  dichloride  solution.  The  observation 
of  doubled  resonances  in  a  series  of  phosphate  and  other 
esters,  in  which  the  ester  groupings  were  bulky,  has  been 
interpreted  in  terms  of  rotational  isomerism.*'  It  is 
possible  to  assign  peaks  in  the  multiplet  (Figure  1) 
in  such  a  way  as  to  distinguish  at  least  four  quartets, 
with  separations  of  2  and  6  cps,  as  well  as  the  splitting 
due  to  phosphorus  of  8.5  cps.  However,  the  splittings 
were  not  found  to  decrease  on  heating  the  sample  up 
to80^ 

On  treating  methyl  hypochlorite  with  triphenyl  phos- 
phite and  antimony  pentachloride  (reaction  ii,  X  =  O, 
R  »  ph,  R'  »  Me),  a  doublet  was  again  observed  in  the 
proton  nmr  spectrum  of  the  reaction  solution.  This 
corresponded  in  splitting  (Jph  »  12.2  cps)  and  chemical 
shift  (r  5.38)  to  the  values  expected  for  the  presence 
of  the  •*'P-OCH»  group.  However,  it  was  not  found 
possible  to  isolate  the  unstable  red  solid  formed.  Addi- 
tion of  ether  to  the  reaction  mixture  while  still  cold 

(24)  W.  E.  Shuler  and  R.  C.  Axtman,  Atomic  Energy  Commission 
Research  and  Devdopment  Report  No.  DP  474,  1960;  see  also  J.  R. 
Fcrraro  and  D.  F.  Peppard,  /.  Phys,  Cfum.,  67, 2689  (1963). 

(15)  T.  H.  Siddail  and  C.  A.  Prohaska,/.  Am.  Cfum.  Soc„  S4,  2502 
(1962). 


resulted  in  the  formation  of  a  stable  precipitate  with  an 
nmr  spectrum  corresponding  to  the  oxonium  salt 
[Et,0+Me]SbCl6-." 


[(PhO)iPOMe]+SbCU'-  +  Et,0 


(PhO)iP=0  +  [Et,OMe]+SbCU 


Addition  of  ether  to  the  solution  of  this  product  re- 
sulted in  the  presence  of  two  sets  of  triplets  and  quartets 
in  the  spectrum.  This  clearly  indicated  that  the  solid 
was  not  the  well-known  complex  EtiOSbCU,*^  which 
was  often  formed  as  a  side  product  in  these  reactions. 

A  number  of  reactions  were  repeatedly  attempted 
using  a  variety  of  other  reagents,  e.g.,  /-butyl  hypo- 
chlorite, but  without  success.  The  reaction  of  ethyl 
ethylene  phosphite  with  methyl  hyp(x:hlorite  and  anti- 
mony pentachloride  and  the  control  reaction  without 
hyp(x:hlorite  were  scanned  for  their  P*^  nmr  spectra 
(Table  II).  A  peak  at  low  field  (  -  53)  was  attributed  to 
ethylene  methylphosphonate. »  The  value  for  the  inter- 
mediate cyclic  tetraalkoxyphosphonium  cation  III 
would  have  been  of  interest  for  comparative  purposes 
since  it  is  a  close  analog  of  cyclic  phosphate,  but  with- 
out dv-pr  bonding."  That  complete  ring  opening 
had  not  (xxurred  was  evidenced  by  the  presence  of  a 
maj  or  peak  (—18  ppm)  corresponding  to  the  cyclic  phos- 
phate, which  must  be  formed  via  III. 
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A  number  of  unsuccessful  attempts  were  also  made 
to  trap  the  phosphonium  intermediate  in  the  Perkow 
reaction  between  a-chloroacetone  and  trimethyl  phos- 
phite using  antimony  pentachloride. 

It  is  concluded  that  while  this  work  represents  the 
first  isolation  of  a  stable  tetraalkoxyphosphonium  salt 
and  confirms  that  these  compounds  are  intermediates 
in  the  trialkyl  phosphite-alkyl  hypcx^hlorite  reaction 
(i),  the  use  of  antimony  pentachloride  does  not  appear 
to  provide  a  general  technique  for  the  scavenging  of 
such  intermediates. 
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(28)  See  footnote/,  Table  II. 
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Abstract:  The  kinetics  of  electron  exchange  between  CKOHsMHsPOt)''*'  and  Cr'"^  has  been  studied  in  aqueous  acid 
solution.  Over  the  range  of  acid  concentration  studied,  0.03-1.0  Af,  the  rate  equation  has  the  form  AjCrHsPOt'*^]- 
[Cr'+]/[H'''],  with  A:  «  6.11  X  10~^  sec~^  at  25.0''  and  unit  ionic  strength.  Values  of  the  activation  parameters 
assodated  with  this  rate  constant  are  A^'*^  »  19.7  ±  1.0  kcal  mole~S  and  ZLS'*^  »  —7.2  ±  3.3  eu.  Ion-exchange 
equilibration  experiments  were  used  to  confirm  the  net  charge  on  the  complex  as  +2.  The  reaction  mechanism 
involves  a  hypophosphite  bridged  transition  state.  The  probable  structure  of  the  transition  state,  suggested  by  the 
inverse  dependence  of  exchange  rate  upon  [H***],  involves  double  bridging  by  hypophosphite  and  hydroxide  ions. 
Alternative  formulations  are  also  presented. 


In  an  acidic  solution  electron  exchange  occurs  between 
chromium(II)  and  a  monosubstituted  chromium(III) 
complex  (HsO)6CrX*'*'  (eq  1).  This  process  establishes 
Ct(II)-Ci(III)  isotopic  equilibrium,  sdthough  net  chem- 

(HiO)»ax»+  -h  (H,o).*a«+  =  (H,o).a«+  +  (H,o)»*ax»+  (i) 

ical  change  does  not  occur  (at  least  until  much  longer 
times  have  elapsed).  Each  reaction  transfers  X"  from 
Cr(III)  to  Cr(II)  during  electron  exchange  and  the 
mechanism  is  most  simply  formulated  as  involving  a 
transition  state  in  which  ligand  X  has  penetrated  the 
inner  coordination  sphere  of  both  metal  ions.' 

The  rates  and  mechanisms  of  a  number  of  such  inner- 
sphere  '  Cr(II>-Cr(III)  exchange  reactions  have  been 
studied,  including  Cr(III)  complexes  containing  fluor- 
ide,* chloride,*  bromide,*  thiocyanatc,*  and  azidc** 
ions.  Cr(II>-CT(III)  electron  exchange  has  been  studied 
also  in  tiie  case  of  two  tripositive  Cr(III)  species, 
(H,0)6Cr»+«  and  (H20)6CrNH,»+.^  These  reactions 
likewise  have  been  interpreted^  in  terms  of  an  inner- 
sphere  mechanism  involving  the  ligand  OH~,  although 
here  only  indirect  evidence  is  available.  The  exchange 
rate  law  obeyed  by  each  of  these  reactions  takes  the 

(1)  (a)  This  work  was  performed  in  the  Ames  Laboratory  of  the  U.  S. 
Atomic  Energy  Commission.  Contribution  No.  1992.  (b)  Visiting 
iummer  faculty  research  participant;  Department  of  Chemistry,  State 
University  College,  Brockport,  N.  Y. 

(2)  (a)  H.  Taube,  Adoan,  Inorg,  Chem,  Radiochem,,  1,  1  (19S9);  (b) 
J.  Halpem  and  L.  E.  Qrgel,  Discussions  Faraday  Soc,,  29,  7  (1960); 
(c)  N.  Sutin,  Ann,  Reo.  Nuci  Sci.,  12,  285  (1962). 

(3)  Y.  T.  Chia  and  E.  L.  King,  Discussions  Faraday  Soc,,  29,  109 
(1960). 

(4)  D.  L.  BaU  and  E.  L.  King,  /.  Am,  Chem,  Soc„  SO,  1091  (19S8). 

(5)  E.  L.  King  and  R.  Snellgrove,  Inorg,  Cfum.,  3,  288  (1964). 

(6)  M.  Anderson  and  N.  A.  Bonner,  /.  Am.  Chem,  Soc,,  76,  3826 
(1954). 

(7)  J.  H.  Espenson  and  D.  W.  Carlyle,  Inorg,  Chem.,  5,  586  (1966). 
The  reaction  of  Cr(OHs)«NHt^  and  Cr(OHs)i<+  is  not  strictly  an  ex- 
change reaction,  since  NHt  is  released  as  an  accompanying  feature  of 
the  electron  trantfer.  It  is  closely  related  to  the  other  reactions,  how- 
ever, in  which  all  but  one  of  the  ligands  originally  on  Cr(III)  are  labilized 
upon  its  reduction  to  Cr(II).  In  the  other  instances  these  ligands  are 
HsO,  however,  and  this  change  is  not  reflected  in  observable  net  chemical 
reaction.  Recent  experiments*'*  have  shown  that  halide  complexes  of 
chromium(III)  undergo  a  chromium(II)-cata1yzed  aquation  with  a  rate 
equation  of  the  form  iic[Cr*+][(HsO)iCrX*]/[H-^].  This  path  presumably 
Is  a  hydroxo-bridged  process  that  releases  the  nonbridging  X~  and  is 
quite  analogous  to  the  reaction  of  (HtO)iCrNHt*^. 

(8)  D.  E.  Pennington  and  A.  Haim,  7.  Am,  Chem.  Soc.,  SS,  3450 
(1966). 

(9)  A.  Adin  and  A.  G.  Sykes,  /.  Chem.  Soc.,  Sect.  A,  518  (1966). 


form  fc[(H,0)»CrX'^«][(H,0)«Cr«+l/[H+J»,  with  n  « 
0  and  1.  The  transition  states  for  electron  exchange 
have  a  4+  ionic  charge  in  each  case. 

We  report  here  on  a  study  of  electron  exchange  be- 
tween chromiuin(II)  and  monohypophosphitochro- 
mium(III)  ions.  In  earlier  work»^®  we  reported  the 
preparation  and  characterization  of  the  complex 
(HsO)5CrH2P02''*'  and  studied  the  kinetics  and  thermo- 
dynamics of  its  formation  and  decomposition  (eq  2). 

(H,0).a»+  -h  H,POi  -  (H,0),aH,POi«+  +  H+        (2) 

This  study  of  electron-exchange  rates  was  undertaken 
with  the  expectation  that  the  exchange-rate  law  and 
mechanism  would  parallel  the  previous  studies  on  re- 
lated complexes.  In  addition,  since  phosphorus  oxy- 
anions  had  not  been  studied  previously  as  bridging 
groups  for  Cr(II)-Cr(III)  electron  transfer,  the  hypo- 
phosphite complex  appeared  interesting  in  this  respect 
The  role  of  phosphorus  oxyacids  in  biological  oxida- 
tion-reduction reactions  added  interest  to  this  subject 
Although  we  confirmed  that  Cr(II)-Cr(III)  exchange 
occurs  with  transfer  of  the  ligand  and  without  observ- 
able net  reaction,  it  soon  becomes  apparent  to  us  that 
the  reaction  mechanism  differed  appreciably  from  earlier 
exchange  systems.  The  observed  dependence  of  ex- 
change rate  on  [H+l-^  corresponding  to  a  transition 
state  of  3+  charge,  constitutes  a  novel  situation  for 
exchange,  and  one  that  provides  some  information  on 
the  structure  of  the  transition  state  that  can  be  in- 
terpreted in  terms  of  an  isomeric  HP(OXOH)r  ligand, 
or  in  terms  of  a  double-bridged  electron-transfer  mecha- 
nism. 

Experimental  Section 

Reagents.  Solutions  of  the  monohypophosphitochroaiium(III) 
complex  were  prepared  from  chromium(III)  perchlorate  and  hypo- 
phosphorous  add  as  described  previously.^*  The  conqdex  was 
isolated  from  the  starting  materials  and  from  other  cfaromiam 
species  by  ion  exchange.  The  resin  column  was  first  rinsed  with 
0.3  F  perchloric  acid  to  remove  the  free  add  and  any  complexes  of 
charge  lower  than  2+.  The  complex  of  interest  was  duted  with  1 F 
lithium  perchlorate  or  perchloric  add.  The  visible  and  ultraviolet 
spectra  of  the  complex  have  been  reported  earlier,  >*  and  spectra  of 
all  samples  obtained  here  were  in  quantitative  agreement  with  the 
published  values.    Solutions  of  the  separated  complex  generally 


(10)  J.  H.  Espenson  and  D.  E.  Binau,  Inorg.  Chem.,  S,  1363  (I960. 
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tored  12-24  hr  at  -78^,  which  apparently  preserved  the  com- 
nchanyxi  since  the  spectrum  remained  unaltered, 
dl  experiments  chromium(II)  was  labeled  with  chromium-51 
racer,  obtained  as  a  sdution  of  chronuum(III)  chloride  in  O.S 
Irochloric  add.  Labeled  chromium(III)  perchlorate  stock 
ms  were  prepared  from  ca.  0.1  F  chromium(III)  perchlorate 
m  to  which  had  been  added  ca,  0.5  mcurie  of  "Or  per  100  ml  of 
XL  Chromiuni(III)  was  reduced  electrolytically  at  a  mercury 
le  under  purified  nitrogen.  The  concentration  of  chloride 
itroduoed  from  the  tracer  solution  by  this  technique  was 
ibly  low  (ca.  0.005  M), 

num  perchlorate,  used  to  adjust  ionic  strength,  was  prepared 
lithium  carbonate  and  perchloric  add  and  recrystallized  three 
Reagent  grade  perchloric  add  was  used  without  purifica- 
Conductivity  water,  a  double  redistillation  of  laboratory 
9d  water  from  alkaline  permanganate  in  a  Bamstead  still,  was 
a  all  solutions. 

wcx  50  W-X8  (50-100  mesh,  Baker  reagent  grade)  cation-ex- 
e  resin  was  washed  with  4  F  hydrochloric  add  until  free  of 
11)  (negative  test  with  thiocyanate)  and  then  allowed  to  stand 
igbt  in  the  presence  of  excess  sodium  hydroxide  and  hydrogen 
de.  The  resin  was  reconverted  to  the  hydrogen  ion  form  by 
ed  washing  with  4  F  hydrochloric  add.  A  finer  particle  um 
[200-400  mesh)  was  employed  in  the  experiments  used  to 
line  the  net  charge  on  the  chromium  complex. 
kaBge  Kiftift.  The  procedures  employed  in  the  kinetic 
ind  sqMrations  are  as  follows.  All  reagents  except  chro- 
;il)  were  added  to  a  150-ml  milk  dilution  bottle  equipped  with 
willing  rubber  cap  which  served  as  the  reaction  vessel.  The 
m  was  flushed  with  oxygen-free  nitrogen  for  at  least  30  min; 
hroimi]ni(II)  was  introduced  by  syringe.  Samples  were  with- 
by  syringe  at  appropriate  intervals  and  quenched  in  a  stream 
winch  oxidized  chromium(II)  to  Cx^O^:y%^\  a  dimeric  form 
ofiiium(III).^^  (Sample  volumes  generally  were  1-3  ml  but 
lot  measured  or  controlled  aocuratdy  since  the  specific  ao* 
vas  the  quantity  being  measured.) 

ioii-exchange  separation  of  OrHsPOi*^  from  Crs(OH)i«'*- 
Dployed.  In  16  experiments  only  Cr*+  activity  was  followed, 
r  experiments  only  OrHsPOi*^.  In  an  additional  five  experi- 
boCh  activities  were  followed.  Thus  a  total  of  30  rate  con- 
wece  measured.  The  air-quenched  sample  was  transferred 
I  mm  X  8  cm  column  of  resin  in  the  hydrogen  ion  form,  con- 
in  a  short  length  of  Tygon  tubing,  and  duted  with  2 Fper- 
:  add.  The  first  7-8  ml  of  solution  contained  most  of  the 
hoqihite  comi^ex,  the  spedfic  activity  of  which  was  deter* 
by  counting  a  standard  volume  of  the  sample  in  a  well* 
icmtiHafion  counter  and  spectrophotometrically  analyzing 
romium  as  chromate  ion  in  alkaline  solution  after  oxidation 
Ofdrogen  peroxide.  In  experiments  where  the  chromium(II) 
■I  was  foUowed  with  time,  the  column  was  first  rinsed  with 
)  ml  of  2  F  perchloric  add  to  remove  all  chromium  spedes  but 
HQb^.  which  then  was  removed  from  the  resin  by  treatment 
■odium  hydroxide  and  hydrogen  peroxide.  The  specific 
y  of  chromium  in  the  resulting  solution  was  determined  as 

omium(II)  in  each  reaction  solution  was  analyzed  direcdy  t^ 
ophocometrie  determination  of  the  cobalt(II)  produced  ^ 
»  with  a  small  excess  of  pentaamminechlorocobalt(III)  ion.^* 
ly  two  to  four  samples  were  withdrawn  for  analysis  during  the 
iofanm. 


t  loidc  Giarge.  The  unexpected  results  found  for 
BTect  of  hydrogen  ion  on  the  electron-exchange  rate 
>dow)  led  us  to  reconsider  the  composition  of  the 
phosphite  complex,  previously  formulated  as 
POs^.  Earlier  work^<»  had  established  a  1:1 
ratio  of  phosphorus  and  chromium  in  the  com- 
and  the  qualitative  behavior  of  this  species  on 
m  from  cation-exchange  resin  indicated  the  species 
let  charge  2+  in  1  F  solutions  of  either  perchloric 
or  lidiium  perchlorate. 

iC  Afdon  and  R.  A.  Plaoe,  /.  Am.  Chem.  Soc.,  81*  3197  (1959). 

TUs  rednetion  technique  for  chroiiiiiini(II)  analysis  was  em- 

by  B.  Zabin  and  H.  Taube,  inorg.  Chgm,,  3, 968  (1964).    The 

iphotoflirtfk  aaalyite  of  Goball(II)  has  been  described  previously: 

Ml.  4»  1025(196^ 
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Ion-exchange  equilibration  experiments  of  the  type 
developed  by  Cady  and  Connick^'  were  carried  out  to 
determine  unambiguously  the  ionic  charge  on  the  hypo- 
phosphite  complex.  A  low  concentration  of  the  species 
of  interest  was  equilibrated  with  cation-exchange  resin 
at  two  known  hydrogen  ion  concentrations,  1  and  O.S 
M.  The  presumed  constancy  of  the  equilibrium 
quotient  for  reaction  3  (overline  »  resin  phase)  on 
changing  from  1  to  O.S  M  H+  allows  computation  of  b 
from  equilibrations  with  the  same  resin  at  two  [H*^] 


MX*+  -h  bHK  -   MXR»  +  6H+ 


(3) 


values.  Precision  of  the  method  is  limited  by  variation 
of  the  charge  b  from  integral  values,  which  may  be 
caused  by  a  change  in  the  value  of  the  equilibrium 
quotient  for  reaction  3  in  1  F  compared  to  O.S  F  per- 
chloric acid  solution.  A  changing  degree  of  protona- 
tion  of  the  complex  over  this  range  of  [H+]  also  would 
give  nonintegral  values.  Hexaaquochromium(in)  was 
carried  through  some  experiments  as  a  check  on  the 
procedure.  The  results  for  this  ion  and  for  hypophos- 
phitochromium(III)  are  presented  in  Table  I.    The 


Table  L    Net  Ionic  Charge  on  Chroniium(III)  Species 


Total 

Cr(IID. 

[H+L 

Vol, 

ICKIll)], 

mnioles*> 

M 

ml 

MX  10* 

Charge 

A.    Hexaaquochronuuni(III)  Ion 

0.432 

0.980 

120 

0.935 

2.94 

0.413 

0.490 

200 

0.1528 

0.432 

1.012 

60 

1.271 

2.95 

0.419 

0.506 

100 

0.1920 

B. 

Hypophosphitochroniium(III)  Ion 

0.437 

1.017 

120 

2.43 

2.08 

0.388 

0.S08 

200 

0.868 

0.437 

1.017 

120 

2.42 

2.08 

0.389 

0.S08 

200 

0.862 

0.437 

1.050 

60 

4.054 

2.14 

0.396 

0.525 

100 

1.300 

0.437 

1.050 

60 

4.046 

2.15 

0.397 

0.525 

100 

1.294 

•  The  difference  in  the  amount  of  total  chromium  between  the 
first  and  second  parts  of  an  experiment  reflects  the  amount  removed 
for  analysis  of  the  first  concentration.  This  removal  of  solution 
also  accounts  for  the  relation  of  [H^]  and  volume.  ^  In  the  various 
experiments,  between  3.45  and  3.57  g  of  resin,  with  a  capacity  of 
3.55  mmoles  of  H'*'  per  gram,  was  used 


charge  value  found  (2.94)  for  hexaaquochromium(III) 
is  close  to  the  value  found  by  Cady  and  Connick  (2.89).  ^' 
The  value  (average  2.1 1)  determined  for  hypophosphito- 
chromium(III)  is  slightly  larger  than  the  integral  +2 
value  presumed  for  CrHsPOs''*'.  Although  the  value 
is  not  an  integer,  this  does  not  seem  to  constitute  com- 
pelling evidence  that  the  true  charge  on  the  hypophos- 
phite  complex  is  not  +2.  Since  the  kinetic  evidence 
presented  later  indicates  that  almost  certainly  only  a 
single  species  predominates  over  the  range  0.026-1  M 
H+y  the  conclusion  seems  justified  that  this  species  is  the 
dipositive  ion  CrHsPOs'+y  as  in  the  original  formula- 
tion. "> 

Exdiange  Rate  Law.    Where  chromium(II)  specific 
activity  was  followed  with  time,  the  McKay  equa- 

(13)  H.  H.  Cady  and  R.  E.  Connick,  /.  Am.  Ch$m.  Soc.,  SO,  2646 
(1958). 
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Figure  1.  niustrating  McKay  plots  (eq  4)  in  a  typical  exchange  ex- 
periment with  the  concentrations  shown.  The  points  represent 
Or*-^  sampling  (+)  and  CrHtPOi*-^  sampling  (o).  The  straight 
lines  have  slopes  given  by  the  computer  calculated  rate  constants 
and  correspond  to  half-times  of  42.S  (+)  and  44.3  min  (O).  The 
rate  constants  are  lO'^s  »  5.80  =b  0.S9  M'^  sccr^  (+)  and  6.04  :iz 
0.60  M'^  sec~^  (O),  where  the  uncertainties  represent  the  standard 
deviation  of  h. 


ICX) 


I 


(O 


I. 


O 


AVERAGE 
OF 8  RUNS 


i 


.01 


Ql 


ID 


Figure  2.   Illustrating  the  relation  of  h  and  {WJ  in  a  log-log  plot. 
The  lines  drawn  through  the  points  have  a  slope  of  —1. 


tion^^  takes  the  form  given  in  eq  4  in  which  S  stands 
din  gj^^-  =.  -R^?:itl''l}b^y!^dt    (4) 


So  —  Sc 


[Cr«+ICrH2POj2+] 


for  specific  activity  of  chromium(II)y  counts  per  minute 
per  millimoley  and  R  represents  the  rate  law  for  ex- 
change. An  analogous  equation  with  So  —  0  holds 
for  runs  where  the  activity  of  CrH2POt*+  was  measured. 
As  a  working  hypothesis  we  assumed  that,  at  constant 
[H'*'],  the  rate  of  electron  exchange  is  first  order  in 
each  chromium  species  according  to 


R   =    ik2[Cr«+ICrHjP02«+] 


(5) 


A  nonlinear,  least-squares  computer  program  ^^ 
was  used  to  fit  the  exchange  data  in  each  run  to  eq  4 
and  5.  This  program  calculated  R  or  kt,  and  also  the 
"best"  values  of  So  and  S..  This  fit  for  5a>  is  preferable 
to  the  experimental  value,  since  secondary  reactions  set 
in  at  long  times.  ^^'  ^^    Data  from  a  typical  run  in  which 

(14)  H.  A.  C.  McKay.  Nature,  142, 997  (1938). 

(1^  This  program  is  based  on  a  report  from  Los  Alamos  Scientific 
Laboratory,  LA2367  +  Addenda.  We  are  grateful  to  Drs.  T.  W.  New- 
ton and  R.  H.  Moore  for  supplying  us  with  the  computer  programs  and 
to  Mr.  J.  P.  Birk  for  adapting  them  to  the  IBM  360  computing  facilities. 

(16)  Spontaneous  aquation  of  the  metastable  hypophosphite  complex 
must  be  considered.  This  reaction  becomes  an  important  factor  in  ex- 
change runs  only  at  high  [H'*'],  however,  since  its  rate  varies  as  [H*^], 
whereas  the  exchange  rate  varies  as  [H'^]''>.  Any  interference  from 
appreciable  spontaneous  aquation  during  an  exchange  run  would  result 
in  a  higher  value  of  the  calculated  exchange  rate  constant  Of  course, 
aquation,  after  exchange  is  substantially  complete,  has  no  effect  The 
Or''^  that  is  the  product  of  aquation  would  be  collected  with  neither  of 
the  separated  exchanging  species.  In  one  experiment  with  relatively 
low  [Cr*-^],  1.8  X  10~'  Af,  and  0.95  M  H\  the  rates  of  aquation  and 
exchange  were  comparable,  and  in  another  run  exchange  was  only  twice 
as  fast  as  aquation.  In  all  other  experiments  the  effect  of  aquation  was 
smaller,  generally  a  good  deal  smaller. 


both  chromium(II)  and  the  hypophosphitochromi- 
um(III)  complex  were  followed  are  shown  in  Figure  1. 
For  the  run  shown  here,  the  two  sampling  techniques 
gave  rate  constants  that  agreed  to  within  an  average 
deviation  of  2  %.  In  the  four  other  such  pairs  of  deter- 
minations, average  deviations  were  0.1,  0.3,  4.3,  and 
12%,  and  no  systematic  bias  of  the  direction  of  the 
deviation  and  the  oxidation  state  sampled  was  noted. 

Exchange  experiments  at  25.0^  covered  these  concen- 
trations: Cr«+  0.18-2.5  X  10"*  M;  CrH,PO,»^,  0.37- 
4.0  X  10~*  M.  Every  experiment  fit  the  McKay 
equation,  and  constancy  of  the  calculated  k%  at  a  par- 
ticular [H'*']  confirmed  the  second-order  exchange  rate 
law  shown  in  eq  5.  The  average  of  the  standard  devia- 
tions in  22  runs  at  25.0''  was  8.5  %.  When  eight  addi- 
tional values  at  other  temperatures  were  included  as 
well,  it  was  8.9  %. 

Effect  of  Hydrogen  Ion.  Exchange  experiments 
were  carried  out  at  several  hydrogen  ion  concentrations 
in  the  range  0.026-1.0  Af.  Hydrogen  ion  exerted  a 
strong  inverse  effect  on  the  reaction  rate.  Figure  2 
shows  the  variation  of  ^,  the  pseudo-second-order  rate 
constant,  plotted  vs.  [H+]  on  a  log-log  scale. 

(17)  In  eight  runs  at  low  [H'*'],  <0.i6  M,  samples  were  taken  at  sufii- 
dently  long  times  to  enable  comparison  of  observed  values  of  5«  with 
those  calculated  by  the  computer  fit  of  the  data.  The  average  deviatioD 
of  observed  and  fitted  5a,  values  was  1.9  %  in  these  eight  runs»  Jusdfying 
the  procedure  used.  In  principle  5e  and  5<o  are  given  by  the  folotion 
composition.  Loss  of  small  amounts  of  chromium(II)  by  air  oxidation 
prior  to  exchange,  however,  causes  this  to  be  a  distinctly  less  attractive 
procedure.  The  extent  of  such  loss  of  ^Cr  to  exchange  could  be  esti- 
mated  roughly  from  the  chromium(II)  analyses.  These  corrections 
were  extremely  imprecise;  they  did  show,  however,  that  the  observed  5t 
and  iSs  values  were  in  reasonable  agreement  with  those  <^ini1stfd  fhmi 
the  composition  and  the  amount  of  chromium(II)  converted  to  the 
exchanging  dimer. 
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data  are  consistent  with  a  rate  equation  con- 
a  single  term*'  inversely  proportional  to  [H+J, 
rhe  unweighted  average  value  of  I0*k  (secO 

Lchange  rate  =  it[Cr«+ICrH,PO,«+]/[H+]      (6) 

is  6.26  (=b0.87  std  dev).  A  weighted  average 
istant  expresses  the  results  more  meaning- 
^h  value  is  weighted  by  the  computer-calcu- 
indard  deviation  of  k  between  observed  and 
^d  values  of  specific  activities  fit  to  the  McKay 
1.  With  this  weighting,  the  average  value  of 
(T*)  is  6.11  (±0.84  std  dev).  The  eflfect  of  this 
ig  procedure  is  to  count  most  heavily  those  runs 
le  scatter  in  the  data  was  lowest,  and  where  the 
precision  was  obtained. 

mitnre  Dependence.  The  exchange  rate  was 
lied  at  two  other  temperatures,  16.0  and  35.0^. 
ucs"  of  10**  (eq  6)  are  as  follows:  SS-O**, 
2*"*"  sampling  only,  18.3  sec"*  (±1.1  std  dev, 
is),  and  16.0**,  Cr«+  sampling  only,  2.08  sec-* 
std  dev,  four  runs).  When  these  values  are 
I  as  at  25.0^  10**  (sec-*)  =  18.5  ±  1.0  and  2.10 

s  of  the  enthalpy  and  entropy  of  activation  were 
d  from  the  30  individual  rate  constants  accord- 
lie  absolute  rate  theory  expression  with  ic  =  1. 
omary  weighting  procedure  in  the  least-squares 
le  rate  constants  would  be  a  weight  of  l/k\ 
i  per  cent  accuracy  is  presumed  to  be  the  same 
temperature.  We  have  chosen  a  weighting 
where  the  precision  of  each  run  is  taken  into 
;  here  each  value  is  weighted  as  l/ktru  where  ajt 
ts  the  standard  deviation  in  *,  as  generated  by 
:  the  data  in  that  particular  run.  On  this  basis 
ation  parameters  and  their  standard  deviations 
^  «  19.7  ±  1.0  kcal  mole-*  and  AS*  «  -7.2 
ni.  Rate  constants  (10**,  seer*)  recalculated 
!9e  parameters  at  16.0, 25.0,  and  35.0^  are  2.073, 
ad  18.29,  compared  to  the  individual  averages 
temperatures  of  2.10, 6.1 1,  and  18.5. 


of  Hy|X>pho8pliitochroiiiium(III)  Ion.  The 
large  on  (HsO)6CrHsPOs^+  was  determined 
The  question  remains  of  the  structure  of  the 
ited  anion  in  this  complex.  Consider  the 
rmulas  (H,0)6Ct(0PH,0)*+  and  (H,0)6Cr- 
fl)^.  Hypophosphorous  acid  is  a  monobasic 
which  coordination  number  four  for  phospho- 
:eserved;  its  formula  is  HOPHsO.  Consider- 
etic  evidence  has  been  noted  for  a  second  and 

emative  dependences  on  [H*^]  were  considered  including 
>portional  to  [H-^]*  and/or  [H-^]'*.  The  fit  of  the  data  was 
r  improved  by  such  tenns,  and  the  values  of  the  rate  constants 
nils  were  feoeraUy  within  a  standard  deviation  of  zero.  In 
25.0*.  the  rate  law  MH"]-'  +  k' had  values  I0*k  -  6.04  :fe 
■nd  Wk'  -  - 1.1  ^  5.2  M'^  sec~>.  The  same  data  in  the 
[H-^r »  +  *"IH+)-»  gave  values  10*A  -  5.8  ±  0.23  sec"*  and 
•6  db  1.5  M  9CG~K  For  these  three  equations,  the  weighted 
r the  fit  was  as  follows:  k  only,  0.32;  k  and  k\  0.32;  k  and 
These  results  led  us  to  conclude  that  a  single  term  in  [H'*']~> 
lent  with  these  data. 

abolation  of  the  individual  exchange  experiments  listing  con- 
I  and  time,  fraction  exchange  has  been  deposited  as  Docu- 
9357  with  the  ADI  Auxiliary  Publications  Project,  Photodu- 
Scrvioe,  Library  of  Congress,  Washington,  D.  C.  20540. 
tf  be  secured  1^  dting  the  document  number  and  remitting 
piiotoprints,  or  SI. 25  for  35-mm  microfilm.  Advance  pay- 
Qoired.  Make  chedu  or  money  orders  payable  to:  C^id*. 
loitkm  Servioe^  Library  of  Congress. 


more  reactive  form  of  the  acid  which  plays  an  important 
role  in  a  number  of  oxidation  reactions^  of  hypophos- 
phorous acid  and  also  in  the  exchange  reaction*^  of  the 
nonacidic  protons.  The  rate-limiting  step  in  these 
reactions  involves  only  hypophosphorous  acid  (and 
an  acid  catalyst),  in  which  a  structural  rearrangement 
is  presumed  (eq  7).    The  latter  structure  is  by  far  the  less 


HOPHtO 


(HO)tPH 


(7) 


Stable;  various  estimates^*^^  give  the  equilibrium 
quotient  of  this  structural  change  reaction  as  10"*- 
10-". 

A  postulated  isomeric  structure  Cr(OPHOH)*+ 
for  the  complex  raises  questions  both  of  its  rate  of  for- 
mation and  of  its  stability.  The  rate  of  reaction  of  Cr  •+ 
and  HsPOs  is  sufficiently  low  to  be  consistent''  with 
estimates  of  the  rate  of  reaction  7,  but  the  intrinsic 
stability  required  to  enable  the  species  (HsO)6Cr- 
(OPHOH)'+  to  form  in  preference  to  (HiO)iCr- 
(OPH,0)'+  in  spite  of  the  ~15  kcal  by  which  HOPHjO 
is  favored  over  (HO)2PH  seems  larger  than  the  free 
energies  available  for  most  Cr(III)  complexes.  It  is 
difficult  to  rule  out  the  form  (H,0)8(0PH0H)'+  on 
this  basis,  however,  since  stability  constants  for  species 
of  known  structure  are  not  available.  The  noncom- 
mittal representation  CrHsPOs''*'  will  be  used  in  the 
discussion  that  follows  except  when  points  of  detailed 
structure  must  be  raised. 

Exchange  Mechanism.  Electron  exchange  of  chro- 
mium(II)  and  hypophosphitochromium(III)  ions  pro- 
ceeds without  release  of  hypophosphite  ion  from  the 
primary  coordination  sphere  of  chromium(III).  The 
reaction  necessarily  involves  bridging  by  this  anionic 
ligand  similar  to  other  exchange  reactions  of  (Hs0)i- 
CrX'+.*"^  Replacement  of  X-  by  a  water  molecule 
(eq  8)  is  in  most  instances  (including  X"  =  HjPOj-) 


(H,0)»aX»+  +  H,0  -  (H,0)«Cr»+  +  X" 


(8) 


a  thermodynamically  favored  process,  but  its  spontane- 
ous rate  is  so  low  that  it  is  not  a  major  reaction  during 
the  time  in  which  Ct(II>-(III)  exchange  occurs. "  The 
feature  that  electron  transfer  and  X"  transfer  proceed 
at  identical  rates  constitutes  an  interesting  and  sig- 
nificant aspect  of  the  mechanism  of  these  reactions. 

The  energy  of  the  two  exchange  sites  must  first  be- 
come equivalent  before  electron  exchange  occurs."  A 
mechanism  for  this  energy  equalization  is  the  formation 
of  a  symmetrical  transition  state.  The  exchange  reac- 
tion of  (HjO)6CrHiPOs*+  and  Ct(H,0)s»+  would  appear 
to  have  available  an  inner-sphere  transition  state  that 
maintains  symmetry  at  each  chromium  atom 

H 

[(H,0)»Cr-0— P— O . .  .Cr<OH,),«+]  * 

H 


(20)  (a)  R.  O.  Orifiith  and  A.  McKeown,  Trans,  Faraday  Soc.,  30, 
530  (1934);  (b)  R.  O.  Griffith.  A.  McKeown.  andR.  P.  Taylor,  ibid,,  36, 
752  (1940);  (c)  P.  Hayward  and  D.  M.  Yott.  /.  Am,  Chem.  Soc„  71, 
915(1949). 

(21)  W.  A.  Jenkins  and  D.  M.  Yost.  /.  Inorg.  Nitel,  Chem,,  11,  297 
(1959).  This  article  contains  a  review  of  HtPOi  reaction  mechanigni 
and  demonstrates  the  interrelation  of  H  exchange  and  oxidation-reduc- 
tion reactions. 

(22)  The  rate  of  the  transformation  in  eq  7  is  of  the  form  I^haIHsPOi]  • 
[HA]  m  which  HA  is  an  add  catalyst  *  >  If  the  complex  formation  rate 
constant  >•  AcKHsPOi][Cr*^]  is  regarded  as  a  rate  constant  of  this  type, 
its  value  (0.2  M'^  hr~>)  does  not  appear  unreasonable  for  Cr*^  -  HA 
in  view  of  the  add  strength  of  Cr*^  relative  to  other  HA  catalysU  studied 
previously. '1 

(23)  W.  F.  Ubby.  /.  PhyM.  Chtm..  5^  863  (1952). 
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This  transition  state  could  be  formed  from  the  reactants 
with  an  apparent  minimum  of  structural  reorganization. 
Over  the  entire  range  of  [H+]  studied  here,  even  at  1  M 
H''",  this  symmetrical  transition  state  remains  quite 
an  unimportant  pathway ^^^  relative  to  a  configuration 
containing  one  proton  less.  The  net  activation  process, 
written  to  ignore  the  role  of  solvent  molecules,  is  given 
by  eq  9. 

aH,POt«+  +  a«+  +  H,0  =  {Cri(H,POtXOH)«+)*  +  H+     (9) 

Three  reasonable  formulations  for  this  transition 
state  that  we  wish  to  consider  are  shown  in  Scheme  I. 
Since  during  exchange  hypophosphite  ion  is  transferred, 
and  not  replaced  by  water,  only  transition  states  with  a 
bridging  hypophosphite  ion  are  considered.  The  three 
formulations  are  a  nonsymmetrical  transition  state 
(A)  containing  a  nonbridging  hydroxide  ion  ligand,  a 
symmetrical   configuration   (B)   involving   (formally, 


( 


H 


a«))4(0H)— Cr— 0  H  0- .Cr(OH,), 


^t 


H 


j  a«))jCr— C)      0- -CrCOH,),'^  I 


(H/))4Cr 


B 
H 


0 
H 


..Cr(0H^4 


at  least)  proton  loss  from  phosphorus,  and  a  sym- 
metrical double-bridged  structure  (C).  The  kinetic 
results  we  have  obtained  do  not  alone  allow  us  to  elim- 
inate any  of  the  kinetically  equivalent  alternatives; 
the  discussion  that  follows  is  based  largely  on  analogy 
with  other  exchange  reactions  and  on  the  properties  of 
hypophosphite  ion. 

The  nonsymmetrical  transition  state  (A)  has  no 
known  counterpart  in  other  Cr(II)-Cr(in)  exchanges. 
Rate  laws  of  this  form  were  noted'~*  for  some  reactions 
of  (H20)5CrX*+  and  Cr»+.  These  reactions  result 
in  aquation  of  X  and  not  its  transfer,  however;  pre- 
sumably hydroxide  ion  is  a  bridging  ligand  in  these 
cases,  and  the  nonbridging  X"  group  aquates  upon 
electron  transfer.  Formulation  A  suffers  from  the 
further  disadvantage  that  is  not  symmetrical.  Sym- 
metry is  not  a  criterion  for  a  suitable  exchange  transi- 
tion state,  but  it  generally  does  provide  the  best  mecha- 
nism for  bringing  about  energy  equivalence  of  the  two 
electron  exchange  sites.  ^'  On  the  basis  of  these  argu- 
ments we  are  inclined  to  regard  A  as  a  relatively  im- 
probable configuration  for  the  transition  state. 

Formulation  B  involves  a  significant  structural  change 
in  the  reactant  hypophosphite  complex.  The  phos- 
phorus protons  in  the  free  acid  are  nonlabile,  and  it 
seems  unlikely  those  on  the  coordinated  anion  are  sub- 
stantially more  so.  Thus  this  mechanism  cannot  be 
a  rapid  acid  dissociation  equilibrium  of  a  P-H  proton 
in  the  complex  (HjO)6Cr(OPH»0)*+.    Were  the  pre- 


viously considered  isomeric  complex  CrCOFHOH)'-*- 
the  predominant  form,  the  symmetric  formulation  B 
would  be  easily  understood.  Since  this  structure  for  the 
hypophosphite  complex  was  deemed  the  less  likely,  B 
seems  relatively  improbable  unless  further  studies  on 
the  complex  reveal  its  structure. 

Formulation  C,  a  double-bridged  transition  state 
involving  the  anion  HsPOt'  and  one  cis  hydroxide  ion, 
is  also  consistent  with  all  evidence  now  at  hand.  This 
formulation  preserves  symmetry  in  the  transition  state, 
accounts  for  the  observed  rate  dependence  on  [H''']'^ 
and  would  involve  a  rapid  preequilibrium  loss  of  a 
labile  proton  from  coordinated  water. 

Direct  evidence  for  double-bridged  transition  states 
has  been  found  only  for  cis-diazido  complexes.  ^^*'* 
They  have  been  shown  to  be  unimportant  in  some 
other  instances,  including  difluoro'  and  diaquo  com- 
plexes.^* Doubly  bridged  transition  states  employing 
hydroxide  ion  analogous  to  C  have  also  been  suggested 
for  the  rate  terms  varying  as  [H+]~^  in  the  reaction  of 
CrSCN«+  and  &»+,*»  and  in  the  reaction  of  cis- 
Co(NH,)4(OH,XOtCCH,)»+  and  Cr«+.»  Preliminary 
work  on  ci5-Cr(H2POt)2"*"  +  Cr*+  indicates  important 
contributions  of  a  double-bridged  transition  state.** 

Related  Reactions.  Since  the  form  of  the  rate  law 
for  this  reaction  differs  from  that  in  previously  studied 
Cr(II)-Cr(III)  exchange  reactions  involving  Cr"^-X' 
complexes,  a  comparison  of  the  kinetic  parameters 
cannot  be  made.  The  exchange  reactions  Cr'^-Cr** 
and  CrNH|'+-Cr*+  each  have  a  rate  law  of  the  form 
[Cr"^ICr*+]/[H+l,  analogous  to  the  present  results.'-* 
In  those  instances,  however,  presumably  the  transition 
states  involve  hydroxide  ion  bridging,  which  is  certainly 
not  the  case  in  the  present  reaction. 

Further  information  on  the  mechanism  of  the  ex- 
change reaction  will  be  obtained  from  studies  on  the 
kinetics  and  equilibrium  of  iron(III)-hypopho8phite  ion 
complex  formation.  Since  complex  formation  would 
be  rapid  relative  to  isomerization  of  hypophosphorous 
acid,  the  kinetics  and  equilibrium  of  this  reaction  may 
point  up  some  important  differences  related  to  the  struc- 
tural features.  In  addition,  alternate  syntheses  of 
chromium(III)  hypophosphite  complex  using  relatively 
rapid  reactions  (e.g.,  oxidation-reduction  techniques) 
may  clarify  the  question  of  the  possibility  of  two  forms 
of  the  monohypophosphite  complex. 

More  directly,  the  use  of  labeled  hypophosphorous 
acid  (i.e.,  titrium  labeling  of  HtPOs  as  in  the  studies  of 
Jenkins  and  Yost'O  in&y  clarify  many  points.  An 
answer  to  the  question  of  whether  one  of  the  two  **non- 
exchangeable"  hydrogens  is  exchanged  on  complex 
formation  or  on  electron  exchange  or  not  at  all  can 
provide  valuable  information  both  on  the  structure  of 
the  complex  and  on  the  exchange  mechanism  not 
available  at  present.  The  preferred  formulation  (C) 
causes  transfer  of  one  water  oxygen  as  well,  but  oxy- 
gen-18  labeling  will  not  be  a  useful  technique  since 
repeated  exchange  will  cause  all  cis  and  trans  oxygens 
in  the  complex  to  exchange. 

(24)  R.  Snellgrove  and  E.  L.  King,  /.  Am.  Chem.  Soe.^  84, 4609 
(1962). 

(25)  A.  Haim.  tbid.,  88.  2324  (1966). 

(26)  W.  Knise  and  H.  Taube,  ibid,,  82.  526  (1960). 

(27)  A.  Haim  and  N.  Sutin.  ibid.,  88.  439  (1966). 

(28)  K.  D.  Kopple  and  R.  R.  Miller,  Proe.  C9um.  Soe.,  306  (1962). 

(29)  K.  A.  Schroeder  and  J.  H.  Bqienaon.  unpubUshed  expcrimcntt. 
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Aliitract:  The  oxidation  of  water  to  oxygen  by  Co(III)mi  has  been  investigated  using  O^  as  tracer.  It  has  been 
shown  that  the  oxidation  reaction,  which  proceeds  by  inner-sphere  ligand  to  metal  electron  transfer,  involves  the 
oxidation  of  a  CoOUXmi  dimer  by  a  COmi''*'  ion.  The  HOi  radical,  which  is  being  formed  in  the  rate-determining  step, 
is  therefore  the  immediate  precursor  of  molecular  oxygen.  CoQIIXq  was  shown  to  contain  substantial  amounts  of 
dimers  even  in  stron^y  add  solutions. 


Mitic  aquo  ions  in  aqueous  solution  are  known 

0  oxidize  water  to  oxygen.  The  kinetics  of  this 
>n  have  been  studied  by  several  investigators;^"' 
^er,  the  mechanism  of  this  reaction  has  not  been 
to  unequivocally  elucidated.^  Mechanisms  pro- 
for  this  reaction  have  been  based  solely  on  kinetic 
tee,  on  which  conflicting  information  is  available.^ 
ermodynamic  grounds  it  may  be  inferred  that  the 
ry  step  of  oxidation  of  water  to  oxygen  by 
[)^  does  not  involve  a  single  electron  transfer, 
J  reaction  Co(III)iui  +  HjO  -►  Co(II)«,  +  OH 
has  a  positive  free  energy  of  about  24  kcal/mole.*** 
temative  primary  product  is  hydrogen  peroxide 
d  by  the  concerted  reduction  of  two  Co(III)aq  ions. 
inetics  of  reduction  of  Co(III)aq  by  water  as  inter- 

1  by  Bawn  and  White^  support  a  bimolecular  path- 
however,  no  experimental  evidence  for  the  forma- 
THsOs  as  a  primary  product  of  oxidation  of  water  is 
ble.  A  third  possibility  suggested  by  Baxendale  in 
erpretation  of  the  kinetic  data'  is  the  formation  of 
s  primary  product  by  the  oxidation  of  a  Co(III)mi 

by  COaq*^.  This  mechanism  is  thermodynam- 
more  favorable  than  the  former  one  by  a  AF 
»ut  3  kcal/mole.*»' 

ither  open  question  is  whether  hydrogen  peroxide 
>B,  if  formed,  are  produced  by  an  inner-sphere 
m  transfer  from  the  ligand'*"'  or  by  an  outer- 
X  oxidation  of  the  solvent  molecules.  By  the  use 
)  as  tracer,  we  were  able  to  show  that  HOs  is 
d  as  primary  product  in  the  oxidation  of  water 
[III)iui  And  that  this  reaction  proceeds  by  an  inner- 
;  oxidation  of  water  bound  to  the  metal. 

lacatal  SectioD 

ffUk  Oxygen-lS  enriched  water  was  supplied  by  the 
separation  plant  of  the  Weizmann  Institute  of  Science, 
listilled  several  times  over  alkaline  permanganate  in  an  all- 
ilL  CofPO^k  (reagent  grade,  G.  F.  Smith  Chemical  Co., 
WB,  Olido)  and  hydrogen  peroxide  50%  (Analar  grade, 


.  A.  Noyet  and  T.  J.  Dahl,  /.  Am,  Chtm,  Soc.,  59, 1337  (1937). 
.  E.  H.  Bawn  and  A.  O.  White,  /.  Chtm.  Soc.,  331  (1951). 
H.  Baxendale  and  C  F.  Wells,  Trans,  Faraday  Soc,,  S3,  800 

.  Taube,  /.  Gen.  Phytiol,  49,  29  (1965). 

^  M.  Latimer,  **The  Oxidation  States  of  the  Elements  and  Their 

lb  in  Aqneous  Solutions,**  Prentice-Hall.  Inc..  New  York,  N.  Y., 

Ml. 

OeoTfe  in  **Oxidates  and  Related  Redox  Systems,**  Vol.  I,  T. 
;  H.  S.  Mason,  and  M.  Morrison.  Ed..  John  Wiley  and  Sons, 
w  York.  N.  Y.,  1965,  p  5. 

L  Anbar  in  ''Mechanisms  of  Inorganic  Reactions,'*  Advances  in 
il  Scries,  No.  49,  American  Chemical  Society.  Washington, 
»66bPl26u 

P.  Oortiema  and  J.  W.  Cobble,  /.  Am,  Chem,  Soc.,  81,  5516 

.  D.  Thmiiis  and  R  Taube,  ibid.,  88,  850  (1966). 


B.D.R)  were  used.  Triply  distilled  water  was  used  throughout  this 
study. 

Co(III)»Q  solutions  were  prepared  by  electrolytic  oxidation  of  0.6 
Ai  CcidO^  in  6  Af  Ha04  at  O"".  The  electrolyas  (current  density 
of  300  ma/cm>)  was  carried  out  in  a  cell  consisting  of  a  platinum 
anode  inside  a  nonglazed  ceramic  vessel  surrounded  by  a  copper  foil 
cathode.  The  solution  was  dectrolyzed  for  2  hr,  /.e.,  considerable 
time  after  the  oxidation  of  Co(II)  was  complete.  As  soon  as  the 
electrolytic  oxidation  was  stopped,  the  Co(III)aq  solution  was 
frozen  in  liquid  nitrogen  and  kept  as  such  until  used.  The  Co(II) 
content  of  the  Co(III)  solutions  prepared  by  this  method  is  neg- 
ligible. 

Co(III)bMi  labeled  with  ^  was  prepared  by  the  same  method 
using  Hs>*0  (/^70  atom  %  ^)  as  solvent. 

Methods.  One  milliliter  of  the  concentrated  stock  solution  of 
Co(III)b4  (0.6  Af)  enriched  in  >K)  was  mixed  under  vacuum  at  room 
temperature  (22-24'')  with  20  ml  of  degassed,  triply  distilled  water 
of  natural  ^K)  content.  Any  oxygen  dissolved,  or  formed  in  the 
Co(III)l<i  solution,  was  quantitatively  removed  before  mixing  by 
continuous  pumping  from  the  two  solutions  until  the  moment 
of  mixing.  The  oxygen  formed  after  mixing  was  completely 
pumped  off  by  a  Toepler  pump  at  predetermined  time  intervals 
(3,  6, 10,  30, 120,  and  360  min  following  time  of  mixing),  and  its 
isotopk  composition  was  mass-spectrometrically  analyzed.  Masses 
28  and  40  were  also  measured  to  check  on  air  contamination.  The 
experiments  were  repeated  using  Co(ni)btq  of  natural  ^K)  content 
mixed  with  water  enriched  in  ^. 

The  experiments  designed  for  detection  of  the  intermediary 
formation  of  hydrogen  peroxide  were  carried  out  as  follows:  50 
All  of  0.6  M  Co(inXiq  stock  solution  were  ii\jected  through  a  sero- 
logical cap  into  250  ml  of  10~^  Af  HiOt  solution,  thoroughly  de- 
gassed, and  vigorously  stirred.  The  isotopic  composition  of  the 
solvent  water  was  different  from  that  of  the  coordination  sphere  of 
Co(III)bq;  the  HiOt  was  of  natural  isotopic  composition.  The 
acidity  of  the  reaction  mixture  was  preadjusted  by  NaOH  to  give  a 
final  pH  of  ^4.  After  the  reaction  was  complete  the  molecular 
oxygen  formed  was  pumped  off  for  isotopic  analysis.  The  solution 
was  then  thoroughly  degassed,  and  the  residual  hydrogen  peroxide 
was  decomposed  by  ii^jecting  either  a  suspension  of  platinum  black 
in  water  or  a  solution  of  eerie  ions.  The  Oi  produced  from  the 
residual  HiOt  was  then  analyzed  for  its  isotopic  composition. 

Results  and  Discussion 

The  working  hypothesis  of  this  study  was  that  the 
oxidation  of  water  by  Co(III)^  proceeds  by  an  inner- 
sphere  electron  transfer  from  the  coordinated  ligand 
water  to  the  central  ion.  This  hypothesis  could  be 
proven  by  demonstrating  that  the  molecular  oxygen 
formed  originates  from  water  molecules  bound  to  the 
metal  ion  in  the  inner  coordination  sphere.  Cobaltic 
ions  are  known  to  form  substitution  inert  complexes.  ^ 
The  Co(III)aq-HsO  isotopic  exchange  has  bc^en  esti- 
mated to  be  a  relatively  slow  process^®  unless  Co(II)mi 
ions  are  present;  these  may  catalyze  the  water  exchange 
by  Co(III)«q-Co(II)«,  electron  exchange.  ^^  It  seemed 
plausible  therefore  that  when  the  aquo  complex  of 
Co(III)  labeled  with  ^K)  reacts  with  H,"0,  the  rate  of 

(10)  H.  Taube,  Chem.  Rec,  50,  69  (1952). 

(11)  H.  L.  Friedman,  H.  Taube,  and  J.  P.  Hunt,  /.  Am,  Chem,  Soc,, 
73,4028(1951). 
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Table  L    Calculated  and  Experimental  Values  of  the  Itotopic  Distribution  of  Oxygen  in  Oi  Evolved  from  Co(III)bq  and  Water 


%of 

Co(lll) 

decom- 

Atom%wO 

Oy      MKM 

defracti 

/o  "m: 

posed 

A 

B 

C 

P 

X 

y 

z 

k 

/ 

m 

a 

/ 

fi 

g 

0-100 

65 

2.6 

6.65 

0.0677 

0.829 

3.08 

2.86 

88.81 

4.37 

0.053 

12.03 

11.27 

0.39 

0.34 

0-20 

63 

2.6 

16.5 

0.229 

3.14 

10.69 

9.10 

73.10 

3.90 

0.051 

5.22 

5.14 

0.63 

0.60 

20-39 

63 

2.6 

6.49 

0.0640 

0.88 

3.00 

2.56 

88.76 

4.74 

0.062 

11.60 

10.96 

0.33 

0.29 

39-59 

63 

2.6 

3.26 

0.0109 

0.149 

0.508 

0.433 

93.83 

5.01 

0.066 

17.03 

16.32 

0.091 

0.065 

59-89 

63 

2.6 

2.77 

0.0027 

0.033 

0.123 

0.114 

94.61 

5.05 

0.067 

18.30 

18.00 

0.035 

0.015 

0-9 

63 

2.6 

32.0 

0.487 

6.66 

22.69 

19.3 

48.70 

2.60 

0.034 

2.19 

1.95 

0.76 

0.61 

9-31 

63 

2.6 

5.50 

0.048 

0.657 

2.24 

1.90 

90.30 

4.82 

0.063 

12.88 

11.98 

0.25 

0.23 

31-79 

63 

2.6 

2.70 

0.001 

0.013 

0.045 

0.039 

94.77 

5.06 

0.066 

18.56 

18.60 

0.021 

0.022 

0-16 

63 

2.6 

22.8 

0.336 

4.60 

15.68 

13.35 

62.96 

3.10 

0.037 

3.59 

3.37 

0.71 

0.54 

16-40 

63 

2.6 

3.85 

0.0239 

0.327 

1.11 

0.95 

92.60 

4.56 

0.055 

16.39 

16.04 

0.18 

0.16 

40-72 

63 

2.6 

2.47 

0.0012 

0.015 

0.053 

0.045 

94.76 

4.54 

0.056 

20.60 

20.22 

0.022 

0.024 

0-10 

65 

2.6 

31.4 

0.463 

5.67 

21.08 

19.57 

51.13 

2.51 

0.030 

2.40 

1.98 

0.83 

0.53 

10-22 

65 

2.6 

5.51 

0.0497 

0.608 

2.26 

2.098 

90.52 

4.45 

0.054 

13.58 

19.41 

0.32 

0.053 

22-78 

65 

2.6 

2.52 

0.0019 

0.023 

0.086 

0.080 

95.08 

4.68 

0.057 

19.95 

19.55 

0.0003 

0.018 

0-8 

33 

2.0 

17.8 

0.509 

22.83 

22.49 

5.54 

47.18 

1.93 

0.019 

2.87 

2.72 

0.22 

0.20 

8-13 

33 

2.0 

11.0 

0.291 

13.08 

12.88 

3.17 

68.10 

2.78 

0.028 

5.18 

5.00 

0.20 

0.18 

13-63 

33 

2.0 

2.20 

0.0071 

0.318 

0.312 

0.077 

95.36 

3.89 

0.039 

22.77 

24.65 

0.028 

0.072 

0-17 

33 

1.4 

11.54 

0.321 

14.40 

14.19 

3.49 

66.02 

1.87 

0.013 

5.01 

5.12 

0.21 

0.16 

17-29 

33 

1.4 

5.80 

0.139 

6.28 

6.18 

1.52 

83.62 

2.37 

0.016 

10.51 

9.86 

0.18 

0.13 

29-42 

33 

1.4 

3.12 

0.0535 

2.40 

2.36 

0.582 

92.00 

2.61 

0.017 

18.90 

18.20 

0.12 

0.092 

42-77 

33 

1.4 

1.51 

0.0035 

0.156 

0.153 

0.037 

96.88 

2.75 

0.019 

22.67 

22.67 

0.10 

0.075 

0-8 

33 

1.4 

16.2 

0.469 

21.07 

20.75 

5.11 

51.59 

1.46 

0.011 

3.27 

2.95 

0.23 

0.050 

8-14 

33 

1.4 

11.5 

0.321 

14.40 

14.19 

3.49 

66.02 

1.87 

0.013 

5.00 

8.11 

0.21 

0.14 

ligand  oxidation  might  compete  with  that  of  ligand 
exchange  resulting  in  the  formation  of  molecular  oxygen 
partly  labeled  with  ^^0.  To  check  on  these  assumptions 
we  have  treated  "O  labeled  Co(III),q  with  Ha^O  and 
determined  the  ^^0  content  of  the  oxygen  formed. 
As  there  are  no  reliable  data  available  on  the  rate  of 
the  Co(III)aq-HsO  isotopic  exchange,  it  was  impossible 
to  predict  the  relative  rates  of  isotopic  exchange  vs. 
oxidation  of  water  a /priori. 

It  has  been  found  that  (6.65  -  2.6)/65  =  6.2%  of  the 
oxygen  evolved  originates  from  the  inner  coordination 
sphere  of  Co(III)aq.  This  result  could  be  interpreted 
in  two  ways:  either  that  6.2  %  of  the  reaction  proceeds 
by  an  inner-sphere  oxidation  mechanism  and  the  rest 
by  an  outer-sphere  process,  or  that  all  the  oxygen  formed 
originates  from  the  ligand  water  but  that  an  over-all 
average  of  93.8%  of  the  ligand  Ht^K)  has  exchanged 
with  the  solvent  before  oxidation.  The  second  in- 
terpretation seems  to  be  much  more  plausible  in  view 
of  the  ^K>  content  of  Os  collected  in  successive  fractions 
during  the  reaction  of  Co(III)aq  with  water  (Table  I). 
It  may  be  seen  that,  whereas  the  first  fraction  collected 
contains  up  to  half  of  the  oxygen  originating  from  the 
inner  sphere,  the  last  fractions  collected  have  an  isotopic 
composition  identical  with  that  of  the  solvent.  These 
findings  show  that  the  relatively  low  yield  of  ^H3  in  the 
molecular  oxygen  formed  is  due  to  HaO,oivent-HiOiigiuid 
isotopic  exchange,  and  that  it  is  very  likely  that  all  the 
oxygen  evolved  originates  from  the  inner  sphere  of 
hydration.  It  is  experimentally  hard  to  sample  oxygen 
at  the  very  early  stages  of  Co(III)mi  decomposition, 
which  could  allow  the  isotopic  composition  of  the 
evolved  oxygen  at  time  zero  to  be  obtained.  Thus  a 
small  contribution  (<S  %)  of  an  outer-sphere  mechanism 
cannot  be  completely  excluded. 

In  view  of  the  competition  between  the  ligand  ex- 
change and  ligand  oxidation  it  was  of  interest  to  ex- 
amine the  exact  isotopic  distribution  of  ^K)  in  the 
oxygen  molecules  produced.  We  have  examined  there- 
fore the  isotopic  distribution  of  ^K)  between   ^••^•Ot 


and  ^*'^K)s  and  found  it  to  be'  far  from  the  statistical: 
[i6,i8oj«/[i«.i80,Ii«.i«0,]  =  4."  If  the  O,  formed 
originated  from  two  Co(III)aq  ions  labeled  with  ^, 
the  oxygen  should  contain  ^'-^Oj.  However,  in  view 
of  the  extensive  isotopic  exchange,  it  seemed  improbable 
that  ^*'  ^^Os  would  be  formed  in  any  appreciable  amount 
if  the  oxygen  originated  from  the  reaction  between  two 
separate  Co(HsO)6'+  ions.  On  the  other  hand,  if  the 
"•"O2  would  originate  from  Hj^HD  labeled  Co(III)«, 
in  a  chemical  form  which  does  not  readily  undergo 
isotopic  exchange  with  the  solvent,  one  could  calculate 
the  isotopic  distribution  of  "'"Oi,  "'^^Oi,  and  ^^^K)t 
assuming  that  the  evolved  Os  originates  from  two 
sources :  Os  labeled  with  ^K)  formed  from  the  labeled 
Co(III)aq  exclusively  and  the  rest  of  the  Os  from  the 
water  exclusively.  Following  this  assumption  the 
mole  fractions  of  "'"O,  (x),  ^••^K),  (y),  and  "'"0, 
(z)  originating  from  the  Co(III)aq  containing  an  atom 
fraction  A  =  (0.5;^  +  z)/{x  +  >^  -f  z)  of  *K)  are  in  iso- 
topic equilibrium,  i.e.,  y^/xz  =  4.  Analogously  the 
molar  fractions  ^•^•O,  (*),  ^••"Oi  (/),  and  ^••^K),  (m) 
of  oxygen  originating  from  solvent  contain  an  atom 
fraction  B  of  ^«0  (B  =  (0.5/  +  m)/(k  +  I  +  m)  and 
l*/mk  =  4).  The  oxygen  formed  is  a  mixture  of  mole- 
cules originating  from  the  two  sources  and  contains  an 
atom  fraction  C  of  »K):  C  =*  (0.5;^  +  0.5/  +  z  +  m)l 
(x  +  y  +  z  +  k  +  I  +  m),  and,  ets  x  +  y  +  z  +  k 
+  /  -f  m  =  1,  C  =  0.5(y  +  I)  +  z  +  m.  If  one  de- 
fines the  mole  fraction  of  Os  originating  from  the 
Co(III).q  as  P  =  X  +  ;^  +  z,  then  C  ^  AP  +  B(l 

-  P)  or  P  =  (C  -  B)iIa  -  B).  From  these  equa- 
tions one  may  derive  that  x  —  P(l  —  Ay;  y  =  2AP- 
(1  -  ^);  z  =  PA^;  ik  =  (1  -  />X1  -  *)*;  /  =  2B(l 

-  BXl  -  P);  m  =  (1  -  P)BK  Thus  the  values  of  the 
ratios  a  =  i«."Os/i««Os  ^  (x  +  k)l(y  -}-  /)  and 
/3  =  i8.i8o,/i«.i«Os  =  (z  -f  m)l(y  +  /) could  be  calculated 
on  basis  of  the  measured  values  of  ^4,  B,  and  C  and 

(12)  F.  Z.  Roginsky,  "Theoretical  Principles  of  Isotope  Methods 
for  Investigating  Chemical  Reactions,*'  Academy  of  Sciences,  U.S.S.R. 
Press,  Moscow,  1956. 
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ired  with  the  ratios  between  the  masses  ^*'^*Ot 
••»Oi  (34),  and  ""Oi  (36)  experimentally  deter- 
by  the^mass  spectrometnc  analysis  of  the  evolved 
r  =  (32)/(34)  and  g  =  (36)/(34).  The  results  prc- 
in  Table  I  show  a  satisfactory  agreement  between 
culated  values  of  a  and  P  and  the  experimental 
of  /  and  g,  respectively.  Thus  the  assumption 
le  oxygen  formed  is  a  mixture  of  two  types  of 
i  molecules  with  practically  no  isotopic  equi- 
1  between  them  has  been  verified.  As  the  value 
ifas  much  smaller  than  32  and  34,  the  accuracy  of 
ailer  than  that  of/.  Consequently  the  agreement 
n  a  and /is  evidently  better  than  between  /3  and 


only  explanation  of  these  results  we  are  able  to 
the  following.  Oxygen  is  formed  from  binuclear 
sxes  of  Co(III)aq  and  these  oxygen  molecules 
ite  exclusively  from  their  inner  hydration  sphere. 
oflll)^  solution  (0.6  M  in  6  M  HCIO4)  contains 
in  percentage  (<3.1%)  of  dimers  having  most 
Ay  the  structure 

H  i«+ 


[(HiO)4CoOHl*+ 


O 

/  \ 
(HiO)4Co  Co(Hrf))4 

H 

ition  to  monomeric  Co(HiO)i'+  ions.  The  for- 
i  of  Ot  from  Co(III)aq  requires  4  equiv  of  Co(III), 
'  which  have  to  be  in  a  dimeric  form.  Thus  the 
;  of  6.2%  of  nonequilibrated  oxygen  implies 
istence  of  ^  3. 1  %  nonequilibrated  dimers  intro- 
into  the  dilute  solution.  If  one  assumes  that  the 
rium  Co(HtO)«OH^  ;=^  dimer  is  strongly  shifted 
right,  then  the  concentration  of  the  dimer  will  be 
imately  equal  to  that  of  Co(HtO)60H*+.  The 
rium  constant  for  Co(H20)i»+  ;=i  Co(H«0)6- 
+  H+  has  been  found  to  be  0.22  ±  0.05.  ^« 
this  value  one  may  derive  the  concentration  of 
in  6  M  HQO4  to  be  ^  3.5  %,  in  good  agreement 
ur  findings.  These  dimers  yield  oxygen  before 
;oing  isotopic  exchange  with  the  solvent.  The 
oeric  Co(HsO)6*^  has  to  undergo  dimerization 
yielding  0^.  However,  the  rate  of  water  ex- 
of  Co(HsO)6*+  is  faster  than  the  rate  of  dimer- 
;  thus  the  coordination  sphere  of  the  newly 
1  dimers,  and  consequently  the  Os  formed  from 
prill  be  in  isotopic  equilibrium  with  the  solvent, 
e  of  the  dimers  present  in  the  concentrated  solu- 
'  Co(III)aq  undergo  cleavage  to  give  monomers, 
:ter  will  undergo  complete  isotopic  exchange 
le  solvent  before  reacting  to  give  a  dimer  again. 
pid  exchange  of  the  monomers  is  most  probably 
«d  by  the  Co(II)-Co(III)  electron  exchange.  ^  * 
existence  of  polynuclear  species  higher  than 
in  our  solution  cannot  be  excluded.  It  is, 
n-,  unlikely  that  these  exist  in  6  M  HCIO4,  and 
r  rate  of  formation  is  a  rather  slow  process  (cf. 
processes  in  Fe(III)  or  Al(III)  solutions),  their 
mtion  to  the  over-all  oxidation  of  water  by 
)  under  our  experimental  conditions  may  be 
:ed. 

mechanism  of  oxidation  of  the  ligand  in  the  di- 
;^III)aq  remained  an  open  question.   Two  altem- 

'.  h  CoooedbioU,  O.  N.  NaoooUas,  and  N.  Sutin,  Inorg.  Chem., 
0. 


ative  mechanisms  are  possible,  (a)  One  is  the  intra- 
molecular conversion  of  the  dimeric  complex  of  Co(III) 
into  a  binuclear  peroxy  complex  of  Co(II) 


H 
O 

(H,0)4Cb       C0(H,O)4 

V 

H 


4+ 


H 
O 


(H,0)4Co   i    Co(I«))« 


^   i     ' 


o 

H 


t+ 


followed  by  hydrolysis  of  the  cobalto  peroxide  to  HtOs 
+  2Co(II).  The  following  steps  would  then  be  H2O1 
+  Co(H20)e»+  -*  Co(HiO)e*+  +  H+  +  HO,  and  HO, 
+  Co(H20)e»+  -*  Co(H20)««+  4-  0«  +  H+.  (b)  The 
other  is  an  attack  of  Co(H20)6*+  on  the  dimeric  aquo 
cobaltic  complex 

[(H,0)4CoOHl*+  +  Co(H,0)4»+ 


H 
O 


(H,0)4Co 


Co(H,0)4 


O 
H 


i+ 


+  Co(I«)),»+ 


followed  by  the  formation  of  HO2  radical 


H 
O 


(H,0)4Co    i     Co(H,0)4] 

k       I       4 

H 


i+ 


2C0(H,O)4«+ +  HO, 


Ot  +  Co- 


foUowed  by  either  HO2  +  Co(H20)e»+  - 
(H20)««+  +  H+  or  2HO,-*  H2O2  +  O,. 

As  we  know  from  the  kinetic  behavior  of  the  Co(III)mi 
oxidation  of  water,  the  rate  of  this  reaction  is  propor- 
tional to  [H|0+]*-  which  is  implied  in  the  preequi- 
Ubrium:  2Co(H20)«»+  4=±  [(H20)4CoOH]2*+  +  2H+ »* 
As  we  have  shown,  Co(III)m,  dimers  exist  even  in  6  M 
HCIO4  solution;  consequently,  in  less  acid  solution, 
e.g.,  <0.01  N  H+,  practicaUy  all  Co(III).q  will  be  in  the 
dimeric  form. 

In  order  to  decide  between  the  two  mechanisms, 
we  have  carried  out  a  series  of  experiments  in  which 
Co(III)aq  reacted  with  water  in  the  presence  of  H20t. 
We  had  to  choose  conditions  where  the  rate  of  the 
Co(III)aq-H20  reaction  competes  with  the  Co(III)- 
H2O2  oxidation  reaction.  The  kinetic  information 
available  for  both  reactions*  indicates  that  only  at  low 
acidities  and  high  dilutions  of  Co(III)iui  has  the  ligand 
oxidation  a  chance  to  compete  with  the  H2O2  reaction. 
Accordingly  we  chose  pH  4  and  [(Co(III),J  =  10-*  M 
as  the  appropriate  experimental  conditions.  Using 
Co(III)iMi  and  H2O  of  different  isotopic  composition  from 
that  of  H2O2,  it  was  possible  to  examine  by  isotope 
dilution  the  amount  of  hydrogen  peroxide  formed  as 
intermediate  in  the  oxidation  of  water.  The  results 
presented  in  Table  II  show  that  under  the  experimental 
conditions  some  oxidation  of  water  by  Co(III)aq  took 
place  in  spite  of  the  efficient  competitive  reaction  of 
Co(III)aq  with  H1O2;  moreover,  some  hydrogen  per- 
oxide produced  from  the  Co(III).q  and  from  water 
could  be  detected  in  the  residual  H2O2.  From  a  quan- 
titative evaluation  of  the  results,  one  could  determine 

(14)  An  OH~  induced  Sn2  hydrolysis  of  the  cobalto  peroxide  formed 
according  to  the  first  mechanism  or  of  the  complex  formed  by  the  second 
mechanism  may  be  excluded  in  view  of  the  measured  rates  and  the 
steady-state  concentration  of  OH~  ions  in  the  range  of  acidities  investi- 
gated. 
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Table  IL    The  Isotopic  Composition  of  Oxygen  and  Hydrogen 
Peroxide  Formed  from  Co(IIIXmi  in  the  Presence  of 
Hydrogen  Peroxide* 


HsO 


-Atom  %  »«0  in- 


CoOIIXq        Evolved  Oi         Residual  HtO> 


0.213 
25.2 
25.2 


63.0 
0.200 
63.0 


1.71±0.30 
O.S4:k0.06 
2.48  =b  0.42 


0.402  =b  0.03 
0.311  :fc  0.04 
0.432^:0.04 


•  [CoailVJ  -  1.10-*  M;  [HiOd  -  2.10-*  M;  "O  content  of 
HA  s  0.2  atom  %. 

the  mole  fractions  of  Os  and  HsOs  which  originate  from 
the  Co(III)mi  and  from  water,  respectively. 

As  we  have  carried  out  these  experiments  with  Co- 
(Ill)aq  and  H2O  of  dififerent  isotopic  composition  (Table 
II)y  the  contribution  of  each  pathway  could  be  de- 
termined by  solving  three  simultaneous  linear  equations 
with  three  unknowns.  From  the  composition  of  the 
evolved  oxygen,  it  was  calculated  that  under  the  ex- 
perimental conditions  2.3  ±  0.4%  of  the  oxygen  is 
formed  from  the  Co(III)aq  (i.e.,  from  the  dimers  present 
in  the  original  Co(ni)aq  solution;  see  above),  and  1.4 
:!:  0.3%  originates  from  the  water.  This  means  that 
in  the  presence  of  HtOa  about  60%  of  the  oxygen 
originates  from  the  isotopically  (nonequilibrated)  dimers 
and  only  40%  from  secondary  dimers,  compared  with 
16.2  vs.  93.2%  in  pure  water.  This  result  is  not  sur- 
prising if  one  assumes  that  the  rate  of  reaction  of 
Co(HsO)6'^  with  H2OS  is  considerably  faster  than  that 
of  the  Co(III)aq  dimer,  which  may  undergo  ligand  oxi- 
dation before  being  reduced  by  HaOs  in  solution. 

The  analysis  of  the  residual  H2O3  data  shows  that  0.3 
db  0.1%  of  the  HiOj  originates  from  the  Co(III)«, 
and  0.2  :i:  0.1%  from  the  water.  The  latter  results 
indicate  that  HsOs  is  not  the  precursor  of  the  oxygen 
evolved.  If  HsOs  would  be  the  only  intermediate  in 
the  formation  of  Ot  as  required  by  mechanism  a,  one 
would  expect  to  find  much  more  HaOs  originating  from 
the  Co(ni)aq-H30  reaction  in  the  residual  HsOs  than 
in  the  evolved  oxygen.  The  small  amounts  of  labeled 
HsOs  detected  are  most  probably  due  to  the  secondary 
reaction  HOi  4-  HOj  -►  HjOt  +  Oj,  which  is  unfavored 
in  the  presence  of  HtOt  and  of  Co(H20)6'+. 

Our  results  exclude  the  formation  of  an  O-O  bond 
in  the  dimer  prior  to  its  being  attacked  by  Co(HsO)t*+. 
If  the  cobaltic  dimer  would  undergo  spontaneous  in- 
tramolecular conversion  to  a  cobalto  peroxide  com- 
plex, the  latter  would  undergo  rapid  hydrolysis,  owing 
to  the  substitution  lability  of  Co(II),  and  release  H2O2. 

From  the  tracer  experiment  described  here  one  may 
reach  the  following  conclusions.    (1)  0%  is  formed 


from  Co(III)mi  and  water  only  via  dimers.  (2)  The 
formation  of  oxygen  involves  the  reaction  of  these 
dimers  with  Co(HsO)t*+  resulting  in  the  formation  of 
HOs  as  intermediate.  If  the  latter  process  is  the  rate- 
determining  step,  one  would  expect  the  rate  at  low  acid- 
ity to  be  proportional  to  [Co(III)aq]'^*.  Such  a  kinetic 
behavior  has  been  actually  observed,'  and  the  results 
were  interpreted  by  the  same  mechanism.  We  have 
thus  corroborated  the  mechanism  suggested  by  Baxen- 
dale  and  Wells  which  has  been  challenged^  for  lack  of 
supporting  evidence.  (3)  Co(III)aq  contains  substantial 
amounts  of  dimers  even  in  concentrated  acid  solutions. 
In  less  acid  solution  Co(ni)aq  is  predominantly  in  the 
dimeric  form. 

The  formation  of  dimeric  aquo  or  hydroxo  complexes 
of  Co(III)  should  not  be  surprising  in  view  of  the  exist- 
ence of  other  binuclear  Co(III)  complexes  such  as^^'^* 


H 

O 

/    \ 

(NH,)4Co        Co(NH,)4 

V 

H 


4+ 


or 


H, 

N 

/  \ 
(NH,)4Co       Co(NH,)4 

H 


or  of  analogous  Cr(III)  binuclear  complexes^' 


H  "1*+ 

O 

(H,0)4a         Cr(H,0)4 

V 

H 


It  is  interesting  to  note  that  the  oxidation  of  substi- 
tuted Co(II)  complexes,  e.g.,  [Co(NHi)6Hrf)l«+ " 
or  [Co(CN)»Hj01*~,*'  by  molecular  oxygen  produces 
binuclear  peroxy  complexes  of  the  type  [(NC)6Co- 
(Ot)Co(CN)6l»-  or  [(NH,)5Co(02)Co(NH,)6]*^-,  which 
may  be  further  oxidized  to  [(NC)iCo(Ot)Co(CN)6l*-  and 
[(NHi)6Co(Oi)Co(NHi)6l*+,  respectively."  These  com- 
plexes are  most  probably  closely  related  with  the  inta- 
mediate  postulated  in  this  study. 

(15)  H.  J.  Emel^us  and  J.  S.  Anderson,  **Modera  Aspects  of  Inorganic 
Chemistry,'*  Van  Nostrand  Co.  Inc.,  Princeton,  N.  J.,  I960,  p  164. 

(16)  F.  A.  Cotton  and  G.  Wilkinson,  "Advanced  Inorganic  Chemis- 
try,** Intersdence  Publishers,  New  York,  N.  Y.,  1962,  pp  727-683. 

(17)  R.  W.  Kolaczkowski  and  R.  A.  Plane,  Inon*  Chtm.,  3,  322 
(1964). 

(18)  E.  Frtoiy,  Ann.  Chem,,  83,  227  (1852). 

(19)  A.  Haim  and  W.  K.  Wilmarth,  /.  Am.  Chem.  Soc,  83,  509  (1961). 

(20)  For  reviews  on  this  subject,  cf.  G.  L.  Goodman,  H.  G.  Hecht, 
and  J.  A.  Weil  in  Advances  in  C%emistt7  Series,  No.  36,  American  Chem- 
ical Society,  Washington,  D.  C,  1962,  p  90;  and  also  J.  A.  Connor  and 
E.  A.  V.  Ebsworth,  Adoan.  Inorg.  Chem.  Radloekem.,  6, 279  (1964). 
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Abstract:  The  vapor-phase  reaction  of  tetraboraiie(10)  and  acetylene  has  been  examined  at  25,  50,  and  100°,  and 
he  volatile  products  were  isolated  and  structurally  characterized.  At  25  and  50°,  methyl  derivatives  of  tri- 
ari)ahexaborane(7)  and  monocarbahexaborane(9)  are  formed.  At  100°  a  flash  reaction  takes  place  in  which 
line  volatile  products  are  obtained,  all  of  which  are  closed-cage  carboranes  having  three  to  eight  boron  atoms. 
Vrolysis  of  the  2-methyl  and  2,4-dimethyl  derivatives  of  2,3,4-tricarbahexaborane(7)  yields  no  carboranes,  but 
he  2,3-dimethyl  derivative  produces  new  dimethyl  derivatives  of  2,4-dicarbaclovoheptaborane(7)  and  tricarba- 
iexaborane(7)  in  small  yields.  Comparison  of  these  results  with  earlier  work  from  several  laboratories  permits 
tentative  conclusions  concerning  carborane  formation  in  vapor-phase  alkyne-borane  reactions. 


cent  years  a  number  of  carborane  cage  com- 
mds  have  been  synthesized  by  direct  reactions 
iturated  hydrocarbons  with  boranes  in  the  vapor 

Several  observations  concerning  these  reac- 
'stems  now  seem  to  have  general  significance:* 
ile  alkynes  often  lead  to  carborane  formation, 
I  do  not;  (2)  formation  of  closed-cage  species 
tB»H»+t  series)  is  favored  in  high-energy  situa- 
ich  as  electric  discharges'"*  or  flash  reactions;^'* 
ithesis  of  open-cage  carboranes  containing  hy- 

bridges,  e.g.,  CBjHg,^  CiBiHg,*  CiBjHt,*  or 
erivatives  of  these,  occurs  under  comparatively 
^nditions  (thermally  induced  reactions  at  25  to 
(4)  formation  of  methyl-substituted  carboranes 
Detylene  is  common  in  both  high-energy  and  low- 
reactions  ;•"'••  (5)  methyl  substitution   occurs 
linantly  in  boron  cage  positions  in  the  high- 
syntlmes,  but  C-methylation  is  frequently  ob- 
in  low-energy  reactions. 

ious  reports  of  carborane  formation  from 
s  in  the  vapor  phase  have  involved  BJHe/'* 
*•'•■  or  B|Hio***  as  reactants.  The  action  of 
tm  ethylene  has  been  studied,  ^^'^^  but  no  car- 
s  are  produced  and  the  principal  product  is  2,4- 
ylenetetraborane.  In  this  paper  we  describe  an 
^tion  of  the  vapor-phase  interaction  between 
ind  acetylene  in  which  both  open-  and  closed- 
irbcM'anes  were  obtained  under  varying  condi- 
'    The  results  of  this  study  lend  further  support 
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Iiough  boUi  open-  and  closed-cage  carboranes  have  been  pre- 

other  methods,  we  wish  to  restrict  this  discussion  to  direct  gas- 
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preliminary  report  on  a  portion  of  this  work  has  appeared; 


to  the  above  generalizations  and  offer  some  insight  into 
the  nature  of  the  carborane-forming  processes  in  these 
systems. 

Results  and  Discussion 

Reactions  at  25  and  50^.  The  gas-phase  reaction 
between  chromatographically  pure  B4H10  and  CsH2  in 
a  1 : 1  mole  ratio  takes  place  slowly  at  room  tempera- 
ture, and  more  rapidly  at  50^,  to  give  a  white,  non- 
volatile organoboron  polymer  and  several  volatile 
carboranes,  all  having  open-cage  structures  (Table  I). 
In  addition  to  B5H9  and  an  unstable  material  which 
may  be  the  parent  2,3,4-tricarbahexaborane(7),  the 
products  are  the  2-methyl,  2,3-dimethyl,  and  2,4-di- 
methyl derivatives  of  2,3,4-tricarbahexaborane(7),  the 
infrared  spectra  of  which  are  presented  in  Table  II, 
plus  4-mcthyl-2-carbahexaboranc(9).  (The  last-men- 
tioned compound  has  been  previously  reported'  as  a 
product  of  the  reaction  of  BsHi  with  C1H2  at  2 1 5  **.)  No 
other  volatile  materials  have  been  detected  in  significant 
amounts  despite  the  use  of  sensitive  chromatographic 
methods,  and  the  same  products  were  obtained  at  50 
as  at  25  ^ 

The  white  solid  is  highly  reactive  toward  both  dry  air, 
in  which  it  inflames,  and  moisture,  which  rapidly  de- 
grades it  to  boric  acid.  Infrared  analysis  indicates  the 
presence  of  both  CH  and  BHs  groups  and  strongly  sug- 
gests a  polymeric  structure.  The  formation  of  this 
material  is  not  wall  catalyzed,  since  it  is  produced 
homogeneously  throughout  the  reactor  and  settles  to 
the  bottom,  and  it  appears  to  be  the  major  product  of 
a  gas-phase  hydroboration  attack  of  acetylene  on 
B4H10  in  which  the  volatile  carboranes  are  side  products. 

These  results  for  the  B4H10-CSH2  system  are  in  sharp 
contrast  to  those  recently  reported  for  the  BsHe-CiHt 
gas-phase  reaction,  ^^  in  which  ethyldiborane  and  1,1- 
diethyldiborane  were  the  major  volatile  products  at 
85^  and  no  carboranes  were  found.  Thus  it  is  clear 
that  none  of  the  carborane  products  obtained  in  the 
present  work  could  have  resulted  from  direct  interac- 
tions between  QHt  and  BsHe  (some  of  which  is  always 
present  as  a  decomposition  product  in  BiHio  vapor). 
Moreover,  since  other  experiments^^  have  establish^ 
that  neither  B5H9  nor  BsHu  combines  with  CsHs  at  room 

(14)  H.  H.  Lindner  and  T.  Onak.  /.  Am.  Chem.  Soc.,  SS,  1886  (1966). 

(15)  R.  L.  Vance  and  R.  N.  Grimes,  unpublished  results. 
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Table  L    Reactions  of  B4H10  with  QHs* 


Reactants, 
mmoles 
(500-ml  flask) 
B4H10      CiHs 


Reac-  Reactants 

tion  recovered. 

Temp,    time,  mmoles 

X         hr  B4H10     QH, 


Mole  %  of  volatile  products^'^ 
1.5-      1,6- 


^— 2,3,4-CtBiIxr— ^  CiBtHi  CiBtHe  ^ 

doiv  deriv   deriv 

la     lb     Ic      Id     2a        3a    4a    4b    4c    4d  4e    5a     6a     7a 


-2,4<:AHr 
deriv 


-OUier- 


Total 
vola- 
tile 
-svoducts, 
7b  mmdes 


3.33 

3.60 

0.89* 

3.58 

0.98 


3.37 

7.20 

0.82* 

3.58 

1.92 


25 

25 

50 

100 

100 


140 

192 

3.8 
/ 


1.68 
0.88 
0.48 
0.0 


0.0 
0.0 
0.0 
0.10 


3  15 

..'  15 

..*  1 

0  0 


21 

26 

14 

0 


18 

18 

6 

0 


0 
0 
0 
4 


0 
0 
0 
4 


0  0 

0  0 

0  0 

35  9 


0 

0 

0 

17 


0  0 

0  0 

0  0 

9  4 


2  41 

4  37 

...'  70 

0  0 


0  0  0.097 

0  0  0.114 

0  0  0.034 

11  7  0.116 


•  Typical  experiments;  gas  phase.  ^  Exclusive  of  Hs.  •  Key:  la  -  C^%¥Lil\  lb  »  2-CH|C|B|H«,  Ic  »  2,3-  (CHa)iCtBsHt,  Id  =  2,4- 
(CH«)iCtBiH»,  2a  =  2-CHrl,5-CfB,H4,  3a  =  1,6.C2B4H.,  4a  =  2,4-CyB»H7,  4b  =  l-CHr2,4<»JI,,  4c  =  2-CHr2,4<^BjH.,  4d  =  3- 
CHr2,4-CsBiH«,  4e  »  5-CHr2,4-CiBiH«,  5a  =:  4-CHr2-CB»H8,  6a  »  B»H,,  7a  »  QBsHio,  7b  »  B-CH,CiBai».  *  Trace.  •  125-ml  flask. 
/  Flashed  after  6  min  at  lOO''.    '  Exploded  violentiy  after  5  min  at  100^ 


Table  IL    Gas  Infrared  Spectra  of  Tricarbahexaborane(7) 
Derivatives^ 


2-CHr 

2,3KCH,V 

2,4<CH,V 

CtB|Hc 

CtB|Hs 

CsBtHf 

3070  sh 

3010  sh 

3030  m 

3030  m 

3000  sh 

2950  vs 

2960s 

2950  vs 

2910  m 

2920  s 

2920  vs 

2880  m 

28708 

2870  m 

2590  vs 

2590  vs 

2830  sh 

1980  w 

1900  m,  b 

2590  vs 

1950  m,  b 

1840  sh 

1975  w 

1500m 

15308 

1920  m 

1455  s 

14408 

1870  m 

1360  m 

1328  m 

1585  w 

1290  w 

1225  m 

1470  vs 

1140  sh 

1065  m 

1450  sh 

1110m 

1020  w 

1390  m 

1060  m 

990  8h 

1320  m 

1000  w,b 

950  m 

1210  m 

945  w 

905w 

1160W 

815  s 

825  m 

1125m 

790m 

765  m 

1065  w 

735  w 

690m 

990  sh 

615  m 

940s 
880  w 
835  m 
755  m 
725  m 

•  In  cm~^  at  25  mm  pressure. 


temperature  to  give  more  than  traces  of  the  tricarba- 
hexaborane(7)  products  in  Table  I,  it  is  apparent  that 
the  two  pentaboraneSy  as  such,  are  not  significant  inter- 
mediates in  the  formation  of  the  CsBsH?  derivatives  from 
B4H10.  We  conclude,  then,  that  formation  of  the 
CsBsH?  products  is  initiated  by  a  direct  attack  of  CsHs 
on  B4H10  itself  or  on  a  fragment  formed  therefrom  (BsHt 
is  a  reasonable  possibility). 

Reaction  at  100^.  The  interaction  between  B4H10 
and  QHs  at  100^  is  of  an  entirely  different  nature  from 
that  occurring  at  25  or  50^.  Within  a  few  minutes  an 
equimolar  mixture  flashes,  yielding  dark  gray  solids 
and  a  series  of  nine  volatile  closed-cage  carboranes  hav- 
ing no  hydrogen  bridges  (Table  I).  With  the  exception 
of  2-CHSC2B6H6,  CsBsHio,  and  B-CHsQBgHo,  the  same 
species  have  also  been  produced  in  electric  discharges 
of  B2He-C2H2  mixtures,*  which  implies  somewhat  simi- 
lar mechanisms.  It  is  notable,  however,  that  among 
the  products  obtained  in  the  present  study  there  is  no 
indication  of  the  l.I-CjBsHs   methyl   derivatives***'** 

(IQ  R.  N.  Grimes,  /•  OrganometaL  Chem.  (Amstordam),  in  pftis. 


which  were  significant  products  of  the  BsHe-CtHs  dis- 
charge reaction. 
Pyrolysis    of    Tricarbahexaborane(7)     DerivatiTes. 

In  order  to  examine  the  possibility  that  the  alkylated 
CsBsH?  species  which  form  at  low  temperatures  might 
be  intermediates  in  the  synthesis  of  closed-cage  car- 
boranes at  100^,  vapor-phase  pyrolysis  experiments 
have  been  carried  out  on  the  three  CsBiH?  methyl 
derivatives  obtained  in  the  BiHio-QHs  reaction  at 
25^.  All  three  compounds  are  completely  stable 
at  100**,  and  neither  2-CH,C»BiH«  nor  2,4-(CH,)r 
CsBsHs  is  affected  by  heating  at  250^  for  several  days, 
although  the  latter  substance  decomposes  at  350^  to 
hydrogen  and  nonvolatile  solids.  The  2,3-dimeth^ 
derivative,  on  the  other  hand,  at  250^  gives  traces  of 
a  dimethyl-2,4-dicarbaclovoheptaborane(7)  plus  a  B,& 
dimethyl  derivative  of  CiBsH?,  and  at  300^  yields  a 
small  quantity  of  a  second  (CHt)2CsB5H6  product  which 
appears  to  be  alkylated  at  the  B(l)  and  B(7)  positions. 

Clearly  the  CsBsHt  derivatives  are«not  significant 
precursors  of  the  closed-cage  molecules  which  form  in 
the  100^  reaction.*'  Indeed  it  is  not  surprising  that 
the  CiBsH?  cage  system  appears  to  have  far  less  tendency 
to  form  closed-cage  carboranes  on  pyrolysis  than  does 
the  structurally  similar  (and  isoelectronic)  QBiHs.**" 
This  is  to  be  expected  from  the  accepted  valence  theory 
for  the  polyhedral  carboranes,  which  requires  two  cage 
carbon  atoms  and  therefore  necessitates  the  formal 
"ejection"  of  one  carbon  from  the  CsBsH?  framework 
before  closure  can  be  completed. 

While  a  detailed  clarification  of  the  reaction  mecha- 
nisms involved  in  acetylene-borane  interactions  is  not 
yet  available,  a  comparison  of  the  results  of  this  work 
with  those  from  earlier  investigations  does  permit  some 
tentative  observations.  First,  it  is  now  evident  that, 
in  the  low-energy  reactions,  the  nature  of  the  products 
obtained  is  strongly  dependent  on  the  specific  borane 
starting  material.  As  the  data  in  Table  III  indicate, 
the  four  boranes  whose  gas-phase  reactions  with  acetyl- 
ene have  been  studied  under  moderate  conditions  give 
almost  totally  different  sets  of  products."*  This  is  cer- 
tainly reasonable  from  the  viewpoint  that  the  experi- 
mental conditions  in  each  case  do  not  presage  extensive 

(17)  The  possibility  of  interaction  between  the  CiBtHr  derivatives 
and  CsHi  was  eliminated  by  appropriate  control  experiments  in  which  no 
reaction  was  observed. 

(18)  T.  P.  Onak,  F.  J.  Gerhart,  and  R.  E.  Williams,  /.  Am,  Chem. 
Soc.,  85,  3378  (1963). 

(18a)  Note  Added  in  Proof.  Results  obtained  in  this  laboratory 
on  the  B»Hir-CsHt  system  fit  the  pattern  indicated  in  Tables  III  and  IV. 
At  25^  the  major  product  is  2-CiHiB»IU  while  the  100  <*  flash  reaction 
virtually  duplicates  the  results  of  the  100**  B4Hir-CiHi  reaclioo. 


ihe  Anglican  Chemical  Society  /  89:11  /  May  24, 1967 


ntegration  of  the  borane  framework,  and  the  organo- 
on  products  evidently  retain  many  of  the  B-H 
I/or  B-B  bonds  present  in  the  borane  reactant. 


le  IIL    Low-Energy  Borane-Acetylene  Reactions^ 


Volatile 

nme 

Temp,* 

organoboron 

ctant 

*»C 

products 

Ref 

tH, 

70 

QHAHs  +  l,HC«H»),Bai4 

14 

4Hi9 

25-50 

Three  methyl  derivatives  of 
2,3,4.CtB,H7  +  small 
amount  of  4-CHr2-CB|H| 

Thisworic 

»H. 

215 

2,3-CiB4Hs  +  three  methyl 
derivatives  of  2-CBiH9 

7.8 

iHi,' 

200 

(CH,),CiBJHi 

10 

i^apor  phase.    *  Temperatures  dted  are  the  lowest  at  which 
ion  was  reported  to  occur.    «  Reaction  with  (CHt)iCs. 


1  considering  the  rapid,  high-energy  interactions 
veen  acetylene  and  boranes,  however,  one  is  led 
I  different  conclusion.  Although  some  variation 
product  mixtures  is  evident  in  the  three  systems  that 
e  been  studied  (Table  IV),  all  of  the  volatile  organo- 
on  products  so  far  identified  in  these  reactions  are 
ed-cage  carboranes.    It  should  be  noted  further  that 

cage  systems,  1,6-C2B4H6  and  2,4-CtB5H7,  are  pre- 
linant  in  each  case.  At  least  insofar  as  these  three 
:ti(Hi  systems  are  concerned,  it  is  apparent  that  the 
dfic  cage  structure  of  the  borane  reactant  is  not 
ajor  factor  in  determining  final  product  structures, 

that  mechanisms  involving  severe  disruption  of  the 
uie  framework  must  be  dominant.  In  this  situation 
lay  be  assumed  that  the  final  product  distribution  is 
ely  determined  by  the  relative  thermodynamic 
»ilities  of  the  carborane  cage  systems. 


elV. 


Borane-Acetylene  Reactions* 


Reaction 
ctant      conditions 


Volatile 

organoboron 

products 


Ref 


H«       Flash  or  glow 
discharge 


H 


!• 


Flash 


Ht       Glow  dis- 
charge 


l,5-CiBiH»,  l,6-CiB«H«,      5, 6, 16 

2,4-CiBiH7,  and 

methyl  derivatives  of 

these;  +(CH,)rl,2. 

CiBiHt  (two  isomers); 

+  higher  carboranes 
l,5-CtB,H»,  l,6-CiB4H«,    This  work 

2,4-CtB|H7,  and 

methyl  derivatives  of 

these;  +CiB,H,o 

and  B-CH,CtB|Ht 
l,5<,Bai6,  l,6.CiB4Hfc       3,  4 

1,2-QB4H,,2,4-Cr 

B1H7,  plus  unidentified 

products 


^apor  phase. 


I  summary,  it  b  reasonable  to  expect  that  still  un- 
1  high-energy  vapor-phase  interactions  between 
ines  and  acetylene  will  yield  a  series  of  closed-cage 
(oranes  and  derivatives  similar  to  those  in  Table 
**  As  a  consequence,  the  remaining  undiscovered 
K>rane  systems  will  most  probably  be  synthesized 
er  relatively  mild,  controlled  reaction  conditions 
:h  favcM"  at  least  partial  retention  of  the  original 
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borane  cage  structure  and  which  limit  the  extent  of  cage 
rearrangement  in  the  products. 

Experimental  Section 

Matoialt.  B4H10  was  prepared  from  BiHs  (Olin  Mathieson)  by 
the  hot-cold  reactor  method  of  Klein,  et  al,^^^  and  was  purified  by 
repeated  fractionation  through  traps  at  —95  and  — 135'';  the  purity 
was  monitored  by  gas  chromatography  and  infrared  spectra. 
QHt  (Matheson)  was  purified  by  passage  through  a  —135°  trap 
several  times  and  was  checked  by  infrared  analysis. 

Pftwedures.  All  reactions  were  carried  out  in  sealed  Pyrex 
bulbs  equipped  with  break-off  tips.  Volatile  products  were  sepap 
rated  by  preparative-scale  gas  chromatography  under  air-free 
conditions  using  either  a  9.5  ft  X  0.25  in.  column  of  tricresyl  phos- 
phate on  Chromosorb  W  or  a  9.5  ft  X  0.25  in.  column  of  Kel-F  on 
Chromosorb  W.  Purification  of  individual  products  was  effected 
by  repeated  passages  through  the  column  when  necessary. 

Spectroscopy.  Infrared  spectra  were  obtained  on  a  Beckman 
IR-8  grating  spectrophotometer.  Gas  infrared  spectra  were  meas- 
ured in  a  3.5-ml,  9-cm  Pyrex  cell  with  NaQ  windows.  Mass 
spectra  were  recorded  on  a  CEC  21-103C  spectrometer  with  digital 
readout,  proton  nmr  spectra  were  obtained  on  a  Varian  A-60 
instrument,  and  >^B  nmr  spectra  were  measured  with  a  Varian 
HR-100  spectrometer  at  32.2  Mc. 

Rcactioiis  of  Tetraboraiie(10)  with  Acetylene.  Measured  quantities 
of  tetraborane(10)  and  acetylene  were  condensed  into  an  evacuated 
125-  or  500-ml  flask  cooled  in  liquid  nitrogen,  after  which  the  reactor 
was  sealed  and  the  reaction  allowed  to  proceed  to  the  desired 
temperature  (Table  I).  At  25"^,  reaction  was  evidenced  after  1  to 
2  hr  by  the  accumulation  of  a  white  solid  at  the  bottom.  At  50° 
the  same  effect  was  noted  within  2  to  3  min.  In  the  experiments 
at  100°,  typically  within  6  min  a  flash  was  observed  with  instan- 
taneous formation  of  large  quantities  of  dark  solids,  which  were 
not  investigated.  No  breakage  of  the  reactor  was  observed 
when  the  CsHt:B4Hie  ratio  was  1.0  or  less,  but  when  a  2:1  ratio 
was  used  the  result  was  a  violent  explosion  (Table  I). 

Following  each  experiment  most  of  the  unreacted  B4HU  and 
CkHs  was  removed  by  passage  through  a  trap  at  —95°,  after  which 
the  volatile  products  were  separated  by  chromatography  as  de- 
scribed above.  2-CH,CsB,Hg,  2,3-(CH,)sCsB,H»,  and  2,4-(CH,)r 
CsB|H»  were  structurally  characterized  by  means  of  their  ^H  and 
^^B  nmr,  infrared,  and  mass  spectra  as  reported  earlier.*  An  addi- 
tional product  which  has  an  infrared  spectrum  similar  to  the  three 
CtBiHi  derivatives,  except  for  the  bands  attributable  to  methyl 
groups,  is  possibly  the  parent  CiBsH?,  but  further  investigation  of 
this  material  was  hampered  by  its  instability  even  at  room  tempera- 
ture. 4-CH|CBiH|  was  identified  from  its  mass  spectrum,  which 
is  in  precise  agreement  with  the  published  spectrum'  and  is  clearly 
distinguishable  from  the  other  known  carborane  fragmentation 
patterns. 

Several  attempts  to  remove  the  white  polymer  from  the  reactor 
in  order  to  obtain  an  infrared  spectrum  were  unsuccessful,  even  in 
dry  argon,  due  to  reaction  with  traces  of  oxygen  or  moisture. 
This  problem  was  finally  circumvented  by  allowing  the  reaction 
between  B4Hit  and  QHt  to  proceed  in  a  gas  infiared  cell  in  such  a 
manner  that  the  solid  collected  on  the  NaQ  windows.  All  volatile 
materials  were  then  removed,  and  the  spectrum  of  the  solid  was 
recorded.  The  only  well-defined  bands  are  at  2900  and  2500  cm~^ 
but  a  series  of  broad  absorptions  appears  between  7(X)  and  15(X) 
cm'^  The  spectrum  was  unchanged  after  the  cell  had  stood  13 
days  at  room  temperature. 

Of  the  products  obtained  in  the  100°  flash  reaction,  the  following 
were  identified  by  comparison  of  their  infrared  and  mass  spectra*** 
with  those  of  authentic  samples:  2-CHrl,5-CsB,H4,  1,6-QB4H«, 
2,4.CiB»H7,  l-CHr2,4-CiB»H,,  3-CHr2,4-QB|Ht.  and  5-CHr 
2,4-CiBsH«.  2-CHr2,4-QBsHi,  which  is  the  only  other  possible 
monomethyl  derivative*^  of  2,4-C:iBsH7,  was  characterized  from 
its  mass  spectrum  (high-mass  cutoff  «  m/e  100,  and  the  calculated 
boron-11  monoisotopic  fragmentation  pattern  closely  resembles 
the  patterns  of  known  C^iBtHi  derivatives)  and  its  infrared  absorp- 
tion bands,  which  appear  at  2925  (s),  2870  (m),  2590  (vs),  1440 
(m,  b),  1195  (s),  1110  (m),  1025  (m),  955  (w),  890  (w),  850  (w),  780 
(w),  and  710  (m)  cm~^  Absence  of  bridge  hydrogens  is  indicated 
by  the  lack  of  absorptions  between  1500  and  2500  cxtrK  The  exist- 
ence of  a  band  at  1440  cm~>,  while  none  is  found  near  1320  cm'^ 


(19)  M.  J.  Klein,  B.  C.  Harrison,  and  I.  Solomon,  /.  Am,  Chem, 
Soc.,  80,  4149  (1958). 

(20)  Excluding  optical  isomers. 
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is  indicative  of  a  C-methyl  rather  than  a  B-methyl  group,  and  the 
spectrum  in  the  cage  vibrational  region  (700  to  1200  cm'O  is  similar 
to  the  spectra*  of  2,4-CiBsH7  and  its  derivatives. 

Identification  of  QBiHio  was  accomplished  from  its  mass  spec- 
trum (high-mass  cutoff  »  m/e  122,  and  the  fragmentation  pattern  is 
characteristic  of  a  closed-cage  carborane'^)  and  the  infrared  spec- 
trum, which  discloses  no  alkyl  substituents  or  bridge  hydrogens. 
Bands  are  observed  at  3090  (w),  2590  (vs),  1310  (w,  b),  1125  (s), 
1110  (sh),  1040  (w),  970  (m),  960  (m),  945  (m),  880  (m),  815  (m), 
775  (s),  and  660  (s)  cm~^  Since  the  spectrum  of  authentic  C,C'- 
(CHa)rl,6-CtBtH8  is  similar  in  the  cage  vibrational  region,  while 
that  of  CCMCHsVI.IO-CiBbHs  is  quite  different,"  it  seems  likely 
that  the  QBsHio  product  described  here  is  the  1,6  isomer. 

Characterization  of  the  B-methyl  derivative  of  QBiHio  was 
similarly  based  on  infrared  and  mass  spectra.  The  high-mass 
cutoff  is  at  mie  136,  and  the  fragmentation  pattern  is  very  close  to 
that  of  the  QBbHio  described  above.  The  infrared  bands  are  at 
2940  (w),  2585  (vs),  1315  (s),  1170  (m),  1130  (s).  1090  (w),  1030 
(w,  b),  970  (w,  b),  and  670  (m)  cm~^  B-Methyl  deformation  is 
indicated  by  the  characteristic  band  at  1315  cm~^  and  the  absence 
of  a  significant  absorption  near  1450  cm~^  (C-CHs  deformations). 

Pyrdyiis  of  IVicarlnhexabonuieCT)  Derivatifes.  2-CHtC|B|Hi 
(0.03  mmole)  was  sealed  in  a  7-ml  reactor  and  heated  5  days  at 
250^,  at  the  end  of  which  all  of  the  starting  material  was  recovered 
unchanged.  Similarly,  2,4-(CHi)iCsBtHs  (0.01  mmole)  in  a  15-ml 
tube  did  not  react  in  16  hr  at  250"^.  The  same  sample  was  replaced 
in  the  reactor  and  heated  19  hr  at  350'',  after  which  only  nonvolatile 
solids  and  Ht  remained. 


(21)  A  compact,  stable  framework  which  resists  breakdown  is  indicated 
by  the  fact  that  the  peaks  in  the  parent  group  (fragments  formed  by  loss 
of  H  only)  are  the  most  intense  in  the  spectrum ;  see  ref  3, 4, 7,  and  16. 

(22)  The  spectra  of  the  dimethyl  derivatives  of  CiBsHio  were  provided 
by  Professor  M.  F.  Hawthorne,  University  of  CaUfomia,  Riverside, 
Calif. 


2,3-(CHa)iCaBtHs  (0.100  mmole)  in  a  10-ml  tube  failed  to  react 
at  lOO""  over  a  20-hr  period.  The  same  sample  in  120  hr  at  250'' 
gave  cleanly,  with  no  solids,  0.016  mmole  of  a  dimethyl  derivative 
of  2,4-QB^T-  The  mass  spectrum  of  this  compound  has  a  high- 
mass  cutoff  at  m/e  114,  and  the  calculated  boron- 11  monoisotopic 
spectrum  is  characteristic  of  the  2,4-CiBiH7  cage  structure.  The 
infirared  spectrum  has  bands  indicating  C-H,  B-H,  C-CHt,  and 
B-CHt  groups,  and  the  cage  vibrational  bands  are  similar  to  those 
of  known  2,4-QBsH7  derivatives.*  Also  obtained  in  the  same 
pyrolysis  was  0.012  mmole  of  a  product  characterized  as  a  B,G 
dimethyl  derivative  of  2,3,4-CtB^7.  The  mass  spectrum  has  a 
high-mass  cutoff  at  m/e  104  and  the  fragmentation  pattern  closely 
matches  those  of  the  known  derivatives  of  CtB|H7.*  Moreover, 
calcuhited  boron- 11  monoisotopic  spectra  can  be  fitted  to  the  ob- 
served data  only  when  three  borons  or  fewer  are  assumed.  The 
infrared  spectrum  contains,  in  addition  to  C-H,  B-H,  and  bridge 
proton  bands,  absorptions  at  1450  and  1320  cm"^  which  are  char- 
acteristic of  C-CHs  and  B-CHs  deformaticMis,  respectively. 

The  same  starting  material  (2,3-(CHs)iCsBtH(,  0.045  mmole) 
was  heated  to  300^  for  7  days,  after  which  chromatographic  and 
infrared  analyses  disclosed  the  same  two  products  as  were  obtained 
at  250°  (see  above),  plus  an  additional  product  which  is  probably 
l,7-(CHt)r2,4-CtBsHt.  Identification  was  by  means  of  the  mass 
spectrum  (high-mass  cutoff  at  m/e  114)  and  the  infirared  spectrum, 
which  contains  no  C-CH«  deformation  bands  but  has  a  very  strong 
absorption  at  1320  cm~S  the  B-CHt  deformation  frequency. 
In  addition,  the  cage  vibrational  region  is  remarkably  siniilar  to 
that  in  l-CHr2,4-QB|Hi(the  monoapically  substituted  derivative),* 
which  is  taken  as  a  strong  indication  that  this  product  is  the  1,7 
(diapically  substituted)  derivative. 
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rtract:    A  scheme  is  presented  summariziiig  the  structural  and  mechanistic  relationships  among  the  nine  methyl- 
bomjd  cations.    References  are  given  to  the  accompanying  pi^rs  which  detail  experimental  evidence  supporting 


iccompanying  papers^"*  we  report  the  results 
^eral  investigations  of  the  behavior  of  carbo- 
s  of  the  norbornyl  series  labeled  with  methyl 
These  studies  supplement  extensive  previous 
norbornyl  cations*  and,  in  particular,  permit 
ion  of  several  aspects  of  the  chemistry  of 
cies  not  readily  visible  heretofore.  These  in- 
:  relative  rates  of  vicinal  vs.  transannular  hy- 
^ts,  the  relative  rates  of  hydride  shift  and  cap- 
olvent,  the  stereochemistry  of  vicinal  hydride 
id  the  quantitative  evaluation  of  transition- 
ic  effects  in  solvolysis  and  product  formation. 
ts  bear  on  the  vexatious  question  of  the  precise 
on  (classical  vs.  nonclassical)  of  the  struc- 
uch  intermediates  and  provide  experimental 
that  the  "windshield-wiper  effect"  cannot  be 
of  all  of  their  special  stereochemical  behavior 

i  I  is  intended  as  a  guide  to  the  complex  maze 
iral  and  mechanistic  relationships  embodied 
3rk.  In  the  papers  that  follow,  experimental 
is  presented  in  support  of  the  various  parts  of 
le. 

aversions  of  nine  different  Wagncr-Meerwcin 
itions  are  involved  in  Scheme  I.  The  pairs  are 
full  below  but  for  economy  of  space  are  shown 
e  I  in  nonclassical  notation  without  implica- 
;o  the  electronic  structure.    (Mechanistically, 


lit  of  part  of  this  work  by  the  American  Cancer  Society 
rant  to  the  Interdepartmental  Research  Committee  of  the 
f  Southern  California,  by  the  National  Institutes  of  Arthri- 
tabolic  Diseases  through  Grant  AM-07S0S,  and  by  the 
ence  Foundation  is  gratefully  acknowledged, 
whom  inquiries  should  be  directed;  (b)  University  of  Wis- 
Univcrsity  of  Southern  California, 
sal  Institutes  of  Health  Predoctoral  Fellow,  1964^1966. 
II:  J.  A.  Berson,  A.  W.  McRowe,  R.  G.  Bergman,  and  D. 
Am.  Chem.  Soc.,  89,  2563  (1967). 

m :  J.  A.  Berson  and  R.  G.  Bergman,  Ibid.,  89,  2S69  (1967). 
IV:  J.  A.  Berson,  A.  W.  McRowe,  and  R.  G.  Bergman, 
73  (1967). 

V:  J.  A.  Berson,  R.  G.  Bergman,  J.  H.  Hammons,  and  A. 
i.  Ibid.,  89,  2581  (1967). 

VI:  J.  A.  Berson,  J.  H.  Hammons,  A.  W.  McRowe,  R.  G. 
.  Remanick,  and  D.  Houston,  ibid.,  89,  2590  (1967). 
review,  see  J.  A.  Berson  in  "Molecular  Rearrangements, 
Mayo.  Ed.,  Intersdence  Publishers,  Inc.,  New  York,  N.  Y 


•• 


exo-3,2-Me  fc:*^  ^  l^^ 


^    orendo^^Me'^J 


3D  ^ 


«»"-^-" 


,^^^ 


V 


-V 


endo-aZ-H 


-"1 
-TO 


ten  cations  should  be  considered,  but  the  B1-B3  set  is 
structurally  and  stereochemically  degenerate.)  At  the 
core  of  the  scheme  are  the  parent  cations  A,  B,  and  C, 
which  are  mutually  interconvertible  by  transannular 
*'6,2"-hydride  shifts.  On  the  periphery  lies  another 
set  of  6,2-hydride  shifts  which  in  principle  might  inter- 
convert  six  pairs  of  cations.  Access  from  the  core 
to  the  periphery  (or  vice  versa)  is  by  way  of  vicinal 
"3,2"-hydride  and/or  methyl  shifts,  which  interconvert 
either  a  pair  of  secondary  cations  (light  arrows)  or  a 
tertiary  with  a  secondary  cation  (heavy  arrows).  The 
scheme  is  oversimplified  in  the  sense  that  additional 
intermediates  describing  ion-pair  return  processes  should 
be  included.  Although  it  seems  entirely  probable  that 
such  processes  do  occur,  their  influence  on  the  product 
patterns  does  not  seem  to  be  significant  (papers  IV,  V, 
and  VI^). 

The  cyclic  series  of  rearrangements  can  be  entered  via 
solvolyses  of  several  methyl-substituted  norbornyl 
derivatives.  The  location  of  the  methyl  group  relative 
to  the  positive  charge  at  C-2  in  the  resulting  first 
intermediate  is  i-endo-.l-anti  (cation  A,  paper  V^), 
3-exo :  I'syn  (cation  C,  paper  VP),  S-exo :  S-endo  (cation 
B,  paper  IV*),  and  S-exoii-endo  (cation  Bi  «  Bj,  paper 
IV*).  Under  kinetically  controlled  conditions,  the  six 
products  from  the  inner  core  set  of  cations  A,  B,  and 
C  are  observed  regardless  of  which  entry  into  the  cycle 
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is  used.  The  influence  of  solvent  and  point  of  entry 
on  the  distribution  of  these  products  gives  some  in- 
formation on  relative  rates  of  hydride  shift  and  nucleo- 
philic  capture.    The  steric  efiect  of  a  methyl  group  in 
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various  positions  of  the  norbomyl  system  also  is  eluci- 
dated from  the  product  distributions  (paper  IV^).  Three 
additional  products,  1,  2,  and  3,  are  observed.  These 
are  derived  from  the  vicinal  exo-hydride  shift  which 
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converts  secondary  cation  A  to  tertiary  cation  Ai.  Vici- 
nal hydride  and/or  methyl  shift  which  interconverts  two 
secondary  ions  (B  -►  Bi,  C  -►  Q,  A  -►  AO  is  slow. 
Even  the  stability  associated  with  tertiary  cation  Ai  is 
insufficient  to  force  vicinal  hydride  shift  (D  -^  Ai) 
when  the  migrating  hydrogen  departs  from  a  secondary 
center  (papers  IV  and  V**^).  Direct  vicinal  shift  of  an 
endo-hydiide,  even  when  tertiary-secondary  (C  -►  Ci), 
does  not  occur  (blocked  heavy  arrow  of  Scheme  I). 
Thus,  entry  into  the  core  cycle  at  cation  C  eventually 
does  give  products  1,  2,  and  3  derived  from  a  tertiary 
cation,  but  only  by  a  circuitous  route.  This  involves 
conversion  of  C  to  A  followed  by  exit  via  cation  Ai, 
the  enantiomer  of  Q.  The  distinction  is  made  on  the 
basis  of  stereochemical  correlations  given  in  papers 
m,»  V,»  and  VI.» 
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^ 


The  preference  for  exo-3,2-hydride  shift  is  not  attrib- 
utable to  a  large  thermodynamic  bias  favoring  cation 
A  over  cation  C  but  rather  to  an  intrinsically  faster  rate 
for  exo  than  for  endo  migration  (paper  VP).  This  be- 
havior is  consistent  with  the  formulation  of  the  cat- 
ionic  intermediates  with  nonclassical  structures. 
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dKtract :  Structures  are  assigned  to  1 6  of  the  methylnorbomanols  by  a  variety  of  methods  including  independent 
yntheses,  structural  interconversions,  and  proton  magnetic  resonance  spectroscopy.  The  substances  involved  are 
he  four  3-methyl-2-norbomanols,  the  four  5-  and  6-methyl-2-«jco-norbomanols,  the  two  7-methyl-2-«jco-norbor- 
lanols,  the  two  l-methyl-2-norbomanols,  the  two  l-methyl-3-norbomanols,  and  the  two  2-methyl-2-norbomanols. 


^nnection  with  studies  of  methyl-labeled  nor- 
nyl  cations/  it  was  necessary  to  be  able  to  iden- 
of  the  methylnorbomanols.  Since  some  of  these 
Linds  were  unknown  when  this  work  was  begun, 
;  literature  did  not  provide  strong  assignments  of 
re  or  unambiguous  methods  of  synthesis  for 
f  the  others,  we  set  out  to  acquire  the  needed 
Eition.  This  paper  presents  the  results. 
Pour  3-Methyl-2-norbomanols.  Both  of  the  pre- 
known  stereoisomers  of  3-methyl-2-norbQmanol, 
2m,  have  an  endo  hydroxyl  and  differ  only  in  the 
iration  of  the  methyl  group.  The  configurations 
signed^*  on  the  following  grounds.  The  cis-endo 
and  2a  and  the  3-exo-methyl  isomer  la  were  the 
[iroducts  of  the  lithium  aluminum  hydride  reduc- 
S-endo-  and  3-exo-methyl-2-norbornanone  (3  and 
lectively.*  We  confirm  this  in  the  case  of  ketone 
h  gives  86.6%  la  and  13.4%  cis-exo  isomer  (10). 
y^**  to  other  examples  of  such  reactions  with 
jisubstituted    norbornanones'    suggested    that 
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attack  from  the  exo  direction  would  be  preferred. 
Further,  of  the  two  alcohols  then  known,  the  one 
derived  from  4  showed  the  larger  cryoscopic  molecular 
weight  exaltation  and  was  thus  the  less  hindered,  as  would 
be  expected  for  the  trans  member  of  a  cis-trans^ndo 
pair.*'* 

Syntheses  of  the  two  remaining  members  of  the 
series  provide  confirmation  of  the  assignments.  The 
other  trans  isomer  5  is  obtained  by  two  routes,  first 
by  the  "acid  -►  acetate"  sequence  from  the  known'***  3- 
em/o-methyl-2-exo-norbomanecarboxylic  acid  (6a),  and 
also  by  hydroboration-oxidation***  of  2-methyl-2-nor- 
bornene  (9).*    The  second  procedure  is  more  easily 
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adapted  to  the  preparation  of  substantial  quantities  of 
alcohol  5,  since  the  requisite  <defin  9  is  readily  avail- 
able, and  the  hydroboration-oxidation  step,  in  accord 
with  previous  experience,*^  proceeds  quite  cleanly  in 
an  exo'Cis  anti-Marko\^nikov  manner.  The  crude 
product  is  94%  5  and  b  readily  purified  to  the  level  of 
99%  or  better  by  a  single  pass  through  an  automatic 
preparative  gas  chromatograph. 

The  cis-exo  acetate  10  is  obtained  as  a  side  product 
in  the  Baeyer-Villiger  oxidation  of  3-exo-methyl-2- 
em/o-acetylnorbornane  (11),  which  in  turn  is  preparable 

(8)  (a)  Syntheses  of  several  methyl  esters  and  carboxylic  adds  needed 
as  reference  compounds  in  the  3-methyl-2-norbomane  and  3-methyl-5- 
norbomene-2-carboxyUc  add  aeries  are  described  in  the  Experimental 
Section,  (b)  Cf,  R  C.  Brown,  **Hydroboration,"  W.  A.  Beniamin, 
Inc.,  New  York,  N.  Y.,  1962. 

(9)  K.  Akler  and  R  J.  Ache,  Chem.  Ber.,  9S.  303.  311  (1962). 
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from  the  known*  3-exo-methyl-2-e/tdlo-carboxylic  acid 
(12).  Oxidation  with  perbenzoic  acid  is  slow,  but  no 
epimerization  occurs,  and  3-exo-methyl-2-e/tdlo-nor- 
bornyl  acetate  (lb)  is  obtained  free  of  10.  Although 
oxidation  with  peroxytrifluoroacetic  acid  is  faster,  epi- 
merization now  becomes  noticeable,  and  isolable 
quantities  of  the  cis^xo  acetate  10  are  formed.  This 
substance  is  also  the  minor  component  of  the  mixture 
obtained  by  acetylation  of  the  lithium  aluminum  hy- 
dride reduction  product  from  3-exo-methyl-2-nor- 
bornanone  (4). 

The  configurational  assignments  are  confirmed  by 
the  nuclear  magnetic  resonance  (nmr)  spectra.  In  the 
acetates,  the  C-2  proton  resonance  occurs  in  a  readily 
identifiable  region  about  4.5  ppm  downfield  from  tetra- 
methylsilane.  The  spectrum  of  the  cis-endo  acetate  2a 
shows  this  resonance  as  a  doublet  of  doublets  with/^  5, 
4  cps;  that  of  the  cis-exo  acetate  10  shows  a  broadened 
doublet,  /  s  7  cps.  The  pattern  in  the  2a  spectrum  is 
consistent  with  moderately  strong  coupling  between  the 
C-2  proton  and  both  the  C-3  and  C-1  protons,  as  has 
been  observed  with  many  other  C-2  exo  protons  in 
analogous  systems.^  In  10,  however,  the  C-2  endo 
proton  is  strongly  coupled  only  to  the  cis-endo  proton 
at  C-3  and  weakly  or  not  at  all  to  the  bridgehead  C-1 
proton,  again  in  accord  with  experience.^®  Although 
we  have  made  no  real  attempt  to  identify  it,  the  addi- 
tional weak  coupling  that  produces  the  slight  broaden- 
ing of  the  components  of  the  C-2  multiplet  (3.5  cps 
width  at  half-height)  probably  is  attributable  to  long- 
range  splitting,  perhaps  with  the  anti-l  proton.^  This 
interpretation  is  supported  by  the  absence  of  such  broad- 
ening in  7-a«ri-methyl-2-exo-norbornyl  acetate,  the  C-2 
spectrum  of  which  shows  a  doublet  of  doublets  with 
widths  at  half-height  of  <1  cps  for  each  component. 
The  spectrum  of  the  trans  compound  la,  with  a  C-2 
exo  proton,  shows  a  doublet  of  doublets,  /  ^  3.5,  3.5 
cps.  These  splittings  are  about  the  same  as  those  pre- 
viously observed  for  C-1  to  exo  C-2  and  trans  C-2  to  C-3 
couplings,^  in  agreement  with  the  assigned  stereo- 
chemistry. In  the  spectrum  of  /ro/t^-acetate  8,  with  a 
C-2  endo  proton,  one  sees  a  poorly  resolved  doublet  of 
doublets,  in  accord  with  the  expected  relatively  weak 
long-range  and  /ro/tj-vicinal  couplings.  ^® 

The  5-  and  6-Methyl-2-exo-norbomanols.  Esters  of 
an  alcohol  assigned  the  structure  5-exo-methyl-2-exo- 
norbomanol  (13)  were  isolated  from  formic  acid  or 
acetic-sulfuric  acid  treatment  of  a  hydrocarbon  as- 
signed the  structure  5-em/o-methylnorbomene  (14)^^ 
and  from  formolysis  of  5;^n-7-methyl-2-exo-norbornyl 
acid  phthalate  (15).^*  Oxidation  of  13  and  14  gave 
two  dififerent  4-methylcyclopentane-ci5-l,3-dicarboxylic 
acids.  ^'  The  possibility  that  the  alcohol  was  a  6-methyl 
derivative  was  excluded  on  the  grounds  that  its  forma- 
tion from  15  would  require  a  vicinal  secondary--second- 
ary  hydride  shift,  which  had  been  sought  for  and  not 
found  in  the  parent  norbomyl  system.^'  The  exo 
configuration  for  the  hydroxyl  group  was  assigned^' 
on  the  basis  of  the  observed  facile  further  rearrange- 
ment of  the  alcohol  in  formic  acid.    These  arguments, 

(10)  J.  C.  Davis,  Jr.,  and  T.  V.  Van  Auken,  /.  Arm  Chem.  Soe,^  87, 
3900  (1965),  and  references  dted  therein. 

(11)  S.  Beckroann  and  R.  Schaber,  Chem,  Ber.,  S8»  1703  (1955). 

(12)  S.  Beckmann  and  G.  Eder,  ibid.,  91,  2878  (1958). 

(13)  J.  D.  Roberts,  C.  C  Lee,  and  W.  H.  Saunders,  Jr.,  /.  Am.  Ck^m. 
Soc„  76,  4501  (1954). 
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while  plausible,  are  not  completely  convincing.  The 
exclusion  of  the  6-methyl  possibility  seems  less  than 
absolute,  since  it  now  is  quite  probable  ^^  that  vicinal 
secondary--secondary  shift,  although  slow,  does  occur  in 
formic  acid,  especially  under  equilibrating  conditions. 
The  assignment  of  the  exo  stereochemistry  to  the 
methyl  group  of  13  depends  critically  on  the  assignment 
of  the  endo  stereochemistry  to  the  hydr(x:arbon  14. 
Otherwise,  the  argument  is  circular,  for  internally, 
the  oxidation-hydration  scheme  merely  demonstrates 
that  the  alkene  and  the  alcohol  are  Wagner-Meerwein 
related  and  would  apply  equally  well  to  Uie  exo-methyl- 
norbornene~e/i£29-meihyl  alcohol  pair.  The  assign- 
ment of  stereochemistry  to  the  hydrocarbon  14  rests 
entirely  on  the  application  of  the  Alder  rule  of  endo 
addition  to  the  precursors  (the  cyclopentadiene  adducts 
16  and  17)  used  for  its  preparation.^^  Since  the  rule  is 
frequently  violated,^  independent  evidence  for^  the 
assignments  of  stereochemistry  seems  desirable. 

Stereochemically  homogeneous  endo-  and  ejco-2- 
methyl-S-norbomenes  (14  and  18)  can  be  prepared 
from  the  corresponding  known^*^^*  carboxylic  acids  by 
a  reduction-arenesulfonylation-reduction  sequence.^^ 
Hydroboration  of  each  leads  to  a  pair  of  alcohols.  Al- 
though the  pair  from  2-exo-methyl-S-norbomene 
(18)  can  be  analyzed  by  capillary  gas  chromatog- 
raphy, preparative  separation  is  difficult.  However, 
the  two  alcohols  from  the  endo  olefin  14  are  readily 
separable  by  preparative  gas  chromatography.  In  this 
way,  S-e/ufo-methyl-2-exo-norbomanol  (19)  and  6- 
emfo-methyl-2-exo-norbomanol  (20)  are  obtained  in 
pure  form.  Conversion  of  19  and  20  to  /^-bromoben- 
zenesulfonates  (19-OBs  and  20-OBs)  and  scdvolyses  of 
the  latter^  under  nonequilibrating  conditions  establish 
the  identities  of  the  entire  series.  Thus,  19-OBs  gives 
19,  21,  and  the  characteristic  products  derived  from  the 
complex  series  of  transannular  hydride  shifts  and  Wag- 
ner-Meerwein  rearrangements  summarized  in  the 
scheme  given  elsewhere,^*  but  does  not  give  any  20  or 


(14)  C.  C.  Lee  and  L.  K.  M.  Lam,  ibid,,  88,  5355  (1966),  and  refer- 
ences dted  therein. 

(15)  J.  A.  Benon,  Z.  Hamlet,  and  W.  A.  MueUer,  Ibid..  $4, 297 
(1962). 

(16)  C  D.  Ver  Nooy  and  C  S.  Rondestvedt,  Jr..  ibid..  77,  3583 
(1955). 

(17)  (a)  Cf.  J.  A.  Beraon  and  D.  A.  Ben-Efraim,  ibid..  81, 40S3  (1959); 
(b)  J.  A.  Berton,  J.  S.  Walia,  A.  Remanick,  S.  Suzuld,  P.  Reynoldt- 
Wamhoff.  and  D.  WiUner,  ibid..  S3,  3986  (1961). 

(18)  Paper  IV  of  this  Mriet:  J.  A.  Berton,  A.  W.  McRowe,  and  R.  O. 
Bergman,  ibid.,  89, 2573  (1967). 

(19)  Paper  I  of  thit  ieries.« 
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whereas  20-OBs,  being  blocked  from  that  mael- 
>m  by  the  barrier  to  secondary-secondary  vicinal 
Iride  shift,  merely  regenerates  20  and  the  Wagner- 
erwein  related  22  in  addition  to  tertiary  product 
n  6,2  shift. "  The  data  combined  with  the  reason- 
:  assumption  that  these  kinetically  controlled  sol- 
iTses  give  exo  products'  are  consistent  with  only  one 
nulation,  which  is  shown  in  Scheme  I. 
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(1)  hydroboratlon,  (2)  aolvolysis 

he  7-MettiyI-2-exo-norbonianol8.  Deaminative  ni- 
ation  of  3-exo-methyl-2-e/id(9-norbomylamine  was 
xted  to  give  a  complex  mixture  of  products.  Frac- 
tal crystallization  of  the  acid  phthalate  and  saponi- 
don  gave  an  alcohol  ""isoaposantenol,"  which  was 
gned  the  structure  5>^n-7-methyl-2-exo-norbomanol 
.*    The  location  and  stereochemistry  of  the  methyl 


OQiH 


24 


IS 


26 


lip  at  C-7  were  established  by  oxidation  to  ^'isoapo- 
tenic  add**  (24),  which  was  not  identical  with  but  was 

01  O.  Komppa  and  S.  Brdnnann,  Ann,^  523»  68  (1936). 
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epimerizable  to  an  acid  'Vrs-aposantenic  acid,"  25,  pre- 
pared by  structurally  unquestionable  synthesis  and  shown 
to  have  cur-carboxyl  groups.  If  the  less  stable  of  the  two 
acids  is  the  ''all-ci5**  form  24,  then  '"isoaposantenol"  is 
23.  The  anti  isomer  26  was  never  isolated  pure,"^  but 
its  presence  in  the  deamination  mixture  from  i-endo- 
and/or  -exo-methyl-2-enJ{>-  and/or  -ex{>-norbornylamine 
was  inferred  from  the  isolation  of  'Vi5-aposantenic 
acid'*  (25)  from  the  oxidation  of  a  fraction  of  the  mixed 
alcohols  obtained  by  combining  reaction  products 
from  both  amines.  Although  a  detailed  reexamina- 
tion of  the  deaminations  is  reported  elsewhere,^  we 
note  here  merely  that  alcohol  26  is  formed  in  substan- 
tial quantity  from  the  3-enJo-methyl-2-exo  amine  and 
also  (as  the  acetate)  from  acetolysis  of  the  correspond- 
ing arenesulfonates.  It  can  readily  be  isolated  in  pure 
form  by  preparative  vapor  chromatography."  The 
structure  assigned  is  supported  on  the  circumstantial 
grounds  that  26  formed  by  carbonium  ion  process  is 
invariably  accompanied  by  an  approximately  equal 
amount  of  its  Wagner-Meerwein  relative  S-erukh 
methyl-2-exo-norbomanol  (5)."  Also,  the  nmr  spec- 
trum of  the  acetate  of  26  shows  a  sharp  doublet  (/  = 
7  cps)  at  i  0.9  (superimposed  on  diffuse  absorption), 
attributable  to  the  C-7  methyl  group,  and  a  clean  dou- 
blet of  doublets  centered  around  i  4.5,  attributable  to 
the  enJo-C-2  proton  coupled  with  the  appropriate^®  cou- 
pling constants  (/t.s  trans  -  3  cps,  /s,3  cis  -  7  cps)  to  the 
C-3  exo  and  endo  protons,  respectively.  The  absence 
of  further  splitting  (/  =  1  cps)"*  of  this  multiplet  is 
consistent  with  the  absence  of  a  l-anti  proton.  Fur- 
ther, chemical  evidence  for  the  structure  is  provided 
by  a  number  of  transformations.'^ 

1-  and  2-Metliyl-2-norbonianol8  and  l-Metliyl-3- 
norbomanob.  The  2-methyl-2-norbomanols  27  and  28 
and  the  l-methyl-2-norbornanols  29  and  30  are  well 
known,*'"'**  and  require  no  further  comment.     1- 


27 


28 


29 


/fy  /ibo»  /o 

OH  OH 


30 


31 


32 


Methyl-3-ex{>-norbornanol  (31)  is  formed  together  with 
l-methyl-2-ex{>-norbornanol  (29)  in  the  hydroboration 
of  l-methyl-2-bornornene.  The  epimer  l-methyl-3- 
^mft>-norborneol  (32)  is  obtained  in  a  mixture  with  31 
by  oxidation  of  31  and  hydride  reduction  of  the  de- 
rived ketone. 

Experimental  Section** 

Vapor  chromatographic  (vpc)  analyses  were  performed  with 
capfllary    columns    on    Barber-Colman    gas    chromatographs, 


(21)  Paper  III :  J.  A.  Berson  and  R.  G.  Bergman,  /.  Am,  Chem,  Soe.^ 
89,  2569  (1967). 

(22)  N.  J.  Toivonen,  E.  Siltanen,  and  K.  Ojala,  Ann,  Acad,  Set, 
Fennlcae,  Ser.  All.  No.  64  (19S5). 

(23)  Microanalyses   were    performed    by    Spang    Microanalytical 
Laboratories,  Ann  Arbor,  Mich. 
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Models  61-C  and  5000,  using  argon  carrier  gas  and  radium  or  tritium 
ionization  detectors.  Column  stationary  phases  were  TCEP  (tri- 
0-cyanoethoxypropane,  250  ft)  (column  L)  and  two  polypropylene 
glycol  columns  (Ucon  50-HB-2000, 100  and  250  ft)  (columns  M  and 
N).  Preparative  vpc  separations  were  accomplished  with  Wilkens 
(now  Varian)  Aerograph  Models  A-90-P  and  A-700  Autoprep 
instruments  equipped  with  thermal  conductivity  detectors  and  using 
helium  carrier  gas.  Tricyanoethoxypropane  (TCEP)  stationary 
phase  as  obtained  commercially  always  contained  impurities  which 
showed  infrared  absorption  at  2.7-3.1  and  5.9-6.3  /i*  Although 
good  packed  columns  could  be  prepared  with  this  material,  it  was 
unsuitable  for  capillary  woric,  since  columns  prq>ared  from  it  bled 
excessively  and  had  short  useful  lifetimes.  The  TCEP  was  purified 
by  percolation  (as  a  solution  in  pure  methylene  chloride)  through 
Woelm  alumina,  basic,  activity  grade  III.  The  material  so  pre- 
pared gave  relatively  durable  capillary  columns.  Table  I  lists  the 
packed  and  capillary  columns  used  in  this  work. 


Table  L    Vapor  Chromatographic  Columns 


Table  IL    Properties  of  Some  Adds  and  Esters 


Sub- 

Dimensions, 

strate, 

Chromosorb^ 

Column 

Substrate 

mm  X  m 

% 

Type 

Mesh 

Packed  columns 

A 

TCEP- 

9.5X6 

20 

P 

45-60 

B 

TCEP 

6.5X3 

25 

P 

60-80 

C 

T(  ;kp 

22.5X5 

25 

P 

60-80 

D 

Ucon* 

9.5X6 

30 

W 

60-80 

D-1 

Ucon 

6.5X4 

20 

P 

60-80 

E 

Carbowax* 

9.5X6 

20 

P 

60-80 

F 

Carbowax 

9.5X3.5 

30 

W 

60-80 

G 

Carbowax 

6.5X2 

20 

P 

45-60 

G-l 

Carbowax 

9.5X6 

25 

P 

60-80 

G.2 

Carbowax 

6.5X9 

20 

P 

60-80 

H 

DC-200' 

9.5X6 

25 

P 

60-80 

H-1 

SF-96' 

6.5X0.8 

20 

P 

60-80 

J 

FFAP* 

9.5X6 

30 

W 

60-80 

K 

FFAP 

6.5X2 

20 

W 

60-80 

Capillary  columns 

L 

TCEP 

0.25X80 

M 

Ucon 

0.25  X  30 

N 

Ucon 

0.25  X  80 

N-1 

Ucon 

0.25X90 

O 

DC-200 

0.25X50 

•  Tri-/3-cyanoethoxypropane.  *  Union  Carbide  polypropylene 
glycol.  *  Union  Carbide  polyethylene  glycol.  'Dow-Corning 
silicone  oU.  •  Wilkens  Aerograph  **free  fatty  add  phase.*'  ^Johns- 
Manville  diatomaceous  silica. 


Proton  magnetic  resonance  spectra  (nmr)  were  obtained  with  a 
Varian  Associates  A-60  instrument.  Samples  of  about  50  mg  were 
dissolved  in  250  ^1  of  carbon  tetrachloride  containing  tetramethyl- 
silane  as  internal  standard,  and  resonance  positions  are  reported 
in  parts  per  million  downfidd  from  tetramethylsilane  (fi  units). 
The  J  values  reported  are  approximate  multiplet  spadngs  which  in 
some  but  not  all  cases  are  the  same  as  true  coupling  constants. 

Infrared  spectra  of  neat  films  (unless  otherwise  indicated)  were 
taken  with  the  Perkin-Elmer  Model  137  or  Beckman  Model  IR-8 
instruments. 

A  number  of  carboxylic  acids  and  the  corresponding  methyl 
esters  were  prepared  for  use  as  reference  compounds  in  this  work. 
Some  of  the  adds  but  none  of  the  esters  had  been  previously  re- 
ported. Analytkal  data  for  the  esters  and  a  new  add  35  are  given 
in  Table  II.  The  table  also  lists  melting  points  for  the  previously 
known  acids,  which  were  prepared  by  literature  procedures.  The 
methyl  esters  were  prepared  by  the  action  of  ethereal  diazomethane 
on  the  acids  followed  by  bulb-to-bulb  distillation.  They  were 
homogeneous  by  capillary  vpc. 

3-eiu^Methyl-2-e/f<iS(><arboiiietboxy-5-iiorboniene  (35,  R  » 
CH|)  was  obtained  in  the  following  manner.  A  crude  addic  frac- 
tion was  derived  from  mother  liquors  from  the  preparation  of  3- 
exo-methyl-5-norbomene-2-em/9-carboxylic  acid  (33,  R  =  H)  by 
zinc  reduction  of  the  corresponding  iodolactone.*  This  material  was 
treated  with  diazomethane  to  give  a  mixture  of  33,  34,  and  35 
(R  a  CHi)  in  proportions  that  varied  with  the  purity  of  the  iodo- 
lactone  starting  material  and  the  amount  of  33  (R  »  H)  removed  in 


Me  ester,  R  « 
CHs,  FouDd,^  % 
C  H 


91-93 


95 


72.05       8.57 


(X>» 


59-61 


61-62        71.96       8.42 


34 


120.5-121' 


72.26       8.44 


00^ 


67.5-69 


68-69       71.36       9.64 


/^^<^O0Jl 


44-45 


40-41        71.59       9.77 


71.33        9,75 


•  References  6  and  2a  ^  Anal.  CalcdforQJliA:  Q  72.26; 
H,  8.49.  Calcd  for  QJiiA:  Q  71.39;  H,  9.59.  •  Identified 
by  retention  time;  not  isolated.  '  Anal.  Calod  for  CtHiA: 
C,  71.03;  H,  7.95.    Found:    Q  70.91;  H,  7.96. 

the  crystallisEation.  Preparative  vpc  on  column  H,  afforded  pure 
35  (R  »  CHi),  homogeneous  by  capillary  vpc  under  conditions 
where  33  and  34  where  cleanly  detectable.  The  retention  times  on 
both  capillary  columns  were  identical  with  those  of  the  minor 
component  of  the  96 :4  two-component  mixture  produced  by  epimer- 
ization  of  34  (R  «  CHi)  in  boiling  methanol-sodium  methoxide  for 
3  hr.  The  nmr  spectrum  showed  a  methyl  doublet  (7  »  7  cps) 
at  S  0.75,  a  methoxyl  singlet  at  3.55,  a  complex  series  of  multiplets 
between  1.3  and  2.9  (6-proton  intensity),  and  a  2-proton  signal  in 
the  olefinic  region  centered  near  6.15  as  a  pair  of  four-line  mul- 
tiplets separated  by  17  cps,  7=3  cps.  The  corresponding  add, 
35  (R  »  H),  was  obtained  in  small  yield  by  saponifying  the  ester 
with  aqueous  methanolic  sodium  hydroxide  and  recrystallizing 
the  resulting  product  from  acetonitrile.  The  corresponding  satu- 
rated ester,  37  (R  »  CHi),  was  isolated  by  preparative  vpc  on  column 
H. 

The  exfhcis  unsaturated  ester  36  (R  »  CH|)  was  obtained  only 
in  admixture  with  the  trans  form  33  by  epimerization  cX  the  latter. 

The  TCEP  capillary  colunm  separated  the  four  unsaturated 
esters  in  the  following  order  of  elution:  34, 33, 35, 36. 

3-exo-Metfayi-2-e/tt/<t>4ioetyliiorboniane  (11).  Pure,  racemic  3- 
eJto-methyl-2-endlt>-norbomanecarboxylic  add  (12),  27.0  g  (0.24 
mole),  was  treated  with  35  ml  of  freshly  distiUed  thionyl  chloride 
for  10  hr  at  room  temperature.  The  excess  reagent  was  distiUed 
off  and  the  acid  chloride  distilled  at  86-87''  (20  mm)  to  yidd  39.6  g 
of  product  (96%). 

Dimethylcadmium  reagent  was  prq>ared  by  adding  60  g  (0.63 
mole)  of  dry  methyl  bromide  to  13.5  g  (0.55  g-atom)  of  magnesium 
turnings  in  400  ml  of  ether,  letting  the  Grignard  reagent  stand  3  hr, 
and  then  adding  with  cooling  58  g  (0.32  mole)  of  anhydrous  cad- 
mium chloride  and  allowing  the  mixture  to  stir  for  2  hr  at  room 
temperature. 
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Jmtnmlixff^ 


ISoekty  /  89:11  /  May  24. 1967 


2567 


cadmium  reagent  was  cooled  to  —5°,  and  the  acid  chloride 
ml  of  ether  was  slowly  added  dropwise  with  efficient  stirring 
intain  a  temperature  below  +5°.  After  2  hr  at  room  tenu- 
re, the  mixture  was  poured  onto  dilute  hydrochloric  acid  and 
rhe  separated  ether  layer  was  washed  successively  with 
saturated  sodium  bicarbonate  solution,  and  saturated  brine, 
over  sodium  sulfate,  and  carefully  concentrated  through  a 
fractionation  column.  The  residue  distilled  at  92.0-92.5'* 
n)  to  give  27.9  g  (80%)  of  clear,  colorless  liquid.  The  prod- 
s  homogeneous  on  both  capillary  columns. 
l.  Oiled  for  CioHiiO:  C,  78.90;  H,  10.59.  Found: 
)1 ;  H,  10.60. 

aemicarlMzoiie  was  recrystallized  from  95%  ethanol;  it  had 
y-178^ 

L    Oiled  for  CiiHi»N,0:    C,  63.13;    H,  9.15.    Found: 
«;  H,9.11. 

2v4-dinitrophenyUiydraiQiie  was  recrystallized  from  aqueous 
i<^  to  give  orange-yellow  plates,  mp  114-1 15  ^ 
r.    Odcd  for  CiiHsoN404:    C,  57.82;   H,  6.07;   N,  16.86. 
:    C.  57.95;  H.  6.09;  N,  16.87. 

c^-Mctkyl-Z^em/o^icetinyiiorbonuuie  (lb).  Method  A.  A 
form  solution  of  peroxybenzoic  acid  was  prepared  in  the 
Tianner,'^  with  the  exception  that  the  suggestion  of  Vilkas** 
ilized.  This  modification  involved  addition  of  the  basic  solu- 
the  peracid  to  the  aqueous  acid  prior  to  the  chloroform  extrao- 
In  this  manner,  there  was  always  excess  acid  present,  and  the 
decomposition  of  the  half-neutralized  solution  was  avoided, 
etric  assay  indicated  yields  greater  than  95  %  were  typical. 
i.46  g  (29.3  mmoles)  of  pure  ketone  11  was  added  6.1  g  (50% 
I  of  peroxybenzoic  acid  in  130  ml  of  chloroform.  The 
n  was  stoppered  and  stored  in  darkness  at  room  temperature 
days.  Assay  of  an  aliquot  indk:ated  that  10  %  of  the  original 
1  activity  remained.  Enough  10%  sodium  bisulfite  solution 
Jded  to  give  a  negative  starch-iodide  test.  The  organic 
vas  washed  with  50  ml  of  1  A^  sodium  hydroxide  solution, 
ivith  50  ml  of  saturated  sodium  bicarbonate  solution,  and 
Arith  saturated  brine;  it  was  dried  twice  over  sodium  sulfate. 
Avent  was  fractionated  off,  and  the  pale  yellow  residue  was 
d  at  75.0-75.5°  (7  mm).  Another  fraction  distilled  over  at 
'  (1  mm).  Both  were  clear  and  colorless.  The  first  fraction 
7  g  (74%)  of  a  mixture  analyzing  on  the  Ucon  capilhuy 
1  as  94%  of  the  desired  acetate  (lb)  and  6%  of  the  starting 
11.  The  second  component,  1.0  g,  contained  only  3% 
desired  acetate,  the  remainder  being  condensation  products, 
e  of  the  fraction  contaminated  with  6%  of  the  ketone  was 
d  on  column  C  and  distilled  bulb  to  bulb  at  reduced  pressure 
d  pure  lb  homogeneous  on  the  Ucon  capillary.  The  nmr 
un  showed  CX>CH|,  S  1.96,  singlet;  CHCHi,  6  1.03,  doublet, 
cps;  Ol-exa-H,  6  4.31,  doublet  of  doublets,  7^3  cps, 
ide  at  half-height. 

I    QUcd  for  CioHiA:    C,  71.39;   H,  9.58.    Found:    C, 
H9  9.59. 

methyl  ester  12  (R  »  (X:Hi)  that  would  have  resulted  from 
migration  instead  of  the  observed  ring  migration  was  cleanly 
ted  on  columns  L  and  N  and  was  shown  to  be  completely 
from  the  reaction  mixture.  Likewise,  the  presence  of  the 
ic  eis-exo  acetate  10  could  have  been  detected,  but  was  not 

bod  B.  Metbyl  ketone  12,  38.0  g  (0.25  mole),  with  less  than 
imeric  contamination  was  dissolved  in  780  nil  of  methylene 
le  and  147  g  (1.04  mole)  of  sodium  monohydrogen  phosphate 
dded.  Peroxytrifluoroacetic  acid  prepared**  from  10.9 
I  mole)  of  90%  hydrogen  peroxide,  99  ml  (0.46  mole)  of 
-oacetic  anhydride,  and  130  ml  of  methylene  chloride  was 
added  to  the  ketone  mixture  with  stirring  at  a  rate  sufficient 
titain  a  modest  reflux  rate.  There  was  considerable  evolution 
s,  and  the  odor  of  ozone  was  prominent.  Stirringand  reflux 
Mdntained  for  6  hr  after  the  stiff  foam  and  gas  evolution  sub- 
1  total  of  24  hr.  The  mixture  was  then  cooled,  and  450  ml  of 
vas  added  to  completely  dissolve  the  buffer  salts, 
orvunc  layer  was  drawn  off  and  the  aqueous  phase  was 
1  twice  with  more  solvoit  The  combined  organic  layen 
Nfice  washed  with  saturated  brine  and  dried  over  two  succes- 
xtions  of  sodium  sulfate.    The  solution  was  carefully  con- 


O.  Braun,  ''Organic  Syntheses,"  CoU.  Vol  1, 2nd  ed,  John  Wiley 

a*.  Inc.,  New  York,  N.  Y.,  1941,  p  431. 

M.  Vilkas,  BuU.  Soe.  Chim.  France,  1401  (1959). 

M.  F.  Hswtbome,  W.  D.  Emmons,  and  K.  S.  McCallum,  /.  Am, 

Ste.,  M,  6393  (19S8). 


centrated  and  the  residue  distilled  through  a  3(X)  X  7  mm  tantalum 
wire  spiral  column  at  16  mm.  The  main  fraction  distilled  at  95-97  ® 
and  amounted  to  34.8  g  (82.8%).  The  second  fraction,  10.4  g, 
boiled  over  a  considerable  temperature  range.  This  material  was 
not  investigated  further;  it  contained  less  than  5%  of  the  desired 
product  as  determined  by  capillary  vpc.  The  major  fraction  con- 
sisted mainly  of  the  acetate  lb  contaminated  with  several  impurities ; 
1.5%  starting  ketone,  ca,  0.5%  of  material  presumed  to  be  tri- 
fluoroacetate  (infrared  absorption  5.57  /i)>  and  smaller  amounts 
of  three  other  acetates.  This  material  was  not  further  purified 
but  directly  converted  to  the  alcohol. 

When  a  large-scale  run  of  the  oxidation  of  ketone  11  was  carried 
out  by  method  B  in  the  optically  active  series,*'  the  distilled  acetate 
product  contained  10%  of  a  compound  which  was  isolated  by 
preparative  vpc  on  column  D.  It  emerged  shortly  after  acetate  lb 
and  was  rqjassed  to  achieve  purification  to  capillary  vpc  homo- 
geneity. The  new  material  was  assigned  the  structure  3-exa- 
metfayl-2-exo-iiorboniyl  acetate  (10)  on  the  grounds  given  in  the  Dis^ 
cussion. 

3-ejto-Methyl-2-e/tdSt>-iiorbonianol  (la).  Acetate  lb,  prepared  by 
method  A  (after  chromatographic  purification),  gave  pure  akohol 
la  in  high  yields  on  reduction  with  lithium  aluminum  hydride. 
No  contamination  was  noted  on  either  capillary  column.  Pure 
alcohol  la  from  the  acetate  could  be  obtained  more  quickly  by 
reduction  of  the  product  mixture  and  separation  of  the  alcohd 
mixture,  utilizing  the  greater  separation  of  the  akohols  for  larger 
iqjections  on  columns  C  or  A.  Akohol  obtained  similarly  from 
acetate  of  method  B  contained  about  2%  of  several  impurities  on 
column  N  and  was  most  easily  purified  in  the  racemic  series  by 
conversion  to  the  acid  phthalate,  mp  126.5-128.0°  (lit.*  mp  131- 
132°). 

The  /Mohieiiesiilfoiiate  of  alcohol  la,  recrystallized  from  absolute 
methanol,  yielded  white  needles,  mp  43-44°. 

Anal.  Oiled  for  CuHioOiS:  C,  64.27;  H,  7.19.  Found: 
C,  64.15;  H,7.17. 

The  p4iroiiiobenzene8iilfoiiate,  recrystallized  from  absolute  meth- 
anol or  hexane,  melted  at  101-102°. 

Anal.  Olcd  for  Ci«Hi70>BrS:  C,  48.70;  H,  4.96;  Br,  23.14. 
Found:    C,  48.71;  H,4.95;  Br,  23.25. 

The  /MdtrobauDeiiesiilfoiiate,  prqNued  from  alcohol  la  of  low 
optical  activity,  gave  light  yellow  crystals  on  recrystallization  from 
absolute  ethanol,  mp  104-106°. 

Anal.  Cakd  for  CmHitO^NS:  C,  54.01;  H,  5.50;  N,  4.50. 
Found:    C.  54.03;  H,  5.66;  N,  4.52. 

3^0iMb>-Metfayl-2-ex<>-acelyfaiorborBane  O).  Pure,  racemic  add 
6a  was  converted  to  its  add  chloride  and  the  add  chloride  to  the 
ketone  7  rui  the  dimethyk:admium  reagent  as  in  the  endo  series. 
The  distilled  acid  chloride,  bp  95-96°  (17  mm),  was  prepared  in 
97%  yield  from  thionyl  chloride.  The  ketone  7  isolated  in  75% 
yidd  from  the  acid  chloride  contained  several  small  impurities 
as  detected  on  capillary  colunui  L.  The  higher  boiling  residue, 
amounting  to  about  20%  of  the  expected  yield,  distilled  readily 
at  120°  (3  mm)  to  give  a  mixture  of  material  which,  to  judge  by  its 
infrared  spectrum,  contained  aldol  condensation  products  (ketol 
and  a,/3-unsaturated  ketone). 

The  aendcarbazoiie  was  recrystallized  from  95%  ethanol,  mp 
184-185°  dec. 

Anal.  Cakd  for  QiHiiONr.  C,  63.13;  H,  9.15.  Found: 
C,  63.27;  H,9.24. 

Ketone  7  was  obtained  homogeneous  on  capillary  vpc  (columns 
L  and  N)  from  the  semicarbazone  by  hydrolysis  in  warm  20% 
aqueous  sulfuric  acid,  immediate  steam  distillation,  pentane  ex- 
traction, drying  over  cakium  sulfate,  and  concentration.  Distilla- 
tion through  a  short  Vigreux  column  yielded  solvoit-free  material, 
bp  94.5-95.0°  (22  mm).  This  material  was  identkal  in  every 
respect  with  a  small  sample  of  material  purified  by  preparative 
vpc  on  colunui  A. 

Anal.  Odcd  for  QoHnO:  C,  78.90;  H,  10.59.  Found: 
C,  78.88;  H,  10.57. 

The  2,4-dftBitrophenyUiydrazoiie,  mp  1 19.5-120.0°  from  methanol, 
had  mp  103-106°  when  admixed  with  that  of  ketone  11. 

Anal.  Calcd  for  CioHtoN404:  C,  57.82;  H,  6.07;  N,  16.86. 
Found:    C,  57.88;  H,  6.05;  N.  16.95. 

3-eiu^Methyl-2-exo-iiorborayl  Acetate  (8).  Pure,  racemic  ke- 
tone 7,  6.0  g  (39.4  mmoles),  was  oxidized  with  two  portions  of  ex- 
cess perbenzoic  acid  in  chloroform  over  5  days  at  room  temperature. 


(27)  Cf.  paper  VI:  J.  A.  Berson,  J.  H.  Mammons,  A.  W.  McRowe, 
R.  G.  Bergman,  A  Remanick,  and  D.  Houston,  <M.,  •9»  2590  (1967). 
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The  oxidation  also  was  achieved  with  m-chloroperbenzoic  acid  in 
methylene  chloride.  The  material  was  woriced  up  as  in  the  endo 
series  (method  A).  The  crude  residue  contained  no  starting  ketone. 
The  acetate  was  distilled  at  76-77''  (7  mm)  to  give  a  colorless  liquid, 
homogeneous  by  capillary  vpc  (column  L),  in  79%  yield.  In- 
frared spectrum  and  vpc  retention  times  were  identical  with  the 
material  obtained  by  hydroboration  of  2-methyl-2-norbomene, 
oxidation,  and  acetylation.  The  latter  is  the  more  convenient 
method  for  obtaining  either  racemic  or  optically  active  acetate  8. 
The  nmr  spectrum  showed  bands  for  COCHi,  h  1.93,  singlet; 
CHCHi,  h  1.04,  doublet,/  -  7  cps;  Crlrendo-H,  h  3.96,  doublet  of 
doublets,  J  r^  2.5, 2.5  cps. 

Anal.  Cakd  for  QoHiA:  C,  71.39;  H,  9.59.  Found:  C, 
71.17;  H,9.44. 

FhMi  Hydroboratioii  of  2-Metfayl-2-iioriMniene  9\  A  three- 
nedced  round-bottomed  flask  equipped  with  a  magnetic  stirring 
apparatus  was  charged  with  22.5  g  of  2-methyl-2-norbomene," 
3.70  g  of  sodium  borohydride,  and  150  ml  of  tetrahydrofuran 
(THF),  distilled  from  LiAlHi  before  use.  A  solution  of  16.7  ml 
of  boron  trifluoride  etherate  (freshly  distilled)  dissolved  in  50  ml 
of  THF  was  then  added  dropwise  to  the  flask,  with  rapid  stirring. 
A  white  precipitate  formed  during  the  addition.  After  the  result- 
ing mixture  had  been  stirred  overnight,  it  was  cooled  to  —5®  in  an 
ice-salt  bath,  and  5  ml  of  water  was  slowly  added,  followed  by 
50  ml  of  a  10%  aqueous  solution  of  sodium  hydroxide.  The 
flask  was  then  allowed  to  warm  to  room  temperature  while  55  ml 
of  a  30%  aqueous  solution  of  hydrogen  peroxide  was  added  drop- 
wise  with  stirring. 

After  the  resulting  two-phase  mixture  had  been  stirred  for  3 
hr,  the  phases  were  separated,  and  the  aqueous  layer  extracted 
twice  with  pentane.  The  combined  organic  phases  were  washed 
three  times  with  a  10%  aqueous  solution  of  sodium  hydroxide  and 
once  with  a  solution  of  saturated  NaO,  and  dried  overnight  over 
solid  sodium  sulfate.  The  liquid  was  then  decanted  and  the  pen- 
tane carefully  removed  by  distillation  through  a  Vigreux  column 
on  a  steam  bath,  leaving  25.1  g  (96%)  of  akohol  as  a  slightly  green- 
ish oil  which  slowly  solidified  into  a  gummy  mass.  The  akohol 
was  converted  to  3-endS9-methyl-2-«jro-norbomyl  acetate  in  the 
usual  way  and  the  acetate  distilled  bulb  to  bulb  to  give  a  water- 
white,  sweet-smelling  oil  which  had  an  infrared  spectrum  and  vpc 
retention  time  identical  with  those  of  the  acetate  obtained  as  above 
from  3-endS9-methyl-2-exo-acetylnorbomane.  The  acetate  ob- 
tained from  the  hydroboration  route  was  contaminated  with  about 
6%  of  presumably  isomeric  materials.  It  could  be  purified  by 
automatic  chromatography  (Wilkens  A-700  **Autoprep**  instru- 
ment) on  column  E;  by  this  procedure  it  was  obtained  99.0% 
pure  after  one  pass,  as  determined  by  analysis  on  capillary  columns 
LandN-1. 

3-e/tt/o-Metfayl-2-ejcaHMirboniaiiol  (5).  The  purified  y^mkh 
methyl-2-«jro-norbomyl  acetate  (8)  described  above  was  reduced  to 
the  corresponding  akohol  (5)  with  lithium  aluminum  hydride  in  the 
standard  way.  The  akohol  was  again  obtained  as  a  semisolid  whkh 
was  sublimed  at  120°  (15  mm)  to  give  fine,  white  crystals,  mp 
95.5-97.0^ 

Anal.  Ca]cd  for  QHuO:  C,  76.14;  H,  11.18.  Found:  C, 
76.14;  H,  11.25. 

3-€ifdS9-Metfayl-2-ejco4iorboniyl  add  phthalate  was  obtained  after 
two  recrystallizations  from  heptane  as  a  white  powder,  mp  89.5- 
90.0°. 

Anal.  Cakd  for  C10H11O4:  C,  70.06;  H,  6.61.  Found:  C, 
70.20;  H,6.57. 

3-e/f^Methyl-2-exo4iorboniyl  /Mohmesulfoiiate  was  formed 
when  0.79  g  of  the  akohol  in  3  ml  of  pyridine  was  stirred  at  0°  and 
treated  portionwise  with  1.20  g  of  solid  p-toluenesufonyl  chloride 
(freshly  recrystallized  from  carbon  tetrachloride).  After  4  days 
at  5°,  the  mixture  was  poured  onto  cracked  ice  and  extracted  with 
ether.  The  ether  solution,  after  thorough  washing  with  water  and 
brine,  was  dried  over  sodium  sulfate,  decanted,  and  evaporated. 
The  residue  was  dried  in  vacuo  (0.1  mm  for  3  hr)  to  give  1.50  g 
(84%)  of  a  solid  whkh,  after  four  recrystalli2Eations  from  heptane, 
had  mp  58.8-59.8°. 

Anal.  Oikd  for  CiiHi.OiS:  C,  64.26;  H,  7.19;  S,  11.44. 
Found:    C,  63.98;  H,  7.06;  S,  11.31. 

The  corresponding  p4ifomobc««iwsulfonatc  was  obtained  by  a 
procedure  which  differed  only  in  that  the  reaction  mixture  was 
stored  in  the  cold  for  only  36  hr.  The  compound  was  obtained  as 
white  crystals,  mp  71-72°,  from  heptane;  it  was  nKxlerately  stable 
at  —5°  but  decomposed  to  a  black,  intractable  semisolid  on  stand- 
ing overnight  at  room  temperature. 


Anal.  Cakd  for  Ci4Hi40iSBr:  C,  48.68;  H,  4.96;  S,  9.29; 
Br,  23.15.    Found:    C,  48.56;  H,  4.96;  S,  9.34;  Br,  23.21. 

5-  and  6^iidl9-Metfayl-2-ejco-iiorlNiniyl  Acetates  (Aoetetef  of  19 
and  20).  Pure,  racemic  5-norbomene-2-e/f<iltxarboxylic  add  was 
converted  to  5-cptt^methyl-2-norbomene  (14)  via  the  methand 
and  its  p-bromobenzenesulfonate  according  to  the  method  pre- 
viously reported.  "^  To  a  slurry  of  35  ml  of  purified  tetrahydrofuran 
(distilled  from  lithium  aluminum  hydride  after  reflux  over  potassium 
hydroxide),  4.68  g  (43.3  mmoles)  of  the  pure  hydrocarbon,  and 
0.85  g  (22.4  mmoles)  of  sodium  borohydride  was  slowly  added  3.7 
ml  of  boron  trifluoride  etherate  in  10  ml  of  solvent  with  vigorous 
stirring.  The  hydroboration  mixture  was  allowed  to  stir  for  18  hr. 
With  cautious  dropwise  addition  of  10  ml  of  10  %  sodium  hydroxide 
solution  and  10  ml  of  30%  hydrogen  peroxide  solution,  the  very 
exothermk  oxidation  was  achieved  within  a  1-hr  period.  The 
addition  of  water  and  extraction  with  ether  four  times,  back  washing 
the  combined  organic  layen  three  times  with  saturated  brine,  drying 
over  sodium  sulfate,  and  careful  concentration  yielded  the  crude 
alcohol  mixture  whkh  was  inseparable  on  capilhuy  colunms  L  or  N. 
Acetylation  gave  a  mixture  of  acetates,  whkh  showed  on  capillary 
vpc  on  column  L  two  main  peaks  contaminated  by  less  than  2% 
unidentified  olefins  and  1  %  isomeric  acetates.  The  acetates  of  20 
and  19  were  present  in  the  ratio  of  56.3:43.7  (average  over  two 
separate  hydroborations  and  work-ups,  standard  deviation  » 
dzQ.3%  absolute)  in  order  of  increasing  retention  time  on  column 
L. 

The  two  major  acetate  components  could  be  preparatively 
separated  with  relative  ease  on  columns  A  or  E. 

6-€fidb-Methyl*2-€xoHBorlMNriiyl  acetate*  the  first  main  fraction 
of  the  preceding  hydroboration  mixture,  was  repassed  once  again 
on  colunm  E  to  give  coloriess  liquid  acetate,  pure  by  capillary  vpc 
This  compound  was  not  present  in  the  products  resulting  from  the 
acetolysis  of  arenesulfonates  of  3-€jro-methyl-2-erufo-norbomanol 
(la)  or  5-€iidS9-methyl-2-«jro-norbomanol  (19). 

Anal.  Cakd  for  QoHiA:  C,  71.39;  H,  9.59.  Found: 
C,  71.24;  H,  9.69. 

6^wto-Metfayl-2-ejca4iorboniaiioi  (20)  was  obtained  from  its 
acetate  by  reduction  with  lithium  aluminum  hydride  in  the  usual 
manner.  Bulb-to-bulb  distillation  at  reduced  pressure  produced  a 
low  melting  solid,  not  completely  liquified  at  room  temperature. 

Anal.  Calcd  for  QHhO:  C,  76.14;  H,  11.18.  Found: 
C,  75.92;  H,  11.06. 

The  /Hnitrobenaoate,  after  two  recrystallizations  from  absolute 
methanol,  mdted  at  108.5-109.0°. 

Anal.  Cakd  for  CiiHi7N04:  C,  65.44;  H,  6.22.  Found: 
C,  65.29;  H,6.34. 

The  /MohNnesalfoiiate  20-OTi  was  isolated  as  an  oil  which  be- 
gan to  crystallize  after  2  months  standing  at  —20°.  Recrystal- 
lization  from  pentane-ethyl  acetate  at  about  —50°  gave  white 
plates,  mp  37.5-38.5°,  whkh  were  not  stable  for  more  than  1  day 
at  room  temperature. 

The  p4ifomobe««iiesulfoiiate  20-OBs  was  isolated  as  white 
needles  while  wet  with  pyridine.  Recrystallization  from  pentane 
or  vacuum  suction  to  remove  the  pyridine  resulted  in  the  sponta- 
neous decomposition  of  the  p-bromobenzenesulfonate  within  5  min 
atO^ 

6^iidSt>-Metfayl-2-iiorbonuuioiie.  A  small  amount  of  the  alcohol 
20  was  oxidized  with  Jones  reagent  in  acetone  to  yidd  the  ketone 
contaminated  with  about  5-8  %  akohol.  The  ketone  was  purified 
by  preparative  vpc  on  column  G  to  yield  a  low  mdting,  waxy  solid. 

Anal.  Cakd  for  QHiiO:  C,  77.38;  H,  9.74.  Found:  C, 
77.51;  H,9.84. 

The  2^4-dinitrophenyUiydrazoiie  was  obtained  as  orange  crystals, 
mp  129.4-130.0°. 

Anal.  Cakd  for  C14HUN4O4:  C,  55.26;  H,  5.30;  N,  18.41. 
Found:    C,  55.12;  H,  5.37;  N,  18.35. 

5-em&>-Methyl-2-exo-iiorboniyl  acetate,  the  component  of  longer 
retention  time  from  the  hydroboration  of  5-cptt^methylnorbomene, 
was  rqjassed  once  again  on  column  E  to  give  a  liquid  acetate  pure 
by  capillary  vpc.  This  material  had  a  retention  time  (column  L) 
identical  with  that  of  one  of  the  products  of  the  acetolysis  of  3-ejca- 
methyl-2-tfiuio-norbomyl  p-bromobenzenesulfonate. 

Anal.  Cakd  for  QoHi^:  C,  71.39;  H,  9.59.  Found: 
C,  71.36;  H,9.50. 

5-eiidlt>>Methyl-2-exa-iiortK)manol  (19)  was  obtained  from  the 
acetate  by  reduction  with  lithium  aluminum  hydride.  After  bulb- 
to-bulb  distillation  it  was  a  viscous  mass. 

Anal.  Cakd  for  C1H14O:  C,  76.14;  H,  11.18.  Found: 
Q  76.29;  H,  11.12. 
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ite  had  mp  56.5-57.0°  (from  absolute  methanol), 
i/.  Cakd  for  CiiHnN04:  C,  65.44;  H,  6.22.  Found: 
22;  H,6.17. 

;  ^-loliMBesiilfoiiate  of  this  alcohol  remained  a  liquid  in  our 
^  The  p-bromobenzenesulfonate,  19-OBs,  decomposed  in  a 
r  manner  to  that  of  20. 

idb^Metlqrl-2-iiorboraaiione.  A  small  sample  of  alcohol  19 
onverted  to  the  ketone  with  Jones  reagent  in  acetone  and  the 
ct  purified  on  column  G  to  yield  a  clear  liquid  which  crystal- 
ust  below  room  temperature. 

i/.  QUcd  for  QHiiO:  C,  77.38;  H,  9.74.  Found:  C, 
;  H,9.92. 

t  2,4-dinitroplicnyUiydraiQiie  of  the  ketone  was  obtained  as 
e  platelets,  mp  151.0-151.5°  (absolute  methanol). 
r/.    QUcd  for  Ci«Hi«N404:    C,  55.26;   H,  5.30;   N,  18.41. 
1:    C.  55.22;  H.  5.36;  N,  18.25. 

nd  6-€xo-Metfayl-2-exo4iorboniyl  acetates  (acetates  of  21  and 
ere  obtained  from  pure  5-norbomene-2-exo-carboxylic  acid 
5  same  procedure  used  for  the  5-  and  6-e/tt/a-methyl  com- 
is.  Analysis  with  capillary  column  L  showed  two  main 
to  be  present  in  a  ratio  of  1 :1  and  two  smaller  peaks,  each 
ensity  about  3%  of  the  total.  Presumably  the  latter  peaks 
ent  a  small  amount  of  ciuiio-hydroboration  product.  The 
merging  of  the  two  major  pttks,  the  6-exo-methyl-2-ejco 
r  (acetate  of  22),  was  completely  absent  from  the  acetolysis 
cts  of  19-OBs  or  the  arenesulfonates  of  la.  Its  retention 
/as  identical  with  that  of  one  of  the  two  products  from  ace- 
of  20^Bs,  the  second  product  being  the  acetate  of  20.^ 
other  nugor  peak  (acetate  of  21)  had  a  retention  time  iden- 


tical with  that  of  one  of  the  products  from  the  acetolysis  of  19- 
OBs  and  U.^ 

1-Methyk3^jta4iorboniaiiol  (31)  was  formed  by  alkaline  hydro- 
gen peroxide  oxidation  of  the  residues  from  partial  asymmetric 
hydroboration*^  of  l-methyl-2-norbomene,"  a  reaction  that  had 
been  carried  out  in  another  study.*  The  resulting  mixture  of  !• 
methyl-2-«jiMi-  and  l-niethyl-3-exo-norbornano]s(29  and  31)  was  sep- 
arated by  vpc  on  column  D  (31  emerged  second)  and  then  on  column 
F.    Akohol  31  was  obtained  as  a  waxy  solid. 

Anal.  Cakd  for  QHuO:  C,  76.14;  H,  11.18.  Found:  C, 
75.97;  H,  11.29. 

The  /HiitrobcaaNite  was  recrystallized  from  methanol  and  had 
mp  93-94°. 

Anal.  Cakd  for  QiHiTOiN:  C,  65.44;  H,  6.22;  N,  5.09. 
Found:    C, 65.35;  H,6.12;  N,5.06. 

The  acetate  was  a  liquid. 

Anal.  Cakd  for  doHiA:  C,  71.39;  H,  9.59.  Found: 
C,  71.53;  H,9.62. 

The  /Mohieiiesiilfoiiate  was  a  liquid  that  could  not  be  induced  to 
crystallize  at  —65°  in  pentane.  It  was  homogeneous  by  thin 
layer  chromatography. 

Jones  oxidation  of  31  followed  by  lithium  aluminum  hydride  re- 
duction of  the  resulting  ketone  gave  a  two-component  mixture  of 
31  and  a  much  larger  amount  of  another  akohol,  presumably 
l-methyl-3-endi9-norbomanol  (32),  which  emerged  just  before  31 
on  column  L. 


(28)  S.  Fanega,  unpublished  work. 
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Abstract:  The  relative  configurations  and  optical  rotations  of  an//-7-methyl-2-ejca-  and  -3-^/id!9-niethyl-2-ejca- 
Dorbomyl  acetates  are  established  by  two  independent  correlations.  Both  correlations  involve  3-nortricyclene 
derivatives  as  relay  compounds,  and  the  transformations  provide  absolute  configurations  and  rotations  of  these  sub- 
stances also. 


lough  a  network  of  absolute  and  relative  con- 
figurational correlations  among  1-  and  2-substi- 
bridged  bicycloheptane  and  bicyclooctane  deriva- 
has  been  constructed,'  only  a  few  correlations 
;en  2-  and  7-substituted  norbornanes  are  avail- 
In  studying  one  aspect  of  the  mechanism  of  car- 
im   ion  rearrangements  of  methyl-labeled  nor- 
^1  cations/  we  found  the  need  to  establish  such 
lations.    Since  the  methods  adopted  to  achieve 
nvolve  nortricyclenic  relay  compounds,  the  present 
ts  also  provide  the  first  determinations  of  abso- 
lonfiguration  of  nortricyclenes. 
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Acetolysis  of  the  /^bromobenzenesulfonate  (lb) 
of  optically  active  3-enJo-methyl-2-exo-norborneol  (la) 
gives  a  mixture  of  products^  from  which  are  isolated 
(— )-3-enrfo-methyl-2-exo-norbornyl  acetate  (Ic),  iden- 
tical in  sign  and  magnitude  of  rotation  with  Ic  obtained 
by  direct  acetylation  of  la,  and  (— )-7-a«ri-methyl-2- 
exo-norbomyl  acetate  (2b).  (The  rotatons  refer  to  the 
sodium  D  line.)  The  absolute  configuration  of  (— )-lc 
is  established  by  oxidation  and  methylation  to  (+)- 
camphenilone  (3).^  For  reasons  discussed  elsewhere,^ 
a  correlation  of  lb  and  2b  is  mechanistically  significant 
but  cannot  be  based  on  the  assumption  that  (— )-lc 
and  (— >2b  are  related  as  simple  Wagner-Meerwein 


la,  X  -  OH 
b,  X  -  OBs 
(->CX  -  OAc 


(+>3 
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isomers.  The  configuration  of  2b  must  accordingly  be 
established  by  independent  means.  In  the  following 
reaction  diagrams,  which  illustrate  two  such  correla- 
tions, the  indicated  configurations  are  absolute. 

Scheme  I.  The  general  objective  of  Scheme  I  is  the 
correlation  of  a/iri-7-methyl-2-exo-norbornyl  acetate 
(2b)*  with  exo-norbornanecarboxylic  ester  (11).  Oxi- 
dation of  alcohol  2a,  configurationally  related  to  (— )- 
acetate  2b,  gives  a  ketone  4,  which  is  converted  to  the  [h 
toluenesulfonylhydrazone.  Pyrolysis  of  the  dry  sodium 
salt  in  vacuo  smoothly  converts  it  to  (+)-3-methylnor- 
tricyclene  (€)}  The  same  hydrocarbon  is  obtained  by  a 
reduction-arenesulfonylation-reduction  sequence  from 
(+)-methyl  3-nortricyclenecarboxylate  (8),  the  corre- 
sponding active  acid  7  being  available  by  resolution  via 
the  cinchonidine  salt.  The  ester  (+)-8  serves  as  a  relay 
for  the  entire  series.  Catalytic  hydrogenation  (40  psi, 
acetic  acid  solvent,  platinum  oxide  catalyst)  breaks  the 
cyclopropane  ring  of  (+)-8  to  give  a  mixture  of  about 
equal  parts  of  methyl  7-norbornanecarboxylate  (10) 
and  (+)-methyl  2-exo-norbomanecarboxylate  (11). 
Very  little  of  the  epimeric  methyl  2-enJo-norbornane- 
carboxylate,  the  product  of  the  third  possible  mode  of 
ring  cleavage,  is  formed  under  these  conditions.  A 
small  amount  of  unreacted  tricyclic  ester  7  of  undimin- 
ished rotation  can  be  recovered;  this  gives  assurance 
that  partial  epimerization  (that  is,  racemization)  of  7 
does  not  accompany  hydrogenation.  From  the  known** 
configuration  of  (+)-ll,  the  configurations  of  the  sub- 
stances of  Scheme  I  follow. 

This  correlation,  although  straightforward  in  estab- 
lishing configurational  relationships,  leaves  something 
to  be  desired  when  quantitative  comparisons  of  optical 
purities  of  solvolysis  substrate  lb  and  product  2b  are 
to  be  made.  Thus,  Scheme  I  correlates  the  magnitudes 
of  rotation  of  2b  and  11,  without  reliance  on  an  out- 
side standard  of  optical  purity,  from  the  product  of  the 
three  rotation  ratios  2b:  6,  6:8,  and  8:11.  However, 
the  maximum  rotation  of  lb  is  correlated  with  that  of 
camphenilone  3,*  a  substance  not  included  in  Scheme  I. 

(5)  (a)  C/.  W.  R.  Bamford  and  T.  S.  Stevens,  /.  Chem.  Soc.,  4735 
(19S2);  (b)  L.  Friedman  and  H.  Shechter,  /.  Am,  Chem,  Soc„  Bl.  5512 
(1959);  (c)  J.  W.  PoweU  and  M.  C.  Whiting.  Tetrahedron,  7,  305  (1959); 
(d)  see,  especially,  G.  M.  Kaufman,  J.  A.  Smith,  G.  G.  Vander  Stouw, 
and  H.  Shechtcr,  J,  Am,  Chem,  Soc,,  87,  935  (1965). 
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A  comparison  of  maximum  rotations  of  11  and  3  is  not 
now  available  by  direct  correlation.  The  maximum 
rotation  of  11  rests  on  isotopic  dilution  analysis,* 
whereas  that  of  3  has  an  entirely  separate  basis.** 
Therefore,  since  there  is  no  common  relay,  the  11:3 
rotation  ratio  and  hence  the  crucial  2b  :1b  ratio  is  sub- 
ject to  a  pyramiding  of  the  errors  inherent  in  each  sepa- 
rate rotation.  This  is  probably  the  cause  of  the  some- 
what low  apparent  value  (92%  retention)  found  ^  when 
the  data  of  Scheme  I  are  used  to  calculate  the  stereo- 
chemical result  of  the  lb  -^  2b  reaction.  Further- 
more, the  exact  magnitude  of  the  absolute  rotation  of 
the  exo  ester  11  is  subject  to  some  question,  since  it 
was  originally  prepared^  from  a  sample  of  l-exo-S- 
norbomenecarboxylic  ester  which  was  subsequendy 
shown**  to  contain  a  small  amount  of  impurity.  It 
seems  desirable  therefore  to  provide  a  correlation  free 
of  these  disadvantages.  This  is  given  in  Scheme  II, 
where  the  rotations  of  lb  and  2b  are  related  through 
that  of  a  common  reference,  the  tricyclic  hydrocar- 
bon 6. 

Scheme  II.  A  sample  of  optically  active  la  (at  the 
same  level  of  optical  purity  as  the  sulfonate  lb  used  for 
the  solvolysis  from  which  (— )-2b  is  isolated)  is  oxidized 
to  the  ketone  12  with  Jones  reagent  (chromic  acid- 
acetone).  Although  the  oxidation  proceeds  in  good 
yield,  it  is  accompanied  by  epimerization,  the  product 
being  a  90:10  mixture  of  the  endo-  and  exo-methyl 
ketones,  12  and  14.  The  small  amount  of  14  is  removed 
by  vapor  chromatography  and  the  pure  endo  ketone  12 
is  transformed  into  the  p-toluenesulfonylhydrazone 
(13).  Hydrazone  formation  is  slow,  and  if  allowed  to 
proceed  too  long  in  an  effort  to  force  complete  con- 
version, is  accompanied  by  partial  epimerization. 
This  becomes  evident  when  the  corresponding  sodium 
salt  is  pyrolyzed  to  the  tricyclic  hydrocarbon  (+)-<• 
The  structural  change  converts  epimerism  to  enantiom- 
erism,  and  the  rotation  of  the  (+)-6  obtained  in  this 
way  (+14.7®)  is  significantly  lower  than  that  (+16.3®) 
obtained  from  (— )-2b  in  Scheme  I.  This  is  a  particu- 
larly awkward  result  because  it  is  not  obvious  which  of 
the  two  epimeric  hydrazones  the  hydrocarbon  product 
is  derived  from,  and  hence  the  correlation  of  (— )-lc 

(6)  J.  A.  Berson  and  D.  A.  Ben-Efraim.  ibid,.  81. 4083  (1959). 
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-)-6,  already  seen  to  be  unreliable  in  magnitude 
.tton,  actually  might  be  reversed  in  sign.  (In 
is  reversal  of  sign  would  be  not  inconceivable 

the  rotation  were  identical  in  magnitude.)  A 
don  of  the  epimeric  exo  ketone  14  to  tricyclic 
arbon  enantiomeric  with  that  obtained  from  the 
itone  12  is  therefore  needed  to  make  a  firm  cor- 
1.    Deliberate  epimerization  of  the  above  mix- 

opticaUy  active  ketones  enriches  the  14  content 
lit  40%.  Isolation  of  pure  14  by  vapor  chro- 
aphy»  conversion  to  the  p-toluenesulfonylhy- 
z  (under  milder  conditions  than  before),  and 
is  of  the  sodium  salt  give  (— )-6  with  an  optical 
3  (— 16.4^)  opposite  in  sign  but  essentially  equal 
^tude  to  that  obtained  from  (— )-2b.  This 
tes  any  possibility  of  a  sign  inversion  in  the  cor- 
I  of  (— )-lc  and  (+)-6.  Since  no  obvious  mecha- 
or  racemization  is  available  in  the  (— )-2b- 
onversion  of  Scheme  I,  the  production  of  (— )-6 
t  same  magnitude  of  rotation  as  (+)-6  from  the 
Itimate  source,  (— )-lc,  must  mean  that  the  (— )- 
-2b,  and  (— )-6  samples  all  have  the  same  optical 

The  data  show  that  2b  (in  95  %  ethanol)  has 
lies  the  specific  rotation  of  Ic  (in  absolute  eth- 
t  the  same  level  of  optical  purity. 
shows  that  acetolysis  of  lb  gives  2b  by  simple 
'-Meerwein  change  and  with  complete  retention 
ical  purity.  The  mechanistic  significance  of 
ervation  is  discussed  in  an  accompanying  paper.  ^ 

Bcatal  Section 

ttili  of  vapor  chromatographic  and  other  standard  tech- 
9e  paper  11.^ 

I L  CorrdatioB  of  7-affr^Metliyl-2-ejtoHMirboniyl  Acetate 
wHh  a^MctfiylMirtricyckiie  [(+)-4  Acetate  2b  (O.S8g)  of 
Ia]«»-*D  -3.19*  (95%  ethanol)*  was  reduced  to  the  cor- 
ag  alcohol  and  oxidized  with  Jones  reagent  to  l-anO- 
•norbomanone  (4).  The  procedure  used  was  identical  with 
loyed  in  the  oxidation  of  3-endi9-niethyl-2-ejca-norbomanol 
An  infrared  spectrum  of  the  ketone  obtained  in  this  way 
I  strong  C=0  band  at  5.72  /i  and  no  O-H  absorption, 
erial  was  chromatographed  on  column  B  at  120"*  and  ob- 


(-)-lb 


(+)-« 
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tained  99.5%  pure  by  capillary  vpc.  It  was  distilled  bulb  to  bulb 
and  used  without  further  characterization.  The  ketone  (0.156  g) 
was  dissolved  in  3  ml  of  absolute  ethanol  and  0.234  g  of  p-toluene- 
sulfonylhydrazine  was  added.  The  resulting  mixture  was  heated  at 
reflux  on  a  steam  bath  for  1.5  hr,  after  which  it  was  cooled  and  al- 
lowed to  stand  overnight  at  room  temperature.  Addition  of  water 
caused  precipitation  of  a  white  solid;  this  was  removed  by  extract- 
ing three  times  with  CHCU.  The  combined  chloroform  extracts 
were  washed  with  5%  HO  and  saturated  NaCl  and  dried  over 
magnesium  sulfate.  Filtration  and  evaporation  at  the  aspirator 
left  0.354  g  of  white  solid  (96%  yield),  presumed  to  be  l-anth 
methyl-2-norbomy  1  p-toluenesulfonylhydrazone.  An  infrared  spec- 
trum of  the  material,  showing  bands  at  3.1  (N-H),  6.01  (C=N), 
and  6.29  /i  (aromatic),  was  consistent  with  the  proposed  structure. 
The  lack  of  0=0  absorption  indicated  that  the  ketone  had  reacted 
completely.  An  nmr  spectrum  in  CDCli  showed  absorption  from 
j  7.2  to  8.0  (4  H)  assigned  to  the  aromatic  protons,  and  a  singlet 
at  j  2.4  (3  H)  due  to  the  aromatic  methyl  group.  A  doublet  as- 
signed to  the  7-methyl  group  (7  »  7  cps)  was  centered  at  h  0.9, 
superimposed  on  complex  absorption,  arising  from  the  nitrogen 
proton  and  the  remaining  protons  of  the  norbomyl  skeleton, 
running  from  h  0.9  to  2.3  (total  13  H). 

The  sodium  salt  of  the  p-toluenesulfonylhydrazone  was  prepared 
by  the  following  procedure.  (It  is  extremely  important  that  the 
sodium  salt  formation  be  carried  out  under  scrupulously  anhydrous 
conditions,  since  the  salt  is  quite  hygroscopic  and  the  presence  of 
water  prevents  the  formation  of  tricyclic  hydrocarbon  in  the  sub- 
sequent pyrolysis.)  The  entire  sample  of  p-toluenesulfonylhydra- 
zone  (0.354  g)  was  placed  in  a  25-ml,  round-bottomed  .flask,  which 
had  been  swept  with  dry  nitrogen.  A  1 5-ml  portion  of  tetrahydro- 
furan,  freshly  distilled  from  lithium  aluminum  hydride,  was  added 
qukkly  to  the  flask,  along  with  0.143  g  of  sodium  methoxide.  The 
resulting  mixture  was  stirred  overnight  at  room  temperature,  pro- 
tected by  a  blanket  of  dry  nitrogen.  Evaporation  of  the  solvent 
and  drying  in  vacuo  overnight  (0.2  mm)  left  a  white  solid  caked  to 
the  walls  of  the  flask.  The  vacuum  was  broken  with  dry  nitro^ 
and  the  salt  loosened  from  the  sides  of  the  flask  with  a  spatula  in  a 
dry  atmosphere. 

The  flask  was  then  attached,  via  a  Pyrex  tube,  to  a  receiver  cooled 
in  a  Dry  Ice-acetone  bath,  the  system  evacuated  to  a  pressure 
of  18  mm  (normal  vacuum  pump  pressures,  of  the  order  of  0.2  mm, 
prevent  eflSdent  trapping  of  the  volatile  hydrocarbon),  and  the 
flask  was  heated  with  an  air  gun.  At  the  reaction  temperature 
(estimated  to  be  about  110°),  the  salt  decomposed  completely  in 
about  10  sec,  evolving  gas  and  bubbling  off  hydrocarbon.  A 
sli^tly  tan  solid  was  left  in  the  flask,  and  about  0.080  g  of  volatile 
product  had  collected  in  the  trap.  A  vpc  analysis  of  this  material 
on  column  O  indicated  it  to  be  almost  completely  (ca.  97%)  3- 
methylnortricyclene  contaminated  with  a  small  amount  of  a  second 
material  No  diazo  compound  was  detectable^  (infrared  spectrum), 
but  vpc  analysis  on  colunrn  L  at  125"*  indicated  the  presence  of  a 
small  amount  (ca.  1  %)  of  7-a/tr^methyl-2-nQrbomanone  (4). 
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The  tricyclic  hydrocarbon  (+)-6  was  collected  vpc  pure  from 
chromatography  on  column  H-1  at  80°.  Its  specific  rotation  was 
found  to  be  [a]"'D  +16.3**  (95%  ethanol),  and  its  infrared  spec- 
trum was  identical  with  that  of  the  hydrocarbon  obtained  from 
nortricyclene-3-carbinyl  p-bromobenzenesulfonate  (9). 

Scheme  I.  Optical  Acti?ation  of  Nortricyclene-3-carboxylic 
Add  (7).  The  cinchonidine  salt  was  prepared  in  methanol,  95% 
ethanol,  and  acetone,  but  crystals  were  obtained  only  from  the 
latter  solvent.  A  solution  of  79.0  g  of  the  acid'  in  250  ml  of  ace- 
tone was  heated  to  boiling  on  a  steam  bath,  and  189  g  of  solid 
cinchonidine  was  added.  After  having  been  heated  at  reflux  for 
0.5  hr,  the  mixture  was  filtered,  concentrated  on  the  steam  bath, 
and  cooled  to  room  temperature.  The  solution  was  allowed  to 
stand  for  8  days  at  room  temperature,  and  the  crystals  were  collected 
on  a  Buchner  funnel.  Four  recrystallizations  from  boiling  acetone 
gave  a  total  of  1 10  g  (wet)  of  salt  in  the  head  crop.  A  50.0-g  portion 
of  this  material  was  reconverted  to  carboxylic  add  in  the  manner 
described  for  the  ephedrine  salt  of  y-endthmethyl'Trexo-norbomyl 
acid  phthalate,^  yielding  14.6  g  of  optically  active  material  as  a 
greenish  oil.  Reaction  with  diazomethane  in  ether  solution  and 
evaporation  of  the  solvent  gave  methyl  3HMNrtrkycienecarboxylate 
(8)  which  distilled  as  a  clear  oil  shown  to  be  98.5 %  pure  by  capillary 
vpc.  The  nmr  and  infrared  spectra  were  identical  with  those  of  the 
racemic  compound.  A  sample  was  chromatographed  on  colunui 
E  at  175""  to  give  material  of  greater  than  99.9%  purity  which  was 
redistilled  bulb  to  bulb.  This  material  had  [a]'«  ^d  +15.3'' 
(95  %  ethanol). 

Scheme  I.  (+)-Nortricydeiie-3<arbinyl  p-Bromobenzeneanl- 
fooate  [(+)-9].  This  derivative  (13.5  g)  was  prepared  from  6.4  g 
of  optically  active  methyl  3-nortricyclenecarboxylate  [(+)-8]  as 
described  by  Gajewski*  and  others*^  for  the  racemic  series.  Spec- 
tral properties  of  the  sulfonate,  as  well  as  of  its  carbinol  precursor, 
were  idoitical  with  those  of  the  racemic  compounds. 

The  carbinol  was  also  converted  to  (+)-nortricyclene-3-carbinyl 
acetate  (also  shown  to  be  identical  with  the  racemic  compound), 
which  was  distilled,  chromatographed  on  column  E  at  180°  to 
give  material  completely  pure  by  capillary  vpc  on  colunui  N-1, 
and  redistilled  bulb  to  bulb  to  give  material  of  [a]"*D  +17.9° 
(methanol). 

Scheme  I.  (+)-3-Metfaylnortricyckiie  [(+>^].  A  small  sample 
of  nortricyclene-3-carbinyl  /^bromobenzenesulfonate  [(+)-9],  pre- 
pared as  above,  was  dissolved  in  dry  ether  and  treated  with  0.15 
g  of  lithium  aluminum  hydride  in  a  dry  atmosphere.  The  solution 
bubbled  vigorously  for  about  15  min  and  was  heated  at  reflux 
overnight.  The  flask  was  cooled  and  the  mixture  worked  up  with 
sodium  sulfate  in  the  standard  way,  except  that  the  pentane  ex- 
tracts were  washed  thoroughly  with  20%  sodium  hydroxide  solution 
before  drying.  Careful  removal  of  the  pentane  through  a  Vigreux 
colunm  left  0.30  g  of  greenish  oil  which  was  chromatographed  on 
colunm  H-1  at  80°.  This  gave  capillary  vpc  pure  (column  O) 
material;  the  infrared  spectrum  showed  readings  at:  3.25,  3.4, 
3.45,  6.9,  7.3,  7.4,  7.7,  7.8,  8.0,  10.34,  and  11.1  /i  (CXH*).  An  nmr 
spectrum  showed  complex  absorption  from  d  1.3  to  3.3;  no  other 
signals  were  observed. 

Anal.  Cakd  for  CsHit:  C,  88.82;  H,  11.18.  Found:  C, 
88.79;  H,  11.23. 

A  rotation  was  taken  on  the  vpc  pure  material.  It  exhibited 
[a]"»D  +28.0°  (95%  ethanol). 

Sdieme  I.  Correlation  of  ( +)-Metfayl  3-Nortricycienecarboxylate 
(8)  with  (+)-Metfiyl  2-ejro-Norboniaiiecarboxylate  (11).  A  1.0-g 
portion  of  the  above  sample  of  (+)-8,  [a]D  +15.3°  (95%  ethanol), 
was  hydrogenated  over  1.5  g  of  platinum  oxide  in  50  ml  of  dry  acetic 
add  at  40  psi  until  uptake  ceased.  The  resulting  mixture  was 
passed  through  diatomaceous  earth,  diluted  with  water,  and  ex- 
tracted with  pentane.  The  combined  pentane  fractions  were 
washed  with  water  and  then  with  saturated  sodium  bicarbonate 
solution  until  the  washings  were  basic.  After  washing  with  satu- 
rated brine  and  drying  over  magnesium  sulfate,  the  pentane  was 
carefully  removed  through  a  Vigreux  column,  leaving  about  0.9  g 
of  clear  oil  which  contained  (by  capillary  vpc)  5  %  unreacted  methyl 
3-nortricyclenecarboxylate  (8),   47%   methyl   2-exa-norbomane- 


(8)  Racemic  material  was  prepared  according  to  J.  D.  Roberts,  E. 
R.  Trumbull,  Jr.,  W.  Bennett,  and  R.  Armstrong,  J,  Am,  Chem.  Soc., 
72,3116(1950). 

(9)  J.  J.  Gajewski,  Ph.D.  Dissertation,  University  of  Wisconsin, 
1966. 

(10)  (a)  R.  R.  Sauers  and  J.  A.  Bdsler,  Tetrahedron  Letters,  2181 
(1964);  (b)  K.  B.  Wiberg  and  G.  R.  Wenzinger,  J,  Org.  Chem.,  30, 
2278  (1965). 


carboxylate  (11),  and  48%  methyl  7-norbomanecarboxylate  (10). 
The  bicyclic  esters  were  separated  from  the  starting  material  on 
column  E  at  178°.  The  tricyclic  ester  8  obtained  was  99.0%  pure 
by  capillary  vpc,  and  its  rotation  was  unchanged  compared  with 
that  taken  before  the  hydrogenation,  proving  that  it  had  not  epi- 
merized  during  the  reaction.  The  active  ester  11  was  separated 
from  its  necessarily  inactive  isomer  10  by  chromatography  oo  col- 
umn B  at  120°.  In  this  way  11  could  be  obtained  99.0%  pure 
(contaminated  with  1.0%  of  the  7-substituted  isomer  10).  After 
redistillation  it  had  M^-^d  +11.5°  (95%  ethanol). 

The  relative  amounts  of  each  of  the  two  norbomanecarboxylic 
esters  produced  were  estimated  by  capillary  vpc  peak  areas  (col- 
umn N-1),  after  calibration  with  mixtures  of  authentic  samples  of 
known  composition.  A  mixture  containing  49.3%  of  methyl 
2-exa-norbomanecarboxylate  11  and  50.7%  of  its  7-sub8tituted 
isomer  10  had  a  specific  rotation  of  [a]***D  +5.58°.  Using  the 
value  of  +11.5°  (okie  infra)  for  the  specific  rotation  of  11  obtained 
on  the  99.0%  pure  isomer  as  described  above,  the  rotation  of  the 
7-carbomethoxynorbomane  could  be  cakulated  to  be  0°  within  ex- 
perimental error. 

Scheme  11.  The  3-Mefliyi-2-norfaonianomiii.  Optically  active  3- 
endS9-methyl-2-exa-norbomyl  acetate  (Ic)  of  specific  rotation 
[a]****D  —1.85°  (absolute  ethanol)^  was  reconverted  to  the  cor- 
responding alccrfiol  la  with  lithium  aluminum  hydride.  The 
akohol  obtained  in  this  way  (about  3.1  g),  dissolved  in  50  ml  of 
acetone,  was  cooled  to  0°  in  an  ice  bath,  and  8  ml  of  Jones  reagent" 
was  added  slowly  with  rapid  stirring  of  the  cold  solution.  The 
mixture  was  stirred  for  2  min  after  the  addition,  poured  onto  cracked 
ice,  salted  heavily,  and  extracted  four  times  with  pentane.  After 
combination,  the  organic  extracts  were  washed  with  water  and  satu- 
rated sodium  chloride  and  dried  over  sodium  sulfate.  Decantation 
of  the  liquid  and  careful  removal  of  the  pentane  left  Z2  g  (69% 
yield)  of  material  which  had  a  decidedly  camphoraceous  odor. 
The  product  was  idoitified  as  a  mixture  of  90%  3-€iidb-methyl-2- 
norbomanone  (12)  and  10%  of  its  3-ejiMi-methyl  epimer  14,"  along 
with  minor  amounts  of  other  unidentified  products. 

Schone  n.  Epimerizatkm  of  3-Mefliyi-2-iioriMnmiiQiiei.  A 
0.70-g  sample  of  the  above  ketone  mixture  was  dissolved  in  20  ml 
of  dry  methanol.  Sodium  was  cut  freshly  under  heptane  and  0. 1 15 
g  added  to  the  solution;  the  resulting  mixture  was  heated  at  reflux 
for  2.5  hr  in  a  nitrogen  atmosphere  (it  was  found  by  trials  with 
racemic  samples  of  this  mixture  that  longer  reflux  times  produced 
only  disappearance  of  product  due  to  condensation,  and  no  further 
equilibration  of  the  monomeric  ketones).  The  reaction  mixture  was 
quenched  with  water,  salted  heavily,  and  extracted  four  times  with 
pentane.  After  the  combined  pentane  fractions  had  been  washed 
with  water  and  brine,  they  were  dried  over  magnesium  sulfate  and 
concentrated  under  a  Vigreux  column  on  the  steam  bath.  Vpc 
analysis  of  the  residue  indk:ated  the  presence  of  about  40%  y^xo- 
methyl-2-norbomanone  (14)  and  60  %  of  its  3-€iidS9-niethy  1  epimer  12. 
These  were  separated  on  colunm  B  at  130°;  each  was  obtained 
pure  by  capillary  vpc. 

Sdieme  n.  Optical  Correlation  of  3-eiu^Methyl-2^xoHMrbor- 
■yl  Acetate  [(-)-lc]  with  3-Metfiyhiortricyclaie  [(+)-6].  A  sample 
of  acetate  (-)-lc  of  rotation  [a]*«*D  -1.85°  (absolute  ethand) 
was  converted  to  the  ketones  12  and  14  as  described  directly  above. 
The  p-toluenesulfonylhydrazone  of  3-€7tdlt>-methyl-2-norbomanone 
(12)  was  prepared  from  the  ketone  (purified  by  vpc)  by  the  same 
procedure  used  for  7-an//-methyl-2-norbomanone  (4),  except  that 
1.5  hr  of  reflux  time  was  insufficient  to  completely  convert  the 
ketone  to  its  derivative.  The  reflux  was,  therefore,  continued 
overnight,  and  the  product  worked  up  and  converted  to  the  hydro- 
carbon as  described  for  4.  The  pyrolysis  reaction  mixture  from 
the  sodium  salt  of  3-en<io-methyl-2-norbomyl  p-toluenesulfonyl- 
hydrazone  consisted  of  6%  of  an  imidentified  compound,  3.2% 
of  a  material  whose  retention  time  was  identical  with  that  of  2- 
methyl-2-norbomene,  1  %  3-€fidlt>-methyl-2-norbomanone  (12),  and 
the  remainder  3-methylnortricyclene  [(+)-6].  The  tricyclic  hydro- 
carbon was  separated  on  colunm  G-1  at  95°.  It  was  pure  by  vpc 
and  had  [a]«»D  + 14.7°  (95  %  ethanol). 

Pure  3-€Jco-methyl-2-norbomanone  obtained  from  the  same 
optically  active  source  was  converted  to  a  p-toluenesuifonyl- 
hydrazone  derivative  in  the  same  way  as  12  except  that  the  reaction 
mixture  was  heated  at  reflux  only  3  hr;  the  infrared  spectrum  of  the 
white  solid  obtained  indicated  contamination  from  about  5%  of 


(11)  T.  G.  Halsall,  R.  Hodges,  and  E.  R.  H.  Jones,  /.  Chem.  Soc, 
3019  (1953). 

(12)  The  raoemates  have  been  reported  by  S.  ^Urkmiinn  and  R. 
Mezger.  Chem.  Ber.,  90, 1559  (1957). 


Journal  df 


ckty  I  89:11  /  May  24, 1967 


ketone.  This  mixture  was  carried  through  to  the  hydrocarbon  as 
before.  The  pyrolysis  product  in  this  case,  despite  scrupulous 
vacuum  drying  of  the  sodium  salt,  was  contaminated  with  about 
30%  of  tetrahydrofuran.  The  other  products  consisted  of  about 
6%  3-<ndb-niethyl-2-norbomanone  (12),  1.5%  2-niethyl-2-nor- 
bomene,  1.3%  oi  an  unidentified  compound,  and  the  remainder 
3-metlqrlnortricyclene.    The    tricyclic    hydrocarbon    was    again 
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separated  by  preparative  vpc  on  column  G-1  at  130°,  shown  by 
infrared  to  be  identical  with  material  obtained  from  previous 
preparations,  and  its  purity  checked  by  capillary  vpc.  It  had 
[a]***D  -16.4''  (95%  ethanol),  a  value  essentially  identkal  in 
magnitude  and  opposite  in  sign  with  that  of  hydrocarbon  obtained 
above  in  Scheme  I  directly  from  7-a/tr/-methyl-2-exa-norboniyl 
acetate  (2b). 
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Abstract:  A  detailed  study  of  the  product  distributions  from  solvolyses  and  deaminations  of  a  number  of  pre- 
cursors of  methylnorborayl  cations  permits  the  evaluation  of  the  relative  rates  of  capture  of  these  species  at  each  of 
the  two  Wagner-Meerwein-related  sites.  A  direct  steric  effect  on  nucleophilic  approach  and  another  effect  which 
opposes  developing  hydrogen-methyl  repulsions  in  the  transition  state  are  noted.  The  characteristic  capture 
ratios  observed  in  the  solvolytically  produced  ions  apply  also  to  the  deaminatively  produced  ones,  the  major  differ- 
ence between  the  two  processes  being  the  excess  of  "direct  substitution'*  observed  in  deamination.  A  comparison 
of  the  deamination  results  with  those  obtained  earlier  in  the  unsubstituted  norbomyl  case  reveals  that  the  "direct 
substituticMi**  is  very  sensitive  to  a  j3-methyl  steric  effect,  which  causes  a  complete  reversal  of  the  stereochemistry 
erf*  the  process. 


The  summarizing  rearrangement  scheme  given  m 
paper  I'  of  this  series  outlines  the  interconversions 
of  a  set  of  ''core**  methylnorbomyl  cations  A,  B,  and 
C  by  6^*hydride  shifts  (Chart  I)  and  their  escape  to 

CfevtL    "Core** System 


M=fc> 


"periphery"  cations  Ai,  Bi  (^Bs),  and  Ci  by  3,2-hy- 
dride  shifts.  The  present  paper  provides  evidence  for 
this  scheme  from  studies  of  the  products  derived  from 
solvolyses  of  various  methylnorbomyl  derivatives. 


\^ 


^SL^'VL 


^ 


1 


B 


I 


1 


I 


/^  =K^tr 


:^ 


^fcX 


6 
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(1)  (a)  Support  of  part  of  this  work  by  the  National  Institute  of 
Arthritis  and  Metabolic  Diseaaei  throush  Grant  No.  AM-07505  and 
by  the  National  Sdeooe  Fdundation  is  gratefully  acknowledged,  (b)  A 
prdimioaryfcpoit  of  tome  of  this  work  has  appeared:  J.  A.  Berson,  A. 


W.  McRowe,  and  R.  G.  Bergman,  /.  Am,  Chem,  Soe,,  88. 1067  (1966). 

(2)  National  Institutes  of  Health  Predoctoral  Fellow,  1964-1966. 

(3)  J.  A.  Berson,  J.  H.  Hammons,  A.  W.  McRowe,  R.  G.  Bergman,  A. 
Remanick,  and  D.  Houston,  /.  Am,  Chem,  Soc,,  89,  2561  (1967). 


Berson,  McRowe^  fiergnum  {  Cation  CopH 


2574 


"core"  set  of 


In  a  previous  study,  ^  entry  into  the 
cations  was  effected  via  cation  C,  generated  by  formoly- 
sis  of  5>^/i-7-methyl-2-exo-norbornyl  acid  phthalate 
(3a).    The  major  products  reported^  were  the  formates 


3a 
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8a 
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Ok 


10a»X-OFhth 
b.X-OjCH 


9a 


of  S-exo-methyl-2-exo-norborneol  (6b),  assumed^  to  be 
derived  by  6,2-hydride  shift,  and  l-methyl-2-exo- 
norbomeol  (10b),  assumed^  to  be  derived  by  enJo-3,2- 
hydride  shift.  Longer  exposure  of  the  products  to  Ae 
formolysis  conditions  caused  conversion  to  10b  in  high 
yield.  It  seemed  likely,  however,  that  a  number  of 
other  products  might  be  formed,  at  least  under  kineti- 
cally  controlled  conditions.*  Gas  chromatography  pro- 
vides a  means  of  demonstrating  this  and  now  reveals 
the  presence  in  such  solvolysis  mixtures  of  all  six  prod- 
ucts expected  from  the  "core"  set  of  cations  as  well  as 
three  additional  ones  with  structures  10,  8,  and  9 
derived  from  the  "periphery"  cation  Ai.  The  origin 
of  the  latter  products  from  Ai  rather  than  from  the 
enantiomerically  related  cation  Cs  can  be  demonstrated 
in  the  optically  active  series,^  but  for  the  present,  the 
distinction  between  10,  8,  and  9  on  the  one  hand  and 
their  respective  enantiomers  on  the  other  is  ignored. 


Entry  into  the  "core"  cycle  is  effected  via  cation  A 
when  3-enrfo-methyl-2-exo-norbornylamine  (If)  is  nitro- 
sated  or  when  the  corresponding  p-bromobenzenesul- 
fonate  (le)  is  solvolyzed ;  via  cation  C  by  deamination 
of  3-exo-methyl-2-e«dl9-norbornylamine  (7f)  or  the  corre- 
sponding p-br omobenzenesulf onate  (7e) ;  and  via  cation 
B  by  solvolysis  of  5-exo-  or  5-enrfo-methyl-2-exo-nor- 

(4)  S.  Beckmann  and  G.  Eder,  Chem.  Ber.,  91,  2878  (19S8). 

(5)  J.  A.  Berson  in  "Molecular  Rearrangements,**  Vol.  I,  Part  3,  P.  de 
Mayo,  Ed.,  Intersdence  Publishers,  Inc.,  New  York,  N.  Y.,  1963. 

(6)  Papers  V  and  VI  of  this  series:  J.  A.  Berson,  J.  H.  Hammons,  A. 
McRowe,  R.  G.  Bergman,  and  A.  Remanick,  /.  Am,  Chem,  Soc,,  89, 
2S81,  2590  (1967). 


bornyl  p-bromobenzenesulfonate  (6e  or  5e).  The 
"periphery**  cation  Ai  (Q)  is  encountered  in  solvolyses 
of  l-methyl-2-exo-norbomyl  /^toluenesulfonate,  in  de- 
amination of  2-enJo-methyI-2-exo-norbornylamine/  in 
solvolysis  of  the  corresponding  chloride,*  and  also  in 
leakage  to  the  "periphery**  from  the  "core**  scries. 
Solvolyses  of  6-end(0-methyl-2-exo-norbornyl  ^bromo- 
benzenesulfonate  (lie)  generate  cation  Bi  (^Bs),  which 
is  captured  to  give  lie  or  lid  and  the  6-ex(hmcthyl 
isomer  12c,  or  12d,  in  addition  to  products  derived 
from  6,2-H  shift. 
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a,X  =  OPhth;    b,X-OfCH;   cX 
d,  X  ->  OH;  e,  X  «  OBs 


OAc; 


Solvolyses.  Table  I  lists  the  product  distributions 
from  solvolytic  generation  of  cations  A,  B,  and  C 
(the  "core"  series)  at  95-100**  in  several  solvent  systems. 
The  cations  generated  at  the  points  of  entry  into  and 
exit  from  the  scheme  are  indicated  alongside  each  start- 
ing material  and  product.  The  percentages  of  prod- 
ucts derived  by  capture  of  the  initial  cation  (without 
hydride  shift)  are  given  in  boldface  type. 

Very  little  leakage  from  the  "core**  to  the  "periph- 
ery** series  of  cations  by  vicinal  hydride  shift  occurs 
under  kinetically  controlled  conditions  (excess  of  buf- 
fer). When  the  acid  generated  in  solvolysis  is  allowed  to 
accumulate,  however,  the  kinetically  controlled  prod- 
uct composition  shifts,  and  the  "core**  products  are 
gradually  converted  to  l-methyl-2-exo  product  10 
derived  from  secondary-tertiary  cation  Ai,  which  rep- 
resents a  thermodynamic  valley.  The  accumulation  of 
product  10  under  reversible  conditions  had  been  ob- 
served^ qualitatively  in  unbuffered  solvolysis  of  3a. 
The  very  low  yield  of  products  from  cation  Ai  (Table  I) 
under  buffered  conditions  results  therefore  from  the 
escape  of  the  bulk  of  the  material  at  earlier  exits  in  the 
mechanism.  Under  prolonged  exposure  of  the  1- 
methyl-2-exo  product  10  to  equilibrating  conditions, 
still  slower  processes  occur.  One  of  these  is  secondary- 
secondary  3,2-hydride  shift  to  give  cation  D,  which 
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(7)  S.  Beckmann,  R.  Schaber,  and  R.  Bamberger,  Chem.  Ber„  S7 
997  (1954). 

(8)  N.  J.  Toivonen,  E.  SUtanen.  and  K.  Ojala,  Ann.  Acad.  Sci.  Femd- 
cue,  Ser.  All,  No.  64  (1955). 
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Solvolyses 
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phthalate.  ^  p-Tduenesulfonate,  fourfold  excess  sodium  acetate  buffer.  •  /^Nitrobenzenesulfonate,  fourfold  excess  sodium  for- 
fer.  'p-Bromobenzenesulfonate,  25-fold  excess  pyridine  buffer,  40-50%  by  volume  ethanol  or  50%  by  volume  dioxane.  'p- 
nzenesulfonate,  2.5-fold  excess  sodium  acetate  buffer.  /  p-Bromobenzenesulfonate,  10%  molar  excess  sodium  acetate  buffer. 
60  %  of  this  fraction  was  6^jco-metbyl-2-ex<7  product  (12b).  The  remainder  was  a  mixture  of  about  equal  parts  of  6-eiid!t>-methyl-2- 
I,  l-niethyl-2-e/uib,  and  l-methyl-3-^jco  products.  *  This  fraction  consisted  of  a  9.8 : 1  mixture  of  6-exo-methyl-2-eJto-norbomyl  ace- 
tic   *  A  mixture  (8.2 : 1)  of  the  6-methyl-2-exo  norbomanols,  the  endo  isomer  lid  being  the  minor  component 


>  l-inethyl-3-exo  product,  and  cation  Bi  (^Bs), 
leads  to  6-6X0-  and  6-endo-methyl-2-exo  prod- 
Significantly,  under  buffered  conditions  in  all 
lia  examined,  only  the  first  nine  products  listed 
le  I  are  formed.  These  are  the  ones  expected 
:hemeIofpaperI. 

[ydride  Shift  vs.  Solvent  Capture.  Table  I 
that  regardless  of  the  point  of  entry  into  the 
,  products  from  each  of  the  **core"  cations 
and  C  are  always  found.    Thus,  6,2-hydride 

competitive  with  capture  by  solvent.  The 
nular  shifts  are  intramolecular.  Sodium  acetate 
1  acetolysis  of  3-exo-methyl-2-enJo-norbornyl  p- 
lenzenesulfonate  (entry  via  cation  C)  in  acetic 
d  gives  the  typical  mixture  of  products,  about 
rds  of  which  (Table  I)  arise  from  hydride  shift, 
ise  contain  only  about  0.03  D  per  molecule. 
rast,  the  l-methyl-2-exo-norbornyl  product  that 
lates  in  unbuffered  medium  incorporates  sub- 
unounts  of  deuterium. 

ycr  cent  of  product  derived  from  the  cation  gen- 
at  entrance  (boldface  entries  in  Table  I)  is 
in  aqueous  medium  than  in  acetic  or  formic  acid. 
ude  sense,  this  effect  suggests  that  capture  by 

becomes  relatively  more  important  as  the 
nucleophilicity  increases.  Siniilar  behavior  is 
d  in  the  7,7-dimethyl-3,3-dimethyl-5,5-dimethyl 
md  in  the  2,3-di-^*C-labeled  norbornyl^®'  and 
Miorbomyl  cases.^**  In  terms  of  the  adjacent 
,  this  interpretation  amounts  to  the  proposal 
the  rate  constant  (which  includes  a  solvent  con- 
on  term)  for  capture  of  the  initial  cation  X,  is 

in  the  more  nucleophilic  solvent.  Strictly 
g,  this  is  applicable  to  the  observed  result  only 
'unsubstituted*'  (isotopically  labeled)  norbornyl 
here  the  fractions  of  the  total  product  derived 

(FJ  and  with  (Fj  +  F,)  hydride  shift  are  given 

and  2.  If  it  is  assumed  that  the  hydride  shift 
is  insensitive  to  solvent,  the  fraction  of  X  cap- 

::olter,  E,  C  FHedrich,  N.  J.  Holness,  and  S.  Winstdn,  J,  Am, 
r.,  87,  378  (1965X  and  references  dted  therein. 
J.  D.  Roherti,  C  C.  Lee,  and  W.  H.  Saunders,  Jr..  ibid.,  76, 
^;      (b)  W.  G.  Woods,  R.  A.  Carboni,  and  J.  D.  Roberts, 
MS3(1950. 
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k^^ 


"TT 


Ir. 


P. 


tured  as  P.  necessarily  increases  as  k^  increases.    The 
F.  ^  PJ(P.  +  Pj  +  Pu>  ^  (ki  +  kM^k,  +  k^    (1) 

Fy  +   F,^(Pj  +  PJKP,  +  Py+P,)« 

2kili3ki  +  k^    (2) 

simplicity  of  eq  1  arises  from  symmetry;  in  the  ''un- 
substituted**  norbornyl  system,  where  X,  Y,  and  Z  are 
structurally  equivalent,  all  the  hydride  shift  rate  con- 
stants (ki  through  kt)  are  identical  (except  for  a  neg- 
ligible isotope  effect),  as  are  all  the  capture  rate  con- 
stants (kx  kjf  and  kj.  Furthermore,  these  respond 
equally  to  a  change  of  solvent.  The  symmetrical  situa- 
tion is  discussed  further  elsewhere,*  but  we  note  here 
that  in  the  general  case  the  equivalences  are  perturbed 
by  substitution,  and  large  changes  in  the  rate  constants 
result.  The  solvent  effect  is  then  less  readily  interpret- 
able,  since  the  fraction  P^(Pz  +  Py  +  P«)  is  a  much  more 
complex  function  of  the  rate  constants,  any  or  all  of 
which  (kx»  kjf  and  k^  in  particular)  may  have  varying 
solvent  sensitivity. 

The  general  pattern  of  Table  I  makes  it  clear  that  the 
rates  of  solvent  capture,  6,2-hydride  shift,  and  tertiary- 
secondary  3,2-hydride  shift  are  all  competitive.  Were 
6,2  shift  overwhelmingly  fast  relative  to  the  other  two 
processes,  the  product  distribution  would  be  insensitive 
not  only  to  solvent  variation  but  also  to  the  point  of 
entry  into  the  **core"  cycle.  This  is  clearly  not  the 
case.  Even  with  cation  Bi  (^Bs)  derived  from  6-methyl 
substrate,  where  6,2-hydride  shift  is  especially  favorable 
because  it  leads  to  tertiary  cation  Q,  one  still  sees  a 
substantial  amount  of  direct  solvent  capture  (Table  I). 

Tertiary  cation  Q  (A])»  whether  generated  from  the  6- 
methyl  system  Bi  by  hydride  shift  or  directly  from  1- 
methyl-2-exo  precursor,  does  not  revert  to  any  of  the 
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Table  IL    Products  Derived  from  Capture  of  Methylnorbomyl  Cations 


-Starting  material  and  conditions^ 


•^r 


->  r/^Cj/       ^r/^^0>Bi^    ^ 


Wagner-Meerwein 
pair* 


Aq 
Oition      HOAc     HCQJi*        HOAc         Aq  EtOH     HOAc     dioxane    HOAc     EtOH 


-Product  ratio- 


1  2 


1.15 


1.13 


1.05 


1.13 


1.03 


0.98 


B 


1.33 


1.10 


1.13 


1.30 


1.1 


1.4 


o  o 

3  4 


%±2 


5±0.5 


4=t0.5 


Bi 


9.9 


8.1 


U 


*  In  acetolyses,  X  »  OAc;  in  aqueous  ethanol  or  aqueous  dioxane,  X  »  OH.  ^  Aoetolyaes  at  95-100^,  NaOAc  buffered;  hydrdlyses  at 
95**,  pyridine  bdfered.  Product  ratios  do  not  change  under  reaction  conditions.  '  Formolysis  at  95-100^,  sodium  formate  buffeied. 
Product  ratios  do  not  change  under  reaction  conations. 


secondary  cations  of  Table  I  under  kinetically  con- 
trolled conditions. 

Relatiye  Rates  of  Capture  of  the  Cations  at  Wagner- 
Meerwein-Related  Sites.  Each  of  the  *'core"  cations 
Ay  B,  and  C  can  be  captured  at  two  nonequivalent 
Wagner-Meerwein-related  sites.  Arrangement  of  the 
products  of  Table  I  in  Wagner-Meerwein  pairs  permits 
an  inspection  of  the  relative  rates  of  capture  at  the  two 
available  positions  in  each.  The  data  are  given  in 
Table  II,  where  the  results  of  solvolyses  that  generate 
the  6-methyl  cation  Bi  are  also  listed.  Note  that  Bi 
also  suffers  extensive  hydride  shift  into  the  tertiary 
system  (cation  Q). 

With  cations  A  and  B,  the  capture  ratios  show  vir- 
tually no  position  selectivity  and,  furthermore,  are  quite 
insensitive  to  solvent  or  to  the  point  of  entry  into  the 
"core**  cycle.  Thus,  cation  A  gives  3-enrfo-mcthyl-  and 
7-an//-methyl-2-exo  products  (1  and  2)  in  the  ratio 
1.08  ±  0.06,  and  cation  B  gives  S-e/i^methyl-  and  5- 
exo-methyl-2-exo  products  (5  and  6)  in  the  ratio  1.23  :i: 
0.12,  the  values  being  the  averages  of  results  obtained 
by  generating  the  cations  in  six  different  ways  each. 
Tlie  methyl  group  in  both  cations  is  remote  from  the 
reaction  site  and  can  exert  little  effect  on  the  approach 
of  a  nucleophilic  solvent  molecule  (SOH)  from  the  exo 
direction. 


SOH 


As  an  alternative,  one  might  consider  a  trivial  ex- 
planation for  the  constancy  of  the  ratios  based  on  the 


assumption  that  equilibration  of  starting  arenesul- 
fonate  via  ion-pair  return  provides  a  common  pod  of 
mixed  substrates  regardless  of  the  point  of  entry. 
This  can  be  ruled  out  inmiediately,  since  it  would  re- 
quire not  only  constant  capture  ratios  for  each  cation 
but  constant  ratios  of  all  products,  in  conflict  with  the 
data  of  Table  I.  The  invariance  of  the  product  ratios 
from  cations  A  and  B  is  most  simply  explained  in 
terms  of  characteristic  ratios  for  cation  capture.  These 
seem  to  be  quite  insensitive  to  solvent 

Cation  C  shows  a  marked  preference  for  attack  at 
C-2  to  give  syn-l-methyl'l-exo  product  rather  than  at 
C-1  to  give  3-exo-methyl-2-exo  product,  as  would  be 
expected  from  the  more  severe  steric  shielding  of  C-1 
by  the  methyl  group.  The  apparent  fluctuation  in  the 
product  ratio  from  C  is  probably  attributable  to  the 
lower  acciu'acy  of  analyses  for  these  two  products. 
The  data  also  suggest  a  slower  over-all  rate  of  capture 
(or  a  higher  rate  of  hydride  shift)  for  cation  C  than  for 
cations  A  or  B,  since  the  total  amount  of  C-derived 
products  (3  and  4)  when  entry  is  made  at  C  is  substan- 
tially less  than  the  total  amount  of  A-derived  or  B- 
derived  products  when  entry  is  made  at  either  of  those 
points. 

In  cation  Bi  even  though  the  methyl  group  now  does 
not  interfere  directly  with  the  line  of  approach  of  sol- 
vent to  the  exo  side  of  C-1  or  C-2,  there  is  an  8-  to  10-fold 
preference  for  attack  at  C-2  to  give  6-exo-methyl-2-€JC(? 
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rather  than  at  C-1  to  give  6-e/ufo-methyl-2-exo 
product.  A  simple  interpretation  of  the  preference 
.sed  on  the  repulsive  interactions  that  develop  in 
ransition  states.  One  of  these  involves  the  site  of 
k,  where  a  hydrogen  is  driven  upwards  toward 
r  another  hydrogen  or  a  methyl  group  at  C-6. 
;ms  reasonable  to  assume  that  the  H-CHs  repulsion 
rated  diu'ing  attack  at  C-1  would  be  the  more  seri- 
one,  and  that  consequently  attack  at  C-2  would 
ominate. 

le  steric  effect  in  the  product-forming  step  is 
:iated  with  a  difference  in  free  energy  between  the 
iition  states  leading  to  12  and  11,  since  the  ground 
s  are  either  the  same  or  effectively  the  same  (a 
non  nonclassical  ion  Bi,  or  if  the  opponents  of 
species  insist,  a  pair  of  rapidly  equilibrating  classi- 
ions).  Whatever  its  detailed  nature,  a  kind  of 
fie  destabilization  similar  to  that  in  the  transition 

leading  to  S-endo-mefhyl-l-exo  product  must  also 
resent,  by  virtue  of  an  approximately  microscopi- 

reverse  relationship,  in  the  solvolysis  of  a  corre- 
ding  6-enJo-methyl-2-exo  substrate.  If  this  energy 
iment  is  the  predominant  one  and  if  it  is  greater 
le  transition  state  than  in  the  solvolysis  ground 
,  the  result  would  be  a  lower  solvolysis  rate  for  a  6- 
-methyl  derivative  than  for  the  unsubstituted  nor- 
yl  system  itself.  The  observation^^  that  6,6-di- 
iyl-2-exo-norbornyl  ^toluenesulfonate  acetolyzes 
mes  slower  than  the  corresponding  norbornyl  de- 
ive  is  consistent  with  these  requirements.  It  is 
>ting  to  conclude,  as  a  referee  has  urged,  that  the 
c  interference  in  question  is  greater  in  the  transition 
),  which  would  be  attributable  to  a  decreased  C- 
•6  distance  resulting  from  carbon  bridging  in  a  non- 
deal  structure.  In  our  opinion,  however,  this 
mbly  would  be  an  overinterpretation,  since  sub- 
;tion  of  methyl  for  hydrogen  in  the  norbornyl  sys- 
unavoidably  introduces  numerous  steric  interactions 
kddition  to  the  one  depicted  in  Bi)  in  both  ground 
transition  states.  The  net  increase  or  decrease  in 
olysis  rate  as  compared  to  the  parent  system  is  a 
Itant  of  these  difficultly  separable  effects.  For  the 
ent,  we  merely  point  out  that  the  results  given  here 
ide  experimental  evidence  for  transition-state  steric 
ts  in  6-eiid!a-methyl-2-exo-norbornyl  solvolyses. 
ire  analyses  of  substituent  effects  on  solvolysis  rates 
orbomyl  derivatives  must  take  factors  of  this  kind 
account. 
nunination  of  3-exo-Methyl-2-eAiifo-norbornyIaiiiine 

and  3-em2t>-Methyl-2-exo-norbomylaiiiine  (10* 
nppa  and  Beckmann^'  prepared  these  two  amines  in 
t  must  have  been^'  essentially  pure  form  from  the 
esponding  acids.  From  deamination  with  sodium 
te  in  aqueous  acetic  acid  they  reported  isolation 


13  7 

cX-OAc;    d,X-OH;    f,X»NHs 


)  P.  von  R.  Schkyer,  M.  M.  Donaldson,  and  W.  E.  Watts,  J.  Am. 

u  Soe.,  «7.  375  (1965). 

)  G.  KcnnpiMi  and  S.  Beckmann,  Ann,,  523,  68  (1936). 

;)  S.  Pr'*»^«»f«»  and  R.  Mezaer,  Chem.  Ber.^  90, 1559, 1564  (1957). 


(as  acid  phthalates)  (rf*  two  alcohols,  57/i-7-methyl-2-ex{>- 
norbomeol  (3d)  and  3-exo-methyl-2-enift>-norbomeol 
(7d).  In  addition,  they  inferred  that  another  product, 
an/i-7-methyl-2-exo-norborneol  (2d),  was  present  in  the 
reaction  mixture  from  one  (or  both)  of  the  amines.  ^^ 
In  our  hands,  substantial  quantities  of  the  endo  alcohol 
7d,  the  syn-l 'TDsXYiyVl'exo  alcohol  3d,  or  the  corre- 
sponding acetates  are  formed  only  from  endo  amine  7f. 
The  product  distributions  from  the  two  amine  hydro- 
chlorides are  given  in  Table  III.  The  conditions  for 
deamination  of  If  are  those  of  Komppa  and  Beckmann^' 
(aqueous  acetic  acid,  sodium  nitrite);  these  give  a  mix- 
ture of  alcohols  and  acetates.  Deamination  of  7f  is 
effected  in  dry  acetic  acid  or  in  water,  where  the  prod- 
ucts are  acetates  or  alcohols,  respectively. 

The  most  striking  difference  between  the  deamination 
(Table  III)  and  solvolysis  (Table  I)  results  is  the  large 
amount  of  3-exo-methyl-2-e«ito-norbornyl  derivative 
(7d  or  7c)  formed  in  deaminations  of  3-exo-methyl-2- 
e/ufo-norbornylamine  7f.  This  product  is  not  formed 
in  deaminations  of  the  3-eAi£fo-methyl-2-exo  amine  If 
or  in  solvolyses  of  any  of  the  substrates  of  Table  I. 
Qualitatively,  formation  of  7c  with  retention  of  con- 
figuration from  amine  7f  recalls  previous  observations 
with  the  unsubstituted  parent  compound  endo-nor- 
bomylamine.^*'^*  The  deamination  of  that  substance 
in  acetic  acid  gave  ^^  acetate  products  21-23  %  of  which 
were  formed  by  a  path  in  which  substitution  (by  some 
mechanism  not  yet  clear")  occurred  at  the  site  of  the 
original  amino  group  and  77-79  %  of  which  came  from 
^'racemizing'*  processes  involving  nonclassical  ions  or 
then-  structural  equivalents.  The  21-23%  "direct  sub- 
stitution" figure  is  matched  fairly  well  by  the  28%  of 
product  7c,  3-exo-methyl-2-e«rfo-norbomyl  acetate. 
Another  4%  of  product  with  unrearranged  structure,  3- 
ex{>-methyl-2-exo-norbornyl  acetate  (4c),  is  also  formed, 
but  it  seems  likely  that  most  if  not  all  of  this  material 
results  from  capture  of  the  familiar  cation  C  rather  than 
by  "direct  substitution.*'  This  conclusion  is  based  on 
the  demonstrably  reasonable  assumption  that  the  char- 
acteristic cation  capture  ratios  observed  for  Wagner- 
Meerwein  pairs  in  solvolyses  of  arenesulfonates  (Table 
II)  apply,  at  least  roughly,  to  deaminations  as  well.  For 
example,  the  1 : 2  ratios  of  Table  III  from  amine  7f  (where 
neither  1  nor  2  can  be  formed  by  direct  substitution) 
are  1.28  and  0.94.  Although  measured  on  minor  com- 
ponents and  hence  not  very  accurate,  these  are  in  agree- 
ment with  the  average  value  1 .08  of  Table  II.  Similarly, 
the  5:6  ratio  of  1.6,  again  measured  on  a  minor  pair  of 
products,  corresponds  moderately  well  to  the  value  1.23 
found  in  Table  II.  Thus,  if  any  appreciable  fraction  of 
the  cis-exo  product  4  were  being  formed  by  "direct 
substitution,'*  the  3:4  ratio  should  be  less  than  that 
found  in  solvolysis.  This  solvolytic  value,  which  because 
of  experimental  difiiculties  is  not  very  accurately  measur- 
able, ranges  between  4  and  8  (Table  II),  whereas 
the  deaminative  3:4  ratio  (Table  III)  is  in  the  range 
11-12.  Although  the  discrepancy,  if  real,  is  not  readily 
interpretable,  the  data  argue  against  the  idea  of  an 


(14)  For  further  discussion,  see  paper  II  of  this  series :  J.  A.  Berson,  A. 
W.  McRowe,  R.  O.  Bergman,  and  D.  Houston,  /.  Am.  Chem,  Soc.,  89, 
2563  (1967). 

(15)  E.  J.  Corey,  J.  Casanova,  Jr.,  P.  A.  Vatakencherry,  and  R. 
Winter,  /.  Am.  Chem.  Soc.,  85, 169  (1963). 

(16)  J.  A.  Berion  and  A.  Remanid^  ibid.,  86, 1749  (1964). 
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Table  UL    Deaimnations  of  3-Methylnorboniylaiiiiiies 


-Starting  material  and  conditions- 


Megp 


If 

AqHOAc » 

X  «  OH  X  »  OAc 


DUHQ, 
X  =«  OH 


Cation 


-Product,  %- 


HOAc, 
X  »  OAc 


6 


4 


y^ndo 


l-anti 


y-exo 


B 


5^ndo 


B 


3-ejto 


7'syn 


34 


21 


4.5 


23 


14 


3.5 


/x/ 


1 


1 


<1 


'^l 


1 


3.7 


1 


Trace 


3.1 


1 


1 


38.4 


5.7 


6.1 


3.5 


5.5 


4.3 


46.4 


l-endo 


C,(Ai) 


y^xo 


1 


1 


46.8 


28.4 


origin  of  a  substantial  amount  of  product  4  in  a  "direct 
substitution"  path. 

In  the  deamination  of  3-e«rfo-methyl-2-exo-norbornyl- 
amine  (If),  at  most  a  small  amount  of  the  product  seems 
to  arise  from  direct  substitution.  The  ratios  of  prod- 
ucts 2 : 1  in  both  the  alcohols  (X  -  OH)  and  acetates 
(X  —  OAc)  are  about  1.5,  and  if  this  is  assumed  to  be 
meaningfully  higher  than  the  ratio  1.08  found  in  sol- 
volyses  (Table  II),  as  much  as  9  %  of  the  alcohol  and 
6  %  of  the  acetate  of  the  3-enJo-methyl-2-exo  structure 
(Id  or  Ic)  might  be  ''direct  substitution"  product. 
There  is  no  y-endo-mQihyl-l-endo  product  (less  than  1  % 
would  have  been  detected),  so  that  the  6-9%  figures 
represent  the  total  "direct  substitution."  Thus,  "direct 
substitution"  is  considerably  less  important  with  the  3- 
endo-mcthyl'l-exo  amine  If  than  with  the  3-exo- 
methyl-2-e/iJo  isomer  7f.  This  corresponds  to  the 
pattern  in  the  unsubstituted  norbornylamine  case,^* 
where  the  exo  amine  gave  less  "direct  substitution" 
product  than  the  endo. 

The  division  of  the  "direct  substitution"  products 
between  inversion  (exo  amine  -^  emh  alcohol,  endo 


amine  -^  exo  alcohol)  and  retention  modes  for  the  two 
/ran5-3-methylnorbornylamines  (7f  and  If)  and  for  the 
two  unsubstituted  cases  (13  and  14)  are  summarized  in 
Table  IV.  The  major  effect  of  substituting  a  i-trans- 
methyl  for  3-hydrogen  in  both  the  endo-  and  exo-amino 


14 

compounds  (13  -►  7f,  14  -►  If)  is  to  suppress  the  in- 
verting deaminative  "direct  substitution."  The  result 
is  consistent  with  several  mechanistic  rationalizations 
for  the  process  and  hence  not  decisive.  Nevertheless, 
it  does  demonstrate  a  rather  high  degree  of  steric  sensi- 
tivity to  j3  substitution.  This  sensitivity  is  particularly 
pronounced  in  the  case  of  3-exo-methyl-2-en^-norbom- 
ylamine  (7f),  where  the  exo-methyl  group  forces  virtu- 
ally exclusive  endo  substitution  (retention),  a  complete 
reversal  of  the  result  obtained^*  in  the  unsubstituted 
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IV*    Inversion  and  Retention  in  the  Deaminative 
ct  Substitution*' 


Starting  amine 


a 


NHt 


NHs 


Total  % 

"direct 

subst**  in 


a: 


X  ■■     X  = 

OH      OAc 


Fraction  of 
••direct  subst" 
Retn  Invn 


endoiny 

•  •  • 

21-23 

0.14^.22 

0.78-0.86 

exo(Uy 

•  •  • 

13 

0.8S 

0.15 

hCHt     endoilf) 

47* 

28* 

1.00,1.00 

0 

khCHi   exodf) 

9- 

6- 

1.00,1.00 

0 

efefence  16.    ^  In  water.    *  In  dry  acetic  add.    '  In  aqueous 
add. 


f» 


The  stereochemistry  of  "direct  substitution 
contrasts  markedly  with  that  in  the  lithium  alumi- 
hydride  reduction  of  the  corresponding  ketone,  3- 
nethyI-2-norbornanone,  which  gives  predomi- 
ly  the  product  of  exo-hydride  attack,  3-ex{>-methyl- 
tt>-norbornanol  (7d).^*'^*»"  The  observed  sterco- 
listry  of  hydride  reduction  of  2-norbornanones  has 
used*'^*  as  a  model  of  the  stereochemistry  to 
Lpected  in  the  nucleophilic  capture  of  hypothetical 
ical  2-norbornyl  cations.  The  discrepancy  be- 
a  the  results  in  the  3-exo-methyl  system  must  mean 
r  that  the  model  is  not  unifornily  applicable  or 
a  classical  carbonium  ion  is  not  the  product- 
ing  intermediate  in  the  ''direct  substitution.** 
lew  of  the  widespread  intervention  of  ion  pair  or 
r  complex  intermediates  in  deaminations^*  which 
it  well  produce  the  observed  stereochemical  pat- 
it  seems  unnecessary  to  abandon  the  stereochemical 
el. 


iiimental  Section 

^  add  and  formic  acid  were  dried  according  to  procedures 
literature.**** 

polyaei  were  carried  out  at  95-100''  under  the  conditions  given 
ble  I.  Cold  solutions  of  reactive  substrates  were  ii^ected  into 
ited  solvolysis  media.  The  preparation  of  the  substrates  is 
bed  elsewhere.*'  Acetolyses  and  formolyses  were  carried 
:  initial  concentrations  of  about  0.5  M  buffer  and  0.\  M  sub- 
.  Hydrolyses  used  about  2.5  M  pyridine  and  about  O.l  M 
vte.  As  has  been  shown  elsewhere,*  the  material  balance  in 
lysis  of  3-exa-methyl-2-€iftiS9-norborayl  /^bromobenzenesul- 
5  is  essentially  quantitative.  Product  identification  was 
/ed  for  the  runs  of  Table  I  by  actual  isolation*  and/or  by 
c  with  known  samples**  on  two  differoit  capillary  columns 
procedures  already  described.  Detector  response  to  isomers 
:onsidered  uniform.  Samples  of  0.2  n\  were  injected  with 
ng  ratios  of  100: 1  to  400:1.  Detector  response  was  linear 
Jus  size  sample  if  column  **bleed'*  was  not  excessive. 


I  S.  Brckman,  A.  Durkop,  R.  Bamberger,  and  R.  Mezger,  Aim,, 
99  (1955). 

I  R.  Howe»  E.  C  Friedrich,  and  S.  Winitein,  /.  Am.  Chem.  Soe,, 
9  (1965). 

•  (a)  E.  H.  White  and  C.  A.  Aufdermarsh.  ibid.,  S3. 1179  (1961); 
White  and  F.  W.  Bachelor,  Tetrahedron  Letters,  77  (196^;  (b)  T. 
I  and  E.  Jankowaki,  /.  Am.  Chem.  Soc.,  86,  4217  (1964);  (c)  R. 
CO  and  C  Rttchardt,  Attn,,  601. 1  (1956). 

I  L.  F.  Kcaer.  ^'Experiments  in  Organic  Chemistry.**  3rd  ed.  D.  C 
I  and  Co..  Boston.  Mass..  1957.  p  281. 

I  P.  D.  Bartlett.  C  E.  Dills,  and  H.  G.  Richey.  Jr..  /.  Am.  Chem. 
B.  5414  (I960). 
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Peak  areas  were  determined  by  triangulation  and  were  repro- 
ducible to  better  than  0.5  %  between  two  major  wdl-resolved  peaks 
and  to  1-2%  between  minor  ones.  Comparisons  between  peaks 
of  very  different  size  were  subject  to  greater  error.  Analyses  were 
carried  out  with  columns  L  and  N**  on  acetate  mixtures.  Alcohols 
were  aoetylated  and  formates  were  saponified  to  alcohols  and  acet- 
ylated  for  analysis.  Most  of  the  pesJcs  were  resolved  to  base  line, 
but  jy/i-7-methyl-.  5-ejro-niethyl-,  and  3-exo-methyl-2-exo-nor- 
borayl  acetates  emerged  within  1  min  of  each  other  and  were  diffi- 
cult to  analyze  with  high  accuracy.  The  tertiary  acetate,  l-endo- 
niethyl-2-exa-norbomyl  acetate,  separated  from  its  epimer  l-exo^ 
niethyl-2-€iaiS9-  and  from  its  Wagner-Meerwein  relative  l-methyl-2- 
ejiMi-norborayl  acetate,  whereas  the  ak:ohol  l-methyl-2-exo-nor- 
bomanol  separated  wdl  from  the  two  tertiary  ak:ohoh.  All  three 
of  these  separated  well  from  the  remainder  of  the  product  mixture. 
The  amount  of  2-exo-methyl-2-efidS9  material  was,  therefore,  deter- 
mined by  difference  between  the  acetate  and  alcohol  chromatograms. 

Except  for  the  slow  conversion  among  these  three  ''tertiary- 
related*'  acetates,*  the  remainder  of  the  product  composition  was 
essentially  unchanged  upon  reexposure  to  the  reaction  conditions  in 
buffered  medium.  In  particular,  no  interconversion  between  the 
''tertiary-related**  products  and  the  group  of  secondary  products 
derived  from  the  "core**  cations  occurred,  nor  was  there  appreciable 
interconversion  among  the  latter  secondary  products,  at  least  in 
buffered  acetolyses  and  hydrolyses.  In  formolysis,  even  in  the 
presence  of  buffer,  slow  conversion  to  l-methyl-2-exo  product 
was  observed.  Entry  Dia  cation  C  in  Table  I  was  effected  by  a 
brief  (5  min)  formolysis  of  3-«xo-methyl-2-emio-norbomyl  /^ 
nitrobenzenesulfonate.  This  sufficed  to  achieve  essentially  com- 
plete reaction,  but  the  product  mixture  was  essentially  unchanged 
after  20-min  additional  exposure  and  therefore  presumably  reflects 
rate  control.  After  2  hr  of  further  exposure,  however,  the  accumu- 
lation of  l-methyl-2-«xo  product  became  detectable.  Unbuffered 
formolysis  of  the  /^bromobenzenesulfonate  gave  l-methyl-2-exo 
formate  as  the  major  product. 

3-eJto-Methyl-2-e/id!tMiorboniylaniiBe  (71).  A  mixture  of  13.1  g 
(85  mmoles)  of  pure  racemic  3-exo-methyl-2-ciui!o-norbomane- 
carboxylic  acid,  95  ml  of  concentrated  sulfuric  acid,  and  175 
ml  oi  reagent  grade  chloroform  was  chilled  below  0"*.  In  small 
portions,  6.5  g  (1(X)  mmoles)  of  sodium  azide  was  added.  The 
mixture  was  stirred  at  room  temperature  for  4  hr  with  a  slow  evolu- 
tion of  bubbles.  Refluxing  on  a  steam  bath  for  1.5  hr  completed 
the  reaction.  The  reaction  mixture  was  cooled  and  3(X)  ml  of 
6  A^  sodium  hydroxide  solution  was  added  to  half-neutralize  the 
add;  the  addition  of  350  ml  of  water  was  necessary  to  dissolve  the 
salts  formed. 

The  chloroform  layer  was  drawn  off  from  the  chilled  mixture, 
and  the  aqueous  phase  was  washed  with  another  50  ml  of  solvent 
The  solution  was  made  basic  and  more  water  was  added.  The 
free  amine  was  extracted  four  times  with  a  total  of  600  ml  of  ether; 
the  combined  organic  layers  were  washed  once  with  1  N  sodium 
hydroxide  solution  and  twice  with  saturated  brine  and  dried  over 
sodium  sulfate. 

The  hydrochloride  was  precipitated  by  passing  anhydrous  hydro- 
gen chloride  gas  over  the  chilled  ether  solution  of  the  amine.  The 
solid  was  filtered  off  and  dried  in  vacuo.  The  yield  of  white,  crystal- 
line, nondeliquescent  material  was  12.5  g  (91%).  The  material 
could  be  recrystallized  from  absolute  ethanol. 

The  urea  prepared  in  the  manner  described  ^  *  gave  sharply  melting 
platelets,  mp  204-205''  (Ut.^*  mp  200-20^). 

3^MKib-Metfayi-2-exo-norfooniyhuBiBe  (If)  was  prepared  in  a 
similar  manner  from  the  corresponding  acid.  The  urea  melted  at 
209-210°  (Ut  >*  mp  206-207°). 

Aqneoui  Deamination  of  3-ejco-Metfayl-2-€#id!tHiorboniyhuBiBe 
(71).  A  solution  of  1 .9  g  (27.5  mmoles)  of  sodium  nitrite  in  8  ml  of 
water  was  added  over  a  period  of  10  min  to  a  solution  of  2.0  g 
(12.3  mmoles)  of  amine  hydrochloride  in  20  ml  of  water  and  five 
drops  of  10  %  hydrochloric  acid  at  0  °.  The  mixture,  which  became 
cloudy  after  1  hr,  was  allowed  to  stand  at  25°  for  4  hr.  No  red- 
dish nitrogen  oxide  fumes  were  noticed  throughout  the  reaction 
course. 

The  acid  solution  was  extracted  with  pentane  three  times;  the 
combined  organic  layers  were  washed  with  saturated  brine  twice 
and  dried  over  sodium  sulfate.  Careful  concentration  of  the  pen- 
tane solution  yielded  1.5  g  (96%)  of  a  yellow  oil  as  crude  residue 
with  the  characteristic  akohol  odor.  An  intense  infrared  spectrum 
of  the  neat  liquid  film  indk:ated  very  strong  hydroxyl  peaks,  no 
acetate  at  5.75  or  8.0  /i>  &n(i  only  a  very  weak  nitrate  ester  peak 
(6. 1  n).  Capillary  vpc  on  columns  L  or  N  indicated  only  one  migor 
peak  ( >90%  of  total  area).    No  5-ejto  alcohol  was  present. 
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The  crude  product  was  acetylkted  directly  with  excess  pyridine 
and  acetic  anhydride  for  1.2  hr  at  98°.  After  the  reaction  mixture 
was  cooled  to  25°,  the  excess  anhydride  was  hydrolyzed  with  water 
for  2  hr.  The  mixture  was  then  extracted  three  times  with  pentane, 
and  the  combined  organic  layers  were  washed  with  10%  hydro* 
chloric  acid,  10%  sodium  carbonate  solution,  and  twice  with  satu- 
rated brine  and  dried  over  sodium  sulfate. 

The  solution  was  carefully  concentrated  to  yield  a  yellow  residue 
which  was  distilled  bulb  to  bulb  at  room  temperature  (3  X  10~*  mm) 
The  yield  of  colorless  product  was  1.8  g  (90%)  with  the  character- 
istically fruity  odor.  The  infrared  spectrum  indicated  it  was 
all  acetate;  no  hydroxyl  absorptions  remained.  Analysis  by 
capillary  vpc  on  column  L  indicated  two  major  peaks  with  small 
amounts  of  other  acetate  and  unidentified  olefins.  The  distribution 
of  acetate  products  is  given  in  Table  III,  in  which  the  approximately 
1  %  olefin  formed  is  omitted.  The  errors  in  these  percentages  are 
estimated  to  be  dbO.5  %  absolute,  although  similar  sized  components 
can  be  compared  with  greater  accuracy.  The  5-ejro-methyl-2- 
exo  acetate  6c  emerges  between  4c  (3-exo)  and  3c  O-syn),  and  while 
it  may  be  present  to  some  extent,  the  limit  of  the  determination  of 
this  component  is  about  1  %  for  this  case. 

The  two  major  components  3c  and  7c  could  be  preparatively 
separated  on  column  E.  After  two  successive  passes,  component 
7c  was  free  of  any  contamination.  Its  infrared  spectrum  was  iden- 
tical with  that  of  the  acetate  prepared  by  the  Baeyer-Villiger  oxida- 
tion of  3-tfjro-methyl-2-«7tt&7-acetyhiorbomane.  It  was  reduced  to  3- 
ex<Mnethyl-2-«iidSt>-norbomanol  (7d)  with  lithium  aluminum  hydride. 
The  acid  phthalate  was  prepared  with  equimolar  quantities  of 
phthalic  anhydride  and  pyridine  at  100  °  for  2  hr.  This  product,  re- 
crystallized  thrice  from  hexane-benzene,  melted  at  126.5-128.0° 
(lit."  mp  131-132°  for  apocamphenilyl  acid  phthalate).  Mixture 
melting  point  with  the  acid  phthalate  from  the  Baeyer-Villiger 
product  gave  no  depression. 

Three  passes  of  component  3c  through  column  E  still  gave  mate- 
rial contaminated  with  several  per  cent  each  of  4c  and  5c.  Reduc- 
tion to  the  alcohols  with  lithium  aluminum  hydride  and  preparation 
of  the  acid  phthalate  were  carried  out  in  the  usual  manner.  Four 
recrystaUizations  from  hexane-benzene  yielded  material,  mp  163.5- 
166.0°  (lit"  mp  165-166°  for  "isoaposantenyl  acid  phthalate**). 
Two  more  recrystaUizations  did  not  change  the  melting  point 
Saponification  of  the  purified  acid  phthalate  by  alkaline  steam 
distillation,  ether  extraction,  drying,  concentration,  and  acetylation 
in  the  usual  manner  gave  back  7-Jy/^methyl-2-ex(7-norbomyl 
acetate  (3c)  contaminated  with  3  %  4c. 

Deaminatioii  of  3-«jro-Melhyl-2-e/fdb-iiorboniylaiiiiiie  kk  Acetic 
Add.  To  20  ml  of  dry  acetic  acid  was  added  0.43  g  (2.66  mmoles) 
of  amine  hydrochloride.  The  solution  was  stirred  and  chilled  to 
ca.  4°  (solidification  occurred  at  any  lower  temperature),  and  0.43  g 
(6.2  mmoles)  of  finely  crystalline  sodium  nitrite  was  added  over  a 


20-min  period.  The  solution  became  cloudy  after  10  min  and  was 
allowed  to  stand  at  room  temperature  for  2  hr. 

Ice  water  was  added,  and  the  mixture  was  extracted  four  times 
with  pentane.  The  combined  organic  layers  were  washed  once 
each  with  2  N  hydrochloric  acid,  saturated  bicarbonate,  and  satu- 
rated brine,  dried  over  sodium  sulfate,  and  carefully  concentrated 
The  pale  yellow,  mobile  liquid  product  weighed  0.38  g  (85%)  and 
was  directly  analyzed  on  capillary  columns  L  and  N.  Several 
per  cent  olefin  and  about  3  %  alcohols  were  formed  in  addition  to  the 
acetates.  The  minor  classes  of  components  were  not  readily  identi- 
fied.   Only  the  relative  acetate  composition  is  reported  in  Table  III. 

A  small  portion  of  the  acetate  mixture  was  reduced  with  lithium 
aluminum  hydride  to  the  alcohol  mixture.  Analysis  on  capillary 
colunm  L  indicated  the  presence  of  a  trace,  estimated  to  be  0.02%, 
of  the  i-exo  alcohol.  No  l-methyl-2-exo-acetate  or  i-auh  acetate 
was  detected. 

DeaminatkMi  of  3-em/(C>-Melhyl-2-ejra4iorboniylaiiiiiie  Hydro- 
ddoride.  A  solution  of  32.0  g  of  sodium  nitrite  in  100  ml  of  water 
was  added  dropwise  to  a  stirred  solution  of  10.0  g  of  the  amine 
hydrochloride  in  75  ml  of  50%  (by  volume)  water-acetic  add 
at  room  temperature.  Gas  evolved  at  a  moderate  rate  and  an 
organic  phase  quickly  separated.  The  mixture  was  allowed  to 
stir  at  room  temperature  for  5  hr;  it  was  then  extracted  four  times 
with  pentane.  The  pentane  extracts  were  combined  and  washed 
with  water  and  sodium  bicarbonate  until  the  washings  were  basic; 
they  were  then  washed  with  saturated  sodium  chloride  solution 
and  dried  over  magnesium  sulfate.  Filtration  and  solvent  evapo- 
ration with  a  Vigreux  column  left  6.0  g  (67%  yield)  of  a  mixture 
whose  composition  is  described  in  Table  III.  Distillation  of  the 
mixture  bulb  to  bulb  and  acetylation  of  the  distillate  by  the  usual 
method  gave  a  mixture  of  acetates  whose  composition  was  identical 
with  the  "acetate  fraction**  of  Table  III. 

On  column  E  at  180°,  3-en£ib-methyl-2-exo-norbomyl  acetate 
(Ic)  and  7-an//-methyl-2-ex(7-norbomyl  acetate  (2c)  could  be  sepa- 
rated from  the  minor  products  and  obtained  in  relatively  pure  form. 
After  reduction  of  Ic  with  lithium  aluminum  hydride,  the  alcobd 
Id  obtained  was  converted  to  its  add  phthalate  derivative  la. 
Compounds  Ic  and  Id  were  identified  by  comparison  of  their 
infirared  spectra  and  retention  times  on  vpc  with  those  of  authentic 
materials.**  Compound  la  had  mp  89.5-90°,  alone  or  mixed 
with  an  authentic  sample**  of  3-€fidb-methyl-2-exo-norbomyl 
acid  phthalate.  Compound  2c  had  a  retention  time  on  vpc  differ- 
ent from  that  of  3-tfjro-methyl-2-e/ui!9-norbomyl  acetate  (7c)  or 
7-ly/^methyl-2-eJro-norbomyl  acetate  (3c).  By  lithium  aluminum 
hydride  reduction  and  treatment  with  phthalic  anhydride,  it  was 
converted  to  7-an//-methyl-2-ex(7-norbomyl  add  phthalate  (2a), 
mp  105.5-107.5°  (from  heptane). 

AnaL  Cakd  for  Ci«Hi«04:  C,  70.06;  H,  6.61.  Found:  C, 
70.20;  H,6.57. 
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Abftract:  By  correlations  of  the  configuration  and  absolute  rotation  of  3-€ii£ft>-methyl-2-tfjin>-norbomyl  /^bromo- 
benzenesulfonate  with  those  of  the  corresponding  acetate  (1)  and  the  acetates  of  ait//-7-methyi-2-tfxo-norbomanol 
(7)  and  2-tfiKft>-methyl-2-tf  jro-norbomanoi  (3)  it  is  established  that  acetolysis  of  the  sulfonate  occurs  to  give  acetates 
1, 7,  and  3  with  high  retention  of  optical  purity.  Acetates  1  and  7  have  the  configurational  relationship  of  simple 
Wagner-Meerwein  isomers;  acetate  3  has  the  configuration  expected  of  a  product  derived  by  direct « jin>-3»2-hydride 
shift  in  the  3-€ittft>-methyl-2-norbomyl  cation.  The  hydride  shifts  are  intramolecular.  From  the  product  distri- 
butions and  optical  purity  data,  it  can  be  shown  that  3,2-hydride  shift  from  a  tertiary  to  a  secondary  center  is  at 
least  14  times  as  fast  as  secondary-secondary  hydride  shift,  which  in  turn  is  at  least  122  times  slower  than  solvent  cap- 
ture in  acetic  add  at  100®.  Previous  data  in  the  literature  are  interpreted  to  give  a  conipetition  ratio  for  secondary- 
secondary  6,2-hydride  shift  rjr.  solvent  capture  (0.27  in  acetic  acid  at  45®).  The  corresponding  ratio  for  the  terti- 
ary-secondary case  is  evaluated  from  the  product  distribution  in  6-methylnorbomyl  solvolyses  as  1.23  in  acetic 
add  at  100®.  A  method  for  estimating  the  temperature  correction  to  be  applied  and  the  first  estimate  of  the  mini- 
mum activation  energy  for  capture  of  the  norbomyl  cation  in  acetic  add  (4.65  kcal/mole)  are  given  in  the  Appendix. 
The  enhancement  by  methyl  substitution  of  the  rate  of  6,2-hydride  shift  is  estimated  to  be  between  5-  and  15-fold. 
The  weakness  of  this  effect  in  comparison  to  that  in  other  systems  is  attributed  to  charge  distribution  in  the  transi- 
tion state  for  the  hydride  shift,  which  is  reasonably  formulated  as  an  edge-protonated  cydopropane. 


4ie  3-e/tdb-methyl-2-norbornyl  cation  (A)^  can  es- 
cape from  the  "core"  cycle*  of  6,2-hydride  shifts 
a  "periphery"  system  (Ai)  by  exo-vicinal  hydride 
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I  (a)  Suppcyrt  of  part  of  this  work  by  the  National  Institute  of 
ritis  and  Metabolic  Diseaiei  and  by  the  National  Science  Founda- 
is  gratcftdly  acknowledged,    (b)  Presented  in  part  at  the  Anniver- 
Meeting  oi  the  Chemical  Sodety,  Birmingham,  England,  April 
v  Abstracts,  p  19;  Proc,  Chem,  Soe„  204  (1964).    A  preliminary 
ton  appeared:  J.  A.  Berson,  R.  O.  Bergman,  J.  H.  Mammons,  and 
\/,  McRowe,  /.  Am,  Chem,  Soe,,  S7,  3246  (1965). 
)  (a)  To  whom  inquiries  should  be  directed;  (b)  University  of  Wis- 
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lanick,  and  D.  Iloi»toii»  /.  Am.  Chem.  Soe,,  89, 2S61  (1967). 


shift.  The  present  paper  demonstrates  the  occurrence 
of  this  reaction.  Tlie  process  serves  as  a  standard  of 
comparison  for  the  3-exo-methyl-2-norbornyl  case  (C), 
where  stringent  stereoelectronic  prohibition  of  endo^ 
vicinal  hydride  shift  (to  Cs)  is  observed.*  The  chem- 
istry of  cation  A  also  provides  measures  of  the  com- 
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petition  between  solvent  capture  and  vicinal  hydride 
shift  and  between  secondary-secondary  and  tertiary- 
secondary  vicinal  hydride  shift. 

Conflguratioiia!  Correlatioiis.  The  stereochemical  re- 
lationships that  provide  the  experimental  basis  for  this 
study  are  established  by  a  set  of  correlations  anchored 
on  (+)-camphenilone  (2).  Although  the  absolute 
configuration'  (as  shown)  and  approximate  absolute 
rotation'  of  camphenilone  are  known,  they  become 
matters  of  no  concern  when  both  starting  material  (1, 

(5)  Paper  VI:  J.  A.  Berson,  J.  H.  Hammons,  A.  W.  McRowe,  R.  O. 
Bergman,  A.  Remanick,  and  D.  Houston,  ibid,^  89,  2S90  (1967). 

(6)  A.  J.  Birch,  Ann.  Kept.  Progr,  Chem,  (Chem.  Soc  London),  47, 
191  (1950),  and  references  dted  therein. 

(7)  Camphenilone  prepared  from  camphene  of  [a]D  +  102.  S**  (ether) 
has  [a]D  +  66.7''  (benzene).*  The  highest  reported  rotation  for  cam- 
phene is  113. S**  (ether)*  and  thus,  that  for  camphenilone  is  73.8*  (ben- 
zene). 

(8)  W.  HUckel,  W.  DoU,  S.  Eskola,  H.  Wddner,  F.  Neumann,  and 
I.  Schneider,  Ann.,  549, 186  (1941). 

(9)  (a)  C/.  J.  A.  Berson,  J.  S.  WaUa,  A.  Remanidc,  S.  Suzuki,  P. 
Reynolds- Warnhoff,  and  D.  Willner,  /.  Am.  Chem.  Soc.,  83,  3986 
(1961);  (b)  see  espedally  footnote  14  of  ref  9a  and  references  dted 
there. 
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X  ~  OBs)  and  product  (3)  are  correlated  to  this  ketone 
as  a  common  relay. 

Optically  active  3-e/irfo-methyl-2-exo-norbornanol  (1) 
(X  ~  OH)  is  obtained  by  conversion  of  the  racemic 
alcohoP®  to  the  acid  phthalate  and  fractional  crystal- 
lization of  the  ephedrine  salt  from  acetone.  Ten  re- 
crystallizations  of  the  head  crop,  regeneration  of  the 
acid  phthalate,  and  saponification  give  a  3-e/i^o-methyl- 
2-exo-norbornanol  (1,  X  =  OH)  which  is  converted 
on  one  hand  to  a  levorotatory  acetate  (1,  X  =  OAc), 
[a]D  —1.85^  (absolute  ethanol),  and  on  the  other,  by 
oxidation  with  chromium  trioxide  to  a  mixture  of 
90%  3-e/w/o-  and  10%  3-exo-methyl-2-norbornanone. 
Methylation  of  this  mixture  (potassium  /-butoxide, 
dimethyl  sulfoxide,  and  methyl  iodide)  gives  campheni- 
lone[(+)-2],  [a]D  +16.5®  (benzene),  which  on  the  basis 
of  the  highest  reported  rotation'  is  22  %  optically  pure. 
Since    optical    fractionations    are    carefully    avoided 


la  (~)  when  X  »  OAc 


(+>2 


throughout  the  sequence,  the  starting  (~)-la  (X  — 
OAc),  [a]D  —1.85^,  has  the  same  optical  purity  as 
(+)-2,[a]D+16.5^ 


Scfaemel 


H-l-OAc 


1 


OOCH^ 


1 


(+>2 


(-)-« 


•  Experiment  actually  perfomied  in  enantiomeric  series. 

The  tertiary  product  (3)  expected  from  direct  3,2- 
hydride  shift  in  cation  A  when  the  latter  has  the  con- 
figuration related  to  that  of  (~>la  (X  ~  OAc)  (Scheme 
I)  might  be  derived  conceptually  from  (+)-camphen- 
ilone  (2)  by  reduction  of  the  CO  group  to  CHi  and  re- 
placement of  the  exo-methyl  group  with  acetoxy. 
This  correlation  can  be  achieved  in  practice  by  way 
of  a  relay  compound,  2-e/irfo-methyl-2-exo-norbornane- 
carboxylic  acid,  (— )-4,  which  had  previously  been 
correlated  with  (— >camphenilane  (6),  which  in  turn 

(10)  Paper  II:  J.  A.  Berson,  A.  W.  McRowe»  R.  G.  Bergman,  and 
D.  Houston,  /.  Am.  Chem.  Soc.,  89,  2363  (1967). 


had  been  obtained*' ^^  from  (+)-camphenilone  (2). 
Acid  (— )-4  now  is  correlated  to  (— )-3  by  two  sequences 
(shown  for  economy  of  presentation  in  Scheme  I  in  the 
series  enantiomeric  with  that  in  which  the  experiments 
were  actually  performed):  (i)  by  conversion  to  the 
methyl  ketone  and  Baeyer-Villiger  oxidation;  (ii)  by 
conversion  to  2-e/w/o-methyl-2-exo-norbornylamine  by 
the  Hofmann  rearrangement,^**  followed  by  nitrosative 
deamination^  of  the  latter  in  aqueous  acetic  acid  to 
give  the  tertiary  alcohol  (+)-3-OH  corresponding  in 
configuration  to  (— )-3-OAc.  The  ratio  of  rotations 
of  the  tertiary  alcohols  (— )-3-OH  obtained  from  the 
two  routes  is  1.23,  in  good  agreement  with  the  ratio  of 
rotations  of  the  starting  acids  4  (i :  ii  =  1 .30).  Thus,  the 
deaminatively  produced  alcohol  has  lost  at  most  about 
5%  more  optical  purity  than  the  oxidatively  produced 
one.  The  correspondence  strongly  suggests  that  both 
sequences  proceed  with  complete  or  nearly  complete 
retention  of  optical  purity.  It  would  not  have  been 
surprising  if  the  deamination,  which  probably  passes 
through  cation  Ai,  actually  did  produce  some  racemiza- 
tion.  At  least  under  equilibrating  conditions,  this 
system  rapidly  loses  all  optical  activity,  presumably  by 
intramolecular  or  intermolecular  6,2-hydride  shift.^ 
Under  the  strongly  nucleophilic  conditions  used  in  the 
deamination,  however,  the  cations  probably  are  ir- 
reversibly captured,  thus  suppressing  the  competing 


OAc 


(-)-3-0Ac 


(+>30H 


\n) 


(-) 


OQiH 


OOfl 


(->4 


(->8 


6,2  shift.  Racemizing  6,2  shift  is  also  slow  even  when 
cation  Ai  is  produced  under  the  not  completely  ir- 
reversible conditions  in  the  solvolysis  experiments  to  be 

(11)  (a)  Out  of  concern  Uiat  the  strongly  basic  conditions  of  the 
Wolff-Kishner  reduction*  might  have  caused  partial  racemization  of  2 
or  its  hydrazone  by  homoenolization,'^^  we  have  confirroed  the  previous 
work*  in  both  signs  and  magnitudes  of  rotation  for  the  (+>-2  -»  (— )4 
correlation  using  conditions  which,  although  basic,  were  quite  different 
from  the  previous  ones.  The  quantitative  agreement  between  the  remits 
makes  it  highly  unlikely  that  any  racemization  occurs,  (b)  A.  Nidcoo 
and  J.  L.  Lambert,  /.  Am.  Chem,  Soc.,  S4,  4604  (1962);  88,  190S  (196^ 

(12)  Previously  carried  out  in  the  racemic  series  by  (a)  R.  R.  Sauen» 
ibU.,  81,  4873  (1959);  (b)  N.  J.  Toivonen,  E.  Siltanen,  and  K.  Ojili, 
Ann.  Acad.  Set.  Fennicae,  Ser.  AII^  No.  64  (195$). 
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riMe  L    Absolute  Configurations  and  Rotations  of  Some  Norbomane  Derivatives 


Compound 


^ 
^ 


(->a 


OH 
QAe 


QAe 


cngs 


oo^ 


30H 


[a]D, 
deg 


-113.5 


-73.8 


+13.6 


-31.9 


Mm. 
deg 


Solvent       Ref 


Ether 


ca* 


+25.6      +69.1        CHQ, 


+31.5 
+31.3 


Benzene        a^ 


-56.8 
-42.3 

. « • 

... 

CHQ, 

ca* 

/ 
/ 

+8.04 

... 

AbsEtOH 

K 

+68.6 

. .  • 

95%EtOH 

a 

+5.92 

... 

95%EtOH 

a 

-11.0 
-11.8 
-11.4 

-33.2 

•  •  • 

•  •  • 

CHQi 

ca4 

Hexane 

g 
g 
g 
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CHQi  gjt 

CHQi  I 


Compound 


^°" 


3-OAe 


/:hi 


QAe 


VBfiL 


OQ^ 


[a]D,        [aliii, 

deg         deg         Solvent  Ref 


+4.0      +13.3       CHQ, 


+48.0    +146.3       CHQ, 


~~o.53         ... 


MeOH 


+16.8      +347         CHQ, 


+48.7 


-13.9 


g 


g 


g 


-48.7      -132         95%EtOH      / 


-45.9      -124         95%EtOH      / 


-157  -521         95%EtOH    / 


-162         -536         95%EtOH    / 


95%EtOH      J 


•  Reference  9a.    » J.  P.  Bain,  A.  H.  Best,  B.  L.  Hampton,  G.  A.  Hawkins,  and  L.  J.  Kitchen,  7.  Am.  Chem.  Soc.,  72, 3124  (1950).    •  For 
I  review,  see  J.  A.  Nfills  and  W.  Klyne,  Progr.  Stereochem,^  1, 177  (1954).    '  Reference  8.    *  Reference  6.    f  Reference  5.     '  This  work. 
Correlated  with  2-norbomanol,  the  absolute  rotation  of  which  had  been  established  by  isotopic  dilution  analysis  of  its  add  phthalate  [J. 
L  Berson and S.  Suzuki,/.  Am.  Chem.  Soc.,  81, 4088  (1959)].    <  K.  Mislow  and  J.  G.  Berger,  ibid.,  84, 1956  (1962).  i  Reference  17. 


iescribed.*  This  behavior  contrasts  markedly  with  that 
)f  norbomyl  cation^'  and  a  number  of  substituted 
Icrivatives,^*""  in  which  6,2  shift  competes  with  cap- 
ure  of  the  cations  by  solvent.  An  interpretation  is 
>Sered  based  on  the  nonclassical  structure,  which  be- 
ause  of  the  tendency  of  the  methyl  group  to  localize 
harge  at  C-1  has  a  smaller  fraction  of  the  positive 
harge  at  C-2  than  in  the  unsubstituted  case.    This  ef- 


(13)  J.  D.  Roberts,  C  C  Lee,  and  W.  H.  Saunders,  Jr.,  /.  Am,  Chem. 
^  76,  4501  (1954). 

(14)  W.  G.  Woods,  R.  A  Carboni,  and  J.  D.  Roberts,  ibid.,  78, 
im  (195^. 

(19  A.  Colter,  E.  C.  FHedrlch,  N.  J.  Holness,  and  S.  ^instdn,  ibid., 
7, 178  (196^,  and  papers  died  therein. 

(IQ  l^pcr  IV:  J.  A  Benon,  A  W.  McRowe,  and  R.  O.  Bergman, 
MUL,  m.  ISn  (1967). 


feet  would  decrease  the  rate  of  6,2-hydride  shift.  Ob- 
viously, a  parallel  explanation  could  be  given  in  terms 
of  an  interconverting  pair  of  classical  ions,  one  ter- 
tiary and  the  other  secondary. 

Correlation  of  the  configuration  and  rotation  of 
tertiary  alcohol  (+)-3-OH  with  those  of  (— )-nor- 
bornanone  are  also  effected  (Scheme  I,  iii)  via  the  epi- 
meric  tertiary  alcohol,  which  gives  (+)-3-OH  upon 
successive  treatment  with  hydrochloric  acid  and  al- 
kali.^'^  The  maximum  rotation  of  3-OH  based  on 
norbornanone  is  11.0^  (CHCU),  the  same  as  that  ob- 
tained by  correlation  with  camphenilone.  Since  the 
norbornanone  value  (Table  I)  is  ultimately  based  on  an 
^'absolute"  method  (isotopic  dilution),  the  highest  re- 
ported value  for  camphenilone  must  represent  the 
rotation  of  optically  pure  material. 

The  correlations  established  in  these  studies  are  sum- 
marized in  Table  I,  which  also  lists  for  easy  reference 
selected  data  from  papers  III  ^'  and  VI'  bearing  on  the 
present  study. 

(17)  J.  A  Benon  and  R.  O.  Bergman,  ibid.,  89, 2569  (1967). 
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Acetolysis  of  Optically  ActiYe  3-^mfo-Methyl-2-exo- 
norbornyl  /^-Bromobenzenesiilfoiiate.  Prepared  from  the 
same  enantiomer  of  3-e/u/o-methyl-2-exo-norboraanol 
that  gives  (— )-l  (X  =  OAc)  on  acetylation,  the  corre- 
sponding p-bromobenzenesulfonate  (1»  X  »  OBs) 
solvolyzes  in  sodium  acetate  buffered  acetic  acid  to  give 
the  same  mixture  of  products  already  described  in  the 
racemic  series.  ^*  Three  of  these  acetates  are  isolated  by 
preparative  vapor  chromatography  with  scrupulous 
precautions  to  avoid  optical  fractionation.  The  ace- 
tate of  the  starting  3-e/u/o-methyl-2-norbornyl  structure 
is  isolated  with  the  same  sign  and  99  :h  1  %  of  the 
magnitude  of  rotation  as  that  prepared  by  direct 
acetylation  of  the  alcohol  used  to  prepare  the  active 
substrate  1,  X  =  OBs.  (-)-7-a«/i-Methyl-2-exo- 
norbornyl  acetate  (7),  the  configuration  and  absolute 
rotation  of  which  are  established  in  paper  III/'  is  also 
isolated  with  complete  preservation  (101  ±  1%)  of 
optical  purity.  Finally,  the  formation  of  {—yi-endo- 
methyl-2-exo-norbornyl  acetate  (3)  with  complete  re- 
tention of  optical  purity  is  demonstrated  by  isolation 
of  the  corresponding  (+)-tertiary  alcohol  after  lithium 
aluminum  hydride  reduction  of  the  solvolysis  reac- 
tion mixture.  The  rotation  to  be  expected  of  the  ter- 
tiary alcohol  can  be  calculated  as  follows.  The  un- 
saturated acid  8  [(— )-2-e/irf(0-methyl-2-exo-5-norborn- 
enecarboxylic  acid]  of  [a]D  —41.4°  has  been  converted** 
to  (— )-camphenilane  of  [a]D  —8.20®.  In  Scheme  I, 
(+>8  of  [a]D  +24.6°  gave  (-)-3-OH  of  [a]D  -4.22° 
by  the  Baeyer-Villiger  route  (i),  whereas  (+)-8  of 
[a]D  +32.1°  gave  (-).3-OH  of  [a]D  -5.20°  by  the 
deamination  route  (ii).  Also,  (— )-l,  X  =  OAc,  [a]D 
— 1.85°,  gave  camphenilone  (2)  of  [a]D  + 16.5®,  and  2  of 
[a]D  +11.6°  gave  camphenilane  (6)  of  [a]D  —2.20°. 
Using  the  results  of  the  Baeyer-Villiger  route  (i),  the 
rotation  expected  for  3-OH  derived  from  the  p-bromo- 
benzenesulfonate  corresponding  to  (— )-la,  X  =  OAc, 
of[a]D-1.85°is 


Mealed  = 


_4  72(Z^1A\(Z1:2^\(±}^\  = 
\+24.6A-8  20/\+H.6/ 

Using  the  data  of  the  "deamination  route"  (ii) 


+2.70° 


[«]calcd  = 


-MMmxw:)- 


+2.56 


The  configuration  and  optical  purity  of  tertiary 
product  (— )-3  show  that  it  belongs  entirely  to  the 
stereochemical  series  that  results  from  direct  exo- 
vicinal  hydride  shift  in  cation  A.  The  simplicity  of  this 
reaction  is  in  striking  contrast  to  the  behavior  of  the 
epimeric  3-exo-methyl  cation  C 

The  hydride  shift  that  converts  secondary  cation  A  to 
tertiary  cation  Ai  is  at  least  predominantly  intramcriecii- 
lar.  Solvolysis  of  3-emfo-methyl-2-exo-norb<Mmyl  p- 
bromobenzenesulfonate  in  acetic  acid-O-^  under  the 
same  conditions  used  in  the  optically  active  series 
produces  an  acetate  mixture  from  which  tertiary  ace- 
tate 3  is  isolated  containing  only  0.23  atom  of  deu- 
terium per  molecule.  This  small  amount  of  incor- 
poration results  from  a  reaction  of  the  product  3  after 
itis  formation,  as  control  experiments  show.*  Thus,  in 
processes  that  expose  it  only  once,  Ai  is  formed  by 
essentially  completely  intramolecular  hydride  shift 
Re-formation  of  Ai,  even  in  buffered  medium,  permits 
incorporation  of  deuterium,'  but,  fortunately,  racemiza- 
tion  by  6,2  shift  in  Ai  is  slow  enough  (see  above)  to  be 
undetectable. 

The  6,2  shifts  that  lead  to  the  other  solvolysis  prod- 
ucts from  1  (X  ==  OBs)^'  are  also  entirely  intramolecu- 
lar. The  total  secondary  acetate  mixture  incorporates 
only  0.0084  atom  of  deuterium  per  molecule. 

The  uniformly  high  optical  purities  of  the  products 
from  the  acetolysis  of  1,  X  —  OBs,  demonstrate  the 
absence  of  secondary-secondary  hydride  shift  and  of 
vicinal  methyl  shift  in  cation  A,  both  of  which  are 
racemizing  events.  This  allows  the  construction  of 
Scheme  II  for  use  in  a  more  detailed  scrutiny  of 
part  of  the  over-all  mechanism  discussed  in  paper  I.^ 
The  nomenclature  of  the  cations  follows  that  used 
there.  ^  From  the  stereochemical  results  and  dis- 
tributions of  products,  it  is  now  possible  to  deduce  two 
important  rate  constant  ratios  in  terms  of  Scheme  IL 

n 


A, 


(->3 


If  these  figures  are  taken  to  represent  the  limits  of  ex- 
perimental error,  the  observed  value  [a]D  +2.64°  corre- 
sponds to  100  db  3%  retention. 
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ReUtive  Rates  of  Vicinal  (3,2)  Hydride  Siiift  aid 
Solvent  Capture.  Assume  that  the  concentrations  of 
all  of  the  carbonium  ion  intermediates  can  be  expressed 
by  steady*8tate  equations.    It  is  known**  that  the  con* 
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n  of  secondary  ion  A  to  its  more  stable  hydride- 
1  tertiary  isomer  Ai^*  is  essentially  irreversible, 
ptical  purity  (P)  of  product  3  or  la  (X  =  OAc) 
ig  with  la  (X  =  OBs)  is  then  given  by  eq  1  and  2. 
gnificance  of  the  rate  constants  is  given  in  Scheme 
ept  for  k'^^  k'^^  and  kt  which  refer  respectively 
nmed  forward  and  reverse  rate  constants  for  6,2- 
le  shift  in  cation  A  (and  its  enantiomer  A2)  and 
ipture  of  the  hydride-shifted  cations  C  and  B 
their  enantiomers  Q  and  Bs).  Rate  constants 
[^  and  ki  include  solvent  concentration  terms. 
racketed  terms  of  eq  1  represent  steady-state  con- 
itions. 

UAMAJ    (1) 

optical  purity  of  3  or  la  = 

(l-kjv)/(l  +  kjv)    (2) 

raction  (F)  of  the  total  acetate  product  repre- 
l  by  3  is  given  by  eq  3. 


ktjio  -  *,,J 


(3) 


c  manipulation  of  eq  2  and  3  gives  the  ratio  of  the 
f  migration  of  exo  hydrogen  from  a  tertiary  to  a 
lary  carbon  (/ct,t)  to  that  from  a  secondary  to  a 
lary  carbon  (k^,^  (eq  4). 


kjk.^.  =  (2P/1  -  P)F 


(4) 


J  product  distribution  "  gives  F  as  0.07.  The  value 
is  essentially  unity  whether  determined  from  the 
l1  purity  of  3  or  from  that  of  1,  X  -  OAc,  but  the 
is  more  accurate  since  it  is  obtained  by  direct 
arison  of  the  rotations  of  a  single  substance. 
P  ^  0.99,  /ct.i/*M  ^^s  a  minimum  value  of  14. 
i  ratio  of  /ct.t  to  the  composite  rate  constant  k^u 
+  ki)  measures  the  competition  between  tertiary- 
dary  hydride  shift  and  solvent  capture  of  ion  A. 
I  be  evaluated  with  the  previously  reported  data^' 
the  ratio  3:(1  +  7)  as  0.074  in  aqueous  ethanol, 
in  aqueous  dioxane,  0.18  in  formic  acid,  and  0.1  IS 
il7  (average  of  ratios  from  three  different  modes  of 
)  in  acetic  acid.  Thus,  k^n/k^^w  the  competition 
between  solvent  capture  and  secondary-secondary 
le  shift  in  A,  is  14 : 0. 1 1 S  or  at  least  1 22  in  acetic  acid 
D^.  A  factor  this  large  would  suffice  to  prevent 
>rmation  of  a  detectable  amount  of  3,2-shifted 
ict  from  norbomy]  cation  itself  (2,3-^ *C-labeled).*' 
;ually,  this  ratio  may  be  very  much  larger.  As  a 
ating  rate,  we  may  use  6,2-hydride  shift,  which  is 
jji»-u  iQ  jjQ  competitive  with  and  hence  of  the 
order  of  magnitude  as  solvent  capture  in  many 
>myl  systems.  A  direct  comparison  between  6,2 
econdary-secondary  3,2  shift  in  norbornyl  cation 
is  available  from  the  proton  magnetic  resonance 
•um  in  solvent  SbFj-SOiClF-SOj  at  -120*^, 
i  shows^*  that  6,2  shift  is  at  least  8.8  powers  of  ten 
than  3,2  shift.  If  this  rate  ratio  were  largely  due 
lifference  in  activation  enthalpy  and  if  it  persisted 

Only  one  resonance  form  of  Ai  is  shown  here.  The  argument  is 
leriaUy  changed  whether  Ai  is  considered  to  be  a  resonance  hybrid 
Mwoondary  nondassical  ion  or  a  tertiary  classical  ion.  We  are 
loerned  here  or  in  the  sequel*  with  the  distinction. 
[a)  M.  Saunders,  P.  von  R.  Schleyer,  and  G.  A.  Olah,  /.  Am. 
^oe^  M,  5680  (1964);  (b)  F.  R.  Jensen  and  B.  H.  Beck,  Tetroke- 
ften,  4287  (1966). 
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in  hydroxylic  media,  6,2  shift  would  be  faster  than  3,2 
shift  under  the  solvolysis  conditions  (water  or  acetic 
acid  solvent,  25-100®)  by  factors  in  the  range  4  X  10*- 
3  X  10^.  Thus,  solvent  capture  should  overwhelm 
secondary-secondary  3,2  shift  by  several  orders  of  mag- 
nitude. Experimentally,  no  3,2  shift  was  detected^'*^^ 
in  the  acetolysis  of  exo-norbornyl  p-bromobenzene- 
sulfonate-2,3-^*C,  but  Lee  and  Lam  later  reported**^ 
having  found  such  a  process  in  the  acetolysis  of  the 
corresponding  2-tritio  derivative.  These  authors  inter- 
preted** theu"  data  in  terms  of  1-2%  of  C-3  tritio  prod- 
uct. The  total  per  cent  contribution  of  3,2  shift  would 
have  had  to  be  in  the  range  7-10%  to  account  for 
this,*^^  so  that  3,2  shift  and  6,2  shift,  according  to  this 
interpretation,  cannot  differ  very  much  in  rate.  Fur- 
thermore, 3,2  shift  seems  to  be  just  detectable  in  for- 
molysis  of  ^*C-labeled  material, ^''^'^  although  it  is 
not  clear  whether  the  distribution  there  is  completely 
kinetically  controlled.  If  the  reports  of  competitive 
3,2  and  6,2  shifts  in  hydroxylic  media  are  correct,  one 
is  forced  to  the  conclusion  that  the  relative  and  absolute 
magnitudes  of  these  specific  rates  can  vary  by  several 
powers  of  ten  as  a  function  of  solvent.  Since  the  rates 
observed  by  nmr  techniques  in  nonhydroxylic  media  are 
being  used  as  approximations  to  the  rates  under  sol- 
volytic  conditions, '^  it  would  seem  imperative  that  the 
discrepancy  be  resolved.  The  closely  related  matter  of 
absolute  rates  of  capture  of  the  cations  in  solvolytic 
media  is  briefly  discussed  in  the  Appendix. 

Relative  Rates  of  Transannular  (692)  Hydride  Shift  and 
Solvent  Capture.  Estimates  of  these  relative  rates  for 
the  secondary-secondary  case  can  be  made  from  studies 
of  isotope-position  rearrangement  in  solvolyses  of 
2,3-**C-norbornyl  derivatives^'  or  from  the  more  re- 
cent experiments  in  the  2-tritionorbornyl  series.**** 
The  adjacent  diagram  (Scheme  III)  outlines  the  basis  for 
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2-norbornyl  product        2-norbomyl  product 
50%  rearr  100%  rearr 


(20)  (a)  P.  D.  Bartlett  and  C.  E.  Dills,  unpublished  results;  C.  E.  Dills, 
Thesis,  Harvard  University,  19SS;  (b)  C.  C.  Lee  and  L.  K.  M.  Lam, 
/.  Am,  Chem.  Soc.,  8S,  2831  (1966);  (c)  ibid.,  8S,  S3S5  (1966). 

(21)  For  a  review,  see  J.  A.  Berson  in  "Molecular  Rearrangements,** 
Part  3,  P.  de  Mayo,  Ed.,  Intersdence  Publishers,  Inc.,  New  York, 
N.  Y.,  1963. 

(22)  S.  Winstein,  /.  Am.  Chem.  Soe.,  S7,  381  (1965). 
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the  calculations  from  the  ^^C  data.  Vicinal  shift  is 
assumed  to  be  slow.^'^  Kinetic  isotope  effects  in  this 
type  of  marking  are  all  secondary  and  are  assumed  to  be 
small.  The  tritium-labeling  data^^  must  be  handled 
in  a  different  manner,  which  is  described  in  the  Appen- 
dix. The  total  per  cent  rearrangement  of  isotope  posi- 
tion is  given  by  F^50)  +  Fy(50)  +  F,(100),  where  F„ 
Fjf  and  Ft  are  the  fractions  of  product  formed  from 
cations  X,  Y,  and  Z.  By  symmetry,  the  steady-state 
concentrations  of  Y  and  Z  are  equal,  and  hence  Fj  = 
Ft.  Thus,  the  total  per  cent  rearrangement  may  be  ex- 
pressed as  in  eq  S. 


F^50)  +  Fj(l50)  =  total  %  rear 


(5) 


But  Fy  =  (1  —  /^x)/2,  so  that  eq  5  can  be  put  in  the  form 
of  eq  6.    From  the  previously  derived^^  relationships 

Fx  =  3  -  total  %  rearr/25  (6) 

(eq  7  and  8),  one  obtains  eq  9,  which  permits  an  experi- 

F^  =  (*H  +  fc.oH)/(3fcH  +  *.oh)  (7) 

Fy  +  F,^  IkulOkn  +  *.oh)  (8) 

kH/k^u  =  (1  -  FM3F,  -  1)  (9) 

mental  evaluation  of  the  competition  between  second- 
ary-secondary 6,2-hydride  shift  and  solvent  capture  of 
norbornyl  cation.  The  corresponding  competition 
ratio  for  a  tertiary-secondary  case  is  supplied  by  the 
product  distribution"  from  6-e/irf(0-methyl-2-norbornyl 
p-bromobenzenesulfonate  (9).  Table  II  summarizes 
these  ratios. 
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An  estimate  of  the  effect  of  methyl  substitution  on  the 
absolute  rate  of  6,2-hydride  shift  would  bear  upon  the 
question  of  charge  distribution  in  the  transition  state. 
Although  such  an  estimate  based  on  the  data  of  Table 
II  is  at  best  a  rough  one,  it  seems  worth  making.  One 
should  first  make  some  attempt  to  relate  the  hydride 
shift  rates  to  a  common  solvent  capture  rate  k^ou* 
It  seems  reasonable  to  assume"  that  k^on  would  be 
roughly  the  same  for  attack  at  the  favored  position^' 
(C-1)  of  the  6-methyl  cation  (D)  as  for  attack  on  nor- 
bornyl cation.  Since  attack  at  C-2  of  D  is  only  about 
one-tenth  as  fast, "  X:,oh  for  D  can  be  taken  to  be  roughly 
one-half  fcson  for  norbornyl  cation.  The  experimental 
ku/ksou  values  of  Table  II  for  the  6-methylnorbornyl 
cases  are  therefore  divided  by  this  statistical  factor  of  2. 


Table  n.  Competitioii  Ratios  (6,2-Hydride  Shift  vs.  So^tai 
Capture)  for  Se^ndary--Secondary  (s^)  and  Tertiary-Second 
(t,s)  Systems 


Structure 


Type 

of 

shift 


Temp, 
Solvent  °C         kn/kMi 


Norbornyl  s,s 

Norborayl  s^ 

6-Methyhicrborayl  t,s 

6-Methyhiorborayl  t,s 


Aq  acetone  45  0.12 

HOAc  45  0.27 

AqEtOH  100  0.92(0. 

HOAc  100  2.45(1. 


*  The  value  in  parentheses  is  an  estimate  derived  from  a 
statistical  correction  of  the  experimental  value  (see  text). 


If  6,2-hydride  shift  at  both  the  ion-pair  and  sepai 
ion  stages  occurred  in  the  norbornyl  cation^'  bu 
in  6-methylnorbornyl,  the  norbornyl  ratios  of  Tal 
derived  upon  the  assumption  of  a  '"single  pass" 
petition,  would  be  too  high.  It  is  difficult  to  gues^ 
much  correction  should  be  applied  for  this,''  bui 
were  large,  the  observed  total  per  cent  rearrange 
figures  would  have  approached  the  "equilibr 
value  of  66.7%.  This  is  not  found  to  be  the  a 
The  change  in  temperature  (45-100°)  between  the 
bornyl  and  6-methylnorbornyl  experiments  might  1 
the  kulk^on  I'^tio  in  acetic  acid  by  a  factor  of  ab 
(see  Appendix). 

One  concludes  that  the  enhancement  of  the  ra 
6,2-hydride  shift  by  methyl  substitution  is  a  facte 
tween  about  S  and  about  15  in  acetic  acid.  This  i 
effect  on  the  removal  of  "hydride  ion"  from  cj 
to  the  transition  state  distance  contrasts  strongly 
the  enormous  change  produced  by  methyl  substit 
on  SnI  solvolyses,'^  where  achievement  of  the  ti 
tion  state  involves  stretching  a  halogen-carbon  I 
In  reactions  of  bromides,  for  example,  alteration 
secondary  structure  (isopropyl)  to  tertiary  (/-I 
enhances  the  solvolysis  rate  by  factors  ranging  bet 
10'  and  10^.  Although  ground-state  energy  differ 
cannot  be  ignored,  it  seems  likely  that  a  major  cai 
the  observed  weakening  of  the  methyl  substituent 
has  to  do  with  charge  distribution  in  the  tran: 
state.  The  transition  state  for  halide  solvolysis  v 
have  a  substantial  amount  of  positive  charge  locally 
the  reaction  site,  and  its  energy  would,  therefor 
very  responsive  to  alkyl  substitution,  but  the  ti 
tion  state  for  6,2-hydride  shift  if  it  resembles  an 
protonated  cyclopropane,'*^  consistent  with  the  ki 
endo-endo  geometry  of  the  process,'*  might  b 
pected'^  to  have  relatively  little  positive  charge  a 
migration  origin  (C-6)  or  terminus  (C-2).  Much  ( 
charge  might  well  be  localized  on  the  migrating  h; 


(23)  For  an  earlier  discussion,  see  J.  A.  Beraon  and  A.  Ren 
/.  Am,  Chem.  Soc.,  86,  1749  (1964). 

(24)  A.  Streitwieser,  Jr.,  Chem.  Rev.,  56,  571  (1956). 

(25)  S.  Winstein  and  D.  Trifan,  /.  Am.  Chem.  Soc.,  74,  1154  ( 

(26)  (a)  J.  A.  Berson  and  P.  W.  Grubb,  ibid.,  87,  4016(1965). 
M.  Benjamin  and  C.  J.  ColUns.  ibid.,  88,  1556  (1966).  (c)  As  ha 
pointed  out,***  the  possibility  cannot  be  dismissed  that  substitutic 
change  the  6,2-shift  intermediate  or  transition  state  from  hypoth4 
face  protonated  in  simple  norbornyl  cation  to  edge  protonated  ( 
stereochemical  equivalent  leading  to  an  endo-endo  process)  in  tl 
stituted  examples  actually  studied. '^•^  However,  this  is  not  the  i 
lent  of  the  statement  *<>  that  in  the  substituted  cases,  **either  th< 
protonated  or  the  face-protonated  intermediate  could  produce  th 
experimental  result**  In  the  case  of  the  l-methyl-7-carboxy 
bomyl  cation,  a  single  face-protonated  intermediate  of  nominal  t 
symmetry  was  experimentally  excluded.  ***  (d)  C.  J.  Collins  and 
Benjamin,  /.  Am.  Chem.  Soc.,  89,  1652  (1967). 

(27)  R.  Hoffmann,  /.  Chem.  Phys.,  40,  2480  (1964). 
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as  extended  Hiickel  calculations  suggest  is  the  case 
cyclo-C,H7+ itself." 

erimental  Section 

Optical  Actiratioo  of  3-«/r</(9-Metfayl-2-ejra4iorboniyl  Add 
date.  A  solution  of  600  g  of  the  racemic  add  phthalate'^  in 
r  acetone  was  brought  to  boiling  on  the  steam  bath  and  treated 
an  equimolar  amount  of  ephedrine.  After  a  short  while  the 
ire  was  homogeneous;  it  was  cooled  to  room  temperature  and 
ed  to  stand  overnight,  after  which  time  a  large  amount  of  the 
e  salt  had  crystallized  from  the  solution.  The  white  crystals 
collected  on  a  Biichner  funnel  and  recrystallized  ten  times 
acetone,  yidding  165  g  of  salt  in  the  head  crop.  A  50.0-g 
tity  of  this  material  was  stirred  rapidly  with  about  200  g  of 
ed  ice.  30  ml  of  35  %  aqueous  HO,  and  75  ml  of  ether.  When 
was  no  longer  visible  in  the  mixture,  the  phases  were  separated 
he  aqueous  layer  was  extracted  twice  more  with  ether.  The 
ined  ether  fractions  were  washed  with  5  %  hydrochloric  acid, 
;  and  brine,  and  dried  over  sodium  sulfate.  They  were  then 
ited  and  the  solvent  was  evaporated  at  the  aspirator,  leaving 
I  (quantitative  yield)  of  optically  active  acid  phthalate,  which 
I  specific  rotation  of  [a]"^  -3.98*'  (CHQ,). 
t  optically  active  acid  phthalate  was  mixed  with  40  ml  of  15% 
m  hydroxide  and  steam  distilled.  Optically  active  y-^ndo- 
^1-2-ex^norbomeol,  la,  X  »  OH,  distilled  over  completely 
1  10  min  and  crystallized  in  the  aqueous  distillate.  To 
optical  fractionation,  the  alcohol  was  collected  completely  by 
led  extraction  of  the  distillate  with  pentane,  after  saturation  of 
]ueous  phase  with  salt.  The  combined  pentane  extracts  were 
id  with  1  %  hydrochloric  acid  and  brine  and  dried  over  sodium 
e.  The  pentane  solution  was  then  concentrated  to  a  manage- 
dze,  but  the  alcohol  was  not  allowed  to  crystallize.  An  ali- 
was  removed  and  concentrated  to  dryness  at  the  aspirator,  and 
frared  spectrum  taken.  It  was  identicals  with  that  of  the  pure 
DC  sample.  ^  A  second  aliquot  was  removed  and  convert^  to 
lUy  active  3-€fidb-methyl-2-ejro-norbomyl  acetate,  which  had 
Frared  spectrum  and  retention  time  on  vpc  identical  with  that 
;  racemic  sample.  Analysis  by  capillary  vpc  showed  it  to  be 
I  homogeneous.  The  rotation  was  [a]**D  —1.85°  (absolute 
ol). 

rratetkm  of  OpticaUy  Actlfe  3-em/(9-Melhyl-2-exa4iorboniyl 
te  ((->la,  X  »  OAc)  with  (+)-Caniplienfloiie  (2).  The  mix- 
)f  3-methyl-2-norbornanones  derived  from  the  above  active 
e,  la]p  —1.85'',  has  been  described  elsewhere.^'  A  portion 
)  of  the  mixed  ketones  was  dissolved  in  5  ml  of  dry  dimethyl 
ide  (previously  distilled  from  lithium  aluminum  hydride), 
le^necked,  round-bottomed  flask  was  flamed  out  under  a 
a  of  nitrogen,  cooled,  and  charged  with  1.8  g  of  potassium 
xxide  and  40  ml  of  dry  dimethyl  sulfoxide.  The  ketone  solu- 
<as  then  added  to  the  flask  dropwise  from  a  pressure-equalizing 
I,  while  the  entire  system  was  protected  with  a  nitrogen  blanket 
ig  the  addition  the  cloudy,  off-white  solution  turned  yellow 

* 

er  the  mixture  had  been  stirred  for  20  min,  15  ml  of  freshly 
ed  methyl  iodide  was  added  dropwise  while  stirring  was 
uied.  The  cloudiness  and  color  disappeared  inunediately, 
tie  mixture  was  allowed  to  stir  for  2  hr  at  room  temperature, 
r  was  then  added  and  the  nuxture  was  extracted  four  times  with 
ne.  The  combined  pentane  extracts  were  washed  repeatedly 
ivater  and  once  with  saturated  brine,  and  dried  over  sodium 
e.  Decantation  and  evaporation  left  a  greenish  oil  containing 
tm  by  capillary  vpc)  15%  3-ejro-methyl-2-norbomanone,  5% 
endo  epimer,  60%camphenilone  (2),  and  the  rest  low-boiling 
cts.  After  distillation  bulb  to  bulb,  the  distillate  was  chro* 
paphed  on  column  D-1.    By  this  procedure  the  optk:ally 

camphenilone  could  be  obtained  in  better  than  99.0%  purity. 
I  a  specific  rotation  of  [a]"**D  +16.5''  (benzene). 
nftnioB  of  (-|-)-Camplienfloiie  to  (-)-Camplwiillane.*  A 
e  of  optically  active  camphenilone  obtained  from  Light  and 
a\^'H>  +11.6",  CHOi)  and  wdghing  1.0  g  was  dissolved  in 
of  95%  ethanol.  SemKarbazide  hydrochloride  (0.9  g)  and 
m  acetate  (1.1  g  dissolved  in  5  ml  of  water)  were  added,  and 
suiting  mixture  was  heated  at  reflux  for  4  hr  on  the  steam  bath 

a  water  condenser.  The  semicarbazone  separated  as  white 
9  on  cooling;  it  was  extracted  with  three  portions  of  CHOt, 
he  comtnned  organic  extracts  were  washed  with  saturated 
m  chloride  and  dried  over  magnesium  sulfate.  The  solution 
lltcred  and  an  aliquot  was  taken  for  an  infrared  spectruna. 
pectrum  showed  the  expected  N-H  (2.9,  3.0  /i)  and  0=N 
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(5.92  /i)  bands,  and  a  complete  absence  of  C=0  absorption  (5.72  /i). 
The  solution  was  therefore  concentrated  to  dryness  at  the  aspirator 
and  all  the  product  (5.5  g,  97%  yield)  was  removed  and  mixed  with 
4.5  g  of  pulverized  KOH.  This  solid  mixture  was  placed  in  a  100-ml, 
round-bottomed  flask  and  shaken  to  ensure  homogendty.  A  short- 
path  distillation  apparatus  was  attached,  and  the  flask  was  heated 
in  a  Woods*  metal  bath  from  170  to  260°.  As  the  temperature  rose, 
the  solid  fused  and  bubbled  and  a  two-phase  mixture  collected 
in  the  recdver.  When  the  distillation  was  complete,  the  material 
in  the  pot  had  solidified  to  a  tan  mass. 

The  organic  layer  was  drawn  off  the  top  of  the  distillate  with 
a  pipet,  a  little  pentane  was  added  to  the  aqueous  phase,  and  the 
pentane  layer  was  drawn  off  and  combined  with  the  first  fraction. 
After  a  small  amount  of  magnesium  sulfate  was  added  to  the  organic 
mixture,  it  was  centrifuged  and  the  liquid  was  separated  from  the 
magnesium  sulfate.  The  solid  was  washed  with  pentane  and  the 
pentane  was  combined  with  the  rest  of  the  hydrocarbon.  As  an 
infrared  spectrum  of  this  mixture  showed  a  small  C=0  band, 
about  0.060  g  of  lithium  aluminum  hydride  was  added  and  the 
material  was  distilled  bulb  to  bulb  at  atmospheric  pressure.  The 
hydrocarbon  (2.5  g,  72%  yield)  came  over  as  a  clear  liquid,  solidi- 
fying in  the  Dry  Ice  trap.  Chromatography  on  colunm  D-1  at 
135''  gave  camphenilane  (6),  which  was  again  distilled  bulb  to  bulb 
and  thus  obtained  better  than  99.0%  pure  by  capillary  vpc.  Its 
specific  rotation  was  [a]*»'»D  -2.20*'  (benzene),  and  its  infrared 
spectrum  was  identical  with  that  of  a  racemic  sample.** 

Solrolysis  of  Racemic  3-«ittiSo-Methyl-2-ejra4iorboniyl  /vBromo- 
bcnaenesolfoiiate  (la,  X  ^  OBs).  A  0.1  M  solution  of  sodium 
acetate  in  acetic  acid  was  heated  to  thermal  equilibrium  in  an  oil 
bath  at  95**.  With  rapid  stirring,  a  suspension  of  12.3  g  of  the 
sulfonate^*  in  another  50  ml  of  buffer  solution  was  then  added 
dropwise  to  the  hot  solution.  The  resulting  mixture  was  stirred 
at  this  temperature  for  15  min,  after  which  time  it  was  allowed  to 
cool  to  room  temperature  and  poured  onto  pentane  and  cracked 
'net.  The  phases  were  separated,  the  water  phase  was  extracted  twice 
more  with  pentane,  and  the  combined  organic  layers  were  washed 
with  water,  saturated  sodium  bicarbonate  solution,  and  brine,  and 
dried  over  sodium  sulfate.  The  solution  was  decanted,  and  the 
pentane  was  distilled  away  carefully  with  a  Vigreux  colunm,  leaving 
a  greenish,  sweet-smelling  oil.  Bulb-to-bulb  distillation  of  this 
material  at  15  nun  gave  5.0  g  (83%)  of  acetates  as  a  water-white 
oil.  An  analysis  of  this  material  by  capillary  vpc  showed  that  it 
contained  several  products,  whose  identities  and  relative  proportions 
are  given  elsewhere.  ^* 

In  another  experiment,  0.9  g  of  the  sulfonate  was  solvolyzed 
under  the  same  conditions,  but  for  a  longer  period  of  time.  Ali- 
quots  were  withdrawn  periodically  and  worked  up  individually  as 
above.  Analysis  of  these  aliquots  by  vpc  indicated  that  the  sol- 
volysis  was  essentially  complete  after  5  min  at  95°,  and  the  relative 
proportions  of  the  products  remained  constant  for  several  hours 
afterward.  At  very  long  reaction  times  (greater  than  4  or  5  hr) 
small  amounts  of  other  products,  l-methyl-2-ejr(7-norbomyl  ace- 
tate and  2-ejro-methyl-2-e/ui!9-norbomyl  acetate,  could  be  detected. 

A  solvolysis  of  3-^u/o-methyl-2-ejro-norbomyl  /^•toluenesulfonate 
was  carried  out  in  a  manner  identical  with  that  of  the  p-bromo- 
benzenesulfonate  solvolysis.  The  product  pattern,  analyzed  by 
capillary  vpc  after  work-up,  was  identical  with  that  from  the 
p-bromobenzenesulfonate. 

Sohrolysis  of  la  in  O-Denterioacetic  Add.  The  procedure  de- 
scribed for  solvolysis  of  la,  X  »  OBs,  and  isolation  of  tertiary 
product  as  alcohol  3-OH  in  the  optically  active  series  was  repeated 
on  a  sample  of  racemic  /^•bromobenzenesulfonate,  except  that  O- 
deuterioacetic  acid  was  employed  as  solvent.  Falling  drop  analysis 
on  3-OH  showed  it  to  contain  1.6  atoms  %  excess  deuterium  (0.23 
atom  of  deuterium  per  molecule),  and  analysis  of  the  remainder  of 
the  alcohols  showed  the  mixture  to  contain  0.06  atom  %  excess 
deuterium  (0.0084  atom  of  deuterium  per  molecule). 

Solfoiysis  of  Opdcally  Actife  la,  X  »  OBs.  An  aliquot  of  the 
same  pentane  solution  of  3-«iid(9-methyl-2-ejro-norbomanol  (la, 
X  «  OH)  used  to  prepare  (— >3-«tt/(t>-methyl-2-^jfo-norbomyl 
acetate,  [a]D  —  1 .85  **,  contained  about  9  g  of  the  ateohol.  This  was 
convert^  to  the  /^•bromobenzenesulfonate  in  a  procedure  identical 
with  that  used  to  prepare  the  racemic  derivative.*^  The  material 
obtained  was  identical  in  spectral  properties  with  the  racemic  sul- 
fonate, except  that  the  infrared  showed  the  presence  of  a  small 
amount  of  residual  starting  alcohol.  A  preparative-scale  solvolysis 
on  20.6  g  of  the  optically  active  sulfonate  was  carried  out  under  the 
same  conditions  as  the  racemic  analog,**  and  7.6  g  (75%)  of  ace- 
tates was  obtained  from  the  reaction.  The  entire  mixture  was  re- 
duced to  alcohols  with  lithium  aluminum  hydride,  and  Trefukh 
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iiiethyl-2-exo-iiorbonieol  (3)  was  separated  from  the  other  prod- 
ducts  on  vpc  column  B  at  135°  after  bulb-to-bulb  distillation  of  the 
mixture  at  13  mm.  The  tertiary  alcohol  was  collected  as  white 
needks,  pure  by  capillary  vpc.  After  bulb-to-bulb  distillation,  it 
had  a  specific  rotation  of  [a]***^D  +2.64''  (CHCU).  Its  infrared 
spectrum  was  identical  with  that  of  a  racemic  sample. 

The  remainder  of  the  solvolysis  material  was  collected  as  a  semi- 
solid and  reconverted  to  acetates  in  the  usual  way.  The  two  migor 
products,  y-endo-mcihyl-Trexo-norbomyl  acetate  (la,  X  »  OAc) 
and  7-aff//-methyl-2-exo-norbomyl  acetate  (7),  were  separated  from 
the  rest  of  the  mixture  on  column  E  at  1 75  "*.  Both  were  recycled  on 
the  same  column  to  give  acetate  la  in  better  than  99.0%  purity  and 
7  in  98.0%  purity.  Acetate  la  obtained  in  this  way  was  identical 
in  infrared  spectrum  and  capillary  vpc  retention  time  with  authentic 
la.  It  was  found  to  have  specific  rotation  [a]***^D  —  LBS"*  (ab- 
solute ethanol)  and  is  thus  formed  with  99  d:  1  %  retention  of  con- 
figuration. The  sample  of  7  obtained  from  this  solvolysis  was  iden- 
tical in  infrared  spectrum  and  retention  time  on  vpc  with  material 
obtained  from  the  deamination  of  3-eiui(0-methyl-2-exo-norbomyl- 
amine  hydrochloride'*  and  had  a  specific  rotation  of  [a]"-*D 
-3. 19 ''(95%  ethanol). 

Scheme  L  Correlation  of  2-eitd!o-Melhyl-5-iiorboniene-2-ejro- 
carboxylic  Add  (8)  with  2-e/tt^Metfayl-2-€xo-iiQrbonianol  (3-OH). 
(i)  Baeyer-VilUger  Route,  Raoenic  Series.  Hydrogenation  of  pure 
racemic  8,*>**  conversion  to  the  acid  chloride,  and  reaction  of  the 
latter  compound  with  dimethylcadmium  were  carried  out  in  the 
manner  described'*  for  similar  transformations.  Racemic  Z-endo" 
■e(fayl-2-eJC(M»etylnorfooniaiie  was  a  liquid,  bp  95-98''  (25  mm), 
ii****D  1.4759. 

Anal.  Calcd  for  CioHi«0:  C,  78.89;  H,  10.60.  Found: 
C,  78.63;  H,  10.66. 

The  2^4-diiiitrophaiylhydrazoiie  was  recrystallized  from  ethanol 
and  had  mp  155.5-156". 

Anal.  Calcd  for  Ci«Hs<^4Ns:  C,  57.82;  H,  6.07.  Found: 
C,  57.73;  H,6.19. 

The  racemic  ketone  reacted  with  perbenzoic  acid  in  the  usual 
manner'*  to  give  2-emi!9-methyl-2-exo-norbomyl  acetate. 

Optically  Actife  Scries.  A  sample  of  8  obtained  by  resolution** 
had  [a]D  +24.6"  (95%  ethanol).  It  was  hydrogenated  over  plat- 
inum oxide  in  methanol  to  the  saturated  acid  which  then  was  con- 
verted to  the  ketone  as  in  the  racemic  series.  The  ketone  had  [ajp 
+9.25**  (CHQi),  ii**-*D  1.4751,  and  was  homogeneous  by  vpc. 
Its  infrared  spectum  was  identical  with  that  of  the  racemate. 

Oxidation  with  perbenzoic  acid  as  in  the  racemic  series  followed 
by  reduction  with  lithium  aluminum  hydride  gave  a  mixture  of 
alcohols  which  was  purified  by  preparative  vapor  chromatography 
on  colunm  C  to  give  pure  2-eru/o-methyl-2-ejco-norbomanol 
(3-OH),  [a]D  -4.22"  (CCI4).  This  material  had  mp  84-85".  It 
was  homogeneous  on  column  L,  and  its  infrared  spectrum  was 
identical  with  that  of  the  racemate. 

Scheme  I.  (iO  Deaminatioo  Route.  A  sample  of  Trendo" 
niethyl-5-norbomene-2-ex(M:arboxylic  acid  (8)  obtained  by  resolu- 
tion**  had  [a]D  +32.1"  (95%  ethanol).  It  was  hydrogenated  and 
treated  with  thionyl  chloride  to  give  the  corresponding  saturated 
add  chloride.  This  material  was  dissolved  in  dry  ether  and  treated 
with  dry  ammonia  gas.  Filtration  of  the  solid,  concentration  of 
the  filtrate,  washing  of  the  combined  solids  with  water,  extraction 
of  the  water  wash  with  ether,  evaporation  of  the  ether,  and  drying 
of  the  combined  solid  gave  98.4%  of  the  amide,  [a]D  +5.65" 
(methanol).**  This  material  was  subjected  to  the  Hofmann  re- 
arrangement under  the  conditions  reported  by  Sauers*'  in  the  race- 
mic series.  The  resulting  amine  hydrochloride  had  an  infrared 
spectrum  identical  with  that  of  the  racemate  (kindly  supplied  by 
Professor  Sauers*'). 

The  amine  hydrochoride  (3.8  g)  in  a  mixture  of  10  ml  of  water  and 
2.5  ml  of  acetic  acid  was  treated  with  a  solution  of  2.5  g  of  sodium 
nitrite  in  8  ml  of  water.  The  reaction  mixture  was  allowed  to 
stand  3  hr,  poured  into  150  ml  of  water,  and  extracted  with  pentane. 
Drying,  evaporation  of  the  pentane,  lithium  aluminum  hydride 
reduction,  reacetylation,  distillation,  and  reduction  gave  2-e/u/o- 
methyl-2-ejc(7-norbomanol,  [a]D  —5.20"  (CCI4). 

I  (UO*    Asymmetric  hydroboration*'  of  norbomene  with 
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diisopinocampheylborane  (prepared  from  o-pineoe  of  Ia]D  —42.7*  ^ 
[c  2.3,  absolute  EtOH],  kindly  suppUed  by  Dr.  H.  Enos  of  Hevcuks  P 
Powder  Co.)  and  acetylation  of  the  crude  alcohol  obtained  after  r 
oxidation  gave  (—yexo-l-norbomyl  acetate,  a  —3.31"  (neat,  1  . 
dm),  after  distillation  through  a  spinning-band  column,  lim  ^ 
material  contained  less  than  5%  of  the  endo  isomer  as  estimated  by  ' 
vpc  (colunm  N)  of  the  ak^ohol  derived  from  it  by  lithium  aluminum  ^ 
hydride  reduction.  Jones  oxidation*^  gave  2-norbomanone,  : 
[a]D  —7.95"  (chloroform),  which  was  homogeneous  (columns  L  - 
andN). 

Methyl  Grignard  reagent  was  prepared  in  150  ml  of  ether  in  a 
1-1.,  three-necked  flask  from  6.90  g  (0.28  g-atom)  of  magnesium  . 
turnings  and  15.9  ml  (at  0")  of  methyl  bromide  (0.29  mole).  To 
this  mixture  was  added  a  solution  of  23.5  g  (0.213  mxAe)  of  nor- 
bomanone,  [a]D  —7.95"  (chloroform),  in  100  ml  of  ether  over  a 
20-min  period.  The  light  tan  mixture  was  stirred  for  1  hr  at  room 
temperature.  The  excess  reagent  was  destroyed  with  a  saturated 
solution  of  ammonium  chloride.  The  solution  and  salts  were 
cooled  to  0"  and  almost  all  the  precipitate  was  dissolved  with  2  A^  hy- 
drochloric acid;  the  solution  was  still  alkaline  as  evidenced  by 
the  odor  of  ammonia. 

The  clear  ether  layer  was  sq>arated  from  the  aqueous  phase 
and  the  latter  extracted  four  times  with  pentane  to  give  a  combined 
organic  solution  of  ca.  650  ml  which  was  twice  washed  with  satu- 
rated brine  and  dried  over  sodium  sulfate.  The  solvent  was  care- 
fully fractionated  off,  to  give  a  slightly  yellow  oil 

The  crude  oil  was  distilled  bulb  to  bulb  at  95"  (ca.  25  mm), 
to  yield  a  white  crystalline  solid;  the  infrared  spectrum  and  re- 
tention times  on  vpc  were  identical  with  those  of  a  racemic 
sample  of  2-ejc{>-methyl-2-e/ui!9-norbomanol  prepared  by  the  method 
of  Toivonen."»>  The  yield  was  25.5  g  (95%).  A  represenUtive 
sample  was  taken  from  the  molten  ak:ohol:  [a]'*D  —6.45  ±  0.09"; 
[a]**iM  -17.41  ±  0.05"  (c  4.3,  chloroform),  average  values  and 
standard  deviations  given  for  four  determinations. 

The  above  alcohol  was  acetylated  with  excess  acetic  anhydride 
and  pyridine  at  100"  for  24  hr  to  give,  after  the  usual  work-up  and 
distillation,  a  100%  yield  of  the  acetate,  whose  infrared  spectrum 
and  vpc  retention  times  on  vpc  were  identical  with  those  of  the 
authentic,  racemic  material.  Capillary  vpc  on  column  N  indicated 
the  presence  of  ca.  0.05%  t-exo  acetate,  rotation  [a]"D  -12,09 
±0.07",  [a]«»m  -36.84  ±  0.08"  (c  6-7.8,  chloroform).  Treat- 
ment with  lithium  aluminum  hydride  regenerated  the  starting  alco- 
hol with  unchanged  rotation. 

2-e/fi/a-Metfayl-2-ejca-iiorboniaiiol  [(+)-3-OH].  A  homogeneous 
sample  of  3.(X)  g  of  the  above  optically  active  l-exa-vaieihyl'l^ido' 
norbomanol  was  stirred  with  concentrated  hydrochloric  acid  for 
2  hr  at  room  temperature.  The  chloride  was  extracted  with  pen- 
tane, washed  with  brine,  and  evaporated  to  give  a  residue  which 
was  homogeneous  on  columns  L  and  N  except  for  traces  of  pentane. 
The  crude  chloride  was  stirred  at  95"  with  35  ml  of  1  N  sodium 
hydroxide  for  4  days  and  extracted  with  pentane.  Washing  with 
brine,  drying  over  sodium  sulfate,  removal  of  solvent,  and  sub- 
limation gave  2.36  g  (80%)  of  (+>-3-OH,  infrared  spectrum  and 
vpc  retention  time  identical  with  those  of  an  authentic  racemic  sam- 
ple.»»  The  rotations  were  [ajo  +2.78  db  0.006";  Mtu  +8.38 
db0.02"  (c  5.0-5.3,  chloroform). 

The  corresponding  acetate  (-)-3-OAc  prepared  in  94%  yield 
from  this  sample  had  [crjo  - 1.01  =fc  0.03";  [aim  -3.36  ±  0.01' 
(c  5.2-5.4,  chloroform),  and  contained  0.75%  of  the  epiroeric 
acetate.  Lithium  aluminum  hydride  regenerated  (+>3-OH  with 
unchanged  rotation  which  contained  no  l-methyl-2-exo-no^ 
bornanol  (0.05  %  could  have  been  detected,  column  L). 

By  a  previously  described  procedure,**  Trexo-mgiby^Trendo' 
norbomanol,  [a]D  -6.45"  (chloroform),  was  converted  to  1-aMthyl- 
2-ejra-norboniyl  acetate,  [a]D  +9.29  ±  0.03";  [aim  +28.0  db  0.005' 
(c  5.2-5.4,  chloroform),  which  was  reduced  with  lithium  aluminum 
hydride  to  l-methyl-2-€;c(Miorboniaiiol,  [a]D  +0.21  db  0.02'; 
la]m  -2.11  db  0.02"  (c  5.8-5.9,  chloroform).  Reacetylation 
gave  back  the  acetate  with  unchanged  rotation. 

Appendix 

6,2-Hydride  Shifts  in  the  2-Norbornyl-2-/  System. 

The  threefold  symmetry  properties  associated  with 
6,2-hydride  shifts  in  2-norbornyl-2,3-^*C  cations  arc 
perturbed  in  the  2-norbornyi-2-r  analogs.  In  the  2,3- 
^*C  case  (Scheme  III),  three  successive  transaimular 
shifts  in  a  given  direction  suffice  to  complete  the  sym- 
metry operation  by  which  the  starting  cation  is  trans- 
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formed  into  itself.  Although  the  2-/  case  has  also  been 
discussed  as  if  it  were  threefold  symmetric,^^  this  ap- 
proach is  not  really  justifiable.  The  number  of  suc- 
cessive transannular  hydride  shifts  needed  to  complete 
the  symmetry  operation  depends  upon  the  stereo- 
chemistry of  these  shifts.  If,  as  seems  likely,  ^^  these  are 
constrained  to  be  endo-endo,  four  successive  trans- 
annular  shifts  are  required  to  complete  a  cycle  (Scheme 
IV).    The  competition  ratio  k^osJ^B.  can  be  calculated 
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from  experimental  data  by  means  of  eq  10,  which  is 
derived  by  treating  all  of  tihe  cationic  intermediates  by 
steady-state    methods,    assuming    no    isotope    effect 

(*H  =  *t). 


4  +  ik^nlkn) 


4  +  5(k^kn)  +  (*,oh/*h)* 


(10) 


The  quantities  Fu$  F^,  Fk,  and  Fj^  represent  the  frac- 
tions of  product  formed  from  each  of  the  four  cations, 
and  the  quantity  Rt  is  evaluable  from  the  experimental 
ratio  of  S,6-tritiated  to  S,6-untritiated  product,  these 
two  ring  positions  being  inseparable  in  the  degrada- 
tion scheme.  Solution  of  the  quadratic  and  rejection 
of  the  physically  insignificant  negative  root  give  the 
desired  ratio  /c«oh/^h  (^  1  !)• 

.       ,.          1  -  SJ^T  =fc  i9RT'  +  6Rr  +  l)'^* 
iCsoh/^h  ■*  2© " 

dlRr)  -  1     (11) 

A  cubic  relationship  (eq  12)  is  derived  from  the 
alternative  extreme  assumption  of  a  large  isotope  effect 
(*T  -  0). 
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R-Kk^B/kny  +  (5Rt  -  1X*.oh/*h)^  + 

(6Rt  -  4X*.oh/*h)  +  2(Rt  -  1)  =  0    (12) 

The  ratio  Rq  of  S,6-labeled  to  S,6-unlabeled  product 
in  the  case  of  2,3- ^*C  starting  material  is  readily  derived 
from  eq  7  and  8  as 


ksOH/kn  =  (l/Rc)  -  2 


(13) 


As  eq  11,  12,  and  13  show,  the  product  distributions 
from  2,3- ^*C  and  2-/  starting  materials  are  different 
functions  of  the  rate  constants  in  question,  and  the 
apparent  correspondences  noted*^**  between  the  two 
experiments  in  terms  of  "per  cent  contributions"  of  C-1, 
C-2  and  C-1,  C-2,  C-3  equating  processes  are  purely 
fortuitous.  If  the  same  rate  constants  apply  to  the  two 
systems,  eq  11,  12,  and  13  show  that,  in  principle,  these 
"per  cent  contributions"  cannot  be  the  same.  Ex- 
pressed another  way,  the  number  of  sequential  steps 
required  to  achieve  a  given  "per  cent  contribution" 
differs  in  the  two  cases.  The  proper  cross-check  is 
made  via  the  rate  constants.  Thus,  from  the  tritium 
experiments*®**  and  eq  11  one  calculates  k^^/ks^  = 
2.88  in  acetic  acid  at  45^.  Using  this  value  and  eq 
7,  8,  and  13,  one  can  calculate  Re  and  the  distribution 
to  be  expected  in  the  '^C  experiment  under  the  same 
conditions:  C-5,  C-6,  17.0%;  C-2,  C-3,  41.5%;  C-1, 
C-4,  20.8%;  and  C-7,  20.8%).  This  is  in  quite  good 
agreement  with  the  experimental  values  of  IS,  40,  23, 
and  22%.  Conversely,  one  can  calculate  Rt  from  eq 
10  and  the  ^^C  data,  using  the  value  3.67  for  k^^lkn 
obtained  from  eq  13.  This  leads  to  a  calculated  dis- 
tribution of  17.6%  of  tritium  at  C-5,  C-6,  which  is  to  be 
compared  with  the  experimental  value*®**  of  20.5%. 
Although  the  ratio  /^soh/^h  determined  from  the 
tritium  data  is  about  20%  lower  than  the  ^*C  value, 
the  distributions  calculated  in  the  cross-checks  are 
rather  insensitive  to  the  discrepancy.  The  alternative 
assumption  (eq  12)  of  a  large  isotope  effect  in  the  tri- 
tium experiments  leads  to  /:,oh/^h  =  2.7. 

The  Temperature  Effect  on  the  Competition  Ratio. 
An  Estimate  of  the  Minimum  Activation  Energy  for  the 
Capture  of  Norbomyl  Cation.  From  the  k^oalkn 
ratios  of  2.88  at  45°  and  1.76  at  25°,  derived  from  the 
tritium-labeling  data^*'  and  eq  1 1,  one  can  calculate  the 
Arrhenius  activation  energy  difference  between  the 
processes  of  pseudo-unimolecular  capture  of  norbomyl 
cation  by  the  medium  (solvent  and/or  lyate  ion)  and  6,2- 
hydride  shift.  Solvent  capture  has  the  higher  activa- 
tion energy  by  4.65  kcal/mole.  The  fc.oH/^H  ratio  at 
100°  is  calculated  on  this  basis  to  be  8.5.  The  calcula- 
tion assumes  that  the  observed  temperature  effect  on 
the  tritium  distribution  is  not  the  result  of  a  temperature- 
dependent  isotope  effect. 

To  the  extent  that  the  tritium  data  (which  cover  only  a 
narrow  temperature  range)  may  be  relied  upon,  the 
figure  4.65  kcal/mole  represents  the  first  estimate  of  the 
minimum  value  of  the  activation  energy  for  capture  of  a 
norbomyl  cation  in  solution.  Since  this  energy  is  of 
extreme  importance  in  present  discussions  of  carbonium 
ion  behavior,  its  confirmation  or  revision  by  further 
experiment  would  be  valuable. 
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Abstract:  The  3-^;co-iiiethyl-2-norborayl  cation  scrupulously  avoids  rearrangement  to  the  2-methyl-2-norborayl 
cation  by  e/u/(>-3,2-hydnde  shift,  despite  the  large  thermodynamic  driving  force  of  the  reaction.  Instead,  it  takes  a 
more  circuitous  route  involving  preliminary  6,2-hydride  shift  to  the  7-a/fri-methyl-2-norbomyl-3-^ii£ft>-methyl-2- 
norbomyl  system,  which  then  suffers  e;ca-3,2-hydride  shift.  The  mechanism  is  elucidated  with  optically  active 
reactants,  since  the  competing  paths  lead  to  enantiomeric  forms  of  2-methyl-2-norbomyl  product.  The  more  cir- 
cuitous path  involving  exo'3^  shift  is  at  least  100  times  as  efficient  as  the  direct  one  relative  to  solvent  capture  and 
6,2  shift.  Comparison  with  the  results  in  the  3-^ii£ft>-methyl  series  shows  that  the  preference  for  tfxa-3,2  shift 
inheres  in  a  faster  rate  for  this  process  rather  than  in  extraneous  factors  proposed  for  other  systems.  PinacoUc  rear- 
rangement of  3-^/u/(>-methyl-2,3-e;ca-norbomanediol  gives  exclusively  3-€/u/(>-niethyl-2-norbomanone.  A  number 
of  other  examples  of  vicinal  shifts  reported  in  the  literature  are  examined,  and  the  possibility  of  an  alternative 
mechanism  for  the  longifolene-isolongifolene  rearrangement  is  pointed  out.  The  extension  of  simple  quantum  me- 
chanical arguments  from  primitive  three-center  displacements  to  four-  and  five-center  openings  of  mesomeric  bridges 
is  discussed.  The  experimental  findings  are  fuUy  in  accord  with  a  nonclassical  structure  for  3-methylr2-norbomyl 
cation. 


One  of  the  characteristic  features  of  norbornyl  cation 
chemistry  is  the  highly  stcreospecific  capture  of 
external  nucleophiles  from  the  exo  direction,  even  when 
endo  attack  is  stericaUy  about  as  favorable  or  more  so. 
This  behavior  was^  and  still  is^'^  one  of  the  major  reasons 
for  assigning  nonclassical  structures  to  the  product- 
forming  intermediates  in  such  systems.  A  reasonable 
corollary  of  the  nonclassical  cation  hypothesis  suggests 
that  internal  nucleophiles,  such  as  the  migrating  vicinal 
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groups  in  Nametkin  rearrangements,  might  also  show  a 
large  exo  preference.  ••'"•  The  present  paper  reports  a 
test  that  confirms  this  idea. 

The  formolysis  of  5>^n-7-methyl-2-exo-norbomyl  acid 
phthalate  (1)  had  been  reported^®  to  give  5-exo-methyl- 
l-exo'  (2)  and  l-methyl-2-exo-  (3)  norbornyl  formates. 
The  latter  product  was  of  particular  interest,  since  the 
mechanism  proposed"^  for  its  formation  (Scheme  I) 
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zd  an  e/i^o-vicinal  hydride  shift  in  the  cationic 
ediate  Q,^^  which  violates  the  stereoelectronicaUy 
jatcd*^'^-*  prohibition.  An  alternative  but  more 
zx  mechanism  (Scheme  II)  employing  only  exo' 
.  shifts  is  possible  in  principle,  however.^  This 
es   a  preliminary  6,2-hydride   shift  converting 

Ci  to  cation  As,  followed  by  an  exo-vicinal  3,2- 
e  shift  to  produce  cation  Cs»  which  is  enantio- 
with  Ai.  Tlie  mechanisms  are  clearly  distinguish- 
I  the  optically  active  series  once  the  relative  con- 
ions  of  the  starting  material  and  product  are 
shed. 

a  number  of  reasons,  it  is  preferable  to  modify 
w  form  of  the  problem,  first  by  entrance  to  the 
lium  ion  scheme  (see  paper  P')  at  Ci  via  a  S-exo- 
1  (4)  rather  than  a  7-5>;/i-methyl  (1)  precursor,  and 
I  by  capture  of  the  rearranged  tertiary-second- 
Ltion  (Ai  or  Q)  as  tertiary  product  (5a  or  5b) 

than  secondary  (3a  or  3b).  The  first  change  is 
ui  by  expediency,  synthetic  routes  to  optically 
1  and  configurational  correlation  with  3  or  5  being 
active  and/or  difficult.  The  second  is  a  response 
er  experience.  Secondary  product,  the  1-methyl- 
norbornyl  ester  (3),  is  formed  in  appreciable 
Its  from  either  1  or  4  only  under  conditions  of 
ible  carbonium  ion  formation,  that  is,  when  the 
hat  accumulates  during  formolysis  or  acetolysis 

consumed  by  an  added  buffer.  Under  these 
ions,  there  is  danger  of  racemization  by  6,2- 
le  shift  and/or  reversible  formation  of  1-methyl- 
:yclene,^'  and  in  fact,  attempted  acetolysis  of  4 

absence  of  sodium  acetate  leads  to  completely 
ic  3.  In  the  presence  of  sodium  acetate  as  buffer, 
1  activity  is  preserved,  but  the  kinetically  con- 
1  product  mixture  contains  only  2.3  %  of  the  de- 
ertiary  ester  5a  or  5b.   Despite  the  experimentally 


rhe  nomendature  of  the  cationic  intermediates  is  that  given  in 
IS  and  retained  throughout  this  series. 
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uninviting  prospect  of  dealing  with  such  a  small  amoimt 
of  material,  it  was  nevertheless  clear  that  this  product 
was  of  theoretical  significance  and  did  not  represent  a 
minor  side  path,  since  its  Wagner-Meerwein  relative  3 
is  a  major  product  under  reversible  conditions.  The  low 
yield  of  5a  or  5b  under  kinetically  controlled  conditions 
results  merely  from  irreversible  capture  of  the  bulk  of 
the  material  at  earlier  points  in  the  complex  mechanism 
of  the  rearrangement.  Since  control  experiments  show 
that  tertiary  product  5a  or  5b  is  not  formed  from  the 
other  acetates  under  the  solvolysis  conditions,  this 
material  represents  carbonium  ions  that  elude  such 
capture. 

Stereochemical  Correlations.  A  distinction  between 
the  mechanisms  involving  endo-^^  and  exo-hydride'  shifts 
thus  rests  upon  the  configurational  correlation  of  3- 
exo-methyl-2-e/w/o-norbomyl  starting  material  (4)  and 
2-e/iJo-methyl-2-exo-norbomyl  product  (5a  or  5b). 

(+)-3-exo-Methyl-2-e/w/o-norbomeol  (4,  X  =  OH)  is 
prepared  via  the  "acid  -►  acetate"  sequence  from  (+)-3- 
exo-methyl-2-enrfo-norbomanecarboxylic  acid^*  (4,  X  = 
COiH),  the  acid  chloride  (4,  X  =  COCl),  and  the  methyl 
ketone  (4,  X  =  COCHg),  Bayer-Villiger  oxidation  of 
the  latter  to  the  acetate  (4,  X  -  OAc),  and  lithium  alumi- 
num hydride  cleavage.  The  active  acid  (4,  X  =  COiH) 
is  derived  by  hydrogenation  of  the  unsaturated  acid  6,^^ 
which  is  readily  optically  activated  by  fractional  crystal- 
lization of  the  quinidine  salt. 


CC^H 


6 


To  minimize  the  accumulation  of  errors  that  inevitably 
accompanies  a  rotational  correlation  using  two  different 
relay  compounds,  it  is  desirable  to  correlate  starting 
alcohol  4  (X  =  OH)  with  camphenilone  (7),  the  same 

(14)  The  racemic  substance  is  reported  by  O.  Komppa  and  S.  Beck- 
mann,  Ann,,  523,  68  (1936). 
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substance  that  bad  abeady  served^'  as  reference  in  the 
correlation  of  product  alcohol  5a  or  5b.  This  is  ac- 
complished by  oxidation  and  methylation  of  (+)-4 
(X  =  OH),  [a]D  +14.4**  (carbon  tetrachloride),  to 
(+)-7,  [a]D  +33.4^  (benzene). 


X 

(+)-4,X-0H 


(+)-7 


Acetolysis  of  Optically  Active  3-exo-Methyl-2-e/i^(9- 
norborayl   /^-Bromobenzenesulfonate   (4,   X    —    OBs). 

From  the  product  mixture  formed  by  sodium  acetate 
buffered  acetolysis  of  4,  X  =  OBs,  prepared  from  (+)-4, 
X  =  OH,  [a]D  +19.9°  (carbon  tetrachloride),  62.4% 
optically  pure,  one  can  isolate  by  vapor  chromatog- 
raphy (+)-3-eHrfo-methyl-2-exo-norbornyl  acetate  (9), 
[a]D  +5.29°  (absolute  ethanol),  and  (+)-7-flH/l-methyl- 
2-exo-norbornyl  acetate  (8),  [a]D  +9.18°  (95%  etha- 
nol). Since  9  of  [a]D  — 1.85°  has  the  same  optical  pur- 
ity as  7  of  [a]D  +16.5°,**  whereas  the  starting  alcohol  4, 
X  =  OH,  corresponds  to  7  of  [ajD  (19.9/14.4)  X  33.4  = 
46.1°,  the  rotation  calculated  for  9  isolated  from  the 
solvolysis  with  complete  retention  of  optical  purity  is 
(46.1/16.5)  X  1.85°  =  5.18°.  The  observed  value  of 
5.29°  thus  corresponds  to  102%  retention.  Similarly, 
8  has"**  1 .72  times  the  rotation  of  9  of  equal  optical  purity 
in  the  indicated  solvents.  The  calculated  value  of  1 .72  X 
5.18°  =  8.91°  is  matched  by  the  observed  value  9.18°, 
corresponding  to  103%  retention.  The  configurations 
are  as  shown"****  and  are  those  expected  for  a  Wagner- 
Meerwein  related  pair  of  products  derived  from  cation 
As  which  is  in  turn  formed  by  6,2-hydride  shift  in  cation 
Ci  (Scheme  II).  The  complete  preservation  of  optical 
purity  in  these  products  generated  from  entry  via 
cation  Q  in  the  present  work  and  via  cation  As  in  the 
previous  work^^  shows  that  vicinal  (3,2)  secondary- 
secondary  shift  of  hydrogen  or  methyl,  whether  endo 
or  exo^  is  very  slow  relative  to  6,2  shift  and  solvent 
capture.  This  is  a  desirable  feature  of  the  experi- 
mental system.  It  eliminates  one  conceivable  source  of 
racemization  which,  if  it  had  occurred,  could  have 
complicated  the  issue,  since  it  would  have  been  super- 
imposed upon  any  racemization  caused  by  competition 
between  Schemes  I  and  II. 

The  optical  purity  of  8  and  9  (X  =  OAc)  also  excludes 
the  possibility  of  another  formally  conceivable  (al- 
though a  priori  unlikely)  racemizing  mechanism  in- 
volving 5,2-hydride  shift.  In  cation  d,  this  would 
produce  either  the  6-methyl-2-norbornyl  cation  (prod- 
ucts from  which  are  not  observed"'**)  or  the enantiomer 
of  As.  Hence  if  5,2  shift  were  slower  than  6,2  shift,  the 
competition  would  cause  some  racemization  in  products 
8  and  9 ;  if  the  relative  rates  were  in  the  opposite  order, 
the  configurations  of  8  and  9  would  be  enantiomeric 
with  those  observed. 

The  tertiary  product  2-eHrfo-methyl-2-exo-norbomyl 
acetate  is  very  difficult  to  isolate  from  the  product 
mixture.  It  is  present  in  small  amounts  and  emerges 
in  the  early  fraction  from  vapor  chromatographic 

(15)  (a)  Paper  V:  J.  A.  Berson,  R.  G.  Bergman,  J.  H.  Hammons,  and 
A.  W.  McRowe.  /.  Am.  Chem,  Soc.,  89,  2581  (1967);  (b)  paper  III: 
J.  A.  Berson  and  R.  G.  Bergman,  ibid,,  89, 2569  (1967);  (c)  actual  exper- 
iment^** in  the  enantiomeric  series. 


columns  with  a  retention  time  very  close  to  those  of  1- 
methyl-2-exo-norbornyl  acetate  and  2-exo-methyl-2- 
endo-noThomyl  acetate,  which  also  are  present.  The 
rotation  of  this  three-component  mixture,  which  is 
readily  separable  from  all  the  other  products  by  vpc, 
shows  that  the  2-e/irfo-methyl-2-exo-norbornyl  ace- 
tate in  it  is  (+)  (see  Experimental  Section)  and  hence 
that  it  has  configuration  5b,  consistent  with  its 
formation  at  least  predominantly  by  Scheme  II.  Un- 
fortunately, acetate  5b  is  not  completely  stable  on  the 
vpc  columns  (tricyanoethoxypropane  stationary  phase) 
most  efficient  for  its  separation  from  the  remaining  two 
contaminants  unless  extreme  care  is  taken  to  deacidify 
the  column  and  injector  surfaces  by  injection  of 
anmionia  between  passes.  With  considerable  labor, 
(+)-2-e/w/o-methyl-2-exo-norbornyl  acetate  (5b)  can 
be  obtained  free  of  the  other  two  persistently  adhering 
isomers  but  now  contaminated  with  decomposition 
products  from  the  colunm  stationary  phase.  The  rota- 
tion of  this  material  is  [a]i66  +6.18°  (chloroform), 
which  confirms  the  configuration  as  5b  and  represents 
75%  retention  of  optical  purity."***  This  is  a  mini- 
mum value  because  of  the  presence  of  inert  diluents, 
but  still  demonstrates  that  the  more  circuitous  mecha- 
nism of  Scheme  II,  involving  only  exo-3,2-hydride  shift, 
accounts  for  at  least  87.5%  of  the  tertiary  product 
acetate. 

That  this  estimate  is  actually  much  too  conservative 
is  indicated  by  a  comparison  of  the  product  ratios  from 
the  acetolysis  of  3-exo-methyl-2-e/wfo-norbornyl  sub- 
strate (4,  X  =  OBs)  with  those  from  the  3-em/o-methyl- 
2-exo-norbornyl  series  9  (X  =  OBs).^*    In  the  latter 


AcO 


case,  the  ratios  of  tertiary  product  2-e/iA>-methyl-2-e;co- 
norbornyl  acetate  (5b)  to  secondary  products  9  (X  = 
OAc)  and  8  are  0.242  and  0.229.  *•  These  ratios  represent 
the  partition  of  cation  A2  between  solvent  capture 
and  exo  tertiary-secondary  3,2-hydride  shift  to  give 
cation  Q.  Scheme  II  postulates  that  all  of  the  tertiary 
product  5b  from  3-exo-methyl  substrate  4  (X  = 
OBs)  arises  from  d  which  is  derived  solely  from  the 
same  cation,  A2.  If  this  is  correct,  the  corresponding 
product  ratios  from  4  (X  =  OBs)  should  be  identical 
with  those  from  9  (X  =  OBs).  Any  tertiary  product  5a 
formed  by  direct  eHrfo-3,2-hydride  shift  in  the  alterna- 
tive mechanism  (Scheme  I)  would  make  the  product 
ratios  5:9  and  5:8  from  4  (X  =  OBs)  higher  than  those 
from  9  (X  =  OBs).  In  fact,  since  tertiary  cation  Q 
(or  its  enantiometer  Ai)  gives  essentially  all  tertiary 
product  under  the  acetolysis  conditions,**  the  excess  of 
tertiary  product  from  4  (X  =  OBs)  over  that  predicted 
by  the  5b:  9  and  5b:  8  product  ratios  from  9  (X  =  OBs) 

(16)  Paper  IV:  J.  A.  Berson,  A.  W.  McRowe,  and  R.  G.  Bergnuuw 
/.  Am,  Chem.  Soc,,  89.  2573  (1967). 
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is  a  direct  measure  of  the  incursion  of  any  extra  path, 
such  as  the  e/tJo-shift  mechanism  of  Scheme  I,  by  which 
tertiary  product  might  be  formed. 

Experimentally,  these  ratios  can  be  determined  to 
about  ±  1  %  accuracy  by  direct  capillary  vapor  chro- 
matographic comparisons  of  peak  areas.  ^*  The  deter- 
mination is  much  more  accurate  than  that  involved  in 
estimation  of  the  yield  of  a  minor  constituent  of  a  multi- 
component  mixture,  where  summations  of  experimental 
errors  become  important.  In  the  calculation  of  "ter- 
tiary product"  from  4  (X  =  OBs),  the  l-methyl-2-exo 
(3b)  and  l-exo-meihyl'l-endo  (10)  acetate  products  are 
combined  with  5b  since  control  experiments  show  that 
they  are  artefacts  derived  from  it  by  prolonged  exposure 
to  the  solvolysis  conditions. "    In  the  case  of  the  much 
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more  reactive  substrate  9  (X  =  OBs),  3b  and  10  are  not 
found  since  complete  solvolysis  is  achieved  in  a  shorter 
time.** 

The  ratios  of  "tertiary  product"  to  9  and  8  from  4  (X 
=  OBs)  are  0.247  and  0.233,  which  are  in  both  cases 
identical  within  experimental  error  with  those  found 
from  9  (X  =  OBs)."  Thus,  a  maximum  of  2%  of 
the  "tertiary  product"  can  have  been  formed  by  the 
endo-sbift  path  of  Scheme  I. 

A  more  revealing  estimate  of  the  stringency  of  the  inter- 
diction against  e/tJo-3,2  shift  is  given  by  comparison  of  the 
relative  importance  of  exo-3,2  shift  in  Aj  (Scheme  II)  with 
the  relative  importance  of  endo'3,2  shift  in  d  (Scheme 
I).  Cation  Ai  gives  rise  to  7  %  yield  of  tertiary  product 
5b,  of  which  100%  comes  from  exo-3,2-hydride  shift.** 
Cation  Ci  gives  rise  to  3.4%  yield  of  "tertiary  prod- 
uct" (5b  +  3b  +  10»*)  of  which  at  most  2%  comes 
from  e/irf(0-3,2-hydride  shift.  Thus,  relative  to  the 
competing  processes  6,2-hydride  shift  and  solvent  cap- 
ture, exo-3,2-hydride  shift  in  As  is  at  least  100  times  as 
efficient  as  is  endo'3,2  shift  in  Ci. 

Demonstration  that  excT-Vicinal  Hydride  Shift  is 
Much  Faster  than  endo  (ki  )^  /cs).  In  interpreting  the 
high  selectivity  implied  by  these  observations  on  two 
separate  molecules,  one  must  establish  that  they  are 
attributable  to  an  intrinsically  greater  rate  of  exo- 
hydride  migration  in  cation  As  than  of  endo-hydride 
migration  in  cation  Ci  and  not  to  some  extraneous  cause 
irrelevant  to  the  test  at  issue.  The  misleading  effects  of 
failure  to  do  this  can  be  illustrated  with  the  help  of 
Scheme  III,  which  shows  the  "core"  cycle**  of  cations  Ci, 
At,  and  Bt  interconnected  by  6,2-hydride  shifts.  Entry 
or  exit  is  effected  via  any  of  the  cations  from  the  struc- 
turally related  substances:  Ci  is  connected  with  4 
(X  =  OBs)  and  with  1  and  11  (X  =  OAc),  As  with  9 
(X  =  OBs)  and  with  9  and  8  (X  =  OAc),  and  B,  with 
12  and  13  (X  =  OBs  or  OAc).  »•    Schemes  I  and  II, 
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which  involve  cations  Ci  and  As,  respectively,  are  ex- 
cerpts from  Scheme  III.    Escape  from  the  "core"  cycle 
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4  (X-OBs)  1  +  11  (X-OAc)  9+8  (X-OAc)  9  (X-OBs) 
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to  the  "periphery"  (Aj  -►  Q)  has  been  shown  to  be 
essentially  irreversible.  *• 

The  experiments  of  the  present  and  preceding"  paper 
demonstrate  that  the  ratio  of  product  5b  derived  from 
the  sequence  of  cations  As  -^  Q  by  exo-hydride  shift 
to  product  5a  from  the  sequence  Q  -►  Ai  by  endo" 
hydride  shift  is  always  high,  regardless  of  the  point  of 
entry  into  the  scheme.  Although  this  result  is  consistent 
with  the  interpretation  that  the  rate  of  exo  shift  is 
intrinsically  much  greater  than  that  of  endo  shift  (k^ » 
kt),  in  itself  it  does  not  require  it.  An  alternative  ex- 
planation would  permit  k^  ^  k^  but  would  attribute 
the  predominance  of  exo-hydride  shift  to  an  entirely 
unrelated  cause,  namely  a  large  discrepancy  in  stability 
between  the  "core"  cations  Ci  and  A2.  If  Aj  were  in 
fact  much  more  stable  than  Ci  (fci  »  fcj),  the  "core" 
cycle  would  have  a  built-in  mechanistic  gradient,  so 
that  points  entering  the  energy  surface  at  As  would 
have  difficulty  climbing  to  Ci  at  a  rate  competitive 
with  exit  to  product,  and  points  entering  at  Ci  might 
slide  down  to  As  fast  enough  to  preclude  appreciable 
competition  from  endo  shift.  Furthermore,  it  would 
not  be  difficult  to  construct  a  physically  reasonable 
case  for  the  idea  that  cation  As  is  more  stable  than 
cation  Ci.  For  example,  one  might  argue  that  the  two 
sites  of  positive  charge  in  the  latter  are  shielded  by  the 
methyl  group  and  hence  perhaps  the  solvation  energy  is 
less.  In  fact,  a  similar  argument  has  been  invoked  ^^  to 
account  for  certain  behavior  of  2-aryl-3-hydroxynor- 
bornyl  cations.    We  shall  return  to  a  discussion  of  these 
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(17)  D.  C.  Kleinfelter  and  T.  E.  Dye.  /.  Am,  Chem,  Soc.,  88.  3174 
(1966). 
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cases  but  point  out  here  that  in  principle  the  argument 
does  not  depend  upon  the  assumption^'  that  6,2-hy- 
dride  shift  is  very  fast  relative  to  3,2  shift  (which  clearly 
is  not  the  case  in  our  system^*)  but  merely  requires  ki» 

It  can  be  shown  that  the  requirements  of  the  alterna- 
tive explanation  (ki  »  kt  and  k^  ^  k^)  cannot  be 
fitted  to  the  rest  of  the  product  distribution  in  the 
present  case  and  hence  that  the  alternative  is  excluded. 
In  particular,  it  is  intuitively  obvious  by  inspection 
that  if  A2  and  Bs  do  not  differ  appreciably  in  energy  (as 
seems  reasonable),  ki  »  k2  requires  that  entry  at  As 
preclude  the  formation  of  any  appreciable  amounts  of 
products  3-exo-methyl-2-norbornyl  acetate  (11,  X  = 
OAc)  and  7-5>;/i-methyl-2-exo-norbornyl  acetate  (1,  X  = 
OAc),  derived  from  Q.  This  can  be  shown  analyti- 
cally by  a  steady-state  treatment  of  the  cations  of 
Scheme  III,  from  which  the  product  ratio  5b  :5a  from 
3-exo-methyl-2-e/ido-norbomyl  starting  material  (4, 
X  ==  OBs)  is  given  by  eq  1 . 

(5b:5a)4  = 


ki(2k,  +  kt  +  fca) 


k,l(k2  +  fc,X2*6  +  ^2  +  ki)  +  k-ikt  +  kt  +fc,)] 


(1) 


Since  this  ratio  is  experimentaUy  at  least  SO,  it  follows 
from  eq  1  that  if  the  vicinal  shift  ratio  k^:ki  is  about 
unity,  ki  must  be  at  least  SO/cs. 

Equation  2  expresses  the  ratio  of  products  1  and  11 
(derived  from  cation  d)  relative  to  12,  13,  9,  and  8 
(derived  from  cations  Bg  and  As)  when  the  core  cycle  is 
entered  at  As  via  9  (X  ==  OBs)  starting  material.    Since 

[(1  +  ll)/(8  +  9  +  12  -f  13)]9  = 

kJcAl[2kJCi  +  k^k,  +  k,)\    (2) 

the  rate  constants  for  capture  of  the  hindered  cation  Ci 
at  the  two  Wagner-Meerwein-related  sites  are  in  the 
ratio  of  about  S:  1,^^  it  seems  quite  reasonable  to  sup- 
pose that  a  factor  about  half  this  large  favors  attack 
on  unhindered  cation  As  relative  to  that  on  Ci,  i.e., 
kijki  ^  2.5.  Experimental  support  for  this  assumption 
is  given  by  the  detailed  product  distributions,^^  which 
show  that  capture  of  Ci  must  be  considerably  slower 
than  capture  of  As.  With  Xti/Zcs  ^  50,  the  maximum 
permissible  value  for  the  product  ratio  of  eq  2  is  thus 
0.004.  That  is,  syn-l-mQihyl'l-exo  (1)  and  3-exo- 
methyl  l-exo  (11)  products  could  not  be  formed  from  3- 
e/w/o-methyl-2-exo  starting  material  (9,  X  =  OBs)  in 
any  amount  greater  than  0.4%  of  the  total  of  products 
12,  13,  8,  and  9  (X  =  OAc).  But  the  experimentally 
determined^*  product  distribution  is  9.2%.  Thus,  entry 
into  the  '*core"  cycle  at  cation  As  produces  much  more 
product  from  cation  Ci  than  would  be  permitted  if  the 
equilibrium  constant  favoring  As  over  d  (fci/fcs)  were 
large  enough  to  ensure  the  observed  exclusive  exo- 
hydride  shift.  Of  course,  as  eq  1  shows,  kx  >  kt  rein- 
forces kT>  ki\  that  is,  the  thermodynamic  bias  in  ques- 
tion would  increase  the  selectivity.  However,  even 
taking  this  into  account,  one  cannot  avoid  having  /:?  » 
fcfi.  Thus,  with  ki/ki  "^  2.5,  in  order  for  the  term  k^kl| 
kjct  to  be  greater  than  50  (see  eq  1)  the  experimental 
product  ratio  can  be  fitted  in  eq  2  only  by  values  of 
ki/ki  ^  23.  The  heavy  predominance  of  3,2-exo-  over 
3,2-e/iJo-hydride  shifted  product  therefore  signifies  a 
large  difference  in  the  rates  of  the  two  processes  them- 
selves. 


Elimination   of  a   Hypothetical   AIteniati?e.    In  a 

purely  formal  sense,  the  stereochemical  outcome  of 
Scheme  II  (4  -^  Cs  -^  5b)  can  be  duplicated  by  a  hypo- 
thetical alternative  mechanism  (Scheme  IV).    This  in- 

IV 


volves  3,2-hydride  shift  in  cation  Bg  to  produce  the  6- 
methyl  cation  B4,  followed  by  exo-exo  hydride  shift  to 
give  Cs  rather  than  endo-endo  shift  to  give  Ai.  This  path 
is  readily  ruled  out  on  the  grounds  that,  first,  the  required 
exclusive  exo-exo  6,2  shift  (B4  -►  Cs)  is  highly  implaus- 
ible, since  closely  related  cases  of  6,2  shift  are  exclusively 
endo-endoj^*  and,  second,  the  required  3,2  secondary- 
secondary  shift  Bs  -^  B4  does  not  occur  under  die 
reaction  conditions.  ^^ 

Comparison  with  Other  Systems.  An  investigation 
based  upon  the  observed^*  rearrangement  of  2-eiufo- 
phenyl-2,3-cw,exo-norbomanediol  (14,  R  =  CtHs)  to 
3-e/i<fo-phenyl-2-norbornanone  (15a  or  b,  R  =  C«Hi) 
showed^  that  the  reaction  in  the  optically  active  series 
did  not  give  15a,  the  product  of  direct  3,2-hydride  shift, 
but  instead  proceeded  by  way  of  preliminary  6,2-hy- 
dride  shift  (16  -►  18)  followed  by  exo-exo  3,2-hydride 
shift  to  give  15b,  enantiomeric  with  15a.  The  formation 
of  15b  thus  uses  a  mechanism  similar  to  that  by  which  3- 
exo-methyl-2-e/irf(9-norbornyl  starting  material  (4,  X  = 
OBs)  gives  2-e/irfo-methyl-2-exo-norbomyl  product  5b 
instead  of  its  enantiomer  5a.  The  [M-eference  for  exo- 
exo  3,2  shift  is  not  quantitatively  evaluable  from  this 
result  since,  in  the  system  generated  from  14,  the  prod- 
ucts of  the  two  competing  kinds  of  3,2-hydride  shift 
are  different  substances  (17  and  15b),  and  a  measure  of 
the  relative  importance  of  the  two  processes  depends 
on  the  product  composition,  15b:  17,  not  the  enantio- 

(18)  (a)  J.  A.  Berson  and  P.  W.  Grubb,  /.  Am.  Chem,  Soc„  87,  4016 
(1965);  (b)  B.  M.  Benjamin  and  C.  J.  Collins,  Ibid.,  88,  1S56  (196Q. 

(19)  D.  C.  Kldnfelter  and  P.  von  R.  Schleyer,  ibid.,  83,  2329  (1961). 

(20)  (a)  C.  J.  ColUns.  Z.  K.  Cheema.  R.  G.  Werth.  and  B.  M.  Ben- 
jamin, ibid.,  86, 4913  (1964);  (b)  C  J.  CoUint,  penonal  communication. 
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neric  composition,  15a  :15b.  The  15b:  17  ratio  pre- 
viously''^ was  implied  to  be  large  and  now  is  estimated'^^ 
18^200. 
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It  is  difficult  to  evaluate  the  selectivity  that  obtains  in 
the  related  case"  of  2-e/irfo-/?-anisyl-2,3-cw,exo-nor- 
bomanediol  (14,  R  =  p-MeOC6H4),  where  the  auth- 
[>rs,^'  on  the  basis  of  the  observation  that  ''the  only 
donacidic  compound  isolable  was  3-en£fo-/?-anisylnor- 
domanone  in  ca.  50%  yield,''  concluded  that  a  large 
preference  for  exo-3,2  shift  existed  in  their  system. 
Such  a  preference  may  well  exist  but  is  not  demon- 
strated by  the  facts  disclosed.  Similarly,  the  isolation^ 
>f  olefin  18  from  p-anisylcamphenilol  (19)  does  not  of 
tself  indicate  a  large  preference  for  exo-3,2-methyl 
nigration,  and  in  fact  was  not  so  interpreted.*  Brown, '  ^ 
n  discussing  the  effect  of  substitution  at  the  migration 
erminus  on  the  stereoselectivity  of  3,2  shift  in  nor- 
iKMiiyl  cation,  has  referred  to  the  above  examples  (14, 


P'An 


p-An 
18 

H  s  CcHf,  and  19)  as  demonstrating  highly  selective 
?xo-3,2  shift  and  has  stated  that  ''the  insensitivity  of  the 
rtereoseiectivity  to  the  stability  of  the  cationic  center, 
^en  with  a  group  as  stabilizing  as  /^anisyl,  suggests 
iiat  the  steric  interpretation  is  to  be  preferred"  (to  the 

Ul)  H.  C.  Brown,  Chem.  Brit.,  2, 199  (1966). 
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nonclassical  interpretation).  Regardless  of  what  such 
invariance  might  mean  if  it  were  eventually  established 
(as  may  well  turn  out  to  be  the  case),  it  is  clear  that  in 
the  light  of  the  above  discussion,  an  experimental  basis 
for  the  argument  is  not  yet  available. 

One  must  also  keep  in  mind  the  more  general  ad- 
monition that  any  evaluation  of  "invariance"  or  "in- 
sensitivity" is  on  weak  grounds  if  based  upon  a  set  of 
experimental  data  all  of  which  show  "complete"  prefer- 
ence for  one  path  over  another.  Wide  variations  in 
actual  sensitivity  may  hide  beneath  an  apparent  "in- 
sensitivity" which  is  attributable  to  nothing  more  than 
a  choice  of  systems  that  all  have  selectivities  so  high 
that  they  lie  at  the  extreme  edge  of  the  available  experi- 
mental techniques  and  th'.is  cannot  be  ranked.  Of 
course,  even  worse  confusion  results  if  one  insists  that 
actually  observed  variations  are  to  be  ignored.  Thus, 
the  observation^^  that  sodium  borohydride  attacks  the 
2-/^anisylbornyl  cation  with  an  exoiendo  preference  of 
6.5  has  been  taken**  to  represent  "no  major  change" 
in  selectivity  as  compared  to  the  attack  of  acetic  acid  on 
norbornyl  cation,  which  shows*'  an  exoiendo  prefer- 
ence of  9140. 

A  large  preference  for  exo-3,2-methyl  migration  is 
demonstrated  in  the  2,3,3-trimethylnorbornyl,****'  2,3,3- 
trimethyl-1-hydroxynorbornyl,*^  and  2,3-dimethyl-3-i3- 
carboxyethylnorbornyP**  cations  since  in  those  cases, 
like  the  3-methylnorbornyl  case  reported  here,  enantio* 
meric  composition  is  directly  translated  into  product 
composition,  and  analysis  for  structurally  isomeric 
substances  is  unnecessary.  The  trimethylnorbornyl 
cases,***"^  which  involve  intramolecular  competition 
between  migrating  groups,  are  also  free  of  any  am- 
biguity arising  from  built-in  mechanistic  bias  caused 
by  a  large  difference  in  stability  between  two  different 
cationic  intermediates. 

We  can  now  provide  an  additional  example  of  the 
two-product  type  in  the  case  of  3-e/iflto-methyl-cw,exo- 
2,3-norbornanediol  (14,  R  =  Me),  which  rearranges 
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(22)  H.  M.  BeU  and  H.  C.  Brown,/.  Am.  Chem.  Soc..  86,  5007  (1964). 

(23)  H.  L.  Goering  and  C.  B.  Schewenc,  ibid.,  87,  3516  (1965). 

(24)  (a)  P.  Hirsjarvi,  K.  Heinoncn,  and  L.  PirilM,  Suomen  KemistUehti, 
B37,  77  (1964);  (b)  W.  R.  Vaughan,  C.  T.  Goctschcl,  M.  H.  Goodrow, 
and  C.  I.  Warren.  J.  Am.  Chem.  Sac.,  85,  2282  (1963);  (c)  A.  M.  T. 
Finch,  Jr..  and  W.  R.  Vaughan.  ibid.,  87,  5520  (1965);  (d)  G.  E.  Gream 
and  D.  Wege.  Tetrahedron,  22,  2583  (1966). 
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in  aqueous  sulfuric  add  to  give  exclusively  S-endo- 
inethyl-2-iiorboriianone  (15b,  R  »  Me).  This  sub- 
stance is  readily  separable  by  capillary  vpc  from  its 
exo  epimer  (17),  the  presence  of  which  to  the  extent  of 
0.03  %  would  have  been  detectable.  Although  we  have 
no  direct  evidence  that  the  rearrangement  is  intra- 
molecular and  involves  the  route  14  -►  16  -►  18  -►  15b 
demonstrated^  for  the  phenyl  case,  adoption  of  such 
an  assumption  means  that  the  exo-exo  shift  path  is 
preferred  to  the  endo-^ndo  by  a  factor  of  at  least  3300. 

The  acid-catalyzed  rearrangement  of  the  sesquiter- 
pene hydrocarbon  longifolene  (20)  to  isolongifolene 
(21)^^  has  been  formulated^*  as  in  Scheme  V  with  an 
emto-3,2-methyl  shift  (heavy  arrow).  In  the  present 
context,  however,  it  would  be  plausible  to  postulate 
as  an  at  least  equally  probable  alternative  the  mecha- 
nism shown  in  Scheme  VI,  which  employs  a  more  cir- 
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cuitous  sequence  involving  instead  an  exo-3,2-methyl 
shift  (heavy  arrow).  The  two  mechanisms  are  not  dis- 
tinguishable by  ordinary  methods  of  configurational 
correlation  since  both  produce  the  same  enantiomer  of 
the  rearranged  product  21  from  a  given  enantiomer  of  the 
starting  material  20.  They  differ  most  directly  in  the 
relationship  of  the  two  carbon  atoms  indicated  with 
heavy  dots.  These  remain  contiguous  in  Scheme  VI 
but  assume  a  1,3  relationship  in  the  product  of  Scheme 
V. 

Contrasting  Stereochemistry  of  6,2-  and  3,2-Hydride 
Shifts.  The  transition  state  or  intermediate  for  the  exclu- 
sively endo-endo  6,2-  (or  6,1-)  hydride  shift  observed  in 
the  known  examples*®  is  readily  achieved  by  a  very  minor 
adjustment  of  atomic  positions  in  the  norbornyl  non- 
classical  ion  22.  Thus,  a  slight  movement  of  a  C-6 
hydrogen  in  the  indicated  direction  produces  the  theo- 
retically favorable"  edge-protonated  cyclopropane  spe- 
cies and  results  in  endo-endo  shift  stereochemistry. 

(25)  J.  R.  Prahlad,  R.  Ranganathan,  U.  R.  Nayak,  T.  S.  Santhanakrish- 
nan,  and  S.  Dev,  Tetrahedron  Letters,  417  (1964). 

(26)  G.  Ourisson,  Proc.  Chem.  Soc.,  214  (1964). 

(27)  (a)  C/.  references  dtcd   by  A.  Colter,  E.  C.  Friedrich,  N.   J. 
Holness,  and  S.  Winstein,  J.  Am.  Chenu  Soc,,  87,  378  (1965);    (b)  R. 


Brown^^  conunents  that  it  is  '^remarkable'*  that  6,2 
shift  is  fast  enough  to  compete  with  solvent  capture, 
since  ''normally  it  is  considered  that  the  nondassical 
structure  protects  the  ion  from  such  attack  in  the  endo 
direction."  However,  since  the  ground  states  of  the 
intramolecular  6,2  shift  and  the  intermolectilar  solvent 
capture  are  entirely  different,  a  comparison  of  the 
rates  of  the  two  processes  is  difficultly  interpretable. 


22 

Significance  of  the  Preference  for  exo-S^  Shift.  The 
present  demonstration  that  exo-3,2  shift  is  highly  pre- 
ferred to  endo  is  completely  in  accord  with  the  behavior 
expected  of  a  nondassical  ion.  Although  opening  of 
the  mesomeric  bridge  with  inversion  by  an  external  or 
internal  nucleophile  usually  has  been  rationalized  by 
stereochemical  analogy  to  simpler  nucleophilic  displace- 
ments (Sn2),  there  are  also  strong  quantum  mechanical 
reasons  for  expecting  this  behavior.  The  argument  can 
be  given  as  an  adaptation  of  one  already  put  forward 
in  another  connection.^  The  transition  state  for  the 
substitution  reaction  in  its  most  primitive  form  is  a 
three-center  problem  which  can  be  treated  by  simple 
LCAO  methods.  Regardless  of  what  orbitals  are 
chosen  for  the  basis  set,  the  idealized  case  will  be  one 
with  equal  bond  integrals  03)  between  the  central  atom 
and  its  two  attached  groups.  For  the  linear  (or  approxi- 
mately linear),  inversion-producing  relationship  of  these 
centers,  A-B-C,  one  can  assume  a  zero  A-C  integral, 
which  leads  to  one  bonding,  one  nonbonding,  and  one 
antibonding  level,  as  has  previously  been  noted.'*  Forthe 
retention-producing  orientation,  with  an  acute  A-B-C 
angle,  the  A-C  integral  becomes  finite  (kfi)  and  the 
system  becomes  cyclic.  This  has  the  consequences  that 
the  energy  of  the  bonding  level  of  the  primitive  linear 
case  is  lowered  but  that  of  the  nonbonding  level  is 
raised  (to  antibonding)  by  a  greater  amount.  There- 
fore, the  four-electron  (nucleophilic)  system  will  prefer 
the  linear  geometry,  but  the  two-electron  (dectrophilic) 
system  will  prefer  the  bent.**  The  assumptions  of 
simple  LCAO  theory  are  so  severe  that  one  should  not 
be  surprised  if  other  factors  exert  a  large  enough  in- 
fluence to  cause  occasional  contraventions  of  the  pre- 
dicted behavior.  Nevertheless,  the  underlying  quan- 
tum mechanical  effects  are  inescapably  present. 

An  extension  of  the  argument  to  nucleophilic  attack 
on  a  nondassical  carbonium  ion  interm^iate  would 
treat  the  system  as  a  four-electron,  four-center  case  23, 
with  nondassical  bonding  in  the  three-membered  cycle 

Hoffmann,  J.  Chem.  Phys.,  40,  2480  (1964);  (c)  see  also  A.  A.  Abodcrin 
and  R.  L.  Baird,  J.  Am.  Chem.  Soc.,  86,  2300 (1964);  (d)  C  C  Lee,  J.  E 
Kruger,  and  E.  C.  Wong,  ibid.,  87,  3985  (1965);  (e)  C.  C  Lee  and  J.  E 
Kruger,  ibid.,  87,  3986  (1965);  (0  G.  J.  Karabatsos,  C.  E.  Orzech,  Jr^ 
and  S.  Meyerson.  ibid.,  87,  4394  (1965). 

(28)  E.  L.  Eliel,  N.  L.  Allinger,  S.  J.  Angyal,  and  G.  A.  Morriaoo, 
"Conformational  Analysis,**  Intersdence  Publishers,  Inc.,  New  York, 
N.  Y.,  1965,  p  483. 

(29)  A.  Strdtwieser,  Chem.  Rev.,  56,  571  (1956). 

(30)  Crudely,  the  linear  system  is  related  to  allyl  whereas  the  bent  is 
related  to  cyclopropenyL 
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BDC,  and  partial  bonds  A-B  and  B-C  representing  the 
onset  of  attachment  of  the  nucleophile  (A)  to  one  termi- 
nus (B)  and  detachment  of  the  bridging  atom  (C)  from 
B.  The  inversion  mode  would  correspond  to  the  linear 
Sn2  case,  with  no  A-C  interaction  (k  =  0),  but  the  re- 
tention mode  would  have  A:  >  0.  Simple  LCAO  cal- 
culations on  this  four-center  problem  give  results 
qualitatively  similar  to  those  for  the  three-center  case. 
(The  system  23  with  c  =  0  is  essentially  the  same  used^ 
to  discuss  the  stereochemistry  of  additions  to  olefins  or 
eliminations  forming  them).  Over  reasonable  varia- 
tions of  the  parameters  a,  6,  c,  and  d  of  23,  the  four- 
electron  (nucleophilic)  system  is  always  destabilized  by 
inclusion  of  a  front-side  interaction  (k  >  0). 

Similarly,  3,2  shift  in  a  norbornyl  cation  may  be 
treated  as  a  five-center,  four-electron  case  24.  Migra- 
tion of  R  on  the  endo  side  of  the  cation  will  correspond 
to  front-side  opening  of  the  C-6-C-1-C-2  mesomeric 
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bridge  and  will  introduce  a  C-6-R  interaction  which  will 
be  absent  in  exo  migration.  Again,  simple  LCAO 
calculations  show  this  interaction  to  have  a  net  de- 
stabilizing efi'ect  in  the  four-electron  case.  On  this 
basis,  exo  migration  should  be  favored,  as  is  found 
experimentally.'* 

The  preference  for  exo-3,2  shift  is  inexplicable  in  terms 
of  the  windshield-wiper  effect,  which  has  been  postu- 
lated'^  to  account  for  exo  capture  of  norbornyl  cations 
by  external  nucleophiles."  This  effect  is  supposed  to 
operate  by  the  rapid  back-and-forth  motion  of  C-6 
between  C-1  and  C-2,  which  produces  an  abnormally 
low  nucleophile  concentration  in  the  endo  direction.'^ 
In  the  case  of  3,2  shift,  however,  the  nucleophile,  migrat- 
ing hydride,  is  intramolecular  and  its  "concentration" 
cannot  be  affected  by  the  rapid  motion.  The  present 
observations  therefore  require  some  other  explanation. 

One  could  argue  ^^  that  the  results  are  caused  by  purely 
steric  factors  in  the  classical  ion  rather  than  stereoelec- 
tronic  factors  in  the  nonclassical  one.  Some  such 
postulate  is  needed  whether  the  classical  ions  are  the 
dominant  intermediates  in  solution^*  or  only  present  in 
small  concentration.'***  However,  it  is  not  obvious  that 
exo  stereochemistry  then  should  be  heavily  favored. 
Although  the  transition  state  for  endo  migration  is 
thought  to  place  the  migrating  hydrogen  close  to  the 
S,6-ethylene  bridge,'*  the  transition  state  for  exo  migra- 

(31)  (a)  Arsuments'^^  favoring  the  nonclassical  structure  for  nor- 
bornyl cation  based  on  the  slower  rate  of  3,2  shift  compared  to  vicinal 
shift  in  open-chain  systems  are  debatable,  since  the  alignment  of  either 
of  the  C-H  bonds  at  C-3  in  a  hypothetical  classical  norbornyl  cation 
may  be  much  less  favorable  than  that  accessible  in  a  more  or  less  freely 
rotating  open-chain  case,  (b)  F.  R.  Jensen  and  B.  H.  Beck,  Tetrahedron 
Letters,  4287  (1966). 

(32)  (a)  H.  C.  Brown,  **The  Transition  State,'*  Special  Publication 
No.  16»  The  Chemical  Society,  London,  1962,  pp  140-157,  176-178. 
(b)  C/.  H.  C  Brown,  J.  K.  Morgan,  and  F.  J.  (^hloupek,  J.  Am,  Chem, 
Soe.,  87,  2137  (1965),  for  this  proposal  applied  to  other  systems. 

(33)  For  experimental  and  theoretical  objections  to  the  windshield- 
wiper  effect,  see:  (a)  J.  A.  Berson  and  P.  Reynolds- Wamhoff,  ibid.,  86, 
595  (1964);  J.  A.  Berson  and  D.  Wilhier,  ibid.,  86,  609  (1964);  (b)  S. 
Winstein,  ibid.,  87,  381  (1965);  (c)  M.  J.  S.  Dewar  and  A.  P.  Marchand, 
Ann.  Rev.  Fhys,  Chem,,  16,  321  (1965);  (d)  G.  D.  Sargent,  Quart.  Rev. 
(London),  20,  301  (1966);  (e)  G.  E.  Gream,  Rev.  Pure  Appl.  Chem.,  16, 
25  (1966);  (0  P.  D.  Bartlett,  "Nonclassical  Ions,"  W.  A.  Benjamin,  Inc., 
New  York,  N.  Y.,  1965^  pp  525. 


tion  would  force  the  migrating  hydrogen  to  brush  past 
the  5>?/i-7-hydrogen.  These  effects  presumably  would 
be  offset  to  some  unknown  extent  by  diminution  of 
certain  ground-state  repulsive  forces.  The  interactions 
relieved  would  include  a  3,5  interaction  in  the  endo 
case  (similar  to  a  1,3-diaxial  interaction  in  boat  cyclo- 
hexanes)  and  a  3,4  interaction  in  the  exo  (similar  to  a 
1,2-diequatorial  interaction).  At  present,  a  reliable 
way  to  estimate  the  balance  of  these  factors  is  lacking. 
It  seems  to  us  preferable,  therefore,  to  employ  the 
nonclassical  formulation,  which  predicts  the  observa- 
tions.'*' 

Experimental  Section 

Optical  Activation  of  3-€Jca-Metfayl-5HMMrboniaie-2-tfm/a-carbox- 
yUc  Add.  Combination  of  quinidine  alkaloid  in  absolute  etha- 
nol  with  1.15  molar  equiv  of  the  acid  and  storage  of  the  re- 
sulting solution  gave  a  precipitate  of  the  mixed  salts.  If  smaller 
proportions  of  acid  were  used,  the  free  alkaloid  tended  to  crystal- 
lize out.  Three  recrystallizations  gave  material  from  which  40% 
of  the  original  weight  of  acid  could  be  obtained  with  [a]D  — 129^ 
(95%  ethanol).  Seven  further  recrystallizations  from  methanol 
gave  material  of  [a]o  —151^.  Dextrorotatory  acid  was  obtained 
from  the  mother  liquors.    The  resolution  was  not  pressed  further. 

(~>Metfayl3-€Jca-Methyl-5-iiorboriiene-2-tf/u^!o^iirtMa^  The 

ester  was  obtained  by  treatment  of  a  distilled  sample  of  the  corre- 
sponding acid  with  ethereal  diazomethane.  Distillation  gave  ester 
that  was  homogeneous  on  column  L  and  had  an  infrared  spectrum 
identical  with  that  of  the  racemate.  Acid  of  [a]D  — 130.4  ^  la\tu 
-434.r,  gave  ester  of  [a]D  -134.2^  [a]sM  -446.2'*  (c  5.7,  95% 
ethanol). 

Correlation  with  3-€j:a-Metfayl-2-tf/id(Miorboniaiiecarboxylic  Add. 
The  above  unsaturated  acid,  [a]D  —130.4^,  was  dissolved  in 
methanol  and  hydrogenated  at  40-20  psi  with  platinum  oxide 
catalyst.  Shaking  in  the  Parr  apparatus  for  5  min  was  sufficient 
to  complete  the  reaction.  The  saturated  acid  was  distilled  bulb 
to  bulb  at  reduced  pressure  to  produce  a  crystalline  mass.  The 
infrared  spectrum  in  carbon  disulfide  was  identical  with  that  of  the 
pure  racemic  compound.  The  rotation  was  obtained  from  an 
aliquot  taken  from  a  molten,  homogeneous  product,  [a]*^  —40.5°; 
[a]"s66  - 1 10**  (c  10.8. 95  %  ethanol). 

A  homogeneous  sample  of  the  above  acid,  [a]D  —40.5°,  was 
quantitatively  converted  to  its  methyl  ester  with  ethereal  diazo- 
methane. The  distilled  product,  pure  on  columns  L  and  N,  had 
an  infrared  spectrum  identical  with  that  of  the  pure  racemic  com- 
pound and  [a]»»D  -38.2°;  [a]"i.8  -103°  (c  5.9,  95%  ethanol). 

Optically  ActiTe  3-€ji:o-Mediyl-2-«/f<i!o-acetylnorboniaiie  (4,  X  — 
COCHa).  Pure  3-ej:o-methyl-2-e/f</o-norbomanecarboxylic  add, 
[aY^  +31.4°  (r  4.6,  95%  ethanol),  was  converted  to  the  add 
chloride  with  thionyl  chloride  and  distilled  in  93.4%  yield.  The 
add  chloride  was  immediately  converted  to  the  methyl  ketone  via 
the  methylcadmium  reagent  in  ether  and  distilled  to  give  a  91  % 
yield.  The  product  had  infrared  spectrum  and  retention  times  on 
vpc  (columns  L  and  N)  identical  with  those  of  the  racemic  com- 


(33g)  Note  Added  in  Proof.  Although  both  steric  and  torsional 
effects  have  been  proposed  as  alternative  explanations  for  exo  attack  of 
nucleophiles  [by  H.  C.  Brown,  Chem.  Eng.  News,  AS,  87  (1967),  and  by 
P.  von  R.  Schleyer,  /.  Am.  Chem.  Soc.,  89,  701  (1967),  respectively],  it 
is  questionable  whether  quantitative  estimates  of  the  magnitudes  of 
these  effects  can  be  given.  For  example,  both  Brown  and  Schleyer  have 
used  them  to  explain  the  reported  demonstration  [A.  F.  Thomas  and  B. 
WiUhalm,  Tetrahedron  Letters,  1309  (1965);  A.  F.  Thomas,  R.  A. 
Schneider,  and  J.  Meinwald,  /.  Am.  Chem,  Soc.,  89,  68  (1967)),  by  an 
nmr  method,  that  camphor  exchange  its  3-ejco-hydrogen  for  deuterium 
much  more  rapidly  than  its  3-fm/o-hydrogen.  Brown  and  Schleyer 
have  argued  that  the  preferred  exo  stereochemistry  of  carbonium  ion 
capture,  by  analogy,  does  not  demand  a  nonclassical  explanation. 
However,  additional  observations  on  the  exchange  require  quite  a  dif- 
ferent interpretation.  Thomas,  et  al,  report,  without  further  comment, 
mass  spectrometric  data  which  show  that  camphor-3,3*<^  97%  di- 
deuterated,  exchanges  with  water  to  give  a  mixture  of  21  %  d^  64%  i&, 
and  \5%  do  camphor.  This  composition  is  incompatible  with  a  Urge 
difference  in  exchange  rate  for  the  Z-exo-  and  3-em/o-deuteriunu.  Since 
steric  and  torsional  effects  previously  were  postulated  to  be  consistent 
in  direction  and  magnitude  with  the  reported  highly  stereospedfic  exo 
exchange,  the  observed  low  stereospedfidty  now  necessitates  a  revision 
of  the  basis  for  quantitative  estimation  of  the  proposed  effects. 
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pound,  which  had  been  prepared  in  the  same  way.'^  Less  than 
0.5%  impurity  was  detected,  [a]«*D  -ICS**;  [a]«*,w  -224*  (c  4.6 
chloroform). 

Optically  Actiye  3^xa-Methyl-2-tf/f</a-iioriximyl  Acetate.  Methyl 
ketone  4,  X  «  COCHi,  [ajD  -7.59*  (c  4.8,  chloroform),  was 
treated  with  a  chloroform  solution  of  peroxybenzoic  acid  with  a 
catalytic  amount  of  boron  trifluoride  etherate  added.  After  1  week, 
the  mixture,  consisting  of  70%  acetate  4,  X  =  OAc,  and  30% 
starting  ketone,  was  worked  up  and  resubjected  to  the  same  reagents 
for  another  10  days  to  give  97%  of  the  desired  acetate  and  3%  un- 
reacted  ketone.  The  acetate  was  purified  by  preparative  vpc  on 
column  C  to  yield  homogeneous  product  (columns  L  and  hO  in  a 
58%  over-all  yield  from  ketone.  Retention  times  on  vpc  and  the 
infrared  spectrum  of  this  material  were  identical  with  those  of  the 
pure  racemic  material;  [ay*u  +19.1*  (c  6.8,  carbon  tetrachlo- 
ride); [a]"-»D  +25.6*  (c  5.4,  chloroform). 

Optically  Active  3-€xa-Methyl-2-6/7</o-norbonianol  (4,  X  -  OH). 
Chemically  pure  acetate  4,  X  =  OAc,  [a]D  +  35.5*  (chloroform), 
was  reduc^  in  high  yield  with  lithium  aluminum  hydride  to  the 
alcohol  whose  infrared  spectrum  in  carbon  tetrachloride  was 
identical  with  that  of  the  racemic  material.*^  The  material,  which 
was  pure  by  vpc  (columns  L  and  N),  was  solid  at  0*,  but  became 
partially  liquid  at  room  temperature;  rotations  from  a  molten, 
homogeneous  sample:  [a]"»D  +19.87  ±  0.09*  (c  4.5-5.3,  carbon 
tetrachloride). 

Correlation  of  3^jira-Methyl-2-«/fd(9-norbonianol  with  Camphenil- 
one  [(+)— 7].  A  solution  of  85  ml  of  acetone,  reagent  grade,  and 
3.51  g  (27.8  mmoles)  of  alcohol  4,  X  =  OH,  [a]"D  +14.4*  (c  5.0, 
carbon  tetrachloride),  was  oxidized  with  a  slight  excess  of  Jones 
reagent  The  reaction  mixture  was  diluted  with  350  ml  of  saturated 
brine  and  extracted  six  times  with  a  total  of  5(X)  ml  of  pentane. 
The  combined  organic  layers  were  washed  twice  with  saturated 
brine  and  dried  successively  over  sodium  sulfate  and  calcium  sulfate. 
The  solvent  was  carefully  distilled  off  through  a  short  Vigreux 
column  and  the  residue  was  distilled  at  60-61*  (10  mm).  The 
yield  was  2.38  g  (69%)  of  product  consisting  of  96%  3-^xo-methyl- 
2-norbomanone  and  4%  the  endo-meihyl  isomer. 

The  above  ketone  mixture  {ca.  19  mmoles)  was  directly  taken  up 
in  45  ml  of  dry  tetrahydrofuran  and  heated  with  vigorous  stirring 
for  12  hr  with  approximately  1.0  g  of  sodium  hydride  (pearls,  not  a 
fine  dispersion).  The  addition  of  13  ml  (ca,  0.2  mole)  of  distilled 
methyl  iodide  was  effected  over  2  hr,  and  the  stirring  and  refluxing 
were  continued  another  3  hr.  On  cooling,  50  ml  of  water  was 
added,  and  the  two  resulting  layers  were  extracted  six  times  with  a 
total  of  200  ml  of  pentane.  The  combined  organic  layers  were 
dried  successively  over  sodium  sulfate  and  calcium  sulfate.  The 
solvent  was  car^uUy  distilled  off,  and  the  residue  was  distilled  at 
60*  (10  mm)  to  yield  2.3  g  (90%)  of  a  waxy  solid.  Analysis  on 
capillary  column  L  indicated  approximately  5%  high-boiling 
hydrocarbon  impurity;  the  remainder  was  camphenilone.  Purifi- 
cation was  achieved  by  preparative  vpc  on  column  C.  The  pure 
product  (columns  L  and  N)  had  an  infrared  spectrum  and  retention 
times  on  capillary  vpc  identical  with  those  of  pure  commercial 
camphenilone  (Light,  Ltd.,  London);  [a]"D  +33.4*  (c  7.7,  ben- 
zene). 

Optically  Active  Z^xo-MeOkyUTrendoHMibomyl  /?-Bromobenzeoe- 
sulfonate  (4,  X  =  OBs).  To  a  sample  of  18.0  g  (0.1428  mole)  of 
akohol  4,  X  »  OH,  [oiD  +19.87*  (carbon  tetrachloride),  dissolved 
in  1(X)  ml  of  pure,  dried  pyridine,  was  added  36.5  g  (0.1428  mole)  of 
p-bromobenzenesulfonyl  chloride,  freshly  recrystallized.  The 
solution  was  allowed  to  stand  at  +5*  for  4  days  and  then  worked 
up  with  1.5 1.  of  ether  and  150  ml  of  water  and  ice.  The  ethereal 
solution  was  washed  once  with  ice-cold  5%  hydrochloric  add  and 
thrice  with  saturated  brine.  The  solution  was  dried  twice  over 
sodium  sulfate  and  concentrated  on  a  rotary  evaporator  to  give  a 
colorless  residue  containing  pyridine.  The  residue  was  held  under 
vacuum  (0.2  mm)  for  54  hr  at  room  temperature.  Besides  pyridine, 
approximately  0.6  g  of  alcohol  was  recovered  from  the  cold  traps. 
The  white,  crystalline  sulfonate  had  an  infrared  spectrum  in  carbon 
disulfide  identical  with  that  of  the  authentic  material  from  the 
racemic  series.  No  hydroxyl  absorptions  were  present.  The  yield 
was  46.28  g  (94%). 

PreparatiTe  SolYolysis  of  OpticaDy  ActiTe  S^xo-MeOkyUIrenda" 
norfoomyl  /^-Bromobenzenesulfonate.  The  above  optically  active 
p-bromobenzenesulfonate  prepared  from  alcohol,  [ajo  +19.87* 
(carbon  tetrachloride),  was  washed  into  a  1-1.  flask  with  dry  acetic 
add  (650  ml)  and  26.0  g  (0.317  mole)  of  anhydrous  sodium  acetate. 


(34)  Paper  II:  J.  A.  Berson,  A.  W.  McRowe,  R.  G.  Bergman,  and 
D.  Houston,  J.  Anu  Chgm,  Soc.,  89,  2563  (1967). 


Under  a  reflux  condenser  and  drying  tube,  the  flask  was  plunged 
into  an  oil  bath  at  1(X)*;  the  temperature  of  the  stirred  solution 
had  risen  to  98*  within  1  hr.  The  temperature  was  maintained  at 
98-100*  for  an  additional  9.5  hr. 

At  the  end  of  this  time,  the  reaction  mixture  was  poured  into 
2.5  1.  of  water  and  ice  and  extracted  six  times  with  a  total  of  2 1.  of 
pentane.  The  combined  organic  layers  were  washed  with  suc- 
cessive 150-ml  portions  or  water,  saturated  sodium  bicarbonate 
solution,  and  twice  with  saturated  brine.  The  light  yellow  solution 
was  successively  dried  over  two  portions  of  sodium  sulfate  and  one 
of  caldum  sulfate  with  a  little  Norit.  The  clear  solution  was 
filtered  and  carefully  fractionated  through  a  Vigreux  column.  An 
intense  infrared  spectrum  of  a  neat  sample  of  the  clear  yellow  residue 
contained  none  of  absorptions  of  the  arenesulfonate  or  hydroxyl 
compounds.  The  yidd  of  crude  product,  which  contained  less 
that  2%  each  of  solvent  and  unidentified  olefins  (column  N)*  was 
22.3  g  (99%). 

The  crude  acetate  mixture  was  dissolved  in  70  ml  of  ether  and  re- 
duced with  3.2  g  (0.084  mole)  of  lithium  aluminum  hydride  in  100 
ml  of  ether  in  a  1-1.,  three-necked  flask  equipped  with  a  Dry  Ice 
condenser.  The  excess  reagent  and  alkoxide  salts  were  decomposed 
with  a  freshly  prepared  saturated  solution  of  anhydrous  sodium 
sulfate.  The  clear  solution  was  decanted  from  the  granular  pre- 
dpitate  and  the  latter  washed  with  1 1.  of  ether.  The  ethereal  solu- 
tion was  dried  over  sodium  sulfate  and  carefully  concentrated  to 
yield  a  clear  colorless  residue.  The  white  granular  salts  were 
dissolved  in  ice-cold  hydrochloric  add,  but  yielded  no  extractaUe 
material. 

Enough  ether  and  absolute  ethanol  were  added  to  completdy  dis- 
solve the  total,  combined  alcohol  mixture  obtained  from  concentra- 
tion of  the  ether  solution.  Analysis  on  capillary  column  N  indi- 
cated at  least  eight  alcohols  were  present,  of  which  the  '^tertiary 
alcohol  mixture,**  consisting  of  l-methyl-2-exi>-norbomand 
(3b),  2-ej:o-methyl-2-e/uiSt>-norbomanol  (10),  and  2-eifdlt>-methyl-2- 
exo-norbomanol  (5b),  was  present  as  a  group  duting  well  ahead  of 
the  bulk  of  the  alcohol  mixture.  This  "tertiary  alcohol  mixture** 
consisted  of  3.4%  of  the  total  alcohols. 

The  **tertiary  alcohol  mixture*'  was  separated  from  the  main  bulk 
by  preparative  vpc  (column  A)  under  conditions  separately  shown  in 
control  experiments  not  to  cause  any  interconversion  or  racemiza- 
tion  of  the  alcohols  of  concern.  The  first  duted  material  was 
distilled  bulb  to  bulb  at  room  temperature  (0.03  mm)  to  remove 
duted  column  packing. 

Analysis  of  the  "Tertiary  Alcohol  Mixture."  This  alcohol  mix- 
ture was  shown  to  be  contaminated  with  less  than  0.3%  of  the  al- 
cohols of  longer  retention  time  which,  as  a  group,  were  present  in 
the  same  proportions  as  in  the  original  solvolysis  mixture.  Of  the 
two  major  alcohol  peaks,  l-methyl-2-exo-norbomanol  (3b)  was 
13.0  ±  0.7%  of  the  mixture  as  determined  on  capillary  columns  L 
and  N.    The  standard  deviation  is  given  for  four  trials. 

Two  aliquots  for  the  determination  of  the  specific  rotation  of 
this  mixture  were  carefully  taken  from  the  completely  molten  mate- 
rial to  obviate  any  optical  fractionation.  The  average  spedfic 
rotations  with  the  standard  deviations  were  [a]'»D  —4.51  db  O.CX)5*; 
[a]"iw  - 13.93  =b  0.016*  (c  5.5-6.6,  chloroform). 

The  alcohol  mixture  was  recovered  from  the  rotation  solutions, 
acetylated  under  the  usual  conditions,  and  distilled  at  0.03  mm. 
The  analysis  of  this  mixture  on  capillary  columns  L  and  N  gave  the 
value  for  the  2-emto-methyl-2-ejco-norbomyl  acetate  (15b)  present 
as  71 .3  d=  0.7  %  over  six  determinations.  A  single  determination  of 
the  specific  rotations  of  the  liquid  acetate  mixture  gave  [aY^D 
-0.15*;  tal"aw  -0.55*  (c  5.24,  chloroform).  With  the  observed 
rotation  of  —  0.(X)8  and  —0.029*,  respectively,  the  sodium  d  rota^ 
tion  is  hardly  useful  except  to  confirm  the  sign;  the  accuracy  of  the 
mercury  365-mAc  rotation  is  only  about  10%. 

The  composition  of  the  mixture  may  be  calculated  from  the  vpc 
data  on  both  mixtures:  l-methyl-2-exo,  13.0  ±  0.7%;  l-endo- 
methyl-2-^j:o,  71.3  ±0.7%;  and l-exo-mtihyl-l-eiuio,  15.7  d=  1.0%. 

The  Isolation  of  2-«/f</a-Methyl-2-«x{Miorfoomyl  Acetate  (5b)  froa 
the  ''Tertiary  Acetate  Nfixture."  Under  normal  conditions  the 
tertiary  exo-acetate  5b  was  found  to  decompose  to  elimina- 
tion products  when  passed  through  preparative  vpc  colunms.  It 
was  shown,  however,  that  column  A  could  be  conditioned  with 
many  large  injections  of  anhydrous  ammonia  gas  to  pass  this  ace- 
tate through  in  relatively  good  yield  and  to  separate  it  from  1- 
methyl-2-«jco-norbomyl  acetate  (3b)  and  l-exo-wethyUl-emkh 
norbomyl  acetate  (10).  In  trials,  optically  active  t-exo  acetate 
5b-OAc  was  obtained,  after  bulb-to-bulb  distillation,  with  the  same 
rotation  as  that  injected.  It  was  found  necessary  to  condition  the 
column  with  more  ammonia  after  each  injecton  of  acetate  5b. 
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From  the  acetylated  tertiary  alcohol  mixture  obtained  from  the 
acetolysis  of  optically  active  3-exo-methyl-2-e/id!t>-norbomyl  p- 
bromobenzenesulfonate,  28.5  mg  of  the  2-€iuUhmeihy\-2'€X(h 
norbomyl  acetate  (5b-OAc)  was  obtained  after  distillation  at  room 
temperature  (0.03  mm).  A  small  amount  of  white  crystalline  mate- 
rial was  observed  in  the  colorless  liquid  acetate.  The  entire  dis- 
tillate was  washed  into  a  volumetric  flask  for  the  rotation.  From 
the  observed  rotation  of  +0.176*'  at  the  mercury  365-nvi  line,  the 
specific  rotation  of  [a]<**^ies  +6.18°  (c  2.85,  chloroform)  was  calcu- 
lated. This  would  be  equivalent  to  t-exo  alcohol  5b-OH  of  [ajp 
-5.12**  (chloroform),  or  46.5%  optical  purity. »»••»»  While  this 
sample  was  pure  by  vpc  on  capillary  column  L,  containing  less  than 
0.5%  of  both  t-endo  acetate  10  and  l-methyl-2-exo  acetate  3b, 
it  undoubtedly  was  contaminated  with  a  significant  amount  of 
some  volatile  material  from  the  preparative  vpc  column  resulting 
from  continual  treatment  of  the  latter  with  ammonia.  This 
contamination  was  evident  both  from  the  small  amount  of  crystal- 
line material  observed  in  the  sample  and  from  the  fact  that  the 
infared  spectrum  of  the  chloroform  solution  used  for  the  rotation 
showed  diffuse  absorption  in  the  2.5-3.0-/1  range  which  was  not 
present  in  the  infrared  spectrum  of  a  chloroform  solution  of  pure 
i^exo  acetate  5b-OAc;  the  rest  of  the  spectrum  was  identical  with 
that  of  pure  5b-OAc. 

laolation  of  3-e/fJa-Metfayl-2-«x{>Hiorbornyl  Acetate  (9,  X  »  OAc) 
ind  7-aff//-Mctfayl-2-«x{Miorborayl  Acetate  (8).  These  two  sub- 
stances emerged  first  and  last,  respectively,  from  the  vapor  phase 
chromatogram  on  column  E  of  the  secondary  acetate  fraction. 
This  fraction  was  obtained  by  reacetylation  of  the  alcohols  re- 
maining after  separation  of  the  "tertiary  alcohol  mixture'*  fraction 
from  the  solvolysis  of  optically  active  p-bromobenzenesulfonate. 
Two  passes  sufficed  to  give  material  that  in  each  case  was  homo- 
geneous (column  L).  The  infrared  and  nmr  spectra  and  retention 
times  on  capillary  vpc  (columns  L  and  N)  were  identical  with  each 
samplers  respective  raoemic  counterpart. 

The  spedfic  rotations  of  the  3-^/uiSt>-methyl-2-€xo-norbomyl 
acetate  (9,  X  =  OAc)  were  [a]»<D  +5.29^  [a]"sw  +8.52*'  (c  5.2, 
absolute  ethanol);  and  those  of  the  7-a/f/{-methyl-2-ej:o-norborayl 
acetate  (8)  were  [al»»D  +9.18°;  [a]",.*  +31.47°  (c  5.6,  95%  eth- 
anol). 

A  sample  of  unfractionated  secondary  acetate  mixture,  free  of 
sohrent,  had  the  specific  rotation  of  [a]**D  -2.80°  (c  4.8,  /  »  4, 
chloroform). 

Hie  StataOity  of  the  Acetolysis  Products.  A  stock  solution  of  5.88 
g  (30.9  nunoles)  of  p-toluenesulfonic  acid  monohydrate,  6.00  g 
(73.2  mmoles)  of  anhydrous  sodium  acetate,  and  3.33  g  (32.6 
mmoles)  of  acetic  anhydride  in  150  ml  of  dried  acetic  add  was 
prepared  to  simulate  closely  the  ionic  concentrations  at  the  end  of 
the  acetolysis  of  optically  active  p-bromobenzenesulfonate.  Pure 
l-raethyl'l-exo  acetate  (3b),  [a]««D  +9.20°  (c  5.2,  chloroform), 
was  heated  at  100°  for  8  hr  in  the  simulated  solvolysis  solution. 
The  usual  work-up  gave  back  pure  3b,  [a]*^  +8.70°  (c  6.5,  chloro- 
form), a  6%  loss  of  optical  activity.  Reduction  of  the  acetate  thus 
obtained  with  lithium  aluminum  hydride  gave  the  corresponding 
alcohol  which  contained  less  than  0.5%  tertiary  alcohols  5b-OH  or 
lOOH. 

Pure  t-endo  acetate  10-OAc,  [a]"w4  —51°  (c  4.9,  chloroform), 
was  heated  for  8.0  hr  at  100°  in  the  simulated  solvolysis  solution. 
The  reaction  mixture  was  worked  up  as  in  the  acetolysis  experiment. 
The  acetate  after  bulb-to-bulb  distillation  (0.03  mm)  was  analyzed . 
00  column  N  and  found  to  contain  7%  t^exo  acetate  5b-OAc  and 
just  a  trace  of  UmeXhyl'l'exo  acetate  3b.  The  specific  rotation  was 
M'^sM  —47°  (c  5.1,  chloroform),  a  loss  of  8.4%  of  the  original 
optical  activity.  Since  t-exo  acetate  5b-OAc  of  the  same  relative 
configuration  has  the  same  sign  of  rotation,  albeit  only  about  10%  of 
the  value  of  10-OAc,  a  small  amount  of  the  t-en(h  acetate  10-OAc 
might  also  be  racemized. 

Similarly,  pure  t-exo  acetate  5b-OAc,  [a]*^  -1.67°;  [ck]**im 
-5.29°  {c  4.9,  chloroform),  was  subjected  to  the  simulated  sol- 
volysis conditions  for  8.25  hr  at  100°.  The  distilled  product  was 
analyzed  on  colunm  L  and  shown  to  contain  58.7%  starting  mate- 
rial 5b-OAc 

The  acetate  mixture  was  reduced  with  lithium  aluminum  hydride 
to  alcohols  in  the  usual  manner.  The  alcohol  mixture,  when 
analyzed  on  column  L,  contained  22.9%  l-methyl-2-ejto  alcohol 
3b-OH.  The  calculated  concentration  of  the  t-endo  alcohol  10-OH 
was  therefore  18.4%.  The  specific  rotations  of  the  alcohol  mix- 
ture were:  la]^*D  +1.79°;  [a]«»i6»  +4.55°  (c  6.0,  chloroform). 
The  unfractionated  secondary  acetate  mixture  obtained  from  the 
separation  of  the  tertiary  alcohols  from  the  acetolysis  products  was 
sukqected  to  the  timulatcd  solvolysis  conditions  for  10  hr  at  100°. 


The  isolated  acetate  mixture  was  unchanged  in  composition  as 
determined  on  capillary  vpc  columns  L  and  N.  No  tertiary  re- 
lated material  was  detected  (less  than  0.1  %  of  the  total  mixture 
would  be  observable).  The  specific  rotation  was  unchanged  from 
that  of  the  original. 

Acetolysis  of  3-€j:o-Metfayl-2-«/td!t>-iiorboniyl  /?-Broiiiobenieiie- 
solfonate  In  Acetic  Add-O-D.  Acetic  add-O-D  was  prepared  from 
99.8%  deuterium  oxide  and  slight  excess  of  acetic  anhydride  by 
stirring  at  room  temperature  for  24  hr  and  distillation.  A  sample 
of  5.74  g  (16.6  mmoles)  of  the  pure  p-bromobenzenesulfonate  was 
added  to  80  ml  of  acetic  add-O-D  containing  3.22  g  (39.3  mmoles) 
of  sodium  acetate.  The  reaction  mixture  was  stirred  at  100°  for 
10.0  hr  and  worked  up  in  the  usual  manner.  Analysis  of  the  ace- 
tate mixture  on  capillary  column  L  indicated  the  presence  of  18.4% 
t-endo  acetate  and  l-methyl-2-«Ar<>  acetate  with  81.6%  t-exo  acetate 
in  the  "tertiary  product  mixture."  The  acetate  mixture  was  re- 
duced to  alcohols  with  lithium  aluminum  hydride.  The  concen- 
tration of  \-msihy\-2-exo  alcohol  3b-OH  was  not  determinate 
at  that  time  because  of  capillary  column  degeneration.  That  some 
was  present  was  evident  from  the  preparative  isolation.  The  ter- 
tiary alcohols  were  separated  from  the  main  solvolysis  components 
on  preparative  vpc  column  E.  The  tertiary  alcohol  mixture  con- 
tained 10.05  atom  %  excess  deuterium  as  determined  by  the  falling 
drop  method,  equivalent  to  1.4  deuterium  atoms  per  molecule. 
The  components  with  longer  retention  time  contained  less  than  0.03 
deterium  atom  per  molecule.  Deuterium  analyses  by  the  falling 
drop  method  were  performed  by  Mr.  J.  Nemeth,  Urbana,  111. 

Acetolysis  of  3-€xa-Metliyl-2-«/u/(CMiorbornyl-^Broiiiobeiizcne- 
solfonate  in  tlie  Presence  of  l^xo-MeOkyUTrexo-wxhomyl  Acetate 
in  Acetic  Add-O-D.  About  0. 14  g  (1 .1  mmoles)  of  t-exo  acetate  5b- 
OAc,  0.074  g  (0.9  mmole)  of  sodium  acetate,  and  0.1 3  g  (0.37  mmole) 
of  p-bromobenzenesulfonate  were  added  to  2.0  ml  of  dry  acetic  add- 
O-D  and  heated  at  100°  for  10.0  hr.  The  usual  work-up  yidded 
acetates  which  were  reduced  to  alcohols  with  lithium  aluminum 
hydride.  The  tertiary  akohol  mixture  was  separated  from  the 
akohol  mixture  of  longer  retention  time  on  column  E  and  analyzed 
by  the  falling  drop  method.  There  wa&  12.70  atom  %  excess 
deuteriimi  present,  equivalent  to  1.78  deuterium  atoms  per  mole- 
cule. Since  the  tertiary  products  from  the  solvolysis  of  the  p- 
bromobenzenesulfonate  normally  amount  to  only  ca,  3%  of  the 
total  mixture,  the  tertiary  alcohols  isolated  from  this  partkular 
run  would  be  expected  to  be  contaminated  by  only  1  %  of  solvolysis 
product.  Thus,  deuterium  incorporation  clearly  can  occur  after 
the  formation  of  tertiary  solvolysis  product. 

Optically  active  2-«xa-methyl-2-«/f£/b-norbonianol  (10-OH)  was 
prepared  by  adding  an  ether  solution  of  norboraanone,  [a]D  —7.95° 
(chloroform),  to  ethereal  methylmagnesium  bromide.  The  ketone 
was  prepared  by  Jones  oxidation^'  of  active  norbomanol.**  The 
product  10-OH  had  infrared  spectrum  and  retention  times  on  vpc 
identical  with  those  of  an  authentic  sample**  of  the  racemate. 
The  alcohol  had  [a]D  -6.45°,  [a]s«i  - 17.4°  (c  4.3,  chloroform). 

Acetylation  of  the  active  alcohol  with  acetic  anhydride  in  pyri- 
dine gave  a  quantitative  yield  of  10-OAc  with  infrared  spectrum 
and  retention  times  on  vpc  identical  with  those  of  the  racemate. 
The  sample,  which  contained  0.05%  of  5-OAc,  had  [a]D  —12.1°; 
[a]tu  —36.8°  (c  6.0-7.8,  chloroform).  Lithium  aluminum  hydride 
reduction  regenerated  10-OH  with  undiminished  rotation. 

Optically  Active  2-«/t Ja-Methyl-2-6ji:{Miorbomanol  (5-OH).  Fol- 
lowing a  procedure  worked  out  in  the  racemic  series,'*  a  homo- 
geneous sample  of  t-endo  alcohol  10-OH,  [ajp  — 12.1  °  (chloroform), 
3.00  g  (0.024  mmole),  was  stirred  with  15  ml  of  concentrated  hydro- 
chloric add  for  2  hr  at  room  temperature.  The  chloride  was  ex- 
tracted with  pentane  and  the  organic  solution  washed  with  saturated 
brine.  The  solvent  was  distilled  off  in  a  100-ml  flask.  The  color- 
less residue  was  homogeneous  on  capillary  columns  L  and  N  with 
the  exception  of  a  small  amount  of  residual  solvent. 

The  chloride  was  stirred  at  95°  with  35  ml  of  1  A^  sodium  hy- 
droxide for  4  days.  The  cooled  mixture  was  extracted  four  times 
with  pentane;  the  combined  organic  layers  were  washed  twice 
with  saturated  brine  and  dried  over  sodium  sulfate,  and  the  solvent 
was  distilled  off.  The  clear,  colorless  residue  crystallized  imme- 
diately on  cooling  to  room  temperature  and  was  completely  sub- 
limed at  85°  (10  mm).  The  yield  was  2.36  g  (80%)  of  material 
whose  rotations  were:  [a]«*D  +2.78°;  [a]"iM  +8.38°  (c  5.0-5.3, 
chloroform). 


(35)  H.  C.  Brown,  N.  R.  Ayyangar,  and  O.  Zweifel,  7.  Am,  Chem, 
Soc.,  86,  397  (1964). 

(36)  N.  J.  Toivonen,  E.  Siltanen,  and  K.  Ojala,  Ann.  Acad,  Sci, 
Fennicae,  Ser,  All,  No.  64  (1955). 
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OpticaUy  Active  Irendo-MtOkyl'IrexoHiaibornyl  Acetate  (5-OAc). 
A  homogeneous  sample  of  the  t-exo  alcohol,  [a]D  +2.78^  (chloro- 
form), was  acetylated  with  excess  acetic  anhydride  and  pyridine 
at  100''  for  13  hr  in  the  usual  manner  and  distilled  to  give  a  94% 
yield  of  acetate  5-OAc,  whose  infrared  spectrum  and  retention 
times  on  vpc  were  identical  with  those  of  authentic  racemic  mate- 
rial. Capillary  vpc  on  columns  L  and  N  indicated  0.75%  t-^ndo 
acetate  10-OAc  was  present;  rotations:  [a]**D  —1.01'';  [a]**tu 
—3.36°  (c  5.2-5.4,  chloroform).  This  acetate  was  reduced  with 
lithium  aluminum  hydride  in  the  usual  manner  to  give  alcohol 
5-OH  with  the  same  rotation  as  that  of  the  starting  material.  An- 
alysis by  capillary  vpc  on  column  L  indicated  the  absence  of  1- 
methyl-2-«jiro  alcohol  3-OH  where  less  than  0.05%  could  have  been 
detected. 

Optically  Actife  l-Metfayl-2-tfxo-iiorbomyl  Acetate  (3-OAc). 
Following  the  method  previously  reported,  >*  6.08  g  of /-«/tdb  alcohol 
10-OH,  [a]D  —6.45°  (chloroform),  was  solvolyzed  in  acetic  acid- 
sulfuric  acid  for  1.0  hr  at  98°.  Under  these  conditions,  a  few 
per  cent  each  of  t^exo  acetate  5-OAc  and  t-endo  acetate  10-OAc 
were  present  in  addition  to  3-OAc.  Preparative  vpc  on  column 
D  using  a  Wilkens  Autoprep  700A  with  automatic  60-^1  injections 
converted  the  t-exo  acetate  5-OAc  to  olefins  and  cleanly  separated 
the  desired  product  3-OAc  from  the  t-endo  acetate  10-OAc.  Dis- 
tillation of  the  purified  acetate  separated  it  from  the  eluted  column 
packing  and  gave  4.08  g  (52%)  of  material  whose  infrared  spectrum 
and  retention  times  on  vpc  were  identical  with  those  of  authentic 
racemic  material.  Capillary  vpc  on  column  N  indicated  a  total 
of  less  than  0.2%  of  impurities;  rotations:  [a]«»D +9.29°;  [a]*»iM 
+28.0°  (c  5.2-5.4,  chloroform). 

OpticaDy  Acthe  l-Metfayl-Z-tfjro-norbomaiiol  (3-OH).  The 
above  acetate,  [a]D  +9.29°,  0.722  g  (4.29  mmoles),  was  reduced 
with  0.16  g  of  lithium  aluminum  hydride  in  the  usual  manner. 
Complete  sublimation  of  the  crude  residue  yielded  0.47  g  (87%) 
of  colorless,  crystalline  alcohol  3-OH.  The  infrared  spectrum  and 
retention  times  on  vpc  were  identical  with  those  of  pure,  racemic 
material  prepared  in  a  similar  manner;  rotation:  [a]**D  +0.21°; 
W"iw  -2.11  °  (c  5.8-5.9,  chloroform). 

The  alcohol  recovered  from  the  rotations  was  converted  to  the 
acetate  with  excess  pyridine  and  acetic  anhydride  at  100°  for  24  hr 
to  give  product  with  a  rotation  identical  with  that  of  the  starting 
material. 


JreniUhMtOkyl'l^is^xo-notbonuaiftdkA  (14).  A  sample  oi  2- 
niethyl-2-norbomene''  (0.20  g)  was  dissolved  in  25  ml  of  dry  ether. 
A  stirred  solution  of  0.50  g  of  osmium  tetroxide  in  25  ml  of  ether 
was  cooled  to  0°,  protected  by  a  drying  tube,  and  the  olefin  solution 
was  added  dropwise  from  a  pressure-equalizing  dropping  funnel 
A  black  solid  precipitated  during  the  addition;  afterwards  the 
mixture  was  allowed  to  stir  overnight  at  room  temperature.  The 
black  osmate  ester  was  collected  by  filtration  and  added  to  a  r^ 
action  flask  containing  5.0  g  of  sodium  sulfite,  25  ml  ofethanol,  and 
25  ml  of  water.  After  heating  at  reflux  for  1  hr  on  the  steam  bath, 
this  mixture  was  filtered,  and  the  filtrates  were  concentrated  to  dry- 
ness at  the  aspirator.  The  solid  residue  was  extracted  nine  timet 
with  methylene  chloride,  and  the  organic  extracts  were  combined 
and  dried  over  magnesium  sulfate.  After  filtration,  the  solvent 
was  evaporated  at  the  aspirator,  leaving  a  greenish  oil  which  dis- 
tilled bulb  to  bulb  to  give  a  waxy  solid. 

This  material  exhibited  an  intense,  broad  O-H  band  in  the  in- 
frared as  well  as  a  small  C=0  band  due  to  an  unknown  contam- 
inant. The  diol  was  characterized  by  its  nmr,  which  showed  a 
broad  signal  at  5  4.1  (2  H)  assigned  to  the  hydroxyl  protons  and  a 
slightly  broadened  absorption  at  5  1.3  (about  4  H).  Superimposed 
on  the  d  1.3  absorption  was  a  sharp  singlet  due  to  the  methyl  group, 
deshielded  by  the  gem-hydroxyl  function. 

Anal.  Calcd  for  QHiiOi:  C,  67.57;  H,  9.92.  Found:  C. 
67.70;  H,  9.82. 

Rearrangement  of  2-«m/{>Alethyl-2,3^/j,^xo-iiorboniaiiediol  (14). 
A  round-bottomed  flask  was  charged  with  4  ml  of  concen- 
trated sulfuric  acid  and  cooled  to  —8°  in  an  ice-salt  bath.  The 
cold  solution  was  stirred  rapidly  with  a  magnetic  apparatus,  and 
0.040  g  of  the  solid  diol  14  was  added  and  allowed  to  stir  in  the 
add  for  10  min.  After  this  time  the  yellow  reaction  mixture  was 
poured  onto  cracked  ice  and  extracted  three  times  with  pentane. 
The  pentane  was  washed  four  times  with  saturated  brine  and  dried 
over  sodium  sulfate.  Careful  removal  of  the  solvent  left  about  30 
mg  of  material  which  showed  only  one  peak  on  capillary  vpc 
column  N-1,  identical  in  retention  time  with  3-e/u^niethyl-2- 
norbomanone  (15b).  Control  experiments  showed  that  (1)  less 
than  0.03  %  of  the  exo-mdhyl  epimer  could  have  been  detected,  and 
(2)  both  epimeric  ketones  were  stable  under  the  reaction  conditions. 


(37)  K.  Alder  and  H.  J.  Ache,  Chem,  Ber.,  95,  503,  511  (1962). 
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Abstract:  4,5-ejca-Triniethylene-2-norbomene  (10)  has  been  synthesized  from  a  monosubstituted  cyclopentadiene 
9  using  an  intramolecular  Diels-Alder  reaction,  and  from  this  intermediate  exo-  and  ^/n/o4,5-ejco-trimethylene-2- 
norbomyl  p-toluenesulfonates  (11,  R  -  Ts,  and  16,  R  »  Ts)  have  been  prepared.  These  sulfonates  undergo 
acetolysis  (25  ^)  at  relative  rates  of  8.6:1.  The  ratio  of  rate  constants  (25  ^)  for  acetolysis  of  the  ^jco-sulfonate  11,  R 
»  Ts,  and  2-ejca-norbornyl  p-toluenesulfonate  is  1 :  85,  whereas  the  corresponding  ratio  for  the  e/u/o-sulfonate  16, 
R  =  Ts,  and  2-^/db-norbornyl  p-toluenesulfonate  is  1:2.5.  The  depressed  rate  for  the  tricyclic  ^xo-sulfonate  11, 
R  =  Ts,  relative  to  2-ejca-norbornyl  p-toluenesulfonate  is  readily  explained  in  terms  of  bridging  of  carbon  in  the 
transition  state  for  ionization,  but  seems  to  be  contrary  to  expectations  based  on  ionization  to  a  localized  (classical) 
carbonium  ion.  Thus,  the  present  results  favor  the  bridged-ion  mechanism  for  acetolysis  of  2-^xa-norbomyl  arene- 
sulfonates. 


A  large  body  of  data  relating  to  the  solvolysis  reac- 
tions of  various  bicyclo[2.2.1]heptanes  holding 
leaving  groups  such  as  hahde  or  arenesulfonate  at  Cs 
is  now  available.^*    It  is  clear,  especially  from  ex- 

(l)  For  an  excellent  recent  review  see  G.  D.  Sargent,  Quart,  Reo. 
(London),  20,  301  (1966). 


tensive  investigations  of  the  parent  2-norbornyl  series, 
that  these  reactions  exhibit  characteristics  which  sharply 
differentiate  them  from  simple  aliphatic  or  monocyclic 

(2)  A  collection  of  reprints  of  key  papers  in  this  field  along  with  an 
authoritative  commentary  has  been  provided  by  P.  D.  Bartlett,  **Non- 
classical  Ions,**  W.  A.  Benjamin,  Inc.,  New  York,  N.  Y.,  1965. 
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ogs.  These  properties,  due  in  large  part  to  special 
ires  of  the  norbornyl  cation,'  include^**"*  (1) 
eiordinary  ease  of  Wagner-Meerwein  rearrange- 
t  of  C%  from  Ci  to  C2  (as  compared  with  other  reac- 
paths) ;  (2)  dependence  of  reactivity  on  orientation 
'^,  specifically,  generally  higher  solvolysis  rates  for 
ous  l-exo  derivatives  as  compared  with  the  cor- 
onding  1-endo  compounds ;  and  (3)  extraordinarily 
^ospecific  formation  of  ejco-substitution  products 
ing  from  2-exo-norbornyl  derivatives.  Similar 
ivior  has  been  noted  for  a  number  of  methyl-sub- 
tcd  norbornyl  derivatives.^**  These  distinctive 
acteristics  of  the  norbornyl  cation  have  been  in- 
reted  by  some^*^**  in  terms  of  a  mechanism  in 
:h  ionization  is  assisted  by  the  rearrangement  of  Ce 
1  Ci  to  Cs  to  lead  directly  to  an  intermediate  bridged 
1  {bridged-ion  mechanism),  while  others*^"  have 
to  the  view  that  the  available  data  can  be  explained 
he  basis  of  rapidly  rearranging  localized  norbornyl 
>ns  2  (classical-ion  mechanism).    Additional  evi- 


»  which  can  serve  to  exclude  one  of  these  alterna- 
i  is  clearly  desirable.  One  possible  approach 
ird  this  end  is  the  detection  of  positive  charge  at  Ci 
'or  Ce  in  the  transition  state  using  kinetic  measure- 
ts  with  substrates  having  electron-supplying  groups 
[lese  centers.  Although  studies  have  been  carried 
along  these  lines, '•"•**  they  have  not  yielded  the 

of  results  which  allow  an  unambiguous  decision 
^een  the  two  theories.  Another  way  of  distinguish- 
between  bridged-ion  and  classical-ion  mechanisms 
ade  possible  in  principle  by  the  fact  that  the  transi- 

states  for  these  paths  should  involve  different 
netries  of  the  ring  system.    This  paper  describes  the 

part  of  an  investigation  aimed  at  revealing  more 
riy  the  molecular  geometry  of  the  cationic  species 
;h  intervene  in  the  ionization  reactions  of  2-nor- 
lyl  /^-toluenesulfonates.  In  general,  a  reasonable 
s  for  such  a  test  could  be  the  introduction  of  a 
gc  (or  a  set  of  bridges)  into  the  bicyclo[2.2.1]hep- 

system  in  such  a  way  as  to  produce  either  a  large 
»ase  or  decrease  in  total  strain  for  the  ring  system 

migration  of  Ce  from  Ci  to  Ct  while  at  the  same 
;  preserving  to  a  maximum  extent  for  the  initial 

rearranged  structures  the  exact  geometry  of  the 
c  bicyclo[2.2.1]heptane  part  and  also  the  exact 

Unless  otherwise  indicated,  the  term  norbornyl  cation  when  used 
1  refers  to  the  cation  derived  from  heterolysis  of  appropriate  2- 
imyl  derivatives. 

S.  Winstein  and  D.  Trifan,  J.  Am.  Chem.  Soc.,  71,  2953  (1949); 
147.1154(1952). 

S.  Winstein,  et  al„  ibid.,  87,  376,  378,  379,  381  (1965). 

S.  Winstein,  E.  Vogelfanger,  K.  C.  Pande,  and  H.  F.  Ebel,  ibid., 
)93  (1962). 

H.  Goering  and  C  B.  Schewene,  ibid.,  87,  3516  (1965). 

E.  J.  Corey,  J.  Casanova,  P.  A.  Vatakencherry,  and  R.  Winter, 
85.  169(1963). 

S.  Smith  and  J.  P.  Petrovitch,  Tetrahedron  Letters,  3363  (1964). 

)  H.  C.  Brown,  **The  Transition  State,'*  Special  Publication  No. 

be  Chemical  Society,  London,  1962,  p  140. 

)  H.  C.  Brown,  Ckenu  Brit.,  2,  199  (1966). 

)  M.  Rei  and  H.  C  Brown,  7.  Am.  Chem.  Soc.,  88,  5335  (1966). 

)  D.  C.  Kleinfelter,  Dissertation  Abstr.,  22,  428  (1961). 

i  D.  C  Kleinfelter  and  P.  von  R.  Schleyer  quoted  by  J.  A.  Berson  in 

ecular  Rearrangements,"  Part  I,  P.  de  Mayo,  Ed.,  Intersdence 

shcn.  Inc.,  New  York,  N.  Y..  1963,  p  182. 
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environment  of  groups  at  the  exo  and  endo  orientations 
atCs. 

Before  describing  the  specific  molecular  system  which 
we  have  studied,  a  general  consideration  of  the  effect  of 
Wagner-Meerwein  rearrangement  on  the  various 
positions  of  the  norbornyl  skeleton  is  appropriate.  Let 
the  various  types  of  ring  atoms  in  structure  3  be  repre- 
sented by  descriptive  letters  as  follows :  common  atoms 
1  and  4  as  c  and  c'^  methano  bridge  as  m,  ethano  bridge 
members  as  ei,  e\  for  the  bridge  bearing  the  leaving 
group,  and  e%,  et  for  the  other.  After  Wagner-Meer- 
wein rearrangement  of  carbon,  these  atoms  assume  the 
locations  indicated  in  4.  It  will  be  noted  that  only  two 
atoms,  c'  and  e^',  are  both  unchanged  in  type  and 


m 


* 


J^3^x 


remote  from  the  leaving  and  entering  groups  and  also 
that  exo-  and  enJo-substituent  interconversion  (xxurs 
at  et.  Therefore,  if  a  chain  of  atoms  is  added  to  join 
c'  and  exo-Ct  in  3  with  establishment  of  a  new  ring,  the 
rearrangement  3  to  4  will  produce  a  stereoisomeric 
sjrstem,  in  principle  of  different  energy,  without  any 
essential  interference  with  the  environment  of  the  leav- 
ing or  entering  groups.  In  the  specific  case  of  a  tri- 
methylene  bridge,  the  stereoisomer  c'{Cli^tet(exo) 
(5)  can  be  formed  with  only  a  minor  amount  of  addi- 
tional angle  strain.  In  contrast,  the  stereoisomer 
c'(Clii)iet(endo)  (6)  is  formed  with  much  angle  strain 
in  addition  to  the  norbornyl  strain.    Crude  estimates  of 


the  difierence  in  strain  energy  between  5  and  6  (prin- 
cipally angle  strain)  have  been  made  in  two  difierent 
ways.  In  the  first,  the  angle  strain  formula  of  West- 
heimer^^  has  been  used,  taking  into  account  only  the 
distortions  of  C-C-C  angles  and  using  the  values  for 
ring  angles  as  measured  from  (a)  Cenco  Peterson 
molecular  models  and  (b)  Fieser-Dreiding  molecular 
models;  this  gave  strain  energy  differences  of  (a)  7.2 
kcal/mole  and  (b)  8.1  kcal/mole,  with  the  likelihood 
that  both  estimates  are  too  high"  rather  than  too  low. 
The  second  way  for  estimation  of  strain  energy  dif- 
ferences rests  upon  the  recognition  of  5  and  6  as  deriva- 
tives of  cis-  and  /ron^-pentalane,  respectively.  The 
ring  systems  of  5  and  6  can  be  formed  by  the  joining 
of  atoms  in  the  hypothetical  cis-  and  rra/15-pentalane 
derivatives  7  and  8.    Simulation  of  the  ring  closure  of 


c 
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(15)  F.  H.  Westheimer  in  "Steric  EffecU  in  Organic  Chemistry,**  M. 
S.  Newman,  Ed.,  John  WUey  and  Sons.  Inc.,  New  York.  N.  Y.,  1936^ 
p  S33  et  seq. 


Corty^  Glass  /  MoUadta  Geometry  of  tKe  Kotborn 


2602 


(CH2)3CH=:CH2 

V 

ft        / 

9 

^.OR 

10 

V-N^ 

-f 

> 

+ 

tj 

u 

Kj 

l_j 

rj 


•H 


11 


12 


Figure  1. 


7  and  8  with  the  above-named  types  of  models  indicates 
that  the  increase  in  angle  strain  upon  ring  closure  is 
10-20%  greater  with  7  than  with  8,  which  probably 
amounts  to  a  difference  of  0.5-1  kcal/mole."  This 
would  roughly  be  offset  by  changes  in  torsional  strain 
from  7  and  8  to  5  and  6,  and,  therefore,  it  appears  that 
the  difference  in  strain  energy  between  5  and  6  should 
be  approximately  the  same  as  for  cis-  and  trans-ptntSL- 
lane  systems,  /.e.,  ca.  6-7  kcal/mole.^^ 

Thus,  there  can  be  little  doubt  that  5  is  substantially 
less  strained  than  the  isomer  6.  This  is  also  obvious 
simply  by  inspection  of  models  which  reveals  addi- 
tionally that  the  process  of  Wagner-Meerwein  re- 
arrangement of  5  to  6  results  in  a  steady  increase  in 
strain.  Therefore,  it  would  be  expected  that  if  ioniza- 
tion leads  to  bridging  in  the  transition  state  for  solvolysis 
of  2-exo-norbornyl  /?-toluenesulfonate,  the  /?-toluene- 
sulfonates  corresponding  to  5  and  6  should  react  more 
slowly  and  more  rapidly,  respectively.  On  the  other 
hand,  the  solvolysis  rates  for  the  three  e/u/o-/?-toluene- 
sulfonates  should  all  be  approximately  the  same,  since 
presumably  there  should  be  little  or  no  bridging  of  Ce 
in  the  transition  state  and  also  no  other  differences  for 
the  three  cases  (e,g,,  steric  acceleration  or  steric  inter- 
ference*^" to  ionization  should  be  the  same).  A 
reasonable  prediction  on  the  basis  of  the  classical-ion 
mechanism  is  that  the  rates  of  solvolysis  of  the  exo-p* 
toluenesulfonates  5  and  6  should  be  essentially  the 
same  as  for  the  2-exo-norbornyl  case  and,  similarly, 
that  the  rates  for  the  e/iJo-p-toluenesulfonate  isomers  of 

5  and  6  should  be  approximately  the  same  as  l^endo- 
norbornyl. 

It  should  be  noted  that  the  Q-Ci-Cs  angle  in  5  and 

6  as  observed  in  models  appears  to  have  the  value  which 
is  normal  for  the  simple  bicyclo[2.2.1]heptane  ring 
system  (further  evidence  on  this  point  appears  in  the 
following  section).  The  number  of  carbons  in  the 
extra  bridge  connecting  c'  and  es'  in  5  and  6  appears  to 
be  optimal  for  the  purposes  of  revealing  the  molecular 
geometry  of  the  norbornyl  cation ;  fewer  carbons  would 
introduce  too  much  strain  and  perturbation  of  the 
bicyclo[2.2.1]heptane  system  in  both  the  exo-  and  endo^ 
bridged  structures,  whereas  a  larger  number  of  bridge 
atoms  (>3)  would  diminish  the  deferential  strain  be- 

(16)  A  total  closure  strain  energy  from  7  and  8  to  5  and  6,  respectively, 
is  probably  somewhat  less  than  the  strain  energy  of  norcamphor  {ca,  6 
kcal/mole);  see  K.  Alder  and  G.  Stein,  Btr.,  67,  613  (1934);  O.  Becker 
and  W.  A.  Roth,  ibid.,  67,  627  (1934);  R.  P.  Unstead.  Am.  RepU 
(London).  32,  315(1935). 

(17)  J.  W.  Barrett  and  R.  P.  Unstead,  J.  Chenu  Soc,,  436  (1935);  61 1 
(1936). 


tween  the  exo-  and  endo-hridged  structures  to  to( 
a  value. 

Synthetic  Studies 

The  synthesis  of  4,5-exo-trimethylene-2-e.j 
bornyl  /?-toluenesulfonate  was  accomplished  ii 
steps  as  outlined  in  Figure  1.  Alkylation^*  of 
pentadienylsodium  by  S-bromo-1-pentene  prod^ 
mixture  of  monosubstituted  cyclopentadienes  ' 
the  substituent  principally  at  Ci  and  C%  as  indica 
nmr  measurements.  When  a  dilute  solution  of  tl 
ture  of  A*-pentenylcyclopentadienes  9  was  he£ 
tri-fi-butylamine  as  solvent,  4,5-exo-trimethy 
norbornene  (10)  was  produced  in  good  yic 
The  structure  of  the  product  from  this  reaci 
indicated  by  physical,  analytical,  and  chemica! 
The  alternative  nonstereoisomeric  internal  Diels 
structure  13  could  be  excluded  from  considerat 
the  nmr  spectrum  of  the  product  which  exhil 
sextet  consistent  with  the  AB  part  of  an  ABX  \ 
centered  at  6  ppm*****  due  to  two  olefinic  prot 
broad  band  due  to  a  single  bridgehead  (and  all^i 
ton  at  2.8  ppm,*'  and  the  remaining  aliphatic  p 
(found  11.0)  between  2.0  and  1.0  ppm.  Struct 
can  also  be  excluded  from  the  nmr  spectra  of  ^ 
transformation  products  of  10,  e.g.,  the  exo-2,3 
and  also  on  the  basis  of  chemical  data.  The  cl 
evidence  which  excludes  the  structure  stereois 
with  10  but  having  a  4,S-e/u/o-trimethylene  brid 
be  presented  below. 

Hydroboration  of  10  with  disiamylborane***** 
a  mixture  of  the  alcohols  11,  R  =  H,  and  12,  R  = 
a  ratio  of  92 : 8.  The  same  alcohols  were  also  pr( 
using  diborane  as  the  reagent  for  hydroboratic 
the  process  was  less  useful  for  synthesis,  sic 
products  11,  R  =  H,  and  12,  R  =  H,  were  for 
a  ratio  of  ca.  3:1;  further,  a  third  isomeric  alec 
was  produced  in  certain  runs  evidently  because 
use  of  more  boron  trifluoride  than  required  i 
generation  of  diborane  reagent  from  sodium  b 
dride.  The  alcohol  11,  R  =  H,  was  readily  ol 
from  the  92:8  mixture  via  the  crystalline  3,S-c 
benzoate  ester.  The  crystalline  alcohol  so  purifi 
converted  to  the  crystalline /?-toluenesulfonate  11 


HO^-^H 


15 


16 


Ts,  mp  66.5-68®,  by  exposure  to  /^-toluenes^ 
chloride  in  pyridine.    Oxidation  of  the  alcot 

(18)  K.  Alder  and  H.  J.  Ache,  Ber.,  95,  503  (1962). 

(19)  See  O.  Brieger,  J.  Am.  Chem.  Soc.,  85,  3783  (1963). 

(20)  A  small  amount  (ca.  5  %)  of  a  second  isomeric  product 
formed;  this  by-product  will  be  dealt  with  in  later  papers. 

(21)  All  nmr  data  dted  in  this  paper  refer  to  parts  per  mil 
downfield  from  tetramethylsilane  as  internal  reference. 

(22)  Reproductions  of  this  and  other  spectra  are  availab 
Ph.D.  dissertation  of  R.  S.  Glass,  Harvard  University,  1966. 

(23)  For  reference  nmr  data  on  norbomenes  see  (a)  P.  Laszl 
von  R.  Schleyer,  J.  Am.  Chem.  Soc.,  86,  1171  (1964);  (b)  E.  ] 
and  B.  Franzus,  ibid.,  86,  1166  (1964);  (c)  K.  Tori,  K.  Aono. 
R.  Muneyuki,  T.  Tsuji  and  H.  Tanida,  Tetrahedron  Letters,  9  ( 

(24)  H.  C.  Brown,  **Hydroboration,*'  W.  A.  Benjamin,  Ii 
York,  N.  Y.,  1962. 

(2^  G.  Zweifel,  N.  R.  Ayyangar,  and  H.  C.  Brown,  /.  At 
Soc,,  85,  2072  (1963),  and  references  dted  therein. 
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-  H,  by  chromic  acid  afforded  the  corresponding 
nc  15  (carbonyl  absorption  1749  cm"\  5.72  /x  in 
i),  which  was  reduced  with  sodium  borohydride  in 
lanol  to  yield  the  crystalline  endo  epimer  of  11, 
:  H  (16,  R  =  H).  Reaction  of  16,  R  =  H,  with 
uenesulfonyl  chloride  gave  the  corresponding  p* 
snesulfonate  16,  R  =  Ts,  mp  50-51.5°. 
le  nmr  spectra**  of  the  exo  compounds  11,  R  =  H, 

11,  R  =  CHjCO,  exhibit  ROCH<  proton  reso- 
:e  as  a  doublet  of  doublets  centered  at  3.88  and 

ppm,  respectively,  whereas  the  nmr  spectra  of  the 

compounds  16,  R  =  H,  and  16,  R  =  CH,CO, 
f  the  ROCH<  as  much  more  complex  multiplets 
.23  and  4.98  ppm,  respectively.  Similarly,  the 
ucnesulfonate  11,  R  =  Ts,  exhibits  a  ROCH< 
:  as  an  overlapping  doublet  of  doublets  (pseudo- 
5t)  centered  at  4.57  ppm,  and  the  corresponding 

in  16,  R  —  Ts,  is  a  broad,  complex  multiplet 
n-ed  at  4.80  ppm.  The  more  complex  splitting 
rved  with  the  derivatives  of  16  as  compared  with 
z  of  11  indicate  additional  coupling  of  ca.  3  cps 

therefore,  the  adjacency  of  a  bridgehead  proton. 

places  the  alcoholic  function  at  C2  rather  than  Cs 
confirms  the  assignment  which  follows  from  the 
vn  orientational  tendencies  of  disiamyiborane  in 
tion  to  unsymmetrically  substituted  olefins.**'** 
roboration  would  also  be  expected  to  produce 
rather  than  endo  alcohols,  and  this  too  is  sup- 
rd  by  the  nmr  data,  since  resonance  for  exo-ethano 
ons  occurs  at  lower  field  than  for  e/iJo-ethano  pro- 

in  norbornane  derivatives  with  characteristic 
fences  in  chemical  shift  of  0.3-0.6  ppm.*^**    The 

configuration  for  16,  R  =  H,  also  follows  from 
generation  of  this  alcohol  by  borohydride  reduction 
le  corresponding  ketone  15. 

>oxidation  of  the  tricyclic  olefin  10  with  mono- 
hthalic  acid  in  ether  produced  the  exo-2,3-oxide 
1  good  yield.    The  nmr  spectrum  of  this  substance 

completely  consistent  with  structure  17.  The 
ons  attached  to  the  epoxide  ring  give  rise  to  a  sharp 
iicX  at  2.79  ppm  and  a  broadened  doublet  at  2.96 
;  a  bridgehead  hydrogen  is  responsible  for  a  broad 
et  at  2.42  ppm  (one  proton  only\  and  a  doublet  at 
ppm  is  clearly  assignable  to  the  l-anti  proton.*^ 
:tion  of  the  epoxide  17  with  lithium  aluminum 
ide  produced  three  isomeric  alcohols,  11,  R  =  H, 
il  =  H,  and  14  in  a  ratio  of  33:63:4,  whereas  the 
of  lithium  aluminum  hydride-aluminum  chloride 
luced  only  11,  R  =  H,  and  14  (ratio  24:76).  The 
anged  alcohol  14  must  arise  via  a  Wagner-Meer- 

process  which  becomes  more  important  than  the 
peting  process,  Sn2  attack  by  hydride,  with  the 
z  acidic  "mixed  hydride"'^  as  compared  with  lith- 

aluminum  hydride.  The  rearrangement  can  be 
:hed  (without  regard  for  detail)  as  follows. 

)  J.  I.  Musher,  Mol  Phys.,  6,  93  (1963). 

\  E.  W.C.  Wong  and  C.C.  Lee,  Con.  y.CAem.,  42,  1245(1964). 

)  J.  Meinwald,  Y.  C.  Mdnwald,  and  T.  N.  Baker,  J,  Am.  Ckem, 

86.  4074  (1964). 

i  P.  G.  Gassman  and  J.  L.  Marshall,  ibid.,  88,  2822  (1966). 

)  For  the  interesting  basis  of  this  assignment  see  (a)  K.  Tori,  K. 

loiioki,  Y.  Takano,  H.  Tanida,  and  T.  Tsuji,  Tetrahedron  Letters, 

1964);   (b)  K.  Tori,  K.  Aono,  K.  Kitahonoki,  R.  Muneyuki,  Y. 

no,  H.  Tanida,  and  T.  Tsuji,  ibid.,  2921  (1966).    The  observation 

;  characteristic  7-aiir/-proton  peak  in  the  oxide  ITalsoisinconsist- 

ith  structure  13  for  the  olefinic  precursor. 

\  (a)  E.  L.  EUel,  Record  Chem.  Progr.  (Kresge-Hooker  Sd.  Lib.), 

O  (1961);  (b)  E.  C  Athby  and  J.  Prather,  J,  Am,  Chem.  Soe.,  88, 
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The  occurrence  of  this  rearrangement  indicates  clearly 
that  the  trimethylene  bridge  in  17  (and  hence  in  10,  etc.) 
must  be  c  '-exo-et '  and  not  c  '-endo-et '.  The  structure  of 
14  follows  from  physical  and  chemical  data,  including 
oxidation  to  a  ketone  which  must  possess  the  0x0 
function  at  the  methano  bridge,  since  the  carbonyl 
stretching  band  is  found  at  5.63  m  in  the  infrared.*^ 
The  formation  of  14  from  the  tricyclic  olefin  10  by 
reaction  with  mixtures  of  diborane  and  boron  trifiuoride 
followed  by  oxidation  with  alkaline  hydrogen  peroxide 
is  a  most  interesting  reaction  which  is  deserving  of 
further  study.  At  present  we  can  only  speculate  as  to 
mechanism;  one  possibility  is  a  process  such  as  the 
following  in  which  boron  trifiuoride  (not  shown)  is 
coordinated  (hydrogen  bond)  to  a  borane  hydrogen.  •• 
This  rearrangement  also  requires  that  the  starting 


x^ 


HzB^^H 


tricyclic  olefin  be  formulated  as  4,5-exo-trimethylene-2- 
norbornene  (10)  rather  than  the  endo  isomer.  In  fact, 
we  have  observed  a  whole  series  of  such  rearrangements 
which  proceed  with  remarkable  ease  (even  more  readily 
than  with  the  parent  norbornyl  system) ;  some  of  these 
are  outlined  in  a  later  section. 

Independent  evidence  for  the  structure  10  as  opposed 
to  the  e/i(/o-trimethylene  formulation  comes  from  the 
reaction  of  the  oxide  17  with  lithium  diethylamide, 
which  leads  to  a  saturated  tetracyclic  alcohol  which  can 
be  assigned  structure  18  on  the  basis  of  physical  and 
chemical  data,  much  of  which  is  discussed  below.  The 
mechanism  of  this  reaction  would  appear  to  be  anal- 
ogous to  other  base-catalyzed  rearrangements  of  1,2- 
epoxides'*-'*  which  appear  to  proceed  via  /3-alkoxy  car- 
benes.  The  formation  of  18  from  such  a  carbene  19  ap- 
pears only  to  be  possible  if  the  trimethylene  bridge  in 
the  starting  oxide  17  is  exo. 


17 


IB 


19 


A  number  of  experiments  directed  at  the  synthesis  of 
4,5-e/Mto-trimethylene-2-norbornyl  derivatives  (6,  X  « 
endo'  or  exo-OH)  have  been  carried  out,  but  members 
of  this  series  have  not  been  obtained  to  date.  Syn- 
thetic efforts  to  produce  these  compounds  are  continu- 
ing. 

(32)  (a)  C  F.  H.  AUen,  T.  Davis,  D.  W.  Stewart,  and  J.  A.  Van  Allan* 
J.  Org.  Chem.,  20,  306  (1955);  (b)  C.  F.  H.  Allen  and  J.  A.  Van  Allan, 
ibid.,  20,  323  (1955);  (c)  C.  J.  Norton,  Ph.D.  Thesis,  Harvard  Univer- 
sity,  1955;  (d)  P.  Wilder  and  A.  Winston,  J.  Am,  Chem.  Soc.,  78,  868 
(1956);  (e)  W.  R.  Hatchard  and  A.  K.  Schneider,  ibid.,  79,  6261  (1957); 
(f)  D.  E.  Applequist  and  J.  P.  Klieman,  /.  Org.  Chem.,  26,  2178  (1961). 

(33)  Possibilities  such  as  reaction  da  fluoroborane  (BHsF)  or  separate 
action  of  BFt  and  BHa  also  deserve  consideration. 

(34)  A.  C.  Cope,  M.  Brown,  and  H.  H.  Lee,  J.  Am.  Chem.  Soc.,  tO, 
2855  (1958). 

(35)  A.  C  Cope.  R  R  Lee,  and  H.  E.  Petree,  tbid.,  tO»  2849  (1958). 
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Acetolysis  Studies.  Rates  of  acetolysis  of  4,S-exo- 
trimethylene-2-exo-norbomyl  p-toluenesulfonate  (11, 
R  «  Ts)  and  4,5-exo-trimethylene-2-ewifo-norbornyl 
/^-toluenesulfonate  (16,  R  =  Ts)  were  measured  at 
several  temperatures  in  anhydrous  acetic  acid  containing 
sodium  acetate  using  the  spectrophotometric  method 
of  Swain  and  Morgan,'®  which  depends  on  the  dif- 
ference in  intensity  of  absorption  in  the  region  260- 
280  Ttifi  between  /7-toluenesuifonate  ion  and  p-toluene- 
sulfonate  esters.  First-order  kinetics  were  observed 
for  both  11  and  16,  R  =  Ts,  and  the  infinity  readings  were 
found  to  be  stable.  The  kinetic  results  are  summarized 
in  Table  I,  which  also  presents  data*'  on  l-exo-  and 
2-e/u/o-norbornyl  /?-toluenesuifonates  for  comparison. 

Table  L    Kinetic  Data  for  Acetolysis  in  Anhydrous  Acetic  Acid 


Rel 

A/f+, 

Temp, 

Wku 

rate. 

kcal/ 

A5+, 

p-Toluenesulfonate 

°C 

sec"* 

25° 

mole 

eu 

4,5-exa-Trimcthyl- 

90.65« 

847 

25.6 

-2.6 

ene-2-exo-norbomyl  82.60* 

382 

(11,  R  -  Ts) 

67.68« 

73.9 

25.00* 

0.283 

3.4 

4,5-e;ci>-Trimethyl- 

100. 8« 

371 

26.7 

-3.1 

eai^l-^ndo-noT' 

85.16- 

74.6 

bomyl  (16,  R  « 

82.60- 

55.8 

Ts) 

25.00* 

0.0328 

0.4 

2-exo-Norbornyl 

50.03- 

480 

25. OO' 

23.3 

280 

21.6 

-7.2 

2-€iidl9-Norborayl 

100.4* 

0.0675 

25. OO' 

0.0828 

1.0 

25.8 

-4.4 

*  These  runs  made  with  0.010  M  sodium  acetate  and  <0.005  Af 
substrate.  *  Calculated  from  data  at  other  temperatures.  ^  Taken 
from  ref  37  (also  calculated  from  data  at  other  temperatures). 


The  ratio  of  acetolysis  rate  constants  for  the  exo-  and 
ewi/o-tricyclic  /?-toluenesulfonates  11,  R  =  Ts,  and  16, 
R  =  Ts,  is  calculated  as  8.6  at  25°  and  6.8  at  82.6°; 
these  are  much  smaller  than  the  exoiendo  ratio  for  the 
2-norbornyl  system,  e.g.,  280  at  25°.  The  rate  of 
acetolysis  of  the  exo-tricyclic  p-toluenesuifonate  11, 
R  =  Ts,  is  much  smaller  than  that  for  2-exo-norbornyl, 
the  relative  rates  at  25°  being  1 :  82.5,  respectively.  In 
contrast,  the  acetolysis  rates  of  the  e/idfo-tricyclic  p- 
toluenesulfonate  16,  and  2-e/iflfo-norbornyl  are  very 
similar,  the  ratio  at  25°  being  1 :2.5,  respectively. 

The  lower  rate  of  acetolysis  of  4,5-exo-trimethylene  2- 
exo-/?-toluenesulfonate  (11,  R  =  Ts)  as  compared  with 
2-exo-norbornyl  might,  for  some  obscure  reason,  be 
due  to  a  difference  in  the  tendency  of  the  corresponding 
ion  pairs  to  suffer  acetolysis  relative  to  internal  return 
rather  than  to  a  difference  in  rates  of  ionization.  This 
would  seem  unlikely  a  priori,  but  it  also  seems  inap- 
propriate because  of  data  which  have  been  obtained  on 
the  effect  of  added  inert  salt  on  the  acetolysis  of  11, 
R  =  Ts.  The  acetolysis  rate  constants  observed  for 
11,  R  =  Ts,  in  glacial  acetic  acid  containing  0.01  M 
sodium  acetate  at  67.88°  and  varying  molar  concentra- 
tions of  lithium  perchlorate  are:  76  (10"*)  at  0.00 
M  LiClOi,  89.4  (10-«)  at  0.0098  M  LiClOi,  180  (10-«) 
at  0.05  M  LiClOi,  and  320  (10-«)  at  0.100  M  UCIOa. 
The  evidence  from  other  systems  would  tend  to  argue 
that  as  the  concentration  of  LiClOi  is  increased  to  ca. 

(36)  C  G.  Swain  and  C.  R.  Morgan,  J.  Org.  Chem.,  29,  2097  (1964). 

(37)  P.  von  R.  Schlcycr,  M.  M.  Donaldson,  and  W.  E.  Watts,  J.  Am. 
Chem.  Soc.,  87,  375  (1965). 


0.0 IS  M,  most  of  the  internal  return  which  can  be  pre- 
vented at  all  by  this  salt  has  been  nullified  (presumably 
this  is  return  from  "solvent-separated"  ion  pairs).  •"• 
Under  these  conditions  the  rate  of  acetolysis  of  11, 
R  =^  Ts,  is  still  very  much  less  than  that  of  2-exo-nor- 
bornyl.  Further,  the  type  of  salt  effect  noted  for  the 
acetolysis  of  11,  R  —  Ts,  does  not  appear  to  provide 
any  basis  for  supposing  an  abnormal  reluctance  for 
"solvent-separated  ion  pairs"  •*"**  to  react  with  solvent 
It  should  also  be  noted  that  an  argument  can  be  given^ 
that  acetolysis  of  2-exo-norbornyl  /^bromobenzenesul- 
fonate  probably  does  not  occur  directly  from  the  "inti- 
mate ion  pair,"  i.e.,  from  the  type  of  ion  pair  which  is 
not  subject  to  anion  exchange  with  perchlorate.  If 
such  acetolysis  could  occur  with  2-exo-norbornyl  but 
not  with  the  exo-tricyclic  analog  11,  R  =  Ts,  the  lower 
rate  of  the  latter  might  conceivably  be  rationalized 
(quite  unconvincingly)  along  such  lines. 

The  major  product  from  acetolysis  of  the  tricyclic 
exo-p-toluenesulfonate  11,  R  =  Ts,  and  the  tricyclic 
e/iJo-z'-toluenesulfonate  16,  R  =  Ts,  was  in  each  case 
the  tricyclic  exo-acetate  11,  R  =  CHaCO,  which  was 
formed  to  the  extent  of  91.5  and  92%  of  the  total  mix- 
ture of  products,  respectively.  At  least  two  more  ace- 
tates were  detected  along  with  the  major  product  from 
both  11,  R  =  Ts,  and  16,  R  =  Ts;  in  each  case  these 
constituted  ca.  4%  of  the  total  mixture.  These  wert 
not  identified  due  to  the  difiiculty  of  separation  from 
each  other  and  from  11,  R  =  CHsCO.*"  The  vpc  analy- 
ses indicated  that  one  of  the  minor  acetates  could  be  the 
tricyclic  e/i£fo-acetate  16,  R  =  CHsCO,  on  the  basis  of 
correspondence  of  retention  times.  However,  additional 
investigation  of  this  possibility  is  required  and  is  planned. 
Two  hydrocarbons  were  also  formed  in  the  acetolysis 
of  11,  R  =  Ts,  and  16,  R  =  Ts,  in  a  total  yield  of  ca.  4%. 
The  preponderant  hydrocarbon  exhibited  the  same  vpc 
behavior  as  the  tricyclic  olefin  10. 

Discussion 

The  results  of  this  study  are  most  simply  inter- 
preted in  terms  of  the  bridged-ion  mechanism  for 
the  acetolysis  of  2-exo-norbornyl  sulfonates.  This 
mechanism  should  lose  much  or  all  of  its  driving  force 
in  the  case  of  the  tricyclic  exo-p-toluenesulfonate,  11, 
R  =  Ts  (see  introductory  section),  and  so  the  slow 
acetolysis  of  this  substrate  relative  to  norbomyl  is 
readily  explained  (and,  in  fact,  was  to  be  expected). 
In  comparison,  but  also  as  predicted  on  the  basis  of  the 
Winstein-Trifan  arguments,  2-e/irfo-norbornyl  /^tolu- 
enesulfonate and  the  tricyclic  e/idb-p-toluenesulfonate 
16,  R  =  Ts,  for  which  bridging  is  not  to  be  expected  in 
the  transition  state  for  ionization  on  stereochemical 
grounds,  show  quite  similar  reactivity.  Here  it  should 
be  noted  that  the  carbonyl  stretching  frequencies  for 
4,5-exo-trimethylenenorcamphor  (15)  and  norcamphor, 
measured  under  the  same  conditions  (CCU  solution) 
with  a  Cary-White  Model  90  infrared  spectrometer 
(with  polystyrene  for  calibration),  were  found  to  be 
1749  and  1750  cnr^,  respectively.    This  would  indicate 

(38)  A.  H.  Fainberg  and  S.  Winstein,  Ibid.,  78,  2763.  2767  (1956). 

(39)  S.  Winstein,  E.  Clippinger,  A.  H.  Fainberg,  R.  Heck,  and  G.  C 
Robinson,  ibid.,  78,  328  (1956). 

(40)  S.  Winstein  and  G.  C.  Robinson,  ibid.,  80,  169  (1958). 

(41)  Even  the  analytical  resolution  of  the  minor  acetates  from  11,  R 
B  CHsCO,  was  extremely  difficult  and  could  only  be  accomplished  by 
the  use  of  vapor  phase  chromatography  (vpc)  with  a  long  capillary  ool> 
umn. 
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Terences  in  angle  strain  at  Cs  cannot  be  responsi- 
the  different  acetolysis  rates  observed  in  the 
fonate  series  and  also  that  the  e/icfo-suifonate 
ties  should  be  approximately  the  same.^' 
classical'ion  mechanism^  in  a  straightforward  in- 
ition,  leads  to  the  expectation  that  in  acetolysis 
nnorbornyl)  ^  fe(ll,  R  =  Ts)  and  k^l-endo- 
nyl)  ^  ki\6,  R  =  Ts).  This  is  not  the  case,  and 
oes  not  seem  to  be  any  obvious  reason  for  the 
«d  reactivity  of  the  tricyclic  exo-p-toluenesul- 
11,  R  =  Ts,  keeping  in  mind  the  data  on  the  endo 
.tcs.  Substitution  of  simple  alkyl  at  €«  and/or 
Lild  not  be  expected  to  produce  a  differential 
>n  the  reactivities  of  11  and  16,  R  =  Ts,  in  a 
d'ion  mechanism^  especially  since  the  effect  of 
ig  hydrogen  by  methyl  at  these  positions  in 
lorbomyl  series  is  small  either  with  regard  to 
>  rates  alone  or  the  endo  rates  alone.*-*'  The 
;nts  which  have  been  given  in  support  of  the 
d-ion  mechanism^^^^  include  (1)  greater  steric 
ice  to  endo  relative  to  exo  group  ionization  to 
the  observed  relative  solvolysis  rates  of  exo-  and 
norbomyl  derivatives  and  (2)  some  kind  of 
ffect  which  causes  endo  attack  by  solvent  on  the 
xliate  cation  to  be  much  slower  than  exo  attack. 
is  little  in  these  suggestions  which  helps  to  ex- 
le  results  obtained  in  the  present  study. 
i  we  regard  our  results  as  providing  clear  support 
i  bridged-ion  mechanism  for  solvolysis  of  l-exo- 
nyl  derivatives.  However,  it  must  be  pointed 
It  confirmatory  data  from  the  study  of  the  4,5- 
imcthylcne-2-norbornyl  sulfonates  is  highly  desir- 

'e  is  no  evidence  available  at  present  which  allows 
assignment  of  mechanism  for  the  acetolysis  of 
cyclic  exo-p-toluenesulfonatc  11,  R  =  Ts.  It 
ously  possible  that  a  part  or  even  all  of  this  reac- 
llows  the  classical  pathway  for  ionization;  again 
'  study  is  in  order. 

results  reported  here  add  further  evidence  that 
idged  norbornyl  cation  is  especially  stabilized 
5  to  the  classical  ion,  but  they  provide  no  in- 
ion  as  to  the  origin  of  that  stabilization.  One 
ility  deserves  mention  in  this  regard.  Normally, 
>r  aliphatic  cations,**  Wagner-Meerwein  rear- 
lents  proceed  with  low  activation  energies,  per- 
n  the  order  of  a  few  kcal/mole.  Assuming  that 
dged  ion  which  intervenes  during  such  rearrange- 
las  an  energy  very  close  to  that  of  the  transition 
t  seems  that  only  a  small  degree  of  extra  stabiliza- 
O'haps  3-7  kcal/mole)  would  be  needed  in  certain 
s  to  render  the  bridged  ion  more  stable  than  a 
il  ion.  At  least  part  of  this  extra  stabilization 
be  available  in  the  bridged  norbornyl  cation  from 
of  angle  strain.  In  the  bicyclo(2.2.1]heptane 
s  a  number  of  bond  angles  are  distorted  from 
I  values  leading  to  considerable  angle  strain. 
igjes  Cr<V-C4  {ca.  95*^),  H-C1-C7,  and  H-C4-C7 
8®)  are  especially  strained.  **    Much  of  this  strain 

lee  C  S.  Foote,  /.  Anu  Chem,  Soc,,  86,  1853  (1964);  P.  von  R. 

,  M/..  86. 18H  18S6  (1964). 

>r.  P.  von  R.  Schleyer  (personal  communication)  has  informed 

alts  in  his  laboratory  that  methyl  substitution  at  C4  of  exo-  and 

orbomyl  sulfonates  changes  acetolysis  rates  only  by  a  factor  of 

r  less. 

ee  M.  C  Whiting,  Chem.  Brit,.  2,  482  (1966). 

ee  C  F.  WHeoTt  Jr.,  /.  Am.  Chem.  Soe..  82, 414  (I960). 


would  be  relieved  in  going  to  a  symmetrically  bridged 
ion  with  C«-Ci  and  C«-Cs  distances  ca.  1.70  A  (i.e., 
about  10%  longer  than  a  normal  C-C  single  bond), 
and  essentially  all  the  strain  would  be  relieved  in  a 
bridged  structure  with  Ce-Ci  and  C«-Cs  distances  of 
1.8  A  (only  ca.  20%  longer  than  normal  for  C-C).*« 
Since  the  angle  strain  in  the  bicyclo[2.2.1]heptane  ring 
appears  to  be  ca.  6  kcal/mole,  ^*  it  is  clear  that  consider- 
able stabilization  is  available  to  the  symmetrically 
bridged  ion  through  relief  of  angle  strain.  Of  course 
other  factors  may  also  contribute  to  the  end  result. 
For  example,  *'I  strain"*^  might  destabilize  the  classical 
cation  (Ci-Ci-Ca  angle  ca.  104**)  substantially.  Finally, 
as  is  well  known,  the  geometry  of  2-exo-norbornyl 
derivatives  is  ideal  for  migration  of  Ce  to  d  during  the 
ionization  process. 

The  only  data  currently  at  hand  for  which  the  bridged' 
ion  mechanism  does  not  provide  a  ready  and  cogent 
explanation,  in  our  view,  are  those  on  the  acetolysis  of 
l-aryl-2-e/M/o-  and  -2-exo-norbornyl  p-toluenesulfo- 
nates.**  Using  the  Hammett  equation,**  it  was  found 
that  the  data  on  both  exo  and  endo  sulfonates  were  cor- 
related better  using  a-**  constants  rather  than  <r+  values 
of  Brown  and  Okamoto^  and  further  that  the  p  values 
for  the  l-exo'  and  2-e/u/o-sulfonates  were  similar  and 
low;  at  25®  pexo  =  —1.36  and  pendo  =  ca.  —1.14.** 
There  may  be  simple  explanations  of  these  data;  these 
are  not  apparent  at  present,  however. 

Reactions  of  4,5-exo-Trimethylenebicyclo[2.2.1]hep- 
tane  Derivatives.  In  this  section  we  record  certain 
transformations  of  the  tricyclic  olefin  10  and  its  2,3- 
oxide  17  which  are  of  interest  in  connection  with  the 
development  of  the  chemistry  of  this  interesting  system 
and  which  also  serve  to  confirm  the  structural  assign- 
ments indicated  in  the  foregoing  discussion.  The 
tricyclic  olefin  10  reacts  with  a  number  of  electrophiles 
with  rearrangement  by  a  process  which  can  be  depicted 
as  follows. 


10^  E* 


N" 


For  example,  reaction  of  10  with  aqueous  mercuric 
perchlorate  produces  after  addition  of  chloride  ion 
20,  E  =  HgCl,  N  =  OH,  reduction  of  which  with 
sodium  borohydride*^  affords  the  tertiary  alcohol  21.** 

(46)  For  reference  it  is  interesting  that  the  bridged  and  nonbridged 
B-H  distances  in  diborane  are  1.33  and  1. 19  A,  respectively.  See  W.  N. 
Lipscomb,  "Boron  Hydrides,"  W.  A.  Benjamin,  Inc.,  New  York,  N.  Y., 
1963. 

(47)  H.  C.  Brown  and  M.  Gerstein,  J.  Am.  Chem.  Soc„  72,  2926 
(1950). 

(48)  (a)  D.  C.  Kleinfelter  and  P.  von  R.  Schleyer,  3rd  Delaware 
Valley  Regional  Meeting  of  the  American  Chemical  Society,  Philadel- 
phia, Pa.,  Feb  1960,  Abstracts,  p  33;  138th  National  Meeting  of  the 
American  Chemical  Society,  New  York,  N.  Y.,  Sept  1960,  Abstracts,  p 
43P;  Dissertation  Abstr.,  22,  428  (1961).  (b)  Private  communication 
from  P.  von  R.  Schleyer. 

(49)  L.  P.  Hammett,  "Physical  Organic  Chemistry,"  McGraw-HiU 
Book  Co.,  Inc.,  New  York,  N.  Y.,  1940,  pp  184-207;  H.  H.  Jaffi,  Chem. 
Rec,  53, 191  (1953). 

(50)  H.  C.  Brown  and  Y.  Okamoto,  J,  Am.  Chem.  Soc.,  80,  4979 
(1958). 

(51)  T.  G.  Traylor  and  A.  W.  Baker,  ibid.,  85,  2746(1963). 

(52)  The  mercuration  of  norbomene  under  similar  conditions  proceeds 
substantially  without  rearrangement  to  afford  the  3-fxo-chloromercuri- 
2-«xo-norbomeol  (ref  SI  and  earlier  work  there  dted). 
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21 


22 


The  nmr  spectrum  of  21  and  the  corresponding  acetate 
indicate  clearly  that  the  hydroxyl  function  is  tertiary. 
Hydrolysis  of  the  /?-toluenesulfonate  22  (from  12,  R  = 
H)  in  aqueous  acetone  containing  calcium  carbonate 
also  leads  to  21  cleanly.  Interestingly,  treatment  of  21 
with  sulfuric  acid  produces  1-adamantanol. 

Reaction  of  the  tricyclic  olefin  10  with  bromine*' 
gives  a  dibromide  which  is  converted  by  heating  with 
an  aqueous  suspension  of  silver  oxide  to  the  bromo- 
hydrin  20,  N  =  OH,  E  =  Br,  which  by  further  reaction 
with  di-/i-butyltin  dihydride**  yields  the  tertiary  alcohol 
21. 

The  syn  relationship  of  N  and  E  in  the  products  of 
type  20  is  assumed  by  analogy  with  the  cases  of  stereo- 
specific  exo  addition  of  various  electrophilic  reagents  to 
norbornene.  The  diol  20,  N  =  E  =  OH,  is  readily  ob- 
tained by  treatment  of  the  epoxide  17  with  acidic  cata- 
lysts such  as  silica  gel;  chromic  acid  oxidation  of  this 
diol  leads  as  expected  to  a  keto  tertiary  alcohol  (23) 
which  shows  characteristic  bridge  carbonyl  absorption 
atS.64/i. 
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Along  other  lines,  the  tricyclic  ketone  15  was  con- 
verted by  peracetic  acid  to  the  lactone  24  and  thence 
by  hydrolysis  with  base,  oxidation  with  chromic  acid, 
and  subsequent  reactions  to  a  series  of  derivatives  of 
the  keto  acid  25,  R  =  H.  The  infrared  and  nmr  spec- 
tra*2  of  24  and  the  derivatives  of  25  provide  convincing 
evidence  for  the  structures  of  these  substances  and,  in 
consequence,  for  the  precursors  15  and  10.  For  ex- 
ample, the  lactone  24  shows  low-field  resonance  due  to 
a  single  proton  (>CHO)  in  the  nmr  spectrum  at  4.72 
ppm  (apparent  quintet)  and  carbonyl  absorption  at 
5.71  /i  (CCI4),  and  the  ketonic  carbonyl  of  the  deriva- 
tives of  25  gives  rise  to  absorption  at  5.74  /x  (CCU)  as  ex- 
pected for  a  cyclopentanone. 

A  series  of  transformations  starting  from  the  tetra- 
cyclic alcohol  18  is  also  of  interest.  Evidence  for  the 
constitution  18  for  the  tetracyclic  alcohol  comes  (a) 
from  the  characteristic  cyclopropyl  CH  absorption  in 
the  infrared  at  3.28  /x^*  and  in  the  near  infrared  at 
1.676  /i,"  (b)  the  absence  of  olefinic  CH  peaks  in  the 

(53)  L.  Kaplan,  H.  Kwart,  and  P.  von  R.  Schleyer,  /.  Am.  Chem.  Soc.^ 
82,  2341  (1960). 

(54)  (a)  H.  G.  Kuivila  in  **Advances  in  Organometallic  Chemistry,** 
Vol.  I,  F.  G.  A.  Stone  and  R.  West,  Ed.,  Academic  Press  Inc.,  New  York, 
N.  Y.,  1964;  (b)  L.  W.  Menapace and H.  G.  Kuivila,/.  Am.  Chem.  Soc.. 
86,  3047  (1964). 

(55)  (a)  H.  E.  Simmons,  E.  P.  Blanchard,  and  H.  D.  Hartzler,  /.  Org, 
Chem.,  31,  295  (1966).  and  references  therein;  (b)  F.  J.  Piehl  and  W.  O. 
Brown,  J.  Am.  Chem.  Soc.,  75,  5023  (1953);  (c)  A.  R.  H.  Cole,  J.  Chem. 
Soc.,  3807,  3810  (1954);  (d)  M.  Hanack,  H.  Eggensperger,  and  S. 
Kang,  Chem.  Ber.,  96,  2532  (1963);  (e)  M.  Horak,  J.  iSmejkaO,  and  J. 
Farkai  Collection  Czech.  Chem.  Commun.,  28,  2280  (1963). 

(56)  (a)  W.  H.  Washburn  and  M.  J.  Mahoney,  J.  Am.  Chem.  Soc.,  80, 
504  (1958);  (b)  J.  Meinwald,  A.  Lewis,  and  P.  G.  Gassman,  ibid.,  84, 


nmr  spectrum,  and  (c)  oxidation  by  chromic  acid  to  the 
corresponding  ketone  (26)  which  showed  absorption 
in  the  infrared  at  3.31  /x  (cyclopropyl  CH)»»  and  5.67 
and  5.72  /x  (cf.  nortricyclanone  carbonyl  absorption  at 
5.66  and  5.70  fi)."  Reaction  of  the  ketone  26  with 
hydrogen  bromide  in  methylene  chloride  produced  a 
bromo  ketone  which  from  the  mode  of  formation" 
and  spectroscopic  data  is  formulated  as  5-bromo-4,5- 
trimethylene-2-norbornanone  (27).  This  bromo  ketone 
affords  by  reduction  either  with  zino-acetic  acid,  di-/i- 
butyltin  dihydride  in  tetrahydrofuran,  or  hydrogen  and 
palladium  on  charcoal  in  ethanol  the  tricyclic  ketone 
15  cleanly;  none  of  the  isomeric  eiMfo-4,S-trimethylene- 
2-norbornanone  could  be  detected. 

Experimental  Section 

Melting  points,  determined  using  a  Biichi  melting  point  apparatus, 
are  uncorrected.  Infrared  data  were  obtained  with  a  Perkin- 
Elmer  Infracord  spectrophotometer,  a  Perkin-Elmer  Model  137 
sodium  chloride  spectrophotometer,  a  Perkin-Elmer  Model  237 
grating  infrared  spectrometer,  and  for  high  resolution  a  Cary-White 
Model  90  infrared  spectrometer  using  polystyrene  as  a  calibratioo 
standard.  Near-infrared  data  were  obtained  using  a  Gary  Model  14 
spectrophotometer.  Ultraviolet  spectra  were  taken  using  a  Caiy 
Model  11  M  ultraviolet  spectrometer  and  a  Gary  Model  14  spectro- 
photometer. The  nnu"  data  were  obtained  at  60  Me  using  a  Varian 
Associates  Model  A-60  nnu*  spectrometer  and  are  expressed  as 
shift  downfield  from  internal  tetramethylsilane  in  parts  per  millioa. 
Vapor  phase  chromatography  was  performed  using  an  F  &  M 
Model  300  unit  with  a  thermal  conductivity  detector  and  an  F  &  M 
Model  609  flame  ionization  unit.  The  mass  spectra  were  recorded 
using  a  Consolidated  Engineering  Corp.  Model  21-103  C  ons 
spectrometer  and  an  Associated  Electrical  Industries  Ltd.  Modd 
MS-9  mass  spectrometer.  Microanalyses  were  performed  by 
Alfred  Bernhardt  Mikroanalytisches  Laboratorium,  Miilheim 
(Ruhr),  Germany,  and  Scandinavian  Microanalytical  Laboratory, 
Her  lev,  Denmark. 

A^-Pentenylcydopcntadiaiea  9.  A  1-1.,  three^iecked  flask  was 
equipped  with  a  mechanical  stirrer  having  a  ^ass  blade,  a  two-way 
stopcock  to  let  in  ammonia,  a  three-way  stopcock  for  maintaining 
a  nitrogen  atmosphere,  and  a  Y  tube  fitted  with  a  pressure-equalized 
dropping  funnel  and  a  dewar  condenser.  Sodium  metal  (11.5  g, 
0.501  g-atom)  was  placed  in  the  flask  under  nitrogen  and  dissolved  io 
distilled  ammonia  (500  ml).^>  The  blue  solution  was  cooled  in  a 
Dry  Ice-acetone  bath  and  stirred  vigorously  as  dry,  distilled  cydo* 
pentadiene  (62  ml,  0.750  mole)  was  added  dropwise  from  the  pres- 
sure-equilibrated dropping  funnel.  As  soon  as  the  mixture  became 
colorless,  5-bromo-l-pentene  (74.5  g,  0.5O0  mole)  was  added  over  a 
45-min  period.  The  reaction  mixture  was  cooled  in  a  Dry  loe- 
acetone  bath  and  stirred  for  2.5  hr.  After  allowing  the  ammoiua 
to  evaporate,  salt-water  was  added,  and  the  aqueous  mixture  was 
extracted  with  ether.  The  ethereal  layer  was  dried  with  anhydrous 
magnesium  sulfate  and  filtered.  The  solvent  was  removed  at  room 
temperature  with  a  water  aspirator,  and  the  yellow  residue  was 
distilled  giving  57.9  g  (86%)  of  the  A^pentenylcyclopentadiCDCS 
(9):  bp  50-53°  (7  mm).  The  infrared  spectrum"  of  the  product 
showed  C=C  stretching  absorption  at  6.08  and  6.23  ft;  the  nmr 
spectrum**  showed  olefinic  proton  peaks  from  4.8  to  6.4  ppm 
(integrated  ratio  to  upfield  protons  5.7:8)  and  indicated  that  the 
mixture  consisted  largely  of  Q  and  Ct  substituted  cyclopentadienes. 
Because  of  the  reactivity  of  9  no  elemental  analysis  was  performed. 
The  product  showed  ultraviolet  absorption  at  Xmu  248  m/i  (c  3200). 

4,5-exa-Truiiethyleiie-2-nortMNiieiie  (10).  A  300-ml,  three-necked 
flask  was  equipped  with  a  condenser,  a  three-way  stopcock,  a 
glass  encased  magnetized  bar,  and  a  pressure-equalized  dropping 
funnel.  Purified  tri-;^butylamine  (1(X)  ml)  was  added  to  the  flask 
under  nitrogen,  and  the  flask  was  placed  in  a  silicone  oil  bath  main- 


977  (1962);  (c)  P.  O.  Gassman.  Chem.  Ind.  (London).  740  (1962);  (d) 
H.  Hart  and  R.  A.  Martin.  /.  Org.  Chem.,  24,  1267  (1959);  (e)  R 
Weitkamp  and  F.  Korte.  Tetrahedron,  20,  2125 (1964);  (0  H.  Tanida,  Y. 
Hata.  Y.  Matsui,  and  I.  Tanaka,  J.  Org.  Chem.,  30,  2259  (1965);  (l) 
P.  G.  Gassman  and  W.  M.  Hooker.  J.  Am.  Chem.  Soc.,  87,  1079  (196S); 
(h)  P.  O.  Gassman  and  F.  V.  ZaUr.  J.  Org.  Chem.,  31.  166  (1966). 

(57)  R.  Zbinden  and  H.  K.  Hall./.  Am.  Chem.  Soc.,  82,  1215  (196Q). 

(58)  H.  Krieger.  Suomen  Kemistikhii,  34B,  24  (1961);  Chem.  Abitr.^ 
55,23370/(1961). 
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at  200^.  A  solution  of  A^pentenylcyclopentadienes  9 
0.1 12  mole)  in  tri-/^butyla^line  (100  ml)  was  added  dropwise 
KM  solvent  with  stirring  over  a  period  of  1  hr.  The  cooled 
1  was  poured  into  ice-cold  aqueous  hydrochloric  acid  and 
9d  with  two  150-ml  portions  of  distilled  trichlorofluoro- 
e  (Freon  11).  The  combined  organic  layers  were  washed 
lid,  dilute  hydrochloric  acid  and  then  sodium  carbonate  and 
vith  anhydrous  magnesium  sulfate.  The  solvent  was  re- 
by  distillation  at  atmospheric  pressure  through  a  colunm 
ing  of  a  reflux  condenser  through  which  water  was  passed 
a  rate  so  as  to  maintain  good  reflux.  The  residual  yellow 
distilled  from  lithium  aluminum  hydride,  giving  9.7-14.3  g 
^  of  tricyclic  olefin  10,  bp  64^5  "*  (26  mm).  The  molecular 
determined  mass  spectrometrically  was  134.  The  nmr 
im  of  10*'  exhibited  peaks  at  1-2  ppm  (1 1  H),  a  broad  singlet 
ppm  due  to  the  single  bridgehead  proton,  and  a  six-peak 
et  (AB  part  of  an  ABX  pattern,  2  H)  due  to  the  two  olefinic 
u  The  infrared  spectrum**  showed  olefinic  CH  stretch  at 
0=C  stretch  at  6.23  and  6.42  /i,  and  a  r^CH=CH  out-of- 
leformation  band  at  14.18  m* 

vdl  amount  (3-5%)  of  an  isomeric  impurity  which  requires 
study  could  be  detected  in  the  crude  product  by  vpc  analysis. 
Jytical  sample  of  10  was  prepared  by  vpc. 
.    Odcd  for  CiOfu:    C,  89.48;    H,  10.57.    Found:    C, 
H,  10.57. 

lOm  of  Tricyclic  Ofcfln  10  with  Diborane.  A  solution  of 
c  okfin  10  (1.34  g,  10.0  mmoles)  in  dry,  distilled  tetrahydro- 
10  ml)  was  placed  in  a  25-ml,  three-necked  flask  equipped 
^•ss  stopper,  a  mercury  sealed  valve,  and  a  glass  tube  with  a 
the  end.  The  glass  tube  was  connected  to  a  dib<xtine  gen- 
nftucli  consisted  of  a  25-ml,  three-necked  flask  equipped  with 
letic  stirring  bar,  a  rubber  serum  cap,  and  a  three-way  stop- 
DistiUed  boron  trifluoride  ethereate  (780  mg,  5.5  mmoles) 
y,  distilled  diglyme  (0.7  ml)  were  placed  in  the  generator 
Tlie  air  in  the  entire  assembly  was  displaced  by  nitrogen 
t  diborane,  produced  by  dropwise  addition  of  a  1  Af  solution 
ium  borohydride  in  diglyme  (2.75  ml,  2.75  mmoles)  by 
of  a  syringe  to  the  boron  trifluoride  etherate  solution,  was 
yy  a  slow  stream  of  nitrogen  into  the  tetrahydrofuran  solution 
n  10  (cooled  in  an  ice  bath).  After  completion  of  the  addi- 
'  tlie  sodium  borohydride  solution,  the  diborane-producing 
a  was  heated  at  70-80°  for  1  hr,  and  then  the  reaction  flask 
KODnected  from  the  generator.  The  reaction  solution  was 
1  to  stand  6  hr  at  0°  and  36  hr  at  room  temperature.  To  the 
sdutioii,  2.86  Af  sodium  hydroxide  (1.10  ml,  3.15  mmoles) 
ded  followed  by  30%  hydrogen  peroxide  (1 .1  inl,  1 1  mmoles). 
•ction  mixture  was  allowed  to  stand  for  1  hr  at  0°  and  for  2 
lom  temperature,  poured  into  water,  and  extracted  with  ether. 
bcreal  extracts  were  stirred  for  1  hr  with  5%  palladium  on 
■1,  dried  (MgSO^),  concentrated,  and  distilled,  giving  990  mg 
of  a  mixture  of  alcohols.  The  mixture  was  analyzed  by 
ng  a  12-Jft  5%  Garbowax  20M  column  and  found  to  consist 
St  -  H  (70%),  12,  R  »  H  (17%),  and  14  (13%). 
notber  run  only  11,  R  »  H  (74%),  and  12,  R  «=  H,  were 
sd,  but  an  aliquot  of  this  reaction  mixture  to  which  boron 
idle  etherate  was  added  gave  14  in  addition  to  these  ak;ohols. 
rtioB  of  Trkydk  Okfin  10  with  Disiamylborane.  In  a  dry, 
,  ilask  equipped  with  a  serum  cap  were  placed  2-methyl- 
-2  (23.1  g,  0.329  mole),  dry,  distilled  diglyme  (50  ml),  and 
I  borohydride  (4.70  g,  0.124  mole)  under  nitrogen.  The 
e  was  stirred  vigorously  and  cooled  in  an  ice  bath  as  distilled 
trifluoride  etherate  (23.5  g,  0.166  mole)  was  added  dropwise 
ins  of  a  syringe  over  a  period  of  45  min.  The  mixture  was 
d  to  stand  at  0""  for  15-18  hr.  Tricyclic  olefin  10  (5.52  g, 
mok)  dissolved  in  diglyme  (5  ml)  was  added  to  the  semisolid 
mL  The  mixture  was  stirred  for  30  hr  at  O""  and  for  24  hr  at 
temperature.  The  reaction  mixture  was  oxidized  by  cau- 
adding  3  ^sodium  hydroxide  (50  ml)  followed  by  dropwise 
n  of  30%  hydrogen  peroxide  (50  ml).  After  stirring  for  5 
mixture  was  diluted  with  water  and  extracted  twice  with  ether. 
mbined  extracts  were  washed  four  times  with  cold  water, 
ith  sodium  bisulfite  solution,  and  once  again  with  water,  dried 
nhydrous  magnesium  sulfate,  concentrated,  and  distilled, 
3.84  g  (62%)  of  a  nuxture  of  akx>Ms,  bp  62-63"*  (0.02  mm). 
BXture  was  analyzed  by  vpc  and  found  to  consist  of  12, 
I  (8%),  and  11,  R  -  H  (92%).  Part  of  this  mixture  of  al- 
(0.912  g,  6.0  mmoles)  and  3,5-dinitrobenzoyl  chloride 
I,  6.6  mmoles)  were  heated  in  dry,  distilled  pyridine  (6  ml) 
olution  was  effected.  The  solution  was  stirred  for  3.5  hr  at 
tcuipcrature,  and  the  mixture  was  dissolved  in  benzene. 


washed  with  cold,  dilute  hydrochloric  acid  (9.0  ml  of  concentrated 
HCl  in  300  ml  of  water),  water,  and  saturated  sodium  bicarbonate 
solution,  dried  (KsCOa),  and  concentrated,  leaving  1.91  g  (92% 
of  a  mixture  of  esters.  The  mixture  was  recrystallized  twice  from 
/^hexane,  yielding  1.31  g  (70%)  of  the  3,5-dinitrobenzoate  11, 
R  =  (N02),C,H,C0,  mp  121 .5-1 22.5 ^  X  (CHQ,)  3.22,  3.39, 
3.49,  5.81  (C=0),  6.15  (C=C),  6.50,  7.49,  7.82,  8.59  n. 

Anal.  Calcd  for  CnHwNjOe:  C,  58.96;  H,  5.24;  N,  8.09. 
Found:    C,  58.96;  H,  5.35;  N,  8.10. 

The  purified  3,5-dinitrobenzoate  of  11,  R  »  H  (1.23  g,  3.54 
mmoles),  methanol  (5.9  ml),  and  5  N  sodium  hydroxide  (2.9  ml) 
were  refluxed  under  nitrogen  for  1  hr.  The  mixture  was  added  to 
water  and  repeatedly  extracted  with  ether.  The  ethereal  extracts 
were  dried  with  anhydrous  potassium  carbonate  and  concentrated, 
leaving  11,  R  »  H,  in  quantitative  yield,  mp  45-49°. 

The  infrared  spectrum  of  11,  R  »  H  (neat),  showed  hydroxyl 
absorption  at  2.96  /i  (broad);  the  nmr  spectrum  (CDCU)  exhibited 
a  doublet  of  doublets  at  3.88  ppm  due  to  >CHO  (1  H),  a  sharp 
peak  due  to  OH  at  2.88  ppm,  a  broad  singlet  due  to  bridgehead 
CH  (1  H)  at  2.12  ppm,  and  many  peaks  due  to  the  remaining 
protons  at  2.0-1 .0  ppm. 

Anal.  Cakd  for  QoHi^:  C,  78.90;  H,  10.59.  Found: 
C,  78.62;  H,  10.56. 

The  alcohol  12,  R  «  H,  was  isolated  as  follows.  The  mother 
liquor  from  the  first  recrystallization  of  the  mixture  of  3,5-dinitro- 
benzoates  of  alcohols  11  and  12  was  concentrated.  Hydrolysis  of 
the  mixture  of  esters  and  preparative  vpc  of  the  mixture  of  alcohols 
gave  12,  R  -  H:  hydroxyl  absorption  at  2.65  and  2.8  /i;  nmr 
(CDQ,):  1.0-2.3  (multiplet,  14  H),  2.65  (singlet,  1  H),  and  3.60 
ppm  (broadened  doublet,  J  »  6.5  cps,  1  H).** 

Anal.  Calcd  for  doHi^:  C,  78.90;  H,  10.59.  Found: 
C,  78.60;  H,  10.56. 

«Aro43-TriBiethyleiie-2-ejra-norbQmyl  /?-Toliienesulfonate  «  (11, 
R  »  Ts).  To  a  solution  of  the  tricyclic  exo  alcohol  11,  R  =  H 
(76.9  mg,  0.506  mmole),  in  dry,  distilled  pyridine  (1.25  ml),  p- 
toluenesulfonyl  chloride  (250.6  mg,  1.32  mmoles)  was  added. 
The  solution  was  allowed  to  stand  for  24  hr  at  room  temperature. 
Four  drops  of  water  were  added,  and  the  solution  was  allowed  to 
stand  for  0.5  hr  without  cooling.  The  solution  was  poured  into 
water  and  ether,  and  the  aqueous  phase  extracted  again  with  ether. 
The  combined  extracts  were  washed  with  water,  sodium  bisulfate 
solution,  and  water  again,  dried  (MgSOO,  and  concentrated,  leaving 
150  mg  (97%)  of  4,5-^jfa-trimethylene-2-exo-norbomyl  tosylate 
(11,  R  =  Ts),  mp  66.5-68°;  xiS^^"''^'^^'  262.3  m^  U  554),  267.5 
m/i  (€  500),  and  273.2  m/i  (€  446).  The  infrared  and  nmr  spec- 
tra** agreed  with  the  assigned  structure. 

Anal.  Cakd  for  CnHuOtS:  C,  66.61;  H,  7.24;  S,  10.47. 
Found:    C,  66.75;  H,  7.09;  S,  10.63. 

eAra-4,5-Triiiiethykiie-2Hiorbonianoiie  (15).  To  a  stirred  solution 
of  tricyclic  alcohol  11,  R  »  H  (152  mg,  1.00  mmole),  in  acetone 
(2.5  ml)  cooled  in  an  ice  bath,  oxidizing  agent  (6.68  g  of  chromium 
trioxide  and  5.75  ml  of  concentrated  sulfuric  acid  diluted  to  100  ml 
of  solution  with  water)  was  added  dropwise.  The  addition  was 
continued  until  the  color  of  the  reagent  was  not  discharged  within 
0.5  hr  at  room  temperature.  The  excess  oxidant  was  destroyed 
with  isopropyl  alcohol.  The  mixture  was  diluted  with  water  and 
repeatedly  extracted  with  ether.  The  ethereal  extracts  were  washed 
with  saturated  aqueous  sodium  bicarbonate  solution  and  water,  dried 
with  anhydrous  potassium  carbonate,  and  concentrated,  leaving 
143  mg  (95  %)  of  tricyclic  ketone  15;  the  infrared  spectrum  showed 
v(CCl4)1749cm-». 

Anal.  Cakd  for  doHuO:  C,  79.96;  H,  9.39.  Found:  C, 
80.13;  H,9.50. 

To  the  tricyclic  ketone  15  (24.3  mg,  0.162  mmole)  dissolved  in 
95%  ethanol  (0.4  ml),  a  solution  of  acidic  2,4-dinitrophenyl- 
hydrazine  (1.0  ml)  reagent  was  added.  The  reaction  mixture  was 
allowed  to  stand  for  several  hours  at  room  temperature.  Filtration 
of  the  mixture  gave  48.1  mg  (90%)  of  a  yellow  solid.  Two  re- 
crystallizations  from  acetonitrile  gave  yellow  crystals  of  the  2,4- 
dinitrophenylhydrazone  of  trkyclic  ketone  15,  mp  172-174**; 
X  (CHQ,)  2.97,  3.35,  6.17,  6.29,  and  7.50  fi. 

Anal.  Calcd  for  QsHisNiO*:  C,  58.17;  H,  5.49;  N,  16.96. 
Found:    C,  58.14;  H,  5.48;  N,  17.13. 

ejca-4,5-Trimethykiie-2-tf/fdStMiorfoonieol  (16,  R  «  H).  To  a 
solution  of  the  tricyclic  ketone  15  (30.0  mg,  0.200  mmole)  in  meth- 
anol (1.0  ml)  cooled  in  an  ice  bath  was  added  sodium  borohydride 
(37.1  mg,  0.981  mmole)  dissolved  in  cold  methanol  (2.0  ml)  with 
stirring  over  a  period  of  30  min.  The  solution  was  stirred  at  0  °  for 
1  hr  and  at  room  temperature  for  2  hr.  The  mixture  was  poured 
into  water  and  twice  extracted  with  2:1  /i-pentaoe-inethylene 
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chloride  solution.  The  combined  organic  extracts  were  washed 
three  times  with  water,  dried  (MgSOO*  and  concentrated,  giving 
29.7  mg  (97  %)  of  tricyclic  endo  alcohol  16,  R  »  H.  The  solid  was 
dissolved  in  /^pentane  at  room  temperature  and  cooled  to  0°. 
Recrystallization  twice  in  this  manner  gave  colorless  crystals, 
mp  56-58°.  The  molecular  weight  determined  mass  spectrometri- 
cally  was  1 52. 1 200  (calcd  for  Ci»Hi^ :  1 52. 1 201 ).  The  nmr  spec- 
trum" of  16,  R  »  H,  showed  a  multiplet  (1  H)  due  to  >CHO  at 
4.23  ppm,  a  sharp  peak  due  to  hydroxyl  at  3.2  ppm,  and  many 
peaks  due  to  the  remaining  protons  at  0.85-2.4  ppm;  the  infrared 
spectrum  showed  the  expected  OH  stretching  absorption  at  2.65 
and  2.95  n  in  CCI4. 

Anal,  Calcd  for  doHi^:  C,  78.90;  H,  10.59.  Found: 
C,  79.31 ;  H,  10.65. 

p-Toluenesiilfoiuite  16,  R  =  Ts.  The  endo  tricyclic  akx>hol  16, 
R  <=  H  (39.4  mg,  0.259  mmole),  dissolved  in  pyridine  (0.65  ml)  was 
allowed  to  react  with  /^•toluenesulfonyl  chloride  (130.6  mg,  0.685 
mmole)  as  described  for  the  preparation  of  11,  R  =  Ts,  giving  74.4 
mg  (96%)  of  a  solid.  Two  recrystallizations  from  /f-pentane  gave 
colorless  crystals  of  4,5-exo-trimethylene-2-e/f</o-norbomyl  p- 
toluenesulfonate  (16,  R  =  Ts),  mp  50-51.5°;  xt2"°^'^'"°^  262.4 
DIM  (c  544),  267.6  m^  (€  492),  and  273.4  m^  (e  438).  The  infra- 
red and  nmr  spectra*'  were  consistent  with  the  assigned  structure. 

Anal,  Calcd  for  CnHnOiS:  C.  66.61;  H,  7.24;  S,  10.47. 
Found:    C,  66.89;  H,  7.14;  S,  10.55. 

llricycUc  exo  Acetate  11,  R  =  CHsCO.  To  a  solution  of  exo 
alcohol  11,  R  »  H  (50.6  mg,  0.333  mmole),  in  dry,  distilled  pyri- 
dine (0.55  ml)  cooled  in  an  ice  bath  was  added  acetic  anhydride 
(0.27  ml).  After  standing  at  room  temperature  for  74  hr,  the  so- 
lution was  poured  into  water  and  twice  extracted  with  ;^pentane. 
The  pentane  extracts  were  washed  with  aqueous  copper  sulfate  so- 
lution, water,  aqueous  sodium  bicarbonate  solution,  and  water,  dried 
(MgSOOf  and  concentrated,  giving  61.0  mg  (94%)  of  4,5-exo-tri- 
methylene-2-e:co-norbomyl  acetate  (11,  R  ==  CHfCO).  The  infrared 
spectrum'*  showed  carbonyl  absorption  at  5.73  yi  due  to  acetate;  the 
nmr  spectrum  showed  a  doublet  of  doublets  (1  H)  due  to  >CHO  at 
4.70  ppm,  a  sharp  acetyl  singlet  (3  H)  at  2.02  ppm,  a  broad  singlet 
at  2.23  ppm  (1  H)  due  to  the  bridgehead  proton  at  Ci,  and  addi- 
tional peaks  upfield. 

Anal.  Calcd  for  QsHisOi:  C,  74.19;  H,  9.34.  Found:  C, 
74.42;  H,9.59. 

IVicyclic  endo  Acetate  16,  R  »  CHsCO.  The  endo  alcohol  16, 
R  =:  H  (155.5  mg,  1.023  mmoles),  was  acetylated  as  described 
above,  giving  190.9  mg  (96%)  of  4,5-exo-trimethylene  l-endo- 
acetate  16,  R  =  CH3CO;  the  infrared  (neat)  spectrum  showed  an 
ester  carbonyl  at  5.73  /i;  the  nmr  spectrum  showed  a  broad  peak 
(1  H)  due  to  >CHO  at  4.98  ppm  and  other  peaks  upfield  including 
a  sharp  acetyl  signal  (3  H,  2.0  ppm).  The  molecular  weight  deter- 
mined mass  spectrometrically  was  194.1301  (cakd  for  CuHi^: 
194.1306). 

Anal,  Calcd  for  QsHuOs:  C,  74.19;  H,  9.34.  Found:  C, 
73.74;  H,9.17. 

Tricyclic  Epoxide  17.  A  0.30  M  solution  of  monoperphthalic 
acid**  in  ether  (1(X)  ml,  30  mmoles)  was  added  to  tricyclic  olefin 
10  (1.79  g,  13.3  mmoles)  cooled  in  a  salt-ice  bath.  After  standing 
for  62  hr  at  0°,  the  solution  was  poured  into  cold  10%  aqueous 
sodium  hydroxide  solution.  The  tthereal  solution  was  washed 
twice  with  10  %  aqueous  sodium  hydroxide  solution  and  water,  dried 
(MgSOO,  concentrated,  and  distilled,  giving  1.64  g  (82%)  of  tri- 
cyclic epoxide  17,  bp  45°  (0.6  mm). 

The  nmr  spectrum**  of  17  (CCI4)  showed  one  proton  of  the  oxi- 
rane  ring  as  a  sharp  doublet  at  2.7  and  2.82  ppm  and  the  other  as  a 
broadened  doublet  at  2.92  and  2.99  ppm  and  a  broad  singlet  due  to 
the  bridgehead  proton  at  Ci  at  2.41  ppm  (1  H),  as  well  as  other  peaks 
upfield. 

Anal,  Calcd  for  C10H14O:  C,  79.96;  H,  9.39.  Found:  C, 
80.01;  H,9.47. 

Reduction  of  Tricyclic  Epoxide  17  with  Litliiam  Aluminum  Hy- 
dride. A  mixture  of  the  tricyclic  epoxide  17  (31  mg,  0.20  mmole), 
powdered  lithium  aluminum  hydride  (24  mg,  0.64  mmole),  and  dry, 
distilled  glyme  (1.0  ml)  was  stirred  at  reflux  for  30  hr.  Water  was 
cautiously  adde^,  and  the  mixture  was  repeatedly  extracted  with 
ether.  Tiie  ethereal  extracts  were  dried  (MgS04)  and  concentrated, 
giving  an  oil  which  was  analyzed  by  vpc.  The  oil  was  found  to  be  a 
mixture  of  11,  R  =  H  (33%),  12,  R  =  H  (63%),  and  14  (4%). 

Reaction  of  Tricyclic  Epoxide  17  with  Aluminum  Chlorohydride 
Reagent    A  mixture  of  lithium  aluminum  hydride  (86.6  mg,  2.28 
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mmoles)  and  dry  ether  (2.0  ml)  was  refluxed  for  30  miiL 
cooled  lithium  aluminum  hydride  slurry  was  added  to  a  so 
of  anhydrous  aluminum  chloride  (262  mg,  1.97  nunoles)  i 
ether  (2.0  ml)  cooled  in  an  ice  bath.  The  mixture  was  stim 
a  period  of  0.5  hr  at  room  temperature.  A  solution  of  tri 
epoxide  17  (14.7  mg,  0.0988  mmole)  in  dry  ether  (0.5  ml)  was  i 
to  the  mixed  hydride  reagent,  and  the  mixture  was  refluxed 
hr.  The  reaction  mixture  was  hydrolyzed  with  water  and  ext 
with  ether.  The  ethereal  extracts  were  dried  (MgS04)  anc 
centrated,  giving  13.5  mg  (90%)  of  a  mixture  of  akohols. 
mixture  wa  found  to  consist  of  11,  R  »  H  (24%),  and  14 1 
by  vpc  analysis. 

Iiolation  of  Rearranged  Akohol  14.  Alcohols  11,  R  »  }^ 
14  were  separated  by  preparative  vpc  using  a  12-ft  5%  Cart 
20M  column.  The  alcohol  14  was  obtained  as  colorless  or; 
mp  102-1 13°;  the  mnr  spectrum  (CDClt)  showed  peaks  at  0 
(multiplet,  14  H),  3.79  (singlet,  1  H),  and  3.94  ppm  (singlet, 
in  CSt  it  showed  0.8-2.5  (multiplet,  14  H),  3.83  (singlet,  1  H 
4.40  ppm  (singlet,  1  H).  The  molecular  weight  determined 
spectrometrically  was  152.1198  (cakd  for  Ci»HiiO:    152.120 

Anal.  Calcd  for  CioHnO:  C,  78.90;  H,  10.59.  Founc 
78.56;  H,  10.73. 

Oxidation  of  14.  Rearranged  akohol  14  (15.7  mg,  0.103  a 
was  oxidized  as  described  for  the  oxidation  of  the  exo  aloob 
R  =:  H,  to  the  tricyclic  ketone  15,  giving  1 1 .7  mg  (76%)  of  tn 
ketone,  mp  119-130°;  infrared  (CXTIO  absorption  due  ti 
bonyl  at  5.63  /i.  The  molecular  weight  determined  mass 
trometrically  was  1 50. 1047  (calcd  for  CioHi40 :    1 50. 1045). 

MefcaratioaofTricyclicOleanlOtoGiTe20,E  »  HgCl,N  » 
To  a  stirred  solution  of  tricyclic  olefin  10  (134  mg,  l.(X)  mj 
61.3%  perchloric  acid  (164  mg,  l.(X)  mmole),  water  (0.8  ml 
acetone  (0.8  ml),  freshly  prepared  yellow  mercuric  oxide  (21 
l.(X)  mmole)  was  added  portionwise.  After  stirring  the  mixti 
5  hr,  the  mercuric  oxide  had  completely  dissolved.  The  ai 
was  removed  by  evaporation,  and  the  mixture  was  added  to  1 
tion  of  sodium  chloride  (117  mg,  2.(X)  mmoles)  in  water  (1. 
The  mixture  was  shaken  for  a  short  time  and  then  filteret 
suction.  The  solid  was  washed  with  a  small  amount  of  wat 
dried  under  vacuum,  giving  382  mg  (99%)  of  a  solid.  Rec 
lization  from  acetone  gave  colorless  crystals  of  oxymercuri 
E  =  HgQ,  N  =  OH,  mp  198°;  X  (KBr)  2.82,  2.92,  3.38, 
6.83,  6.94,  7.51,  8.18,  9.02,  9.31,  and  11.23  fi;  p  (CCI4)  3596 
(OH). 

Anal,  Calcd  for  QoHuClHgO:  C,  30.99;  H,  3.91;  Q 
Hg,  51.81.    Found:    C,  31.24;  H,  3.92;  CI.  9.03;  Hg,  51.7 

Reduction  of  Oxymercurial  20,  E  ==  HgO,  N  »  OH 
Sodium  Borohydride.  To  a  stirred  mixture  of  the  oxyma 
(350  mg,  0.90  mmole)  and  0.1  7^  sodium  hydroxide  in  met 
(5  ml)  cooled  in  an  ice  bath  was  added  sodium  borohydrid 
mg,  1 .2  mmoles)  in  i>ortions  over  a  period  of  1 .25  hr .  The  n 
was  refluxed  for  3  hr,  slowly  poured  into  10%  aqueous  1 
chloric  acid  solution,  and  extracted  five  times  with  methylenf 
ride.  The  extracts  were  dried  (MgSOi)  and  concentrated, 
1 33  mg  (98  %)  of  a  colorless,  volatile  solid.  Sublimation  at  I 
gave  colorless  crystals  of  tertiary  alcohol  21,  mp  161-162 
frared  absorption  (in  CCI4)  due  to  OH  at  2.65  (sharp)  an* 
(broad);  nmr  peaks  (CCI4)  between  1.2  and  2.4  ppm  (mull 
only  (no  peaks  downfield). 

Anal.  Calcd  for  CioHuO:  C,  78.90;  H,  10.59.  Founi 
79.15;  H.  10.63. 

A  solution  of  tertiary  alcohol  21  (69  mg,  0.45  mmoleX 
anhydride  (460  mg,  4.5  mmoles),  and  dry  pyridine  (360  or 
mmoles)  under  nitrogen  was  maintained  at  78-80°  for  < 
The  dark  brown  solution  was  poured  into  water  and  extracte 
/t-pentane.  The  pentane  extract  was  washed  twice  with  2  N  i 
sulfate  solution  and  water,  dried  (MgSOi),  and  concentrated, 
76  mg  (76%)  of  the  acetate  of  21;  infrared  absorption  due  t 
bonyl  at  5.73  /i;  nmr  (CCI4)  l.()-2.4  ppm  (multiplet;  sin] 
1 .79  ppm)  and  no  peaks  downfield. 

Anal.  Calcd  for  QsHisOi:  C,  74.19;  H,  9.34.  Foun< 
74.34;  H,9.42. 

Tricyclic  Tosylate  22.  To  a  solution  of  alcohol  12,  R 
(12.5  mg,  0.0822  mmole),  in  dry,  distilled  tetrahydrofuran 
ml)  under  nitrogen  and  cooled  in  an  ice  bath  was  added  a 
;^butyllithium  solution  (0.06  ml,  0.096  mmole)  in  hexane. 
solution  was  stirred  at  0°  for  a  period  of  30  min.  A  solut 
/^toluenesulfonyl  chloride  (19.3  mg,  0.10  mmole)  in  dry,  d 
tetrahydrofuran  (0.25  ml)  was  added.  The  solution  was 
for  5.7  hr  at  0°  and  then  poured  into  water.  The  mixtui 
extracted  with  ether,  and  the  extracts  were  washed  with  watei 
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•us  sodium  bicarbonate  solution  and  brine,  dried  (MgSOi). 
ooccntrated,  giving  25.3  mg  (100%)  of  tosylate  22;  X  (neat) 
>.24, 7.22, 8.46,  and  12.27  /i. 

dra^rrii  of  Tricyclic  Tosylate  22.  A  mixture  of  tricyclic 
le  22  (25.3  mg,  0.0827  mmole),  75%  aqueous  acetone  (1  ml), 
ccess  calcium  carbonate  was  stirred  at  room  temperature  for  a 
1  of  20  hr.  The  reaction  mixture  was  poured  into  water  and 
tedly  extracted  with  ether.  The  ethereal  extracts  were  washed 
vater,  dried,  and  concentrated,  giving  1 1 .9  mg  (95  %)  of  essen- 
pure  rearranged  tertiary  alcohol  21.  The  product,  as  purified 
eperative  vpc,  exhibited  identical  infrared  absorpton  as  the 
ict  obtained  as  described  above  from  20,  E  »  HgQ,  N  »  OH. 
Jcohols  prq>ared  by  the  two  methods  had  the  same  melting 
and  the  melting  point  of  mixtures  was  undepressed.  Both 
ah  showed  identical  behavior  on  tic  on  silica  gel  and  vpc  on 
t  S  %  Carbowax  20M  column. 
fmkmAm  of  llricyclic  Ofcfln  10.    To  a  solution  of  tricydic 

10  (134  mg,  1.00  mmole)  in  methylene  chloride  (0.5  mi) 
d  in  a  salt-ice  bath  was  added  a  solution  of  bromine  (160  mg, 
nnM>le)  in  methylene  chloride  (0.5  ml)  dropwise  with  stirring. 
olor  of  the  reagent  was  immediately  discharged  with  each  drop 
I  to  the  olefin  solution.  After  completion  of  the  addition  of 
rofnine,  the  solution  was  concentrated,  giving  280  mg  (97%) 
nixture  consisting  of  a  monobromide  and  mainly  dibromide; 
U)  3.38,  6.81,  6.95,  7.70,  7.%,  9.03,  12.61,  and  13.61  n;  nmr 
)  li>-2.6  (multiplet,  19  H)  and  4.07  ppm  (singlet,  3  H). 
lixture  gave  an  immediate  precipitate  on  exposure  to  alcoholic 
nitrate. 

wmtJan  nf  nmmnhjitrin  Tft.  F  »  Br,N  »  OH.  Amixtureof 
y  prepared  silver  oxide  (200  mg,  0.87  mmole),  crude  dibromide 
mg,  0.38  mmole),  and  water  (2  ml)  was  refluxed  for  17  hr. 
nixture  was  filtered,  diluted  with  water,  and  extracted  with 
The  ethereal  extract  was  dried  (MgSOO  and  concentrated* 
I  50  mg  (57%)  of  a  mixture  which  consisted  mainly  of  bromo 
ol  20,  N  »  OH,  E  =-  Br:  X  (neat)  2.79,  2.90,  3.40,  5.89, 
6.94, 7.32,  and  9.01  n. 

m  mixture  gave  a  positive  Bdlstdn  test  but  did  not  give  a 
ntate  on  boiling  for  several  minutes  with  a  sc^ution  of  silver 
e  in  alcohol. 

tactioBofBnMBoAlcolwl20,N  »  OH,E  »  Br.  Toasolution 
Mk  bromo  alcohol  (36  mg,  0.16  mmole)  in  dry,  distilled  tetra- 
ifuran  (IX)  ml)  under  nitrogen  was  added  di-/i-butyltin  di- 
de(OJtnd,  IX)  mmole)  by  means  of  a  syringe.  The  solution 
nradiated  with  light  from  a  sun  lamp  for  5  min  and  allowed 
nd  at  room  temperature  for  19  hr.  2-Bromopropane  (0.1  ml) 
idded,  and  the  solution  was  stirred  for  1  hr.  A  20%  aqueous 
jtm  of  sodium  potassium  tartrate  (4  ml)  and  n-pentane  was 
t,  the  mixture  was  stirred  f or  3  hr  and  filtered  through  Celite, 
Jie  pentane  layer  was  separated.  The  pentane  solution  was 
sd  with  aqueous  sodium  potassium  tartrate  solution  and  water, 
(MgSOO*  and  concentrated,  giving  24  mg  (99%)  of  a  mixture 
o  compounds.  The  major  product  was  isolated  by  preparative 
1 2  mg  was  collected)  and  shown  to  have  identical  behavior  on 
id  vpc  with  tertiary  alcohol  21  prepared  by  reduction  of  oxy- 
jrial  20,  E  -  HgO,  N  »  OH.  The  two  alcohols  had  identical 
xd  spectra  and  the  same  melting  point;  mixtures  of  the  two 
ob  had  undepressed  melting  point. 

■IMP  Ml  III  of  Tricyclic  Epoxide  17  on  Silica  Gel.  The 
;  tricyclic  epoxide  17  (230  mg)  was  chromatographed  over 

gd  (Davison,  20  g)  using  a  long  column  (10  X  300  mm). 
iog  was  duted  by  /t-pentane  (200  ml),  20%  methylene  chloride- 
itane  (100  ml),  or  50%  methylene  chloride-/t-pentane  (100  ml). 
ykne  chloride  (3(X)  ml)  duted  an  oil  (30  mg),  and  ethyl  ether 
i  first  (50  ml)  an  oil  (22  mg)  and  then  (100  ml)  a  colorless 
(73  mg).  The  colorless  solid  duted  by  ethyl  ether  was  the 
to,  E  »  N  -  OH,  mp  159-161  ^  X  (CHiOt)  2.93  (OH),  3.36, 
7i)3,  8.32,  8.95,  9.26,  9.53,  and  11.03  n;  nmr  (Cao  1.2-2.2 
jplet,  13  H),  3.88  (singlet,  1  H),  and  4.64  ppm  (singlet,  2  H); 
[COat)  1.2-2.2  (mulUplet,  13  H),  3.86  (singlet,  2  H),  and  3.98 
[singlet,  1  H). 

ai.  Galcd  for  Q»Hi«Oi:  C,  71.39;  H,  9.59.  Found:  C, 
:;  H.9.63. 

e  diol  20,  E  »■  N  »  OH,  did  not  react  with  periodic  add. 
ii-Ortalyaed  Hydrolydi  of  Tricydk  Epoxide  17.  A  stirring 
wc  of  tricyclic  epoxide  17  (150.3  mg,  1.00  mmole),  water  (0.6 
ind  72%  perchloric  add  (1  drop)  was  maintained  at  60^  for  a 
d  of  1  far.  The  mixture  was  neutralized  with  0.1  N  sodium 
soude,  diluted  with  water,  and  extracted  three  times  with 
.  The  cthtfeal  extracts  were  dried  (MgSOO  And  concentrated; 
3lid  fcfidue  was  sublimed  twice  and  recrystallized  twice  from 


if-hexane,giving22mg(13%)of  diol20,E  -  N  »  OH,  mp  148- 
150%  having  the  same  infrared  spectrum  as  the  product  from  the 
previous  procedure. 

Hydroxy  Ketone  23.  Diol  20  (18.6  mg,  0.111  mmole)  was  oxi- 
dized as  described  for  the  oxidation  of  11,  R  »  H,  to  tricyclic  ke- 
tone 15,  giving  9.1  mg  (50  %)  of  hydroxy  ketone  23,  infrared  absorp- 
tion (CCI4)  5.64  fi.  The  molecular  weight  determined  mass  spec- 
trometrically  was  166.0992  (cakxl  for  Q^HiiOi:    166.0994). 

Lactone  24.  Anhydrous  sodium  acetate  (102  mg)  was  added  to 
peracetic  add  C'Becco  40%,**  10  g),  and  this  solution  (5  ml)  was 
diluted  with  methylene  chloride  (10  ml).  The  methylene  chloride 
solution  was  filtered  through  cotton  and  titrated  (4.50  N).  To  the 
tricyclic  ketone  15  (115  mg,  0.769  mmole)  was  added  buffered 
peracetic  add  in  methylene  chloride  (2.0  ml,  9.0  mequiv).  After 
allowing  the  reaction  mixture  to  stand  for  85  hr  at  26-28  °,  additional 
peracetic  add  solution  (1.0  ml,  4.5  mequiv)  was  added,  and  the 
reaction  mixture  was  allowed  to  stand  for  another  96  hr  at  26-28°. 
The  mixture  was  poured  into  water  and  extracted  three  times  with 
ether.  The  ethereal  extracts  were  washed  with  sodium  bicarbonate 
solution,  sodium  bisulfite  solution,  and  water,  dried  (MgSOtX  con- 
centrated, and  distilled,  giving  102  mg  (80%)  of  lactone  24;  infrared 
absorption  (CdO  due  to  carbonyl  at  5.71  m»  no  OH  absorption; 
nmr  spectrum  (CSi):  peak  at  4.72  ppm  (apparent  quintet,  1  H) 
due  to  >CHOCO  and  other  peaks  upfield  between  1.0  and  2.9 
ppm." 

Anai,  Galcd  for  doHiiOi:  C,  72.26;  H,  8.49.  Found:  C, 
72.55;  H,  8.54. 

Hydrolyiii  and  Oxidation  of  24.  A  solution  of  lactone  24 
(645  mg,  3.88  mmoles)  and  potassium  hydroxide  (5.67  g,  0.101  mole) 
in  methanol  (180  ml)  was  refluxed  for  1 3  hr.  Evaporation  of  most 
of  the  methanol,  dilution  with  water,  ether  extraction  (discarded^ 
dropwise  addition  of  2  N  sulfuric  add  (99  ml,  0. 198  mole)  at  0  ^  and 
extraction  with  ether  gave  688  mg  (96%)  of  hydroxy  add,  mp  90- 
98"*,  which  was  methylated  with  ethereal  diazomethane  (3  hr), 
giving  685  mg  (91  %)  of  hydroxy  ester  which  then  was  oxidized 
by  chromic  add  to  give  562  mg  (83%)  of  keto  ester  25,  R  -  CHt. 
This  ester  showed  carbonyl  absorption  due  to  ketone  and  ester 
functions  at  5.74  fi  (in  CXl^*  indicating  that  the  ketone  function  was 
present  in  a  five-membered  ring.  A  considerable  number  of  further 
transformations  of  this  substance  are  given  in  the  thesis  dted  in 
ref22. 

TVandbmation  of  the  Epoxide  17  to  the  Tetracyclic  Akolwi  18. 
To  a  stirred  solution  of  dry,  distilled  diethylamine  (445  mg,  6.01 
nunoles)  in  sodium-dried  benzene  (2.8  ml)  under  nitrogen  and  cooled 
in  an  ice  bath  was  added  a  1.6  Af  solution  of  /t-butyllithium  in  hex- 
ane  (2.8  ml,  4.48  nunoles)  by  means  of  a  syringe.  The  mixture 
was  stirred  for  20  min.  A  solution  of  tricyclic  epoxide  17  (399  mg, 
2.66  mmoles)  in  sodium-dried  benzene  (2.8  ml)  was  added  to  the 
lithium  diethylamide  mixture.  The  reaction  mixture  was  stirred 
andreflinedforaperiodof48hr.  The  mixture  was  cooled,  poured 
into  ice-water,  and  extracted  twice  with  ether.  The  combined 
ethereal  extracts  were  washed  with  saturated  aqueous  ammonium 
chloride  solution  and  water,  dried  (MgSOO.  concentrated,  and  dis- 
tiUed  [50-60<'  (0.4  mm)],  giving  342  mg  (86%)  of  tetracyclk:  alcohol 
18,  mp  56-70*";  near-infrared  (CQ4)  absorption  at  1.676  fi  (c 
0.38);  nmr  (CXnO  1.0-2.1  (multiplet,  14  H),  3.86  (singlet,  1  H), 
and  4.45  ppm  (singlet,  1  H).  The  molecular  weight  determined 
mass  spectrometrically  was  1 50. 

Anai.  Ca\cd  for  QoHnO:  C,  79.96;  H,  9.39.  Found:  C, 
79.96;  H,9.32. 

The  tetracyclk:  alcohol  18  (50.3  nig,  0.335  mmole)  was  acetylated 
using  acetic  anhydride-pyridine  giving  63.4  mg  (98  %)  of  the  corre- 
sponding acetate,  infrared  absorption  at  5.73  m;  nmr  (CDOi) 
1.1-2.2  (multiplet,  15  H)  and  4.72  ppm  (multiplet,  1  H).  The 
molecular  wdght  determined  mass  spectrometrically  was  192.1138 
(cakd  for  QsHiiOi:    192.1 150). 

Anai.  Cakd  for  QiHuOi:  C,  74.97;  H,  8.39.  Found:  C, 
74.81;  H,8.42. 

From  the  tetracyclk  alcohol  18  (30.4  mg,  0.203  mmole)  a  tosylate 
was  prepared  using  p-toluenesulfonyl  chloride  (38.1  mg,  0.200  mmole 
in  sodium-dried  ether  (0.5  ml)  and  powdered  potassium  hydroxide 
(30.2  mg,  0.539  mmole)  added  portionwise  at  - 10°.  The  mixture 
was  stirred  at  0-5*^  for  a  period  of  12  hr,  poured  into  water,  and 
extracted  with  ether.  The  ethereal  extract  was  dried  (MgSOO  and 
concentrated,  giving  54.0  mg  (88%)  of  a  colorless  solid.  Two 
recrystallizations  from  ;^pentane  gave  colorless  crystals  of  tosylate 
18,  mp  66.5-69°;  x;i£"-**»^'*^'  262.0  m^  (c  486),  267.4  m^ 
(€  423X  and  273.0  nvi  (€  350).  The  molecular  wdght  determined 
mass  spectrometrically  was  304.1137  (caHcd  for  CnHvOS: 
304.1133). 
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Reaction  of  /^-Toluenesulfoiiate  of  18  with  Sodium  Borobydride  in 
Aqueous  Digiyme.  A  solution  of  the  p-toluenesulfonate  of  18 
(88.8  mg,  0.292  nunole),  sodium  borohydride  (94.7  mg,  2.51  nunoles), 
and  sodium  hydroxide  (24.5  mg,  0.613  mmole)  in  65  vol.  %  aqueous 
digiyme  (0.6  ml)  was  stirred  for  16  hr  at  room  temperature.  The 
solution  was  poured  into  water  and  extracted  twice  with  trichloro- 
fluoromethane  (Freon  11).  The  extracts  were  washed  with  water, 
dried  (MgSOO*  and  concentrated,  giving  a  mixture  of  products. 
The  mixture  was  analyzed  by  vpc  and  found  to  consist  of  tetracyclic 
alcohol  18  (75%)  and  a  9:1  mixture  of  hydrocarbons  (25%). 
The  minor  hydrocarbon  had  the  same  retention  time  on  a  200-ft 
tricyanoethoxypropane  capillary  (0.011  in.)  column  as  tricyclic 
olefin  10,  and  the  major  hydrocarbon  was  1,2-trimethylenenortri- 
cyclene,  which  was  obtained  pure  by  preparative  vpc;  nmr  (CS|) 
0.9-2.2  ppm  (multiplet).  The  molecular  weight  determined  mass 
spectrometrically  was  134.1094  (calcd  for  doHu:    134.1095). 

44HTriniethylenenoi1ricyclaiioiie  (26).  The  alcohol  18  (197  mg) 
was  oxidized  as  described  for  the  oxidation  of  11,  R  =  H,  to  15« 
giving  132  mg  (70%)  of  tetracyclic  ketone  26,  X^S  "**""  271  nvi 
(€  46);  infrared  ((XI4)"  carbonyl  absorption  5.67  and  5.72  m; 
nmr  (CQO  1.2-2.2  ppm  (multiplet).  The  molecular  weight  deter- 
mined mass  spectrometrically  was  148. 

Anal,  Cakd  for  QoH]^:  C,  81.04;  H,  8.16.  Found:  C, 
81.34;  H,8.23. 

Tetracyclic  ketone  26  was  not  reduced  by  zinc  in  acetic  acid  at 
reflux  nor  by  hydrogen  and  10%  palladium  on  charcoal  in  acetic 
acid  at  room  temperature  at  1  atm. 

5-Broiiio-43-triiiiethyleiienori)onuuioiie  (27)  and  Its  Reduction. 
A  0.36  M  solution  of  anhydrous  hydrobromic  add  (38  ml,  13.7 
mmoles)  in  methylene  chloride  was  added  to  tetracyclic  ketone  26 
(1.19  g,  8.04  mmoles).  After  standing  at  room  temperature 
for  a  period  of  17  hr,  the  solution  was  concentrated,  giving  1.65  g 
(90%)  of  a  brown  semisolid.  Sublimation  gave  colorless  crystals 
of  bromo  ketone  27,  mp  146-148°;  infrared  absorption  (CQ4) 
5.70  m;  nnu-  (CQO  1.5-2.7  ppm  (multiplet).  The  mass  spectrum 
showed  two  peaks  of  equal  intensity  at  228  and  230. 

Reduction  of  27  with  the  following  reagents  gave  tricyclic  ketone 
15:  zinc  in  acetic  acid,  di-ihbutyltin  dihydride  in  tetrahydrofuran, 
and  hydrogen  and  10%  palladium  on  charcoal  in  95%  ethanol. 
The  products  were  analyzed  by  infrared  absorption  and  vpc  with 
a  12-ft  5  %  Carbowax  20M  column. 

Acetolysis  Products  from  4,5-exa-Tdmetbylaie-2-extHMriiornyi  p- 
Toluenesuifonate  (11,  R  -  Ts).  A  solution  of  the  exo-p-toluene- 
sulfonate  11,  R  =  Ts  (102.3  mg,  0.334  mmole),  in  0.010  Af  sodium 
acetate  in  anhydrous  acetic  acid  solution  (60  ml)  was  stirred  and 
maintained  at  81-83''  for  5  hr  (ca,  ten  half-lives).  The  cooled 
solution  was  diluted  with  water,  neutralized  with  sodium  carbonate, 
and  repeatedly  extracted  with  ether.  The  combined  ether  extracts 
were  washed  with  water,  saturated  aqueous  sodium  bicarbonate 
solution,  and  water,  dried  (MgSOi),  concentrated,  analyzed  by  vpc, 
and  distilled,  giving  55.4  mg  (85%)  of  tncyclic  exo  acetate  11, 
R  «  CHtCO.  This  product  had  the  same  vpc  retention  time,  the 
same  infrared  spectrum,  and  the  same  nmr  spectrum  as  the  exo 


acetate  11,  R  -  CHiCO,  prq>ared  by  acetylation  of  11,  R  »  R 
A  considerable  study  was  made  of  various  columns  for  vpc  analysis 
of  mixtures  of  11,  R  ->  H,  and  16,  R  »  H,  and  also  of  mixture  of 
the  corresponding  acetates;  this  analysis  was  not  possible  using 
long  0.25-  or  0.125-in.  columns  with  a  large  variety  of  stationary 
phases  (both  polar  and  nonpolar),  since  the  chromatographic  be- 
havior of  the  exOf  endo  isomers  was  essentially  identical.  Slight 
separation  was  noted  using  tricyanoethoxypropane  as  stationary 
phase  with  the  acetates  11,  R  -  CHsCX),  and  16,  R  »  CHsCO,  and 
it  proved  possible  to  achieve  acceptable  resolution  using  this  station- 
ary phase  in  a  200-ft,  0.1 1  in.  capillary  column  at  100**.  The  total 
mixture  obtained  from  the  above  experiment  before  distillation  was 
analyzed  in  this  way.  Peaks  were  observed  at  the  following  re- 
tention times  (min):  5.3  (3.5%),  5.5  (sh,  ca.  1%),  37-39.5  (4%, 
broad,  includes  two  or  more  unresolved),  41.3  (91.5%,  corresponds 
to  11,  R  ->  CHtCO,  the  miyor  product).  It  seems  likely,  though 
by  no  means  certain,  that  the  broad  peak  at  37-39  min  contains  the 
endo  acetate  16,  R  «>  CHiCO,  as  a  component,  since  the  latter 
exhibits  a  peak  at  39  min  under  the  conditions  of  this  analysis. 
The  tricyclic  olefin  10  under  these  conditions  exhibits  a  retention 
time  of  5.3  min. 

Acetolysis  of  Afi^xO'Tthaftthyltm^Trendo-uotbomyl  p-Toluaw- 
suifonate  (16,  R  «  Ti).  A  scdution  of  the  p-toluenesulfooate  16^ 
R  ->  Ts  (99.0  mg,  0.324  mmole),  in  0.010  M  sodium  aceUte  in  an- 
hydrous acetic  acid  solution  (60  ml)  was  stirred  and  maintained  at 
100-103  **  for  5  hr  (ca.  ten  half-lives).  After  neutralizatoa  and  ether 
work-up,  the  product  was  analy^  by  vpc  and  distilled,  giving 
55.2  mg  (88%)  of  tricyclic  exo  acetate  11,  R  =  CHgCO.  This 
product  had  the  same  retenton  time  on  vpc,  the  same  infrared 
spectrum,  and  the  same  nmr  spectrum  as  prq>ared  by  acetylation  of 
11,  R  »  H.  The  vpc  analysis  of  the  total  product  before  distilla- 
tion was  performed  on  the  200-ft  capillary  tricyanoethoxypropane 
ccrfumn  at  IQO^  under  the  same  conditions  as  used  for  the  pre- 
viously described  analysis.  The  vpc  product  analysis,  which  was 
very  similar  to  that  for  the  acetolysis  of  11,  R  »  Ts,  revealed  com- 
ponents at  the  following  retention  times  (min):  5.3  (2.5%),  5.5 
(1.5%),  37-39.5  (4%,  broad),  and  42.2  (92%),  the  last  of  which 
corresponds  to  11,  R  >-  CHtCO. 

Kinetic  Data.  The  method  of  Swain  and  Morgan^  was  used 
with  a  Cary  Model  14  spectrophotometer  equipped  with  a  thermo- 
stated  cell  compartment.  Acetolyses  were  conducted  in  quartz 
cells  sealed  with  tightly  fitting  Teflon  stoppers.  The  p-toluene- 
sulfonate  was  dissolved  in  ca,  10  ml  of  anhydrous  acetic  add  (dried 
with  molecular  sieves  and  distilled)  containing  fused  sodium  acetate 
at  a  concentration  of  0.01  Af  .  Excellent  first-<xder  rate  constants 
were  obtained  (for  tables  of  original  data  see  thesis  dted  in  ref  29- 
Measurements  of  the  rate  constants  for  acetolysis  of  exo-  and  emkh 
norbomyl  p-toluenesulfonates  gave  results  in  excellent  agreement 
with  values  previously  obtained  by  titrimetric  analysis.'' 
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iMrtract:  Photochlorination  of  tricyclo[3.3.0.0^*]octane  (2)  leads  to  3-chlorotricyclo[3.3.0.0*'*]octane  (9),  result- 
g  from  preferential  attack  at  the  secondary  positions.  Similarly,  chromyl  acetate  oxidation  of  2  gives  tricyclo- 
.3.0.0^*]octan-3-one  (10)  as  the  chief  product,  accompanied  by  a  smaller  amount  of  tricyclo[3.3.0.0***]oct-3-yl 
«tate  (11).  The  acetolysis  of  the  corresponding  tosylate  (13)  was  found  to  proceed  at  a  rate  about  1 80  times  that 
'  bicydo[2.1.1]hex-2-yl  tosylate  (18)*  producing  a  mixture  of  unrearranged  and  rearranged  products  (11,  14,  and 
f).  These  oteervations  are  accommodated  by  consideration  of  the  difference  in  degree  of  substitution  and  in 
iometry  between  the  tricyclic  and  bicydic  esters.  Finally,  tricyclo[3.3.0.0''*]oct-3-ene  (4)  was  obtained  via  tri- 
'clo[3.3.0.0*'*]oct-3-ylamine  (30)  using  a  Hofmann  elimination  sequence.  Some  unexpected  features  of  the  nmr 
id  ultraviolet  spectra  of  this  strained  olefin  are  described. 


63  Srinivasan  reported  that  the  gas-phase, 
:airy-sensitized  photoisomerization  of  cis^ciS" 
ooctadiene  (1)  gives  tricyclo[3.3.0.0''^octane 
%  yield.*  Shortly  thereafter, ••*  he  was  able  to 
a  solution  p&otolysis  technique  which  gave  a 
;ld  of  2.  Iliese  developments,  along  with  our 
ing  interest  in  the  highly  strained  bicyclo[2.1.1> 
ring  system  (3),  prompted  an  investigation  of  the 


is  and  reactions  of  functionalized  tricyclo- 
'•^octanes.  Some  of  our  specific  goals  were 
eduction  of  substituents  at  €«  of  2,  to  permit 
um  ion  studies  analogous  to  those  already  car- 
t  on  bicyclo[2.1.1]hexanes.^*  Another  objec- 
i  to  use  such  functionalized  derivatives  as  inter- 
18  for  a  synthesis  of  tricyclo[3.3.0.0*'*]oct-3-enc 
dogous  to  the  as  yet  unknown  bicyclo[2.1.1]- 


cO 


De.    We  wish  now  to  present  our  results  in  these 


ion 

obtain  tricyclo[3.3.0.0*'*]octanc  for  extensive 
the  irradiation  of  l,S-cyclooctadiene  was  carried 
ler  conditions  slightly  different  from  those  pre- 
described.'  By  increasing  the  concentration  of 
looctadiene  about  fourfold  and  by  allowing  the 

t  partial  support  of  this  resarch  by  the  National  Institutes  of 
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conversion  to  proceed  almost  to  completion,  yields 
of  ca.  50%  and  absolute  amounts  of  IS-SO  g  of  2  could 
be  realized  in  a  single  experiment. 

Srinivasan  found  in  this  initial  study  that  2  was  not 
the  only  product  of  the  irradiation  of  l,S-cyclooctadiene 
in  solution.  Thus,  when  the  reaction  was  carried  out 
in  ether  with  cuprous  chloride  or  rhodium  chloride  as 
catalyst,  four  products  were  identified:  the  tricyclo- 
octane  2,  1,3-cyclooctadiene  (5),  1,4-cyclooctadiene  (6), 
and  bicyclo[4.2.0]octene-7  (7). 


O 


O 


Ca 


We  have  found  that  one  previously  undetected  prod- 
uct consistently  comprised  about  10%  of  the  reaction 
mixture.  An  elemental  analysis  indicated  that  this 
component  was  another  QHu  isomer.  Its  nmr  spec- 
trum showed  no  absorption  in  the  olefinic  region,  but 
upfield  absorption  attributable  to  a  cyclopropane  group- 
ing was  apparent.  A  comparison  of  the  nmr  and  in- 
frared spectra  of  this  compound  with  those  of  an  au- 
thentic sample  of  ci5,fl/i/i,ci5-tricyclo[3.3.0.0**]octanc 
(8)  showed  two  compounds  to  be  identical.  ^' '  ^  Al- 
though the  formation  of  8  might  be  rationalized  by  a 
small  variation  of  the  free  radical  chain  mechanism 
proposed  recently  to  account  for  the  formation  of  2 
from  !,"•  it  now  appears  more  correct  to  view  this 


cs/ 


as  an  independent  side  reaction  rather  than  as  one  based 
upon  a  common  intermediate.^'** 

With  2  readily  available  we  examined  methods  to 
functionalize  the  hydrocarbon  skeleton.  Since  free 
radical  reactions  generally  occur  without  structural 
rearrangement,  even  in  highly  strained  systems,  this 
was  the  first  type  of  reaction  to  be  tried.    Two  free 

(10)  J.  Zimer  and  S.  Winstein,  Proc,  Chem,  Soc„  235  (1964). 
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radical  substitutions  which  proved  useful  were  chlorina- 
tion  and  chromyl  acetate  oxidation. 

In  the  chlorination  of  acyclic  hydrocarbons  it  has  been 
found  that  the  order  of  reactivity  of  aliphatic  carbon-hy- 
drogen bonds  toward  chlorine  is  tertiary  >  secondary  > 
primary.^*  In  alicyclic  compounds,  however,  this 
order  is  not  necessarily  the  same.  Thus,  in  the  chlorina- 
tion of  bicyclo[2.2.1]heptane  only  two  products  have 
been  isolated,  both  of  which  involve  attack  at  the  Cs 
position.  ^^  The  liquid-phase  photochlorination  of  2 
led  to  analogous  results;  the  only  product  detected, 
isolable  in  50%  yield,  was  3-chlorotricyclooctane  (9). 
The  glpc  of  this  product  on  several  analytical  columns 
indicated  the  presence  of  only  one  component.    Its 


^C^e, 


9 

elemental  analysis  was  compatible  with  the  molecular 
formula  CgHuCl.  The  nmr  spectrum  showed  a  com- 
plex doublet  centered  at  r  5.46  (1  proton,  assignable 
to  that  at  Cs),  and  a  complex  series  of  peaks,  subse- 
quently found  to  be  characteristic  of  3-substituted 
derivatives  of  2,  from  r  7.3  to  8.2  (10  protons). 

The  liquid-phase  bromination  of  2  was  also  carried 
out,  but  was  unexpectedly  complex.  The  reaction  may 
have  followed  a  carbonium  ion  pathway  rather  than  a 
free  radical  pathway.  (An  example  of  a  hydrocarbon 
bromination  which  apparently  utilizes  a  carbonium  ion 
mechanism  is  provided  by  the  conversion  of  adaman- 
tane  to  1-bromoadamantane.")  The  product,  which 
appeared  to  contain  two  bromine  atoms,  was  not 
fully  characterized. 

The  oxidation  of  hydrocarbons  by  chromic  acid, 
chromyl  acetate,  or  chromyl  chloride  is  also  reported 
to  be  a  free  radical  substitution  reaction."  The  rela- 
tive rates  of  attack  on  aliphatic  carbon-hydrogen  bonds 
are  typical  of  rates  of  free  radical  reactions,  that  is, 
tertiary  >  secondary  >  primary. "  The  alcohols  formed 
initially  in  these  reactions  are  often  further  oxidized  to 
ketones.  This  technique  provides  a  useful  ketone  syn- 
thesis when  the  product  is  not  readily  degraded  by 
enolization  and  subsequent  oxidation.®- ^'^ 

Chromyl  acetate  oxidation  of  2  gave  tricyclo- 
[3.3.0.0««]octan-3-one  (10)  and  tricyclo[3.3.0.0«'«]- 
oct-3-yl  acetate  (11),  characterized  as  described  below. 
They  were  formed  in  a  ratio  of  9:1,  as  determined  by 
glpc,  in  an  over-all  yield  of  ca.  60%  based  on  the  tri- 
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(13)  C.  Walling,  *Tree  RadicaU  in  Solution/*  John  Wiley  and  Sons, 
Inc.,  New  York.  N.  Y.,  1957.  Chapter  8. 

(14)  E.  C.  Kooyman  and  G.  C.  Vegter,  Tetrahedron,  4,  382  (1958). 

(15)  H.  Stetter,  M.  Schwarz,  and  A.  Hirschhorn,  Chem,  Ber,,  92, 
1629(1959). 

(16)  K.  B.  Wiberg  and  R.  Eisenthal.  Tetrahedron,  20, 1151  (1964). 

(17)  R.  Stewart,  **Oxidation  Mechanisms,**  W.  A.  Benjamin,  Inc., 
New  York,  N.  Y.,  1964.  pp  50-55. 

(18)  K.  B.  Wiberg  in  "Oxidation  in  Organic  Chemistry,**  K.  B. 
Wiberg,  Ed.,  Academic  Press  Inc.,  New  York,  N.  Y.,  1965,  Chapter  3. 

(19)  P.  von  R.  Schleyer  and  R.  D.  Nicholson,  Abstracts,  140th  Na- 
tional Meeting  of  the  American  Chemical  Society,  Chicago,  IlL,  Sept 
1961,  p  75a 


cyclooctane  consumed.  The  structure  of  10  follows 
from  its  elemental  analysis,  from  its  mass  spectrum, 
which  showed  a  parent  peak  at  m/e  122,  from  its  infrared 
absorption  maximum  at  S.68  /a  (carbonyl  stretching), 
and  from  a  series  of  reactions,  described  later,  which 
relate  ketone  10  to  2.  The  acetate  11  could  be  separated 
from  the  crude  ketone  by  a  zone  freezing  technique, 
and  was  shown  to  be  identical  with  authentic  11,  pre- 
pared, as  described  below,  from  alcohol  12. 

The  nmr  spectrum  of  10  is  simplified  by  a  coincidence 
of  chemical  shift  values.    While  there  are  six  diflferent 
types  of  carbon-hydrogen  bonds  in  the  molecule,  the 
spectrum  shows  only  four  sharp  bands  at  r  7.40  (2), 
7.78  (2),  7.86  (2),  and  8.13  (4).    This  pattern  of  ab-   ^ 
sorption  can  be  explained  by  assuming  that  all  four  [ 
hydrogens  at  C7  and  Cg  (a  and  b,  formula  10a)  have  f 
the  same  chemical  shift,  and  that  those  at  Q  and  Q 
(f  and  d)  are  also  equivalent. 


^C^^OH 


^^CL. 


12 


13 


The  rate  of  acetolysis  of  13  was  determined  titri- 
metrically,  at  35.0  and  50.0°,  by  standard  methods.*" 
Excellent  first-order  kinetics  were  observed  over  several 
half-lives.  Three  products  were  characterized  from 
this  acetolysis.  llie  first  (20%)  was  identified  as 
bicyclo[3.3.0]octa-2,6-diene  (14)  by  comparison  with 
an  authentic  sample. '^  Unrearranged  acetate  11  was 
formed  in  40%  yield,  and  the  ring-opened  acetate  15 
in  17%  yield.    The  acetates  were  reduced  with  lithium 


DAe 

CO   a> 


14 


15 


aluminum  hydride,  and  the  resulting  alcohols  were  sepa- 
rated by  preparative  glpc.  The  alcohol  from  the  reduc- 
tion of  11  was  identical  in  every  respect  with  the  pre- 
viously characterized  tricyclic  alcohol  12.  The  alcohd 
from  the  reduction  of  acetate  15  was  hydrogenated  over 
Adam's  catalyst.  A  phenylurethan  of  this  alcohol  had 
the  same  melting  point  as  that  reported  for  the  phen^- 
urethan  of  16. '>  The  hydrogenated  alcohol  was  oxi- 
dized with  N-bromosuccinimide,  following  a  procedure 

(20)  S.  Winstein,  E.  Gninwald,  and  L.  I.  Ingraham,  /.  Am.  Ckem, 
Soc.,  70.  821  (1948). 

(21)  S.  Winstein,  C.  Hanson,  and  E.  Gninwald,  Ibid,,  70,  812  (1941). 

(22)  W.  von  E.  Doering  and  W.  R.  Roth,  Tetrahedron^  19,  715  (190). 

(23)  A.  C.  Cope,  H.  E.  Petree,  and  M.  Brown,  /.  Am,  Ckem,  5be.,  Ill 
2852(1958). 


10a 

Reduction  of  10  with  lithium  aluminum  hydride 
gave  the  alcohol  12  in  80%  yield.  The  corresponding 
tosylate  13  was  prepared  in  90%  yield  by  the  treatment 
of  12  with  /^toluenesulfonyl  chloride  in  pyridine.  The 
elemental  analyses  of  12  and  13  and  their  infrared  and 
nmr  spectra  were  consistent  with  the  assigned  structures. 
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of  Cope,*'  to  give  a  ketone,  the  2,4-dinitrophenylhy- 
drazone  of  which  had  the  same  (broad)  melting  point 
as  that  of  the  known  derivative  of  ketone  17.**    Thus 


17 

the  CIS  fusion  of  the  rings  and  the  position  of  the  oxygen 
is  certain,  as  is  the  exo  configuration  of  the  alcohol, 
although  a  small  amount  of  the  endo  alcohol  might 
have  gone  unobserved.  The  position  of  the  double 
bond  of  15  is  assigned  on  mechanistic  grounds  and 
on  the  basis  of  the  great  similarity  of  the  nmr  spectra  of 
14  and  15  in  the  olefinic  proton  region. 

To  rationalize  both  the  rate  of  solvolysis  of  13  and 
the  products  formed,  we  may  compare  these  results 
with  those  obtained  for  carbonium  reactions  at  Ct 
in  the  bicyclo[2.1.1]hexane  series.  The  relative  rates 
for  the  acetolysis  of  bicyclo[2.1.1]hexyl  2-tosylate  (18), 
5,5-dimethylbicyclo[2. 1 .  l]hexyl  2a-tosylate    (19),    and 


imJ^X\ 


TsO 


18 

tosylate  13  (extrapolated  to  75°)  are  1:36:180.'^" 
A  major  factor  influencing  the  rate  of  ionization  is  the 
internal  angle  at  the  carbon  atom  where  the  ionization 
occurs.  *•"'*  Although  knowledge  of  the  pertinent 
molecular  geometry  from  direct  physical  measurement 
is  often  lacking,  estimates  are  available  from  a  correla- 
tion of  carbonyl  stretching  frequencies  with  included 
angle.*  The  carbonyl  stretching  band  of  both  20 
and  21  is  found  at  1764  cnr\  while  that  of  13  is  at  1758 
cm~^  These  frequencies  lead  to  calculated  angles  of 
95.5°  for  20  and  21,  and  98.5°  for  10.    If  the  internal 


21 

angles  were  the  only  determining  factor  in  the  rates  of 
acetolysis,  then  one  would  expect  18  and  19  to  have 
the  same  solvolysis  rate,  and  13  to  have  a  rate  ca.  15 
times  faster.  A  possible  explanation  for  the  difference 
in  rate  between  18  and  19  may  be  found  in  the  hypoth- 
esis that  these  esters  yield  bridged,  delocalized  ions  in 
which  positive  charge  is  distributed  over  three 
positions.*'**  The  bridged  carbonium  ion  22,  derived 
from  18,  would  spread  its  charge  to  a  primary  carbon  in 
one  of  its  contributing  forms,  whereas  the  bridged  car- 
bonium ion  23,  derived  from  19,  has  two  additional 
methyl  groups  providing  a  tertiary  site  in  place  of  the 
primary  site  in  22  to  help  stabilize  the  positive  charge.  If 
a  similar  type  of  bridged  ion  were  formed  in  the  solvolysis 
of  13,  a  reasonable  model  for  comparison  would  be  the 
presently  unknown  ester  24,  with  one  methyl  substituent 
to  aid  the  leaving  of  the  tosylate  group.    In  both  the 

(24)  A.  C.  Cope  and  W.  R.  Schmitz,  /.  Am.  Chem.  Soc.,  72,  3056 

(19SQ). 

(25)  Doctoral  dissertation  submitted  to  ComeU  University,  J.  K. 

CrandaU,  1963. 

(26)  P.  von  R.  Schleyer,/.  Am.  Chem.  Soe.,  86.  1854  (1964). 

(27)  J.  A.  Halford,  /.  Chem,  Phys.,  24,  830  (1950). 

(28)  C.  S.  Foote,  /.  Am,  Chem,  Soc.,  86,  1853  (1964). 


hypothetical  bridged  carbonium  ion  which  would  be 
formed  from  24  and  that  expected  from  13,  the  electron 
deficiency  would  be  shared  by  a  secondary  carbon.  To 
predict  the  rate  of  acetolysis  of  24  relative  to  the  rate  of 
18  and  19,  we  will  simply  choose  the  average  of  that  for 
18  and  19,  which  is  18.  This  would  make  the  relative 
rates  of  24:13  18:180,  or  1:10.  Correcting  for  the 
difference  in  angle  at  Cs  of  the  bicyclo[2.1.1]hexane 
nucleus  and  Cj  of  the  tricyclo[3.3.0.0*'^<x:tanc 
nucleus,  ^''^  the  expected  relative  rates  for  the  hypo- 
thetical model  and  13  become  1.4:1.  On  the  basis  of 
these  crude  estimates,  the  acetolysis  rate  of  13  agrees  well 
with  expectations. 
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It  should  be  noted  that  this  type  of  argument,  which 
appears  plausible  for  the  cases  just  discussed,  cannot 
be  applied  successfully  to  the  bicyclo[2.2.1]heptyl 
analogs  of  18  and  19,  18a  and  19a.  ^^    Thus,  in  the 
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18a 


19a 


23a 


bicyclo[2.2.1]heptyl  series,  Schleyer,  et  al.,  found  that 
6,6-dunethyl-2-exo-bicyclo[2.2.  l]heptyl  tosylate  (19a) 
was  less  reactive  than  2-exo-bicyclo[2.2.1]heptyl  tosyl- 
ate (18a)  by  a  factor  of  ca.  14  at  75°.  These  results 
are  contrary  to  those  which  might  have  been  expected 
if  a  bridged  ion  (23a)  with  significant  contribution  from 
the  resonance  form  with  positive  charge  on  the  tertiary 
site  (Ce)  were  produced.  Schleyer,  et  al,,^*  have  ra- 
tionalized the  deactivation  of  19a  by  assuming  that  the 
endO'6'mQthyl  substituent  suffers  unfavorable  steric 
interactions  in  going  to  a  bridged  transition  state  (23a). 
Since  the  geometric  situation  is  quite  different  in  19 
and  23,  however,  this  steric  eff'ect  may  well  not  be  felt. 
In  fact,  the  Ci-Cs  bond  loosening  implied  in  structure 
23,  which  corresponds  to  partial  opening  of  a  cyclo- 
butane  ring,  with  concomitant  strain  relief,  could  be  a 
factor  operating  in  the  opposite  direction,  encouraging 
contribution  from  the  resonance  form  with  positive 
charge  at  Cs  in  the  bicyclo[2. 1 .  l]hexyl  series. 

The  acetolysis  product  obtained  from  18,  after  re- 
duction with  lithium  aluminum  hydride,  is  bicyclo- 
[2.1.1]hexan-2-ol  (26),  whereas  the  product  of  the  acet- 
olysis of  19,  after  reduction,  is  the  ring-opened  tertiary 
alcohol,  27.  The  formation  of  26  and  27  is  consistent 
with  the  bridged  carbonium  ion  hypothesis.  Acetic 
acid  could  be  expected  to  attack  ions  22  and  23  at  the 
positions  of  greatest  positive  charge  density.*  At- 
tacked in  this  way,  22  would  yield  the  acetate  of  26. 
In  the  case  of  23,  bonding  of  a  solvent  molecule  to  the  po- 
sition of  greatest  positive  charge  density  (tertiary)  would 
give  the  acetate  of  27.  Similarly,  ion  28  formed  from 
the  solvolysis  of  13  has  no  obvious  position  of  "greatest" 
charge  density,  since  all  relevant  positions  are  secondary. 

(29)  p.  von  R.  Schleyer.  M.  M.  Donaldson,  and  W.  E.  Watts,  Ofld.^ 
87,  375  (1965). 

(30)  J.  A.  Berson,  Tetrahedron  Letters,  16,  17  (1960). 
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On  this  basis,  solvent  attack  at  both  Ct  and  €«  with 
concomitant  ring  opening  appears  reasonable. 


HO^  Of°« 


27 

Another  very  significant  experimental  difference 
between  the  bicyclo[2.2.1]heptyl  and  bicyclo[2.1.1]- 
hexyl  series  is  that  19a  suffers  acetolysis,  giving  ex- 
clusively the  unrearranged  6,6-dimethyl-2-e;co-bicyclo- 
[2.2.1]heptyl  acetate,**  while  19  yields  ring-opened 
acetate  as  at  least  98%  of  the  acetate  produced.*'^ 
Thus,  the  differences  between  the  effects  of  gem-di- 
methyl substitution  in  19  and  19a  are  apparent  from 
both  the  kinetic  results  and  the  products  obtained. 

The  introduction  of  a  double  bond  into  the  tricyclo- 
[3.3.0.0*'*]octane  nucleus  was  another  objective  of  this 
study.  One  of  the  reasons  for  our  interest  in  this  olefin 
is  that  all  attempts  to  synthesize  the  closely  related  bi- 
cyclo[2.1.1]hexenes  have  as  yet  been  unsuccessful.'^ 
A  series  of  reactions  which  led  to  the  successful  prep- 
aration of  4  are  described  below. 

Ketone  10  reacted  with  hydroxylamine  to  give  oxime 

29  in  95  %  yield.  This  oxime  was  reduced  with  lithium 
aluminum  hydride  in  tetrahydrofuran  to  give  amine 

30  in  80%  yield.  (It  has  been  shown  that  adamantyl- 
amine  hydrochloride  (31)  has  both  in  vitro  and  in  vivo 
antiviral  activity.  '*  It  will  be  of  interest  to  see  whether 
the  somewhat  related  hydrochloride  of  30  is  associated 
with  similar  biological  activity.) 

Amine  30  was  converted  to  the  dimethylamine  32 
in  80%  yield  by  the  Eschweiler-Clarke  technique." 
Methyl  iodide  in  ether  converted  32  to  the  trimethyl- 
ammonium  iodide  33a,  which  was  then  treated  with  a 
suspension  of  silver  oxide  to  form  the  trimethylam- 
monium  hydroxide  33b.  This  product  decomposed  in 
a  nitrogen  atmosphere  at  ca.  100°  (12  mm)  to  give  4 
in  29%  yield,  accompanied  by  53%  of  recovered  32. 
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(The  formation  of  32  corresponds  to  a  common  side 
reaction  in  many  Hofmann  elimination  reactions.'^) 
In  an  attempt  to  obtain  better  yields  of  4,  the  amine 
oxide  34  was  prepared  from  32  and  30  %  hydrogen  per- 

(31)  J.  Meinwald  and  J.  K.  Crandall.  /.  Am  Chem,  Soe.,  tS,  1292 
(1966). 

(32)  W.  L.  Davis,  R.  R.  Grunert,  R.  F.  Haff,  J.  W.  McOahen.  E.  M. 
Neumayer,  M.  P.  Shock,  J.  C.  Watts,  T.  R.  Wood,  E.  C.  Hennann, 
and  C.  E.  Hoffmann,  Science,  144,  862  (1964). 

(33)  M.  L.  Moore,  Org.  Reactions,  5,  301  (1949). 

(34)  A.  C.  Cope  and  E.  R.  Trumbull,  ibid.,  11,  317  (1960). 


oxide.  Disappointingly,  the  decomposition  of  32 
required  unusually  high  temperatures  (18O-210°X 
and  gave  as  its  main  product  not  4,  but  an  unidentifial 
product  which  seemed  to  be  aromatic.  This  study  of 
34  was  not  carried  further. 

The  olefinic  product  obtained  from  33b  had  the  ex- 
pected elemental  analysis,  and  its  molecular  formula 
was  confirmed  by  its  mass  spectrum,  which  showed  a 
parent  peak  at  m/e  106.  A  small  sample  of  4  was  hy- 
drogenated  over  Adams'  catalyst,  and  the  product  was 
found  to  be  identical  with  the  parent  tricyclooctane  2, 
as  shown  by  nmr  and  infrared  spectra,  and  by  gipc 
comparisons.  This  reaction  proved  that  the  basic 
tricyclic  nucleus  had  remained  unchanged  throughout 
the  series  of  reactions  which  culminated  in  the  forma- 
tion of  4. 

The  nmr  spectrum  of  4  shows  four  groups  of  absorp- 
tion bands  centered  at  r  3.93  (2  protons),  6.S3  (2  pro- 
tons), 8.15  (2  protons),  and  8.27  (4  protons).  A  tenta- 
tive assignment  of  these  absorption  bands,  based  upon 
the  chemical  shifts  of  closely  related  absorption  bands 
in  bicyclo[2.2.  l]heptene,  '^  bicyclo[2.2.  l]heptadiene,** 
and  tricyclooctane,  is  given  below.  The  spin-spin  cou- 
plings are  described  in  the  Experimental  Section.  Al- 
though the  coupling  pattern  appears  to  be  rationalized, 
it  should  be  noted  that  this  spin-spin  coupling  may  be 
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"deceptively  simple."  ••  One  interesting  aspect  of  the 
nmr  spectrum  of  4,  assuming  the  above  assignment  of 
the  absorption  bands,  is  the  long-range  coupling  (/ 
=  ca.  2  cps)  between  the  olefinic  (r  3.93)  and  homo- 
allylic  (r  8. IS)  protons,  d  and  b.  These  protons  do  not 
have  the  "W"  geometry  usually  associated  with  four- 
bond  proton-proton  coupling.*'  The  alternate  ex- 
planation that  the  coupling  of  the  olefinic  protons  is 
actually  with  the  adajacent  allylic  rather  than  with  the 
homoallylic  protons  would  appear  at  first  to  require 
quite  unusual  chemical  shift  assignments,  as  shown  in 
formula  4a.  Interesting  precedent  for  these  unexpected 
assignments,  however,  is  provided  by  the  nmr  spectrum 


a- r  8.27 
b«r6.53 
c»t8.15 
d-r3.93 

of  benzvalene  (35),  which  has  recently  been  synthesized, 
and  which  appears  to  have  its  allylic  proton  resonance 

(35)  P.  Laszlo  and  P.  von  R.  Schleyer,  /.  Am.  Chem.  Soc.,  86, 1171 
(1964). 

(3^  R.  J.  Abraham  and  H.  J.  Bernstein,  Can.  J.  Chem.,  39,  216  (1961). 

(37)  A.  Rassat,  C.  W.  Jefford,  J.  M.  Lehn,  and  B.  Waegell,  Tetrahf 
dron  Utters,  233  (1964). 
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ppm  upfield  from  that  of  the  homoallylic  pro- 
The  problem  of  distinguishing  between  these 

35 

b-r6.47 

C-r8.16 

d-r4.05 

)ssible  rationalizations  of  the  nmr  spectrum  of  4 
ibtle  one,  and  clarification  of  the  assignment  of 
B.IS  and  6.S3  bands  will  have  to  await  further 
gation. 

nmr  spectrum  of  4  aifords  an  opportunity  to 
te  the  degree  of  s  character  in  the  vinyl  carbon- 
^en  bonds  on  the  basis  of  the  corresponding  H-^'C 
Qg  constant.'*  The  coupling  constant  Jiic-h 
Is  upon  the  bond  order,  and  varies  from  J  =  125 
r  an  sp*  bond  to  7  =  250  cps  for  an  sp  bond." 
u'bon-hydrogen  spin-spin  coupling  constants  of 
des  closely  related  to  4,  and  of  4,  itself  are  col- 
in  Table  I.^    It  would  appear  from  these  data 

has  more  s  character  in  its  vinyl  carbon-hydro- 
onds  than  does  bicyclo[2.2.1]heptene,  and  less 
icyclo[2.2.  l]heptadiene. 
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yclopentene 

160.5 

5.8 

ydopentadiene 

170 

•  •  • 

thylene 
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11.4 

icyclo[2.2.  l]heptene 

165.5 

6.0 

icyclo[2.2.  llheptadiene 

172.5 

5.2 

ncyck)[3.3.0.0>'<]  octene 

167±1 

5.1 

ultraviolet  absorption  spectrum  of  4  appears  to 
particular  interest.  Its  longest  wavelength  band 
at  ca.  25 1  m/u,  whereas  the  comparable  absorp- 
tart  at  ca.  208  m/x  in  cyclopentene,  at  ca.  213  m/x 
rdo[2.2.  l]heptene,  and  at  ca.  221  mn  in  bicyclo- 
ticptadiene.**'**  This  ultraviolet  spectrum  is 
eceiving  more  careful  examination,  and  will 
ussed  elsewhere.  ^ ' 

iming  up,  tricyclooctane  2  has  been  functionalized 
ind  the  acetolysis  of  the  corresponding  3-tosyloxy 
tive  has  been  studied.  In  addition,  tricyclooc- 
has  been  synthesized  for  the  first  time.  This 
which  shows  several  unexpected  spectral  prop- 
provides  the  first  example  of  a  simple  bicyclo- 
[lexene. 
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Microanalyses  were  performed  by  the  Scandinavian  Microanalytical 
Laboratory,  Herlev,  Denmark,  and  by  the  Galbraith  Laboratories. 
Knoxville,  Tenn. 

Gas-Liquid  Partitioii  Ghromatography  (Glpc).  Analytical  deter- 
minations were  carried  out  on  Aerograph  Models  6(X)  Hy-Fl  and  660 
Hy-Fl.  Columns  of  the  following  liquid  phases  on  Firebrick  were 
used:  30%  Ucon  oil  nonpolar;  EDS  (15%  butanediol  succinate); 
30%  Carbcwax  20M;  TCEP  (20%  l,2,3-tri8(2-cyanoethoxy)pro- 
pane). 

A  Beckman  GC-2  gas  chromatograph  was  used  for  preparative 
glpc.  The  following  columns  were  used:  Carbowax,  10  ft  of 
30%  Carbowax  20M;  TCEP,  12  ft  of  20%  l,2,3-tris(2-cyanoeth- 
oxy)propane. 

Infrared  Spectra.  Most  infrared  spectra  were  run  on  a  Perkin- 
Elmer  Infracord  Model  1 37  B.  The  carbonyl  stretching  frequencies 
of  ketones  10  and  20  were  measured  on  a  Perkin-Elmer  Model  521 . 

Nociear  Magnetic  Resonance  Spectra.  Nmr  spectra  were  taken 
on  a  Varian  A-60  spectrometer,  in  carbon  tetrachloride,  unless 
otherwise  noted. 

Man  Spectra.  All  mass  spectra  were  run  on  a  CEC  21-103A 
spectrometer.  Each  spectrum  was  calibrated  with  a  compound 
of  known  mass. 

UitniTiolet  Spectra.  All  ultraviolet  spectra  were  taken  on  a  Cary 
Model  14  spectrophotometer  in  the  specified  solvent. 

THcydo[33.0.0**]octaiie  (2).*  A  solution  of  1,5-cyclooctadiene 
(25.3  g,  0.234  mole)  and  cuprous  chloride  (0.1  g)  in  ether  (1.8  1.) 
was  irradiated  in  a  2-1.  Vycor  flask  (equipped  with  a  condenser  and 
drying  tube)  by  a  bank  of  16  GE  68T5  lamps  placed  around  the 
flask.  After  1  day  a  green  precipitate  had  formed.  The  reaction 
mixture  was  filtered  and  the  flask  washed  with  nitric  acid.  The  fil- 
trate was  returned  to  the  flask  and  irradiated  for  an  additional  4 
days.  By  the  end  of  this  period,  a  black,  finely  divided  precipitate 
had  formied  and  coated  the  walls  of  the  flask.  The  reaction  mixture 
was  again  filtered  and  returned  to  the  cleaned  flask.  This  procedure 
was  repeated  again  after  the  tenth  day,  and  fresh  cuprous  chloride 
(50  mg)  was  added.  After  15  days  of  irradiation,  the  ratio  of  2 
to  l,5-<^looctadiene  was  estimated  to  be  15 :1  by  glpc  (30%  Ucon 
oil  nonpolar  at  80**)  and  irradiation  was  stopped.  The  reaction 
mixture  was  distilled  through  a  60-cm  spinning-band  column  and 
gave  five  fractions:  (1)  0.7  g,bp  65-1 17^  (2)  0.5  g,  bp  117-120^ 
(3)  4.6  g,  bp  120-125^  (4)  10.2  g,  bp  125-126»;  (5)  3.1  g,  bp  126- 
140^  Fractions  3  and  4  were  estimated  to  be  ca.  90%  2.  Fraction 
5  contained  ca.  50%  2  and  50%  of  other  CgHu  isomers.  The  un- 
disUlled  material  (7.3  g)  was  discarded.  The  product  could  be 
further  purified  by  refluxing  with  a  solution  of  potassium  perman* 
ganate  (20  g)  in  200  ml  of  water  for  1  hr.  Hydrocarbon  2  was  re- 
covered by  steam  distillation  from  the  permanganate  solution. 
Extraction  of  the  water  layer  with  M-pentane,  followed  by  distilla^ 
tion,  yielded  11.5  g  (45%)  of  ca.  98%  pure  2.  The  infrared  and 
nmr  spectra  agreed  with  the  published  data. ' 

c/5,aff//,rij-THcydo[3.3.0.0**]octaiie  (8).  From  several  prep- 
arations of  2,  fractions  equivalent  to  fraction  5  were  collected  and 
redistilled  through  a  spinning-band  column.  A  sample,  bp  133- 
135"^,  was  collected  which  was  estimated  to  be  60%  8  by  glpc  (Ucon 
oil  nonpolar).  This  fraction  was  further  purified  by  preparative 
glpc  (20%  TCEP),  yielding  a  sample  of  8  ca.  95%  pure.  An  nmr 
spectrum  of  8  showed  absorption  bands  centered  at  r  7.9,  8.5, 
8.98,  and  9.45.  A  sample  collected  from  the  preparative  glpc  was 
analyzed. 

Anal.  Calcd  for  CfHu:  C,  88.82;  H,  11.18.  Found:  Q 
88.72;  H,  11.27. 

A  comparison  of  the  nmr  and  infrared  spectra  of  8  with  those  of 
an  authentic  sample  of  cilf,an//,c/<r-tricyclo[3.3.0.0''*]octane,i<''^^ 
obtained  directly  from  Professor  S.  Winstein,  showed  the  two  com- 
pounds to  be  identical. 

Tiricydo[33.0.0*'*]octaiK3-oiie  (10).  Acetic  acid  (200  ml)  and 
acetic  anhydride  (200  ml)  were  added  to  a  2-1.  three-necked  flask 
which  was  equipped  with  a  Teflon  stirrer  and  a  thermometer. 
Chromium  trioxide  (40  g)  was  added  to  the  solution  with  stirring,  to 
prevent  the  formation  of  a  solid  mass.  Heat  was  evolved  as  the 
chromium  trioxide  reacted  with  the  acetic  anhydride  to  form 
chromyl  acetate.  After  being  stirred  for  1  hr,  the  reaction  nuxture 
was  cooled  to  0**  and  hydrocarbon  2  (27.8  g,  0.228  mole)  of  ca. 
98  %  purity  was  added  dropwise  at  such  a  rate  that  the  temperature 
remained  below  3^  After  being  stirred  for  15  hr  at  0-3^  the  reac- 
tion mixture  was  warmed  slowly  to  15°  and  then  heated  to  75®. 
Water  (200  ml)  was  added  to  the  reaction  mixture  and  heating  was 
continued  at  100**  for  2  hr.  The  reaction  mixture  was  cooled  and  a 
solution  of  sodium  hydroxide  (360  g)  in  5(X)  ml  of  water  (enough 
base  to  neutralize  90%  of  the  acetic  add)  was  carefully  added,  with 
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cooling.  The  reaction  mixture  was  diluted  with  water  and  ex- 
tracted with  ether  six  times.  The  ethereal  solution  was  washed  with 
saturated  sodium  bicarbonate  solution  until  the  washings  remained 
basic,  then  with  saturated  sodium  chloride  solution,  and  was  finally 
dried  over  sodium  sulfate.  The  dried  ethereal  solution  was  dis- 
tilled through  a  Podbielniak-type  column  to  remove  solvent,  and 
the  undistilled  residue  was  redried  over  magnesium  sulfate  and 
finally  distilled  to  yield  ketone  10  and  acetate  11  [bp  90""  (32  mm)] 
in  a  9 : 1  ratio  as  estimated  by  glpc  (15  %  BDS  at  120"").  The  yield 
of  the  ketone-acetate  mixture  was  ca,  60%  based  on  the  amount  of 
hydrocarbon  consumed.  A  small  sample  of  the  product  mixture 
was  purified  by  zone  freezing,  and  the  ketone,  whose  melting  point 
was  slightly  below  room  temperature,  was  analyzed.  The  infrared 
spectrum  (neat)  of  10  showed  absorption  maxima  at  3.4,  5.69,  7.05, 
7.80,  8.08,  8.30,  8.65,  9.00,  9.9,  11.20,  12.1,  and  12.3  m-  The  nmr 
spectrum  exhibited  singlets  at  r  7.40  (2)  7.78  (2),  7.85  (2),  and  8. 1 3  (4). 

Anal.  Calcd  for  C^ioO:  C,  78.65;  H,  8.25.  Found:  C, 
78.75;  H,8.21. 

A  semicarbazone,  mp  199-200°,  was  prepared  from  10  and  re- 
crystallized  for  analysis  from  absolute  ethanol. 

Anal,  Calcd  for  C,Hi<N|0:  C,  60.31;  H,  7.31;  N,  23.45. 
Found:    C,  60.45;  H,7.32;  N,  23.50. 

A  2,4-dinitrophenylhydrazone,  mp  206-207°,  was  prepared  from 
10  and  recrystallized  for  analysis  from  ethyl  acetate. 

Anal.  Calcd  for  C14HUN4O4:  C,  55.62;  H,  4.67;  N,  18.54. 
Found:    C,  55.85;  H,  4.85;  N,  18.68. 

Tricyclo[3^.0.0«*]octeii-3-ol  (12).  Ketone  10  (885  mg,  7.25 
mmoles)  in  anhydrous  ether  (10  ml)  was  added  dropwise  to  a  stirred 
suspension  of  lithium  aluminum  hydride  (200  mg)  in  ether  (25  ml). 
The  reaction  mixture  was  refluxed  for  15  min,  then  cooled.  Water 
(1  ml)  was  cautiously  added.  After  being  stirred  for  a  further 
30  min,  the  reaction  mixture  was  filtered,  and  the  precipitated 
salts  were  washed  three  times  with  ether.  The  ethereal  solution 
was  dried  (magnesium  sulfate)  and  filtered  and  the  ether  removed  to 
yield  a  colorless  oil  (750  mg)  which  crystallized  on  standing.  When 
the  reaction  product  was  sublimed,  it  yielded  alcohol  12  (7CX)  mg, 
78%),  mp  33^34°.  The  infrared  spectrum  (neat  melt)  showed  ab- 
sorption maxima  at  3.0,  3.38,  3.47,  7.4,  7.8,  8.73,  9.10,  9.5,  9.7, 
9.85,  and  1 1.8  m*  The  nmr  spectrum  showed  a  one-proton  doublet 
(7  =  7  cps)  at  r  5.58  (HCO),  a  singlet  at  r  5.96,  and  a  complex 
series  of  peaks  from  r  7.45  to  8.6  (10  protons). 

Anal.  Calcd  for  QHnO:  C,  77.37;  H,  9.74.  Found:  C, 
77.47;  H,9.79. 

3-Acetoxytricyclo[33.0.0**]octaiie  (11).  Alcohol  12  was  acetyl- 
ated  in  the  usual  way,  by  treatment  with  acetic  anhydride  and  pyri- 
dine. After  the  usual  work-up,  the  product  was  distilled  through 
a  Podbielniak-type  column  to  yield  11,  bp  65°  (2.5  mm)  (5.6  g, 
75%).  An  infrared  spectrum  showed  acetate  absorption  maxima 
at  5.67  and  8.00  ft. 

Anal.  Calcd  for  doHi^Os:  C,  72.26;  H,  8.49.  Found: 
C,  72.45;  H,  8.53. 

Tdcyclo[3.3.0.0'*]octan-3-ol   p-Toluenesulfonate  (13).    Alcohol 

12  (1.07  g,  0.0086  mole)  and  p-toluenesulfonyl  chloride  (1.82  g, 
0.01  mole)  were  dissolved  in  pyridine  (5  ml)  at  0°.  To  the  reac- 
tion mixture,  after  standing  for  18  hr  at  5°,  was  added  a  small 
piece  of  ice  to  destroy  any  remaining  tosyl  chloride.  After  remain- 
ing 30  min  more  at  5°,  the  reaction  mixture  was  poured  into  ice. 
A  white  precipitate  quickly  formed.  The  white  solid  was  filtered, 
washed  with  water,  and  dried  to  yield  crude  13  (2.19  g).    The  crude 

13  was  recrystallized  from  2-methyl butane  (175  ml)  by  cooling  the 
solution  to  —40°,  which  yielded  the  tosylate  13  as  a  white  crystalline 
solid  (2.03  g),  mp  65-66°.  A  second  crop  of  crystals  (0.08  g), 
mp  64-65°,  was  obtained  by  removal  of  two-thirds  of  the  solvent 
and  cooling  to  -  78  °.  The  total  yield  of  13  was  2. 1 1  g  (88  %).  An 
infrared  spectrum  (CHCI3)  showed  bands  at  6.22,  7.3-7.4,  8.52, 
and  10.3  /k«  which  correspond  to  a  p-toluenesulfonate  ester.  A 
sample  of  13,  mp  65-66°,  was  recrystallized  from  2-methylbutane 
for  analysis. 

Anal.  Calcd  for  CuHisSOi:  C,  64.73;  H,  6.52;  S,  11.50. 
Found :    C,  64.58 ;  H,  6.62 ;  S,  1 1 .61 . 

Kinetic  Measurements  of  Acetdysis  of  13.  The  solvolysis 
reactions  were  run  in  anhydrous  acetic  acid  solution  that  was  0.0549 
N  in  sodium  acetate.  In  both  runs  a  specified  amount  of  13  was 
dissolved  in  25 .(X)  ml  of  the  solvent,  and  samples  were  withdrawn 
from  the  reaction  flask  with  a  l.(X)-ml  pipet.  The  samples  were 
titrated  with  0.0328  N  perchloric  acid  in  acetic  acid  using  bromo- 
phenol  blue  as  indicator.  The  buret  used  had  a  2-ml  capacity 
with  a  micrometer  drive  that  could  be  read  to  the  nearest  0.(X)1 
ml;  at  35.0°,  ik  -  4.08  X  10-»  sec->;  at  50.0°,  k  =  2.52  X  10"* 
sec"*. 


CharacterizatioD  of  Acetdysis  Products  Derived  froni  13.  Tosyl- 
ate 13  (5.6  g)  was  dissolved  in  a  solution  of  glacial  acetic  add  (100 
ml)  which  contained  acetic  anhydride  (6  ml)  and  was  0.5  N  in 
sodium  acetate.  The  solution  was  heated  at  95°  for  0.5  hr;  water 
(5  ml)  was  added,  and  heating  was  continued  for  0.5  hr  at  95  ^ 
The  reaction  mixture  was  cooled  and  poured  intoa  separatory  funnd, 
and  water  and  ether  were  added.  The  aqueous  layer  was  extracted 
four  times  with  ether.  The  ethereal  solution  was  washed  with  a 
saturated  sodium  carbonate  solution  until  the  washings  remained 
basic,  then  with  saturated  sodium  chloride  solution.  It  was  finally 
dried  over  magnesium  sulfate.  The  ether  was  removed  by  distilla- 
tion and  the  residue  distilled,  yielding  three  fractions:  (1)  0.40  g, 
bp  41°  (32  mm);  (2)  1.82  g,  bp  73°  (5  mm);  (3)  0.09  g.  bp  73" 
(5  mm).  Fraction  1  (20%  yield  over-idl)  was  shown  to  be  identical 
with  bicyclo[3.3.0]octadiene-2,6  by  infrared  and  nmr  spectral  com- 
parison.** Fractions  2  and  3  (57%  over-all)  were  shown  to  be 
acetates  by  their  infrared  spectra.  They  were  reduced  by  litliiuai 
aluminum  hydride  in  the  usual  fashion.  The  alcohols  {ca.  1  g 
of  the  mixture)  were  separated  by  preparative  glpc  (30%  Carbowax 
at  160°).  The  major  product  (70%  of  the  alcohols;  40%  over-all) 
was  shown  to  be  tricyclooctan-3-ol  12  by  infrared  comparison  with 
an  authentic  sample.  The  minor  alcohd  (30%  of  the  aicobob; 
17%  over-all)  showed  infrared  absorption  at  3.0  and  3.28  m*  IIk 
nmr  spectrum  showed  bands  centereid  at  r  4.67  (2),  6.25  (1),  6.66 
(1),  and  a  complex  series  of  bands  from  r  7.3  to  8.95.  A  glpc  puri- 
fied sample  was  analyzed. 

Anal.  Calcd  for  QHitO:  C,  77.38;  H,  9.74.  Found:  C. 
77.14;  H.9.72. 

A  sample  of  the  unknown  alcohol  was  hydrogenated  over  pre- 
reduced  Adams*  catalyst  in  methanol.  The  reaction  mixture  was 
poured  into  a  separatory  funnel  and  water  and  pentane  were  added. 
The  aqueous  layer  was  extracted  twice  with  pentane.  The  pentane 
layer  was  dried  over  sodium  sulfate  and  filtered,  and  the  pentane  re- 
moved, leaving  an  alcohol  with  infrared  absorption  maxima  at  2.95, 
6.87,  7.42,  9.0.  9.3-9.4,  9.83.  10.02.  10.2,  and  10.67  n.  A  phenyl- 
urethan  was  prepared  from  this  alcohol  and  appeared  as  a  white, 
crystalline  solid,  mp  71-76°.  The  white  solid  was  recrystallized 
once  from  pentane,  yielding  a  phenylurethan,  mp  73-76°  (lit" 
exo-bicyclo[3.3.0]octan-2-ol  phenylurethan,  mp  75-76**).  About 
ICX)  mg  of  the  hydrogenated  alcohol  was  oxidized  in  acetone  by  N- 
bromosuccinimide,  according  to  the  procedure  of  Cope."  A  2,4- 
dinitrophenylhydrazone  was  prepared  from  the  crude  ketone.  This 
derivative  was  chromatographed  over  activity  1  alumina,  using 
benzene  as  the  eluent.  The  first  8  fractions  were  combined,  the 
solvent  was  removed,  and  the  somewhat  purified  product  was  re- 
chromatographed  on  a  silica  gel  thin  layer  plate,  using  peotaae- 
ethyl  acetate  (95:5)  as  the  eluent.  The  orange  band,  whicfa  had 
separated  from  a  colorless  band,  was  removed  from  the  plate  and 
the  product  extracted  from  the  silica  gel  with  chloroform.  The 
chloroform  was  removed  and  the  derivative  crystallized  upon  stand- 
ing. It  was  recrystallized  once  from  ethanol  to  give  a  sample 
with  mp  111-120°.  The  2,4-dinitrophenylhydrazooe  of  bicyclo- 
[3.3.()]octan-2-one  is  reported  to  have  a  similar  melting  point  range, 
110-1 14.5°,  attributed  to  a  mixture  of  the  syn  and  anti  isomers.  **•*« 

3-Chlorotricyclo[33.0.02*]octane  (9).  Tricyclooctane  2  (9.74 g, 
0.090  mole)  was  added,  in  the  dark,  to  a  flask  which  contained  a 
solution  of  benzene  (107  g)  and  chlorine  (ca.  3.5  g,  0.05  mok). 
The  flask  was  then  placed  in  a  beaker  of  ice  and  set  in  the  sunlight 
After  1  min  the  color  of  the  chlorine  had  disappeared.  Nitrogen 
was  bubbled  through  the  reaction  mbcture  to  remove  most  of  the 
hydrochloric  acid.  The  solution  was  extracted  once  with  a  sat- 
urated sodium  bicarbonate  solution  and  finally  dried  over  sodium 
sulfate.  The  reaction  mixture  was  distilled  through  a  spinning- 
band  column  (60  cm)  and  yielded  hydrocarbon  2  (4.89  g)  and  chloro- 
carbon  9  (3.52  g.  55%).  bp  68°  (10  mm).  An  infrared  spectrum 
(neat)  showed  absorption  maxima  at  3.39,  3.48,  6.91,  7.78,  7.98, 
8.06,  9.15,  10.72,  10.92,  11.15,  13.8-13.9,  and  14.0  m*  The  nmr 
showed  a  complex  one-proton  doublet  (J  =  ca.  7  cps)  at  r  5JS 
(HCQ)  and  a  complex  series  of  peaks  from  r  7.3  to  8.6  (10  protons). 

Anal.  Calcd  for  QHuCl:  C,  67.37;  H,  7.78;  a,  24.85. 
Found:    C,  67.20;  H,7.92;  0,24.71. 

Brooiination  of  Tricyclo[33.0.0**]octane.  To  a  three-necked 
flask,  equipped  with  stirrer,  condenser,  and  dropping  funnel,  was 
added  tricyclooctane  2  (2.9  g,  0.027  mole)  and  bromine  (8  ml). 
The  reaction  mixture  was  heated,  and  at  ca.  40°  hydrogen  bromide 
started  to  evolve.  Heating  was  continued  at  60®  for  8  hr;  the 
reaction  mixture  was  diluted  with  carbon  tetrachloride  (25  ml). 
The  reaction  mixture  was  cooled  and  poured  into  a  beaker  which 
contained  a  solution  of  sodium  sulfite.  After  the  bromine  had 
reacted,  the  reaction  mixture  was  poured  into  a  separatory  funnel 
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lycn  were  sefMurated,  and  the  organic  layer  was  washed  with  a 
Bted  sodium  bicarbonate  solution  until  the  washings  remained 
.  The  reaction  mixture  was  dried  over  sodium  sulfate.  The 
ion  was  decanted  from  the  drying  agent  and  the  carbon  tetra- 
ide  and  2  were  removed  by  means  of  a  rotary  evaporator, 
remaining  oil  (4.32  g)  was  distilled  to  give  a  pale  yellow  oU, 
y^lV  (0.5  mm)  (1.79  g).  An  nmr  spectrum  showed  a  com- 
ib6orptionfromr4.5to8.7.    A  sample  was  redistilled  for  anal- 

o/.  Cakd  for  QHitBrt:  C,  36.12;  H,  4.06;  Br,  59.82. 
d:    Q  34.45;  H,  4.36;  Br,  61.08. 

nricyclo[a3.0.0'*]octaii-3HNie  Oxime  (29).  To  a  50-ml  flask 
idded  ketone  10  (2.08  g,  0.017  mole),  hydroxylamine  hydro- 
ide  (1.75  g,  0.019  mole),  potassium  hydroxide  (1.8  g),  water 
IX  and  methanol  (5  ml).  Concentrated  hydrochloric  acid  was 
I  to  the  reaction  mixture,  after  standing  at  room  temperature 
days,  until  the  mixture  became  acidic.  The  methanol  was 
fed  by  means  of  a  rotary  evaporator,  and  the  remaining  mix- 
»f  oily  oxime  and  water  was  extracted  twice  with  ether.  The 
si  solution  was  washed  once  with  saturated  sodium  chloride 
Dn,  dried  over  magnesium  sulfate,  and  filtered.  The  ether 
emoved  by  means  of  a  rotary  evaporator.  The  remaining 
46  g)  was  sublimed  and  yielded  oxime  29,  mp  54-57.5°  (2.21 
^).  The  infrared  spectrum  (CQO  showed  absorption  maxima 
-3.2,  3.4,  5.88,  7.80,  8.05,  8.29,  8.97,  9.16,  10.6,  10.8,  and 

I*- 

i/.    Calcd  for  C^uNO:    C,  70.04;    H.  8.08;    N,  10.21. 

i:    C,  70.25;  H,  7.98;  N,  10.08. 

he  starting  material  were  not  pure  ketone  10  but  a  mixture  of 

e  10  and  acetate  11,  then  the  best  method  for  the  purification 

e  oxime  was  recrystallization  from  pentane.    The  impure 

\  was  dissolved  in  ca.  15  times  its  volume  of  pentane  and  cooled 

ID®.    An  oil  separated  after  1  hr;  the  pentane  was  decanted 

ius  oil  and  the  pentane  cooled  to  —40°  for  an  additional  12  hr. 

entane  was  dented  from  the  crystalline  oxime  and  the  oxime 

lown  free  of  pentane  by  a  stream  of  nitrogen.    The  yield  was 

ricyclo[3.3.0.0''*]octylanliie  (30).  A  solution  of  oxime  29 
Oj059  mole)  in  anhydrous  tetrahydrofuran  (1(X)  ml)  was  added 
rise  to  a  stirred  suspension  of  lithium  aluminum  hydride 
;)  in  tetrahydrofuran  (300  ml).  The  reaction  mixture  was 
ed  for  2  days.  After  cooling,  the  suspension  was  hydrolyzed 
e  dropwise  addition  of  water  (25  ml),  followed  by  stirring 
i  additional  30  min.  The  solution  was  filtered,  and  the  pre- 
jed  inorganic  salts  were  extracted  by  ether  in  a  Soxhlet  ap- 
a  for  1  day.  The  combined  tetrahydrofuran  and  ether 
xis  were  dried  over  molecular  sieves  (Fisher  Type  4A)  and 
1,  and  the  solvent  was  distilled  off  through  a  Podbielniak- 
zdbutm.  The  residue  was  distilled  and  yielded  amine  30 
U  82%),  bp  83°  (32  mm).  The  infrared  spectrum  (neat) 
d  absorption  maxima  at  2.95,  3.0,  3.40,  3.47,  6.2,  6.81,  6.90, 
7.40,  7.80,  9.13,  and  11.1  /x-  The  nmr  spectrum  showed  a 
ex  ooe-proton  doublet  (J  »  ca.  8  cps)  at  r  6.68  (HCN),  and 
iplex  series  of  peaks,  characteristic  of  the  3-substituted  de- 
cs of  the  tricyclooctane  nucleus,  from  r  7.7  to  9.0. 
Iicoylthiourea,  mp  1 34-1 43  °,  was  prepared  from  30.  Repeated 
tallizations  from  ethanol  and  acetone-pentane  gave  a  sample 
was  analyzed,  despite  its  broad  melting  range  (1 34-143°). 
f.    Cikd  for  Ci,Hi,N,S:    C,  69.74;    H,  7.02.    Found:    C, 

H,  7.12. 

JM)iBethylaniiio(ricydo[33.0.0.>i]o(abuie  (32).  To  amine 
I  g,  Oj024  mole)  was  added,  with  cooling,  formic  acid  (5.0  g) 
rmaldehyde  (5  J5  g  of  a  33  %  solution).  The  reaction  mixture 
atcd  on  a  steam  bath  for  several  hours,  cooled,  and  acidified 
i  N  hydrochloric  acid.    All  volatile  material  was  removed 

fcduoed  pressure,  and  the  remaining  oil  made  basic  with 

IB  sodium  hydroxide.    The  aqueous  mixture  was  extracted 

Lhcr  and  dried  over  magnesium  sulfate  and  the  ether  removed 

a  rotary  evaporator.    The  remaining  colorless  oil  was  dis- 

ind  yiekied  amine  32  (3.0  g,  80%),  bp  74°  (15  mm).    The 

d  spectrum  showed  absorption  maxima  at  3.55  and  3.61  ft, 

tcristic  of  the  N,N-dimethyl  grouping. 

icrate,  mp  178-178.5°,  was  prepared  from  32  and  recrystal- 

3r  analysis  from  ethanol. 

f.    Cakd  for  QcHmNaO,:    C,  50.53;    H,  5.30;    N,  14.73. 

:    C,  50.72;  H,  5.33;  N,  14.63. 
ic3rclo(33ilil**]octyltriMtliylaiiiiiioniuni    Iodide   (33a).    A. 

(IM  g,  0.0071  mole)  in  ether  (20  ml)  was  added  methyl 

(2  ml)  and  potassium  carbonate  (0.25  g).    The  reaction 
e  tfarted  to  turn  cloudy  almost  immediately  and  was  let 


stand  at  room  temperature  overnight.  The  precipitate  that  had 
formed  was  filtered,  washed  with  ether,  and  recrystallized  from 
ethanol-ether,  yielding  33a  (2.02  g,  95  %),  mp  234-243  °.  A  sample, 
mp  245-247°  dec,  was  recrystallized  for  analysis  from  ethanol- 
ether. 

Ana!.  Odcd  for  QiHmNI:  C,  45.23;  H,  6.85;  N,  4.76;  I, 
43.12.    Found:    C,  44.99;  H,6.70;  N,4.82;  1,43.18. 

B.  Oxime  29  (12.0  g,  0.0879  mole)  in  tetrahydrofuran  (100  ml) 
was  added  to  a  stirred  slurry  of  lithium  aluminum  hydride  (10  g)  in 
tetrahydrofuran  (5(X)  ml,  freshly  distilled  from  lithium  aluminum 
hydride).  The  reaction  mixture  was  refluxed  for  2  days  and  cooled, 
and  water  (40  ml)  was  carefully  added.  The  reaction  mixture, 
after  stirring  for  an  additional  hour,  was  filtered,  and  the  precipi- 
tated inorganic  salts  were  extracted  by  ether  in  a  Soxhlet  apparatus 
for  1  day.  The  combined  tetrahydrofuran  and  ether  solutions  were 
dried  over  molecular  sieves  (Fisher  Type  4A).  The  solution  was 
decanted  from  the  molecular  sieves,  and  methyl  iodide  (8.1  ml, 
0.088  mole)  was  added  to  the  solution  and  let  stand  overnight. 
The  solvent  was  distilled  off  through  a  Podbielniak-type  column. 
The  residue  was  transferred  to  a  small  flask  and  methanol  (100  ml), 
methyl  iodide  (35  ml),  and  sodium  carbonate  (30  g)  were  added; 
the  reaction  mixture  was  then  refluxed  for  2  days.  The  methanol 
and  methyl  iodide  were  removed  by  means  of  a  rotary  evaporator 
and  the  remaining  salts  extracted  four  times  with  boiling  chloroform 
(l(X)-ml  portions).  The  chloroform  was  removed  by  rotary  evap- 
oration, and  the  residue  was  recrystallized  from  ethanol-ether, 
yielding  crystalline  33a  (22.9  g,  83  %). 

THcydo[33.0.0*'*]octene-3  (4).  Trimethylammonium  iodide  33a 
(12.5  g,  0.(MO  mole)  was  dissolved  in  a  solution  of  methanol  (1(X)  ml) 
and  water  (50  ml).  To  this  solution  was  added  freshly  prepared 
silver  oxide  (0.050  mole),  and  the  reaction  mixture  was  stirred  for  2 
days  at  35°.  The  reaction  mixture  was  then  filtered,  and  the  silver 
salts  were  washed  with  three  portions  of  methanol  (20  ml).  The 
combined  filtrate  and  washings  were  distilled,  in  a  nitrogen  atmos- 
phere, under  reduced  pressure.  When  the  solvent  had  been  re- 
moved, the  syrupy  residue  was  heated.  Decomposition  com- 
menced at  95°  (12  mm)  and  was  complete  at  120°  (12  mm).  To  the 
products,  which  were  collected  in  a  flask  cooled  in  a  Dry  Ice  bath, 
was  added  pentane  (5  ml).  The  reaction  mixture  was  cooled  in  a 
freezer.  After  the  water  had  frozen,  the  organic  layer  was  decanted 
and  the  ice  washed  with  pentane  (5  ml).  The  combined  pentane 
solution  was  dried  over  sodium  sulfate.  The  solution  was  then 
distilled  through  an  8-in.,  spinning-band  column  and  was  cut  into 
six  fractions:  (1)  0.0547  g,  bp  63°  (130  mm);  (2)  0.616  g,  bp  58° 
(110  mm);  (3)  0.232  g,  bp  86-108°  (100  mm);  (4)  1.15  g,  bp  108- 
118°  (100  mm);  (5)  1.01  g,  bp  118°  (100  mm);  (6)  0.807  g,  bp 
118°  (100  mm).  Fractions  1  and  2  were  shown  to  be  4  (29%  yiekl 
from  33a;  60%  based  on  unrecovered  amine  32)  and  fractions  3-6 
were  shown  to  be  32.  The  infrared  spectrum  of  4  showed  absorption 
at  3.24,  3.37,  3.48,  6.44.  6.82,  7.65,  8.02,  8.3.  8.57,  11.15,  and  14.7 
M.  The  infrared  absorption  band  at  6.44  m  is  tentatively  assigned 
to  the  C=C  stretching  frequency.*^  The  nmr  spectrum  (CCIO 
showed  a  two-proton  triplet  (7  =  2  cps)  at  r  3.93,  a  2-proton  pen- 
tuplet  (J  »  0.7  cps)  at  r  6.53,  a  two-proton  triplet  (7  «  2  cps)  of 
pentuplets  (J  =  0.4  cps)  at  r  8.15.  and  a  complex  four-proton  band 
centered  at  r  8.27.    A  sample  of  fraction  1  was  analyzed. 

Anal.  Calcd  for  QHie:  C,  90.51;  H,  9.49.  Found:  C, 
90.35;  H,9.50. 

A  small  sample  of  4  was  hydrogenated  over  prereduced  Adams 
catalyst  in  methanol.  The  methanol  solution  was  extracted  with 
water  and  pentane.  The  pentane  layer  was  dried  over  magnesium 
sulfate,  llie  pentane  was  distilled  off  and  the  residue  was  sep- 
arated, by  preparative  glpc  (30%  TCEP),  from  the  remaining 
solvent  and  shown  to  be  tricyclo[3. 3.0.0* ^octane  by  glpc  and  infra- 
red and  nmr  spectral  comparisons. 

The  ultraviolet  spectrum  of  4  showed  an  absorption  maximum  at 
ca.  215  niM  (in  isooctane)  with  an  extinction  coefficient  of  2640; 
at  230  m/i,  the  extinction  coeflSdent  was  1730;  at  240  m/i.  it  was 
700;  at  250  mju,  it  was  150.  The  O-O  band  is  centered  at  250  m^ 
in  this  solvent.  A  spectrum  was  also  run  in  the  vapor  phase.  A 
very  small  drop  of  4  was  spaced  in  a  1-cm  liquid  cell  and  a  spectrum 
of  the  vapor  was  taken.  Vibrational  fine  structure  could  be  seen 
on  the  electronic  absorption  envelope  at  251,  246,  239.  237,  232, 
227,  223,  220,  219,  215,  213.5,  212.2,  211.2,  and  211.0  mju.  The 
extinction  coeflSdents  were  not  determined  in  the  vapor  phase 
spectrum. 


(44)  For  a  discussion  of  the  relationship  between  C=C  stretching 
frequencies  and  bond  angles,  see  C.  F.  Wilcox  and  R.  R.  Craig,  /.  Am. 
Chem.  Soc.,  83,  3866  (1961). 
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The  mass  spectrum  of  4  determined  on  a  CEC  21-1 30A  instru- 
ment at  70  ev  showed  a  parent  peak  at  m/e  106,  a  base  peak  at  78, 
and  other  intense  peaks  at  91 ,  39,  and  105. 

3-NJ4-Diiiiethyltricydo[3.3.0.0*<]octylainiiio  Oxide  (34).  To  a 
50-ml  flask  was  added  32  (0.718  g,  4.75  mmoles),  methanol  (2  ml), 
and  hydrogen  peroxide  (30%,  2  ml),  and  the  reaction  mixture  was 
let  stand  at  room  temperature  for  2  days.  A  small  amount  of 
platinum  black  was  added  to  destroy  any  remaining  hydrogen 
peroxide.  The  solvent  was  removed  under  reduced  pressure, 
leaving  a  white  solid  (0.86  g).    The  amine  oxide  was  recrystallized 


from  tetrahydrofuran  to  yield  crystalline  34  (0.76  g,  93%),  mp 
104-106^  no  dec. 

Pyroiysis  of  Amine  Oxide  34.  Pyrolysis  of  the  amine  oxide  34 
was  accomplished  by  heating  in  a  round-bottomed  flask  equipped 
with  a  capillary  nitrogen  inlet  and  connected^through  a  short  colunm 
to  two  traps  in  series,  cooled  in  Dry  Ice.  The  nitrogen  pressure  wts 
reduced  to  10  mm,  and  most  of  the  amine  oxide  decomposition  took 
place  between  180  and  210  ^  An  nmr  spectrum  of  the  crude  vdatile 
products  showed  that  only  about  5  %  was  the  hoped  for  tricydooc- 
tene  4,  while  the  rest  seemed  to  be  aromatic. 
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Abstract:  The  new  heteroaromatic  compounds,  dibenzo-l,3a,6,6a-tetraazapentalene(m)  and  -l,3a,4,6a-tetraaza« 
pentalene  (U),  have  been  prepared  in  good  yield  by  the  thermal  and  photochemical  deM;x)mpositions  of  the  cMuido 
phenyl  derivatives  of  IH-  and  2H-benzotriazoles,  respectively.  The  physical  and  spectral  properties  of  these  un- 
usually stable  pentalene  analogs  are  described,  as  well  as  their  structure  determination.  The  mode  of  fonnation 
of  the  tetraazapentalene  and  the  role  of  the  annular  nitrogen  atoms  in  providing  a  4/i  +  2  x  electron  system  are  dis* 
cussed. 


In  recent  years,  there  has  been  great  interest  in  formu- 
lating and  demonstrating  aromatic  character  for  a 
variety  of  carbocyclic  and  heterocyclic  systems.*  Aro- 
matic stability  has  been  demonstrated  in  cyclopropen- 
ium,  cyclopcntadienide,  benzene,  tropylium,  and  cyclo- 
nonatetraenide,  as  weU  as  in  nonaltemant  and  hetero 
systems,  such  as  ferrocene,  tropolone,  and  azulene.' 
All  of  these  compounds  contain  2,  6,  10,  etc.,  t  elec- 
trons and  illustrate  an  extension  of  Huckel's  argument 
that  cyclic  molecules  having  4n  +  2  t  electrons  possess 
closed  shells  of  electrons  and  large  delocalization  ener- 
gies.^ 

The  hydrocarbon  pentalene,  an  8  7r  electron  system, 
has  never  been  synthesized  despite  repeated  efforts.^ 
Condensed  pentalenes  have  been  prepared  and  found  to 
possess  no  special  stability;  for  example,  dibenzo- 
pentalene  is  reported  to  exhibit  olefinic  properties 
around  the  central  pentalene  nucleus,  which  undergoes 
polymerization,  addition  of  bromine,  etc.*** 

(1)  These  compounds  may  be  named  as  S,n-dehydro-5H,llH- 
benzotriazolo[2,l-<i>  and  S,7-dehydro-SH,7H-benzotriazolo[l,2-a> 
benzotriazole,  respectively.  The  trivial  name  of  azapentalenes  is 
employed  in  this  and  subsequent  papers  in  order  to  call  attention  to  the 
central  rings,  to  which  these  systems  owe  so  much  of  their  properties. 

(2)  Excellent  reviews  of  these  topics  have  appeared  recently.  See,  for 
instance:  (a)  **Non-Benzenoid  Aromatic  Compounds,**  D.  Ginsberg, 
Ed..  Intersdence  PubUshers,  Inc..  New  York.  N.  Y..  1959;  (b)  M.  E. 
VoPpin,  Russ.  Chem.  Rev.,  29,  129  (1960). 

(3)  Leading  references  to  recent  works  appear  in  E.  A.  LaLancette 
and  R.  E.  Benson,  /.  Am.  Ckem.  Sac.,  87,  1941  (1965). 

(4)  E.  HUckel.  Z.  Physik.,  70,  204  (1931). 

(5)  (a)  J.  W.  Barrett  and  R.  P.  Linstead,  J.  Chem.  Soc.,  611  (1936); 
(b)  C.  T.  Blood  and  R.  P.  Linstead,  ibid.,  2255.  2263  (1952);  C.  C. 
Chuen  and  S.  W.  Fenten,  /.  Org.  Chem.,  23,  1538  (1958);  (c)  J.  D. 
Roberts  and  W.  F.  Gorham,  /.  Am.  Chem.  Soe.,  74,  2278  (1952);  (d) 
M.  Gates  and  S.  P.  Malchick,  ibid.,  79,  5546  (1957). 


The  azapentalenes  are  of  special  interest  since  their 
properties  are  governed  to  a  striking  extent  by  the 
orientation  of  the  hetero  atoms.    Thus,  a2:apentalenes 


•to 


with  pyridine-type  nitrogens  at  the  nonfused  positions 
(e.g.,  1-6  of  compound  I)  in  either  or  both  rings 
contain  8  t  electrons  and  are  expected  to  be  nonaro- 
matic. 

Paul  and  Weise  found  that  both  2,3-benzo-l-aza- 
pentalene  and  5,6-benzo-l-azapentalene  arc  brown,  un- 
stable materials  which  could  not  be  isolated  pure.* 

Kato  and  Ohta^  were  unsuccessful  in  an  attempt  to 
prepare  the  8  7r  electron  dibenzo- 1,4-diazapentalene 
from  diindole.  Treibs*  reported  the  preparation  of  this 
derivative  through  dehydrogenation  of  diindole ;  how- 
ever, this  work  was  recently  reported*®  to  be  erroneous. 

The  preparation  of  the  highly  stable,  heteroaromatic 
compound,  dibenzo- 1 ,3a,4,6a-tetraazapentalene  (II), 
was  described  earlier."*    Recently,  we  have  synthe- 


(6)  H.  Paul  and  A.  Wdse.  Tetrahedron  Letters,  163  (1963). 
authors  dispute  an  earlier  report  of  the  synthesis  of  2,3-benao-l-i 
pentalene.  7 

(7)  W.  Trdbs.  Naturwissenschaften,  46,  170  (1959). 

(8)  H.  Kato  and  M.  Ohta,  Bull.  Chem.  Soe.  Japan,  34,  357  (1961). 

(9)  W.  Treibs,  Naturwissenschaften,  4S,  130  (1961). 

(10)  H.  Paul  and  A.  Wdse,  Z.  Chem.,  4,  147  (1964). 

(11)  (a)  R.  A.  Carboni  and  J.  E.  Castle,  /.  Am.  Chem.  Soe.,  84, 2453 
(1962).  Since  this  report,  several  other  examples  of  aromatic  asapeat- 
alenes  have  appeared;  e.g.,  (b)  T.  W.  O.  Solomons  and  F.  W.  Fowkr, 
Chem.  Ind.  (London),  1462  (1963);  (c)  T.  W.  O.  Sok>iiioiia»  F.  W.  Fov- 
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new  tetraazapentalene  system,  dibenzo-l,3a,6,6a- 
lapentalene  (III),  which  exhibits  aromatic  proper- 
ry  similar  to  II.  Unlike  azapentalenes  which  do 
mtain  bridgehead  nitrogen  atoms,  these  tetra- 
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italenes  can  only  be  represented  as  hybrids  of  a 
T  of  charge-separated  forms,  e.g.,  IIa,b  and  IIIa,b. 
>ur  nitrogen  atoms,  two  of  which  occupy  the 
bead  positions,  contribute  six  electrons  to  the  r 
,  and  the  parent  structures  may  be  considered 
ns  of  their  relationship  with  the  isoelectronic 
lalene  and  the  carbocyclic  analog,  pentalene  di- 
^*  Other  examples  of  aromatic  azapentalenes 
litrogens  at  the  bridgehead  have  recently  been 
)ed.ii»^ 

paper  presents  the  synthesis,  structure,  and 
ties  of  II  and  III  as  well  as  a  discussion  of  their 
nship  to  each  other. 

8  and  Discussion 

mzo-l,3a,4,6a-tetraazapentalene  (II)  is  a  yellow, 
line  solid,  mp  237-238°,  which  exhibits  yellowish 
luorescence  when  viewed  under  ultraviolet  light, 
ily  weakly  basic,  being  insoluble  in  dilute  mineral 
but  dissolves  in  concentrated  sulfuric  acid ;  how- 
[  precipitates  when  the  pale  yellow  acid  solution  is 
I  with  water.  The  crystalline  methiodide  is 
1  very  slowly  on  prolonged  heating  with  methyl 

a  reaction  which  is  readily  reversible  at  higher 
atures.  Compound  II  has  no  detectable  dipole 
at  in  benzene  solution. 

isomeric  dibenzo- 1 ,3a,6,6a-tetraazapentalene 
a  colorless  solid,  mp  2SS'',  which  does  not  exhibit 
fluorescence  in  solution .  Alth  ough  this  isomer  is 
sakly  basic,  it  appears  to  be  slightly  more  soluble 
I  in  mineral  acids  and  does  not  form  a  meth- 
readily.  Compound  III  has  a  dipole  moment 
Eene  of  4.36  D. 

I  heteroaromatic  systems  are  little  affected  by 
;  in  solvents  below  300°  and  can  be  sublimed 
iged  at  atmospheric  pressure.  Both  are  also 
red  unchanged  after  treatment  with  warm  alkali 
I  sulfuric  acid. 

ision  heat  of  combustion  and  heat  of  sublima- 
leasurements  for  these  isomeric  dibenzotetra- 
italenes  show  that  the  heat  of  formation  of  III 
sal/mole  greater  than  that  of  11.^' 

r.  Calderazzo,/.  Am.  Chem.  Sac.,  87,  528  (1965);  (d)  R.  Pfleger, 
le,  and  K.  Rauer,  Ber.,  96,  1827  (1963)  (this  paper  reports  sev- 
ipoundf  which  had  been  previously  characterized  ^i*  as  tetra- 
octatetraenes);  (e)  R.  Pfleger  and  H.-G.  Hahn,  Ber.,  90,  2411 
(O  S.  Trofimenko,  J.  Am.  Chem.  Soc.,  87,  4393  (1965);  88, 
6^:  (g)  T.  W.  O.  Solomons  and  C.  F.  Voight,  /.  Am.  Chem. 
5256(1965);  88,1992(1966). 

I)  T.  J.  Katz  and  M.  Rosenberger,  ibid.,  84,  865  (1962);  (b)  T. 
M.  Rosenberger,  and  R.  K.  0*Hara.  ibid.,  86,  249  (1964). 
'.  T.  Chia  and  H.  E.  Simmons,  /.  Am.  Chem.  Sac.,  89,  2638 
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The  dibenzotetraazapentalenes  exhibit  an  interesting 
variety  of  chemical  reactions  which  reflect  the  dual 
pyrrole-pyridine  nature  of  the  annular  nitrogen  atoms. 
Tlius,  electrophilic  substitution  reactions  were  observed 
on  both  benzenoid  and  heterocyclic  rings.  These  re- 
actions and  others  of  the  tetraazapentalenes  are  de- 
scribed in  separate  papers. 

The  ultraviolet  spectra  of  the  two  dibenzotetraaza- 
pentalenes show  many  of  the  characteristic  similarities 
and  differences  that  have  been  noted  ^^  between  aro- 
matic heterocyclics  and  their  carbocyclic  analogs. 
Both  II  and  III  exhibit  three  main  regions  of  absorp- 
tion in  the  ultraviolet  spectrum.  In  this  respect,  they 
resemble  the  annularly  condensed  tetracyclic  hydro- 
carbons, e.g.,  the  benzophenanthrenes,  such  as  chrysene. 
Principal  absorptions  of  II  and  III  are  given  in  Table  I 
with  those  of  chrysene.  The  major  regions  of  absorp- 
tion are  separated  in  the  table,  those  in  each  group 
clearly  forming  a  vibrational  subsystem. 


TaUe  I.    Absorption  Maxima  of  the  Two 
Dibenzotetraazapentalenes  and  Chrysene"  in  Ethanol 
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•  W.  V.  Mayneord  and  E.  M.  F.  Roe,  Proc.  Roy.  Soc.  (London)* 
A152, 299  (1935). 


The  long-wavelength  absorptions  of  the  tetraaza- 
pentalenes are  about  SO  times  more  intense  than  the  a 
band  of  chrysene.  Similar  comparisons  have  been 
noted  by  Badger  and  his  co-workers  ^^  for  many  aro- 
matic azahydrocarbon-hydrocarbon  combinations.  It 
is  noteworthy  that  the  absorptions  of  1 ,3a,4,6a-tetra- 
azapentalene  (II)  show  an  appreciable  shift  to  longer 
wavelengths  compared  to  the  l,3a,6,6a  isomer  (III)  or 
chrysene,  particularly  in  the  long-wavelength  region. 
The  spectrum  of  III  also  contains  less  fine  structure 
than  that  of  II. 

A.  Dibeiizo-l,3a,4,6a-tetraazapentalene  (II).  This 
compound  is  prepared  in  excellent  yield  by  the  thermal 
or  photochemical  decomposition  of  o,o'-diazidoazo- 
benzene  (IV)  (see  Chart  I).  The  yellow  diazide  IV,  mp 
116-117°  dec,  is  formed  in  greater  than  90%  yield  on 
treatment  of  tetraazotized  o,o'-diaminoazobenzene  (V) 
with  2  equiv  of  sodium  azide.  When  a  solution  of  IV 
in  a  high-boiling  solvent,  such  as  decahydronaphtha- 

(14)  O.  M.  Badger,  R.  S.  Pearoe,  and  R.  Pettit,  /.  Chem.  Soc.,  3199 
(1951). 
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lenc  or  o-dichlorobenzene,  is  heated  at  180°,  2  moles  of 
nitrogen  is  smoothly  evolved.  From  the  cooled,  con- 
centrated mixture,  long,  yellow  needles  of  II  are  pre- 
cipitated. 

It  was  found,  however,  that  the  nitrogen  was  liberated 
in  two  distinct  stages,  1  mole  at  the  surprisingly  low 
temperature  of  58°  and  the  second  mole  at  approxi- 
mately 170°.  Thus,  when  o,o'-diazidoazobenzene  was 
heated  in  refluxing  acetone  or  benzene  for  2  hr,  the 
orange-red  color  characteristic  of  the  azo  derivative 
disappeared.  The  crystalline  product  which  was  iso- 
lated in  good  yield  still  contained  an  azido  group.  The 
solid,  mp  77-78°,  was  identified  as  2-(a-azidophenyl)- 
2H-benzotriazole    (VI). 

The  infrared  spectrum  of  this  material  was  quite 
similar  to  those  of  a  number  of  2-arylbenzotriazoles. 
An  absorption  was  noted  at  approximately  10.3  11  in 
each  of  the  2(aryl)-2H-benzotriazoles  prepared  in  this 
study.  The  spectrum  of  VI  also  contained  characteris- 
tically strong  peaks  at  4.75  n  for  the  azido  function. 
The  structure  of  VI  was  confirmed  by  an  independent 
synthesis  in  which  o,o'-diaminoazobenzene  was  oxi- 
dized with  cupric  sulfate"  in  pyridine  to  form  2-(o- 
aminophenyl)-2H-benzotriazole  (VII),  mp  97-98°.  Di- 
azotization  of  VII  followed  by  treatment  with  sodium 
azide  gave  a  product,  mp  77-78°,  which  was  identical 
with  VI. 

When  2-(o-azidophenyl)-2H-benzotriazole  was  dis- 
solved in  decahydronaphthalene  and  heated  to  160- 
170°,  another  mole  of  nitrogen  was  evolved  and  II 
was  obtained  in  nearly  quantitative  yield.  These  trans- 
formations were  also  obtained  when  benzene  solutions 

(15)  E.  Hoggarth  in  **Chemistry  of  Carbon  Compounds,**  Vol.  IVa, 
E.  H.  Rodd,  Ed.,  Elsevier  Publishing  Co.,  Amsterdam,  1957,  p  450. 


of  either  the  diazidoazobenzene  or  2-(o-azidophenyl)- 
2H-benzotriazole  were  exposed  to  sunlight  for  several 
days. 

The  formation  of  l,3a,4,6a-tetraazapentalene  II  and 
its  intermediate  products  may  be  represented  by  the 
reaction  scheme  shown  in  Chart  I.  The  azidophenyl- 
benzotriazole  VI  may  form  by  a  concerted  reaction  in- 
volving rupture  of  the  N-Ns  bond  of  the  first  azide  in 
IV  by  light  or  heat  with  concomitant  cyclization  or  by 
formation,  at  least  incipiently,  of  the  neutral,  electron- 
deficient  species  (a).  To  be  specific,  this  chemistry  will 
be  discussed  in  terms  of  nitrene  intermediates,  although 
no  compelling  evidence  for  this  interpretation  is  yet  in 
hand.  A  cyclization  can  then  be  effected  by  the  transfer 
of  electrons  from  the  neighboring,  electron-rich,  azo 
link  to  the  developing  univalent  nitrogen  to  form  2-(o- 
azidophenyl)-2H-benzotriazole  (VI).  In  a  similar 
manner,  the  decomposition  of  the  second  azide  group 
may  be  accompanied  by  interaction  between  the  elec- 
trons of  N-1  or  N-3  and  the  electrophilic  nitrogen  of  the 
decomposing  azide.  The  higher  temperature  required 
for  the  second  cyclization  may  reflect  the  decreased 
availability  of  electrons  on  the  triazole  nitrogens. 

The  planar  tetraazapentalene  structure  of  II  has  been 
conclusively  established  by  X-ray,"  and  all  chemical 
evidence  supports  this  conclusion.  It  is  important  to 
note  that  the  dibenzotetraazapentalene  II  is  a  valence 
isomer  of  dibenzo- 1 ,2,S,6-tetraazacyclooctatetraene 
(VIII),  a  structure  that  might  have  been  anticipated  to 
be  capable  of  existence.    This  molecule  could  form  on 


orx) 


vin 

decomposition  of  the  azide  VI  by  rupture  of  the  N-N 
bond  of  the  triazole  followed  by  formation  of  a  new 
bond  between  the  azido  nitrogen  and  the  1-  or  3-nitro- 
gen  of  the  triazole.  Compounds  claimed  to  be  deriva- 
tives of  the  simple  tetraazacyclooctatetraene  ring  system 
have  been  described  as  high-melting,  fluorescent  solids 
of  high  thermal  stability."*'"  Some  of  these  deriva- 
tives were  shown  recently  to  be  simple  tetraazapenta- 
lene systems."**'" 

Of  the  three  possible  conformers  of  the  tetraaza- 
cyclooctatetraene Vllla-c,  only  /ran5- Vlllb  and  the 
planar  VIIIc  structures  are  possible  in  view  of  the 
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observed  zero  dipole  moment  of  the  molecule.  The 
proton  nmr  spectrum  of  II  in  deuteriochloroform  re- 
vealed a  complex  ABCD  pattern  containing  at  least  IS 

(16)  (a)  M.  B.  Laing  and  K.  N.  Trueblood,  in  preparation;  (b)  M.  E 
Burke,  R.  A.  Sparks,  and  K.  N.  Tnieblood,  Acta  Cryst.,.  16,  A64 
(1963). 

(17)  R.  Metze,  Angew.  Chem.,  68,  580(1956). 

(18)  M.  Brufani,  W.  Fedeli,  G.  GiacomeUo  and  A.  Vadago,  CAejii. 
Ber.,  96,  1840  (1963). 
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each  of  which  possessed  fine  structure.  The 
xm  showed  no  tendency  to  change  to  a  symmetri- 
Bi  pattern  at  higher  temperatures  (up  to  225°). 
etraazacyclooctatetraene  structures  Vlllb  and 
would  be  expected  to  have  an  AsBt  spectrum  and 
esemble  naphthalene.  On  the  other  hand,  the 
'iipentalene  structure  should  belong  to  the  more 
5x  ABCD  class,  provided  that  a  valence  tauto- 
exchange  of  the  following  type  does  not  occur 
frequency  exceeding  the  separation  frequency  of 
;>eriment  (60  cps).    Since  the  proton  spectrum  is 


^ 


a^ 


int  over  a  wide  temperature  range,  we  conclude 
e  product  is  best  represented  by  structure  II  and, 
more,  that  no  exchange  as  represented  by  the 
e  tautomerism  occurs. 

»rder  to  obtain  further  evidence  for  the  tetra- 
italene  structure  and  its  possible  valence  tautom- 
an  analogous  compound  was  prepared  in  which 
the  benzene  rings  is  replaced  by  a  naphthalene 
s  with  fusion  at  the  a,j3  position, 
synthesis  of  the  naphtho-benzo  compound  was 
xl  in  a  manner  similar  to  that  employed  for  the 
ation  of  II.     l-((^-Nitrophenylazo)-2-naphthyl- 

(X)  was  obtained  by  the  reaction  of  2-naphthyl- 
and  o«nitrophenyldiazonium  chloride  in  dilute 

This  was  converted  via  cupric  sulfate-ammonia 
on    to    2-(o-nitrophenyl)-2H-naphtho[  1 ,2-rf|tri- 

[XI)  in  83%  yield.  Reaction  of  the  aminoazo 
ive  X  with  thionyl  chloride  at  80°  also  gave  a 
ield  of  naphthotriazole  XI.  Reduction  to  the 
lending  aminophenylnaphthotriazole  XII  was 
^lished  with  iron  powder  and  acetic  acid  (70  % 
ind  with  alcoholic  sodium  sulfide  (91  %  yield), 
ization,  followed  by  aqueous  sodium  azide 
ent,  yielded  2-(o-azidophenyl)-2H-naphtho[l,  2- 
ok  (XIII)  in  95%  yield. 
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The  developing  nitrene  intermediate  derived  from 
XIII  by  loss  of  nitrogen  could  now  close  at  either  of  the 
naphthotriazole  nitrogen  atoms  marked  by  arrows  to 
give  IXa  and  IXb.  If  the  tetraazapentalene  formula- 
tion of  the  nucleus  is  correct  and  if  there  is  a  large 
barrier  for  the  valence  tautomeric  exchange,  then  we 
would  expect  to  observe  the  formation  of  two  nori' 
superimposable  isomers  IXa  and  IXb.  Formation  of  the 
naphthobenzotetracyclooctatetraene  should  give  rise 
to  but  one  isolable  product. 

Thermal  decomposition  of  the  azidophenylnaphtho- 
triazole  in  o-dichlorobenzene  or  decahydronaphthalene 
at  170-180°  proceeded  smoothly  with  evolution  of  1 
mole  of  nitrogen  to  yield  a  yellow,  crystalline  product, 
mp  190-200°.  The  solid  exhibited  yellow-green  fluores- 
cence under  ultraviolet  light,  similar  to  that  of  dibenzo- 
tetraazapentalene  II.  Chemical  analyses  corresponded 
well  for  C16H10N4  despite  the  wide  melting-point  range. 
This  suggested  a  mixture  of  at  least  two  products  of 
identical  empirical  formula.  Chromatographic  separa- 
tion employing  mixed  solvents  yielded  two  sharp-melt- 
ing products,  mp  212-213  (faster  moving)  and  243-245° 
(slower  moving),  in  addition  to  an  intermediate  frac- 
tion composed  of  the  two  unseparated  components. 
Each  of  the  isomers  analyzed  correctly,  and  their 
infrared  spectra  showed  strong  similarities.  A  1:1 
composite  of  the  pure  isomers  accounts  for  all  of  the 
peaks  observed  in  the  spectrum  of  the  original,  wide- 
melting  solid. 

These  results  clearly  support  the  tetraazapentalene 
structure  in  preference  to  the  tetraazacyclooctatetraene 
structure.  Furthermore,  no  evidence  for  the  inter- 
conversion  of  IXa  and  IXb  could  be  obtained,  since 
both  are  stable  at  their  melting  points. 

It  was  of  interest  to  determine  which  of  the  struc- 
tures IXa  and  IXb  was  associated  with  the  higher  and 
the  lower  melting  isomers,  respectively.  One  method 
for  accomplishing  this  was  suggested  by  the  action  of 
lithium  aluminum  hydride  on  the  tetraazapentalene 
nucleus. 

When  a  solution  of  the  dibenzotetraazapentalene  II 
in  tetrahydrofuran  was  treated  with  an  excess  of  lith- 
ium aluminum  hydride  at  60°,  cleavage  of  a  N-N  bond 
occurred  with  the  formation,  after  hydrolysis,  of  2-(o- 
aminophenyl)-2H-benzotriazole  (VII).  It  is  possible 
to  rationalize  this  reductive  ring  cleavage  by  attack  of  a 
hydride  ion  at  N-1  according  to  the  scheme  shown,  fol- 


lowed  by  hydrolysis  to  yield  the  benzotriazole  derivative 
VII. 

Similar  treatment  of  each  of  the  isomeric  naphtho- 
benzotetraazapentalenes  IXa  and  IXb  might,  therefore, 
be  expected  to  give  different  mixtures  of  triazoles  XII 
and  XIV,  and  XII  and  XV,  respectively,  as  shown  in 
Chart  II.  Identification  of  either  mixture  of  products 
should  determine  the  configuration  of  both  isomers. 

Samples  of  each  pure  isomer  were  treated  with  ex- 
cess lithium  aluminum  hydride  in  tetrahydrofuran  at 
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60-70°  for  several  hours.  The  excess  hydride  was 
destroyed,  and  the  reaction  products  were  isolated  in 
each  case.  Infrared  spectra  of  the  product  mixtures 
were  compared  with  authentic  composites  of  XII  and 
XV  which  were  prepared  by  independent  syntheses. 

As  expected,  the  similarities  in  spectra  for  the  two 
reaction  mixtures  presented  some  difficulties.  This  was 
augmented  by  the  formation  in  each  case  of  the  com- 
mon product,  2-(o-aminophenyl)-2H-naphtho[  1 ,2-c/]- 
triazole  (XII),  as  the  major  component.  However,  the 
very  close  similarity  between  a  3:1  synthetic  mixture 
of  XII  and  XV  and  the  products  from  the  low-melting 
isomer  indicated  that  the  latter  possessed  structure  IXb. 
The  infrared  spectrum  of  the  higher  melting  isomer's 
reduction  products,  though  exhibiting  many  similarities 
to  the  synthetic  mixture,  nevertheless  showed  several 
variations  including  significant  diiferences  in  the  10.6- 
11.2 /K  region. 

Attempted  chromatographic  separation  of  the  re- 
duction products  of  IXb  led  to  the  isolation  of  the 
more  abundant  naphthotriazole  XII ;  however,  the  j3- 
aminonaphthylbenzotriazole  XV  was  not  isolated  in  the 
pure  state. 

The  preferential  cleavage  of  IXa  and  b  to  give  XII  as 
the  major  component  is  not  unexpected  in  view  of  its 
formation  as  the  sole  product  from  the  oxidative  cycli- 
zation  of  the  diaminoazo  derivative  XVI  with  copper 
sulfate-pyridine. 
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B.  Dibeiizo-l^a,6,6a-tetraazapeiitalene  (III).  This 
compound  was  prepared  by  the  thermal  decomposition 
of  l-(o-azidophenyl)-lH-benzotriazole  (XXI)  in  a  man- 
ner analogous  to  that  employed  for  the  preparation  of 
II  from  VI  (see  Chart  III).  The  isomeric  tetraaza- 
pentalene  (III)  is  a  colorless,  crystalline  solid  whose 
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physical  and  chemical  properties  closely  resemble 
of  II.  It  differs  from  II  in  its  spectral  properties  a 
having  an  appreciable  dipole  moment  (4.36  D  in 
zene  at  25°).  The  large  dipole  moment  is  in  a 
with  the  formulation  of  III  as  a  mesoionic  stn: 
with  unsymmetrically  distributed  charge. 

The  l-(o-azidophenyl)-lH-benzotriazole  (XXI' 
prepared  from  the  corresponding  amine  XX  whi< 
turn,  was  obtained  from  the  nitrophenylbenzotri 
XVIII.  This  latter  compound  was  prepared  orig 
by  the  reaction  of  o-chloronitrobenzene  with  b 
triazole,  as  described  by  Vystrcil,  et  al.,^  We  f 
however,  that  this  procedure  leads  to  a  mixture  o 
and  2H-o-nitrophenylbenzotriazoles  (XVIII  and 
in  yields  of  39  and  16  %,  respectively.  The  two  is< 
(XVIII  and  XIX)  were  separated  by  colunm 
matography.  The  structure  of  isomer  XIX  was 
fied  by  catalytic  reduction  to  2-(o-aminophenyl 
benzotriazole  (VII).  A  more  satisfactory  synthe 
XVIII  was  achieved  by  diazotization  of  o-amii 
nitrodiphenylamine,  in  turn  conveniently  ava 
from  o-phenylenediamine  by  a  modification  c 
procedure  of  Kehrmann  and  Steiner.*^ 

Structure  of  Tetraazapentalenes.  The  elect 
structure  and  spectra  of  the  tetraazapentalenes  v 
discussed  in  more  detail  in  a  later  paper.**  Perha 
most  striking  aspect  of  II  and  III  is  their  prono 
aromatic  character  as  revealed  in  their  thermodyi 
stability,  chemical  reactivity,  and  electronic  sp 
Closely  related  to  their  stability  is  the  question  c 
ence  isomerization  with  a  tetraazacyclooctatetrae 
illustrated  for  the  unsubstituted  nucleus  wher 
asterisks  label  the  course  of  isomerization. 

The  azapentalenes  Z  and  Z'  are  clearly  equi 
when  unlabeled  and  could  be  interconverted  b' 
opening  to  Ci  and/or  Q.  Experimentally,  this 
not  occur  for  the  dibenzo  derivatives  and  mean 
a  large  energy  barrier  separates  Z  and  Ci  or  Q. 

(20)  B.  Starkova,  A.  Vystrcil.  and  L.  Starka,  Collection  Czech 
Commun.,  11^  1019  (1957). 

(21)  F.  Kehrmaim  and  O.  Sterner,  Ber,.  34,  3089  (1901). 
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all  attempts  in  this  laboratory  and  elsewhere^^^'*  to 
prepare  tetraazacyclooctatetraenes  have  given  tetra- 
azapentalenes  instead,  it  seems  very  likely  that  the 
latter  structure  is  the  more  thermodynamically  stable. 
In  fact,  the  evidence  thus  far  suggests  that  a  tetraaza- 
cyclooctatetraene  would  go  over  exothermically  and 
spontaneously  to  the  corresponding  tetraazapentsdene. 
In  Z  two  nitrogens  are  pyridine-like  and  two  pyrrole- 
like, so  that  the  system  contains  10  7r  electrons.  In 
molecular  orbital  language,  the  aromaticity  of  Z  results 
from  a  closed  decet  of  t  electrons  in  a  cyclic  molecule 
which  obeys  Huckel's  4/i  +  2  rule.  Alternatively,  in 
valence-bond  language,  a  high  resonance  energy  is  ex- 
pected based  on  the  observation  that  12  nonexcited 
structures  in  the  Pauling  sense  can  be  written  along  with 
a  very  large  number  of  mono-  and  higher  excited  struc- 
tures. The  resonance  should  be  particularly  important, 
since  many  of  the  nonexcited  structures,  such  as 


etc. 


arc  of  comparable  energy.  The  fact  that  only  charge- 
separated  structures  can  be  written  for  the  tetraaza- 
pentalenes  seems  to  be  intimately  related  to  large  reso- 
nance energies  and  aromaticity.  In  fact,  calculations 
suggest  that  10  7r  electron  azapentalenes  which  can  be 
written  without  forced  charge  separation  are  less  stable 
than  corresponding  isomers  which  require  charge- 
separated  structures.  ^ ' 

The  relative  stabilities  of  the  8  t  electron  cycloocta- 
tetraene  structures  and  10  tt  electron  pentalene  struc- 
tures can  be  deduced  by  considering  the  delocalization 
energy  of  planar  cyclooctatetraene  and  of  pentalene 
dianion.  Huckel  theory  predicts  delocalization  ener- 
gies of  1.66/3  and  2.46/3,  respectively,  where  /3  is  the  usual 
resonance  integral  for  an  ethylenic  double  bond.  Even 
with  the  assumption  of  a  fictitious  planar  cycloocta- 
tetraene whose  degenerate  ground  state  has  been 
neglected,  the  stabilization  energy  per  t  electron  is 
larger  in  the  10  t  system  (0.2Sj9/electron)  than  in  the  8  ir 
system  (O.21j9/electron). 

Precisely  the  same  relative  stability  is  found  in  the 
nitrogen  analogs.  Hiickel  calculations  were  carried 
out  for  Z,  Ci,  and  Cs  employing  reasonable  param- 
eters,'''*'  and  it  could  be  shown  that  delocalization  is 
even  more  important  in  stabilizing  the  tetraazapenta- 
knes  than  the  carbon  analog.  It  was  also  shown  that 
the  chemical  reaction  Ci  (or  Cs)  -»*  Z  is  expected  to  be 
exothermic  by  a  substantial  degree,  although  accurate 
predictions  cannot  be  made. 

(22)  A.  Strdtwieier,  Jr.,  "Molecular  Orbital  Theory  for  Organic 
Chemists,'*  John  Wiley  and  Sons,  Inc..  New  York,  N.  Y..  1961,  p  135. 


Explicit  calculations  also  reveal  that  the  molecular 
orbitals  of  the  l,3a,4,6a-  and  l,3a,6,6a-tetraazapenta- 
lene  systems  are  remarkably  similar,  and  we  conclude 
that  the  precise  location  of  the  nitrogen  atoms  in  charge- 
separated  tetraazapentalenes  has  only  a  minor  eifect 
on  stability.  These  conclusions  and  those  given  above 
serve  to  support  the  view  that  tetraazapentalenes  must 
be  considered  truly  aromatic  molecules. 

Experimental  Section*' 

OtO'-Diaminoazobenzieiie  (V).  To  a  stirred  mixture  of  45  g 
(0.5  mole)  of  a-phenylenediamine  and  2  1.  of  benzene  was  added 
239  g  ( 1 .0  mole)  of  lead  dioxide.  After  1  hr  the  mixture  was  brought 
to  reflux  and  maintained  thus  for  3  hr.  The  insoluble  lead  salts 
were  removed  by  filtration  and  the  deep  orange  filtrate  was  cooled. 
Concentrated  hydrochloric  acid  (150  ml)  was  added  to  the  latter 
with  stirring,  and  the  solid  which  precipitated  was  collected  by 
filtration.  The  solid,  suspended  in  cold  water  (3(X)-4(X)  ml),  was 
treated  with  sodium  hydroxide  solution  to  a  pH  of  approximately  9. 
The  alkaline  mixture  was  extracted  with  methylene  chlc»ide,  and 
the  extract  was  dried  over  magnesium  sulfate,  then  evaporated  to 
dryness.  Recrystallization  of  the  residue  from  benzene  gave  two 
crops  of  orange  crystals,  mp  133-134°  (lit."  133-134°).  The  yield 
was  20  g. 

o,o'-Diazidoazobenzeiie  (IV).  A  solution  of  7  g  (0.1  mole)  of 
sodium  nitrite  in  40  ml  of  water  was  added  dropwise  to  a  stirred 
mixture  of  8.6  g  (0.04  mole)  of  o,o'-diaminoazobenzene,  60  ml  of 
concentrated  hydrochloric  acid,  and  80  ml  of  water  at  0-2°.  The 
temperature  was  maintained  below  10°  during  the  addition. 
Stirring  was  continued  for  an  additional  hour  after  the  nitrite 
addition.  Sodium  azide  (6.5  g,  0.1  mole)  in  40  ml  of  water  was 
slowly  added  to  the  diazonium  solution  at  5  °  with  continued  stirring. 
Nitrogen  evolved,  and  the  yellow  diazide  precipitated  during  the 
addition.  The  mixture  was  stirred  for  an  additional  2  hr,  then 
filtered  to  obtain  the  diazidoazobenzene  (9.8  g,  93%  yield),  mp 
110-111°  dec. 

Anal.  CalcdforCiiHgNa:  C,54.54;  H,3.05;  N, 42.41.  Found: 
C,  54.75;  H,3.31;  N, 42.37. 

2-(a-Aiidnoplienyl)-2H-beiizotriazole  (VII).  o,o'-Diaminoazo- 
benzene  (4.4  g,  0.02  mole)  was  dissolved  in  50  ml  of  pyridine  and 
treated  with  12.8  g  (0.08  mole)  of  copper  sulfate  added  in  portions 
with  stirring.  After  30  min  at  room  temperature,  the  reaction 
mixture  was  heated  at  reflux  for  2  hr,  cooled,  and  poured  into  4-5 
volumes  of  cold  water  with  stirring.  The  dark  solid  which  sepa- 
rated was  collected  by  filtration  and  washed  with  water.  T>vo 
recrystallizations  from  ethanol  and  one  from  hexane  with  con- 
comitant treatment  with  activated  carbon  yielded  well-defined, 
yellow  crystals  of  VII,  mp  97-98  ° ;  yield,  65  %. 

AnaL  Calcd  for  CaHioN*:  C,  68.55;  H,  4.79;  N,  26.65. 
Found:  C,  68.55;  H,4.98;  N,  26.56. 

The  infrared  spectrum  contains  a  peak  at  10.3  n,  which  was  found 
in  all  2-aryl-2H-benzotriazoles  examined  in  this  investigation. 
The  ultraviolet  spectrum  in  ethyl  alcohol  exhibits  absorption 
maxima  at  357  nvi  (c  9700),  296  (12,000),  268  (6400),  and  229 
(20,000). 

2-(o-Azidoplienyl>-2H-beiizotriazole  (VI).  A  solution  of  o,o'- 
diazidoazobenzene  (5  g)  in  acetone  or  benzene  was  heated  at  reflux 
for  2  hr.  One  mole  of  nitrogen  evolved,  and  the  orange  color 
was  discharged.  The  solvent  was  removed  by  distillation,  and  the 
crystalline  residue  was  recrystallized  from  petroleum  ether  or 
aqueous  acetone  (70%  yield).  The  light  yellow  needles  melted  at 
78-79°. 

Anal,  Calcd  for  CJHsNe:  C,  61.01 ;  H,  3.41;  N,  35.58.  Found: 
C,  61.04;  H,  3.65;  N,  35.94. 

When  a  benzene  solution  of  the  diazidoazobenzene  was  exposed 
to  sunlight  for  3  days,  a  crystalline  product  was  isolated,  mp  76-77°, 
whose  infrared  spectrum  was  identical  with  that  of  the  product 


(23)  All  melting  points  are  corrected.  Nmr  spectra  were  obtained 
with  Varian  HR-60  and  A-60  spectrometers.  Saturated  deuteriochloro- 
form  solutions  with  tetramethylsilane  as  an  internal  standard  were  used 
unless  otherwise  noted.  Infrared  spectra  in  potassium  bromide  wafers 
were  determined  with  a  Perkin-Elmer  21  spectrometer.  Ultraviolet 
spectra  were  determined  in  ethanol.  Dipole  moments  were  determined 
by  Nfr.  C.  Wortz  in  benzene  solution  at  25°  using  a  Type  DM-01  Dipol- 
meter  (Wissenschaftlich-Technische  WerkstMtten  Wdlheim  O.B., 
Germany). 

(24)  R.  WillstMtter  and  A.  Pfannenstiel,  Ber.,  38,  2348  (1905). 
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described  above.  The  presence  of  an  azido  group  was  clearly 
indicated  by  the  strong  absorption  at  4.75  fi  in  the  infrared  spec- 
trum; a  band  at  10.3  n  is  associated  with  the  2H-triazole  structure. 

Dibeiizo-l^,4,6a-tetraazapeiitalciie  (II).  (A)  Fhmi  o^'-Diazido- 
azobcnzene  (IV).  The  diazide  (8.2  g,  0.031  mole)  in  700  ml  of 
decalin  was  gradually  heated  to  175°  with  stirring.  Nitrogen 
evolution  occurred  at  approximately  60 ""  with  discharge  of  the  orange 
azo  color.  At  1 70 '',  nitrogen  was  again  evolved.  The  temperature 
was  maintained  at  175-185°  for  2-3  hr,  and  the  solution  was  con- 
centrated to  approximately  100  ml.  The  dibenzotetraazapentalene 
II  separated  as  long,  yellow  needles  (6.0  g,  93%  yield)  which  melted 
at  237-238°;  Vn^^  3070,  1615,  1580  (w),  1490,  1435,  1390,  1330, 
1253,  1248,  1237,  1004,  997,  943,  937,  838  (w),  832  (w).  812,  747, 
and  731  cm"^ 

Anal.  Calcd  for  C,»HsN4:  C,  69.22;  H,  3.87;  N,  26.91;  mol 
wt,  208.    Found:  C,  69.06;  H,  3.99;  N,  26.92;  mol  wt,  221. 

(B)  FhMD  2-(a-Azidoplienyl)-2H-benzotriazole  (yi).  The 
benzotriazoie  derivative  VI  in  decalin  was  heated  at  175-185°  for 
2-3  hr  in  the  manner  described  above.  Compound  II  was  ob- 
tained in  95  %  yield. 

When  a  benzene  solution  of  VI  was  exposed  to  sunlight  for  10 
days,  a  yellow,  crystalline  product  precipitated,  mp  236-237°, 
whose  infrared  spectrum  was  identical  with  that  of  II  from  the 
thermal  method. 

Lhfaimn  Almninimi  Hydride  Reductioii  of  Dibeiizo-l^^,6a- 
teCraazapentalene  (II)*  A  solution  of  2.0  g  of  II  in  200  ml  of  tetra- 
hydrofuran  was  added  slowly  to  a  suspension  of  5  g  of  lithium  alu- 
minum hydride  in  75  ml  of  tetrahydrofuran.  The  mixture  was 
stirred  at  25°  for  1  hr  and  was  heated  at  reflux  for  4  hr.  The 
cooled  mixture  was  carefully  poured  into  cold  water,  and  the  organic 
products  were  extracted  with  methylene  chlc»ide.  Evaporation 
of  the  solvent  yielded  2-(a-aminophenyl>2H-benzotriazole  (VII), 
identical  in  chemical  and  spectral  properties  with  the  material  de- 
scribed above. 

l-(a-Nitroplienylazo)-2-fia|ilithylanliie  (X).  Compound  X  was 
prepared  by  the  method  of  Meldola  and  Hughes^*  by  diazotizing 
reprecipitated  a-nitroaniline  (27.6  g,  0.2  mole)  with  13.0  g  (0.2 
mole)  of  sodium  nitrite,  filtering,  and  adding  the  diazonium  solu- 
tion to  a  cold,  stirred  solution  of  2-naphthylamine  (25  g,  0.18  mole) 
in  dilute  hydrochloric  acid.  The  mixture  was  stirred  for  1  hr  and 
filtered  to  collect  the  dark  solid  (yield,  48  g).  Recrystallization 
from  acetic  acid  yielded  lustrous,  bronze-like  crystals,  mp  202- 
202.7°  (lit."  198°). 

2-(a-Nitroplienyl)-2HHiaplitlio[l,2-</]triazole  (XI).  Method  I. 
A  mixture  of  7.5  g  of  azo  derivative  X  in  75  ml  of  pyridine  and  20  g 
of  anhydrous  CuSOi  was  refluxed  with  rapid  stirring  for  4  hr. 
The  cooled  reaction  mixture  was  poured  into  four  volumes  of  water 
and  filtered  to  obtain  a  reddish  solid  (7.2  g).  Recrystallization 
from  225  ml  of  ethanol  yielded  a  crop  of  yellowish  crystals  (5.5  g). 
An  additional  0.75  g  was  obtained  on  dilution  of  the  mother 
liquor  with  water  (total  yield  83%).  The  product  melted  at  121- 
122°. 

Method  II.  To  a  mixture  of  the  azo  compound  X  (5  g)  in  50  ml 
of  benzene  was  added  3.0  g  of  thionyl  chloride.  The  mixture  was 
heated  at  reflux  with  stirring  for  18  hr.  The  brown-yellow  mixture 
was  evaporated  to  dryness,  and  the  solid  residue  was  recrystallized 
from  100  ml  of  ethanol  to  yield  3.5  g  (70%)  of  pale  yellow  solid. 
An  additional  alcohol  recrystallization  yielded  almost  colorless, 
transparent  plates,  mp  121.8-122.2°.  The  infrared  and  ultraviolet 
spectra  of  this  product  were  identical  with  the  product  obtained  in 
method  I. 

Anal.  Calcd  for  CiHioN*^:  C,  66.20;  H,  3.48;  N,  19.30. 
Found:  C,  66.03;  H,  3.33;  N,  19.58. 

l-(a-Aiiiiiiophenylazo)-2-naplithyIaiiiine  (XVI).  An  attempt  to 
form  the  2-(2 '-amino- r-naphthyl)-2,l,3-benzotriazole  (XV)  by 
reductive  cyclization  of  l-(o-nitrophenylazo)-2-naphthylamine  (X) 
gave,  instead,  the  diaminoazo  derivative  XVI  by  simple  reduction. 

To  a  warm,  stirred  mixture  of  7  g  (0.024  mole)  of  X  in  210  ml 
of  ethanol  was  added  a  solution  of  24  g  (0.1  mole)  of  sodium  sulfide 
nonahydrate.  The  mixture  was  heated  at  reflux  for  3  hr.  An 
additional  12  g  of  the  sodium  sulfide  was  added  after  the  first  hour. 
The  cooled  mixture  was  filtered  to  collect  the  reddish  crystals 
(3.5  g).  Dilution  of  the  filtrate  with  500  ml  of  water  yielded  an 
additional  2  g  of  product  (total  yield  87%).  A  sharp  melting  point 
was  not  achieved  despite  several  recrystallizations  from  various 
solvents.  However,  the  structure  of  the  product  was  ascertained 
by  spectra  and  by  chemical  reactions  described  below. 

2-(a-Amiiiophenyl)-2H-iiaphtho[l,2-i/]triazole  (XII).  The  amino 
derivative  XII  was  prepared  by  treating  the  corresponding  nitro 
compound  XI  with  iron  powder  in  acetic  acid  (yield,  70%)  and  by 


reduction  with  sodium  sulfide  (yield  91  %).    After  recrystallization 
from  ethanol,  XII  melted  at  126-127°. 

Anal.  Calcd  for  CcHwN*:  C,  73.82;  H,  4.64;  N,  21.53. 
Found:  C,  74.09;  H.4.65;  N,  21.72. 

Compound  XII  shows  a  marked  blue  fluorescence  when  viewed 
under  ultraviolet  illumination,  both  in  solution  and  in  the  solid 
state.  The  N-acetyl  derivative  XVII  was  prepared  in  86%  yieki 
by  heating  with  acetic  anhydride.  After  recrystallization  firom 
ethanol,  the  melting  point  was  1 59.2-160.6°. 

Anal.  Cakd  for  CoHuN*©:  C,  71.50;  H,  4.67;  N,  18.53. 
Found:  C,  71.29;  H,  5.27;  N,  18.35.  I 

2-(a-Azidophenyl)-2H-iiaphtho[l,2-</]triazole  (Xm).  The  Trio-  | 
aminophenyl>2H-naphtho[l,2-^rJazole  (XII)  (13  g,  0.05  mole)  ? 
was  diazotized  with  a  solution  of  4. 5  g  (0.065  mole)  of  sodium  nitrite  f 
in  30  ml  of  water.  The  mixture  was  stirred  for  1  hr,  during  whkh  i  \ 
yellow  solid  separated.  An  aqueous  solution  of  4.5  g  (0.07  mofe) 
of  sodium  azide  was  added  dropwise  at  5°  with  continued  stirring. 
No  immediate  evolution  of  gas  was  apparent.  However,  after  10 
min  gas  evolution  became  quite  evident  with  accompanying  foam 
formation.  After  1.5  hr,  the  bright  yellow  color  was  discharged. 
The  creanKolored,  solid  azide  was  collected  by  filtration  and  r^ 
crystallized  from  600  ml  of  ethanol,  mp  124.2-124.8°  dec,  yieki, 
13.6  g  (95%). 

Anal.  Cakd  for  C,«H,oN,:  C,  67.12;  H,  3.52;  N.  29.36. 
Found:  C,  67.42;  H,  3.72;  N,  29.14. 

a,i9-Naphthobeiizotetraazapeiitalene8  (IXaJi).  The  azido  com- 
pound XIII  (5.8  g,  0.02  mole)  was  heated  in  200  ml  of  decalin  it 
180°  for  2  hr  with  stirring.  The  color  deepened  to  a  brownish 
yellow  during  this  period.  The  hot  solution  was  treated  with 
activated  carbon,  filtered,  and  allowed  to  cool  slowly.  A  total  of 
3.4  g  (65  %)  of  IXa,b  was  obtained  in  two  crops,  mp  192-220°. 

Anal.  Calcd  for  CJfioN*:  C,  74.40;  H,  3.90;  N,  21.70. 
Found:  C,  74.14;  H,4.08;  N,  22.13. 

This  mixture  was  subjected  to  chromatography  through  neutral 
Woelm  alumina,  using  chloroform  and  eventually  chlorcform- 
methylene  chloride  as  the  developing  solvents.  The  faster  moving 
fraction  was  predominantly  the  lower  melting  isomer  IXb,  the 
intermediate  fractions  were  mixtures,  and  the  later  fractions 
contained  primarily  the  high-melting  isomer  IXa.  Recrystalliza- 
tion of  the  lower  and  higher  melting  fractions  gave  yellow  crystals, 
mp  211.5-212.5  and  244.5-245°,  respectively. 

Anal.  Found  (lower  melting  isomer):  C,  73.90;  H,  4.14; 
(higher  melting  isomer)  C,  74.26;  H,  4.03. 

Comparison  of  the  infrared  spectra  of  the  two  isomers  showed 
several  differences  in  the  fingerprint  region.  However,  all  of  the 
peaks  encountered  in  the  spectrum  of  the  c»iginal  isomer  mixture 
are  accounted  for  by  the  spectra  of  the  pure  isomers. 

UtUnm  AhmdnmB  Hydride  Reduction  of  the  Low-MeltiBg  Inwr 
(IXb).  A  mixture  of  0.300  g  of  the  low-melting  naphthobenzo- 
tetraazapentalene  isomer  in  25  ml  of  tetrahydrofuran  was  treated 
with  a  filtered  solution  of  lithium  aluminum  hydride  (excess)  in 
tetrahydrofuran.  The  mixture  was  stirred  at  25°  for  30  min,  at 
reflux  for  1  hr,  then  overnight  at  room  temperature  (in  a  second 
run,  the  reaction  mixture  was  refluxed  for  5  hr  with  similar  results). 
The  now  deeply  colored  mixture  was  treated  with  ethyl  acetate, 
then  with  water  to  destroy  excess  hydride.  The  mixture  was  made 
acid  with  hydrochloric  acid,  poured  into  water,  then  again  made 
alkaline.  The  mixture  was  extracted  twice  with  ether  and  the  latter 
dried  over  sodium  sulfate,  then  evaporated  to  dryness,  yielding  an 
oily  residue.  Comparison  of  the  infrared  spectrum  of  this  product 
miti  that  of  a  3:1  synthetic  mixture  of  XII  and  XV  showed  that 
they  were  almost  identical. 

Chromatographic  separations  on  Woelm  neutral  alumina  em- 
ploying ether,  ether-methylene  chloride,  methylene  chloride,  and 
methylene  chloride-ethyl  acetate  yielded  2-(o-acetaniidophenyI>- 
2H-naphtho[l,2-^/]triazole  (XVII)  as  a  crystalline  solid  whkh  was 
identical  with  an  authentic  sample.  Attempts  to  isolate  the  ex- 
pected minor  component  XV  were  not  successful. 

Note!  Acetylation  of  the  amine  apparently  occurred  during 
chromatographic  development  with  ethyl  acetate.  In  one  run, 
a  fast-moving  component  was  isolated  from  a  methylene  chloride- 
ethyl  acetate  fraction  and  appeared  to  have  a  nonamidic  N-H 
group.  This  material,  which  may  have  been  the  product  of  in- 
complete reduction,  did  not  appear  to  be  either  of  the  expected 
products. 

Uthimn  Ahunimmi  Hydride  Reduction  of  the  High-Meltii« 
Isomer  DCA.  This  reduction  was  carried  out  as  described  for 
the  low-melting  isomer  (above).  The  oily  residue  isolated  from 
this  reaction  showed  some  significant  differences  from  the  authentic 
composite  in  infrared  spectrum. 
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>Btro|ihaiyl)-lH-bensotriazole  (XVm).    (A)    Pyom  Benzo- 

.  In  this  modification  of  the  procedure  of  Vystrcil,  et  aL,^ 
re  of  119.1  g  of  IH-benzotriazole,  125  g  of  powered  sodium 
and  0.5  g  of  cupric  acetate  was  placed  in  a  SOO-ml  three- 
flask  immersed  in  an  oil  bath  held  at  220-230''.  The  flask 
lipped  with  a  magnetic  stirrer  and  a  short  distilling  column, 
period  of  40  hr,  27  ml  of  acetic  acid  was  collected.  The 
roduct  was  subjected  to  steam  distillation  to  remove  excess 
xiitrobenzene.  The  viscous,  black  residue  was  rinsed  with 
id  extracted  with  a  mixture  of  benzene  and  methylene  chlo- 
lie  extract  was  Altered  and  dried  over  magnesium  sulfate. 
the  methylene  chloride  was  removed  under  reduced  pressure, 
benzene  solution  remaining  was  eluted  with  benzene  through 
r  chromatographic  grade  silicic  acid  contained  in  a  125-mm 
r,  sintered-glass  funnel.  After  a  forerun  containing  o- 
hrobenzene,  a  fraction  containing  37.5  g  (16%)  of  2-(o- 
enyl>2H-beiizotriazole  (XIX)  was  collected  (ca,  1500  ml 
ene  was  required;  see  below).  The  column  was  then  eluted 
1.  of  methylene  chloride;  this  yielded  95  g  (39%)  of  l-o- 
cnyl-lH-benzotriazole  (XVIII),  mp  118.9-120**  (lit.  mp 
118°"). 

FhiiB  o-Amino-o'-iiitrodiplieiiylaiiiine.  A  mixture  of  250  g 
tenylenediamine,  S(X)  g  of  (xhloronitrobenzene,  and  2  1. 
lute  alcohol  was  mechanically  stirred  and  heated  to  reflux 
cam  bath  for  3  days.  The  mixture  was  then  subjected  to 
listilltion,  and  the  nonvolatile  residue  was  extracted  with  a 
4 1.  of  chloroform.  The  extract  was  filtered,  water  washed, 
ed  over  magnesium  sulfate.  Solvent  was  removed  under 
I  pressure,  and  the  residue  was  recrystallized  from  about 
il  of  ak^ohol  to  yield  305  g  (58%)  of  o-amino-o'-nitrodi- 
imme  in  two  crops,  mp  106-107**  (lit."  mp  103**). 
t  solution  of  236  g  of  this  product  in  240  ml  of  acetic  acid, 
rater,  and  1 1.  of  alcohol  was  poured  onto  \5O0  g  of  crushed 
I  a  solution  of  1(X)  g  of  sodium  nitrite  in  200  ml  of  water  was 
ill  at  once  while  stirring.  The  mixture  was  stirred  overnight 
ered.  The  solid  was  separated  by  filtration,  washed  with 
suction  dried,  and  recrystallized  to  yield  223  g  (90%)  of 
rophenyl>lH-benzotriazole,  whose  infrared  spectrum  was 
d  with  that  of  the  product  obtained  by  method  A. 
Nitro|ilMByI)-2H-bensotriazole  (XIX).  The  crude  chromato- 
prochict  described  above  was  eluted  with  methylene  chloride 

1  a  column  of  Woelm  neutral  alumina  and  recrystallized 
Ihanol  to  yield  white  crystals  melting  at  132.8-133.8**; 

2  mM  (€  14,710),  290  (13,830),  and  223  (25,000). 

.    Cakd  for  C,sHsN40s:    C,  60.00;    H,  3.36;    N,  23.33. 

:  C,  59.70;  H,  3.46;  N,  23.03. 

ture  XIX  was  verified  by  reduction  to  the  corresponding 

using  hoi,  aqueous,  ethanolic  sodium  sulfide  solution. 

nine  (nq>  93.5-94**)  was  identical  (mixture  melting  point, 

1  spectrum)  with  the  2-(o-aminophenyl)-2H-benzotriazole 

sscribed  above. 

%HiBophcByI)-lH-bensotriazole  (XX).    A  solution  of  25.7  g 

U  in  400  ml  of  ethanol  was  hydrogenated  at  3  atm  using  0.2 

.tinum  oxide  catalyst.    The  solution  was  filtered  and  evapo- 


X  Dal  Monte,  A.  Mangini,  R.  Passerini,  and  C.  Zauli,  Cazz. 
a!.,  88,  977  (1958). 


rated  to  dryness  to  yield  a  tan  solid,  which  was  recrystallized  from 
180  ml  of  95%  alcohol  to  yield  16  g  of  l-(a-aminophenyl)-lH- 
benzotriazole.  A  second  crop  of  2.9  g  was  obtained  by  evaporation 
of  the  solvent  to  a  final  volume  of  50  ml.  A  portion  recrystallized 
from  ethanol  melted  at  132-132.4**;  Xmaz  287  m/x  (c  5780)  and  242 
(15,700);  p„^  3410,  3320,  3200,  1622,  1570,  1465,  1452,  1314, 
1290,  1268,  1243,  1182,  1160,  1122,  1080,  1040,  948,  853,  785,  762, 
and692cm~>. 

AnaL  Calcd  for  QtHioN*:  C,  68.55;  H,  4.79;  N,  26.61. 
Found:  C,  68.64;  H,4.85;  N,  26.75,  26.95. 

l-<o-Azidophenyl)-lH-benzotriazole  (XXI).  A  solution  of  11.6  g 
of  XX  in  40  ml  of  hydrochloric  acid  was  placed  in  a  beaker  equipped 
with  a  stirrer  and  immersed  in  an  ice  bath,  and  60  g  of  crushed  ice 
was  added,  followed  by  the  dropwise  addition  of  a  solution  of  3.9  g 
of  sodium  nitrite  in  25  ml  of  water  at  0-3**.  After  addition  was 
complete,  the  solution  was  filtered  into  an  ice-cooled  flask,  and  a 
solution  of  3.8  g  of  sodium  azide  in  25  ml  of  water  was  added  drop- 
wise  while  the  reaction  temperature  was  maintained  at  0-5**. 
(Some  ether  was  added  to  suppress  foaming.)  The  reaction  mix- 
ture was  stirred  overnight,  and  the  solid  product  was  collected  by 
suction  filtration  and  water  washed.  The  crude  l-(a-azidophenyl> 
IH-benzotriazole  weighed  12.4  g  (99%)  and  was  used  in  the  next 
step  without  further  purification.  A  portion  recrystallized  from 
hexane  melted  at  84.6-85**;  Xm..  254  m^  (c  18,600),  235  (14,300), 
and  285  (sh)  (680). 

Anal.  Gated  for  CtHsN.:  C,  61.01;  H,  3.42;  N,  35.58. 
Found:  C,  61.52;  H,  3.66;  N,  36.07. 

DibeBio-l,3a,6,6a-<etraazapeiitaleoe  (m).  A  solution  of  12.4  g 
of  XXI  in  30  ml  of  o-dichlorobenzene  was  added  dropwise  to  20  ml 
of  refluxing  o-dichlorobenzene  heated  with  an  oil  bath.  The  solu- 
tion was  heated  at  reflux  for  3  hr  after  addition  was  complete. 
Activated  charcoal  was  added,  and  the  mixture  was  filtered  hot. 
On  cooling,  it  deposited  8.13  g  (74%)  of  crude  III  as  grayish  white 
needles.  The  product  was  purified  by  continuous  elution  with 
methylene  chloride  through  a  bed  of  Woelm  neutral  activated  alu- 
mina. A  heavy-solvent  liquid-liquid  extractor  was  found  to  be 
convenient  for  this  purification.  A  layer  of  ca,  30  g  of  alumina  was 
placed  on  top  of  a  layer  of  glass  wool  in  the  bottom  of  the  apparatus. 
The  crude  azapentalene  was  placed  on  top  of  the  alumina  and  was 
slowly  eluted  through  the  alumina  by  the  condensed  vapors  of  re- 
fluxing  methylene  chloride.  A  portion  of  the  product  recrystal- 
lized from  ethanol  melted  at  254.8-255.2**. 

AnaL  Calcd  for  C11H8N4 :  C,  69.22 ;  H,  3.88;  N,  26.91.  Found: 
C,  69.30;  H,  3.88;  N,  26.97;  dipole  moment:  4.36  D  (0.002  Af 
in  benzene  at  25**). 

Three  crystalline  forms  of  the  product  could  be  obtained  which 
differed  somewhat  in  infrared  spectrum.  These  were  converted 
to  the  same  form  by  melting  and  cooling;  vmax  3070,  1515,  1490, 
1460,  1450,  1430,  1390,  1325,  1310  (w),  1290,  1253,  1155,  1148, 
1121  (w),  1090  (w),  1030,  1005  (w),  963,  930,  898  (w),  870  (w), 
842  (w),  745, 730,  and  724  (sh)  cm"  K 

Acknowledgments.  We  are  very  grateful  to  Pro- 
fessor J.  D.  Roberts,  whose  advice  was  of  vital  im- 
portance to  us  in  the  early  stages  of  this  work,  and  to 
Dr.  D.  S.  Thatcher  for  assistance  and  helpful  dis- 
cussions. 


Carbonit  Kauer^  Castle^  Simmons  {  Dtt^enxotetroozopeiy 


2626 


Aromatic  Azapentalenes.    II.   Reactions  of  Monobenzo-  and 
Dibenzo- 1 ,  3a,4,6a-tetraazapentalenes^ 

R.  A.  Carbon!,  J.  C.  Kauer,  W.  R.  Hatchard,  and  R.  J.  Harder 

Contribution  No.  1169  from  the  Central  Research  Department^  Experimental  Stc 
E.  I.  du  Pont  de  Nemours  and  Company^  Wilmington^  Delaware. 
Received  November  17^  1966 


Abstract:  The  reactions  of  dibenzo-l,3a,4,6a-tetraazapentalene  0)  with  a  variety  of  reagents  are  described.  The 
directive  influence  of  the  tetraazapentalene  nucleus  on  electrophilic  substitution  reactions  at  the  benzene  rings  is 
discussed.  Ring-opening  reactions  of  I  with  peracetic  add,  lithium  aluminum  hydride,  and  cuprous  cyanide  give 
2-phenylbenzotriazole  derivatives.  Monobenzo-l,3a,4,6a-tetraazapentalenes  have  been  prepared,  and  the 
physical  and  chemical  properties  of  these  compounds  are  described. 


The  nitrogen-containing  analogs  of  pentalene,  the 
azapentalenes,  are  represented  by  replacement  of 
the  ring  carbon  atoms  (with  any  associated  hydrogen 
atoms)  by  nitrogen  atoms.  Placement  of  the  annular 
nitrogens  at  nonfused  positions  gives  azapentalenes  con- 
taining 8  IT  electrons.  However,  when  both  fused 
positions  are  occupied  by  nitrogen,  the  molecules  possess 
electronic  configurations  similar  to  those  of  pentalene 
dianion  or  naphthalene.  The  preparation  of  dibenzo- 
l,3a,4,6a-tetraazapentalene  (I)  as  well  as  the  isomeric 
l,3a,6,6a-tetraazapentalene  was  described  previously.'*' 
The  heteroaromatic  molecule  I  may  be  formally  repre- 
sented by  a  series  of  charge-separated  structures  la-c. 

e      /^ 


IQ 


lb 


® 


le 


The  chemical  and  physical  properties  of  the  dipolar 
tetraazapentalene  might  be  expected  to  reflect  a  struc- 
ture which  lies  between  neutral  naphthalene  and  penta- 
lene dianion.^  This  paper  describes  some  of  the  chemi- 
cal and  physical  properties  of  I  as  well  as  those  of  mono- 
benzo- 1 ,3a,4,6a-tetraazapentalene. 

Electrophilic  Substitution.  Dibenzo- 1 ,3a,4,6a-tetra- 
azapentalene  (I)  undergoes  a  number  of  facile  electro- 
philic substitution  reactions  with  and  without  disrup- 
tion of  the  tetraazapentalene  nucleus. 

Treatment  of  I  with  chlorine  or  bromine  in  acetic  acid 
or  chloroform  readily  gave  the  dihalogenated  deriva- 
tives IIIa,b  in  good  yields.  When  I  was  treated  with 
N-bromosuccinimide  in  acetonitrile,  the  monobromo 

(1)  These  compounds  may  be  named  l,5-dehydrotriazolo[2,l-<i]- 
benzotriazole  and  5,ll-dehydrobenzotriazolo[2,l-a]benzotriazole,  re- 
spectively. The  tetraazapentalene  nomenclature  is  employed  in  this 
and  subsequent  papers  to  emphasize  the  role  of  the  annular  nitrogens  of 
the  central  rings  in  providing  the  unusual  properties  of  this  novel  sys- 
tem.   The  following  numbering  system  has  been  adopted  in  this  paper. 

11 


1^  XT     14  * 


5' 

(2)  R.  A.  Carboni  and  J.  E.  Castle.  J,  Am,  Chem,  Soc,,  84,  2453 
(1962). 

(3)  R.  A.  Carboni,  J.  C.  Kauer,  J.  E.  Castle,  and  H.  E.  Simmons,  ibid., 
89,  2618  (1967). 

(4)  (a)  T.  J.  Katz  and  M.  Rosenberger,  ibid.,  84,  865  (1962);  T.  J. 
Katz,  M.  Rosenberger,  and  R.  K.  0*Hara,  ibid.,  86,  249  (1964);  (b) 
D.  Peters,  J.  Chem,  Soc,,  1274  (1960). 


no.  X  -  CL 

b  ,    X>  Br  SZ   0,   X  >  Cl.   Y>H 

e  ,    X  •  NO2  b  .   X  -  Br.   Y  -  H 

d  .    X  -  NHt  e  ,   X  -  NO2.    Y  -  H 

d  ,   X  -  NH2.  Y  -  H 
t .    X,    Y  -  NOf 
f  •    X-  SOCI2.  Y*» 

compound  lib  was  produced  in  70%  yield,  tog 
with  a  small  quantity  (5-10%)  of  dibromo  deriv; 
Chromatography  on  alumina  gave  no  evidence  of 
tional  monobromo  isomers.  Further  broininati< 
this  product  with  bromine  in  chloroform  gave 
A  similar  treatment  of  I  with  N-chlorosuccinimi 
acetonitrile  was  less  successful,  yielding  a  mixtu 
monochloride  Ila,  dichloride  Ilia,  and  some  unre 
I. 

Nitration  at  5  °  with  70  %  nitric  acid  gave  a  mixti 
dinitro  derivatives,  from  which  the  predominan 
mer  IIIc,  mp  352®,  was  isolated.  These  nit 
products  exhibit  strong  yellow-green  fluorescen 
solution.  When  I  was  treated  with  90  %  nitric  aci< 
tetranitro  derivative  Ille  (mp  410°  dec)  was  obt 
in  excellent  yield.  Surprisingly,  the  tetranit 
product  was  also  formed  when  I  was  heated  with 
aqueous  nitric  acid  at  60®.  The  latter  is  normall] 
ployed  as  an  oxidizing  rather  than  a  nitrating  me< 
When  I  was  treated  at  0®  with  25  %  aqueous  nitric 
a  mononitro  product  formed.  Evidence  for  onl] 
mononitro  isomer  in  the  crude  product  was  found. 

Treatment  of  I  with  chlorosulfonic  acid  at  90® 
duced  the  bis(sulfonyl  chloride)  Illf  in  50  %  yield, 
compound  was  relatively  resistant  to  water  but  re 
with  amines  and  ammonia  to  give  the  expected  si 
amides. 

Stannous  chloride  reduction  of  the  mono*  and  di] 
dibenzotetraazapentalenes  gave  incomplete  convei 
to  the  corresponding  amines  Id  and  lid,  respect 
thus  rendering  difficult  the  purification  of  the 
products.  However,  catalytic  hydrogenation  i 
methylformamide  with  10%  palladium  on  carbon 
the  desired  amines  which  were  more  readily  purifi 

Position  of  Electrophilic  Substitution.  The  halo 
tion  of  I  occurs  to  a  very  large  extent  at  the  2  ( 
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ion(s)  in  the  benzene  rings,  i.e.,  para  to  the  non- 
V  nitrogens.  The  position  of  the  bromine  atom  in 
ras  established  through  conversion  of  2-(S  '-bromo- 
idophenyl)-2H-benzotriazole  (V)  to  the  corre- 
ding  tetraazapentalene  derivative  which  was  iden- 
with  lib.  The  location  of  the  two  bromo  groups  at 
\  and  8  positions  in  Illb  was  established  by  con- 


IV 


NB3 


nb 

on  of  the  latter  with  cuprous  cyanide  to  2-(2'- 
ophenyl)-5,5  '-dicyano-2H-benzotriazole  (Via)  and 


mb 


NH2 


via,  X-CN 
b,  X-C50NH2 


:e  to  the  diamide  VIb,  which  was  identical  with  a 
de  prepared  by  an  independent  route.  This  reac- 
is  discussed  later.  If  the  quasiquinoid  intermedi- 
Vlla  and  Vllb  are  accepted  as  models  for  the 


3azxb 

xtion  states  during  electrophilic  attack,  these  tran- 
1  states  should  be  more  stable  than  those  for  sub- 
tion  at  the  1,3  (7,9)  positions  (VIIIa,b).  In  the  latter 
only  limited  charge  delocalization  is  possible, 
isubstitution  of  I  would  similarly  be  expected  to 
r  at  the  2,  4,  8,  and  10  positions.  It  is  unlikely 
the  substitution  reactions  would  be  complicated  by 
mation  of  the  ring  nitrogens  in  view  of  their  weakly 
:  character  and  the  mild  conditions  employed  (e.g., 
aqueous  nitric  acid). 

e  preferential  substitutions  at  the  2,  4,  8,  and  10 
ions  are  also  in  accord  with  an  approximate  charge 
budon  calculated  by  molecular  orbital  methods.^ 

y.  T.  Qua  and  H.  E.  Simmons,  /.  Am,  Ckem,  Soe,,  89,  2638 
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The  apparent  absence  of  isomers  in  the  monobromina- 
tion  and  -nitration  is  surprising  since  the  calculated 
charge  densities  at  C-2  and  C-4  are  close,  and  the  locali- 
zation energies  associated  with  attack  at  either  position 
might  be  expected  to  be  comparable. 

Tetracyanoethylene  (TCNE),  a  weak  electrophile 
which  is  capable  of  undergoing  substitution  reactions 
with  reactive  aromatic  systems,*  such  as  dimethyl- 
aniline,  phenol,  etc.,  did  not  give  the  tetracyanoethyl 
or  tricyanovinyl  derivative  of  I.  Rather,  an  aceto- 
nitrile  solution  containing  I  and  TCNE  gave  a  deep 
color  associated  with  formation  of  a  ^  complex  (see 
below). 

Nucleophilic  Displacement  Reactions  on  Substituted 
Tetraazapentalenes.  When  a  solution  of  tetranitro- 
dibenzotetraazapentalene  (Ille)  in  dimethylformamide 
was  treated  with  azide  ion,  a  diazidodinitro  derivative 
was  produced.  Milder  conditions  yielded  the  2-  (or  4-) 
monoazidotrinitro  derivative. 

The  dinitrodibenzotetraazapentalene  (IIIc)  also  was 
attacked  by  azide  ion;  however,  the  reaction  proceeded 
more  slowly. 

As  in  the  case  of  electrophilic  attack,  nucleophilic 
substitution  might  be  expected  to  occur  with  relative 
ease  at  the  2,4  or  8,10  positions  in  tetraazapentalenes. 
Attack  at  these  positions  probably  involves  anionic 
intermediates  which  may  serve  as  models  for  the  rate- 
determining  transition  state.  One  important  con- 
tributing resonance  structure  for  such  anions  may  be 
formulated  as  IXa.  Corresponding  stabilization  of  the 
transition  state  for  substitution  at  the  1,3  or  7,9  posi- 
tions is  not  possible. 


ISb 


Reaction  with  /f-Butyllithium.  Compound  I  under- 
goes a  metalation  reaction  with  /i-butyllithium.  Thus, 
when  I  was  treated  with  n-butyllithium,  followed  by 
methyl  iodide,  a  bright  yellow  crystalline  product  was 
obtained  which  analyzed  correctly  for  the  monomethyl 
derivative  despite  a  broad  melting  point  range.  The 
strong  resemblance  of  the  infrared  and  ultraviolet  spec- 
tra of  the  methyl  derivative  to  those  of  the  parent  com- 
pound indicated  little  alteration  in  the  electronic  sys- 
tem. I.e.,  the  methyl  group  is  attached  to  the  benzene 
ring  rather  than  to  a  nitrogen.  When  the  crude  product 
was  chromatographed  on  nonalkaline  Woelm  alumina, 
a  sharp-melting  (200-201  ®)  solid,  characterized  as  the 
monomethyl  derivative  X,  was  isolated  from  the  early 
eluates.  The  position  of  substitution  has  not  yet  been 
proved.  However,  the  4  (10)  position  (i.e.,  "or/Ao" 
to  nonfused  N)  should  be  favored  by  the  ability  of  the 
metal  to  coordinate  with  an  electron  pair  on  the  nitro- 
gen while  the  hydrogen  in  the  adjacent  position  is  re- 
moved by  attack  from  the  protophilic  butyl  anion.^ 

(6)  (a)  B.  C.  McKusick,  R.  E.  Heckert.  T.  L.  Cairns,  D.  D.  CofTman, 
and  G.  F.  Mower,  ibid.,  SO,  2783  (1958);  (b)  J.  R.  Roland  and  B.  C.  Mc- 
Kusick,  ibid.,  83,  1652  (1961). 

(7)  H.  Oilman  and  J.  W.  Morton,  Jr.,  Org.  R§aeth9u,  8,  261  (1954). 
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Reactions  at  the  Nitrogen  Atoms.  When  propylene 
was  passed  into  a  solution  of  I  in  concentrated  sulfuric 
acid  under  the  normal  Friedel-Crafts  conditions,  little, 
if  any,  C-alkylated  product  was  obtained;  rather,  a 
high  yield  of  N-isopropyltetraazapentalenium  hydrogen 
sulfate  formed.  The  latter  was  isolated  as  the  iodide 
XIa  by  neutralization  of  the  reaction  mixture  and 
treatment  with  sodium  iodide. 


"Oc^bO' 


I 


XIa,  R-1-C3H7 
b,  R-CH3 

The  N-methyl  derivative  Xlb  was  prepared  by  pro- 
longed treatment  of  I  with  methyl  iodide,  and  more 
readily  with  methyl  sulfate  at  150°,  followed  by  treat- 
ment of  the  resulting  water-soluble  methosulfate  with 
aqueous  sodium  iodide. 

The  cationic  derivatives  are  light-sensitive,  crystalline 
solids.  The  yellow  iodide  Xlb,  when  heated  at  reduced 
pressure,  reverted  to  methyl  iodide  and  I.  The  ultra- 
violet spectra  of  I,  XIa,  and  Xlb  are  shown  in  Table  I. 


Table  L    Ultraviolet  Absorption  Maxima  for 
Dibenzotetraazapentalene  I  and  Its  N-alkylated  Derivatives  XIa,b 


-I- 


m/i 


Amax* 

m/i 


-XIa- 


Cmax 


Amaxi 

m/i 


-Xlb- 


402 

38,300 

378 

19,700 

377 

20,000 

382 

23,300 

362 

19,200 
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323 
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2,850 
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63,300 

241 

32,900 
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35,000 

The  ultraviolet  spectrum  of  the  N-isopropyl  cation 
XIa  is  almost  identical  with  that  of  the  N-methyl  deriva- 
tive Xlb.  The  spectra  of  XIa  and  Xlb  are  equally 
shifted  toward  shorter  wavelengths  with  respect  to  the 
corresponding  peaks  in  the  spectrum  of  I. 

Complex  Formation.  Dibenzo- 1 ,3a,4,6a-tetraazapen- 
talene  functions  as  a  moderately  weak  t  base  in  the 
presence  of  strong  tt  acids  such  as  tetracyanoethylene 
and  7,7,8,8-tetracyanoquinodimethane  (TCNQ).»  The 
latter  appears  to  form  a  more  stable  complex  with  I 
than  does  tetracyanoethylene.  Treatment  of  TCNQ 
with  compound  I  in  warm  acetonitrile  gave  dark  green 
crystals  of  the  1:1  t  complex.  The  complex  is  dia- 
magnetic  and  exhibits  a  resistivity  of  4.6  X  10^  ohm  cm. 
The  solid  gives  green  solutions  when  cold;  however, 
the  color  is  discharged  on  heating,  indicating  thermal 
dissociation .  The  complex  is  also  dissociated  in  chloro- 
form by  differential  solubility  of  its  two  components ; 
the  insoluble  TCNQ  separates,  leaving  the  soluble 
compound  I  behind.  Compound  I  thus  appears  to  be 
only  a  moderately  strong  t  base,  which  is  not  sur- 
prising in  view  of  the  presence  of  the  four  electronegative 
ring  nitrogen  atoms. 

(8)  (a)  R.  E.  Merrifield  and  W.  D.  Philtips,  J.  Am.  Chem,  Soc„  80, 
2778  (1958);  (b)  L.  R.  Melby,  R.  J.  Harder,  W.  R.  Hertler,  W.  Mahler, 
R.  E.  Benton,  and  W.  E.  Mochel.  tbU,,  84,  3374  (1962). 


Silver  salts  and  salts  of  copper(I)  also  react 
compound  I  to  form  2 : 1  complexes.  The  silver  n 
complex  was  unaffected  by  recrystallization  froi 
methylformamide,  while  the  cuprous  cyanide  a 
was  broken  into  its  components  on  warming  in  i 
nitrile. 

Reactions  witii  Ring  Opening.  Although  an  ao 
solution  of  I  is  stable  to  potassium  permanganat 
molecule  is  readily  attacked  by  peracetic  acid  1 
relatively  mild  conditions  with  cleavage  of  a  N-N 1 
When  a  chloroform  solution  of  I  was  treated 
peracetic  acid,  an  oxidative  cleavage  occurred 
the  formation  of  2-(o-nitrosophenyl)-2H-benzotri 
(XII).  This  cream-colored  solid,  mp  185-185.5° 
solves  in  organic  solvents  to  yield  green  solutions, 
acteristic  of  nitroso  compounds.  The  physical 
spectral  data  suggest  that  the  nitroso  compound 
ably  exists  as  the  dimer  in  the  solid  state. 

The  structure  of  the  product  was  substantiated 
independent  synthesis  through  peracetic  acid  c 
tion  of  2-(o-aminophenyl)-2H-benzotriazole  (XIII 
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A  nonfused  nitrogen  with  its  relatively  high 
tron  density  would  be  a  favorable  site  of  attack  f< 
electrophilic  peracid.  The  accompanying  electroi 
leads  directly  to  the  corresponding  nitrosophenylb 
triazole  XII. 

Similarly,  lithium  aluminum  hydride  conver 
benzo-l,3a,4,6a-tetraazapentalene  to  2-(a-aminoph 
2H-benzotriazole  (XIII).'** 

When  the  tetraaza  derivative  I  was  hydrogenai 
acetic  acid  at  125°  with  5%  palladium  on  carb 
colorless  solid,  mp  121-122°,  which  was  identifi 
2-(o-acetamidophenyl)-2H-4,5,6,7-tetrahydroben2 
zole  (XIV),  was  isolated.  The  identical  subs 
was  obtained  from  the  catalytic  hydrogenation*  ol 
followed  by  acetylation. 

An  attempt  to  replace  the  halogen  atom  in  the  c 
bromodibenzotetraazapentalene  lib  with  a  1 
group  by  reaction  with  cuprous  cyanide  in  refl 
N-methylpyrrolidone^®  resulted  in  N-N  cleavage 
cyano-2-(o-aminophenyl)-2H-benzotriazole  (XV 
60%  yield.    XV  was  converted  to  the  correspo 

(9)  K.   Fries,  W.  Franke,  and  W.  Bums  [Ann,  511,  241 
reported  that  hydrogenation  of  2-phenyl-2H-benzotriazole  wi 
BaSOi  in  acetic  add  gave  reduction  of  the  fused  six-memben 
leaving  the  2-aryl  group  intact 

(10)  M.  Newman  and  H.  Boden«  J,  Org,  Chem,,  26,  2525  (19$ 
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f^)^       f^Hs  Cly  NHCCH, 


NHCCHs 


lido  derivative  XVI  by  hydrolysis  with  sulfuric 

.cation  of  XV  and  XVI  as  5'-cyano-  and  5'- 
iido-2  '-aminophenyl-2H-benzotriazoles,  re- 
\  was  established  through  independent  syn- 
2-(o-Acetamidophenyl)-2H-benzotriazole 
'as  brominated  in  acetic  acid  to  obtain  the  5'- 
erivative  XVIII.  The  position  of  the  bromo 
nt  para  to  the  acetamido  group  was  confirmed 
nation  of  the  proton  nmr  spectrum.  Replace- 
the  halogen  by  cyano  with  cuprous  cyanide 

by  hydrolysis  with  dilute  alkali  or  concen- 
Ifuric  acid  gave  the  same  cyano  and  carbox- 
:rivatives,  XV  and  XVI,  respectively,  as  did  the 
/age  described  above. 

y  of  derivatives  from  both  routes  confirms: 
the  preferred  position  for  halogenation  (and 
Dly  nitration)  in  dibenzo-l,3a,4,6a-tetraaza- 
i  is  at  the  2  (or  8)  position,  i.e.,  para  to  a  non- 
trogen;     (b)  that  the  ring-opening  reaction 

via  cleavage  of  the  N-N  bond  in  which  the 
I  nitrogen  is  attached  to  the  negatively  sub- 
)enzene  ring. 

milar  manner,  treatment  of  the  dibromide  Illb 
rous  cyanide  produced  the  corresponding  S,S'- 
2-(2  '-aminophenyl)-2H-benzotriazole  (Via), 
e  mononitrotetraazapentalene  lie  yielded  the 
ino-5  '-nitrophenyl)-2H-benzotriazole  (XIX). 
ibstituted  pentalene  I  also  underwent  cleavage, 
It  an  appreciably  slower  rate,  to  form  com- 
III.  This  ring-opening  reaction  did  not  occur 
ium  cyanide. 

ieiizo-l»3a,4,6a-tetraazapentalenes.  It  was  of 
:o  determine  the  physical  and  chemical  conse- 
of  removing  one  of  the  benzo  moieties  from  the 
letero  system.  Two  routes  were  found  which 
-benzo-l,3a,4,6a-tetraazapentalene  (XXI)  and 
•tetramethylene-2,3-benzo  derivative  XXII, 
ely. 
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lonobenzotetraazapentalene  XXI  was  prepared 
.ycydization   of  2-(o-mtrophenyl)-2H-triazole 


(XXIII)  with  trimethyl  phosphite. » ^  Compound  XXIII 
was  prepared  by  treatment  of  1,2,3-triazole  with  o- 
fluoronitrobenzene. 
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6^' 


(CHsO)sP 


The  resulting  mixture  of  1-  and  2-arylated  triazoles 
could  be  separated  by  distillation.  The  1  isomer  XXIV 
was  identified  by  comparison  with  an  authentic  sample 
prepared  by  the  addition  of  acetylene  to  o-nitrophenyl 
azide." 

Purification  of  the  monobenzotetraazapentalene  by 
vacuum  distillation  and  recrystallization  from  ethanol 
gave  colorless  crystals,  mp  108.8-109.7®,  whose  analysis 
was  in  agreement  with  the  structure  XXI  (CgHeNO. 
The  compound  possessed  a  distinct  quinoline-like 
odor. 

A  similar  deoxygenative  cyclization  with  o-nitro- 
phenyl-IH-triazole  (XXIV)  gave  the  isomeric  2,3- 
benzo-l,3a,6,6a-tetraazapentalene.  ^  ^ 

5,6-Tetramethylene-2,3-benzo- 1 ,3a,4,6a-tetraazapen- 
talene  (XXII)  was  prepared  by  conversion  of  2-(o- 
aminophenyl)-2H-tetrahydrobenzotriazole  (XXV)  to 
the  corresponding  azide  XXVI  followed  by  thermal 
decomposition,  in  a  manner  similar  to  that  employed 
in  the  preparation  of  I.'  From  the  concentrated  reac- 
tion mixture  was  obtained  the  tetraazapentalene  XXII 
as  an  almost  colorless  solid,  mp  131.5-133®. 

A  comparison  of  the  ultraviolet  absorption  spectra  of 
the  two  monobenzotetraazapentalenes  in  Table  II  reveals 
their  similarity. 

The  nonfluorescent  XXI  and  XXII  exhibit  a  pro- 
nounced hypsochromic  shift  in  the  ultraviolet  spectra, 

(11)  J.  C.  Kauer  and  R.  A.  Carboni,  /.  Am.  Chem,  Soc.,  89,  2633 
(1967). 
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Table  n.    Ultraviolet  Absorption  Spectra  of 
Monobenzotetraazapentalenes*  XXI  and  XXII 


-XXI 


-XXII 


€maz 


«iiiazt 


Cmaz 


343 
278 
236 


21,800 

3,040 

27,700 


351 
278 
242 


28,200 

2,850 

25,900 


«  Measured  in  ethyl  alcohol. 

compared  to  the  dibenzo  analog  I.  The  long-wave- 
length region  is  without  the  prominent  fine  structure 
which  characterizes  compound  I  and  its  benzo-naphtho 
analogs.' 

Both  of  the  benzotetraazapentalenes  XXI  and  XXII 
reacted  with  tetracyanoethylene  (TCNE)  in  tetrahydro- 
furan  solution  to  form  a  deep  blue  complex.  In  the 
case  of  XXI,  however,  the  solution  liberated  hydrogen 
cyanide  slowly,  and  the  blue  color  was  replaced  with  a 
deep  reddish  purple.  These  transformations  were  much 
more  rapid  in  N,N-dimethylformamide.  The  deeply 
colored  tricyanovinyl  derivative  XXVII  precipitated  on 
dilution  of  the  solution  with  water. 


N 


XXI    -^!HE^ 


vl*^ 


xxvn 

The  monobenzotetraazapentalene  reacted  much  more 
rapidly  with  methyl  iodide  than  did  the  dibenzo  deriva- 
tive I.  The  resulting  stable  methiodide  XXVIII  ex- 
hibited an  ultraviolet  spectrum  in  water  solution  very 
similar  to  that  of  the  pentalene  XXI  in  hydrochloric 
acid,  suggesting  that  the  positions  of  methylation  and 
alkylation  are  the  same. 

Experimental  Section 

Monobromodibenzotetraazapeiitaleoe  (lib),  a.  Flroai  Broraina- 
tion  of  I.  A  solution  of  20.8  g  (0.10  mole)  of  dibenzo- l,3a,4,6a- 
tetraazapentalene  (I)  in  2  1.  of  refluxing  acetonitrile  was  stirred 
vigorously  while  17.8  g  (0.10  mole)  of  N-bromosuccinimide  in  250 
ml  of  acetonitrile  was  added  dropwise  over  a  period  of  20  min. 
The  clear  yellow  solution  was  refluxed  for  2.5  hr,  during  which  time 
a  yellow  solid  (dibromo  derivative)  precipitated.  The  latter  was 
removed  from  the  hot  mixture  by  filtration.  The  filtrate  was  con- 
centrated to  two-thirds  of  its  original  volume,  then  filtered  while  hot 
to  remove  a  small  quantity  of  solid.  The  acetonitrile  solution  was 
cooled  to  5**  to  give  20  g  (70%)  of  product,  mp  196-198°.  Suc- 
cessive recrystallizations  from  benzene  and  hexane  gave  an  ana- 
lytical sample,  mp  201 .0-202.5  °. 

Anal.  Calcd  for  C„H7N«Br:  C,  50.19;  H,  2.46;  N,  19.51; 
Br,  27.83.    Found:  C,  50.26;  H,2.47;  N,  19.39;  Br,  27.66. 

b.  From  Thermolysis  of  2-(5  '-Bromo-2  '^azidoplienyl)-2H-benzo- 
triazde  (V).  A  solution  of  3.4  g  of  V  in  30  ml  of  o-dichlorobenzene 
was  heated  at  180°  for  1  hr,  during  which  time  nitrogen  evolved  and 
the  solution  turned  yellow-brown.  The  solution  was  concentrated 
to  one-third  volume  and  cooled.  The  yellow  crystalline  solid 
(2.4  g)  was  collected  by  filtration,  washed  with  fresh  solvent,  and 
dried,  mp  205-206°.  The  infrared  spectrum  of  this  material  was 
identical  with  that  of  the  product  from  method  a. 

Dibromodibeiizo-14a»4,6a-tetraazapeiitaleoe(IIIb).  a.  A  warm, 
stirred  mixture  of  I  (1.0  g,  0.005  mole)  and  85  ml  of  glacial  acetic 
acid  (50°)  was  treated  with  2  g  (0.0125  mole)  of  bromine  in  acetic 
acid.  A  bright  yellow  precipitate  formed  almost  immediately. 
The  mixture  was  heated  at  70°  for  15  min,  cooled  to  50°,  and  fil- 
tered. The  first  crop  of  crystals  (1.4  g)  was  recrystallized  from 
cMlichlorobenzene  to  obtain  bright  yellow  crystals,  mp  295-297°. 

Anal.  Calcd  for  CmHJBt^^:  C,  39.38;  H,  1.65;  N,  15.31; 
Br,  43.67.    Found:  C,  39.15;  H,  1.60;  N,  15.15;  Br,  43.20. 


The  ultraviolet  spectrum  (in  chloroform)  exhibited  the  character- 
istic three  areas  of  absorption,  the  strongest  peaks  in  each  group 
being  424  m^  (€  52,000),  314  (3660),  and  268  (75,760). 

b.  Brominatioo  of  lib.  A  solution  of  2.87  g  (0.01  mole)  of  lib 
in  chloroform  was  treated  with  1.6  g  (0.01  mole)  of  bromine  in 
chloroform,  giving  an  immediate  yellow  product  (3.2  g)  which 
exhibited  the  same  infrared  spectrum  and  melting  point  as  the  di- 
bromo derivative  above. 

Diclilorodibenzo-13a^i6a-teCraazapeiitaleoe  (IQa).  Compound  I 
(1.0  g,  0.005  mole)  was  added  to  a  stirred  solution  of  0.8  g  (0.11 
mole)  of  chlorine  in  34  ml  of  glacial  acetic  acid.  The  mixture 
was  gradually  heated  to  reflux,  and  approximately  half  of  the  sol- 
vent was  removed  by  distillation.  The  cooled  concentrate  was 
diluted  with  three  volumes  of  water,  and  the  insoluble  precipitate 
was  collected  by  filtration  (1.0  g).  Two  recrystallizations  of  the 
dried  solid  from  o-dichlorobenzene  gave  yellow,  fanlike  crystals, 
mp  303-304°. 

Anal.  Calcd  for  C,rff.N4Cl,:  C,  52.01;  H,  2.19;  CI,  25.59. 
Found:  C,  51.85;  H,2.48;  CI,  25.65. 

Nitratioo  of  Dibeiizo-l,3a,4,6a-tetraazapeiitaIene.  MowMitra- 
tioo  (lie).  To  700  ml  of  cold  (10°)  25%  nitric  acid  viras  added  with 
stirring  50  g  of  I.  The  yellow  suspension  was  stirred  vigorously 
while  warming  to  room  temperature  during  1.5  hr.  After  standing 
overnight  at  25°,  an  orange  solid  was  collected  by  filtration,  washed 
with  water,  and  dried.  The  crude  mononitro  derivative  (11  g, 
91  %)  was  purified  by  chloroform  extraction,  mp  301-303°. 

Anal.  Calcd  for  CHtN^O,:  C,  56.91;  H,  2.79;  N,  27.66. 
Found:  C,  57.21;  H,3.00;  N,  27.92. 

Dinftration  (mc).  Compound  I  (1.0  g)  was  added  in  small 
portions  to  15  ml  of  concentrated  nitric  acid  at  5°  with  stirring. 
The  mixture  was  stirred  for  an  additional  30  min,  then  poured  into 
ice-water.  A  quantitative  yield  of  the  yellow-orange  dinitro  com- 
pound, mp  340°  dec,  was  obtained.  Anal.  Calcd  for  CisHsNA: 
C,  48.33;  H,  2.03;  N,  28.18.  Found:  C,  48.21;  H,  2.25;  N. 
28.08. 

Tetranitration  (Ele).  To  a  stirred  solution  of  1  g  of  I  in  conoea- 
trated  HsSOa  was  added  an  excess  (20  ml)  of  fuming  red  nitric  add 
with  sliglit  cooling.  After  15  min,  the  mixture  was  heated  to  60"* 
and  maintained  at  this  temperature  for  an  additional  15  min.  The 
orange  mixture  was  cooled  somewhat  and  poured  into  five  volumes 
of  ice-water.  The  orange  tetranitro  derivative  was  collected  bjf 
filtration  (1.55  g).  Recrystallization  from  dimethylformamide 
yielded  an  orange-red  solid,  mp  410°  dec,  which  contained  one  sol- 
vent molecule  of  crystallization. 

Anal.  Calcd  for  QsH„N90»:  C,  39.05;  H,  2.40;  N,  27.31 
Found:  C,  39.47;  H,  1.65;  N,  27.82. 

Dilute  solutions  of  each  of  the  nitro  compounds  in  organic 
solvents  such  as  acetone,  tetrahydrofuran,  or  dimethylformamide 
exhibited  a  strong  greenish  fluorescence. 

Monoamlnodibeiizo-14a94,6a-teCraazapeiitaleoe  (lid).  A  sluny 
of  10  g  of  the  nitro  compound  lie  and  10%  palladium-on-carbon 
catalyst  (0.5  g)  in  150  ml  of  N,N-dimethylformamide  was  hydro- 
genated  at  30-40  psi  of  hydrogen  for  1  hr.  Most  of  the  hydrogen 
was  absorbed  during  the  first  10  min.  The  yellow-green  slurry  was 
heated  to  boiling  and  filtered  under  nitrogen.  On  cooling,  a  crop 
(5.4  g)  of  coppery  crystals  separated.  An  additional  2.3  g  of  prod- 
uct was  obtained  from  the  concentrated  filtrate.  The  crude  product 
was  purified  by  continuous  extraction  with  chloroform.  An  an- 
alytical sample  was  prepared  by  sublimation  at  250°  (1  mm). 
The  light  yellow  needles  darkened  in  air  at  240°  and  melted  slowly 
when  placed  in  a  bath  at  318°. 

Anal.  Calcd  for  CH.Nj:  C,  64.56;  H,  4.07;  N,  31.38. 
Found:  C,  64.35;  H,  3.89;  N,  31.13. 

Acetamjde  derivatife,  recrystallized  from  acetonitrile,  had  mp  334% 
X22"  420  mn  (€  42,800),  397  (24,700),  378  (8650),  324  (2100X  311 
(4200),  and  264  (55,600). 

Anal.  Calcd  for  CuHnONg:  C,  63.39;  H,  4.18;  N,  26.4a 
Found:  C,  63.78;  H,4.45;  N,  26.37. 

Benzamide  derivative,  yellow  needles  from  acetonitrile,  had 
mp  278-280°. 

Anal.  Calcd  for  QoHuONs:  C,  69.73;  H,  4.01;  N,  21.4a 
Found:  C,  69.97;  H,4.17;  N,  21.03. 

Diaminodibenzo-14a94,6a-teCraazapentalcne  (Did).  The  dinitro 
derivative  (5.0  g,  IIIc)  was  hydrogenated  as  described  above. 
The  solid  (2.8  g)  which  separated  from  the  dimethylformamkk 
solution  was  purified  by  successive  extractions  with  20  ml  of  hot 
N,N-dimethylformamide  and  four  25-ml  portions  of  dimethyl 
sulfoxide.  Dilution  of  the  combined  extracts  with  methanol  pnt 
1 .6  g  (40  %)  of  the  diamino  derivative.  An  additional  1 . 1  g  of  oude 
product  was  recovered  from  the  original  reaction  scAution  by  <0»' 
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1  water.  An  analytical  sample  was  prepared  by  recrystal- 
from  dimethyl  sulfoxide.  The  maroon  needles  nielted 
omposition  at  ca.  265°. 

Cakd  for  CuHioN,:    C,  60.49;    H,  4.24;    N,  35.28. 
C,  60.24;  H,  4.24;  N,  35.00. 
nunide  dcri?ati?e,  maroon  crystals,  had  mp  380 '^  dec. 

Calcd  for  QcHigOjNe:    C,  69.94;    H,  4.08;    N,  18.82. 
C,  69.57;  H,  3.96;  N,  18.92. 

beBxo-l,3aA<^-teCraazapeiitaleiie-2'3'-dl8iilfooyl  Chloride 
A  solution  of  25  g  of  dibenzo-1 ,3a,4,6a-tetraazapentalene  in 
of  chlorosulfonic  acid  was  stirred,  and  the  temperature 
ed  to  90""  over  a  period  of  3  hr.    The  solution  was  heated  for 

0  ^.  It  was  then  cautiously  poured  onto  ice  (behind  shields 
le  hood).  The  solid  was  separated  by  filtration  and  was 
Uy  washed  with  water  and  then  air-dried.  The  crude  yel- 
lolid  weighed  49  g.  A  36-g  portion  was  extracted  with 
of  boiling  ethyl  acetate.  After  cooling,  the  undissolved 
sulfonyl  chloride  (13.8  g)  was  separated  by  filtration, 
-ate  was  evaporated,  and  the  residue  was  extracted  with 
of  ethyl  acetate  at  room  temperature.  The  undissolved 
sulfonyl  chloride  (3.9  g)  was  combined  with  the  13.8-g 

and  recrystallized  from  methylene  chloride-hexane  to 
^Iden  yellow  platelets' melting  at  268-269.5''  dec;  Xbux 
(€  45,700),  350  (2140),  333  (2350),  283  (54,600),  and  238 

Calcd  for  CisH«N4Ss04as:  C,  35.58;  H,  1.49;  N,  13.83; 
).    Found:  C,  36.06;  H,  1.58;  N,  13.64;  CI,  17.05. 
processing  the  residues,  an  over-all  yield  of  51  %  of  this 
i\  chloride  could  be  obtained.    The  disulfonyl  chloride 
f  resistant  to  hydrolysis  in  neutral  solution  {e.g.,  boiling 

acetone)  but  reacted  with  ammonia  and  amines  to  form 
lides. 

fif^  'f^  '-Tetraiiiethyldiben20-13M»6a-teCraazapcotaknedi- 
ride»  from  dimethylamine  and  Ille  in  methylene  chloride, 
xescent  yellow  crystals,  mp  318-320'',  when  recrystallized 
thy  lene  chloride-hexane. 

Cakd  for  Ci«Hi8N«04S,:   C,  45.50;  H,  4.30;  N,  19.90. 

C,  45.45;  H,4.40;  N,  19.60. 

iridodiritrodibcnzD-l^a^tda-tetraazapcntakne,  To  a  hot, 
ohition  (135'')  of  tetranitrodibenzo-l,3a,4,6a-tetraazapen- 
Ile,  10  g)  in  400  ml  of  dimethylformamide  was  added  10  g 
im  azide  in  80  ml  of  dimethylformamide.  The  mixture 
i  in  color.  The  reaction  mixture  was  kept  at  80-85'' 
,  then  cooled  in  an  ice  bath.  The  yellow-orange  crystals 
parated  were  collected  by  filtration  and  washed  with  ethyl 

then  ether.    The  yield  was  8.4  g.    A  sample  melted  with 

1  decomposition  when  placed  in  a  bath  at  200".  Anal. 
yr  CUH4NUO4:  C,  37.90;  H,  1.06;  N,  44.21.  Found: 
;  H,  1.06;  N,  44.00. 

ifrared  absorption  of  the  compound  exhibited  the  charac- 
band  at  4.75  /i  and  the  nitro  bands  in  the  6.5-7.5-/1 


KNitn»o|ihcnyl)-2H-benzotriazole  (XH)-  a.  FhNn  I  and 
c  Add.  A  mixture  of  8.3  g  (0.04  mole)  of  the  tetraaza 
od  I  in  120  ml  of  chloroform  and  20  ml  of  40%  peracetic 
16  ml  of  glacial  acetic  acid  was  heated  on  a  steam  bath 
r.  The  mixture  was  cooled  and  poured  into  a  cold  solution 
ng  50  g  of  sodium  hydroxide.  The  organic  layer  was 
d  and  evaporated  to  cfaryness.  The  solid  residue  was  re- 
Ecd  from  chloroform  to  yield  crystals  melting  at  191-192" 
tie  total  yield  was  7.2  g  (75%).  The  infrared  spectrum  of 
1  showed  a  strong  band  at  7.87  /i  characteristic  of  nitroso 

The  ultraviolet  spectrum  in  ethanol  showed  a  weak  max- 
t  740  m/i  (€  45)  as  well  as  strong  absorption  at  284  m/i 
0  and  227  mM(€  22,600). 

Fh«  2-(o-Amiiiophenyl)-2H-benzotriaanle  (Xm)  and  P«r- 
Uid.  2<o-Aminophenyl>2,l,3-benzotriazole  (XIII)  (8.3  g, 
le)  in  100  ml  of  chloroform  was  treated  with  12  ml  of  40% 
:  acid  in  a  manner  similar  to  that  described  above.  There 
lined  a  total  of  7.3  g  of  pale  yellow  product,  mp  185-186" 
Me  infrared  spectrum  was  idaitk:al  with  that  of  the  nitroso 
XII  obtained  from  the  tetraazapentalene  I. 

Cakd  for  Ci3HsN40:  C,  64.28;  H,  3.60;  N,  24.99; 
(monomer),  224.  Found:  C,  63.96;  H,  3.72;  N,  24.56; 
in  ethylene  chloride),  229. 

in  Fonutkm  with  Dibcnzotetraazapeiitaleoe  (!)•  ••  With 
iCrate.  To  a  solution  of  1.0  g  of  I  in  75  ml  of  warm  tetra- 
ran  was  added  a  solution  of  silver  nitrate  (2  g)  in  aceto- 
A  yellow  solid  formed  immediately.  The  mixture  was 
br  3  lift  filtered,  and  washed  with  fresh  aoetonitrile  and 


chloroform  (1.7  g).    Recrystallization  from  dimethylformamide 
yielded  a  crop  of  yellow  crystals,  mp  >300". 

Aiud.  Cakd  for  [CisHsN4*2AgNOi]:  C,  26.30;  H,  1.47;  N, 
15.34.    Found:  C,  26.66;  H,  1.44;  N,  15.62. 

b.  With  TetracyanoqufaiodiiBethaiie  (TCNQ).  A  solution  of 
0.4  g  (0.02  mole)  of  TCNQ  in  hot  acetonitrile  (25  ml)  was  mixed 
with  0.41  g  (0.02  mok)  of  the  tetraazapentalene  I  in  25  ml  of  hot 
acetonitrile.  The  resulting  yellow-green  solution  was  heated  at 
reflux  for  5  min  and  allowed  to  cool  slowly.  A  crop  of  dark  green 
crystals  (0.52  g)  separated.  Anal.  Cakd  for  Ct4HuNt  (1:1  com- 
plex): C,  69.89;  H,  2.94;  N,  27.17.  Found:  C,  69.90;  H,  3.51; 
N,  27.80. 

The  complex  is  diamagnetk  and  exhibits  a  resistivity  of  4.6  X  10* 
ohm  cnL  The  product  is  decomposed  to  starting  materials  by 
differential  solubility  (in  chloroform). 

c.  With  Cuprooi  Cyanide.  Compound  I  (2.08  g,  0.01  mole) 
and  cuprous  cyanide  (0.89  g,  0.005  mok — as  [CuChQs)  were  each 
dissolved  in  25  ml  of  warm  N-methylpyrrolidone,  mixed,  and  heated 
on  a  steam  bath  for  30  min.  The  reaction  mixture  was  filtered  and 
the  filtrate  was  evaporated  to  dryness.  The  residue  was  triturated 
in  benzene,  collected  by  filtration,  and  then  dried.  The  light  yellow- 
green  soUd  (1.72  g,  89%  yield)  melted  at  277-278"  dec. 

Anal.  Cakd  for  CuHgNiCui  (1:1  complex):  C,  43.42;  H, 
2.09;  N,  21.70.    Found:  C,  41.14;  H,  2.22;  N,  20.88. 

The  infrared  spectrum  showed  an  absorption  band  at  4.65  /i 
(CuCN)  and  all  the  bands  of  I  except  that  at  8.0  ti. 

Reactioa  with  /i^irtyilithiiiiii.  Compound  I  (6.5  g,  0.025  mole)  in 
250  ml  of  benzene  was  treated  with  a  hexane  solution  of  /f-butyl- 
lithium  (0.06  mole)  at  room  temperature  with  stirring  for  1  hr. 
The  mixture  was  refluxed  for  2  hr  and  treated  with  0.07  mole  of 
methyl  iodide.  After  an  additional  hour  of  heating,  the  mixture 
was  cooled  and  treated  with  water.  The  dried  benzene  layer  was 
evaporated  to  dryness  to  yield  a  yellow  solid  residue  (5.4  g).  Por- 
tions of  the  product  were  recrystallized  from  various  solvents  in- 
cluding ethanol,  benzene,  and  cyclohexane.  The  bright  yellow 
crystals  analyzed  correctly  for  a  monomethyl  derivative  X  despite 
a  broad  melting  point  range,  suggesting  an  isomeric  mixture. 

Anal.  Cakd  for  Ci,HioN4:  C,  70.25;  H,  4.54;  N,  25.21. 
Found:  C,  70.26;  H,4.91;  N,  24.99. 

The  infrared  and  ultraviolet  spectra  of  the  methyl  derivative  are 
very  similar  to  those  of  the  parent  compound,  indicating  that  the 
electronk  system  has  been  little  altered,  /.e.,  the  methyl  group  is 
attached  to  the  benzene  ring  rather  than  to  a  nitrogen.  The  solid 
was  chromatographed  on  nonalkaline  Woelm  alumina  with  benzene, 
benzene-methylene  chloride,  and  finally  ethyl  acetate.  A  small 
quantity  of  sharp-melting  (200-201 ")  product  (X)  was  isolated  from 
the  initial  eluates;  X„,ax  405  m^  (c  44,400),  385  (24,400)  367  (7810), 
324  (4620)  sh  313  (2640),  310  (2975),  303  (2264),  296  (2240),  and 
259  (60,825). 

N-AIlKylatioiia  <rf  I.  a.  Dibciiio-l-isopropyl-13M»<te-<eCraaza- 
pwitaknhmi  Iodide  (XIa).  A  solution  of  I  (10  g,  0.048  mole)  in 
50  ml  of  concentrated  sulfuric  acid  was  stirred  while  propylene  was 
passed  in  during  a  20-min  period.  The  reaction  mixture  was  cooled 
with  an  ke  bath  during  this  period,  and  the  reaction  flask  was 
provided  with  a  Dry  Ice-acetone  condenser  to  prevent  loss  of  pro- 
pylene. The  mixture  was  allowed  to  come  to  room  temperature 
slowly,  and  the  mixture  was  poured  onto  800  g  of  ice.  After  a 
small  amount  of  waxy  material  was  removed  by  filtration,  the  pH 
of  the  mixture  was  adjusted  to  8  with  sodium  carbonate,  and  the 
clear  yellow  solution  was  allowed  to  stand  at  room  temperature 
for  3  days.  Excess  saturated  aqueous  sodium  iodide  solution  was 
added,  giving  an  immediate  bright-yellow  precipitate.  The  latter 
was  collected  by  filtration,  washed  with  water,  and  dried  in  vacuo 
at  room  temperature.  The  product  XIa  (16  g,  88%)  melted  with 
decomposition  at  140"  after  recrystallization  from  methylene  chlo- 
ride. Anal.  Cakd  for  C„Hi5N4l:  C,  47.63;  H,  4.00;  N,  14.81; 
1,33.55.    Found:  C,  47.92;  H,4.16;  N,  14.93;  1,34.22. 

b.  DibcBio-l-methyi-14«A<^-tefraazaptiitak«hiiii  Iodide 
(Xlb).  A  mixture  of  5  g  (0.0024  mole)  of  I  and  200  ml  of  methyl 
iodide  was  heated  at  reflux  for  1  week.  The  orange  crystals  (2  g, 
24%)  whkh  separated  were  collected  by  filtration  and  air  dried, 
mp  191 "  dec  (to  blue  melt). 

Anal.  Cakd  for  C„HnN4l:  C,  44.59;  H,  3.17;  N,  16.00; 
1,36.24.    Found:  C,  45.00;  H,  3.53;  N,  15.60;  1,36.01. 

c  Dibeiiio-l-iiiethyl-l,3a«4,<te-<eCraazapcBtalciifaim  Methofid- 
fiite.  A  mixture  of  15  g  (0.072  mole)  of  I  and  140  ml  of  freshly 
distilled  dimethyl  sulfate  was  heated  at  150"  for  45  min,  cooled,  and 
treated  with  1  1.  of  ether  containing  80  ml  of  methylene  chloride. 
The  ether  solution  was  separated  by  decantation,  and  the  insolubte 
oil  was  further  extracted  with  a  mixture  comprising  400  ml  of 
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methylene  chloride  and  400  ml  of  acetone,  who^upon  the  oil 
changed  to  a  light-tan  solid  (18.3  g).  The  latter  was  recrystallized 
from  a  methanol-ecetone-ether  mixture,  yielding  nearly  colorless 
crystals  of  the  methosulfate,  mp  199°  dec. 

Anal.  Calcd  for  C14H14N4O4S:  N,  16.76;  S,  9.59.  Found: 
N,  16.51;  S,9.71. 

2-((^>Aiiiiiiophenyl)-2H-4^,6,7-tetrahydrolwnzotriazole  (XXV). 
A  solution  of  1.3  g  of  2-(<'-aminophenyl)-2H-benzotriazole  (XIII) 
in  25  ml  of  acetic  acid  was  hydrogenated  at  40  psi  using  100  mg  of 
10%  palladium-on-charcoal  catalyst.  The  solution  was  filtered, 
and  solvent  was  removed  under  vacuum.  An  ethereal  solution 
of  the  residue  was  washed  with  dilute  sodium  carbonate  solution. 
Evaporation  of  the  organic  layer  yielded  colorless  crystals  of  the 
tetrahydro  derivative  (XXV)  (85%  yield)  which,  after  recrystalliza- 
tion  from  petroleum  ether,  melted  at  78-80°;  X^°^  320  m^  (€  7200), 
269  (9610),  and  238  (20,500). 

Anal.  Calcd  for  Ci,HuN4:  C,  67.26;  H,  6.59;  N,  26.15. 
Found:  C,  67.43;  H,6.51;  N,  26.06. 

N-Acetyl  derivatife  XIV,  mp  121-122°,  was  identical  with  the 
product  formed  when  the  tetraazapentalene  I  was  hydrogenated  in 
acetic  acid  at  125°  with  5%  palladium-on-carbon  and  a  hydrogen 
pressure  of  1000  psi. 

2-(a-AzidoplieiiyI)-5,6,73-tetrahydrobeozotriazole  (XXVI). 
Compound  XXV  (10.3  g,  0.05  mole)  in  40  ml  of  concentrated  hydro- 
chloric acid  and  50  ml  of  water  was  diazotized  at  5°  with  a  solution 
of  sodium  nitrite  (3.7  g,  0.05  mole)  which  was  added  dropwise. 
The  mixture  was  stirred  for  an  additional  90  min  and  filtered  to 
remove  a  small  amount  of  undissolved  solid.  The  cold,  stirred 
filtrate  was  treated  dropwise  with  an  aqueous  solution  of  sodium 
azide  (3.3  g,  0.05  mole).  A  gummy  solid  separated,  and  nitrogen 
was  evolved.  The  reaction  mixture  was  stirred  rapidly  at  5°  for 
90  min,  during  which  time  the  product  was  transformed  to  a  grainy, 
light  yellow  solid  (6.3  g).  The  azide  melted  at  48.5-49.6°  after 
recrystallization  from  pentane. 

AnaL  Calcd  for  C„H„N,:  C,  59.98;  H,  5.03;  N,  34.98. 
Found:  C,  60.49;  H,4.96;  N,  35.27. 

5,6-Tetraiiiediylene-23-beiizo-14a,4,6a-tetraazapcotaleiie  (XXII). 
A  solution  of  10.3  g  of  crude  azide  XXVI  in  200  ml  of  decalin  was 
heated  at  reflux  for  1  hr,  during  which  time  1  mole  of  nitrogen  was 
evolved.  Most  of  the  decalin  was  removed  by  distillation  at 
atmospheric  pressure.  On  cooling,  the  concentrated  solution  set 
to  a  brownish  yellow  crystalline  mass.  The  solid  was  collected  by 
filtration  and  recrystallized  from  hexane.  A  crop  of  yellow  non- 
fluorescent  crystals  (mp  131.5-133°,  4.35  g)  was  obtained.  An 
additional  0.9  g  of  product  was  isolated  from  the  concentrated 
mother  Uquor;  X22"  351  m^  (€  28,200),  278  (2850),  and  242(25,900). 

AnaL  Calcd  for  CH^N*:  C,  67.90;  H,  5.70;  N,  26.40. 
Found:  C,  68.32;  H,5.94;  N,  26.25. 

2-(o-Nitrophenyl)-2H-triazole  (XXm).  A  mixture  of  6.9  g  of 
1,2,3-triazole,  14.1  g  of  o-fluoronitrobenzene,  and  10.6  g  of  sodium 
carbonate  (anhydrous)  in  45  ml  of  N,N-dimethylformamide  was 
heated  to  reflux  for  65  hr.  The  product  was  poured  onto  ice  and 
extracted  with  ether.  The  ether  extract  was  dried  with  magnesium 
sulfate,  and  solvent  was  removed  under  reduced  pressure.  The 
residue  was  distilled  (oil  bath)  through  a  Vigreux  column  to  yield 
11.6  g  (62%)  of  2-(a-nitrophenyl)-2H-triazole.  bp  97-99°  (40  ^l). 
The  pot  residue  was  nearly  pure  l-(a-nitrophenyl)-lH-triazole 
(XXIV,  20%)  which  was  also  prepared  by  the  reaction  of  acetylene 
with  o-nitrophenyl  azide.  ^^  The  2H-triazole  XXIII  was  recrystal- 
lized from  pentane-benzene  (5:3)  at  —20°  to  obtain  colorless 
crystals,  mp  27.0-27.5  °. 

AnaL  Calcd  for  CgH«N40,:  C,  50.53;  H,  3.18;  N,  29.47. 
Found:  C,  50.87;  H,  3.30;  N,  29.66. 

23-Beiizo-14a^,6a-teCraazapeiitaleoe  (XXI).  A  solution  of  10.5  g 
(0.05  mole)  of  2-(a-nitrophenyl)-2H-triazole  (XXIII)  and  25  g  of 
triethyl  phosphite  in  25  ml  of  xylene  was  heated  for  6  hr  in  an 
oil  bath  maintained  at  150°.  The  product  was  vacuum  distilled, 
and  6.81  g  of  crude  2,3-benzo-l,3a,4,6a-tetraazapentalene  (XXI) 
was  collected  at  100°  (50  fi).  The  distillate  solidified  and  was  re- 
crystallized from  ethanol  to  yield  5.5  g  (70%)  of  colorless  crystals 
which  melted  at  107-108°.  A  sample  recrystallized  three  times 
from  ethanol  melted  at  108.8-109.7°;  vmax  (KBr)  3150  m,  3110  m, 
1515,  1472  m,  1460,  1370  vs,  1349,  1270,  1210,  1168,  1097,  995  m, 
920  vs.  890  m,  792  m,  746  vs,  731  vs,  703  m,  and  688  vs  cm->; 
XS2  "*^  311  niM  (€  14000),  267  (5450),  238  (9390),  and  222  (14970). 

AnaL  Calcd  for  QH<N4 :  C,  60.75 ;  H,  3.82 ;  N,  35.42.  Found : 
C,  60.67;  H,4.22;  N,  35.19. 

6-(a,/9,/3-Tricyanovinyl)-23-beiizo-l,3a,4,6a-tetnuuEapcntaleiie 
(XXVn).  A  solution  of  0.84  g  of  XXI  (0.0053  mole)  in  5  ml  of 
N,N-diniethylformamide  (DMF)  was  treated  with  a  solution  of  0.70 


g  of  tetracyanoethylene  in  10  ml  of  DMF.  The  initial  greer 
of  the  solution  gradually  turned  to  deep  red.  The  solutic 
warmed  on  the  steam  bath  for  30  min  and  was  poured  over 
of  ice.  The  solid  product  was  separated  by  filtration,  water  w 
and  dried  under  a  nitrogen  stream  (0.85  g).  The  deep  n 
crystals  of  tricyanovinyl  derivative  XXVI  melted  at  264- 
after  recrystallization  (with  some  diflkulty)  from  a  mixture 
ml  of  benzene  and  100  ml  of  hexane;  \^^  505  m/i  («  2 
383  (6300),  322  (12,100),  308  (9750),  and  231  (16,620). 

AnaL  Calcd  for  CHjNt:  C,  60.23;  H,  1.94.  Foun. 
61.00;  H,2.06. 

N-MethyI-2v3-beiizo-14a94,6a-teCraazapentaleiiiiiin 
(XXVm).  A  solution  of  0.30  g  of  2,3-benzo-l,3a,4,6a-tet 
pentalene  in  10  ml  of  methyl  iodide  was  sealed  in  a  glass  tul 
heated  at  100°  for  20  hr.  The  tube  was  cooled  and  opene< 
the  solid  product  was  separated  by  filtration  and  washec 
carbon  tetrachloride.  The  yellow,  crystalline,  water-s 
product  XXVIII  melted  at  193.6-194°  dec;  X^  318  nvx  (€  1* 
268  (4560),  and  225  (33,300). 

AnaL    Calcd  for  C»H9N4l:    C,   36.02;    H,   3.02;    N, 
Found:  C,  36.04;  H,3.02;  N,  18.90. 

Reactions  of  Dibenzotetraazapentalcne  Derivatives  with  G 
Cyanide,  a.  2-(2'-Amino-5'-iiitrophenyl)-2H-benzotriazole 
from  He.  A  nuxture  of  lie  (5.0  g,  0.02  mole),  1 .8  g  (0.02  m 
cuprous  cyanide,  and  20  ml  of  N-methylpyrrolidone  was 
under  reflux  for  2  hr  and  poured  into  a  mixture  of  10  ml  of  et( 
diamine  and  50  ml  of  water.  The  solid  was  collected  by  filt 
washed  with  water,  then  methanol,  and  finally  dried  (6.4  g). 
solid  was  continuously  extracted  with  benzene  in  a  Soxhlet 
ratus  for  12  hr.  From  the  evaporated  benzene  extract  the 
obtained  2.3  g  (46%)  of  XIX.  An  analytical  sample,  purii 
benzene  recrystallization  and  sublimation,  melted  at  251 
X!2"  350  mti  (€  20,900),  295  (19,100),  and  235  (16,600). 

AnaL    Calcd  for  CsH^NfiOi:    C,  56.47;    H,  3.55;    N. 
Found:  C,  55.61;  H,  3.58;  N,  27.26. 

b.  2-(2  '-Amino-S  '-cy anopheny  I)-2H-beiizotriazole  (XV)  fh 
A  mixture  of  2.87  g  (0.01  mole)  of  lib,  1 .6  g  (0.009  mole)  of  ci 
cyanide,  and  20  ml  of  N-methylpyrrolidone  was  heated  at 
for  4  hr  and  poured  into  a  dilute  hydrochloric  acid  solutio 
taining  5  g  of  ferric  chloride.  The  mixture  was  warmed  on  a 
bath  for  15  min  and  then  cooled,  and  the  solid  was  coUec 
filtration.  The  pasty  solid  was  triturated  with  methanol  a 
tracted  with  hot  benzene.  From  the  latter,  1.5  g  (63%  yi( 
solid,  whose  infrared  spectrum  was  consistent  with  the  stnicti 
XV,  was  isolated.  Two  benzene  recrystallizations  yielded  c 
line  XV,  mp  232-234°;  X22"  362  rm  («  13,500),  300  (1 
276  (36,100),  and  233  (28,300). 

AnaL    Calcd  for  CuH^Ns:    C,  66.37;    H,   3.86;    N. 
Found:  C,  66.78;  H,  3.91;  N.  30.39. 

Compound  XV  was  prepared  by  an  independent  route 
fluxing  a  mixture  of  2-(2'-acetamido-5'-bromophenyl)-2H- 
triazole  (2.5  g)  (XVIII)  (see  below)  with  cuprous  cyanide  ( 
20  ml  of  N-methylpyrrolidone.  The  reaction  mixture  was  i 
into  an  ethylenediamine-water  mixture  (10:100,  v/v).  The 
(1.42  g)  was  collected  by  filtration  and  recrystallized  from  met 
mp  210-213°. 

Hydrolysis  of  the  2-(2'-acetamido-5'-cyanophenyl)-2H- 
triazole  (XX)  with  1  equiv  of  sodium  hydroxide  (2  N  solutioi 
the  amine  XV,  which  was  identical  with  the  product  obtaine 
lib. 

c.  2-(2  '-Amino-S  '-carlx>xainidopiienyI)-2H-beiizotriazole 
A  mixture  of  XV  or  XX  with  sulfuric  acid  was  heated  a 
for  30  min,  then  poured  onto  ice;  mp  282-284.5°  from  ac 
ethanol. 

AnaL  Calcd  for  CuHuON,:  C,  61.65;  H,  4.38;  N. 
Found:  C,  61.85;  H,4.20;  N,  27.60. 

d.  2-(2'-Aiiiinophenyl)-5'^-  (or  4-)  -dicyano-2H-bcnzol 
(Via)  from  mb.  A  mixture  of  Illb  (3.7  g,  0.01  mole),  2.7  j 
mole)  of  cuprous  cyanide,  and  20  ml  of  N-methylpyrrolidoi 
heated  at  reflux  for  2  hr,  then  poured  into  a  mixture  of  50  g  0I 
enediamine  and  300  ml  of  water.  The  solid  was  collecte( 
filter,  washed  thoroughly  with  water,  then  extracted  rep( 
with  hot  benzene.  Evaporation  yielded  1.2  g  (45%)  of  pi 
TWO  recrystallizations  from  toluene-hexane  yielded  a  yellow  c 
line  solid  Via,  mp  244-246°;  X^"  381  m^  («  13,600),  280  (2 
and  247  (28,100). 

Anal.  Calcd  for  Q4H|N«:  C,  64.61;  H,  3.09;  N, 
Found:  C,  64.64;  H,  3.00;  N,  31.95. 

2-(2'-Acetamido-5'-bromophenyI)-2H-benzotriazole  (XVm 
a  stirred  sdution  of  84  g  (0.357  mole)  of  2-(o-acetamidopben: 
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ole  (XVII)  in  1.2  1.  of  gladal  acetic  add  coatainiiig  2 
iv  of  fused  sodium  acetate  was  added  1 12  g  (0.70  mole) 
e.  The  mixture  was  stirred  at  50°  for  3  hr,  cooled,  and 
ith  water.  Crude  XVIII  was  obtained  in  90%  yield 
stalUzations  from  methanol  yielded  a  colorless  product. 
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mp  179.5-180^  X^'  320  (sh)  m^  (c  11,100),  299  (16,450),  265 
(17,800),  257  (sh)  (16,200),  and  299  (29,000). 

Anal.  Galcd  for  QiHuBrNiO:  C,  50.78;  H,  3.35;  N,  16.92: 
Found:  C,  50.64;  H,  3.39;  N.  17.21. 

The  proton  nmr  spectrum  is  in  accord  with  structure  XVIII. 
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stnict:  Syntheses  of  mono-  and  dibenzo-l,3a,6,6a-tetraazapentalene  derivatives  are  described.  A  new  ring- 
Ksure  reaction  leading  to  these  as  well  as  to  the  isomeric  l,3a»4,6a-tetraazapentalenes  is  based  on  the  trialkyl  phos- 
ite  deoxygenation  of  {>-nitrophenyltriazole  derivatives. 


^us  papers  in  this  series  have  described  the 
aration  of  several  new  aromatic  azapenta- 
;  systems :  dibenzo- 1 ,3a,4,6a-tetraazapentalene 
,3-benzo-l,3a,4,6a-tetraazapentalene  (II),'  and 
•l,3a,6,6a-tetraazapentalene  (III).*  This  paper 
}  the  preparation  and  chemical  properties  of 
and  dibenzo- l,3a,6,6a-tetraazapentalenes  and 
ivatives. 


UL 


JSL 


etic    Routes    to    I,3a,6,6a-Tetraazapentalenes. 

hesis  of  III  bythe  pyrolysis  of  l-(o-azidophenyl)- 
:otriazole  has  been  previously  reported.* 
s  of  l-(o-azidophenyl)-lH-triazole  in  a  similar 
led  to  the  monobenzo-l,3a,6,6a-tetraazapenta- 
in  44%  yield.  The  cyclization  is  probably  ef- 
y  interaction  of  the  2p  electrons  of  the  center 
of  the  triazole  ring  with  the  developing  nitrene 
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.  Carbonl  and  J.  E.  Castle,/.  Am,  Chem.  Soe,,  84,  2453  (1962). 

L  Carboni,  J.  C  Kauer,  J.  E.  Castle,  and  H.  E.  Simmons, 

61 S  (1967). 

u  Carboni,  J.  C  Kauer,  W.  R.  Hatchard,  and  R.  J.  Harder, 
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during  pyrolysis.  The  precursory  nitrophenyltriazole  V 
was  prepared  via  reaction  of  o-azidonitrobenzene  with 
acetylene.  Catalytic  reduction  of  V  gave  the  corre- 
sponding amine  VI,  which  was  converted  to  azide  VII 
by  diazotization  and  treatment  with  azide  ion. 

Beiizo-l,3a,6,6a-tetraazapentalene  (IV)  is  a  colorless, 
nearly  odorless  solid  with  a  dipole  moment  of  4.73  D. 
at  2S^  in  benzene.  Like  the  dibenzo  derivative  III, 
rv  exhibits  three  main  regions  of  absorption  in  the 
ultraviolet  (Table  I). 


Table  L    Ultraviolet  Absorption  Nfaxima  for 
1 ,3a,6,6a-Tetraazapentalenes 


-ni . 

-IV . 

-II . 

. ^XVII — . 

Anax, 

x». 

AmAz* 

AmAz, 

ni/i 

€am* 

ni/i 

Cxuuc 

m/i 

€aiax 

m/x 

Cnuuc 

356 

39,800 

335 

16,100 

343 

21,800 

343 

16,400 

343 

32,500 

326 

15,200 

335 

16,600 

280 

8,250 

293 

4,110 

278 

3,040 

299 

4,080 

271 

5,900 

285 

3.760 

290 

3,440 

234 

35,000 

232 

28,600 

236 

27,700 

236 

29,800 

The  ultraviolet  absorption  peaks  of  the  isomeric 
benzo-l,3a,4,6a-tetraazapentalene  II  are  included  in 
the  table  for  comparison.'  It  will  be  noted  that  the 
long-wavelength  absorption  of  II  is  more  intense  and  is 
hypsochromically  shifted  with  respect  to  the  corre- 
sponding absorption  in  IV.  A  similar  effect  has  been 
noted  in  the  dibenzo  analogs  I  and  III.  The  origins  of 
these  differences  will  be  discussed  in  a  subsequent  com- 
munication.^ 

Several  alternative  procedures  for  generating  these 
tetraazapentalenes  directly  from  the  more  accessible 
nitro  compounds  were  examined.  An  unsuccessful 
attempt  was  made  to  effect  a  deoxygenative  ring  closure 
of  l-(o-nitrophenyl)-lH-benzotriazole  (VIII)  to  III  by 
pyrolysis  with  ferric  oxalate.^-*    However,  deoxygena- 

(4)  Y.  T.  Chia  and  H.  E.  Simmons,  ibid.,  89.  2638  (1967). 

(5)  H.  C.  Waterman  and  D.  L.  Vivian,  J,  Org,  Chem.,  14,  289  (1949). 
(Q  R.  A.  Abramovitch  and  K.  A.  H.  Adams,  Can.  J.  Chem.,  39,  2516 

(1961).    These  authors  reported  the  successful  ring  closure  of  2-(o- 
nitrophenyl)pyridine  to  pyrido[l,2-6]indazole. 
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tive  cyclization  of  this  triazole  with  phosphites  and 
phosphines  proceeded  smoothly.^  When  VIII washeated 
with  excess  triethyl  phosphite  in  xylene,  tetraaza- 
pentalene  III  was  isolated  from  the  cooled  solution  in 
good  yield  and  high  purity.  The  by-products  appeared 
to  be  very  soluble  in  aromatic  hydrocarbon  solvents, 
facilitating  the  isolation  of  III.  The  o-nitrophenyltri- 
azoles  IX  and  X  likewise  gave  the  corresponding  tetra- 
azapentalenes  in  fair  to  good  yields. 


P(0R)9 


61  -  65% 


nx 


82-88%* 


<xP 


70%* 


N*,,?^ 


(C2HsO)3P, 


CH,OOC-^i;      V^ 

CH300C         ^=/ 


CH300 
CH30 


^ 


(C4H9)3P 


CHsOOC— ^^J>l 
CH30-/")= 


^-b 


This  reaction  is  importantly  affected  by  the  nature  of 
the  phosphorus  compound.  For  instance,  the  reac- 
tion of  VIII  or  IX  with  tributylphosphine  is  more  rapid 
than  with  the  less  nucleophilic  triethyl  phosphite.  The 
yields  and  product  purities  are  much  higher  with  the 
latter  reagent,  however.  When  the  phosphine  was 
employed  with  the  ester  X,  attack  at  both  the  carbonyl 
oxygen  atom  and  the  nitro  group  occurred.  The  result- 
ing product  has  been  tentatively  assigned  the  triazolo- 
quinoxaline  structure  XII. 

Several  intermediates  are  possible  for  these  reactions. 
A  univalent  nitrogen  species  XIV  may  form  by  removal 
of  oxygen  atoms  from  the  nitro  groups.    A  prior  for- 

(7)  The  generation  of  nitrene-like  intermediates  in  the  phosphite 
deoxygenation  of  nitro  compounds  has  been  discovered  ind^endently 
in  other  laboratories:  (a)  J.  I.  G.  Cadogan  and  M.  Cameron- Wood» 
Proc.  Chem.  Soc.,  361  (1962);  (b)  J.  I.  G.  Cadogan,  M.  Cameron- Wood, 
R.  K.  Mackie,  and  R.  J.  G.  Searle,  J.  Chem.  Soe„  4831  (1965);  (c)  B.  M. 
Lynch  and  Y-Y.  Hung,  J.  Heterocyclic  Chem.,  2,  218  (1965);  (d)  R.  J. 
Sundberg,  Tetrahedron  Letters,  477  (1966). 

(8)  Studies  in  these  and  in  other  laboratories^  indicate  that  I  can  be 
obtained  in  good  yield  by  the  reaction  of  0,0 '-dinitroazobeozene  with 
trialkyl  phosphites.  The  nitrophenyltriazole  IX  may  be  an  intermediate 
in  this  reaction. 


mation  of  phosphinimine  (e.g.,  XIII)  with  sub 
elimination  of  triethyl  phosphite  may  likewise 
the  nitrene  XIV.  Finally,  intramolecular  dis^ 
of  the  phosphite  group  in  XIII  by  a  triazole  1 
may  lead  directly  to  the  azapentalene. 


NC), 


3(CA0),P 


cOi: 


L 

P(a 


I 


xm 


^ 


CO'-p 

:N: 


XIV 

The  last  two  sequences  were  shown  to  be  hi{ 
likely  when  the  phosphinimine  XIII  (prepared  f 
corresponding  azide  and  triethyl  phosphite)  fi 
yield  I  on  pyrolysis  in  refluxing  xylene. 

Oiemical  Properties.  The  chemical  reactivitj 
dibenzotetraazapentalene  III  (e.g.,  in  electrophi 
stitution  reactions)  parallels  closely  that  reported 
isomeric  U3a,4,6a  system  I.' 

Mononitration  occurred  in  2S  %  nitric  add  a 
temperature.  Dinitro  and  tetranitro  derivatives 
at  0-5**  in  70  and  90%  nitric  acid,  respectively, 
ment  of  III  with  chlorine  or  chlorosulf onic  add 
the  corresponding  dichloro  and  bis(chlorosulfoi 
rivatives,  respectively.  Although  the  positions 
stitution  in  these  electrophilic  reactions  have  n 
rigorously  proved,  charge  density  and  localizatioi 
considerations  similar  to  those  employed  for  the 
6a  isomer  V'^  favor  positions  a  and  b  as  sites  foi 


a 


a 


The  tri-  and  tetranitro  derivatives  of  I  and 
positive  Janovski  reactions,"  while  the  mono- 
nitro  derivatives  did  not.  Two  nitro  group 
tetranitro  derivative  were  readily  replaced  by  2 
in  a  manner  similar  to  that  of  the  l,3a,4,6a  s; 
yield  the  corresponding  dinitro  diazide. 

Ill  reacted  slowly  with  methyl  iodide  at  100 
an  unstable  adduct  which  could  be  isolated  i 
pure  state.  On  the  other  hand,  treatment  o 
tion  of  III  in  concentrated  sulfuric  acid  with  { 
led  smoothly  to  an  N-isopropyl  methosulfat 
tive,  which  was  converted  to  the  iodide  for  chai 
tion. 

Catalytic  hydrogenation  of  III  (palladium  c 
125°)  resulted  in  a  rupture  of  the  pentalene  mc 

(9)  Aromatic  systems  with  two  or  more  mefa-positioned  i 
generally  react  at  the  doubly  activated  position  (ortho  to  one  i 
para  to  the  other)  with  alkaline  acetone  to  form  an  intensely 
See,  for  instance,  R.  Foster  and  R.  K.  Nfackie,  Tetrahedn 
(1962);    19,  691  (1963). 
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hydrogenation  of  the  benzo  ring.  The  re- 
aininophenyl)-4,5,6,7-tetrahydro-lH-benzo- 
)  was  then  reconverted  in  the  usual  manner 
le  XVI)  to  a  new  tetraazapentalene  deriva- 
Compound  XVII  exhibits  an  ultraviolet 
ry  similar  to  that  of  the  monobenzo  deriva- 
rable  I). 


-cPh 


bstituted  monobenzopentalene  IV  exhibits 
i-eater  reactivity  toward  electrophiles  than 
enzo  analog.  Nitration  leads  rapidly  to  a 
native  which,  under  slightly  more  vigorous 
is  converted  to  a  trinitro  compound.  The 
ivative  gives  a  positive  Janovski  reaction 
nitro  does  not."  This  suggests  that  the  first 
roups  enter  the  tetraazapentalene  ring  and 
ng,  respectively.  More  vigorous  conditions 
introduction  of  a  second  nitro  group  in  the 
Nmr  studies  have  verified  these  conclu- 
ike  its  dibenzo  analog,  IV  reacts  readily 
iodide  to  form  a  stable  N-methyl  derivative. 
3let  spectrum  of  the  latter  in  water  is  very 
that  of  the  benzotetraazapentalene  IV  in 
c  acid,  indicating  that  the  sites  of  protona- 
ethylation  are  the  same.  Insoluble  metal 
avere  formed  with  a  wide  variety  of  heavy 

st  to  the  dibenzo  derivatives  I  and  III,  the 
tetraazapentalene  IV  reacts  readily  with 
lectrophile  tetracyanoethylene  (TCNE)  in 
lylf  ormamide  (DM F).  A  deep  blue  complex 
illy  in  concentrated  solution,  followed  by 
f  hydrogen  cyanide  and  the  development 
pie  color  of  the  tricyanovinyl  derivative 
lie  loss  of  hydrogen  cyanide  is  much  slower 


(blu«    compUx) 


-HCN 


r  1 


fClJ 
^^     NC-^==^ 


XN 


t  benzene  derivatives  such  as  phenols,  N.N-dimethyl- 
t  reported  to  form  tricyanovinyl  derivatives  under  similar 
it»  for  instance,  J.  R.  Roland  and  B.  C  McKusick,  /.  Am. 
,  1652  (1961). 


in  tetrahydrofuran  solution,  and  the  blue  color  of  the 
complex  persists  for  many  hours  in  solution.  The  fol- 
lowing reaction  sequence  is  suggested. 

Electrophilic  attack  by  tetracyanoethylene  on  IV 
undoubtedly  occurs  at  the  pentalene  ring  rather  than 
on  the  benzo  substituent.  This  conclusion  is  sup- 
ported by  the  nonoccurrence  of  a  similar  reaction  with 
either  of  the  dibenzo  analogs  I  and  III  or  with  the  sub- 
stituted monobenzotetraazapentalene  XVII.  The  latter 
compound  forms  a  similar  (isolable)  blue  complex; 
however,  lack  of  an  available  position  on  the  pentalene 
ring  precludes  the  subsequent  collapse  of  the  com- 
plex to  the  corresponding  tricyanovinyl  derivative. 

Experimental  Section 

All  melting  points  are  corrected.  Nmr  spectra  were  obtained 
with  a  Varian  A-60  spectrometer.  Saturated  deuteriochloroform 
solutions  with  tetramethylsilane  as  an  internal  standard  were  used 
unless  otherwise  noted.  Peak  center  positions  are  reported  as 
T  ^  10  —  6b  ppm;  number  of  protons  (by  integration)  is  given  in 
parentheses. 

Infrared  spectra  were  determined  in  potassium  bromide  wafers 
with  a  Perkin-Elmer  21  spectrophotometer  unless  otherwise  noted. 
Peak  positions  are  reported  in  wavenumbers;  m  and  w  indicate 
medium  and  weak  intensities,  respectively.  Ultraviolet  spectra 
were  determined  in  ethanol.  Dipole  moments  were  determined 
in  benzene  solution  at  25°. 

o-AaidonitrobeiizeDe.  The  following  modification  of  the  pro- 
cedure of  Noelting  and  Michel  ^  ^  was  used. 

A  solution  of  48.4  g  of  o-nitroaniline  in  500  ml  of  hot  19%  hy- 
drochloric acid  was  poured  while  stirring  onto  500  g  of  ice  contained 
in  a  4-1.  beaker  immersed  in  a  methanol-ice  bath.  The  resulting 
slurry  was  diazotized  by  the  slow  addition  of  an  aqueous  solution 
of  26  g  of  sodium  nitrite  while  the  temperature  was  maintained  at 
0-5°.  The  solution  was  stirred  for  1  hr  at  this  temperature,  ice 
was  added,  and  the  solution  was  filtered  quickly  and  returned  to  the 
4-1.  beaker.  A  solution  of  24.5  g  of  sodium  azide  in  75  ml  of  water 
was  added  dropwise  at  0-7°.  A  layer  of  ether  on  the  solution 
mimmized  frothing.  The  solution  was  stirred  for  2  hr,  and  ether 
was  added  to  dissolve  the  solid.  The  ether  layer  was  separated, 
washed  with  water,  and  dried  over  magnesium  sulfate.  Solvent 
was  removed  under  reduced  pressure  to  a  final  volume  of  150  ml, 
and  a  total  of  100  ml  of  warm  pentane  was  added  slowly  to  the 
warm  ether  solution  with  stirring.  A  total  of  53  g  (98%)  of  o- 
azidonitrobenzene  (mp  51-52°)  was  obtained  in  two  crops. 

l-<a-Nitroplienyl>-lH-triazole  (V).  A  solution  of  50  g  of  o-azido- 
nitrobenzene  in  3()0  ml  of  acetone  in  a  1-1.  autoclave  was  heated 
with  acetylene  gas  under  a  pressure  of  ca,  10  atm  at  50°  for  6  hr, 
at  60°  for  6  hr,  and  at  70°  for  6  hr.  The  autoclave  was  cooled  and 
vented  between  cycles  to  remove  accumulated  nitrogen.  Solvent 
was  removed  under  reduced  pressure,  and  the  product  was  crystal- 
lized from  a  mixture  of  150  ml  of  benzene  and  50  ml  of  hexane  to 
yield  34  g  (59%)  of  V  in  two  crops.  The  major  by-product  was 
benzofuroxan,  which  can  optionally  be  distilled  from  the  crude  re- 
action mixture  (oil  bath  at  1 35  °  (1  mm)).  A  portion  of  V  recrystal- 
lized  from  benzene-hexane  melted  at  94.3-95.1°;  X  290  (sh)  m/i 
(c  1650)  and  223  (sh)  (13,800);  y„^  3180  w,  3130w,  1620  m,  1595  m, 
1535,  1517  m,  1458  w,  1360,  1327,  1308,  1234,  1202  w,  1130  w. 
1105  w,  1086  m,  1045,  1026,  988  m,  958  w,  948  m,  885  m,  854, 
795, 784, 748, 714  m,  704  m,  and  698  m  crrrK 

Anal,  Calcd  for  QHeNiO:  C,  50.53;  H,  3.18.  Found: 
C,  50.61;  H,3.18. 

l-<o-Aiiiiiioplienyl)-lH-triazole  (VI).  A  solution  of  25  g  of  V  in 
150  ml  of  n-propyl  alcohol  was  hydrogenated  at  40  psig  with  0.2  g 
of  platinum  oxide.  The  product  was  flash  distilled  (oil  bath; 
bp  135°  (0.2  mm))  to  yield  18.4  g  (87%)  of  VI,  mp  38.7-39.3°, 
p„^x  (neat)  3420,  3310,  3200  m,  3120  m,  1620,  1512,  1478  m,  1460, 
1430  w,  1320,  1272  m,  1225,  1195  m,  1158  m,  1120  w,  1090  m, 
1040, 1025, 980, 788  m,  750,  718,  and  670  m  cm"*. 

Anal.  Calcd  for  CsHsN*:  C,  59.98;  H,  5.03;  N,  34.98. 
Found:    C,  59.96;  H,5.21;  N,  35.25. 

l-<o-Azidoplieiiyl)-lH-triazole  (VII).  A  solution  of  37.3  g  of  VI 
in  250  ml  of  concentrated  hydrochloric  acid  was  poured  onto  750  g 
of  ice  contained  in  a  2-1.  beaker  cooled  to  —30°  with  a  Dry  Ice- 


(11)  E.  Noelting  and  O.  Michel,  Ber.,  26.  86  (1893). 
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carbon  tetrachloride-chlorofonn  bath.  A  solution  of  18  g  of 
sodium  nitrite  in  50  ml  of  water  was  added  dropwise  at  —20  to 
—22°.  The  solution  was  stirred  for  2  hr,  and  a  solution  of  18  g 
of  sodium  azide  in  50  ml  of  water  was  added  dropwise  at  —20  to 
—22''.  Ether  was  added  to  minimize  frothing.  After  being  stirred 
for  3  hr,  the  solution  was  warmed  to  room  temperature,  neutralized 
with  sodium  hydroxide  solution,  and  extracted  with  ether.  The 
ether  layer  was  dried  over  magnesium  sulfate,  and  solvent  was 
removed  under  vacuum  to  a  volume  of  300  ml.  Hexane  (250  ml) 
was  added,  and  22.2  g  (51  %)  of  white  crystals  of  VII  was  collected. 
A  portion  recrystallized  from  ether  melted  at  70.3-71.2*;  X  335 
(sh)  miA  (e  82),  X„uix  254  m/x  (e  12,100),  X  235  (sh)  m/*  («  11,700); 
v„^x  3120,  2250,  2220,  1600  m,  1510  m,  1480  m,  1470  m,  1318, 
1270  w,  1236,  1195  m,  1160  m,  1133  w,  1108  m.  1090  m,  1042, 
1032  m,  986  m,  955  w,  945  w,  810,  758,  735  w,  710  m,  and  700  m 
cm"^ 

AnaL  Calcd  for  QHsN.:  C,  51.61;  H,  3.25;  N,  45.15.  Found: 
C,  51.91;  H,3.40;  N,  44.88. 

Beiizo-l,3a,6,6a-tetraazapeiitaleoe  (IV).  A  solution  of  25.4  g 
(0.136  mole)  of  the  azide  VII  in  75  ml  of  o-dichlorobenzene  was 
heated  in  an  oil  bath  at  175-200''.  When  gas  evolution  (0.14  mole 
total)  had  ceased,  the  solvent  was  removed  under  reduced  pres- 
sure (2.0  mm)  at  80°  in  a  rotary  film  evaporator.  The  residue  in 
methylene  chloride  was  eluted  continuously  through  a  column  of 
400  ml  of  Woelm  neutral  alumina.  (A  heavy-liquid  continuous 
extraction  apparatus  can  be  conveniently  adapted  for  this  purpose.) 
Solvent  was  distilled  from  the  eluate  to  yield  11.24  g  of  IV.  Re- 
crystallization  from  ethanol  yielded  9.45  g  (44%)  in  two  crops, 
mp  121.6-122.2°,  Xmax  (concentrated  hydrochloric  acid)  311  m/i 
(«  14,100),  267  (5450),  238  (9390).  and  222  (14,970)  (see  Table  I 
for  ethanol  solvent);  Pnu,x  3150  m,  1620  m,  1582  w,  1512  m,  1478, 
1440  w,  1375, 1340, 1330  m,  1305  m,  1280  m,  1196  w,  1186w,  1157. 
1137,  1110  w,  1080  m,  1007,  983  w,  978  m,  863  m,  810,  747,  734, 
727,  and  700  m  cm- ^ 

AnaL  CalcdforQHeN*:  C,  60.75;  H,  3.82;  N,  35.43.  Found: 
C.  60.97;  H,  3.38;  N,  35.71,  35.76. 

This  compound  could  also  be  prepared  in  36%  yield  by  heating 
to  reflux  overnight  a  solution  of  1.14  g  of  V  and  4.0  g  of  trimethyl 
phosphite  in  10  ml  of  xylene. 

Silver  nitrate  complex  was  formed  in  89%  yield  from  acetonitrile 
solutions  of  IV  and  silver  nitrate;  white  crystals,  mp  200°  dec 

AnaL  Calcdfor  QH«N4AgNO,:  C,  29.29;  H,  1.84;  N,  21.35. 
Found:  C,  29.29, 29.19;  H,  2.45,  2.10;  N,  21.44. 

Cupric  deride  complex  was  prepared  in  95%  yield  by  the  addi- 
tion of  1.0  g  of  cupric  chloride  dihydrate  to  a  solution  of  0.50  g  of 
rv  in  50  ml  of  warm  ethanol;  blue-black  crystals,  mp  179-182°. 

AnaL  Calcd  for  Q2H,N4Cua,:  C,  32.84;  H,  2.07;  N,  19.15; 
Cu,  21.72.    Found:  C.  33.73;  H,2.14;  N,  19.16;  Cu  21.04. 

Mercuric  diloride  complex  was  formed  in  27  %  yield  from  0.6  g  of 
mercuric  chloride  and  a  solution  of  0.2  g  of  IV  in  5  ml  of  ethanol; 
white  crystals,  mp  170-172°. 

Anal,  Calcd  for  QH^NiHgCl,:  C,  22.36;  H,  1.41;  N,  13.04. 
Found:  C,  22.63;  H,  1.84;  N,  13.18. 

Manganese  diloride  complex  was  prepared  in  20%  yield  from 
1.97  g  of  manganese  chloride  tetrahydrate  and  1.58  g  of  IV  in  150 
ml  of  warm  ethanol;  yellow,  water-sensitive  crystals,  mp  310-315°. 

AnaL  Calcd  for  CsHsNiMnQ,:  C,  33.83;  H,  2.13;  Mn, 
19.34.    Found:  C,  33.98;  H,  2.26;  Mn,  19.25. 

Dimethyl  l-(a-NitrophenyI)-lH-triazole-4,5-dicarboxylate  (X). 
A  solution  of  41  g  of  o-azidonitrobenzene  and  40  g  of  dimethyl 
acetylenedicarboxylate  in  25  ml  of  chloroform  was  held  at  30° 
for  15  days.  The  crystalline  adduct  (35.7  g)  was  separated  by 
filtration  and  washed  with  1 : 3  chloroform-hexane.  The  combined 
filtrates  and  washings  were  warmed  to  70°  for  2  hr,  and  volatile 
products  were  removed  under  reduced  pressure  (100°  (0.5  mm)). 
The  residue  was  recrystallized  from  80%  methanol  to  yield  an 
additional  23.8  g  of  adduct.  A  portion  recrystallized  successively 
from  methanol-water  and  from  benzene-hexane  melted  at  87.5- 
88°;  >.„.x  1730,  1610  m,  1590  w,  1535,  1505  m,  1452  m,  1440  m, 
1378  m,  1348,  1305,  1258,  1220,  1208,  1168  w,  1107,  1080  w,  1008, 
962  m,  937  m,  853,  830  m,  810  m,  788,  748,  728  w,  and  695  m  cm->. 

AnaL  Calcd  for  CaHioNiO.:  C,  47.06;  H,  3.29;  N,  18.30. 
Found:  C,  47.20;  H,3.44;  N,  18.36. 

Dimethyl  43-BemEO-14a,6,6a-tetraazapcotalene-23-dicarboxylate 
(XI).  Under  nitrogen  a  solution  of  7.0  g  of  triethyl  phosphite  in 
50  ml  of  toluene  was  added  over  24  hr  to  a  refluxing  solution  of  6. 12 
g  of  X  in  100  ml  of  toluene.  The  solution  was  heated  to  reflux  for 
6  hr,  and  solvent  and  volatile  products  were  removed  under  re- 
duced pressure.  The  resulting  oil  crystallized  partially.  The  white 
crystals  (1.35  g)  were  dried  on  a  clay  plate,  and  after  successive 


recrystaUization  from  methanol  and  benzene-hexane  mdl 
127.0-128.4°;  X>^  353  m^  (e  14,400),  284  (9650),  250  (18 
and  223  (16,200);  y„^  4140  w,  4100  w,  3960  w,  1740, 1705,  15 
1522,  1480  m,  1445  m,  1430  m,  1395  m,  1382,  1345,  1344,  13 
1295, 1238, 1212  m,  1195  m,  1160  m,  1122  m,  1048  m,  1030  w,  S 
970,  892  w,  862, 808, 756,  and  714  m  cm-^ 

Anal.  Calcd  for  Ci«HioN404:  C,  52.85;  H,  3.68;  N,  : 
Found:  C,  52.86;  H,  3.76;  N,  20.50. 

Methyl  4-Metfaoxy-p-triazoio[3^4-<i]qiiinoTaHm»-3-c«flMK 
(XH).  A  solution  of  8.46  g  of  tributylphosphine  in  50  ml  o 
zene  was  added  slowly  over  50  hr  to  a  refluxing  solution  of  < 
of  V  in  50  ml  of  toluene.  The  resulting  gray  crystals  (1.97  g 
dried  on  a  clay  plate  and  washed  with  pentane.  After  tv 
crystallizations  from  methanol  the  white  crystalline  product  r 
at  193.8-195.0°;  X,n.x  331  m^  (e  11.420),  317  (13,400),  305  ( 
291  (7500),  280  (7530),  265  (8520),  249  (13,900),  and  222  (24 
vmax  3100  w,  2950  w,  1635,  1578,  1552,  1490  m,  1480  m, 
1385, 1335, 1320  m,  1283  w,  1265, 1247, 1230  m,  1210, 1186, 11 
1095, 1007, 970, 900  m,  793  m,  769, 764,  735  m,  720  w,  713  n 
688  w  cm-i;  nmr  t  1.9-2.4  (4),  multiple!,  5.65  (3),  and  5.83  (3 

Anal.    Calcd  for  C1SH10N4O1:    C,  55.81;    H,  3.90;    N, 
Found:  C,  55.85;  H,  4.02;  N,  21.55. 

Dinitrobeiizo-l,3a,6,6a-teCraazapentaleiie.  Compound  IV  ( 
was  added  in  small  portions  to  100  ml  of  70%  nitric  add  at 
with  stirring.  The  solution  was  stirred  for  15  min  at  0°  an( 
then  allowed  to  warm  to  room  temperature.  The  resulting  c 
crystals  (1.95  g)  of  dinitro  derivative  were  separated  by  filtr 
and  after  recrystaUization  from  400  ml  of  acetone  melted  at  4 
280°;  \uu^  420  m^  (€  20,900),  348  (6130),  338  (6130),  312  (11 
278  (sh)  (8300),  270  (9380),  and  250  (11,900). 

AmU.  Calcd  for  QH4N«04:  C,  38.72;  H,  1.62;  N,  ; 
Found:  C,  38.74;  H,1.83;  N,  34.09. 

Trinitrobenzo-14a,6,6a-teCraazapentaleiie.  Compounc! 
(5.7  g)  was  added  in  small  portions  to  75  ml  of  95  %  (yellow  fu 
nitric  add  at  0-5°  with  stirring.  The  solution  was  warm 
room  temperature,  poured  onto  ice,  and  filtered.  The  olive<c 
product  wdghed  7.50  g.  After  successive  recrystallizations 
acetone  and  1:1  acetone-ethanol,  it  melted  at  305-306.5^ 
Xoiax  434  niM  (€  27,900),  335  (5300),  and  294  (16,400);  mm 
CDiSOCDf-CHiCOCHi)  r  0.43  (1),  doublet  (7  «  2.1  cps) 
(1),  0.82(1),  doublet  (7  =  2.1  cps). 

AnaL  Calcd  for  QH.N7O,:  C,  32.77;  H,  1.03;  N,  : 
Found:  C,  32.62;  H,  1.12;  N,  33.51. 

Tricyanovinylbenzo-14a,6,6a-tetraazapeiitaleoe  (XVDI).  A 
tion  of  0.84  g  of  IV  in  10  ml  of  dimethylformamide  (DMF 
treated  with  a  solution  of  0.70  g  of  tetracyanoethylene  in 
of  DMF.  The  initial  greenish  blue  color  of  the  complex  gra< 
changed  to  purple.  The  solution  was  warmed  on  the  steam 
for  30  min  and  was  then  poured  onto  200  ml  of  crushed  io 
stirred  for  15  min.  The  [x-edpitated  purple  crystals  (0.85  g) 
filtered  and  washed  with  water.  A  portion  after  recrystalli; 
from  benzene-hexane  melted  at  236-237.4°;  Xaaz  (aceton 
534  mn  (€  24,700),  333  (6470),  310  (6310).  278  (4730),  ani 
(19,050);  v„».x  3120  w,  2210,  1565  w,  1522,  1493,  1440, 
1413  m,  1360.  1313.  1270,  1207,  1170.  1152,  890  w,  863  w, 
782  m,  757,  748  m,  737  m,  694  m,  and  668  w  cm-^ 

AnaL  Calcd  for  Q,H,N7:  C,  60.23;  H,  1.94;  N,  : 
Found:  C,  60.01;  H.  2.23;  N,  37.62. 

l(6)-Me0iylbenzo-14a,6,6a-teCraazapentaleiiium  Iodide.  A 
ture  of  0.30  g  of  IV  and  10  ml  of  methyl  iodide  was  sealed  in  a 
tube  and  heated  for  20  hr  at  100°.  The  yellow  crystalline  pr 
(0.46  g)  was  separated  by  filtration  and  washed  with  carbon 
chloride,  mp  193.6-194°  dec.  The  product  was  very  solul 
water,  slightly  soluble  in  acetonitrile;  Xmax  (HsO)  309  m^  («  12 
222  (38,100);  X„utx  (ethanol)  318  m^  (c  14,300),  268  0 
245  (sh)  (8340),  and  225  (31.500);  nmr  KD,0)  t  1.02  (1),  d< 
(7  =  2  cps),  1.43  (1),  doublet  (7  =  2  cps),  1.70  (1),  multipiet 
(3),  multipiet,  and  5.70  (3);  Vn^,  3070,  3020  m,  1620  m, 
1490  w,  1472  w,  1450,  1430,  1380,  1340  m,  1315  m,  1185.  11 
1 1 35, 1012  m,  935  m,  880  w,  860  w,  840, 788  m,  757  vs,  and  700 

AnaL    Calcd  for  C9H«N4l:    C,   36.02;    H,   3.02;    N, 
Found:  C,  36.04,  36.27;  H,  3.02,  3.17;  N,  18.90. 

Dibenzo-14a,4,6a-tetraazapentalene  (f)*'*  was  isolated  in  82 
yield  by  treating  IX*  with  3.1-4.1  moles  of  triethyl  or  tri-» 
phosphite  for  17  hr  in  refluxing  xylene.  When  the  solutioi 
cooled,  nearly  pure  I  crystallized.  When  IX  was  heated  for  3 
refluxing  xylene  with  3.0  moles  of  tri-n-butylphosphine,  I  wa 
latedin75%yield. 

Dibenzo-14a,6,6a-teCraazapentalene  (m)*  was  isolated  in  61 
yidd  when  VIII  was  heated  for  20  hr  in  refluxing  xylene  witi 
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to  of  triethyl  phosphite.    When  triphenyl  phosphite  (neat) 

bstituted,  only  17%  of  III  was  isolated  after  96  hr  at  IW. 

r  iritrate  complex  was  prqwed  in  100%  yield  by  mixing  a 

n  of  11  g  of  III  in  700  ml  of  warm  tetrahydrofuran  with  a 

n  of  20  g  of  silver  nitrate  in  100  ml  of  acetonitrile;  white 

s,mp282.5-283.5^ 

f.    Calcd  for  QOItN*  AgNO,:    C,  38.12;    H,  2.13;    N, 

Found:  Q  38.23,  38.47;  H,  2.57. 2.45;  N,  18.40. 
ric  chloride  complex  was  formed  in  87%  yield  by  treating  a 
n  of  0.42  g  of  III  in  150  ml  of  warm  ethanol  with  50  g  of 
chloride  dihydrate;  bronze  crystals,  mp  281-284**  dec. 
f.    Calcd  for  CiaitN4Cua,:  C,  42.06;  H,  2.36;  N,  16.35; 
1.54.    Found:  C,  43.10;  H,  2.69;  N,  16.47;  Cu,  17.62. 
Methyl   N-[(KBen»>-2H-triazol-2-yl)phenyl]pbo8phorimidate 

A  solution  of  16.6  g  of  triethyl  phosphite  in  50  ml  of  ben- 
as  added  dropwise  to  a  solution  of  20.8  g  of  2-(^azidophenyl> 
nzotriazole*  in  200  ml  of  benzene.  When  nitrogen  evolution 
ased,  unreacted  phosphite  and  solvent  were  removed  under 
d  pressure.  The  oily  residue  (32  g)  was  crystallized  from 
s at 5^mp 28.7-31°;  Xb„^ 284 n^M (el  1,420) and 237 (16,500); 
leat)  3060  w,  2980  m,  2900  w,  1602,  1570  w,  1508  m,  1475; 
1.  1382,  1360  m,  1340  m,  1292  m,  1263  w,  1215  m,  1170  m, 
a,  1132  m,  1112  m,  1025,  968,  828  w,  790  m,  748,  and  705  m 

r.    Calcd  for  QsHmNiOsP:   C,  57.76;   H,  6.26;   N,  14.97. 
:  C,  57.81,  57.90;  H,  5.98, 6.31;  N,  15.09. 
tough  this  compound  decomposed  slowly  when  heated  at 
he  infrared  spectrum  of  the  product  provided  no  evidence  for 
senceofin. 

odiNBio-l,3aA6a-4etraazapentalene.  A  solution  of  5.0  g 
in  200  ml  of  methylene  chloride  was  stirred  vigorously  with 
of  25%  nitric  add  for  7  days.  The  organic  layer  was  sepa- 
ind  dried  with  magnesium  sulfate.  Solvent  was  removed, 
e  residue  was  crystallized  from  2.5  1.  of  boiling  95%  ethanol 
d  1.23  g  of  golden  yellow  platelets.  After  two  recrystalliza- 
rom  chloroform  the  mononitro  derivative  melted  at  285-286''; 
10  n^  (€  24,800),  313  (11,700),  275  (8930),  and  230  (30,700). 
f.  Calcd  for  CwHiNsO,:  C,  56.90;  H,  2.79;  N,  27.66. 
1:  C,  57.15;  H,  2.85;  N,  27.91. 

tnMlflMBio-l,3aA6a-4etraazapeiitaleoe.  Five  grams  of  III 
dded  in  small  portions  to  100  ml  of  concentrated  (70%) 
add  at  0-5°.  A  vigorous  reaction  occurred,  and  6.4  g 
tde  dinitro  dervative  separated.  A  portion  recrystallized 
icetone  melted  at  400-^3°  dec;  X,n.x  424  m^  (c  36,700), 
2.600),  274  (14,300),  and  237  (32,400). 
I  Calcd  for  CitH«N«04:  C,  48.33;  H,  2.03;  N,  28.18. 
I:  C.  48.06;  H,2.01;  N,  28.36. 

«rflnHl,3a/^,6a-teCraazapeiitaleoe  was  prepared  by  the 
lit  addition  of  III  or  its  mono-  or  dinitro  derivatives  (de- 
i  above)  to  ice<old  yellow  fuming  (95%)  nitric  acid.  The 
n]was  warmed  briefly  and  poured  onto  ice.  The  resulting 
tro  derivative  was  recrystallized  from  boiling  acetone, 
D*  dec;  \„^  450  m^  (e  54,400),  375  (3240),  308  (17,180),  260 
12,980),  and  207  (39,200);  y„^^  3070  m,  1630  m,  1595  m, 
1452  m,  1410, 1375, 1325, 1258, 1190  m,  1165  m,  1116, 1073  m, 
,  869  m,  832  m,  773, 718  m,  740,  728,  and  690  cnr^ 
L  Calcd  for  C1SH4NA:  C,  37.12;  H,  1.04;  N,  28.86. 
I:  C.  36.81;  H,  1.46;  N,  28.66. 

cno-l,3a,6^-4etraazapeiitaleiiebi8(8ulfonyl  diloride).  One- 
vm  of  III  was  dissolved  cautiously  in  10  ml  of  chlorosulfonic 
ind  the  temperature  of  the  solution  was  slowly  raised  to  90°. 
30  min  at  this  temperature  the  solution  was  cooled  and  was 
1  caytlously  onto  ice.  The  solid  product  was  separated  by 
on,  washed  thoroughly  with  water,  and  air  dried.  After  two 
allizatiofis  from  acetic  add-carbcm  tetrachloride,  the  pale 
crystals  melted  at  263-265*"  dec. 


Anal.  Calcd  for  CiiH«N4SiO«as:  C,  35.58;  N,  13,83;  S,  15.83. 
Found:  C,  35.62;  N,  13.53;  S,  15.29. 

I.]iopropyldiben2o-l,3a,6,6a-4etraazapeiitaleiiiiim   Iodide.    A 

stream  of  propylene  was  passed  for  20  min  through  a  solution 
of  4.3  g  of  III  in  25  ml  of  concentrated  sulfuric  acid  at  0°.  The 
solution  was  allowed  to  warm  to  room  temperature,  and  the  gas 
stream  was  continued  for  20  min.  The  cloudy  solution  was  poured 
onto  4(X)  g  of  ice.  After  standing  overnight,  the  solution  was 
neutralized  with  sodium  bicarbonate  and  then  allowed  to  stand 
for  2  weeks.  It  was  then  filtered,  and  a  solution  of  15  g  of  sodium 
iodide  in  50  ml  of  water  was  added.  The  whitish  precipitate  (4.2  g) 
was  separated  by  filtration.  A  portion  recrystallized  from  niethyl- 
ene  chloride-hexane  melted  at  174''  dec;  Xmax  276  m/i  (€  5480), 
338  (22,900),  and  348  (sh)  («  21,000);  nmr  (CD,SOCD,)  r  0.9-2.4 
(8),  multiplet,  4.20  (1),  septet  (/  »  6.5),  and  8.17  (6),  doublet. 

AnaL  Calcd  for  QtHisNJ:  C,  47.63;  H,  4.00;  N,  14.81. 
Found:  C,  47.50;  H,  3.99;  N,  14.54. 

l-<o-Aminophenyl>4,5,6,7-tetrahydro-lH-benzotriazole  (XV).  A 
solution  of  45  g  of  III  in  650  ml  of  ethanol  was  hydrogenated  at 
125°  and  1(X)0  psi  with  3  g  of  5%  palladium-on-carbon  catalyst. 
The  resulting  solution  was  filtered,  and  solvent  was  removed  under 
reduced  pressure.  The  residual  oil  was  crystallized  from  a  mixture 
of  85  ml  of  benzene  and  150  ml  of  hexane  to  yield  14.1  g  (30%) 
of  XV  in  two  crops.  A  portion  recrystallized  from  benzene- 
hexane  melted  at  115.5-1 16.2"";  Xma.  299  m^  (e  3470)  and  231 
(15,000);  X,„»x  3460,  3380,  3210  m,  2970,  2950,  2850  w,  1635, 
1585  m,  1512.  1475  m,  1462  m,  1450  m,  1382  m,  1315,  m,  1292  m, 
1270  w,  1250  m,  1240  w,  1218, 1 158  m,  1136  m,  1088, 1035  w,  1004, 
963  m,  934, 848  m,  767, 721  w,  and  703  w  cm"*. 

Anal.  Calcd  for  CwHuN*:  C,  67.26;  H,  6.58;  N,  26.16. 
Found:  C,  67.49;  H,6.91;  N,  26.25. 

l-<a-Azidophenyl)-4,5A7-tetrahydro-lH-taizo(ria2oie  (XVI). 
A  solution  of  13.9  g  of  XV  in  250  ml  of  22%  hydrochloric  add 
was  poured  onto  150  g  of  ice  and  was  diazotized  at  —20  to  —25** 
with  a  solution  of  4.8  g  of  sodium  nitrite  in  30  ml  of  water.  The 
mixture  was  stirred  for  1  hr  at  —25'',  and  a  solution  of  5.0  g  of 
sodium  azide  in  water  was  added  slowly  at  —20  to  —25''.  Ether 
was  added  to  suppress  foaming.  The  resulting  solution  was  al- 
lowed to  warm  slowly  to  room  temperature.  It  was  made  alkaline 
with  potassium  hydroxide,  and  the  precipitated  solid  (11.7  g,  75%) 
was  recrystallized  from  benzene-hexane;  mp  105-106.5  **;  Xmax 
248  mM(€  12,300). 

Anal.  Calcd  for  C,JHi,N,:  C,  59.98;  H,  5.03;  N,  34.98. 
Found:  C,  60.53;  H,  5.27;  N,  35.72. 

4,5-Tetraiiiethylene-23-heiizo-14a»6,6a-teCraazapcotaleiie  (XVII). 
A  solution  of  8.0  g  of  XVI  in  50  ml  of  o-dichlorobenzene  was  added 
slowly  to  40  ml  of  o-dichlorobenzene  in  a  flask  immersed  in  an  oil 
bath  maintained  at  180'*.  After  1  hr  nitrogen  evolution  had  ceased. 
Solvent  was  removed  under  reduced  pressure  (70"  (0.3  mm)), 
and  the  residue  was  dissolved  in  methylene  chloride  and  eluted 
continuously  with  methylene  chloride  through  a  column  of  Woelm 
neutral  alumina. 

The  eluate  was  evaporated  under  reduced  pressure,  and  the  re- 
sulting nearly  white  crystals  (3.75  g,  53%)  were  recrystallized  from 
ethanol  and  from  methanol  to  yield  shiny  colorless  leaflets  melting 
at  176.5-177.5°.  A  second  crystalline  modification  could  also 
be  isolated  (see  Table  I  for  ultraviolet  absorptions);  Pmmx  3060, 
2940,  2850  w,  1615,  1582,  1510,  1480,  1445,  1432  m,  1405  m,  1372, 
1335  m,  1245  m,  1230, 1208  m,  1128,  1080  m,  1020,  995,  970,  922, 
893,  872,  837,  818,  m,  744,  731,  732,  and  693  m  cm"'. 

Anai.  Calcd  for  Ciaii»N4:  C,  67.90;  H,  5.70;  N,  26.40. 
Found:  C,  68.07;  H,  5,71 ;  N,  26.17, 26.41, 26.42. 

This  compound,  like  III,  formed  a  blue  complex  with  tetracyano- 
ethylene,  but  did  not  react  further  in  DMF  solution,  and  so  did  not 
yield  a  tricyanovinyl  analog  of  XVIII. 
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Abstract:  Precise  heats  of  combustion  and  sublimation  were  determined  for  four  derivatives  of  the  recentl; 
synthesized  l,3a»6,6a-  and  l,3a,4,6a-tetraazapentalene  ring  systems.  The  heats  of  formation  referred  to  the  ga 
phase  in  standard  states  were  determined  to  be:  dibenzo-l,3a,4,6a-tetraazapentalene  (I),  142.8  ±  1.3  kcal/mole 
dibenzo-l,3a,6,6a-tetraazapentalene  Ql),  132.1  ±  1.5  kcal/mole;  monobenzo-l,3a,4,^-tetraazapentalene  (HI] 
136.4  li:  1.2  kcal/mole;  and  monobenzo-l,3a,6,6a-tetraazapentalene  (LV),  128.2  d:  1.3  kcal/mole.  From  resonanc 
energy  considerations,  these  molecules  appear  aromatic  in  the  usual  thermodynamic  sense.  The  aromaticity  of  th 
ten  ir-electron  tetraazapentalene  nuclei  is  discussed  theoretically. 


Previous  papers  in  this  series^  have  shown  that  di- 
benzo- 1 ,3a,4,6a-tetraazapentalene  (I),  dibenzo- 1  ,- 
3a,6,6a-tetraazapentalene  (II),  and  their  monobenzo  ana- 
logs III  and  IV  have  chemical  properties  that  indicate 
the  ten  ^-electron  tetraazapentalene  nuclei  are  aro- 
matic. In  the  present  paper  the  results  of  measure- 
ments of  the  heats  of  combustion  and  sublimation  of 
I-IV  are  given,  and  the  structure  and  spectra  of  these 
compounds  are  discussed  in  more  detail. 


^ 


III 


Experimental  Section 

A.  Purification  ci  Compounds.  The  compounds  studied 
(I-IV)  were  purified  by  recrystallization  from  organic  solvents  and 
sublimation,  and  then  by  temperature-gradient  sublimation. 
Infrared,  ultraviolet,  and  mass  spectral  analyses  were  used  to  assay 
the  final  products,  which  were  judged  to  be  of  high  purity, 

B.  Heat  of  Combustion  Measurements.  The  apparatus  and 
procedures  recommended  by  Jessup*  were  generally  used  with  the 
following  exceptions.  The  Mueller  bridge  was  connected  to  a 
microvolt-indicating  amplifier  (both  obtained  from  Leeds  and  Nor- 
thrup  Co.),  and  the  latter  was  then  connected  to  a  recorder.  Thus, 
the  time  of  each  of  the  different  resistance  settings  at  the  **fast 
temperature  change  period**  and  the  resistance  measurements  (to 
the  fifth  decimal  place)  during  the  initial  and  final  periods  were 
obtained  from  the  chart  of  the  recorder. 

The  calorimeter  used  was  manufactured  by  Precision  Scientific 
Co.  (National  Bureau  of  Standards  Calorimeter  Catalog  No. 
63090,  Serial  No.  lO-R-4)  and  was  calibrated  by  combustion  of 
benzoic  acid  (National  Bureau  of  Standards  Sample  No.  39i). 


(1)  (a)  R.  A.  Carboni,  J.  C.  Kauer,  J.  E.  Castle,  and  H.  E.  Simmons, 
y.  Am.  Chem.  Soc.,  89,  2618  (1967);  (b)  R.  A.  Carboni  and  J.  C.  Kauer, 
ibid.,  89,  in  press;  (c)  J.  C.  Kauer  and  R.  A.  Carboni,  ibid.,  89,  2633 
(1967). 

(2)  R.  S.  Jessup,  National  Bureau  of  Standards  Monograph  No.  7, 
U.  S.  Department  of  Conmierce,  Washington,  D.  C,  Feb  26, 1960. 


The  energy  equivalent  of  the  calorimeter  was  5022.0  cal  in  t 
val  25.0-27.0°  and  was  determined  initially  by  an  averai 
combustions  with  a  standard  deviation  of  0.016%.  The 
tion  was  checked  periodically,  but  no  significant  change 
tected  during  the  measurements. 

A  Parr  bomb  (no.  1 101  double  valve)  was  used  for  the  con 
however,  in  order  to  permit  mass  spectral  analysis  of  the 
products  of  the  combustion,  a  plain  Hoke  valve  was  use 
outlet  valve. 

The  tetraazapentalenes  I-IV  were  very  difiQcult  to  bum 
samples  could  be  burned  completely,  but  the  temperature 
the  accuracy  were  insufficient.    By  using  a  sample  of 
benzoic  acid  as  binder  (wt  %  of  benzoic  acid  »=  35%),  it 
sible  to  achieve  complete  combustion  (confirmed  by  mass 
analysis)  of  samples  of  adequate  size.    Both  the  benzoic 
the  tetraazapentalene  were  ground  separately  and  weight 
two  were  then  thoroughly  mixed  and  ground  again  in 
mortar,  and  desired  amounts  of  the  mixture  were  renoc 
pelletized.    The  percentage  composition  of  the  pellet  was 
to  be  the  same  as  the  composition  of  the  mixture  before  p( 

A  total  of  1  ml  of  conductivity-grade  water  was  introdi 
the  bomb  with  half  the  water  placed  in  a  platinum  cup 
combustion  crucible  to  ensure  solution  of  all  the  nitrogei 
produced.*  Mass  spectrometry  consistently  showed  the 
of  NOi  in  the  gas  products. 

In  order  to  make  sure  that  none  of  the  nitrogen  in  the 
pentalenes  was  further  oxidized  to  NsO,  NO,  or  other 
oxidation  products  of  nitrogen,  mass  spectrometry  was 
analyze  the  gas  product  from  the  combustion.  No  evident 
other  nitrogen  compounds  except  Ns  in  the  final  gas  pro 
found. 

The  washings  of  the  bomb  were  titrated  with  standarc 
hydroxide  solution  to  determine  the  nitric  acid  formed, 
correction  was  used  in  the  subsequent  calculation  of  th< 
combustion.  The  final  solution  was  then  analyzed  for  ni 
but  none  was  ever  detected. 

C.  Vapor  Pressure  Measorements.  The  McLeod  gauge 
was  used  to  measure  the  vapor  pressure  of  I-IV  as  a  f ui 
temperature.  A  1-1.  bulb  was  attached  to  the  McLec 
through  a  2-mm  capillary  which  was  about  4  in.  in  length, 
trap  was  placed  at  the  end  of  the  capillary,  and  cold  nitr< 
blown  through  the  cold  trap  whose  temperature  was 
periodically  by  a  thermocouple.  Nitrogen  was  used  as 
gas  in  the  system.  A  stainless  steel  wire  soldered  to  a  ma 
hung  inside  the  tube  above  the  cold  trap.  During  the  va] 
sure  measurements  at  higher  temperatures,  the  stainless  s 
could  be  moved  up  and  down  by  an  outside  magnet  to  pn 


(3)  G.  T.  ArmsU-ong  and  S.  Marantz,  J.  Phys.  Chem.,  64,  17 

(4)  G.  W.  Thomson  in  'Technique  of  Organic  Chemistry, 
Methods,"  Part  I,  A.  Weissberger,  Ed.,  3rd  ed,  Intersdence  P 
Inc.,  New  York,  N.  Y.,  1959,  p  457. 
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ry  tube  from  becoming  plugged.    The  reference  temperature        Table  I.    Energy  of  Combustion,  25 ' 

►**  for  the  dibenzo  derivatives  I  and  II  and  0**  for  the  mono-        

derivatives  III  and  IV.  At  the  reference  temperature,  the 
pressure  due  to  the  sample  studied  was  assumed  to  be  negli- 
mall.  Vapor  pressures  of  the  dibenzo  derivatives  were  meas- 
om  90  to  160**  (or  170**)  and  of  monobenzo  derivatives  from 
IW  (or  110''),  both  at  10 "^  intervals.  The  apparatus  was 
y  checked  by  measuring  the  vapor  pressure  of  purified 
cene  at  110,  120,  and  130'',  and  the  results  agreed  well  with 
reported  in  the  literature.* 


■cal- 


qt       q%      —AEb 


cal/ 
g,air 


ts  and  Calculations 

Heat  of  Combustion  Results.  The  corrected 
^rature  rise  of  a  combustion  run  was  computed 
ssing  a  least-squares  straight  line  through  the  initial 
nin)  and  final  (23-30  min)  periods  and  computing 
ricsdly  the  appropriate  integral.  These  computa- 
were  programmed  for  and  carried  out  by  an  IBM 
:omputer. 

noted  above,  nitrogen  dioxide  was  the  only  oxida- 
;>roduct  of  nitrogen  detected  in  the  combustion 
I  four  tetraazapentalene  derivatives;  moreover, 
e  nitrogen  dioxide  formed  was  dissolved  in  the 
,  forming  nitric  acid.  Thus,  the  combustion  re- 
ts of  the  compounds  studied  can  be  written  as 

isHJ^^s)  +  140«(g)  -  1200i(g)  +  4H,0(1)  -f  2Ni(g) 

CitH«N«  »  I  and  II 
:jHtN^$)  +  190j(g)  =  16CO,(g)  -f  6H,0(1)  -f  4Ni(g) 

QHtN4  "  III  and  IV 

\  energy  of  combustion  could  be  calculated  on  the 
€ii  the  above  equations  from  the  corrected  tem- 
ire  rise  with  appropriate  corrections  for  the  for- 
n  of  nitric  acid.  Table  I  summarizes  the  results 
:  combustion  experiments.  The  first  and  second 
ins  represent  the  weights  in  air  of  sample  and  ben- 
dd,  respectively,  and  the  third  column  (A£t)  gives 
ftal  energy  of  combustion  for  the  bomb  process 
ated  from  the  corrected  temperature  rise. 
;  values  of  qi  and  q^  are  corrections  for  the  fuse 
itric  add,  respectively.  The  sixth  column  gives 
Washburn  corrections,*  and  A£b  in  the  seventh 
in  is  the  energy  of  combustion  due  to  benzoic  acid. 
LSt  column  is  the  energy  of  combustion  due  to  the 
e  and  has  been  corrected  to  standard  state,  i.e. 

-A£e**  -  (-A£t  -  ?i  -  «2  -  ^8  +  A£B)/^f 

Lverage  value  of  A£c°  was  corrected  finally  for 
ncy  of  air,  and  the  uncertainty  represents  the 
ird  deviation. 

;  standard  state  heats  of  combustion  (A/fc°)  were 
ated  from  the  values  of  —  A^c^  ^nd  the  combus- 
eactions  written  above.^  From  the  values  of  the 
of  combustion  (third  column,  Table  II)  and  the 
of  formation  of  water  and  carbon  dioxide,  the 
of  formation  [A//f ^(s)]  of  the  four  tetraazapenta- 

V  S.  Mortimer  and  R.  V.  Murphey,  Ind.  Eng,  Chem.,  15,  1140 
but  lee  O.  W.  Sears  and  E.  R.  Hopke»  /.  Am.  Chem.  Soc.,  71, 
M9). 

i)  F.  D.  Ronini,  "Experimental  Thermochemistry,**  Intersdence 
en.  Inc.  New  York,  N.  Y.,  1956;  (b)  E.  J.  Prosen,  National 
orSttndardi  Report  1119,  Washington,  D.  C,  Aug  6, 19S1. 
lie  authors  are  grateful  to  Professor  J.  L.  Margrave  and  Miss 
terker  who  communicated  privately  to  them  their  preliminary 
Hkm  results  on  compound  I  which  were  in  substantial  agreement 
o&tttpotttA  here 


0.83169 
0.82623 
0.83295 
0.83355 
0.83336 
0.82148 


Dibenzo-l,3a,4,6a-tetraazapenta]ene  (I) 

0.44593    8956.0    5.2    24.3    4.3    2817.5  7340.0 

0.44301    8898.9    5.2    23.2    4.3    2799.0  7343.2 

0.44661    8972.2    5.2    23.6    4.3    2821.8  7344.2 

0.44693    8974.2    5.2    25.6    4.3    2823.8  7336.5 

0.44683    8980.7    5.2    25.0    4.3    2823.1  7347.3 

0.47210    9050.2    5.2    24.3    4.3    2982.8  7344.7 

Av  7342.7 
'0)  -  7337.6  ±  4.4cal/g,  vac 


-A^e"' 


0.82084 
0.81883 
0.83620 
0.82020 


0.94969 
0.86309 
0.86072 
0.87789 


0.86113 
0.86356 
0.86377 
0.84640 


Dibeiizo-l,3a,6,6a-tetraazapentalene  OD 

0.45884    8950.2    5.2    28.3    4.3    2899.0  7325.8 

0.45772    8923.5    5.2    22.5    4.3    2891.9  7326.9 

0.44292    8955.6    5.2    24.2    4.3    2798.5  7322.9 

0.45809    8930.6    5.2    24.8    4.3    2894.3  7317.7 

Av  7323.3 
-  A£o**aD  =  6805.6  ±  3.7  cal/g,  vac 

Monobenzo- l,3a,4,6a-tetraazapentalene  (III) 

0.50462    9696.8    5.2    29.3    7.4    3188.3  6809.2 

0.48620    8995.1     5.2    28.2    7.4    3071.9  6815.5 

0.48568    8966.7    5.2    28.1    7.4    3068.6  6805.3 

0.47524    9022.3    5.2    28.0    7.4    3002.7  6810.6 

Av  6810.1 
-A£o^(III)  =>  6805.6  ±  3.7  cal/g,  vac 

Monobenzo-l,3a,6,6a-tetraazapentalene  (IV) 

0.49117    8978.2    5.2    24.5    7.4    3103.3  6779.2 

0.48804    8975.9    5.2    27.9    7.4    3083.5  6776.4 

0.48816    8979.8    5.2    29.3    7.4    3084.3  6776.7 

0.50534    8964.6    5.2    28.2    7.4    3192.8  6770.8 

Av  6775.8 
-A£e*(IV)  -  6771.3  zt  3.1  cal/g,  vac 


lenes  in  solid  form  and  standard  state  were  derived  and 
are  reported  in  the  last  column  of  Table  II. 

The  logarithm  of  the  vapor  pressures  of  the  four  com- 
pounds studied  were  plotted  against  the  reciprocal  of 
temperature.  From  the  slopes  of  the  straight  lines 
obtained  (Figure  1),  it  is  possible  to  calculate  the  heats 
of  sublimation  at  298  ^K  of  these  compounds.  These 
values  were  also  checked  by  the  least-squares  method 
and  are  listed  in  the  fourth  column  of  Table  II;  the 
uncertainty  was  also  calculated  by  the  least-squares 
method.  No  corrections  were  made  for  the  variation 
of  the  heats  of  sublimation  from  the  temperature  range 
in  which  they  were  measured  to  298  °K.  From  the 
heats  of  sublimation  and  the  heats  of  formation  of  the 
solid  tetraazapentalene  derivatives,  it  is  possible  to 
calculate  the  heats  of  formation  referred  to  gaseous  form 
in  standard  states.  These  are  also  listed  in  the  last 
column  of  Table  II. 

As  shown  in  Table  II,  the  difference  in  heats  of  for- 
mation of  I  and  II  was  found  to  be  10.7  kcal/mole, 
indicating  that  II  is  more  stable  than  I.  Similarly,  IV 
was  8.2  kcal/mole  more  stable  than  III.  These  findings 
are  in  accord  with  theoretical  considerations  as  dis- 
cussed in  the  next  sections. 

Discussion 

Resonance  Energies.  The  estimation  of  resonance 
energies  is  always  fraught  with  uncertainties,  and  it  is 
expected  to  be  particularly  so  with  molecules  such  as 
the  tetraazapentalenes  in  which  many  formal  struc- 
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Figure  1.    Temperature  dependence  of  the  vapor  pressure  of  tetraazapentalenes:   O,  I;  ^,11;  A,  III;  ▲,  IV. 


tures  contribute  to  the  ground  state.**  We  have  deter- 
mined the  empirical  resonance  energies  of  these  com- 
pounds using  two  bases  for  the  azapentalene  nuclei: 
(1)  the  unique  noncharge-separated  structures  V  and 


The  heats  of  combustion  were  calculated  according  to 
the  method  of  Klages  as  modified  by  Wheland.*  For  the 
calculation  of  series  1,  a  uniform  value  for  the  con- 
tribution to  the  heat  of  combustion  of  all  N-N  bonds 


Table  n.    Heats  of  Combustion  and  Formation  of  Tetraazapentalenes 


Compd 

-A£o* 

A/fo* 

"— &JMIl/IIH/iv~ 

A/f..b 

A£ff* 

I(s) 

1527.9  ±0.9 

-1527.9  =b  0.9 

16.8  =b  0.4 

126.0^0.9 

(g) 

142.8^1.3 

U(s) 

1523.9  ±0.7 

-1523.9  =b  0.7 

10.1=b0.8 

122.0db0.7 

(g) 

132.1  ±1.5 

Ill(s) 

1076.4  =b  0.6 

-1075.8  =b  0.6 

17.9  =b  0.7 

118.5±0.5 

(g) 

136.4±1.2 

IV(s) 

1071.0  =b  0.5 

-1070.4±0.5 

15.2±0.7 

113.0±0.6 

(g) 

128.2±1.3 

VI,  and  (2)  the  charge-separated  structures  VII  and  VIII. 
The  former  structures  emphasize  that  the  ten  tt  elec- 
tron tetraazapentalene  systems  formally  contain  two 


XT  3  4 


«.7   V 


e 

vm 


pyridine-like  and  two  pyrrole-like  nitrogen  atoms.  At 
first  sight  this  seems  to  be  a  poor  choice,  since,  e.g.,  VII 
has  one  more  bond  than  V,  and  thus  the  empirical  reso- 
nance energy  might  be  overestimated  when  V  is  used  as 
the  basis.  The  energy  of  the  extra  bond  is,  however, 
largely  offset  by  the  large  formal  charge  separation. 


was  determined  from  the  heat  of  combustion  of  gaseoiis 
hydrazine  (Aflc®  =  — 154.99  kcal/mole)' and  was  found 
to  be  X(N-N)  =  33.0  kcal/mole.  The  heats  of  combus- 
tion of  both  I  and  II  were  found  to  be  — 1666.4  kcal/mole. 
The  resonance  energies  are  then  -Br(I)  =  121.7  kcal/ 
mole  and  £r(II)  =  132.4  kcal/mole.  For  series  2,  the 
N=N  bond  contribution  determined  by  Coates  and 
Sutton^®  was  employed,  X(N=N)  =  34.2  kcal/mde, 
giving  a  heat  of  combustion  of  —1667.6  kcal/mole  for 
both  I  and  II.  The  resonance  energies  were  thus  deter- 
mined to  be  £r(I)  =  122.9  kcal/mole  and  £rGD  * 
133.6  kcal/mole.    The  agreement  between  the  two  esti- 

(8)  G.  W.  Wheland,  "Resonance  in  Organic  Chemistry,**  John  Wiky 
and  Sons,  Inc.,  New  York.  N.  Y.,  1955,  pp  88-S9. 

(9)  '^Selected    Values   of  Chemical   Thermodynamic   FfopeHia»* 
National  Bureau  of  Standards  Circular  500,  Washington,  D.  C,  19A 

(10)  G.  E.  Coates  and  L.  E.  Sutton,  /.  Chem.  Soe.^  1187  (194D. 
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» is  very  good.  Because  the  models  for  I  and  II  are 
lally  equivalent  with  regard  to  kinds  of  bonds,  the 
rimental  heats  of  formation  reflect  the  resonance 
gies  directly. 

is  seen  that  the  more  angular-shaped  molecule  II  is 
^  10.7  kcal/mole  stable  than  the  linear-shaped  I. 
behavior  is  typically  that  of  pure  benzenoid  hydro- 
ons  where  the  analogs  of  I  and  II,  naphthacene 
chrysene,  respectively,  have  resonance  energies^ 
own.    Here  the  angular  hydrocarbon  is  more  stable 


Sr"  110.0  kcal  /mole       Sr"  116.5  kcal  /mole 

the  linear  by  6.S  kcal/mole.    It  is  interesting  to 
that  the  resonance  energies  of  I  and  II  are  larger 
those  of  their  isoelectronic  hydrocarbon  counter- 
i. 

we  consider  that  each  benzene  ring  in  I  and  II  con- 
ites  roughly  36.0  kcal/mole  to  the  resonance  energy, 
the  contributions  of  the  l,3a,4,6a-  and  l,3a,6,6a- 
azapentalene  nuclei  in  I  and  II,  respectively,  are 
hly  49.7  (50.9)  and  60.4  (61.6)  kcal/mole  for  the 
s  1  and  2,  respectively.  The  naphthalene-like 
d  of  naphthacene  and  chrysene  contribute  38.0  and 
kcal/mole,  respectively,  to  the  resonance  on  this 

• 

ilculations  using  similar  models  for  the  monobenzo 
atives  III  and  IV  give  theoretical  heats  of  combus- 
of  —1178.4  kcal/mole  for  series  1  and  —1179.6 
mole  for  series  2.  The  empirical  resonance  ener- 
are  JS:r(III)  =  84.7  (85.9)  kcal/mole  and  £r(IV)  - 
(94.0)  kcd/mole.  The  contributions  of  the  tetra- 
entalene  nuclei  are  then  48.7  and  56.8  kcal/mole, 
^tively,  in  rough  agreement  with  the  values  derived 
the  dibenzo  derivatives. 

ectronic    Structure    of    Tetraazapentalenes.    The 

ionship  between  the  structure  of  the  tetraazapenta- 

and  the  valence  isomerization  (e.g.,  Z  -^  Z')  which 

oys  aromaticity  was  discussed  in  paper  I.^^    HMO 


«> 
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Ci 


<& 
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y  predicts  that  the  delocalization  energy  per  t 
ron  is  larger  in  pentalene  dianion  than  in  a  fictitious 
IT  cyclooctatetraene,  and  the  same  situation  pre- 
for  the  nitrogen  analogs. 

ickel  calculations  were  carried  out  for  Z,  Q,  and  Ct 
oying  the  reasonable  parameters'^  a^  »  ac  + 
(pyrrole-like),  a^  «  Oc  +  j8  (pyridine-like),  and 
ig  all  j3  «>  jScc*  I^  we  base  the  delocalization  energy 
e  tetraazapentalene  on  one  covalent  structure  such 
then  the  results  in  Table  III  are  obtained. 

A.  Strdtwieter,  Jr.,  "Molecular  Orbital  Theory  for  Organic 
ttMT  John  Wiley  and  Sons.  Inc.  New  York,  N.  Y.,  1961,  p  135. 
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Figure  2.    Energy  level  diagrams,  c<  -  a  +  kiP. 


It  is  evident  that  the  azapentalene  structure  is  highly 
stabilized  by  electron  delocalization  on  the  basis  of  the 
delocalization  energy  per  t  electron,  compared  to 
either  eight-membered  ring  structure.  Since  the  latter 
structures  would  most  likely  exist  in  tub  conformations, 
these  values  are  also  included,  and  it  is  seen  that  the 
azine  form  Ct  is  slightly  preferred  over  the  azo  form  Q. 


TaUein.    Energies  of  Z,Ci,  and  Cs 


Delocali- 

Delocali- 

zation 

zation 

energy/x 

Total  energy 

energy, /r» 

electron 

z 

Q  (planar) 
Ci  (tub  form) 
Cs  (planar) 
Ct  (tub  form) 


10a +  17.2500 
8a +  14.314/9 
8a +  12.0000 
8a +  14.314/3 
8a +  12.9440 


4.421 
2.314 

1.369 


0.44 
0.29 

0.17 


The  chemical  reaction  Ci  (or  C^i)  -^  Z  involves  the 
change  of  two  nitrogen  atoms  from  the  valence  state 
(tr*trtnr)  to  (trtrtrx*).  This  energy  which  amounts  to 
6.2  ev^*  must  be  less  than  the  gain  in  x-delocalization 
energy  plus  the  energy  of  the  new  N-N  <r  bond  for  this 
reaction  to  proceed.  Therefore,  since  EJ^-^)  ^  2.6 
cv,  then  EJ^Z)  -  E^Ci)  =  2a  +  5.25j8  must  be  greater 
than  3.6  ev.  Any  reasonable  estimate  of  the  integrals 
involved  assures  us  that  this  is  indeed  so,  and  we  con- 
clude that  the  process  Ci  (or  C«)  -►  Z  will  be  exothermic. 
Similar  conclusions  can  be  drawn  about  the  tetraaza- 
pentalene nucleus  in  III. 

Molecular  orbitals  were  calculated  for  T,  the  nucleus 
of  III,  using  the  same  integral  values,  and  the  energy 
level  diagrams  in  Figure  2  compare  Z,  T,  and  pentalene 
dianion.  First,  it  is  to  be  noted  that  all  boncUng  levels 
are  displaced  to  lower  energies  as  expected,  when  nitro- 

(12)  J.  Hinze  and  R  H.  Jaff6,  J.  Am.  Chem.  Soc.,  84.  340  (1962). 
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gen  is  introduced  into  the  nucleus  of  pentalene  dianion. 
Second,  it  is  clear  that  the  position  of  the  nitrogen  atoms 
has  very  little  effect  on  the  energy  levels  or  the  total  en- 
ergy. This  kind  of  behavior  would  be  expected  if  the 
tetraazapentalene  nucleus  is  aromatic  and  its  t  elec- 
trons highly  delocalized.  The  bond  orders  and  charge 
distribution  of  Z  and  T  are  also  very  similar,  in  further 
confirmation  of  this  conclusion  (Table  IV). 

TaUe  IV.    Bond  Orders  and  Charge  Densities  of  Z  and  T 


7        •      ^                      7       •       • 

Z                        T 

Bond  orders 

12 

0.421                  12 

0.443 

23 

0.514                  34 

0.581 

34 

0.739                  45 

0.751 

45 

0.588                  56 

0.491 

26 

0.433                  26 
Charge  densities 

0.435 

1.5 

1.497                  1,3 

1.490 

2.6 

1.447                 2 

1.436 

6 

1.454 

3.7 

1.080                  5,7 

1.082 

4,8 

0.976                  4,8 

0.983 

These  crude  calculations  are  sufiicient  for  our  purpose 
of  explaining  the  aromaticity  of  the  tetraazapentalenes. 
The  results  suggest  that  Z  and  T  are  close  in  energy, 
and  similar  calculations  on  I  and  II  show  that  the 
mono-  and  dibenzo  derivatives  have  delocalization  ener- 
gies that  do  not  depend  much  on  the  location  of  the 
nitrogen  atoms.  More  accurate  calculations  indicate 
that  II  is  slightly  more  stable  than  I,  and  this  conclu- 
sion is  in  accord  with  precise  thermodynamic  data. 

A  better  estimate  of  the  energy  levels  of  the  azapenta- 
lenes  can  be  made  by  considering  their  structures  more 
closely.  In  an  HMO  calculation  some  means  must  be 
found  for  estimating  the  parameters,  since  a  given  nitro- 
gen atom  occurs  successively  in  various  valence  states 
depending  on  the  canonical  structures.  In  the  l,3a,6,6a 
system  there  are  12  resonance  structures  like  VII  which 
are  nonexcited  in  the  Pauling  sense.  Presumably,  most 
of  these  make  significant  contributions  to  the  ground 
state,  and  monoexcited  structures  such  as 


4>^ 

e 


e 


will  contribute  to  a  lesser  extent. 

We  estimate  the  HMO  coulomb  (h)  and  resonance  {k) 
parameters  in  the  following  way.  For  each  nitrogen 
in  a  fixed  position  a  factor  was  determined  that  corre- 
sponds to  the  number  of  times  it  occurs  as  a  pyridine, 
pyrrole,  quaternary,  and  amide  type.    The  usual  HQckel 


parameters  suggested  by  Streitwieser^^  were  then 
weighted  by  these  factors  to  determine  an  average  pa- 
rameter for  each  nitrogen.  The  monoexcited  structures 
were  taken  into  account  the  same  way,  but  weighted 
only  one-tenth  relative  to  the  nonexcited.  The  jS's 
were  determined  similarly.  In  this  manner,  valence- 
bond  structures  were  used  to  estimate  the  molecular 
orbital  parameters.  For  our  purpose,  the  systems  are 
numbered  as  in  V  and  VI.  The  resulting  one-electron 
parameters  are 


V 

VI 

A,  =  +0.383 

ht=  +0.388 

A,=  +1.733 

A,  =  A,  =  +1.747 

*M  =  A:«  =  Ac,«=  +0.80 

kn  =  k„'=k„=  +0.80 

ku-^kw  +1.00 

Acij  =  *M=  +1.00 

The  energy  levels  are  given  in  parentheses  in  Table 
IV,  and  it  is  thought  that  these  results  are  close  to  self- 
consistent  values.  The  total  energies  of  the  dibenzo 
derivatives  are  £3(1)  =  18a  +  26.904/3,  E{U)  =  18a  + 
27.002j3  and  of  the  monobenzo  derivatives,  £011)  » 
14a  +  21.152j8,  E(IV)  =  14a  +  21.210j8.  The  corrc- 
sponding  delocalization  energies  based  on  the  non- 
charge-separated  structures  are  £d(I)  —  7.905/3,  ^dCII) 
=  8.004j8,  £d(III)  =  6.151j8,  and  EJJ\)  =  6.213^. 
Isomer  II  is  predicted  to  be  more  stable  than  I,  and 
similarly  IV  more  stable  than  III,  in  accord  with  the 
experimental  heats  of  formation.  It  is  expected  that 
the  difference  in  delocalization  energies,  e.g.,  £d(II)  — 
£d(I)»  should  be  proportional  to  the  difference  in  heats 
of  formation.  Thus,  8.004j8  -  7.905j8  =  10.7  kcal/ 
mole,  or  j8(empirical)  »  108.1  kcal/mole.  It  is  calcu- 
lated for  the  monobenzo  derivatives  than  £d(IV)  — 
£D(ni)  »  0.062j3  s  6.7  kcal/mole,  while  the  experi- 
mental value  is  8.2  kcal/mole,  in  satisfactory  agreement 

Charge  distributions  were  calculated  for  I-IV,  and 
the  results  are  shown  below.  If  electrophilic  substitu- 
tion in  these  molecules  parallels  electron  density  in  the 


«-.008 
«-.031 


-.038    "^ 
|«^'*\+.872 


-.276 


-.011«^  ^^  \  +.403 


-^+A  >.. 

-.205 


-.365  -.209 

N+.4(»N 


-.018 
,004 


.016 


III 

ground  state,  then  the  2  and  4  positions  in  the  benzene 
rings  of  I  and  II  should  be  preferentially  nitrated, 
chlorinated,  etc.,  and  this  seems  to  be  the  case.^^*^ 
Electrophilic  attack  in  the  tetraazapentalene  nucleus  is 
predicted  to  occur  preferentially  at  the  positions  marked 
by  asterisks  in  III  and  IV,  and  substitution  products^^ 
are  believed  to  have  these  structures.  It  is  interesting 
to  note  that  HMO  calculations  employing  the  usual 
parameters'^  for  these  charge-separated  structures  give 
charge  distributions  that  make  the  benzene  rings  as- 
sume small  net  positive  charges  and  predict  incorrect 
orientation    for    electrophilic    substitution.    Experi- 
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illy,  I  and  II  are  nitrated,  for  example,  more  read- 
an  benzene,  an  observation  in  accord  with  the 
nearly  self-consistent  calculations. 
i  bond  orders  of  the  N-N  central  bonds  in  the 
zapentalene  nuclei  have  the  values  pnn  —  0.300 
285  (II),  0.300  (III),  0.297  (IV).  The  bond  orders 
£  C-C  central  bonds  in  pentalene  dianion  and 
halene  are  pcc  =  0.531  (PA),  0.518  (N),  and  the 
xp  of  density  in  the  central  bond  region  is  char- 
stic  of  normal  aromatic  structures.  The  appreci- 
)ond  orders  of  the  tetraazapentalenes  in  this  region 
rr  support  the  conclusion  that  these  molecules  are 
aromatic. 

;  ultraviolet  spectra  of  I  and  II  are  complicated  but 
3t  unlike  those  expected  for  fully  aromatic  struc- 
^*  In  naphthalene,  which  contains  ten  t  elec- 
the  three  lowest  observed  singlet  states  correspond 
tes  predicted  by  Pariser-Parr  theory  (employing 
ngly  excited  configurations)^'* ^^  which  occur  at 
*B|„),  4.48  (*B,u),  and  5.92  ev  (^B,„),  and  only  tran- 
to  the  latter  two  are  allowed.  The  B^u  state  is 
Y  derived  from  the  configuration  V66,  obtained  by 
oting  an  electron  from  MO  5  to  MO  6.  The  two 
ates  are  obtained  mostly  from  mixing  of  Wn  and 
hich  interact  strongly  because  their  energies  are 
crate.  Although  £(Vm)  <  £(¥57)  =  E(y,,l  the 
g  depresses  one  of  the  resulting  B,u  states  so  that 
tally  occurs  below  the  B2U  state. 
i  isoelectronic  pentalene  dianion  shows  two  strong 
ptions  in  the  ultraviolet  region  ^^  which  agree  with 
lectrum  calculated  by  Pariser-Parr  configuration 
ction  theory.^*    The  three  lowest  singlets  corre- 


R.  Pariser.  /.  Chem,  Phys.,  24.  250  (1956). 

H.  E.  Simmons,  ibid,,  40,  3554  (1964). 

T.  J.  Katz  and  M.  Roaenbcrgo-,  /.  Am,  Chem.  Soc.,  84,  865 
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sponding  to  those  observed  for  naphthalene  are  pre- 
dicted to  occur  at  4.57  (^Bju),  5.12  (%«),  and  7.11  ev 
(^B|u),  and  here  all  three  are  allowed.  The  states  of 
same  symmetry  are  formed  primarily  from  the  same  con- 
figurations as  in  naphthalene,  but  the  nonaltemant 
character  of  the  molecular  orbitals  precludes  the  strong 
degenerate  mixing  of  V46  and  Vn.  Thus,  the  B^u  state 
is  the  lowest,  in  accord  with  the  observation  that  EiY^) 
<  £(¥57)  or  £(V46).  In  pentalene  dianion,  the  hig^- 
energy  Bsu  state  occurs  in  the  vacuum  ultraviolet  and 
has  not  yet  been  identified. 

Three  similar  absorptions  are  expected  to  occur  in  the 
tetraazapentalenes  Z  and  T.  Inspection  of  Figure  2 
shows  that  on  going  from  pentalene  dianion  to  Z,  V56 
decreases  strongly  in  energy,  Wn  decreases  only  slightly, 
and  V46  increases  slightly.  On  going  to  T,  V66  decreases 
less  strongly  than  in  Z,  Vg?  decreases  more  strongly, 
and  V46  decreases  slightly.  When  two  benzene  rings 
are  fused  on  Z  and  T  to  form  I  and  II,  the  characteris- 
tic properties  of  the  states  in  question  are  anticipated 
to  be  largely  preserved. 

Although  the  assignments  for  the  spectra  of  I  and  II 
are  yet  unknown,  it  is  reasonable  that  the  three  regions 
of  absorption  in  them  correlate  with  the  three  lowest 
energy  configurations  discussed  above.  From  Table  I 
in  paper  I  we  see  that  the  two  longest  wavelength  re- 
gions of  I  are  indeed  red  shifted  with  respect  to  the 
aromatic  hydrocarbon  analog  chrysene,  and  the  highest 
energy  absorption  is  blue  shifted,  as  predicted.  Also, 
in  accord  with  expectation,  the  long-wavelength  ab- 
sorption of  II  is  blue  shifted  with  respect  to  that  of  I 
and  occurs  actually  at  about  the  same  place  as  that  in 
chrysene.  The  next  two  bands  in  II,  however,  are  also 
blue  shifted  with  respect  to  those  in  I.  This  crude  pic- 
ture is  satisfying  and  is  all  we  might  have  hoped  for 
using  such  poor  molecular  orbitals  as  a  basis  and 
neglecting  electron  repulsion  effects. 


Aromatic  Azapentalenes.    V.    1,1'-  and  1 ,2'-Bibenzotriazoles 
and  Their  Conversion  to  Dibenzotetraazapentalenes 
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AlMtnct:  The  syntheses,  physical  properties,  and  structural  assignments  for  l,l'-biben20triazole  (4a)  and  1,2'- 
Ubenzotriazole  (8)  are  described.  Both  4a  and  8  lose  nitrogen  on  heating  to  give  dibenzo-l,3a,4,6a-tetraazapent- 
alene  (1)  and  dibenzo-l,3a,6,6a-tetraazapentalene  (2),  respectively. 


arlier  papers  in  this  series,  ^'^  the  synthesis  of 
l)enzo-l,3a,4,6a-tetraazapentalene  (1)  by  thermal 
lotochemical  decomposition  of  0,0 '-diazidoazo- 
Qc  was  described.  This  interesting  heteroaromatic 
1  has  now  been  prepared  by  an  alternative  route, 

.  A.  Carboni  and  J.  E.  Castle,  /.  Am,  Chem.  Soc„  84,  2453 

^  A.  Carbon!,  J.  C  Kauer,  J.  E.  Castle,  and  H.  E.  Simmons, 
K  2^8  (1967). 


i.e.,  through  controlled  thermal  decomposition  of  1,1'- 
bibenzotriazole  (4).  A  similar  thermolysis  occurs  with 
the  isomeric  l,2'-bibenzotriazole  (8)  to  form  the  corre- 
sponding dibenzo- 1 ,3a,6,6a-tetraazapentalene  (2).*  This 
paper  discusses  the  synthesis,  proof  of  structure,  and 
decomposition  of  the  hexaaza  compounds  4  and  8. 

14 '-Bibenzotriazole.    The  hexaaza  derivative  4  was 
prepared  in  goody  ield  from  tetraazotized  o,o'-dianiino- 


Harder,  Carboni,  Castle  /  Bibenzotriazole  Conversion  to  OibeniotetiiMaaveiaQ^^aM^ 


azobenzene.  When  sulfur  dioxide  was  passed  rapidly 
through  a  cold  aqueous  solution  of  the  o,o'-azobenzene- 
bisdiazonium  salt  (3),  the  product  4  precipitated  as  a 
tan  solid.  Elemental  analyses  and  molecular  weight 
determinations  on  the  purified  colorless  soUd,  mp  235^ 
dec,  are  in  accord  with  the  empirical  formula  CisHgNe. 


SOi. 


Ci,H,N, 


AJ-N. 


a:& 


The  synthetic  route  to  4  and  the  subsequent  decom- 
position to  1  suggest  four  possible  structures,  4a~d, 
for  the  hexaaza  product.    These  structures  may  form 


CO 


4a 


4b 


4c 


4d 


by  the  addition  of  an  electron  to  each  diazonium  group 
followed  by  addition  of  the  resulting  radicals  to  the  azo 
group,  either  directly  or  with  rearrangement  of  elec- 
trons. 

Alternatively,  4a  and  b  may  form  via  the  intermedi- 
ate hydrazo  derivative  by  reaction  of  the  diazonium 
groups  with  (a)  their  respective  a-nitrogens  (to  give  4a) 
or  (b)  their  respective  j8-nitrogens  (to  yield  4b).  Intra- 
molecular coupling  of  the  first  type  occurs  in  the  diazo- 
tization  of  o-phenylenediamine,  where  the  intermediate 
o-aminobenzenediazonium  ion  (5)  reacts  with  the  amino 
substituent  to  yield  IH-benzotriazole  (6).'  On  the 
other  hand,  Zincke  and  Lawson^  observed  that  treat- 
ment of  o-(jp-tolylazo)-p-toluenediazonium  chloride  (7) 
with  a  reducing  agent  such  as  stannous  chloride  or  sulfur 
dioxide  produced  a  crystalline  product  which  was  as- 
signed the  benzotetraazine  structure  9. 

The  ultraviolet  spectrum  of  4  shows  two  absorption 
maxima,  at  252  m/i  (t  14,630)  and  288  m/x  (e  7790). 
Thus  a  strong  resemblance  to  the  absorption  spectrum 
of  IH-benzotriazole  and  1-methylbenzotriazole  is  evi- 
dent (Figure  1),  providing  a  preference  for  the  1,1'- 

(3)  R.  E.  Damschroder  and  W.  D.  Peterson,  "Organic  Syntheses," 
Coll.  Vol.  m.  John  Wiley  and  Sons.  Inc,  New  York,  N.  Y.,  1955,  p  106. 

(4)  Th.  Zincke  and  A.  Th.  Lawson,  Ber,,  19,  1452  (1886). 
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bibenzotriazole  structure  4a.  Compounds  4b  and  c 
which  contain  the  aryl  — N=N — ^N  group  in  a  six- 
membered  ring  would  be  expected  to  exhibit  absorption 
at  considerably  longer  wavelengths.  For  example, 
3-phenyl-3,4-dihydro-l,2,3-benzotriazine  exhibits  an 
absorption  maximum  at  360  m/x.'  Nuclear  magnetic 
resonance  (proton)  spectroscopy  was  of  little  value  for 
the  structure  proof,  ill-defined  spectra  being  obtained 
because  of  the  low  solubility  of  4  in  organic  solvents. 
Treatment  of  4  with  dimethyl  sulfate  gave  succes- 
sively a  monoalkylation  product  10  and  a  dialkylation 
product  11.  Methosulfates  10  and  11  are  both  water 
soluble  and  can  be  readily  converted  to  the  corre^ 
sponding  isolable  iodides.    However,  the  hydroxide  of 

(CHiO)iSOt  (CHiO)sSOt 

4 >  Ci,H,N,CH,+CH,SOr ► 

10 

QsH«N^CH,)i>^2CHiS0r 
11 

bismethosulfate  11  rapidly  decomposed  in  water  at 
room  temperature  to  give  1  molar  equiv  of  1- 
methylbenzotriazole  (12).*  This  provides  a  clear  prefer- 
ence for  the  1,1  '-bibenzotriazole  structure  4a,  in  agree- 
ment with  the  ultraviolet  spectral  data.  Thus,  the 
formation  of  12  may  be  represented  by  the  sequence 
4a  -►  10  -^  11  shown  in  Figure  2. 

Further  evidence  for  the  bisbenzotriazole  structure 
was  obtained  by  the  facile  reductive  cleavage  of  the  bis- 
methosulfate 11  by  lithium  aluminum  hydride.  When 
an  ether  solution  of  11  was  treated  with  excess  lithium 
aluminum  hydride  at  room  temperature,  an  excellent 
yield  (93%)  of  1-methylbenzotriazole  (12)  (2  molar 
equiv)  was  obtained.  Presumably  the  same  kind  of 
scission  occurs  here  as  in  the  hydroxide  decomposition. 


12 


(5)  P.  Ramart-Lucas  and  J.  Hoch,  Butt.  Soc,  Chim.  France,  447  (1949)- 
{€)  1-Methylbenzotriazole  2-N-oxide  is  assumed  to  be  the  other 
product  of  the  hydroxide  decomposition,  but  was  not  isolated. 
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lire  1.    Ultraviolet  spectra  of  IH-benzotriazole,  ;     !• 

ll^lH-beiizotriazole, ;        and    l,r-bibeiizotriazole. 


rhe  formation  of  more  than  1  molar  equiv  of  the 
izotriazole  derivative  12  strongly  favors  structure  4a, 
ce  4b-d  all  would  require  extensive  rearrangements, 
rhe  facile  reduction  of  the  bismethosulfate  with 
ium  aluminum  hydride  is  in  sharp  contrast  to  the 
bility  of  the  unalkylated  product  4  toward  this 
gent.  The  reactivity  of  11  is  undoubtedly  assod- 
d  with  its  positive  charges  which  should  facilitate 
Iride  ion  attack.  Finally,  the  reduction  cleavage  of 
self  was  effected  with  aluminum  amalgam  in  moist 
er^  to  obtain  somewhat  greater  than  1  molar  equiv 
IH-benzotriazole  (6),  thus  providing  additional  evi- 
ice  in  favor  of  1,1  '-bibenzotriazole  (4a). 
,2'-BibeiiEOtriazoie.  In  view  of  the  interesting 
rmal  transformation  exhibited  by  l,l'-bibenzotri- 
ile  (4a),  the  synthesis  of  the  isomeric  l,2'-bibenzo- 
zole  (8)  was  undertaken.  A  convenient  route  was 
>vided  by  the  intermediate  2-aminobenzotriazole.* 
t  preparative  route  to  8  is  summarized  in  Figure  3. 
iction  of  2-aminobenzotriazole  (13)  with  o-fluoro- 
(M:hloronitrobenzene  in  dimethylformamide  in  the 
sence  of  sodium  carbonate  gave  2-(o-nitrophenyl- 
ino>2H-benzotriazole  (14)  in  85%  yield.  Under 
ilar  conditions,  1-aminobenzotriazole  (15)*  gave 
y  tars.  Hydrogenation  of  14  to  2-(o-aminophenyl- 
ino)-2H-benzotriazole  (16)  was  readily  achieved  in 
ahydrofuran  with  palladium  on  charcoal.  Treat- 
it  of  the  amine  16  with  nitrous  acid  gave  a  crystal- 
solid,  mp  124^,  to  which  we  assign  the  structure 
'-bibenzotriazole  (8).  The  preparation  of  1-sub- 
jted  IH-benzotriazoles  by  diazotization  of  N-sub- 
ited  o-phenylenediamines  has  ample  precedent  in 
literature.*'"    The  ultraviolet  spectrum  (ethanol) 

\  We  are  indebted  to  Dr.  C.  S.  Marvel  for  suggesting  the  use  of  this 

at 

I  C.  D.  Campbell  and  C.  W.  Rees,  Chem.  Commun,,  192  (1965). 

I  R.  Trave  and  O.  Bianchetti,  Atti  Accad.  Nazi  Lineei,  Rend.,  CkuMt 

Fit,,  Mai,  Nal„  2S.  632  (1960). 

))  F.  R.  Benson  and  W.  L.  Sarell,  Chem,  Rev,,  46,  1  (1950). 
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Figure  3. 


of  8  showed  \a^  250  m/x  (6  8700),  282  m/i  (e  17,600), 
and  290  m/x  (c  16,700),  consistent  with  the  assigned 
structure. 

Thermal  Decomposition  of  the  Bibenzotriazolea. 
Formation  of  Dibenzotetraazapentalenes.  When  a  solu- 
tion of  l,l'-bibenzotriazole  in  di-n-butyl  phthalate  was 
heated  at  300*^,  1  mole  of  nitrogen  was  evolved  with 
concomitant  deepening  in  color  of  the  solution.  The 
well-defined,  yellow,  crystalline  product  obtained,  mp 
240-24P,  was  identified  as  dibenzo-l,3a,4,6a-tetra- 
azapentalene  (1)  by  comparison  with  an  authentic 
sample.  l,2'-Bibenzotriazole  (8)  underwent  a  similar 
transformation  at  250^  with  formation  of  the  isomeric 
dibenzo-l,3a,6,6a-tetraazapentalene  (2). 
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The  mechanism  for  the  tetraazapentalene  formation 
in  these  thermolysis  has  not  been  studied.  However, 
the  reaction  sequence  may  be  represented  as  follows. 


1 


17 


8 


18 

On  heating,  a  molecule  of  azo  nitrogen  is  eliminated 
from  the  IH-benzotriazole  moiety  of  each  of  the  hexa- 
aza  derivatives  with  incipient  or  intermediate  forma- 
tion of  the  l»3-dipolar  intermediates,  17  and  18,  or  their 
equivalents;  subsequent  bond  formation  between  the 
ring  carbon  and  the  2-N  (in  17)  and  1-N  (in  18)  yields 
the  corresponding  tetraazapentalenes  1  and  2,  respec- 
tively. 

The  thermolysis  is  reminiscent  of  the  Graebe-Ull- 
mann  synthesis  of  carbazoles  from  1-phenylbenzotri- 
azoleSy  although  the  latter  reaction  involves  the  for- 
mation of  a  carbon-carbon  bond  rather  than  a  carbon- 
nitrogen  bond  and  also  involves  migration  of  a  hydro- 
gen atom.  ^  ^ 

The  thermal  stability  of  the  nitrogen-nitrogen  bonds 
between  each  ring  in  the  bibenzotriazoles  4a  and  8  is 
remarkably  greater  than  those  of  the  closely  related 
lophine  19  and  tetraphenylpyrrole  dimer  20,  which  are 
measurably  dissociated  into  the  corresponding  free  radi- 
cals at  temperatures  below  100**." 


CA 
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Experimental  Section^' 

l,l'-BibeiizotriaaEole  (4a).  To  a  mixture  of  2.1  g  (0.01  mole) 
of  o,o'-diammoazobenzene^*  in  25  ml  of  12%  hydrochloric  acid  was 
tlowly  added  sodium  nitrite  (1.5  g,  0.022  mole)  in  10  ml  of  water. 
The  temperature  was  maintained  at  0-5°  during  the  addition  and 
throu^out  the  subsequent  treatments.  The  clear,  homogeneous 
diazotization  mixture  was  stirred  for  an  additional  30  min,  then 
treated  with  sulfur  dioxide.  The  latter  was  introduced  in  a  moder- 
ately rapid  stream  with  stirring.  A  solid  began  to  separate  almost 
immediately.  After  20  min,  the  light  tan  precipitate  (1.5  g,  63%) 
was  collected  by  filtration  and  recrystallized  from  ethyl  acetate,  to 


(11)  C.  Graebe  and  F.  UUmann,  Ann.,  291,  16  (1896). 

(12)  H.  Zimmermann,  H.  Baumgartel,  and  E.  Bakke,  Angew,  Chem,, 
73,  808  (1961). 

(1 3)  The  ultraviolet  spectra  were  obtained  using  a  double-beam  Model 
14  Gary  recording  spectrophotometer.  Dipole  moments  were  deter- 
mined by  Mr.  C.  Wortz  in  benzene  solution  using  a  Dipol  Meter  Type 
DN-01  (Wissenschaftlich-Technische  Werkstiitten  Wdlheim.  G.M.B.H.. 
O.B.,  Germany). 

(14)  R.  WiUstiitter  and  A.  Pfannenstiel,  Ber.,  38, 2349  (1905). 


obtain  colorless  needles,  mp  233°  dec.  A  second  recrystallizatioo 
from  decahydronaphthalene  gave  4«  as  hairlike  crystals,  mp  233'* 
dec. 

AnaL  Calcd  for  QiHiNt:  C,  61.0;  H,  3.4;  N,  35.6.  Found: 
C,  60.8;  H,  3.6;  N,  35.6. 

The  ultraviol^  spectrum  (ethanol)  shows  \nmx  252  m/i  (c  14,600) 
and  288  mn  (c  7800).  The  dipole  moment  is  5.16  D.  (0.02  M  in 
benzene  at  25°). 

2Ka-^Htropllalylalllillo)-2H4NBXOtriaaole  (14).  A  mixture  of  34  g 
(0.25  mole)  of  2-aminobenzotriazole  (13),  35  g  (0.25  mole)  of 
o-fluoronitrobenzene,"  25.4  g  (0.24  mole)  of  anhydrous  socfium 
carbonate,  and  120  ml  of  dimethylformamide  was  lefluxed  under 
nitrogen  for  2  hr.  The  red-brown  mixture  was  cooled  and  poured 
into  2.5  1.  of  water,  precipitating  a  yellow  solid.  The  latter  was 
collected  on  a  filter,  washed  with  water,  and  recrystallized  firom  95  % 
ethanol,  giving  55  g  (85%)  of  2-(o-nitrophenylamino>2H-benzo- 
triazole,  mp  144-145°. 

Anal.  C&\cd  for  CuHgNtOt:  C,  56.47;  H,  3.55.  Found: 
C,  56.53;  H,  3.47. 

2-(o-Aiiiinopliaiylaiiiiiio)-2H4Mnzotria3Bole  (16).  A  mixture  of 
10.2  g  (0.04  mole)  of  2-<o-nitrophenylamino>2H-benzo^iazole, 
0.3  g  of  10%  pallactium  on  charcoal,  and  75  ml  of  tetrahydr(rfuran 
was  shaken  at  room  temperature  in  a  Parr  apparatus  under  40  pa 
hydrogen  pressure.  Hydrogen  uptake  was  rapid,  the  theoretical 
amount  being  consumed  in  10  min.  The  mixture  was  filtered,  and 
the  filtrate  was  evaporated  nearly  to  dryness  under  nitrogeiL  The 
dark,  partially  crystalline  residue  was  taken  up  in  95%  ethand, 
treated  with  chi^oal,  filtered,  and  diluted  with  water,  giving 
tan  leaflets  (7  g,  78%),  mp  100°  dec  Recrystallization  from  edi- 
anol-water  gave  colorless  leaflets,  mp  106°  dec. 

AnaL  Ca\cd  for  CiiHuNs:  C,  63.98;  H,  4.92;  N,  31.10. 
Found:    C,  63.13;  H,  5.16;  N,  31.06. 

The  infrared  spectrum  of  this  product  is  consistent  with  the  pro- 
posed structure  16. 

Because  of  the  difiBculties  in  obtaining  this  amine  analytically 
pure,  the  slightly  crude  material  was  employed  for  conversion  to 
1 ,2  '-bibenzotriazole. 

la'-BibanDotriazole  (8).  A  sdution  of  6.0  g  (0i)266  mole)  of 
2-(o-aminophenylamino>2H-benzotriazole  in  250  ml  of  1  A^l^ydro- 
chloric  acid  was  cooled  to  0°,  and  a  solution  of  1.80  g  (0.026  noole) 
of  sodium  nitrite  in  water  was  added  dropwise  with  stirring.  The 
gray  precipitate  was  collected  on  a  filter  and  dissolved  in  ether,  and 
the  solution  was  treated  with  charcoal  and  filtered.  Evaporation  of 
the  solvent  and  subsequent  crystallization  of  the  residue  from  aque- 
ous ethanol  gave  4.0  g  (63  %)  of  pale  tan  crystols,  mp  123.5-124.5°. 
The  melt  on  cooling  gave  crystals  which  melted  at  98  °,  formed  a  new 
solid  phase  at  102°,  and  remelted  at  123.5-124.5°. 

AnaL  Cakd  for  QiHsN.:  C,  61.01;  H,  3.41;  N,  35.58; 
molwt,236.    Found:    C,  61.02;  H,  3.74;  N,  35.70;  niolwt,229. 

The  ultraviolet  spectrum  (ethanol)  shows  Xaaz  290  m^  (sh)  (< 
16,700),  282  miA  (c  17,500),  and  245  nvi  (sh)  (c  8350). 

The  product  on  heating  to  200°  in  air  evolved  a  gas  with  con- 
comitant formation  of  a  hi^er  melting  solid,  presumed  to  be  di- 
benzo-l,3a,6,6a-tetraazapentalene  (see  below). 

Reaction  of  BibciizotrlazoleB  with  LMiiniii  Ahimlmim  Hydride. 
To  a  suspension  of  1.50  g  (0.04  mole)  of  lithium  aluminum  hydride 
in  100  nil  of  tetrahydrofuran  was  added  a  solution  of  2.36  g  (0.01 
mole)  of  l,2'-bibenzotriazole  in  200  ml  of  tetrahydrofuran.  The 
mixture  was  refluxed  for  4  hr.  After  cooling,  aqueous  tetrahydro- 
furan was  added  to  destroy  unreacted  hydride,  and  then  the  mixture 
was  diluted  with  water  and  extracted  with  methylene  chloride. 
The  methylene  chloride  extracts  were  dried  and  evaporated,  and 
the  brown  residue  was  treated  with  ether.  The  ether  extract  was 
filtered  and  evaporated,  giving  1.3  g  of  brown  crystals  having  an 
infrared  spectrum  nearly  identical  with  that  of  benzotriazole. 
Recrystallization  from  water  gave  pure  benzotriazole,  identified 
by  melting  point  and  mixture  melting  point. 

When  l,l'-bibenzotriazole  was  treated  with  lithium  aluminum 
hydride  as  above,  only  starting  material  was  recovered. 

Reaction  of  l,l'-Bibenzotriazole  with  Dimethyl  Sulfate,  a. 
Mono-N-«lkylation.  A  mixture  of  5.0  g  (0.021  mole)  of  1,1 '-bi- 
benzotriazole  and  50  ml  of  purified  dimethyl  sulfate  was  stirred  at 
95°  for  20  min.  The  unreacted  starting  material  (1.0  g)  was  ^^ 
moved  by  filtration,  and  the  filtrate  was  diluted  to  3(X)  ml  with 
anhydrous  ether.  The  colorless  crystals  which  precipitated  were 
washed  with  ether  and  air  dried,  wd^t  4.40  g  (72%  based  on  un- 


(15)  Dr.  Charles  Yembrick  has  shown  that  o-chloronitrobenzene 
nmy  be  substituted  for  o-fluoronitrobenzene  if  a  reflux  time  of  4  hr  is 
employed. 
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ered  starting  material).  Elemental  analysis  indicated  that 
oduct  contained  18  %  of  the  di-N-alkylation  product  described 

li.  Calcd  for  82%  CuHuNeSOt  -h  18%  CnHsoNeSjOg: 
.13;  H,  3.93;  N,  22.10;  S,  9.6Z  Found:  C,  45.16;  H, 
N,  21.55;  S,9.64. 

!  monoalkylation  product  10,  mp  180°  dec,  is  very  water 
le  and  is  stable  to  light  and  air. 

Di-N-alkyUitioii.  A  mixture  of  5.0  g  (0.021  mole)  of  1 , 1  '-bi- 
triazole  and  50  ml  of  purified  dimethyl  sulfate  was  stirred 
1 10°  for  2  hr,  followed  by  cooling  to  room  temperature  during 
'.  The  colorless  crystals  were  collected  on  a  filter,  washed 
ther,  and  dried  over  phosphorus  pentoxide  at  room  tempera- 
The  product  6  (8.95  g,  86%)  melted  at  192-194°  dec. 
(/.  Calcd  for  CiiHsoNiSsOs:  C,  39.34;  H,  4.13;  N,  17.21; 
13;  mol  wt,  163.  Found:  C,  38.96;  H,  4.06;  N,  17.51; 
f2;  mol  wt,  170, 179. 

cfialkylation  product  11  is  very  water  soluble  and  is  stable 
It  and  air. 

a  solution  of  3.0  g  of  the  above  dialkylation  product  was 
17  ml  of  saturated  aqueous  sodium  iodide  solution.  Red- 
5  crystals  precipitated  immediately,  and  the  mixture  was 
in  the  dark  for  15  min.  The  crystals  were  then  collected  on 
r  in  the  dark  and  washed  with  water.  After  drying,  the  di- 
weighedl.70g. 

/.    Cakd  for  CiiHuN,!,:    C,  32.33;    H,  2.71;    N,  16.16; 
0.    Found:    C,  32.44;  H,  2.72;  N,  16.12;  1.47.45. 
diiodide  turns  brown  on  exposure  to  li^t  and  forms  a  dark 
standing  at  room  temperature  for  several  weeks,  even  in  the 

oniMMttiooof  DialkyUitlon  Product  11  with  Base.  To  20  m]  of 
dium  hydroxide  at  room  temperature  was  added  2.0  g  (0.0041 
€)i  the  dialkylation  product,  giving  a  bri^t  yellow  mixture 
rapidly  changed  to  a  nearly  colorless  mixture.  The  small 
It  of  oil  which  formed  slowly  crystallized.  The  mixture  was 
ted  with  ether,  and  the  ether  extracts  were  dried  and  evapo- 
to  give  0.55  g  of  nearly  colorless  crystals,  mp  61.5-63.5°. 
itallization  from  cyclohexane  gave  pure  1-methylbenzo- 
e  (12),  mp  64.5-65.5°,  identified  by  melting  p<Hnt  and  com- 
n  of  its  infrared  spectrum  with  that  of  an  authentic  sample.  ^* 
■ctiOB  of  11  with  Uthimn  Aimniinnii  Hydride.  A  slurry  of 
0.026  mole)  of  lithium  aluminum  hydride  in  125  ml  of  ether 
tried  under  nitrogen  at  room  tempoBture  while  3.0  g  (0.006 
of  the  dialkylation  product  11  was  added.    The  li^t  purple 


F.  KroUpfeiffer,  A.  Rosenberg,  and  C  MUhlhausen,  Ann.,  515, 
35). 


suspension  which  resulted  was  treated  with  an  additional  0.65  g 
of  lithium  aluminum  hydride  during  6  hr,  and  the  mixture  was  then 
allowed  to  stand  overnight.  Excess  hydride  was  destroyed  with 
ethyl  acetate  and  water,  then  80  ml  of  10%  sodium  hydroxide  was 
added,  the  solid  was  removed  by  filtration,  and  the  filtrate  was  ex- 
tracted three  times  with  ether.  The  combined  ether  extracts  were 
dried  over  sodium  sulfate,  and  the  solvent  was  removed,  giving  1.58 
g  (97%)  of  li^t  brown  crystalline  solid,  mp  59-61°,  the  infrared 
spectrum  ctf  which  was  identical  with  that  of  1-methylbenzotriazole. 
Recrystallization  gave  pure  1-methylbenzotriazole,  mp  63-64°. 

Reduction  of  1,1  '-BHianDotriazole  (4a).  Aluminum  amalgam  was 
prepared  by  immersing  0.57  g  (0.02  g-atom)  of  aluminum  foil  (0.001 
in.)  in  5%  aqueous  mercuric  chloride  at  room  temperature  for  1.5 
min.  The  foil  was  rapidly  washed  with  water  and  added  imme- 
diately to  a  suspension  of  5.0  g  (0.021  mole)  of  1,1  '-bibenzotriazole 
in  500  ml  of  moist  ether.  The  mixture  was  refluxed  for  3  hr,  at 
which  time  all  of  the  amalgam  had  been  consumed.  The  ether 
layer  was  decanted  and  evaporated  under  a  stream  of  nitrogen 
until  nearly  all  of  the  unreacted  starting  material  (1.50  g)  had  pre- 
cipitated. The  benzotriazole  was  removed  by  filtration,  and  the 
filtrate  was  evaporated  further,  giving  2.7  g  of  brown  crystals,  mp 
82-89°,  having  an  infrared  spectrum  nearly  identical  with  that  of 
benzotriazole.  The  yield  of  crude  product  based  on  unrecovered 
starting  material  was  77%.  Recrystallization  from  benzene  gave 
pure  benzotriazole  (55  %),  identified  by  melting  point,  mixture  melt- 
ing point,  and  comparison  of  its  infrared  spectrum  with  that  of  an 
authentic  sample. 

TlienBolyiis  of  14'-BiiianDotriazole.  A  solution  of  2.0  g  (0.0085 
mole)  of  l,r-bibenzotriazole  in  25  ml  of  di-n-butyl  phthalate  was 
heated  under  nitrogen  at  250°  for  30  min.  The  dark  mixture  was 
cooled  to  room  temperature,  and  the  precipitate  was  collected  on  a 
filter,  washed  with  pentane,  and  air  dried.  There  was  obtained 
0.95  g  (54%)  of  dibenzo-l,3a,4,6a-tetraazapentalene  (1),  mp  and 
mmp  237-238°  with  an  authentic  sample. 

TbermolyaiB  of  l,2'-Bilicnzotriaziole.  A  solution  of  0.50  g 
(0.0021  mole)  of  l,2'-bibenzotriazole  in  3.7  g  of  di-n-butyl  phthalate 
was  heated  at  250°  for  25  min,  by  which  time  nitrogen  evolution 
had  nearly  ceased  The  dark  solution  was  cooled  under  nitrogen, 
7  ml  of  petroleum  ether  was  added,  and  the  precipitated, 
feathery  crystals  were  collected  on  a  filter  and  dried.  The  product 
(0.30  g,  mp  248°)  was  recrystallized  from  methylene  chloride- 
petroleum  ether,  giving  0.11  g  of  nearly  colorless  crystals,  mp  255°. 
The  mixture  melting  point  with  an  authentic  sample  of  dibenzo- 
l,3a,6,6a-tetraazapentalene  (2)  was  undepressed. 

Admowledgmeiit.  We  are  indebted  to  Dr.  R.  V. 
Lindsey  for  valuable  discussions. 
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Abstract:  Tetrahexylammonium  benzoate  (THAB)  is  a  liquid  salt  at  25*",  miscible  with  most  organic  solvents  but 
not  with  water.  Its  ^^solvent  ionizing  power*'  Y,  based  on  rate  of  solvolysis  of  /-butyl  chloride  in  THAB  as  solvent, 
is  —0.39,  intermediate  between  ethanol  and  water.  Its  ability  to  dissolve  organic  compounds,  intrinsic  conduc- 
tance, and  electrochemical  inertness  over  a  wide  voltage  range  make  it  a  suitable  solvent  for  electrochemical  studies. 
Half-wave  potentials  with  a  dropping  mercury  electrode  in  THAB  are  recorded  for  oxygen,  fumaric  add,  benzo- 
phenone,  anthracene,  and  /9-naphthol. 


Tetra-/i-hexylammonium  benzoate  (hereafter  THAB) 
is  a  viscous  liquid  at  25^,  miscible  with  benzene, 
toluene,  or  carbon  tetrachloride,  in  contrast  to  tetra- 
pentylammonium  or  tetrabutylammonium  benzoate, 
which  are  solids,  only  slightly  soluble  in  benzene.  As 
a  liquid  salt,  it  constitutes  an  unusual  kind  of  solvent 
for  kinetics  or  electrochemistry.  Its  synthesis  and 
properties  are  described  in  the  Experimental  Section. 

Kinetics.  Reactions  in  fused  salts  are  receiving  in- 
creasing attention.^  THAB  permits  such  studies  at 
25**  or  below.  To  determine  whether  THAB  is  better 
regarded  as  a  polar  solvent  because  of  its  ionic  bonds 
or  as  a  nonpolar  solvent  because  most  of  its  bulk  con- 
sists of  saturated  alkyl  groups  which  shield  and  ster- 
icaUy  hinder  approach  to  the  ionic  centers,  we  measured 
its  solvent  polarity  Y.  Y  values  are  defined  opera- 
tionally' as  log  (k/k%  where  k  and  k^  arc  first-order 
rate  constants  for  solvolysis  of  /-butyl  chloride  at  25® 
in  any  solvent  and  in  the  standard  solvent,  ethanol- 
water  (80:20),  respectively.  From  the  measured  rate 
constant  of  3.8  ±  0.2  X  10-«  sec~S  in  THAB  as  sol- 
vent, its  Y  value  is  —0.39,  of  the  same  order  as  that  for 
80%  ethanol,  i.e.,  fairly  polar,  more  polar  than  ethanol 
(—2.03),  but  less  polar  than  water  (+3.49).  Its  re- 
markable balance  of  ionic  and  nonpolar  characteristics 
thus  permits  a  moderate  rate  of  solvolysis  of  /-butyl 
chloride,  easily  measurable  by  conventional  kinetic 
techniques. 

Electrochemistry.  Solubility  and  reduction  potential 
are  two  important  properties  of  tetra-/i-alkylammonium 
salts  when  used  as  supporting  electrolytes  in  electro- 
chemical studies.  Of  the  many  available  salts  in  the 
series,  tetrabutylammonium  perchlorate  has  gained 
wide  acceptance  because  of  its  solubility  in  a  wide 
variety  of  solvents  and  because  it  is  not  easily  reduced, 
e.g.,  in  aqueous  solutions  not  before  —  2.  6  v  vs.  the 
saturated  calomel  electrode.    No  significant  increase  in 


(1)  Supported  in  part  by  the  Atomic  Energy  Commission  under  Con- 
tract No.  AT(30-1)-90S  and  National  Science  Foundation  Undergradu- 
ate Equipment  Grant  No.  GE-227S. 

(2)  B.  R.  Sundheim,  *Tused  Salts,**  McGraw-Hill  Book  Co.,  Inc., 
New  York,  N.  Y.,  1964;  M.  Blander.  "Molten  Salt  Chemistry,"  Inter- 
science  Publishers,  Inc.,  New  York,  N.  Y.,  1964;  J.  E.  Gordon,  /.  Am. 
Chem.  Soc.,  86,  4492  (1964);  87,  1499,  4347  (1965);  /.  Org,  Chem,.  30 
2760,  4396  (1965). 

(3)  E.  Grunwald  and  S.  Winstein,  /.  Am,  Chem,  Soc„  70,  846  (1948); 
A.  H.  Fainberg  and  S.  Winstdn,  ibid,,  78,  2770  (1956). 


usable  potential  range  results  from  further  increases  in 
alkyl  chain  length. 

Current-voltage  curves  were  obtained  in  THAB 
as  solvent  using  both  a  dropping  mercury  electrode 
and  a  platinum  microelectrode.  Figures  1  and  2 
illustrate  typical  results.  Details  are  given  in  the  Ex- 
perimental Section.  Relative  to  the  silver  chloride 
electrode,  oxygen,  fumaric  acid,  benzophenone,  anthra- 
cene, and  j3-naphthol  exhibited  JFi/,  values  at  —0.37, 
-0.50,  -1.42,  -1.7,  and  -2.3  v  with  the  dropping 
mercury  electrode.  Thus,  THAB  is  usable  as  a  solvent 
and  advantageous  because  it  is  a  good  solvent  for  or- 
ganic compounds,  has  adequate  intrinsic  conductance, 
and  ions  that  are  electrochemicaUy  inert  over  a  wide 
range. 

Experimental  Section 

Synthesis.  Tetrahexylammonium  iodide  (Eastman  White  Label) 
was  recrystallized  three  times  from  3:1  acetone-ether  solutions, 
mp  104-105°,  or  in  later  work  used  without  purification  without 
adverse  effects.  Freshly  precipitated  sUver  oxide  (0.15  mdte)  was 
added  in  several  portions  with  prolonged  shaking  to  a  solutioo  of 
25  g  (0.052  mole)  of  the  iodide  in  150  ml  of  methanoK-water  (80:20). 
The  residual  iodide  ion  was  negligible.  Without  isolation  of  the 
tetrahexylammonium  hydroxide,  the  filtered  solution  was  neutral- 
ized with  reagent  benzoic  add  dissolved  in  80%  methanol  to  pH  7, 
using  "pHydrion**  pH  7-8  paper  as  an  indicator.  The  volume  of 
benzoic  add  solution  required  agreed  with  that  calculated.  Sdvent 
was  evaporated  at  or  bdow  25°  in  a  rotary  evaporator  at  10~* 
to  10~*  mm.  The  pale  yellow  oil  obtained  was  dried  in  a  vacuum 
desiccator  under  reduced  pressure  over  PiO(  or  Mg(Q04)i  for  a  day; 
yield  20  g.  Last  traces  of  water  are  difficult  to  remove.  Its  analy- 
sis corresponds  to  a  hemihydrate.  Anal,  Calcd  for  CaHnNC^: 
C,  78.25;  H,  12.08;  N,  2.94.  Calcd  for  CtiHnNOi0.5  HiO: 
C,  76.80;  H,  12.06;  N,  2.93.  Found:  C,  76.67;  H,  11.84;  N. 
2.90.  A  sample  heated  for  10  min  at  100°  (25  mm)  partially  de- 
composed to  a  mixture  analyzing  72.62%  C  and  11.94%  H,  indi- 
cating accumulation  of  benzoic  add.  Further  drying  of  another 
sample  for  2  weeks  at  25°  (25  mm)  over  Mg(C104)i  also  gave  some 
decomposition  (75.09  %  C  and  1 1.71  %  H). 

An  alternate,  less  desirable  procedure  for  the  conversion  of  iodkk 
to  hydroxide  involved  ion  exchange.  The  iodide  (2  g)  in  80% 
methanol  was  charged  into  130  ml  of  Dowex  I-X4  anion-exchange 
resin  in  hydroxide  form  in  a  20-mm  i.d.  column,  followed  by  dutioo 
with  600  ml  of  80%  methanol  at  the  rate  of  20  drops/min.  There 
may  be  a  possibility  of  contamination  of  the  THAB  by  traces  of 
amines  derived  from  the  resin  in  this  procedure. 

Properties,  At  25°  THAB  has  a  viscosity  similar  to  that  of 
glycerol  and  a  density  of  0.90  g/ml.  It  does  not  have  a  liquid  crystal 
state.  It  solidifies  at  Dry  Ice  temperature.  Specific  resistance  was 
1 8  kohm  cm  after  several  days  in  a  vacuum  desiccator  at  25-mm  pnsr 
sure  over  Mg(C104)i.    Some  water  was  probably  absorbed  upoo 
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Tradngi  of  peak  currents  of  polarograim:  curve  A, 
urrent,  beyond  — 2  v  at  one-tenth  sensitivity;  curve  B, 
of  oxygen  at  saturation  concentration;  curve  C,  reduction 


inoe  the  specific  resistance  decreased  to  760  ohm  cm  on 
ith  the  atmosphere,  but  increased  to  1.6  kohm  cm  after  a 
ng  to  90*"  (25  m).  Relatively  little  water  is  misdble  with 
ddition  of  1  %  fay  volume  of  water  results  in  a  two-phase 

lueoe  and  carbon  tetrachloride  are  miscible  with  THAB; 

of  THAB-toluene  (75:25)  had  a  rather  low  spedfic 
of  3.8  kohm  cm.  llie  mixtures  are  much  less  viscous 
THAB,  and  therefore  easier  to  use,  especially  in  dectro- 
xUs  where  dissdved  oxygen  is  removed  by  bubbling  with 

AoeCooe  also  dissdves  this  salt  and  is  useftil  for  rinsing 
ware  and  apparatus. 

It  ydlow-brown  color  is  due  to  an  unidentified  impurity, 
vottammetric  curves  it  is  clear  that  the  impurity  is  not 

nmr  absorption  in  carbon  tetrachloride  with  tetramethyl- 
ntcmal  standard  had  r  values  (and  integrated  areas)  of 
{.80  (32),  and  9.18  (12)  ppm.  Infrared  absorption  was 
60  (w).  715  (s),  815  (w).  850  (w),  925  (w),  1020  (w),  1050 
(s),  1465  (m),  1480  (m),  1570  (s),  1605  (sX  1620  (m),  2850 
(X  2915  (vs),  2950  (vs),  and  3050  cnr  ^  (w). 
•  ^Butyl  chloride  was  dried  over  Drierite  (caldum  sul- 
distiUed,  bp  52^  A  0.1  M  solution  (10  ml)  of  /-butyl 
A  THAB  was  placed  in  a  constant  temperature  bath  at 
!^  At  desired  intervals,  1-ml  aliquots  were  dissolved  in 
nzene  and  shaken  for  15  min  with  10  ml  of  water  to  hy- 
le  t-butyi  chloride  remaining.  The  water  layer  (6  ml) 
sd  by  0.01  M  aqueous  sodium  hydroxide  using  phend- 
Bs  an  indicator.  One-third  of  the  benzoic  add  is  in  the 
r.    The  add  titer  decreased  to  zero  by  a  first-order  rate 


Current-voltage  curves  were  obtained  with 
ropptng  mercury  electrode  and  a  platinum  microdec- 
gures  1  and  2  illustrate  typical  results.  An  aqueous 
^  NaC3)|Ag  dectrode  was  used  as  a  reference.  Omtact 
Jed  by  a  short  piece  of  porous  glass  rod  (Cbming  7930). 
istics  of  the  DME  at  Ov  were  m  <-  6.10  mg/sec,  /  »  5.62 
A  short  piece  of  platinum  wire  was  used  as  the  counter 
The  polarograph  was  a  Heath  EUW-401.  Oxygen  re- 
nthe  THABsolveot  was  aocomi^hed  by  anitrogen  purge, 
rements  were  made  at  room  temperature,  23  ±  3*".  No 
was  made  for  iR  voltage  drop  in  the  cdl.  Although  the 
ib  IS  essentially  a  potentiostat,  the  potential  is  inde- 
f  cuneot  only  if  zero  resistance  exists  between  the  refer- 
indicator  dectrodes.  As  noted  above,  THAB  solutions 
ler  high  resistance  and  the  cdl  used  did  not  allow  the  two 
to  be 
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Figure  2.  Scan  rate  100  mv/sec:  curve  A,  residual  cyclic  volt- 
ammogram  of  platinum  microdectrode;  curve  B,  reduction  of 
oxygen. 


Fk'om  curve  A  in  Figure  1,  the  anodic  limit  with  a  mercury  dec- 
trode is  +0.2  V  (AgQ  |Ag).  The  lack  of  an  anodic  wave  at  po- 
tentials negative  to  the  reference  suggests  dther  that  there  is  neg- 
ligible iodide  remaining  in  the  salt  or  that  mercurous(ic)  iodide  is 
soluble  in  THAB. 

No  significant  concentrations  of  redudble  impurities,  induding 
iodine,  contributed  to  the  cathodic  current  at  potentials  positive  to 
— 1.8  V,  but  a  reduction  wave  was  evident  bQrond  this  point.  After 
a  perceptible  diffusion  plateau  of  80  ^  at  — Z5  v,  the  current  in- 
creased sharply.  The  last  current  rise  is  undoubtedly  the  reduction 
of  THA  ion  and  the  impurity  wave  was  probably  an  alkali  metal 
cation  since  Ei/t  was  —2.09  v.  Sodium  or  potassium  ions  at  0.01  M 
are  not  uncommon  in  reagents  of  the  quality  used  in  this  synthesis. 
It  is  also  possible  that  hydrogen  ion  reduction  from  traces  of  water 
may  have  contributed  to  the  reduction  wave,  although  this  is  not 
rq)orted  to  be  the  case  with  neutral,  aqueous  solutions  of  tetraalkyl- 
ammonium  salts. 

The  point  of  zero  charge  of  the  mercury  electrode  was  —0.25  v, 
based  on  observations  of  the  shapes  of  the  current-time  curves  of 
individual  drops.  The  slope  of  the  (peak)  charging  current-po- 
tential curve  is  very  small  so  that  the  intersection  on  the  potential 
axis  (the  point  of  zero  charge)  is  diflScult  to  determine.  The  change 
in  shape  of  the  charging  current-time  curves  on  dther  side  of  —0.25 
v  was  very  evident,  however.  Drop  times  changed  rather  markedly 
with  potential  beyond  —1.5  v.  At  —1.7  v,  the  decrease  was  about 
30  %  compared  to  the  drop  time  at  0  V. 

Oxygen  is  reduced  in  a  single  wave  having  Ey,  «  —0.37  v.  The 
diffusion  current  was  3.4  fOL  after  prolonged  contact  with  the  at- 
mosphere (curve  B).  Since  the  difference  between  the  potentials 
at  one-fourth  and  three-fourths  of  the  diffusion  current  was  75  mv, 
the  rising  part  of  the  wave  was  not  rdated  to  a  simple  diffusion- 
controlled  process  but  instead  was  activation  controlled.  Traces 
of  water  were  undoubtedly  present,  so  that  reduction  of  oxygen 
to  hydroxide  ion  was  possible. 

Reduction  waves  (and  Ei/t  values)  were  observed  for  anthracene 
(—1.7),  benzophenone  (—1.42),  fumaric  add  (—0.50),  and  /9- 
naphthol  (—2.3).  Curve  C  of  Figure  1  shows  a  polarogram  for 
anthracene  added  as  a  small  crystal.  In  aqueous  solution,  anthrax 
cene  is  reduced  at  Ei/^  »  —2.4  v.  Interference  from  the  assumed 
alkali  metal  cation  reduction  prevented  an  assessment  of  the  quarter- 
wave  potential  difference.  The  reduction  of  naphthalene  was  not 
observable  over  the  accessible  range  to  —2.6  v. 

A  platinum  microdectrode  in  pure  THAB  exhibited  an  anodic 
limit  at  about  +0.3  v,  and  at  —1.2  v  cathodic  current  became 
significant,  as  shown  in  Figure  2,  curve  A.  Within  this  potential 
range,  the  current  was  essentially  capadtive  in  that  a  first-power 
d^wndence  on  scan  rate  was  obseived.  Oxygen  reduction  oc- 
curred as  a  drawn-out  wave  (curve  B),  rising  from  —0.2  v  to  a  peak 
at  —0.7  V  when  the  scan  rate  was  100  mv/sec.  The  peak  potential 
was  very  dependent  upon  scan  rate.  The  addition  of  a  small 
amount  of  water  did  not  alter  the  residual  curve,  which  suggests 
that  traces  of  water  were  already  present.  A  mixture  of  25%  by 
volume  of  toluene  with  THAB  had  essentially  the  same  residual 
currents  as  the  pure  liquid. 
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Abstract :  The  pKm^  values  of  (CH,)JPOJ«.  CH JP(OXOCH,),,  {CJA^h^OyCHi,  CJH»P(OXCH,),.  (C6H»),P(S)CH,, 
CeHtP(SXCHs)s,  and  (CHs)sPS2H  have  been  determined  by  measurements  of  chemical  shift  of  methyl  groups  bonded 
to  phosphorus  as  a  function  of  sulfuric  acid  concentration.  The  data  indicate  considerable  x  bonding  in  PS  and  PC 
bonds.  Phosphine  oxides  are  about  10*  less  basic  than  amine  oxides,  arsine  oxides,  and  stibine  oxides.  Previous 
reports  of  the  basicity  of  phosphine  oxides  are  misleading.  The  method  used  here  has  been  validated  by  study  of 
acetophenone  and  N,N-dimethylacetamide ;  p JTs  of  these  compounds  are  known  from  other  methods. 


There  has  been  considerable  interest  in  the  nature 
of  the  P-O  bond  in  phosphine  oxides  especially  in 
regard  to  the  role  of  d  orbitals  in  t  bonding. '  Bond 
energies,^  bond  lengths,'**  infrared  spectra, '-^  C**-H 
coupling  constants,*  and  hydrogen  bonding'  all  indi- 
cate considerable  P-O  t  bonding  in  phosphine  oxides. 
The  N-O  bond  in  trimethylamine  oxide,  on  the  other 
hand,  appears  to  be  a  single  bond.'** 

There  has  been  little  work  on  the  basicity  of  phos- 
phine oxides  and  sulfides,  and  this  might  be  expected 
to  give  indications  concerning  P-O  and  P-S  bonding  in 
both  neutral  and  protonated  forms.  N  Oxides  are 
sufficiently  basic  to  be  measured  by  potentiometric 
titration;  the  pi^BH*^  of  (CHi)iNO  is  4.7. ^^  The 
P^BH^  of  (CHt)tPO  has  been  listed  in  a  table  as  0,^^ 
but  this  was  on  the  basis  of  titration  and  evaluation  of 
its  effect  on  HBr-catalyzed  hydrolysis  of  methyl  acetate 
which  indicated  basicity  inmieasurably  small  by  these 
techniques.  This  estimate  for  the  basicity  of  (CHi)tPO 
has  been  quoted  in  a  review  on  the  base  strength  of  weak 
organic  bases.  ^*  By  measurements  of  proton  chemical 
shifts  as  a  function  of  sulfuric  acid  concentrations,  we 
had  determined  the  basicity  of  a  phosphinic  acid, 
(CH|)sP02H,  and  a  phosphinate  ester,  (C6H5)sPOsCH|, 

(1)  Research  supported  by  National  Science  Foundation  Grant  GP- 
3726  and  U.  S.  Public  Health  Service  Grant  AM-6870. 

(2)  (a)  Alfred  P.  Sloan  Research  Fellow,  1964-1966;  (b)  Trainee 
(1964-1965)  under  U.  S.  Public  Health  Service  Training  Grant  5T01- 
6M-463. 

(3)  For  a  recent  summary  see  (a)  R.  F.  Hudson,  "Structure  and  Mech- 
anism in  Organophosphorus  Chemistry,*'  Academic  Press  Inc.,  New 
York,  N.  Y.,  1965,  Chapter  3.  See  also  (b)  R.  F.  Hudson,  Pure  Appl 
Chem.,  %  371  (1964);  (c)  L.  Larsson,  Soensk  Kern.  Tidskr.,  71,  336 
(1959). 

(4)  S.  B.  Hartley,  W.  S.  Holmes,  J.  K.  Jacques,  M.  F.  Mole,  and  J.  C. 
McCoubrey,  Quart,  Rev.  (London),  17,  204(1963). 

(5)  A  recent,  accurate  determination  [H.  K.  Wang,  Acta  Chem,  Scand., 
19,  879  (1965)]  of  the  P-O  bond  length  in  trimethylphosphine  oxide. 
f(P-0)  "  1.48  A,  can  be  compared  with  the  sum  of  single  bond  covalent 
radii*  P  +  O  -  1.10  +  0.66  -  1.76  A. 

(6)  L.  Pauling,  **Nature  of  the  Chemical  Bond,*'  3rd  ed,  Cornell 
University  Press,  Ithaca,  N.  Y.,  1960,  p  224. 

(7)  (a)  E.  A.  Robinson,  Can.  J.  Chem.,  41,  3021  (1963);  (b)  H.  Gerd- 
ing,  J.  W.  Maarsen,  and  D.  H.  Zijp,  Rec.  Trao.  Chem.,  77,  361  (1958). 

(8)  P.  Haake,  W.  B.  Miller,  and  D.  A.  Tyssee,  /.  Am.  Chem.  Soc.,  86, 
3577(1964). 

(9)  (a)  T.  Kubota,  ibid.,  88,  211  (1966);  (b)  G.  Aksnes,  Acta  Chem. 
Scand.,  14,  1475  (1960). 

(10)  We  use  the  symbol  piTBH**^  rather  than  piT.  for  clarity;  pi^BH^ 
specifically  refers  to  the  equilibrium  BH"^  ;=^  B  +  H^,  but  piC«  also 
could  refer  to  HA  ;=±  H'*'  +  A~  since  the  protons  of  the  methyl  groups  of 
(CHi)tPO  and  (CHi)iNO  should  be  somewhat  acidic. 

(11)  P.  Nylen,  Z.  Anorg.  Allgem.  Chem.,  246,  227  (1941). 

(12)  E.  M.  Amett,  Progr.  Phys.  Org.  Chem.,  1,  325.  392  (1963). 


in  connection  with  a  study  of  the  acid-catalyzed  hy- 
drolysis of  phosphinates. "  We  have  now  confinned 
the  validity  of  this  method  and  studied  a  more  complete 
set  of  compounds  which  may  be  classed  as  phosphine 
oxides  and  sulfides. 

Results 

In  the  compounds  studied,  chemical  shifts  for  CH| 
hydrogens  were  measured  relative  to  (CHa)«N'''H; 
a  sample  plot  of  the  data  for  dimethylphenylphosphine 
oxide  is  shown  in  Figure  1.  Trimethylammonium 
ion  was  used  as  a  standard  to  minimize  changes  in 
chemical  shifts  due  only  to  changes  in  solvation.  The 
large  solvation  effects  should  be  in  the  media  with  high 
[H2SO4]  where  most  or  all  of  the  water  will  be  involved 
in  solvating  protons.  This  would  probably  decrease 
solvation  of  the  protonated  phosphine  oxide  and  lead 
to  a  change  in  chemical  shift  relative  to  an  uncharged 
and/or  unprotonated  standard.  By  using  (CHt)tN'*'H 
as  a  standard  we  should  minimize  this  problem,  since 
both  BH+  and  (CHi)jN+H  have  one  acidic  hydrogen 
for  interaction  with  solvent  and  solvation  effects  should, 
therefore,  be  similar. 

The  data  are  plotted  against  the  Ho  scale  ^^  since  this 
is  a  scale  conveniently  available  as  a  standard.  Al- 
though there  are  problems  with  the  H9  scale  based  on 
primary  anilines  serving  as  a  measure  of  acidity  when 
studying  other  bases  or  substrates,^'  this  can  be  con- 
sidered by  use  of  eq  1  ^  where  the  M  value  is  a  measure 


log  [BH+1/[B1  =  M(pKm*  -  ^0) 


(1) 


of  the  protonation  behavior  of  B  relative  to  Hammett 
bases  (primary  anilines).  ^^    If  Af  =  1,  B  is  a  Hammett 

(13)  p.  Haake  and  G.  Hurst,  J.  Am.  Chem.  Soc.,  SS,  2544  (196$). 

(14)  (a)  L.  P.  Hammett,  "Physical  Organic  Chemistry,"  McOraw-HOI 
Book  Co.,  Inc.,  New  York,  N.  Y.,  1940,  Chapter  IX.  (b)  The  scale  used 
here  is  Hammett*s  with  the  corrections  above  60%  H1SO4  given  by  M.  J. 
Jorgenson  and  D.  R.  Hartter,  /.  Am.  Chem,  Soc.,  SS,  878  (1963).  This 
scale  is  internally  consistent  since  it  is  based  on  primary  anilines  and 
seems  to  be  a  reasonable  one  to  adopt  as  a  standard.  It  appears  to  be 
finding  general  acceptance;  see,  for  example,  K.  Yates  and  H.  Wai,  Cm. 
/.  Chem.,  43,  2131  (1965). 

(15)  We  use  eq  1  with  A#  as  a  measure  of  the  effect  of  medium  rela- 
tive to  the  effect  on  Hammett  bases.  Other  forms  of  this  equation  have 
been  used^**^*  with  a  rather  than  A#,  but  use  of  A#  should  lead  to  less 
confusion.    Equation  1  is  discussed  in  more  detail  in  rdf  13. 

(16)  A.  R.  Katritzky,  A.  J.  Waring,  and  K.  Yates,  Tetrahedron,  19. 
465  (1963). 

(17)  This  seems  preferable  to  development  of  a  new  scale  for  each 
substrate,  as  has  been  done:   for  amido,  the  ^a  scale. >• 


•^»»* 
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Table  I.    Addity  Constants  and  H9  Dependences  for  Protonated  Phosphine 


and  Phosphine  Sulfides 


No.  ofpts 

between 

5  and 

Ho  at 

95% 

half- 

log[BH+]/[B]  = 

M(pKbr*  -  Ho) 

proton- 

Onnpd* 

protonation^ 

PKbr** 

M 

Abh*^ 

Ab- 

ation* 

Dime/Aj^/phosphinic 

-4.3 

-4.07 

0.308  ±0.016 

119.4 

78.6 

7 

acid  (A) 

(-1.25  ±0.07) 

Dimethyl  methylph(»- 

-5.5 

-5.22 

0.475  ±0.027 

48.2 

67.6 

8 

phonate  (B) 

(-2.48±0.16) 

Diphenylme/Ay4>liosphine 

-3.3 

-3.20 

0.697  ±0.065 

29.2 

44.4 

7 

oxide  (Q 

(-2.23  ±0.25) 

Dime/Aj^4>henylphosphine 

-2.2 

-2.09 

0.453  ±0.023 

33.2 

55.7 

10 

oxide  (D) 

(-0.946  ±0.063) 

Diphenylme/Aj^/phosphine 

-4.5 

-4.75 

2.69±0.64 

15.0 

30.5 

3 

sulfide  (E) 

(-12. 76  ±5.16) 

Dime/Aj^/phenylphosphine 

-4.5 

-4.58 

1.82  ±0.02 

18.9 

41.6 

3 

sulfide  (F) 

(-8.31  ±0.15) 

Dime/Aj^/dithiophosphinic 

-5.6 

-5.72 

0.974  ±0.24 

14.2 

32.5 

3 

acid(G) 

(-5. 57  ±2.18) 

-1.1 

-1.07 
(-1.54±0.07) 

1.43  ±0.05 

32.5 

44.9 

7 

•  Chemical  shifts  of  underlined  CHt  groups  were  measured.  ^  This  is  equal  to  pK;  from  sigmoid  graph  of  A  against  Ho.  '  The  values  in 
parentheses  are  intercepts  (and  their  standard  deviations)  determined  by  least  squares.  '  Values  of  chemk^al  shifts  are  relative  to  (CHi)tN'*'H; 
positive  indicates  upfidd  shift.  •  This  is  number  of  points  used  to  determine  M  and  pKsa  *  by  least  squares  on  eq  2.  More  data  were  ob- 
tained and  used  to  get  Ho  at  half-protonation,  Ab,  and  Abh  ^^ 


base.^'  All  the  data  we  obtained  could  be  plotted 
according  to  eq  1  and  gave  straight  lines,  from  which 
M  and  p^bh  ^  values  could  be  obtained :  M  =  slope, 
P^BH^  =  intercept/Af. 


A,R- 
B,R> 
C.R- 
D,R> 

«R'- 
-  CHt; 
«R'- 

=  cai, 

.  CHt;  R"  = 
R'  =  R"  ■" 
QH*;  R" 

i\  R'-R" 

«OCH, 

=^CHt 

--CHt 

E,R- 
F.R  = 
G.R. 

=  R'  -  CJtit; 

-  C.H,;  R'  - 

-  R'  «  CHt; 

R" 
R" 
R" 

--CHt 
^CHt 
=  SH 

The  pA«*8  can  also  be  obtamed  by  evaluation  of  the 
point  where  [BH*^]  =»  [B].  This  is  the  halfway  point 
on  the  sigmoid  curves  (e.g.,  Figure  1),  i.e.,  the  point 
where  A  «  (Ab  +  Abh  0/2.  Table  I  gives  all  our  data 
for  phosphine  oxides  including  pitr*s  determined  by  this 
method  and  pA*  and  M  values  from  a  least-squares  cal- 
culation using  eq  1.  The  chemical  shifts  found  for  B 
and  BH+  relative  to  (CHi)jN+H  are  also  given  in  Table 
I.  It  can  be  seen  that  (Ab  —  AbhO  is  large  enough 
to  give  reliable  results.  Determination  of  pJTs  by 
either  method  depends  on  the  values  of  these  chemical 
shifts,  but  it  turns  out  that  application  of  eq  1  to  de- 
termination of  pJTs  is  not  as  sensitive  to  slope  as  one 
might  expect  from  the  fact  that  the  ^K  is  determined  by 
the  intercept.  Since  a  lowering  of  slope  lowers  the 
absolute  vidue  of  the  intercept  (the  intercepts  in  these 
plots  are  negative),  there  is  a  compensating  effect  since 
pJtr  »  intercept/dope.  Consequently,  although  some 
standard  deviations  are  large  in  Table  I,  the  ^K^n* 
values  from  eq  1  and  from  half-protonation  agree 
well.  The  larger  standard  deviations  come  from  those 
compounds  where  only  a  few  points  were  obtained  be- 
tween 5  and  95  %  protonation  due  to  a  steep  dependence 
of  protonation  on  H^  which  results  in  a  high  M  value. 

Another  argument  for  standard  use  of  the  //o  scale 
in  studies  of  basicity  relates  to  the  M  values.    It  seems 

(18)  K.  Yates,  J.  Steveoi,  and  A.  R.  Katritzky,  Can.  /.  Chem,,  42, 
1997  (196^. 


likely  that  these  M  values  may  be  quite  useful  in  evalua- 
tion of  solvation  effects  on  the  protonation  of  weak 
bases  when  there  is  a  large  enough  body  of  these  data 
available. 


Figure  1.  Dependence  of  chemical  shift  of  methyl  groups  of  di- 
methylphenylphosi^iine  oxide  and  dimethyldithiophosphinic  add  00 
Ho  in  aqueous  sulfuric  add. 


Perhaps  the  most  important  question  in  this  study 
has  to  do  with  the  reliability  of  this  method.  Despite 
the  use  of  (CH8)sN+H  as  a  standard  it  could  be  argued 
that  all  the  data  observed  here  could  be  largely  medium 
effects  so  that  the  apparent  titration  curves  observed 
(e.g..  Figure  1)  could  have  little  relation  to  basicity. 
We  have  several  pieces  of  evidence  which  refute  this 
line  of  devil's  advocacy.  First,  we  used  this  method 
to  determine  the  pK  values  for  N,N-dimethylacetamide 
(H)  and  acetophenone  (I);   the  chemical  shifts  of  the 
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Table  n.    Basicity  of  N,N-Diniethylacetaniide  and  Acetophenone  by  Nmr  and  Other  Methods 

No.  ofp 
between 

. Nmr '    5  and 

Lit.  95%pro- 

pJ^BH**  Af*  Ab*  Abh**  pKbh*  tonatioo 


Compound 


Ho  at  half- 
protonation 


CH,OON(CH,), 

-0.34 

-0.39 
(-0. 376  =b  0.049) 

0.97 
=b0.04 

48.1 

28.0 

-0.19^ 

9 

CHtOOCsHt 

-6.45 

-6.51 

(-3. 37  ±0.39) 

0.52 

=b0.05 

21.6 

-14.8 

-6.45' 

5 

«  By  least  squares  using  log  ([BH+]/[B])  »  M(pK  —  ^o).  Values  in  parentheses  under  pKbh  ^  are  the  values  of  the  intercuts  and  thdr 
standard  deviations  as  determined  by  least  squares.  The  ±  values  under  M  are  standard  deviations  of  the  slope  by  the  same  method. 
^  Chemical  shift  in  cps  from  the  methyl  hydrogens  of  (CHt)iN-*'H.    « Reference  12.    '  K.  Yates  and  H.  Wai.  Can.  J.  Chem.,  43»  2131  (1965). 


underlined  methyl  groups  were  evaluated  as  a  function 
of  acidity.  The  pKsu^  values  obtained  by  the  nmr 
method  are  in  good  agreement  with  those  previously 
observed  (Table  II).  Secondly,  dimethyl  sulfone  is 
known  to  be  very  weakly  basic  and  is  only  partially 
protonated  in  concentrated  sulfuric  acid.^**^'  We  ob- 
serve no  titration  curve  of  chemical  shifts  for  dimethyl 
sulfone  in  the  region  of  acidity  where  titration  curves 
are  observed  for  the  compounds  in  Table  I.  Finally, 
we  have  studied  trimethylamine  oxide  (J)  by  this 
method.    This  amine  oxide  has  a  pK  in  the  range 


Qb-\ 


CH3 


Hf 


CH3 

CH3^N*-0" 


H 


measurable  by  potentiometric  methods:  pKbh^  — 
4.65.  ^  ^  We  find  less  than  3-cps  change  in  chemical  shift 
between  Ho  —  0  and  /To  =  —  7  for  this  compound. 
Since  protonation  of  J  is  essentially  complete  tlu-ough- 
out  this  range,  this  result  further  supports  the  validity  of 
our  method. 

Two  pK  values  are  listed  in  Table  I  for  dimethyl- 
dithiophosphinic  acid,  (CHs)2PS2H.  The  titration 
cruve  for  this  compound  is  shown  in  Figure  1;  two 
inflections  are  clearly  present.  These  are  probably  due 
to:  (1)  protonation  of  the  anion,  H+  +  MejPSj-  ;=± 
MejPSjH,  p/Tah  =  -1.07;  (2)  protonation  of  the  acid, 
H+  +  MejPSjH  ;=i  (CH3)2PS2H,+,  p^bh*  =  -5.72. 
The  pKah  is  inconsistent  with  the  results  of  Kabachnik, 
ei  al.,^  on  other  dithiophosphinic  acids.  The  pKj^ 
values  they  found  by  potentiometric  titration  might  be 
in  error  due  to  problems  with  false  pJTs  of  strong 
acids. '^  Alternatively,  the  two  inflection  points  we 
observed  here  could  be  due  to  (1)  protonation  of  the 
neutral  acid  and  (2)  another  phenomenon.  Since 
(CH3)2POjH  is  about  1  to  2  powers  of  10  less  basic 
than  phosphine  oxides  and  phosphine  sulfides  have 
P^BH*  =  —4.5,  it  does  seem  very  likely  that  p^bh^  is 
-5.6  for  (CHs^^PSiH.  It  then  is  difficult  to  attribute 
p/:  =  -1.1  to  anything  other  than  (CH3)iPSiH  ;=± 
(CH3)2PS2-  +  H+. 

(19)  R.  J.  Gillespie  and  J.  A.  Leisten,  Quart.  Rev.  (London),  8,  40 
(1954). 

(20)  M.  I.  Kabachnik,  T.  A.  Mastrukova,  A.  E.  Shipov,  and  T.  A. 
Melentyeva,  Tetrahedron,  9,  10  (1960). 

(21)  A.  Albert  and  E.  P.  Serjeant,  'Ionization  Constants  of  Adds  and 
Bases,"  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1962. 


Discussion 

Baddty  of  Phosphine  Oxides.  The  pKbh*  of  tri- 
methylphosphine  oxide  was  reported  ^^'^*  as  0;  on  the 
basis  of  our  results  (Table  I),  it  seems  likely  that  this  is 
in  error.  Certainly  phosphine  oxides  (K)  are  generally 
protonated  (eq  2)  to  only  a  small  extent  in  1  Jlf  add. 


•)p«0*H*  ^i==^  •)p==^OH 


(2) 


K 


The  basicities  we  have  measured  for  phosphine  oxides 
are  compared  with  other  oxides  in  Table  III.  There- 
fore, in  basicity  phosphine  oxides  resemble  carbonyl 

TaUe  m.    Comparison  of  Basicities  of  Some  Oxides 


Compound 


P^i 


BH 


CH<C(0)Cait 

(CH,),NO 

(CH,)tP(0)CJH, 

cHaxoxcai,)i 

(CH,)tAsO 
(CH,)»SbO 


-6.5«> 

4.7* 

-2.4» 

-3.2» 

3.8« 

5.4^ 


•  Footnote  i/,  Table  II.    *  This  work.    « Reference  11. 

compounds  more  than  the  oxides  of  other  group  Va 
elements;  the  oxides  of  nitrogen,  arsenic,  and  antimony 
are  10*- 10^  times  more  basic  than  phosphine  oxides. 
Amine  oxides  can  have  no  N-O  t  bonding,  and  car- 
bonyl groups  are  known  to  have  considerable  double 
bond  character. 

Although  C  and  D  do  not  have  Qv  symmetry,  it  is 
probable  that  these  phosphine  oxides  have  two  nearly 
equivalent  tt  orbitals**'"  so  that  K  might  be  better 
written  as  >P-^.  The  short  P==0  bond  length^ 
and  the  radial  density  distributions  of  the  phosphorus 
and  oxygen  orbitals  probably  contribute  to  the  strength 
of  T  bonding  in  K."  The  longer  As-O  and  Sb-0 
bonds  would  cause  weaker  t  bonding  in  arsine  and 
stibine  oxides. 

(22)  The  interaction  of  the  phenyl  substituents  with  the  P-O  w  system 
is  probably  small  since  there  is  little  diiTerence  in  the  length  of  C(sp*)-P 
and  C(sp  *>-P  bonds.  *  *  Therefore,  in  C  and  D  there  should  be  little  per- 
turbation of  a  symmetrical  ir(P-O)  system  with  two  r  orbitals. 

(23)  In  (CHi)iPO,  KP-C)  -  1.81  A;»  in  (CsHft)>POiH,  KP-C)  -  1.81 
A.** 

(24)  T-T.  Liang  and  K-C.  Chi,  Acta  CMm.  Stniea,  31  (2).  135  (1965). 

(25)  Related  discussions  of  d-p  r  bonding:  D.  W.  J.  Gmickshank. /. 
Chem.  Soc.,  5846  (1961);  D.  P.  Craig,  A.  MaccoU,  R.  S.  Nyholm,  L.  E 
Orgel,  and  L.  E.  Sutton,  ibid.,  332  (1954).  The  simple  view  of  r  bonding 
in  K  and  L  would  involve  d-p,  P-O  overlap.  However,  to  mention  two 
possible  perturbations,  there  might  be  mixing  of  phosphorus  orbitab 
resulting  in  stronger  r  and/or  v  bonds  and  r  bonding  involving  hybrid 
oxygen  orbitals,  such  as  sp^  would  be  possible. 
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here  have  been  no  structural  reports  on  a  protonated 
or  alkylated  phosphine  oxide,  but  the  structures  of 
tral  phosphate  esters  are  known  and  indicate 
OR)  ~  1.55  A  and  Z(POR)  ~  120^"  Using 
e  parameters,  a  reasonable  model  for  the  structure 
*  would  involve  an  sp*  oxygen  atom.  It  is  impos- 
i  to  intuitively  predict  exactly  what  oxygen  orbitals 
involved  in  t  bonding  in  L,  but  it  is  clear  that  the 
;er  P-OR  bond  length  and  the  use  of  some  oxygen 
bital  character  in  c  bonding  should  lead  to  a  reduc- 

in  P-O  -K  bonding.  ^    In  addition,  the  presence  of 
large  on  L  and  the  consequent  orbital  contractions 
tit  be  detrimental  to  strong  t  bonding, 
he  large  bond  energies  of  P-O  bonds  in  (CHj)fPO 

(C6H6)aPO  (139  and  128  kcal/mole,  respectively)* 
consistent  with  strong  -k  bonding  in  K.  The  bond 
igth  of  the  P-O  bonds  of  (CHaO)3P  (91  kcal/mole)* 
crates  the  kind  of  decrease  which  might  be  expected 
Totonation. 

herefore,  although  many  factors  can  affect  pJTs, 
iding  stability  of  both  acid  and  basic  forms,  solva- 

effects,  etc.,  the  large  differences  in  basicity  shown 
'able  III  and  consideration  of  bonding  and  bond 
gies  certainly  suggest  that  t  bonding  in  phosphine 
es  makes  an  important  contribution  to  the  struc- 
On  the  other  hand,  it  appears  that  t  bonding 
lite  weak  in  arsine  and  stibine  oxides, 
ibstitution  of  CHaO  or  HO  for  CsHs  in  phosphine 
es  reduces  the  basicity  considerably  (Table  I). 
iu8  appears  that  the  inductive  effect  of  the  CHsO 

HO  groups  are  predominant  over  resonance  ef- 
;.  In  A  and  B  there  is  probably  a  more  complex  t 
;m  than  in  C  and  D,  but  resonance  effects  might  be 
s  different  from  carboxylates  and  other  systems 
Iving  only  p  orbitals.  We  assume  that  in  A  and  B, 
onation  is  on  the  P=0  oxygen,  but  protonation  on 
K>R  oxygen  has  not  been  excluded. 
KMphiiie  Solfldes.  The  difference  of  basicity  of 
,),0  (p^BH*  =  -3.8)  and  (CH,)2S  (p^bh*  - 
4)'*  indicates  that  the  differences  between  phosphine 
des  and  phosphine  oxides  in  Table  I  are  due  largely 
be  substitution  of  sulfur  for  oxygen.    Therefore, 

IT  bonding  must  also  be  important.  However, 
son  has  concluded  there  is  less  P-S  than  P-O  t 
iing,**  and  our  basicity  data  are  only  suggestive. 
"Si  data  related  to  P-S  t  bonding  are  needed. 
'  Valves.  The  M  values  for  phosphine  oxides  are 
»8  than  1  by  a  considerable  amount,  indicating  that 
I  bases  are  not  behaving  as  Hammett  bases.  Using 
lymbols  B'  for  Hammett  base  and  B  for  the  bases 
a*  study" 

JE/b/b'hV/bh^/b'  =  (1  -  MtH^  -  p^BH*)    (3) 

have  previously"  discussed  the  relation  of  a  low  M 
e  to  acid-inhibited  hydrolysis  of  p-nitrophenyl 
enylphosphinate  and  proposed  that  an  important 
>r  was  a  decrease  in  /b  with  increasing  acidity.^ 

tendency  of  phosphine  oxides  to  form  hydrogen 
la  may  be  an  important  factor  in  this  effect,  and 
M  values  (Table  I)  can  be  explained  in  this  frame- 
^    The  important  interaction  of  a  neutral  base 

sulfuric  acid  solvent  should  be  by  hydrogen  bond- 
Oxygen  should  normally  form  stronger  hydrogen 

I  J.  D.  Daaitz  and  J.  S.  RoUctt,  Acta  Cryst,,  9,  327  (1956). 
I  L.  M.  Swcetiiis  and  K.  Yates,  Can.  /.  Chem,,  44,  2393  (1966). 


bonds  than  nitrogen  and  nitrogen  stronger  than  sulfur. 
Since  the  Hammett  bases  are  anilines,  the  oxygen  base 
should  be  salted  in  more  strongly  and  /b//b'  should 
decrease  for  phosphine  oxides  as  acid  concentration 
increases.  The  sulfur  bases  should  be  salted  in  less 
strongly  than  anilines  and  /b//b'  should  increase  with 
increasing  acid  concentration.  Both  of  these  effects 
would  explain  the  M  values  observed.  This  hypoth- 
esis also  explains  the  M  values  for  (CHaj^POfH 
and  (CHs)sPS2H  compared  to  the  other  phosphine 
oxides  and  phosphine  sulfides.  These  bases  have  two 
oxygens  or  sulfurs  which  can  form  hydrogen  bonds  and 
therefore  ought  to  show  lower  M  values  than  (CHs)s- 
P(0)CeH6  and  (CH,),P(S)C«H6,  as  they  do. 

Experimental  Section 

Melting  points  were  taken  with  a  calibrated  Mel-Temp  block. 
Analyses  were  performed  by  Miss  Heather  King,  UCLA  micro- 
analytical  laboratory.  Nuclear  magnetic  resonance  spectra  were 
taken  on  a  Varian  Model  A-60  instrument;  tetramethylsilane  was 
used  as  a  standard.  Infrared  spectra  were  taken  on  a  Perkin-Elmer 
Model  421  spectrophotometer. 

Diphnylmethylplioepliine  Oxide.  The  oxide  was  prepared  from 
diphenylmethylphosphine  by  oxidation  with  oxygen.  The  phos- 
phine was  prepared  from  diphenylchlorophosphine  (Columbia 
Chemical  Co.)  in  ether  by  addition  of  methyUithium  in  ether 
(Alfa  Inorganics  Inc.),  followed  by  distillation.  The  oxide  was 
recrystallized  from  benzene,  mp  10^110''  (lit.»  mp  llO-lir). 
The  infrared  spectrum  in  KBr  included  absorptions  at  1430  (aro- 
matic) and  1293  cm"*  (P=0).  The  nmr  spectrum  shows  a  doublet 
at  r  8.0  with  /pch  -■  13  cps  and  two  multiplets  with  centers  at  r 
2.2  and  2.5  integrating  as  expected. 

Anal,  Calcd  for  QiHitPO:  C,  72.21;  H,  6.06.  Found: 
C,  72.30;  H,6.24. 

DimetfaylplNnylpliotpliiiie  Oxide.  This  oxide  was  prepared  by 
oxidation  of  the  corresponding  phosphine  with  oxygen.  The 
phosphine  was  prepared  from  phenyldichlorophosphine  (Victor 
Chemical  Co.)  and  methyllithium  and  purified  by  distillation. 
The  oxide  is  very  hygroscopic  and  when  very  dry  melts  at  1 15-1 19° 
(lit«»  107-110**).  The  infrared  spectrum  show  absorption  at  1430 
and  1410  cm">  (aromatic)  and  1285  cm->  (P=0).  The  nmr 
spectrum  in  CDOt  exhibits  a  doublet  at  r  8.22  with  /pch  =  13  cps 
and  multiplets  at  r  2.47  and  2.2  integrating  as  expected. 

Dimethyl  Methylpboepiioiiate.  This  ester  was  prepared  by 
treating  trimethyl  phosphite  with  methyl  iodide.  The  ester  was 
distiUed  at  84-89*'  (34^35  mm)  [lit.»  IV  (13  mm)].  The  infrared 
spectrum  shows  absorptions  at  1245  cm"*  (P=0)  and  1030  and 
1055  cm~i  (POQ  as  well  as  1 182  cm~^.  The  nmr  shows  a  doublet 
at  r  8.55  (area  -  1)  with  /pch  -  17  cps  and  a  doublet  at  r  6.33  with 
/pocH  >=  1 1  cps;  integrations  were  in  the  expected  ratio. 

Diphcnyimethylpboephiiie  Sulfide.  This  sulfide  was  prepared  by 
refluxing  diphenylchlorophosphine  and  sulfur  in  CSi  overnight.*^ 
The  solvent  was  removed,  ether  added,  and  an  equimolar  amount 
of  methyllithium  added  to  the  solution.  The  sulfide  distilled  at 
183-185**  (2  mm)  [lit."  181**  (1.5  mm)].  The  infrared  spectrum 
shows  bands  at  1410,  1434,  and  1478  cm'^  (aromatic)  and  at  619 
and  608  cm"^  (P=S).'*  The  nmr  spectrum  shows  a  doublet  at 
r  7.82  with  /pca  »  12  cps  and  multiplets  centered  at  r  2.25  and  2.7 
with  the  expected  integration. 

Dimetliylpiiaiylpiiotpliiiie  SaUkle.  The  corresponding  phosphine 
was  treated  with  sulfur  in  ethereal  solution,  the  solvent  evaporated 
off,  and  the  product,  dimethylphenylphosphine  sulfide,  was  re- 
crystallized  from  hot  water,  mp  42-43**  (lit."  mp  42*^).  The  in- 
firared  spectrum  includes  bands  at  1431,  1405,  and  1413  cm~^ 
(aromatic)  and  at  585  cmr>  (P=S).**    The  nmr  spectrum  shows  a 


(28)  (a)  C.  Seveflos  and  A.  F.  Isbell,  7.  Org,  Chem.,  27,  2573  (1962); 
(b)  A  MichaelU  and  H.  v.  Soden,  Ann.,  229.  295  (1885). 

(29)  G.  WitUg  and  U.  Schollkopf,  Chem.  Ber.,  87,  1318  (1954). 

(30)  G.  Schrader,  unpublished  results;  K.  Sasse,  **Methoden  der 
Organischem  Chemie  (Houben-Weyl),**  XII/1,  Georg  Thieme  Verlag, 
Stuttgardt,  1963,  p  270. 

(31)  Similar  to  procedure  of  A.  Michaelis,  Ann.,  181,  335  (1876). 

(32)  R.  A.  Zingaro  and  R.  E.  McGlothlin,  J.  Chem,  Eng,  Data,  8,  226 
(1963). 

(33)  R.  A.  Zingaro,  Inorg,  Chem.,  2. 192  (1963). 
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doublet  at  r  8.1  with  /pch  »  13  cps  and  multiplets  at  r  2.15  and 
2.52  with  the  expected  integration. 

Anal.  Calcd  for  C^uPS:  C,  56.44;  H,  6.52.  Found:  C, 
56.28;  H,  6.60. 

SodlmpiMethylditliioplioapUMle.  Tetramethylbiphosphine  di- 
sulfide was  treated  with  an  equimolar  amount  of  SOiQs  to  give 
dimethylthiophosphinyl  chloride,>«  bp  50-55°  (3  mm)  [lit.*« 
82-83"  (16  mm)].  The  add  chloride  was  treated  with  sodium 
hydrogen  sulfide**  and  the  sodium  salt  of  the  dithio  add  recrystal- 
Hzed  firom  benzene-ethanol.  The  infrared  spectrum  shows  bands 
at  3300-3400,  1619,  1400  and  1272,  937,  905,  731,  and  717  cm"'. 
The  nmr  spectrum  in  DiO  exhibits  a  doublet  at  r  8.01  with/pcH  *  13 
cps  (standard  »  (CHt)»Si(CHt)iSOtNa).  The  preparation  of 
dimethylphosphinic  add  has  been  described. i* 


(34)  R.  Cblln  and  G.  Schrader.  Chem.  Zentr,,  12696  (1959). 
(3^  T.  A.  Mastryukova,  A.  E.  Shipov,  and  M.  E.  Kabachnik,  Zk, 
Obsheh.  Khim.,  31,  507  (1961);  Chem,  Abstr,,  55,  22101  (1961). 


of  pK^B.  The  solutions  were  made  up  as  pre- 
viously described^*  at  a  concentration  of  ^10~^  M  for  both  stand- 
ard and  substrate. 

Chemical  shifts  (A)  were  plotted  against  H^  (Figure  1)  to  give 
approximate  pK  and  M  values  according  to  eq  2.  The  approxi- 
mate pK  can  be  obtained  from  the  H^  value  at  V«(Ab  —  Abb^). 
The  approximate  M  value  can  be  obtained  graphically  or  l^  solu- 
tion of  eq  2  at  some  point  other  than  H^  »  pi^BH^.  Values  of  Ab 
and  Abh  *  were  then  obtained  from  the  smoothed  curve  of  A  vs,  H%: 
Ab  is  the  A  at  /ft  (0.5%  protonation)  -  pKbh*  -  2.3/Af,  Abb^  is 
the  A  at  H«  (99.5%  protonation)  -  pKbb*  +  2.3/A#.  A  least- 
squares  analysis  of  the  data  was  then  done  using  eq  2  and  points 
between  5  and  95%  protonation,  /.e.,  between  H%^  pK±  (1.3/M). 

Acknowledgment.  The  nmr  spectrometer  used  in  this 
work  was  purchased  with  funds  from  the  National 
Science  Foundation.  Sigma  R.  Alpha  prepared  the 
dimethyl  methylphosphonate. 
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Abstract:  The  theoretical  and  practical  effects  of  gas-liquid  phase  change  on  rates  and  products  of  free  radical 
reactions  are  discussed,  mostly  in  terms  of  ratios  of  rate  constant  for  competing  reactions.  Effiects  of  free  volumes, 
concentration  changes,  solvent  cages,  and  third  bodies  are  now  fairly  well  understood,  but  when  enough  competing 
reactions  are  involved,  the  effect  of  phase  change  may  become  complicated.  Previous  work  provides  several  exam- 
ples where  phase  change  has,  or  has  not,  affected  competing  free  radical  reactions  and  several  instances  where 
solvent  change  has  affected  competitions.  The  present  survey  now  suggests  that  solvation  effects  are  widespread  in 
free  radical  reactions  but  often  obscured  by  the  necessity  of  studying  them  in  competing  reactions.  Solvation  effects 
in  the  most  inert  solvents  appear  to  be  as  far  from  gas-phase  results  as  they  are  from  solvation  effects  in  the  most 
polar  solvents.  Thus,  comparisons  of  gas-phase  and  liquid-phase  reactions  of  free  radicals  are  important  in  any 
absolute  measure  of  solvation  effects. 


During  the  development  of  free  radical  chemistry, 
the  organic  and  polymer  chemists  have  been 
concerned  mostly  with  liquid-phase  reactions,  while 
physical  chemists  have  been  concerned  mostly  with  gas- 
phase  reactions.  There  has  been  little  effort  to  correlate 
the  work  of  the  two  groups.  As  considerable  data  have 
accumulated  on  each  phase,  with  little  overlap,  several 
related  questions  arise.  To  what  extent  can  we  predict 
rates  or  products  in  one  phase  from  data  in  the  other? 
Is  there  any  discernible  change  in  rate  constants  with 
phase  change?  Why  do  some  reactions  proceed  in 
both  phases  while  others  proceed  only  in  one?  Which 
phase  should  be  chosen  for  preparative  purposes? 
The  object  of  this  paper  is  to  consider  some  reactions 
for  which  data  on  both  phases  are  availat^e,  to  deduce 
some  generalizations,  and  to  point  out  remaining  prob- 
lems. The  next  two  portions  of  this  section  consider 
some  theoretical  aspects  of  phase  changes,  then  some 
generalities  about  free  radical  reactions.  The  follow- 
ing section  then  reviews  experimental  data.  Conclu- 
sions are  summarized  in  the  last  section. 

(1)  This  paper  extends  one  presented  to  the  Division  of  Organic 
Chemistry  at  the  Symposium  on  Reactions  of  Free  Radicals  at  the  149th 
National  Meeting  of  the  American  Chemical  Society,  Detroit,  Mich., 
April  7, 1965,  and  subsequently  to  the  Colorado,  California,  and  Santa 
Clara  Valley  Sections. 


Theoretical  Aspects  of  Phase  Changes.  One  interest- 
ing aspect  of  phase  change  is  the  free-volume  effect. 
When  we  assume  that  the  activities  of  the  reactants  and 
the  activated  complex  are  measured  by  their  vapor  pres- 
sures and  that  attractive  forces  with  other  molecules  are 
negligible,  the  partial  pressure  of  each  reactant  is  given 
by 

p(p  -  6)  =  nRT 

Here  r  —  6  is  the  corrected  volume  in  the  van  der  Waals 
equation,  corresponding  roughly  to  the  free  volume  of 
the  container  not  occupied  by  molecules.  When  we  go 
from  (say)  0.01  M  reactant  in  the  gas  phase  to  a  0.01  3f 
solution  in  benzene  at  50°,  p  —  b  changes  from  about 
999.7  ml/1,  to  about  250  ml/1,  (assuming  that  there  is  no 
free  volume  in  benzene  at  O^K)  and  the  vapor  pressure 
of  the  reactant,  in  the  absence  of  aU  interactions  with 
the  solvent,  is  increased  fourfold.  We  neither  find  nor 
expect  phase  change  to  have  much  effect  on  rates  of 
first-order  reactions:  although  the  vapor  pressure  of  the 
reactant  (in  the  liquid  phase)  is  four  times  as  great,  the 
reactant  is  present  in  only  one-fourth  of  the  volume. 
However,  for  a  second-order  reaction,  the  product  of 
the  vapor  pressures  of  the  reactants  is  increased  16- 
fold  while  the  volume  is  decreased  only  fourfold,  and  the 
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r  reaction  per  unit  volume  should  be  four  times  as 
For  a  third-order  reaction,  the  factor  should  be 

*e  elegant  treatments  come  to  similar  conclusions. 
Q^  concludes  that  a  reaction  will  go  fastest  in  the 
m  which  favors  the  association  of  reactants  and 
tes  that  a  bimolecular  reaction  might  be  20  times 
:  in  solution  as  in  the  gas  phase.  The  collision 
of  reaction  rates  suggests  that  there  should  be 
»  three  times  as  many  collisions  between  a  par- 
pair  of  molecules  in  solution  as  in  the  gas  phase 
at,  for  the  same  activation  energy,  the  rate  will  be 
pondingly  higher.'  The  absolute  rate  theory, 
:onsiderations  of  entropies  of  activation,  leads 
same  final  result. ' 

ow  pressures,  the  rates  of  some  gas-phase  reac- 
»ecome  smaller  than  expected  from  rates  at  higher 
res  or  in  the  liquid  phase.  In  unimolecular 
»ns,  first-order  rate  constants  begin  to  fall  ofi"  at 
res  which  are  insufficient  to  maintain  an  equi- 
1  concentration  of  activated  reactant  molecules, 
pressures  range  roughly  from  a  fraction  of  a 
eter  of  mercury  for  molecules  with  6  or  more 
to  some  hundreds  of  millimeters  for  molecules 
or  fewer  atoms.^  In  combinations  of  two  atoms 
ill  free  radicals,  the  heat  of  reaction  is  sufficient 
se  immediate  separation  unless  some  of  this  heat 
removed  by  collision  with  a  third  body.  Thus, 
lations  of  atoms  normally  require  a  third  body 
rmolecular)  but  bimolecular  reactions  of  radicals 
e  less  dependent  on  pressure  as  the  complexity  of 
lical  and  the  opportunities  for  internal  dissipa- 
the  heat  of  reaction  increase.*^ 
Tc  we  examine  data  on  rates  of  free  radical  reac- 
md  since  the  transition-state  theory  treats  a  rate 
equilibrium,  let  us  see  what  phase  change  does 
easily  measured  and  uncomplicated  equilibrium 
at.  Table  I  gives  the  equilibrium  constants  for 
sociation  of  Ns04  in  the  gas  phase  and  in  several 
ts.* 


Eqwlibrium  Constants*  for  Ns04 


2NOsat20< 


A^.V 

Solvent 

K,M 

kcal/mole 

Gas  phase 

382 

13.7 

SiCU 

17.8 

20.5 

CS, 

13.3 

19.4 

ecu 

8.05 

18.8 

CHQi 

5.53 

21.2 

EtBr 

4.79 

20.5 

C«H»Br,  CfHtQ 

3.7 

19.4 

CtH, 

2.23 

22.2 

odations  are  endothemuc. 

a  the  free-volume  aspect,  the  effect  of  phase 
has  the  direction  expected  and  is  greater  than 
:d;  there  is  much  less  dissociation  in  solution, 
er,  the  effect  of  solvent  change  on  the  equi- 
I  constant  is  about  one-third  as  large  as  the 

W.  Bouon,  *The  Foundations  of  Chemical  Kinetics,**  Mc- 
U  Book  Co..  Inc.,  New  York.  N.  Y..  1960:  (a)  p  S04;  (b)  p 

cominled  by  A.  Wasserman;  (c)  p  234;  (d)  p  308. 

J.  Lauller.  "Chemical  Kinetics.**  2nd  ed.  McGraw-HiU  Book 
.  New  York,  N.  Y..  1965.  p  201. 

A.  Moehryn-Hughes,  "Kinetics  of  Reactions  in  Solution,** 
Mbrd,  1947,  p  1S4,  from  data  of  CundalL 
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effect  of  phase  change.  Further,  the  heats  of  dissocia- 
tion vary  erratically  among  the  solvents  and  the  spread 
is  almost  as  great  as  between  gas  phase  and  carbon 
tetrachloride  solution.  The  lack  of  correlation  between 
JTs  and  A/Ts  shows  that  changes  in  entropies  of  solu- 
tion largely  compensate  for  changes  in  enthalpy  terms. 

Table  II  shows  that  the  same  considerations  apply 
in  reaction  rates  as  in  the  equilibria  above.  Rate  con- 
stants for  the  dimerization  of  cyclopentadiene  in  var- 
ious media  at  50^  are  listed  in  order  of  decreasing  rate 
constants.'^  Although  the  rate  constants  differ  by 
a  factor  of  only  3  (0.5  log  unit),  the  erratic  but  compen- 
sating variations  in  frequency  factors  (40-fold)  and  in 
activation  energies  (2.7  kcal/mole)  again  suggest  im- 
portant interactions  of  reactants  and  solvents. 


Table  II.    Solvent  Effects  in  the  Dimerization  of 
Qyclopentadiene">  at  50"* 


E, 

Solvent 

-log  k 

log  .4 

kcal/mole 

Gas  phase 

5.2 

6.1 

16.7 

CS, 

5.2 

6.2 

16.9 

Cyclopentadiene 

5.2 

5.8 

16.2 

AcOH 

5.0 

5.0 

14.7 

Crfl, 

5.0 

6.1 

16.4 

ca4 

4.9 

6.7 

17.1 

EtOH 

4.7 

6.4 

16.4 

C4iiNOt 

4.7 

5.5 

15.1 

Parafl&n 

4.7 

7.1 

17.4 

The  examples  above  show  that  the  effects  of  solvent 
molecules  on  reacting  solutes,  whether  they  be  com- 
plexing,  solvation,  or  restriction  of  motion,  and  even 
with  nonradical,  nonpolar,  nonhydrogen-bonding  mate- 
rials, are  usually  about  as  large  as,  and  sometimes  much 
larger  than,  effects  due  to  free  volume  or  frequency  of 
collision. 

Free  Radical  Reactions.  Table  III  classifies  reactions 
of  free  radicals.  Free  radicals  are  commonly  produced 
in  pairs  by  decompositions  of  peroxides  or  azo  com- 
pounds (reaction  —1).  They  interact  and  destroy 
each  other  in  pairs  by  reactions  1  (combination)  or 
2  (disporportionation).  Both  reactions  1  and  2  cannot 
be  avoided,  and  if  these  were  the  only  reactions  of  free 
radicals,  they  would  be  of  little  interst.  The  interest 
arises  from  the  other  reactions  which  compete  with 
reactions  1  and  2  and  with  each  other.  Reaction  3, 
usually  the  abstraction  of  a  hydrogen  or  halogen  atom 
(chain  transfer  in  polymerization),  is  the  most  important 
and  most  studied  reaction  of  free  radicals.  Reaction 
4,  the  addition  of  an  atom  or  radical  to  a  double  or 
triple  bond  (or  to  oxygen),  is  an  essential  step  in  the 
free  radical  additions  of  many  reagents  to  unsaturated 
compounds,  usually  in  combination  with  reaction  3. 
Scission,  reaction  —4,  is  the  reverse  of  4,  and  is  illus- 
trated by  the  loss  of  ethylene  units  from  an  alkyl  radical 
and  by  the  scission  of  /-butoxy  to  acetone  and  methyl. 
Reaction  5,  rearrangement,  corresponds  to  internal 
(unimolecular)  abstraction  or  to  other  shifts  of  atoms 
or  groups  within  radicals. 

Of  the  eight  listed  reactions  of  free  radicals  in  Table 
III,  dissociation  (—  1),  diffusion  from  cage  (D),  scission 
(—4),  and  rearrangement  (5)  are  first-order  reactions; 
the  rest  are  bimolecular ;  occasionally  4  is  termolecular. 
Reaction  conditions  are  usually  chosen  to  limit  the 


Mayo  I  Uquid-  and  Gas-Phase  R€oct\oia  oS  Fr«t 


2656 

TaUe  nL    Reactions  of  Free  Radicals 


No. 


Type 


Example  (superscript 
indicates  kinetic  order) 


V 
3« 

41(ort) 
41 

5» 


Dissociation 
Combination 
Disproportionation 
Diffusion  from  cage 


11              2> 
R,1=:2R ►RH-*- 

[2R1 
cage 


3« 


RX  +  Y 


4> 


Abstraction,  transfer  R»  -fXY 

Addition  I  r.+a=B5Z?:RAB 

Scission  J  ^7^ 

Rearrangement  R  •  — ►•  R '  • 


important  competing  reactions  to  two  or  three.  Rates, 
yields,  or  kinetic  chain  lengths  commonly  measure  the 
competition  between  chain-terminating  reactions  1  and 
2  and  chain  propagations  3  and/or  4,  as  in  halogena- 
tion,  oxidation,  polymerization,  or  telomerization. 
For  long  kinetic  chains  the  competition  between  two 
reactions  of  types  3  and  4,  or  the  competition  of  one  of 
these  with  another  of  the  reactions  3,  4,  —4,  or  5,  may 
be  measured  by  ratios  of  reaction  products ;  reactions 
1  and  2  and  rate  data  can  then  be  neglected.  Thus  both 
rate  and  product  studies  give  us  ratios  of  rate 
constants,  and  we  need  ratios  of  rate  constants  to 
predict  rates  or  products.  This  paper  will  deal  only 
with  the  effects  of  phase  change  on  ratios  of  rate  con- 
stants in  free  radical  reactions,  because  ratios  are  the 
only  bases  available.  Measurements  of  absolute  rate 
constants  require  measurements  of  the  very  low  con- 
centrations of  reactive  radicals.  Although  such  data 
are  accumulating  slowly,  I  know  of  no  case  where  the 
absolute  rate  constants  are  available  for  the  same  reac- 
tion in  both  gas  and  liquid  phases.  If  we  had  one  set, 
we  would  still  need  another  set  to  get  ratios  and  to 
compare  experimental  results. 

In  considering  the  effects  of  phase  change  on  these 
competitions,  we  should  note  that  the  effect  of  phase 
change  on  concentration  can  be  very  large.  Thus  the 
concentration  of  a  pure  organic  liquid  is  about  10  M^ 
while  the  concentration  of  a  gas  at  standard  conditions 
is  only  about  0.05  M.  At  30-mm  pressure  and  200^, 
where  many  gas-phase  reactions  have  been  studied,  the 
concentration  of  gas  is  only  0.001  M.  Apart  from  any 
effect  of  phase  change  on  equilibrium  constant,  normal 
concentration  effects  in  phase  change  will  favor  dis- 
sociation in  the  gas  phase  (reactions  —1  and  —4),  and 
association  in  solution  (reactions  1  and  4). 

Review  of  Experimental  Data 

Phase  change  usually  has  little  effect  on  ratios  of  rate 
constants.  In  the  following  discussion,  emphasis  is 
on  the  exceptions  and  on  instances  where  concentration 
changes  produce  notable  changes  in  results. 

Unimolecular  Decomposition  to  Product  Radicals 
(Reaction  —1).  In  decompositions  of  peroxides  or  azo 
compounds  to  give  free  radicals,  we  are  concerned  with 
the  production  of  radicals,  not  with  their  reactions. 
Absolute  rate  constants  are  available;  they  show  that 
the  effect  of  phase  change  is  small. 

Raley,  Rust,  and  Vaughan*  measured  the  first-order  rate  con- 
stants for  decomposition  of  di-/-butyl  peroxide  in  the  gas  phase  and 


in  cumoie,  /-butylbenzene,  and  tributylamine  as  solvents.  The 
vapor  phase  ki  was  about  75  %  as  large  as  the  ki  in  the  three  solvents. 
The  solvent  ki  tended  to  decrease  with  the  concentration  of  peroxide, 
an  indication  of  induced  decomposition.  Apparently,  the  effect  of 
phase  change  on  ki  is  less  than  the  effect  of  any  induced  decomposi- 
tion. Here  it  would  be  useful  to  have  some  solution  measure- 
ments at  concentrations  as  low  as  those  used  in  the  gas-phase 
studies.  Smid,  Rembaum,  and  Szwarc*  carried  out  similar  studies 
with  dipropionyl  peroxide  and  dibutyryl  peroxide.  The  first-order 
rate  constants  in  dilute  solutions  in  isooctane  and  #i-hexane  were 
dose  to  those  in  the  gas  phase.  They  were  50-100%  greater  in 
benzene  and  toluene  and  still  larger  in  polar  solvents.  Thus,  the 
difference  between  the  nonpolar  solvents  and  the  gas  phase  is  less 
than  the  differences  among  solvents. 

Cage  Effects  (Reactions  1  and  D).  When  two  radicals 
are  formed  very  close  together  in  solution  (—1),  the 
competition  between  their  very  fast  combination  (1) 
and  their  diffusion  apart  (D)  affects  the  products  of 
reaction.  These  competitions  are  normally  important 
only  in  solution.  Herk,  Feld,  and  Szwarc^  generated 
methyl  radicals  by  the  decomposition  of  acetyl  peroxide 
in  the  gas  phase  and  in  isooctane  solution  at  65^.  In 
iso6ctane,  the  products  were 

2Me.  +  2CO«(75%) 


AcO, ►  AcOMe  +  Cd  (20%) 


EtH  +  2C0«      (5%) 

Carrying  out  the  reaction  in  the  presence  of  styrene 
resulted  in  scavenging  of  free  methyl  radicals  but  did 
not  affect  the  yields  of  methyl  acetate  or  ethane.  These 
are  therefore  nonradical  or  cage  products,  formed  so 
rapidly  that  the  solvent  or  scavenger  cannot  intervene. 
In  the  gas  phase,  the  intermediate  radicals  separated  at 
once  and  no  methyl  acetate  was  formed;  it  is  therefore 
a  cage  product.  More  ethane  was  formed  in  the  gas 
phase,  but  since  this  was  largely  eliminated  by  the 
addition  of  iodine,  it  is  clear  that  ethane  arises  from 
diffusing  methyl  radicals  in  the  gas  phase  but  is  mostly 
a  cage  product  in  solution.  Recent  work  shows  how 
cage  recombination  of  radicals  from  acetyl  peroxide 
leads  to  slightly  lower  rate  constants  for  decomposi- 
tion'* than  in  the  gas  phase,  especially  in  solvents  of 
higher  viscosity.*** 

Herk  and  co-workers^  found  a  much  larger  cage 
effect  in  the  photodecomposition  of  azomethane  in  iso- 
octane solution.  Under  conditions  where  only  6% 
of  the  methyl  radicals  from  acetyl  peroxide  combined 
to  give  ethane,  65  %  of  the  methyl  radicals  from  azo- 
methane gave  ethane.  The  ethane  practically  dis- 
appeared from  the  gas-phase  decomposition  of  azo- 
methane. 

Lyon  and  Levy*  have  reported  an  interesting  compari- 
son of  the  gas-phase  and  liquid-phase  decompositions 
of  azomethane  according  to  the  procedure  of  Herk, 
Feld,  and  Szwarc.  They  decomposed  mixtures  of 
azomethane  and  hexadeuterioazomethane.  In  the  gas 
phase  there  was  statistical  combination  of  methyl  and 
deuteriomethyl  radicals  to  form  ethane.  In  solution, 
all  the  ethane  found  was  either  hexadeuterated  or 
undeuterated.    Lyon^^  showed  also  that  a  liquid  phase 

(5)  J.  H.  Raley,  F.  F.  Rust,  and  W.  E.  Vaughan,  /.  Am.  Chem.  Soc., 
70,  1336(1948). 

(6)  J.  Smid.  A.  Rembaum.  and  M.  Szwarc.  ibid.,  78,  3315  (1956). 

(7)  L.  Herk.  M.  Feld.  and  M.  Szwarc.  ibid,  83,  2998  (1961). 

(8)  (a)  J.  W.  Taylor  and  J.  C.  Martin,  ibid.,  88,  3650  (1966);   (b)  W. 
Braun.  L.  Rajenbach.  and  F.  R.  Eirich.  J.  Phys.  Chem.,  66,  1591  (1962). 

(9)  R.  K.  Lyon  and  D.  H.  Levy,  /.  Am.  Chem.  Soc.,  83,  4290  (1961). 

(10)  K.K.  Lyon,  ibid,  96,  1907(1964). 
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leoessary  for  a  cage  effect ;  it  can  be  demonstrated 
t  high  pressures  of  gases.  In  the  photolysis  of 
thane  in  propane  at  98^  at  pressures  up  to  SO 
IS  the  densities  of  the  mixtures  increased  from 

to  0.260  g/cc,  the  ethane: methane  ratio  in- 
1  from  0.063  to  0.10.    This  increase  in  ethane 

that  more  propane  does  not  supply  more  hy- 
I  atoms  to  methyl  radicals  as  much  as  it  favors 
age  combination.  All  of  the  ethane  was  formed 
cage. 

iMnatioii  and  Disproportioiiation  of  Radicals 
ioDS  1  and  2).  Here  both  competing  reaction 
:ond  order  and  involve  the  same  reactants.  The 
of  phase  change  are  small. 

a,  Stcfani,  and  Szwarc^^  measured  the  combination  and 
ortionation  of  ethyl  radicals  formed  in  the  photolysis  of 
ume.  The  ratio  of  these  rate  constants  was  measured  by 
o  of  ethylene  plus  ethane  to  butane.  In  the  gas  phase, 
Teased  from  0.12  at  +40*"  to  0.16  at  -es"",  independent  of 
;  (hence  combination  of  two  ethyl  radicals  does  not  require 
body  below  40^).  In  isooctane,  the  same  ratio  incr^ised 
1 5  at  85 ""  to  0.34  at  - 191 "".  Thus  the  competition  between 
ortionation  and  combination  depends  more  on  temperature 
does  on  reaction  medium.  These  authors  think  that  both 
IS  involve  similar  transition  states,  disproportionation 
ightly  favored  by  low  temperatures  and  solvent  cages. 

ractions  of  Alkylperoxy  Radicals.  The  group  at  the 
>evelopment  Co.  ^^  was  the  first  to  suggest  that  in- 
on  of  alkylperoxy  radicals  produces  alkoxy 
Is.  It  now  appears  that  these  reactions  take  place 
th  decomposition  of  an  unstable  intermediate 
dt.^*  Decomposition  of  this  intermediate  pro- 
;:aged  alkoxy  radicals  in  solution  (apparently  sub- 
the  viscosity  of  the  solvent ^0  hut  not  in  the  gas 

Further,  secondary  and  tertiary  alkylperoxy  and 
f  radicals  behave  very  differently.  Since  these  re- 
s  are  still  under  investigation,  discussion  is  de- 

However,  these  efiiciencies  of  chain  termination 
iportant  in  determining  kinetic  chain  lengths  in 
ions  of  alkanes  (see  below)  and  in  induced  de- 
3sitions  of  hydroperoxides;  phase  changes  are 
tant  because  of  cage  effects. 
idecolar  Abstractions  of  Hydrogen  or  Halogen 
Jon  3).  Hass,  M cBee,  and  Weber^^  made  a  classic 
of  the  relative  reactivities  of  primary,  secondary, 
Mtiary  carbon-hydrogen  bonds  toward  chlorine 
in  the  chlorination  of  isopentane.  Some  of  their 
ments,  carried  out  in  both  liquid  and  gas  phases 
I  wide  range  of  temperatures,  are  summarized  in 
IV.  In  either  phase  the  relaiive  reactivities  of 
ry,  secondary,  and  tertiary  hydrogen  atoms  ap- 
li  unity  with  increasing  temperature  but  the 
vity  is  lower  in  the  liquid  phase.  Selectivity  in 
luid  phase  at  100^  corresponds  to  the  low  selec- 
in  the  gas  phase  at  600^.  The  best  explanation 
know  for  this  phase  difference  is  the  following. 
:hlorine  atom  in  solution  is  so  reactive  and  its 
le  is  so  short  that  its  reactions  depend  on  the 
ics  of  a  series  of  cage  encounters  (''cage  effect") 
U  as  on  the  relative  reactivities  of  the  surrounding 

p.  S.  Dixon,  A.  P.  Stcfani,  and  M .  Szwarc,  /.  Am.  Chem.  Soc.,  85, 

963). 

E.  R.  Bell,  J.  H.  Raley.  F.  F.  Rust,  F.  H.  Seubold.  and  W.  E. 

in.  Discussions  Faraday  Soc.,  10,  242  (1951). 

P.  D.  Bartlett  and  T.  O.  Traylor,  7.  Am.  Chem.  Soc.,  85,  2407 

R.  Hiatt  and  T.  O.  Traylor,  ibid.,  87,  3766  (1965). 

H.  B.  Hats,  E.  T.  M cBee,  and  P.  Weber,  Jnd.  Eng.  Chem.,  28,  333 
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carbon-hydrogen  bonds  involved.  It  should  follow 
that  this  liquid-phase-gas-phase  difference  will  dis- 
appear as  the  attacking  radicals  become  less  reactive 
and  their  lifetimes  become  long  compared  with  the  times 
required  for  diffusion. 


TaUe  IV.    Relative  Rates  of  Reaction  of  C-H  Bonds 
with  Chlorine  Atoms>* 


Temp, 


Tertiary     Secondary  Primary 


Liquid  phase 
Gas  phase 


-60 
100 
300 
600 


13 
3 

4.43 
3.5 


8.5 
2 

3.25 
2.2 


1.00 
1.00 
1.00 
1.00 


This  work  has  recently  been  corroborated  and  ex- 
tended by  Tedder  and  co-workers.  ^*  In  the  gas-phase 
chlorination  of  n-hexane^^  in  excess  nitrogen  at  40- 
212^,  the  relative  reactivity  of  the  total  secondary  and 
primary  hydrogen  atoms  is  kjk^  "*  (2.2  ±  0.6)  exp- 
[(214  ±  121)1  RT].  In  a  solution  containing  carbon 
tetrachloride,  the  corresponding  relation  for  —70  to 
+39**isfc^ikp  =  (0.8  ±  0.2)exp[(597  ±  20)/ RT]. 

To  the  extent  that  these  frequency  factors  and  activa- 
tion energies  are  reliable,  the  greater  selectivity  of  the 
gas-phase  chlorination  at  39-40®  (fc,/fcp  =  3.11  vs.  2.14) 
is  due  mostly  to  the  ratios  of  the  A  factors  (2.74  times 
as  great  in  the  gas)  but  largely  offset  by  the  activation 
energy  term  (0.54  times  as  great  at  40®  in  the  gas). 
These  authors  conclude  that  the  effect  of  phase  change 
on  the  ratios  of  the  A  factors  is  probably  associated 
with  the  cage  effect,  but  that  the  differences  in  the 
activation  energies  are  probably  associated  with  solva- 
tion of  chlorine  atoms  in  solution,  even  in  the  least 
polar  solvents.  (For  a  simple  cage  effect,  selectivities 
should  become  more  similar  at  increasing  temperatures; 
instead,  they  diverge.) 

They  also  compared  reactivities  in  chlorination  of 
various  C-H  bonds  in  normal  acid  chlorides  and 
fluorides  of  5-7  carbon  atoms.^'**  They  find  that, 
in  the  gas  phase,  the  acid  halide  group  has  no 
effect  on  reactivity  of  C-H  bonds  beyond  the  /3-carbon 
atom,  but  in  the  liquid  phase  the  effect  of  that  group  is 
readily  detected  at  separations  even  of  three  additional 
carbon  atoms.  The  effect  of  phase  change  is  attributed 
to  solvation  in  the  transition  state  of  the  hydrogen 
chloride  being  formed. 

When  these  results  are  compared  with  those  of  Rus- 
sell and  Walling^'  on  complexing  solvents  in  chlorina- 
tion, their  "noncomplexing  solvents"  (alkanes  and  car- 
bon tetrachloride)  must  instead  be  weakly  complexing 
solvents  in  comparison  with  benzene  derivatives  and 
carbon  disulfide.***  Apparently,  enough  solvation  to 
affect  kjkj,  by  a  factor  of  about  2  cannot  be  avoided 
in  solution  chlorinations. 

No  effect  of  phase  change  has  appeared  in  competing 
abstraction  reactions  of  methyl  radicals,  perhaps  be- 
cause they  are  less  polar  and  less  susceptible  to  solva- 
tion   than    reactions  of  chlorine    atoms.    Trotman- 

(16)  (a)  I.  Galiba,  J.  M.  Tedder,  and  J.  C.  Mattou,  /.  Chem.  Soc., 
Sect.  B,  604  (1966);  (b)  H.  Singh  and  J.  M.  Tedder,  ibid.,  605  (1966). 

(17)  E.  S.  Huyser,  "Advances  in  Free  Radical  Chemistry."  VoL  1, 
G.  H.  Williams,  Ed.,  Academic  Preu  Inc.,  New  York,  N.  Y.,  1965,  p  77. 
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Dickenson^"  has  measured  the  absolute  rate  constants 
for  abstraction  reactions  of  methyl  radicals  with  var- 
ious hydrocarbons  in  the  gas,  phase  at  100®  by  compar- 
ing these  rates  with  those  for  combinations  of  methyl 
radicals.  Edwards  and  Mayo^*  have  measured  the 
relative  rates  of  abstraction  reactions  of  methyl  rad- 
icals, generated  by  decomposition  of  acetyl  peroxide, 
with  carbon  tetrachloride  and  with  hydrocarbons,  all 
in  solution  at  the  same  temperature.  Table  V  shows 
that  the  relative  reactivities  of  several  kinds  of  carbon- 
hydrogen  bonds  in  the  two  phases  as  measured  by  the 
two  methods  are  nearly  identical.  The  agreement 
also  shows  that  phase  change  does  not  affect  the  com- 
petition between  the  bimolecular  combination  and 
abstractions. 


Table  V.    Relative  Rates  of  Reaction  of 
C-H  Bonds  with  Methyl  Radicals  at  100  "^ 


klLBf 


Atrh 


gas" 

kccu 

atlOO^ 

soln» 

AcRH  (gas) 

Con^Kl 

X  10« 

atlOO*^ 

A:rh/A:ccu  (soki) 

Benzene^ 

0.091 

0.04 

2.3 

Acetone 

1.0 

0.40 

2.5 

Toluene 

1.9 

0.75 

2.5 

1-Octene 

7.7 

3.2 

2.4 

Cyclohexane 

3.4 

4.5» 

0.8» 

'  It  now  appears  that  methyl  radicals  do  not  abstract  hydrogen 
directly  from  benzene  but  by  a  more  complex  process.  ^  The  dis- 
crepancy with  cyclohexane  is  accounted  for  l^  the  suggestion  of 
DeTar  and  Wells ^  that  the  chain  chlorination  of  cyclohexane  by 
carbon  tetrachloride  depleted  the  concentration  of  carbon  tetra- 
chloride in  the  solution  experiment. 


Additions  of  Free  Radicals  to  Multiple  Bonds  (Reac- 
tions 4  and  —4).  Additions  of  free  radicals  to  oxygen 
or  unsaturated  compounds  (4)  are  usually  both  exo- 
thermic and  reversible;  the  reverse  reaction  is  scission 
or  cracking  (—4).  As  in  combinations  of  two  radicals 
(1),  when  the  radicals  and  molecules  are  small,  a  third 
body  is  needed  to  prevent  immediate  dissociation,  as  in 
reaction  of  methyl  radicals  with  oxygen,  a  third-order 
reaction. 

The  importance  of  reversibility,  even  in  the  liquid 
phase  below  100°,  is  demonstrated  by  the  isomeriza- 
tion  of  cis  to  trans  isomers  by  bromine  atoms'^  and 
thiyl  radicals, '^  and  by  ceiling  temperatures  in  vinyl 
polymerization. ''  Mass  action  and  enthalpy  effects 
favor  additions  at  higher  concentrations  and  at  lower 
temperatures:  entropy  effects  favor  scission  in  the  gas 
phase  at  high  temperatures.  Benson  ^^  has  recently 
calculated  the  effects  of  oxygen  pressure  and  tempera- 
ture on  the  fractional  conversion  of  various  alkyl 
radicals  to  the  corresponding  alkylperoxy  radicals. 
His  paper  also  shows  the  effects  of  changes  in  resonance 
stabilization  of  the  initial  and  final  radical  on  the  bal- 
ance between  addition  and  scission. 

(18)  A.  F.  Trotman-Dickenson,  Discussions  Faraday  Soc.,  14,  230 
(1953). 

(19)  F.  G.  Edwards  and  F.  R.  Mayo,  J,  Am,  Chem,  Soc.,  72,  1265 
(1950). 

(20)  D.  F.  DeTar  and  D.  V.  Wells,  ibid.,  82,  5839  (1960). 

(21)  M.  S.  Kharasch,  J.  V.  Mansfield,  and  F.  R.  Mayo,  ibid.,  59,  1155 
(1937). 

(22)  See.  for  example,  C.  Walling,  and  W.  Helmrdch,  ibid.,  81,  1144 
(1959). 

(23)  F.  S.  Dainton  and  K.  J.  Ivin,  Quart.  Rev.  (London).  12, 61  (1958). 

(24)  S.  W.  Benson,  /.  Am,  Chem.  Soc.,  87,  972  (1965). 


Sivertz  and  co-workers  have  measured  rates  of  addi- 
tions of  mercaptans  to  alkenes  in  the  gas  phase'' 
and  in  benzene  solution.'*  They  report  that  over-all 
rates  in  the  gas  phase  have  a  negative  temperature 
coefficient  which  they  attribute  to  the  reversible  addi- 
tion of  RS-  radicals  ("complex  formation**) 


\        / 
RS.-f    c=c 

/     \ 


RSC— C. 
I      I 


RSH 


RSC— CH  +  RS 

I      I 


In  benzene  solutions,  the  over-all  activation  energies 
are  positive  but  small ;  reversibility  at  normal  concen- 
trations is  less  important.  Data  are  inadequate  to  tell 
much  more  about  the  effect  of  phase  change.  The  gas- 
phase  addition  of  hydrogen  bromide  to  propylene'* 
also  has  a  negative  temperature  coefficient. 

Competition  between  Abstraction  and  Addttton  (Reae- 
tions  3  and  4).  Abstraction  and  addition  reactions  of 
free  radicals  often  compete.  Since  only  the  addition 
reaction  is  immediately  reversible,  both  concentration 
and  temperature  may  affect  comparison  of  gas-phase 
and  liquid-phase  reactions.  From  a  10%  solution  of 
chlorine  and  toluene  at  0^  in  the  dark,  Kharasch  and 
Berkman'^  found  that  55%  of  the  chlorine  reacted  by 
substitution  in  the  side  chain  and  45  %  by  addition  to 
the  benzene  ring.  On  the  other  hand,  the  gas-phase 
chlorination  of  toluene  would  give  only  benzyl  chlo- 
ride. In  solution,  the  addition  of  a  chlorine  atom  to  the 
benzene  ring  is  readily  followed  by  reaction  with  another 
chlorine  molecule  and  completion  of  addition.  How- 
ever, at  the  lower  concentrations  and  higher  tempera- 
tures used  in  gas-phase  reactions,  the  concentration  of 
the  free  radical  formed  by  addition  of  the  chlorine 
atom  is  inadequate  to  support  much  addition.  The 
irreversible  displacement  of  a  side-chain  hydrogen  atom 
is  therefore  the  dominant  reaction,  and  the  observed 
product  is  benzyl  chloride. 

The  chlorination  of  an  alkene  may  occur  by  addition 
to  the  double  bond  to  give  a  dichloride  or  by  hydrogen 
abstraction  to  give  an  allylic  chloride.  In  the  gas-phase 
free  radical  reaction,'*  addition  predominates  at  low 
temperatures  and  is  replaced  by  allylic  substitution  at 
high  temperatures.  This  shift  seems  to  be  due  mostly 
to  the  reversibility  of  the  addition  of  chlorine  atoms  to 
alkenes  at  high  temperatures.  In  the  liquid  phase, 
the  results  are  complicated  by  the  intrusion  of  an  ionic 
reaction.  Thus,  Burgin  and  co-workers'*  report  that 
pure  isobutylene  and  chlorine  do  not  react  in  the  gas 
phase  in  the  dark  below  150^.  However,  as  soon  as  a 
liquid  film  appears  at  lower  temperatures,  methallyl 
chloride  is  formed  very  rapidly.  This  reaction  is  not 
affected  by  the  presence  of  oxygen,  which  inhibits  free 
radical  chlorinations.  Poutsma**  has  recently  and 
ably  extended  this  work.  In  the  liquid  phase  most 
alkenes  chlorinate  by  two  mechanisms,  one  free  radical 
and  oxygen  inhibited,  the  other  ionic  and  not  affected 

(25)  C.  Sivertz,  W.  Andrews,  W.  Elsdon,  and  K.  Graham,  /.  Polymtr 
Sci.,  19,  587  (1956):  D.  M.  Graham,  R.  L.  Mieville,  R.  H.  Fallen,  and 
C.  Sivertz,  Can.  J.  Chem.,  42,  2250  (1964). 

(26)  R.  Back,  G.  Trick,  C.  McDonald,  and  C.  Sivertz,  ibid.,  32, 1078 
(1954);  R.  H.  Fallen  and  C.  Sivertz,  ibid.,  35,  723  (1957). 

(27)  M.  S.  Kharasch  and  M.  G.  Berkman,  /.  Org.  Chem.,  6,  810 
(1941). 

(28)  H.  F.  A.  GroU  and  G.  Heame,  Ind.  Eng.  Chem.,  31,  1530  (1939). 

(29)  J.  Burgin,  W.  Engs,  H.  F.  A.  OroU,  and  O.  Heame,  ibid.,  31, 
1413(1939). 

(30)  M.  L.  Foutsma,  J.  Am.  Chem.  Soc.,  87,  2161,  2172,  4285,  4293 
(1965). 
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ixygen.    The  ionic  reaction  gives  mostly  allyl 
titution. 


+  a, 


RCWjO-ca  +  a- 


RCH 


I 


+  Ha 


free  radical  chlorination  gives  both  addition  and 
itution  products,  depending  on  the  alkene.  Here 
t  change  greatly  affects  the  course  of  a  chlorina- 
because  a  competing  polar  reaction,  requiring  sol- 
n  of  ions,  is  possible  only  in  the  liquid  phase, 
e  examples  below  describe  abstraction  and  addition 
ions  of  phenyl  radicals  with  toluene  and  show  that 
t  change  has  little  effect  on  other  abstraction-addi- 
x>mpetitions  when  the  addition  is  not  reversible. 

3uis  and  Szwarc*^  discussed  the  effect  of  phase  change  on 
3ns  of  phenyl  radicals  with  toluene.  In  solution,  the  reaction 
aiyl  radicals  with  toluene  had  been  reported  to  produce  only 
lUphenyls,  not  bibenzyl.  However,  in  the  gas  phase  above 
phenyl  radicals  react  with  toluene  to  give  benzene  and  benzyl 
b;  the  principal  product  is  bibenzyl.  Only  with  the  higher 
itrations  and  lower  temperatures  usually  associated  with 
ms  is  the  concentration  of  the  addition  product  of  the  phenyl 
I  to  the  benzene  ring  high  enough  for  a  hydrogen  atom  to  be 
cted  and  for  the  reaction  to  be  completed. 
re  recent  work  in  sdution  has  given  better  measures  of  the 
Ml/Abstraction  ratio  for  reaction  of  phenyl  radicals  with 
e.  For  80**,  Hey  "  gives  6.7.  For  60^,  the  daU  of  Pryor, 
**  give  1.14.  The  apparent  effect  of  temperature  here  is  the 
ite  of  that  expected,  but  the  results  were  obtained  by  different 
ques.  if  scission  of  the  phenyl  radicaMoluene  adduct  is  fast 
h,  the  addition/abstraction  ratio  is  proportional  to  the  concen- 
I  of  phenyl  radicals.  Quantitative  extensions  of  such  work 
Lh  phases  would  be  of  interest.  The  addition/abstraction 
I  already  known**i**  to  depend  on  substitution  in  the  phenyl 
1. 

vever,  where  the  addition  reaction  is  irreversible,  the  effect  of 
change  on  the  addition-abstraction  competition  is  small. 
:  and  co-workers  have  measured  the  relative  rates  of  reaction 
luoromethyl  radicals  with  2,3-diroethylbutane  (by  hydrogen 
ction,  kt)  and  with  a  series  of  vinyl  compounds  (by  addition, 
both  the  gas  phase**  and  the  liquid  phase.**  Differences  in 
ion  energies  and  frequency  factors  were  measured  in  the  gas 
firom  65  to  IW  and  in  the  liquid  phase  from  0  to  95''.  The 
«se  reactivities  of  the  alkenes,  measured  by  kjkt  at  65*',  in- 
200-fold  when  the  least  reactive,  vinyl  fluoride,  is  compared 
le  most  reactive,  2,3-dimethyl-l  ,3-butadiene.  This  increase  is 
a  decrease  inEi^  Ei;  the  AJAt  factors  remain  essentially 
nt.  In  the  liquid  phase*  the  values  of  £4  —  i^i  are  sub- 
illy  the  same  as  in  the  gas  phase.  The  kilki  and  the  AJAt 
tended  to  be  20-30%  larger  on  the  average  than  the  cor- 
iding  gas-phase  values.  In  an  earlier  paper,**  this  phase 
Doe  was  attributed  to  some  lag  in  stabilization  of  the  adduct 
gas  phase.  In  this  case,  where  addition  is  irreversible,  phase 
i  and  the  low  free  volume  of  the  liquid  affect  the  addition  and 
Xion  reactions  to  about  the  same  extent. 
ks  and  Mayo*'  studied  the  di-/-butyl  peroxide  initiated 
rization  of  ethylene  and  carbon  tetrachloride  at  140°,  in  the 
phase  in  three  solvents,  and  in  the  gas  phase  at  total  pressures 
-28  atnL  The  objective  was  to  determine  the  effects  of 
t  change  and  phase  change  on  the  variation  with  n  of  the 


M.  T.  Jacquu  and  M.  Szwarc.  Nature,  170,  312  (1952). 

D.  H.  Hey,  *'Vistas  in  Free  Radical  Chemistry.*'  W.  A.  Waters, 

rgamfnon  Press,  New  York,  N.  Y.,  1959,  pp  217  and  218. 

W.  A.  Pryor,  J.  T.  Echols,  Jr.,  and  K.  Smith,  J,  Am.  Chem.  Soe., 

!9(1966). 

J.  M.  Pearson  and  M.  Szwarc,  Trans.  Faraday  Soc.,  60,  553 

O.  £.  Owen,  Ir.,  J.  M.  Pearson,  and  M.  Szwarc,  ibid.,  60,  564 


transfer  constants  of  the  radicals  OtQCiHOw-.  The  transfer 
constants,  Cn,  are  defined  as  (rate  constant  for  chlorine  abstraction 
from  CCI4  by  QiO(CiH4)«iO/(rate  constant  for  addition  of  the 
same  radical  to  ethylene);  they  measure  directiy  the  competition 
between  reactions  3  and  4  of  (i>-trichloroalkyl  radicals.  These 
transfer  constants  were  known  to  change  about  40-fold  as  m  in- 
creased from  1  to  4  in  the  liquid  phase  at  70®.  Since  this  effect 
seems  to  be  due  to  increasing  separation  of  the  trichloromethyl 
group  from  the  free  valence  in  the  growing  polyethylene  radicid, 
effects  of  both  solvent  change  and  phase  change  were  expected. 
At  140"*,  the  effect  of  changing  the  solvent  from  /i-octane  to  methanol 
hardly  exceeded  30%.  When  the  results  in  octane  and  at  1.2 
atm  in  the  gas  phase  are  compared,  the  values  of  Q  are  neariy 
identical  and  the  indicated  value  of  C4  in  the  gas  phase  is  about 
twice  the  octane  value.  While  the  results  for  Q  and  Ct  are  sub- 
ject to  more  experimental  error,  phase  change  only  exaggerates 
slightiy  the  very  large  drift  in  Cn  with  increasing  it. 

Competition  between  Oudn  Propagation  (3  and  4) 
and  Termination  Reactions  (1  and  2).  If  propagation 
is  fast  enough,  chain  reactions  can  proceed  nearly  as 
well  in  normal  low  gas-phase  concentrations  as  in  the 
liquid  phase.  One  example  is  the  free  radical  chlorina- 
tions  above.  Another  is  the  free  radical  addition  of 
hydrogen  bromide  to  double  bonds. '^''*  On  the  other 
hand,  while  the  photochemical  addition  of  hydrogen 
sulfide  to  1-butene  would  proceed  readily  in  the  liquid 
phase  at  0  or  —78^,  reaction  under  ultraviolet  illumina- 
tion in  the  gase  phase  at  room  temperature  at  a  total 
pressure  of  300  mm  was  very  slow.^  At  this  low  con- 
centration  of  reactants,  one  of  the  propagation  steps 
was  unable  to  compete  with  chain  termination.  These 
relations  are  complicated  by  the  reversibility  of  the 
addition  reaction  and  by  the  negative  temperature  co- 
efficient of  the  over-all  addition  reactions  in  the  gas 
phase.  ** 

A  similar  situation  arises  in  autoxidations.  Although 
many  initiated  autoxidations  proceed  readily  at  or  be- 
low 100^  in  the  liquid  phase,  gas-phase  reactions  of 
similar  chain  lengths  require  temperatures  of  200^ 
or  more  at  pressures  of  about  1  atm.  This  differ- 
ence is  largely  an  effect  of  reactant  concentration  on  the 
competition  between  chain  propagation  and  termina- 
tion reactions.  Although  the  initiated  oxidation  of 
isobutane  gives  chain  lengths  of  only  about  one  at  a 
total  pressure  below  1  atm  at  150^,  much  longer 
chains  can  be  obtained  at  superatmospheric  pressures 
(see  below). 

Competition  between  Abstraction  (3)  or  Addition  (4) 
and  Rearrangement  Reactions  (5).  My  discussion  of 
the  change  in  transfer  constant  with  chain  length  in  the 
telomerization  of  ethylene  and  carbon  tetrachloride 
oversimplified  the  situation.  In  the  liquid-phase  reac- 
tion, kinetic  chains  are  very  long  and  only  normal 
telomers  are  obtained.  In  the  gas  phase  at  1  atm  where 
the  total  concentration  of  reactants  is  only  about  0.03 
M,  only  20-30%  of  the  products  obtained  are  normal 
telomers;  the  remaining  70-80%  are  isomers  of  normal 
telomers,''  arising  by  rearrangements  reactions  such 
as 


a,CCH,CHtCH,CHf 
CCCHtCHiCHtCHsCHsCHt 


CQiCHiCHiCHiCHia 
OiCCHtCHCHtCHiCHiCHa 


P.  S.  Dixon  and  M.  Szwarc,  Ibid.,  59,  1 12  (1963). 

V.  Jaacks  and  F.  R.  Mayo,  /.  Am,  Chem.  Sac.,  t7,  3371,  5S11 


The  rearrangements  of  the  indicated  radicals  compete 
with  both  addition  to  ethylene  (4)  and  abstraction  from 

(38)  W.  E.  Vaughan,  F.  F.  Rust,  and  T.  W.  Evans,  /.  Org.  Chem.,  7, 
477(1942). 

(39)  D.  A.  Armstrong  and  J.  W.  T.  Spinks,  Can.  /.  Chem.,  37, 1002, 
1210(1959). 

(40)  W.  £.  Vaughan  and  F.  F.  Rust,  /.  Org.  Chem.,  7, 472  (1942). 
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carbon  tetrachloride  (3).  The  indicated  products 
continue  to  react  with  ethylene  and/or  carbon  tetra- 
chloride to  give  telomer  isomers.  These  rearrangements 
are  due  more  to  a  concentration  effect  than  to  a  phase 
change.  As  the  concentrations  of  ethylene  and  carbon 
tetrachloride  decrease,  unimolecular  rearrangements 
such  as  those  above  replace  the  normal  bimolecular 
addition  and  displacement  reactions.  These  rearrange- 
ments become  less  important  at  higher  pressures  in  the 
gas  phase.  Such  rearrangements  become  of  increasing 
importance  in  solution  in  unreactive  solvents.  ^^ 

Competition  between  Abstraction  and  Scission  (Reac- 
tions 3  and  —4).  Walling  and  co-workers  have  ex- 
amined in  detail  the  competition  between  the  reactions 


/-BuO-  +RH 


/-BuOH  +  R 
AcMc  +  Mc« 


in  chain  decompositions  of  /-butyl  hypochlorite  where 
the  fast  complementary  step  is 

R-  (or  MeO  +  /-BuOO  — ►  RQ  (or  McQ)  -f-  /-BuO* 

Of  special  interest  here  are  their  measurements^^  of 
kjkd  at  5 : 1  ratios  of  cyclohexane  and  /-BuOCl  in  the 
gas  phase,  in  several  solvents,  and  at  several  tempera- 
tures. Some  of  their  results  are  summarized  in  Table 
VI.  Each  kjkd  ratio  represents  the  slope  of  a  (linear) 
plot  of  /-BuOH/AcMe  found  against  the  concentration 
of  cyclohexane  in  the  gas  phase  or  in  the  chosen  solvent. 
Solvents  are  arranged  in  order  of  decreasing  values 
ktjk^. 


TaUe  VL    Solvent  Effects**  on  Reactions  of 
r-Butoxy  Radicals  at  4^ 


Solvent 


kjkd 


Ea-E^ 


log 

AJAd 


Gas  phase 

584 

10.56 

-4.61 

QiFC-CFja 

52.8 

9.65 

-5.04 

QCU 

39 

8.72 

-4.49 

C«H»Br 

25.4 

8.17 

-4.34 

Crfl, 

24.7 

8.66 

-4.63 

/if-CtHiCli 

24.3 

8.40 

-4.49 

CJIsF 

22.4 

7.85 

-4.15 

o-CcHiQt 

19.2 

8.14 

-4.43 

C,H»CN 

16.9 

8.28 

-4.58 

c,H,a 

16.4 

7.21 

-3.82 

OHQ, 

14.2 

7.34 

-3.99 

//vm^-CsHjCls 

14.2 

7.69 

-4.16 

ci^CiHsQs 

9.1 

7.04 

-3.92 

MeCN 

8.1 

9.54 

-5.73 

AcOH 

2.9 

5.95 

-3.66 

In  the  gas  phase,  bimolecular  hydrogen  abstraction 
is  favored  over  unimolecular  decomposition  by  a  factor 
of  at  least  10  in  comparison  with  the  liquid  phase. 
Considerations  of  free  volume  or  collision  frequency 
predict  a  shift  in  the  opposite  direction.  Thus,  even  in 
the  most  inert  fluorocarbon  solvent,  solvation  or  cage 
effects  far  outweigh  any  effect  of  phase  change  expected 
from  a  noninteracting  solvent.  Among  different  sol- 
vents at  40°,  kjkd  varies  by  a  factor  of  up  to  18.  The 
differences  in  activation  energies  are  erratic  but  mostly 
compensated  by  changes  in  ratios  of  A  factors.    Al- 

(41)  R.  Kh.  Friedlina,  S.  N.  Aminov,  and  A.  B.  Terent*ev,  DokL 
Akad,  Nauk  SSSR,  156,  1133  (1966);  Chem,  Abstr.,  61,  6913  (1964); 
64,  1949(1965). 

(42)  C  Walling  and  P.  J.  Wagner,  /.  Am.  Cfiem.  Soe.,  86,  3368  (1964). 


though  neither  changes  in  £d  —  £«  nor  in  log  {AJA^ 
parallel  those  in  kjk^^  changes  in  these  factors  mostly 
compensate  each  other,  as  in  the  equilibrium  and  non- 
radical reactions  in  the  introductory  section. 

The  effect  of  phase  change  on  kjk^  is  the  largest  one 
I  know  about  in  free  radical  reactions.  Apparently 
solvation  or  complexing  favors  the  unimolecular  cleav- 
age over  the  bimolecular  hydrogen  abstraction,  but 
we  cannot  tell  whether  complexing  promotes  or  hinders 
both  competing  reactions. 

Competition  between  Abstraction  (3)»  Oeavage  (—4), 
and  Termination  Reactions  (1  and  2).  My  last  examine 
deals  with  the  oxidation  of  isobutane^'  in  gas  and  liquid 
phases  at  100-150^.  This  example  shows  how  the 
competition  of  several  reactions,  each  affiected  in  a 
simple  way  by  concentration  changes  with  phase  change, 
can  affect  both  products  and  apparent  rate  constants. 
Table  VII  gives  the  liquid-phase  products  and  the  chain 


TaUe  VIL    Products  of  Oxidation  of  Isobutane  at  lOD-1 50"* 


Liquid  phase 


mostly  /-BuOiH  +  some  /-BuOH  +  /-BuA 


r-BuOt  •  +  /-BuH  — ►  /-BuOiH  -f-  /-Bu 
r-Bu-  +  Oi  — ►  /-BuOi- 
2/-BuOi-  — >  2/-BuO-  -♦-  Oi 
r-BuO-  +  r-BuH  — ►  /-BuOH  +  /-Bu* 


(6) 
(7) 
(8) 

m 


Gas  Phase 
Low  pressure  — ►  mostly  AcMe  +  MeOH 

High  pressure  — ►  increasing  proportions  of 

liquid-phase  products 


Me 


/-BuO 

o« 


AcMe  -f  Me 
MeOi ►MeO- 


(10) 
(11) 


Steps  through  which  they  arise.  In  the  gas  phase  at 
subatmospheric  pressure  at  155^,  the  principal  prod- 
ucts are  acetone  and  methanol.  Here,  the  concen- 
tration of  isobutane  is  too  low  to  support  abstraction 
(6  in  Table  VII)  in  competition  with  reaction  8.  The 
concentration  of  isobutane  is  also  too  low  to  support 
the  bimolecular  abstraction  (9)  in  competition  wiUi  the 
unimolecular  cleavage  (10).  The  resulting  methyl 
radicals  react  with  oxygen  by  an  analog  of  reaction  7 
and  most  of  the  resulting  methylperoxy  radicals  are 
converted  to  methoxy  radicals  by  an  analog  of  reaction 
9.  As  the  pressure  of  isobutane  is  increased,  dis- 
placement reactions  6  and  9  begin  to  replace  chain 
termination  and  cleavage  reactions  10.  However,  the 
methylperoxy  and  methoxy  radicals  are  so  much  more 
reactive  in  chain  termination  than  the  corresponding 
/-butylperoxy  or  /-butoxy  radicals,  either  with  them- 
selves or  with  the  /-butyl  derivatives,  that  a  small  pro- 
portion of  surviving  methyl  radicals  and  their  oxy- 
genated derivatives  retards  the  over-all  rate  of  oxidation. 
A  corresponding  effect  appeared  when  we  diluted  the 
liquid-phase  oxidation  with  an  inert  solvent.  Cleavage 
of  /-butoxy  radicals  set  in  and  decreased  the  effective 
value  of  kjkt^*  for  the  liquid  phase.  Thus,  both  the 
gas-phase  and  the  liquid-phase  values  of  k^kt^*  were 
complicated  by  methyl  radicals  from  cleavage,  and  there 
were  too  many  variables  to  isolate  the  effect  of  phase 

(43)  T.  Mill,  F.  R.  Mayo,  and  D.  G.  Hendry,  paper  presented  to  the 
Division  of  Organic  Chemistry  at  the  150th  National  Meeting  of  the 
American  Chemical  Society,  Atlantic  City,  N.  J.,  Sept  1963. 
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;e.    We  conclude  that  the  effect  of  phase  change 
11  in  comparison  with  other  complications. 


lary 


;  rates  and  products  of  reactions  of  free  radicals 
from  competition  among  several  alternative 
ons.  The  conmionly  large  differences  in  concen- 
1  between  liquid-phase  and  gas-phase  reactions 
ce  obvious  differences  in  gross  rates  of  reaction, 
the  most  important  competing  reactions  are  of 
mt  (first  and  second)  order,  yields  and  products  are 
^  as  well.  Two  other  aspects  of  concentration 
;  can  be  experimentally  important :  the  cage  effect 
ution,  and  the  slowing  of  unimolecular  reactions 
r  pressures.  The  former  can  be  observed,  and  the 
d  eliminated,  at  higher  pressures  in  the  gas  phase, 
these  effects  are  expectCNd  and  largely  predictable. 
',  most  important  contribution  of  this  paper  is  to 
isize  the  importance  of  solvation  in  reactions  of 
Is  in  solution;  perhaps  there  are  no  really  free 
is  in  solution  in  the  gas-phase  sense.  ^^  Chemists 
>een  slow  to  recognize  this  situation  because  nearly 
our  information  comes  from  ratios  of  rate  con- 
for  competing  reactions  where  solvation  has 
r  effects  on  both.  However,  in  the  cleavage  and 
LCtion  reactions  of  alkoxy  radicals^^  there  is  a 
and  clear  effect  of  solvent  and  phase  change, 
in  two  reactions  as  similar  as  the  reaction  of  a 
ne  atom  with  a  primary  and  a  secondary  hydro- 
torn,  an  effect  has  now  been  detected.^**  Other 
3les  of  solvation  were  the  association  of  nitrogen 
le  and  (in  nonradical  reactions)  the  dimerization 
lopentadiene  and  the  chlorination  of  isobutylene. 
V  appears  that  solvents  interact  to  some  extent  with 
licals  as  well  as  ions  and  that  gas-phase  studies  are 

For  earlier  speculation  on  this  point,  see  F.  R.  Mayo,  DIscussioru 
y  See.,  14. 2S0  (1953). 


essential  to  establish  the  effects  of  zero  solvation  in 
liquid-phase  reactions. 

Since  studies  of  competing  reactions  do  not  tell  us 
whether  these  reactions  are  individually  accelerated  or 
retarded  by  solvation,  it  is  important  to  measure  the 
absolute  rate  constants  for  the  same  reaction  at  the  same 
temperature  in  the  gas  phase  and  in  solution.  In  further 
studies  of  competing  reactions,  a  few  more  of  the  most 
and  least  polar  reactions  should  be  compared  in  the 
two  phases  to  see  if  the  distinction  between  chlorine 
atoms  and  alkyl  radicals  is  as  sharp  as  it  now  seems. 
The  effects  of  remote  substituents"**'"  seem  to  be  a 
sensitive  tool.  Because  of  the  importance  of  reactions 
of  aryl  radicals  with  aromatic  hydrocarbons,  further 
work  on  the  competition  of  addition  and  transfer  reac- 
tions of  alkylbenzenes"'""**  also  seems  desirable. 

In  choosing  experimental  conditions  for  practical 
synthesis  through  free  radicals,  the  following  factors 
deserve  consideration.  Liquid-phase  reactions  require 
small  volumes  and  favor  bimolecular  reactions  and  cage 
products.  Gas-phase  reactions  usually  employ  low 
concentrations  which  can  moderate  fast  reactions,  per- 
mit use  of  high  temperatures  without  high  pressures, 
favor  unimolecular  reactions,  and  eliminate  cage  reac- 
tions. High-pressure  gas  reactions  resemble  those 
in  the  liquid  phase.  However,  the  choice  of  phase 
depends  mostly  on  consideration  of  the  competing 
reactions  in  Table  III  and  how  the  competition  will  be 
affected  by  phase  or  concentration  changes. 

Finally,  wall  effects  are  much  more  important  in  gas- 
phase  reactions,  where  diffusion  is  faster,  than  in  liquid- 
phase  reactions.  However,  in  reactions  on  walls  or  in 
heterogeneous  catalysis  we  are  not  concerned  with  free 
radicals  but  with  bound  or  complexed  radicals  which 
are  beyond  the  scope  of  this  paper. 
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Several  l,3-dichloro-2-olefin-4-(2,4,6-trimethylpyridine)platinum(II)  complexes,  2,  have  been  pre- 
pared and  their  nmr  spectra  determined.  Although  at  room  temperature  there  is  a  single  si^ial  for  the  2,6-methyl 
groups,  at  about  *50®  the  signal  splits.  This  behavior  is  interpreted  to  indicate  rapid  (on  the  nmr  time  scale) 
rotatioo  of  the  olefinic  species  about  its  coordination  axis  and  a  ^'freezing  out**  at  the  lower  temperature. 


eiae*8  anion,  1,  ethylene  is  known  to  be  oriented 

right  ang^  to  the  square  plane  in  the  crystal 

^    In  connection  with  some  other  work'  in  this 

A.  WimderUch  and  D.  P.  MeUor.  Acta  CrysL,  7, 130  (1954). 
^  R.  Bnuse  and  M.  Orchin,  lubmltted  for  publication. 


laboratory,  we  prepared  l,3-dichloro-2-ethylene-4- 
(2,4,6-trimethylpyridine)platinum(II),  2,  R  »  H.  Al- 
though the  compound  is  almost  certainly  trans,  the 
exact  spatial  arrangement  of  the  ligands  with  respect  to 
each  otiber  is  of  interest 
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-f 


H 


nated  to  rhodium(I)  in  the  compound  T-C6H(Rh(CtH4)i 
rotates  freely  at  room  temperature. 

In  the  complex  2  (R  ==  H),  the  o-methyl  groups  are  Id 
magnetically  equivalent  environments  with  respect  to 
ethylene.  If,  however,  an  unsymmetrical  olefin  were 
complexed  in  place  of  ethylene  and  the  pyridine  moiety 
were  "fixed,"  the  o-methyls  would  become  nonequiva- 
lent  and  such  nonequivalence  should  be  discernible 
by  nmr  techniques.  Accordingly,  the  complexes  2 
(R  =  CH|,  C(CHj)8,  Ph)  were  prepared.  A  single 
nmr  reasonance  for  the  o-methyls  would  be  presumptive 
evidence  for  free  rotation  of  the  olefin ;  splitting  of  the 
singlet  at  low  temperature  would  be  consistent  with 
slowing  down  such  rotation. 


Ck- r 


t^     (RsH,Cf^jPh,t^CfH,) 


The  exceptional  stability  of  or//ro-substituted  aryl 
nickel  complexes,  e.g.,  rra/25-[(PPhEtj)2Ni(mesityl)jl, 
has  been  ascribed'  to  the  interference  of  the  ortho 
substituents  with  the  bulky  tertiary  phosphine  ligands 
on  each  side  of  the  nickel  atom  which  prevents  rota- 
tion of  the  aryl  group  about  the  Ni-C  bond.  Although 
there  may  be  some  question  as  to  the  validity  of  the 
interpretation,  it  is  quite  clear  that  substantial  steric 
hindrance  to  free  rotation  exists.  In  2,  rotation 
round  the  Pt-N  coordination  bond  as  an  axis  is  possible, 
but  molecular  models  show  that  2,6-methyl  substitution 
would  favor  a  geometry  in  which  the  pyridine  ligand 
lies  perpendicular  to  the  square  plane  as  shown.  Al- 
though the  ethylene  group  also  might  be  perpendicular 
to  the  square  plane  as  in  2,  the  possibility  of  ethylenic 
rotation  in  solutions  of  the  complex  needs  to  be  con- 
sidered. If  we  involve  the  d.i  orbital  in  the  dsp*  hybrid 
bonding  orbitals,^  then  the  availability  of  the  dy^  orbital 
for  &-"K*  bonding  should  facilitate  such  rotation. 
Indeed,  Cramer  has  shown^  that  the  ethylene  coordi- 

(3)  J.  Chatt  and  B.  L.  Shaw,  J,  Chem.  Soc.,  1718  (I960).  These 
authors  suggest  that  the  perpendicular  orientation  of  the  aryl  ring  forces 
interaction  beteeen  a  t  orbital  of  the  aryl  group  and  the  dr  orbital  in 
the  plane  of  the  molecule.  Since  both  of  the  orbitals  to  be  combined 
are  occupied,  this  should  lead  to  a  raising  of  the  highest  occupied  (dr) 
orbital  and  hence  a  lowering  of  the  energy  difference  between  the  highest 
occupied  and  lowest  empty  orbitals. 

(4)  We  are  using  essentially  the  coordinate  system  employed  by  J. 
W.  Moore.  Acta  Chem.  Scand.,  20, 1155  (1966),  in  his  complete  treat- 
ment of  the  electronic  absorption  spectrum  of  Zeise*s  salt  The  anion, 
1,  and  compound  2  (R  »  H)  have  Csr  symmetry  and  hence  the  neces- 
sity of  using  the  symmetry  axis  in  the  square  plane  as  the  z  aids.  In 
PtCl4~',  the  z  axis  is  the  fourfold  symmetry  axis  perpendicular  to  the 
plane. 

(5)  R.  Cramer,  /.  Am.  Chem.  Soc.,  86, 217  (1964). 


Experimeiital  Section 

1 ,3-Dichloro-2-ethylene-4-(2,4,6-trimethylpyridine)platinuin(II),  2 
(R  a-  H),  was  prepared  by  addition  of  2,4,6-triniethylpyridine  to 
2^eise*s  salt*  in  97%  yield  as  a  yellowish  green  powder,  mp  155-157" 
dec  (2-mnK)le  scale).  Anal.  OUcd  for  PtClsQoHiiN:  C,  28.91; 
H,  3.64;  Pt,  46.99.  Found:*  C,  29.12;  H,  3.85;  residue  (Pt), 
46.60. 

Compound  2,  (R  =  CHs)  was  synthesized  via  the  propylene 
platinous  chloride  dimer.  Simple  displacement  of  ethylene  by  prop- 
ylene from  the  ethylenic  complex  gave  incomplete  conversioa. 
The  ethylene  platinous  chloride  dimer  (500  mg,  0.85  mmole)  was 
placed  in  a  small  vial  and  immersed  in  a  Dry  Ice-acetone  bath. 
Propylene  was  bubbled  in  until  about  5-7  ml  had  accumulated,  and 
then  the  mixture  was  stirred  magnetically  at  this  temperature  for 
15  min.  The  Dry  Ice  bath  was  removed,  and  the  mixture  was  stirred 
at  room  temperature  until  all  the  excess  propylene  had  evaporated. 
Saturated  potassium  chloride  solution  was  added,  and  the  solutioo 
was  stirred  until  no  more  solid  material  remained  and  a  yellowish 
green  solution  resulted.  Then  0.30  ml  of  2,4,6-trimethylpyridiiie 
(1.95  mmoles,  15%  excess)  was  slowly  added,  giving  a  yellow-green 
cloud  and  then  a  precipitate  on  standing.  This  was  filtered  and  air 
dried,  yielding  657  mg  (90%)  of  a  yellow  powder,  mp  103-105'' 
dec.  Anal.  Calcd  for  PtQiQiHnN:  C,  30.76;  H,  3.99;  Pt, 
45.46.    Found:'  C,  30.05;  H.3.94;  residue  (Pt),  46.90. 

Compound  2  [R  »«  (CHs)tC]  was  made  by  the  same  dimeric  route, 
except  in  this  case  no  ice  iMith  was  necessary  as  the  boiling  point 
of  /-butylethylene  is  76®.  From  1 146  mg  of  impure  dimer,  which 
was  first  dissolved  in  acetone  and  filtered  to  remove  impurities, 
there  was  obtained  1(X)4  mg  (55%)  of  a  yellow-green  powder,  mp 
129-133®  dec.  Anal.  Calcd  for  Pta,CuH„N:  C,  35.65;  H, 
4.92;  Pt,  41.40.    Found:'  C,  34.80;  H,4.83;  residue  (Pt),  36.60. 

Compound  (2  R  =  Ph)  was  efikiently  prepared  by  simple  dis- 
placement. The  ethylenic  complex  (958  mg,  2.30  mmoles)  was 
dissolved  in  25  ml  of  chloroform  and  0.25  ml  (2.2  mmoles)  of  styrene 
was  added.  The  mixture  was  stirred  magnetically  for  30  min,  then 
filtered,  giving  a  clear  yellow  solution.  The  volume  of  solution  was 
reduced  with  a  nitrogen  stream  and  pentane  was  added,  giving  a 
yellow-orange  oil  which  on  scratching  and  refrigeration  overnight 
gave  a  highly  crystalline  orange-yellow  material,  mp  133-135®  dec, 
yield  769  mg  (68%).  Anal.  Calcd  for  Pta,C,«Hi,N:  C,  39.09; 
H,  3.90;  Pt,  39.72.  Found:'  C,  38.45,  H,  4.08;  residue  (Pt), 
40.70. 

Attempts  to  prepare  l,3-dichloro-2(a,a-diphenylethylene)-4- 
(2,4,6-trimethylpyridine)platinuna(II)  by  either  simple  displacement 
or  via  the  dimer  were  unsuccessful.  A  previous  attempt  to  prepare 
the  a,a-diphenylethylene  dimer^  was  also  unsuccessful. 

Results  and  Discussions 

The  nmr  spectral  data  are  given  in  Table  I.  Our 
discussion  shall  concern  itself  only  with  the  signals  for 
the  o-methyl  groups.  When  the  propylene  complex  2 
(R  =  CHs)  was  examined  only  a  single  triplet  (Figure 
1)  was  observed  for  the  o-methyls  and  there  was 
no  significant  change  at  —46^.  Owing  to  instru- 
mental limitations,  the  temperature  could  not  be  much 
further  lowered.    We  then  decided  to  increase  the 

(6)  Analyses  by  Galbraith  Laboratories,  Inc. 

(7)  J.  S.  Anderson,  /.  Chem.  Soc.,  1042  (193Q. 
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Table  I.    Nmr  Data'  for  the  Complexes 


a     CH,         M^ 


a     CHJ^H. 


R* 

H 

Amb» 

/"W— 

Ph 

r-Q 

u 

Amb 

■^njr 

-46** 

Amb 

-60^ 

Amb 

-46* 

an. 

7.05 

6.99 

7.02 

6.95 

7.00 

7.00 

7.03 

-/Pt-H. 

9 

9 

9 

10 

10 

10 

10 

^Bb^Hb/ 

4.80 

Multiplet 

e 
... 

Multiplets 

e 
•  .  • 

Multiplet 

e 

•    •    • 

centered  at 

centered  at 

centered  at 

4.65 

4.65.5.44 

4.80 

/Pt-Hb.Hb' 

62 

•  •  • 

e 
.  .  • 

d 

•    •    • 

e 

•    •    • 

e 

«    •    • 

c 

•    •    • 

^•-CHt 

3.17 

2.90 

3.03 

2.97 

2.93.2.80 

3.17 

3.03,3.00 

^Pt-»-CH, 

12 

13 

13 

13                      ^-^13 

12 

^12 

^P-CHt 

2.37 

2.20 

2.20 

2.18 

2.12 

2.32 

2.20 

6n 

None 

1.57 
doublet 

1.57 
doublet 

7.80.7.48 
multiplet 

• 

•  •  • 

1.32 

1.15 

'  All  chemical  shifts  are  in  parts  per  million  (5)  and  coupling  constants  in  cycles  per  second.     The  resonance  peak  of  CHCls  (5  7.27) 
was  used  as  an  internal  standard.    ^  Ambient  machine  temperature.    '  Not  examined  in  detail.    *  P.  Kaplan  and  M.  Orchin.  Inorg.  Chem. , 


in  press,  discuss  platinum-olefin  coupling  in  vinyl  complexes. 


bulk  of  the  R  group  and  prepared  the  compound  2 
where  R  =  Ph.  The  single  triplet  observed  in  the  nmr 
at  room  temperature  was  split  into  two  overlapping 
triplets  at  —60^;  the  chemical  shifts  of  the  two  triplets 
were  S  2.93  (/pt-CH«  ~  12  cps)  and  5  2.80  (/pt-cH«  ~  12 
cps),  a  chemical  shift  difference  of  7. 8  cps  at  60  Mc.  The 
same  effect  was  observed  with  compound  2  (R  =  t- 
butyl)  although  it  was  not  as  pronounced,  and  a  differ- 
ence of  only  2  cps  in  the  chemical  shift  was  observed 


moieties  free  to  rotate  at  room  temperature  and  both 
frozen  out  at  low  temperatures.  We  do  not  consider 
either  of  these  as  likely  as  the  "'fixed'*  pyridine  and  the 
rotating  ethylene.  Rapid  intermolecular  exchange  of 
free  and  complexed  olefin  would  also  account  for  the 
observation  of  a  single  absorption  for  the  o-methyls. 
However,  the  spectrum  of  2  (R  =  Ph)  shows  platinum- 
olefin  coupling  at  room  temperature  and  thus  this  ex- 
planation is  excluded. 


Figure  1. 
plex. 


RTcMf.  -4«*C. 

Nmr  spectra  of  o-  and  p-methyls  in  the  propylene  com- 


(Figure  2).  Since  we  assume  that  the  pyridine  is  rela- 
tively fixed  in  these  complexes,  a  single  signal  for  the  o- 
methyls  in  the  styrene  and  /-butylethylene  complexes 
implies  a  rotation  of  the  vinyl  compound  around  the 
coordination  axis.  Lowering  the  temperature  "'freezes" 
out  the  rotation  and  permits  observation  of  the  more 
stable  conformer  in  the  nmr  spectra.  Alternately,  we 
could  have  considered  that  the  olefin  is  fixed  and  the 
pyridine  rotating  at  room  temperature  and  frozen  out 
at  low  temperature.    Or,  we  may  have  considered  both 


R."  c^H^ 


R'tC^Hj 


H^Cmf^ 


A 

R.T. 


-4a* 


Figure  2.   Nmr  spectra  of  o-methyls  for  R-substituted  complexes. 

Failure  to  observe  splitting  with  the  propylene  com- 
plex 2  (R  =  CHs)  may  mean  a  smaller  rotational  barrier 
requiring  temperatures  lower  than  —60°  or  it  may  mean 
that  the  magnetic  effect  of  the  propylene  on  the  a- 
methyl  groups  is  too  small  to  be  observed  across  the 
square  plane. 

A  decision  as  to  whether  the  ethylenic  moiety  is  frozen 
out  parallel  to  or  perpendicular  to  the  square  plane 
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could  presumably  be  made  by  using  a,a-diphenylethyl- 
ene  in  place  of  ethylene  in  2.  If  both  phenyls  were 
either  above  or  below  the  square  plane,  two  signals  for 
the  o-methyls  should  be  observed.  However,  if  the 
diphenylethylene  were  frozen  out  so  that  one  phenyl 
was  above  and  one  phenyl  below  the  plane,  the  o- 
methyls  would  again  be  magnetically  equivalent  and 
only  one  signal  should  result.  Unfortunately,  the 
compound  of  interest  could  not  be  prepared,  but  the 
investigation  is  being  pursued. 
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Abstract:  The  kinetics  of  loss  of  deuterium  from  methoxyacetone  containing  deuterium  a  to  the  carbonyl  group 
have  been  studied  in  aqueous  solution.  Catalytic  constants  have  been  determined  for  hydrogen  ions,  hydroxide 
ions,  water,  phenoxide  iohs,  />-nitrophenoxide  ions,  trimethylamine,  triethylamine,  N-methylpyrrolidine,  and  N- 
methylmorpholine.  In  the  presence  of  N-methylmorpholine  buffers  the  reaction  is  slightly  subject  to  catalysis  by 
methyUunmonium  chloride,  presumably  because  of  the  intermediate  formation  of  an  enamine.  Exchange  at  the 
methyl  position  is  faster  (by  up  to  sixfold)  than  at  the  methylene  position  for  all  the  catalysts  studied  except 
hydroxide  ions,  which  broufi^t  about  slightly  more  rapid  exchange  at  the  methylene  position. 


Many  physiologically  important  reactions,  such  as 
aldol  condensations,  epimerizations,  etc.,  involve 
deprotonation  of  an  organic  molecule  (e.g.,  a  sugar)  at 
a  position  that  is  a  to  a  carbonyl  group  and  to  a  hydroxy 
group.  As  a  first  step  in  studying  the  mechanisms  of 
such  reactions  we  have  investigated  the  deuterium  ex- 
change of  methoxyacetone.  The  methoxy  substituent 
should  have  an  influence  on  the  acidity  of  hydrogen 
atoms  attached  to  the  same  carbon  atom  that  is  quite 
similar  to  that  of  a  hydroxy  substituent,  but  the  greater 
difficulty  of  oxidizing  and  deprotonating  the  methoxy 
substituent  should  decrease  the  probability  of  complicat- 
ing side  reactions. 

Results 

The  proton  magnetic  resonance  (pmr)  spectrum  of 
methoxyacetone  consists  of  three  singlets,  at  r  5.97, 
6.59,  and  7.87,  attributed  to  the  methylene  hydrogen 
atoms,  the  methoxy  hydrogen  atoms,  and  the  carbon- 
bound  methyl  (referred  to  hereafter  simply  as  methyl) 
hydrogen  atoms,  respectively,  on  the  basis  of  their 
relative  intensities  and  chemical  shifts.  When  solutions 
of  the  compound  in  deuterium  oxide  are  heated  with 
sodium  carbonate,  the  absorption  due  to  the  methylene 
and  methyl  hydrogen  atoms  decreases  in  intensity.    We 

(1)  This  investigation  was  supported  in  part  by  Public  Health  Service 
Grant  AM-10378  from  the  National  Institute  of  Arthritis  and  Metabolic 
Diseases.  For  the  preceding  paper  in  this  series  see  J.  Hine,  F.  C 
Kokesh,  K.  O.  Hampton,  and  J.  Mulders,/.  Am.  Chem,  5oc.,89, 1205 
(1967). 

(la)  NoTC  Added  in  Proof.  Since  this  paper  was  submitted,  a 
a  study  of  the  deuterium  exchange  of  methoxyacetone  in  the  presence 
of  sodium  acetate  and  potassium  bisulfate  has  been  published  by  A. 
A.  Bothner-By  and  C.  Sun  [J.  Org.  Chem.,  32,  492  (196'^]. 

(2)  U.  S.  PubUc  Health  Service  Postdoctoral  FeUow,  1965-1966. 


have  studied  the  catalytic  action  of  hydrogen  ions  and 
various  bases  on  the  dedeuteration  of  the  deuterated 
methoxyacetone  prepared  in  this  way.  The  reaction 
was  followed  by  extracting  the  aqueous  reaction  solu- 
tions with  chloroform  and  integrating  the  pmr  spectra 
of  the  chloroform  extracts.  The  methoxy  group  of  the 
ketone  provides  an  internal  standard  for  comparison 
with  the  increasing  intensities  of  the  other  two  absorp- 
tion peaks.  First-order  rate  constants  were  determined 
using  the  equation 


k^t  =  2.303  log 


(M/R)^  ~  (MlR)o 
(M/R)^  -  (M/R), 


(1) 


where  R  is  the  integrated  intensity  of  the  reference 
(methoxy)  peak,  M  is  the  integrated  intensity  of  the 
methyl  or  methylene  peak,  and  the  subscripts  refer  to 
the  reaction  time.  For  (Af/jR).  the  theoretical  values, 
1  for  methyl  and  Va  for  methylene,  were  used.  For 
each  run  two  rate  constants  may  be  calculated,  one  for 
loss  of  deuterium  from  the  methylene  group  (ikp^*) 
and  one  for  loss  of  deuterium  from  the  methyl  group 

It  is  assumed  that  the  reaction  is  subject  to  catalysis 
by  all  the  acids  and  bases  present  in  the  solution,  so  that 
in  the  presence  of  the  B-BH+  buffer  the  first-order  rate 
constant  k^  may  be  expressed 

kp  =  *h[H+]  +  fcJOH-]  +  MH2O]  +  kJB]  + 

fcBHlBH+]    (2) 

where  the  k*s  are  catalytic  constants  for  the  various 
possible  catalysts.    Superscripts  will  be  used  to  show 
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■He  L    Kinetics  of  the  Deuterium  Exchange  of  Methoxyacetone  in  Aqueous  Solution* 


W^pCHi, 

10«itpC» 

10«^bCH.,* 

WitaCH.,* 

Catalyst 

Af« 

seer* 

sec-» 

Af-»  sec-» 

Af-»8C<r» 

NaOH<< 

0.0050 

87 

58 

17000 

12000 

NaOH 

0.0050 

75 

63 

15000 

13000 

NaOH' 

0.0059 

84 

58 

14000 

10000 

NaOH' 

0.0079 

136 

too 

17000 

13000 

N-Methylpyrrolidine 

0.0050* 

27 

74 

4400 

15000 

N-Methylpyrrolidine 

0.0100* 

50 

160 

4400 

16000 

McsN 

0.0152* 

33 

116 

2100 

7600 

Me,N 

0.0253* 

51 

194 

2000 

7600 

Et,N 

0.0200* 

41 

82 

1300 

3700 

Et,N 

0.0250* 

53 

117 

1500 

4300 

CJiiONa- 

0.0496* 

37 

52 

700 

1000 

CJisONa^ 

0.0992* 

58 

91 

570 

900 

CJisONa- 

0.0992* 

69 

103 

680 

1000 

N-Methylmorpholine 

0.200* 

7.7 

50 

38 

250 

N-Methylmorpholine 

0.500* 

18.3 

135 

37 

270 

/i-OsNCai^ONa- 

0.0496* 

0.50 

0.85 

10 

17 

Water/ 

50.5 

2.36 

4.7 

0.048 

0.093 

Water' 

51.9 

0.184 

0.43 

0.0035 

0.0083 

Water* 

54.0 

0.00024 

0.00086 

0.0000045 

0.000016 

Hao4^ 

0.500 

0.111 

0.148 

0.22 

0.30 

•  Unless  otherwise  noted,  all  runs  were  made  at  35  ^,  using  ^^.23  M  methoxyacetone  and  enough  sodium  chloride  to  give  an  ionic  strength 
0.500  Af.    ^  Or  khf  or  Acw,  or  km,  if  appropriate.    *  The  concentrations  given  are  titrimetric  concentrations,  in  which  no  allowance  for 
nization  has  been  made.     *  ^^.33  M  methoxyacetone  used.     *  Plus  an  equal  concentration  of  the  coi\jugate  add  of  this  base.     /  At 
13''.    '  At  100"".    *  Extrapolated  from  data  at  100  and  133"". 


hether  a  given  catalytic  constant  refers  to  attack  on 
le  methyl  or  methylene  side  of  the  reactant. 
The  catalytic  constant  for  hydrogen  ions  was  deter- 
lined  by  measurements  using  0.5  M  perchloric  acid, 
ith  the  result  shown  in  Table  I.  Catalysis  by  other 
italysts  is  negligible  under  these  conditions.  From 
le  value  of  ku  obtained  it  follows  that  catalysis  by 
/drogen  ions  would  never  contribute  as  much  as  10~^  % 
» the  over-all  reaction  rate  in  any  case  except  the  runs 
ith  pure  water,  which  will  be  discussed  separately. 
The  catalytic  constants  for  hydroxide  ions  shown  in 
able  I  give  average  values  of  1.6  X  10~*  and  1.2  X 
)-*  M-^  sec-*  for  k^^^*  and  k^^^,  respectively.  The 
Ltio  of  the  catalytic  constants  for  hydroxide  ions  to 
lose  for  hydrogen  ions  (7  X  10*  and  4  X  10*  for  attack 
n  the  methylene  and  methyl  hydrogen  atoms,  respec- 
vely)  is  larger  than  in  the  case  of  isobutyraldehyde,' 
here  it  is  1.3  X  10'.  Since  only  the  acetate  ions  in 
:etate  buffers  were  found  to  catalyze  the  dedeuteration 
r  isobutyraldehyde-2-c/  significantly,  it  was  assumed 
lat  in  the  present  case,  where  the  sensitivity  to  base 
italysis  relative  to  the  sensitivity  to  acid  catalysis  is 
fen  greater  and  where  all  the  buffers  used  contained 
ises  much  stronger  than  the  acetate  ion  and  acids 
uch  weaker  than  acetic  acid,  all  the  catalytic  action 
'  the  buffers  used  was  due  to  the  buffer  bases;  i.e., 
le  ^BH  term  in  eq  2  may  be  neglected. 

The  catalytic  constant  for  water  is  too  small  to  be 
rtermined  conveniently  at  35  °.  Therefore  the  runs  in 
hich  no  catalyst  (other  than  the  solvent  water)  was 
Ided  were  carried  out  at  100  and  133°.  From  the 
suits,  shown  in  Table  I,  Arrhenius  activation  energies 
*23.3  and  21.8  kcal/mole  were  calculated  for  reaction 
the  methylene  and  methyl  positions,  respectively, 
hese  activation  energies  were  used  to  calculate  the  rate 
)nstants  at  35°,  which  are  also  listed  in  Table  I.  Be- 
luse  of  a  small  amount  of  impurity  in  the  deuterated 
ethoxyacetone  used,  the  reaction  solutions  used  for 

t3)  J.  Hine,  J.  O.  Houston,  J.  H.  Jensen,  and  J.  Mulders,  /.  Am.  Chem. 
c,  S7,  5050  (1965). 


determining  k^  had  a  pH  of  about  4.6.  After  240  hr 
at  133°  the  pH  had  dropped  to  about  3.5.  It  is,  there- 
fore, possible  that  some  of  the  deuterium  exchange  ob- 
served is  due  to  catalysis  by  acid  or  some  other  catalyst 
other  than  water.  Hence  the  catalytic  constants  deter- 
mined for  water  should  be  regarded  as  maximum  values. 
Although  the  k^^s  may  thus  be  the  least  reliable  of  the 
catalytic  constants  that  we  have  determined,  the  values 
obtained  do  show  that  the  k^  terms  will  not  contribute 
more  than  0.2  %  to  the  rate  of  reaction  in  any  of  the 
other  runs  made  except  the  one  in  which  perchloric 
acid  was  used,  where  a  contribution  as  large  as  1  %  is 
possible.  Hence  for  the  runs  made  using  buffers,  the 
k^  terms  may  also  be  neglected  and  eq  2  may  be  written 
in  the  form 


MB]  =  fcp  -  fcJOH-] 


(3) 


In  order  to  use  eq  3  to  determine  values  of  ks,  the 
basicity  constants  of  the  buffer  bases  (or  the  acidity 
constants  of  the  buffer  acids  and  the  ion-product  con- 
stant of  water)  are  needed  under  the  conditions  of  the 
kinetic  experiments,  so  that  the  concentrations  of  hy- 
droxide ions  present  in  the  various  runs  may  be  cal- 
culated. The  thermodynamic  pJ^a  at  35°  may  be 
interpolated  from  the  data  of  Everett  and  Wynne- 
Jones^  for  trimethylammonium  ions  (9.58).  The  value 
for  triethylammonium  ions  (10.45)  was  reported  by 
Fyfe;*  the  values  for  phenol  (9.86)  and /^-nitrophenol 
(7.03)  were  calculated  from  the  values  at  25°  and  the 
enthalpies  of  ionization  determined  by  Fernandez  and 
Hepler;'  the  values  for  N-methylmorphoUne  (7.17) 
and  n-methylpyrrolidinium  ions  (10.14)  were  calculated 
from  the  values  at  25°  '•*  and  Perrin's  method  of  mak- 

(4)  D.  H.  Everett  and  W.  F.  K.  Wynne- Jones,  Proc.  Roy.  Soe.  (Lon- 
don), A177,  499(1941). 

(5)  W.  S.  Fyfe,  J.  Chem.  Soe.,  1347  (1955). 

1$)  L.  P.  Fernandez  and  L.  G.  Hepler,  /.  Am.  Chem.  Soe.,  81,  1783 
(1959). 

(7)  H.  K.  Hall,  J.  Phya.  Chem.,  60,  63  (1956). 

(8)  S.  Searles,  M .  Tamres,  F.  Block,  and  L.  A  ()uartennan,  /.  Am, 
Chem.  Soe.,  78,  4917  (1956). 
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ing  temperature  corrections.*  According  to  the  sim- 
plest form  of  the  Debye-Hiickel  equation  the  acidity 
constant  of  an  acid  of  charge  type  plus  one  should  not 
change  with  changing  ionic  strength.  Because  of  the 
difficulty  in  determining  all  the  appropriate  salt  e£fects 
we  have  assumed  that  the  acidity  constants  of  all  the 
substituted  ammonium  ions  in  our  reaction  solutions 
are  the  same  as  they  are  at  infinite  dilution,  in  spite  of  the 
fact  that  we  have  found  that  the  acidity  constant  of  2,6- 
lutidinium  ions  changes  when  salts  are  added,  in  one 
direction  when  the  salt  is  sodium  chloride  or  methyl- 
ammonium  chloride  and  in  the  opposite  direction  when 
it  is  2,6-lutidinium  chloride.^^  We  have  assumed  that 
the  ion-product  constant  of  water  is  4.06  X  10~^*  in 
all  our  runs  at  ionic  strength  0.50  Af,  although  this 
figure  refers  to  measurements  at  35^  in  which  essentially 
all  the  O.SO  M  ionic  strength  was  due  to  sodium  chlo- 
ride. ^®  We  have  also  assumed  that  the  ionization  con- 
stants of  all  electrically  neutral  acids  change  with  added 
salt  in  the  same  way  that  the  ion-product  constant  of 
water  does.  With  these  assumptions  it  was  possible  to 
calculate  the  hydroxide  ion  concentrations  needed  for 
use  in  eq  3.  In  the  two  runs  with  triethylamine  the 
calculated  value  of  fch^^tOH-]  was  32-41  %  of  k^^^* 
and  Jkh^^tOH-]  was  1 1-15  %  of  k^^^.  With  the  other 
weak  bases  the  extent  of  hydroxide  ion  catalysis  is  less, 
falling  below  0. 1  %  for  N-methylmorpholine  and  sodium 
p-nitrophenoxide.  Therefore,  uncertainties  in  the  ion- 
ization constants  from  which  the  hydroxide  ion  con- 
centrations were  calculated  may  result  in  errors  in  k^. 
There  are  some  compensating  effects,  however.  If  the 
ionization  constant  of  a  base  is  increased,  then  [OH~] 
is  increased  and  k^  —  /Ch[OH~]  decreased,  tending  to 
decrease  k^.  However,  since  the  value  of  [B]  to  be 
used  in  eq  3  is  not  the  titrimetric  value  listed  in  Table 
I  but  the  actual  value  present  at  equilibrium  in  solution 
([Bltitrimetric  —  [OH-]),  an  increase  in  [OH-]  will  also 
tend  to  increase  k^.  In  a  case  like  that  of  k^^^*  for 
N-methylpyrrolidine,  which  is  of  almost  the  same  size 
as  fch^^S  the  two  effects  nearly  cancel  and  very  little 
uncertainty  in  k^  results  from  uncertainty  in  the  ioniza- 
tion constant  of  the  base;  that  is,  the  reaction  rate  is 
very  little  affected  by  the  amount  of  pyrrolidine  that 
deprotonates  water  to  give  hydroxide  ions  since  the 
reactivity  of  the  hydroxide  ions  is  about  the  same  as 
that  of  the  pyrrolidine. 

The  catalytic  activity  of  methylammonium  chloride 
was  investigated  for  the  reaction  carried  out  in  the 
presence  of  N-methylmorpholine  buffers  with  the  results 
shown  in  Table  II.  Inasmuch  as  the  catalytic  activity 
of  water,  hydrogen  ions,  and  hydroxide  ions  are  all 
negligible  in  the  presence  of  N-methylmorpholinc 
(Nmm)  buffers,  the  first-order  rate  constant  for  the 
reaction  would  be  expected  to  be  equal  to  /cNmmENmm] 
if  there  were  no  catalysis  by  the  methylammonium  ions. 
Hence  the  quantity  k^  —  fcNmmCNmm]  is  a  measure  of 
the  extent  of  catalysis  by  methylammonium  ions. 
The  amount  of  catalysis  observed  in  the  runs  with  0.100 
M  methylammonium  chloride  is  too  small  to  be  clearly 
significant.  With  0.300  M  methylammonium  chloride 
it  seems  clear  that  there  is  catalysis  by  methylammo- 


(9)  D.  D.  Perrin.  AustrattanJ.  Chem.,  17,  484  (1964). 

(10)  H.  S.  Harned  and  B.  B.  Owen,  **The  Physical  Chemistry  of 
Electrolytic  Solutions,**  3rd  ed,  Reinhold  Publishing  Corp.,  New  York, 
N.  Y.,  1958,  pp  752  and  754. 


TaUe  n.    Kinetics  of  the  Deuterium  Exchange  of  Methoxyacetooe 
in  the  Presence  of  MeNHaO  and  N-Methylmorpholine  Buffers 
in  Aqueous  Solution  at  35°* 


Scc-» 


10«- 


[Nnim]» 


[MeN- 

H,ai 


10* . 


lO*- 

CH«« 

^pCHi      [NmmD    [NmmD 


(ATpCH.  -.  (k^ 


0.400 

0.100 

16.2 

108 

1.2 

4 

0.200* 

0.100 

8.9 

54 

1.4 

2 

0.200 

0.300 

11.4 

86 

3.9 

34 

'  In  all  runs  methoxyacetone  concentrations  of  about  0.22  M 
were  used.  ^  An  equal  concentration  of  N-methylmorpholine 
hydrochloride  was  also  present.  *  0.200  Af  sodium  chloride  added 
to  bring  the  ionic  strength  to  0.500  Af  . 


nium  ions  (or  by  some  species  derived  from  methylam- 
monium ions). 

Discussion 

If  ki  is  the  rate  constant  per  deuterium  for  the  re- 
moval of  a  deuterium  from  the  methylene  group  of 
methoxyacetone  and  if  there  is  no  secondary  deuterium 
kinetic  isotope  e£fect,  we  may  write 

AcCDsOMe  +  B 


AcCDOMe-  +  BH+ 

ki 

AcCHDOMe  +  B 
AcCHOMe-  +  BH+ 


AcCDOMe-  +  BD+ 
AcCHDOMe  +  B 

AcCHOMe-  +  BD+ 
AcCHsOMe  +  B 


Let  [D]  be  the  total  concentration,  in  equivalents,  of 
deuterium  in  the  methylene  group. 

[D]  =  2[AcCDaOMe]  +  [AcCHDOMe] 

Then  the  rate  of  loss  of  deuterium  from  the  methylene 
group  may  be  expressed 

d[D]/d/  =  [BK2Jfci[AcCD20Me]  +  fcJAcCHDOMcD 

d[D]/dr  =  kJiBlD] 

Thus,  if  only  one  base  is  catalytically  important,  the 
reaction  is  expected  to  follow  the  first-order  eq  1  in 
which  kp  is  equal  to  kJiB]  ([B]  does  not  change  during  a 
given  run),  where  ki  is  the  rate  constant  per  deuterium. 
Analogous  derivations  may  be  made  for  methyl  ex- 
change and  for  exchange  due  to  the  simultaneous  action 
of  several  catalysts  to  show  that  the  catalytic  constants 
we  have  listed  in  Table  I  are  statistically  corrected  rate 
constants. 

Although  we  observed  no  consistent  tendency  for  our 
rate  constants  to  drift  either  up  or  down,  secondary 
kinetic  isotope  effects,  which  we  have  neglected,  could 
cause  such  a  tendency.  This  fact  added  somewhat  to 
the  uncertainty  in  the  rate  constants  calculated  from 
our  data. 

Our  results  show  that  the  methyl  hydrogens  are  re- 
moved more  rapidly  than  the  methylene  hydrogens  by 
every  catalyst  except  hydroxide  ions.  This  is  certainly 
not  the  result  to  be  expected  from  the  inductive  effect 
of  the  methoxy  substituent.  Discussion  of  the  rate 
effect  in  terms  of  the  relative  stabilities  of  the  two  pos- 
sible carbanions  is  hampered  by  our  ignorance  of  which 
of  the  two  is  really  the  more  stable.  If  the  mechanism 
of  the  acid-catalyzed  deuterium  exchange  is  the  follow- 
ing 
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+OH 

:OCD,OCH,  -f  H,0+  :5=±  CoJcCDfiCHt  +  H,0 
i  OH 

:D,0CH,  +  H^  — ►  CD,C=CDOCH,  +  H^D+ 
)H  +OH 

>=CDOCH,  +  H,0+  — ►  CD  A:HD0CH,  -♦-  HiO 

etc. 

:  second  step  (and  an  analogous  step  for  ex- 
it the  methyl  position)  being  rate  controlling, 
ompound  with  a  methoxy  group  attached  to  a 
t>ond  is  being  formed  in  the  rate^^ontroUing 
the  reaction.  In  view  of  the  known  ability 
y  substituents  to  stabilize  double  bonds/ ^~^^ 
be  assumed  that  the  enol  resulting  from  reac- 
he  methylene  side  would  be  more  stable  than 
esulting  from  reaction  at  the  methyl  side.  This 
ion  is  supported  by  the  report  that  methoxy- 
contains  1.1%  enol/*  a  much  larger  enol  con- 
1  that  of  acetone.  ^^'^  Thus,  it  appears  that 
:  rapid  acid-catalyzed  deuterium  exchange  at  the 
position  of  methoxyacetone  is  an  example  of  a 
ransfer  reaction  in  which  the  less  stable  product 
1  more  rapidly.  A  number  of  rate-equilibrium 
»  of  this  type  have  been  observed  and  some 
n  rationalized  in  terms  of  the  principle  of  least 
*  According  to  the  principle  of  least  motion 
tening  of  the  carbon-oxygen  bond  that  would 
iTiy  the  formation  of  l-methoxy-2-hydroxy- 
should  tend  to  cause  this  enol  to  be  form^ 
owly  than  3-methoxy-2-hydroxypropene,  the 
ve  possibility.  However,  the  magnitude  of  the 
n  bond  length  to  be  expected  is  so  small  (com- 

the  changes  in  bond  lengths  in  the  cases  pre- 
onsidered^*)  that  only  a  very  small  effect  would 
pated. 

.  been  suggested  that  the  increased  electro- 
y  of  sp'  carbon  may  tend  to  slow  reactions  in 
carbon  whose  hybridization  changes  from  sp' 
ars  a  highly  electronegative  substitutent.  This 
discussed  in  more  detail  in  connection  with  a 
the  e£fect  of  a-methoxy  and  a-fluoro  substitu- 
the  ease  of  carbanion  formation  by  esters.'® 
ttempt  to  rationalize  the  present  data  it  should 
1  that  the  relative  rates  of  exchange  at  the 
md  methylene  positions  do  not  constitute  a 
^mparison  of  the  methoxy  substituent  with 
1.  The  comparison  is  of  a  methoxy  and  an 
bstituent  with  a  hydrogen  and  a  methoxyacetyl 
:nt. 
3ire  1  is  a  Brpnsted  plot  for  the  buffer  bases 

The  points  for  water  and  hydroxide  ions  were 
to  permit  the  use  of  a  scale  that  would  make  it 

r.  Birch,  /.  Chem.  Soc„  1642  (1947). 
Pftul,  M.  Fluchaire,  and  G.  CoUardeau,  Bull.  Soc.  CMm, 
(1950). 
H.  Watanabe  and  L.  E.  Conlon,  /.  Am.  Chem.  Soe.,  79,  2828 

.  Prosser,  ibid.,  83,  1701  (1961). 

:.  Price  and  W.  H.  Snyder,  ibid.,  83, 1773  (1961). 

lenner  and  G.  N.  Richards,  /.  Chem.  Soc,  2240  (1953). 

».  Bell  and  P.  W.  Smith,  ibid.,  Phys.  Org.,  241  (1966). 

loold  be  noted,  however,  that  the  determination  of  the  enol 

cetones  that  are  not  highly  enolized  is  subject  to  errors  result- 

le  presence  of  small  amounts  of  impurities.'^ 

[ine.  /.  Org.  Chem.,  31,  1236  (1966). 

Q.  Mahone,  Ph.D.  Thesis,  School  of  Chemistry,  Georgia 

'  Technology,  Atlanta,  Ga.,  1966. 
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Figure  1.    Bronsted  plot  for  dedeuteration  of  methoxyacetone  at 
the  methyl,  0»  and  methylene,  •,  positions. 


easier  to  see  the  relationship  between  the  points  for  the 
other  bases.  The  points  plotted  certainly  do  not  de- 
scribe a  good  straight  line  for  either  the  methyl  or 
methylene  exchange  reaction,  but  they  fall  nearer 
strai^t  lines  than  the  points  for  the  same  bases  in  the 
exchange  of  isobutyraldehyde. '  This  is  probably  at 
least  partly  due  to  a  decrease  in  steric  eflfects.  Tri- 
ethylamine,  which  is  more  than  seven  times  as  basic  as 
trimethylamine,  was  only  Vso  as  reactive  as  trimethyl- 
amine  toward  isobutyraldehyde ; '  it  is  more  than  one-half 
as  reactive  as  trimethylamine  toward  either  the  methyl 
or  the  methylene  hydrogen  atoms  of  methoxyacetone. 
The  points  for  the  two  phenoxides  used  may  be  con- 
sidered to  describe  Bronsted  lines  with  slopes  of  about 
0.62.  This  is  somewhat  larger  than  the  slope  (0.53) 
obtained  from  data  on  eight  phenoxide  ions  in  the  case 
of  isobutyraldehyde.  The  points  for  trimethylamine 
do  not  lie  as  far  above  these  lines  as  the  point  for  tri- 
methylamine lay  above  the  Bronsted  line  for  phenoxide 
ions  in  the  exchange  of  isobutyraldehyde.  Instead  it 
is  roughly  collinear  with  the  points  for  N-methyl- 
pyrrolidine  and  N-methylmorpholine.  This  suggests 
that  attack  of  the  two  cycUc  amines  on  isobutyraldehyde 
was  slowed  by  steric  hindrance  but  that  their  attack  on 
methoxyacetone  is  not.  The  fact  that  tertiary  amines 
often  remove  hydrogen  more  rapidly  than  do  primary 
or  secondary  amines  of  equal  basicity'^*^'  cannot  be 
explained  in  terms  of  steric  hindrance,  however. 

A  Bronsted  plot  on  a  scale  that  permits  inclusion  of 
the  points  for  water  and  hydroxide  ions  shows  that  water 
is  somewhat  less  reactive  than  would  be  expected  from 
the  Bronsted  line  for  phenoxide  ions  or  a  Bronsted  line 
that  could  be  drawn  through  the  points  for  trimethyl- 
amine, N-methylpyrrolidine,  and  N-methylmorpholine. 
This  type  of  behavior  has  been  observed  in  several  (but 
not   all)  other   general-base-catalyzed   reactions'''*-** 

(21)  R.  G.  Pearson,  /.  Am.  Chem.  Soc.,  70,  204  (1948). 

(22)  R.  P.  Bell,  "The  Proton  in  Chemistry,"  Cornell  University  Press, 
Ithaca,  N.  Y.,  1959,  pp  175-176. 

(23)  R.  P.  Bell,  '*Acid-Base  Catalysis,**  Oxford  University  Press, 
London,  1941,  pp  91-95. 

(24)  J.  Mine  and  L.  A.  Kaplan,  /.  Am.  Chem.  Soc.,  t2«  2915  (196Q). 
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Figure  2.  Kinetic  plot  for  the  dedeuteration  of  deuterated  methoxy- 
aoetone  in  the  presence  of  sodium  hydroxide  at  the  methyl,  O,  and 
methylene,  •,  positions. 


and  is  in  agreement  with  an  expected  tendency  for  the 
slope  of  the  Bronsted  line  (/3)  to  decrease  with  increasing 
strength  of  the  bases  studied.'^ 

The  hydroxide  ion  is  much  less  reactive  than  would 
be  expected  from  the  Bronsted  line  for  phenoxide  ions 
or  the  Bronsted  line  for  unhindered  tertiary  amines. 
Toward  the  methyl  group  of  methoxyacetone  it  is  even 
somewhat  less  reactive  than  N-methylpyrrolidine,  al- 
though it  is  about  100,000  times  as  strong  a  base  as  the 
amine.  Bell  has  pointed  out  that  this  anomolously  low 
reactivity  of  hydroxide  ions  occurs  rather  commonly;'' 
it  was  observed  in  the  deuterium  exchange  of  iso- 
butyraldehyde.  • 

The  effect  of  methylammonium  chloride  on  the  reac- 
tion rate  shows  that  the  deuterium  exchange  of  methoxy- 
acetone is  catalyzed  by  methylammonium  ions  but  that 
it  is  much  less  susceptible  to  such  catalysis  than  is  the 
deuterium  exchange  of  isobutyraldehyde.  From  the 
data  in  Table  II  and  related  data  in  Table  I  it  may  be 
seen  that  the  addition  of  0.300  M  methylammonium 
chloride  to  a  0.200  M  N-methylmorpholine-O.200  M 
N-methylmorpholinium  buffer  increases  the  reaction 
rate  by  about  50-70%.  In  the  case  of  isobutyralde- 
hyde, the  rate  of  exchange  in  the  presence  of  a  0.21  M 
N-methylmorpholine-0.21  M  N-methylmorpholinium 
buffer  is  more  than  doubled  by  addition  of  0.176  M 
methylammonium  chloride.  *•  The  catalysis  by  methyl- 
ammonium ions  is  probably  due  to  the  reversible  forma- 
tion of  a  deuterated  imine  and  then  a  deuterated 
iminium  ion,  which  is  rate  controllingly  transformed  to 
an  enamine.***'"    The  greater  susceptibility    of   iso- 

(25)  J.  Hinc,  **Physical  Organic  Chemistry,"  2nd  cd,  McGraw-HiU 
Book  Co..  Inc..  New  York,  N.  Y..  1962,  p  119. 

(26)  J.  G.  Houston.  Ph.D.  Thesis.  School  of  Chemistry,  Georgia 
Institute  of  Technology.  Atlanta,  Ga.,  1964. 


butyraldehyde  to  such  catalysis  may  be  due  in  part, 
at  least,  to  a  larger  equilibrium  constant  for  imine 
formation.  In  view  of  the  larger  equilibrium  constants 
for  semicarbazone  formation  that  have  been  observed 
for  aldehydes  (compared  to  the  constants  for  related 
ketones)^''*  the  aldehyde  would  be  expected  to  have 
a  larger  equilibrium  constant  for  imine  formation. 

Experimental  Section 

Deotcratied  Methoxyacetone.  Methoxyacetone  was  prepared  by 
oxidizing  l-methoxy-2-propanol  with  aqueous  sodium  dichroniate 
and  sulfuric  acid.*^  The  material  thus  obtained  contained  up  to 
10  %  unoxidized  starting  alcohol.  Except  in  one  run  in  which  only 
2  %  alcohol  was  present,  the  methoxyacetone  was  purified  by  prepa- 
rative gas-liquid  partition  chromatography  using  a  stationary  phase 
of  silicone  fluid  XF-1150  to  give  material  containing  1  %  alcohol 
or  less.  The  pmr  spectrum  of  the  product  in  deuteriochloroform 
showed  singlets  at  r  5.97, 6.59,  and  7.87  with  relative  areas  of  2 :3 :3. 

A  solution  of  33  g  (0.375  mole)  of  methoxyacetone  and  0.5  g 
of  anhydrous  sodium  carbonate  in  37.5  g  (1.87  moles)  of  deuterium 
oxide  was  heated  at  reflux  for  7  hr,  then  cooled  and  extracted  with 
several  25-ml  portions  of  ether.  The  ether  solution  was  dried 
over  anhydrous  sodium  sulfate  and  filtered,  and  the  ether  evaporated 
to  give  a  residue  that  was  passed  through  the  deuteration  pro- 
cedure again.  The  residue  from  the  second  deuteration  was  dis- 
tilled through  a  spinning-band  column  to  give  12  g  of  deuterated 
methoxyacetone,  bp  109-1 12°.  The  pmr  spectrum  of  the  product 
showed  peaks  at  r  5.97,  6.59,  and  7.87  with  relative  areas  of  0.24: 
3.0:0.36.  The  r  5.97  and  7.87  peaks  were  significantly  broader 
than  the  corresponding  peaks  in  undeuterated  methoxyacetone. 

Kinetic  Runs.  In  a  typical  run  2.0855  g  of  deuterated  methoxy- 
acetone and  16.5  ml  of  3.0  M  aqueous  sodium  chloride  solution 
were  diluted  to  volume  in  a  50-ml  volumetric  flask  at  35.0*^.  Erom 
this  flask  3-ml  samples  were  transferred  by  pipet  to  each  of  a  number 
of  10-ml  volumetric  flasks  that  already  contained  3  ml  of  0.01  M 
aqueous  sodium  hydroxide.  At  a  recorded  time  the  reaction  in 
each  flask  was  stopped  by  the  addition  of  a  small  excess  of  acetic 
acid,  and  then  the  solution  was  extracted  with  chloroform.  The 
pmr  spectrum  of  the  chloroform  extract  was  integrated  several  times. 
Rate  constants  were  determined  by  plotting  the  right-hand  side 
of  eq  1  against  time.  In  this  run,  as  in  the  others  in  which  sodium 
hydroxide  was  used  as  the  catalyst,  the  plot  (Figure  2)  showed 
curvature  (corresponding  to  a  decrease  in  the  first-order  rate  con- 
stant) after  about  20%  reaction,  and  therefore  only  the  data  for  the 
first  20%  of  the  reaction  v^ere  used.  No  such  curvature  was 
noticed  in  the  other  runs,  which  were  usually  followed  to  50-75% 
completion.  In  the  cases  of  some  catalysts,  where  there  was  • 
rather  large  difference  between  the  rates  of  exchange  at  the  methyl 
and  methylene  positions,  the  rate  constant  for  exchange  at  the 
methyl  position  was  determined  from  a  series  of  points  taken  befoie 
very  much  exchange  had  taken  place  at  the  methylene  position,  and 
the  rate  constant  for  exchange  at  the  methylene  position  was  deter- 
mined from  a  series  of  points  taken  after  exchange  at  the  methyl 
position  was  almost  complete. 

The  methoxyacetone  used  contained  a  small  amount  of  an 
unidentified  acidic  impurity  that  gave  the  initial  reaction  solution 
a  pH  of  about  4  due  to  an  acid  content  around  0.001  Af .  In  the 
most  vigorous  conditions  used  for  any  of  the  reactions  (133**)  the 
pH  dropped  to  3.5  and  the  acid  content  rose  to  0.004  M  after  a 
time  four  times  as  long  as  that  used  for  the  last  kinetic  point  taken. 
Because  of  the  presence  of  these  small  amounts  of  acidic  impurities, 
the  catalytic  constants  we  have  rq>orted  for  basic  catalysts  will  tend 
to  be  too  low.  This  will  be  signifkant  only  in  cases  where  the  con- 
centrations of  basic  catalysts  are  relatively  small.  The  errors  l^' 
suiting  from  these  impurities  must  not  be  very  large,  because  if  tb9 
were  we  would  not  get  about  the  same  catalytic  constant  using 
significantly  different  concentrations  of  catalysts. 

Acknowledgments.  We  wish  to  acknowledge  our 
indebtedness  to  the  National  Science  Foundation  for  a 
grant  that  permitted  the  purchase  of  the  nmr  spectrom- 
eter used  in  this  investigation,  and  to  Dr.  John 
P.  Idoux  for  experimental  assistance. 

(27)  J.  Hine,  B.  C.  Menon,  J.  H.  Jenaen,  and  J.  Mulders.  /.  Am, 
Chem.  Soc.,  88,  3367  (1966). 

(28)  J.  B.  Conant  and  P.  D.  BarUett.  ibid.,  54,  2881  (1932). 

(29)  F.  H.  Westhdmer.  ibid.,  56,  1962  (1934). 

(30)  R.  P.  MarieUa  and  J.  L.  Leech,  ibid.,  71,  3558  (1949). 


Journal  of  tht  Am^rit^m  Chemical  Society  /  89:11  /  May  24, 1967 


2669 


Equilibrium  in  Formation  and  Conformational  Isomerization 
of  Imines  Derived  from  Isobutyraldehyde  and  Saturated 
Aliphatic  Primary  Amines* 

Jack  Hine^  and  Chuen  Yuan  Yeh 

Contribution  from  the  Evans  Laboratory  of  Chemistry^  The  Ohio  State  University  ^ 
Columbus^  Ohio    43210,  and  the  School  of  Chemistry,  Georgia  Institute  of 
Technology,  Atlanta,  Georgia.    Received  January  28, 1967 


Abstract:  The  following  dimensionless  equilibrium  constants  were  determined  for  the  formation  of  imines  and 
water  from  isobutyraldehyde  and  saturated  aliphatic  primary  amines  in  aqueous  solution  at  35°:  /-PrCH==NMe, 
4950;  i-PrCH=NEt,  3490;  i-PrCH=NPr-/i,  4180;  /.PrCH=NBu-/f,  4040;  /.PrCH=NPr-/,  1840;  /-PrCH= 
NBu-/,  200.  Two  of  the  experimental  methods  used  were  based  on  ultraviolet  measurements  at  the  aldehyde  and 
imine  absorption  maxima  (at  2850  and  about  2300  A,  respectively).  These  measurements  gave  satisfactory  agree- 
ment with  a  pH  method  based  on  the  fact  that  addition  of  isobutyraldehyde  to  primary  amine  buffers  decreases  the 
pH  by  transforming  the  amine  to  the  much  less  basic  corresponding  imine.  Largely  on  the  basis  of  nuclear 
magnetic  resonance  data  it  is  concluded  that  all  the  imines  are  very  largely  trans  compounds  and  that  in  the  principal 
conformations  one  of  the  carbon-methyl  bonds  of  the  isobutylidene  group  eclipses  the  carbon-nitrogen  double 
bond.  Both  the  nmr  data  and  the  equilibrium  constants  for  imine  formation  may  be  rationalized  semiquanti- 
tatively  by  the  assumption  that  rotation  around  the  carbon-nitrogen  single  bond  so  as  to  eclipse  the  carbon-nitro- 
gen double  bond  with  a  carbon-hydrogen  bond  yields  a  conformation  that  is  about  2.0  kcal/mole  more  stable  than  a 
conformation  in  which  the  carbon-nitrogen  double  bond  has  been  eclipsed  by  a  carbon-carbon  bond. 


Ates,  equilibria,  and  reaction  mechanisms  have  been 
L  studied  carefully  in  many  reactions  of  the  type 

RNI^  +  R'OOR"  ^=±  RN=CR'R"  -h  HiO 

ere  RNHt  is  a  hydroxylamine  or  hydrazine  deriva- 
^'  Several  studies  have  also  been  made  of  the  reac- 
is  of  aromatic  aldehydes  with  aromatic'  and  ali- 
itic  amines*^  (and  of  the  reverse  reactions).  Quan- 
tivc  studies  of  the  reaction  in  cases  where  R,  R', 
1  R''  are  all  hydrogen  atoms  or  saturated  alkyl 
»ups  are  less  common.  In  his  review  on  imines, 
ich  covers  their  chemistry  from  the  time  of  their 
;:ovcry  by  Schiif  in  1864  through  Sept  1962,  Layer 
cribes  no  such  studies.*  Zuman  reported  the  polaro- 
phic  determination  of  the  equilibrium  constant  for 
ne  formation  in  the  reaction  of  ammonia  and  several 
ino  acids  with  pyruvic  acid  and  several  aldehydes 
I  ketones,"'  and  Bfezina  and  Zuman  described  a 
lilar  investigation  of  the  reaction  of  cyclopentanone 
I  cyclohexanone  with  ammonia,  methylamine,  gly- 
5,  and  other  aliphatic  amines.  ^^  More  recently  Le 
s,  Lefebre,  and  Coussement  have  studied  the  reac- 
1  of  acetone  with  isopropylamine,^^  and  Williams 
I  Bender  have  studied  the  reaction  of  acetone  with 
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methylamine.^'  We  have  not  been  able  to  find  any 
measurements  of  the  equilibrium  constant  for  imine 
formation  from  a  saturated  aliphatic  aldehyde  and  an 
aliphatic  amine. 

For  this  reason,  as  part  of  a  study  of  reactions  in- 
volving the  formation  of  imines  as  intermediates,^^ 
we  have  investigated  the  formation  of  imines  from 
several  saturated  aliphatic  amines  and  isobutyralde- 
hyde, an  aldehyde  whose  equilibrium  constant  for 
aldoUzation  is  rather  unfavorable^^  and  whose  aldol 
cannot  undergo  simple  dehydration  to  an  a,/3-unsat- 
urated  aldehyde. 

Determination  of  K 

Ultrayiolet  Measurements  at  the  Aldehyde  Maximum. 

The  addition  of  primary  amines  to  aqueous  solutions  of 
isobutyraldehyde  causes  a  decrease  in  the  intensity  of 
absorption  at  the  aldehyde  maximum  (2850  A).  By 
measurements  of  the  absorption  at  28S0  A  in  the  pres- 
ence of  known  initial  concentrations  of  isobutyraldehyde 
and  amine,  the  equilibrium  constant  for  the  reaction 

/.PrCHO  +  RNHi  ^^  /-PrCH=NR  +  HiO 

may  be  calculated. 

If  /  is  the  concentration  of  imine,  W  the  concentration 
of  water,  B  the  concentration  of  amine,  and  A'  the 
concentration  of  isobutyraldehyde  in  the  free  (unhy- 
drated)  form 


K'  =  IWIA'B 


(1) 


Isobutyraldehyde  is  about  30%  hydrated  at  equilibrium 
in  aqueous  solution  at  35^.^^  Inasmuch  as  equilibrium 
is  quite  rapidly  established  between  the  free  aldehyde 

(13)  A.  Williams  and  M.  L.  Bender,  J.  Am.  Chem.  Soc.,  88,  2508, 
(1966). 

(14)  J.  Hine,  B.  C.  Menon,  J.  H.  Jensen,  and  J.  Mulders,  ibid.,  88, 
3367(1966). 

(1^  J.  Hine,  J.  O.  Houston,  and  J.  H.  Jensen,  /.  Org*  Chem.,  30, 1184 
(1965). 
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and  its  hydrate,"-"  it  is  convenient  for  many  pur- 
poses to  treat  the  equilibrium  mixture  of  aldehyde 
and  hydrate  as  a  single  substance.  The  total  concen- 
tration of  free  aldehyde  and  hydrate  may  be  referred 
to  as  the  apparent  aldehyde  concentration  and  denoted 
A .    The  apparent  equilibrium  constant  is  then 


K  »  IW\AB 


(2) 


where  K  is  equal  to  K'A/A  \ 

The  absorbance  Z)  of  a  solution  containing  aldehyde, 
amine,  and  imine  may  be  expressed 

D  ^  A€a  +  B€b  +  hi  (3) 

where  the  c's  are  the  respective  extinction  coefficients. 
Substitutions  and  rearrangement  lead  to  the  expression 

AoKAo€a  +  Bo€b  -   /))  =    1/(€a  +  €b  -  €i)  + 

WI[KB(€A  +  €b  '  €i)]     (4) 

where  Aq  =  A  +  I  and  Bo  ^  B  +  I.  The  value  of  Aq 
is  simjdy  equal  to  the  concentration  of  aldehyde  added 
initially.  The  value  of  flo,  however,  is  equal  to  the 
initially  added,  titrimetricaUy  determined  concentration 
of  amine  minus  the  concentration  of  substituted  am- 
monium ion  (conjugate  acid  of  the  amine). 

To  use  eq  4  for  the  determination  of  K^  €a  and  cb 
were  determined  by  measurements  on  solutions  con- 
taining only  isobutyraldehyde  or  only  amine.  Then, 
for  solutions  containing  various  amounts  of  aldehyde 
and  amine,  absorbances  (D)  were  determined  and  values 
of  Ao  were  calculated  from  the  volumes  and  concen- 
trations of  the  standard  solutions  that  had  been  used. 
From  this  point  the  method  of  successive  approxima- 
tions was  used.  Values  of  Bo  and  B  were  estimated 
from  data  on  the  solutions  used  to  prepare  the  equi- 
librium solution,  from  the  approximate  equation  D 
-  Atf^  (the  last  two  terms  in  eq  3  are  relatively  small), 
and  from  estimates  of  the  concentration  of  ammonium 
ions  based  on  the  ionization  constant  of  the  amine 
and  the  concentration  of  isobutyric  acid  determined 
titrimetrically  to  be  present  in  the  isobutyraldehyde 
solutions  used.  A  knowledge  of  the  concentration  of 
the  ammonium  ions  is  of  even  greater  importance  in 
the  determination  of  K  by  ultraviolet  measurements  at 
the  imine  maximum  and  by  pH  measurements.  There- 
fore the  basis  for  the  calculations  will  be  treated  in 
some  detail  here,  using  the  formation  of  the  N-methyl- 
imine  as  a  specific  example. 

Everett  and  Wynne-Jones  determined  the  acidity 
constant  of  the  methylammonium  ion  in  water  at  ionic 
strengths  (due  to  potassium  chloride)  0.05,  0.10,  0.15, 
0.20,  and  0.25  M  at  10*^  intervals  from  10  to  50**." 
Plots  were  made  of  the  log  J^a  values  at  each  ionic 
strength  (and  also  the  values  extrapolated  to  zero 
ionic  strength)  vs,  temperature.  From  these  plots, 
values  of  log  K^  at  35^  at  the  various  ionic  strengths 
were  determined  and  a  plot  of  log  K^  vs.  ionic  strength 
at  35^  made.  At  any  desired  ionic  strength  a  value  of 
log  Kf,  may  be  read  off  this  plot  and  combined  with  the 
value  of  the  ion-product  constant  of  water  at  the  same 
ionic  strength"  to  give  the  ionization  constant  of 
methylamine. 

(16)  L.  C.  Gtjien  and  P.  T.  McTigue,  J.  Chem.  Soc.,  S224  (1963). 

(17)  J.  Hine  and  J.  G.  Houston,  J.  Org.  Chem.,  30,  1328  (1965). 

(18)  D.  H.  Everett  and  W.  F.  K.  Wynne-Jones,  Proc.  Roy,  Soc. 
(London),  A1T7,  499  (1941). 


The  value  of  ^,  the  water  concentration,  was  calcu- 
lated from  the  partial  molar  volumes  of  the  amines 
used,  which  were  determined  by  measuring  the  densi- 
ties of  amine  solutions  of  known  concentrations,  and 
from  the  partial  molar  volume  of  isobutyraldehyde, 
which  was  assumed  to  be  equal  to  the  molar  volume  of 
the  pure  material.  Except  in  the  case  of  the  measure- 
ments made  using  r-butylamine,  where  W  was  as  low 
as  50.5  M,  W  was  in  the  range  53.2-55.1  Af  in  all  our 
reaction  solutions. 

In  this  manner  we  obtained  the  values  (or  first  ap- 
proximations of  the  values)  required  for  a  plot  of  A^l 
(i4o€A  +  Bo€b  —  D)  against  W/B^  using  the  D  values  ob- 
tained experimentally;'^  in  some  cases,  where  W  was 
essentially  the  same  for  all  points,  the  abscissa  in  the 
plot  was  l/B  rather  than  W/B.  According  to  eq  4,  the 
intercept  of  the  best  possible '^  straight  line  through  the 
points  is  equal  to  1/(€a  +  €b  —  €i),  and  K  (or  KjW 
in  plots  against  l/B)  is  equal  to  the  intercept  divided 
by  the  slope.  From  the  preliminary  value  for  K  thus 
obtained,  values  of  Bo  and  B  were  calculated  with  in- 
creased accuracy  and  the  entire  process  for  the  calcu- 
lation of  K  repeated  until  no  further  changes  were  found 
in  the  values  obtained.  In  the  later  plots  the  best 
line  was  determined  by  the  method  of  least  squares. 

This  method  for  determining  K  was  used  for  a  care- 
ful study  of  the  reaction  of  methylamine  with  iso- 
butyraldehyde and  for  preliminary  studies  using  other 
amines.  From  the  find  plot  obtained  in  one  run  on 
methylamine  the  value  4900  db  160  was  obtained. 

Ultraviolet  Measurements  at  the  Imine  Maxima.  The 
decrease  in  absorbance  at  2850  A  brought  about  by  the 
addition  of  saturated  aliphatic  primary  amines  to 
aqueous  solutions  of  isobutyraldehyde  is  accompanied 
by  an  increase  in  absorbance  around  2300  A.  In  hexane 
solution  unsubstituted  aliphatic  aldimines  have  been 
reported  to  have  absorption  maxima  around  2460  A 
with  extinction  coefficients  of  about  80  M^^  cm^^**-" 
On  going  to  the  more  polar  solvent,  ethanoU  these 
extinction  coefficients  increase  somewhat  and  the 
maxima  shift  to  around  2380  A.  The  extinction  co- 
efficients of  the  imines  at  their  absorption  maxima 
in  water  are  about  ten  times  as  large  as  the  apparent 
extinction  coefficient  of  the  aldehyde  at  its  maximunL 
For  this  reason  the  equilibrium  constants  for  the  forma- 
tion of  some  of  the  higher  imines  of  isobutyraldehyde, 
which  separate  from  aqueous  solution  at  the  concen- 
trations most  suitable  for  measurements  at  the  absorp- 

(19)  These  values  were  obtained  from  the  data  Utted  by  Haitied  and 
Owen.M  Values  for  the  ion-product  constant  of  water  (iTw)  in  the 
presence  of  potassium  chloride,  sodium  chloride,  and  sodium  bromide 
are  listed  in  terms  of  molalities.  These  values  were  converted  to  moUffi- 
ties  and  plotted  against  the  square  root  of  ionic  strenBth.  Inasmuch  is 
the  values  obtained  for  the  three  different  salts  are  identical,  within  ths 
experimental  uncertainty,  up  to  an  ionic  strength  of  0.06  M,  a  single  lias 
was  drawn  through  the  three  set  of  points.  The  use  of  this  line  is  eqiiv- 
alent  to  the  assumption  that  the  substituted  aminonium  salts  that  are 
responsible  for  the  ionic  strength  in  our  reaction  solutioos  have  the 
same  effect  on  K^  that  the  th^ee  alkali-metal  salts  do  at  a  given  ionic 
strength.    The  highest  ionic  strengths  used  were  about  aOlS  M. 

(20)  H.  S.  Hamed  and  B.  B.  Owen,  "The  Physical  Chemistry  of 
Electrolytic  Solutions,**  3rd  ed,  Reinhold  Publishing  Corp.,  New  York. 
N.  Y..  1958,  pp  638,  725,  752-754. 

(21)  In  all  cases  equilibrium  was  shown  to  be  established  in  a  much 
shorter  time  than  had  elapsed  when  our  equilibrium  D  values  were 
measured. 

(22)  The  intercept  cannot  be  smaller  than  l/(iA  +  •bU  &  known 
quantity. 

(23)  R.  Bonnett,  N.  J.  David,  J.  Hamlin,  and  P.  Smith.  Chem.  lid. 
(London),  1836  (1963). 

(24)  R.  Bonnett,  /.  Chem.  Soc.,  2313  (1965). 
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aaximum  for  isobutyraldehyde,  may  be  deter- 
conveniently  by  measurements  at  the  absorption 
la  of  the  imines. 

LOugh  the  extinction  coefficients  of  the  amines  at 
2300  A  are  considerably  smaller  than  those  of 
ines,  the  concentration  of  amine  is  often  consid- 
larger  than  that  of  imine.  For  this  reason  it  was 
lient  to  use  in  the  reference  cell  an  amine  solu- 
f  about  the  same  strength  as  that  in  the  sample 
stead  of  using  pure  water  as  was  done  in  the 
rements  at  2850  A.  When  this  is  done  the  term 
eq  4  must  be  replaced  by  Bq  —  B\  where  B'  is 
ncentration  of  amine  in  the  reference  cell.  In 
to  avoid  working  with  negative  numbers,  the 
9n  is  also  multiplied  by  —  1  to  give 

-  Ao€a  -  (Bo  -  B')tB]  =    l/(€i  -  €a  -  €b)  + 

»^/[JfS(€i  -   €a  -  €b)]      (5) 

on  S  was  used  to  determine  K  graphically  by  the 
d  of  successive  approximations,  as  described  in  the 
ing  section.  The  necessary  ionization  constants 
and  various  ionic  strengths  were  obtained  from 
terature  for  methylamine,  ^*  ethylamine,**  /i- 
amine,'*  and  /-bu^lamine**  (in  the  first  four 
>y  interpolation  between  data  at  higher  and  lower 
'atures)  and  determined  in  the  present  investi- 
for  isopropylamine.  The  values  of  K  determined 
of  eq  S  are  listed  in  Table  I. 


Equib'lxrium  Constants  for  the  Formation  of  Imines 
obutyraldefayde  and  Primary  Amines  in  Water  at  35° 


JT* 

Ultraviolet 

L             .-_..-.                         ^ 

measure- 

ments at 

imme 

pH  measure- 

ary amine 

max 

ments 

[eNHt^ 

5050  d:  190 

4910  ±  110 

tNHt 

3560  ±  170 

3420  =b  120 

PrNHt 

4210  db  50 

4140  =b  70 

PirNH, 

1830  d:  20 

1850  db  70 

BuNHt 

4060  =b  80 

4010  db  40 

BuNH. 

199  d:  4 

le  are  the  dimensionless  equilibrium  constants  defined  by 
which  IP  is  the  actual  molar  concentration  of  water.  ^  Ul- 
t  measurements  at  the  aldehyde  maximum  gave  a  K  value  of 

16a 


Meaaurements.  When  isobutyraldehyde  is  added 
mmary  amine-amine  hydrochloride  buffer  the 
creases.  It  is  plausible  that  this  is  due  to  the 
irmation  of  some  of  the  primary  amine  to  aldi- 
which  is  considerably  less  basic.  Although  we 
3und  no  report  of  the  determination  of  the  ion- 
constant  of  an  aliphatic  aldimine,  there  are 
theoretical  reasons  why  the  sp'  nitrogen  atom  of 
n  imine  should  be  less  basic  than  the  saturated 
m  atom  of  the  corresponding  amine.  Further- 
lie  available  data  on  aromatic  aldimines  and  on 
tic  ketimines  support  the  argument  that  aliphatic 
3C8  are  significantly  less  basic  than  the  corre- 
ng  amines.    Cordes  and  Jencks,  for  example, 

u  G.  Evans  and  S.  D.  Hamann,  Trans,  Faraday  Soc.,  47,  34 
I  a  HeCMT  and  IL  O.  Batci,  /.  PhyM,  C/um,.  66.  308  (1962). 
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found  that  the  ionization  constants  of  substituted  N- 
benzylidene-/-butylamines  vary  from  5  X  10"^  for  the 
/?-methoxy  compound  to  2.5  X  10"'  for  the  /?-nitro 
compound.^  Bfezina  and  Zuman  reported  that  the 
imines  derived  from  methylamine  and  cyclohexanone 
and  cyclopentanone  have  ionization  constants  of  2.7 
X  10"*  and  less  than  IQ-^,  respectively."  On  the 
basis  of  data  on  related  compounds  it  has  been  esti- 
mated^^ that  the  ionization  constant  of  N-bobutyli- 
denemethylamine  is  around  10^^  or  less.  In  compar- 
bon,  typical  unsubstituted  saturated  primary  and  sec- 
ondary amines  have  ionization  constants  in  the  range 
4X  10-*  to  1.5  X  10-'. 

If  it  is  assumed  that  the  imine  formed  is  protonated 
to  a  negligible  extent,  the  effect  of  adding  isobutyral- 
dehyde to  a  primary  amine  buffer  is  to  remove  some 
of  the  amine  and  thus  increase  the  ratio  [RNHt'^]/ 
[RNHs].  The  concentration  of  amine  present  after 
the  addition  of  isobutyraldehyde  to  an  amine  buffer 
may  be  expressed 

^  [RNH,]o[RNH,H-IOH-lJJ:bO  ... 

^^^"'^ [RNH.^WOH-K.  ^^^ 

where  the  subscript  and  superscript  zeros  refer  to  con- 
centrations before  the  addition  of  aldehyde  and  the 
ionization  constant  at  the  initial  ionic  strength,  and  the 
concentrations  and  ionization  constant  after  the  addi- 
tion of  aldehyde  are  written  without  zeros.  The 
concentrations  of  hydroxide  ion  are  calculated  from  the 
observed  pH's  and  the  ion-product  constant  of  water 
at  the  proper  ionic  strength.^*  The  concentration  of 
ammonium  ions  is  equal  to  the  sum  of  the  buffer  anion 
concentration  and  the  hydroxide  ion  concentration. 
The  concentration  of  imine  may  be  expressed 

/  =  (Ko/FX[RNH,+]o  +  [RNHJo)  -  [RNH,+]  - 

[RNHJ    (7) 

where  Vq  is  the  volume  of  buffer  solution  before  the 
aldehyde  solution  is  added  and  V  is  the  volume  after- 
wards. From  eq  6  and  7  and  the  concentration  of 
aldehyde  known  to  have  been  added,  the  equilibrium 
concentration  for  imine  formation  may  be  calculated. 

From  14  to  31  different  measurements  were  made  for 
each  of  the  amines  studied,  with  the  ratio  of  amine  to 
aldehyde  added  being  varied  by  at  least  fourfold  and  the 
hydrogen  ion  concentration  being  varied  by  an  even 
larger  factor.  The  results  obtained  are  listed  in  Table 
I.  Preliminary  measurements  were  made  using  /- 
butylamine,  but  the  equilibrium  constant  for  imine 
formation  is  so  small  that  the  pH  changes  observed 
were  not  large  enough  to  permit  reliable  results  to  be 
obtained. 

Properties  of  N-Isobutylidenealkylamines 

The  various  N-isobutylidenealkylamines  were  iso- 
lated from  the  reaction  of  isobutyraldehyde  with  the 
primary  amine.  The  nmr  spectra  of  the  imines  isolated 
are  summarized  in  Table  II. 

The  ultraviolet  absorption  spectrum  of  each  of  the 
imines  isolated  was  measured  in  2,2,4-trimethylpen- 
tane  solution,  and  the  spectra  of  three  imines  were 
measured  in  acetonitrile.  The  wavelength  of  the  ab- 
sorption maxima  and  extinction  coefficients  at  the  max- 
ima thus  obtained  are  listed  in  Table  III.    Also  listed 
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Table  II.    Nmr  Spectra  of  N-IsobutylideneaUcylaimnes 


Chemical  shifts,  r,  and  types  of  proton 
A    B«       C  D       E       F        G 


Jab 

•/bc 

Coupling  coustants, 

cps- 

/db 

/■F 

7.0 

4.0 

1.3 

6.0 

6.8 

4.3 

1.4 

6.4 

6.9 

7.2 

3.9 

1.3 

7.5 

6.2 

4.1 

<0.5 

6.3 

7.0 

4.2 

1.6 

6.9 

4.1 

(CH,),CH— CH=N— CHr-CHr-CHr-CH, 
8.96  2.51         6.70  ^^8.5     b        b 

(CH,),CH— CH=N— CHr-CHr-CHt 
8.94  2.52         6.75   8.48    9.18 

(CH,),CH-CH=N-CHr-CHi 

8.94  2.51         6.72  8.91 
(CH,),CH— CH=N— CH(CH,), 

8.98  2.49        6.80  8.92 

(CHt),CH— CH=N— CH, 

8.95  2.50         6.84 
(CH,),CH— CH=NC(CH,), 

8.91  2.54  8.85 


•  The  absorption  by  type  B  protons  was  too  broad  and  weak  to  permit  a  reliable  assignment  of  the  chemical  shift,  but  in  all  cases  r 
about  7.7.    ^  The  peaks  due  to  these  protons  were  obscured  by  other  absorption. 


Table  m.    Ultraviolet  Spectral  Data  on 
N-Isobutylidenealkylamines 


Imine 


MesCCHr 
CHMei 

Xmz»  m^  c 


CHiCN 

XaoAx,  m/i      € 


Water 

Xinaz«m/A      C 


i-PrCH=NMe 

2425 

67 

2265 

146 

/-PrCH=NEt 

2420 

83 

2450 

108 

2300 

127 

/.PrCH=NPr-/f 

2450 

91 

2300 

155 

/-PrCH—NPr-i 

2410 

85 

2400 

110 

2250 

187 

/-PrCH=NBu-/f 

2440 

88 

2410 

108 

2200 

144 

i-PrCH— NBu-/ 

2500 

84 

2260 

163 

are  the  extinction  coefficients  and  absorption  maxima 
determined  in  water  by  the  measurements  in  which  the 
equilibrium  constants  for  imine  formation  were  also 
determined.  The  increase  in  extinction  coefficients  and 
shift  of  the  absorption  maxima  to  shorter  wavelengths 
noted  on  going  from  saturated  hydrocarbons  to  the 
more  polar  solvent  ethanoP'  also  occur  on  going  to 
acetonitrile  and  to  the  even  more  polar  solvent,  water. 

Each  of  the  imines  studied  had  a  strong  absorption 
band  in  the  infrared  at  1670  =b  5  cm~^  due  to  the  carbon- 
nitrogen  double  bond.  This  is  in  agreement  with 
several  Raman  observations '^"*'  and  with  previous 
infrared  studies.**'^  Densities,  boiling  points,  and 
refractive  indices  are  listed  in  Table  IV. 


Table  IV.    Physical  Properties  of 
(CH,)sCHCH=NR  Compounds 


Temp, 

Bp,  X(mm) 

R 

d. 

no 

X 

Obsd           Lit. 

Methyl 

0.7388- 

1.4041« 

12.5 

69.5       69. 5« 

Ethyl 

0.7325* 

1 .  3979* 

35 

87           90- 

^-Propyl 

0  7518« 

1.4158- 

13.5 

115          115« 

Isopropyl 

0.7269* 

1 .  3934* 

35 

97          100» 

fi-Butyl 

0.7580 

1.4090^ 

35 

139-140  142.7/ 

/-Butyl 

0.7453 

1.40551^ 

25 

115-116    51-53(83)- 

•  R.  T.  TioUais,  Bull.  Soc.  Chim.  France,  708, 716  (1947).  »  Lit.- 
d^\  0.7395,  rt»»D  1.4072.  *  Lit.-  d^*\  0.7341,  h^»»d  1.4064. 
*  Lit.-  «»D  1.4151.  •  W.  D.  Emmons,  /.  Am,  Chem.  Soc„  79, 
5739  (1957).  ^  G.  E.  Coates  and  L.  E.  Sutton,  J.  Chem.  Soc.,  1187 
(1948).    I' Ut.- «»D  1.4078. 


(27)  A.  Kirrmann  and  P.  Laurent,  Bull.  Soc.  Chim.  France,  16S7 
(1939). 

(28)  L.  Kahovec.  Acta  Phys.  Austriaca,  1,  307  (1948);  Chem.  Abstr., 
42.  6665  (1948). 

(29)  R.  CanUrel,  Compt.  Rend.,  210,  480(1940). 

(30)  L.  J.  Bellamy,  **Infrared  Spectra  of  Complex  Molecules,"  2nd 
ed,  Methuen  and  Co.,  London,  1958,  Chapter  15. 

(31)  F.  H.  Suydam,  Anal.  Chem.,  35,  193  (1963). 


Discussion  of  Results 

The  formation  of  an  imine  from  an  aldehyde  and  a 
primary  amine  almost  undoubtedly  involves  the  inter- 
mediate formation  of  an  a-hydroxyamine. ' 


RCHO  +  R'NH, 


RCHNHR' 


RCH=NR' 


It  seems  extremely  unlikely  that  either  of  the  two  prod- 
ucts shown  would  be  formed  to  the  complete  exclusion 
of  the  other.  Therefore,  it  seems  probable  that  the 
equilibrium  constants  we  have  measured  are  for  the 
formation  of  a  mixture  of  imine  and  a-hydroxyamine. 
Some  of  the  methods  we  have  used  give  little  informa- 
tion as  to  the  composition  of  this  mixture.  All  the 
methods,  as  employed,  give  evidence  that  one  molecule 
of  aldehyde  reacts  with  one  molecule  of  primary  amine 
to  give  one  molecule  of  product,  but  this  does  not  dis- 
tinguish between  imine  and  a-hydroxyamine  formation. 
In  principle,  a  distinction  could  be  based  on  the  fact 
that  a  molecule  of  water  is  a  by-product  in  the  formation 
of  imine  but  not  in  the  formation  of  a-hydroxyaminc. 
In  practice,  however,  the  concentration  of  water  in  our 
reaction  mixtures  was  never  varied  by  so  much  as  10%, 
so  this  distinction  cannot  be  made. 

The  determination  of  K  by  pH  measurements  is  based 
on  the  assumption  that  a  product  is  being  formed  whose 
basicity  is  negligible  in  comparison  to  that  of  the  pri- 
mary amine  being  studied.  If  this  assumption  is  in 
error  the  values  of  ^determined  should  show  a  tendency 
to  decrease  as  increasing  amounts  of  aldehyde  are  added 
to  a  given  buffer.  No  such  tendency  may  be  seen  in  the 
experimental  results.  Evidence  that  imines  should  be 
relatively  weakly  basic  has  already  been  described.'**^" 
However,  it  is  not  unlikely  that  a-hydroxyamines  are 
also  significantly  weaker  bases  than  the  primary  amines 
from  which  they  are  formed.  From  Hall's  correlation 
of  the  basicities  of  aliphatic  amines''  it  may  be  esti- 
mated that  an  a-hydroxy  substituent  will  decrease  the 
ionization  constant  of  an  amine  by  50-l(X)-fold.  Such 
a  decrease  will  be  partially  offset  by  the  greater  basicity 
(by  about  twofold)  usually  observed  for  secondary 
amines,  compared  to  primary  amines.  Thus  an  o- 
hydroxyamine  would  probably  be  a  weaker  base  than 
the  primary  amine  from  which  it  was  formed,  and  it 
might  be  so  weak  as  to  be  protonated  to  a  negligible  ex- 
tent in  the  presence  of  the  primary  amine  buffer. 

(32)  H.  K.  Hall,  Jr.,  /.  Am.  Chem.  Soc.,  79,  5441  (1957). 


y^ 


lemical  Society  /  89:11  /  May  24, 1967 


iltraviolet  measurements  at  2850  A  showed  that 
ict  is  formed  that  absorbs  almost  negligibly  at 
^elength,  a  property  that  is  at  least  as  plausible 
a-hydroxyamine  as  for  the  imine.  The  meas- 
ts  around  2300  A,  however,  show  that  a  product 
;  formed  with  an  absorption  maximum  and  an 
on  coefficient  greater  than  120  M'^  cnr^  at 
this  wavelength.  Such  properties  are  quite 
ible  for  a  saturated  a-hydroxyamine  but  are 
:asonable  for  an  aldimine.  Therefore,  it  seems 
at  the  product  whose  formation  we  are  studying 
ly  an  imine.  Nevertheless,  the  spectral  proper- 
be  expected  of  our  imines  cannot  be  predicted 
lOugh  quantitative  reliability  to  rule  out  the 
ity  that  some  a-hydroxyamine  may  also  be 
in  our  product  mixtures  in  aqueous  solution, 
-esults  may  be  summarized  by  stating  that  the 
ium  constant  for  the  isobutylidenation  of 
imine  is  rather  larger  than  those  for  ethylamine, 
lamine,  and  /i-butylamine,  and  the  constants  for 
it  latter  amines  are  more  than  twice  as  large 
for  isopropylamine,  which  is  almost  nine  times 
as  the  constant  for  /-butylamine.  This  varia- 
equiUbrium  constants  seems  most  plausibly 
ed  to  steric  hindrance.  Before  discussing  such 
ndrance,  however,  we  should  discuss  the  detailed 
e  of  the  imines  we  have  studied.**' 
lalogy  with  the  extensive  studies  that  have  been 
n  olefins  and  carbonyl  compounds"  it  would  be 
1  that  our  imines  would  exist  in  a  conformation 
t  carbon-nitrogen  double  bond  eclipsed  by  the 
>gen  atom,  1,  or  one  of  the  methyl  substituents 
isobutylidene  group,  2.    We  would  expect  the 


H                 R 

H                 R 

\          / 

\          / 

C=N 

C=N 

"'■.,/ 

"•.,/ 

C 

C 

y  \ 

y  \ 

Ml         H 

CH,         CH, 

1 

2 

g  constant  between  the  a-hydrogen  of  the  iso- 
poup  and  the  hydrogen  attached  to  sp*  carbon 

Table  II)  in  1  to  be  intermediate  between  the 
I.S  cps  reported  as  characteristic  for  such  trans 
i  constants  in  analogous  olefins'^  and  the  value 
estimated  for  such  trans  coupling  constants  in 
>us  aldehydes. '^  Although  we  have  not  found 
irly  relevant  published  data  on  imines,  Leonard 
ukstelis  found  a  coupling  constant  of  10.0  cps 
1  the  two  corresponding  hydrogen  atoms  of  the 
mtylidene  group  in  N-2-ethylbutylidenepyrroli- 

perchlorate,*'  where  steric  effects  would  be 
i  to  cause  the  compound  to  exist  principally  in  a 
lation  like  1.  For  conformation  2,  where  these 
Irogens  are  gauche  to  each  other,  a  value  inter- 

roTE  Added  in  Proof.  Dr.  N.  J.  Leonard  has  kindly  brought 
sntion  the  siinilar  conclusions  concerning  oonfonnational  and 

nomerization  in  imines  reached  by  W.  J.  Musliner,  Ph.D. 
Diversity  of  Illinois.  Urbana,  lU.,  196S. 
L.  Eliel,  N.  L.  Allinger,  S.  J.  Angyal,  and  G.  A.  Morrison, 
lational  Analysis,'*  Intersdence  Publishers,  Inc.,  New  York, 
B6,  Sections  i-3b 

A.  Bothner-By,  C.  Naar-Colin,  and  H.  GUnther,  /.  Am.  Chem. 
748(1962). 
J.  Karabatsos  and  N.  Hsi.  ibid.,  87.  2864  (196S). 
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mediate  between  the  olefin  value  3.7  cps'^  and  the  al- 
dehyde value  —0.3  cps'*  would  be  expected.  The 
assumption  of  coupling  constants  for  the  imines  exactly 
halfway  between  those  for  the  analogous  olefins  and 
aldehydes  (9.2  and  1.7  cps  for  trans  and  gauche  cou- 
pling, respectively)  plus  the  observed  values  of  Jbc  (4*1 
db  0.2  cps)  leads  to  calculation  of  a  29-35  %  content  of 
conformation  1  and  a  65-7 1  %  content  of  conformation 
2  in  the  imines  studied.  In  view  of  the  uncertainty  in 
trans  and  gauche  coupling  constants  used,  this  estimate 
of  the  relative  fractions  of  the  two  conformations  pres- 
ent is  not  highly  reliable.  We  feel  that  the  presence  of 
significant  amounts  of  conformation  2  is  rather  well 
established,  and  the  simultaneous  presence  of  sig- 
nificant amounts  of  conformation  1  is  probable.  Al- 
though conformation  2  appears  to  be  the  more  abun- 
dant conformation,  this  abundance  is  not  necessarily 
any  greater  than  would  be  explained  by  the  fact  that 
there  are  two  methyl  groups  that  can  eclipse  the  carbon- 
nitrogen  double  bond  (as  in  2)  but  only  one  hydrogen 
atom  that  can. 

There  is  good  evidence  that  aldimines  in  which  the 
carbon-nitrogen  double  bond  is  conjugated  with  one 
or  more  aromatic  rings  exist  preferentially  in  the  trans 
form*'  (by  the  trans  form  we  refer  to  the  isomer  in  which 
the  isopropyl  group  from  the  aldehyde  is  trans  to  the  R 
group  of  the  amine).  In  the  cis  forms  of  such  com- 
pounds there  would  be  steric  interference  with  the  co- 
planarity  required  for  the  maximum  resonance  stabil- 
ization. For  imines  derived  from  saturated  aliphatic 
aldehydes  and  amines,  however,  little  convincing  evi- 
dence as  to  the  relative  stabilities  of  the  two  forms  seems 
to  have  been  published.  The  high  rate  of  formation 
and  hydrolysis  of  the  imines  studied  under  the  condi- 
tions of  their  preparation  makes  it  seem  likely  that  the 
more  stable  forms  were  obtained.  Conformations  1 
and  2  have  been  written  as  trans  isomers  because  of 
several  lines  of  evidence  that  our  compounds  are  trans 
isomers  and  that  they  are  more  stable  than  the  corre- 
sponding cis  isomers.  Even  in  the  case  of  N-isobutyli- 
denemethylamine,  the  imine  for  which  the  cis  isomer 
should  be  least  strained,  it  may  be  pointed  out  that  with 
the  analogous  hydrocarbons,  the  4-methyl-2-pentenes, 
equilibration  studies  show  that  the  trans  isomer  is  about 
1.2  kcal/mole  more  stable  than  the  cis  isomer  at  55°.** 
The  differences  in  stability  between  the  cis  and  trans 
isomers  are  probably  larger  in  the  case  of  the  imines 
than  in  the  case  of  the  olefins.  If  we  assume  carbon- 
nitrogen  single-  and  double-bond  distances  of  1.44 
and  1.30  A  and  a  C=N— C  bond  angle  of  116.9**  as 
reported  for  N-methylenemethylamine,*^  a  C — C= 
angle  equal  to  the  C— C=C  angle  in  propylene 
(124.3**),**  and  an  sp*-carbon-sp'-carbon  bond  distance 
of  1.501  A,  like  that  in  propylene,  an  internuclear  dis- 
tance of  2.80  A  may  be  calculated  for  the  two  carbon 
atoms  attached  to  sp*  carbon  and  sp*  nitrogen  in  the 
cis  isomer  of  an  aldimine.    The  same  assumptions 

(37)  In  derivatives  of  N-benzylideneaniline,  for  example,  dipole 
measurements  provide  evidence  that  the  compounds  ordinarily  obtained 
are  trans  isomers,  *•  and  flash  photochemical  studies  show  that  these 
ordinarily  obtained  materials  may  be  photoisomerized  to  less  stable  iso- 
mers that  rapidly  isomerize  back  to  the  starting  materials.  <• 

(38)  V.  de  Gaouck  and  R.  J.  W.  Le  Fivre.  /.  Chem.  Soc.,  741  (1938). 

(39)  D.  G.  Anderson  and  G.  Wettermark.  /.  Am.  Chem.  Soc.,  87, 

1433  (1965). 

(40)  A.  Schriesheim  and  C.  A.  Rowe,  Jr..  ibid.,  84.  3160  (1962). 

(41)  K.  V.  L.  N.  Sastry  and  R.  F.  Curl,/.  Chem.  Phys,,  41,77(1964). 

(42)  D.  R.  Ude  and  D.  Christensen.  ibid.,  35,  1374  (1961). 
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plus  a  1.336-A  carbon-carbon  double-bond  distance, 
as  in  propylene,  lead  to  an  internuclear  distance  of  3.03 
A  for  the  two  carbon  atoms  attached  to  sp^  carbon  and 
CIS  to  each  other  in  a  cis  olefin.  The  difference  of  0.23 
A  should  be  sufficient  to  make  the  cis  imine  con- 
siderably more  destabilized  (with  respect  to  the  trans 
isomer)  than  the  corresponding  cis  olefin.  It  should 
ako  be  noted  that  the  difference  in  stabilities  of  the  two 
geometric  isomers  of  the  4-methyl-2-pentenes  is  related 
to  the  difference  between  an  isopropyl-methyl  cis 
interaction  and  an  isopropyl-hydrogen  cis  interaction, 
whereas  the  difference  in  stabilities  of  the  geometric 
isomers  of  our  imines  is  related  to  the  difference  be- 
tween an  isopropyl-R  cis  interaction  and  an  isopropyl- 
unshared  pair  cis  interaction. 

Furthermore,  if  our  argument  that  there  are  sig- 
nificant amounts  of  both  conformations  1  and  2  is 
correct,  the  relative  amounts  of  these  conformations 
and  hence  the  magnitude  of  the  Jbc  values  in  Table  II 
would  be  expected  to  vary  markedly  as  the  R  group 
attached  to  nitrogen  is  changed  from  methyl  through 
ethyl  and  isopropyl  to  r-butyl  if  any  or  all  the  imines 
studied  existed  to  a  significant  extent  as  cis  isomers. 
The  essentially  constant  character  of  Jbc  therefore  pro- 
vides evidence  that  the  imines  are  practically  all  trans. 

In  none  of  our  nmr  spectra  were  extra  bands  that  might 
have  been  expected  from  small  amounts  of  cis  isomer 
noted.  This  might  be  explained  by  the  hypothesis 
that  all  the  corresponding  hydrogen  atoms  have  the 
same  chemical  shifts  in  the  two  isomers,  but  nmr  data 
on  geometrically  isomeric  ketimines  make  this  hy- 
pothesb  implausible.****  It  might  also  be  hypothe- 
sized that  the  cis-trans  equilibrium  is  estabished  so 
rapidly  that  the  nmr  spectra  of  the  two  isomers  have 
become  fused.  However,  this  hypothesis,  too,  is 
implausible.  A  survey  of  data  on  rate  of  cis-trans 
isomerization  of  imines  shows  that  all  the  N-alkyl 
compounds  studied  isomerize  much  too  slowly  for 
fusion  of  nmr  spectra.**  These  data  also  show  no  de- 
tectable tendency  for  aldimines  to  isomerize  more 
rapidly  than  analogous  ketimines.  Therefore  it  ap- 
pears that  our  imines  consist  very  largely  of  one  isomer. 

Yardley,  Hinze,  and  Curl  have  shown  that  the  car- 
bon-nitrogen double  bond  in  N-methylenemethyl- 
amine  is  eclipsed  by  one  of  the  hydrogen  atoms  of  the 
methyl  group.**  By  analogy  with  this  observation  as 
well  as  with  the  studies  on  olefins*'***  and  carbonyl 
compounds,**'**  we  expect  N-isobutylidenemethyl- 
amine  to  exist  in  a  conformation  like  3.    We  suggest 

H»        Hb 

\  f 
Hd  C 

\  /  ^\ 

C=N  He 

/ 
i-Pr 


that  with  the  imines  derived  from  ethylamine,  /i-pro- 
pylamine,  and  /i-butylamine  the  conformation  with 
an  alkyl  group  in  place  of  H^  is  considerably  less 
stable  than  the  conformations  in  which  the  alkyl  group 

(43)  H.  A-  Staab,  F.  Vbgtle.  and  A.  Mannschreck,  Tetrahedron  Let- 
/en,  697  (1965). 

(44)  D.  Y.  Curtin,  E.  J.  Grubbs.  and  C.  G.  McCarty,  /.  Am.  Chem. 
5oc..  88.  2775(1966). 

(45)  J.  T.  Yardley.  J.  Hinze.  and  R.  F.  Curl,  Jr.,  J,  Chem.  Phys.,  41, 
2563  (1964). 


is  in  the  place  of  Hb  or  He.  It  is  true  that  such  a  con- 
formation may  be  considered  to  be  analogous  to  con- 
formation 4  for  1-butene,  which  has  been  reported  to 
be  about  as  heavily  populated  as  either  of  the  other  two 
conformations,  of  the  type  of  5.**    However,  the  same 
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assumptions  concerning  molecular  geometry  made 
earlier  in  this  section  plus  a  1.091-A  sp*-carbon-hy- 
drogen  bond  distance,  120.5  ^^  H — C=  bond  angles 
(as  in  propylene),**  1.54-A  sp*-carbon-sp*-carbon  bond 
distances,  and  109.5^  bond  angles  around  sp*  carbon 
lead  to  an  internuclear  distance  of  2.06  A  between  H^ 
and  an  sp*  carbon  atom  in  the  place  of  H^  in  con- 
formation 3,  in  contrast  to  a  2. 39- A  distance  between 
He  and  Ca  in  conformation  4.  This  difference  of  0.33 
A  seems  large  enough  to  explain  the  suggested  differ- 
ence in  relative  conformational  stabilities.  The  imine 
derived  from  isopropylamine  would  have  one  relatively 
stable  conformation  (with  methyl  groups  in  the  place 
of  Hb  and  He  of  3)  and  two  unstable  conformations 
(with  one  methyl  group  in  the  place  of  Ha  and  another 
in  the  place  of  Hb  or  He).  All  three  conformations  of 
the  imine  derived  from  /-butylamine  would  be  desta- 
bilized by  interaction  between  Hd  and  a  methyl  group 
in  the  place  of  Ha. 

The  nmr  spectra  of  the  imines  support  these  sugges- 
tions. There  is  good  evidence  that  coupling  constants 
between  pairs  of  protons  analogous  to  Ha  and  H^  (in 
olefins,  for  example)  are  much  smaller  than  between 
pairs  like  Hb  (or  He)  and  Hd.*«  It  is  therefore  to  be 
expected  that  Jcd  is  largest  for  the  methylimine,  smaller 
for  the  ethyl-,  /i-propyl-,  and  /i-butylimines,  and  smallest 
for  the  isopropylimine. 

The  equilibrium  constants  for  imine  formation  may 
be  rationalized  fairly  satisfactorily  in  terms  of  steric 
effects  alone  if  we  assume  that  replacement  of  Hb  or  He 
in  3  by  an  alkyl  group  leads  to  a  conformation  with  a 
free  energy  content  2.0  kcal/mole  (at  35*")  lower  than 
when  Ha  is  replaced  by  an  alkyl  group.  Then  relative 
to  an  equilibrium  constant  of  about  70  (one-third  of 
the  equilibrium  constant  for  the  formation  of  the 
/-butylimine)  for  the  formation  of  an  imine  in  a  confOT- 
mation  with  an  alkyl  group  in  place  of  Ha  in  3,  the 
equilibrium  constant  for  the  formation  of  an  imine  in  a 
conformation  that  lacks  this  destabilizing  feature  should 
be  about  1 800.  These  two  figures  may  be  used  to  calcu- 
late the  equilibrium  constants  for  the  formation  of  the 
various  imines.  For  the  methylimine,  with  three  stable 
conformations,  the  equilibrium  constant  should  be 
3  X  1800  or  5400;  for  the  ethyl-,  /i-propyl-,  and  n-butyl- 
imines,  with  two  stable  and  one  unstable  conformation, 
about  (2  X  1800)  +  70  or  3670;  for  the  isopropylimine, 
with  one  stable  and  two  unstable  conformations,  about 
1800  +  (2  X  70)  or  1940;  and  for  the  /-butylimine, 
with  three  unstable  conformations,  about  3  X  70 
or  210.  This  assumed  difference  in  conformational 
stabilities  may  also  be  used  to  calculate  relative  popula- 
tions of  conformations,  which  may  be  combined  with 

(46)  C/.  S.  StcmhcU,  Reo.  Pure  Appl.  Chem.,  14,  15  (1964). 
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'Hd  type  coupling  constant  of  0.2  cps  and  an 
I  (or  Hc-Hd)  coupling  constant  of  2.3  cps, 
ulate  values  of  Jcd  (Table  II)  of  1.6, 1.3, 1.3, 1.3, 
4  cps  for  the  methyl-,  ethyl-,  /i-propyl-,  /i-butyl-, 
iopropylimines,  respectively.  Support  for  this 
etation  of  the  Jcd  values  is  found  in  the  report 
oupling  constant  of  1.6  cps  between  the  methyl 
;ens  and  the  carbimino  hydrogen  of  N-benz- 
ylamine^  (which  we  assume  to  be  trans)^  in  the 

of  coupling  constants  in  the  range  1.8-2.1  cps 
n  the  carbimino  hydrogens  and  the  hydrogens 
id  to  nitrogen-bound  carbon  in  the  ring  of  N- 
enepyrrolidinium  salts '•  (where  the  relationship 
n  hydrogens  is  nearer  to  that  between  Hd  and 

He)  than  to  that  between  Hd  and  Ha  in  3),  in  the 
of  a  coupling  constant  of  about  1.3  cps  between 
ddfaced  hydrogen  atoms  in  r-BuCH=NCH2- 
[1.3  cps  would  be  expected  from  our  correla- 
Bind  in  the  reports  of  no  coupling  between  the 
:ed  hydrogens  of  /-BuCH=NCHMeEt2*  and 
unds  of  the  type  RCH=NCHRAr*»  (where 
effects  should  favor  a  conformation  like  3).  By 
y  with  observations  on  olefins ^^  it  is  presumed 
ese  coupling  constants  (Jcd)  ^r^  negative, 
ough  destabUization  resulting  when  a  primary 
;roup  is  put  in  place  of  Ha  rather  than  Hb  or  He 
formation  3  provides  a  plausible  rationalization 

observations,  there  is  some  uncertainty  in  the 

2  kcal/mole,  postulated  for  the  amount  of  this 
ilization.  The  observed  coupling  constants  could 
related  with  any  amount  of  destabilization  that 
rgely  prevents  alkyl  groups  from  taking  the  place 
in  3;  therefore  they  could  be  correlated  satis- 
ly  with  any  amount  of  destabilization  larger 
.bout  1  kcal/mole.  The  existence  of  significant 
ric  effects  would   indicate   uncertainty  in   the 

2.0  kcal/mole,  which  is  derived  from  an  ex- 
ion  of  the  equilibrium  constants  solely  in  terms 
jc  effects.  Part  of  the  decrease  in  equilibrium 
nts  observed  in  the  series  Me,  Et,  /-Pr,  /-Bu  could 
ibuted  to  decreased  stabilization  of  the  carbon- 
:n  double  bond  by  hyperconjugation.*®  It 
8  that  polar  effects  can  be  important  in  imine 
ion,  inasmuch  as  preliminary  observations  on 
;  in  which  the  steric  factor  has  been  held  essen- 
:onstant  show  that  the  Taft  reaction  constant 
iomewhat  negative.***  However,  in  view  of  the 
ingly  negative  substituent  constants  for  the 
sopropyl,  and  /-butyl  groups,  it  may  be  seen  that 
:ffects  would  act  so  as  to  offset  hyperconjugation 
Evidence  against  the  major  importance  of 
onjugation  in  the  present  case  is  provided  by  the 
sition  that  the  largest  change  in  log  K  occurs 
n  the  isopropyl  and  /-butyl  cases.  Hypercon- 
n  seems  a  poor  explanation  for  most  of  this 

in  view  of  our  nmr  evidence  that  the  isopropyl- 
sxists  very  largely  in  a  conformation  in  which 
carbon-hydrogen  bond  is  in  a  plane  orthogonal 
w  orbitals  of  the  carbon-nitrogen  double  bond, 
ition  to  the  various  effects  on  the  stability  of  the 

being  formed,  the  relative  magnitudes  of  the 
rium  constants  for  imine  formation  may  also  be 

«  Tori,  M.  Ohtsuni,  and  T.  Kubota,  Bull.  Chem.  Soc.  Japan, 

(1966). 

f,  R.  W.  Taft  and  M.  M.  Krccvoy,  J.  Am.  Chem.  Soc.,  79,  4011 


influenced  by  effects  on  the  relative  stabilities  of  the 
amine  reactants  (that  are  not  balanced  by  analogous 
effects  on  the  relative  stabilities  of  the  imines).  How- 
ever, we  have  no  evidence  for  the  importance  of  such 
effects  nor  arguments  that  any  such  effects  should  be 
important.  We  therefore  conclude  that  steric  effects  of 
the  type  postulated  are  the  predominant  factors  in 
bringing  about  the  observed  variation  in  equilibrium 
constants  for  imine  formation  but  that  other  factors 
are  probably  significant.  A  plot  of  log  K  vs.  Taft's  £. 
values  (acyl  component)^*  gives  a  good  straight  line 
for  the  methyl,  ethyl,  isopropyl,  and  /-butyl  compounds, 
but  the  equilibrium  constants  for  the  n-propyl-  and 
n-butylimines  are  almost  twice  as  large  as  they  should 
be  to  fall  on  this  line.  Our  rationalization  of  the  data 
gives  no  explanation  of  why  these  two  equilibrium  con- 
stants are  larger  than  the  equilibrium  constant  for 
the  formation  of  the  ethylimine. 

Experimental  Section 

Reagents.  The  isobutyraldehyde  and  amines  used  were  distilled 
and  stored  under  nitrogen.  The  N-isobutylidenealkylamines  were 
prepared  from  isobutyraldehyde  and  primary  amines  by  a  method 
based  on  that  of  Campbell,  Sommers,  and  Campbell.*''  They  were 
purified  by  distillation  and  stored  under  nitrogen.  Their  proper- 
ties are  listed  in  Tables  II~IV. 

Instmnientation.  The  ultraviolet  spectra  were  determined  using 
Cary  recording  spectrophotometers  (Model  14).  A  Beckman  Re- 
search pH  meter  (Catalog  No.  101900)  and  glass  and  calomel  elec- 
trodes were  used  for  the  pH  measurements.  The  infrared  spectra 
were  determined  with  Perkin-Hmer  spectrophotometers.  Models  21 
and  337.  The  nmr  spectra  were  determined  on  the  neat  liquids 
using  Varian  A-60  spectrometers.  Tetramethylsilane  was  used 
as  an  internal  standard. 

Ionization  Constant  of  Isopropylandne.  The  acidity  constant  of 
isopropylammonium  ions  was  determined  by  titration  of  aqueous 
solutions  of  isopropylamine  potentiometrically  with  perchloric  acid 
using  a  Beckman  Research  pH  meter.  The  pIU  was  calculated 
from  the  pH  at  half-neutralization  with  due  allowance  for  the  con- 
centration of  hydroxide  ions,  which  was  not  negligible  in  comparison 
to  the  concentrations  of  amine  and  its  conjugate  add.  The  titra^ 
tion  container  was  thermostated  at  35  ±  0.5 ''.  The  acidity  con- 
stant of  the  isopropylammonium  ion  was  found  to  be  10.334, 
10.309, 10.294, 10.265,  and  10.231  at  ionic  strengths  0.0625, 0.0377, 
0.0236,  0.0106,  and  0.0030  Af,  respectively,  and  the  value  extrapo- 
lated to  infinite  dilution  is  10.21 .  The  most  nearly  comparable  value 
listed  in  Perrin*s  compilation  is  a  pKh  of  3.40  for  isopropylamine  at 
room  temperature.*  1  If  "room  temperature"  was  25**,  this  corre- 
sponds to  a  pJCi  of  10.60  for  the  isopropylammonium  ion,  from 
which  a  value  of  10.28  at  35°  may  be  calculated  by  use  of  Perrin's 
methods  of  correcting  for  temperature  changes.**  The  agreement 
of  this  value  with  ours  is  as  good  as  could  be  expected  in  view  of  the 
uncertainty  in  temperature.  The  agreement  with  de  Ligny*s  pA^ 
of  10.15  for  the  isopropylammonium  ion  at  25''**  is  rather  poor. 

Determination  of  Equilibrium  Constants  for  Imine  Formation. 
The  operations  were  carried  out  under  nitrogen  and  solutions  were 
made  up  using  water  from  which  the  dissolved  air  had  been  re- 
placed by  nitrogen.  In  a  typical  experiment  using  the  ultraviolet 
procedure,  a  volumetric  flask  was  95%  filled  with  water,  a  weighed 
amount  of  isobutyraldehyde  added,  and  the  flask  was  filled  to  the 
mark  with  water.  After  the  flask  had  been  shaken  a  sample  was 
titrated  with  standard  base  to  determine  the  concentration  of  iso- 
butyric  acid  present  in  the  solution.  Amine  solutions  were  prepared 
similarly  by  weighing  except  in  the  case  of  the  more  volatile  amines, 
the  strength  of  whose  solutions  were  determined  by  titration. 
When  ultraviolet  measurements  were  made  on  such  solutions 
and  their  mixtures,  water  at  35°  was  circulated  through  the  cell 
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(50)  K.  N.  Campbell,  A.  H.  Sommers,  and  B.  K.  Campbell,  ibid., 
66,  82  (1944). 

(51)  D.  D.  Perrin.  "Dissociation  ConstanU  of  Organic  Bases  in 
Aqueous  Solution,"  Butterworth  and  Co.  (Publishers),  Ltd.,  London, 
1965,  p  33. 

(52)  D.  D.  Perrin,  Australian  J.  Chem.,  17,  484  (1964). 

(53)  C.  L.  de  Ugny,  Rec.  Trao.  CMm.,  79,  731  (1960). 
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Figure  1 .   Determination  of  equilibrium  constant  for  the  formation 
of  N-isobutylidenemethylamine  by  a  plot  according  to  eq  4. 


compartment  and  through  the  thermostatable  cell  holder.  The 
wavelength  of  the  absorption  maximum  for  the  imine  was  deter- 
mined by  measurenx^nts  in  which  the  amine  was  present  in  large 
excess. 

The  data  for  a  run  in  which  measurements  were  made  at  the  ab- 
sorption maximum  of  the  aldehyde  are  shown  in  Table  V  and 
plotted  in  Figure  1.  Those  for  a  run  in  which  measurements  were 
made  at  the  absorption  maximum  of  the  imine  are  shown  in  Table 
VI  and  plotted  in  Figure  2. 


Table  V.    Measurements  on  Aqueous  Solutions  of 
Isobutyraldehyde  and  Methylamine  at  2850  A 

' —  Components  of  sample  soln,"  ml  — ^ 
/-PrCHO*  MeNHa*  HaO  Absorbance 


10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 


0 

0 

0.100 

0.200 

0.250 

0.40 

0.50 

0.70 

0.85 

1.00 

1.50 

2.00 


2.00 
2.00 
1.90 
1.80 
1.75 
1.60 
1.50 
1.30 
1.15 
1.00 
0.50 
0 


1.968 
1.970 
1.655 
1.375 
1.190 
0.835 
0.637 
0.372 
0.280 
0.243 
0.160 
0.120 


«  Reference  solution  pure  water  in  all  cases.    ^  0.1610  M  (and 
0.00173  M  in  isobutyric  acid).    «  3.0100  M. 

Table  VI.    Measurements  on  Aqueous  Solutions  of 
Isobutyraldehyde  and  ^-Propylamine  at  2300  A 


' oar 

npic  soin, 

ini ^ 

Kei  sc 

nn,  mi 

I-Pr- 

«-Pr- 

H-Pr- 

Absorb- 

CHO« 

NW 

H2O 

NH,* 

HtO 

ance 

10.00 

0 

25.00 

0 

35.00 

0.002 

10.00 

0 

25.00 

0 

35.00 

0.000 

10.00 

2.00 

23.00 

2.00 

33.00 

0.230 

10.00 

4.00 

21.00 

4.00 

31.00 

0.460 

10.00 

5.00 

20.00 

5.00 

30.00 

0.540 

10.00 

8.00 

17.00 

8.00 

27.00 

0.778 

10.00 

10.00 

15.00 

10.00 

25.00 

0.880 

10.00 

15.00 

10.00 

15.0 

20.00 

1.102 

10.00 

20.00 

5.00 

20.0 

15.00 

1.230 

10.00 

25.00 

0 

25.0 

10.00 

1.302 

•  0.04292  M  (and  0.00027  M  in  isobutyric  acid).    *  0.07680  M, 

When  the  equilibrium  constant  was  determined  by  pH  measure- 
ments, bromothymol  blue  was  added  to  the  aldehyde  solution,  to 
which  enough  base  was  then  added  to  turn  the  indicator  green 
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Figure  2.   Determination  of  equilibrium  constant  for  the  formatioa 
of  N-isobutylidene-;t-propylamine  by  a  plot  according  to  eq  5. 


(characteristic  of  a  pH  of  about  7)  in  order  to  neutralize  the  iso- 
butyric add  present.  This  aldehyde  solution  was  added  from  a 
stoppered  buret  through  a  cover  (to  exclude  air)  to  a  beaker  of  the 
amine  buffer  in  which  the  electrodes  of  the  pH  meter  were  im* 
mersed.  The  results  obtained  with  n-butylamine  are  summarized 
in  Table  VII. 


Table  Vn.    Determination  of  the  Equilibrium  Constant  for  the 
Formation  of  N-Isobutylidene-fi-butylamine  by  pH  Measurements 


Sample  soln,  ml 

/-PrCHO      «-BuNH, 

soln  buffer 


pH 


[H,0] 


0 

70.0» 

10.432 

15. 0« 

70. 0» 

10.010 

54.89 

4087 

20. 0« 

70. 0» 

9.930 

54.84 

4036 

25. 0« 

70.0* 

9.868 

54.80 

3988 

30.0« 

70. 0» 

9.814 

54.77 

4017 

35. 0« 

70. 0» 

9.771 

54.73 

4009 

40. 0« 

70.0* 

9.733 

54.70 

4033 

45. 0« 

70.0* 

9.704 

54.68 

4006 

0 

70.0^ 

10.446 

15. 0» 

70.0- 

10.022 

54.89 

3967 

20.0» 

70.0* 

9.934 

54.84 

4024 

25. 0» 

70.0- 

9.880 

54.80 

3871 

30. 0» 

70.0- 

9.823 

54.76 

3924 

35. 0» 

70.0- 

9.773 

54.73 

4003 

40.0» 

70.0- 

9.734 

54.70 

4030 

45.0^ 

70.0- 

9.697 

54.67 

Av 

4088 
4006  =b  39 

"0.2157  Af.    *  0.01387   M  n-BuNH,,  0.00607  M  ii-BuNH<^ 
«  0.21 85  Af .    -  0.01 388  M  /i-BuNHt,  0.00607  M  «-BuNH,+ 
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The  meso-dl  Isomerization  of 

2, 3-Dimethyl-2, 3-diphenylsuccinonitrile^ 
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trad :  The  meso  and  iff  diastereomers  of  2,3-diniethyl-2,3-diphenyl$uccinonitrile  have  been  interconverted  both 
mally  and  photochemically.  The  equilibrium  constant  (iff I  meso)  is  1.22  and  is  relatively  insensitive  to  tem- 
iture.  From  the  rate  of  isomerization,  studied  in  the  125-175''  range,  one  calculates  A/f^  »  42.4  kcal/mole, 
^  »  17  cal/deg  mole.  The  isomerization  probably  proceeds  via  the  1-phenyl-l-cyanoethyl  radical,  CJtifiCli^y 
"4,  as  suggested  by  trapping  experiments  with  thiophenol  and  with  oxygen.  The  greater  stability  of  the  iff  iso- 
,  compared  to  meso,  implies  an  attractive  interaction  between  gauche  cyano  groups. 


*so  and  dl  diastereomers  of  appropriately  sub- 
^d  ethane  derivatives  represent  classical  ex- 
f  stereoisomerism.    It  has  been  recognized 
time  that  such  configurational  isomers  are 
lot  only  in  their  physical  and  chemical  prop- 
also  in  their  thermodynamic  energy  contents.' 
in  spite  of  the  generally  accepted  energy 
s  in  meso-dl  systems,  very  few  experimental 
available  to  support  these  conclusions.    In 
:annot  yet  predict  with  any  confidence  which 
the  more  stable  in  even  relatively  uncompli- 
ra-  or  hexasubstituted  ethanes.    Usually  it 
assumed  that  where  strong  intramolecular 
forces  are  present,  the  dl  form  is  thermo- 
Uy  more  stable  than  the  meso  and  in  the  ab- 
mch  forces  that  the  meso  isomer  is  the  more 
Although   these   statements   are   probably 
r  correct,  the  necessary  limitations  are  not 
Unfortunately    much    of   the    experimental 
which   would   support  these   statements   is 
nee  some  of  the  existing  and  especially  older 
on  relative  isomer  stabilities  in  these  systems 
ling  owing  to  difficulties  and  attendant  errors 
n  making  structural  assignments,  determining 
somer   ratios,    and  establishing  equilibrium 
s. 

erconversion  of  meso  and  dl  isomers  has  been 
in  only  a  few  isolated  instances,  and  no  con- 
idies  have  been  made  on  a  related  series  of 
lers.  Of  the  conventional  means  for  effecting 
tions,  namely,  thermal,  photochemical,  Lewis 
le  metal,  and  basic  catalysis,  only  the  latter 
thods  have  been  employed  to  interconvert 
d7 diastereomers  in  acyclic  systems.^ 
illc  and  Spoerri  have  shown  that  rf/-2,3-di- 
tane  is  partially  converted  to  the  meso  isomer 
itment  with  aluminum  chloride.^    A  similar 

ted  in  part  at  the  152nd  National  Meeting  of  the  American 

ciety.  New  York,  N.  Y.,  Sept  11-16.  1966. 

peand  P.  E.  Verkade.  Rec.  Trav.  Chim.,  44,  987  (1925). 

tnack,  ''Conformation  Theory,'*  Academic  Press  Inc.,  New 

»  1965,  p  335. 

BUel,  "Stereochemistry  of  Carbon  Compounds,"  McGraw- 

9.,  Inc.  New  York,  N.  Y..  1962.  pp  138-139. 

tly,  P.  D.  Bartlett  and  J.  M.  McBride  (International  Sym- 

Pree  Radicals  in  Solution,  Ann  Arbor,  Nfich.,  Aug  23, 

reported  a  thermal  isomerization  wherein  meso-  and  di» 

iiethyl-3,4<Uphenylhexane  dissociate  at  80**  into  radicals 

ieooe  both  recombination  and  disproportionation.    At 

the  megojdl  ratio  is  approximatly  1.5. 

T.  Somerville  and  P.  E.  Spoerri,  /.  Am,  Chem,  Soe.,  74, 


Study  by  Nenitzescu  and  Glatz*^  suggests  that  the  meso 
form  may  be  the  more  stable.  However,  in  both  cases 
there  remains  some  question  as  to  whether  equilibrium 
conditions  prevailed.  Buckles,  et  al,^  found  that  the 
presence  of  halogens  effects  the  isomerization  of  dU 
a,a'-dibromobibenzyl  and  d/-a,a'-dichlorobibenzyl  to 
their  meso  forms.  Solid  d/-a,a'-dibromobibenzyl  upon 
standing  in  bromine  vapor  for  an  extended  period  re- 
portedly was  converted  90%  to  the  meso  isomer.  It 
should  be  pointed  out,  however,  that  this  may  not 
truly  reflect  the  relative  free  energy  differences  between 
the  two  isomers  since  crystal  lattice  forces  may  be  the 
dominating  influence. 

^/-2,3-Dimethylsuccinic  acid  was  found  to  be  par- 
tially isomerized  to  the  meso  diacid  upon  prolonged 
treatment  with  acid,  leading  Linstead  and  Whalley 
to  conclude  erroneously  that  the  meso  isomer  was  the 
more  stable.*  Eberson*  subsequently  has  shown  that 
when  the  dl-  and  meso-2,3-dimethyl-,  -2,3-diethyl-, 
and  -2,3-diisopropylsuccinic  acids  are  equilibrated 
with  strong  hydrochloric  acid,  the  racemic  forms  pre- 
dominate. The  somewhat  unexpected  stability  of  the 
dl  isomers  was  attributed  to  intramolecular  hydrogen 
bonding  between  adjacent  carboxyl  groups.  Recently, 
similar  intramolecular  interactions  have  been  invoked 
to  explain  the  predominance  of  rf/-2,3-butanediol  which 
arose  from  the  treatment  of  /we50-2,3-butanediol  with 
sodium  in  toluene  followed  by  hydrolysis.  *®  rf-Tartaric 
acid  upon  prolonged  refluxing  with  aqueous  potassium 
hydroxide  gave  a  mixture  of  dl  and-  me^o-tartaric  acid 
which  yielded  twice  as  much  dl  as  meso  upon  isolation, 
however,  only  about  half  of  the  initial  tartaric  acid  was 
recovered.' 

Since  polyphenylated  ethanes  are  well  known  to  dis- 
sociate thermally  into  polyphenylmethyl  radicals,  sub- 
stitution of  the  phenyls  by  groups  which  also  will  weaken 
the  central  carbon-carbon  bond  either  through  steric 
or  electronic  forces  and  concurrently  satisfy  the  neces- 
sary requirements  for  meso  and  dl  isomerism  should 
provide  convenient  systems  for  studying  the  phenom- 
enon   of   meso-dl  isomerization.     Such   compounds 

3803  (1952);  (b)  C.  D.  Nenitzescu  and  A.  Glatz,  Acad,  Rep,  Populare 
Romine,  Studii  Cercetari  Chim,,  7,  505  (1959);  Chem.  Abstr,,  54, 
19546c  (1960). 

(7)  R.  E.  Buckles,  W.  B.  Steinmetz,  and  N.  O.  Wheeler,  /.  Am.  Chem, 
Soc.,  72,  2496  (1950). 

(8)  R.  P.  Linstead  and  M.  Whalley,  /.  Chem.  Soc.,  3722  (1954). 

(9)  L.  Eberson,  Acta  Chem,  Scand,,  13,  203  (1959). 

(10)  F.  Bottari  and  B.  Maochia,  CMm,  Ind,  (Milan),  47,  308  (1965). 
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are  the  isomeric  meso-  and  rf/-2,3-dimethyl-2,3-diphenyl- 
succinonitrUes.^*'^*  In  these  compounds,  the  steric 
interactions  between  the  various  groups  are  not  of  the 
magnitude  present  in  hexaphenylethane,  but  each  sub- 
stituent  is  capable  of  stabilizing  the  resulting  radical 
through  inductive  effects  or  by  delocalization  of  the 
electron  into  a  ^r-electronic  system. 

The  present  work  concerns  the  study  of  the  meso-dl 
isomerization  of  the  diastereomeric  2,3-dimethyl-2,3- 
diphenylsuccinonitriles.  The  results  which  we  now 
report  give  some  new  information  with  regard  to  meso 
and  dl  isomer  stabilities,  and  an  attempt  has  been  made 
to  clarify  some  of  the  factors  which  influence  isomer 
stabilities  in  these  systems. 

Results 

When  an  o-dichlorobenzene  solution  of  either  the 
dl  (I)  or  meso  (II)  isomer  of  2,3-dimethyl-2,3-diphenyl- 
succinonitrile  is  heated  at  150®,  a  mixture  of  the  two 
forms  is  soon  obtained.  The  isomerization  is  un- 
complicated by  potentially  undesirable  competing  reac- 

CH,CN 
Ceii  jC CC.  sir  j 


hn 


I 

CH, 


IS-T- 


CHi  CH, 
C- eiT  ftC      '  CCtH  t 
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I 
CN 

II 


iN 


tions  such  as  reaction  with  solvent  molecules,  dispro- 
portionation,^'  or  ketenimine  formation.^*  At  equi- 
librium the  dl  isomer  predominates  with  the  dl/meso 
ratio  being  about  1.23  (55%  dl  and  45%  meso).  This 
isomer  ratio  corresponds  to  a  free  energy  diff'erence 
between  the  two  isomers  of  0.12  kcal/mole.  As  can  be 
seen  from  Table  I  temperature  has  a  negligible  effect 
on  the  equilibrium  constant. 

Table  I 


Temp, 


Xdl 


''•Q 


' — sec-»  X  10* 


m990 


hr 


125.0    55.3  ±1.0    1.24  ±0.05    0.186      0.153      103 
150.0    54.9±1.0    1.22±0.05     4.11        3.53  4.7 

175.0    55.0±1.0    1.22±0.05    64.5        55.4  0.30 


No  solvent  effect  was  noted  upon  the  dl/meso  ratio 
when  the  isomerization  was  conducted  in  tetrachloro- 
ethylene,  benzonitrile,  and  nitrobenzene.  In  all  cases 
the  rfZ/me^o  ratio  was  1.22  ±  0.05. 

The  meso-dl  isomerization  of  I  and  II  can  also  be 
effected  photochemically  at  25®  by  irradiating  a  benzene 
solution  of  either  isomer  at  2537  A.  Although  the 
photostationary  state  has  not  yet  been  rigidly  estab- 
lished, initial  results  suggest  that  the  dl/meso  ratio  is 
about  1.0.  ^«^ 

(11)  M.  S.  Kharasch  and  O.  Sosnovsky,  Tetrahedron,  3,  97  (1958). 

(12)  R.  L.  Huang  and  L.  Kum-Tah,  /.  Chem.  Soc.,  2570  (1954). 

(13)  2,2,3,3-Tetraphenylbutane  dissociates  in  solution  to  give  1,1- 
diphenylethyl  radicals  which  subsequently  disproportionate  into  1,1- 
diphenylethane  and  1,1-diphenylethylene.  See  K.  Zliegler,  Ann.,  551, 
1 27  ( 1942).  Bar dett  and  McBride  observed  a  similar  disproportionation 
of  2,3,4,5-tetramethyl-3,4-diphenylhexane.  At  100°  they  observed  a 
disproportionation/combination  ratio  of  0.7.^ 

(14)  Recombination  of  2-cyanopropyl  radicals  produced  in  the  ther- 
mal decomposition  of  azobisisobutyronitrile  affords  dimethylketenecyan- 
oisopropylimine  (33%)  in  addition  to  tetramethylsuccinonitrile  (66%). 
See  M.  Ta&lt-Erben  and  S.  By  water,  /.  Am.  Chem,  Soc,  77,  3710  (1955). 

(15)  The  isomer  ratio  obtained  at  equilibrium  should  not  necessarily 
correspond  to  that  observed  at  the  photostationary  state  since  the 


The  isomerization  of  I  to  II  appears  to  proceed  by 
homolytic  scission  of  the  central  carbon-carbon  bond  to 
give  methylphenylacetonitrile  radicals  (III)  which 
then  recombine.  The  ratio  of  combination  to  dis- 
proportionation must  be  greater  than  100  at  150^  since 
no  disproportionation  products  could  be  observed 
over  ten  half-lives.  At  175"^,  however,  after  100  half- 
lives  (>30  hr)  a  disproportionation  product  was  de- 
tected by  nmr  spectroscopy  and  gas  chromatography, 
namely,  methylphenylacetonitrile  (IV).  The  other 
product  of  disproportionation,  l-cyanostyrenc  (V), 
was  not  observed  but  this  is  not  unexpected  since  1,1- 
disubstituted  olefins  such  as  V  polymerize  readily. 
When  the  isomerization  was  studied  in  nitrobenzene  at 
130-160^  a  much  larger  amount  of  disproportionation 
was  observed  than  in  o-chlorobenzene  (40%  vs.  0% 
after  23  hr). 
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Evidence  supporting  the  radical  intermediate  III 
was  gained  by  conducting  the  isomerization  in  the 
presence  of  a  good  hydrogen  donor.  If  me5a-2,3- 
dimethyl-2,3-diphenylsuccinonitrile  is  dissolved  in  thio- 
phenol  and  the  solution  heated  to  170-180**,  quantita- 
tive reduction  to  methylphenylacetonitrile  occurs  within 
2  hr.  After  only  1  hr  in  thiophenol,  the  dl/meso  ratio 
of  the  remaining  succinonitrile  was  0.8  (vs.  1.22  at 
equilibrium),  indicating  that  reduction  proceeds  at  a 
rate  comparable  to  that  of  isomerization.  The  fact 
that  isomerization  to  the  dl  isomer  is  observed  at  all 
suggests  part  of  the  reaction  may  proceed  within  a 
solvent  cage  or  that  thiophenol  is  somewhat  inefficient 
as  a  radical  scavenger.** 

Oxygen  was  also  found  to  be  a  scavenger  of  methyl- 
phenylacetonitrile radicals.  When  an  o-dichlorobcn- 
zene  solution  of  /neso-2,3-dimethyl-2,3-diphenylsuc- 
cinonitrile  was  placed  under  6  atm  of  oxygen  at  175% 
the  slow  formation  of  acetophenone  was  observed 
The  rate  of  acetophenone  formation  appeared  tobemuch 
slower  than  the  rate  of  isomerization  since  less  than  10% 
of  the  succinonitrile  was  converted  to  acetophenone 
after  24  hr.  Again,  either  a  significant  portion  of  the 
isomerization  takes  place  within  a  solvent  cage"  or 
oxygen  is  a  poor  scavenger  of  methylphenylsuccinoni- 
trile   radicals.    The   latter   explanation   is   consistent 

former  is  thermodynamically  controlled  whereas  the  latter  should  not 
be.  See  G.  S.  Hammond,  J.  Saltiel,  A.  A.  Lamola,  N.  J.  Turro,  J.  S. 
Bradshaw,  D.  O.  Cowain,  R.  C.  Counsell,  V.  Vogt,  and  C.  Dalton,  ibid,, 
86,3197(1964). 

(16)  Experiments  are  in  progress  to  determine  the  portion  of  the 
isomerization  which  occurs  within  the  solvent  cage.  PreUminary 
results  from  crossover  experiments  suggest  that  the  cage  effects  may  be 
quite  small. 
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it  results  of  Hartzler  who  found  that  the  dimer- 

of  dicyanobenzyl  radicals  was  not  apparently 
i  by  the  presence  of  oxygen."  Although  not 
dy  the  peroxide  VI  seems  to  be  a  likely  inter- 
e  which  would  be  produced  by  the  reaction  of 
t  with  III.  Thermal  decomposition  of  VI  pre- 
ly  would  produce  acetophenone. " 
mpts  to   observe  the   methylphenylacetonitrUe 

by  electron  spin  resonance  spectroscopy  were 
irding.  Even  at  temperatures  up  to  300^  under 
ons  where  radicals  have  been  observed  in  similar 
unds,^*  no  esr  signal  was  detected.    A  calcula^ 

the  equilibrium  constant  at  300^  for  dissociation 

dicals  indicates  the  radical  concentration  would 

ut  lO"'  M ,  a  value  approaching  the  lower  limits 

ection. 

isomerization  of  the  2,3-dimethyl-2,3-diphenyl- 

>nitriles  is  conveniently  followed  by  nmr  spec- 

Dy.    The  methyl  protons  of  the  two  isomers 

distinct  resonance  peaks  which  are  separated 
8  ppm.    The  methyl  absorption  of  the  meso 

occurs  at  5  1.80  while  that  for  the  dl  form  is 
slightly  downfield,  at  6  2.08. 
rates  of  the  meso-dl  interconversion  were  studied 
0,  150.0,  and  175.0  ±  0.1*"  in  o-dichlorobenzene 
ain  the  activation  parameters  for  the  reaction. 
jmeso  ratios  were  determined  periodically  until 
rium  was  found  to  be  established.  The  equi- 
were  approach  from  both  sides  in  each  case, 
the  data  tabulated  in  Table  II  and  treating  the 
ization  as  a  first-order  reversible  reaction,  rate 
fits  were  obtained  at  each  temperature  for  the 
sion  of  one  isomer  into  the  other  (see  Table  I). 

of  the  logarithms  of  the  rate  constants  against 
jprocal  of  the  absolute  temperature  gave  good 
t  lines  (Figure  1).  Since  the  equilibrium  con- 
loes  not  vary  significantly  with  changes  in  tem- 
re,  the  activation  parameters  must  therefore  be 
the  same  for  carbon-carbon  bond  scission  in  both 
s.  The  enthalpy  of  activation,  A/r^*",  was  calcu- 
o  be  42.4  ±  \.0  kcal/mole  and  the  entropy  of 
ion  was  found  to  be  about  17  eu. 
much  as  the  original  structural  assignments 
xi  for  the  isomeric  2,3-dimethyl-2,3-diphenyl- 
>nitriles  were  based  solely  on  the  melting  points 
two  isomers,  that  of  the  meso  being  higher  than 
the  dly^^  further  characterization  was  necessary 
any  conclusions  could  be  drawn  regarding  relative 

stabilities.  Both  isomers  were  hydrolyzed, 
ire,  to  their  respective  diacids;  the  meso  diacid 
at  224'',  while  the  dl  diacid  melted  at  195-196^' 
icipated  (lit."  196-197°).  Thus  the  structural 
nents  were  confirmed  since  the  dl  diacid  had 
isly  been  prepared  in  an  optically  active  state, 
itionally,  both  diacids  upon  heating  to  their 
;  points  yield  anhydrides,  the  meso  giving  the 
ydride  VII  (mp  106-107**)  and  the  dl  aff'ording  the 
nhydride  VIII  (mp  159-1 60  *').    The  nmr  spectra 

anhydrides  further  support  the  structural  as- 
nts  since  the  methyl  proton  resonance  in  the 


L  D.  Hartzler.  /.  Org,  Chem.,  31,  2654  (1966). 

k  fiiiiilar  peroxide  has  been  propoted  to  intervene  in  the  reaction 

a  with  l,2-dimethoxy-l,l,2,2-tetraphenylethane  to  afford  benzo- 

and  methyl  benzoate.    See  G.  E.  Hartzell,  C.  J.  Bredeweg,  and 

Mil.,  30.  3119  (1965). 

u  McKinzie  and  A.  Ritchie,  Ber..  71B.  643  (1938). 
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Figure  1.  Plot  of  in  A: 
temperature. 


and  In  kdi  os,  the  reciprocal  of  the  absolute 


trans  (5  1.3S)  was  found  to  be  0.47  ppm  upfield  from 
that  for  the  cis  isomer  (5  1.82,  CDCls).  This  difference 
in  chemical  shift  is  in  accordance  with  that  predicted 
by  the  shielding  effect  of  the  adjacent  phenyl  groups.*^ 
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Discusfioii 

In  assessing  the  relative  stability  of  meso  and  dl 
diastereomers  as  well  as  that  of  the  related  erythro 
and  threo  isomers,  qualitative  arguments  based  pri- 
marily on  steric  factors  (nonbonded  repulsive  interac-* 
tions)  have  been  invoked  to  explain  or  predict  the  free 
energy  differences.  In  nonpolar  compounds  where 
there  are  no  strong  attractive  interactions  (such  as  the 
hydrogen  bonding  present  in  vicinal  diols)  and  therefore 
where  all  of  the  nonbonding  interactions  between 
neighboring  substituents  are  essentially  of  a  repulsive 
nature,  the  meso  isomers  have  been  claimed  to  be  more 
stable  than  their  dl  counterparts.'*  Inspection  of 
Newman  projections  will  show  how  similar  reasoning 
can  be  applied  to  the  meso-  and  rf/-2,3-dimethyl-2,3- 
diphenylsuccinonitriles. 


dl 


meio 


(20)  D.  Y.  Curtin,  H.  OmdD,  and  B.  A.  Shoulden,  Ck$m.  ind.  (Lon« 
don),  1203(1938). 
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In  the  2,3-dimcthyl-2,3-diphenylsuccinonitriles,  A 
values'^  can  be  used  as  a  measure  of  the  relative  steric 
bulk  of  each  substituent  and  indicate  the  order  as  being 
phenyl  >  methyl  >  cyano.*^-**  If  the  two  isomers  are 
considered  in  their  most  preferred  conformations, 
where  the  phenyl  groups  are  anti  to  one  another,  then 
the  gauche  nonbonded  interactions  can  be  expressed 
as  follows 

gauche  interactions^!  = 

2C«H6/CH,  +  2CeHs/CN  +  CH,/CH,  +  CN/CN    (1) 

gauche  interactionSmew  = 

2C6H5/CH,  +  2CeH5/CN  +  2CH8/CN    (2) 

The  difference  in  nonbonded  interactions  between  the 
two  forms  is  then 

Agauche  interactions^  f.me«o  = 

CHa/CH,  +  CN/CN  -  2CHjt/CN    (3) 

Since  the  crossed  steric  interactions  between  two  sub- 
stituents  of  unequal  size  are  less  than  the  sum  of  the 
interactions  between  substituents  of  like  size  (provided 
the  interactions  are  purely  repulsive  in  nature),  the 
meso  isomer  would  possess  less  pronounced  steric  fac- 
tors and  should  be  adjudged  the  more  stable.^  A 
more  quantitative  treatment  of  these  interactions  can  be 
performed  by  assigning  values  to  the  gauche  interactions 
which  are  expressed  in  eq  3.  The  gauche  CHs/CHj 
(0.85  kcal/mole)  and  CHs/CN  (0.10  kcal/mole)  inter- 
actions can  be  ascertained  from  the  conformational 
energy  difference  between  the  axial  and  equatorial 
substituent  on  a  cyclohexane  ring. 2'  The  value  of  a 
gauche  CN/CN  interaction  is  probably  less  than  the 
comparable  CHj/CN  interaction,  i.e.,  less  than  0.1 
kcal/mole.  Insertion  of  these  values  in  eq  3  indicates 
that  the  maximum  difference  in  steric  interactions  be- 
tween the  dl  and  meso  forms  is  then  about  0.65  kcal/ 
mole.  This  undoubtedly  is  a  maximum  value  since  we 
assumed  the  two  isomers  to  be  in  their  most  preferred 
conformation.  Inasmuch  as  the  other  possible  con- 
formations are  also  populated,  but  probably  to  a  lesser 
extent,*'  the  actual  difference  in  steric  interactions  is 
probably  less  than  the  calculated  value.  In  considering 
the  other  extreme  case  where  there  is  completely  free 
rotation,  and  all  the  conformations  are  populated  to 
the  same  extent,  one  predicts  that  the  steric  interactions 
are  the  same  in  both  isomers.  In  view  of  these  ex- 
tremes, the  actual  energy  difference  due  to  steric  repul- 

(21)  S.  Winstein  and  N.  J.  Holness,  J.  Am.  Chem.  Soc,  77,  5562 
(1955). 

(22)  B.  Rickborn  and  F.  R.  Jensen,  /.  Org.  Chem.,  27,  4606  (1962). 

(23)  One-half  of  the  conformational  energy  difference  between  axial 
and  equatorial  forms  of  a  methyl  and  a  cyano  substituent  on  a  cyclo- 
hexane ring  provides  a  good  estimate  of  a  gauche  methyl/methyl  and 
methyl/cyano  interaction.'^  Since  the  conformational  free  energy  dif- 
ference between  an  axial  and  equatorial  methyl  group  is  1.7  kcal/mole 
and  that  for  cyano  is  0.2  kcal/mole,  then  a  gauche  methyl/methyl  inter- 
action is  about  0.85  kcal/mole  and  a  gauche  methyl/cyano  is  about  0.1 
kcal/mole.'* 

(24)  E.  L.  Eliel,  N.  L.  Allinger,  S.  J.  Angyal,  and  O.  A.  Morrison, 
"Conformational  Analysis,"  Interscience  Publishers,  Inc.,  New  York, 
N.  Y.,  1965,  pp  42-^. 

(25)  Nmr  studies  have  shown  that  the  meso-  and  <//-2,3-diphenyl- 
butanes,  -2,3-diacetoxybutanes,  and  -2,3-dibromobutanes  reside  in  their 
most  preferred  conformation  less  than  70%  of  the  time  at  room  tem- 
perature, thus  at  higher  temperatures  the  most  preferred  conformations 
would  be  occupied  to  even  a  lesser  extent  See  A.  A.  Bothner-By  and 
C.  Naar-Colin,  J.  Am.  Chem.  Soc.,  84, 743  (1962);  F.  A.  L.  Anet,  ibid., 
84,747(1962). 


sions  must  be  between  0.65  and  0  kcal/mole.  Addi- 
tionally, since  the  values  for  the  gauche  interactions  were 
obtained  from  relatively  rigid  cyclohexane  systems,  the 
extension  of  these  quantities  to  mobile,  acyclic  systems 
might  introduce  considerable  error.  Consequently, 
only  the  direction  and  not  the  magnitude  of  these  effects 
have  significance. 

Recently  it  has  been  pointed  out  that  in  considering 
entropy  differences  between  meso  and  dl  forms,  the 
meso  isomer  must  be  compared  with  the  dl  pair  and  not 
simply  with  one  of  the  active  isomers.**  Since  the  d 
and  /  isomers  are  distinctly  different  species,  the  entropy 
change  which  results  from  mixing  the  two  forms  is 
Rln2  and  the  free  energy  of  the  dl  form  is  lowered  with 
respect  to  the  meso  isomer  by  RTln  2  due  to  the  entropy 
of  mixing.  However,  since  the  dl  isomer  (symmetry 
number  of  two)  possesses  a  higher  degree  of  symmetry 
than  the  meso  isomer  (symmetry  number  of  unity), 
reduction  of  the  rotational  degrees  of  freedom  in  thedif 
form  increases  its  free  energy  by  RT  In  2,  thereby  oflf- 
setting  the  entropy  of  mixing.  Consequently,  the 
meso  and  dl  isomers  are  essentially  equivalent  entropy- 
wise,  and  the  relative  isomer  stabilities  are  enthalpy 
controlled.^ 

The  foregoing  discussion  of  gauche  steric  interactions 
(enthalpy  differences)  in  the  two  isomers  predicts  the 
meso  form  should  be  the  more  stable  and  is  contra- 
dictory to  the  experimental  data.  A  possible  explana- 
tion of  this  discrepancy  can  be  found  if  one  assumes 
that  some  of  the  nonbonded  interactions  are  attractive 
rather  than  repulsive.  For  example,  if  gauche  CN/CN 
interactions  give  rise  predominantly  to  attractive  forces, 
then  substitution  of  a  sufficiently  negative  value  for  the 
gauche  CN/CN  term  in  eq  3  could  more  than  offset 
the  steric  interactions  which  favor  the  meso  isomer.* 
If  this  were  the  case,  the  sum  of  the  nonbonded  inter- 
actions would  be  represented  by  a  negative  value  and 
the  dl  isomer  would  be  adjudged  the  more  stable  form. 
Qualitatively,  this  result  can  ako  be  ascertained  from 
an  inspection  of  the  conformation  of  each  isomer 
where  attractive  interactions  between  neighboring  cyano 
groups  might  be  most  favorable  (IX  and  X).  The  steric 
requirements  imposed  by  the  methyl  and  phenyl  groups 
will  obviously  be  more  severe  in  conformation  IX 
for  the  meso  isomer  than  the  comparable  confcHmatioQ 
for  the  dl  form  (X)  due  to  the  eclipsed  or  partially 
eclipsed  phenyl  groups. 
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Similar  explanations  involving  nonbonded  attractive 
forces,  ascribed  by  some  authors  to  London  dispersion 
forces,*'  have  been  advanced  to  rationalize  the  pre- 
dominance of  the  cis  isomers  resulting  from  the  equil- 

(26)  Reference  24,  p  25. 

(27)  The  entropy  contribution  from  the  differences  in  symmetry  has 
been  pointed  out  by  a  referee,  and  this  offsetting  term  invalidates  an 
earlier  explanation  >  of  the  greater  stability  of  the  di  isomer. 

(28)  The  literature  indicates  that  gauche  CHi/CHi  and  CHVCN 
interactions  are  both  repulsive  terms. '^*^ 

(29)  H.  A.  Stuart,  Physik.  Z.,  32,  793  (1931). 
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if  a  variety  of  halogenated  olefins  including 
l-propene,*  1,2-dichloroethylene,**  and  1- 
-butadiene.''  London  forces  have  also  been 
to  explain  the  anomalous  conformational 
of  some  halogenated  ethanes." 
istence  of  attractive  nonbonded  interactions 
the  participation  of  the  nitrile  group  is  not 
mented.  The  predominance  of  the  cis  iso- 
1  equilibration  of  crotononitrile  and  3-chloro- 
ile,  however,  may  be  indicative  of  this  type  of 
n."  Similarly,  the  greater  stability  of  the 
/er  the  trans  conformation  in  1,2-dicyano- 
the  preponderance  of  c/5-l,2,3-tricyanocy- 
le  in  the  base-catalyzed  decarboxylation 
p- 1 ,2,3-tricarboethoxy- 1 ,2,3-tricy  anocyclo-pr  o- 
ind  the  predominance  of  c/s-l,2-dicyano- 
ne  in  the  thermal  dimerization  of  acrylonitrile 
could  be  explained  by  London  dispersion 
itween  the  vicinal  cyano  groups.  Further 
ill  be  necessary  to  establish  the  substance 
jppositions. 

discussed  earlier,  the  free  energy  differences 
neso  and  dl  isomers  is  a  function  of  the  non- 
iteractions  between  the  various  substituents. 
me,  it  is  not  yet  possible  to  assess  the  effect 
lirection  or  magnitude  of  a  given  substituent 
lative  stability  of  such  diastereomers.  Only 
i  continuing  investigation  of  a  related  series 
nd  dl  isomers  will  this  information  be  forth- 
Such  a  study  is  in  progress. 

ntal  SecHon'' 

mal  Ifomerizatloii  of  meso-  and  ^/-2,3-Diiiiediyl-23- 
dMiaitrile.  The  meso  and  dl  isomers  of  2,3-dimethyl- 
Isuodnonitrile  were  prepared  according  to  the  procedure 
h  and  Sosnovsky  by  the  Cu(II)-cata]yzed  oxidative 
'  methylphenylsuccinonitrile.^^  The  pure  isomers  were 
IT  fractional  crystallization  from  methanol.  The  meso 
jed  at  224''  and  the  ^tf  at  146-147°.  The  nmr  spectra  of 
r  revealed  no  extraneous  peaks  (i.e.,  none  of  the  meso 
observed  in  the  spectrum  of  the  ^  isomer,  etc.).  The 
r  exhibits  a  methyl  resonance  peak  at  9  1.80  and  that 

3fiier  came  at  a  2.08  (CDQt). 

of  each  isomer  (0.5  A/)  were  prepared  in  o-dichloro- 
90^.  The  o-dichlorobenzene  solutions  were  placed  in 
which  were  sealed  under  nitrogen  and  immersed  in  a 
mperature  bath  at  the  indicated  temperatures.  The 
cs  were  removed  periodically  and  their  nmr  spectra 

80°.  The  relative  areas  of  the  methyl  resonance  peaks 
ner  were  determined  by  integration.  Good  reproduci- 
Dbtained  in  all  cases  (=b2%).  The  data  in  Table  II 
led  for  the  thermal  isomerizations  at  125.0,  150.0,  and 

o 

• 

am  was  approached  from  both  directions  at  each  tem- 
d  the  same  equilibrium  constants  were  obtained  within 
The  rate  constants  shown  in  Table  I  were  obtained  from 
ng  data  by  simulating  the  simple  first-order  reaction 
1  an  analog  computer  and  then  finding  the  best  fit  of  the 
il  points, 
lerization  was  also  studied  as  0.5  N  solutions  in  three 


.  Crump,/.  Org.  Chem,,  28.  953  (1963). 

and  J.  L.  Hollenberg,  /.  Am.  Chem,  Sac.,  76,  1493 


TaMen 


r.  Viehe,  Angew,  Chem.,  75.  793  (1963). 

renoe  24.  pp  15-17,  and  references  therein. 

.  W.  LeFevre,  O.  L.  D.  Ritchie,  and  P.  J.  Stiles,  Chem. 

46(1966). 

f.  Griffin  and  L.  I.  Peterson.  /.  Org.  Chem.,  28,  3219  (1963). 

iche  Anilin-  and  Soda-Fabrik  AG.,  Netherlands  Appl. 

une2Q,  196Q;  Chem.  Abstr.,  6S,  18507(1966). 

ear  magnetic  resonance  spectra  were  obtained  on  a  Varian 

k^60  instrument    Melting  points  were  taken  on  a  Thomas- 

llary  melting  point  apparatus  and  are  uncorrected. 
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other  solvents  at  150  =b  2°  for  3  hr.  The  following  results  were 
obtained  (solvent,  ^/mejo  ratio):  tetrachloroethylene,  1.23;  benzo- 
nitrile,  1.27;  and  nitrobenzene,  1.22. 

Pboloisoiiierization  of  mejo-23-I>iinetfayl-2,3-diplienylsiicdnoiii- 
trfle.  A  benzene  solution  (100  ml)  containing  0.20  g  of  meso- 
2,3-dimethyl-2,3-diphenylsuccinonitrile  was  irradiated  in  a  quartz 
vessel  for  17  hr  at  40''  with  2537-A  light  from  low-pressure  mercury 
lamps  (Rayonet  photochemical  reactor.  Southern  New  England 
Ultraviolet  Co.).  The  solvent  was  removed  under  vacuum  at  30°. 
The  nmr  spectrum  of  the  resulting  solid  revealed  that  isomerization 
had  occurred  and  the  dl/meso  ratio  was  0.60.  Under  the  reaction 
conditions  in  the  absence  of  light  no  isomerization  takes  place. 
The  photoisomerization  of  the  <tf-2,3-methyl-2,3-diphenylsuccino- 
nitrile  to  meso~dl  isomer  mixture  has  been  effect  in  a  similar  manner. 

Reductioa  of  meJo-23-I>linetfayl-2,3-dipbenyliiiccfaioiritrile  in 
Thtophaiol.  A  thiophenol  solution  0.5  M  in  mejo-2,3-dimethyl- 
2,3-<ft4>henylsuccinonitrile  was  prepared  in  an  nmr  tube.  The  tube 
was  sealed  and  placed  in  a  bath  at  170-180°.  The  progress  of  the 
reaction  was  followed  by  nmr  spectroscopy.  After  1  hr  90  %  of  the 
suodnonitrile  had  been  converted  to  methylphenylacetonitrile 
and  the  dl/meso  ratio  of  the  remaining  2,3-dimethyl-2,3-dipheny]- 
suodnonitrile  was  0.8,  indicating  that  equilibrium  had  not  been 
reached.  After  2  hr,  all  of  the  sucdnonitrile  had  been  reduced 
to  methylphenylacetonitrile.  The  presence  of  the  acetonitrile 
was  established  by  peak  enhancement  of  its  characteristic  nmr 
spectrum  and  comparison  of  the  glpc  retention  time  with  au- 
thentic methylphenylacetonitrile. 

laomerizatloii  of  me5o-23-Diniethyl-23-diplienyl8iiccliionitrile  in 
tlie  Presence  of  Oxygen.  o-Dichlorobenzene  (1  ml)  containing  25 
mg  of  mejo-2,3-dimethyl-2,3-diphenylsuccinonitrile  was  heated  at 
170°  under  100  psi  of  oxygen  for  24  hr.  After  this  period  of  time, 
the  dl/meso  ratio  of  the  remaining  2,3-dimethyl-2,3-diphenylsuc- 
dnonitrile  was  about  1.2  and  a  small  amount  of  acetophenone 
("^5%)  was  detected  by  its  glpc  retention  time  and  its  methyl 
resonance  peak  in  the  nmr  spectrum  of  the  crude  product. 

Hydrolyiii  of  the  meso-  and  <//-23-I>linetfayl-23-diplienyliiicciB0- 
nhrfles.  Each  dinitrile  (0.50  g)  was  suspended  in  a  solution  of  4.0  ml 
of  concentrated  sulfuric  add  and  4.0  ml  of  acetic  add  in  4.0  ml  of 
water.  The  resulting  suspensions  were  heated  at  reflux  for  24  hr. 
The  reaction  mixtures  then  were  poured  into  25  ml  of  ice  water, 
and  the  predpitates  were  collected  on  filter  pads.  These  solids 
were  dissolved  in  20  ml  of  a  2.5%  aqueous  solution  of  potassium 
hydroxide  by  heating  on  a  steam  bath.  The  diadds  were  predpi- 
tated  upon  addification  with  dilute  hydrochloric  add  and  recrystal- 
lized  from  benzene.  The  meso  dinitrile  gave  a  dicarboxylic  add 
which  melted  at  224-225°  and  the  dl  isomer  afforded  a  diadd  melt- 
ing at  197-198°.  The  melting  point  of  the  dl  isomer  corresponds 
well  with  that  reported  previously  (mp  196-197°)  for  the  racemic 
pair.»» 

Dcfaydnitkm  of  the  2,3-Diniethyi-2,3-diplienylsiiccfaiic  Adds. 
Both  the  meso-  and  </A2,3-dimethyl-2,3-diphenylsuccinic  adds  lose 
water  upon  melting  and  form  an  anhydride.^*  The  meso  isomer 
affords  ciif-2,3-dimethyl-2,3-diphenylsucdnic  anhydride,  mp  106- 
107°,  and  the  dl  isomer  yields  the  related  trans  anhydride,  mp  159- 
160°.  The  nmr  spectrum  of  the  cii-anhydride  revealed  the  methyl 
resonance  peak  at  6  1.82  and  the  trans  form  exhibits  its  methyl  peak 
at  9  1.35  (CDCla).  The  infrared  spectra  of  both  compounds  ex- 
hibited strong  absorption  bands  at  1870  and  1798  cm~^  character- 
istic of  anhydrides. 
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Abstract:  The  rates  of  addition  of  water,  methanol,  ammonia,  and  thiophenol  to  mesityl  oxide  have  been  deter- 
mined at  various  pressures  up  to  1360  atm,  and  the  activation  volumes  derived  therefrom.  It  is  inferred  that  the 
transition  state  for  acid-catalyzed  hydration  involves  two  water  molecules.  The  addition-elimination  equilibrium 
involving  methanol  has  been  approached  from  both  sides,  and  the  difference  between  forward  and  reverse  activation 
volumes  agrees  with  the  measured  volume  of  reaction.  The  acid-catalyzed  addition  of  methanol  appears  to  be 
mechanistically  similar  to  that  of  water.  The  activation  volume  for  addition  of  ammonia  decreased  by  8  ml/mole 
on  change  of  solvent  from  water  to  methanol,  and  a  zwitterionic  transition  state  is  postulated.  The  activation 
volume  for  thiophenoxide  ion  is  surprisingly  large  and  nearly  independent  of  solvent  composition.  It  is  inferred 
that  the  carbon-sulfur  bond  is  nearly  complete  in  the  transition  state. 


Although  the  mechanistic  details  of  reactions  in- 
£\  volving  addition  to  carbon-carbon  double  bonds 
have  been  intensively  studied  for  several  decades,  there 
still  are  important  questions  unanswered,  and  recently 
some  conclusions  which  once  seemed  firmly  based  have 
been  thrown  into  doubt.  It  was  long  thought  that  the 
rate-determining  step  of  acid-catalyzed  hydration  of 
simple  olefins  did  not  involve  participation  by  water 
because  the  rate  is  approximately  proportional  to 
Hammett's  acidity  function,  ho;  but  Baliga  and 
Whalley^  have  shown  that  the  activation  volume  is 
substantially  negative,  and  the  opposite  conclusion 
now  seems  inescapable.  The  Zucker-Hammett  hy- 
pothesis has  been  challenged  on  more  general  grounds 
by  Bunnett'  who  proposes  another  method  for  dem- 
onstrating the  kinetic  participation  of  water  in  aqueous 
reactions. 

In  contrast  to  the  behavior  of  simple  olefins  it  has 
been  reported  that  a,)9-unsaturated  carbonyl  com- 
pounds' have  rates  proportional  to  (HsO~^)  rather  than 
ho.  It  appeared  to  us  that  this  case  too  might  profitably 
be  studied  by  determination  of  activation  volumes,  and 
to  this  end  we  have  selected  mesityl  oxide  as  substrate. 
This  well-behaved  substance  gives  clean  acid-catalyzed 
addition  of  water  and  alcohols  as  well  as  uncatalyzed 
addition  of  neutral  or  negatively  charged  nucleophiles. 
Furthermore,  the  position  of  equilibrium  in  the  alcohol 
reaction  permits  rate  measurement  from  either  side. 
The  possibility  of  using  a  single  substrate  for  such  a 
variety  of  reactions  ought  to  justify  a  rather  stringent 
interpretation  of  variations  in  activation  volume. 

The  use  of  activation  volumes  in  the  study  of  reaction 
mechanisms  has  been  amply  reviewed,^  and  we  will 
only  briefly  state  the  empirically  validated  principles. 
Reactions  which  on  other  grounds  are  thought  to  have 
a  bimolecular  rate-determining  step  involving  no 
net  change  in  the  number  of  ionic  charges  are  char- 

(1)  B.  T.  Baliga  and  B.  WhaUey,  Can.  /.  Chem.,  42.  1019  (1964). 

(2)  J.  F.  Bunnett,  /.  Am.  Chem.  Soc.,  83,  49S6  (1961). 

(3)  R.  P.  Bell,  J.  Preston,  and  R.  B.  Whitney,  /.  Chem.  Soc.,  1166 
(1962). 

(4)  (a)  S.  D.  Hamann,  "High  Pressure  Physics  and  Chemistry,**  Vol. 
n.  Academic  Press  Inc.,  New  York,  N.  Y.,  1963.  pp  163-205;  (b)  S.  D. 
Hamann,  **Physico-Chemical  Effects  of  Pressure,*'  Butterworth  and  Co. 
(Publishers),  Ltd.,  London,  19S7;  (c)  S.  D.  Hamann,  Ann.  Reo,  Phys. 
Chem.,  15,  349  (1964);  (d)  E.  Whalley,  Adoan.  Phys.  Org.  Chem.,  2, 
93  (1964). 


acterized  by  activation  volumes  in  the  range  —  5  to 
ml/mole.*  Contrariwise,  the  simple  bond-brei 
processes  have  positive  activation  volumes  of 
parable  magnitude.*  If  the  rate-determining  ste 
any  preceding  step  back  to  the  "'starting  mate 
as  defined  by  the  rate  law)  involves  ionization  or 
tralization  of  charges,  the  change  in  the  electrostri 
of  solvent  contributes  a  component  of  25-45  ml  pc 
pair.  The  smaller  value  is  for  water,  and  the  larg( 
organic  solvents  of  low  polarity.  There  is  some 
dence  that  ionization  or  deionization  in  the  tran: 
state  can  be  detected  by  testing  the  dependence  of  a< 
tion  volume  on  solvent  polarity.' 

Results  and  Discussion 

Acid-Catalyzed  Addition  of  Water.  The  kinetic 
for  this  reaction  are  listed  in  Table  I.  By  dilatoi 
it  was  found  that  the  over-all  change  in  volume  c 
reaction  system  is  —9  ml/mole,  and  the  differec 
molar  volume  of  product  and  reactants  in  pure  1 
form  is  also  —9  ml.  Both  mesityl  oxide  and  diao 
alcohol  have  considerable  volumes  of  mixing  with ' 
(—7.5  ml/mole  each)  due  to  their  influence  on  the  s 
ture  of  water ,^  but  this  eflect  could  not  be  expect( 
vary  during  the  activation  process.  We  have  take 
precaution  of  proving  that  it  shows  no  over-all  ch; 
The  volume  of  activation  was  determined  to  be  - 
ml/mole.  Since  this  figure  considerably  exceed: 
final  volume  of  hydration,  we  believe  that  the  ti 
tional  substrate  has  partisd  bonds  to  a  water  mol 
and  a  hydronium  ion,  and  that  proton  transfer  is 
certed  with  the  formation  of  the  new  carbon-o> 
bond.  The  results  are  strikingly  similar  to  tho& 
tained  with  the  hydrolysis  of  two  square-planar  1 
complexes'  which  had  already  been  thought  to  cc 
nate  with  two  water  molecules  in  or  prior  to  the 
determining  step. 

Bell,  Preston,  and  Whitney'  investigated  the  kii 
of  mesityl  oxide  hydration  with  various  acid  cat 
up  to  concentrations  of  3  M  and  their  data  have 

(5)  J.  KoskikalUo  and  E.  Whalley.  Can.  J.  Chem.,  37,  783  (1959 
(Q  K.  R.  Brower,  Bruce  Gay,  and  T.  L.  Konkol,  /.  Am.  Chem 
88,  1681  (1966). 

(7)  K.  R.  Brower,  ibid.,  85,  1401  (1963). 

(8)  O.  N^methy  and  H.  A.  Scheraga,  /.  Chem.  Phys.,  36,  3401 

(9)  H.  E.  Brower,  L.  Hathaway,  and  K.  R.  Brower,  Inorg,  Ch 
1899  (1966). 
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Figure  1.  Detenniiiatioii  of  Biiiinett*s  o)  parameter  for  the  hydra- 
tioo  of  mesityl  oxide.  Plot  of  (log  k  —  Ho)  vs.  log  anto:  V, 
11004;  O.Ha;  +,HsS04. 


used  to  calculate  Bunnett's  parameters,'  a>  and  o)*. 
The  former  is  illustrated  in  Figure  1.  Straight  lines 
were  obtained  for  H1SO4  (a>  =   5.3)  and  HCIO4  (a> 


Table  L    Summary  of  Kinetic  Data 


P.atm 


A:X  10» 


hnkjki 


Mesityl  oxide  (0.140  M)  and  HQ  (0.490  M)  in  H,0  at  30< 


1 

51scc-» 

0 

272 

59 

0.146 

680 

79 

0.438 

1088 

95 

0.622 

1360 

114 

0.804 

Mesityl  oxide  (ai05  M)  and  NHi  (0.365  M)  in  HsO  at  SO"" 

1  1321./molesec  0 

272  155  0.161 

612  184  0.332 

1088  247  0.627 

1360  276  0.737 

Mesityl  oxide  (0.070  M)  and  NHt  (0.575  Af)  in  MeOH  at  30' 


1 

251./niolesec 

0 

272 

32 

0.247 

612 

44 

0.566 

1088 

64 

0.940 

1360 

85 

1.224 

Mesit^  oxide  (0.100  M),  PhSH  (0.125  Af),  and 

NaOMe  (0.025  M)  in  MeOH  at  30° 

1 

588ec-» 

0 

272 

72 

0.216 

612 

96 

0.504 

1088 

140 

0.881 

1360 

165 

1.045 

Mesit^  oxide  (0.100  M),  PhSH  (0.125  M),  and  NaOH 

(0.025  M)  in  EtOH-H,0  (55:45  by  vol.)  at  30° 

1 

60sec-» 

0 

1088 

137 

0.826 

«  8.3),  but  for  HCl  the  curvature  is  pronounced.  In 
such  cases  it  is  recommended  to  evaluate  <»>*  for  which 
HQ  gives  a  value  of — 3.0  as  shown  in  Figure  2. 


-0.02 


-0.035        -0.05 


-0.065 


Figure  2.   Determination  of  Bunnett*s  la*  parameter  for  the  hydra- 
tion of  mesityl  oxide.   Plot  of  [log  k  —  log  (HQ)]  against  log  aHsc 


Bunnett's  table  correlating  o)  and  w*  values  with 
reaction  mechanism  is  shown  in  Table  II.  It  appears 
that  the  hydration  of  mesityl  oxide  proceeds  by  a  con- 


Table  n.    Mechanistic  Interpretation  of  <a  and  ca  *  Values 


Function  of  water 

in  the  rate- 

Ci> 

«* 

determining  step 

-2.5-0.0 

Is  not  involved 

1.2-3.3 

<-2 

Acts  as  a  nucleophile 

>3.3 

<-2 

Acts  as  a  proton-transfer 
agent 

certed  proton  transfer  and  nucleophilic  addition.  This 
is  in  complete  agreement  with  a  transition  state  con- 
sisting of  the  aggregate  (mesityl  oxide,  H+,  2HOH) 
as  deduced  from  the  activation  volume  and  the  over-all 
volume  of  reaction. 

Three  conceivable  transition  states  are  illustrated 
below, 
(i)  Rate-determining  proton  transfer  to  the  a-carbon 

H         H 

V 


Me- 


Me    A       O 


-Me 


O 

/\ 
H  H 


(ii)  Rate-determining  proton  transfer  to  the  carbonyl 
oxygen 
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+  V. 


H 


O-H-C) 

-C-Me      H 

I 
I 

o 

^\ 

2 

(iii)  Rate-determining  proton  transfer  at  the  oxygen  of 
the  attacking  nucleophile,  the  substrate  having  been 
previously  protonated 


Me- 


Me     H 


O— H 


-Me 


O  H 

H       H O        +Vi 

+Vi  \ 

H 
3 

It  is  not  possible  to  discriminate  among  these  mecha- 
nisms by  using  either  activation  volumes  or  Bunnett's 
parameters.  Bell,  Preston,  and  Whitney'  proposed 
transition  state  1  for  this  reaction  with  a  rate-determin- 
ing step  the  same  as  for  enol-keto  transformation. 
However,  a  termolecular  mechanism  with  a  transition 
state  siniilar  to  2  has  been  widely  accepted  for  the 
hydration  of  acetaldehyde.  ^^ 

Bunnett  has  suggested  that  the  number  of  water 
molecules  involved,  that  is,  molecules  of  water  able  to 
affect  reaction  rates,  can  be  correlated  with  o)  values, 
one  CO  unit  corresponding  to  one  molecule  of  water. 
For  this  reaction  a>  values  of  5  and  8  imply  that  5-8 
water  molecules  are  involved,  but  the  activation  volume 
can  be  accounted  for  by  only  two  molecules  provided 
the  interaction  is  strong.  It  is  difficult  to  think  of  an 
operational  test  for  the  diffuseness  of  solvent  participa- 
tion in  view  of  the  fact  that  the  water  molecule  oscil- 
lators are  coupled  by  H  bonding. 

Acid-Catalyzed  Addition  of  Methanol.  The  reversi- 
bility of  the  addition  of  methanol  to  mesityl  oxide 
allows  measurement  of  the  effect  of  pressure  on  the 
equilibrium  constant  as  well  as  the  forward  and  reverse 
rates.  The  data  are  given  in  Table  III.  By  plotting  the 
logarithm  of  the  equilibrium  constant  against  pressure 
in  accordance  with  the  relation 


RT(P  In  K/bPh  =   -AK 


(1) 


we  obtain  a  value  of  —  1 1  ml/mole  for  the  volume  of 
reaction.  The  same  value  was  obtained  by  subtracting 
the  sum  of  the  molar  volumes  of  methanol  and  mesityl 
oxide  from  that  of  4-methoxy-4-methyl-2-pentanone. 
By  direct  measurement  the  activation  volume  is  —23 
ml/mole  for  the  forward  reaction  and  —  1 3  ml/mole  for 
the  reverse.  The  difference  should  be  equal  to  the 
volume  of  reaction  according  to  the  principle  of  micro- 
scopic reversibility,  and  the  agreement  is  satisfactory. 

It  is  worthy  of  note  that  the  reverse  (elimination) 
reaction  cannot  be  a  simple  unimolecular  decomposition 
of  the  conjugate  acid  of  the  ether  in  enolic  form  as 
shown  below,  else  the  activation  volume  would  almost 
certainly  be  positive.    The  values  of  both  the  forward 

(10)  Y.  Pocker,  Proc,  Chem.  Soc.,  17  (i960). 


Table  in.    Kinetic  and  Equilibrium  Data  for 
Methanol-Mesityl  Oxide  System 


P, 

atm 


kX  W. 

scc~* 


KfCpntdrntl 


Mesityl  oxide  (0.035  M)  and  H,S04  (0.050  M)  at  30* 

1  26  1.49 

272  34  1.69 

612  46  1.95 

1088  67  2.42 

1360  91  2.77 

4-M ethoxy-4-methyl-2-pentanone  ((X028  M)  and 
H,S04  (0.050  AO  at  30'' 


1 

1088 

16 
28 

0.667 
0.416 

kjkr 

Kt  forward 

1 
1088 

1.62 
2.39 

1.49 
2.42 

and  reverse  activation  volumes  point  to  a  transition 
state  containing  two  methoxy  moieties  and  analogous 
in  structure  to  1, 2,  or  3. 


MeH^OH 
Me— C— C=C— Me 


Me'^  \ 


Addition  of  Ammonia.  The  kinetic  data  for  this  re- 
action are  given  in  Table  I.  The  volumes  of  activation 
were  —14  ml/mole  in  water  and  —22  ml/mok  in 
methanol.  The  volume  of  reaction,  measured  dilato- 
metrically,  was  —9  ml/mole. 

The  variation  of  activation  volume  with  solvent 
polarity  indicates  a  polar  transition  state. 


11 


Me 


Me     H 

Me-O^^t^^ 
NH,+« 

A  dissection  of  the  activation  volume  into  separate 
components  for  solvent  and  reactant  molecules  may  be 
attempted  with  the  knowledge  that  the  partial  molar 
volumes  of  a  variety  of  univalent  electrolytes  are  18-20 
ml  smaller  in  methanol  or  ethanol  than  in  water." 
If  the  relation  between  volume  and  polarization  is 
assumed  to  be  linear,  the  charge  separation  is  0.42  e; 
and  if  parabolic,  0.65  e.  Since  the  volumes  of  ioniza- 
tion of  acids  and  bases  in  water  are  about  25  ml/mde, 
the  solvent  component  for  our  reaction  in  water  would 
amount  to  25  X  Vi»  =  10  ^*  leaving  4  ml  to  be  ac- 
counted for  by  contraction  of  the  reactants  along  the 
carbon-nitrogen  bond  axis.  Recalling  that  the  volume 
of  reaction  is  —  9  ml/mole,  we  may  infer  that  the  new 
bond  of  the  transition  state  is  approximately  half- 
formed  on  both  the  geometrical  and  electrical  scales. 

Addition  of  Thiophenol.  Thiophenoxide  ion  is  the 
nucleophile  for  this  addition,  and  reaction  mixtures 
consisted  of  solutions  of  mesityl  oxide,  thiophenol,  and 
sodium  methoxide  or  hydroxide  in  the  molar  pro- 
portions 4:5:1.  The  kinetic  data  are  given  in  Table  I. 
The  volume  of  activation  was  —  20  ml/mole  in  methand 

(11)  S.  D.  Hamann  and  S.  C  Lim.  AustraUanJ.  Chem^  7,  329  (195^ 
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19  ml/mole  in  a  mixture  of  cthanol-water  (55 :45 
imc).  A  change  in  the  amount  of  solvent  electro- 
i  might  have  been  expected  since  a  negative 

is  being  transferred  from  the  thiophenoxide  ion 
:arbonyl  oxygen  and  therefore  becomes  somewhat 
icd.  Since  no  significant  change  was  observed 
ist  ascribe  the  entire  19-20  ml  to  the  formation 

carbon-sulfur  bond.  The  volume  of  reaction 
cd  in  the  dilatometer  was  —22  ml/mole,  and  it 
s  that  the  transition  state  lies  very  close  to  prod- 
n  the  reaction  coordinate.  If  this  is  so,  it  is 
tandable  that  the  activation  volume  showed  no 
on  with  solvent. 

mental  Section 

riab.  Mesityl  oxide  and  diacetone  alcohol  were  prepared 
lethod  of  Vogel.  ^'  Mesityl  oxide  was  distilled  in  the  range 
;*"  (648  mm).  The  methyl  ether  of  diacetone  alcohol  was 
d  by  the  method  of  Lorette**  using  Dowex  50  as  an  acid- 
;e  resin  catalyst.  Ammonia  solution  in  methanol  was  pre- 
y  heating  a  concentrated  solution  of  ammonium  hydroxide 
sing  the  ammonia  gas  over  calcium  oxide  and  into  meth- 
rhe  thiophenol  was  Eastman  White  Label  grade.  The 
d\  was  Van  Waters  and  Rogers  99.8  %  grade,  and  the  ethanol 
lydrous  U.S.P.  reagent  quality. 

MBCtry.  The  over-all  volume  changes  were  measured  with 
meter  of  17.5  capacity  with  a  capillary  of  1  mm.  The  dila- 
was  weighed  before  and  after  the  reaction  period  to  ensure 
lume  changes  were  not  caused  by  evaporative  loss.  The 
i  of  mixing  of  mesityl  oxide  and  diacetone  alcohol  with 
ere  determined  by  measuring  the  densities  of  the  pure  com- 
and  the  density  of  the  mixture.  Concentrations  used  were 
e  as  those  used  in  the  determination  of  the  volume  of  activa- 
X  volumes  of  mixing  are  somewhat  dependent  on  concen- 

Mto  of  Kinetic  Measurement  Addition  of  water,  methanol, 
monia  were  followed  by  the  disappearance  of  mesityl  oxide 
was  determined  spectrophotometrically*  employing  the 
Ion  peak  at  243  m^i  for  which  c  »  1 .10  X  10^  A  Beckman 
[>U  spectrophotometer,  using  a  hydrogen  lamp  as  an  ultra- 
^t  source,  was  employed  for  absorbance  measurements, 
constants  for  the  addition  of  water  were  determined  from  a 
the  logarithm  of  concentration  of  mesityl  oxide  against 
3oth  forward  and  reverse  rate  constants  for  the  addition  of 
o\  were  determined  from  the  expressions 

K    =    kt/kr  (2) 

In  (co  —  c«)/(c  -  c.)  =  kJicot/ico  -  Co,)]       (3) 

.  the  solution  of  the  rate  equation 

dc/dt  =  -fcfC  -  k^Co  -  c)  (4) 

9  s  initial  concentration  of  mesityl  oxide,  c„  -  equilibrium 
ration  of  mesityl  oxide,  and  c  =  concentration  of  mesityl 
:  time  i.  Equilibrium  constants  at  various  pressures  were 
ned  from  the  ratio  of  the  percentage  of  mesityl  oxide  con- 
3  the  percentage  remaining. 

tecond-order  rate  constants  for  the  addition  of  ammonia 
from  the  expression 


L  L  Vogel,  "A  Textbook  of  Practical  Organic  Chemistry,"  3rd 
(mans.  Green,  and  Co.,  London,  1961,  pp  351-353. 
I.  B.  Lorette,  /.  Org,  Chem,,  23,  937  (1958). 


1/(6  -  a)  In  [a(b  -  x)lb(a  -  x)]  =  kt        (5) 
which  is  the  solution  of  the  rate  equation 


dx/dt  =  k(a  -  xXb  -  x) 


(6) 


where  x  -  decrease  in  concentration  of  mesityl  oxide,  a  -  initial 
concentration  of  mesityl  oxide,  and  b  =  initial  concentration  of 
ammonia.  Kinetic  data  for  this  addition  were  obtained  from  solu- 
tions that  had  reacted  up  to  40  %  completion.  The  reverse  reaction 
was  disregarded  due  to  the  high  percentage  conversion  (88%)  at 
equilibrium. 

Rate  constants  for  the  addition  of  thiophenol  were  determined 
from  a  plot  of  the  logarithm  of  concentration  of  mesityl  oxide 
against  time.  The  mesityl  oxide  concentration  was  obtained  from 
the  relation 


'mo 


=  c9 


mo 


(C»8H   -   Csh) 


(7) 


where  c^bb  is  the  initial  titratable  thiophenol  (includes  thiophen- 
oxide) concentration  and  csh  is  the  titratable  thiophenol  at  time  /. 

Titrations  were  done  potentiometrically  with  a  Beckman  Zero- 
matic  pH  meter,  using  a  silver  electrode,  against  a  standard  silver 
nitrate  solution.  The  initial  mesityl  oxide  concentration  was 
determined  spectrophotometrically.  The  rate  constant  obtained 
is  pseudo  first  order  and  includes  the  thiophenoxide  concentration 
term  which  remains  constant 


d(csH)/d/   =   kc^oCs- 


=    k'c 


mo 


(8) 
(9) 


Sampling  Technique.  The  sampling  technique  was  basically  the 
same  for  all  the  addition  reactions.  Aliquots  totalling  5  ml  were 
pipetted  into  a  6-ml,  narrow-necked  test  tube,  and  mercury  was 
added  so  that  the  solution  filled  the  test  tube.  The  tube  was  then 
inverted  into  a  larger  test  tube;  the  two  tubes  were  sealed  by  adding 
more  mercury,  and  the  larger  one  was  filled  with  water  and  placed 
in  the  pressure  vessel.  After  a  suitable  reaction  time,  usually 
longer  than  3  hr,  a  3-ml  aliquot  was  removed  for  analysis.  Con- 
siderable dilution  was  necessary  for  the  determination  of  mesityl 
oxide  concentrations  spectrophotometrically  owing  to  its  very 
large  extinction  coefficient  at  243  m/i.  Dilutions  were  acUusted  so 
that  absorbance  measurements  of  around  0.500  were  obtained. 

Experimental  Error.  The  error  in  the  volume  of  activation  is  due 
almost  entirely  to  the  uncertainty  in  the  term  In  kp/ki.  From  dup- 
licate rate  measurements  this  uncertainty  is  from  4  to  8  %  and  hence 
activation  volumes  obtained  are  accurate  within  the  range  of  dbl.O 
to  ±1.6  ml/mole.  Temperatures  were  controlled  to  within  0.05® 
and  pressures  within  7  atm.  Uncertainty  in  the  reaction  time  was 
render^  negligible  by  having  sufficiently  long  reaction  times, 
usually  from  3  to  4  hr.  From  duplicate  measurements  the  uncer- 
tainty in  the  over-all  volume  changes  is  about  5  %. 

Calculation  of  Activation  Volumes.  The  logarithm  of  the  ratio 
of  the  rate  constant  at  pressure  to  the  rate  constant  at  1  atm  (kp/ki) 
was  plotted  against  pressure,  and  the  best  straight  line  was  drawn 
through  the  origin  and  the  other  points.  The  slope  was  used  to 
evaluate  the  activation  volume  according  to  the  equation 


RT(b  In  k/bPh  =  -^V* 


(10) 


None  of  the  plots  had  any  obvious  curvature,  and  this  seems  sur- 
prising in  only  one  case,  the  addition  of  ammonia  with  methanol 
as  solvent.  Ion-producing  reactions  in  organic  solvents  often  show 
curvature  at  pressures  as  low  as  1000  atm.^ 
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Abstract:  The  rates  of  acid-catalyzed  hydrolysis  of  methyl,  /i-propyl,  isopropyl,  sec-butyl,  benzyl,  phenyl,  />-nitro- 
phenyl,  and  /K:hlorophenyl  acetates  have  been  investigated  over  a  wide  range  of  acidity  (10-90%  aqueous  HsSOO 
by  means  of  spectrophotometric  methods.  First-order  kinetics  were  obtained  in  every  case,  and  the  rate  con- 
stants show  one  of  three  types  of  acid  dependence,  varying  with  ester  structure :  (i)  a  rate  maximum  at  intermediate 
acidities  followed  by  very  slow  hydrolysis  in  very  concentrated  acids;  (ii)  a  rate  maximum  at  intermediate  acidities 
followed  by  a  sharp  increase  in  rate  in  very  concentrated  acids;  and  (iii)  a  continuous  increase  in  hydrolysis  rate 
with  increasing  acid  concentration,  becoming  very  rapid  even  at  moderate  acidities.  These  different  rate-acidity 
dependences  have  been  treated  uniformly  as  a  function  of  Ho  and  the  water  activity  to  yield  reaction  parameters 
which  are  explicable  in  terms  of  a  change  in  mechanism  at  some  intermediate  acidity  for  each  ester,  either  from 
Aa«2  to  AaiI  or  from  Aao2  to  AaoI.  depending  strongly  on  ester  structure. 


The  kinetic  response  of  ester  hydrolysis  to  changes 
in  acidity  has  been  investigated  mainly  in  the  dilute 
acid  region  where  the  information  to  be  gained  about 
detailed  mechanisms  is  quite  limited.  This  is  chiefly 
because  one  important  reaction  variable,  the  water 
concentration  (or  activity),  remains  effectively  constant. 
More  detailed  mechanistic  information  has  come  from 
the  classical  O^^-exchange  studies  of  Bender'  and  others. 
This  work  was  also  confined  to  the  dilute  acid  region, 
and  while  extremely  valuable,  this  approach  does  not 
always  permit  unequivocal  decisions  about  reaction 
mechanisms.  Although  a  few  ester  hydrolyses  have 
been  studied  in  more  concentrated  acids,***  no  sys- 
tematic investigation  of  the  dependence  of  hydrolysis 
rate  on  acid  concentration  has  yet  been  made  for  esters. 
We  therefore  thought  it  of  interest  to  investigate  the 
variation  of  hydrolysis  rate  for  simple  esters  over  as 
wide  a  range  of  acid  concentrations  as  possible,  in  the 
hope  of  obtaining  further  detailed  information  about 
the  various  possible  mechanisms  and  under  what  con- 
ditions they  occur.  Of  the  four  mechanisms  possible 
for  acid  catalysis,  namely  the  AacI,  Aac2,  AaiI,  and 
Aai2  mechanisms,*  it  is  generally  believed  that  apart 
from  a  few  special  cases,  all  ordinary  esters  hydrolyze 
by  the  Aac2  pathway.  The  few  clearly  recognized  ex- 
ceptions such  as  /-butyl  esters  and  mesitoates  which  are 
believed  to  hydrolyze  by  the  AaiI  and  AacI  mechanisms, 
respectively,^  occur  because  of  special  structural  factors 
in  the  ester.  It  is  therefore  of  interest  to  investigate 
to  what  extent  combinations  of  changes  in  structure, 
acidity,  and  water  activity  can  lead  to  different  mecha- 
nisms of  hydrolysis  even  for  ordinary  esters. 

* 

Results  and  Discussion 

The  esters  chosen  for  study  were  all  acetates,  so  that 
the  effect  of  varying  one  structural  parameter  at  a  time 
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could  be  investigated.  These  were  the  meth; 
propyl,  isopropyl,  5^c-butyl,  benzyl,  phenyl,  p-cl 
phenyl,  and  /^-nitrophenyl  esters.  Ethyl  acetat 
not  investigated  since  rate  data  covering  the  entire 
of  sulfuric  acid  concentrations  have  been  report 
for  this  ester.  The  rate  of  hydrolysis  of  each 
was  measured  at  25°  in  aqueous  sulfuric  acid  soli 
covering  as  wide  a  range  as  possible.  The  acid 
used  was  limited  in  some  cases  by  high  reaction  > 
ties  or  by  sulf ©nation  reactions  in  the  more  concen 
region.  Simple  first-order  kinetics  were  obtair 
every  case,  acid  concentration  being  effectively 
stant  during  each  run,  and  the  pseudo-first-orde 
constants  obtained  for  all  eight  acetates  are  lisi 
Table  I.  Each  rate  constant  is  the  mean  of  at 
two,  and  sometimes  three  or  four  independer 
terminations.  It  can  be  seen  from  these  result 
several  of  the  esters  exhibit  local  rate  maxima  at 
mediate  acid  concentrations  (50-60%  H2SO4),  s 
to  those  previously  reported  ^^  for  amide  hydrolysi 
occurring  at  much  higher  acid  strengths.  Thi 
rate  dependence  on  acid  concentration  is  quit 
ferent  for  the  various  types  of  ester  can  be  seen 
clearly  by  plotting  rate  profiles  of  ki  vs,  %  HjS 
shown  in  Figure  1.  Literature  values'' *°  for 
acetate  have  been  included  in  Figure  1  for  compa 
The  rate-acidity  profiles  obtained  clearly  belong  1 
of  three  types.  Type  i  is  characterized  by  an 
steady  increase  in  rate  with  acid  concentration,  p; 
through  a  maximum  at  about  50-60%  acid,  fol 
by  a  rate  decrease  almost  to  zero  by  80%  acid  y 
final  modest  rate  increase  in  the  85-100%  r 
Very  similar  behavior  of  this  type  is  obtained  f 
three  primary  alkyl  esters,  as  shown  in  Figure  1. 
ii  behavior,  shown  by  the  secondary  alkyl  and  1 
esters,  exhibits  a  rate  maximum  similar  to  typ 
about  50-55  %  acid,  but  this  is  followed  by  a  very 
increase  in  rate  well  before  the  rate  has  appro 
zero.  The  acid  region  in  which  this  sharp  rate  in( 
occurs  depends  markedly  on  the  structure  of  the 
Type  iii  differs  from  the  previous  two  in  having  r 
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Table  I.    Ester  HydrolyiiB  Rates  in  SulTuric  Addi  at  25° 


% 

% 

% 

H,S04 

lO't,' 

H^. 

lO't, 

H,SO. 

10% 

Methyl  acetate 

n-Propyl  aceUte 

bopropyl  acetate 

14.1 

1.50 

14.1 

1.47 

14.1 

0.890 

20.7 

2.61 

20,7 

2.52 

25.3 

1.99 

28.3 

4.22 

30.2 

3.23 

34,8 

3.30 

34.8 

6.41 

34.8 

6.78 

40.4 

4.21 

40.4 

8.14 

40.4 

8.47 

45,4 

4.96 

43.4 

10.4 

45.4 

9.76 

50.2 

5.38 

50.2 

11.4 

30.2 

11.4 

55.2 

5.48 

55.2 

13.3 

55.2 

U.5 

60.4 

4.54 

60.4 

13.8 

60.4 

10.4 

65.2 

3.60 

6S.2 

11.9 

63.2 

8.23 

70.4 

1.80 

T0.4 

7.25 

70.4 

4.48 

74,1 

1,14 

74.1 

3.83 

74.1 

2.20 

80.0 

1,48 

80.0 

0.931 

89.7 

0.205 

81.7 

2,30 

95.0 

0.323 

84.7 

4.69 

98.6 

0,430 

88.2 
89.7 
90.8 

11,2 
13.5 
17.0 

we^Biityl  acetate 

Benzyl  sceuie 

Phenyl  acetate 

14.1 

0.964 

10.1 

0.740 

15.1 

1.08 

45.4 

4.72 

25.3 

2.52 

20.1 

1.62 

30.2 

5.00 

30.2 

4.04 

23.3 

2,38 

35.2 

5.02 

34.8 

4.61 

30,2 

3.30 

C0.4 

3.96 

40.4 

6.08 

34.8 

4.34 

65.2 

2.99 

45.4 

7,13 

40.4 

6.20 

70.4 

1.71 

50.2 

9.81 

45.4 

8.36 

74.1 

2.03 

32.8 

9.30 

50.2 

10.9 

77.7 

3.90 

35.2 

9.91 

35.2 

14,5 

80.0 

7.00 

60.4 

8.52 

60.4 

19.2 

81.7 

11.00 

62.5 

9.24 

65.2 

22.6 

84.7 

23.6 

63.2 

10.1 

70.4 

27.2 

88.2 

63.2 

66.B 
67.3 
69.0 

13.7 
15.7 
22.3 

74.1 

29.3 

p-Chlorapbenyl  Acetate 

p-Nitropheoyl  acetate 

15.1 

0.922 

15.1 

0.751 

34.8 

4.25 

20.1 

1.12 

45.4 

7.90 

23.3 

1.52 

55.2 

13.4 

30.2 

2.36 

65.2 

22.7 

34.8 

3.09 

70.4 

27.3 

40.4 

4.27 

74.1 

38.2 

45,4 
50.2 
55.2 
60.4 
65,2 
70.4 
74,1 
73.3 
77.7 
78.5 
80.0 

5.71 
7.81 
10.8 
15.2 
21.3 
36.1 
70.3 
93.3 

161 

138 

222 

■  fteudo-flrat-order  rate  constants  in  1.  roo\tr'  inin'>. 

KTvable  rate  maximum,  the  rate  increasing  monoton- 
ically  with  acid  concentration  until  the  reaction  is  too 
rapid  to  follow  by  conventional  methods  even  at 
moderate  acidities.  The  three  phenyl  esters  exhibit 
this  type  of  behavior  as  shown  in  Figure  1,  as  well  as 
r-butyl  acetate.  The  reported  data  based  on  hydrolysis 
in  HCl  solutions'*  has  been  plotted  for  the  t-butyl  ester 
since  as  yet  we  have  not  been  able  to  obtain  satisfactory 
or  reproducible  results  for  any  tertiary  alkyl  esters  in 
sulfuric  acid,  partly  because  of  theii  high  reactivities  and 
partly  because  of  solubility  problems. 

It  seems  clear  from  the  above  diversity  of  behavior 
that  all  these  esters  cannot  be  reacting  by  the  same 
mechanism,  and  further  that  changes  in  mechanism  are 

(12)  r. 


Figure  1.  Rate-addity  dependence  for  the  hydrolysis  of  acetates 
io  aqueous  sulfuric  add  at  25°  (kj  is  the  pieudo-firat-order  rate 
constant  in  inin~'). 


occurring  for  individual  esters  at  different  acidities. 
This  raises  three  questions.  First,  can  all  of  these  rate 
profiles  be  explained  in  a  way  consistent  with  the  types 
of  mechanism  previously  mentioned?  Second,  can 
all  these  different  rate-acidity  dependences  be  treated 
quantitatively  by  some  uniform  approach,  and  finally 
can  this  be  used  to  obtain  any  detailed  inframation 
about  the  possible  transition  states? 

We  have  shown  previously"  that  rates  of  organic 
reactions  in  concentrated  acids  can  be  treated  quanti- 
tatively as  a  function  of  the  acidity  and  water  activity 
of  the  reaction  medium  by  an  approach  which  is  es- 
sentially a  modification  of  the  Bunnett  hydration 
parameter  treatment.*''*  The  modification  involves 
basing  the  acidity  of  the  reaction  medium  on  an  acidity 
function  which  is  strictly  appropriate  to  the  type  of  sub- 
strate whose  mechanism  is  being  considered.  For  ex- 
ample, if  we  write  the  general  rate  scheme  for  ester  hy- 
drolysis in  terms  of  fully  hydrated  species  as 

S(Hrf)),  +  H*(Hrf)),  ^  SH+(Hrf)),  +  (J  +  n  -  p)iUO 

■low 

SH*(HiO),  +  rH^  — *■  S+(Hrf)),  — ».  products 

the  following  simple  relationship  between  rate,  acidity, 
and  water  acitivity  can  be  derived  from  transition-state 
theory 

log  ki  +  Hs  =  r  log  flHK)  +  (constant)      (1) 

(where  ti  is  the  pseudo-first-order  rate  constant)  pro- 
viding Hs  is  an  acidity  function  based  on  the  ionization 
of  indicators  which  are  esters  of  the  type  whose  hy- 
drolysis reaction  is  being  considered.    The  approxima- 

(13)  K.  Yaies  and  J.  B.  Steveni.  Con.  /.  Chem..  43,  SZ9  (1963);  K. 
Yatei  snd  J.  C.  Riordsn,  IbU.,  43.  I32S  (1965). 

(14)  I.  F.  Bunnell./.  Am.  Chtm.  Soc^  83. 4968, 4973. 4978 (1961). 
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Figure  2.    Appfoxi 

oa  the  Hammett  acidity  function  H^ 


of  Hi  acidity  functions 


Figure  3.    Log  il|  +  mH,  at.  log  obio  for  methy],  ethyt,  i 
R-propyl  acetates. 


tions  and  assumptions  involved  in  obtaining  eq  1  are 
then  much  less  drastic  than  in  the  Bunnett  hydration 
parameter  treatment*''*  and  have  been  discussed  pre- 
viously.** If  eq  i  is  valid  for  ester  hydrolysis,  plots 
of(logA:i  +  /fg)  should  be  hnear  in  log  fiHio  with  a  slope 
r  which  would  give  information  about  the  involvement 
of  water  in  the  rate-determining  step,  and  hence  about 
the  mechanism. 

An  equation  like  (1)  has  been  found  to  give  linear 
plots  with  uniform  slopes  for  a  number  of  amide 
hydrolyses'*  for  which  an  amide-based  acidity  function 
is  available"  but  as  yet  no  ester-based  acidity  function 
such  as  ^s  has  been  established.  It  would  clearly  be 
tedious  and  in  some  cases  difficult  if  not  impossible  to 
establish  an  acidity  scale  strictly  appropriate  to  each 
substrate  type  which  is  of  interest,  but  fortunately  this 
is  not  necessary,  at  least  for  acetate  esters.  The- 
oretically, the  relationship  between  measured  ionization 
ratios  for  esters  and  some  suitable  function  Hs  is  given 
by 

log[SH+]/[S]  =  -Hs+pKsH* 

We  have  measured  ionization  ratios  spectrophoto- 
metrically  for  several  acetates  whose  rates  of  hydrolysis 
are  not  too  fast  in  the  acid  range  of  interest  and  ^nd 
that  these  closely  obey  the  linear  relationship 

log  [SH+]/[S]   =    -mN(,   +   (constant) 

using  available'*  Ha  data.  The  slopes  m  are  approxi- 
mately 0.62  for  simple  acetates,  which  correspond 
closely  to  Lane's  reported'  value  of  0.65  for  the  indicator 
slope  of  ethyl  acetate.  Therefore,  we  can  use  available 
Ho  data  to  approximate  to  H^,  by  means  of  the  relation- 
ship Hs  =  mHa  +  (constant)  and  thus  modify  eq 
1  to  give 

log  ki  +  mHt,  =  r  log  Ohk)  -F  (constant)       (2) 

(15)  K.  Yaies.  J.  B.  Stevens,  and  A.  R.  Katriidcy,  Can.  J.  Ckem.,  41, 
1957  (1964). 

(16)  M.  J.  JorgcDSon  and  D.  R.  Hariter.  J.  Am.  Chem.  Soc.,  IS,  878 
(1963). 


That  this  is  a  valid  approximation  to  Hs  can  be  showD 
by  plotting  all  available  acidity  functions  for  sulfuric 
acid,  namely  the  Hr,"  Wa."  Ht'","  and  ffi'*  func- 
tions, against  the  Ho  function.  Over  a  very  wide  range 
of  acidity  (more  than  eight  logarithmic  units)  each  of 
these  functions  is  linear  in  Ho  as  shown  in  Figure  2, 
and,  therefore,  from  the  measured  ionization  behavior 
of  the  esters  it  is  reasonable  to  conclude  that  the  Hs 
function  will  vary  with  acid  concentration  approxi- 
mately as  shown  in  Figure  2. 

We  have  tested  the  relationship  in  eq  2  using  all  of  the 
rate  data  listed  in  Table  I  along  with  independently 
measured  values  of  Ho,  m,  and  log  ajuo.*'  Tliis  is 
shown  in  Figure  3  for  methyl,  ethyl,  and  n-propyl  ace- 
tates. Excellent  linearity  is  obtained  over  a  very  wide 
range  (0-80%  acid)  with  an  almost  identical  slope  (/■  = 
2.1)  for  the  ethyl  and  M-propyl  esters  and  a  very  similar 
slope  (/-  =  1.92)  for  methyl  acetate.  In  each  case,  a 
break  occurs  at  about  80-85%  acid,  followed  by  an 
equally  linear  relationship,  but  with  a  small  negative 
slope  {r  as  —0.02)  which  extends  to  very  high  acidities" 
or  very  low  water  activities.  The  same  treatment  of  the 
data  for  the  secondary  alkyl  acetates  is  shown  in  Figure 
4.  Again  a  linear  relationship  with  i-  =■  2.1  is  found  for 
each  ester  over  almost  as  wide  a  range  of  acid  (0-70%) 
followed  by  a  change  to  a  different  linear  dependence 
with  negative  slope  in  the  high  acidity  region.  How- 
ever, the  break  occurs  earlier,  and  the  final  negative 
slope  is  steeper  (r  =  —0.6)  for  the  secondary  esters  than 
for  the  primary.    Very  similar  behavior  to  that  of  the 

(17)  N.  C  Deno.  J.  J.  Jarutzeliki.  and  A.  Schrieshein,  Ibid..  77. 3(H4 
(19SS). 
(IS)  E,  M.  Arnell  and  G.  W.  Mach.  ibid.,  S6,  2671  (1964). 

(19)  R.  L.  Hinman  and  J.  Ung,  ftirf,.  86.  3796  (1964). 

(20)  W.  F.  Giauque,  E.  W.  Hornung,  J.  E.  Kunzlet.  and  T.  R.  Rubin. 

ibid..n.tim(xi). 

(21)  Al  Ihe  higher  addiiiei  the  fraction  of  total  nt»  protonated  b» 
comes  significant  and  Ihe  function  plotted  against  log  Oa^  is  actuall;' 
log  (fco-/Ai-  +  it-HH*).  Values  of  Km*  have  been  estimated  from 
spectropholometric  meastirements  for  methyl,  n-propyl,  and  isoprorvl 
acetalei.  Since  these  and  the  previously  reported'  value  for  ethyl  ace- 
tate show  little  variation  with  structure  and  the  slopei  r  are  not  sennliM 
to  small  changes  in  JTbh  *  a  value  of  ATbh  *  ■■  —  7.2  was  adopted  for  the 
other  esteri. 
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H  HtSO^ 


Log  a 


H,0 


Log  An  +  mH^  vs,  log  ohio  for  isopropyl,  j«r-butyl,  and 
states. 


y  esters  is  obtained  for  benzyl  acetate,  also 
n  Figure  4.  The  initial  slope  is  about  the 
«  2.0),  but  the  break  occurs  even  earlier,  at 
1%  acid.  There  are  insufficient  data  to  obtain 
slope  for  benzyl  acetate,  but  comparison  with 
'es  for  the  secondary  acetates  shows  this  is 
f  very  similar  in  its  water  activity  dependence, 
the  data  for  the  three  phenyl  esters  are  plotted 
e  5.  This  time  the  initial  linear  portion  is 
[0-50%  acid)  but  again  with  initial  slope  ap- 
ig  2,  followed  by  a  fairly  wide  change-over 
50-70%),  and  finally  a  small  negative  slope 
L2)  for  p-nitrophenyl  acetate  at  higher  acidities, 
ubstituted  phenyl  ester  cannot  be  studied  at 
.cidities  because  of  sulfonation.  Thus,  each 
eys  eq  2  with  a  large  positive  slope  initially, 
ctends  over  a  wide  range  of  acidity.  This  is 
by  a  marked  change  in  water  acitivity  de- 
i  at  some  higher  acidity  and  presumably  a 
n  mechanism.    Since  the  position  and  type  of 

r  Values  for  Ester  Hydrolysis  in  Sulfuric  Acid 


Add 

range. 

r 

% 

Mecha- 

■te 

value 

H,S04 

C 

<r/ 

rf 

nism 

1.92 

0-80 

0.9997 

0.026 

13 

Aa.2 

-0.2 

>80 

•  •  « 

•  *  • 

3 

2.10 

O-80 

0.9995 

0.04 

19 

Aa.2 

-0.18 

>85 

0.9999 

0.004 

5 

Aa.1 

2.06 

0-80 

0.9998 

0.024 

12 

Aa.2 

-0.2 

>83 

•  ■  • 

•   •  • 

3 

Aa.1 

1 

2.11 

0-75 

0.9994 

0.037 

11 

AaJ 

-0.37 

>80 

0.998 

0.024 

6 

AaiI 

2.18 

0-70 

0.9992 

0.040 

7 

Aa,,2 

-0.66 

>75 

0.997 

0.027 

5 

AaiI 

1.9 

0-60 

0.996 

0.035 

11 

Aac2 

i^-0.5 

>65 

■  •  • 

•  •  • 

3 

AaiI 

1.6 

0-50 

0.998 

0.016 

8 

Aa.2 

<0 

>70 

•  •  • 

•  •  • 

•  • 

Aa.1 

neoyi 

1.6 

0-50 

0.996 

0.055 

8 

Aa.2 

a^-O.l 

>70 

0.893 

0.055 

5 

AaoI 

phenyl 

1.5 

0-55 

0.999 

0.014 

4 

Aa.2 

%  H.804 


Log  a 


H^ 


Figure  5.    Log  ki  +  mHt  vs,  log  anto  for  phenyl,  />-chlorophenyl, 
and  p-nitrophenyl  acetates. 


CM, 


100 


%  H2S04 


iquaret  correlatioa  coeflSdent.    ^  Standard  deviation  on 
i%o)«xit.    *  Number  of  points. 


Figure  6.  Schematic  representation  of  typical  rate-addity  de- 
pendences for  primary,  secondary,  tertiary,  benzyl,  and  phenyl 
acetate  hydrolyses. 


change  is  not  the  same  in  every  case,  the  new  mechanism 
operating  at  high  acidities  is  different  for  the  primary 
alkyl  and  phenyl  esters  from  that  for  the  secondary  alkyl 
and  benzyl  esters.  However,  the  close  similarity  of  the 
water  activity  dependence  for  all  esters  at  low  acidities 
strongly  suggests  that  the  same  mechanism  is  operating 
in  all  cases.  However,  one  clear  exception  to  this  kind 
of  behavior  is  shown,  not  surprisingly,  by  /-butyl  ace- 
tate. The  limited  data  available  for  HCl  solutions 
show  that  the  water  activity  dependence  for  this  ester 
is  decidedly  negative  even  in  the  most  dilute  acids.  The 
few  points  available  for  this  ester  give  r  ^^  — 1.5. 

The  calculated  hydration  parameters  are  summarized 
in  Table  II.  The  least-squares  correlation  coefficients 
and  ay  values  show  that  the  statistical  fit  of  the  data  to 
eq  2  is  surprisingly  good.    This  indicates  strongly  that 
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the  assumptions  and  approximations  involved  in  the 
present  hydration  parameter  treatment  are  reasonably 
valid.  The  concentration  ranges  over  which  linearity 
is  obtained  are  also  surprisingly  wide,  particularly  since 
average  hydration  numbers  for  all  species  involved 
must  be  steadily  decreasing  as  the  water  available  for 
hydration  is  decreasing  with  acid  concentration. 

The  values  of  r  obtained  in  different  acid  regions  can 
be  reasonably  interpreted  in  terms  of  hydrolysis  mecha- 
nism as  follows.  Regions  where  r  ^±1  (low  acidities 
for  all  esters  except  /-butyl)  correspond  to  hydrolysis  by 
an  Aac2  type  of  mechanism  in  which  a  protonated 
ester  molecule  is  attacked  in  the  rate-determining  step 
by  two  water  molecules,  one  acting  as  a  nucleophile 
and  the  second  assisting  in  dispersing  the  positive  charge 
developing  on  oxygen  in  the  transition  state  I  as  progress 
is  made  toward  the  tetrahedral  intermediate  II 


OH 

-/  tlow 

R— C  -h  2HjO 

OR 


H 

/ 
OH       H-O 

«v  «v       \ 

R— C -----O  H 

\        \ 
OR        H 

I 


-HiO* 

► 


J 


OH 
R-C—OH 

u 

The  second  water  molecule  is  then  in  a  position  to  ac- 
cept a  proton  in  the  formation  of  the  intermediate  II. 
Lane  has  previously  suggested*  that  two  water  mole- 
cules are  involved  in  the  transition  state  for  ethyl  ace- 
tate hydrolysis,  but  possibly  in  a  cyclic  structure  III 
rather  than  that  shown  in  I,  but  there  appears  to  be  no 
compelling  reason  to  prefer  either  structure.  On  the 
basis  of  theoretical  calculations  of  medium  effects  on 

CrHs 

A 


CH,— C 

/; 
HO 


/  ^ 


\ 


H 


O— H 


O 

/  \    / 
H       H 

III 

hydrolysis  rates  Laidler^'  has  concluded  that  for  simple 
esters  the  transition  state  contains  a  molecule  of  ester, 
a  hydronium  ion,  and  a  water  molecule.  This  is  con- 
sistent with  either  I  or  III  in  that  over-all  two  water 
molecules  plus  a  proton  plus  ester  are  involved.  How- 
ever, Laidler  suggests  a  transition-state  structure  which 
differs  in  detail  from  either  of  the  above. 

Regions  where  r  becomes  negative  but  is  fairly  close 
to  zero  (i.^.,  r  ^^  —0.2)  correspond  to  changes  from  the 
Aac2  to  the  A  Ac  I  mechanism,  in  which  ester  conjugate 
acid  undergoes  unimolecular  fission  to  acylium  ion  and 
alcohol.  Water  is  essentially  not  involved  in  the  rate- 
determining  step,  hence  the  water  activity  dependence 
is  effectively  zero.*'    This  behavior  occurs  for  the 

(22)  K.  J.  Laidler  and  P.  A.  Landskroener,  Trans,  Faraday  Soc.,  52, 
200  (1956). 

(23)  That  r  is  not  actually  zero  probably  reflects  the  fact  that 
omto  slopes  in  the  higher  add  regions  cannot  be  interpreted  as  quanti- 


primary  alkyl  and  phenyl  esters.  Although  the  meth^ 
ethyl,  w-propyl,  phenyl,  and  /^nitrophenyl  esters  must 
all  form  the  same  acylium  ion  if  they  react  via  the 
AacI  mechanism  the  change  in  water  activity  de- 
pendence occurs  much  earlier  for  the  three  phen^ 
esters.  This  is  reasonable  since  cleavage  to  form  acyl- 
ium ion  would  be  assisted  more  by  the  electron-with- 
drawing phenyl  groups  than  by  alkyl  groups,  so  that  this 
new  mechanism  can  occur  before  the  available  water  hat 
been  as  drastically  depleted  as  in  the  very  high  add  con- 
centrations  required  before  the  primary  alkyl  acetata 
change  mechanism.  In  agreement  with  this  is  the  fad 
that  at  low  acidities  the  rates  of  hydrolysis  are  ih  the 
order  phenyl  >  p-chlorophenyl  >  p-nitrophenyl,  but 
by  about  75%  acid  (where  AacI  predominates)  thii 
order  is  exactly  reversed .  Although  the  data  are  limited, 
the  log  a  values  for  the  phenyl  esters  give  reasonably 
good  linearity  with  a  in  each  of  the  acid  ranges  studied 
Below  55  %  acid  the  p  value  is  close  to  —0.2  in  each  of 
several  acids,  but  above  70%  acid  it  becomes  +0i. 
This  change  in  both  the  sign  and  magnitude  of  p  it 
consistent  with  a  changeover  from  an  Aac2  to  AacI 
type  of  mechanism. 

Regions  where  r  is  negative  but  significantly  less  than 
zero  (r  -^  —0.5)  also  correspond  to  a  ''unimolecular^ 
fission  of  protonated  ester,  but  by  the  AaiI  mechanism. 
The  strong  negative  water  activity  dependence  indicates 
that  water  is  actually  being  released  in  the  rate-determin- 
ing step,  which  is  reasonable  for  decomposition  of  a 
strongly  hydrated  ester  conjugate  acid  to  give  a  weakfy 
hydrated  carbonium  ion,  especially  since  /-butyl  acetate 
is  known  to  hydrolyze  AajI  and  also  has  a  substantial 
negative  water  activity  dependence  in  HCl.  It  has 
already  been  pointed  out'^  that  r  values  obtained  in 
very  concentrated  acids  cannot  be  interpreted  too 
quantitatively  but  it  seems  reasonable  that  /  <  p  for  a 
reaction  leading  to  a  carbonium  ion  and  a  neutral 
molecule. 


OH 

OH 

^ 

«v 

R— C+             — ► 

R-C 

\ 

V   «* 

O— R 

O— -R 

(H,0)p 
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(HiO)( 
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This  behavior  is  shown  by  the  isopropyl,  ^ec-butyl,  and 
benzyl  esters  in  the  higher  acid  regions.  The  regions 
where  r  becomes  negative  for  these  esters  are  also  con- 
sistent with  the  expected  order  of  stability  of  the  ca^ 
bonium  ions  formed  in  AaiI  hydrolysis,  i.e.,  l-butyi 
(dilute)  >  benzyl  (65  %)  >  5ec-butyl  (75  %)  >  isopropjfl 
(80%). 

That  the  sign  of  r  should  actually  change  in  gdnf 
from  an  Aac2  to  an  AaiI  or  AacI  mechanism  is  in 
general  agreement  with  Whalley's'^  conclusions  based 
on  the  pressure  dependence  of  hydrolysis  rates.  For 
A2  type  hydrolyses,  AF=^  is  found  to  be  significantly 
negative,  whereas  for  Al  type  hydrolyses  AK*  is  either 
zero  or  has  a  small  positive  value. 

tatively  as  those  for  lower  acidities  since  the  approximatioiis  inheitntii 
eq  2  will  be  less  valid  at  higher  acidities. 

(24)  E.  Whalley,  Trans.  Faraday  Sac.,  5$.  798  (1959);  A.  R.  Olboni 
and  E.  Whalley,  Can.  J.  Chem..  99, 1094  (1961). 
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reasons  for  the  characteristic  rate-acidity  pro- 
itained  for  various  types  of  ester  can  now  be 
rized  in  terms  of  structure,  acidity,  and  water 
•  These  are  shown  schematically  in  Figure  6  for 
^  secondary,  tertiary,  benzyl,  and  phenyl  esters 
e  water  activity  variation  of  the  medium  super- 
d.  Primary  alkyl  esters  show  an  initial  rate 
^  due  to  protonation  of  an  increasing  fraction 
trate,  until  reduction  of  available  water  slows 
the  **bimolecular"  process.  Eventually  the 
0  as  ahiO  -^  0,  until  at  extremely  high  acidities 
i  ions  can  be  formed.  Despite  the  fact  that  the 
^hanism  does  not  require  water,  this  final  rate 
^  is  modest  owing  to  the  difficulty  of  forming 
tylium  ion.  Secondary  alkyl  esters  show  an 
rate  increase  passing  through  a  maximum  at 
diate  acidities  for  similar  reasons.  However, 
iHiO  -^  0  and  F  -►  0  a  new  mechanism  can  occur 
does  not  require  available  water.  As  this 
um  ion  mechanism  predominantes  the  rate  in- 

sharply  since  secondary  carbonium  ions  are 
icult  to  form  than  acylium  ions.  For  tertiary 
iters  the  rate  rises  rapidly  with  acidity  even  in 
ite  acid  region  due  to  the  ease  of  formation  of 

carbonium  ions.  The  benzyl  ester  resembles 
ondary  alkyl  type,  except  that  the  mechanism 
\  from  Aac2  to  AacI  earlier  because  of  the  inter- 
j  stability  of  benzyl  carbonium  ion.  The  phenyl 
re  somewhat  unusual  in  showing  no  rate  maxi- 
t  intermediate  acidity,  after  an  initial  rate  in- 
resembling  those  for  primary  and  secondary 

Since  the  rate  continues  to  increase  sharply 
very  low  values  of  OHto  a  unimolecular  mecha- 
lust  be  taking  over.  Since  phenyl  carbonium 
t  extremely  unlikely,  the  new  mechanism  must 
I.  The  reason  this  occurs  as  low  as  70%  sul- 
id  has  been  discussed  previously, 
inclusion  it  seems  clear  that  even  simple  esters 
Irolyze  by  a  variety  of  mechanisms  and  that  ex- 
acidities  are  not  necessary  before  Al  type 
isms  can  occur.  The  present  quantitative 
nt  of  ester  hydrolysis  rates  appears  promising, 
d  be  interesting  to  apply  this  treatment  to  other 
talyzed  reactions  whose  detailed   mechanisms 

well  understood.  The  r  values  could  then  be- 
stablished  as  a  useful  indicator  of  mechanism, 
tion  to  those  already  available  from  0**-ex- 

studies,  kinetic  isotope  effects,  and  stereo- 
il  studies,  particularly  since  taken  individually 
riteria  do  not  always  allow  unambiguous  con- 
i  to  be  drawn. 

Bental  Section 

Its.  Commercially  available  acetates  were  either  distilled 
tely  before  use  or  recrystallized  from  methanol-water. 
idds  bdow  95%  (w/w)  were  prepared  by  diluting  CIL 
Srade  acid  (95%  min)  and  more  concentrated  acids  by 
ins  add  with  Fisher  reagent  fuming  (30%)  acid.  Add 
itions  were  determined  by  titrating  weighed  samples 
tandard  base.  The  Ho  values  of  these  solutions  were 
by  interpolation  from  a  graph  of  the  data  of  Jorgenson 
tcr." 

Methods.  The  method  chosen  for  each  ester  depended 
traviolet  absorption  characteristics  of  the  ester  itself  and 
ic  add  solution  of  interest.  In  some  cases  both  methods 
id  suitable. 

!lhyl,  n-propyl,  isopropyl,  and  sec-buiyl  acetates  in  sulfuric 
>ve  25%,  and  for  phenyl,  /K^hlorophenyl,  and  p-nitro- 


phenyl  acetates  in  all  acids,  the  change  in  ultraviolet  absorption 
was  measured  using  a  Perkin-Elmer  Model  350  spectrophotometer 
with  dther  repeated  scanning  attachment  or  external  recorder. 
The  wavelength  range  182-195  m/i  (1-mm  cells,  Ni  purging)  was 
used  for  the  alkyl  acetates  and  the  range  260-280  mn  (1-cm  cells) 
for  the  phenyl  acetates.  This  method  could  not  be  used  below 
2(X)  m/A  for  solutions  in  the  low  acidity  range  because  of  the  back- 
ground absorption  due  to  hydrogen  sulfate  ion.'*  The  cell  com- 
partment was  thermostated  at  25  ±  0.2^.  Concentrations  of  ester 
used  depended  on  solubility  and  extinction  coefficient  and  were 
generally  in  the  range  0.02-0.2  M  for  the  alkyl  and  lO"*  to  10"*  M 
for  the  phenyl  esters.  Excellent  linear  plots  of  log  A  vs,  time  were 
obtained  in  all  cases  (correlation  coefficients  ^0.999),  and  the 
pseudo-first-order  rate  constants  obtained  using  different  wave- 
lengths near  the  maximum  for  a  given  ester  were  in  good  agreement. 
The  results  of  a  typical  run  using  this  technique  are  given  in  Table 
III. 


Table  m.    Kinetic  Data  for  the  Hydrolysis  of  Isopropyl  Acetate 
at  25'';  Sulfuric  Add  Concentration,  65.2%;  Initial  Ester 
Concentration,  0.238  M, 


Log 

Time, 

(At  -  AJ) 

min 

At- 

At  —  A„ 

+  1 

0 

1.700 

1.360 

1.134 

2 

1.594 

1.254 

1.098 

4 

1.504 

1.164 

1.066 

6 

1.398 

1.058 

1.024 

8 

1.312 

0.972 

0.988 

10 

1.268 

0.928 

0.968 

12 

1.204 

0.864 

0.937 

14 

1.150 

0.810 

0.909 

16 

1.072 

0.732 

0.865 

18 

1.016 

0.676 

0.830 

20 

0.970 

0.630 

0.799 

22 

0.932 

0.592 

0.772 

24 

0.900 

0.560 

0.748 

26 

0.868 

0.528 

0.723 

28 

0.828 

0.480 

0.681 

30 

0.790 

0.450 

0.653 

32 

0.750 

0.410 

0.613 

34 

0.720 

0.380 

0.580 

36 

0.686 

0.346 

0.539 

90 

0.370 

130 

0.342 

190 

0.340 

A^  =  0.340 

iti  =  3.69  X  10-«min-i 

Absorbance  measured  at  191  m/i  using  1-mm  cells. 


For  benzyl  acetate,  and  for  the  alkyl  acetates  in  acids  below  25  % 
and  /^propyl  acetate  above  85%  add,  the  following  modification 
of  the  method  of  Jaques  ^^  was  used.  Sulfuric  acid  (50  ml)  of  known 
concentration  and  ester  (0.02-0.04  ml)  were  mixed  in  a  reaction 
vessel  thermostated  at  25.0  d:  0.1 ''.  At  suitable  time  intervals,  5-ml 
samples  were  withdrawn  and  poured  onto  crushed  ice.  These 
were  then  neutralized,  first  with  concentrated,  then  with  0.1  TV  so- 
dium hydroxide  to  exactly  pH  7.  This  neutral  solution  was  made 
up  to  ICX)  ml  with  distilled  water  and  a  20-ml  aliquot  added  to  10 
ml  of  2  Af  hydroxylamine  hydrochloride  and  10  ml  of  2.5  A^  sodium 
hydroxide.  After  10  min,  5  ml  of  5.6  N  HO  was  added  followed  by 
an  excess  of  1 5  %  ferric  chloride  in  0.2  TV  HCl.  The  optical  density 
of  this  solution  at  540  m/i  was  measured  within  2  on  a  Bausch  and 
Lomb  Model  505  spectrophotometer  using  10-cm  cells.  Accurate 
pH  control  (1 .0-1 .4)  is  required  in  the  above  procedure  to  prevent  hy- 
drolysis of  the  ferric  chloride  complex  of  the  acethydroxamic  acid 
fornied  from  unreacted  ester.  This  method  also  gave  good  linear 
plots  of  log  (ester)  vs,  time  from  which  the  pseudo-first-order  rate 
constants  were  obtained. 

pK  Determinatioiis.  The  indicator  behavior  of  methyl,  /i-propyl, 
and  isopropyl  acetates  was  investigated  by  measuring  the  zero-time 
extinction  coefficient  at  190  m/i  as  a  function  of  sulfuric  acid  con- 
centration. The  data  were  treated  by  standard  methods  and  for 
methyl  acetate  fitted  the  equation  log  [BH+]/[B]  =  0.63(-£fo  - 


(25)  J.  T.  Edward  and  I.  C  Wang,  Can.  J,  Chem.,  43,  2867  (1965). 
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% 

H,S04 

-H. 

€ob.d* 

eaaled^ 

15.1 

0.67 

79 

75 

30.2 

1.73 

89 

90 

40.4 

2.44 

94 

101 

50.2 

3.40 

115 

117 

55.2 

3.94 

127 

128 

60.4 

4.51 

146 

141 

65.2 

5.10 

167 

162 

67.3 

5.40 

186 

177 

70.4 

5.86 

221 

210 

72.6 

6.18 

245 

241 

74.1 

6.40 

279 

270 

75.3 

6.60 

294 

297 

78.5 

7.11 

367 

373 

80.0 

7.34 

424 

410 

81.7 

7.61 

446 

450 

84.7 

8.08 

535 

510 

88.2 

8.65 

567 

554 

89.7 

8.90 

577 

566 

94.5 

9.75 

585 

588 

98.6 

10.5 

595 

595 

■  Zero-time  extinction  coefficient  measured  at  190  m/A.  ^Cal- 
culated from  the  equation  log  [BH+]/[B]  =  0.62(-/fo  -  7.16) 
with  €B  =  65.  €bh+  «  598.  gB  =«  -14.7.gBH+  -  0.«« 


7.25),  and  for  it-propyl  acetate  the  equation  log  [BH+l/fB]  »  0.62  • 
(—^0  —  7.18).  A  typical  set  of  experimental  data  for  /i-propyl 
acetate  is  given  in  Table  IV.  This  was  treated  by  a  previously 
described**  method  to  obtain  the  best  fit  of  the  experimental  points 


to  a  calculated  curve  based  on  the  equation  log  [BH'^l/CB]  «  m- 
i—Ho  —  pK)'  The  above  method  of  obtaining  m  values  was  pre- 
ferred over  the  more  conventional  logarithmic  plots  for  two  reasons. 
First,  the  log  [BH'^l/fB]  ds.  Ho  plots  only  utilize  data  obtained  within 
a  narrow  range,  usually  1.5-2.0  Ho  units  either  side  of  pK,  whereas 
the  previously  described  kinetic  treatment  using  m  involves  data 
obtained  over  a  much  wider  acidity  range  (15-98%  sulfuric  acid). 
Second,  both  the  linearity  and  slopes  of  these  log  plots  can  be  in- 
fluenced by  medium  effects  on  the  spectra  of  the  base  and  conjugate 
acid  forms.  The  present  method  reduces  the  seriousness  of  this 
possibility  by  correcting  for  medium  effects.  Unfortunately  the 
rate  of  hydrolysis  of  isopropyl  acetate  is  too  high  in  acids  above 
90%  to  obtain  reliable  zero-time  extinction  coefficients.  However. 
below  this  acidity,  plots  of  log  c  for  isopropyl  and  ir-propyl  acetates 
against  Ho  are  strikingly  similar,  and  it  is  reasonable  to  assume  that 
the  ionization  behavior  of  isopropyl  acetate  closely  resembles  that 
of  the  It-propyl  ester.  Lane,*  using  a  similar  method,  found  the 
ionization  behavior  of  ethyl  acetate  in  sulfuric  acid  followed  the 
equation  log  [BH+]/[B]  =  0.65(  -Ho-  6.93).  The  close  similarity 
of  the  indicator  slopes  and  "pJT*  values  for  methyl,  it-propyl,  and 
ethyl  acetates  indicates  that  the  protonation  behavior  of  acetate 
esters  is  reasonably  independent  of  structure.  For  the  other  ace- 
tates studied  no  reliable  protonation  data  could  be  obtained  either 
because  of  too  rapid  hydrolysis  or  because  sulfonation  inter- 
fered at  the  high  acidities  required  to  measure  cbh  **-.  Therefore, 
in  cases  where  no  indicator  slope  could  be  measured,  a  value  of  m  - 
0.62  was  assumed,  and  an  approximate  pK  of  —7.2  was  used  to 
correct  for  fraction  protonated,  where  necessary.*' 
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(26)  A.  R.  Katritzky,  A.  J.  Waring,  and  K.  Yates,  Tetrahedron,  19, 
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Stable  Carbonium  Ions.    XXXTV/ 
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Abstract:  l-Methyl-l-chlorocyclopentane,  cyclopentylcarbinyl  chloride,  and  cyclohexyl  fluoride  (chloride, 
bronriide)  in  SbFs-SOs  solutions  at  —60^  gave  a  stable  solution  of  the  l-methylcyclopentyl  cation.  The  same  ion  is 
also  formed  when  1-methylcyclopentanol  or  cyclohexanol  were  dissolved  in  FSOsH-SbFt  solutions.  1-Methylcy- 
clopenteneandcyclohexene  are  protonated  in  HF-SbFs-SOj  or  FSOaH-SbFs-SOj  solution  to  the  l-methylcyclopentyl 
cation,  which  is  also  formed  by  hydride  abstraction  from  methylcyclopentane  and  cyclohexane  in  FSOjH-SbFj  solu- 
tion.   The  structure  of  the  l-methylcyclopentyl  cation  was  investigated  based  on  its  nmr  spectrum. 


The  acid-catalyzed  isomerization  of  methylcyclo- 
pentane and  cyclohexane  has  long  been  recognized 
and  studied  and  has  provided  much  useful  information 
concerning  the  carbonium  ion  chain  mechanism  for 
hydrocarbon  isomerization.***    In  terms  of  product 

(1)  Part  XXXUI :  G.  A.  Olah  and  J.  M.  BolUnger,  /.  Am.  Chem,  Soe,. 
in  press. 

(2)  For  a  preliminary  report  see  G.  A.  Olah  and  M.  W.  Meyer  in 
"Friedel-CrafU  and  Related  Reactions,**  Vol.  I.  G.  A.  Olah,  Ed.,  Intcr- 
sdence  Publishers,  Inc.,  New  York,  N.  Y.,  1963,  p  645. 

(3)  (a)  National  Science  Foundation  Postdoctoral  Research  Investi- 
gator, 1966-1967.  (b)  National  Institutes  of  Health  Postdoctoral 
Research  Investigator,  1966-1967. 

(4)  C.  D.  Nenitzescu  and  I.  P.  Cantuniari,  Ber.,  66,  1097  (1933). 

(5)  For  reviews  see  (a)  H.  Pines  and  N.  E.  Hoffman,  •Triedel-CrafU 
and  Related  Reactions,**  Vol.  II,  Part  2,  G.  A.  Olah,  Ed.,  Interscience 
Publishers,  Inc.,  New  York,  N.  Y.,  1964,  Chapter  28;  (b)  F.  E.  Condon 


Stability,  cyclohexane  is  favored.  The  equilibrium 
mixture  at  25°  consists  of  77%  cyclohexane  and  23% 
methylcyclopentane.*  In  terms  of  carbonium  ion 
stability,  however,  the  tertiary  methylcyclopentyl  cat- 
ion I  should  be  favored  over  the  secondary  cyclohexyl 
cation  II.  No  good  estimate  is  available  concerning 
either  the  relative  energy  differences  between  these  two 


and  p.  H.  Emmett,  Ed.,  **Catalysis,**  Vol.  VI,  Reinhold  PubUshim 
Corp.,  New  York.  N.  Y.  1958.  Chapter  2. 

(6)  A.  L.  Glasebrook  and  W.  G.  Lovell,  /.  Am.  Chem.  Soe.^  61, 1717 
(1939),  reported  in  accordance  with  ref  2  that  the  equilibrium  mixture  at 
25**  consists  of  77  %  cyclohexane  and  23  %  methylcydopcntanc.  D.  F. 
Stevenson  and  J.  H.  Morgan,  ibid.,  70,  2773  (1948),  found  the  equffib* 
rium  favors  cyclohexane  at  lower  temperatures,  the  amount  of  melhjfl- 
cydopentane  increasing  with  temperature. 
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r  the  activation  energy  necessary  for  their  inter- 
sion. 

le  course  of  the  investigation  of  stable  carbonium 
acidic  solvent  systems  like  SbFe  or  SbFe-FSOjIT 
:  it  of  interest  to  attempt  the  observation  of  the 
lium  ions  formed  from  both  1-methyIcyclopentyl 
clohexyl  precursors.  We  briefly  reported  on  the 
ation  of  1-methylcyclopentyl  cation  I  in  1963,* 
uld  like  now  to  present  in  detail  our  observations 
S  to  this  ion.^  As  ion  I  was  observed  to  be 
I  from  a  variety  of  precursors  in  strong  acid 
its  investigation  also  proved  interesting  with 
to  applying  a  variety  of  methods  in  its  generation. 

\  and  Discussion 

n  1-chloro-l-methylcycIopentane  (1)  was  dis- 
in  SbPe-SOj  solution  at  —60°  a  stable  solution  of 
as  obtained.  Ion  I  was  also  obtained  from  cyclo- 
ecarbinyl  chloride  (2)  or  cyclohexyl  chloride 
fluoride,  bromide)  in  the  same  solvent  at  —60**. 
•imary  cyclopentylcarbinyl  cation  and  the  sec- 
cyclohexyl  cation  thus  rearrange  with  great 
en  at  —60°  to  the  tertiary  ion  I  which  is  the  only 
icrved  by  nmr  spectroscopy. 
g  FSOjH-SbFe  as  the  acid  medium,  1-methyl- 
mtanol-1  (4)  and  cyclohexanol  (5)  gave  also 
srely  ion  I.  1-Methylcyclopentene-l  (6)  and 
5xene  (7)  were  also  protonated  in  HF-SbF5-SOi 
),H-SbFs-SO,  at  -60°  to  give  I.  Furthermore, 
srved  that  the  extremely  strong  acid  FSOjH-SbFs 
to  aff'ect  hydride  ion  abstraction  from  1-methyl- 
mtane  (8)  or  cyclohexane  (9)  to  form  ion  !.• 
1  summarized  the  diff^erent  precursors  and  path- 
ading  to  ion  I. 

pmr  spectrum  of  the  methylcyclopentyl  cation 
-60°  is  shown  in  Figure  2.  The  substantially 
ded  methyl  (—3.98  ppm)  and  a-methylene 
I  ppm)  protons  adjacent  to  the  positive  charge 
the  anticipated  positions.^®  Particularly  note- 
is  the  long-range  coupling  (Jh-h  =  4.0  cps)  of 
thylene  and  methyl  hydrogens  through  the  sp*- 
ized  center  of  ion  I.  Similar  long-range  coupling 
n  observed  in  simple  alkylcarbonium  ions.    Thus 


'CHsCHa  CHf       CHa 

•C  CH/XCH,)iCCH, 

J       CH, 


CH,      CH, 
CH,C(CH,),CCH, 


ni 


IV 


i  previous  papers  of  this  series. 

M.  Brouwer  and  E.  L.  Mackor  [Proc.  Chem.  Soe.,  147  (1964)] 
«  observed  the  methylcyclopentyl  cation  and  claimed,  based  on 
iening,  that  above  —  20**  the  methyl  group  shifts  along  the  ring. 
ot  concur  with  this  explanation  and  feel  that  line  broadening 
id  by  other  reasons. 

t  application  of  FSOsH-SbF»  as  a  hydride-abstracting  medium 
ite  carbonium  ions  from  hydrocarbon  is  a  general  method: 
ab  and  J.  Lukas,  /.  Am,  Chem.  Sac.,  89,  2227  (1967). 
I  the  dimethylethylcarbonium  ion  (r-amyl  cation)  observed  in 
I,  the  positions  of  the  methyl  and  methylene  groups  adjacent 
wtive  charge  are  at  4. SO  and  4.93  ppm:  G.  A.  Olah,  E.  B. 
C  Evans,  W.  S.  Tolgyesi,  J.  S.  Mclntyre,  and  I.  J.  Bastien, 
l«iii.5kK;.,  86*1360(1964). 
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Figure  2. 
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in  the  dimethylethylcarbonium  ion  (/-amyl  cation) 
(III),yHi-Hi  =  5.0  cps,^®  while  for  the  dications  IV  and  V, 
^Hi-Hi  =3.0  and  4.0  cps,  respectively.  *  ^  The  j8-methylene 
protons  at  —2.47  ppm  show  also  the  anticipated  de- 
shielding.  Finally,  quenching  ion  I  in  methanol  at 
—70°  gave  a  high  yield  (80%)  of  1 -methylcyclopentyl 
methyl  ether  ^*  with  smaller  amounts  of  methylcyclo- 
pentene. 

The  fact  that,  starting  from  either  1-methylcyclo- 
pentyl or  cyclohexyl  precursors  even  at  —60°,  we  were 
able  to  observe  only  the  1-methylcyclopentyl  cation 
indicates  that  rearrangement  of  any  initially  formed 
cyclohexyl  cation  occurs  too  rapidly  to  be  detected  by 
nmr,  at  least  under  the  experimental  conditions  used  in 
the  present  work.  Although  the  exact  mechanistic  de- 
tails of  this  rearrangement  are  not  yet  known,  we  favor  a 
mechanism  not  involving  the  intermediacy  of  a  primary 
carbonium  ion,  which  would  represent  a  substantially 
high  energy  barrier.  A  rearrangement  mechanism 
similar  to  the  one  proposed  by  Nenitzescu,^'  involving 

(11)  J.  M.  Bollinger,  C.  A.  Cupas,  K.  J.  Friday,  M.  L.  Woolfe,  and 
G.  A.  Olah.  ibid..  89,  156  (1967). 

(12)  G.  A.  Lutz.  A.  E.  Bearse,  J.  F.  Leonard,  and  F.  P.  Croxton,  ibid., 
70,  4139  (1948). 

(13)  C.  D.  Nenitzescu  in  "Carbonium  Ions,*'  G.  A.  Olah  and  P.  von 
R.  Schleyer,  Ed.,  Interscience  Publishers,  Inc.,  New  York,  N.  Y.,  in 
press. 
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a  protonated  cyclopropane  intermediate,  merits  con- 
sideration. 


?. 
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Experimental  Section 


All  compounds  with  the  exception  of  l-chloromethylcyclopentane 
and  1-methylcyclopentyl  methyl  ether  were  commercially  avail- 
able. 1-Chloro-l-methylcyclopentane  was  prepared  by  the  pro- 
cedure of  Merrwein  and  Miihlendyk.*^  1-Methylcyclopentyl 
methyl  ether  was  prepared  according  to  the  method  of  Lutz,  et 

Nmr  Spectra.  The  nmr  spectra  were  obtained  on  a  Varian 
Associates  Model  A56-60A  spectrometer  equipped  with  a  variable- 
temperature  probe.  All  spectra  were  run  at  —60°.  The  chemical 
shifts  are  recorded  in  parts  per  million  relative  to  external  TMS. 

Plreparatioa  of  Solutioiis  of  l-Methylcydopentyl  Cation,  a. 
From  Halides.  A  saturated  solution  of  antimony  pentafluoride  in 
sulfur  dioxide  was  prepared  (at  —10°).  Portions  (2  ml)  of  this 
solution  were  cooled  to  —78°,  causing  some  antimony  penta- 
fluoride to  crystallize  from  solution.    To  this  suspension  was  added 


(14)  H.  Meerwein  and  M.  MUhlendyk,  Ann.,  405,  171  (1964). 


with  stirring  approximately  0.2  g  of  the  appropriate  1-methylcyclo- 
pentyl or  cyclohexyl  halide.  Slight  warming  was  required  to 
complete  the  ionization,  whereupon  a  homogeneous  solution  re- 
sulted with  only  slight  traces  of  color.  Ion  concentrations  were 
around  10%. 

b.  From  Alcobob.  The  precursor  alcohol  ( 1 -methyl- 1-cyclo- 
pentanol  or  cyclohexanol)  in  SOs  was  cooled  to  —60°  and  added  to 
a  vigorously  stirred  1 : 1  molar  mixture  of  FSOiH  and  SbF&  at  -60°. 
Generally  an  excess  of  SO2  was  used  to  prepare  the  solution  which 
was  then  concentrated  by  pumping  off  S(32  to  give  an  approximately 
8-10%  concentration  of  the  carbonium  ion  solution. 

c.  Fhmi  Cydoalkanes.  The  cycloalkane  (1-methylcyclopen- 
tane,  cyclohexane)  and  a  tenfold  (weight)  excess  of  acid  (1:1 
FSOr-SbFft)  were  vigorously  stirred  at  room  temperature  until 
they  formed  a  homogeneous  colorless  mixture. 

d.  From  Cydoalkenes  (1-Methylcydopentene  and  CydobexcneX 
A  cold  (—60°)  solution  of  the  cycloalkene  in  SO2  was  added  slowly 
with  stirring  to  a  cold  solution  of  HF-SbF&  and  FSOiH-SbFs  in  SCk 
Excess  SOs  was  pumped  off  in  order  to  obtain  a  ^^10%  solution  of 
the  methylcyclopentyl  cation. 

Quenching  the  methylcyclopentyl  cation  in  a  suspension  of  meth- 
anol and  potassium  carbonate  at  —78°  gave  an  81  %  yield  of  1- 
methylcyclopentene  according  to  comparison  with  authentic 
samples. 
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Abstract:  An  investigation  of  the  alkenoyl  fluoride-antimony  pentafluoride  complexes  has  been  carried  out. 
Acryloyl-,  methacryloyl-,  crotonoyl-,  tigloyl-,  j9,j9-dimethylacryloyl-,  and  cinnamoyl  fluoride  all  form  complexes 
with  antimony  pentafluoride,  which  based  on  infrared  and  nmr  investigations  are  alkenyloxocarbonium  ions. 


No  investigation  of  the  complex  formation  of 
alkenoyl  halides  with  Lewis  acid  halides  has  been 
reported  in  the  literature.  Deno,  Pittman,  and  Wisot- 
sky'  investigated  the  behavior  of  crotonic,  2-methyl- 
crotonic  (tiglic),  3-methylcrotonic,  and  2,4-hexadienoic 
(sorbic)  acid  in  sulfuric  acid  and  oleum.  It  was  sug- 
gested, based  on  nmr  studies,  that  an  equilibrium  exists 
between  the  oxocarbonium  ions  and  protonated  acids. 


RCXXDH, 


RCX)+  -h  H^ 


In  continuation  of  our  previous  work*  on  oxocar- 
bonium ions  it  was  of  interest  to  attempt  the  prepara- 
tion of  alkenyloxocarbonium  ion  complexes  (RC"=0, 
R  =  unsaturated). 

(1)  Part  XXXVII:  G.  A.  Olah,  R.  D.  Chambers,  and  M.  B.  Comis- 
arow,  J.  Am,  Chem.  Soc.,  89,  1268  (1967). 

(2)  National  Science  Foundation  Predoctoral  Research  Investigator, 
1965-1967. 

(3)  N.  C.  Deno,  C.  U.  Pittman,  Jr.,  and  J.  Wisotsky,  J.  Am.  Chem, 
5ac.,  86,  4370(1964). 

(4)  (a)  G.  A.  Olah,  S.  J.  Kuhn,  W.  S.  Tolgyesi,  and  E.  B.  Baker,  ibid,, 
84,  2733  (1962);  (b)  G.  A.  Olah,  Rev.  Chim.,  Acad.  Rep.  Populaire 
Roumaine,  7,  1139  (1962);  (c)  G.  A.  Olah,  W.  S.  Tolgyesi,  S.  J.  Kuhn, 
M.  E.  Moffatt,  I.  J.  Bastien,  and  E.  B.  Baker,  J,  Am.  Chem.  Soc.,  85, 
1328  (1963);  (d)  G.  A.  Olah  and  M.  B,  Comisarow,  ibid.,  88,  3313. 4442 
(1966). 


Results  and  Discussion 

Stable  alkenyloxocarbonium  ion  complexes  were  ob- 
tained by  treating  alkenoyl  fluorides  with  antimony 
pentafluoride  ("fluoride  method"  of  oxocarbonium  ion 
formation*). 

RR'C=CR"CX)F  -f  SbFi  :^=±:  RR'C=CR"C+0  SbFr 

The  necessary  alkenoyl  fluorides  were  prepared  from 
the  corresponding  acyl  chlorides  and  anhydrous  hy- 
drogen fluoride  except  for  acryloyl  fluoride,  meth- 
acryloyl fluoride,  and  crotonoyl  fluoride,  which  were 
prepared  from  the  corresponding  acids  and  benzoyl 
fluoride.  Yields  were  generally  better  than  90%. 
Table  I  summarizes  the  boiling  points  of  the  alkenoyl 
fluorides.  Their  purity,  based  on  nmr  and  infrared 
spectra,  was  better  than  98  %. 

The  alkenoyloxocarbonium  ion  complexes  were 
prepared  by  mixing  cold  1,1,2-trifluorotrichloroethanc 
(Freon  113)  solutions  of  the  corresponding  alkenoyl 
fluorides  with  Freon  113  solutions  of  antimony  penta- 
fluoride. The  complexes  separate  as  liquids  at  room 
temperature  except  for  the  cinnamoyl  complex  whid 
crystallizes  (mp  75*^).  They  are  all  brown  in  color 
except  for  the  cinnamoyl  complex  which  is  bright  red. 
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1  Stored  in  the  absence  of  moisture  the  complexes 
LT  to  be  stable  indefinitely. 

!•    Alkenoyl  Fluorides 


FlucMide 


Bp.X 
(mm) 


Acryloyl 

34« 

Methacryloyl 

56-57* 

Crotonoyl 

80-82« 

Tigloyl 

63-M(180) 

/9,0-Dimethylacryloyl 

66(188) 

Qmiamoyl 

108(12)- 

.•»»  34.5'.  » B.  W.  Howk  and  R.  A.  Jacobson  [U.  S.  Patent 
00;  Chem.  Abstr,,  42,  4794  (1948)]  report  56.5-58^  •  F. 
id  J.  Langer  [Ber.,  91,  2553  (1958)]  report  81-82**  (745  mm). 
108**  (12  mm). 


*ared  Investigations.  The  liquid  complexes  were 
ned  as  neat  films  between  Irtran-2  plates  using  the 
sary  techniques  for  exclusion  of  moisture.** 
olid  cinnamoyl  complex  was  examined  as  a  Fluo- 
e  mull. 

t  infrared  investigations  show  that  all  of  the  com- 
j  are  exclusively  oxocarbonium  ions  (RC"==0) 
idenced  by  the  absence  of  carbonyl  absorption 
he  presence  of  an  absorption  band  (around  2240 
I  characteristic  of  oxocarbonium  ions.  *  The  infra- 
t>sorption  data  are  summarized  in  Table  II. 

[I.    Infrared  Absorption  of  Alkenoyl  Fluoride-Antimony 
uoride  Complexes  (cm~*) 


* —  Acyl  fluoride  — 

^  Oxocarbonium  ion 

J'CO 

J'c-c 

v*c-o 

vc-c 

ryloyl 

1825 

1635 

2250 

1555 

;thacryloyl 

1815 

1645 

2240 

1590 

9tonoyl 

1815 

1655 

2240 

1580 

Poyl- 

18(X) 

1650 

2230 

1580 

{-Dimcthyl- 

18(X) 

1645 

2220 

1555 

icryloyl 

inamoyl 

1805 

1640 

2210 

1550 

5  C*"=0  stretching  frequency  is  generally  close 
10  cm"\  which  is  lower  than  the  C*"==0  stretching 
mcy  found  in  saturated  alkyloxocarbonium  ions^ 
lose  to  the  stretching  frequency  of  the  phenyl- 
rbonium  ion  (2212  cm^^.  This  is  undoubtedly 
>  conjugation  with  the  adjacent  double  bond.  As 
bund  previously  for  other  oxocarbonium  ions^ 
>sence  of  carbonyl  absorption  bands  is  dependent 
e  purity  of  the  complexes.  Addition  of  water  to 
^mplexes  diminishes  the  intensity  of  the  2240-cm'~^ 
ption  and  causes  a  concomitant  appearance  of 
;  at  1 600  cm" *.  The  spectrum  of  the  acryloyl  com- 
18  shown  in  Figure  1  as  representative  of  the 
ed  spectra  of  the  alkenyloxocarbonium  ions. 
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Figure  2. 
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Figure  3. 

Nmr  Investigations.  The  pmr  spectra  of  the  alkenyl- 
oxocarbonium hexafluoroantimonate  complexes  and 
the  starting  acyl  fluorides  as  solution  in  SOs  at  —40 
to  —60**  are  shown  in  Figures  2-7.  First-order  tech- 
niques were  used  for  the  analysis  of  all  of  the  spectra 
except  that  of  acryloyl  fluoride.^  The  data  are  sum- 
mari2:ed  in  Table  III.  They  clearly  indicate  the  oxo- 
carbonium ion  nature  of  the  investigated  complexes. 
The  deshielding  (AS  values)  of  the  methyl  protons  j3 
to  the  C"=0  group  is  greater  than  that  of  the  a-methyl 
protons,  indicating  substantial  contributions  from  the 
resonance  forms  I  and  II.    Comparison  of  AS  values 

O 


/     \ 

I 


/ 


o-c 

/     \ 

II 


indicates  that  the  proton  cis  to  the  C"=0  group  in  the 
cinnamoyl  complex  is  deshielded  less  than  the  same 
proton  in  the  other  complexes  indicating  a  further  strong 
contribution  from  resonance  form  III. 


m 


(5)  (a)  The  authors  wish  to  thank  Professor  Axel  Bothner-By  for 
communication  of  the  analysis  of  the  acryoylfluoride  spectrum  prior  to 
publication,    (b)  D.  F.  Koster,  /.  Am,  Chtm.  Soe.,  88«  5062  (1966). 
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Table  nL    Nuclear  Magnetic  Proton  Resonance 
Shifts  of  Aikenyloxocarbonium  Ions 


Addition  of  small  amounts  of  water  to  the  nmr 
samples  results  in  the  appearance  of  new  resonances  at 
higher  field  than  the  oxocarbonium  ion  peaks  but  at 
lower  field  than  the  starting  acyl  fluorides  peaks.  These 
can  be  assigned  to  the  donor : acceptor  complexes.*^' 

The  aikenyloxocarbonium  hexafluoroantimonate 
complexes  could  also  be  examined  as  neat  liquids  at 

(6)  Note  Added  in  Proof.  The  protonation  of  alkenoic  Rcidt  in 
FSOiH-SbFi  wlution  and  (heir  dehydration  to  alkenytoxocaiboniuin 
ions  it  being  inveitigated  with  Dr.  M.  Calin  and  will  be  reported.  Thii 
work  indicate)  that  the  donor-acc^tor  complex  RC(I0=*'O-SbFi  ia 
most  likely  the  O-protonated  add  RCOtHi  *. 


Fluoride       Oxocarboniiun 
in  SO,       In  SO,       Nrai 


Methacryloyl       q-CH, 


0<b 

fi-tmiu-CH, 

o-CH, 

B-cIt 

imni-CHt 


-6.2fr 
-5.79* 
-1.16 
-6.13 


-6.11 
-7.57 
-7,27 


-7.33 
-8.83 
-8.60 
-2.73 
-8,45 
-8.17 
-7.00 
-9.30 
-2.83 
-2.62 
-9.33 
-2.82 
-6,72 
-2.92 
-2.83 
-6.<>6 
-9.40 
-7,90 


-7.70 
-9.22 
-9.05 


-3.a 

-7.03 
-3.42 
-3.33 


■  These  values  were  obtained  from  ref  3b  by  adding  0.1  from  llK 
chemical  shifts  in  CFQi;  +0.1  ppm  is  a  typical  solvent  shift  fnn 
CFC\,  (internal  TMS)  to  SO,  (extenial  TMS):  Olah  ud 
Comisarow,  unpublished  data. 


00/  Society  {  89:11  /  May  24, 1967 


2697 


room  temperature  (with  the  exception  of  the  cinnamoyl 
complex)  and  their  spectra  were  very  similar  to  the  solu- 
tion spectra  except  for  the  solvent  shift.  The  resolution 
of  the  neat  spectra  was  slightly  lower  due  to  the  higher 
viscosity  of  the  neat  complexes  as  compared  with  their 
SO2  solutions. 

The  F^'  spectra  of  the  complexes  shows  no  C-F 
resonances,  only  antimony-fluorine  peaks  at  around 
4>  +100  (parts  per  million  from  external  CFCU). 

Experimental  Sectioii 

Acryloyl,  methacryloyl,  and  crotonoyl  fluorides  were  prepared 
from  the  acids  and  benzoyl  fluoride  using  the  published  procedure 
for  cyclopropanecarbonyl  fluoride.  *<*  Tigloyl,  /9,/3-dimethyl- 
acryloyl,  and  cinnamoyl  fluorides  were  prepared  from  the  corre- 


sponding chlorides  and  anhydrous  hydrogen  fluoride  using  the 
published  procedure  for  preparing  cyclobutanecarbonyl  fluoride.  *<* 

The  preparation  of  the  alkenyloxocarbonium  ion  complexes 
from  alkenoyl  fluorides  and  antimony  pentafluoride  in  1,1,2- 
trifluorotrichloroethane  solution  was  carried  out  according  to 
methods  previously  described  to  prepare  other  types  of  oxocar- 
bonium  complexes.  *•"<* 

The  techniques  of  infrared  and  nmr  studies  were  also  analogous  to 
those  described  previously.  Infrared  spectra  were  obtained  on  a 
Beckman  Model  IR  10  spectrophotometer  and  a  PE  337  spectro- 
photometer. Nmr  spectra  were  obtained  on  Varian  Associates 
Model  HA-60-IL  and  A56-60A  spectrometers  equipped  with  vari- 
able-temperature probes.  All  chemical  shifts  are  relative  to  ex- 
ternal TMS  (H>)  or  CCliF  (F»»)  as  references  (capillary  tubes). 

Acknowledgment.  Generous  support  of  this  work  by 
a  grant  from  the  National  Institutes  of  Health  is  grate- 
fully acknowledged. 
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Abstract:  Oxidation  of  2\5^-di-0-tntylundine  by  the  dimethyl  sulfoxide-dicyclohexylcarbodiimide  method 
gave  crystalline  2^5^-di-0-trityl-3^-ketouridine  in  good  yield.  Treatment  with  hydrogen  chloride  in  chloroform  then 
gave  free  3^-ketouridine.  In  a  similar  way  oxidation  of  3^5^-di-0-trityluridine  gave  3^5^-di-0-trityl-2^-ketouridine 
which  was  detritylated  to  free  2^-ketouridine.  These  oxidations  could  also  be  performed  using  dimethyl  sulfoxide 
together  with  acetic  anhydride  or  phosphorus  pentoxide.  The  uridine  ketones  were  very  labile  toward  alkali, 
being  cleaved  to  uracil.  Borohydride  reduction  of  the  free  or  tritylated  2^-ketone  led  predominantly  to  the  forma- 
tion of  products  with  the  arabinose  configuration  while  similar  reduction  of  the  3 '-ketones  gave  mixures  of  the 
corresponding  xylosides  and  ribosides  in  a  ratio  of  2 : 1 .  Attempts  to  alkylate  the  ditrityl  3 '-ketone  with  Grignard 
reagents,  methyUithium,  or  diazomethane  have  not  as  yet  been  successful.  Nuclear  magnetic  resonance  spectra 
data  are  presented  for  the  various  compounds. 


An  extremely  mild,  yet  efficient,  oxidation  of  alcohols 
J\  through  their  reaction  with  dimethyl  sulfoxide 
(DMSO)  and  dicydohexylcarbodiimide  (DCC)  has 
been  developed  in  this  laboratory.'  Since  the  oxida- 
tion proceeds  at  room  temperature,  and  under  essen- 
tially neutral  conditions  (e.g.,  using  pyridinium  tri- 
fluoroacetate  as  the  proton  source),  it  has  found  con- 
siderable application  when  dealing  with  sensitive 
compounds.^  A  particular  merit  lies  in  the  oxidation 
of  primary  alcohols  exclusively  to  the  aldehyde  stage,' 
and  this  property  has  permitted  the  oxidation  of  the 
S'-hydroxyl  group  of  protected  nucleosides  to  give  the 
corresponding  nucleoside  S  '-aldehydes.'*'* 

Our  earlier  observations'^  showed  that  the  reaction 
of  deoxynucleosides,  such  as  thymidine,  substituted 
at  the  S '  position  by  phosphate,  acetyl,  or  p-nitrobenzoyl 
groups  (1,  R  »  thymine,  R'  =  POjHa,  Ac,  /^-nitro- 
benzoyl)  with  DMSO  and  DCC  in  the  presence  of  an- 

(!)  For  part  V  see  M .  G.  Burdon  and  J.  G.  Moffatt,  submitted  for 
poblicatiofi. 

(2)  Syntex  Fostdoctoral  Fellow,  1964>196d. 

(3)  (a)  K.  E.  Pfitzner  and  J.  G.  Moffatt,  J,  Am.  Chem.  Soc.,  85,  3027 
(1963):  (b)  K.  E.  Pfitzner  and  J.  G.  Moffatt,  ibid.,  87,  5661  (1965);  (c) 
K.  E.  Pfitzner  and  J.  G.  Moffatt,  ibid.,  87,  3670  (1965). 

(4)  See,  e.f .,  (a)  J.  D.  Albright  and  L.  Goldman,  J.  Org.  Chem.,  30, 
1107  (1965):  (b)  B.  R.  Baker  and  D.  H.  Buss,  ibid.,  30,  2304  (1965); 
(c)  A.  G.  Brook  and  J.  a  Pierce,  ibid.,  30.  2566  (1965). 

(5)  A  detailed  account  of  these  studies  is  in  preparation  by  G.  H. 
Jones  and  J.  O.  Moffatt 


hydrous  orthophosphoric  acid  led  to  the  rapid  and 
complete  cleavage  of  the  N-glycosidic  bond  with  release 
of  thymine.  Such  a  degradation  undoubtedly  proceeds 
via  oxidation  to  the  S  ^-substituted  3^-ketonucleoside 
2  which  then  undergoes  j3  elimination  of  the  hetero- 
cyclic base.  The  elimination  step  was  apparently 
extremely  rapid  and  no  sign  of  the  intermediate  ketones 
2  could  be  detected  chromatographically.  Similar 
results  have  been  encountered  by  others  during  at- 
tempted oxidation  of  the  3'-hydroxyl  group  of  protected 
deoxynucleosides  with  manganese  dioxide,^  chromium 
trioxide  in  pyridine/  or  platinum  and  oxygen  under 
forcing  conditions.* 


HWH,     R 


OH 
1 


R'OCHj      R 


R    +  sugar  fragments 


(6)  A.  S.  Jones,  R.  T.  Walker,  and  A.  R.  Williamson,  J,  Chem.  Soc., 

6033  (1963). 

(7)  A.  S.  Jones,  A.  R.  Williamson,  and  M.  Winkley,  Carbohydrate 

Res.,1,  187(1965). 

(8)  Personal  communication  from  Dr.  G.  M.  Tener  of  the  University 
of  British  Coltimlna. 
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Figure  1.    Nuclear  magnetic  resonance  spectniin  of  2',3'-di-0-trityl-3'-ketoufidine  in  deuleriochloroform  at  100  Mc, 


In  this  paper  we  describe  the  successful  oxidation  of 
some  doubly  blocked  uridine  derivatives  and  the  isola- 
tion of  free  2 '-  and  3  '-Icetouridines. 

The  starting  materials  in  this  work  were  the  well- 
known  2',5'-di-0-trityIuridine  (3)  and  3 ',5 '-di-O-tri- 
tyluridine  (4)  which  were  obtained  in  yields  of  39  and 
19%  by  reaction  of  uridine  with  excess  triphenylmethyl 
chloride  in  pyridine  at  100°  essentially  according  to 
Yung  and  Fox**  and  icmllcka."'  Much  of  the  2',5'- 
ditrityl  compound  could  be  directly  isolated  by  crystal- 
lization and  the  3',5'-ditrityI  isomer  was  obtained  by 
chromatography  of  the  mother  liquors  on  a  silicic  acid 
column.  In  addition  to  these  two  products  a  small 
amount  (2%)  of  the  previously  undescribed  2',3',S'- 
tri-O-trityluridine  (S)  was  obtained  in  crystalline  form 
and  its  structure  was  confirmed  by  elemental  analysis 
and  nuclear  magnetic  resonance  spectroscopy.  The 
presence  of  the  third  trityl  group  on  a  sugar  hydroxyl 
rather  than  on  N|  of  the  uracil  ring  was  shown  by  the 
ultraviolet  spectrum  which  was  typically  that  of  a  uri- 
dine  derivative  [Xbu.  261  mn  (c  9990)].  In  addition,  the 
nmr  spectrum  of  5  showed  an  interesting,  and  previously 
undescribed,  coupling  (J  =  2  cps)  of  the  Ni  and  C» 
protons  of  the  uracil  ring.  This  effect,  which  was 
readily  confirmed  by  spin-decoupling  studies,  was  also 
noted  with  3  and  4  as  well  as  with  the  tritylated  keto- 
nucleosides  to  be  described  below. 


a) 


i 


„X, 


W 


Treatment  of  3  with  DMSO  and  DCC  in  the  preieace 
of  pyridinium  trifluoroacetate  at  room  temperature  led 

(9)  ja)  N.  C.  Yung  and  1.  J.  Fox.  J.  Am.  Chtm.  Soc.,  B3.  JOCO  (IHI); 
(b)  J.  Zemlicka.  CoUtetion  Citch.  Chtm.  Commim..  19, 1734  (19M). 


to  the  smooth  formation  of  a  new,  less  polar  pr( 
together  with  a  little  unreacted  3,  as  demonst 
by  thin  layer  chromatography.  Direct  crystalliz 
from  methanol  gave  a  46%  yield  of  pure  2',5'-' 
trityl-3 '-ketouridine  (6)  and  preparative  thin 
chromatography  of  the  mother  liquors  on  1-m 
glass  plates  coated  with  a  1.3-mm  layer  of  silicic  i 
gave  a  further  20%  yield  of  the  pure  product, 
compound  had  an  untraviolet  spectrum  typical  o 
dine  derivatives  [X„„  261  m^  (c  9600)]  and  ha 
infrared  spectrum  similar  to  that  of  3  except  fo 
presence  of  an  additional  carbonyl  band  at  1775  en 
Under  nonaqueous  conditions  the  product  exis 
the  keto  form  as  shown  by  its  elemental  analysis 
its  nmr  spectrum.  The  latter  is  particularly  reve 
since  the  keto  group  effectively  insulates  the  proto 
Ci'  and  Cf  and  thus  leads  to  a  spectrum  in  whic 
the  protons  are  clearly  resolved  and  readily  anal 
The  100-Mc  spectrum  of  6  is  shown  as  Figure  1 
all  assignments  have  been  confirmed  by  spin-di 
pling  studies.  Figure  1  clearly  shows  the  previ< 
mentioned  coupling  of  C[H  and  NiH  of  the  i 
ring,  these  protons  occurring  as  a  doublet  of  dov 
(yg,i  =>=  8  cps;  A.1  =  2  cps)  at  5  S.ll  and  a  do 
(y  -  2  cps)  at  h  8.63,  respectively.  Irradiatic 
6  8.63  results  in  the  collapse  of  the  Cf  proton  ii 
doublet  (/d.)  =  S  cps)  and  irradiation  at  6  5. II  rec 
N|H  to  a  singlet.  The  nonequi valence  of  th< 
methylene  protons  is  also  striking,  these  protoni 
pearing  as  a  pair  of  quartets  centered  at  i  3.24 
«=  iO  cps,  Jfy^  =  2.2  cps)  and  S  3.51  {J,„  =  10 
J*'yb  "  5.2  cps).  The  Ct-H  occurs  as  a  quart) 
S  4.30  and  irradiation  at  ttiis  point  reduces  the 
methylene  protons  to  a  pair  of  geminally  couph 
—  10  cps)  doublets.  Similarly,  irradiation  at  i 
collapses  C^H  to  a  singlet  at  6  4.30.  The  Ci'  an 
protons  occur  as  simple  doublets  at  5  5.69  and 
(y,.,.  =  6  cps)  and  irradiation  of  ether  collapse; 
other  to  a  singlet.    Addition  of  DiO  to  the  sample  ci 

(10)  H.  Halpaap.  Chem.  Ing.  Tech.,  35,  488  (1963). 

(10  Carbonyl  abiorpiions  in  the  1770-ciii~'  region  are  kooa 
othei  keiofuruioiidei.  See,  e.g.,  K.  Onodcra,  5.  HiranOk  ai 
Kaihlinura,/.  Am.  Chtm.  Soc.,  >7, 463  (196S). 
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of  the  N3H  for  deuterium  and  eliminated  the 
fiih  C5H  which  then  became  a  doublet, 
e  also  examined  the  oxidation  of  3  by  the 
lated  DMSO-phosphorus  pentoxide^^  and 
«tic  anhydride*^  methods  and  found  them  to 
suitable.  These  methods  offer  the  distinct 
of  giving  only  water-soluble  by-products, 
nating  the  necessity  of  removing  dicyclo- 
^'  Using  the  phosphorus  pentoxide  method 
i  Starting  alcohol  3  essentially  disappeared 
I  yield  of  the  ketone  6  could  be  obtained  by 
jtallization.  A  further  15%  yield  could  be 
)y  preparative  thin  layer  chromatography  of 
r  liquors  and  the  remaining  material  appeared 
rgely  degraded  to  uracil  which  was  identified 
leous  extracts.  A  similar  situation  obtained 
>MSO-acetic  anhydride  reaction  which  gave 
an  reaction  mixture  from  which  a  45  %  yield 
ould  be  obtained  by  crystallization, 
/e  were  unable  to  isolate  either  a  2,4-dinitro- 
razone  or  a  tosylhydrazone  derivative  of  6  a 
oxime  7  could  be  obtained  readily  in  65% 
ipeated  attempts  to  reduce  this  oxime  to  a 
3'-deoxynucleoside  with  hydrogen  and  pal- 
ive,  as  yet,  been  unsuccessful  and  treatment 
am  aluminum  hydride  led  to  extensive  deg- 
of  the  molecule.  Treatment  of  7  with  2 
tiydrogen  chloride  in  chloroform  at  0*^  suc- 
emoved  the  trityl  groups  giving  the  free  3'- 
idine  (8)  which  gave  the  expected  nmr  spec- 
appeared  to  be  unstable,  becoming  discolored 
ire  to  air  and  decomposing  upon  attempted 
►n.  Palladium-catalyzed  hydrogenation  of 
spared  8  gave  only  unchanged  starting  mate- 

;nt  of  the  ditrityl  ketone  6  with  2  equiv 
rous  hydrogen  chloride  in  chloroform  at 
}  smooth  detritylation  and  precipitation  of 
jtouridine  (9)  in  quantitative  yield.  Ele- 
lalysis  of  this  material  showed  it  to  be  the 
>  form  rather  than  the  hydrate.  On  paper 
>rcsis  in  borate  buffer  at  pH  6.0,**  however, 
e  had  a  mobility  of  1.2  times  that  of  uridine 
roughly  comparable  to  that  of  lyxofuranosyl 
Tiis  suggests  hydration  of  the  ketone  in  aque- 
on  leading  to  a  product  that  can  form  both 
d    3 ',5 '-borate   complexes.    Paper   chroma- 

on  bisulfite  impregnated  paper  markedly 
he  mobility  of  the  ketone  relative  to  uridine, 
eing  comparable  to  that  of  uridine  5 '-aide- 
lie  ditrityl  ketone  6  and  the  free  ketone  9, 
etoglycosylamines,  are  extremely  sensitive  to 
londitions  and  readily  undergo  j3  elimination 
icil  moiety.  Free  3'-ketouridine  is  especially 
and  is  instantaneously  cleaved  to  uracil  in 
3ufTer  at  room  temperature  during  attempted 
lent  of  its  ultraviolet  spectra  at  that  pH.    The 

obtained  had  X^ax  286  m/i  typical  of  uracil 
idition,  showed  a  broad  maximum  at  337  m/i 

Albright  and  L.  Goldman,  /.  Am.  Chem.  Soc.,  87,  4215 

problem  can  also  be  circumvented  by  using  diethylcarbo- 
1  DMSO,  the  resulting  diethylurea  being  water  soluble: 
and  J.  G.  MofTatt,  unpublished  observations. 
Codington,  R.  Fecher,  and  J.  J.  Fox,  J.  Am.  Chem.  Soc., 
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which  is  not  present  in  uracil.  The  latter  peak  is 
presumably  due  to  an  unsaturated  sugar  fragment  such 
as  10,  resulting  from  the  elimination  reaction.  At- 
tempts to  prepare  a  quinoxaline  derivative  of  10  by 
addition  of  o-phenylenediamine  failed,  but  uracil  was 
identified  in  the  alkaline  mixture  by  paper  chroma- 
tography. Rapid  elimination  of  uracil  also  seemed 
to  occur  at  pH  9.8,  but  was  more  difficult  to  follow 
since  uracil  and  uridine  have  rather  similar  spectra 
below  pH  10.5.  The  ditrityl  3 '-ketone  6  was  much 
more  stable  toward  alkali  than  was  9  and  the  rate  of 
release  of  uracil  could  be  readily  followed  in  0.1  JV 
methanolic  sodium  hydroxide  by  the  increase  in  ultra- 
violet absorption  at  285  m/i  relative  to  that  at  260  m/i. 
In  this  case  only  a  very  weak  absorption  at  330  mn 
resulted  and  by  plotting  the  ratio  of  optical  densities 
at  285  and  260  m/i  a  half-time  of  7  min  was  determined 
for  6  under  these  conditions.  This  increased  stability 
due  to  the  presence  of  the  2'-  and  5 '-trityl  groups  is 
perhaps  a  consequence  of  steric  distortion  of  the  fur- 
anose  ring  into  a  conformation  less  amenable  to  j9 
elimination.  It  may  be  noted  that  attempted  oxidation 
of  5'-0-tritylthymidine(l,  R  =  thymine,  R'  =  trityl) 
with  either  DMSO-DCC  in  the  presence  of  pyridinium 
trifluoroacetate  or  with  DMSO-acetic  anhydride  led 
only  to  thymine  and  to  considerable  amounts  of  tri- 
phenylcarbinol  without  detectable  accumulation  of  the 
intermediate  ketone  (2,  R  =  thymine,  R'  =  trityl). 
The  presence  of  bulky  substituents  at  botK  C2'  and  Cf 
thus  appears  to  be  a  prerequisite  for  successful  oxida- 
tion. 

Reduction  of  the  ditrityl  ketone  6  with  sodium  boro- 
hydride  in  ethanol  was  rapid  and  separation  of  the 
products  by  preparative  thin  layer  chromatography 
and  crystallization  gave  a  59%  yield  of  l-(2,5-di-0- 
trityl-j8-D-xylofuranosyl)uracil  (11)  and  31%  of  2',5'- 
di-O-trityluridine  (3)  in  crystalline  form.  Both  prod- 
ucts had  physical  constants  identical  to  those  described 
by  Yung  and  Fox.**  Detritylation  of  the  crude  reduc- 
tion mixture  by  treatment  with  hot  80%  acetic  acid 
gave  a  mixture  of  uridine  and  l-(j9-D-xylofuranosyl)- 
uracil  (12)  which  were  cleanly  separated  by  borate 
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electrophoresis.  *  *  Quantitative  estimation  of  the  eluted 
spots  by  ultraviolet  absorption  showed  that  borohydride 
reduction  of  6  gave  66%  of  the  xylosyl  derivative  (11) 
and  34%  of  the  ribose  epimer  3.  This  result  indicates 
that  the  trityl  ether  at  Q'  offers  less  steric  hindrance 
to  approach  by  the  reducing  agent  than  does  the  uracil 
ring  and  the  5 '-trityl  group  on  the  j8  face  of  the  ribose 
ring.  Borohydride  reduction  of  free  3'-ketouridine 
(9)  in  aqueous  ethanol  was  also  studied  and  quantita- 
tive estimation  of  the  two  products  by  borate  electro- 
phoresis showed  l-(j8-D-xylofuranosyl)uracil  (12)  and 
uridine  to  be  present  in  69  and  3 1  %  yields,  respectively. 
The  similarity  of  these  results  to  those  with  the  ditrityl 
ketone  once  again  emphasizes  the  predominant  direc- 
tive influence  of  the  uracil  ring  in  the  reduction  process. 
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The  oxidation  of  3',5'-di-0-trityluridine  (4)  has  also 
been  accomplished.  Thus  treatment  with  DMSO- 
DCC  in  the  presence  of  pyridinium  trifluoroacetate  gave 
some  unreacted  4  together  with  the  major  product, 
3',5'-di-0-trityl-2'-ketouridine  (13),  which  was  isolated 
in  pure  form  in  63%  yield  by  preparative  thin  layer 
chromatography.  In  spite  of  repeated  efforts  we  have 
beea  unable  to  obtain  this  product  in  crystalline  form. 
Its  structure,  however,  is  certain  from  its  elemental 
analysis  and  nmr  spectrum,  the  latter  clearly  showing 
the  Cr  proton  as  a  sharp  singlet  at  5  5.79,  and  the  Cs'-H 
as  a  doublet  (Jr,i'  =  4  cps)  at  5  4.40.  Coupling  be- 
tween CsH  and  NsH  (Ji^t  =  2  cps)  was  again  apparent 
but,  unlike  6,  the  5 '-methylene  protons  were  equivalent 
and  appeared  as  a  doublet  {Jy,4^  =  4  cps)  at  5  2.9 1 . 

Oxidation  of  4  with  DMSO-phosphorus  pentoxidc 
at  65^  was  also  successful  and  gave  a  52%  yield  of  only 
slightly  impure  13  by  precipitation  from  the  crude, 
extracted  reaction  mixture  without  chromatography. 
Once  again  an  appreciable  amount  of  uracil  was  found 
in  the  aqueous  extracts.  In  a  similar  way  oxidation  of 
4  by  DMSO-acetic  anhydride  gave  a  56%  yield  of 
slightly  impure  13  by  precipitation  without  chroma- 
tography. 

Treatment  of  the  ditrityl  ketone  13  with  2  equiv  of 
anhydrous  hydrogen  chloride  in  chloroform  at  0°  led 
to  the  precipitation  of  chromatographically  and  ana- 
lytically pure  2'-ketouridine  (14)  in  72%  yield.  The 
nmr  spectrum  of  14  was  completely  compatible  with 
the  assigned  structure,  the  Ci'-H  once  again  appearing 
as  a  sharp  singlet  at  5  5.42,  and  the  Cs^-H  as  a  doublet 
(7=9  cps)  at  8  7.30,  both  confirming  the  absence  of  a 
proton  at  C2'.  For  convenience  a  tabulation  of  100-Mc 
nmr  assignments  for  a  number  of  the  uridine  nucleo- 
sides described  in  this  paper  is  given  in  Table  I  and  all 
have  been  confirmed  by  spin-decoupling  studies.  A 
crystalline  2,4-dinitrophenylhydrazone  of  2'-ketouridine 
was  readily  prepared  using  the  extremely  useful  method 
of  Parrick  and  Rasburn"  with  DMSO  as  solvent. 
The  reduction  of  both  the  ditrityl  2 '-ketone  13  and  the 
free  2  ^-ketone  14  has  been  examined  using  sodium 
borohydride  in  ethanol  and  gave  results  quite  similar 

(15)  J.  Parrick  and  J.  W.  Rasbum,  Can.  J.  Chem,.  43,  3453  (1965). 


to  those  with  the  3  '-keto  compounds.  Thus  reduction 
of  13  gave  predominantly  l-(3,5-di-0-trityl-j9-D-arabino- 
furanosyl)uracil"  (15)  and  lesser  amounts  of  3',5'- 
di-O-trityluridine  (4)  which  were  isolated  in  yields  of 
57  and  1 1  %  by  preparative  thin  layer  chromatography. 
Removal  of  the  trityl  groups  from  these  compounds 
gave  l-(j9-D-arabinofuranosyl)uracil  (16)  and  uridine, 
which  were  identified  by  comparison  with  authentic 
samples  using  borate  electrophoresis  and  paper  chro- 
matography. Direct  acid  hydrolysis  of  the  borohydride 
reduction  mixture  followed  by  borate  electrophoresis 
showed  that  the  products  were  the  arabinosyl  and  the 
ribosyl  derivatives  in  yields  of  82  and  18%,  respec- 
tively. In  a  similar  way,  reduction  of  free  2'-ketouri- 
dine  (14)  followed  by  quantitative  borate  electrophoresis 
showed  the  products  to  be  arabinosyluracil  (16)  and 
uridine  in  yields  of  90  and  10%.  The  predominant 
directive  influence  of  the  uracil  ring  on  the  reduction 
process  is  once  again  evident,  the  greater  stereoselec- 
tivity being  a  consequence  of  the  closer  proximity  of 
the  heterocyclic  base  and  the  keto  group.  The  reduc- 
tion of  2^-  and  3^-ketouridines  with  tritiated  sodium 
borohydride  provides  a  convenient  synthesis  of  the 
specifically  2 '-tritiated  arabinosyluracil  and  uridine 
and  3 '-tritiated  xylosyluracil  and  uridine,  and  these 
results  will  be  reported  elsewhere. " 
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The  action  of  alkali  on  the  2'-ketouridines  has  also 
been  studied  and,  as  with  3'-ketouridine,  it  was  shown 
that  essentially  instantaneous  elimination  of  uracil 
took  place  in  either  0.01  N  sodium  hydroxide  or  in  pH 
10.8  bufier.  Thus  while  14  had  the  typical  ultraviolet 
spectrum  of  uridine  under  neutral  conditions  the  spec- 
trum of  a  freshly  prepared  solution  at  pH  10.8  showed 
a  maximum  at  286  m/i  typical  of  uracil  and  a  second 
maximum  at  337  m/i  similar  to  that  found  with  3'- 
ketouridine.  Uracil  could  be  identified  by  paper  chro- 
matography and  the  other  elimination  product  has 
not  been  studied  further.  A  similar  alkaline  instability 
of  the  ditrityl  2  ^-ketone  13  was  also  observed  and 
uracil  could  be  readily  identified  by  thin  layer  and 

(16)  J.  F.  Codington,  I.  L.  Doerr,  and  J.  J.  Fox,  /.  Org.  Chem.,  29« 
564  (1964). 

(17)  A.  F.  Cook,  O.  H.  Jones,  and  J.  O.  Moffatt,  in  preparation. 
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L    Ninr  Spectra  of  Uridine  Nucleosides  at  100  Mc'**^ 
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1  spectra  in  deuteriochloroform  unless  otherwise  noted.  ^  (s)  =  singlet,  (d)  =  doublet,  (t)  =  triplet,  (q)  =  quartet  (m)  =  multipiet. 
suteriodimethyl  sulfoxide.  No  hydroxy!  coupling  was  evident.  *  In  trityl  envelope.  '  Some  further  undefined  coupling  (J  «  0.5 
also  present. 


r  chromatography.  Determination  of  the  rate 
imination  by  examination  of  ultraviolet  spectral 
ges  was,  however,  rendered  impossible  by  the 
:  fcntnation  of  an  orange  color  and  broad  absorp- 
below  270  m^.  When  the  alkaline  treatment  was 
on  a  larger  scale  the  appearance  of  the  orange  color 
locompanied  by  the  separation  of  a  cream-colored 
From  this  material  it  was  possible  to  isolate  a 
alline  compound  identified  as  bis(triphenylmethyl) 
dde^  by  physical  constants,  elemental  analyses, 
spectral  data.  The  mechanism  by  which  this 
dde  is  formed  remains  oscure  but  its  formation 
be  markedly  reduced  by  conducting  the  alkaline 
nent  under  nitrogen.  In  addition  to  uracil, 
enylcarbind  was  the  only  other  major  product 

M.  Gomberg.  Ber,.  33,  3155  (1900). 


identified  in  the  methanol-soluble  fractions  from  the 
alkaline  reaction  mixture. 

A  number  of  attempts  have  been  made  to  alkylate 
the  carbonyl  group  of  2',5'-di-0-trityl-3'-ketouridine 
so  as  to  prepare  branched  chain  nucleosides  such  as 
3'-C-methyluridine  (17)."  In  general,  however,  reac- 
tions of  6  with  methyl  Grignard  reagents  in  ether, 
tetrahydrofuran,  monoglyme,  or  tetrahydrothiophene"^ 
under  a  variety  of  conditions  led  to  no  observable 
products.  In  most  cases  some  precipitation  resulted 
upon  addition  of  the  Grignard  reagent  but  the  lack  of 

(19)  The  analogous  2'-C-methyladenosine  and  3'-C-methyladenosine 
have  been  recently  described  by  other  routes.  See  E.  Walton,  S.  R. 
Jenkins,  R.  F.  Nutt,  M.  SUmmerman,  and  F.  W.  Holly,  J.  Am.  Chem, 
Soc..  88,  4524  (1966),  and  E.  Walton,  F.  W.  Holly,  and  R.  F.  Nutt, 
Abstract  37C  of  the  Winter  Meeting  of  the  American  Chemical  Society, 
Phoenix,  Ariz.,  Jan  1966. 

(20)  A.  A.  Scala  and  E.  I.  Becker.  /.  Org,  Chgm,.  30,  3491  (1965). 
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Figure  2.    Optical  rotatory  dispersion  spectra  of  2',5'-di-0-tntyi- 

3'-ketoiiridine  (6)  .  and  of  3'.5'-di-0-trityl-2'-ketouridine 

(13) ,  in  methanol. 


any  alkylation  was  confirmed  by  thin  layer  chromato- 
graphic identification  of  unreacted  starting  material  and 
by  borohydride  reduction  to  the  previously  described 
xyloside  11  and  riboside  3.  As  yet  no  successful 
methylation  has  been  achieved  using  methyllithium 
in  ether,  tetrahydrofuran,  or  monoglyme.  Under 
these  conditions  extensive  decomposition  of  the  ketone, 
and  of  2^S^-ditrityluridine  itself,  was  apparent. 

An  attempt  was  also  made  to  react  6  and  13  with 
diazomethane,  a  reaction  that  has  been  successfully 
applied  to  alkylation  of  protected  keto  sugars.'^ 
Methylation  at  Ns  of  the  uracil  ring  was,  of  course,  an 
expected  side  reaction.'*  After  storage  of  6  with  an 
excess  of  diazomethane  in  ether  thin  layer  chroma- 
tography indicated  the  presence  of  one  major  product 
and  several  minor  ones.  The  major  product  was  iso- 
lated, treated  with  sodium  borohydride,  and  then 
detritylated  with  acetic  acid  giving  two  products.  These 
were  identified  by  both  paper  chromatography  and 
borate  electrophoresis  as  Ni-methyH-(j8-D-xylofuran- 
osyl)uracil  (18)  and  Ns-methyluridine  (19),  authentic 
samples  of  which  were  prepared  by  the  action  of  diazo- 
methane on  2',5'-di-O-trityl-l-03-D-xylofuranosyl)uracil 
(11)  and  2',5'-di-0-trityluridine  (3),  respectively,  fol- 
lowed by  acid  hydrolysis.  Thus  while  N-methyla- 
tion  readily  occurred,  alkylation  of  the  keto  group 
cannot  have  taken  place  to  more  than  a  minor  degree. 


18 


(21)  (a)  W.  O.  Overend  and  N.  R.  Williams,  /.  Chem.  Soc.,  3446 

(1965);    (b)  J.  J.  K.  Nov&k  and  F.  Sorm,  Collection  Czech,  Chem, 
Commim.,  30»  3303  (1965). 
illy  J.  A.  Haines,  C.  B.  Reese,  and  A.  R.  Todd,/.  Chem,  Soc,,  1406 


Further  work  will,  however,  be  necessary  in  order  to 
fully  explore  the  possibility  of  using  2'-  and  3 '-keto- 
nucleosides  as  synthetic  intermediates. 

A  final  point  of  interest  concerns  a  comparison  of  the 
optical  rotatory  disperion  (ORD)  spectra  of  the  2'- 
and  3'-ketouridine  derivatives  6  and  13  which  are  shown 
in  Figure  2.  It  can  be  seen  from  Figure  2  that  the  2'- 
ketone  (13)  has  a  positive  Cotton  effect  (molecular 
amplitude  191)  with  a  zero  rotation  at  265  m/A  similar 
to  that  of  uridine"  or  2',5'-ditrityluridine.  The  3'- 
ketone  6,  however,  shows  a  positive  Cotton  effiect 
(amplitude  307)  displaced  toward  longer  wavelengths 
and  showing  zero  rotation  at  310  m/i.  A  second  max- 
imum is  also  present  at  lower  wavelengths  and  is  more 
pronounced  when  dioxane  is  used  as  the  solvent 
The  position  of  this  Cotton  effect  indicates  its  rela- 
tionship to  the  n-TT*  transition  of  the  carbonyl  group 
rather  than  to  the  uracil  ring.  A  similar  effect  is  noted 
in  the  optical  rotatory  dispersion  curves  of  the  de- 
tritylated 2'-  and  3^-ketouridines  (14  and  9)  which 
showed  zero  rotations  at  265  and  302  m/i,  respectively. 

Further  work  on  the  synthesis  of  other  ketonucleo- 
sides  is  in  progress  and  will  be  reported  at  a  later  date. 

Experimental  Section 

Methods.  Thin  layer  chromatography  was  carried  out  on 
0.25-mm  layers  of  Merck  silica  gel  GF,  and  the  products  were 
visualized  by  ultraviolet  absorption  or  by  spraying  with  a  5% 
solution  of  ammonium  molybdate  in  10%  sulfuric  add  followed 
by  brief  heating  at  150°.  Preparative  thin  layer  chromatography 
was  done  on  20  X  100  cm  glass  plates  coated  with  a  1.3-mm  layer 
of  Merck  silica  gel  HF  and  column  chromatography  on  Merck 
silica  with  0.05-0.20-mm  particles.  Nuclear  magnetic  resonance 
spectra  were  obtained  using  solutions  in  deuteriochloroform  (unless 
otherwise  stated)  and  either  a  Varian  A-60  or  HA- 100  spectrometer. 
Mass  spectra  were  determined  using  an  Atlas  CH-4  spectrometer 
with  a  direct  inlet  system.  Ultraviolet  spectra  were  determined 
using  a  Cary  Model  15  instrument  and  infrared  spectra  were  ob- 
tained from  potassium  bromide  pellets  on  a  Perkin-Elmer  Model 
237  instrument.  Optical  rotatory  dispersion  spectra  were  ob- 
tained using  a  Jasco  Model  ORD/UV-5  instrument.  Instrumental 
analyses  were  performed  by  the  staff  of  the  Analytical  Laborat<xy 
of  Syntex  Research.  We  are  particularly  grateful  to  Mr.  J.  Murphy 
and  to  Drs.  T.  Toube  and  L.  Tokes  for  their  painstaking  assistance 
with  nmr  and  mass  spectrometry  respectively.  Elemental  analyses 
were  obtained  from  Dr.  A.  Bernhardt,  Mulheim,  Germany. 

THtylation  of  Uridine.  Uridine  (15  g,  61.5  mmoles)  and  tri- 
phenylmethyl  chloride  (51.4  g,  183  mmoles)  were  stored  ovemigbt 
in  pyridine  (150  ml)  and  then  heated  at  lOO''  for  4  hr.  The  light 
brown  solution  was  poured  into  vigorously  stirred  ice  water,  and  the 
gummy  precipitate  was  dissolved  in  chloroform,  washed  with 
cadium  chloride  solution  and  then  with  water,  dried  over  sodium 
sulfate,  and  evaporated  to  a  yellow  syrup.  Crystallization  from 
benzene-ether  gave  13.6  g  (30%)  of  2',5'-di-0-trityluridinc  (3) 
which  was  homogeneous  by  thin  layer  chromatography  using 
chloroform-ethyl  acetate  (1:1)  and  had  mp  217-220'*  (lit  mp 
224-225°«*  and  215-220°«»);  X^S*"*  261  mfi  U  9100).  The  nmr 
spectrum  in  deuteriochloroform  is  recorded  in  Table  I. 

(Chromatography  of  the  combined  mother  liquors'^  on  1200  g  of 
silicic  acid  using  chloroform-ethyl  acetate  (1:1)  gave  a  sinill 
amount  (2%)  of  2',3,'5'-tri-0-trityluridine  (5)  of  mp  286-288* 
from  ethyl  acetate  after  final  purification  by  preparative  thin  layer 
chromatography  using  chloroform-ethyl  acetate  (10:1);  X^HT 
261  niM  (€  9990);  [o]"d  -37.5*'  (c  0.1,  chloroform).  The  nmr 
spectrum  is  recorded  in  Table  I. 

Anai,    C:alcd  for  QJImNjO,:    C,  81.65;    H,  5.57;    N,  2.89; 
O,  9.90.    Found:    C,  81.53;   H,  5.74;  N,  3.06;  O,  10.15. 


(23)  T.  L.  V.  Ulbricht.  J.  P.  Jennings,  M.  M.  Scopes,  and  W.  KlyMi 
Tetrahedron  Letters,  695  (1964). 

(24)  The  tritrityluridine  was  actually  found  almost  exclusively  in  the 
mother  liquors  from  recrystalUzation  of  the  second  and  third  crops  of 
2  '.5  '-ditrityluridine. 
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tylation  with  80%  acetic  acid  at  100  "*  for  1  hr  gave  crystalline 
Continued  elution  gave  a  further  3.8  g  of  crystalline 
trityluridine  (total  yield  39%)  followed  by  8.4  g  (19%)  of 
tographically  homogeneous  but  apparently  amorphous 
-O-trityluridine  (4)  with  \t!^  261  m^  U  9540)  and  [a]"D 
(c  0.1,  chloroform).    See  Table  I  for  the  nmr  spectral 

Di-O-trityl-a'-ketourklliie  (6).    (a)    By  the  DMSO-DCC 

1.  2',5'-Di-p-trityluridine  (3.02  g,  4  mmoles)  was  dissolved 
xture  of  anhydrous  DMSO'*  (15  ml)  and  benzene  (15  ml) 
ing  dicyclohexylcarbodiimide  (2.48  g,  12  mmoles)  and  pyri- 
32  ml,  4  mmoles).  Trifluoroacetic  acid  (0.16  ml,  2  mmoles) 
n  added,  and  the  mixture  was  stored  overnight  at  room  tem- 
e.  Oxalic  acid  ( 1 .3  g,  1 2  mmoles)  was  then  added  to  destroy 
DCC  and  after  30  min,  chloroform  (50  ml)  and  water  (50 
re  added  and  dicyclohexylurea  was  removed  by  filtration. 
oroform  layer  was  rapidly  extracted  twice  with  1  N  sodium 
oate  and  then  with  water.  It  was  then  dried  over  sodium 
and  evaporated  leaving  a  residual  froth  which  was  dissolved 
nethanol,  seeded,'*  and  allowed  to  slowly  cool  giving  1.40  g 
of  2',5'-di-0-trityl.3'-ketouridine  (6)  of  mp  146-148°  un- 
i  upon  recrysullization,  \^^  261  m^  (c  9600);  la]*h> 
'  (c  0.1,  chloroform).  The  nmr  and  optical  rotatory  dis- 
spectra  are  shown  as  Figures  1  and  2  and  are  discussed  in 

.'  QJcd  for  C«7H»N,0e:  C,  77.67;  H,  5.27;  N.  3.85. 
1.  Found:  C,  77.54;  H,  5.17;  N,  4.02;  0, 13.01. 
[iiother  liquors  were  evaporated  leaving  1 .8  g  of  a  syrup  that 
romatographed  on  four  20  X  100  cm  preparative  thin  layer 
using  chloroform-ethyl  acetate  (10:1)  which  separated 
«d  2',5'-ditrityluridine  from  the  faster  moving  ketone. 
Iter  band  was  eluted  wth  actone  giving  890  mg  of  thehomo- 
s  ketone  which  was  crystallized  from  methanol  giving  620 
al  yield  2.02  g,  66  %)  of  pure  material. 
Urfng  DMSO-Phoipbonit  Pciitoxide.ii  Phosphorus  pen- 
[1.74  g,  12  mmoles)  was  added  slowly  to  anhydrous  dimethyl 
le  (75  ml).  After  the  mixture  cooled  2  ',5  '-di-O-trityluridine 
,  10  mmoles)  was  added,  and  the  mixture  was  stirred  at  60° 
r.  Ether  (200  ml)  was  added,  and  the  solution  was  extracted 
imes  with  5%  aqueous  sodium  bicarbonate  and  then  with 
After  drying  with  sodium  sulfate  and  evaporating  the 
,  6.33  g  of  a  solid  froth  remained  and  was  directly  crystal- 
om  methanol  with  slow  cooling  giving  3.08  g  (42%)  of  the 
tone  6  in  two  crops.  The  mother  liq  uors  were  then  chroma- 
led  on  200  g  of  silicic  acid  using  chloroform-ethyl  acetate 
giving  a  further  1.08  g  of  pure  product  (total  yield  57%) 
rystaUization  from  methanol.  The  product  was  identical 
It  from  the  DMSO-DCC  reaction. 

Uili«  DMSO-Ac«ti€  Anhydride.!*  2',5'-Ditrityluridine 
«  10  mmoles)  was  dissolved  in  DMSO  (65  ml)  and  acetic 
ide  (20  ml)  and  stored  overnight  at  room  temperature. 
i  the  acetic  anhydride  was  then  evaporated  in  vacuo  leaving 
lie  which  was  dissolved  in  ether,  extracted  three  times  with 
IS  sodium  bicarbonate,  then  with  water,  and  dried  over  sodium 
After  evaporation  of  the  solvent  the  residue  was  crystal- 
om  methanol  giving  3.18  g  (44%)  of  the  pure  ketone  6,  mp 
7^ 

'^'-Di-0-lrityl-3'-oxinliioiiridliie  (7).  2',5'-Di-0-trityl-3'- 
dane  (6,  1.01  g)  was  dissolved  in  pyridine  (20  ml)  together 
^droxylamine  hydrochloride  (1.02  g),  and  the  mixture  was 
t  60*^  for  2.5  hr  at  which  time  thin  layer  chromatography 
liloroform-ethyl  acetate  (6:1)  showed  the  disappearance  of 
rting  material  and  formation  of  a  somewhat  slower  product. 
Ivcnt  was  then  evaporated  to  dryness,  and  the  residue  was 
ed  in  chloroform.  After  extraction  with  aqueous  cadmium 
le  and  then  water,  the  solution  was  dried  with  sodium  sulfate 
iporated  leaving  1.32  g  of  a  white  froth  which  was  crystallized 
'rom  ethanol  giving  0.67  g  (65%)  of  the  pure  oxime  7,  mp 
?•;  X^ST  260  niM  (€  9900);  [a]"D  +38.2°  (c  0.1,  chloro- 

'.  Qdcd  for  C^iHttNiO.:  C,  76.11;  H,  5.26;  N.  5.67. 
:    Q  75.94;  H,  5.26;  N,  5.80. 

ORD  spectrum  in  dioxane  showed  a  positive  Cotton  effect 

maximum  at  282  m^  (molecular  rotation  +27,000°),  zero 

D  at  260  nvi,  and  a  shoulder  at  245  m^i  (molecular  rotation 


— 23,5CX)°).    The  nmr  spectrum  in  DMSO-</t  showed  the  oximino 
hydrogen  as  a  singlet  at  J  1 1 .77. 

Attempted  reduction  of  7  with  hydrogen  and  palladium  on  barium 
sulfate*^  in  ethyl  acetate  was  unsuccessful  and  using  lithium  alu- 
minum hydride  in  tetrahydrofuran  there  was  extensive  loss  of  ultra- 
violet-absorbing material. 

3'-Ketoiiridine  (9).  2',5'-Ditrityl-3'-ketouridine  (1.228  g,  1.69 
mmoles)  was  dissolved  in  dry  chloroform  (20  ml)  and  cooled  to  0°. 
A  freshly  standardized  solution  of  hydrogen  chloride  in  chloroform 
(9.3  ml  of  0.40  N,  3.72  mmoles)  was  then  added  dropwise  with 
stirring  over  20  min,  and  the  mixture  was  stirred  for  1  hr  more. 
The  resulting  white  precipitate  was  then  collected  by  centrifugation, 
washed  six  times  with  25-ml  portions  of  ether,  and  dried  in  vacuo 
over  potassium  hydroxide  giving  404  mg  (99%)  of  3'-ketouridine 
as  an  amorphous  white  solid  that  was  not  obtained  crystalline  but 
melted  at  13(V-1 38°. 

Anal.  Calcd  for  CgHioNjO.:  C.  44.63;  H.  4.16;  N.  11.57. 
Found:    C,  44.76;  H,4.32;  N,  11.51. 

The  product  was  homogeneous  by  thin  layer  chromatography 
with  chloroform-methanol  (4:1)  having  an  Rt  identical  with  that  of 
uracil,  and  on  paper  using  /t-butyl  alcohol-acetic  acid-water  (5:2:3) 
where  it  had  Rt  0.41,  just  faster  than  uridine.  Using  the  same 
solvent  system  with  paper  previously  impregnated  with  sodium 
bisulfite  it  had  a  very  low  Rt  while  uracil  moved  normally.  On 
paper  electrophoresis  ^^  in  1  Af  boric  acid  adjusted  to  pH  6.0  using 
1000  V  for  4  hr  9  had  a  mobility  of  1.2  relative  to  uridine  while 
uracil  remained  on  the  origin;  \^  261  m/x  (c  9400);  [a]"D  +71.2° 
(c  0.1,  water). 

The  ORD  spectrum  in  water  showed  a  positive  Cotton  effect  with 
a  maximum  at  316  m/A  (molecular  rotation  +4400°),  zero  rotation 
at  292  mn,  and  a  minimum  at  251  m/A  (molecular  rotation  —8420°). 

Borohydride  Reduction  of  6  and  9.  (a)  2',5'-Di-0-trityl-3'- 
ketouridine  was  dissolved  in  ethanol  (15  ml)  and  sodium  borohy- 
dride (286  mg)  was  added.  After  1  hr  at  room  temperature  the 
solution  was  partitioned  between  chloroform  and  water,  and  the 
chloroform  solution  was  washed  three  times  with  water,  dried 
ova-  sodium  sulfate,  and  evaporated  to  dryness.  Crystallization 
from  benzene-ether  gave  a  first  crop  (55  mg)  of  pure  2',5'-di-0- 
trityluridine,  mp  219-221  °,  undepressed  on  admixture  with  an  au- 
thentic sample.  The  infrared  spectra  were  also  identical.  The 
mother  liquors  were  then  chromatographed  on  three  20  X  100  cm 
preparative  thin  layer  plates  using  carbon  tetrachloride-acetone 
(4:1)  which  clearly  resolved  two  bands.  Elution  of  the  faster  band 
with  acetone  gave  a  further  35  mg  of  2',5'-ditrityluridine  after 
crystallization  from  ether  (total  yield  31%).  The  slower  band 
gave,  after  elution  with  acetone,  210  mg  of  a  crystalline  residue 
which  was  recrystallized  from  ethanol  giving  170  mg  of  pure  l-(2,5- 
di-0-trityl-j3-D-xylofuranosyl)uracil,  mp  150-154°  (lit.*»  mp  151.5- 
153.5°).  The  nmr  spectrum  indicated  the  presence  of  1  mole 
of  ethanol  of  crystallization  rather  than  one-half  mole  as  described 
previously ;••  XilT"  258  mn  (c  11,760);  [a]"D  +49.6°  (c 
0.1,  chloroform).  The  ORD  spectrum  in  methanol  showed  a 
positive  Cotton  effect  with  a  maximum  at  276  mn  (molecular  ro- 
tation +20,100°),  zero  rotation  at  272  m/i,  and  a  minimum  at  242 
mfi  (molecular  rotation  —20,100°). 

A  small  portion  (1 1  mg)  of  the  crude  reduction  mixture  was  also 
treated  with  80%  acetic  acid  (1  ml)  at  100°  for  1  hr,  evaporated  to 
dryness,  and  examined  by  electrophoresis  in  pH  6.0  borate  buffer  at 
1000  V  for  4  hr.  Elution  of  the  two  resulting  spots  which  had 
mobilities  of  1 .0  and  0.67  relative  to  uridine  showed  the  reduction  to 
give  34%  uridine  and  66%  l-j3-D-xylofuranosyluracil  (12). *« 

(b)  3'-Ketouridine  (7.2  mg)  was  dissolved  in  water  (1  ml) 
together  with  sodium  borohydride  (8  mg).  After  30  min  the  solu- 
tion was  neutralized  with  Dowex  50  (H+)  resin  and  directly  ex- 
amined by  borate  electrophoresis.  Quantitative  elution  of  the 
resulting  spots  with  0.1  N  hydrochloric  acid  showed  the  products  to 
be  31  %  uridine  and  69%  xylosyluracil. 

Action  of  AlkaU  on  6  and  9.  (a)  2',5'-Di-0-trityl-3'-ketouridine 
was  dissolved  in  methanol  at  a  concentration  of  106.3  figlml  and 
diluted  with  an  equal  volume  of  0.2  /V  methanolic  sodium  hydroxide. 
The  ultraviolet  spectrum  of  the  solution  was  recorded  at  intervals 
over  2  hr,  and  the  course  of  the  reaction  was  followed  by  the  ratio  of 
absorbance  at  285  and  260  m/A.  The  initial  285 :260  ratio  was  0.17 
and  the  final  value  was  1.40.  The  half-time  of  the  reaction  was 
7  min,  and  the  product  was  identified  as  uracil  by  paper  and  thin 
layer  chromatography. 


Distilled  and  stored  over  Linde  Molecular  Sieve  Type  4A. 
Initial  seeds  were  obtained  by  crystallization  of  material  from 
r  reaction  that  was  purified  by  preparative  thin  layer  chromatog- 
j^ag  diloroform-ethyl  acetate  (8 : 1). 


(27)  R.  Kuhn  and  H.  J.  Hass,  Angew,  Chem.^  67^  7W  ^VS*^^. 

(28)  We  are  grateful  to  Dr.  I,  I.  Yoxtet  wiSL>\^«BAa  wcsi^^cJlVL. 
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(b)  An  aqueous  solution  of  3'-ketouridine  in  water  at  a  concen- 
tration of  20.20  MS/nil  (Xmaz  262  m^)  was  diluted  with  an  equal  vol- 
ume of  0.05  M  carbonate  buffer  (pH  10.8).  Within  2  min  the  spec- 
trum showed  the  complete  disappearance  of  the  262-mM  peak  with 
formation  of  two  new  maxima  at  286  and  336  mn  of  roughly  equal 
intensities.  Paper  chromatographic  examination  of  a  more  con- 
centrated solution  showed  a  strong  spot  identical  with  uracil. 

3'^'-Di-0-trityl-2'.ketouridliie  (13).  (a)  Using  DMSO-DCC 
3',5'-Di-0-trityluridine  (728  mg,  1  mmole)  was  dissolved  in  a 
mixture  of  DMSO  (10  ml)  and  benzene  (10  ml)  containing  DCC 
(0.62  g,  3  mmoles)  and  pyridine  (0.075  nnd,  1  mmole).  Trifluoro- 
acetic  acid  (0.04  ml,  0.5  nunole)  was  added  and  after  16  hr  at  room 
temperature  oxalic  acid  (0.38  g,  3  mmoles)  was  added.  After  30 
min  the  mixture  was  diluted  with  chloroform  (50  ml),  filtered,  and 
extracted  with  aqueous  sodium  bicarbonate,  followed  by  water. 
The  chloroform  solution  was  dried  over  sodium  sulfate  and  evap- 
orated in  vacuo  leaving  1.02  g  of  a  white  froth  that  was  separated 
by  preparative  thin  layer  chronutography  on  three  20  X  100  cm 
plates  using  two  consecutive  developments  with  chloroform-ethyl 
acetate  (9:1).  The  slower  band  was  eluted  with  acetone  giving 
217  mg  (30%)  of  unreacted  3',5'-ditrityluridine  while  the  faster 
band  gave  455  mg  (63%)  of  chromatographically  homogeneous 
3',5'-di-0-trityl-2'-ketouridine  which  we  have  been  unable  to 
crystallize  but  which  melted  at  130-135°;  X^"  260  m^  (e  10,900); 
[a]»*D  +30.8°  (c  0.1,  chloroform). 

Anai,  Cakd  for  CirHnNsOt:  C,  77.67;  H,  5.27;  N.  3.85. 
Found:    C,  77.77;  H,  5.50;  N,  3.91. 

The  ORD  spectrum  is  shown  in  Figure  2,  and  significant  features 
of  the  nnv  spectrum  are  discussed  in  the  text.  The  carbonyl  group 
appeared  in  the  infrared  spectrum  at  1785  cm~^  (KBr)  and  at  1790 
cm-KCClJ. 

(b)  Using  DMSO-Phospiionis  Pcntoxide.  3',5'-Di-0-trityl- 
uridine  (3.85  g,  5.3  nunoles)  was  added  to  a  solution  of  phosphorus 
pentoxide  (0.90  g,  6.3  mmoles  as  PsOs)  in  DMSO  (25  ml),  and  the 
solution  was  heated  for  1  hr  at  65  °.  It  was  then  diluted  with  ether, 
washed  with  aqueous  sodium  bicarbonate,  dried,  and  evaporated 
leaving  an  off-white  froth  (2.77  g)  which  contained  several  minor 
by-products  in  addition  to  13.  This  was  dissolved  in  ether  and 
precipitated  with  hexane  giving  1.99  g  (52%)  of  13  of  sufficient 
purity  for  most  purposes.  Completely  pure  product  could  be 
obtained  by  preparative  thin  layer  chromatography. 

(c)  Using  DMSO-Ac«ti€  Anhydride.  3',5'-Di-0-trityluridine 
(1.46  g,  2  mmoles)  was  treated  overnight  at  room  temperature  with 
a  mixture  of  DMSO  (10  ml)  and  acetic  anhydride  (4  ml).  The 
acetic  anhydride  was  largely  evaporated  in  vacuo,  and  the  residue 
was  dissolved  in  ether  and  extracted  twice  with  aqueous  sodium 
bicarbonate  and  then  with  water.  Evaporation  of  the  solvent 
left  1.39  g  of  a  froth  which  was  dissolved  in  ether  and  precipitated 
with  hexane  giving  858  mg  (56%)  of  13  containing  only  minor  im- 
purities. Detritylation  of  the  nonprecipitated  fraction  gave  a 
complex  mixture  of  products  that  was  not  studied  further. 

2'-Ketoiiridine  (14).  3',5'-Di-0-trityl-2'-ketouridine  (597  mg, 
0.82  mmole)  was  dissolved  in  dry  chloroform  (20  ml)  and  cooled  to 
0°.  A  solution  of  hydrogen  chloride  in  chloroform  (8  ml  of  0.23 
N,  1.84  mmoles)  was  added  dropwise  over  15  min  and  stirring  was 
continued  for  a  further  30  min.  The  precipitated  solid  was  collected 
by  centrifugation  and  washed  six  times  with  25-ml  portions  of  ether. 
The  white  residue  was  then  dried  in  vacuo  over  potassium  hydroxide 
giving  144  mg  (72%)  of  2'-ketouridine  (mp  186-189°)  which  ran  as 
a  single  spot  just  ahead  of  uridine  on  borate  electrophoresis  and 
as  a  somewhat  elongated  spot  between  uridine  and  uracil  on  thin 
layer  chromatography  using  chloroform-methanol  (4:1);  X^ 
261  mn  (e  9600);  [a]"D  +43.7°  (c 0.1,  water). 

Anal,  Calcd  for  C»H,oN,Oe:  C,  44.63;  H.  4.16;  N,  11.57. 
Found:    C,  44.48;  H,  4.31;  N,  11.51. 

The  ORD  spectrum  in  water  showed  a  positive  Cotton  effect  with 
a  nuximum  at  274  m/x  (molecular  rotation  +1 1,200°),  zero  rotation 
at  248  m/x,  and  a  minimum  at  234  m/u  (molecular  rotation  —  3900°). 

Reaction^*  of  14  (27  mg)  with  2,4-dinitrophenylhydrazine  (20  mg) 
and  concentrated  hydrochloric  acid  (10  mO  in  DMSO  (1  ml)  at 
room  temperature  for  2  hr  gave  the  crystalline  2,4-dinitrophenyl- 
hydrazone,  mp  174-177°  from  ethanol;  X^if"  355  mA*  (e  21,400), 
254  mn  (e  18,700);  X]^'""^  437  mn  (c  18,400),  250  nv*  (€  16,300), 
if  taken  imnriediately.  On  standing  the  437-mM  peak  slowly  dis- 
appears and  is  replaced  by  peaks  at  336  and  285  mn  (uracil  ?). 

Anal.  Calcd  for  C„HuNiO.:  C,  42.64;  H,  3.34;  N,  19.90. 
Found:    C,  42.68;   H,  3.33;   N,  19.00. 

Borohydride  Reduction  of  13  and  14.    (a)    3',5'-Di-0-trityl- 

2'-ketouridine  (13,  339  mg)  was  treated  at  room  temperature  for  1 

/ir  wjtb  sodium  borohydride  (300  mg)  in  ethanol  (10  ml).    The 


mixture  was  then  partitioned  between  chloroform  and  wate 
the  organic  phase  was  washed  with  water,  dried,  and  evap 
leaving  340  mg  of  a  white  froth.  Most  of  this  (300  mg)  was 
nutographed  on  three  20  X  100  cm  silica  plates  using  seve 
secutive  developments  with  carbon  tetrachloride-acetone 
which  cleanly  separated  two  very  close  bands.  The  fastei 
was  eluted  with  acetone  giving  33  mg  (11  %)  of  3',5'-ditrityh 
that  was  identical  with  an  authentic  sample  by  thin  layer  ch 
tography  and  by  its  infrared  spectrum.  Elution  of  the  slowe 
gave  172  mg  (57%)  of  chromatographically  homogeneous 
di-0-trityl-j3-D-arabinofuranosyl)uracil  (15)^*  which  melted  a 
130°  but  could  not  be  obtained  crystalline;  X^"  261  m^  (e  1( 
[«]«%)  -|-ll.l°(c0.1, chloroform). 

Anal,  Calcd  for  CatHmNsOc:  C,  77.47;  H,  5.49;  N. 
Found:    C,  76.73;  H,  5.82;  N,  3.93. 

The  ORD  spectrum  in  dioxane  showed  a  positive  Cotton 
with  a  maximum  at  280  m^i  (molecular  rotation  +9900°] 
rotation  at  272  m/A,  and  a  minimum  at  252  m/u  (molecular  re 
—  1 8,4(X)  °).    The  nmr  spectrum  is  recorded  in  Table  I. 

Detritylation  of  a  small  portion  of  the  crude  reduction  n 
was  effected  by  treatment  with  80%  acetic  acid  at  100°  fo 
and,  after  removal  of  triphenylmethanol  by  chloroform  extn 
the  products  were  separated  by  borate  electrophoresis.  Qu 
tive  elution  of  the  spots  showed  the  products  to  be  18%  u 
and  82%  H/3-D-arabinofuranosyl)uracil(12). 

(b)  2'-Ketouridine  (6  mg)  was  treateid  for  30  min  at  roor 
perature  with  7  mg  of  sodium  borohydride  in  80%  ethanol  ( 
The  material  was  then  passed  through  a  small  column  of  I 
50  (H'*')  resin,  evaporated  to  dryness,  and  evaporated  four 
with  small  portions  of  methanol.  Borate  electrophoresis  and 
titative  elution  of  the  spots  showed  the  products  to  be  10%  i 
and  90%  l-03-D-arabinofuranosyl)uracil. 

Action  of  AlkaU  on  13.    3',5'-Di-0-trityl-2'-ketouridin< 
mg)  was  dissolved  in  methanol  (3.6  ml)  and  1  A^  methanolic  s 
hydroxide  (0.4  ml)  was  added.    Within  a  minute  the  solution 
yellow  and  then  orange  and  a  precipitate  separated.    After  \ 
the  mixture  was  cooled  in  ice,  and  the  solid  was  collected  t 
trifugation.    The  precipitate  was  washed  four  times  witl 
methanol  and  dried  in  vacuo  leaving  a  cream  solid  (23  mg) 
contained  about  4  mg  of  uracil  (ultraviolet  and  chromatog 
and  no  triphenylmethanol.    The  solid  was  washed  with  c 
form,  and  the  soluble  portion  was  evaporated  leaving  12 
crystalline  bis(triphenylmethyl)  peroxide  that  was  recryst 
from  chloroform-methanol  and  had  mp  186-188°  (lit."  mp 
The  nmr  spectrum  showed  only  aromatic  protons  and  tlM 
spectrum  (at  15  ev)  showed  intense  peaks  at  m/e  259  (Pfa 
(relative  intensity  100  %)  and  mje  243  (relative  intensity  73  %,  P 

Anal,  Calcd  for  CtsH«oOs:  C,  88.00;  H,  5.83.  Foun< 
88.28;  H,  5.62. 

The  methanol-soluble  fraction  from  the  alkaline  reaction 
tained  tritanol  and  uracil  as  shown  by  thin  layer  and  papei 
nutography. 

Action  of  Diazomethane  on  13.  2',5'-Di-0-tntyl-3'-ketoi 
(400  mg)  was  treated  overnight  in  ether  (10  ml)  with  an  e» 
diazomethane.  Thin  layer  chronutography  showed  the  pi 
of  one  major  product  and  several  minor  ones.  The  major  p 
was  isolated  by  preparative  thin  layer  chromatography  usii 
developments  with  chloroform-benzene  (1:1)  giving  a  cl 
tographically  homogeneous  product  that  contained  some  al 
impurities  by  nmr  spectroscopy.  This  product  had  \]i£^  2 
which  gradually  changed  to  a  broad  maximum  at  265-2 
in  alkali  during  10-15  min.  Treatment  of  this  product  w 
dium  borohydride  followed  by  detritylation  with  80%  aoet 
at  100°  for  30  min  gave  a  mixture  of  l-(/9-D-xylofuranos 
methyluracil  (see  below)  and  Nrmethyluridine  (roughl: 
which  were  readily  separated  by  paper  chromatograp 
/^propyl  alcohol-concentrated  ammonium  hydroxide-water  ( 
(Rt's  0.75  and  0.70,  respectively),  in  /t-butyl  alcohol-acetk 
water  (5:2:3)  (Rt's  0.64  and  0.59),  or  by  borate  dectropl 
(mobilities  of  1.03  and  0.80  relative  to  uridine).  In  all  ca: 
products  behaved  identically  with  authentic  samples. 

2 '3  '-Di-O-trityi-Nrmethyiuridine.  2',5  '-Di-O-trityluridii 
mg)  was  stored  overnight  in  a  mixture  of  chlorc^orm  (2  a 
ether  (4  ml)  containing  an  excess  of  diazomethane.  The  i 
was  then  evaporated  leaving  a  crystalline  residue  that  was  ra 
lized  from  ether  giving  2',5'-di-0-trityl-Nrmethyluridine  (IC 
mp  243-245°;  X^"  262  m^  (e  7940),  unchanged  in  alkaU; 
+90°  (c  0.1,  chloroform). 

Anai.  Calcd  for  CisH^NiOt:  C,  77.60;  H.  5.70;  N 
Found:    C,  77.84;  H,  5.62;  N,  3.91. 
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ORD  spectrum  showed  a  positive  Cotton  effect  with  a  max- 
it  276  nm  (molecular  rotation  +28,500''),  zero  rotation  at 
u  and  a  minimum  at  232  m^  (molecular  rotation  —40,500''). 
tile  I  for  the  nmr  spectrum. 

rolysis  with  80%  acetic  acid  at  lOO''  for  30  min  gave  Nr 
uridine  (19)  that  was  chromatographically  identical  with 
Uor  product   from  the  action  of  diazomethane  on  uri- 

M)l-0-trityH3-i>xylofnraiiosyl)-NHiiea  l-(2,5-Di- 

l-/3-D-jiylofuranosyl)uracil  (11,  57  mg)  was  treated  overnight 
ixture  of  chloroform  (1  ml),  methanol  (1  ml),  and  ether  (2 
Ji  an  excess  of  diazomethane.  Evaporation  of  the  solvent 
olid  residue  (63  mg)  which  was  homogeneous  by  thin  layer 
itography   using  chloroform-ethyl  acetate  (20:1).    Crys- 
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tallization  from  ether  gave  43  mg  of  l-(2,5-di-0-trityl-/3-D-x^o- 
furanosyl>Nrmethyluracil,  mp  244-246^  X^!:^  260  m^  (c9900), 
unchanged  in  alkali,  [ayHy  +51.9*^  (c  0.1,  chloroform). 

Anai.  Calcd  for  C«H4tN,0f:  C,  77.60;  H,  5.70;  N,  3.77. 
Found:  C,  77.39;  H,5.64;  N,3.73. 

The  ORD  spectrum  in  methanol  showed  a  positive  Cotton  effect 
with  a  maximum  at  273  m^  (molecular  rotation  +14,900°),  zero 
rotation  at  256  m/i,  and  a  minimum  at  236  m^  (molecular  rotation 
— 17,200"^).  The  mass  spectrum  (1 5  ev)  showed  an  intense  peak  at 
m/e  126  corresponding  to  N-methyluracil. 

Detritylation  with  80%  acetic  acid  at  lOO''  for  30  min  gave  l-(/3- 
D-xylofuranosyl>Nrmethyluracil  which  ran  as  a  single  spot  on 
paper  chromatograms  and  on  borate  electrophoresis  but  was  not 
isolated  in  crystalline  form. 
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AlMtract:  The  electron  spin  resonance  spectra  of  some  /Klialkoxybenzene  cation  radicals  in  aluminum  chloride- 
nitromethane  have  been  investigated.  The  spectra  can  be  interpreted  by  assuming  cis-trans  isomerism.  The 
temperature  dependence  of  the  /9-proton  splitting  constants,  observed  for  the  larger  alkoxy  compounds  (ethoxy 
upwards),  is  explained  by  assuming  hindered  rotation  of  the  alkoxy  side  chain. 


I  continuation  of  earlier  work,^*'  the  cation  radi- 
cals <^somep-dialkoxybenzenes  have  been  studied, 
lim  was  to  investigate  how  larger  alkyl  groups 
I  aflfect  properties  such  as  g  values,  spin  densities, 
rmations,  and  the  free  energy  difference  between 
rmations.  These  systems  also  illustrate  some  of 
{vantages  of  the  aluminum  chloride-nitromethane 
a  for  producing  cation  radicals. 

-imental  Section 

roquinone,  /Kiimethoxybenzene,  p-diethoxybenzene,  and 
butoxybenzene  were  commercially  available  samples,  which 
Bcrystallized  several  times.  The  other  p-dialkoxybenzenes 
rqMued  by  the  Williamson  reaction'*^  and  purified  by  stand- 
thods. 

sulfuric  add  was  best  grade  commercially  available  98% 
:  add.  Dideuteriosulfuric  add  was  a  commerdally  avail- 
unple  (Fluka).  Sulfuric  add  spectra  were  determined  in 
M  solution,  ca.  0.04  ml  of  which  was  placed  in  a  glass 
ry  tube  which  was  then  inserted  in  the  spectrometer  cavity. 
DOiethane  and  aluminum  chloride  (anhydrous)  were  Fisher 
t  grade.  Nitromethane  was  dried  (CaHt)  and  deoxygenated 
ling  dried  (HtSOi,  AliOs)  nitrogen  gas  through  the  solution, 
9d  by  degassing  under  vacuum.  Radical  formation  was 
i  out  (^  ref  5)  in  an  inverted  U  tube  (diameter  ca.  8  mm), 
n  of  which  was  filled  with  aluminum  chloride  and  the  appro- 
bcnzeoe  (ca.  20  and  5  mg,  respectivdy).  The  U  tube  was 
ted  to  a  vacuum  line  (ca.  0.5  nun)  and  nitromethane  (ca 
was  distilled  into  the  mixture.  The  reaction  proceeded  at 
temperature,  and  the  solution  was  subsequently  transferred 
vacuum  to  a  capiUary  tube  (diameter  ca.  1  nun)  which  was 
directly  to  one  arm  of  the  U  tube.    The  capillary  tube  was 
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then  placed  in  the  esr  cavity.  If  necessary,  concentrations  were 
varied  by  distilling  solvent  from  one  arm  to  the  other. 

Esr  spectra  were  determined  on  a  JES-3BX  spectrometer  at 
l(X)-kc/8ec  modulation  using  a  field-selector  unit,  g  Values  were 
obtained  in  a  dual  cavity  with  reference  to  Fremy*s  salt  which  was 
used  as  a  secondary  standard  being  first  calibrated  against  the  spec- 
trum of  anthracene  (positive  ion)  for  which  an  accurate  g  value 
(2.002565  db  0.000006)  is  available.*  The  magnetic  fiekl  was  cali- 
brated with  both  Fremy*s  salt  (a^  «  13.07  gauss)^  and  an  nmr 
probe,  and  values  of  the  splitting  constants  are  bdieved  accurate 
to  dbO.5%  (for  splitting  constants  >1  gauss).  The  magnetic  field 
was  swept  in  both  directions,  and  the  first  derivative  spectra  of  the 
energy  absorption  were  recorded  in  the  relevant  figures.  Radical 
concentrations  were  estimated  by  overmodulating  the  signal  and 
comparing  it,  under  similar  conditions,  with  a  standard  diphenyl- 
picrylhydrazyl  (DPPH)  sample. 

Spectra  were  simulated  on  an  IBM  7040  computer,  with  a  modi- 
fied program  kindly  supplied  by  Dr.  Lawrence  C  Snyder  of  the 
Bell  Td^hone  Laboratories.*  The  output  data  from  the  IBM 
7040,  in  the  form  of  punched  cards,  were  ploUed  via  an  IBM  1710 
computer.  Approximate  splitting  constants  were  obtained  directly 
from  the  observed  spectra,  usually  by  careful  inspection  of  the  wings. 
Sometimes,  however,  such  direct  measurement  is  not  possible,  and 
it  is  necessary  to  estimate  splitting  constants  by  measuring  the  total 
width  of  the  spectrum.  It  is  these  values  which  are  then  slightly 
altered,  within  the  experimental  error,  until  a  good  simulated  spec- 
trum is  obtained.  Molecular  orbital  calculations  were  carried 
out  by  the  sdf-consistent-field  method  of  McLachlan*  on  an  IBM 
7040  computer,  with  a  program  kindly  supplied  by  Dr.  J.  M. 
Fritsch^*  of  the  University  of  Kansas. 

Results  and  Discussion 

p-Dihydroxybenzene.  The  spectrum  of  the  cation 
radical  of  hydroquinone  in  aluminum  chloride-nitro- 
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TaUe  n.    Variation  of  Splitting  Constants  with  Temperature  for 
the  p-Dimethoxybenzene  Cation  Radical 


(d) 


Figure  1.  (a)  The  observed  esr  spectrum  of  the  p-diethoxybenzene 
cation  radical  at  —49°;  (b)  a  computed  spectrum  using  the  para- 
meters given  in  the  text;  (c)  the  experimental  wing  lines  using  in- 
creased amplification;  and  (d)  the  computed  wing  lines. 


methane  has  previously  been  interpreted  in  terms  of 
cis-trans  isomerism.'  Table  I  shows  the  temperature 
dependence  of  the  splitting  constants,  indicating  sig- 
nificant changes  for  the  hydroxy  splittings.  A  similar 
trend  has  been  observed  for  other  /?-dihydroxy-sub- 
stituted  benzenes.  ^  ^ 


TaUe  I.    Variation  of  Splitting  Constants  with  Temperature 
for  the  Hydroquinone  Cation  Radical  in 
Aluminum  Chloride-Nitromethane 


Sum  of 

Total 

ring 

Hydroxy 

Temp, 

width,* 

splittings,^ 

splittings,** 

°C 

gauss 

gauss 

gauss 

-103 

15.726 

9.040 

3.343 

(Semisolid) 

-68 

15.632 

9.026 

3.303 

-55 

15.596 

8.998 

3.299 

-51 

15.566 

8.972 

3.297 

-32 

15.567 

9.000 

3.283 

-16.5 

15.515 

8.988 

3.263 

-5 

15.464 

8.988 

3.238 

+2.5 

15.474 

8.986 

3.244 

+14 

15.479 

8.990 

3.245 

+28 

15.422 

8.990 

3.216 

«  Estimated  experimental  error  =  db0.08;  /.£.,  significant  trend. 
^  Estimated  experimental  error  «  db0.05;  /.£.,  no  significant  trend. 
•  Estimated  experimental  error  »  :ii0.02;  /.e.,  significant  trend. 


p-Dimethoxybenzene.  The  spectrum  of  the  cation 
radical  of  this  compound,  previously  investigated  in 
sulfuric  acid,^  has  been  further  studied  in  aluminum 
chloride-nitromethane.    Splitting  constants  under  var- 

CJIJ  P,  D.  SullivaD,  iiopubliibed  information. 


Cfl.  50% 

Splitting 

Aluminum  chloride- 

0X^4      CoQcd 

constants. 

nitromethane 

added     H,S04 

gauss 

-60*      -34°      -10° 

-9°       -1-20° 

OHct.o          T*        1.599 

1.598 

1.599 

1.588 

1.499 

OHd.t)          T         2.92i 

2.940 

2.926 

2.960 

2.990 

Sum  of  ring            9.04o 

9.076 

9.050 

9.096 

8.978 

splittings  T 

flcHi             T        3.443 

3.432 

3.437 

3.472 

3.450 

Total  width  T       29.700 

29.667 

29.671 

29.931 

29.680 

flH(s.t)           C         1.876 

1.876 

1.859 

1.866 

I.8I0 

OHd.i)           C        2.643 

2.664 

2.635 

2.634 

2.680 

Sum  of  ring            9.038 

9.O60 

8.990 

9.OO5 

8.980 

splittings  C 

<iCHi             C        3.286 

3.280 

3.289 

3.334 

3.330 

Total  width  C      28.754 

28.739 

28.723 

29.OO9 

28.960 

AcH.  -  flCHdfT)     0. 157 

0.152 

0.148 

0.148 

0.120 

-flCH/O 

«  For  nomenclature  used  in  this  and  subsequent  tables,  see  ref  1 ; 
also  T  "  trans  and  C  =  c/j,  throughout. 


ious  conditions  are  shown  in  Table  II ;  the  data  indicate 
no  significant  changes  with  temperature. 

p-Diethoxybenzene.  Figures  la  and  Ic  show  the 
spectrum  of  the  cation  radical  of  /?-diethoxybenzene  in 
aluminum  chloride-nitromethane.  The  spectrum  can 
be  interpreted  in  terms  of  two  species  A  and  B  with 
splitting  constants  (in  gauss)  as  follows:  species  A, 
flm  =  4.104,  OsH  =  2.922,  Osh  =  1.614,  and  a^n  = 
0.152;  species  B,  am  =  3.802,  Ojh  =  2.660,  Ojh  = 
1.880,  and  OeH  =  0.1 52.  Figures  lb  and  Id  show  a 
simulated  spectrum  using  these  parameters  and  assum- 
ing a  line  width  of  73  mgauss,  a  displacement  of  centers 
of  35  mgauss,  and  an  intensity  ratio  A  :B  ~  56 :44. 

The  two  species  are  assumed  to  correspond  to  trans 
•*and  cis  isomers.  The  assignment  of  the  species  to  the 
isomers  is  made  by  analogy  with  previous  calcula- 
tions.**' For  the  cation  radicals  of  p-dimethoxy- 
benzene*  and  hydroquinone,'  empirical  molecular 
orbital  calculations  following  Stone  and  Maki*'  pre- 
dicted that  the  species  with  the  larger  ratio  of  ring 
proton  splitting  constants  is  the  trcms  isomer.  On  this 
basis,  species  A  is  the  trans  and  B  the  cis  isomer  (see 
also  later  discussion).  Assignments  shown  in  Tables 
II-V  are  also  based  on  these  calculations.^** 

In  sulfuric  acid,  a  similar  but  less  intense  signal  was 
observed  (see  Table  III  for  parameters).  In  DsSOi,  a 
broad  five-line  spectrum  (intensity  ratio  ca.  1 :4:6:4:1) 
was  obtained  and,  since  rapid  exchange  of  the  ring  pro- 
tons is  known  to  occur  for  compounds  of  this  type,* 
the  main  splittings  are  ascribed  to  the  four  CHs  protons 
(j9-protons)  of  the  alkoxy  groups.  The  splitting  con- 
stants are,  moreover,  ca.  3.7  gauss,  corresponding  to  the 
splitting  constants  of  the  four  equivalent  protons  used 
in  computing  the  spectrum  shown  in  Figure  lb. 

The  temperature  dependence  of  the  spectrum  (Table 
III)  is  illustrated  in  Figures  2a,  2b.  The  data  show  that 
the  ring  splitting  constants  remain  approximately  con- 
stant, but  that  the  j9-proton  splittings  vary  significantly. 

p-Di-n-propoxy-,  p-Di-n-butoxy-,  p-Di-n-pcntoxy-i 
p-Di-n-hexoxy-,  p-Di-n-heptoxy-,  and  p-Di-n-octoxy- 
benzene.    The  spectra  of  all  these  cations  proved  to  be 

(12)  E.  W.  Stone  and  A.  H.  Maid,  /.  Chem.  Phys.,  38, 1999  (19^X 
(12a)  Note  Added  in  Proof.    A  recent  study"  of  2,3-  and  2.5^ 
methylhydroquinones  which  exist  only  in  the  cif  and  tnmt  form,  re- 
spectively, afforded  results  consistent  with  the  present  aasignnMnts. 
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Figure  2.  (A)  Plots  of  the  total  width  of  the  spectra  against  temperature  for  the  cation  radicals  of  (a) /^4i^lethoxybenzene,  (b)  /^4i•lf-bu- 
toxybeazene,  (c)  p-diethoxybenzene,  (d)  p-dihydroxybenzene.  (B)  Plots  of  the  /3-proton  splitting  constants  against  tempoature  for  (a) 
msi»-  and  (b)  cif-p-di-if-biitoxybenzeQe,  and  (c)  trans-  and  (d)  c/i-p-diethoxybenzene,  respectively. 


siniiiar  under  our  conditions.  Splitting  constants  are 
listed  in  Table  IV.  The  spectrum  of  the  p-di-n-octoxy- 
benzene  cation  is  shown  in  Figures  3a  and  3c  and  a 
simulated  spectrum  with  the  following  parameters  is 
shown  in  Figures  3b  and  3d.  For  species  A  (in  gauss), 
am  -*  4.168,  a,H  "  2.930,  Osh  ^  1622,  am  "^  0.118; 
for  species  B,  am  »  3.968,  Osh  =  2.660,  Osh  "=  1.880, 
am  ■"  0.118;  a  line  width  of  85  mgauss,  a  displacement 
of  centers  <^  35  mgauss,  and  an  intensity  ratio  A :  B  » 
61 :  39  were  assumed. 

The  temperature  dependence  of  the  splitting  con- 
stants are  shown  in  Table  V  and  Figure  2,  and  again  a 
change  in  the  /3-proton  splitting  constant  is  noted. 


In  sulfuric  acid  a  weak  signal  is  obtained,  but  the 
broadness  of  the  lines  precludes  any  accurate  measure- 
ment of  splitting  constants.  In  D2SO4,  a  five-line  spec- 
trum (intensity  ratio  ca.  1:4:6:4:1)  with  a  splitting  con- 
stant of  ca.  3.7  gauss  was  again  obtained. 

p-DUsopropoxybenzene.  The  spectrum  of  the  cation 
radical  of  p-diisopropoxybenzene  in  sulfuric  acid  is 
shown  in  Figure  4b.  It  is  not  well  resolved  and  a  com- 
plete analysis  has  not  been  carried  out,  although  the 
spectrum  appears  to  consist  of  more  than  one  com- 
ponent, consistent  with  the  occurrence  of  cis  and  trans 
isomers.  In  DsS04,  only  three  broad  lines,  with  a 
splitting  constant  of  2.74  :h  0.05  ^^ofis^  ^^  Ocaksch^ 
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Table  EDL    Temperature  Dependence  of  Splitting  Constants  for  the  ^Diethoxybenzene  Cation  Radical 


Slotting 

constants, 
gauss 

H,S04 

+20° 

» 

-82.5° 

-64° 

AlUi 

-60° 

-49° 

-40° 

-36° 

-19° 

+2° 

aH(s.i) 

T 

I.6I4 

1.616 

I.6I3 

1.606 

I.6O2 

I.6I2 

x« 

X 

1.587 

OHCt.t) 

T 

2.925 

2.928 

2.921 

2.92i 

2.911 

2.929 

X 

X 

2.885 

Total  ring 

9.078 

9.088 

9.068 

9.042 

9.026 

9.O82 

X 

X 

8.944 

splittings 

T 

a/s-cHs 

T 

4.IO3 

4.023 

4.027 

3.969 

3.951 

3.908 

X 

X 

3.789 

Total  width 

T 

25.491 

25.182 

25.177 

24.927 

24.832 

24.714 

24.514 

24.201 

24.100 

OHd.!) 

C 

1.883 

1.886 

1.879 

1.875 

1.901 

1.887 

X 

X 

I.8I2 

OHd.S) 

C 

2.639 

2.649 

2.659 

2.640 

2.637 

2.661 

X 

X 

2.661 

Total  ring 

9.044 

9.070 

9.076 

9.030 

9.076 

9.096 

X 

X 

8.946 

splittings 

C 

a/s-cHs 

C 

3.883 

3.8O7 

3.8O1 

3.786 

3.730 

3.7O4 

X 

X 

3.56i 

Total  width 

C 

24.618 

24.337 

24.337 

24.176 

23.995 

23.913 

23.688 

23.391 

23.190 

AcH«  =  fl^-CHi 

0.220 

0.216 

0.226 

O.I83 

0.221 

O.2O4 

0.206 

O.2O2 

0.228 

(T)-fl^.CH.(Q 

TCHi 

0.154 

0.153 

0.148 

0.146 

X 

0.144 

X 

X 

0.13i 

«  X  B  Not  nieasured. 


and  corresponding  lines  are  also  observed  in  sulfuric 
acid  {cf.  Figures  4a  and  b).  By  analogy  with  previous 
spectra,  this  splitting  is  assigned  to  the  two  j9-protons 
of  the  alkoxy  groups. 


Figure  3.  (a)  An  experimental  esr  spectrum  of  the  p-di-ra-octoxy- 
benzene  cation  radical  at  —  63° ;  (b)  a  computed  spectrum  using  the 
parameters  given  in  the  text;  (c)  the  experimental  wing  lines  using 
increased  modulation  and  amplification;  and  (d)  the  computed 
wing  lines. 


The  temperature  dependence  of  the  splitting  shows  a 
reverse  trend  to  that  observed  for  the  other  ^ialkoxy- 
benzenes;  it  decreases  from  2.70  =b  O.OS  gauss  at  0^ 
to  2.50  ±  0.05  gauss  at  -50^  {cf.  Tables  III  and  V). 

Tlie  Formation  of  Cation  Radicals  in  Sulfuric  Add 
and  Aluminum  Chloride-Nitromethane.  For  the  com- 
pounds studied,  the  same  radicals  were  obtained  in 
both  systems.  However,  the  radical  concentrations 
in    AlClf-CHtNOs  approximated   100%,  whereas  in 


Table  IV.    Splitting  Constants  for  the  Radical  Cations  of 
p-Di-/t-propoxy-,  p-Di-/t-butoxy-,  p-Di-n-heptoxy-,  and 
p-Di-if-octoxybenzenes  in  Aluminum  Qiloride-Nitromethane 


Splitting 

constants, 

gauss 


p-Di-/i- 
propoxy 

-58° 


Benzene  radical  cations 


p-Di-/i-       p-Di-ii-       p-Di-ih 

butoxy      heptoxy       octoxy 

-58°  -73°  -63° 


<lH(t.t)  T 

Total  ring 

splittings  T 

a^CHi  T 

Total  width  T 

OEdtt)  C 

Total  ring 

splittings  C 

a^CHi  C 

Total  width  C 

AcH*  =  fl<J-CHi(D 

-  <l/8-CHd(Q 
7CHt 


1.645 
2.965 
9.220 

4.II4 
25.675 
1.820 
2.590 
8.820 

3.873 

24.709 

0.241 


1.630 
3.OO0 
9.260 

4.IO2 
25.670 
1.864 
2.651 
9.030 

3.874 

24.560 

0.228 


1.664 
3.OO0 
9.320 

4.188 
26.074 

1.886 
2.706 
9.I84 

3.952 

25.092 

0.238 


1.675 
3.031 
9.410 

4.135 
25.950 
1.899 
2.764 
9.326 

3.918 

X 

0.216 


O.lOi         O.II3         0.122 


TaUe  V.    Temperature  Dependance  of  Total  Width  and 
of  the  /3-CHs  Splittings  for  the  Cation  Radical  of 
Some  Di-/t-alkoxybenzenes 

(D- 

(Ql- 
[(total 

widthCD 
a/s-CHt>        -  total 
gauss  width 

trans       eii      (Ql/4 


Temp,      Substit- 
°C  uenu 


^  Total  width,  -^ 

gauss 

irons         cis 


-86 

if-Butoxy 

26. 178 

25.191 

X 

X 

0.244 

-73 

/t-Butoxy 

25.986 

25.006 

4.219 

3.947 

0.278 

-73 

n-Heptoxy 

26.074 

25.092 

4.188 

3.952 

0.238 

-66 

n-Propoxy 

25.927 

24.961 

X 

X 

0.241 

-63 

n-Octoxy 

25.950 

X 

4.134 

3.918 

0.216 

-58 

n-Butoxy 

25.670 

24.560 

4.IO2 

3.874 

0.228 

-58 

/t-Heptoxy 

25.902 

24.878 

X 

X 

0.2S6 

-58 

w-Propoxy 

25.675 

24.7O9 

4.114 

3.873 

0.241 

-42 

/t-Butoxy 

25.359 

24.436 

4.082 

3.826 

0.236 

-35 

it-Butoxy 

25.321 

24.345 

X 

X 

0.244 

-16 

n-Butoxy 

24.960 

24.022 

3.971 

3.723 

0.248 

-3.5 

/t-Butoxy 

24.822 

23.981 

X 

X 

O.2I0 

+7 

it-Butoxy 

24.568 

X 

X 

X 

X 

sulfuric  acid  less  than  1  %  of  the  compounds  was  con- 
verted to  the  radical  (cf.  ref  5).    This  low  radical  yield 
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Rgure  5.   Schematic  lepnsentation  of  the  equilibrium  conionnft- 
(too  of  p-di-n-alkoxybenzeof. 


ue  to  a  competing  sulfonation  reaction  (un- 

data  from  this  laboratory), 
but  significant,  changes  in  the  splitting  con- 

tbe  ring  protons  for  the  cation  radicals  of 
>xy-  and  ^iethoxybenzene  were  noted  bc- 

two  systems  (see  Tables  II  and  III),  presum- 
o  a  solvent  effect.  Because  of  the  small  radi- 
itration  in  sulfuric  acid,  comparisons  were  not 
the  other  compounds. 

s.  g  Values  were  detennined,  as  described  in 
mental  section,  and  are  listed  in  Table  VI. 

g  Values  of  p-Dialkoxybcnzene  Cation  Radicals 


nti 


StriveU 


X  values 


inoDe)  Aiar-CHiNOt  -60 

CoDcdH|S04  +20 

MOT-CHittO,  -60 

AianrHj^o,  -6o 

y         AiarCHiNO,  -60 

AlOrCHiNO,  -60 

V  Aiar<H.NO,  -60 

/  AlOrOiiNO,  -60 

y         Aiar<M,NO,  -60 

AiarCH.NO,  -60 

ny         AiarCHiNO,  -60 


2.00350  ±0.00002 
2. 00368  ±0.00002 

2.00368  db  0.00002 
2.00371 ±  0.00002 
2. 00372  ±0.00002 

2.00370  ±0.00001 
2. 0036g  ±  0.00003 
2.00372^0.00002 

2.00371  ±0.00005 
2. 00372±  0.00003 

2.00369  ±0.00003 


lues  for  the  dialkoxybenzenes  all  fall  within 
2.0037  ±  0.00006,  consistent  with  the  pre- 
}ted  generalization'*  that  delocalization  onto 
I  atom  of  an  alkoxy  group  increases  the  g  value 
0.001  over  the  free  spin  value  (2.0023).  The 
rger  value,  relative  to  the  hydroquinone  catton 
ascribed  to  the  electronic  effects  of  the  alkyl 
its. 

ices  between  cis  and  trans  Isomers.  Assign- 
id  trans  isomers  as  indicated  previously  (see 
!  VII),  it  is  found  that  the  jKrcentage  of  the 
1  increases  with  the  size  of  the  alkyl  group  in 

ti  R.  I.  PrJMhetl,  Chem.  Ind.  (London),  2040 


the  order  SO,  55,  56, 61  for  the  radicals  of  hydroquinone, 
;j-dimethoxy-,  /Kliethoxy-,  and  /»-di-n-propoxyben- 
zenes,  respectively.  These  percentages  correspond  to 
a  free  energy  difference  between  the  isomers  of  0-250 
cal/mole.  Such  an  energy  difference  corresponds  to  a 
change  in  isomer  ratio  of  only  3  or  4%  over  an  80° 
range  and  hence  is  not  readily  detected  experimentally. 

Tables  II,  III,  IV,  and  VII  also  show  that  differences 
in  ^-proton  splitting  constants  between  the  two  isomers 
increase  from  ca.  0.15  gauss  (for  ;7-dimethoxybenzene) 
to  ca.  0.22  gauss  (for  di-n-propoxybenzene).  This  may 
be  related  to  the  slightly  greater  displacement,  observed 
between  the  centers  of  the  two  isomer  spectra,  for  p- 
diethoxybenzcne  (0.035  gauss)  than  for  p-dimethoxy- 
benzene  (0.029  gauss).'  Possibly,  increased  steric 
interactions  in  the  cis  form  cause  some  out-of-plane 
movement  in  the  CHi-O  bond,  leading  to  a  relatively 
lower  0-proton  splitting  constant  and  g  value  for  the 
cis  isomer.  Such  steric  interactions  might  also  be  ex- 
pected to  make  the  trans  isomer  thermodynamically 
more  stable,  consistent  with  the  previous  assignment  of 
cis  and  trans  isomers  (see  earlier  discussion).  The 
above  results  are  consistent  with  those  obtained  for 
other  related  examples  of  cis-trans  isomerism.'*'* 

Confonnation  of  the  Alkoxy  Groups.  To  explain  the 
temperature  dependence  of  the  ^-proton  splitting  con- 
stants, various  torsional  oscillations  of  the  alkoxy  side 
chain  are  considered.  Since  the  methoxy  proton 
splitting  constants  of  the  pslimethoxybenzene  cation 
radical  show  no  temperature  dependence,  and  the 
hydroxy  protons  of  hydroquinone  show  only  a  small 
dependence,  it  is  probable  that  torsional  motion  about 
the  nuclear  C-O  bond  can  be  neglected. 

The  discussion  is  therefore  confined  to  the  oscilla- 
tions of  the  alkyl  groups.  Molecular  models  indicate 
that  for  the  alkyl  groups,  steric  interactions  between  the 
orlMo  ring  proton  and  the  alkyl  protons  may  cause 
hindered  rotation  (see  Figures  5  and  6).  For  a  methoxy 
group  (Figure  S;  R  ~  H),  there  will  be  a  threefold 
potential  barrier  to  rotation  about  the  O-C  (alkyl)  bond. 
Experimentally,  all  three  methoxy  protons  are  equiva- 

(14)  p.  H.  Rieget and O. K.  Fraenlwl,/.  Ckem-Phyt.. 37, 281 1  (IM^. 
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Table  Vn.    Assignment  of  Splitting  Constants  for  c/>  and  mvMlsofners 


#auYBtr  ttff^ffmAiiP 

Splitting 

Ratio  of 

Sum  of 

Splitting 

Ratio  of 

Sum  of 

constants, 

nng 

nng 

constants. 

nng 

nng 

Subst 

gauss 

splittings 

splittings 

gauss 

splittings 

splittings 

H 

<iH(t.s)  2.35i 

aH(«.e)2.129 

<ioH      3.263 

CHi 

OHd.s)  2.644 

flH(i,t)  1.869 

flCH,       3.297 

CH.CH, 

flHd.i)  2.647 

(-62«) 

flH(i.t)  1.885 

Ofi-CBt   3.8O4 

At-chi  0.151 

/i-Propoxy 

<>H(t.S)  2.694 

\ 

aH(».e)  1.84o 

if-Octoxy 

fl^CH,  3.885 

(-58«) 

fl7-CH«0.1l3 

1.10 


1.41 


1.40 


4.480 


4.5I3 


4.532 


1.46 


4.534 


OHO.ft) 

<>CHg 
<ZH(S.t) 
OB{t,i) 
Ofi'CBt 

^Hd.t) 
<lH(S.«) 
Ofi-CBt 
fl7-CHt 


2.434 

2.040 

3.263 
2.937 

1.596 

2.923 

1.610 
4.025 

0.151 
2.96i 
1.647 

4.118 
O.II3 


1.19 


1.84 


1.81 


1.80 


4.474 


4.533 


4.533 


4.608 


lent,  and,  therefore,  the  barrier  to  rotation  must  be 
small.  Since  the  CHs  splittings  are  caused  by  a  hyper- 
conjugative  mechanism,  the  maximum  splitting  will 
occur  when  the  angle  (0)  between  the  CH  bond  and  the 
PT  orbitals  b  0^  (see  Figures  5  and  6).    The  actual 


For  the  p-diethoxybenzene  cation  radical,  increased 
steric  interactions  between  the  /3-ethyl  group  and  the 
ortho  ring  protons  are  expected.  This  should  lead  to 
a  potential  energy  diagram  of  the  form  schematically 
shown  in  Figure  7.    The  minimum  energy  conforma- 


np" 


"1 
I 


Figure  6.  Schematic  representation  of  the  equilibrium  confonnap 
tion  of /^^iisopropoxybenzene. 

form  of  the  dependence  of  the  splitting  constant  (a^h) 
on  0  may  be  postulated  as  (c/.  ref  IS), 

OfiH  =  (^0  +  B2  cos'  9)poT 

where  pow  »  spin  density  on  the  oxygen  atom,  Bois  bl 
small  constant,  and  Bt  has  been  found  to  be  of  the  order 
30-45  gauss  for  a  number  of  radicals.  For  the  freely 
rotating  methyl  group,  the  average  value  of  fl  =  45® 
gives  (cos*  B)  =  V«-  Using  a  value  of  pox  =  0.1758, 
taken  from  MO  calculations,  ^'^^  Bo+  Bt  ^  38.5  gauss, 
in  reasonable  agreement  with  earlier  work.  This, 
together  with  the  observed  sharp  lines  and  with  the 
absence  of  line-width  effects  expected  from  a  non-freely 
rotating  methyl  group,  ^^  suggests  that  the  rotation  is 
reasonably  unhindered. 

(15)  M.  C.  R.  Symons,  Adoan.  Phys,  Org,  Chem,,  1,  325  (1963),  and 
references  dted  there. 

(16)  We  have  since  improved  the  MO  calculations  in  ref  1  by  using  a 
sligb^  different  set  of  parameters. 


t 


Figure  7.  Schematic  energy  diagram  for  rotation  about  the  0-C 
(alkyl)  bond  of  p-diethoxyben29ene. 

tion  will  be  that  shown  in  Figure  5  (R  »  CHs).  If 
this  is  the  actual  conformation,  then  lo^cHt  (diethoxy) » 
3fl^.cHi  (dimethoxy),  but  experimentally  lofi^ciu  =  8.05 
gauss  and  3a^.cHi  =  10.17  gauss.  Stone  and  Maki,^ 
in  their  treatment  of  the  systems  RRCHAr-  and 
RCHfAr  • ,  have  pictured  the  physical  situation  as  one 
in  which  there  is  torsional  oscillation  about  the  equilib- 
rium conformation.  The  form  of  this  motion  is  as- 
sumed to  be  sinusoidal,  leading  to  an  equation  for 
fl^-Hoftheform** 

fl^H  =  [^0  +  ft  cos*  (00  +  4>  sin  2//r)]poT 

where  0  »  the  equilibrium  angle,  0  ^  torsional  am[di- 
tude,  and  r  is  the  period  of  oscillation.  Provided  that 
r  is  rapid  compared  to  the  hyperfine  into'action,  the 
equation  may  be  averaged  over  time.  If  r  is  <^  the 
same  order  as  the  hyperfine  interaction  {ca.  7  X  1(^ 
sec),  the  lines  will  be  broadened  (see  also  discussion  for 
/7-diisopropoxybenzcne). 

From  Figure  5,  0  =  30^,  and  hence,  by  comparison 
with  Figure  2  of  ref  18,  we  can  estimate  that  at  a  tem- 

(17)  J.  H.  Freed  and  G.  K.  Fraenkel.  /.  Am,  Cktm,  Soe.^  M,  3477 
(1964). 

(18)  E.  W.  Stone  and  A.  H.  Maki.  /.  Chem.  Pkyi,,  37, 1326  (1M3). 
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perature  of  —60^,  0  >■  50^  for  the  p-diethoxybenzene 
cation  radical.  As  the  temperature  decreases,  0  would 
be  expected  to  decrease,  leading  to  the  observed  in- 
crease in  the  j9-proton  splitting  constant. 

For  the  larger  p-di-n-alkoxybenzene  cation  radicals, 
a  similar  temperature  dependence  would  be  expected, 
and  is  observed  (see  Table  V).  The  torsional  ampli- 
tude, 0,  would  be  expected  to  decrease  with  increased 
size  of  the  substituent,  leading  to  an  increased  j9-proton 
splitting  constant,  and  this  is  observed  for  the  n- 
propoxy  compound  (cf.  'tables  III  and  IV).  Further 
lengthening  of  the  side  chain  does  not  give  rise  to  any 
significant  changes,  presumably  because  the  effective 
size  of  the  substituent  is  not  altered  on  passing  from 
n-propyl  to  n-octyl  (cf.  also  ref  19). 

Molecular  models  of  the  ^iisopropoxybenzene 
cation  radical  (see  Figure  6;  Ri  «■  Rs  «■  CHa)  indicate 
an  equilibrium  confirmation  in  which  0  «  90^  for  the 
lone  CH  proton,  suggesting  a^H  *-  0  in  the  absence  of 
torsional  oscillation.  Increased  torsional  oscillation 
with  temperature  would  be  expected  to  lead  to  an  in- 

(1^  A.  Carrington  and  P.  F.  Todd,  MoL  Phyg.,  7,  533  (1964). 


crease  in  the  value  of  a^.H.  Although  the  spectrum  is 
not  well  resolved,  because  of  line  broadening,  such  an 
increase  is  indeed  observed  (see  section  on  p-diiso- 
propoxybenzene).  The  experimentally  obtained  value 
of  Ofi.n  "»  ca.  2.60  b  consistent  with  a  torsional  ampli- 
tude of  about  57  ^ 

The  experimentally  observed  line-width  increase  of 
the  /Kiiisopropoxybenzene  cation  compared  with  that 
of  the  other  p-dialkoxybenzenes  (ca.  250  mgauss  to  70 
mgauss)  could  be  explained  if  the  period  of  torsional 
oscillation,  r,  in  the  isopropoxy  compound  was  of  the 
same  order  as  the  hyperfine  splitting  (^^10"^  sec),  thus 
leading  to  line  broadening.  Alternatively,  it  may  be 
caused  by  small  unresolved  splittings  of  the  j9-CH| 
groups. 

In  the  above  discussion,  changes  because  of  the  in- 
ductive effect  of  substituents  have  been  ignored.  The 
justification  for  this  is  based  on  the  near-constancy  of 
(i)  the  g  values  (see  Table  VI)  and  (ii)  the  ring  proton 
splitting  constants. 
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Abstract:  The  electron  impact  induced  decarboxylation  of  aryl  methyl  and  aryl  phenyl  carbonates  has  been 
investigated  in  some  detail,  using  low-voltage  and  isotope-labeling  techniques,  and  by  studying  substituent  effects  on 
the  rate  erf  loss  of  carbon  dioxide.  In  the  substituted-aryl  methyl  compounds,  exclusive  methyl  group  migration  is  ob- 
served, f^iereas  in  the  aryl  phenyl  carbonates,  competition  between  the  two  possible  itinerant  moieties  is  apparent, 
and  aryl  group  relative  migratory  aptitudes  can  be  assigned.  In  addition,  the  substituent  dependence  of  the  abun- 
dance of  the  CH^OOQ*'  ion  from  a  cleavage  in  aryl  methyl  carbonates  has  been  correlated  with  Hammett  a  values. 


a  the  unimolecular  processes  energetically  ac- 
cessible to  ions  generated  by  electron  impact,  that 
erf  skdetal  rearrangement^  (in  compounds  other  than 
hydrocarbons)  has  -only  recently  been  accorded  recog- 
nition as  a  relatively  common  possibility.  Despite  the 
elegant  application'*'  of  accepted  physical  organic 
techniques  to  umple  mass  spectral  bond  cleavages,  no 

(1)  Papv  OCXDC:  A.  M.  Duffield,  W.  Carpenter,  and  C  Djerud, 

Cktm.  Commtm,t  i09  (1967). 

CD  Ffnmcial  itipport  firom  die  Nttionel  Ins titutet  of  HeelUi  (Orant 
Mo.  AM -04257)  is  gratdrimy  aeknowledied.  ThepurchaieoftbeAtlai 
CH^  maaa  ipeclionietar  was  made  possible  through  NASA  Orant  No. 
IbO  tl-60L 

(3)  PMdodoral  Fdlow.  1964-1966i 

(4)  F.  Brown  and  C  Pisrassi,  Angiw.  Chtm.  Inttnu  B4,  Engl,  in 


(S>  (a)  M.  M.  Bursey  and  F.  W.  McLaffcrty,  /.  Am.  Chem.  Soe.,  SS, 
529(1960;    (b)  IM.,  SS,  44S4  (196^ 

(O  (n)  F.  W.  McLafferty,  M.  M.  Bursey.  and  S.  M.  Kimball,  ibtd., 
«.  5022  (I960:  (b)  M.  M.  Bursey  and  F.  W.  McLafferty.  ibid.,  SS, 
5023(1960;  (e) Mt. •9» J(1967). 

(7)  J.  L.  Mataos  and  C  P«rai,  MoL  Inn.  Quhn.  C/nlo.  NmI  Autdn. 


similar  studies  on  systems  undergoing  alkyl  or  aryl 
group  migrations  have  as  yet  been  reported.  We 
therefore  elected  to  examine  in  some  detail  the  necessary 
requirements  for  methyl  migration  in  aryl  methyl  car- 
bonates* (I  -^  III)  and  aryl  vs.  phenyl  migration  in  aryl 
phenyl  carbonates'  (II  -^  IV),  each  with  concomitant 
ejection  of  carbon  dioxide  as  the  neutral  species. 
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The  rearrangement  reactions  proved  to  be  relatively 
facile,  giving  rise  to  intense  peaks  in  the  70-ev  spec- 
tra.'   Reduction  of  the  ionizing  voltage  to  approxi- 

(8)  P.  Brown  and  C.  Dierassl,  i.  Am.  CKem.  Soc.^^^lA^  vy^fs^. 
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Figure  1.    Correlation  of  the  M  ~  44  ion  III  intensity  in  the  12-ev  mass  spectra  of  substituted  aryl  methyl  carbonates  I  with  &^,  Least- 
squares  slope  (p)  B  +0.67,  standard  deviation  «  0.18. 


mately  12  ev*  greatly  simplified  the  spectra,  the  peaks 
due  to  the  molecular  ion  and  the  M  —  44  species  to- 
gether accounting  for  at  least  95  %  of  the  total  ioniza- 
tion (2)40)  with  compounds  I»  and  at  least  60%  £40  with 
compounds  11.^^  Thus  by  variation  of  the  nuclear 
substituents  X  in  I  and  II,  it  was  hoped  to  secure  data 
pertaining  to  both  the  electronic  nature  of  the  migrating 
group  and  of  the  receptor  site  in  these  particular  sys- 
tems. 

Aryl  Methyl  Carbonates.  The  results  obtained  in  the ' 
electron  impact  induced  ^^  decarboxylation  of  sub- 
stituted aryl  methyl  carbonates  (I  -^  III)  are  presented 
as  a  Hammett"'"  plot  in  Figure  1,  using  relation- 
ship 1  as  modified  by  McLafierty^  to  permit  kinetic 
evaluation  of  mass  spectra.  Thus  Z  =  [A]/[M ],  where 
[A]  and  [M]  are  the  relative  abundances  of  the  peaks 
due  to  the  M  —  44  fragment  (III)  and  the  molecular  ion 
respectively,  and  the  subscripts  X  and  H  refer  to  sub- 
stituted and  parent  compounds,  respectively.    In  these 


log  (Zx/Zh)  =  piT 


(1) 


systems,  the  M  —  44  species  (III)  have  compositions 
dependent  on  the  substituent  X,  and  at  normal  ionizing 
voltages  (i.e.,  70  ev),  further  decompositions  of  III  will 
also  depend  on  the  nature  of  X.  At  lower  voltages, 
however  (i.e.,  12  ev),  all  peaks  in  the  spectra  of  com- 
pounds of  type  I  except  for  the  M  —  44/molecular  ion 
pair^'  are  absent,  indicating  that  competing  and  con- 
secutive reactions  have  been  totally  eliminated.    The 

(9)  C/.  O.  L.  Chapman,  T.  H.  Kinstle,  and  M.  T.  Sung,  /.  Am. 
Chem.  Soc.,  88, 2618(1966). 

(10)  P.  Natalis  and  J.  L.  FrankUn,  /.  Phys,  Chem.,  69,  2943  (1965), 
report  10.78  ±  0.0S  ev  for  the  appearance  potential  of  the  M  —  44  ion 
derived  from  diphenyl  carbonate  (II,  X  «  H). 

(11)  Supported  by  the  appropriate  metastable  peaks. 

(12)  L.  P.  Hammett,  ''Physical  Organic  Chemistry,**  McGraw-Hill 
Book  Co.,  Inc.,  New  York,  N.  Y.,  1940,  Chapter  7. 

(13)  With  the  m-  and  ^nitrophenyl  methyl  carbonates  (I,  X  -*  NOi), 
small  peaks  corresponding  to  M  ~  16  and  M  —  30  processes'*  are  still 
apparent  even  at  12  ev. 

(14)  J.  H.  Beynon,  R.  A.  Saunders,  and  A.  E.  Williams,  Ind,  Chim, 
Be/se,  29,  311  (1964). 


relative  peak  heights  at  12  ev  were  therefore  employed 
exclusively  in  all  calculations  of  relative  kinetics  of  the 
rearrangement  processes. 

Although  the  correlation  (Figure  1)  displays  con- 
siderable scatter,  sufficient  substituents  were  employed 
to  show  that  a  very  definite  trend  exists.  Thus  in 
general,  electron-attracting  groups  increase  the  rate 
of  the  reaction  I  -^  III,  and  electron-releasing  sub- 
stituents depress  it.  Use  of  a  constants^**  did  not  ob- 
viously improve  the  quality  of  the  fit  over  that  obtained 
with  <r*"  values,"**  and  the  latter  appear  in  Figure  1."* 
The  least-squares  value  of  the  slope  (p  =  -f  0.67)  was 
obtained  by  computer. 

In  order  to  elucidate  further'  the  mechanism  of  elec- 
tron impact  induced  decarboxylation  of  compounds  of 
type  I,  the  "O-labcled  carbonates  V  and  VI  (X  =  H) 
were  prepared.  In  the  mass  spectrum  of  V,  the  rear- 
rangement peak  moved  cleanly  to  m/e  1 10  (a,  M  —  44), 
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whereas  with  VI  (X  »  H)  it  remained*  entirely  at  m/e 
108  (b,  M  —  46).    These  observations  are  ccmsistait 

(15)  (a)  J.  Hine.  "Physical  Organic  Chemistry,*'  McOnw-HDI  Book 
Co.,  Inc.,  New  York,  N.  Y.,  1962.  Chapter  4.  (b)  H.  C.  Brown  and  Y. 
Okamoto,  /.  Am.  Chem.  Soc.,  80,  4979  (1958).  (c)  A  referee  has  pointed 
out  that  the  rate  terms  for  meta  and  para  etoctron-donating  siibiCiin* 
ents  are  nearly  the  same.  A  similar  observation  had  been  made  ctf* 
lieH*  with  substituted  phenetoles,  and  the  tugaestion  had  been  made 
that  equilibration  of  substituents  occurred  in  the  molecntar  Ion.  If  sock 
a  rearrangement  is  also  operating  in  our  oompouadt  witfi  dedfon-do- 
nating  substituents,  then  the  Hanmiett  correlations  in  FSsnres  1, 3^  tad 
4  would  be  considerably  improved. 


yoMfna/o/tAg  j4merUxm  Chemical  SocUty  /  89:11  /  May  24»  1967 


preferential  charge  location  ^^  in  the  molecular  ion 
te  phenoxy  group,  followed  by  exclusive  methyl 
Ltion  to  the  electron-deficient  site.  The  data  also 
>ut  isomerizations  of  the  molecular  ion  analogous 
lose  encountered^^  in  methyl  phenyl  thioncar- 
tes.  The  mass  spectra  of  the  ^H)-labeled  com- 
ds  VI  (X  =  OCH,)  and  VI  (X  =  CN)  were  also 
and  total  loss  of  the  heavy  isotope  as  carbon 
iC'^Hi  indicates  that  only  methyl  migration  is 
Ting,  regardless  of  the  electronic  nature  of  the  sub- 
ntX. 

me  preference  for  the  phenoxy  oxygen  atom  (e.g., 
a)  over  the  ortho  position  of  the  aromatic  ring 
-^  c)  as  the  receptor  site  for  methyl  migration  has 
]y  been  expressed."  Additional  evidence  against 
ltion  of  a  six-center  transfer  (VII  -►  c)  is  contained 
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t  per  cent  total  ionization  figures  for  the  M  —  44 
ingement  peak  in  the  spectra  of  the  isomeric  3,4-, 
and  2,6-dimethylphenyl  methyl  carbonates  (VIII, 
nd  X,  respectively.  Table  I).  It  is  clear  that  there 
abnormal  steric  effect  intervening  in  the  case  of 
tX." 


L    Zm  Values  for  M  —  44  Species  from 
liylphenyl  Methyl  Carbonates 
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idence  of  a  more  compelling  nature  for  represent- 
he  M  —  44  species  from  decarboxylation  of  aryl 
yl  carbonates  I  as  the  aryl  methyl  ether  molecular 
9^as  adduced  by  comparison  of  the  metastable 
I  observed  in  the  mass  spectra  of  the  parent  car- 
te (I,  X  =  H)  and  anisole  (III,  X  =  H).  Not  only 
:he  spectra  of  these  two  compounds  extremely 

It  is  assumed  that  electron  impact  can  displace  an  electron  from 
ere  in  the  neutral  molecule,  and  that  the  resulting  radical  ion 

extremely  rapidly  to  a  state  in  which  the  net  charge  is  stabilized 
stributed  over  the  whole  system,  and  that  this  type  of  molecular 
sn  decomposes  into  the  major  ions  of  the  mass  spectrum.  The 
lient  approximation  of  '^charge  localization**  involves  the  writing 
of  apparently  favorable  resonance  structures  of  an  ion,  and  then 
be  formal  electron  deficiency  to  rationalize  subsequent  fragmenta- 

Thus  the  single  electron  deficiency  of  the  molecular  ion  of  methyl 

carbonate  can  be  accommodated  in  more  low  energy  resonance 
of  the  ph<moxy  rather  than  the  methoxy  portion  of  the  molecule 
f  and  vi  are  pieferred  formalisms).  With  aryl  phenyl  carbonates, 
irfe  dittribotion  in  the  molecular  ion  is  expected  to  be  somewhat 
Qmunetrically  disposed  on  either  side  of  the  carbonyl  group,  and 
KOflitive  to  the  electronic  nature  of  aromatic  substituents. 

J.  B.  Thomson,  P.  Brown,  and  C  Djerassi,  /.  Am.  Chem,  Soe,, 
19(196^ 

C  P.  Lewis,  Anal.  Chem.,  36,  176  (1964),  reports  that  2,6-di- 
I  snbftitutkm  does  not  deter  an  analogous  skeletal  rearrangement 
ing  loM  of  carbon  dioxide  in  ethyl  N-phenylcarbamate. 
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similar*  below  m/e  108  (M  -  44  for  I,  X  =  H)  (except 
for  the  presence  of  an  additional  peak  at  m/e  59  in  I, 
X  =  H,  due  to  the  CHaOCO+  species),  but  the  positions, 
relative  intensities,  and  peak  shapes^*  of  all  six  meta- 
stable peaks'^  in  the  anisole  spectrum  (Figure  2b)  are 
faithfully  reproduced  in  that  of  methyl  phenyl  carbonate 
(Figure  2a).  This  correspondence  is  demonstrated  in 
a  particularly  striking  fashion  in  Figures  2a  and  2b, 
which  show  the  direct  record  obtained  by  means  of  a 
logarithmic  transfer  recorder,'^  operating  in  conjunc- 
tion with  an  Atlas  CH-4  mass  spectrometer. 

Two  of  the  more  plausible  mechanisms  consistent 
with  the  labeling  results  that  may  be  entertained  for  the 
M  —  44  rearrangement  process  are  depicted  in  Schemes 
I  and  II. 
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In  Scheme  I,  methyl  radical  migration  to  electron- 
deficient  phenoxy  oxygen  (I  -^  da)  is  envisaged  initially, 
followed  by  homolysis  of  the  O-CO  bond  and  loss  of 
carbon  dioxide  (da  -^  III).  If  the  process  is  concerted. 
I.e.,  methyl  migration  and  carbon  dioxide  ejection  oc- 
curring simultaneously,  then  the  situation  is  described 
by  Scheme  II.  There  appear  to  be  no  authenticated 
precedents  for  1,3-methyl  radical  migrations  outside  of 
mass  spectrometry. '^  Even  1,2-methyl  radical  shifts 
are  rare,''*'^  although  1,2  migration  as  a  potential 
carbanion  to  an  electrophilic  center  is  much  more  com- 
mon** (e.g.,  Wagner-Meerwein,  Baeyer-Villiger,  pina- 
col  rearrangements). 

Scheme  II  envisages  a  four-center  transition  state 
db,  and  accounts  satisfactorily  for  the  observed  positive 
slope  of  the  Hammett  plot  (Figure  1)  by  invoking  a 
shift  of  the  methyl  group  with  its  bonding  pair  of  elec- 

(19)  T.  W.  Shannon  and  F.  W.  McLafferty,  /.  Am.  Chem.  Soc.,  M 
5021  (1966),  call  attention  to  the  fact  that  ions  identical  in  structure  and 
energy  should  exhibit  identical  decomposition  reactions  and,  therefore, 
the  spectra  should  also  show  the  same  metastable  peaks,  with  identical 
peak  shapes  and  intensities  relative  to  the  parent  ion. 

(20)  These  appear  at  mfe  80.0  (93V108),  m/e  S7.9  (79V108),  m/e  56.4 
(78V108),  m/e  45.4  (65V93),  m/e  33.8  (51V77).  and  m/e  23.4  (39V65). 
The  only  additional  metastable  peak  discernible  in  the  carbonate 
spectrum  (Figure  2a)  occurs  at  m/e  76.8  (108 VI 52),  and  corresponds  to 
the  loss  of  carbon  dioxide  from  the  molecular  ion. 

(21)  R.  T.  Aplin,  H.  Budzikiewicz,  H.  S.  Horn,  and  J.  Lederberg, 
Anal  Chem.,  37,  776  (1965). 

(22)  A  formal  1,3-methyl  shift  has  been  detected  in  the  pyrolysis  of 
diazoisofenchone  by  P.  Yates  and  S.  Danishefsky,  /.  Am.  Chem.  Soe., 
84,  879  (1962),  although  the  electronic  nature  of  the  migrating  spedet 
is  not  known. 

(23)  C.  Walling,  **Molecular  Rearrangements,'*  P.  de  Mayo,  Ed., 
Intersdence  Publishers  Inc.,  New  York,  N.  Y.,  1963,  p  416. 

(24)  C.  McKnight  and  F.  S.  Rowland,  /.  Am.  Chem.  Soe.,  88.  3179 
(1966),  report  tritium-labeling  evidence  for  a  1,2-methyl  radical  migra- 
tion pathway  in  the  reaction  of  triplet  methylene  with  liiaiif-2-butene. 

(25)  H.  E.  Zimmerman  and  A.  Zweig,  /.  Am.  Chem.  Soe.,  83,  1196 
(1961),  have  provided  a  rationale  for  1,2  shifts  of  methyl  and  phenyl 
groups  based  on  MO  calculations. 
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trons  to  the  most  electropbilic  site  available.  Thus  in 
the  transition  state,  the  partial  charge  on  the  pheaoxy 
oxygen  will  become  less  positive  in  character,  and  bond 
forming  to  the  methyl  group  will  be  more  advanced  than 
bond  breaking  of  the  O-CO  bond.  Scheme  I,  on  the 
other  hand,  would  predict  a  negative  p  value  if  the  rate- 
determining  transition  state  lies  between  I  and  da,  since 
its  fivmation  would  be  inhibited  by  electron-withdraw- 
ing substituents  and  facilitated  by  electron-releasing 
groups. 

Other  instances  of  electron  impact  induced  group 
migrations  accompanied  by  carbon  dioxide  expulsion 
have  been  documented.*  These  reactions  are  most 
prevalent  in  gaseous  ions  where  an  especially  electron- 
deficient  center  is  developed  adjacent  to  the  carbonyl 
moiety,  and  can  then  be  visualized  as  involving  a 
nucleophilic  1,3-group  shift  to  that  positive  site. 

For  example,  alkyl  group  migration  apparently  occurs 
only  after  initial  cleavage  has  generatnl  a  full  positive 
charge  in  the  vicinity  of  the  migration  receptor  site 
in  trimethylsilyl  esters  ofsome  fatty  acids**(XI),  in  ethyl 
N-ethylcarbamate"  (XII),  in  dialkyl  carbonates  such 
as  Xlll,*  and  with  benzyloxycarbonyl  derivatives  of 
certain  amino  acid  esters"  (XIV). 

Other  processes  that  can  be  rationalized  similaily 
are  the  successive  loss  of  a  methyl  group  and  hydrofen 

(26)  R.M.Teeter,AlMtiBcUortheTenUiAniitMlConf«nticeoaMui 
Spectrometry,  A.5.T.M.  Comimttce  E-M,  New  Orleaiu,  La.,  1962,  p  51. 

(27)  R.  T.  Aplin,  J.  H.  Jone*,  and  B.  litmek,  Ctitm.  CwmuoL,  794 
(1966). 
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cyanide  from  amidines,"  and  of  a  methyl  group  a 
formaldehyde  from  fcMinaldehyde  acetals  of  second 
and  tertiary  alcohols**  and  alio  from  the  trimetl 
silyl  derivative  of  benzyl  alcohol. " 
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3.   Corrdatioo  of  the  m/e  59  ion  (e)  intensity  in  the  70-ev 
9)  «  +1.43,  standard  deviation  »  0.18. 


spectra  ofsubstitutedaiylnwthyl  carbonates  I  with  o-.   Least-squares 


hould  be  pointed  out,  however,  that  group  migra- 
with  concomitant  expulsion  of  carbon  dioxide  can 
>perate  in  radical  ions  where  initial  a  cleavage  is 
bited,  for  example,  in  esters  of  a,/9-unsaturated 
''  aryl  methyl  and  aryl  phenyl  carbonates,"  and 
N-arylcarbamates. '  * 

characteristic  peak  appears  at  m/e  59  in  the  70-ev 
spectra  of  all  aryl  methyl  carbonates  J,  consistently 
o  an  ion  of  composition  CsHsOt+  (e).  At  12  ev, 
irocess  is  completely  suppressed.  The  contribu- 
if  fragment  e  to  the  higher  voltage  total  ionization 
mgly  dependent  on  the  aryl  substituent  X,  ranging 
1.8%  240  (I,  X  =  jhOCHz)  to  18.0%  £40  (I,  X  = 
^.  The  relevant  data  (in  which  the  abundance  of 
x>mpared  with  that  of  the  molecular  ion  I)  are 
duced  as  a  Hammett**'^  plot  in  Figure  3. 


0-C«i 


"^.-w 


■^    CHjOCX) 


this  case,  <r  constants^  gave  a  correlation  with 
»oint  scatter  than  that  obtained  using  <r^  values.^^ 
interesting  to  compare  the  slope  of  p  ^  +1.43 
le  reaction  I  -►  e  with  that  of  p  =  +0.78  fcM*  the 
sition  <^  a  cleavage  ion  f  in  substituted  aceto- 
mes,**  and  p  »  +0.67  for  the  production  of  e 
59)  from  substituted  methyl  benzoates.'  This 
es  that  bond  breaking  has  proceeded  to  a  greato* 
t  in  the  transition  state  for  cleavage  in  the  car- 

P.  Brown,  C.  DJerassi,  O.  Schroll,  H.  J.  Jakobsen,  and  S.-O. 
ion,  /.  Am,  Ckem,  Soe,,  S7,  4559  (1965). 
J.  B.  Tbomion,  J.  Diekman,  and  C  Djerasti,  to  be  published. 
J.  H.  Bowie,  D.  R  Williami,  P.  Madaen,  O.  Schroll,  and  S.-O. 
Km,  Tttrahedran,  23,  305  (1967). 
C  P.  Uwii^  AtmL  Cktm.,  3^  1582(1964). 


bonates  (I  -►  e)  compared  with  the  acetophenones 
(XV  -►  f)  and  the  methyl  benzoates. 


£,11^48 


XV 


It  is  pertinent  at  this  point  to  comment  briefly  on  the 
application  of  Hammett  <rp  studies  to  electron  impact 
in(luced  rearrangements  and  fragmentations.  In 
ground  electronic  state  (thermal)  reactions,  those  proc- 
esses which  develop  relatively  large  fractional  charges 
in  the  transition  state  (compared  to  the  reactants)  at  the 
reaction  site  exhibit  the  largest  numerical  reaction  con- 
stants'' (p),  whereas  pr(x:esses  in  which  charge  is 
merely  redistributed  in  the  transition  state  are  charac- 
terized by  small  p  values.'^ 

In  conventional  mass  spectrometry,  one  is  dealing 
with  gaseous  unimolecular  endothermic  reactions,  where 
the  transition  state  may  be  expected  to  resemble  the 
products  rather  than  the  reactant,*'  and  where  both 
reactant  and  transition  state  bear  a  full  positive  charge. 
This  description  allows  the  possibility  of  relatively 
large  reaction  constants.  On  the  other  hand,  it  has 
been  pointed  out'*  that  the  transition  state  for  a  gas- 

(33)  For  example,  quoted  in  ref  15b,  p  -■  —4.67  for  SnI  lolvolysifl  of 
l-cumyl  chlorides  in  ethanol  at  25°,  and  —4.74  for  ionization  of  sub- 
stituted benzylidene  alcohols.  K.  Wiberg  and  T.  M.  Shryne,  /.  Am, 
Ckem.  Soc,,  TJ^  2774  (1955),  report  p  ->  -  3.86  and  -  3.56  for  the  ther- 
mal rearrangement  of  o-arylethyl  chlorocarbonates  in  dioxane  and 
toluene,  respectively. 

(34)  For  example,  p  -  -  +0.81  for  the  Sn2  reaction  of  iodide  ion 
with  substituted  benzyl  chlorides  in  acetone:  O.  M.  Bennett  and  B. 
Jones,/.  Chem,  Soc,,  1815 (1935);  and p  -  +0.023 for  homolytic C-Br 
bond  dissociation  in  substituted  benzyl  bromides  in  toluene:  M.  Swarc, 
C  H.  Leigh,  and  A.  H.  Sehon,  /.  Chem.  Phys.,  19.  657  (1951). 

(35)  O.  S.  Hammond,  /.  Am.  Chem.  Soe.,  71,  334  (1955). 

(36)  R  M.  R.  Hoffmann  and  A.  MaoGolUib(d.««\«'Vn^Vy^'S\. 
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Figure  4.   Correlation  of  the  M  —  44  ion  IV  intensity  in  the  12-ev  mass  spectra  of  substituted  aryl  phenyl  carbonates  II  with  a*.  Least- 
squares  slope  (p)  »  -hO.34,  standard  deviation  «  0.18. 


phase  heterolysis  will  be  considerably  less  ionic  than 
the  equivalent  process  in  solution,  due  to  the  absence  of 
external  solvation.  Applying  this  argument  to  gaseous 
ions  under  low  pressure  leads  to  the  prediction  of  rela- 
tively small  reaction  constants.  Insufficient  data  are 
available  at  present,  but  p  =  +1.43  for  the  reaction 
I  -►  e  represents  the  largest  numerical  reaction  con- 
stant obtained  so  far. 

Aryl  Phenyl  Carbonates.  The  high-  and  low-voltage 
mass  spectra  of  diphenyl  carbonate^*  ^^  (II,  X  ==  H)  and 
of  its  substituted  analogs  all  display  important  peaks 
due  to  the  expulsion  of  carbon  dioxide  (II  -►  IV)." 
As  with  the  aryl  methyl  compounds  (I),  the  M  —  44 
process  persists  at  low  voltage,  at  the  expense  of  all 
other  competing  reactions.  To  avoid  approaching  the 
threshold  of  the  appearance  potential  *®  of  the  M  —  44 
species  IV  too  closely,  spectra  for  kinetic  treatment  were 
again  recorded  at  12  ev. 

Group  migration  to  oxygen  as  the  receptor  site  is 
also  envisaged  in  the  aryl  phenyl  series,  by  analogy  with 
methyl  migration  in  the  aryl  methyl  carbonates  I.  In 
support  of  this  contention  may  be  cited  the  fact  that 
the  mass  spectrum  of  diphenyl  carbonate  (II,  X  =^  H) 
contains  all  the  peaks  characteristic  of  diphenyl  ether 
(IV,  X  =  H)  itself,  and  especially  all  the  metastable 
peaks  ^  displayed  by  diphenyl  ether,  with  identical 
peak  shapes  and  abundances,  ^*  relative  to  the  molecular 
ion.  It  should  be  noted,  however,  that  although  there 
is  some  positive  evidence  for  representing  the  M  —  44 
radical  ion  from  diphenyl  carbonate  and  the  molecular 
ion  of  diphenyl  ether  by  the  same  structure  (formalism 
IV,  X  =  H),  the  rearrangement  ion  is  apparently 
formed  with  some  excess  energy.  The  heats  of  forma- 
tion of  CuHioO+  have  been  reported  ^«  as  257  and  220 
kcal/mole  for  diphenyl  carbonate  and  diphenyl  ether, 
respectively. 

(37)  These  appear  at  m/e  140.0  (141 V142),  m/e  118.6  (142V170X  m/e 
93.8  (115V141),  m/e  5a9  (93V170),  m/e  33.8  (SP/TT),  and  m/e  23.4 
{39*165),  and  were  observed  as  before  employing  the  logarithmic  transfer 
recordcar. 


Since  decarboxylation  can  occur  with  either  aryi  or 
phenyl  group  migration,  ^O-labeling  of  the  phenoxy 
moiety  was  effected  (XVI).    Thus  aryl  migration  then 
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furnishes  the  M  —  44  ion  ga  (with  label  retention), 
whereas  phenyl  migration  affords  the  M  —  46  species 
gb.  In  this  way,  the  over-all  rate  of  decarboxylatioa 
for  each  aryl  phenyl  carbonate  can  be  divided  into  two 
partial  rates,  for  aryl  and  phenyl  group  migration, 
respectively. 

In  Figure  4  the  kinetic  data  for  phenyl  migratioo 
(XVI  -►  gb)  are  correlated  with  <r+  values,"*^  the  use  of 
which  gave  a  plot  with  slightly  less  scatter  than  did  ^ 
constants."*  The  smaller  slope  of  p  «  +0.34  for 
phenyl  compared  to  p  =  +0.67  for  methyl  migration 
could  be  interpreted  as  a  lesser  dependence  on  substito* 
ent  effects  at  the  receptor  site  for  shifting  of  the  more 
electronically  versatile  phenyl  group,  but  the  uncertainty 
in  the  magnitude  of  the  slope  in  Figure  4  is  rather  large. 

Two  possible  mechanisms  for  decarboxylation  by 
phenyl  migration  are  described  in  Schemes  III  and  IV. 
Scheme  III  is  analogous  to  Scheme  I  for  aryl  methyl 
carbonates  I,  and  is  considered  less  probaUe  on  the 
same  grounds.    Making  the  reasonaUe  assumption 
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that  the  rate-controlling  transition  state  would  lie 
between  II  and  ha,  a  negative  p  value  for  the  Hammett 
correlation  would  be  anticipated.  In  this  system,  there- 
fore, the  occurrence  of  phenyl  bridging  (as  in  a  <r-bonded 
intermediate  such  as  ha)  appears  unlikely. 
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Scheme  IV  is  the  phenyl  analog  of  Scheme  II  for  the 
methyl  compounds  I,  and  as  before,  satisfactorily 
accounts  for  the  positive  p  value  obtained.  In  view  of 
the  small  numerical  value  of  p,  and  the  as  yet  unknown 
range  of  reaction  constant  magnitudes  for  a  representa- 
tive cross  section  of  electron  impact  induced  processes, 
it  is  perhaps  too  early  at  present  to  assess  finally  the 
significance  of  p  in  this  case,  except  to  note  that  it  has 
a  positive  sign. 

IV 


<& 


n 


-OOb. 


hb 


^% 


TV 

Relative  Migratory  Aptitudes  of  Aryl  Groups.  In 
addition  to  revealing  the  electronic  requirements  at  the 
receptor  site  for  migration,  the  model  carbonate  system 
also  produced  information  pertaining  to  the  nature  of 
the  itinerant  group.  Despite  the  wide-spread  occur- 
rence in  mass  spectrometry  of  rearrangement  processes 
involving  intramolecular  transfer  of  atoms  or  groups 
other  than  hydrogen,^  the  literature  to  date  still  contains 
only  a  few  isolated  references  to  the  relative  migratory 
propensities  of  the  peripatetic  groups. 

In  the  mass  spectra  of  trimethylsilyl  esters  of  sub- 
stituted benzoic  acids  XVII,  an  approximate  correlation 
between  relative  abundance  of  the  rearrangement  ion  ic 
and  the  electronic  character  of  the  aromatic  substituent 
X  was  noted.**  In  fact,  electron-donating  groups  X 
increased  the  extent  of  rearrangement  by  aryl  migration 
(ia  -^  ib  -►  ic),  relative  to  electron-withdrawing  sub- 
stituents.  However,  the  intensity  of  a  mass  spectral 
pealc  depends  on  the  rates  of  decomposition  of  the  ions 
contributing  to  it,  as  well  as  on  their  rates  of  formation, 
and  unfortunately  both  sets  of  rates  are  very  probably 
dependent  on  X  in  this  instance. 


OSi(CH,), 


-e 


-Ofi- 


xvn 


SKCH,), 


Si(CHa)f 


-OQi 


ib 


ic 


In  a  study  of  the  mass  spectra  of  diaryl  sulfones, 
evidence  was  adduced**  for  the  operation  of  an  aryl 
rearrangement  process  XVIII  -►  ja,  jb.  In  a  series  of 
unsymmetrical  diaryl  sulfones,  preferential  migration 
of  the  more  nucleophilic  aryl  group  was  consistently 
observed,  although  it  was  clearly  recognized  that  dif- 
ferent rates  of  decomposition  of  different  rearrange* 
ment  ions  contributed  to  the  lack  of  internal  consistency 
in  the  formulation  of  a  relative  migratory  aptitude 
scale. 
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It  has  been  rep(»'ted  recently**  that  phenyl  migration 
is  more  favored  than  a  methyl  shift  in  the  fragmentation 
of  l-phenyl-2-</-epoxypropane  (XIX).  This  estimate 
was  made  by  comparing  the  relative  intensities  of  the 
extremely  small  peaks  at  m/e  106  and  lOS,  due  to  species 
kb  and  kd,  respectively,  and  is  uncomplicated  by  the 
absence  of  any  necessity  to  allow  for  different  rates  of 
further  decomposition  of  the  rearrangement  ions 
(kb,  kd),  apart  from  a  H/D  isotope  effect 
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In  the  aryl  phenyl  carbonate  system,  aryl  migration 
(XVI  -►  ga)  and  phenyl  migration  (XVI  -►  gb)  both 
furnish  formally  the  same  aryl  phenyl  ether  radical  ion, 
except  for  the  isotope  label  in  ga.  Therefore,  any 
further  minor  decomposition^  suffered  by  the  rear- 
rangement ions  at  12  ev  is  independent  of  which  group 
has  shifted.    The  extent  of  rearrangement  occurring 

(38)  S.  Meyenon,  H.  Drews,  and  E.  K.  Fields,  Anal  Chem,,  36, 1294 
(1964). 

(39)  H.  E.  Audier,  J.  F.  Dupin,  M.  F^dzon.  and  Y.  HoppilUard, 
Tetrahedron  Letters,  2077  (1966). 

(40)  Most  of  the  carbonates  II  contain  in  their  mass  spectra  small  M 
—  (44  +  28)  peaks,  due  to  farther  loss  of  carbon  monoxide  from  the 
aryl  phenyl  ether  radical  ion,^^  for  which  no  correction  was  made. 

(41)  J.  H.  Beynon,  O.  R.  Lester,  and  A.  E.  Williams,  /.  Phys.  Chem,. 
63. 1861  (1959). 
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TaUe  n.    Relative  Migratory  Aptitude  Data  for  Aryl  Groups  in 
the  Electron  Impact  Induced  Decarboxylation  of  Aryl  Phenyl 
Carbonates  II 

[C.H,OCOOCiH4Xl.+  — ►  IC.H,OC.H4Xl  ^^  +  CX), 


Aryl  migratory 

Migrating 

aptitudes 

group* 

Total 

Carbon- 

Pina- 

Substituent 

Phenyl  Aryl 

rate 

cr+* 

ates 

cols«>' 

p-OCH, 

48 

52 

0.3% 

-0.778 

1.1 

500 

m-OCH, 

30 

70 

0.636 

-0.047 

2.3 

1.6 

o-OCHt 

>98 

<2 

0.340 

•  •  • 

<0.02 

0.3 

o-Naphthyl 

95 

5 

0.989 

•  •  • 

0.05 

•  •  • 

(=Cai4X) 

• 

p-COIs 

39 

61 

0.693 

-0.179 

1.6 

11.5 

2,6-Dimethyl 

6 

94 

0.946 

•  ■  • 

15.7 

•  •  • 

/^<:H, 

63 

37 

0.809 

-0.311 

0.6 

15.7 

m-CHi 

23 

77 

1.16 

-0.066 

3.4 

1.9 

o-CHi 

21 

79 

0.798 

•  •  • 

3.8 

•  •  • 

H 

SO 

50 

1.00 

0 

1.0 

1.0 

p-CX>iCH, 

80 

20 

0.574 

0.489 

0.25 

•  •  • 

p-Br 

>99 

<1 

1.09 

0.150 

<0.01 

0.7 

p-F 

>99 

<1 

0.938 

-0.073 

<0.01 

•  •  • 

p-CN 

>99 

<1 

1.16 

0.659 

<0.01 

•  •  • 

P-NQ, 

>99 

<1 

0.561 

0.790 

<0.01 

•  •  • 

•  This  ratio  was  found  to  be  the  same  at  70, 15,  and  12ev  within 
experimental  error.  ^See  ref  15b.  /^  Add-catalyzed  rearrange- 
ment.   '  See  ref  43. 


by  aryl  (XVI  -►  ga)  and  phenyl  (XVI  -►  gb)  migration 
as  determined  by  ^Ki  labeling  is  shown  in  Table  II. 
In  12  out  of  IS  examples,  the  over-all  rate  of  decar- 
boxylation decreases  upon  introduction  of  either  elec- 
tron-withdrawing or  electron-releasing  substituents, 
and  is  at  a  maximum  when  X  —  H. 

This  observation  can  be  rationalized  on  the  basis  of 
charge  distribution^*  in  the  molecular  ion,  and  by 
taking  account  of  the  relative  basicities^*  of  the  aryl 
groups  concerned.  In  an  unsymmetrical  aryl  phenyl 
carbonate  molecular  ion  (e.g.,  that  of  II),  the  positive 
charge  will  be  unsymmetrically  partitioned  on  either 
side  of  the  carbonyl  group.  The  direction  and  mag- 
nitude of  this  charge  asymmetry  will  depend  on  the 
electronic  character  of  the  substituent  X.  The  relative 
contributions  of  resonance  forms  Ila  (preferred  for 
electron-attracting  groups  X)  and  lib  (preferred  for 
electron-donating  substituents)  provide  an  approxi- 
mate description  of  the  situation. 
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Thus  simply  on  charge  localization  grounds,  aryl 
migration  to  the  most  electrophilic  center  mig^t  be 
predicted  to  preponderate  (see  arrows  in  Ila)  for 
X  ==  +<r  groups,  and  phenyl  migration  (see  arrows  in 
lib)  for  X  =  —  <r  substituents.  In  fact,  the  reverse  situa- 
tion obtains  (Table  II),  indicating  that  the  nucleo- 
philicity  of  the  migrating  group  is  critical.  The  more 
nucleophilic  entity  is  preferentially  itinerant  (arrows, 
lib)  when  X-  +<r  substituents  (e.g.,p-N02,/^CN,p-F, 
/^Br,  p-COjCH»,  o-OCHj),  although  the  rate  of  migra- 
tion is  lower  than  in  diphenyl  carbonate  (II,  X  ^^^  H) 
itself,  since  lib  is  a  higher  energy  resonance  form  of  the 
molecular  ion.    Conversely,  when  X  =   —  <r  groups 

(4j0  As  for  example  toward  electrophilic  substitution,  ub 


(e.g.,  CHj,  /h-CeHs,  m-  and  p-OCHa),  migration  of  the 
more  basic  aryl  moiety  (arrows,  Ila)  is  preferred,  again 
at  a  lower  rate  than  when  X  »  H,  since  Ila  is  now  a 
higher  energy  resonance  contributor. 

Charge  localization  and  nucleophilicity,  therefore, 
oppose  each  other  in  determining  the  over-all  migratory 
propensities  of  aryl  groups  in  this  particular  system. 
The  more  basic  aryl  groups,  with  electron-releasing 
substituents,  excel  at  both  charge  localization  and  mi- 
gration. Conversely,  the  less  nucleophilic  aryl  groups, 
with  electron-withdrawing  substituents,  are  poorer  at 
both  charge  localization  and  migration,  and  the  rela- 
tive migratory  aptitudes  tend  to  be  leveled  by  internal 
compensation  of  these  two  effects. 

The  resulting  aryl  group  migratory  aptitudes  (Table 
II,  colunm  6)  for  the  electron  impact  induced  de- 
carboxylation reaction  (1,3  migration)  are  to  be  com- 
pared with  those  for  acid-catalyzed  rearrangement  of 
substituted  benzpinacols^'  (1,2  migration)  (Table  II, 
column  7).  It  can  be  seen  that  the  electron  impact 
process  migration  propensities  follow  only  in  an  ex- 
tremely qualitative  sense  those  observed  for  the  car- 
bonium  ion  process  in  solution.  ^^  Further  studies  are 
in  progress  to  determine  the  relative  migratory  aptitudes 
of  both  aryl  and  alkyl  groups  in  other  mass  spectral 
rearrangement  reactions. 

Experimental  Section 

Mtm  Spectra.  The  low-resolution  mass  spectra  of  the  aryl 
methyl  carbonates  I  were  obtained  by  Drs.  A.  M.  Duflield  and  J.  K. 
MacLeod,  using  an  Atlas  CH-4  instrument  and  operating  under  the 
following  conditions:  ionizing  voltage  70,  15,  and  12  ev,  inlet 
temperature  70°,  AN-4  ion  source  at  180°.  Low-resolutioo 
spectra  of  the  aryl  phenyl  carbonates  II  were  recorded  by  Mr.  N.  S. 
Garcia,  employing  a  CEC  21-103  machine  equipped  with  an  all- 
glass  heated  inlet  system  at  200°  and  ion  source  temperature  250*. 
All  high-resolution  mass  measurements  were  secured  by  Mr.  R.  G. 
Ross,  with  an  AEI  MS-9  double-focusing  mass  spectrometer  of 
apparent  resolution  1  part  in  15,000,  and  fitted  with  an  all-glass 
heated  inlet  system  at  200°,  and  ion  source  temperature  250°. 

For  quantitative  relative  abundance  measurements,  the  spectra 
of  each  series  of  compounds  I  and  II  were  run  sequentially  under 
identical  operating  conditions.  At  least  duplicate  determinatioos 
were  made  for  each  individual  compounds,  and  it  was  found  that 
peak  heights  were  reproducible  to  within  ±1%. 

The  ALGOL  computer  program  for  least-squares  treatment  of  the 
Hammett  plot  data  was  kindly  supplied  by  Dr.  J.  I.  Brauman. 

Preparation  of  Carbonates.  Unlabeled  aryl  methyl  carbonata 
and  aryl  phenyl  carbonates  were  prepared  as  before,*  firom  methyl 
and  phenyl  chloroformates,  respectively.    >K>-Labeled  aiyl  methyl 


TaUe  m.    Melting  Points  of  Solid  Carbonate  Esters 
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(43)  W.  E.  Bachmann  and  J.  W.  Ferguson,  /.  Am,  Chetn,  Soe^  Si» 
2081  (1934). 

(44)  In  a  study  of  aryl  group  migratory  aptitudes  in  the  Baeycr- 
Villiger  rearrangement  (1,2  migration  to  oxygen)  of  substituted  aoelo- 
phenones,  M.  F.  Hawthorne  and  W.  D.  Enmions,  UM,,  80,  6398  (1958). 
report  the  relative  rate  sequence  ^CHt  >  H  >  A-Cl  >  p-Br  >  in-NOk 
>  A-NOi,  with  p  -  - 1.45  (acetonitrile,  29.8°). 
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carbonates  (VI,  X  »  H,  CN,  OCHi)  were  made  by  converting 
methanol- 1*0  (55.5%  enriched)^*  to  the  chloroformate,  which 
was  then  treated  with  the  appropriate  phenol  in  pyridine.*  >*0- 
Labeled  methyl  phenyl  carbonate  (V)  and  all  >*0-labeled  aryl 
phenyl  carbonates  XII  were  prepared  by  transforming  ^KVphenol** 
(diluted  to  37.5%  enrichment)  to  the  chloroformate,  and  then  add- 


(45)  Supplied  by  Yeda  Research  and  Development  Co.  Ltd.,  Reho- 
votb»  Israel. 


ing  methanol  or  the  appropriate  substituted  phenol,  respectively.' 
The  carbonate  esters  were  purified  as  before,*  using  gas-liquid 
chromatography  and  several  injection-collection  cycles  for  liquids, 
and  recrystallization  to  constant  melting  point  for  solids. 

Identity  and  purity  of  all  unlabled  carbonates  were  determined  by 
elemental  combustion  analysis,  gas-liquid  or  thin  layer  chroma- 
tography, and  infrared  and  low-resolution  mass  spectra.  The  re- 
tention times  or  Rt  values,  infrared  and  mass  spectra,  and  melting 
points  (Table  III)  of  the  labeled  carbonates  were  critically  compared 
with  those  of  the  corresponding  unlabeled  materials. 
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Abstract:  The  mass  spectra  of  guanine,  its  1-,  3-,  and  7-methyl  derivatives,  and  of  isocytosine,  hypoxanthine, 
adenine,  and  6-methylaminopurine  have  been  analyzed  with  the  aid  of  high-resolution  mass  measurements,  meta- 
stable  peaks,  and  deuterium  labeling.  The  major  electron-impact  fragmentation  pattern  exhibited  by  guanine  and  its 
mono-N-methyl  derivatives  consists  of  initial  expulsion  of  a  cyanamide  fragment,  which  contains  N-1,  C-2,  and  the 
amino  nitrogen  atom,  followed  by  decarbonylation.  This  sequence  thus  involves  all  the  guanine  atoms  which  take 
part  in  the  Watson-Crick  pattern  of  hydrogen  bonding  in  polynucleotides.  In  contrast,  the  initial  fragment  expelled 
from  the  adenine  molecular  ion  originates  uniquely  from  a  single  site  only  when  the  amino  group  is  methylated. 


Guanine  (2-amino-6-oxypurine;    the  prevailing  IH 
tautomer  is  shown  as  1)  and  adenine  (6-amino- 
purine,  2)  comprise  the  major  purine  components  of 


both  ribo-  and  deoxyribonucleic  acids,  and  of  a  variety 
of  coenzymes  and  biosynthetic  intermediates  as  well.* 
Most  of  the  minor  purine  constituents  of  both  transfer 
RNA***  and  of  DNA'  consist  of  mono-  and  dimethyl 
derivatives  of  1  and  2. 

It  has  recently  been  demonstrated  that  adenine  also 
is  the  principal  component  of  a  number  of  alkaloids, 
including  the  cytokinins,  which  under  certain  conditions 
are  powerful  stimulators  of  plant  cell  division.  The 
naturally  occurring  compounds  in  this  series  include 
zeatin,  6-(4-hydroxy-3-methyl-2-butenyl)aminopurine, 
isolated  as  the  free  base*  and  possibly  as  a  nucleoside 
and  nucleotide'  from  maize,  and  its  deoxy  derivative, 

(1)  (a)  Part  I  of  this  series:  J.  M.  Rice,  O.  O.  Dudek,  and  M. 
Barber,  /.  Am,  Chem.  Soc,,  87, 4S69  (196S).  (b)  National  Cancer  In- 
stitute, (c)  To  whom  inquiries  should  be  addressed  at  Harvard  Uni- 
versity. 

(2)  The  7(9)  protropic  tautomerism  of  purines  unsubstituted  in  the 
imidazole  ring  is  ignored  in  these  studies;  the  imidazole  proton  is  gen- 
erally represented  arbitrarily  as  residing  on  N-7. 

(3)  Abbreviations  and  notation  used  in  this  paper:  RNA,  ribonucleic 
idd ;  DN  A,  deoxyribon udeic  add ;  M,  molecular  (parent)  ion ;  M  —  n, 
the  m/e  value  of  a  fragment  ion  formed  by  loss  of  n  mass  units  from  the 
molecular  ion. 

(4)  L.  R.  Mandel  and  E.  Borek,  Biochemistry,  1,  5SS  (1963). 
iS)  D.  B.  Dunn  and  J.  O.  Smith,  Nature,  175,  336  (19S5). 

(6)  D.  S.  Letham,  J.  S.  Shannon*  and  I.  R.  McDonald,  Proe,  Chem, 
Soe^  230  (196^ 


6-(3-methyl-2-butenyl)aminopurine.''*  The  latter  com- 
pound has  been  isolated  both  from  a  bacterium^®  and, 
in  the  form  of  its  ribonucleoside,  as  a  minor  component 
of  transfer  RNA  in  yeast**  ^^  and  in  calf  liver .•  The 
isomeric  6-amino-3-(3-methyl-2-butenyl)purine,  which 
is  devoid  of  cytokinin  activity,  has  been  identified  as  the 
alkaloid  triacanthine.  ^* 

Mass  spectrometry  played  a  significant  but  limited 
role  in  the  elucidation  of  the  structures  of  these  sub- 
stituted adenine  derivatives,  and  has  also  been  applied 
in  studies  of  the  mechanism  of  biological  methylation 
of  transfer  RNA,^'  but  to  date  no  systematic  study  of 
the  mass  spectra  of  the  parent  compounds  has  been 
published.  The  mass  spectra  of  purine  nucleosides, 
in  which  the  fragmentation  patterns  of  the  purine 
moieties  have  received  relatively  little  attention,  have 
been  used  in  studies  both  of  nucleic  acid  compo- 
nents^'*^* and  of  certain  antibiotics.  "•*•  We  present 
here  the  mass  spectra  of  guanine,  adenine,  and  some  of 

(7)  C.  O.  Miller,  Proc,  Natl  Acad,  Sci,  U,  5.,  54,  1052  (1965). 

(8)  R.  H.  Hall,  M.  J.  Robins,  L.  Stasiuk,  and  R.  Thedford,  /.  Am. 
Chem,  Soc„  88,  2614  (1966). 

(9)  K.  Biemann,  et  al.,  Angew.  Chem.,  78,  600  (1966). 

(10)  D.  Klambt,  G.  Thies,  and  F.  Skoog,  Proc,  Natl.  Acad.  Sci.  U.  S., 
56,  52  (1966);  J.  P.  Helgeson  and  N.  J.  Leonard,  ibid.,  56,  60(196Q. 

(11)  H.  G.  Zachau,  D.  Dutting,  and  H.  Feldmann,  Angew.  Chem., 
78,  392  (1966). 

(12)  N.  J.  Leonard  and  J.  A.  Deyrup,  J,  Am,  Chem.  Soe,,  84,  2148 
(1962). 

(13)  B.  E.  Tropp,  J.  H.  Law,  and  J.  M.  Hayes,  Biochemistry,  3, 1837 
(1964);  B.  E.  Tropp,  Doctoral  Dissertation,  Harvard  University,  July 
1965. 

(14)  K.  Biemann  and  J.  A.  McCloskey,  J,  Am.  Chem.  Soc.,  84, 2005 
(1962). 

(15)  S.  Hanesstan,  D.  C.  DeJongh,  J.  A.  McCloskey,  BiocMm.  Bith 
phys.  Acta,  117,  480  (1966). 

(16)  S.  H.  Eggers,  S.  I.  Biedron,  and  A.  O.  Hawtrey,  Tetrahedron 
Utters,  3271  (1966). 
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Figure  1.    Mass  spectrum  of  3-iiiethylguaiiine  at  70  ev. 


their  derivatives,  in  which  the  fragmentation  patterns 
have  been  characterized  by  metastable  peaks  and  by 
high-resolution  mass  measurements  of  fragment  ions. 
We  have  sought  especially  to  identify  fragments  which 
originate  characteristically  and  uniquely  from  specific 
atomic  groupings  within  these  molecules,  and,  where 
possible,  to  suggest  reasonable  structures  and  mecha- 
nisms for  the  formation  of  fragment  ions. 

Experimental  Section 

The  compounds  studied  were  commercial  preparations  of  the 
highest  purity  available,  and  were  obtained  from  the  California 
Corporation  for  Biochemical  Research,  Schwarz  Bioresearch  Inc., 
Cyclo  Chemical  Corp.,  K  and  K  Laboratories  Inc.,  or  Aldrich 
Chemical  Co.  All  preparations  were  checked  for  chromatographic 
homogeneity  on  paper  prior  to  use.  3-Methylguanine  (Cyclo) 
contained  a  trace  of  yellow  contaminant,  apparently  quite  polar 
from  its  chromatographic  behavior,  which  could  be  removed  by 
recrystallization  from  water  and  which  did  not  contribute  significant 
"noise**  to  the  spectrum  of  the  much  more  volatile  purine.  A  more 
polar,  ultraviolet-absorbing  impurity,  identified  by  Ri  values  and 
by  infitued  spectroscopy  as  guanine,  invariably  contaminated  sam- 
ples of  1-methylguanine,  and  was  found  in  amounts  ranging  from  a 
trace  to  more  than  90%  of  the  mixture.  Preparations  containing 
only  traces  of  guanine  provided  intense  spectra  of  the  more  volatile 
1-methyl  derivative  which  displayed  no  significant  peak  at  m/e  151, 
the  molecular  ion  and  base  peak  in  the  spectrum  of  guanine,  and 
were  used  without  purification. 

Readily  exchangeable  protons  (amino,  imidazole,  **hydroxy*0 
were  replaced  with  deuterium  by  warming  briefly  {ca.  15  min)  in 
neutral  or  basic  DiO  and  then  rotary  evaporating  the  neutral^ed 
solution  to  dryness.  If  necessary,  the  procedure  was  rq;)eated 
until  the  expected  number  of  deuterium  atoms  had  been  incorpo- 
rated. Prolonged  refluxing  (ca,  1  hr)  in  DiO  effects  replacement  of 
an  additional  proton  by  deuterium.  This  has  been  shown  to  occur 
at  C>8  in  purine,"  and  is  presumed  to  occur  at  this  position  in  sub" 
stituted  purines  as  well.  The  reaction  seems  to  be  general  for  imi- 
dazole derivatives,^'^'  and  occurs  readily  in  caffeine  (3),  where  the 
reaction 


H/J— 


0      CH, 


CH9 


(17)  M.  P.  Schweizer,  S.  I.  Chan,  G.  K.  Hehnkamp,  and  P.  O.  P. 
Ts*o,  J,  Am,  Chem.  Sac,,  96,  696  (1964). 

(18)  T.  M.  Harris  and  J.  C.  Randall,  Chem,  Ind,  (London),  1728 
(1965). 

(19)  O.  O.  Dudek  and  J.  Nf.  Rioe^  unpublished  observations. 


can  be  followed  unambiguously  by  pmr  spectroscopy.^'  In  the 
cases  of  adenine  and  hypoxanthine  (6-oxypurine;  the  IH  tautomer 
is  illustrated  as  4),  whoe  the  magnetic  resonance  signals  of  theG2 
and  C-8  protons  are  very  close  together  and  are  both  pH  and 
concentration  dq)endent,  only  one  peak  decreases  steadily  in 
intensity  and  finally  disappears  as  deuteration  proceeds.  Thus 
hypoxanthine  (mol  wt  136)  readily  exchanges  two  protons  for  deu- 
terium, forming  l,7(9)-dideuteriohypoxanthine  (hypoxanthine^s, 


^Xr 


mol  wt  138),  which  on  prolonged  refluxing  slowly  exchanges  t 
third  hydrogen  atom  to  yield  l,7(9),8-tridc»iteriohypoxanthioe 
(hypoxanthine-i/a,  mol  wt  139).    Adenine  behaves  similarly. 

Mass  spectra  were  obtained  with  an  Associated  Electrical  In- 
dustries (Ltd.)  MS-9  double-focussing  mass  spectrometer,  using  t 
direct-insertion  probe.  The  voltage  of  the  electron  beam  was 
occasionally  lowered  from  the  standard  70  ev  to  30,  20,  or  16  ev  to 
suppress  high-energy  fragmentation  paths  and  to  increase  the 
intensity  of  metastable  peaks.  Standards  for  high-resolution  mass 
measurements  included  argon,  nitrogen,  and  fragments  of  per- 
fluorotri-/t-butylamine. 

Resultg  and  Discussion 

The  most  intense  peak  in  the  mass  spectra  of  guanine 
and  its  1-,  3-,  and  7-methyl  derivatives  is  that  of  the 
molecular  ion,  from  which  a  variety  of  fragments  are 
expelled  to  produce  three  groups  of  primary  fragment 
peaks  of  weak  (l^s  than  10%)  to  moderate  (less  than 
40%)  relative  intensity.  These  occur  at  M  —  (16-17), 
due  to  loss  of  the  amino  group  or  ammonia ;  at  M  - 
(41-42)  or,  in  the  case  of  1-methylguanine,  at  M  - 
(SS-S6),  resulting  from  expulsion  of  cyanamide  frag- 
ments; and  in  some  cases  at  M  —  (27-30)  due  to 
ejection  of  carbonyl  and  methylamine  fragments. 
The  initial  expulsion  of  a  neutral  cyanamide  fragment 
is  the  predominant  and  most  characteristic  mode  of 
decomposition  of  a  guanine  molecular  ion,  and  is 
followed  by  a  well-defined  sequence  of  subsequent 
fragmentation  steps  which  give  rise  to  the  major  peaks 
in  the  mass  spectra  of  these  compounds.  The  cyan- 
amide fragments  originate  uniquely  from  N-1,  C-2, 
and  the  amino  group  in  the  pyrimidine  ring  of  guanine,  a 
conclusion  which  follows  from  comparison  of  the  mass 
spectra  of  its  N-methyl  derivatives. 

The  mass  spectrum  of  3-methylguanine  (Figure  1)  is 
characterized  by  fragment  ion  peaks  at  m/e  123,  95, 
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iy  and  41,  whose  sequential  formation  from  the 
tilar  ion  at  mfe  165  is  well  documented  by  the 
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Figure  3.    Mass  spectrum  of  1-methylguanine  at  70  ev. 

lecular  ion,  5,  is  readily  explained  by  a  retro  Diels- 
Alder  mechanism  which  results  in  the  formation  of  ion 
6  at  m/e  123.  Decarbonylation  is  the  only  significant 
fragmentation  reaction  of  ions  having  the  elemental 
composition  of  6;  a  metastable  peak  at  m/e  75.0 
(123  -►  96?)  for  the  loss  of  HCN  is  too  weak  to  be 
considered  unequivocal.  The  decarbonylation  product 
at  m/e  95,  ion  7,  loses  HCN  followed  by  either  the 
methyl  group  or  another  molecule  of  HCN.  While  7 
is  a  likely  candidate  for  rearrangement,  and  could  give 
rise  to  highly  stabilized  heteroaromatic  ions  such  as  8 
by  redistributing  its  methyl  hydrogen  atoms  within  an 
expanded  ring,  the  methyl  group  remains  intact  in  a 
substantial  fraction  of  these  ions.  The  fragmentation 
of  7,  therefore,  probably  proceeds  by  several  paths, 
among  them  the  sequence  indicated. 

The  ions  at  m/e  122  and  124  may  derive  partly  from 
the  molecular  ion,  but  this  interpretation  is  not  sup- 
ported by  the  presence  of  metastable  peaks.  The 
m/e  122  ion  is  probably  formed  primarily  by  expulsion 
of  a  hydrogen  atom  from  6,  chiefly  from  the  methyl 
group.  Except  for  the  ^'C-containing  fragment  at 
m/e  124,  these  are  even-electron  ions,  and  although 
they  follow  basically  the  fragmentation  sequence  out- 
lined in  Scheme  I,  their  fragments  at  m/e  67  and  69 
show  no  tendency  to  eject  a  methyl  radical:  the  peak 
at  m/e  54  is  small  and  that  at  m/e  52  is  negUgible. 
The  molecular  ion  can  also  lose  HCN  and,  by  processes 
involving  hydrogen  rearrangements,  HtCN  (not  CO!), 
HCO,  or  NHs.  However,  the  resulting  peaks  at  m/e 
136-138  and  at  148  are  very  small,  as  are  the  secondary 
fragmentation  peaks  which  appear  in  clusters  at  inter- 
vals of  approximately  27  mass  units  below  the  group 
at  m/e  136-138. 

The  location  of  the  methyl  group  in  1-methyl- 
guanine  has  several  important  consequences  for  die 
electron-impact  fragmentation  patterns  of  this  molecule. 
First,  the  methyl  group  is  always  lost  with  the  cyanamide 
fragments,  as  a  result  of  which  peaks  are  observed  at 
m/e  no  and  109  (i.e.,  at  M  -  55  and  M  -  56  in  Figure 
3).  Neutral  methylcyanamide  fragments  expelled  from 
the  molecular  ion  retain  three  or  four  of  the  five  hydro- 
gen atoms  originally  associated  with  the  amino  and 
methyl  groups.  When  all  five  are  retained,  /.•\,  when 
hydrogen  rearrangement  does  not  accompany  frag- 

tive  charge  (and  the  unpaired  electron  in  ion  radicals)  over  all  the  atoms 
of  second-row  elements  present  except  (perhaps)  methyl  carbon  atoms. 
It  is  often  extremely  difficult  adecjuately  to  represent  the  structures  of 
such  ions,  especially  when  they  contain  many  heteroatoms  whose  **lone 
pair**  electrons  in  fact  contribute  to  the  r-electron  population.  In 
attempting  to  understand  fragmentation  patterns  it  is  frequently  more 
instructive  to  consider  a  single  valence-bond  structure  for  a  given  ion, 
rather  than  the  resonance  hybrid  to  which  it  contributes.  We  have 
freely  adopted  this  approach  in  Scheme  I  and  c&nembn^VDL^Cc^'^'^n . 


/lice,  Dudek  /  Mass  Spectra  of  Gucmiiie,  Adenine^  and  ReUucd  ^ 


u 


2722 


CjH^Nj  (3/5) 


12fi     C3H4N4O  (2/9) 


CjHjN^O    (4/9) 
m    C,H^3      (t/9) 


m  (^j^j^o 


-CH4N 


src^HjN^ 


Hfi  C^H^I^O 


]0S    c;H4N, 


109    C^HjN^     (2/3) 

C;4H3N30  (1/3) 


us  q^H^NjO 


Figure  4.   Electron-impact  fragmentation  reactions  of  the  1-methyl- 
guanine  molecular  ion. 
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Figure  5.    Mass  spectrum  of  guanine  at  70  ev. 

mentation,  the  methylcyanamide  fragment  also  retains 
the  charge,  and  gives  rise  to  the  major  component  of 
the  peak  at  m/e  57.  As  expected,  loss  of  neutral 
cyanamide  fragments  is  followed  by  decarbonylation 
and  subsequent  loss  of  HCN.  There  are  no  significant 
peaks  at  M  —  41  and  M  ^  42,  which  indicates  that 
N-1  is  always  the  sole  nuclear  nitrogen  atom  lost  when 
cyanamide  fragments  are  expelled  from  guanine  de- 
rivatives. This  generalization  applies  even  when,  as  in 
the  present  case,  the  arrangement  of  double  bonds  in  the 
pyrimidine  ring  interferes  with  the  mechanism  presented 
in  Scheme  I  for  this  reaction.  This  interference  is  a 
second  consequence  of  the  location  of  the  methyl 
group  at  N-1,  and  results  in  lower  relative  intensities 
for  the  ions  produced  in  the  series  of  reactions  initiated 
by  expulsion  of  a  cyanamide  fragment  (compare  peaks 
at  m/e  123,  95,  and  68  in  Figure  1  with  corresponding 
peaks  at  m/e  109-110,  81-82,  and  54-55  in  Figure  3). 
The  presence  of  the  methyl  group  at  N-1  also  tends  to 
stabilize  the  positive  charge  in  that  region  of  the  guanine 
molecule.  The  stabilization  of  charge,  together  with 
the  decreased  occurrence  of  competing  processes,  re- 
sults in  an  increased  tendency  for  cleavage  of  the 
''single"  bonds  in  the  molecular  ion  in  the  vicinity 
of  N-1,  as  indicated  by  the  increased  intensity  of  peaks 
at  m/e  135-137  (loss  of  carbonyl  or  methylamine  frag- 
ments). Some  of  these  fragments  can  also  be  lost 
simultaneously,  producing  the  major  component  of  the 
m/e  109  peak  and  all  of  the  m/e  108  ions  (Figure  4). 

The  mass  spectrum  of  guanine  (Figure  5)  is  essentially 
identical  with  that  of  1-methylguanine  below  m/e  120, 
with  the  exception  that  peaks  at  m/e  43  and  44,  due  to 
CHjNa+  and  CH4N1+  (cyanamide)  ions  originating  at 
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Figure  6.    Major  electron-impact  fragmentation  reactions  of  the 
guanine  molecular  ion. 


least  in  part  from  the  molecular  ion,  replace  the  cor- 
responding m/e  57  peak  in  the  spectum  of  1-methyl- 
guanine. Decarbonylation  is  not  a  significant  de- 
composition reaction  for  the  guanine  molecular  ion  in 
the  absence  of  a  methyl  group  at  N-1.  Deamination 
(followed  by  decarbonylation)  and  expulsion  of  HNCO 
are  the  only  major  fragmentation  processes  which 
compete  with  loss  of  cyanamide  (Figure  6).  The  ions 
at  m/e  109-1 10  produced  by  the  latter  reaction  eject  CO 
and  HCN,  preferably  but  not  exclusively  in  the  order 
given,  producing  the  peaks  at  m/e  81-83  and  54-55; 
these  processes  are  not  completely  defined  by  metasta- 
ble  peaks.  The  ability  of  guanine  to  lose  cyanamide 
fragments  containing  one  or  two  hydrogen  atoms,  the 
loss  of  fragments  other  than  cyanamide  from  the  molec- 
ular ion,  and  the  over-all  low  intensity  of  fragment  ion 
peaks  resemble  the  characteristics  of  1-methylguanine, 
rather  than  those  of  3-methylguanine.  This  suggests 
that  the  prevailing  tautomer  of  guanine  in  the  vapor 
phase  is  the  linearly  conjugated  structure  1  in  which  the 
pyrimidine  ring  proton  resides  on  N-1 ;  this  is,  of  course, 
the  familiar  tautomer  encountered  in  aqueous  solutions 
and  in  polynucleotides. 

The  mass  spectrum  of  7-methylguanine  (Figure  7) 
is  more  plentifully  endowed  with  metastable  peaks  than 
the  spectrum  of  guanine.  A  more  complete  analysis 
of  the  fragmentation  paths  is  therefore  possible  (Figure 
8),  but  the  major  features  of  the  spectra  of  the  two 
compounds  are  quite  similar.  The  7-methylguanine 
molecular  ion  undergoes  deamination  and  loss  of 
cyanamide  fragments,  but  reactions  involving  expulsion 
of  CO,  HCO,  or  methylamine  fragments  are  extremely 
minor  processes  in  sharp  contrast  to  the  behavior  of  the 
1 -methyl  isomer.  Ejection  of  an  isocyanate  fragment 
from  the  molecular  ion  also  does  not  occur  to  any 
significant  extent,  although  this  reaction  is  undergone 
both  by  the  1 -methyl  isomer  and  by  guanine  itself. 
The  major  fragmentation  path  consists  of  ejection  of 
cyanamide  fragments,  giving  rise  to  the  peaks  at  m/e 
123  and  124,  after  which  much  of  the  fragmentation 
pattern  is  analogous  to  that  of  3-methylguanine  with 
respect  to  the  m/e  values,  but  not  the  relative  intensities, 
of  successive  fragmentation  peaks  (compare  Figures  2 
and  8).  It  is  noteworthy  that  ion  9  at  m/e  95,  the  un- 
rearranged  product  of  successive  loss  of  cyanamide 
and  CO  from  the  7-methylguanine  molecular  ion, 
differs  from  the  corresponding  daughter  ion  of  3- 
methylguanine  (7)  only  in  the  position  of  the  methyl 
group,  which  in  9  is  poorly  situated  to  participate  in 
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Figoce  8.    Fhigmmtation  paths  of  7-iiiethylguaiiiiie. 

ring  expansion  to  structures  such  as  8.  This  may  ex- 
plain why  the  m/e  95  peak  is  prominent  in  Figure  1 
but  very  weak  in  Figure  7,  while  the  m/e  68  peak  which 
results  from  loss  of  HCN  from  the  m/e  95  ions  is 
prominent  in  both. 

CHs 


=-*<^« 


The  combined  presence  of  the  amino  group  at  C-2 
and  the  keto  function  at  C-6  in  guanine  and  its  mono- 
methyl  derivatives  serves  to  limit  the  fragmentation 
reactions  of  the  molecular  ion  to  the  pyrimidine  ring. 
The  mass  spectrum  (Figure  9)  of  2-amino-4-oxypyrimi- 
dine  (isoc^osine),  whose  arrangement  of  functional 
groups  corresponds  to  that  of  guanine,  is  qualitatively 
quite  similar  to  the  high-mass  region  of  the  spectrum 
of  the  latter.  Analysis  of  metastable  peaks,  together 
with  high-resolution  mass  measurement  of  fragment 
ions  (Figure  10),  confirms  that  the  same  neutral  frag- 
ments and  the  CHtNHs'*'  ion  are  expelled  from  the 
molecular  ions  of  both  compounds.  However,  it  is 
apparent  from  Figure  9  that  loss  of  CO  from  the  molec- 
ular ion  is  a  far  more  important  process  for  isocytosine 
than  it  is  for  guanine  or  any  of  the  mono-N-methyl- 


i 


L_l 


20 


40 


43 


ISOCYTOSINE         Q    ^ 


70 


I     il.lL      il 


60 


I iL 


HI 


60 


100 


60 


100 


60 
40 

ao 


140 


nOCYTOSME 
20m 


1. 


70 


ni 


60 

60 

-|40 

20 


^ 1  I  I  I  I  I  I  I  I  1  r 

20  40  60  60  100  120  140 

Figure  9.    Mass  spectra  of  isocytosiiie  at  70  and  20  ev. 

guanines,  and  that  fragmentation  in  general  is  much 
more  facile  for  the  pyrimidine  ion.  It  follows  that  the 
aromatic  imidazole  ring  fused  to  the  isocytosine  mole- 
cule in  guanine  derivatives  stabilizes  the  molecular  ion 
by  delocalizing  the  positive  charge  and  thus  depresses 
the  tendency  toward  fragmentation,  but  does  not  other- 
wise alter  the  modes  of  decomposition  of  the  molecular 
ion.  This  stabilization  is  least  effective  when  the  ar- 
rangement of  bonds  in  the  pyrimidine  ring  allows  the 
molecular  ion  to  undergo  a  facile  retro  Dielsr-Alder 
reaction,  as  in  the  case  of  3-methylguanine,  or  of  2,6- 
dioxypurines  (xanthines).*' 

Purines  which  contain  only  one  functional  group  in 
the  pyrimidine  ring  show  a  much  less  pronounced  ten- 
dency for  one  fragmentation  reaction  of  the  molecular 
ion  to  predominate  over  all  the  others.  Omission  of 
the  amino  group  from  the  guanine  molecule  yields  hypo- 
xanthine  (4),  whose  mass  spectrum  (Figure  11)  is 
notable  for  ^e  extremely  low  intensities  of  its  fragment 

(21)  O.  Spiteller  and  M.  Spitdler-FHedmann,  Monatsh.  Chem,^  93^ 
632  (1962);  J.  M.  Rice  and  O.  O.  Duddc^iii  vc«B««)aotu 
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ion  peaks.  This  spectrum  suggests,  however,  that  the 
major  determinant  of  the  guanine  fragmentatioa  pattern 
is  the  carbonyl  function  and  not  the  amino  groups,  for 
to  a  large  extent  hypoxaothine  expeb  neutral  fragments 


Figure  13.    Mass  spectrum  of  adenine  at  70  e< 

m  H 


»A 


i.c,^,r^ 


-NHi' 


a  CjHjN^ 


t^H^S 


<i"aNz-" 


Figure  14.    Prindpal  fragmentation  paths  of  adenine. 

from  the  same  sites  and  in  the  same  order  as  guanine. 
The  molecular  ion  can  eject  a  hydrogen  atom,  CO,  or 
HCN,  but  the  preferred  process  is  expulsion  of  HCN, 
followed  by  CO  and  another  molecule  of  HCN  (Pigine 
12).  The  M  --  27  peak  persists  with  widimini^tei 
relative  intensity  in  the  mass  spectra  of  hypoxanthiDe-4 
and  hypoxanthine-i^t,  and  loss  of  HCN  from  the  latter 
must  include  C-2.  The  initial  loss  of  HCN  from  the 
hypoxanthine  molecular  ion  thus  corresponds  prin- 
cipally to  the  expulsion  of  cyanamide  fragments  b; 
guanine,  and  is  inferred  to  involve  N-l  as  well  as  C>2. 
The  subsequent  dccarbonylation  and  loss  of  HCN 
represent  a  continuation  of  the  guanine  fragmentation 
pattern.  Expulsion  of  a  charged  cyanamide  fragment 
from  guanine  also  finds  an  analogy  in  the  fonnation 
of  HiCN'*'  from  hypoxanthine,  but  not  all  of  the  pro- 
tonated  HCN  fragments  which  originate  from  the 
molecular  ion  do  so  from  the  same  site  as  the  neutral 
HCN  discussed  above.  The  mje  28  peak  due  to 
H,CN+  shifts  cleanly  to  mje  29  (HDCN+)  in  the  spec- 
trum of  hypoxanthine-^,  but  its  total  intensity  is  di- 
vided nearly  equally  between  peaks  at  m}e  29  and  30 
(D1CN+)  in  the  spectrum  of  hypoxanthine-di.  A 
metastable  peak  in  the  latter  spectrum  at  m/e  6.5 
(139  -•-  30)  confirms  the  origin  of  some  of  the  DtCN-*^ 
ions  from  the  molecular  ion,  and  ther^ore  from  the 
imidazole  ring. 

If  the  carbonyl  group  of  hypoxanthine  and  its  as- 
sociated proton  are  replaced  by  an  amino  group,  the 
neutral  fragments  expelled  from  the  resulting  adenine 
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ar  ion  no  longer  show  any  tendency  to  originate 
f  from  a  single  site.  The  mass  spectrum  of 
(2;  Figure  13)  is  characterized  chiefly  by  frag- 
a  peaks  at  m/e  108,  81,  and  54  due  to  successive 
»n  of  three  molecules  of  HCN,  although  other 
its  are  occasionally  lost  along  the  way  (Figure 
CN  and  DCN  can  be  lost  in  all  possible  se- 
from  the  adenine-Js  and  adenine-J4  molecular 
;  indicated  in  Figure  IS,  proving  that  many 
itation  paths  contribute  to  the  mass  spectrum, 
ilar  behavior  of  the  unsubstituted  purine  mole- 
recently  been  analyzed  in  detail.** 
3f  the  amino  group  from  the  molecular  ion  is  an 
ly  minor  process  for  adenine,  but  if  the  amino 
%  methyl  substituted,  the  initial  fragments  lost 
e  molecular  ion  originate  predominately  from 
rlamino  group.  6-Methylaminopurine  (Figure 
ierentially  expels  28  or  29  mass  units  (CHsN  or 
from  the  molecular  ion.  This  process  con- 
oss  of  the  methylamino  group  with  concomitant 
of  one  or  two  hydrogen  atoms  to  the  purine 
,  followed  in  each  case  by  successive  loss  of 
olecules  of  HCN.  A  high-energy  variant,  not 
16  ev,  involves  initial  loss  of  a  hydrogen  atom 
1  by  the  remaining  29  mass  units  of  the  methyl- 
group.  When  the  entire  methylamino  group 
18  a  single  unit,  it  retains  the  positive  charge, 
isc  to  the  CH4N+  ion  at  m/e  30.  Methylation 
mino  group  thus  introduces  a  powerful  and  uni- 
rective  influence  into  the  chaotic  array  of  com- 
fragmentation  patterns  which  otherwise  char- 
the  adenine  molecule. 

ioiig 

characteristics  of  guanine  appear  to  be  much 
vorable  than  those  of  adenine  or  hypoxanthine 

Tatematsu,  T.  Goto,  and  S.  Matsuura,  Nippon  KagakuZauhi, 


Figure  16.   Mass  spectra  of  6-methylaminopurine  at  70  and  16  ev. 


for  obtaining  unambiguous  structural  information  from 
the  mass  spectra  of  derivatives  of  these  compounds.  It 
is  noteworthy  that  guanine  in  nucleic  acids  is  much  more 
reactive  than  adenine  toward  both  mutagens  of  the 
mustard  type*'  and  certain  carcinogenic  compounds,*^ 
and  the  application  of  mass  spectrometry  to  the  study 
of  such  reactions  should  prove  fruitful. 
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Abstract:  On  the  supposition  that  the  specific  spectral  properties  of  mono-/3-arylacrylolyl  enzymes  are  related  to  their 
special  reactivity,  the  spectra  and  optical  rotatory  dispersions  of  a-chymotrypsin  and  some  acyl  derivatives  have 
been  examined  and  compared  with  the  spectra  and  optical  rotatory  dispersions  of  a  group  of  relevant  small  mole- 
cules. The  reactivities  of  these  acyl  enzymes  have  previously  been  correlated  with  their  catalytic  functions  in  specific 
substrate  reactions,  and  there  are  considerable  presumptive  arguments  that  the  acyl-enzyme  linkage  is  via  a  specific 
serine  hydroxyl  oxygen  (an  ester  linkage).  The  spectral  properties,  especially  the  large  red  shifts  on  acylation,  and 
chemical  reactivities  of  these  mono-/3-arylacryloyl  enzymes  differ  from  those  of  small  molecule  model  acylsenne 
esters.  On  the  basis  of  the  comparisons  of  their  optical  properties,  these  differences  are  found  to  be  due  to  an 
emi!i>-energetic  configurational  change  which  takes  place  when  the  enzyme  is  acylated  with  the  /3-acryloyl  substrates. 
It  is  found  that  the  "native**  /3-acryloyl  enzyme  has  a  **s<if*  configuration  in  contrast  to  the  small  molecule  model 
compounds  which  are  predominantly  in  the  **S'trans*'  configuration.  The  magnitude  of  the  induced  optical  rota- 
tory activity  attributable  to  the  transition  associated  with  the  absorption  band  of  the  /3-acryloyl  component  of  the 
acetylated  enzyme,  nmr  measurements  on  model  compounds,  and  other  spectral  information  are  shown  to  exclude 
other  possible  configurational  changes  such  as  out-of-plane  skewing  or  cis-trans  isomeration  about  the  double 
bonds.  Chemical  perturbation  (via  enzyme  substituents)  of  an  otherwise  conventional  acyl-serine  linkage  is  also 
considered  and  rejected  as  an  unlikely  origin  of  the  observed  spectral  shifts. 


A  number  of  detailed  studies  of  the  chemical  and 
spectral  properties  of  aroyl  chymotrypsins  have 
been  reported.  ^"''  These  aroyl  enzymes  can  be  pre- 
pared, virtually  stoichiometrically,  by  reactions  of  the 
type  illustrated  in  eq  1.    Under  appropriate  conditions 

O  O 

RC       +EH — ►RC       -hHX  (1) 

\  \ 

X  E 

of  pH,  when  the  "leaving  group"  is  strongly  electron 
withdrawing,  this  specific  monoacylation  reaction  may 
be  sufficiently  faster  than  the  succeeding  deacylation 
reaction  (eq  2)  for  the  acyl  intermediate  to  be  studied  in 


RC        -hHiO 

\ 
E 


RCOt--hH+-hE 


(2) 


isolation.  A  variety  of  parallels  can  be  drawn  between 
the  relatively  slow  pathways  of  acylation  and  deacyla- 
tion exhibited  with  these  aroyl  acylating  agents  and 
the  rapid  turnover  of  specific  substrates  (I)  of  a- 
chymotrypsin.    Although   many   of  the   monoaroyl- 
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chymotrypsin  derivatives  are  sufficiently  stable  to  be 
studied  spectrophotometrically  by  conventional  tech- 

(1)  M.  L.  Bender,  G.  R.  Schonbaum,  and  B.  Zerner,  /.  Am,  Chem, 
Soc,  84  2540  (1962). 

(2)  M.  Caplow  and  W.  P.  Jencks,  Biochemistry,  l,  883  (1962). 
rsj  S.  A.  Bernhardt  S.  J.  Lau,  and  H.  NoUer,  ibid.,  4, 1 108  (1965). 


niques,  they  are  all  nevertheless  strikingly  more  reactive 
than  the  corresponding  aroylalkyl  esters.  This  com- 
parison is  of  significance  since  denaturation  o(  the 
monoacyl  enzyme  leads  to  the  formation  <^  an  identifi- 
able monoacylserine  O-ester  peptide.*^  The  aromatic 
nature  of  the  acyl-enzyme  derivatives  reported  herein 
is  of  no  particular  chemical  catalytic  consequence; 
aliphatic  acyl  enzymes  have  similar  chemical  proper- 
ties/*^ Due  to  its  intense  ultraviolet  absorption,  the 
aroyl  group  provides  an  indicator  of  the  electronic 
environment  at  the  site  of  covalent  attachment  to  the 
enzyme.  The  effectiveness  of  this  system  as  an  elec- 
tronic indicator  can  be  greatly  enhanced  by  extension 
of  the  T-resonance  systems  as  in  derivatives  of  type  n 
or  III  because  the  intense  ir-ir*  transition  occurs  at 
longer  wavelengths  and  so  sufficiently  outside  the  region 
of  ultraviolet  absorption  of  the  enzyme  to  simplify 
the  spectrophotometric  measurements.  In  addition, 
equally  energetic  shifts  result  in  larger  shifts  in  wave- 
length because  of  the  inverse  nature  of  the  relationship 
between  energy  and  wavelength. 


\ 


k 
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Denatured  solutions  of  the  mono-/3-arylacryloyl- 
enzyme  derivatives  have  similar  chemical  properties 
and  identical  ultraviolet  and/or  near-visible  spectra 
when  compared  with  model  serine  peptides  containing 

(4)  R.  A.  Oosterbaan,  P.  Kurst,  J.  Van  Rotterdam,  and  J.  A.  Cohen. 
Biochim,  Biophys.  Acta,  27,  557  (1958). 

(5)  H.  Noller  and  S.  A.  Bernhard.  Biochemistry,  4,  1118  (1965). 

(6)  M.  L.  Bender.  7.  Am,  Chem,  Soc„  84.  2540  (1962). 

(7)  A.  K.  BaUs  and  H.  N.  Wood.  J.  Biol,  Chem.,  219,  24S  (195^ 
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rresponding  acyl  ester  linkage  (III).*'*    On  the 
land,  the  native  derivatives  have  strikingly  dif- 


c==c 

c=o 


CH, 
— OCHN— CH— CONH— 

in 

chemical  and  spectral  properties.  The  studies 
id  herein  were  undertaken  as  part  of  an  attempt 
»tigate  the  relevance  of  these  unusual  spectral 
ties  to  the  chemical  catalytic  process. 
>rder  to  clarify  our  objective  in  the  present 
of  experiments,  it  is  well  to  restate  a  number  of 
usly  noted  facts  concerning  the  spectral  proper- 
acyl  enzymes  of  type  II  in  the  native  and  in  the 
red  (or  degraded)  state. 

The  strong  long-wavelength  electronic  transition 
acyl  chromophore  is  always  ''red  shifted*'  in  the 
acyl  enzyme,  relative  to  the  denatured  enzyme;' 
red  derivatives  are  always  identical  in  spectrum 
[nail  model  O-acylserine-peptide  derivatives  and 
^teolytically  degraded  O-acylseryl-enzyme  frag- 

The  same  strong  long-wavelength  electronic 
ion  in  the  native  acyl-enzyme  derivative  is  always 
rable  in  intensity  to  that  of  the  denatured  or 
compound  derivatives. 

This  spectral  "red  shift"  which  varies  consider- 
om  derivative  to  derivative  (AX  can  be  as  large  as 
)  is  unexpected  in  view  of  the  finding  that  this 
liar  enzyme  binding  site  resembles  an  environ- 
)f  low  polarity  (a  "hydrophobic"  binding  site); 
yl  chromophores  thus  far  considered  are  "blue 
"  when  transferred  to  solvents  of  low  polarity, 
lents  have  been  previously  proposed  to  exclude 
ssibility  that  the  red  shift  arises  from  a  difference 
ivent  polarity"  surrounding  the  chromophore  in 
tive  vs.  the  denatured  (unfolded)  acyl  enzyme.' 
All  experimental  measurements  of  the  kinetics 
olding,  enzyme  inactivation,  and  disappearance 
red  shift  in  the  acyl  chromophore  have  failed 
icate  any  "uncoupling"  in  the  three  processes 
inetics  of  the  three  processes  are  identical), 
the  implication  is  that  tibis  red  shift  is  a  relevant 
or  of  the  catalytic  process, 
mative  explanations  for  the  red  shift  have  been 
iisly  proposed,^*'   but  no  clear-cut  choice   is 

fo  recent  studies*  with  somewhat  conflicting  results  are  most 
ig  in  this  respect.  One  by  Kallos  and  Avatis  would  further 
se  the  special  requirement  for  explaining  the  red  shift  of  the 
vatives  since  these  authors  have  demonstrated  from  studies  of 
ivatives  that  the  solvent-dependent  blue  shift  observed  when 
alive  is  bound  to  the  active  site  of  the  enzyme  is  directly  related 
w  polarity  of  the  binding  site.  In  the  other,  Westheimer,  et  al., 
be  photolysis  products  of  diazoacetyl-chymotrypsin  and  con- 
it  water  is  present  at  the  active  site.  If  the  latter  result  requires 
ictive  site  has  a  polar  environment,  then  no  special  requirement 
'  a  spectral  shift  large  enough  to  overcome  the  solvent  effect 
Kallos  and  K.  Avatis,  Biochemistry,  5,  1979  (1966);  J.  Shafer, 
lowsky,  R.  Laursen,  F.  Finn,  and  F.  H.  Westheimer,  /.  Biol, 
41,  421  (1966).  We  wish  to  thank  the  referee  for  calling  the 
IMT  to  otir  attention. 
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Hgure  1.  Potential  mechanisms  for  the  perturbatioo  of  the  /3- 
arylacryloyl-enzyme  spectra:  E  «  enzyme  or  peptide.  The  fact 
thiit  the  acryloyl  group  is  shown  linked  to  the  enzyme  or  peptide 
before  and  after  the  isomerization  is  not  intended  to  indicate  neces- 
sarily that  the  isomerizations  or  out-of-plane  rotations  take  place 
after  aqylation.  The  arrows  are  intend^  to  indicate  out-of-plane 
bending  which  for  angles  less  than  ISO"*  results  in  skewed  coi^gura- 
tions. 


evident  from  the  existing  experimental  data.    The 
alternatives  previously  proposed  are  as  follows. 

(1)  The  acyl  enzyme  is  a  ''chemically  perturbed** 
serine  ester,  the  perturbation  being  of  a  type  thus  far  not 
observed  in  model  compound  esters  of  this  type. 

(2)  The  native  acyl-enzyme  linkage  is  not  x>ia  a 
serine  O-ester  linkage,  but  rather  via  an  active  acyl 
linkage  which  is  transferred  to  the  hydroxyl  oxygen  of 
serine  upon  denaturation  of  the  acyl  enzyme. 

Extensive  investigations  of  the  denaturation  process, 
under  a  variety  of  conditions  of  pH,  have  thus  far 
demonstrated  the  invariant  coupling  of  the  red-shift 
disappearance  to  the  denaturation  process,  and  hence 
led  us  to  reject  as  unlikely  (although  not  impossible) 
the  second  of  these  alternatives.  We  chose,  therefore, 
to  consider  the  detailed  electronic  and  stereochemical 
possibilities  consistent  with  the  former  alternative. 
Three  straightforward  mechanisms  for  perturbing  the 
spectra  of  esters  of  type  III  can  be  summarized  as  fol- 
lows: (1)  cis-trans  isomerizations  or  "out-of-plane** 
rotations  about  the  a,j8  double  bond ;  (2)  s-trans-s-cis 
isomerizations  or  rotation  about  the  acryloyl  carbon- 
carbon  single  bonds;  (3)  interactions  with  electrophiles 
at  either  carbonyl  oxygen  or  interactions  with  nucleo- 
philes  at  the  carbonyl  carbon  via  the  constituent  amino 
acid  residues  of  the  enzyme  protein  or  via  solvent. 
These  mechanisms  are  summarized  in  Figure  1. 

The  present  experiments  are  designed  to  explore  the 
first  two  possibilities.    Experimetit»i  d^oXa^  oil  \:«^  ^^f^^^ 
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have  been  obtained  from  spectroscopic  and  optical 
rotatory  dispersion  studies  of  both  model  arylacryloyl 
compounds  and  of  related  acyl  enzymes. 

Experimental  Section 

Model  Compounds  and  Reagents.  Cinnamic  acid,  /H2-furyl)- 
acrylic  acid,  methyl  dnnamate,  and  ethyl  ^-(2-furyl)acrylate  were 
purified  commercial  samples  previously  described.'  |3-(2-Furyl)- 
acrolein  and  a(-methyl-/3-(2-furyl)acrolein  were  obtained  from  K  & 
K  Chemical  Co.  The  former  was  recrystallized  from  water  and 
the  latter  redistilled  under  reduced  pressure.  a-Methylcinnamic 
acid  (Aldrich  Chemical  Co.)  was  recrystallized  from  water  and 
dried  under  vacuum.  N-[iS-(2-Furyl)acryloyl]imidazole  was  pre- 
pared as  previously  described. 

N<!!arbobenzyloxy-0-fiirylacryloyl-L-serinamide  was  prepared 
from  a  recrystallized  sample  of  N-carbobenzyloxy-L-serinamide, 
the  optical  purity  of  which  has  been  established;  0.01  mole  of  the 
amide  was  dissolved  in  20  ml  of  cold  (5°)  pyridine  and  0.01  mole 
of  |3-(2-furyl)acryloyl  chloride'  in  10  ml  of  tetrahydrofuran  was 
slowly  added.  Solvent  was  removed  after  5  min  by  flash  evap<M'a- 
tion  at  room  temperature.  The  resultant  gum  was  extracted  with 
ethyl  acetate,  and  the  ethyl  acetate  solution  was  extracted  exhaus- 
tively with  aqueous  phosphate  buffer  (0.5  Af,  pH  6.7).  The  ethyl 
acetate  layer  was  then  dried  over  Na»S04,  filtered,  and  made  slightly 
turbid  by  the  addition  of  Skellysolve  B.  On  standing  at  5  "^  crystals 
formed.  These  were  filtered,  air  dried,  dissolved  in  95%  ethanol, 
recrystallized  from  hot  ethanol-H^O  (^^50%  v/v),  and  dried  in  a 
vacuum  oven  at  40°;  mp  158-160°;  equiv  of  serine/358  g  of  prod- 
uct, 0,98;  CM  2.6  X  10*  (OD/Af  cm)  at  303  mn. 

/i<2-Furyl)acryloyl-aHch3miotrypsin  was  prQ)ared  by  the  stoichio- 
metric reaction  of  o-chymotrypsin  with  the  acylimidazole  as  de- 
scribed previously.'  The  method  involved  the  addition  of  micro- 
liter quantities  of  the  acylimidazole  to  milliliter  quantities  of  enzyme 
solution.  It  was  therefore  possible  to  measure  spectra  and  optical 
properties  of  the  enzyme  solution  before  and  after  acylation,  with- 
out transfer  of  sample  from  one  cell  to  another.  Denatured  enzyme 
and  denatured  acyl  enzyme  were  prepared  in  soluble  form  by  the 
addition  of  concentrated  (0.1  Af)  solutions  of  sodium  dodecyl 
sulfate  (to  a  final  concentration  of  about  0.02  A/). 

Spectrograde  organic  solvents  (Matheson  Coleman  and  Bell 
Chemical  Co.)  were  utilized  throughout. 

Spectrophotometric  and  Optical  Rotatory  Dispersion  Measure- 
ments. All  spectrophotometric  studies  were  carried  out  in  a  Cary 
Model  14  spectrophotometer.  Maximal  slit  widths  were  approxi- 
mately 0.2  mm.  Optical  rotatory  dispersion  measurements  were 
performed  with  the  aid  of  a  Cary  Model  60  spectropolarimeter  at 
spectral  band  widths  of  20  A  or  less.  Cylindrical  quartz  cells  could 
be  used  interchangeably  in  the  two  instruments.  Unless  other- 
wise noted,  optical  densities  in  the  polarimetric  experiments  did  not 
exceed  1.0  OD.  Depending  on  the  stability  of  samples,  the  spectra 
of  polarimetric  samples  were  determined  either  concurrently  (with 
aliquots  of  the  same  solutions)  or  by  direct  measurements  in  the 
polarimetric  sample  cells,  after  the  polarimetric  measurements  were 
completed.  The  kinetics  of  deacylation  of  the  acyl  enzyme  was 
measured  spectrophotometrically  as  previously  described.*'* 
Changes  in  polarimetric  properties  associated  with  deacylation 
were  measured  both  at  fixed  wavelengths  as  a  function  of  time  and 
by  repeated  scanning  of  the  wavelength  region  at  regular  intervals 
in  the  spectropolarimeter.  All  spectrophotometric  measurements 
were  made  at  25 ""  except  for  the  kinetic  studies  which  were  run  at 
27^.    Spectropolarimetric  studies  were  all  at  27^. 

Results  and  Discussion 

The  spectral  absorption  and  optical  rotatory  dis- 
persion measurements  were  designed  to  explore  two 
suggested  origins  of  the  red  shift  of  acyl  derivatives  of 
the  native  enzyme.  The  spectral  characteristics  of  a 
variety  of  /3-acryloyl  derivatives  are  summarized  in 
Table  I.  These  compounds  have  been  selected  with 
regard  to  the  relevance  of  their  chemical  and  electronic 
structure  to  these  spectral  shifts.  The  choice  of  the 
furylacryloyl  and  cinnamoyl  derivatives  is  dicated  by 
the  steric  and  spectral  characteristics  which  make 
them  not  only  suitable  substrates  for  the  enzyme  but,  as 
noted  earlier,  peculiarly  sensitive  indicators  of  the 
chemical  and  physical  effects  of  their  environment. 


Taiilel 


x™«, 

Compd 

Solvent 

m^ 

€»uc 

Rcf 

a-Methyl-/3-(2-furyl)acro- 

CHiOs 

316 

2.80X10* 

a 

lein(l) 

/3-(2-Furyl)acrolein(2) 

CHiQi 

315 

2.86X10* 

a 

a-Methyldnnamic  acid  (3) 

CHsCls 

271 

1.45X10* 

a 

Cinnamic  acid  (trans)  (4) 

CHjQj 

279 

2.17X10* 

a 

Acrolein  (5) 

QHiOH 

207 

1.12X10* 

b 

o-Methylacrolein  (S) 

QHsOH 

216 

1 .  10  X  10* 

b 

rrtv»-Methacrylic  acid  (7) 

C1H5OH 

205 

1.40X10* 

c 

a-Methyl-/ra/i>methacrylic 

QHftOH 

213 

1.25X10* 

c 

acid  (8) 

ci5-Methacrylic  acid  (9) 

QHfOH 

205.5 

1.35X10* 

c 

a-Methyl-r^s-methaaylic 

QHsOH 

216 

0.90  X  10* 

c 

add  (10) 

/3.(2-Furyl)acryUc  add  (11) 

308 

2.5X10* 

a 

N-Acetyl-O-furylacryloyl- 

HsO 

309 

serinamide(12) 

d 

N-Carbobenzyloxythreonyl- 

HsO 

308 

d 

(0-furylacryloyl)seryl- 

methionylalanyhnethylate 

(13) 

Furylacryloyl  derivative  on 

HiO(pH 

320 

1.92X10* 

d 

native  enzyme  (24) 

4.2) 

Furylacryloyl  derivative  on 

HsO 

309 

d 

SDS-cknatured  enzyme  (15) 

N-Acetyl-O-dnnamoyl- 

HsO 

281 

2.4X10* 

d 

serinamide(16) 

Cinnamoyl  derivative  on 

HsO(pH 

292 

1.7X10* 

d 

native  enzyme  (17) 

4.2) 

Acrylic  add  (18) 

CtHiOH 

200 

1.0X10* 

c 

1-Acetylcyclohex-l-ene 

232 

1.25X10* 

e 

(s-trans)  (19) 

l-Acetyl-2-methylcyclohex- 

245 

0.05  X  10* 

e 

l-ene(20) 

Hex-2-eno-S-lactone  (21) 

CsHtOH 

205 

1.07X10* 

f 

5-Hydroxypcnt-l-ene-2- 

CiH,OH 

220 

0.57X10* 

g 

carboxylic  acid  lactone  (22] 

1 

*  Our  measurements.  ^  W.  F.  Forbes  and  R.  Shilton,  7.  Am. 
Chem.  Soc.,  81,  786  (1959).  *  A.  T.  Nielsen,  7.  Org.  Chem.,  22, 
1539  (1957).  '  Ref  3.  •  H.  H.  Jaff^  and  M.  Orchin,  rcf  18,  p  421. 
/  U.  Eisner,  J.  A.  Qvidge,  and  R.  P.  Linstead,  7.  Chem.  Soc.,  1372 
(1953).  I'  E.  R.  H.  Jones,  T.  Y.  Shen,  and  N.  E.  Whiting,  WU,  230 
(1950). 


We  will  consider  first  the  possibility  that  the  red  shift 
results  from  ''out-of-plane"  bending  about  the  afi 
double  bond  or  from  cis-trans  isomerization  with  respect 
to  this  bond  and  show  from  ultraviolet  spectral  data, 
nmr  measurements,  and  measurements  of  induced 
optical  activity  that  these  mechanisms  cannot  be  the 
origin  of  the  red  shift. 

A.  **Out-of-Plane"  Bending  about  the  ogS  Double 
Bond.  To  demonstrate  the  effect  of  out-of-plane  bend- 
ing as  a  factor  in  the  observed  spectral  shifts,  we  chose 
to  examine  the  substituted  derivatives  a-meth^uryl- 
acrolein  (1)  and  a-methylcinnamic  add  (3)  relative  to 
their  unsubstituted  homologs  furylacrolein  (2)  and 
cinnamic  acid  (4).  The  former  two  compounds  would 
be  expected  to  be  skewed  into  a  nonplanar  (with  respect 
to  the  conjugated  system)  configuration  because  oi  the 
effect  of  a-methyl  substitution  on  the  van  der  Waal's 
contacts  (Figure  2).  Note  that  in  both  cases  the  or 
methyl  carbon-or/Ao  carbon  (or  oxygen)  contact  dis- 
tance is  about  2.5  A  in  the  planar  conformation.  Non* 
bonded  C-C  contacts  this  short  have  never  to  our 
knowledge  been  observed  in  crystals.  The  ultravidet 
spectra  of  these  compounds  (Figure  3)  must  be  examined 
for  perturbing  effects  other  than  the  known  red  shift 
that  occurs  on  a-methyl  substitution  (see,  for  example. 
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the  spectral  effect  of  a-methyl  substitution  in  acrolein 
(5,  6)  and  methacrylic  acid  (7,  8  and  9,  Ifr— Table  I). 
Note  that,  instead  of  the  red  shift,  there  is  a  large  blue 
shift  of  \nmx  in  a-methylcinnamic  acid  derivatives  and  a 
lack  of  a  red  shift  in  the  furoyl  derivative.  The  effect 
is  more  pronounced  in  a-methylcinnamic  acid,  pre- 
sumably due  to  the  more  unfavorable  contacts  with  two 
o-carbons  in  the  phenyl  derivative  relative  to  one 
carbon  and  one  oxygen  in  the  furyl  case.  It  is  clear 
that  a  large  twist  out  of  planarity  about  the  double 
bond,  as  must  occur  in  the  two  a-methyl  derivatives,^® 
is  inconsistent  with  the  observed  spectra  of  the  acyl 
enzymes.  The  enzyme  derivatives  of  type  II  show  no 
large  decrease  in  extinction.  More  important,  the 
shift  in  \nmx  for  the  native  acyl  enzyme  is  in  the  wrong 
direction.    In  fact,  the  blue  shift  in  Xmaz  due  to  out- 

(10)  As  noted  above,  examination  of  s|>ace-fillins  models"  of  a- 
aethyldnnamic  add  indicated  that  the  acrylic  group  would  not  main- 
tan  a  fribmar  oonfiguration.  This  is  in  accord  with  the  observed  blue 
lUit  relative  to  dnnamic  add.  To  check  this,  we  examined  the  nmr 
Thr-r^'  shaft  of  o-methyldnnamic  add  relative  to  a-methylacrylic 
add.  On  the  basis  of  the  coordinates  taken  from  the  models  and  the 
theory  e€  the  effect  of  aromatic  ring  currents  on  nmr  chemical  shifts  (C. 
E  lohnioii  and  F.  E.  Bovey,  /.  Chem.  Phys.,  29,  1012  (19S8)),  the  oc- 
Bethyl  protons  in  the  dnnamic  add  derivative  are  expected  to  be  31  cps 
dmmfield  with  respect  to  those  of  the  acrylic  add  derivatives  if  the  entire 
eoajogatcd  system  is  planar  and  upfield  by  about  S  cps  if  the  s^tem  is 
Aewed  about  90*  out  of  plane.  The  experimentally  observed  shift  is  1 1 
cps  KpfiM^  in  excdlent  confirmation  of  the  ultraviolet  interpretation  of 
aosplanarity.  We  wish  to  thank  Mr.  Robert  Bradley  of  the  National 
hsiituies  of  Health  for  making  these  measurements. 

(11)  Pauling,  Corey,  and  Koltun  models  developed  by  the  Atomic 
Models  Suboomittee  of  the  Biophyiics  and  Biophysical  Chemistry  Study 
Section  of  tiM  Natloiial  Institutes  of  HealUi. 
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of-plane  distortion  is  undoubtedly  even  greater  than 
that  observed  since,  as  we  have  seen,  the  a-methyl  group 
contributes  electronically  (ca.  10  m/j)  to  an  increase 
in  Xmax  over  the  homologous  a-hydrogen  derivative 


Figure  2.  o-Methyl-rrofti-dnnamic  add  drawn  to  scale  in  the 
planar  conformation  from  Drdding  nnxlels,  showing  the  van  der 
Waals  overlap  of  hydrogen  atoms  on  the  aromatic  ring  with  those 
on  the  methyl  group.  Two  of  the  three  methyl  hydrogens  are 
eclipsed  with  respect  to  the  plane  of  the  ring,  van  der  Waals  radius 
of  hydrogen  »  i.OOA. 

(see  Table  I).  The  effects  of  out-of-plane  twisting  in 
skewed  dienes  have  been  very  extensively  investigated 
in  regard  to  the  effect  of  skew  on  both  the  ultraviolet 
spectra^*' ^'  and  the  optical  rotatory  dispersion. ^^ 

(12)  H.  Suzuki.  Bull.  Chem.  Soc.  Japan,  35,  171S  (1962). 

(13)  N.  L.  Allinger  and  N.  A.  Muller,  J,  Am,  Chem,  Soc„  86,  2811 
(1964). 

(14)  E.  Chamey,  rctralicdron,l\,^\'n  V\^^*S\« 
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Figure  3.  Ultraviolet  spectra  of  acryloyl  derivatives:  (1)  /raitf- 
cinnamic  add,  0.253  X  10-*  M;  (2)  a-methyldimainic  add,  0.253 
X  10-»  M:  (3)  furylacroldii,  0.296  X  10-»  M;  (4)  a-mcthylfur^- 
acrolein,  0.296  X  10"*  M.  All  spectra  were  taken  in  1-cm  cells; 
solvent  CHsQs. 
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Figure  4.  Optical  absorption  and  rotatory  activity  of  nonplanar 
coi^ugated  dienes  calculated  from  Htickel  molecular  orbitals.  (a) 
Dependence  on  skew  angle  of  the  long-wavelength  w  -»  r*  transi- 
tion of  a  conjugated  diene.  (b)  Dependence  on  the  skew  angle  of 
the  rotational  strength  of  the  long-wavelength  w  -»  r*  transition 
of  a  coi^jugated  diene  (positive  rotational  strength  corresponding  to 
right-handed  helical  ccnofiguration,  only,  is  shown). 

Although  a  large  out-of-piane  skew  can  be  ruled 
out  solely  on  the  basis  of  the  foregmng  considerations 
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Figure  5.  Induced  molar  rotation  DAM]  -  [MKFAI  +  o-cfaymo- 
trypsin)  »  [MK^-chymotrypsin)]  of  acetylated  enzyme  complex  on 
native  enzyme  at  pH  4.30,  2V\  (FAI)  0.0142  mg/ml;  (o^hymo- 
trypsin)  2.61  mg/ml.  Insert:  absorption  spectrum  3  min  after 
addition  of  FAI. 


and  of  the  observed  spectra  of  native  acyl  enzymes, 
smaller  skew  angles  cannot  be  sunmiarily  dimissed  on 
this  basis.  In  the  case  of  small  angles,  however,  the 
recent  interpretation  of  the  ultraviolet  spectra ^^^*  and 
the  optical  rotatory  dispersion  ^^  of  skewed  conjugated 
systems  offers  some  help.  The  effect  of  skew  angle  oo 
Xmu  is  shown  schematically  in  Figure  4a.  For  smaD 
skew  angles  a  blue  shift  is  predicted,  but  the  shift  is 
small  enough  so  that  structural  environmental  effects 
may  have  stronger  influences  on  the  position  of  nuoi- 
mum  absorption.  The  possibility  of  out-of-plane  skew 
of  the  chromophoric  group  in  the  native  acyl  enzyme 
can,  however,  be  tested  more  quantitatively  by  cosxk^ 
paring  the  observed  optical  activity  with  that  predicted 
from  theoretical  considerations.  Rotational  strength 
is  expected  to  be  very  similar  to  that  calculated  for  skew 
dienes  (Figure  4b).  It  is  easy  to  see  that,  althougli 
only  small  spectral  shifts  are  expected,  the  rotatiomd 
strength  undergoes  a  large  change  even  for  small 
angles.  The  optical  rotatory  dispersion  of  o-chymo- 
trypsin  and  /9-(2-furyl)acryloyl-a-chymotrypsin  in  native 
and  denatured  (sodium  dodecyl  sulfate)  states  was  tbae- 
fore  measured.  A  notable  difference  was  observed 
between  the  native  enzyme  and  the  native  acyl  enzyme 
(Figure  5).  Note  that  this  difference  in  rotatory  dis* 
persion  disappears  when  the  enzymes  are  denatured 
(Table  II).  The  "Cotton  effect"  induced  by  ftiryl- 
acryloylation  corresponds  approximately  in  wavelen^ 
to  that  predicted  on  the  basis  of  the  measured  absorp- 
tion band  due  to  the  furylacryloyl  chromophore  oi  Ac 
native  enzyme  (Figure  S,  insert).    The  induced  roCatoqr 
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.    Optical  Activity  of  Acyl  Complexes 


Complex 


Rotation* 
(1-cm  path 
length),  deg 


o-Chymotrypsin  (2.61  mg/ml) 

a-Chymotrypsin  (2.61  mg/ml) 
plus  N-j8-(2-fiiryl)acryloyl- 
imidazole  (0.0167  mg/ml) 

a-Chymotrypsin  (2.70  mg/ml) 
denatured  with  SDS 

a-Chymotrypsin  (2.70  mg/ml) 
plus  N-/S-(2-furyl)acryloyl- 
imidazole  (0.0133  mg/ml) 
denatured  with  SDS 

N-CBZ-o-furylacryloyl-L- 
serinamide  (5.6  X  10"»  Af) 


0.0740  d=  0.0004 
0.0690  db  0.0004 


-0.0650  db  0.0004 
-0.0650  db  0.0004 


0.000  d:  0.0004 


ations  measured  at  3350  A,  the  peak  of  induced  activity  in 
II,  the  native  acyl-enzyme  complex.  The  activity  of  solu- 
vas  measured  3  min  after  the  addition  of  the  acryloyl  com- 
In  a  separate  experiment  at  pH  6.24  the  maximum  induced 
was  found  to  be  from  20  to  25  %  higher  than  that  obtained 
II.  I  and  II  were  measured  at  pH  4.30,  III  and  IV  at  pH 
Measured  on  the  Cary  60  spectropolarimeter  at  the  Uni- 
»f  Oregon,  for  which  we  wish  to  thank  Professor  John  Schell- 
Measured  on  the  Cary  60  spectropolarimeter  at  the  National 
3  of  Health. 


iion  is  related  to  the  catalytic  site  configuration 
icated  by  the  fact  that  this  induced  rotatory 
»ion  disappears  with  time  (Figure  S),  presumably 
process  related  to  the  deacylation  of  the  acyl 
s  (and  regeneration  of  the  native  enzyme).^ 
onal  evidence  for  this  comes  from  the  measure- 
)f  the  optical  activity  of  the  same  chromophore 
d  to  a  model  serine  peptide,  N-carbobenzyloxy- 
amide.  As  indicated  in  Table  II,  no  induced 
activity  within  the  noise  limited  detectability 
instrument  (approximately  db  0.0004^  under  the 
ions  of  measurement)  is  observed.  Induced 
I  efiects  of  the  type  observed  with  the  native  acyl 
s  can  have  two  origins,  (a)  The  chromophoric 
itself  remains  planar,  i.e.,  the  nuclear  positions 
ui  essentially  planar  configuration  but  the  charge 
ution  is  distorted  by  the  asymmetric  environment 
enzyme  to  give  rise  to  induced  optical  activity  in 
insitions  of  the  chromophore.  This  efiect  will 
Uy  be  very  much  smaller  than  the  second  type, 
e  chromophoric  group  itself  skews  into  a  non- 
configuration.  It  is  this  type  which  gives  rise 
optical  activity  observed  in  the  ultraviolet  transi- 
)f,  for  example,  the  steroid  dienes.  ^*  Although 
8  apparent  qualitative  consistency  between  the 

;  should  be  noted  that  vicinal  dissymmetry  is  sufficient  for 
optical  activity,  a  condition  which  is  fulfilled  when  the  isolated 
!  molecule  is  bound  to  a  site  in  fairly  rigid  orientation  (see,  for 
D.  D.  Ulmer,  T.-K.  Li,  and  B.  L.  Vallee,  Proc.  Natl,  Acad. 
P.  47,  1155  (1961),  and  the  results  of  a  recent  investigation  of 
ncr  optical  activity  hy  K.  Yamaoka  and  R.  Resnik,  /.  Phys, 
%  4051  (1966)).  Tlius  it  is  not  a  necessity  that  the  optical  ao- 
appears  even  if  the  helical  or  otherwise  rigidly  oriented  structure 
rotein  is  destroyed.  Nevertheless,  it  does  appear  likely  that 
iiction  of  the  secondary  or  tertiary  structure  is  likely  to  wash 
r  most  of  the  optical  activity  by  increasing  the  symmetry  of  the 
Knt  or  destroy  it  completely  by  releasing  the  bound  substrate 
rigid  orientation.  In  fact  the  disappearance  of  the  induced 
ctivity,  as  is  the  case  here,  with  SDS  denaturation  of  the  a- 
fnn,  may  be  used  to  draw  the  tentative  conclusion  that  the 
iibstraie  has  been  released  from  its  rigid  configuration  with 
>  the  protein. 

.  Moscowitz,  E.  Chamey,  U.  Weiss,  and  H.  Ziffer,  /.  Am,  Chem, 
4661  (1961);  E.  Chamey,  H.  Ziifer,  and  U.  Weiss,  Tetrahedron, 
(1965);  R.  Deen  and  H.  Y.  C.  Jacobs,  Koninkl,  Nedl,  Akad, 
mp.  Proe.  Ser.  C,  64, 313  (1961). 
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observed  rotatory  dispersion  properties  and  the  **skewed 
double  bond  hypothesis,"  the  quantitative  measure  of 
the  "trough"  of  the  "Cotton  effect"  (Table  II)  is  in- 
consistent with  this  hypothesis.  Small  out-of-plane 
twists  are  associated  with  very  much  larger  trou^s  in 
the  rotatory  dispersion.  The  magnitude  of  the  ex- 
pected optical  activity  may  be  calculated  using  the 
simple  approximation  that  the  order  of  the  activity  will 
be  that  expected  from  a  skew  diene  (or  larger  since  the 
conjugated  groupings  are  more  extended  in  the  cin- 
namoyl  and  furylacroyl  compounds).  On  this  basis 
it  is  calculated  ^^  that  the  observed  optical  activity 
(molar  amplitude  =  12  X  10«  degrecs/Af  dm  (Table 
II))  cannot  come  from  configurations  skewed  more  than 
3  or  4^y  hardly  enough  to  account  for  significant  per- 
turbations in  the  absorption  spectra.  We  conclude 
therefore  that  there  is  no  significant  out-of-plane  twist- 
ing about  the  a,/9  double  bond  in  the  native  acyl  enzyme. 

B.  Planar  cis-trans  Isomerization  about  the  a^P 
Double  Bond.  This  possibility  can  be  eliminated  from 
a  consideration  of  the  spectra  of  model  compounds 
(Table  I).  For  example,  the  wavelength  of  maximum 
absorption  of  cis-  and  /ran^-methacrylic  acids  (7,  9) 
differ  by  only  0.5  m/i,  and  while  this  is  at  205  m/i,  it  is 
still  energetically  much  smaller  than  the  11 -m/i  shifts 
observed  in  the  cinnamoyl-native  enzyme  complex 
(17)  (about  120  cm"^  compared  to  about  1400  cm""^  for 
the  latter).  The  shift  to  a-methyl-c^-methacrylic  acid 
(10)  from  the  trans  configuration  (8)  is  accompanied  by 
a  small  shift  of  3  m/i  to  the  red  (somewhat  more  ener- 
getic than  the  unsubstituted  acrylic  acid),  but,  more 
generally,  where  the  unsaturated  system  extends  over 
more  than  two  bonds  shifts  to  the  blue  are  encountered. 
For  example,  the  long-wavelength  band  of  ci5-stilbene 
is  about  280  m/i  compared  to  about  295  m/i  for  the 
trans  compound,  and  in  1,4-diphenylbutadiene,  the 
conversion  from  the  transjrans  configuration  to  the 
ciSjtrans  is  accompanied  by  a  blue  shift  of  about  17 
m/i.  ^^  The  experimental  evidence  is  in  full  qualitative 
accord  with  either  simple  molecular  orbital  or  free- 
electron  theory,^'  which  predicts  increasing  red  shifts 
with  increasing  trans  extension  of  conjugated  systems. 

C.  s-trans-S'Cis  Isomerization  about  the  Acryloyl 
Carbon-Carbon  Single  Bond.  Spectral  data  relating 
to  cis-trans  isomerization  of  esters  of  this  type  are 
limited.  Nevertheless,  a  number  of  pertinent  studies 
have  been  reported. 

Referring  first  to  spectral  investigations,  we  note  that 
the  methyl  ketones  19  and  20,  which  are  known  from 
infrared  studies^*  to  be  respectively  in  the  planar 
S'trans  and  s-cis  configuration,  have  their  long-wave- 
length strong  absorption  (presumably  the  ir  -►  ir*) 
at  232  and  245  m/i,  respectively,  a  shift  of  about  2280 
cm"^  to  the  red.  In  the  case  of  the  lactones  21  and  22 
in  which  the  nominal  double  bonds  are  respectively 
S'trans  and  s-cis^  the  peaks  of  the  same  strong  absorp- 
tion band  are  at  205  and  220  m/i,  a  3230-cm-^  shift  to 
longer  wavelengths,^  and  while  a  small  part  of  this 

(17)  J.  H.  Pinckard,  B.  Willie,  and  H.  Zechmeister,  /.  Am,  Chem. 
Soc,  70,  1938  (1948). 

(18)  See,  e.g.,  the  discussion  in  H.  H.  Jaff6  and  M.  Orchin,  'Theory 
and  Applications  of  Ultraviolet  Spectroscopy,*'  John  Wiley  and  Sons, 
Inc.,  New  York,  N.  Y.,  1961 

(19)  R.  L.  Erskin  and  E.  S.  Waight,/.  Chem,  Soc.,  3425  (1960). 

(20)  This  spectral  shift  is  frequently  referred  to  for  configurations  of 
the  type  of  compounds  21  and  22  as  due  to  differences  betweesi  «Dki&x^ 
cyclic  and  exocycUc  confi8uratU>ii&.    W\i3d»^\.  \aii^i%  '^  ^Qub  vasx^ 
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very  large  change  may  be  due  to  the  hyperconjugative 
effect  of  an  extra  carbon  substituent,  certamiy  the 
major  part  arises  from  the  relative  ground  and  elec- 
tronically excited  state  stabilities  of  the  s-trans  and  s-cis 
configurations.^' 

Studies  of  the  conjugated  dienes,  both  experimentally 
and  theoretically,*^'**  have  also  shown  the  s-trans  -► 
s-cis  configurational  change  is  accompanied  by  large 
red  shifts. 

One  of  the  most  interesting  related  studies  is  that  of 
deGroot  and  Lamb*'  who  studied  rotational  isomers 
of  a  number  of  acrylic  molecules  by  ultrasonic  relaxa- 
ticm.  Table  III  summarizes  these  data  on  cinnamal- 
dehyde  and  furylacrolein.  Compare  the  difference  in 
ground-state  energy  of  these  compounds  with  the  data 
of  Bernhard,  et  al.^*  on  the  spectral  shifts  of  cinnamoyl 
and  furoyl  derivatives  upon  formation  of  the  acyl 
enzymes,  respectively  1400  and  1140  cm-^  (309  -►  320 
m/i  and  281-^  292  m/i).    The  relative  energy  differences 

(Afdnnamyi/^ffuryiocryioyi)  ^^  1-23,  determined  ffom 
the  spectral  shifts,  and  1.2S,  determined  from  the 
ultrasonic  relaxation  studies.  The  observed  red  shift 
is  hence  consistent  with  the  postulate  of  cis-trans  isom- 
erization  about  the  ester  single  bonds.  Moreover, 
the  observed  thermodynamic  stability  of  the  acyl 
enzyme*^  is  consistent  with  that  expected  from  a  trans- 
CIS  isomerization  between  absorbed  (s-trans)  ester 
substrate  and  covalent  (s-cis)  acyl  enzyme  ester. 


Table  m« 


i 

AHi* 

V 

^            transition  state 

\ 

k/j 

a'trans 

kcal/mole 

A£r», 

kcal/mole 

Qimamoylaldehyde 
Furoylacroldn 

5.62 
5.10 

1.5 
1.2 

*  Data  from  ultrasonic  relaxation  studies,  ref  16. 


The  hypothesis  of  s-trans  -►  s-cis  isomerization  is 
supported  by  two  other  facts  about  native  acyl  enzymes. 


questions  of  this  attribution,  it  should  be  sufficient  to  point  out  that,  for 
this  case,  the  strong  perturbation  which  might  be  expected  from  lactone 
formation  is  observed  to  give  a  much  smaller  effect  than  the  s-trans  -^ 
S'Cis  (endo-  -^  exocycUc)  transformation.      Thus  j-/riin5-/3-methacrylic 


H 
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/   % 
H«C  CH 


i 


HO  O 

18 


H 
C 

/  % 
H^  CH 

HiC  C 

o       o 

21 


add  (IS)  has  Xaaz  205.5  mii  (c  1.35  X  10«)  while  the  i-traia  lactone  21  has 
\mMx  205  nm  (c  1.07  X  10«). 

(21)  R.  S.  MuUiken  and  C.  A.  Rieke,  Rept,  Progr,  Pkys,,  S,  231  (1941). 

(22)  N.  Allinger  and  C.  Tai,  J.  Am.  Chem.  Soc.,  S7,  2081  (1965). 

(23)  M.  S.  deGroot  and  J.  Lamb,  Proc.  Roy.  Soc.  (London),  A242, 
36  (1957). 

(24)  M.  L.  Bender,  O.  R.  Schonbaum,  and  B.  Zemer,  /.  Am,  Chem, 
Skte.,  84,  2562  f  i96i2>. 


(1)  Although  native  acyl  enzymes  of  type  II  are  all 
significantly  red  shifted  relative  to  the  corresponding 
alkyl  esters  (III),  acyl  enzymes  of  type  IV  (in  which 
Xmaz  &nd  Cmaz  are  comparable,  e.g.,  benzoyl-,  me/a-  and 
/Mim-substituted  benzoyl-,  and  2-furoylchymotrypsins) 
are  only  slightly,  or  not  at  all,  red  shifted. '    In  the  latter 


IV 

acyl  enzymes  there  is  either  no  distinction  (benzoyl 
and  para-substituted  benzoyl)  or  little  distinction  (2- 
furoyl  and  me/a-substituted  benzoyl)  between  the 
S'Cis  and  S'trans  configurations;  hence  there  should 
be  no  spectral  shift. 

(2)  Acyl  enzymes  of  type  IV  are  kinetically  far 
more  stable  toward  hydrolysis  than  are  acyl  enzymes  of 
type  II.***'"  This  kinetic  stability  is  not  a  conse- 
quence of  electronic  contributions  C'substituent  cfiects") 
from  the  acyl  moiety.  *•  Acetyl-  and  cinnamoylchymo- 
trypsins  are  hydrolyzed  at  comparable  rates.  Benzoyl- 
chymotrypsin  is  hydrolyzed  nearly  two  orders  of  mag- 
nitude more  slowly.  If  the  native  acyl  enzyme  is  al- 
ways in  the  s-cis  configuration  so  as  to  allow  for  attack 
by  water  (i.e.,  if  the  s-cis  configuration  is  of  importance 
in  the  catalytic  pathway),  the  branched  planar  fiyfi\a 
configuration  in  IV  may  block  the  nucleophilic  attack 


H 


Lt 

xf. 

H-V. 

by  water.  In  this  regard  it  is  interesting  to  note  the 
nonplanar  (l)  configuration  at  the  a-carbon  atom  of 
specific  substrates  (I)  (a  requirement  for  very  rapid 
catalysis),  indicative,  if  the  "cw-ester"  hypothesis  is 
correct,  of  a  highly  critical  stereospecificity  for  nucleo- 
philic attack. 


Conclusions 

The  spectral  investigations  reported  here  support  the 
hypothesis  that  the  acylation  of  a-chymotrypsin  with 
acryloyl  substrates  is  accompanied  by  a  s-trans  to  s<is 
configurational  change  about  the  acryloyl  single  bond 
The  possibility  of  chemical  perturbation  other  than 
structural  has  not  been  experimentally  examined,  but 
some  of  the  spectral  data  have  a  bearing  on  this  ques- 

(25)  In  connection  with  the  mechanism  of  chymotrypsin  activity. 
T.  C  Bniioe  [/.  Polymer  ScL,  49, 101  (1961)]  has  previously  imuii  iird 
the  possible  requirement  of  a  trans-ciM  change  in  the  O-ester  configora- 
tion,  similar,  and  possibly  related  mechanistically,  if  not  apectrosoopi- 
cally,  to  the  conformational  change  described  here. 

(26)  S.  A.  Bemhard,  E.  Hershberger,  and  J.  Keizer,  Btoekemiary,  k 
4120(1966). 
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tion.  ^    If,  as  seems  likely  from  these  results,  the  endo- 
energetic  configurational  change  does  occur,  then  any 

(27)  External  chemical  modification  of  the  ester  linkage:  none  of  the 
ibove-meotioned  data  excludes  the  possibility  of  chemical  interaction 
tomewhere  in  the  proximity  of  the  ester  linkage.  From  the  known  prop- 
erties of  esters,  aqueous  solvent,  and  amino  acid  residues  of  the  pro- 
tein, the  plausible  loci  of  chemical  interaction  are  at  either  of  the  two 
ester  oxygens  or  at  the  carbonyl  carbon.  Nucleophilic  interaction  at 
the  (electrophilic)  carbonyl  carbon  can  be  rejected  as  a  significant  con- 
tribution, since  such  attack  would  effectively  decrease  the  intensity  and 
blue  shifts.  To  a  rough  approximation,  this  type  of  interaction  would 
transform  the  spectrum  of  a  cinnamoyl  derivative  to  that  of  a  styrene 
derivative  (eq  3).    Such  an  acyl-enzyme  derivative  would  be  virtually 


--N 


(3) 


onobservable  spectroscopically.  Electrophilic  interaction  at  oxygen  is, 
liowever,  a  distinct  possibility.  The  most  obvious  electrophilic  agent  is, 
of  course,  a  proton  (eq  4).  Indeed,  the  spectra  of  the  N-methylamides 
of  cinnamic  and  furylacrylic  acids  in  strongly  acid  solutions  (approxi- 
mately 1  A/  HCL)**  are  red  shifted  to  precisely  the  same  wavelengths  as 


model  of  the  active  site  of  a-chymotrypsin  must  ac- 
commodate this  requirement. 


C=0 


(+) 
C=0— H 


(4) 


the  corresponding  acryloyl  enzymes.  This  result  is  not  unexpected* 
since  protonation  of  N-methylamides  is  known  to  occur  at  the  carbonyl 
oxygen,**  a  process  which  would  lead  to  electron  delocaUzation  at  the 
C-N  bond  and  hence  to  a  spectrum  essentially  the  same  as  that  observed 
in  the  corresponding  aldehydes  and  ketones.  The  spectra  of  the  pro- 
tonated  furoyl  and  benzoyl-N-methylamides  are  similarly  red  shifted. 
No  such  large  red  shift  is  observed,  however,  with  the  corresponding 
furoyl  and  benzoyl  enzymes.*  Moreover,  protonation  of  this  type  (eq 
4)  is  seemingly  unlikely  at  or  near  neutrality,  where  the  spectra  of  the 
acyl  enzymes  have  been  measured.  The  possibility  that  hydrogen  bond- 
ing at  carbonyl  oxygen,  rather  than  complete  proton  transfer,  is  the  ori- 
gin of  the  red  shift  cannot  be  ruled  out  No  significant  red  shifts  have 
been  noted,  however,  in  the  spectra  of  cinnamoyl  and  furylacryloyl 
esters  in  the  presence  of  very  strong  hydrogen-bond  donors  (relative  to 
the  corresponding  spectra  in  pure  HsO).* 

(28)  S.  A.  Bernhard  and  S.  J.  Lau,  unpublished  results. 

(29)  A.  Berger,  A.  Loewenstein.  and  S.  Meiboom,  /.  Am.  Chem.  Soe,^ 
Sl,  62  (1959). 
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Abstract:  7-Benzyl-L-glutamate  N-carboxyanhydride  was  polymerized  in  DMF  using  C^^labeled  amines  as  initia- 
tors. All  the  radioactivity  was  incorporated  in  the  polymers  obtained  by  C^Msopropylamine  initiation,  indicating 
that  normal  primary  amine  polymerization  is  operative  in  this  case.  No  radioactivity  was  found  in  the  polymers 
when  C'^methyldiisopropylamine  was  used  as  the  initiator.  The  Bamford  mechanism  is  operative  in  this  case. 
Using  C^<<liisopropylamine  both  mechanisms  are  simultaneously  operative.  Polymers  prepared  by  initiation  with 
unlabeled  diisopropyl-  and  methyldiisopropylamine  and  treated  with  an  excess  of  C^Mabeled  isopropylamine 
exhibit  considerable  radioactivity.  This  radioactivity  must  be  due  only  to  reaction  between  the  labeled  amine  and 
cyclic  terminal  present  in  the  polymers. 


RCH— CO 


r»^f-^l 
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ht — CO 


O  +  H,N— •CH 
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(DOCHRNH 


/*^/*^ 


+  CO, 
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On  the  basis  of  extent  of  the  radioactivity  incorporated  in  polymers  "killed*'  with  C^^labeled  isopropylamine,  the 
number  of  polymer  molecules  containing  cyclic  terminals,  i,e.,  formed  via  Bamford  mechanism,  was  estimated.  It 
was  found  that  cyclic  terminals  deactivate  after  the  end  of  the  polymerization. 


In  previous  papers^*'  we  presented  evidence  of  the 
existence  of  bifunctional  intermediates  in  the  polym- 
erization of  N-carboxyanhydride  (NCA)  in  dimethyl- 
fonnamide  (DMF)  initiated  by  strong  bases.  We  found 
that  when  tiie  polymerization  mixture  at  95  %  conver- 
sion 18  concentrated,  a  marked  increase  in  molecular 
wdgjit  of  the  polymer  is  observed.  We  interpreted 
this  fact  assuming  that  coupling  between  bifunctional 
species  occurs  during  concentration.    These  species  are 


HCR— CO 

\ 
/ 


N — CO 

(C0CHRNH)»H 
I 

formed  if  initiation  and  propagation  occur  via  **active 
monomer"  mechanisms,  as  suggested  by  Bamford' 
and  Szwarc.^ 


(1)  A.  Cosani,  O.  D'Ette,  E.  Peggion,  and  E.  Scoffone,  Biopolymers, 
4. 593  (1966). 

{7)  E.  Pegglon.  E.  Sooffone,  A.  Cosani,  and  A.  Portolan,  ibid.,  4, 
«S  (19661). 


(3)  C.  H.  Bamford  and  H.  Block,  in  "Polyamino  Adds,  Polypeptides, 
and  Proteins,*'  M.  A.  Stahmann  Ed.,  University  of  Wisconsin  Press, 
Madison,  Wis.,  1962,  p  65. 

(4)  M.  Szwarc,  Adoan,  Poiymer  Sc(.«  A,  \  ^\^^<S^. 
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This  paper  presents  definitive  evidence  for  the  Bam- 
ford-Szwarc  mechanism  in  the  case  of  NCA  polym- 
erization initiated  by  strong  base  type  initiators  in 
DMF. 

Moreover,  further  support  for  the  "normal  primary 
amine'*  addition  mechanism  is  presented  when  primary 
amines  are  used  as  the  initiators.  The  work  has  been 
carried  out  using  radioactive  amines. 

Experimental  Section 

Mataials.  Dimethylformamide  (DMF)  reagent  grade  was  dis- 
tilled under  vacuum,  over  phosphorus  pentoxide,  immediately 
before  use.  DMF  not  freshly  distilled  was  able  to  induce  the  polym- 
erization of  7-benzyl-L-glutamate  N-carboxyanhydride  without 
addition  of  the  initiator.  Ethyl  ether  was  refluxed  over  sodium 
metal  and  then  distilled.  Isopropylamine  (IPA),  diisopropylamine 
(DIPA),  and  methyldiisopropylamine  (MDIPA)  were  of  reagent 
grade.  They  were  dried  over  potassium  metal  and  then  fractionally 
distilled.  Monomer  7-benzyl-L-glutamate  N-carboxyanhydride 
(NCA)  was  prepared  according  to  the  literature.* 

Labeled  Amines.  C  IPA,  DIPA,  and  MDIPA  hydrochlorides 
were  prepared  as  previously  described.*  The  free  C^^  amines  were 
obtained  by  exchange  between  the  labeled  hydrochlorides  and  the 
corresponding  unlabeled  pure  amines.  Radioactive  standardiza- 
tion was  carried  out  as  previously  described.^ 

RadioactiYity  Measurements.  Weighed  samples  of  polymer  were 
dissolved  in  a  known  volume  of  freshly  distilled,  anhydrous  DMF. 
These  solutions  were  mixed  with  the  phosphor  solution  (5  g  of  2,5- 
diphenyloxazole  and  0.5  g  of  l,4-bis[2-(5-phenyloxazolyl)benzene] 
in  1  1.  of  toluene).  The  radioactivity  measurements  were  per- 
formed at  —20''  using  a  SELO  scintillation  counter  with  super- 
sealer  at  1020  V  and  bias  at  5  v. 

Initiation  with  Labeled  Amines,  i.  Physical  Adsorption  Checks. 
Some  preliminary  checks  were  carried  out  in  order  to  determine 
the  physical  adsorption  of  the  labeled  initiators  on  the  polymers. 

A  typical  experiment  was  as  follows.  To  a  solution  of  preformed 
polymer  (500  mg)  in  DMF  (25  ml)  C^^-labeled  IPA  was  added  in  an 
amount  corresponding  to  that  used  to  initiate  polymerization. 
The  mixture  was  stirred  vigorously,  and  after  1  hr  the  solvent  and 
the  radioactive  amine  were  evaporated  under  vacuum.  The  poly- 
mer was  then  dissolved  in  methylene  chloride  and  precipitated  by 
pouring  the  solution  into  ethyl  ether.  The  polymer  was  isolated 
by  filtration,  redissolved  in  methylene  chloride,  and  treated  with  a 
large  excess  of  unlabeled  IPA.  The  polymer  was  finally  precipi- 
tated by  pouring  the  solution  into  ethyl  ether.  Dissolution  in 
methylene  chloride,  treatment  with  unlabeled  IPA,  and  precipitation 
were  repeated  four  times.  The  final  polymer  had  only  0.5%  (or 
less)  of  adsorbed  radioactive  amine.  Analogous  experiments  were 
carried  out  with  C^  ^labeled  DIPA  and  MDIPA  with  identical 
results. 

ii.  Polymerization.  Poly-7-benzyl-L-glutamate  (PBLG)  samples 
were  prepared  by  NCA  polymerization  in  DMF  using  proper  AH 
ratios  (see  Table  II).  The  radioactive  initiators  were  introduced 
by  direct  distillation  into  the  reaction  mixture  cooled  at  —190''. 
The  exact  amounts  of  initiators  used  were  determined  by  counting 
the  total  radioactivity  of  the  polymerization  mixtures.  When  the 
conversion  reached  at  least  98%  (checked  by  infrared)  each  polym- 
erization mixture  was  divided  in  two  parts.  The  first  was  treated 
according  to  procedure  A  and  the  second  treated  according  to  pro- 
cedure B. 

Procedure  A.  One-half  of  the  reaction  mixture  was  treated  with 
a  large  excess  of  unlabeled  IPA.  Then  the  amine  and  solvent  were 
distilled  out,  and  the  polymer  was  redissolved  in  methylene  chlo- 
ride and  precipitated  by  pouring  the  solution  into  ethyl  ether. 
Redissolution  in  methylene  chloride,  treatment  with  an  excess  of 
unlabeled  initiating  amine,  and  reprecipitation  were  repeated  four 
times  in  the  same  way  as  described  in  Adsorption  Checks. 

Procedure  B.  One-half  of  the  reaction  mixture  was  concen- 
trated to  an  oil  in  a  rotating  evaporator,  diluted  with  methylene 
chloride,  and  precipitated  by  pouring  into  ethyl  ether.  The  poly- 
mer was  then  redissolved,  treated  with  an  excess  of  unlabeled  initiat- 


(5)  E.  R.  Blout  and  R.  H.  Karlson,  7.  Am,  Chem.  Soc.,  78,  94!  (1956). 

(6)  C.   Colombini,   M.  Terbojevich,  and  E.   Peggion,  /.  Labelled 
Compds.,  1,  195  (1965). 

(7)  E.  Peggion,  M.  Terbojevich,  A.  Cosani,  and  C.  Colombini,  /. 
Am,  Chem.  Soc.,  88,  363!  (!966). 


ing  amine,  and  repredpitated;  this  procedure  was  repealed  four 
times. 

Killing  Experiment!  willi  C^^-Labeled  laopropylamfae.  L  Ad- 
sorption Test.  Polymer  (230  mg)  and  275  mg  of  monomer  y- 
benzyl-L-glutamate  NCA  were  dissolved  in  21  ml  of  DMF  and 
treated  with  2.5  ml  of  C^Mabeled  IPA.  After  1  hr  the  radioactive 
amine  was  distilled  out  and  2.5  ml  6[  unlabeled  IPA  was  added  to 
the  solution.  After  1  hr  the  amine  was  again  distilled  out  The 
treatment  with  unlabeled  IPA  was  repreated  four  times.  Finally, 
all  solvent  was  evaporated.  The  polymer  was  then  redissolved  in 
methylene  chloride,  treated  with  unlabeled  IPA,  and  precipitated 
by  pouring  the  solution  into  ethyl  ether.  Solution  in  CHiOi, 
treatment  with  unlabeled  IPA,  and  precipitation  into  ethyl  ether 
were  repeated  four  times.  The  final  polymer  exhibits  no  trace  of 
radioactimty.  This  means  that  the  above  procedure  completely 
eliminates  contamination  of  the  polymer  due  to  radioactive  aniine 
or  to  the  product  (ether  soluble) 


CH, 


H,NHCROONH»CH 

\ 
CH, 

formed  by  reaction  of  the  radioactive  amine  with  the  monomer. 

ii.  Killing.  Two  polymerization  experiments  were  carried 
out  in  DMF  using  unlabeled  DIPA  and  MDIPA  as  the  initiators. 
In  both  cases  the  following  polymerization  conditions  were  used: 
monomer,  0.5(X)g;  DMF,  25  ml;  molar  ratio  of  monomer  to  initi- 
ator, AH,  20. 

At  various  times  of  reaction,  portions  of  the  polymerization  mix- 
tures were  taken  away.  Each  porticm  was  divided  in  two  parti 
The  first  was  treated  with  3  ml  of  C^^labeled  IPA.  The  pdymer 
was  then  recovered  according  to  the  laborious  procedure  described 
in  Absorption  Test. 

The  second  was  concentrated  to  an  oil  in  a  rotating  evaporator; 
the  polymer  was  redissolved  in  methylene  chloride  and  precipitated 
by  pouring  the  soluticm  into  ethyl  ether.  _ 

Molecniar  Weight  Detcnninatioiis.  Molecular  weights  (J?«)  of 
the  polymers  were  determined  by  viscometry  in  dichloroaoetic  add 
solution  (a  Ubbelhode  viscometer  was  used)  using  Doty's  reiatioii^ 
h]  =  2.78  X  10-»Af»". 

Results  and  Discussion 

Initiation.  Table  I  shows  the  results  of  polymeriza- 
tion experiments  carried  out  in  DMF  using  C^Mabded 
initiators.  These  results  are  qualitatively  similar  to 
those  obtained  with  the  same  monomer  and  initiatort 
in  dioxane.^'* 

From  these  data  it  is  evident  that  IPA  mainly  behaves 
like  a  ''normal  primary  amine"  initiator  while  MDIPA 
behaves  like  a  strong  base  type  initiator. 

Both  mechanisms  appear  to  be  operating  simul- 
taneously using  C  ^  ^-DIPA.  In  this  case  we  can  rou^ 
estimate  the  fraction  of  labeled  molecules  in  the  poly- 
meric mixture.  In  fact,  assuming  Z)Pn  «  0.5DPw 
(this  assumption  is  justified  by  our  previous  work),* 
the  number  of  polymer  molecules  per  100  mg  of  poly- 
mer can  be  calculated.  The  experimental  radioac- 
tivity measured  on  the  polymer  is  directly  proportional 
to  the  number  of  polymer  molecules  containing  labeled 
initiator  at  their  ends.  It  is  easy  to  verify  that  the  ratio 
between  the  per  cent  of  initial  radioactivity  present  ia 
the  polymers  and  the  quantity  T  «  (>4//X100/DPJ 
gives  directly  the  number  fraction  of  labeled  polymer 
molecules  in  the  polymeric  mixture.  From  Table  II 
it  can  be  seen  that,  by  DIPA  initiation,  5-10%  of  pdy- 
mer molecules  contain  labeled  initiator  at  their  end. 
I.e.,  have  been  formed  oia  the  ''primary  amine**  media* 
nism.  Of  course  these  values  must  be  considered  as 
roughly  approximate. 


(8)  p.  Doty.  J.  H.  Bradbury,  and  A.  M.  Holtzer.l6icf.,  79,947  (1956)^ 

(9)  M.  Goodman  and  J.  H.  Hutchison,  ibid,^  SS,  3627  (196^ 
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lit  I.    Polymerization  of  7-Beiizyl-L-glutamate  NCA  in  DMF;  Initiation  by  C^«-Labeled  IPA,  DIPA,  and  MDIPA 


' Polymer 

Polymers  obtained  via  procedure  A* — » 

via  procedure  B* 

Initial 

Initial 

radioactivity 

radioactivity 

in  the 

in  the 

polymers. 

polymers. 

Run  code 

Initiator 

AH 

Afw- 

% 

Afw 

% 

Z1C14 

IPA 

20 

11,000 

100 

11,000 

100 

AA1C14 

DIPA 

17 

16,500 

4.3 

51,500 

4.4 

AA2C14 

DIPA 

20 

15,000 

2.8 

39,500 

2.4 

AG1C14 

DIPA 

18 

14,500 

2.9 

36,500 

2.7 

AA3C14 

MDIPA 

26 

22,500 

0.3 

180,000 

0 

AG2C14 

MDIPA 

19 

15,000 

0.8 

77,000 

0.3 

Sw  "  weight-average  molecular  weight.    ^  See  Experimental  Section. 


le  II.    Polymerization  of  7-Benzyl-L-glutamate  NCA  in  DMF; 
iation  by  C>^DIPA  in  DMF;  Polymers  Have  Been  Obtained 
Procedure  A 


Labeled 

polymer 

Run 

molecules. 

code 

AH 

Afw 

Afn- 

%* 

AAia4 

17 

16,500 

8250 

10 

AA2a4 

20 

15,000 

7500 

5 

AGia4 

18 

14,500 

7250 

5 

Number-average  molecular  weight.  ^  Calculated  by  the  ratio 
ween  the  experimental  radioactivities  found  on  the  polymers 
I  the  quantity  T  -  (A/iyilOOIDPn)  (DPn  being  the  number- 
rage  degree  of  polymerization,  which  is  assumed  to  be  equal  to 

DPw). 

Presence  of  Cyclic  Terminals  in  Polymers  Obtained 
ii^  Strang  Bases  Type  Initiators.  The  most  serious 
jection  to  the  Bamford-Szwarc  mechanism  was  the 
;k  of  experimental  evidence  of  the  ring  compound 
the  end  of  the  polymer.^ 

rhe  occurrence  of  coupling  phenomena  in  polymers 
tained  in  DMF  using  DIPA  as  the  initiator  was  the 
It  experimental  evidence  that  bifunctional  inter- 
diates,  I»  do  exist.  ^'^  Also,  from  the  data  of  Table 
ATg^  differences  appear  between  Jl7w  ofpolymersob- 
ned  by  ''killing'*  with  IPA  and  polymers  obtained  by 
acentration  of  the  reaction  mixture  before  precipita- 
n.  We  explained  the  higher  My,  of  the  "concen- 
ted''  polymers  by  the  extensive  occurrence  of  coupling 
ictions  between  bifunctional  intermediates.  Cou' 
fig  does  not  occur  for  polymers  initiated  by  IPAy  indi- 
ting that 9  in  this  case^  no  cyclic  terminals  are  generated. 
Further  evidence  of  the  presence  of  cyclic  terminals  on 
lymcrs  obtained  by  DIPA  or  MDIPA  initiation  arises 
\m  the  following  experiments.  We  ran  two  polym- 
zatioQ  experiments  in  DMF  under  standard  con- 
ions  as  indicated  in  Tables  III  and  IV.  Portions 
the  reaction  mixture  were  removed  at  different  reac- 
n  times.  All  portions  were  divided  in  two  parts. 
The  first  was  treated  with  a  large  excess  of  C^^- 
leled  IPA.  Then  amine  and  solvent  were  evap- 
ftted.  The  polymer  was  then  recovered  as  described 
the  Experimental  Section. 

The  second  was  concentrated  in  a  rotating  evaporator, 
uted  with  methylene  chloride,  and  then  poured  into 
lyl  ether. 

In  Tables  III  and  IV  it  is  shown  that  all  polymers 
illed''  with  C^Mabeled  IPA  exhibit  marked  radio- 
dvity.  As  described  in  the  Experimental  Section,  the 
ocedure  we  used  in  these  experiments  excludes  the 


Table  m.    Polymerization  of  7-Benzyl-L-glutamate  NCA  in 
DMF;  Initiation  by  Unlabeled  DIPA;  Killing  Experiment  with 
Ci^Labeled  IPA 


Reac- 
tion 


Con- 
ver- 


Afw- 


Killed        Coned 
time,  hr  sion,  %    sample       sample 


Radio- 
activity 
in  killed 
samples, 
(mmole 
of  labeled 
amine/100 
mgof 
polymer) 
X  10* 


Estimated 
fraction 
of  polymer 
molecules 
containing 

cyclic 
terminals* 


0.2 

70 

7.000 

80,000 

1.74 

0.61 

1 

98 

9.000 

42,000 

0.93 

0.42 

3 

100 

10,000 

33,000 

0.66 

0.33 

24 

100 

11.700 

13.500 

0.11 

0.07 

«  Calculated  by  the  extent  of  radioactivity  incorporated  in  the 
killed  samples  and  assuming  DPn  «  0,5DPw 


Table  IV.    Polymerization  of  7-Benzyl-i/-glutamate  NCA  in  DMF; 
Initiation  by  Unlabeled  MDIPA;  Killing  Experiment  with 
Ci«-Labeled  IPA 


Radio- 

activity 

m 

killed      Estimated 

• 

polymers,     fraction 

(mmole           of 

of  labeled    polymer 

Con- 

amine/100 molecules 

Reac- 

ver- 

'  My 

r               '   * 

mg  of     containing 

tion 

sion, 

Killed 

Coned 

polymer)       cyclic 

time.hr 

% 

sample 

sample 

X  10*     terminal* 

0.5 

60 

10.000 

108.000 

1.42           0.71 

24 

100 

28.000 

43.000 

0.24           0.34 

•  Calculated  as  in  Table  III. 

presence  of  radioactivity  due  to  adsorption  and  to  the 
presence  of  by-products  of  reaction  between  the  residual 
unreacted  monomer  and  radioactive  amine  or  between 
the  side  chain  of  the  polymer  and  radioactive  amine. 

Our  results  can  be  explained  only  by  admitting  the 
presence  of  cyclic  terminals  on  the  polymer  chains 
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which  react  with  the  excess  of  radioactive  amine  lead- 
ing to  radioactive  polymer. 

An  important  fact  emerges  from  the  data  of  Tables 
III  and  IV.  The  extent  of  radioactivity  incorporated 
in  the  "killed"  polymers  depends  on  the  time  at  which 
the  excess  of  radioactive  amine  has  been  added  to  the 
solution.  For  example,  the  first  sample  of  Table  III, 
killed  at  70%  conversion,  contains  1.74  X  10-*  nmiole 
of  labeled  amine  per  100  mg  of  polymer.  In  the  sample 
killed  24  hr  after  the  beginning  of  the  reaction,  the 
amount  of  incorporated  amine  is  0.11  X  10-'  mmole 
per  100  mg  of  polymer.  From  the  amounts  of  in- 
corporated amine  it  is  possible  to  calculate  the  per- 
centage of  polymer  molecules  containing  cyclic  ends. 
These  calculations  are  reported  in  the  last  colunms  of 
Tables  III  and  IV.  From  these  data  it  appears  clearly 
that  the  percentage  of  molecules  with  cyclic  terminals 
decreases  also  after  the  practical  end  of  the  polymeriza- 
tion. Moreover,  we  must  point  out  that  the  progres- 
sive deactivation  of  the  cyclic  terminals  is  not  due  to 
the  coupling  reaction  between  bifunctional  inter- 
mediates. In  fact,  after  the  practical  end  of  the  polym- 
erization, the  molecular  weight  is  substantially  the 
same  in  all  the  samples  killed  at  different  times.  The 
coupling  reaction  occurs  only  in  the  portions  of  reac- 
tion mixture  concentrated  in  the  rotating  evaporator. 

On  the  bases  of  all  the  above  observations  we  can 
now  explain  the  Jl7w  data  of  killed  and  concentrated 
samples  of  Tables  III  and  IV.  In  fact  immediately 
after  the  end  of  the  reaction,  there  is  a  large  number  of 
polymer  molecules  with  cyclic  terminals.  Therefore, 
the  concentration  of  the  reaction  mixture  at  this  point 
induces  a  large  increase  in  the  M^,  of  the  polymer  due  to 
the  coupling  reaction.  About  24  hr  after  the  beginning 
of  the  polymerization,  a  large  fraction  of  cyclic  termi- 
nals was  deactivated.  As  a  consequence,  no  important 
coupling  reaction  occurs  by  concentrating  the  polym- 
erization mixture,  and  there  are  no  substantial  differ- 
ences between  My,  ot  "killed"  and  "concentrated" 
samples. 

It  is  significant  that  if  we  treat  with  C^MPA  the 
"concentrated"  polymers,  in  which  a  large  number  of 
cyclic  terminals  disappeared  because  of  coupling  reac- 
tions, very  little  radioactivity  goes  into  the  polymers. 
The  results  of  such  an  experiment  are  shown  in  Table 
V.  These  data  clearly  indicate  that  a  very  small 
number  of  cyclic  terminals  is  still  present  in  the  "con- 
centrated" polymers. 


Table  V.  Polymerization  of  r-Benzyl-L-glutamate  in  DM 
Initiation  by  DIPA;  Treatment  of  Concentrated  Samples  ¥i 
C'^Labeled  IPA 


Radios 

incorpt 

in  the 

sample 

treati 

with 

labe 

MwOf 

IPA.  (I 

the 

of  IP/ 

Reaction 

Conver- 

coned 

nig<tf 

time,  hr 

sion,  % 

sample 

mcr): 

0.5 

80 

60,000 

4. 

Conclusioiis 

The  data  presented  in  this  work  allow  us  to  co 
that  7-benzyl-L-glutamate  NCA  polymerizes  in 
according  to  the  Bamford  mechanism  when  t 
amines  are  used  as  initiators.  In  fact,  we  prove 
bifunctional  intermediates  do  exist  and  that 
terminals  are  present  in  polymer  molecules, 
over  the  normal  primary  amine  mechanism  is  op 
with  IPA  as  the  initiator.  Finally,  both  mech 
are  simultaneously  operating  with  DIPA  amine 
tion. 

We  pointed  out  that  in  the  case  of  strong  bas 
polymerization,  cyclic  terminals  deactivate  after  t 
of  the  reaction.  Since  DMF  not  freshly  distiUed 
to  induce  NCA  polymerization  without  addit 
initiator,  we  suggest  that  deactivation  occurs  b; 
tion  of  cyclic  terminals  with  impurities  originatin 
solvent  decomposition. 

It  is  remarkable  to  observe  that  by  MDIPA  inil 
we  found  only  70  %  of  polymer  molecules  havin{ 
terminals  at  60%  conversion.  These  findings  < 
explained  by  the  fact  that  cyclic  terminals  ab 
appear  during  the  polymerization  by  reaction  w 
purities.  This  termination  reaction  could  be  i 
sible  for  the  presence  of  unlabeled  polymer  mo 
in  the  killed  polymers. 

Also  in  the  case  of  DIPA  initiation,  the  per  < 
polymer  molecules  with  cyclic  terminals  is  quit 
In  this  case,  chain  termination  and  the  partial  coi 
tion  of  the  "primary  amine**  mechanism  can  a 
for  the  low  extent  of  polymer  chains  with  cycl 
minals. 


younu^c/ 
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Communications  to  ihc  Editor 


n  of  Carbon  Monoxide  at  Atmospheric 
e  with  Trialkylboranes.  A  Convenient 
ds  of  Trialkylcarirfnob  via  Hydroboration 


on  monoxide  at  atmospheric  pressure  readily 
at  100-125^  with  trialkylboranes,  synthesized 
in  diglyme  solution,  to  provide  a  convenient, 
Ad  synthetic  route  to  the  corresponding  trialkyl- 
Is  (1).    In  this  way  olefins,  such  as  2-butene, 


RjB  +  CX) 


HsOt 

(RtCBO)  — >  R,CX)H 
NaOH 


0) 


xene,  and  norbornene,  may  be  readily  converted 
t  highly  hindered  tertiary  alcohols,  tri-5ec-butyl- 
1,  tricyclohexylcarbinol,  and  tri-2-norbornyl- 
1,  products  available  only  in  very  low  yield  by 
al  Grignard  synthesis. 

IS  recently  reported  by  Hillman  that  trialkyl- 
s  react  with  carbon  monoxide  at  high  pressures  in 
>f  500  atm  to  give  products  oxidizable  to  trialkyl- 
•Is.^  When  the  reaction  was  attempted  at  at- 
ric  pressure,  only  low  yields  of  alcohols  were 
d,  less  than  40  %  after  24-hr  reaction, 
kylboranes  are  now  readily  available  via  the 
oration  of  olefins.'  It  was  therefore  apparent 
)  carbonylation  of  trialkylboranes  thus  prepared 
oflfer  a  versatile  route  to  the  corresponding  tri- 
-binols.  However,  the  apparent  necessity  of 
;  out  the  carbonylation  at  high  pressures  repre- 
severe  inconvenience  for  laboratory  synthesis, 
ingly,  we  undertook  to  explore  the  possibility 
nplisJiing  the  carbonylation  stage  at  atmospheric 
:  in  the  same  flask  utilized  for  the  hydroboration, 
;  the  automatic  hydrogenator  previously  de- 
*  as  adapted  for  carbonylations.  ^ 
tri-/f-octylborane  in  diglyme  solution  (0.5  M) 
indard  substrate,  we  observed  that  at  25^  ap- 
itely  1  mole  of  carbon  monoxide  was  absorbed 
le  of  trialkylborane.  The  reaction  was  indeed 
>mplete  absorption  of  the  gas  requiring  some  5 
However,  the  rate  of  absorption  increased  with 
ng  temperature,  so  that  at  125^  complete  car- 
ion  could  be  achieved  in  3  hr.  These  results 
nmarized  in  Figure  1.  The  reaction  mixture 
d  in  the  carbonylation  at  125^  was  oxidized 
Ikaline  hydrogen  peroxide,  producing  tri-/f- 
binolin90%yield. 

iplore  the  scope  of  this  convenient  synthesis,  a 

of  representative  olefins  were  hydroborated  and 

ilting  organoboranes  were  carbonylated  in  situ 

in  the  presence  of  ethylene  glycol.*    The  reac- 

E.  D.  HiUman,  /.  Am.  Chem,  Soc.,  84.  4713  (1962);  85,  982, 

0. 

C.  Brown,  "Hydroboration,**  W.  A.  Benjamin,  Inc.,  New 

y.,  1962. 

i.  Brown  and  H.  C  Brown,  /.  Org,  Chem,,  31,  3989  (196(0. 

W,  Rathke  and  H.  C.  Brown,  /.  Am,  Chem,  Soc,  88,  2606 


tion  mixtures  were  then  oxidized  with  alkaline  hydrogen 
peroxide  and  the  trialkylcarbinols  isolated. 

It  is  noteworthy  that  this  procedure  yields  trialkyl- 
carbinols with  hi^y  branched  alkyl  groups,  products 
which  cannot  be  obtained  in  satisfactory  yield  by  the 
methods  presently  available.  Thus,  2-butene  and  iso- 
butene  were  converted  into  tri-^ec-butylcarbinol  and 
triisobutylcarUnol  in  yields  of  87  and  90%,  respec- 
tively. Similarly,  cyclopentene  was  converted  into  tri- 
cyclopentylcarbinol  in  90%  yield,  and  cyclohexene  was 
converted  into  tricyclohexylcarbinol  in  80%  yield  (2). 


o 


BH, 


(CeHiOsB 


CO 
100" 


HA 
NftOH 


(CtHii)«COH    (2) 


For  comparison,  tricyclohexylcarbinol  is  obtained  in 
7%  yield  from  cydohexyl  chloride  via  the  Grignard 
synthesis,*  and  the  yield  is  increased  to  19  %  by  the  use 
of  a  special  procedure  involving  sodium.^  Finally, 
2-norbornylmagnesium  halides  rapidly  equilibrate  to  a 
mixture  of  exo  and  endo  derivatives.'  The  hydrobora- 
tion product  of  norbornene  is  known  to  provide  the 
essentially  pure  tri-exo-norbornylborane.'  This  was 
rapidly  converted  into  a  crystalline  tri-2-norbornylcar- 
binol,  melting  sharply  at  137-137.5**.  Although  we 
did  not  establish  the  stereochemistry,  it  is  highly  prob- 
able from  previous  experience  with  organoboranes' 
that  the  reaction  proceeds  with  retention  to  yield  tri- 


^ 


(3) 


iCOH 


exa-norbomylcarMnol  (3).     The  experimental  results 
are  sunmiarized  in  Table  I. 

The  f(^owing  procedure  describing  the  conversion 
of  norbornene  into  tri-2-norbornylcarbinol  is  repre- 
sentative. A  dry  500-ml  flask  equipped  with  a  septum 
inlet,  thermometer  well,  and  magnetic  stirrer  was  at- 
tached to  the  carbonylation  apparatus,'  set  up  as  pre- 
viously described.^  The  system  was  flushed  with  ni- 
trogen. A  solution  of  2.84  g  (75  mmoles)  of  sodium 
borohydride  in  150  ml  of  diglyme  was  introduced, 
followed  by  28.3  g  (300  nmioles)  of  norbornene.  The 
flask  was  inmiersed  in  an  ice-water  bath  and  the  hydro- 
boration achieved  by  the  dropwise  addition  of  27.4 
ml  ( 100  mmoles)  of  boron  trifluoride  diglymate.  ^    The 

(5)  In  most  cases  the  reaction  proceeded  satisfactorily  in  the  absence 
of  added  ethylene  glycol.  In  some  cases,  however,  we  noted  the  forma- 
tion of  a  less  reactive,  possibly  polymeric,  intermediate.  The  presence 
of  the  ethylene  glycol  circumvented  this  difficulty. 

(Q  O.  Nuenhoeffer,  Ann,,  509,  115  (1934). 

(7)  P.  D.  Bartiett  and  A.  Schneider,  /.  Am,  Chem.  Soe„  67,  141 
(1^5). 

(8)  F.  R.  Jensen  and  K.  L.  Nakamaya,  Wld,,  88, 3437  (196Q. 

(9)  We  used  a  commercial  model  of  the  hydrogenator  from  Dehnar 
Scientific  Laboratories,  Maywood,  lU.    60154. 

(10)  H.  C.  Brown  and  O.  Zweifel,  /.  Am,  Chem.  Soc,,  88.  1433 
(196Q. 
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TMt  I.    Coiivcnioa  of  Olcfini  into  ThalkylcaTbiiioli  by  the  Hydrobontioft-Cubonyluion  Rcactioii 

bolMed 
Tim,*  Tim%,'  yield. 

Olefin  Product  min  min  % 


l.Butene 

^Butene 

Tri-Mc-butylcarfainol 

IiobuteiK 

TriisobutylcartiiK* 

1-Octenc 

Cydobexene 

-Trlcyclohexylcarbuuri'' 

1.4446 

1.44: 

1.4358 

1.4392 

1.43! 

1.45S0 

1.45( 

I.S128 

(94.5-95°) 

(93' 

(137-137.5°) 

■TimcforhalfutdcompleteupUkeof  COat  100°.    *  Analytical  data  withiii  the  uiual  accepted  limiu  were  obuined  Tor  all  comi 
•  Carbcmylatioa  at  125*.    '  Biomde  derivative:  mp  136°  dec;  lit.  136°. 


solution  was  stirred  at  room  temperature  for  1  hr. 
Ethylene  glycol,  10  ml,  wag  added  and  the  solution  was 
heated  and  maintained  at  100°.  The  system  was  flushed 
with  carbon  monoxide  and  the  reaction  initiated  by 
vigorously  stirring  the  contents  of  the  flask  magnetically. 
After  1  hr,  absorption  was  complete.  The  system  was 
flushed  with  nitrogen  and  then  heated  to  150°  for  1  hr 
to  ensure  the  migration  of  the  alkyl  groups.    The  flask 


Figure  I.    Reaction  of  carbon  mononde  at  attnospberic  p 
with  tri-n-oaylborane  in  diglyme  (0.5  \f)  at  various  icmpenttuict. 


was  then  immersed  in  an  ice-water  bath  and  33  ml  of 
6  N  sodium  hydroxide  was  added,  followed  by  dropwise 
addition  of  33  ml  of  30  %  hydrogen  peroxide,  maintain- 
ing a  temperatiux  just  under  S0°.  The  solution  was 
then  heat^  to  50°  for  3  hr  to  complete  the  oxidation. 
Addition  of  water,  300  ml,  to  the  cooled  sfdution  caused 
the  precipitation  of  tri-2-norbornylcarbinol.  The  mate- 
rial was  crystallized  from  pentane.  There  was  obtabed 
25  g  (80%  yield)  of  pure  tri-2-norbornylcarbiDol,  mp 
137-137.5°. 

Liquid  trialkylcarbinols  v/CK  isolated  by  extracting 
the  diluted  oxidized  mixtures  with  pentane.    The  al- 


cohols were  obtained  analytically  pure  merely  by 
ping  off  the  solvent. 
(11)  Natioaal  Science  Foundation  Fellow.  I9e4-I96& 

Hwbcrt  C.  Browii,  NUchad  W.  II 

ItklunlB.  WetheHUI^ 

Pwdm  University,  LafaytlU,  Indkma 

Recelotd  March  2 


Reaction  of  Carbon  Monoxide  at  Atmospheric 
Prenure  widi  Trlalkylboranes  In  die  Presence 
of  Water.    A  Convralent  Synthesis  of 
DUtlkylketones  via  Hydrobontion 

Sir: 

Id  the  preceding  communication  we  rcpotlt 
trialkylboranes  in  diglyme  solution  react  readily  a 
with  carbon  monoxide  at  atmospheric  pressure.  • 
tion  of  the  organoboron  intermediate  with  aJ 
hydrogen  peroxide  provides  the  trialkylcarbin 
excellent  yields.' 

We  now  wish  to  report  that  the  addition  of 
quantities  of  water  to  the  reaction  mixture  iohib 
migration  of  the  third  alk^  group  from  boron  I 
bon.*  Consequently,  oxidation  of  the  organot 
intermediate  obtainnl  in  the  presence  of  water  pti 
the  corresponding  dialkyl  ketone,  instead  of  the  tr 
carbinol  realized  in  the  reaction  jn  the  absence  oj 


(D- 

HiO  HiOi 

R.B  +  CO  — *■  /RB CR.\  — *■  RKX) 

(i„    iH)"-" 

The  fdlowing  results  illustrate  the  marked  efi 
the  presence  of  relatively  small  quantities  of 
Carbonylation  of  100  mmoles  of  tri-n-butylbori 
diglyme  solution  at  1(X)°  in  the  absence  of  any  at 
produces  60  mmoles  of  tri-n-butylcarbind  at 
mmoles  of  dt-n-butylketone.  In  the  presence  < 
g  of  water  (150  mmoles)  under  otherwise  idc 
conditions  oxidation  of  the  reaction  mixture 
alkaline  hydrogen  peroxide  produces  90  mm<4es 
/i-butyl  ketone,  100  mmoles  of  n-butyl  alcoh(d,  ud, 
6  mmoles  of  tri-n-butylcarbinol  (2). 

(1)  H.  C  Brown  and  M.  W.  Ratlikc  /.  Am.  Chem.  Soc..  I 
(19fi7). 

(3)  M.B.D.  Hfflman.ibU.,  84,4713(1962).  uliliiedeucM' 
a  reaOion  medium  for  the  carbonyUtion  of  primary  trial^ 
and  wai  able  to  control  the  misratlon  of  alkyl  group*  during  cai 
tlon  at  Ugb  preaniret  by  operatiDS  between  7S  (tranifer  of  two 
and  ISO*  (tranifer  of  three  sroupt). 
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joaversion  of  Olefins  into  Dialkyl  Ketones  by  the  Hydroboration-Carbonylation  Reaction 


Isolated 

Tm*.* 

TiH%f 

yield. 

®o 

W                " 

!fin 

Product* 

nun 

nun 

%• 

Obsd 

Ut. 

ne 

Di-/t-butyl  ketone 

98 

500 

85 

1.4201 

1.4191 

ne 

Di-wc-butyl  ketone 

40 

150 

81 

1.4214 

1.4193 

ne 

Di-/t-octyl  ketone 

101 

500 

80 

(49.5-50.5^) 

(50») 

tentene 

Dicyclopentyl  ketone' 

47 

161 

90 

1.4796 

■  •  • 

lexene 

Dicyclohexyl  ketone 

25 

78 

80 

1.4847 

•  •  • 

niene 

Di-2-norborayl  ketone* 

52 

150 

82 

(5^54^) 

•  •  • 

:tory  derivatives  were  prepared  of  all  ketones.  Satisfactory  analyses  were  obtained  for  all  new  ketones.  ^  Time  for  half  and 
ptake  of  carbon  monoxide.  '^  The  yield  is  based  on  the  formation  of  1  mole  of  ketone  and  1  mole  of  alcohol  from  each  mole 
orane.    *  2,4-Dinitrophenylhydrazone,  mp  93-94®.    *  2,4-Dinitrophenylhydrazone,  mp  142-145®. 


dry. 


•iB 
noles 

» 

) 


MOP 


HA 


v^ 


NaOH 


n-6ut00H 
60  mmolea 

+ 

n-Bu^OO 
40  mmolea 

n-BusOO 
90  mmolea 

+ 

n-BufiOH 
6  mmolea 


(2) 


quently,  the  carbonylation  in  the  presence  of 
iter  of  organoboranes,  now  readily  synthesized 
oboration,'  provides  a  highly  convenient  syn- 
ite  to  ketones.^ 

K)pe  of  the  reaction  was  explored  with  repre- 

aliphatic,  alicyclic,  and  bicyclic  olefins.    In 

2-butene  was  readily  converted  into  di-sec- 

tone,  cyclopentene  into  dicyclopentyl  ketone 

ohexene  into  dicyclohexyl  ketone,  and  nor- 

into  di-2-norbomyl  ketone*  (4),  in  yields  of 

The  results  are  summarized  in  Table  I. 


iCX)    (3) 


HA 


i^oir 


(4) 


»llowing  procedure  for  the  conversion  of  cyclo- 
into  dicydopentyl  ketone  is  representative. 
»aratus  was  set  up  as  described  previously.^ 
on  of  20.4  g  (300  mmoles)  of  cyclopentene  in 
f  diglyme  was  introduced  into  the  flask  and  the 
J  cooled  with  an  ice-water  bath  as  hydrobora- 
achieved  by  the  dropwise  addition  of  SO  ml  of  a 
sdution  of  borane  in  tetrahydrofuran.*    The 

1  Brown,  "Hydroboration,**  W.  A.  Benjamin,  Inc.,  New 

M962. 

ire  currently  exploring  the  synthesis  of  cyclic,  bicyclic,  and 

derivatives  utilizing  this  reaction.    These  results  will  be 

ortly. 

jiroduct  is  probably  di-exo-norbomyl  ketone.    However,  we 

lempt  to  establish  the  stereochemistry  at  this  time.    See 

jsoon^  for  the  synthesis  of  tri-2-norbomylcarbinoL 

rvoided  the  usual  procedure  of  hydroborating  with  sodium 


solution  was  stirred  at  room  temperature  for  1  hr.  The 
tetrahydrofuran  was  removed  by  distillation  under 
reduced  pressure.  Water  (2.7  ml,  ISO  mmoles)  was 
then  added,  and  the  solution  was  brought  to  100^. 
The  system  was  flushed  with  carbon  monoxide,  and 
reaction  was  initiated  by  magnetically  stirring  the  con- 
tents of  the  flask.  Absorption  of  the  carbon  monoxide 
proceeded  automatically  and  ceased  after  2.S  hr.  The 
flask  was  then  cooled  in  an  ice-water  bath  and  oxida- 
tion accomplished  by  the  addition  of  3  A^  sodium  hy- 
droxide fdlowed  by  dropwise  addition  of  23  ml  of  30  % 
hydrogen  peroxide,  keeping  the  temperature  under  35^. 
After  the  addition  had  been  completed,  the  reaction 
mixture  was  stirred  for  an  additional  hour  at  30  to  35  ^. 
The  solution  was  poured  into  300  ml  of  water  and  ex- 
tracted once  with  100  ml  of  pentane.  The  pentane 
solution  was  back-extracted  twice  with  300-ml  portions 
of  water  to  remove  diglyme.  The  pentane  solution  was 
dried  over  calcium  hydride  and  vacuum  distilled.  There 
was  obtained  15.0  g  (90%)  of  dicyclopentyl  ketone,  bp 
86*'(5mm). 

Althou^  we  have  been  too  preoccupied  with  ex- 
ploring the  scope  of  this  synthetic  approach  to  investi- 
gate the  mechanism,  we  can  rationalize  the  results  in 
terms  of  the  following  mechanism  adapted  from  that 
previously  suggested  by  HiUman'  (5).    In  the  absence 


RjB  +  CO 

O 
RtBCR 


I 


RB CRi 

V 

III 


o 

RtBCR 
II 

OBCRt 
IV 


(5) 


of  hydroxylic  solvents  III  can  readily  dimerize  into  the 
2,5-diboradioxanes,  isolated  by  HiUman,  or  undergo 
migration  of  the  third  alkyl  group  to  give  the  inter- 
mediate IV,  isolated  by  Hillman  as  the  trimeric  borox- 
ine.  The  intermediate  IV,  or  the  ester  produced  by 
reaction  of  IV  with  ethylene  glycol,  or  the  trimeric 
boroxine  are  all  oxidized  to  the  trialkylcarbinol  and 
boric  acid  by  alkaline  hydrogen  peroxide.  Under  our 
conditions  all  three  alkyl  groups  migrate  unless  some- 
thing is  done  to  inhibit  the  migration  of  the  third  group. 
T^  presence  of  water  is  presumed  to  convert  the 
hypothetical  boraepoxide  III  into  the  hydrate  V.  Oxi- 
dation produces  the  ketone.^ 

borohydride  and  boron  trifluoride  diglymate  since  we  had  some  indica- 
tion that  the  presence  of  sodium  fluoroborate  facilitated  the  migration 
of  the  third  aikyl  group. 


Commim\Gat\oia  \o  tVe  ¥^d9ftor 


JLI^i 


RB CRi 

OH    OH 
V 

According  to  this  mechanism,  the  successful  trapping 
of  intermediate  II  would  provide  a  valuable  means  of 
converting  olefins  into  their  methylol  derivatives. 
This  is  described  in  the  following  communication.' 

(7)  Hiliman  realized  only  dialkylcarbinols  in  his  oxidations,  with 
only  traces  of  dialkyl  ketones.  We  are  unable  to  account  for  the  dif- 
ference between  his  results  and  our  own,  unless  the  presence  of  the 
diglyme  protects  the  intermediate  V  from  the  hydrolysis  by  the  base 
prior  to  the  addition  of  the  hydrogen  peroxide.  We  have  been  able 
to  obtain  dialkylcarbinols  by  subjecting  the  reaction  product  to  hydrol- 
ysis with  aqueous  alkali  at  elevated  temperatures  prior  to  oxidation 
with  alkaline  hydrogen  peroxide. 

(8)  M.  W.  Rathke  and  H.  C.  Brown.  /.  Am,  Chem.  Soc„  89»  2740 
(1967). 

(9)  National  Science  Foundation  Fellow.  1964-1966. 
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Reaction  of  Carbon  Monoxide  at  Atmospheric 
Pressure  with  TrialkyllKNranes  in  the  Presence 
of  Sodium  or  Lithium  Borohydride.    A 
Conyenient  Procedure  for  the  Oxymethylation 
of  Olefins  via  Hydroboration 

Sir: 

We  wish  to  report  that  both  sodium  and  lithium  boro- 
hydrides  markedly  catalyze  the  rate  of  absorption  of 
carbon  monoxide  at  atmospheric  pressure  by  trialkyl- 
boranes  in  ether  solvents.  The  reaction  can  be  con- 
trolled to  achieve  the  transfer  of  but  one  alkyl  group 
from  boron  to  carbon.  Consequently,  hydrolysis  of 
the  reaction  intermediate  with  ethanolic  potassium 
hydroxide  produces  the  homologated  alcohol  (1). 

NftBH4.  DO    KOH 
RaB  +  CX) ►  — ►  RCHsOH 


Table  I.  The  Reaction  of  Carbon  Monoxide  at  Atmosph 
Pressure  with  Solutions  of  Triethylborane  (1.00  M)  at  45* 
Presence  of  Varying  Amounts  of  Sodium  Borohydride 


46* 
LiBH«,  THF   KOH 

R,B  +  CO >  — ►  RCHsOH 

46«» 


(1) 


Consequently,  carbonylation  of  organoboranes  can 
now  be  controlled  to  achieve  migration  of  all  three 
groups  from  boron  to  carbon,  providing  the  trialkyl- 
carbinol;^  two  groups,  providing  the  ketone  ordialkyl- 
carbinol;'  or  one  group,  providing  the  corresponding 
methylol  derivative  of  the  olefin. 

By  means  of  this  latter  reaction,  described  in  this 
communication,  we  have  been  able  to  achieve  the  con- 
version of  1-octene  into  1-nonanol,  cyclopentene  into 
cyclopentylmethanol,  cyclohexene  into  cyclohexylmeth- 
anol,  and  norbornene  into  2-exo-norbornylmethanol, 
in  yields  of  70-85%. 

In  previous  experiments*'*  we  found  it  necessary  to 
operate  at  100-125°  in  order  to  achieve  absorption  of 
carbon  monoxide  by  trialkylboranes  at  a  convenient 
rate.  However,  the  rate  of  absorption  is  markedly 
enhanced  by  the  presence  of  alkali  metal  borohydrides. 
Thus,  the  presence  of  200  mmoles  of  sodium  borohy- 
dride in  a  solution  of  100  mmoles  of  triethylborane  in 
100  ml  of  diglyme  caused  the  uptake  of  carbon  mon- 
oxide to  be  complete  in  1  hr  at  45°.    Hydrolysis  with 

(1)  H.  C.  Brown  and  M.  W.  Rathke,  /.  Am.  Chem.  Soc.,  S9,  2737 
(1967). 

(2)  H.  C.  Brown  and  M.  W.  Rathke,  ibid.,  89,  2738  (1967). 


Sodium 

Carbon 

boro- 

Triethyl- 

monoxide 

Products,  mi 

hydride, 

borane, 

absorbed. 

mmoles 

mmoles 

mmoles 

Ethanol        P 

200 

100 

142 

180 

100 

100 

142 

195 

50 

100 

140 

202 

25 

100 

81 

240 

ethanolic  potassium  hydroxide,  followed  by  o^i 
with  hydrogen  peroxide,  produced  180  nmioles 
anol,  80  nmioles  of  1-propanol,  and  12  mmole 
ethylcarbinol.  No  trace  of  1-butanol,  corresf 
to  the  doubly  homologated  alcohol,  was  found 
analysis. ' 

It  is  possible  that  the  borohydride  functi 
reducing  the  initiaUy  formed  carbonyl  (I)  of  tl 

R,B— &) 
I 

posed  mechanism.'    This  would  be  followed  b] 
fer  of  one  alkyl  group  from  boron  to  carbon, 
ever,  at  this  stage  we  were  more  concerned  ¥ 
ploring  the  scope  of  this  new  synthesis  than  in 
gating  the  mechanism. 

The  data  summarized  in  Table  I  indicate  the 
ometry  for  sodium  borohydride  to  be  0.5NaBH4/] 

Analysis  of  the  solutions  for  residual  hydrid 
cated  the  following  over-all  stoichiometry  (2). 

2R,B  +  3CO  +  4H-(NaBH0  — ►  — ► 

4ROH  +  2RCHi 

The  amount  of  carbon  monoxide  consumed  i 
reactions  is  not  yet  understood.  We  observ 
proximately  1.5  moles  of  carbon  monoxide  to 
sorbed  per  mole  of  trialkylborane  in  all  cases 
gated,  although  the  homologated  alcohols  isolai 
major  product,  plus  the  much  smaller  by-pra 
dialkylcarbinol,  accounted  for  only  1  mole 
gas.  Possibly  the  excess  consumption  of  carbo 
oxide  is  the  result  of  a  direct  reduction  by  ai 
mediate. 

The  observation  that  the  reaction  proceeds  ra] 
45^  suggested  the  desirability  of  utilizing  the  mo 
venient  solvent,  tetrahydrofuran,  for  both  the 
boration  and  carbonylation  stages.  Lithium  t 
dride  was  therefore  selected  for  its  solubility 
solvent.  Results  obtained  with  this  system  an 
marized  in  Table  II 

The  following  procedure  for  the  synthesis  c 
2-norbornylmethanol  is  representative.  A  dry 
flask,  equipped  with  thermometer  well,  septun 
and  magnetic  stirrer,  was  attached  to  the  carbon; 
apparatus,  set  up  as  previously  described.  ^  The 
was  flushed  with  nitrogen.  Then,  a  solution  of 
(150  mmoles)  of  norbornene  in  tetrahydrofurai 
ml)  was  introduced  into  the  flask  and  the  latt 
immersed  in  an  ice-water  bath.  Hydroboratic 
achieved  by  adding  dropwise  23.4  nd  of  a  solu 

(3)  The  convenient  synthesis  of  homologated  alcohols  by  i 
tion  of  dimethyloxosulfonium  methylide  with  trialkylbori 
recently  been  reported:  J.  J.  Tufariello  and  T.  L.  C  Lee,  i6UL, 
(1966).  However,  this  procedure  produces  appreciable  ami 
the  higher  homologated  alcohols. 
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Coovcrsion  of  Olefins  into  the  Corresponding  Methylol 
s  1^  the  Hydroboration-Carbonylation  Reaction 


in 

Product 

min 

7lM%» 

min 

Yield.* 
% 

1-Propanol 
1-Pentanol 

15 
55 

87 
216 

80 
72 

1-Nonanol 

130 

400 

70 

otene 

Cydopentyl- 
methanol 

56 

230 

69 

iceoe 

Cydohexyl- 
methanol 

35 

125 

80 

icne 

2-«xo-Norbomyl- 
methanol^ 

100 

350 

85 

|lpc  comparison  with  authentic  samples.  The  yield  is 
a  theoretical  production  of  1  mole  of  alcohol  from  1  mole 
1).    ^  The  absence  of  the  endo  isomer  was  indicated  by 

le  (25  mmoles)  in  tetrahydrofuran,  followed  by 

at  room  temperature  for  0.5  hr.  Then  1.09 
uncles)  of  lithium  borohydride  was  added  and 
ution  was  heated  to  45^.    The  system  was 

with  carbon  monoxide  and  reaction  initiated 
ring  the  contents  of  the  flask  magnetically. 

hr,  abscnrption  of  carbon  monoxide  ceased  and 
ion  of  7  g  of  potassium  hydroxide  in  25  ml  of 
e  ethanol  was  added.  The  reaction  mixture  was 
to  70®  for  1  hr  to  hydrolyze  the  intermediate, 
le  flask  was  cooled  in  an  ice-water  bath  and  22 
0%  hydrogen  peroxide  was  added  dropwise  to 

the  borinic  acid,  keeping  the  temperature  at 
(It  is  purely  a  convenience  to  convert  the 
l>oron  intermediate  to  alcohols  and  boric  acid.) 
lution  was  stirred  for  1  hr  and  then  saturated 
otassium  carbonate.  The  supernatant  liquid 
alyzed  by  gipc,  and  a  yield  of  42.5  mmoles  of 
bomylmethanol,  85  %,  was  established, 
le  present  three  communications^' *  we  have 
i  the  use  of  hydroboration-carbonylation  for 
thesis  of  trialkylcarbinols,  dialkyl  ketones,  and 
kylmethanols  from  the  corresponding  olefins. 
e  also  found  it  possible  to  utilize  this  synthetic 
:h  for  the  synthesis  of  cyclic  and  polycyclic 
ves  and  mixed  ketones,  as  well  as  aldehydes 
rboxylic  adds.  Finally,  both  hydroboration 
bonylation  can  tolerate  a  wide  selection  of  func- 
poups.  Consequently,  it  is  now  possible  to 
ize  many  types  of  compounds,  previously  avail- 
Jy  through  Grignard  syntheses,  while  utilizing 
{  blocks  containing  reactive  functional  groups. 
activdy  exploring  this  new  exciting  development 
!  communicate  additional  developments  shortly. 

ional  S€icnoe  Foundation  Fellow,  1964-1966. 

NBdnel  W.  IUthke,«  Herbert  C.  Brown 

RkhardB.  Wetherill  Laboratory 
Purdue  University ,  Lafayette,  Indiana    47907 
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;  Photocbeiiilstry.    11.    The  Photosensitized 
4dIdon  of  Butadiene  to 
syacryloiiitrile^ 

>ug)i  the  photosensitized  cross-addition  of  dieno- 
to  olefins  is  well-known,^  the  corresponding 

1 1:   W.  L.  Dillins.  Chem.  Reo.,  66,  373  (1966). 
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photosensitized  addition  of  dienophiles  to  dienes  is 
much  less  common.  Examples  of  the  latter  reaction 
have  been  confined  to  the  addition  of  dienes  to  a,/9- 
unsaturated  carbonyl  compounds,'  other  dienes,^  the 
haloethylenes,*  and  a  simple  olefin.*  The  photosensi- 
tized dimerization  of  the  dienes  themselves^*^  (the 
predominant  reaction  even  in  the  presence  of  dieno- 
philes***) may  be  regarded  as  a  special  case,  but  other 
examples  are  lacking,  and  the  reaction  has  not  yet  been 
demonstrated  to  be  general.* 

The  major  products  from  these  photosensitized  diene- 
dienophile  cross-additions  are  solely******  or  predom- 
inantly*^'** cyclobutanes  with  the  exception  of  the 
photosensitized  addition  of  1,3-cyclohexadiene  to 
cyclopentene*  (a  poor  dienophile*).  When  cyclohex- 
enes  are  formed,  they  appear  to  be  different  (e.g.,  exo 
rather  than  endo  in  the  case  of  cyclic  dienes*^  from  the 
expected  Diels-Alder  (thermal)  adducts.  This  fact, 
plus  the  observation  of  entirely  different  product  ratios 
when  the  expected  Diels-Alder  adducts  are  formed, 
has  led  to  the  postulate  that  the  photo-  and  thermal 
adducts  result  from  quite  different  reaction  paths.**^**'^**'** 

We  now  wish  to  report  what  appears  to  be  the  first 
photosensitized  cycloaddition  of  an  a,/9-unsaturated 
nitrile  to  a  simple  diene  to  yield  products  identical 
with  those  formed  in  the  thermsd  (Diels-Alder)  reaction, 
albeit  in  different  ratios. 

Irradiation  of  an  equimolar  mixture  of  butadiene 
(1)  and  a-acetoxyacrylonitrile  (2)  in  the  presence  of  0.2 
mole  of  a  sensitizer  through  7740  Pyrex  glass  (X  >280 
m/i)*  with  a  450-w  medium-pressure  Hanovia  mercury 
arc  lamp  at  ca.  30^  gave  the  three  cross-adducts  ^-5 
(in  yields  of  30-50%  of  the  total  dimeric  products, 
depending  on  the  sensitizer'®),  previously  observed 
from  the  thermal  reaction, ' '  along  with  the  three  buta- 
diene dimers  6-8.'"'"    The  products  were  identified 

(2)  (a)  O.  S.  Hammond  and  N.  J.  Turro,  Science,  142,  1541  (1963); 

(b)  N.  J.  Turro,  "Molecular  Photochemistry,"  W.  A.  Benjamin,  Inc., 
New  York,  N.  Y.,  1965,  p  194;  (c)  J.  O.  Calvert  and  J.  N.  Pitts,  Jr., 
"Photochemistry,**  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1966, 
p536. 

(3)  (a)  O.  O.  Schenck,  W.  Hartmann,  S.-P.  Mannsfeld,  W.  Metzner, 
and  C.  H.  Krauch,  Chem.  Ber.,  95,  1642  (1962);  (b)  G.  O.  Schenck, 
W.  Hartmann,  and  R.  Steinmetz,  ibid.,  96, 498  (1963);  (c)  G.  O.  Schenck, 
J.  Kuhls,  and  C.  H.  Krauch,  Z.  Naturforsch.,  20b,  635  (1965);  Ann., 
693,  20  (1966);  (d)  H.-D.  Scharf  and  F.  Korte,  Chem.  Ber.,  99,  1299 
(1966). 

(4)  (a)  R.  S.-H.  Liu,  Ph.D.  Thesis,  California  Institute  of  Tech- 
nology, 1965;  (b)  G.  Sartori,  V.  Turba,  A.  Valvassori,  and  M.  Riva, 
Tetrahedron  Letters,  211,  4777  (1966). 

(5)  N.  J.  Turro  and  P.  D.  Bartlett,  /.  Org.  Chem.,  30, 1849  (1965). 
(^  R.  S.  H.  Liu  and  G.  S.  Hammond,  /.  Am.  Chem.  Soc.,  96,  1892 

(1964). 

(7)  (a)  G.  S.  Hammond,  N.  J,  Turro,  and  A.  Fischer,  ibid.,  83,  4674 
(1961);    (b)  N.  J.  Turro  and  G.  S.  Hammond,  ibid.,  84,  2841  (1962); 

(c)  G.  O.  Schenck  and  R.  Steinmetz,  Buii.  Soc.  Chim.  Beiges,  71,  781 
(1962);  (d)  D.  J.  Trecker,  R.  L.  Brandon,  and  J.  P.  Henry,  Chem.  Ind. 
(London), 652  (1963);  (e)  G.  S.  Hanmiond  and  R.  S.  H.  Liu,/.  Am.  Chem. 
Soc.,  85, 477 (1963);  (0  G.  S.  Hammond,  N.  J.  Turro,  and  R.  S.  H.  Liu, 
/.  Org,  Chem.,  28,  3297  (1963);  (g)  D.  Valentine,  N.  J.  Turro,  Jr.,  and 
G.  S.  Hammond,/.  Am.  Chem.  Soc.,  86,  5202 (1964);  (h)  G.  O.  Schenck, 
S.-P.  Mannsfeld,  G.  Schomburg,  and  C.  H.  Krauch,  Z.  Naturforsch., 
19b,  18  (1964);  (i)  R.  S.  H.  Liu.  N.  J.  Turro.  Jr..  and  G.  S.  Hammond, 
/.  Am.  Chem.  Soc.,  87,  3406  (1965);  Q)  R.  B.  CundaU  and  P.  A.  Grif- 
fiths, Trans.  Faraday  Soc.,  61,  1968  (1965);  (k)  J.  E.  Baldwin  and  J.  P. 
Nelson,  /.  Org.  Chem.,  31,  336  (1966). 

(8)  (a)  A.  S.  Onishchenko,  **Diene  Synthesis,'*  L.  Mandel,  Trans- 
lator, Daniel  Davey  &  Co..  Inc.,  New  York,  N.  Y.,  1964.  p  278; 
(b)  H.  A.  Bruson  and  T.  W.  Riener,  /.  Am.  Chem.  Soc.,  67,  723  (1945). 

(9)  Reference  2c  p  742. 

(10)  W.  L.  Dilling.  /.  Am.  Chem.  Soc.,  89,  2742  (1967). 

(11)  J.  C.  UtUe,  ibid.,  87,  4020  (1965). 

(12)  At  butadiene  conversions  greater  than  ca.  20%,  depending  on 
the  sensitizer,  a  copolymer  of  1  and  2  was  also  formed.  The  products 
of  the  reaction,  3-^,  were  relatively  stable  under  the  reaction  conditions 
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by  comparison  of  their  gas  chromatographic  retention 
times  with  those  of  authentic  materials.^'*^^  Also  the 
nmr  and  infrared  spectra  of  samples  isolated  by  prepara- 
tive gas  chromatography  were  compared  with  the 
spectra  of  authentic  materials.  ^ ' 

The  product  distributions  for  various  sensitizers  are 
reported  in  the  accompanying  communication.^®  For 
the  present  discussion,  let  it  suffice  to  say  that  the  cyclo- 
hexene  5  constituted  2-3 1  %  of  the  total  cross-adducts 
*-5,  while  the  thermal  reaction  of  1  and  2  at  125-190** 
gave  77-91  %  5.  We  interpret  the  fact  that  the  cyclo- 
hexene  5  is  formed  at  all  in  the  sensitized  cross-addition 
to  indicate  that  the  cyclohexene  can  arise  via  a  two-step 
reaction.  ^^'^^ 

Experiments  on  the  unsensitized  (direct  irradiation 
through  quartz^')  photoreaction  of  1  and  2  indicated 
that  of  the  cross-addition  processes  only  1,2  addition 
occurred,  probably  via  the  excited  singlet  state  of  the 
diene  1. " 

Acknowledgment.  The  authors  wish  to  thank  Mr. 
K.  C.  Whitman  and  Mr.  F.  L.  Beman  and  co-workers 
for  experimental  assistance. 

employed  in  this  study.  The  conversions  were  kept  low  to  avoid  com- 
plications due  to  possible  further  reactions  of  the  products.  Another 
side  reaction  was  observed  when  camphorquinone  was  used  as  the 
sensitizer.  This  sensitizer  undergoes  a  photoreaction  with  butadiene 
to  give  a  product  which  we  have  tentatively  identified  as  a  vinyloxetane 
(possibly  several  isomers)  arising  from  the  addition  of  one  carbonyl 
group  of  triplet  camphorquinone  to  one  butadiene  double  bond.  We 
have  measured  the  (3  +  4)  :5  ratio  at  different  stages  of  conversion  and 
find  no  significant  change.  >* 

(13)  The  cis-divinylcydobutane  (7)  was  isolated  as  the  thermal  re- 
arrangement product,  l,S-cyclooctadiene.^' 

(14)  See  R.  Hoffmann  and  R.  B.  Woodward,  /.  Am.  Chem,  Soc.,  87, 
2046(1965). 

(15)  Reference  2c  p  748. 

(1^  For  the  results  of  the  unsensitized  irradiation  of  butadiene  alone 
see  (a)  R.  Srinivasan  and  F.  I.  Sonntag,  /.  Am.  Chem.  Soc.,  87,  3778 
(1965):  (b)  I.  Haller  and  R.  Srinivasan,  /.  Chem.  Phys.,  40,  1992 
(1964);  (c)  P.  A.  Leermakers  and  G.  F.  Vesley,  /.  Chem.  Educ.^  41,  535 
(1964);  (d)ref2b,  p216. 

WendeU  L.  EHUing,  J.  C  Little 

Edgar  C.  Britton  Research  Laboratory 
The  Dow  Chemical  Company,  Midland,  Michigan    48640 
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Organic  Photoehemistry.    III.    1^  vs.  1,4  Addition 
as  a  Function  of  Sensitizer  Triplet  Energy 
in  a  Cross-Addition  Reaction^ 

Sir: 

In  the  preceding  communication^  we  described  the 
photosensitized  cycloaddition  of  the  diene  1  to  the 

(1)  Part  n:   W.  L.  DiUing  and  J.  C  Uttle,  /.  Am.  Chem.  See.,  S9> 
2741  (1967). 


olefin  2.*  In  this  communication  we  report  the 
of  the  sensitizer  triplet  energy  on  the  product  dis 
tion. 

The  product  distribution  between  the  1,2-di 
cyclobutanes  and  the  4-vinylcyclohexenes  in  tbt  p 
sensitized  dimerization  of  butadiene  or  isopren< 
been  shown  to  be  dependent  on  the  triplet  energy « 
sensitizer.'  This  dependence  was  attributed  t* 
difference  in  the  energy  levels  of  the  cis-  and  trans- 
triplets,^  the  trans  forms  giving  mostly  cyclobutane 
the  cis  forms  giving  relatively  large  amounts  of  « 
hexenes. 

The  product  distributions  for  the  cross-additioi 
and  2  with  various  sensitizers  are  given  in  Tal 
The  relative  amount  of  cyclobutanes  3  and  4  in  the 
cross-adducts  3-5  as  a  function  of  the  sensitizer  t 
energy  is  shown  in  Figure  1  along  with  the  curv 
tained  by  Hammond  and  co-workers'^  for  the  d 
ization  of  butadiene  (1). 

In  general,  our  results  on  the  cross-addition  pa 
quite  closely  those  for  the  dimerization  except  fc 
depth  of  the  minimum  in  the  amount  of  cyclobutai 
the  SO-kcal/mole  region.  The  breaking  point  at  < 
kcal/mole  can  be  explained,  as  in  the  case  of  dim 
tion,**^  by  the  s-trans-  and  5-m-butadienes  having 
lowest  triplet  energy  levels  at  59.6  kcal/mole**' 
ca.  53  kcal/mole,'***^  respectively.*  The  increase  i 
relative  amount  of  cyclobutanes  with  sensitizers  h 
triplet  energies  lower  than  50  kcal/mole  could  be  c 
"'nonvertical"  excitation,  as  has  been  proposed  f< 
butadiene  and  isoprene  dimerizations.**^ 

We  attribute  the  difference  in  the  relative  amou 
cyclobutanes  formed  in  the  cross-addition  an* 
dimerization  in  the  50-kcal/mole  region  of  Figure 
difference  in  selectivity  of  ring  closure  of  the  5-c 
triplet  adduct,  a,  and  Ae  s-cis-l-l  adduct,  b  (Sche 
If  the  reasonable  assumptions  are  made  that  the 
relative  amounts  of  cis  and  trans  triplets  are  pro 
for  any  one  sensitizer  whether  the  olefin  2  is  presi 
not,  and  that  the  reactivity  of  the  two  isomeric  ti 
with  2  (and  with  1)  are  the  same,  then  the  differei 
product  distribution  must  reflect  the  difference  in 
tivity  of  ring  closure  of  intermediates  a  and  b. 
the  cross-intermediate,  a,  closed  to  a  four-mem 
ring,  3  or  4,  to  a  greater  extent  than  did  the  < 
intermediate,  b.  It  has  been  shown  from  experii 
on  the  termination  reaction  of  free  radical  copolym< 
tions  that  cross-termination  between  unlike  ra 
is  favored  over  termination  between  like  radicals, 
to  a  rather  large  extent.^  Thus  the  coupling  of  u 
radicals  such  as  the  ring  closure  of  a  (with  electron 
paired)  is  probably  faster  and  therefore  less  sdi 
than  the  coupling  of  like  radicals  as  in  b  (with 
paired).    Since  the  intermediates  a  and  b  can  exis 


(2)  The  numbering  system  in  ref  1  is  retained  in  this  paper. 

(3)  (a)  G.  S.  Hammond,  N.  J.  Turro,  and  A.  Fischer,  /.  Am. 
Soc.,  S3,  4674  (1961);  (b)  G.  S.  Hammond  and  R.  S.  H.  Uu,  16 
477  (1963);  (c)  R.  S.  H.  Liu,  N.  J.  Turro,  Jr.,  and  G.  S.  Han 
ibid.,  87,  3406  (1965). 

(4)  For  a  theoretical  explanation  for  this  energy  difiereo 
(a)  R.  Hoffmann  and  R.  A.  Olofson,  ibid.,  88, 943  (1966);  (b)  rd 

(5)  (a)  R.  E.  Kellogg  and  W.  T.  Simpson,  /.  Am.  Chem.  & 
4230  (1965);   (b)  D.  F.  Evans,  /.  Chem.  Soc.,  1735  (1960). 

(6)  These  explanations  are  based  on  the  assumption  that  the  n 
proceeded  via  the  butadiene  triplets  rather  than  the  a-aoetox3F 
nitrile  triplet 

(7)  C.  Walling,  "Free  Radicals  in  Solution,*'  John  Wiley  uk 
Inc.,  New  York,  N.  Y.,  1957,  p  146. 
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I L    Composition  of  Products  from  Photosensitized  Cross-Addition  of  Butadiene  and  o-Acetoxyaciylonitrile 


1  lia#ml^ii4t/>wt   ^f  «M^^%eo   arl^i«^>#a   ^m^    ifimni  ii       VTtt 

bvi 

Sensitizer* 

£i* 

3  +  4^ 

"JL^isiTiuiiuun  oi  cr 
5 

6 

7 

8 

1 

Acetophenone 

73.6 

34 

0.7 

56 

7 

2 

2 

Benzophenone 

68.5 

33 

0.9 

54 

10 

3 

3 

Triphenylene* 

66.6 

30 

0.9 

69 

/ 

•    •    • 

■  ■  • 

4 

Anthraquinone* 

62.4 

60 

3 

31 

6 

...» 

5 

Flavone 

62.0 

32 

1.6 

52 

12 

3 

6 

0-Naphthyl  phenyl  ketone 

59.6 

41 

7 

47 

2 

7 

Biacetyl 

54.9 

38 

12 

28 

14 

8 

BenzU 

53.7 

34 

12 

30 

18 

9 

Camphorquinone 

50 

28 

1? 

23 

29 

10 

Pyrcnc* 

48.7 

38 

17 

34 

11 

...» 

11 

Anthracene* 

42.5 

41 

6 

45 

8 

•  •  • 

12 

9,10-DibrQnioanthracene« 

40.2 

45 

1 

44 

10 

•  ■  • 

ensitizer  (1.0  mmole)  in  5.0  nunoles  of  1  and  5.0  nimoles  of  2.  ^  Lowest  triplet  energy  level  in  kilocalories  per  mole:  W.  G.  Herk- 
cr»  A.  A.  Lamola,  and  G.  S.  Hammond,  /.  Am,  Chem.  Soc^  86, 4537  (1964).  See  also  ref  3c.  « Determined  by  gas  chromatography 
each  component  corrected  for  thermal  conductivity  variation  in  detector.  '  The  els  and  trans  isomers  were  not  separated.  The  nmr 
nun  of  the  product  isolated  from  the  benzophenone-sensitized  reaction  showed  two  acetyl  methyl  groups  at  —2.05  and  —2.07  ppm 
internal  TMS  of  approximately  equal  intensity.  •  Saturated  solution  of  sensitizer  in  equimolar  mixture  of  1  and  2.  ^  Not  deter- 
i  due  to  low  over-all  conversion.  «  Not  determined  due  to  interference  by  a  large  excess  of  2  and  the  presence  of  a  small  amount 
Q  the  starting  diene  1. 


■el 


jam* 


kfrsiM-l 


l.spin 
invwrion 

2.  ring 
doMM 


•CN 


dAc 
3,4 


•.7 


8 


e  number  oi  conformations  ranging  from  cyclic  to 
tided  (Scheme  II),  at  the  moment  of  spin  inversion 


VJ^CN 
OAc 


diradicals  may  be  at  least  partially  in  the  extended 
formation.  If  the  ring  closure  of  a  is  more  rapid 
a  b,  then  a  larger  proportion  of  the  cyclobutanes 
id  4  would  be  expected.  By  virtue  of  its  selectivity, 
as  a  greater  chance  to  reach  a  conformation  which 


will  lead  to  the  more  stable  product,  namely  the  cyclo- 
hexene  8.* 
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Figure  1.  Butadiene-o-acetoxyacrjdonitrile  cross^adduct  com- 
position vs,  triplet  energy  of  sensitizer  (solid  line);  butadiene  dimer 
composition  (dashed  line,  data  of  Hammond,  et  al,*^). 
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A  New  Peptide  Coupling  Reagent 

Sir: 

In  recent  years  the  potential  utility  of  activated  esters 
as  coupling  agents  in  peptide  synthesis  has  been  ex- 
tended, first  by  the  development  of  the  isoxazolium 
salts  and  their  derivatives^  which  generate  enolic  or 

(1)  (a)  R.  B.  Woodward,  R.  A.  Olofion,  and  H.  Mayer,  /.  Am.  CAciiu 


ConmuinlcQltoiia  to  1^  ^^^BkMw 


Table  I 


XS?  phenol. 

Xm^x  anion. 

xCBtOU 

ntfiU) 

niMM 

pK^QWi 

'                       A«,aB      ,  fA             ■-'■      * 

3-Hydroxy-2-inethoxy- 

1 .460  (0.63),  H-bonded  NH 

282  (1610) 

306(2000) 

9.0 

N-ethylbenzamide 

1 .  502  (0. 33),  H-bonded  OH 

3-Methoxy-2-hydroxy- 

1.484(0.59),  NH  stretch 

306(2600) 

331  (4850) 

8.3 

N-ethylbenzamide 

246(6280) 

3-Acetoxy-2-hydroxy- 

1.485  (0.62),  NH  stretch 

299(3800) 

326  (6530) 

6.7 

N-ethylbeiuoeunide 

238  (8120) 

(Ila) 

I! 


phenolic  esters  of  peptide  acids  under  convenient  and 
mild  conditions,  and  second  by  the  discovery  of  peptide 
activated  esters  which  discriminate  effectively  between 
aminolysis  and  racemization,  even  in  polar  solvents 
and  under  strongly  basic  conditions.'  We  wish  to 
report  the  preparation  of  2-ethyl-7-hydroxybenzisox- 
azolium  cation  (I),  a  substance  which  combines  both 
features  in  one  system. 

By  means  of  procedures  described  previously/** 
2,3-dihydroxybenzaldehyde'  can  be  converted  in  75% 
yield  to  the  fluoroborate  salt  of  I,  mp  1 36- 1 37  ®.  *  Addi- 
tion of  this  salt  as  a  powder  to  a  vigorously  stirred, 
chilled  aqueous  solution  of  sodium  salts  of  carboxylic 
adds,  overlayered  with  ethyl  acetate  and  maintained  at 
pH  4.5  with  a  pyridine  buffer,  results  in  the  formation 
of  3-acyloxy-2-hydroxy-N-ethylbenzamides,  II.*  Reac- 
tions are  complete  within  5  min  under  these  conditions 
(/i/,  <  1  min,  25^,  HiO,  pH  5)  and  the  products  can  be 
isolated  from  the  organic  phase  after  add  and  bicar- 
bonate extractions.  By  analogy  with  the  behavior 
of  the  2-ethylbenzisoxazolium  cation  (III),*  the  mecha- 
nism shown  in  Scheme  I  is  assigned  to  this  conversion. 
Under  conditions  which  with  III  result  in  predominant 
azlactone  formation,^****^  I  combines  with  ZGly-L- 
PheOH  to  yield  lie  with  no  detectable  formation 
(<0.5%)  of  the  corresponding  azlactone;  I  thus  pro- 
vides a  method  of  converting  peptide  adds  to  activated 
esters  without  concomitant  raoemization. 

That  structure  II  corresponds  to  the  products  of  these 
reactions  follows  from  a  study  of  the  acetic  add  product. 
This  substance,  infrared  1645  and  1760  cm^S  whose 
spectra  are  compared  in  Table  I  with  models,  is  also 
formed  in  73%  yield  by  aqueous  acetylation  of  2,3- 
dihydroxy-N-ethylbenzamide;  its  reaction  with  ethereal 
diazomethane-fluoroboric  add  followed  by  hydrolysis 
yields  3-hydroxy-2-methoxy-N-ethylbenzamide. 

Although  otherwise  similar  to  simple  phenolic  esters 
of  peptide  acids,  peptide  esters  of  structure  II  are  re- 
markably resistant  to  racemization  by  tertiary  amines. 
After  12  hr  in  dry  DMF  0.4  M  in  triethylamine  lie 
is  racemized  to  the  extent  of  less  than  1   %J    Under 

Soc,,  83,  1007  (1961);  (b)  D.  S.  Kemp  and  R.  B.  Woodward,  Tetrih 
kedron,  21,  3019  (1965);  (c)  D.  S.  Kemp,  Ph.D.  Thesis,  Harvard  Uni- 
versity, 1964. 

(2)  S.  M.  Beaumont,  B.  D.  Hanford,  J.  H.  Jones,  and  G.  T.  Young, 
Chem,  Commun.,  4,  54  (1965);  H.  D.  Jakubke  and  A.  Voigt,  Chem, 
Ber.,  99,  2419  (1966). 

(3)  K.  W.  Meru  and  J.  Fink,  Arch.  Pharm,,  289,  353  (1956). 

(4)  Satisfactory  elemental  analyses  were  obtained  for  all  new  sub- 
stances. 

(5)  E,g..  Ha,  RCX)  -  CHKX),  77%  yield,  mp  136-137'*;  Hb, 
RCX)  -  ZGly,  85%  yield,  mp  121-122'';  He,  RCX)  -  ZGly-L-Phe, 
93%  yield,  mp  115-116%  [al»>D  -29.2**  (c  2.0,  CHsCli). 

(6)  D.  S.  Kemp,  Tetrahedron,  in  press. 

(7)  Determined  by  its  conversion  by  reaction  with  glycine  ethyl 
ester  to  ZGly-L-Phe-GlyOEt  in  80%  yield;    a5%  dl  isolated.^ 

(8)  G.  W.  Anderson  and  F.  M.  Callahan,  /.  Am,  Chem.  Soc.,  80, 
2902  (1958). 


identical     conditions     0(-ZGly-L-Phe)-N-cthylsalicyi- 
amide  is  racemized  over  4000  times  faster. 


BO^ 


OK 


The  remarkable  base  stability  of  these  esters  suggested 
their  use  in  coupling  reactions  with  salts  of  amino  acids. 
When  lib  and  the  tetramethylammonium  salt  of  L- 
phenylalanine  were  combined  in  dry  DMF,  a  quantita- 
tive precipitation  of  L-phenylalanine  occurred  and  the 
soluble  tetramethylammonium  salt  of  lib  was  formed. 
Addition  of  excess  L-phenylalanine  salt  resulted  in  t 
rapid  reaction  (/y,  ^^  1.5  min  at  0.2  M  amine),  and 
isolation  of  the  product  after  IS  min  by  addition  of 
aqueous  bicarbonate,  extraction  with  ethyl  acetate^ 
and  acidification  yielded,  after  crystallization,  91% 
carbobenzoxyglycyl-L-phenylalanine,  mp  1 29- 1 30% 
[a]"D  +39.9''  (c  2.0,  EtOH).  Similarly,  the  tripeptide 
acid  carbobenzoxyglycyl-L-phenylalanyl^ycine  was  ob- 
tained in  89%  yield,  mp  162-163%  [al«»D  -14.8* 
(c  1.3,  EtOH),  by  condensation  of  lie  with  ^ycine  tetra- 
methylammonium salt  in  DMSO.  As  a  test  of  optical 
purity,*  the  tripeptide  acid  was  dissolved  in  aqueous 
base  and  converted  with  triethyloxonium  ion  to  its 
ethyl  ester  in  60%  yield;  less  than  0.5%  of  racemicesfier 
was  observed. 

The  favorable  properties  of  these  activated  spoda 
appear  to  result  from  an  interaction  of  several  ind^ 
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itly  favorable  factOTS,  among  which  the  high 
of  the  esters  II  (lib  is  ~20  %  dissociated  in  DMF 
in  EttN),  the  inhibitory  effect  of  adds  on  the 
zation  of  peptide  esters,*  the  reluctance  of  salts 
to  assume  a  second  negative  charge,  and  their 
minolytic  reactivity^  all  figure  prominently. 
ther  investigations  into  the  mechanism  of  these 
ses  and  their  general  applicability  to  peptide 
ag  reactions  are  in  progress  and  will  be  reported 
[uently. 

Dowledgiiient.  The  support  of  the  U.  S.  Public 
[  Service  through  Grants  GM  13453-01  and  -02 
efuUy  acknowledged. 

^.  D.  S.  Kemp  and  S.  W.  Chien,  7.  Am.  Chem.  Soe.,  99,  2743 

*or  a  discussion  of  propinquity  catalysis,  see  T.  C.  Bruice  and 
sikovic,  **Bioorganic  Mechanisms,**  Vol  I,  W.  A.  Benjamin, 
S6,  pp  150-169. 
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kc  Base  Catalysis  of  Azlactone  Formation 


ent  work^''  has  established  azlactones  as  essential 
lediates  in  the  racemization  of  many  peptide 
ted  species.  While  this  and  earlier  work  has 
clear  a  dependence  of  azlactone  formation  on  the 
ice  of  base,  the  precise  nature  of  the  dependence 
ot  been  explored.  By  analogy  with  Winstein's 
on  the  cyclization  of  2-benzamidoethyl  tosylates,' 
ould  anticipate  for  a  primary  or  secondary  amide 
1  nudeophilidty,  dependent  on  the  relative  con- 
tions  of  neutral  amide  and  amide  anion  present 
reaction  medium.  We  wish  to  present  evidence 
supports  the  presence  of  equilibrated  amide 
I  as  the  reactive  intermediates  leading  to  azlactone 
tion  from  four  peptide  activated  esters. 


ZGlyL-PheO 


NO, 


n 

Ia,R-H 
KR-OHa 
c^R-Me 

lie  I  presents  first-order  rate  constants  observed 
lie  triethylamine-catalyzed  racemization  of  O- 
)bcnzoxyglycyl-L-phenylalanyl)-N-ethylsalicyl- 
!    (Lay    in   dimethylformamide   containing   tri- 

I.  Ooodman  and  K.  C.  Steuben,  7.  Org,  Chem.,  27, 3409  (1962); 

odman  and  L.  Levine,  J.  Am.  Chem.  Soc.,  S6,  2918  (1964); 

Hfanan  and  W.  J.  McOahren,  ibid.,  S7,  3028  (1965). 

I.  W.  WilUams  and  G.  T.  Young,  J.  Chem.  Soc.,  3701  (1964); 

Bovics  and  G.  T.  Young,  Chem.  Commun.,  398  (1965). 

.  L.  Scott,  R.  E.  Glick,  and  S.  Winstein,  Experientia,  13,  183 

I.  mp  140-141%  W««D  -21.7«  (c  2.2,  CHiCN);  lb,  mp  149- 
H»D  -25.2*  (tf  10,  DMF);  Ic,  mp  125-126*,  [al»D  -47.8' 
DMF);  these  esters  were  prepared  in  optically  pure  form  by 
\  of  the  sodium  salt  of  ZGly-i^PheOH  in  an  aqueous  pyridine 
with   the   appropriate   7-substituted   N-ethylbenzisoxazolium 

ititfactory  elemental  analyses  were  obtained  for  all  new  com- 

\.  8.  Kemp  and  R.  a  Woodward,  Tetrahedron,  21,  3019  (196^. 


Table  I« 


First-order' 

[Et,N]/ 

rate  constant. 

Qdcd 

[EtM 

[Et  J^+Hf  [Et,N+H] 

min~* 

rate' 

0.2 

No  salt 

•  •  • 

12  X  10-* 

0.2 

0.000 

•  •  • 

20  X  10-* 

0.2 

0.01 

20 

3.0  X  10-« 

3.0  X  10-« 

0.2 

0.015 

13.3 

2.4  X  10-« 

2.1  X  10-« 

0.2 

0.02 

10 

1.7  X  10-« 

1.7  X  10-« 

0.2 

0.05 

4 

0.86  X  10-« 

0.83  X  10-« 

0.2 

0.2 

1 

0.38  X  10-* 

0.37  X  10-* 

0.4 

0.04 

10 

1.9  X  10-« 

0.1 

0.01 

10 

1.7  X  10-« 

0.05 

0.005 

10 

1.5  X  10-« 

0.02 

0.002 

10 

1.1  X  io-« 

•  Temperature  25°,  DMF  solvent.  ^  Unless  otherwise  specified, 
suflScient  Et4N'*'BF4~  was  added  to  bring  the  total  salt  concentration 
to  0.2  M.  "^  Ester  concentration  10-20  nig/ml;  rates  followed  po- 
larimetrically,  first-order  rate  law  followed  for  at  least  three  half- 
lives.  '  For  rates  at  0.2  M  EttN,  a  plot  of  the  observed  first-order 
rate  constant  vs.  [EtaN]/[EtaN'''H]  was  linear  with  a  slope,  k^,  of  1.4 
X  10-*  min->  and  a  zero  intercept,  kb,  of  2.3  X  10"'.  Calcu- 
lated rate  »  il.[EtiN]/Et,N-»^H]  +  k^. 


ethylammonium  fluoroborate.  The  observed  linear 
dependence  of  rate  on  the  amine :  amine  salt  ratio, 
together  with  the  striking  insensitivity  of  rate  to  the 
absolute  amine  concentration  at  constant  amine :  amine 
salt  ratio,  are  most  easily  interpreted  as  requiring  the 
intermediacy  of  a  conjugate  base  of  la.  A  scheme 
consistent  with  this  result  is  shown  below.^ 


Et,N  + 


H 
PhCH,— C 


0 


}< 


Ia,L 


0 


/ 


Et,NH    +    FhCH,— (T        ^^e 

la'.L 


W,L 


*i 


ni 

L 


la  DL 


d[DL.Ia]/d/  «  itjL-IaT  =  iti^L-IaIEt,Nf]/Et,NH]    (1) 

Similar  behavior  is  observed  for  the  esters  lb,  Ic, 
and  II  (Table  II).  It  is  of  interest  that  the  intercepts, 
kft,  which  are  the  limiting  rates  expected  at  constant 
amine  concentration  as  the  amine  salt  concentration  is 
raised,  most  include  aU  general  base  catalyzed  terms; 
their  magnitudes  therefore  bound  the  rates  of  simple 
base-catalyzed  enolization  for  these  esters.  Although 
these  results  must  be  generalized  with  caution  since  they 
stand  in  contrast  to  other  well-known  salt  effects  on 
peptide  racemization,'  it  would  appear  that  in  DMF 
tertiary  amine  catalyzed  racemization  of  peptide  phe- 

(7)  Although  the  formation  of  azlactones  need  not  result  in  raoemiia- 
tion,  the  reaction  conditions  of  this  study  (polar  solvent,  eioeia  oC^abe^ 
nuctoophilic  base)  ensure  that  U  tSMOCwAiiii  ivMex  ^Qcosl  WtmcMl  ^i^^ti^ 
phenolate  amon,  and  thectioce  ^bax  k\  \»  i«Mb-^KMBRsSafiaa%> 
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Table  n« 


krma  ™ 

itJEt,N]/IEt,N+H]  +  itb 

A:., 

kb. 

^eoupllntt 

A^ooapliac/ 

Ester 

inin"* 

min-* 

Af~*  min-* 

k^ 

la 

1.4  X  10-» 

2.3  X  10-» 

8.7  X  10-» 

600 

lb 

2.3  X  10-* 

2.3  X  10-» 

2.1  X  10-» 

930 

Ic 

2.9  X  10-» 

2.3  X  10-» 

4.8  X  10-« 

1600 

II 

3.8  X  10-» 

1.4  X  10-« 

19.3 

5100 

•  Rates  followed  polarimetrically;  Et|N  »  0.2  M,  Et|N+H  + 
Et4N+  -  0.2  Af,  temperature  25°,  DMF,  anion  »  BFr,  0.01  < 
[EtiN-^-H]  <  0.2  Af;  k^  and  kh  obtained  as  described  in  Table  I, 
footnote  d.  ^  Rates  of  the  reaction,  ester  +  GlyOEt  -*  ZGly- 
Phe-GlyOEt  +  phenol;  rates  followed  by  ultraviolet  photometry 
in  DMF,  30^  ester,  1-2  X  10"*  Af;  GlyOEt,  0.01-0.5  Af;  reac- 
tions were  first  order  in  ester  to  at  least  three-half-lives,  first  order 
in  amine  over  at  least  a  3-fold  concentration  range. 


nolic  esters  can  be  slowed  by  as  much  as  SO-fold  by  the 
addition  of  the  corresponding  ammonium  fluoroborate 
salt. 

Included  in  Table  II  are  rates  of  combination  of  the 
esters  la-c  and  II  with  ethyl  glycinate  in  DMF.  Since 
the  value  of  J^  in  (1)  should  not  vary  significantly  for 
these  esters,  the  values  of  k^  may  be  taken  as  measures 
of  the  relative  reactivities  of  the  esters  la-c  and  II 
toward  an  internal  oxygen  nudeophile.  Comparing 
these  values  with  the  rates  of  reaction  with  an  external 
amine,  one  finds  a  surprisingly  good  correlation,  despite 
considerable  variation  of  reactivity  and  structure. 
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A  Valence  Tautomer  of  Pyrene  ci5-1546-Epoxide 

Sir: 

Recently  we  reported  the  synthesis  of  /ra/i5-lS,16- 
dimethyldihydropyrene^  and  its  photoisomerization 
to  the  corresponding  metacyclophane  valence  tau- 
tomer.' Since  then,  syntheses  of  other  examples  of 
/rai25-lS,16-dihydropyrenes  have  been  described,''^ 
but  as  yet  no  example  has  been  reported  of  a  ci5- 15,16- 
dihydropyrene  derivative.  We  now  wish  to  record  the 
synthesis  of  8, 1 6-oxido[2.2]metacyclophane- 1 ,9-diene 
(VIII),  a  valence  tautomer  of  ci5-pyrene  15,16-epoxide. 

The  starting  material  for  this  synthesis  was  xanthene- 
9-carbinol  (I),  which  undergoes  an  acid-catalyzed  re- 
arrangement in  essentiaUy  quantitative  yield  to  give 
dibenz[b,f|oxepine  (11).^  Reduction  of  II  gave  the 
corresponding  dihydro  derivative  III  as  a  colorless  oil, 
bp  100-103**  (0.2  mm).«  Treatment  of  III  with  n- 
butyllithium  followed  by  carbonation,  according  to  the 
procedure  used  by  Gilman  for  carbonating  diphenyl 

(1)  V.  Boekelheide  and  J.  B.  PhilUps,  Proc,  Natl  Acad.  Set.  U,  S., 
51.  550  (1964). 

(2)  H.  Blattmann,  D.  Meuche,  E.  Hdlbronner,  R.  J.  Molyneux,  and 
V.  Boekelheide,  /.  Am,  Chem,  Soc„  87,  130  (1965). 

(3)  V.  Boekelheide  and  T.  Miyasaka.  ibid,,  99,  1709  (1967). 

(4)  H.  B.  Renfroe,  L.  A.  R.  Hall,  and  J.  A.  Gumey,  Abstracts,  153rd 
National  Meeting  of  the  American  Chemical  Society,  Miami  Beach, 
Fla.,  April  1967,  Paper  0-184. 

(5)  F.  Anet,  Can,  J,  Chem,,  35,  1084  (1957). 

ftQ  Satittactoiy  elemental  analyses  have  been  obtained  for  all  of  the 
cotupounda  reported  in  tbi§  commuoicadoii. 


ether/  gave  the  corresponding  dicarbox^c  acid  w 
by  reaction  with  diazomethane,  led  to  the  dimethyl 
IV  as  white  crystals,  mp  94.5-95.0^  in  39%  ov 
yield.  Reduction  of  IV  with  lithium  aluminum  hy 
provided  the  diol  V  as  white  crystals,  mp  123- 
in  98  %  yield.  Conversion  of  V  to  the  correspoi 
dibromide  VI,  white  crystals,  mp  124-125^,  wa 
complished  in  90%  yield  using  phosphorus  tribroi 
Cyclization  of  VI  with  phenyllithium  to  the  c 
sponding  metacyclophane  VII,  mp  94.0-95.5®, 
curred  smoothly  in  75  %  yield. 
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Although  VII  is  a  metacyclophane  derivative 
oxygen  bridge  forces  the  two  benzene  rings  into 
relationship  in  contrast  to  the  normal  trans  geomel 
[2.2]metacyclophanes."  Further,  it  could  be  exp 
that  the  cis  geometry  of  VII  would  allow  n( 
benzylic  substitution.  This  was  found  to  be  the 
Treatment  of  VII  with  2  equiv  of  N-bromosucdni 
gave  the  corresponding  dibromide  as  a  mixture  o 
stereoisomers.  Without  separation,  this  mixture 
then  subjected  to  reaction  with  potassium  /-butoxi 
/-butyl  alcohol  to  yield  the  desired  unsaturatec 
rivative,  VIII,  as  white  crystals,  mp  119-120** 
support  of  its  structural  assignment,  VIII  showe 
AtB  multiplet  (6  H)  at  r  2.66-3.30  and  a  singlet  ( 
at  r  2.92.  Also,  the  ultraviolet  absorption  spectru 
VIII  showed  absorption  maxima  in  cydohexane  a 
(€  15,700)  and  302  m/A  (c  16,300),  indicating  conjug 
between  the  aromatic  rings  and  the  unsaturated 
chains.* 
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Although  the  spectral  data  clearly  establish  that 
is  the  correct  structure  of  our  product  and  that  i 
taneous  valence  tautomerization  to  the  correspoi 
pyrene  15,16-epoxide  structure  does  not  occur,  it  w 
interest  to  see  whether  conditions  might  be  fount 
accomplishing  this  valence  tautomerization. 
initial  attempts  employing  light  and  heat  have 

(7)  K.  Oita  and  H.  Gibnan,  J,  Am.  Chem.  Soe.^  79,  339  (1957) 

(8)  W.  S.  Lindsay,  P.  Stokes,  L.  G.  Humber,  and  V.  Boekd 
ibid.,  83.  943  (1961). 

(9)  The  mass  spectrum  of  Vm  shows  the  expected  parent  mol 
ion  at  mfe  218,  with  an  even  more  intense  signal  at  202  concspc 
to  lots  of  oxygen. 
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success.  However,  when  VIII  is  dissolved  in 
idd,  trifluoroacedc  or  sulfuric,  the  solution  be- 
I  deep  green,  the  typical  color  of  the  trans-lS, 16- 
pyrene  system.  Furthermore,  the  absorption 
of  such  solutions  in  trifluoroacetic  acid  show 
I  at  470,  560,  and  647  m/A,  in  good  agreement 
e  spectra  of  /rai25-lS,16-dimethyldihydropyrene 
ves.«> 

6w  of  the  spectral  correlations  it  is  our  belief 
solutions  of  VIII  in  strong  acid  contain  pyrene 
>oxide,  the  valence  tautomer  of  VIII,  presum- 
its  protonated  form  as  shown  by  IX.  The  in- 
of  the  green  color  increases  to  a  maximum  ap- 
itely  30  min  after  dissolving  VIII  in  trifluoro- 
icid  (temperature  30°);  the  intensity  then  de- 
slowly  with  the  rate  showing  first-order  ki- 
(uggesting  IX  is  formed  fairly  rapidly  and  then 
)es  slow  decomposition.  From  this  solution 
1,6-pyrenequinone,  and  1,8-pyrenequinone  have 
elated  and  identified  chromatographically  and 
;copically.^^  We  have  found  that  a  solution  of 
in  trifluoroacetic  acid  is  stable,  but  the  hydro- 
is  oxidized  at  room  temperature  by  pertrifluoro- 
cid  to  yield  a  mixture  containing  the  two  qui- 
These  observations  indicate  that  the  cation  IX 
yrene  by  loss  of  OH**"  to  form  pertrifluoroacetic 
ce  it  would  be  difficult  to  explain  the  formation 
le  and  the  pyrenequinones  from  VIII. 

loe  the  absorption  maxima  of  Vin  are  still  present  in  the 
in  trifluoroacetic  add,  it  is  not  possible  to  give  exact  values 
inction  coefficients.    However,  the  relative  intensities  of  the 
axima  are  in  reasonable  accord  with  those  of  the  dihydro- 
le  band  at  560  mfi  being  extremely  weak.    No  assignment  of 
olet  bands  could  be  made  due  to  the  presence  of  VUI  initially 
•rmation  of  pyrene  as  the  reaction  progressed  (see  below). 
J.  Fatiadi.  7.  Chromatog,,  20»  319  (1965). 
tiooal  Institutes  of  Health  Postdoctoral  Fellow,  1966-1967. 
iting  Professor,  on  sabbatical  leave  from  Oxford  University. 
led  in  part  by  a  grant  from  the  National  Science  Foundation. 
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tacydophane-l-ene^  and  Its  Photoisomerizatioii 
;46-Tetrahydropyrene 


ugh  Pellegrin'  has  claimed  the  synthesis  of 
tacydophane-l,9-diene  (I),  subsequent  attempts 
at  his  preparation  have  been  unsuccessful.'*^ 
more,  even  though  the  elegant  studies  of  Dew- 
d  Cram'  have  shown  that  [2.2]paracyclophane 
ion  verted  to  the  corresponding  mono-  and  diole- 
nnpts  to  utilize  their  procedure  for  introduction 
turation  into  the  [2.2]metacyclophane  molecule 
ite  unsuccessful.  ^  In  view  of  our  recent  studies' 
;  that  [2.2]metacyclophane-l,9-diene  derivatives 

nomenclature  used  in  this  conununication  follows  the  sug- 

B.  H.  Smith,  "Bridged  Aromatic  Compounds,*'  Academic 

New  York,  N.  Y.,  1964,  p  88. 

Pdlcgrin,  Rec.  Trao,  Chim,,  IS.  457  (1899). 

laker,  J.  F.  W.  McOmie,  and  J.  M.  Norman,  J.  Chem.  5oc., 

). 

I.  Lindsay,  P.  Stokes,  L.  G.  Humber,  and  V.  Boekelhdde, 

tm.  Soc..  tS.  943  (1961). 

X  Dewhirat  and  D.  J.  aam.  ibid.,  80,  3115  (1958). 

.  Blattmann,  D.  Meucbe,  E.  Hdlbronner,  R.  J.  Molyneux, 

BkL,  rr,  130  (1965). 


undergo  spontaneous  valence  tautomerization  to  the 
corresponding  /ra/i5-lS,16-dihydropyrene  derivatives, 
it  has  become  of  interest  to  reexamine  the  synthesis  of 
[2.2]metacyclophanes  having  unsaturation  in  the  bridg- 
ing atoms.  We  now  report  the  successful  preparation 
of  [2.2]metacyclophane-l-ene  (II). 


I  U 

Treatment  of  the  monophosphonium  salt  of  m-xylyl 
dibromide  with  methanol  readily  gives  the  corre- 
sponding methoxy  derivative  III,  mp  242-242.5**.^ 
The  reaction  of  III  with  oxygen  in  the  presence  of  base, 
following  the  procedure  of  Bestmann,'  yielded  a  mixture 
of  the  CIS'  and  /r<vi5-stilbenes,  IV.  Cleavage  of  the 
benzylic  ether  linkages  of  IV  with  hydrogen  bromide 
gave  the  corresponding  /r<vi5-dibromide  V,  mp  161- 
162^,  which  by  reaction  with  sodium  acetate  led  to  the 
/rai25-diacetate  VI,  mp  97-98^.  Irradiation  converted 
VI  to  a  mixture  of  stereoisomers  whose  nnoir  spectrum 
indicated  the  ratio  of  cis  to  trans  isomers  was  3:1. 
On  addition  of  ethanol  the  trans  form  of  VI  crystallized 
out.  Hydrolysis  of  the  remaining  cis  isomer  of  VI  gave 
the  corresponding  diol  VII  as  an  oil,  which  was  char- 
acterized by  its  analytical  and  spectral  data.  Treatment 
of  VII  with  phosphorus  tribromide  followed  by  chro- 
matography of  the  product  gave  the  pure  cfo-stilbene 
dibromide  VIII  as  a  colorless  oil. 
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In  devising  this  scheme  it  had  been  anticipated  that 
the  presence  of  a  bridging  double  bond,  if  it  were  in  the 
cis  configuration,  would  not  interfere  but  might  even 
help  in  a  cyclization  to  the  corresponding  metacyclo- 

(7)  Satisfactory  elemental  analyiet  and  supporting  spectral  data 
have  been  obtained  for  all  new  compounds  reported  in  this  com- 
munication. 

(8)  H.  J.  Bettmamu  iiiigew.  Chtm.,  IV  ^^  V\%IIS>\  ^^A^^.^taiMBttxaw 
and  O.  Kratier,  Cfitm.  Ber.«  %« \%9^  VX^^^Y 


CommindcalUms  to 
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phane.  When  VIII  was  treated  with  sodium  in  the 
presence  of  tetraphenylethylene,  the  usual  conditions 
for  cyclization  to  form  metacyclophanes,  cyclization 
occurred,  but  it  was  accompanied  by  aromatization 
to  give  4,5-dihydropyrene  (X)  in  50%  yield.  However, 
an  investigation  of  other  cyclization  procedures  led  to 
the  discovery  that  the  treatment  of  VIII  with  phenyl- 
lithium  in  ether  gives  the  desired  [2.2]metacyclophane- 
1-ene  (II)  as  white  crystals,  mp  82-83'',  in  45%  yield. 
It  is  of  interest  that  in  the  nmr  spectrum  of  II  the  signal 
for  the  two  internal  aromatic  protons  at  the  8  and  16 
positions  is  a  broad  singlet  at  r  4.38.  In  [2.2]meta- 
cyclophane  itself  the  internal  8  and  16  protons  appear 
at  r  5.75.  Thus,  the  orientation  of  the  bridging 
double  bond  is  such  that  it  has  a  strong  deshielding 
effect  on  the  internal  aromatic  protons. 

Ultraviolet  irradiation  of  stilbene  solutions  in  the 
absence  of  oxygen  has  been  shown  by  a  number  of 
investigators  to  lead  to  4a,4b-dihydrophenanthrenes.*"^* 
When  a  solution  of  II  in  benzene  or  carbon  tetrachloride 
was  irradiated  with  ultraviolet  light,  the  solution  rapidly 
became  colored,  showing  the  appearance  of  absorption 
bands  at  237,  305,  318.5,  and  500  m/*  (broad)."  This 
spectrum  is  in  good  accord  with  that  reported  for  the 
hexamethyldihydrophenanthrene^'  and  suggests  the 
formation  of  the  4,5,15,16-tetrahydropyrene  (IX).  As 
would  be  expected,  the  formation  of  IX  is  readily 
reversible  by  visible  light.  Furthermore,  the  solutions 
resulting  from  irradiation  of  II  are  extremely  sensitive 
to  traces  of  oxygen  and,  in  its  presence,  the  product 
found  is  4,5-dihydropyrene  (X). 


ultraviolet^ 

visible 


Qi. 


rx  X 

Thus  far,  attempts  (catalytic  dehydrogenation  and 
NBS)  to  effect  a  dehydrogenation  of  IX  to  give  trans- 
15,16-dihydropyrene  have  been  unsuccessful  and  have 
invariably  yielded  pyrene.  However,  in  the  case  where 
the  internal  substituents  are  other  than  hydrogen, 
the  corresponding  irradiation  products  should  be  more 
stable  both  toward  oxygen  and  toward  aromatization 
to  pyrene.    Studies  on  such  derivatives  are  in  progress. 

(9)  W.  M.  Moore,  D.  D.  Morgan,  and  F.  R.  Stermitz,  /.  Am,  Chem 
Soc.,  85,  829  (1963). 

(10)  M.  V.  Sargent  and  C.  J.  Timmons,  ibid.,  85.  2186  (1963). 

(11)  F.  B.  Mallory,  C.  S.  Wood,  and  J.  T.  Gordon,  ibid.,  86,  3094 
(1964). 

(12)  G.  S.  Hammond,  J.  Saltiel,  A.  A.  Lamola,  N.  J.  Turro,  J.  S. 
Bradshaw,  D.  O.  Cowan,  R.  C.  Counsel!,  V.  Vogt,  and  C.  Dalton, 
ibid.,  86,  3197  (1964). 

(13)  K.  A.  Muszkat,  D.  Gegiou,  and  E.  Fischer,  Chem.  Commun., 
447  (1965).  We  are  indebted  to  Professor  Fischer  for  his  kindness 
in  making  a  preprint  of  their  detailed  paper  on  this  subject  available 
to  us  prior  to  publication. 

(14)  Since  the  concentration  of  IX  in  the  irradiated  solutions  is  not 
known,  extinction  coefficients  for  their  absorption  bands  could  not  be 
determined. 

(15)  We  thank  the  Office  of  Naval  Research  for  their  support  under 
Contract  Nonr-2771(OR),NR-055-468,  which  made  this  investigation 
possible. 
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A  Stereoselective  Synthesis  of  Hydroazalenes. 
Grounds  for  Structure  ReTision  of  the 
Vetinuie  Sesquiterpenes 

Sir: 

With  a  view  toward  the  total  synthesis  of  /3-vetivone, 
a  constituent  of  the  essential  oil  of  vetiver,  ^  we  formu- 
lated a  new  stereoselective  route  to  substituted  hydro- 
azulenes  and  thereby  prepared  the  three  6»10-dimethyl- 
ci5-decahydroazulen-8-ones  12a-c.  In  this  report  we 
describe  these  synthetic  studies  and  show  that  none  of 
the  aforementioned  hydroazulenones  corresponds  to 
either  of  the  epimeric  desisopropylidenedihydro-^ 
vetivones  prepared  from  j9-vetivone.  This  finding 
invalidates  not  only  the  structure  (I)  heretofore  ac- 
cepted^** for  j9-vetivone  but,  by  virtue  of  rep<Mted  chem- 
ical correlations,  the  proposed  carbon  framework  (10 
of  the  entire  class  of  bicyclic  vetivane  sesquiterpenes 
as  well.**' 


CH« 


CH, 


II 

Methylation  (KO-/-Bu,  CHJ)*  of  the  known  hy- 
drindanone  1*  afforded  the  dimethyl  derivative  2  [h!^ 
3.28  (C=CH),  5.84  (CO),  6.09  (C=C),  8.78,  9.21,  9.58, 
9.82, 9.92,  and  10.05  m;  ^Sb  =  5.36  (H-3,  four  Unes, /m 
=  2  Hz,  y,.7a  =  2  Hz),  1.21,  and  1.20  ppm  (C-4  di- 
methyl)]. This  substance  yielded  principally  the  cis- 
hydrindanone  3a  [XiL^  5.86  (CO),  10.14,  10.86,  and 
11.59  lA,  purified  via  the  semicarbazone  derivative,  mp 
207-208°]  upon  hydrogenation  over  palladium  on 
carbon  in  ethanol.  The  minor  hydrogenation  product 
was  identified  as  the  /ron^-hydrindanone  3b  by  compari- 
son with  an  authentic  sample.*  Bromination  followed 
by  dehydrobromination^  converted  hydrindanone  3t 
to  the  conjugated  ketone  4  [\'^  5.96  (CO),  6. 1 8  (C=CX 
8.91,  10.82,  11.80,  and  12.41  m]-  Hydrogenation 
(Pd-C)  regenerated  the  ci5-hydrindanone  3a  thus  con- 
firming our  expectation^  that  isomerization  of  the  ring 
fusion  had  not  occurred  en  route  to  the  conjugated 
ketone  4  (Chart  I). 

Addition  of  methylmagnesium  iodide  to  hydrinda- 
none 4  in  the  initial  presence  of  cupric  acetate^  afforded 
the  1,4  adduct  5  P^^i:  5.84  (CO),  8.90,  9.10,  9.63,  and 
9.95  m;  8?Mfl  =  1.27,  0.97  (C-4  dimethyl,  two  singletsX 
and  1.01  ppm  (C-7  methyl  doublet,  /  -  5.0  Hz)].    This 

(1)  J.  Simonsen  and  D.  H.  R.  Barton.  **Tlie  TerpeDei»'*  Vol  ID. 
Cambridge  University  Press.  London,  1952.  pp  224-232. 

(2)  (a)  A.  S.  Pfau  and  P.  A.  Plattner.  Heh.  CMm,  Aetm^  23,  Tfll 
(1940),  and  previous  papers;    (b)  Y.  R.  Naves  and  B.  FecrotM,  Mi, 

24,  3  (1941);    (c)  Y.  R.  Naves,  Bull.  See,  Chim.  France.  369  (1951): 
(d)  M.  Romanuk  and  V.  Herout,  Collection  Czech.  Chem,  Commmn 

25,  2540  (1960);    (e)  I.  Yosioka  and  T.  Kimura,  Chem.  Pkarm.  ML 
(Tokyo),  13,  1430  (1965). 

(3)  Notably  hinesol :  W.  Z.  Chow,  O.  Mod.  and  F.  Sorm,  CoOeeOm 
Czech.  Chem.  Commun.,  27,  1914  (1962);  I.  Yosioka,  H.  Hilauio^  wbA 
Y.  Sasaki,  Chem.  Pharm,  Bull.  (Tokyo),  9,  84  (1961),  and  pravio« 
papers.  Bicyclovetivenol:  G.  Chiurdogiu  and  J.  Deoot*  Tetrekeirez, 
4,  1  (1958).    ot-Isovetivenene  and  ^isovetivenene:   ref  2d. 

(4)  C/.  J.  A.  MarshaU  and  N.  H.  Andersen,  /.  Org.  Chem^  31,  iff 
(1966). 

(5)  G.  Stork,  A.  Brizzolara,  H.  Landesman,  J.  Szmusdrovks,  sad 
R.  Terrell,  J.  Am.  Chem.  Soc.,  85,  207  (1963). 

(6)  G.  Stork,  P.  Rosen,  H.  Goldman,  R.  V.  Coombt,  and  J.  Tlnjl 
ibid.,  87,  275  (1965). 
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H  ^CHa 
CHa 

10«,  R-CHs;  R'«H 
b,  R-H;  R'-CHa 

RR' 
H 


CH. 


21a,  R-CHa;  R'-H 
h,  R-H;  R'-CH« 


R"R 


/// 


12«,  R-R"=Cfta;  R'=R'"=H 

b,  R-R'"-CH,;  R'-R"=H 

c,  R-R"-H;  R'«R'"-CHa 


rtanoe  yielded  the  corresponding  conjugated  ketone 
la  bromination  and  subsequent  dehydrobromina- 
•^  Expectedly,  reduction  of  this  conjugated  ketone 
I  lithium  in  ammonia^  regenerated  the  saturated 
me  5»  whereas  hydrogenation  (Pd-C  in  ethanol)  gave 
rw  ketone  7  [Xi!S  5.86  (CO),  8.90, 9.48,  and  1 1.70  m; 
»  I.IS,  0.98  (C-4  dimethyl,  two  singlets),  and  0.93 
I  (C-7  methyl  doublet,  /  »  S.7  Hz)],  which  readily 
rded  its  conjugated  ketone  progenitor  6  upon  bro- 
ation-dehydrobromination.  * 
revious  studies^  provide  a  basis  for  the  a  priori 
gnmcnt  of  stereochemistry  to  ketone  5.  The  spec- 
properties  of  the  a-bromo  ketones  derived  from  5 

Cf.  Gw8lorkaiidS.IXDarllafcy.i4m.  Chem.Soe^96. 1761  (1964). 
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and  7  support  this  assignment.  Thus  ketone  5  affords 
bromo  derivatives  13a  [mp  97-98^  \^:  5.81  m;  8?m8  = 
4.77  ppm  (H-6  doublet,  /e.?  =11.2  Hz)],  an  equatorial 
a-bromo  ketone, *  and  13b  [XiJix  5.86  m ;  5?m8  =  4.20  ppm 
(H-6  doublet,  Je.?  =  2.4  Hz)],  an  axial  a-bromo  ketone,^ 
in  the  ratio  6 : 1  upon  bromination  in  acetic  acid.  In 
contrast,  ketone  7  yields  only  an  equatorial  bromo 
ketone  14  [X21^  5.81  m;  SSb  =  4.10  ppm  (H.6  doublet, 
Jt,i  =  12.2  Hz)]  under  these  conditions. 

CH,  CHa  CHs 

H  „  H     I  „  H     ! 


CH3CH3  ^CHa  CH3  "cHsCHa 

13a  13b  14 

We  recently  reported*  the  conversion  of  hydrinda- 
none  5  to  hydroazulenol  11a  via  fragmentation  of  the 
oxime  derivative  8a  (mp  150°)  to  nitrile  9a  in  pyridine 
containing  /^toluenesulfonyl  chloride,  reduction  of 
this  nitrile  with  diisobutylaluminum  hydride,*  and  cycli- 
zation  of  the  resulting  aldehyde  10a  with  stannic  chlo- 
ride in  benzene.  The  epimeric  hydrindanone  7  was 
transformed  in  a  similar  manner  to  the  oxime  8b  (mp 
98°),  nitrile  9b,  aldehyde  10b,  and  hydroazulenol  lib 
VC:  2.95  (OH),  3.25  (C=CHj),  6.11  (C=C),  9.45, 
9.61,  9.75,  11.23  (C=CH2),  12.42,  and  12.55  m].  Al- 
dehyde  10b,  like  its  methyl  epimer  10a,  afforded  prin- 
cipally one  isomer  (95  %  according  to  the  gas  chroma- 
togram)  in  the  cyclization  step. 

Catalytic  hydrogenation  (Pt  in  ethanol)  of  unsaturated 
alcohol  11a  afforded  a  mixture  (ca.  1 : 1)  of  two  dihydro 
compounds  (methyl  epimers)  which,  in  turn,  gave  ke- 
tones 12a  [Xili"  5.88  (CO),  8.86,  9.12,  9.32,  and  9.60 
m]  and  12b  [X^liT  5.88  (CO),  8.85,  and  9.32  /a],  respec- 
tively, upon  oxidation  with  chromic  acid.  Siniilar 
treatment  of  unsaturated  alcohol  lib  likewise  afforded 
two  ketones  (in  the  ratio  40:60)  of  which  the  major 
component  was  identified  by  spectra  comparison  and 
gas  chromatographic  behavior  (peak  enhancement) 
as  one  of  the  ketones  obtained  from  11a.  This  sub- 
stance must  therefore  possess  trans  oriented  methyl 
groups  as  in  12b.  The  stereochemistry  of  the  minor 
ketone  12c  [KZ":  5.90  (CO),  8.50,  8.70,  8.9,  9.21,  and 
9.34  /i]  follows  from  its  hydrindanone  precursor  7. 

(— )-j8-Vetivone  was  secured  from  vetivert  acetate, 
Java  origin,  and  identified  by  its  melting  point,***** 
optical  rotation,^**  infrared  spectrum,'*'*®  and  nmr 
spectrum.'* 

Following  the  hydrogenation-ozonolysis  sequence 
reported  by  Pfau  and  Plattner,'*  we  converted  (— )-i9- 
vetivone  first  to  the  me^o-dihydro  alcohol  [a  65:35 
mixture  of  alcohol  epimers,  mp  68-74°;  ^2;  3.1  (OH), 
9.7,  10.40,  10.61,  10.93,  and  12.61  m],  and  then  to  the 
desisopropylidene  compound  [X^^  2.94  (OH),  5.77 
(CO),  9.74,  10.92,  and  12.18  m].  The  thioketal  deriva- 
tive of  this  hydroxy  ketone  afforded  the  alcohol  upon 
desulfurization  (H2,  Raney  nickel).  Oxidation  with 
chromic  acid  then  gave  the  desired  ketone,  me5o-desiso- 
propylidenedihydro-i8-vetivone  [Xili^  5.81  (CO),  8.63, 
8.75, 10.24, 10.72,  and  1 1.67  /*].    The  infrared  spectrum 

(8)  J.  A.  Marshall  and  N.  H.  Andersen,  Tetrahedron  Letters,  1219 
(1967). 

(9)  Cf.  L.  I.  Zakharkin  and  I.  M.  KhorUna,  DokL  Ahad.  NqmSk. 
SSSR,  116, 422  (1957);  Chem,  Abstr.,Sl,%<(MiV\%^^. 

(10)  J.  C.  Nigam  and  L.  \jeN\,  Can.  J .  Chem.,  ^.UJK^  V\^«i^. 
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of  this  substance  clearly  differed  from  that  of  its  alleged 
synthetic  counterpart  12a  and  the  isomers  thereof  (12b 
andc). 

Reduction  of  (— )-j9-vetivone  with  lithium  in  am- 
monia-ethanol  afforded  principaUy  a  new  dihydro 
alcohol  [40%  yield,  XHi;  3.00  (OH),  9.71,  10.38,  and 
11. OS  m]  along  with  one  of  the  previously  obtained  meso 
dihydro  alcohols  (15%  yield)  and  recovered  starting 
material.  Degradation  of  this  new  dihydro  alcohol 
along  the  lines  described  above  for  the  meso  compound 
afforded  a  new  desisopropylidenedihydro-j9-vetivone 
[XiliJ  5.81  (CO),  8.64,  and  9.6  m]  whose  infrared  spec- 
trum bore  no  close  resemblance  to  that  of  its  supposed 
racemic  counterpart  12b  or  the  synthetic  meso  com- 
pounds 12a  and  c. 

In  view  of  the  nonidentity  of  our  naturaUy  derived 
and  synthetic  ketones  we  must  conclude  that  j9-vetivone 
cannot  be  represented  by  I  or  a  stereoisomer  thereof. 
Evidence  which  supports  a  spiro[4.5]decane  skeleton 
for  this  substance  and  its  relatives  is  presented  in  the 
following  paper. 
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The  Structure  of  jS-Vetivone  and 
Related  Vetivane  Sesquiterpenes 

Sir: 

The  preceding  report^  summarizes  synthetic  and  deg- 
radative  work  refuting  the  previously  proposed  struc- 
ture (I)  for  j9-vetivone*  and  those  related  sesquiterpenes 
whose  carbon  skeletons  hinge  on  their  correlation 
with  "isovetivane"  (II).'    In  this  earlier  work  we  noted 

CH,  CH, 


1  n 

that  the  carbonyl  absorption  (Xmaz  S.81  m)  of  dihydro-j9- 
vetivone  and  desisopropylidenedihydro-iS-vetivone 
seemed  better  accommodated  by  a  cyclohexanone  than 
a  cycloheptanone  as  previously  formulated.^  We 
therefore  sought  alternative  structures  for  these  sub- 
stances based  on  cyclohexanone.  With  this  in  mind 
and  after  considering  the  wealth  of  chemical  and 
physical  data  recorded  for  jS-vetivone,^*'  we  decided 
on  the  spiro[4.S]decanes  III  and  IV  as  likely  possibilities. 

(1)  J.  A.  Marshall,  N.  H.  Andersen,  and  P.  C.  Johnson,  7.  Am,  Chem, 
Soc.,  99,  2748  (1967). 

(2)  J.  Simonsen  and  D.  H.  R.  Barton,  "The  Terpenes,**  Vol  III, 
Cambridge  University  Press,  London,  19S2,  pp  224-232. 

CJJ  C/.  M,  HomaiSuk  and  V.   Herout,   Colleetion  Czech,  Chem. 
Cammim.,  25, 2540  (I960). 


Chart  I  summarizes  the  transformations  which  v 
this  proposal  and  allow  us  to  choose  III  as  the  coi 
structure. 
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IV 
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^CHjOH 
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CHi 


CH,^" 
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The  known  meso-dihydro-iS-vetivonc  (1)*  yieldec 
corresponding  unsaturated  hydrocarbon  2  [X^ 
8.71,  9.06,  9.46,  10.23,  and  10.59  m;   «?S  =  l.«)( 
CHs),  1.2S  (ring  H  envelope),  and  0.80  ppm  (CH 
doublet,  /  -  S  Hz)]  upon  WolfT-Kishner  rc>duc 
of  the  semicarbazone  derivative,  mp  192-193®. 
onolysis^  afforded  the  cyclopentanone  3  [X|[|i^ 
(CO),  7.11,  7.24,  8.42,  8.61,  9.44,  10.60,  and  11.3 
which  in  turn  gave  the  hydrocarbon  6  [Xi|^  7.24, 
9.42,  10.29,  11.00,  11.10,  and  11.20  m]  after  convei 
to  the  ethylene  thioketal  derivative  and  desulfurizi 
with  W-2  Raney  nickel*  in  refluxing  ethanol. 

We  secured  an  authentic  sample  of  the  spiro{ 
decane  6  from  hydroxy  ketone  4,^  a  known  pb 
chemical  transformation  product  of /r<vi5-4a,8-dime 
S,6,7,8-tetrahydro-2(4aH)-naphthalenone.  Dehy 
tion  with  thionyl  chloride  in  pyridine  led  to  a 
ture  of  olefins  [W^  5.75  (CO),  7.11,  7.24, 
10.12,  10.25,  10.36,  11.06,  11.79,  and  12.42  m],  m 
5  along  with  a  minor  amount  of  the  exocyclic  do 
bond  isomer.  Hydrogenation  over  palladium  on 
bon  in  ethanol  afforded  a  mixture  of  ketones  8  ( 
5.75  (CO),  7.11,  7.24,  8.53,  8.67,  10.20,  10.50,  1( 
and  11.25  m1  and  9  [Xi!^  5.75,  7.11,  7.24,  8.53.  I 

(4)  A.  S.  Pfau  and  P.  A.  Plattner,  Helo.  Chim,  Acta,  23.  768  (1 

(5)  Huang-Minion,  /.  Am,  Chem,  Soc.,  68,  2487  (1946). 

(6)  R.  Mozingo,  '"Organic  Syntheses,'*  Coll.  Vol  III,  John  ' 
and  Sons,  Inc.,  New  York,  N.  Y.,  1955,  p  181. 

(7)  P.  J.  Kropp  and  W.  F.  Erman,  J.  Am.  Chem.  Soc,  85, 
(1963). 
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10.16,  10.48,  10.70,  and  11.27  m]  in  the  ratio  2:3 
iidged  by  the  gas  chromatogram.  The  major 
>onent  of  this  mixture  should  be  the  meso  isomer 
ice  the  double  bond  in  unsaturated  ketone  5  ap- 
s  from  models  to  be  somewhat  hindered  by  the 
imate  methyl  group."  Ketones  8  and  9  differed 
L  3  according  to  the  infrared  spectra  and  gas  chro- 
>graphic  behavior.  However,  desulfurization  of 
iiioketal  derivative  of  ketone  9  afforded  the  same 
ocarbon  6  previously  obtained  from  j9-vetivone. 
mes  3  and  9  must  therefore  be  epimeric  at  the  spiro 

junction.  Ketone  8,  when  similarly  treated, 
ded  hydrocarbon  7  [Xl^  7.24,  8.63,  9.42,  10.25, 
$,  10.95,  and  11.33  m]  which  closely  resembled 
niese  hydrocarbons  could  be  cleanly  separated  by 
hromatography. 

le  above  transformations  require  that  j9-vetivone 
>rmulated  as  III,  or  the  mirror  image.  The  choice 
I  can  be  made  from  Yosioka  and  Kimura's  work  in 
h  hinesol  (now  formulated  as  V)  was  converted  to 
/3-vetivone  (VI).*  The  absolute  configuration  of 
;ol  (V)  follows  from  its  degradation  to  (+)-a- 


COi 


VI 


lylglutaric  acid  by  Sorm  and  co-workers.  ^® 

view  of  the  findings  recorded  above  and  in  our 

ious  report,^  the  list  of  sesquiterpenes  containing  a 

3[4.5]decane  ring  system  which  previously  contained 

the  acrorones^^  and  agarospiroP'  must  now  be 

inded  to  include  /9-vetivone,  hinesoP®  (a  close  rela- 

of  agarospiroP*),  bicycloveti venol, "  o-isovetivc- 

i,  and  /9-isovetivenene.' 
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This  methyl  group  probably  prefers  an  axial  conformation  to 
ptuche  butane  interactions  with  the  adjacent  spiro  methylenes, 
an  orientation  may  be  particularly  favoied  with  olefin  5  because 
ouble  bond  alleviates  or  removes  the  unfavorable  gauche  inter- 
IS  nonnally  associated  with  an  axial  methylcydohexane:  Cf, 
Eliel.  N.  L.  Allinger.  S.  J.  Angyal,  and  O.  A.  Morrison,  "Con- 
itional  Analysis,*'  Intersdenoe  Publishers,  Inc.,  New  York,  N.  Y., 
pp  42ff.  109ir. 

I.  Yosioka  and  T.  Kimura,  Chem,  Pharm,  Bull.  (Tokyo),  13, 
il965). 
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The  Acidities  of  Weak  Acids  in  Dimethyl  Sulfoxide 
(DMSO)  Solutions.    III.    Comments  on 
the  H^  Acidity  Scales 

Sir: 

There  has  been  some  apparent  disparity  between  the 
acidity  scale  in  cyclohexylamine  solvent  developed  by 
Streitwieser^  and  his  co-workers  and  one  which  we 
reported  earlier*  for  DMSO,  aqueous  DMSO,  and 
methanolic  DMSO.  We  present  here  some  recent 
results  which  bring  the  two  scales  into  better  over-all 
agreement  but  which  indicate  a  significant  difficulty 
in  basing  the  scales  satisfactorily  on  the  aqueous 
reference  state. 

In  our  previous  communication*  we  reported  a  ApJtT 
between  fluorene  (FH)  and  9-phenylxanthene  (PXH)  of 
3.7-3.8.  Subsequent  work  showed  that  the  actual 
ApJ^  was  too  great  to  relate  the  indicators  directly, 
and  an  intermediate  indicator,  1,1,3-triphenylpropene 
(TPH),  has  now  been  used.  The  result  is  that  the  pJtT 
of  indicators  less  acidic  than  fluorene  must  be  increased 
by  about  1.6  units.  This  gives  a  pK  span  of  9.7  units 
between  FH  and  our  least  acidic  indicator,  diphenyl- 
methane  (DH),  as  compared  to  Streitwieser's  span  of 
10.4.  This  is  surprisin^y  good  agreement  considering 
the  vast  diflerence  in  the  acidities  involved  and  the 
diflerence  in  solvent  systems. 

A  second  point  of  inconsistency  is  the  assignment  of 
absolute  pJ^  values.  We  based  our  scale  on  4-nitro- 
aniline  (NAH),  the  pJ^  of  which  was  reported  to  be  18.4 
by  Stewart  and  O'Donnell,'  a  valu^  based  on  the 
aqueous  reference  state.  Streitwieser's  scale  is  based 
on  9-phenylfluorene  (PFH),  the  pJ^  of  which  is  reported 
to  be  18.S  by  Langford  and  Burwell^  and  18.6  by 
Bowden  and  Stewart.^  We  have  related  FH  to  NAH, 
FH  to  PFH,  and  PFH  to  NAH,  and  find  that  PFH  is 
significantly  more  acidic  than  previously  reported. 
Ritchie  has  also  found  this  to  be  the  case.*  With  these 
results  our  ApJ^  between  PFH  and  DH  is  13.6  while 
Streitwieser's  is  14.6 — still  excellent  agreement.  Fur- 
thermore, if  both  scales  are  based  on  the  same  reference 
compound  the  absolute  pJ^  values  are  within  1  pJtT  unit 
throughout. 

Absolute  pJ^  values  have  been  avoided  intentionaUy 
in  the  above  discussion.  The  reason  is  that  large  devia- 
tions have  been  found  between  the  hydrocarbon  indica- 
tors, PFH  and  FH,  and  the  nitroanilines  in  aqueous 
DMSO,  and  this  causes  uncertainties  in  basing  the 
acidity  scale  on  the  aqueous  reference  state.  This  is 
shown  graphically  in  Figure  1  where  the  H-~  of  10 
mM  KOH  solutions  in  aqueous  DMSO  is  plotted 
against  —log  [H2O]  using  the  diflerent  indicators. 
Values  calculated  from  the  data  of  Stewart,  O'Donnell, 
and  Dolman^  are  also  included.  They  used  Me4N'*'  as 
the  cation.  The  pJ^  values  of  the  nitroanilines  are  as- 
sumed to  be  those  reported  by  Stewart  and  O'Donnell.' 

(1)  (a)  A.  Strdtwieser,  Jr.,  J.  H.  Hammons,  E.  Quffarin,  and  J.  L 
Brauman,  J,  Am,  Chem,  Soc,,  S9,  S9  (1967);  (b)  A.  Strdtwieser,  Jr., 
E.  Guffarin,  and  J.  H.  Mammons,  ibid,,  99,  63  (1967). 

(2)  E.  C.  Stdner  and  J.  M .  Gilbert,  ibid.,  87,  382  (1965). 

(3)  R.  Stewart  and  J.  P.  O'Donnell,  Ibid,,  84,  493  (1962). 

(4)  C.  H.  Langford  and  R.  L.  Burwell,  ibid.,  82,  1503  (1960). 

(5)  K.  Bowden  and  R.  Stewart,  Tetrahedron,  21,  261  (1965). 

(^  C.  D.  Ritchie  and  R.  E.  Uschold,  /.  Am,  Chem,  Soc,,  89,  27S2 
(1967). 

(7)  (a)  R.  Stewart  and  J.  P.  O'Donnell,  Can,  J,  Chem,,  42«  1694 
(1964);    (b)  R.  Stewart  and  D.  Dolman  •si  pttMEkMu^Vfi.  %^t»^ffs«  >fi 
K.  BowdcQ.  Chem,  Reo.^  €6«  \\%  V\^^. 
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Figure  1.  Base  strength  of  aqueous  DMSO  solutions  as  a  function 
of  water  concentration:  (D,  2,4-dinitrodiphenylaniine,  [KOH]  » 
10  mAf;  O,  4-nitroaniline,  [KOH]  «  10  mM:  •,  calculated 
from  data  in  ref  7,  [Nfe4N^H-]  »  1 1  mAf  adjusted  to  10  mM;  Q, 
9-phenylfluorene  (pK  »  18.1  assumed),  [KOH]  »  10  mM;  •, 
fluoiene  (pK  =>  21.1  assumed),  [KOH]  <=  10  mM. 


The  pJTs  of  PFH  and  FH  are  set  at  18.1  and  21.1  so 
that  H-  values  measured  with  them  conform  to  the 
aniline  scale  at  the  higher  water  concentrations. 
Clearly,  the  two  types  of  indicators  do  not  behave 
ideaUy  relative  to  each  other  since  the  curves  are  not 
paraUel.  Furthermore,  the  ApJ^  between,  say,  NAH 
and  PFH  will  depend  strongly  on  solvent  composition, 
and  therefore  a  large  uncertainty  is  inevitable  when 
absolute  pK  values  are  assigned  to  the  less  acidic 
hydrocarbons.  This  same  sort  of  discrepancy  obtains 
also  in  methanolic  DMSO,  although  it  is  not  as  serious. 
The  discrepancy  is  negligible  in  ethanolic  DMSO. 

The  causes  of  the  deviations  have  not  been  investi- 
gated, but  it  seems  likely  that  the  nitro  groups  are  an 
important  factor.  Thus  if  the  anion  of  4-nitroaniline 
is  stabilized  by  hydrogen  bonding  to  water,  an  increase 


H       H. 


M 


\ 


./ 


NH 


H        tf 
^0^ 


in  water  concentration  would  increase  the  acidity  of 
NAH  relative  to  that  of  PFH,  as  is  observed.  Salting 
out  of  the  un-ionized  hydrocarbon  by  water,  another 
possible  source  of  nonideality,  should  have  an  effect 
opposite  to  that  observed.  It  is  interesting  to  note  that 
H-  data  measured  in  methanolic  DMSO  with  4-nitro- 
triphenylmethane  and  with  bis(4-nitrobenzyl)  sulfone^ 
parallel  very  closely  the  data  from  the  nitroanilines. 

At  the  present  time  it  appears  to  us  that  the  nitro- 
aniline  scde  is  the  most  firmly  anchored  in  the  aqueous 
reference  state.  Furthermore,  it  is  fairly  consistent  in 
a  number  of  aqueous  and  alcoholic  DMSO  solutions  as 
well  as  in  pure  DMSO.  As  such,  it  can  be  a  useful 
tool.     The  nonideality  between  the  anilines  and  the 

(S}  Measured  in  our  laboratory  by  R.  H.  Imes  in  cooperation  with 
JDr.  P.  O.  BordwdL 


more  acidic  hydrocarbons  creates  large  uncertainties  in 
the  pK  values  assigned  to  the  hydrocarbons,  but  since 
the  aniline  scale  is  the  only  available  link  between  the 
hydrocarbons  and  the  aqueous  reference  state  there  is 
little  choice  but  to  use  it  temporarily  as  the  base  for 
the  hydrocarbons.  If  the  hydrocarbon  scale  can  be 
satisfactorily  related  directly  to  the  pH  scale,  then  per- 
haps a  more  valid  and  widely  applicable  H-  scale  can 
be  developed.  A  more  detailed  description  of  the  H^ 
scale  in  a  number  of  alcoholic  DMSO  mixtures  will  be 
given  in  a  subsequent  communication. 

Edwin  C.  Steiner,  Joan  D.  Slarliqr 

Edgar  C,  Britton  Research  Laboratory 
The  Dow  Chemical  Company,  Midland,  Michigan    48640 

Received  February  15, 196! 

Acidity  in  Nonaqueous  Solvents.    V.    Acidity  Scales 
in  Dimethyl  Sulfoxide  Solution ^^ 

Sir: 

Using  the  potentiometric  method  recently  described,' 
we  have  determined  the  ^'absolute"'  acidities  of  several 
additional  carbon  acids  in  dimethyl  sulfoxide  solution. 
The  new  data,  presented  in  Table  I,  along  with  some 
pertinent  previously  reported  data,  provide  an  explana- 
tion of  major  discrepancies  between  reported  relative 
acidities  in  dimethyl  sulfoxide  and  cyclohexylaminc 
solution^  and  provide  further  insight  into  the  nature 
of  the  effect  of  changing  solvent  on  the  relative  acidities 
of  various  acids. 

Table  I.    Comparison  of  Acidities  in  Various  Solvents 


Add 

pjf:(DMSo)- pjf:(HiO)^  pK(CMkr 

9-Carbomethoxyfluorene 

10.3 

12.9*.- 

•  •  « 

p-Nitrophenol 

10.4/ 

7.1 

•  «  « 

Acetic  acid 

11.6/ 

4.8 

•  •  • 

Malononitrile 

11.0 

ll.l'.- 

•  •  • 

Benzoyiacetone 

12.1/ 

9.6 

■  •  • 

Tris(p-nitrophenyl)- 

12.2/ 

14. 3<- 

•  «  • 

methane 

Acetylacetone 

13.4 

9.0 

•  •  • 

2,4-Dinitroaniline 

14.8/ 

14.7* 

•  •  • 

Nitromethane 

15.9/ 

10.2 

•  •  • 

9-Phenylfluorene 

16.4 

18. 6<- 

(16.4) 

Indene 

18.5 

18.2* 

17.8 

9-Methylfluorene 

19.7/ 

•  •  • 

•    •    • 

4,5-Methyienephen- 

20.0 

•  •  • 

20.5 

anthrene 

Fluorene 

20.5 

20.5* 

20.6 

Triphenylmethane 

^^28 

28.8*-* 

29.4 

«  Standard  state  in  dimethyl  sulfoxide  solution.  Estimated  ac- 
curacy: dbO.3  piiT  unit  (see  ref  2).  All  measurements  at  2S.0^ 
^  Those  values  not  referenced  were  actually  determined  in  aqueous 
solution.  Others  have  been  determined  by  acidity  function  tedh 
niques.  ^  Values  taken  from  ref  4  and  acUusted  to  pK  »  16.4  for 
9-phenylfluorene.  *  Values  determined  by  acidity  function  tedi- 
niques.  *  From  ref  5.  /  Values  from  ref  2.  '  Value  detennioed 
in  aqueous  solution  and  used  as  the  standard  for  establishment  of 
an  H-  scale.  See  ref  5.  *  Personal  communication  from  Dr. 
E.  C.  Steiner. 


(1)  This  work  was  supported  by  Grant  No.  OM  12832  from  the 
Public  Health  Service,  National  Institutes  of  Health. 

(2)  For  previous  papers  in  this  series,  see:  CD.  Ritchie  and  R.  E> 
Uschold,/.  Am,  Chem,  Soc.,  89, 1721  (1967),  and  earlier  references  died 
there. 

(3)  The  word  "absolute**  is  used  in  the  sense  that  the  equilibriam 
constants  are  referred  to  a  standard  state  in  the  solvent  in  which  they 
are  measured. 

(4)  A.  Strdtwieser,  Jr.,  E.  Ciuffarin,  and  J.  H.  Hammont,  7.  Am, 
Chem.  Soc.,  89,  63  (1967). 
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ralue  of  11.14  for  malononitrile  in  aqueous 
NBS  determined  by  Bowden  and  Stewart.* 
was  then  used  as  the  ^'anchor  compound'* 
ih  an  acidity  scale  in  ethanol-dimethyl  sulf- 
tures.  The  scale  was  applied  to  the  measure- 
K  values  for  a  number  of  carbon  acids,  among 
e  9-carbomethoxyfiuorene,  tris(p-nitrophenyl)- 
and  9-phenylfluorene.  The  pACHsO)  values 
the  table  for  these  compounds  are  those  ob- 
Bowden  and  Stewart. 

»ent  data  clearly  show  the  breakdown  of  the 
ile.  The  relative  acidity  of  malononitrile  and 
^oxyfiuorene  changes  by  2.S  pK  units  on 
n  ethanol  to  dimethyl  sulfoxide  solution.  The 
ndities  of  9-carbomethoxyfluorene  and  either 
ophenyl)methane  or  9-phenylfluorene,  how- 
nearly  the  same  in  both  determinations. 
'  appears  probable  that  the  agreement  pre- 
sported*  between  our  "absolute"  pJTs  and 
srmined  by  Steiner*  by  acidity  function  tech- 
purely  fortuitous.  Apparently,  the  reference 
d,  4-nitroaniline,  used  by  Steiner  for  determi- 
the  other  acids  just  happens  to  be  one  for 
;  pK  is  not  stron^y  affected  by  the  change  of 
Malononitrile  appears  to  be  another  such 
d,  showing  the  same  pj^  in  water  and  dimethyl 

discussed  in  our  previous  paper,'  four  distinct 
e  expected  to  influence  the  change  in  acidity 
d  on  going  from  water  to  dimethyl  sulfoxide, 
hese  effects,  the  greater  basicity  of  dimethyl 

than  water  and  the  dispersion  interaction  of 
dored  anions  with  solvent,  would  act  to  in- 
idity  in  dimethyl  sulfoxide.  The  other  two 
lectrostatic  effects  and  hydrogen  bonding  of 
D  the  conjugate  base,  would  decrease  acidity 
lyl  sulfoxide.  For  the  nitroanilines  and  for 
itrile  it  appears  that  these  effects  just  balance, 
ve  that  this  cancellation  is  purely  fortuitous 

results  from  different  magnitudes  of  the  in- 
:ffects  in  the  two  cases.  Both  hydrogen  bond- 
iie  dispersion  interactions  are  expected  to  be 
>r  the  nitroanilines  than  for  malononitrile. 
icrease  in  acidity  of  9-carbomethoxyfluorene 
t  for  malononitrile  in  going  from  ethanol  to 
sulfoxide  is  most  reasonably  attributed  to  the 
n  interactions  of  the  substituted  fluorenyl 
th  the  polarizable  solvent, 
onclusions  pertinent  to  current  investigations 
idy  of  acidities  of  hydrocarbons  can  be  drawn 
'  present  data.  First,  and  in  our  opinion  most 
it,  ihe  data  clearly  show  that  no  single  H- 
mction  applicable  to  acids  of  different  structures 
mstructed  to  reach  into  pure  dimethyl  sulfoxide, 
chmon  is  further  strengthened  by  the  results 
r*s  recent  study .^ 

1»  if  the  relative  acidities  of  various  hydro- 
in  cyclohexylamine  solution,  determined  by 
ser,^  are  adjusted  to  our  value  of  16.4  for  the 
•phenylfluorene,  rather  than  to  the  previously 

owden  and  R.  Stewart,  Tetrahedron,  21,  261  (1965). 

.  Stdiier  and  J.  M.  Gilbert,  7.  Am,  Chem,  Soc„  87,  382 

.  Stdner  and  J.  D.  Starkey.  ibid.,  89, 2751  (1967).  We  wish 
oar  appraciatkm  to  Dr.  Steiner  for  furnishing  us  with  a 
tUt  paper. 


used  value  of  18.S,  the  discrepancies  noted  between 
the  scales  in  dimethyl  sulfoxide  and  cyclohexylamine 
solutions  no  longer  appear,  and,  in  fact,  the  agreement, 
as  shown  in  Table  I,  is  even  better  than  might  have 
been  expected  for  two  such  different  solvents. 

CalTin  D.  Rhchfe,  Ronald  E.  Uidiold 

Department  of  Chemistry 

State  University  of  New  York  at  Bi^aio 

Buffalo,  New  York    14214 

Received  February  23,  1967 


A  Novel  Method  for  the  Synthesis  of  bomerically 
Pure  Vinyl  Halides  from  Allcynes  via  the 
Hydroalumimition  Reaction^ 

Sir: 

The  addition  of  bromine  to  vinylorganoboranes 
results  in  the  formation  of  1,2-dibromoboranes.  These 
derivatives  are  converted  to  vinyl  halides  when  treated 
with  water  or  aqueous  sodium  hydroxide.'  Recently, 
Matteson  and  Liedtke'  have  suggested  that  bromine 
adds  trans  to  unsaturated  boronic  esters,  and  they  have 
established  that  deboronobromination  involves  a  stereo- 
specific  trans  elimination.  In  concurrence  with  these 
results  is  the  observation  by  Brown'  that  bromination 
of  /rfl«5-l-hex-l-enyI-bis(3-methyl-2-butyl)borane,  de- 
rived from  hydroboration  of  1-hexyne  with  bis(3-methyl- 
2-butyl)borane,*  gives  after  hydrolysis  cw-l-bromo-1- 
hexene. 

We  have  now  investigated  the  halogenation  of  vinyl- 
alanes.  These  derivatives  are  readily  available  by 
hydroalumination  of  alkynes  with  diisobutylaluminum 
hydride  in  a  hydrocarbon  solvent.'  This  involves  a 
cis  addition  of  the  aluminum-hydrogen  bond  to  the 
triple  bond,  yielding  /rons- vinylalanes  from  1 -alkynes 
and  ci5-vinylalanes  from  disubstituted  alkynes.  Treat- 
ment of  the  rra/t5- vinylalane  derived  from  1-hexyne  in 
tetrahydrofuran  with  various  halogens  in  a  1 : 1  ratio 
at  —50**  produces  essentially  pure  rra«5- 1 -halo- 1-hex- 
enes.  Under  similar  experimental  conditions  the  cis* 
vinylalane  obtained  from  3-hexyne  reacts  with  bromine 
or  iodine  to  give  the  corresponding  ci5-3-halo-3-hex- 
enes.  The  experimental  results  are  summarized  in 
Table  I. 

The  fact  that  halogenation  of  unsaturated  alanes 
proceeds  with  retention  of  configuration  supports  the 
contention  that  vinylalanes  undergo  electrophilic  cleav- 
age (1)  preferentially  at  the  vinyl  carbon-aluminum 
bond.  Formation  of  vinyl  halides  from  vinylboranes, 
however,  is  the  result  of  an  addition-elimination  re- 
action (2).  It  should  be  noted  that  the  reaction  of 
chlorine  with  the  vinylalane  derived  from  1-hexyne 
gives  a  70:30  mixture  of  trans-  and  cw-l-chloro-l- 
hexene,  indicating  a  competition  between  addition  to 
the  double  bond  and  cleavage  at  the  vinyl  carbon- 
aluminum  bond. 

(1)  This  research  was  supported  by  National  Science  Foundation 
Grants  No.  OP3S21  and  OP  6633. 

(2)  B.  M.  Mikhailov  and  P.  M.  Aronovich,  /zo.  Akad,  Nauk  SSSR, 
Otd,  Khim.  Nauk,  927  (1961);  Chem.  Abstr.,  55,  24541  (1961);  D.  S. 
Matteson  and  K.  Peacock,  /.  Org.  Chem.,  2S,  369  (1963);  W.  G.  Woods 
and  1.  S.  Bengelsdorf,  ibid.,  31, 2766  (1966);  H.  C  Brown,  private  coom 
munication. 

(3)  D.  S.  Matteson  and  J.  D.  Liedtke,  7.  Am.  Chem.  Soc.,  S7,  1526 
(1965). 

(4)  H.  C.  Brown,  and  G.  Zwdfel,  ibid.,  83.  3834  (1961). 

(5)  G.  Wilke  and  H.  MUUer,  i4im.««I9«XnV\%«S\\  C^.X^^Sse^vo^^ 
R.  B.  Ste^  to  be  puVa^aiShied. 
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Table  I.    Halogenation  of  Vinyialanes  in  Tetrahydrofuran 


Vinylalane  derived 

Vinyl  halide, 

%*•• 

from 

Halogen* 

trans 

cis 

l-Hexyne 

It 

94 

<2 

la 

76- 

<2 

Br. 

72 

<2 

3-Hexyne 

It 

<2 

72 

Br, 

<2 

42 

« Both  bromine  and  iodine  monochloride  were  dissolved  in 
methylene  chloride  and  then  added  to  the  vinylalane.  Iodine  was 
used  in  tetrahydrofuran.  ^Analysis  by  glpc  with  an  internal 
standard.  <The  assignments  for  the  vinyl  halides  are  based  on 
infrared  and  nmr  data.    *  /mnx-l-Iodo-l-hexene. 


With  increasing  reactivity  of  the  halogen,  there  is  less 
discrimination  between  cleavages  at  the  hexenyl- 
aluminum  and  isobutyl-aluminum  bonds.  In  these 
cases  the  vinyl  haUde  is  contaminated  with  the  isobutyl 
halide.  In  order  to  maximize  the  yield  of  the  vinyl 
halide,  larger  amounts  of  halogens  should  be  used. 


t)r, 


-BrAl^ 


(i> 


trans 


^^^X*^' 


trans 


CIS 


The  simplicity  of  this  procedure  makes  it  a  valuable 
method  for  synthesis  of  isomerically  pure  vinyl  halides. 
The  isobutyl  groups  on  aluminum  do  not  interfere  with 
the  isolation  of  the  halides  since  they  are  converted  to 
isobutane  in  the  hydrolysis  step.  It  is  of  special  im- 
portance in  that  1-iodo-l-alkenes,  which  cannot  be 
prepared  by  the  addition  of  hydrogen  iodide  to  1-alkynes 
in  the  presence  of  peroxides,  are  obtained  in  excellent 
yield  from  the  corresponding  vinyialanes.  A  repre- 
sentative procedure  is  given  below. 

To  0.10  mole  of  1-hexyne  in  20  ml  of  n-heptane  was 
added  0.10  mole  of  diisobutylaluminum  hydride  while 
maintaining  the  temperature  below  40°.  When  the  ini- 
tial exothermic  reaction  had  subsided,  the  reaction  mix- 
ture was  heated  for  2  hr  at  50°.  The  heptane  was  then 
removed  under  reduced  pressure  (O.S  mm),  and  the  resi- 
due obtained  was  diluted  with  40  ml  of  tetrahydrofuran. 
To  this  vinylalane  solution  at  —50°  was  added  0.10 
mole  of  iodine  in  40  ml  of  tetrahydrofuran.  After 
aUowing  the  reaction  mixture  to  warm  up  to  room  tem- 
perature, the  diisobutylalane  (-Al(C4H9)t)  was  decom- 
posed at  20-30°  by  drop  wise  addition  of  20%  sulfuric 
acid  (exothermic  reaction).  When  the  isobutane  evolu- 
tion had  diminished,  the  reaction  mixture  was  poured 
into  ice-20%  H2SO4.  The  vinyl  iodide  was  extracted 
into  pentane  and  the  combined  extracts  were  washed  first 
with  sodium  thiosulfate,  then  with  sodium  bicarbonate. 
Distillation  gave  15.52  g  of  /ra/i5-l-iodo-l-hexene 
(74%);  bp  50-52°  (3  mm),  n«D  1.5072.  A  smaU 
amount  of  the  vinyl  iodide  was  converted  to  the  vinyl- 
lithium  derivative,*  which  was  hydrolyzed  with  deu- 
terium oxide.    The  infrared  and  nmr  spectra  of  the 

(6)  D.  Seyferth  and  L.  G.  Vaughan,  /.  Am.  Chsm.  Soe.,  86, 883  (1964). 


olefin  obtained  were  identical  with  those  of  an  authentic 
sample  of  /r<vi5-l-hexene-l-Ji. 

Geoi«i  ZiveiM,  CiMrtai  C  Wfetoiy 

Department  cf  Chemistry,  University  cfCalifonda 

Daois,  CaUfornia    95616 
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A  New  and  Convenient  Method  for  the  Praparntioa 
of  Isomerically  Pure  a,0-Unntunited  Derivatives 
via  Hydroaliunination  of  Allcynes 

Sir: 

Relatively  little  attention  has  been  directed  to  the 
utilization  of  organoalanes  as  Grignard-lilce  reagoits. 
Zie^er  and  co-workers^  have  shown  that  the  addition 
of  carbon  dioxide  to  trialkylalanes  at  atmospheric 
pressure  and  at  room  temperature  in  hydrocarbon 
solvents  results  in  the  carbonation  of  only  one  carbon- 
aluminum  bond.  Similarly,  we  have  observed  that 
carbonation  of  vinyialanes  in  hydrocarbon  scdventi 
affords  the  corresponding  a,/9-unsaturated  acids  in 
modest  yields  (30-37%).  Both  trialkylalanes  and 
vinyialanes,  however,  fail  to  react  with  carbon  dioxide 
in  ether  or  hydrocarbon-ether  mixtures  at  room  tem* 
perature. 

We  now  wish  to  report  that  the  ate  complexes  of 
vinyialanes  may  be  utilized  for  Grignard-type  resc- 
tions.  The  required  vinyialanes  are  readily  accessiUe 
via  hydroalumination  of  alkynes  with  diisobutyl- 
aluminum hydride  in  hydrocarbon  solvents.**'  This 
involves  a  cis  addition  of  the  aluminum-hydrogen  bond 
to  the  triple  bond,  yielding  /ronj-vinylalanes  from  1- 
alkynes  and  ci5-vinylalanes  from  disubstituted  alkynei. 
Treatment  of  the  hydrocarbon  solutions  of  vinyialanes 
with  methyllithium  in  ether  in  a  1:1  ratio  followed  by 
carbonation  gives  the  corresponding  carboxylic  acidis 
in  excellent  yields.    Likewise,  acetaldehyde  and  pars- 


R 


/AKCA), 
H 


i^-^x* 


formaldehyde^  may  be  treated  with  the  ate  complexes 
at  23  and  33^,  respectively,  to  yield  a,/9-unsaturated  si- 
cohols.  A  summary  of  the  experimental  results  of  these 
reactions  is  given  in  Table  I. 

Examination  of  the  reaction  mixtures  by  ^pc  re- 
vealed that  the  products  obtained  in  each  case  were 
isomericaUy  pure.  Consequently,  the  reactions  of 
vinylalanates  with  Grignard  co-reagents  proceed  with 
retention  of  configuration.  It  was  also  noted  that  csr- 
bonation  occurs  exclusively  at  the  vinyl-aluminuin 
bond.  The  isobutyl  moieties  of  the  hydroaluminating 
agent  are  converted  to  isobutane  in  the  hydrolysis  step, 
and  hence  do  not  interfere  in  the  isolation  of  the 
products. 

(1)  K.  Ziegler,  F.  Krupp.  K.  Weyer,  and  W.  Larbig,  Amu.  Of.  251 
(1960). 

(2)  G.  Wilke  and  H.  MUUer.  ibid.,  629.  222  (I960). 

(3)  G.  Zwdfel  and  R.  B.  Steele,  to  be  publUhed. 

(4)  It  has  been  reported  that  the  reaction  of  Orignard  oompouodi 
with  paraformaldehyde  proceeds  very  slowly,  wherou  orgaoolithiaa 
derivatives  react  at  a  mtich  faster  rate:  A.  Schaap^  L. 
J.  F.  Areos,  Rec,  Trao,  Chim.,  S4, 1200  (1965). 
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Reactions  of  Vinylalanates  with 
Reagents  in  Ether 


ilanate 

Yield. 

dfrom 

Reagent 

Product 

%••* 

:yne 

CX), 

/fYvt5-2-Heptenoic  add 

78 

HCHO 

/ran^2-Hepten-l-ol 

73 

CHiCHO 

/ranj^3-Octen-2-ol 

68' 

hexyl- 

CX), 

/ra/i^3-Cyclohexyl-2- 

72 

tyleoe 

propenoic  acid 

)me 

CX). 

/ran^2^Methyl-2^butenoic 
acid 

76 

:yiie 

CX), 

/ra/t5-2-Ethyl-2-pentenoic 
add 

78 

sdation.    ^  Yields  are  based  on  the  amount  of  alkyne  used, 
ftnaldehyde.    *  Yield  90%  by  glpc  analysis. 


iOUgh  the  nature  of  the  reactive  organometallic 
ediates  has  not  been  established,  it  is  conceivable 
le  reactions  proceed  via  the  vinyllithium  deriva- 
esulting  from  disproportionation  of  the  vinyl- 
».    The  configurational  stability  of  vinyllithium 


CHs 
H. 


+  Al(C4H,),CHa 


»unds  in  solution,  a  requirement  in  view  of  the 
tereospecifity  of  the  above  reactions,  has  been 
istrated  by  Seyferth  and  co-workers. '^  We  have 
ed  that  tetraalkylalanates  do  not  react  with 
I  dioxide;  however,  their  disproportionation 
kyllithium  compounds  and  trialkylalanes  should 
rmodynamicaUy  unfavorable, 
synthesis  of  vinylalanes  is  not  confined  to  the 
dumination  reaction.  Thus  trialkylalanes  add 
tylene  under  mild  conditions  to  yield  ci5-vinyl- 
» whereas  addition  of  the  aluminum-carbon  bond 
Ikynes  affords  the  corresponding  disubstituted 
anes.'    The  availability  of  cis-  and  /ra/ts-mono- 


^CH     +     RA< 


R'C^CH    +  RA1<. 


uted  vinylalanes  greatly  increases  the  versatility 
above  reactions. 

simplicity  of  the  present  procedure  for  the  con- 
1  of  alkynes  into  a,/9-unsaturated  derivatives 
lylalanes  is  illustrated  by  the  following  example. 
).10  mole  of  1-hexyne  in  20  ml  of  n-heptane  was 
by  means  of  a  hypodermic  syringe  0.10  mole  of 
iitylaluminum  hydride,  while  maintaining  the 
rature  below  40®.  After  the  initial  exothermic 
m  had  subsided,  the  reaction  mixture  was  heated 
ir  at  SO®.  To  the  vinylalane  formed  was  added  at 
temperature  0.10  mole  of  methyllithium  in  ether 
1).  The  solution  was  cooled  to  —30°,  then  car- 
xl  by  introducing  a  stream  of  carbon  dioxide 
maintaining  the  temperature  at  —30  to  —10°. 
action  mixture  was  poured  slowly  into  an  ice- 
itrated  hydrochloric  acid  mixture  and  the  car- 
c  acid  produced  was  extracted  into  ether.    Distil- 

.  Seylcrtb,  tUeard  Chem.  Progr,  (Kreage-Hooker  Sd.  Lib.),  26, 
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lation  gave  10.0  g  of  /ran5-2-heptenoic  acid  (78%), 
bp  89°  (0.3  mm),  n"D  1.4560,  amide  mp  124°.« 
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Organonickel  Compounds  as  Reagents  for  Selectiye 
Carbon-Carbon  Bond  Formation  between  Unlike  Groups 

Sir: 

The  extension  of  carbon  chains  by  the  coupling  of 
two  different  groups  using  as  reagents  an  organic  halide, 
RHal,  and  an  alkyl-  or  arylmetal  derivative,  R'Met,  is 
seldom  employed  in  synthetic  practice  if  alternative 
operations  are  available.  This  is  due  in  part  to  the 
fact  that  coupling  products  RR  and  R'R'  are  usually 
formed  in  substantial  amounts^  and  in  part  to  the 
intervention  of  a  variety  of  other  side  reactions,  e.g., 
a-  or  j9-elimination  processes.  We  report  here  a  new 
and  promising  method  for  the  selective  combination  of 
tmlike  groups  at  carbon  using  organonickel  reagents. 

Reaction  of  a  variety  of  allylic  bromides  with  excess 
nickel  carbonyl  in  dry  benzene  (SO®,  2-3  hr)  followed  by 
removal  of  solvent  and  recrystallization  from  ether  at 
—70°*  gives  good  yields  of  x-allylnickel(I)  bromides, 
for  example,  la-c,  in  80-95  %  yield.'*  These  complexes 
are  relatively  inert  toward  alkyl  halides  in  either  hydro- 


K>C 


;>^ 


*^Br 

KR-H 

b,  R-CH, 

c,  R-OOOCA 

carbon  solvents  or  ether-type  solvents  (e.g.,  tetrahydro- 
furan).  In  more  polar^  coordinating  media,  e.g.,  di- 
methylformamide,  N-methylpyrrolidone,  or  hexa- 
methylphosphoramide,  a  facile  reaction  occurs  between 
the  complexes  1  and  a  wide  variety  of  halides,  with 
iodides  generally  being  more  reactive  than  (and  pre- 
ferable to)  bromides.'  Equation  1  summarizes  the 
over-aU  reaction,  and  Table  I  presents  the  results  ob- 


2R'Hal  + 1 


2R'CH,C=CH, 


I 


(1) 


(1)  For  example,  because  of  fast  halogen-metal  exchange  prior  to 
coupling.  See  D.  E.  Applequist  and  D.  F.  0*Brien,  7.  Am,  Chem,  Soc., 
S5.  743  (1963). 

(2)  All  operations  with  organonickel  compounds  have  been  con- 
ducted with  rigorous  exclusion  of  oxygen  using  an  argon  atmosphere 
either  with  plastic  glove  bag  or  argon-line  techniques. 

(3)  The  complex  la,  first  prepared  by  E.  O.  Fischer  and  G.  BUrger, 
Z.  Naturforsch,,  16b,  77  (1961),  was  originally  obtained  only  in  ca. 
10%  yield;  however,  much  hifi^er  yields  are  easily  realized  if  thermal 
or  oxidative  decomposition  of  the  complexes  is  avoided. 

(4)  These  complexes  can  also  be  obtained  efficiently  from  allylic 
bromides  using  bis(l,5-cyclooctadiene)nickel  as  reagent;  see  G.  Wilke 
et  al,  Angew.  Chem.  Intern.  Ed.  Engl.,  S,  1S9  (1966).  However,  the 
synthesis  from  commercially  available  nickel  carbonyl  is  usually  more 
expeditious. 

i5)  Chlorides  are  leu  generally  useful  because  of  their  much  lower 
reactivity. 


^^■■■«i«m» 
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Table  I.    Coupling  of  ir^MethallylnickeKI)  Bromide  (lb)  with 
Halides  (Eq  1)  in  Dimethylfonnamide 


Reaction  time, 

HaUde 

hr  (temp,  ^'Q 

Yield.  % 

Methyl  iodide 

10  (22) 

90- 

Methyl  bromide 

19  (22) 

90- 

Cyclohexyl  iodide 

3(22) 

91 

4-Hydroxycyclohexyl  iodide 

10(22) 

88* 

/-Butyl  iodide 

24(22) 

25- 

lodobenzene 

1  (22) 

98 

Vinyl  bromide 

13  (22) 

70« 

Benzyl  bromide 

6(60) 

91 

3-Phenylpropyl  bromide 

46(65) 

92 

Phenyl  a-chloromethyl 

18  (60) 

50 

ether 

p-Bromophenacyl  bromide 

0.5  (22) 

75 

Chloroacetone 

2  (22) 

46« 

•These  yields  were  determined  by  quantitative  vpc  analysis; 
others  are  yields  of  isolated  pure  products.  *  Mixture  of  cis  and. 
trans  isomers  which  are  converted  by  chromic  acid  oxidation  to  4- 
methallylcyclohexanone. 

tained  with  lb  and  a  diverse  collection  of  substrates.* 
The  reaction  proceeds  well  not  only  with  alkyl  iodides 
and  bromides  but  also  with  aryl  and  Dinyl  compounds. 
Further,  the  data  indicate  that  the  presence  of  carbonyl 
or  hydroxyl  functions  in  the  halide  partner  need  not 
interfere  with  coupling.  Dihalides  undergo  disubstitu- 
tion  with  the  appropriate  quantity  of  nickel(I)  complex, 
as  shown  by  the  conversion  of  1,6-diiodohexane  with 
lb  (mole  ratio  1:1.23)  to  2,1 1-dimethyl- 1,11 -dodeca- 
diene  (95  %  yield)  and  of  1 ,4-dibromobenzene  with  lb 
(mole  ratio  1:1.25)  to  1,4-dimethallylbenzene  (97%). 
The  latter  substance  is  not  readily  accessible  by  conven- 
tional synthetic  methods. 


Br 


•Br  — ►  ci^p=(X3H,--a^;— (:h,c=ch, 

CH»  CH, 

The  new  method  has  been  employed  in  direct  and 
efficient  syntheses  of  a-santalene  (ly  (88  %  yield)  and 
6pi-i8-santalene  (Sf  (90%  yield)  using  the  nickel(I) 
complex  from  a,a-dimethylallyl  bromide  as  follows.* 


DMF 


^^ 


a-santalene 


dt 


^7 


epi-^-santalene 


(6)  The  structures  and  products  obtained  by  the  reactions  described 
herein  have  been  verified  by  infrared,  nmr,  and  mass  spectrometric  or 
elemental  analysis.  Purity  was  checked  by  vapor  phase  chromatog- 
raphy and  quantitative  nmr  analysis. 

(7)  E.  J.  Corey.  S.  W.  Chow,  and  R.  A.  Scherrer,  J.  Am.  Chem.  Sac., 
79.  5773  (1957). 

(8)  E.  J.  Corey,  R.  Hartmann,  and  P.  A.  Vatakencherry,  ibid.,  84, 
2611  (1962).  The  iodocamphene  used  in  the  synthesis  of  3  was  pre- 
pared from  the  corresponding  bromide  by  successive  treatment  with 
magnesium,  mercuric  chloride,  and  iodine.  The  bromocamphene  was 
derived  from  T-bromocamphor  by  reduction  (BHO  and  dehydration 
with  POCli-pyridinc. 

^9J  The  nicket(I)  w  complex  from  a,a-dimethylaUyl  bromide  gener- 
ally  undergoes  preferential  coupling  at  the  primary  rather  than  al  the 


CCHjCaCHfiK 
CH,  (VH« 


Substances  of  utility  for  further  chain  extension  or 
cyclization  can  also  be  produced,  for  instance 

EtO0C--/]^Ni^      +  VPH^a  — ^  CH»=C5(CH2)4a 

C(X)Et 

In  cases  where  substitution  at  Ci  and/or  d  of  the 
allyl  group  allows  the  possibility  of  geometrically 
isomeric  coupling  products,  both  cis  and  trans  isomers 
usually  result.  For  example,  the  x  complex  prepared 
from  trans-gtranyl  bromide  and  nickel  carbonyl  af- 
fords with  cyclohexyl  iodide  the  coupling  product  4  as 
a  mixture  of  cis-trans  isomers  (40  and  60  %).  ^ 

(CH3)2C^CHOT4CH2C= CHOT2--/s> 

CH, 

4 

7r-Allylnickel(I)  complexes  also  can  react  with  sub- 
stances other  than  halides.  The  methallyl  complex 
lb  reacts  with  benzaldehyde,  acrolein,  and  cyclopen- 
tanone  in  dimethylformamide  to  yield  5,  R  ==  C«Hs 
(85%),  5,  R  =  CH=CH2  (80%),  and  6  (50%),  respec- 
tively, and  styrene  oxide  affords  7  (60%).  In  general, 
these  reactions  are  considerably  slower  than  those  of 
lb  with  iodides,  and  more  drastic  conditions  were 
used  (50°,  ca.  24  hr). 

OH 
I 
CHi=CCH;iCHR   HO     CHiC=CHjr    CH| 

CH,  O       ^^ 

5  6  7 

The  more  general  problem  of  effecting  cross-coupling 
reactions  of  unlike  nonallylic  groups  is  currently  the 
subject  of  a  parallel  investigation  in  this  laboratory, 
not  only  in  the  nickel  series  but  also  with  other  transi- 
tion metal  derivatives,  for  example,  organocopper""^* 
and  organosilver^*""  compounds. 

An  especially  crucial  part  of  the  coupling  process 
described  above  is  the  step  in  which  the  new  carbon- 
carbon  bond  is  formed  and  in  particular  the  precursor 
for  that  step.  Among  the  possibilities  which  presently 
appear  as  reasonable  is  the  complex  8  which  might  be 
formed,  for  example,  by  the  route^ 

tertiary  terminal;  with  methyl  iodide  it  affords  pure  2-methyl-2-pentene 
(by  vpc  and  nmr  analysis)  in  ca.  90%  yield. 

(10)  The  intercon version  of  cis-trans  forms  of  the  allyl  group  could 
occur  within  the  nickel  complexes,  e.g.,  via  reversible  a-v  bonding 
changes.  See  (a)  J.  Powell,  S.  D.  Robinson,  and  B.  L.  Shaw,  Ckem, 
Commun.,  78  (1965);  (b)  K.  G.  Ramey  and  G.  L.  Station,  7.  Am.  Chem. 
Soc.,  88.  4387  (1966).  Alternatively,  isomerization  may  involve 
equilibration  of  primary  and  tertiary  allylic  bromides  via  nickdCI)  r  and 
«-  complexes. 

(11)  H.  Gilman  and  J.  M.  Straley.  Rec.  Trav.  Chim^  55.  821  (1936). 

(12)  R.  G.  R.  Bacon  and  H.  A.  O.  Hill,  Quart.  Rev,  (London),  19, 95 
(1965). 

(13)  C.  E.  Castro,  et  al.,  J.  Org.  Chem.,  28,  2163,  3313  (1963); 
31,  4071  (1966). 

(14)  E.  A.  Bickley  and  J.  H.  Gardner,  ibid.,  5,  126  (1940). 

(15)  G.  M.  Whitesides  and  C.  P.  Casey,  /.  Am.  Chem,  Soc„  88,  4541 
(1966). 

(16)  G.  Kobrich.  H.  Frolich.  and  W.  Drischel,/.  OrganometaL  Chem. 
(Amsterdam).  6,  194  (1966). 

(17)  H.  C.  Brown  and  C.  H.  Snyder.  /.  Am.  Chem,  Soc.,  83,  1002 
(1961). 

(18)  Experiments  in  progress  have  shown  that  bis-ir-allylnickel(0) 
is  unreactive  toward  bromobenzene  and  less  reactive  toward  cydohexyl 
iodide  than  is  ir-allylnickel(I)  bromide  (unpublished  work  ^dth  L.  S. 
Hegedus  and  H.  A.  Kirst).  Consequently,  8  is  considered  a  more 
likely  intermediate  than  analogs  which  are  derived  flrom  reactk»  of 
nlckelCO)  complexes  with  RX. 


^v^ 
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Br 


+   RX 


/ 
R 


Br 

/  \        ^    ^ 
R    X 

B 

L-e.^  DMP 

behavior  of  allylic  halides  toward  x-allylnickel(I) 
tiveSy  which  contrasts  sharply  with  that  of  non- 
halides  such  as  those  appearing  in  Table  I, 
^  detailed  in  due  course.^' 

rhis  work  was  supported  by  National  Science  Foundation 
jP-6527  X,  and  also  by  National  Science  Foundation  Fellow- 
Ad.  r*  S. 

E.  J.  Corey,  Martin  F.  Semmelhack 

Department  of  Chemistry,  Harvard  University 
Cambridge,  Massachusetts    02138 
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yntiiesis  of  Large-IUng  1,5-Dienes  by  Cyclization 
irUc  Dibromides  with  Nickel  Carbonyl 


:  method  for  forming  cycloolefins  from  allylic 
jes  and  nickel  carbonyl  which  has  recently  been 
ed^''  has  now  been  examined  in  order  to  ascer- 
s  scope  with  a  series  of  dibromides  of  structure  1. 
»ults  which  have  been  obtained  suggest  that  this 

BrCHiCH=CH(CHO«CH==CHCH,Br 

1 

HOCHiCfeaCHa)«C^CX:H,OH 

2 

ation  process  provides  an  unusually  efficient  route 
e  formation  of  large  rings.  In  addition,  because 
is  to  cyclic  l,S-dienes,  it  makes  available  a  wide 
y  of  cycUc  structures  which  are  not  obtainable  in 
i^tical  way  via  the  acyloin  reaction,  currently  the 
:ommonly  used  general  approach  to  large  rings. 
5  dibromides  1,  /i  =  2,  4,  6,  8,  and  12,  were 
»ized  in  both  cis^cis  and  trans.trans  forms  from  the 
enic  diols  2,  n  =  2,  4,  6,  8,  and  12,  by  selective 
tion  to  the  corresponding  ciSyCis-^  or  transr 
ethylenic*  diols*  followed  by  reaction  with  phos- 
IS  tribromide.*  The  required  acetylenic  diols 
s  4,  6,  and  8,  were  made  by  alkylation  of  a  di- 
ide,  Br(CHi),Br,  with  the  sodio  derivative  of 
Tgyl  alcohol  tetrahydropyranyl  ether'  in  liquid 
)nia-ether^  (n  =  4,  6,  8)  or  in  tetrahydrofuran- 

\,  J.  Corey  and  E.  Hamanaka,  /.  Am,  Chem.  Soc.,  86,  1641 

L  J.  Corey  and  M .  F.  Semmelhack,  Tetrahedron  Letters,  6237 

Jsing  Lindlar  catalyst;  see  H.  Undlar  and  R.  Dubuis,  Org,  Syn., 

:1966). 

Jsing  lithium  aluminum  hydride  in  tetrahydrofuran;  see  K.  R. 

ha  and  B.  C.  L.  Weedon,  /.  Chem.  Soc.,  1584  (19S3). 

•tisfactory  analytical  and  spectroscopic  (infrared  and  nmr) 

ive  been  obtained  for  the  new  compounds  reported  herein. 

reochemical  assignments  to  the  cis,cb-  and  /ra/u.rra/u-dibromides 

he  corresponding  diols  rest  not  only  on  the  methods  of  synthesis 

iisly  shown  to  be  stereospeciiic)  but  also  on  the  occurrence  of 

1  absorption  at  10.4  or  10.3  m  for  the  trans,trans'diha\ides  or 

id  at  13.1-13.4  M  for  all  the  ci5,c/«-dibromides. 

.  M.  Otbcmd,  /.  Chem,  Soc,,  5270  (1961). 

L  O.  Jones  and  M.  J.  Mann,  J,  Am,  Chem,  Soc.,  IS,  4048  (1953). 


dimethyl  sulfoxide  (n  =  12),  and  the  diol  2,  n  »  2,  was 
obtain^  from  l,S-hexadiyne*  and  formaldehyde. ^<^ 

The  cyclization  experiments  were  conducted  by  slow 
addition  (motor-driven  syringe,  12-hr  period  of  addi- 
tion) of  the  allylic  dibromide  (1  mmole)  in  dimethyl- 
formamide  (1  ml)  to  a  solution  of  nickel  carbonyl  (S 
mmoles)  in  dimethylformamide  (ca.  40  ml)  under  argon 
at  50°.  In  the  cases  of  the  dibromides  1,  n  »  6,  8,  and 
12,  the  same  cyclization  product  was  obtained  starting 
with  either  ciSyCis  or  trans^trans  isomer. 


1,  n=«6 

(cm  or  trans  series) 


69% 


1,  /i==8 
{cia  or  trans  series) 


\^'^V.x^'S^ 


70-74* 


1,  11=12 
ids  or  trans  series) 


76-84% 


In  each  of  these  cases  the  cyclization  product  was 
principaUy  (95-98%)  the  /r£ww,/r£ww-l,5-diene,  but 
smaU  amounts  of  an  isomeric  compound,  probably  the 
ciSytrans  isomer,  could  be  detected  by  vapor  phase 
chromatography."  The  major  product  from  1,  n  = 
6,  was  identified  as  /raff^,/ran5-l,5-cyclododecadiene  by 
spectroscopic  comparison  with  the  known  substance;^* 
the  infrared  spectrum  manifested  absorption  at  10.4  /a 
due  to  CH=CH  (trans)  and  no  absorption  at  ca.  14.2  /a 
which  would  be  expected  for  CH=CH  (cw),  and  hy- 
drogenation  afforded  cyclododecane,  identical  with  an 
authentic  sample.  The  principal  products  from  1, 
/I  =  8,  and  1,  /i  =  12,  were  identified  by  their  infrared 
spectra  (e.g.y  absorption  at  10.4  /a  but  not  at  14.2  ^), 
mass  spectra,  nmr  spectra,  and  hydrogenation  to  cyclo- 
tetradecane,  mp  54-55°,^'  and  cyclooctadecane,  mp 
71-72**,^'  respectively.  The  predominant  course  of 
cyclization  with  the  dibromides  1,  /i  =  2,  and  1,  n  » 
4,  was  formation  of  six-membered  ring  structures  by 
1-6  and  3-8  coupling,  respectively;  again  the  product 
composition  was  essentially  independent  of  the  geom- 
etry of  the  starting  dibromide.  With  nickel  carbonyl, 
1,  /I  =  2,  afforded  4-vinylcyclohexene  (42%)  and  cw,- 
c/5-l,5-cyclooctadiene  (5%);  the  same  products  were 
also  obtained  using  triphenylphosphinenickel  tri- 
carbonyl,^*  but  the  relative  amount  of  1,5-cycloocta- 
diene  was  somewhat  greater  {ca,  20%  of  the  mixture). 
In  the  case  of  dibromide  1,  /i  =  4,  with  either  nickel 
carbonyl  or  triphenylphosphinenickel  tricarbonyl,  only 

(8)  H.  Bader,  L.  C.  Cross,  I.  Heilbron,  and  E.  R.  H.  Jones,  /.  Chem, 
Soc,,  619  (1949). 

(9)  R.  A.  Raphael  and  F.  Sondheimer,  ibid.,  120  (1950). 

(10)  F.  Sondheimer,  J,  Am.  Chem.  Soc.,  74,  4040  (19S2). 

(11)  Using  a  column  packed  with  Carbowax  20M  (10%)  on  Chromo- 
sorb  P  at  200°. 

(12)  Reference  spectra  were  furnished  by  Dr.  Masaji  Ohno,  Toyo 
Rayon  Co.,  Kamakura,  Japan. 

(13)  L.  Ruzicka,  M.  Stoll,  M.  W.  Huyser,  and  H.  A.  Boekenoogen. 
Helv.  Chtm.  Acta,  13,  1152  (1930). 

(14)  See  ref  2  for  Ml  tMAnpVt  ot  >i^ti<icotL\xc:\cA.'V^c>^'QKX>aBO!»%'Q^^ 

reagent 


XA«.«t«««k«  tc\  1! 
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cis'  and  /rfl«5-l,2-divinylcyclohcxane"  were  observed, 
with  the  former  reagent  giving  a  preponderance  of  the 
CIS  isomer  and  the  latter  favoring  the  trans  isomer 
with  a  ratio  of  ca.  1:2;  no  l,5-cyclodecadiene"»^* 
could  be  detected  spectroscopically  or  by  vpc. 

Although  it  has  not  yet  been  shown  experimentally 
that  the  cyclization  of  allylic  dibromides  by  nickel 
carbonyl  can  be  used  for  the  synthesis  of  ring  sizes 
larger  than  18,  the  efficiency  of  cyclization  in  the  18- 
membered  case  strongly  suggests  that  it  can.^'  The 
formation  of  essentially  the  same  cyclization  product 
from  cis-trans  isomeric  dibromides  is  not  surprising  in 
view  of  earlier  findings  and  similar  results  in  inter- 
molecular  coupling  reactions,  ^^  and  it  can  be  explained 
simply  by  allylic  isomerization  either  because  of  allylic 
halogen-nickel  exchange^  or  allylic  rearrangement 
within  the  organonickel  complexes  via  (r-allylnickel 
structures.  ^* 

The  fact  that  the  cyclization  of  1,  /i  =  2  and  4,  leads 
mainly  to  six-membered  ring  structures  indicates  that 
the  formation  of  this  ring  size  relative  to  the  alternative 
eight-  and  ten-membered  structures  is  sufficiently 
favorable  to  overcome  the  marked  preference  for  the 
joining  of  primary  over  secondary  over  tertiary  carbons 
in  allylic  coupling. '*»*^ 

It  is  noteworthy  that  the  efficiency  of  cyclization  of 
the  substrates  1,  n  =  2,  4,  6,  8,  and  12,  is  stron^y  de- 
pendent on  the  solvent  which  is  used ;  solvents  such  as 
dimethylformamide  and  N-methylpyrrolidone  are  much 
superior  to,  e.g.,  tetrahydrofuran  or  glyme  solvents. 
A  discussion  of  these  effects  and  detailed  considerations 
of  the  mechanism  of  the  cyclization  process  will  be 
presented  in  due  course. 

It  is  apparent  that  the  cyclization  discussed  herein 
is  a  very  useful  synthetic  method.  In  principle  it  is 
applicable,  for  example,  to  a  synthesis  of  elemol,*' 
j9-maaliene,*'  or  cembrene.**  A  total  synthesis  of 
humulene  has  already  been  accomplished  using  this 
method."'" 

(15)  Authentic  samples  of  cJi-l,2-divinylcyclohexane  and  cisjrans- 
l,S-cyclodecadiene  were  kindly  provided  by  Dr.  P.  Heimbach,  Max- 
Planck  Institut,  Miilheim,  Germany;  see  P.  Heimbach,  Angew,  Chem, 
Intern,  Ed,  Engl,  3. 702  (1964);  5,  595  (1966). 

(16)  It  was  shown  by  a  control  experiment  that  cJi,rra/u-l,5-cyclo- 
decadiene  was  recovered  unchanged  after  being  subjected  to  cyclization 
conditions. 

(17)  A  study  of  the  cyclization  of  l,40-dibromo-2,38-tetracontadiene 
which  could  give  a  40-membered  ring  is  now  under  way.  The  yields 
given  for  the  cyclization  of  1,  r  «>  6,  8,  12,  are  probably  not  optimal, 
since  only  one  set  of  reaction  conditions  was  tried. 

(18)  E.  J.  Corey  and  M.  F.  Semmelhack,  to  be  published. 

(19)  The  intervention  of  allylnickel(I)  bromide  complexes  in  these 
cyclizations  is  clear  from  the  development  of  the  deep  red  color  charac- 
teristic of  such  complexes  during  reaction.  This  color  develops  rapidly 
as  the  addition  of  dibromide  to  nickel  carbonyl  is  started,  and  at  the  end 
of  the  addition  it  fades  and  gives  way  to  the  characteristic  green  color  of 
nickel(II)  bromide  in  dimethylformamide  solution. 

(20)  I.  D.  Webb  and  G.  T.  Borcherdt,  7.  Am,  Chem,  Soc,,  73,  2654 
(1951). 

(21)  E.  J.  Corey  and  M .  F.  Senmielhack,  ibid,,  89, 2755  (1967). 

(22)  V.  Sykora,  V.  Herout,  and  F.  Sorm,  Collection  Czech,  Chem. 
Commun.,  20,  220  (1955). 

(23)  V.  Herout,  et  al..  Abstracts,  lUPAC  Congress  on  Natural  Prod- 
ucts, Stockholm,  Sweden,  1966,  p  57. 

(24)  W.  G.  Dauben,  W.  E.  Thiessen,  and  P.  R.  Resnick,  7.  Am,  Chem, 
5oc.,  84,  2015  (1962). 

(25)  E.  J.  Corey  and  E.  Hamanaka,  ibid.,  89, 2758  (1967). 

(2^  This  work  was  generously  supported  by  the  National  Institutes 

of  Health  (fellowships  to  E.  Wat)  and  the  National  Science  Foundation 
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Total  Syntiiesis  of  Humulene 

Sir: 

We  describe  herein  a  total  synthesis  of  humulene, 
7  (2,6,6,9-tetramethyI-/rafts,/r£ww,/rfl/i5-cycloundeca-l,- 
4,8-triene)/"*  a  fundamental  monocyclic  triisoprenoid 
structure  which  is  a  likely  precursor  of  a  number  of  other 
naturally  occuring  sesquiterpenes.^  The  key  step  in 
the  synthesis  is  formation  of  the  11-membered  ring  by 
cyclization  of  a  1,1  l-dibromo-2,S,9-undecatriene  deriva- 
tive using  nickel  carbonyl.* 

One  important  intermediate  in  the  synthesis  is  the 
phosphonium  ylide  1  which  was  obtain^  starting  with 
dimethyl  /ran5-3-methylglutaconate'  by  a  sequence 
involving  (1)  reduction  to  the  corresponding  diol  (2, 
U  =  V  =  OH)  using  lithium  aluminum  hydride- 
aluminum  chloride  (3:1)^  in  ether;  (2)  conversion  to 
the  dibromide  2,  U  =  V  =  Br,"  then  selective  displace- 
ment of  the  allylic  bromine  with  trimethylbenzylam- 
monium  dichloroacetate  in  acetone  to  give  2,  U  =  Br, 

V  =  OCOCHClj;  (3)  basic  hydrolysis  to  the  bromo- 
hydrin  2,  U  =  Br,  V  =  OH ;  (4)  acid-catalyzed  addition 
to  dihydropyran  to  form  2,  U  =  Br,  V  =  OTHP 
(THP  =  2-tetrahydropyranyl  ether),  and  (5)  reaction 
with  triphenylphosphine  in  acetonitrile  at  80°  for  24  hr 
to  form  the  phosphonium  (bromide),  U  =  F*"(CeH6)i, 

V  =  OTHP. 

A  second  key  intermediate  is  the  aldehyde  3,  the 
synthesis  of  which  proceeded  from  l-chloro-2-mcthyl-4- 
acetoxy-2-butene,i<>  4,  W  =  Q,  X  =  OAc,  as  follows: 

(1)  displacement  of  chloride  from  4,  W  =  CI,  X  =  OAc, 
by  trimethylbenzylammonium  mesitoate  in  ethanol  at 
80''  for  24  hr  to  form  4,  W  =  mesitoyloxy,  X  =  OAc; 

(2)  selective  alkaline  hydrolysis  to  4,  W  =  mesitoyloxy, 
X  =  OH;  and  (3)  reaction  with  phosphorus  tribro- 
mide*^  in  ether  to  give  4,  W  =  mesitoyloxy,  X  =  Br, 
which  was  used  to  alkylate  the  magnesium  derivative 
formed  from  N-(2-methylpropylidine)cyclohexyl- 
amine^*.^'  to  afford  an  imine  which  yielded  3  by  hy- 
drolysis with  aqueous  oxalic  acid  at  23  °  for  4  hr. 

Wittig  condensation  of  the  ylide  1  with  the  aldehyde 
3  in  dimethyl  sulfoxide  ^^  afforded  the  triene  5,  Y  = 

(1)  S.  Dev,  Tetrahedron,  9,  1  (1960). 

(2)  M .  D.  Sutherland  and  O.  J.  Waters,  Australian  J,  Chem,,  14, 396 
(1961). 

(3)  A.  T.  McPhail,  R.  I.  Reed,  and  G.  A.  Sim,  Chem.  Ind.  (London), 
976(1964). 

(4)  J.  A.  Hartsuck  and  I.  C.  Paul,  ibid.,  977  (1964). 

(5)  For  example:  (a)  caryophyllene:  E.  J.  Corey,  R.  B.  Mitra,  and 
H.  Uda,  J,  Am.  Chem.  Soc,,  86,  485  (1964),  and  referoioes  therein  dted: 
(b)  zarumbone:  S.  Dev,  Tetrahedron,  8,  171  (1960);  (c)  humukne 
mono-  and  dioxide:  S.  K.  Ramaswami  and  S.  C.  Bhattacharyya, 
ibid.,  18,  515  (1962);  (d)  humulenol:  N.  P.  Damodaren  and  S.  Dev, 
Tetrahedron  Letters,  1941  (1963). 

{€)  See  (a)  E.  J.  Corey  and  E.  Hamanaka,  J.  Am.  Chem.  Soc,  8ii 
1641  (1964);  (b)  E.  J.  Corey  and  M.  F.  Semmelhack,  Tetrahednm 
Letters,  6237  (1966);  (c)  E.  J.  Corey  and  E.  K.  W.  Wat,  /.  Am.  Chem. 
Soc.,  89,  2757  (1967). 

(7)  Obtained  from  a  commercially  available  mixture  of  trans  and 
cis  isomers  (ratio  45:55)  by  fractional  distillation;  any  cis  isomer  re- 
maining as  an  impurity  in  this  starting  material  could  easily  be  removed 
in  the  transformation  to  2.    U  -  Br,  V  «»  OH. 

(8)  M .  J.  Jorgenson,  Tetrahedron  Letters,  559  (1962). 

(9)  Procedure  of  I.  T.  Harrison  and  B.  Lythgoe,  J.  Chem.  Soe.,  843 
(1958). 

(10)  W.  Oroshnik  and  R.  Mallory,  /.  Am.  Chem,  Soc.,  72,  4608 
(1950). 

(11)  J.  M.  Osbond,  J.  Chem.  Soc,,  5270  (1961). 

(12)  G.  Stork  and  S.  R.  Dowd,  J.  Am.  Chem.  Soc.,  85, 2179  (1963). 

(13)  G.  Wittig,  H.  D.  Frommeld,  and  P.  Suchaneck,  Angew.  Chem. 
Intern,  Ed,  Engl.,  2,  693  (1963). 

(14)  R.  Greenwald,  M .  Chaykovsky,  and  E.  J.  Cofcy,  /.  Org,  Chem^ 
28«  1128  (1963). 
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Z  -  mesitoyloxy,  with  the  central  (5,6)  double 
cis.^^    The  mesitoyl  and  tetrahydropyranyl  pro- 
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;  groups  were  removed  by  sequential  treatment 
thium  aluminum  hydride  in  ether  (23^,  1  hr)  and 
Y  acidic  methanol  at  25°  to  give  the  diol  5,  Y  >• 
OH,  which  was  converted  by  phosphorus  tri- 
le"  to  the  dibromide  5,  Y  =  Z  =  Br. 
4,5'Cis  isomer  of  humulene  (6)  was  formed  as  the 
product  when  a  solution  of  the  dibromide  5, 
Z  =  Br,  in  N-methylpyrrolidone  was  added 
(automatic  syringe  drive)  to  4  mole  equiv  of 
carbonyl  in  the  same  solvent  at  50°  under  argon 
er  with  three  other  volatile  products  (0.7,  0.5, 
4  parts  per  part  of  6).  Irradiation  of  the  crude 
ition  product  (>350  m^)  and  diphenyl  disulfide^* 
ohexane  at  25°  for  2.5  hr  caused  isomerization  of 
imulene  (7)  which  was  obtained  from  the  mixture 
extraction  with  50%  aqueous  silver  nitrate.'* 
Ltion  of  pure  humulene  from  the  only  contaminant 
readily  accomplished  by  preparative  vapor  phase 
atography  (fluorosilicone  column,  150°).  The 
tic  product  behaved  exactly  as  did  natural 
ene^*  upon  vpc  analysis  with  fluorosilicone,  di- 
le  glycol  succinate,  and  Carbowax  20M  columns 

"he  cis  geometry  for  the  5,6-double  bond  in  5  is  indicated  by  the 

of  the  absorption  characteristic  of  trans  -CH^sCH-  at  10.3- 

by  the  ready  photoisomerization  using  diphenyl  disulfide**  to 

:r  which  did  exhibit  infrared  absorption  at  10.3  Mt  and  finally 

:  observation  that  the  model  reaction  of  pivalaldehyde  with  n- 

le-  and  /3-phenylethylidenetriphenylphosphorane  in  dimethyl 

t  afforded  olefinic  product  of  >98  %  els  content  *'    The  subse- 

nthetic  transformations  also  allow  the  els  assignment 

:.  Moussebois  and  J.  Dale,  J.  Chem.  Soe,,  260  (1966). 

^  J.  Corey  and  G.  T.  Kwiatkowski,  7.  Am,  Chem.  Soc.,  SS, 

»66). 

I.  P.  Hildebrand  and  M.  D.  Sutherland,  Australian  J.  Chem.,  14, 

I),  have  described  an  efficient  purification  of  naturally  occuiring 

e  by  this  technique.    In  the  present  case  the  extraction  removes 

nulene  and  any  unisomerised  4,5-cJi-humulene  (6)  from  the 

/e  are  indebted  to  Drs.  F.  Sorm,  S.  Dev,  and  M.  D.  Sutherland 
les  of  iMtaral  humulene  for  comparison. 
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(which  cleanly  resolve  a  large  number  of  sesquiterpenes). 
Identity  was  further  established  by  the  correspondence 
of  infrared,  nuclear  magnetic  resonance,  and  mass 
spectra." 

(20)  This  work  was  supported  by  a  grant  from  the  National  Science 
Foundation. 
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Structures  of  Two  Compounds  Containing 
Strong  Metal-to-Metal  Bonds 

Sir: 

It  has  been  established  that  the  ResClg^  and  ResBrg'" 
ions  have  an  eclipsed  structure^  with  a  quadruple  bond 
between  the  metal  atoms.'  It  has  been  shown  that 
ligand  substitution  reactions  of  various  kinds  proceed 
readily  with  these  ions.'  In  particular,  a  compound  of 
empirical  formula  ReClsPCCeHs)!  was  obtained**  by 
treating  RezCU^  with  PCCeHs)!.  Unfortunately  this 
compound,  which  was  shown**  not  to  be  of  the  ResCULs 
type  obtained^  from  ResCU,  was  too  insoluble  to  permit 
positive  structural  characterization.  It  was  postulated, 
however,  that  it  is  the  dinuclear,  1,2-disubstituted 
derivative,  (CeHs),PRear-ReaiP(CeH6)i.  In  order 
to  obtain  direct  evidence  on  this,  and  particularly  to 
see  if  such  a  compound  retains  the  short  Re-Re  bond 
and  the  eclipsed  configuration  which  is  a  consequence' 
of  the  5  component  of  the  quadruple  bond,  a  soluble, 
crystallizable  analog  was  sought.  The  P(CsH5)s  analog 
proved  satisfactory;  its  structure  has  been  determined 
by  sin^e-crystal  X-ray  methods  and  is  described  here. 

ResCl«[P(CsH5)s]t  crystallizes  in  the  space  group 
P2i/n  with  unit  cell  dimensions  a  =  7.644  db  0.003, 
*  =  10.985  =fc  0.005,  c  =  14.206  db  0.006  A;  jS  =  96.5 
±  0.1®;  Z  =  2.  Intensities  were  recorded  using  a 
counter  diffractometer  and  Cu  Ka  radiation  (Ni 
filtered)  within  a  sphere  limited  by  tf  =  55**.  The  struc- 
ture was  solved  by  conventional  Patterson  and  Fourier 
syntheses  and  has  been  refined  to  an  R  value'  of  0.066 
ne^ecting  statistically  unreliable  reflections. 

The  molecule,  shown  in  Figure  1,  lies  on  a  crystal- 
lographic  inversion  center  and  possesses  the  expected 
eclipsed  configuration.  Important  bond  lengths  and 
angles  are:  Re-Re,  2.222  db  0.003  A;  Re-CU,  2.35  =fc 
0.01  A;  Re-a,  and  Re-Cl,,  2.30  =b  0.01  A;  Re-P, 
2.46  =b  0.01  A;  Re-Re-Ch,  116.3  =b  0.2**;  Re-Re-Cl,, 
104.0  =b  0.2**;  Re-Re-Cl,,  103.0  =fc  0.2**;  Re-Re-P, 
97.4  =b  0.2**.  While  the  significant  difference  in  Re-Cl 
distances  may  be  explained  in  terms  of  the  trans  effect, 
there  is  no  immediately  apparent  reason  for  the  ob- 
served angular  distortions. 

This  is  the  first  substitution  product  (not  involving 
oxidation  or  reduction)  of  an  ResXs'"  ion  which  has 

(1)  (a)  F.  A.  Cotton  and  C.  B.  Harris,  Inorg.  Chem.,  4,  330  (1965); 
(b)  V.  O.  Kuznetzov  and  P.  A.  Koz'min,  Zh.  Strukt.  Khim.,  4.  55 
(1963);  (c)  V.  G.  Koz'min,  V.  G.  Kuznetzov.  and  Z.  V.  Popova,  ibid., 
6,  651  (1965);   (d)  W.  R.  Robinson.  Thesis.  MIT,  1966. 

(2)  F.  A.  Cotton,  Inorg.  Chem.,  4,  334  (1965). 

(3)  (a)  F.  A.  Cotton.  N.  F.  Curtis,  and  W.  R.  Robinson,  ibid.,  4, 1696 
(1965);  (b)  F.  A.  Cotton.  N.  F.  Curtis.  B.  F.  G.  Johnson,  and  W.  R. 
Robinson,  ibid.,  4,  326  (1965);  (c)  F.  A.  Cotton.  C.  Oldham,  and 
W.  R.  Robinson,  ibid.,  5,  1798  (1966). 

(4)  F.  A.  Cotton,  S.  J.  Up^paxd, Mi41.T.>^%wafc.^vaL.>^V^V>»«S\, 

(5)  Defined  as  X\\Fo\  -  \FJM'L\Fo\. 
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Figure  1 .    The  structure  of  Retai[P(CtHi)t]s. 

been  structxirally  characterized  in  a  direct  and  definitive 
way.  It  shows  that  such  substitutions  can  indeed  be 
carried  out  with  preservation  of  the  Re-to-Re  quadruple 
bond  with  its  attendant  structural  consequences.  This 
result  is  to  be  compared  with  the  extensive  structural 
changes  (see  below)  which  are  sometimes  found  when 
ResXs^  species  are  subjected  to  redox  reactions. 

It  has  recently  been  reported  that  a  crystalline  form  of 
rhenium(IV)  chloride  exists,  from  which  many  chemical 
reactions  produce  the  RejCU*"  ion  or  derivatives  there- 
of.* These  observations  would  suggest  that  the 
rhenium(I  V)  chloride  contains  dinuclear  structural  units, 
and  one  interesting  possibility  is  that  such  a  unit  might 
have  a  structure  similar  to  that  of  ResCU'-  except  that 
the  rotational  configuration  would  be  staggered  and  the 
Re-Re  bond  longer  because  of  the  absence  of  a  S  bond, 
as  in  the  recently  reported'  structure  of  ReiClfi(CHt- 
SCHjCHjSCH,),.  A  single-crystal  X-ray  study  of  the 
structure  of  the  rhenium(IV)  chloride  has  been  under- 
taken. Though  dinuclear  units  are  present,  they  are 
of  an  entirely  different  structure,  being  of  the  WjCU*" 
type,  strung  together  in  infinite  chains  Dia  bridging  by 
one  of  each  set  of  terminal  CI  atoms.  Thus,  conversion 
of  rhenium(IV)  chloride  to  RejCU*"  and  its  derivatives 
takes  place  with  very  extensive  rearrangement,  but  the 
Re-Re  unit  remains  intact. 

Rhenium(IV)  chloride  forms  monoclinic  crystals 
belonging  to  one  of  the  space  groups  Pc  or  P2/c.  Unit 
cell  dimensions  are  a  =  6.366  ±  0.005,  b  =  6.282  ± 
0.006,  c  =  12.165  ±  0.006  A;  j8  =  93.17  ±  0.10^ 
Three-dimensional  data  were  collected  using  nickel- 
filtered  Cu  Ka  radiation  on  a  GE  XRD-5  diffractom- 
eter,  within  the  sphere  limited  by  2fl  $  101®.  The 
425  significant  reflections  were  corrected  for  Lorentz- 
polarization  effects  and  absorption.  Conventional 
Patterson  and  Fourier  techniques  revealed  the  structure 
shown  in  Figure  2. 

Refinement  of  this  structure  has  been  hampered  by 
several  severe  and  seemingly  inescapable  difficulties, 
although  there  is  no  reason  to  doubt  that,  qualitatively, 
this  structure  is  correct.  As  reported*  before,  the 
ReCh  crystals  are  only  metastable  and  the  preparation 
of  them  has  not  been  successfully  duplicate.  The 
available  crystals  are  relatively  large  (giving  transmis- 
sion factors  for  Cu  Ka  radiation  ranging  from  0.027 

(6)  F.  A.  Cotton,  W.  R.  Robinson,  and  R.  A.  Walton,  Inorg.  Chem., 
6.  223  (1967). 

(7)  M.  J.  Bennett,  F.  A.  Cotton,  and  R.  A.  Walton,  /.  Am,  Chem, 
Soc„  88,  3866  (1966). 


Figure  2.    A  portion  of  the  Re04  structure  projected  down  tbe 
6  axis. 


to  0.160)  and  irregularly  shaped  so  that  absorption  cor- 
rections could  not  be  accurately  applied.  Attempts  to 
reduce  the  size  or  improve  the  shape  of  the  crystab 
using  either  solvents  or  mechanical  grinding  failed 
because  of  their  chemical  instability  and  brittleness. 
There  is  also  evidence  in  Lau6  photographs  for  dis- 
order. Difference  Fourier  maps  have  contained  too 
much  noise  ('^2e/A')  to  allow  an  unambiguous  test  of 
the  several  disorder  models  which  have  been  postulated. 
Two  independent  sets  of  data  on  different  crystals  have 
been  used,  each  refining  (full-matrix,  least-squares, 
P2/c)  to  R^  li%.  Use  of  the  average  of  the  two  sets 
leads  to  R  =^  17%.  Use  of  space  group  Pc  makes  no 
significant  difference  in  the  course  of  the  refinement. 
It  is  possible  that  by  recollecting  the  data  using  Mo  Ka 
radiation,  absorption  errors  might  be  minimized  enough 
to  permit  clarification  of  the  disorder. 

The  Re-Re  distance  presently  available  is  2.73  ± 
0.03  A,  which  indicates  metal-metal  bonding.  This 
distance  and  in  fact  the  entire  structure  is  in  marked 
contrast  to  that  of  TcCl4-  The  latter*  also  contains 
polymeric  chains  of  MXe  octahedra,  but  joined  on  edges 
with  Tc-Tc  distances  of  3.62  A.  Moreover,  the  Tc 
atoms  are  actually  displaced  away  from  each  other,  a 
good  sign*  that  there  is  no  metal-metal  bonding.  Thus 
for  the  four-valent  group  VII  metals,  the  tendency  to 
form  metal-metal  bonds  becomes  dominant  only  with 
the  third-row  metals.  However,  even  a  slight  lowering 
of  the  oxidation  state  causes  Tc  as  well  as  Re  to  form 
such  bonds,  as  in  the  TcaCU*"  ion."^'" 

(8)  M.  Elder  and  B.  R.  Penfold.  Inorg.  Chem.,  5,  1197  (196^ 

(9)  F.  A.  Cotton,  Rev.  Pure  Appl.  Chem.,  in  press. 

(10)  F.  A.  Cotton  and  W.  K.  Bratton,  /.  Am.  Chem,  Soc,^  S7,  921 
(1965). 

(11)  These  studies  were  supported,  in  part,  by  Contract  No.  AT(30-1)* 
1965  with  the  U.  S.  Atomic  Energy  Commission. 

M.  J.  Bennett,  F.  A.  Cotton,  B.  M.  FoxMn,  P.  P.  Stokcly 

Department  of  Chemistry,  Massachusetts  institute  of  Technology 

Cambridge,  Massachusetts    02139 
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lysis  of  7-Keto  Sulfides 


J  ultraviolet  spectra  of  j8-kcto  sulfides,^"'  the  cyclic 
>  sulfide  thiacyclohexan-4-one^~'  (1),  and  the 
5-keto  sulfide  thiacyclooctan-S-one^'*  show 
ice  for  charge  transfer  in  the  excited  state  as  well 
turbation  of  the  n.x'*'  state  of  the  carbonyl  group. 


Similar  studies  of  the  photolysis*  of  8-thiabicyclo- 
[3.2.11octan-3-one**»"  (4)  in  a  variety  of  solvents 
yielded  the  products  indicated  in  Table  I. 

The  ultraviolet  spectrum  of  the  acyclic  7-keto  sulfide 
5  shows  no  charge-transfer  band."*^^  Photolysis  of 
5  in  Freon-113  with  a  Pyrex,  Corex,  or  Vycor  filter 
yields  only  polymeric  material;  photolysis  in  r-butyl 
alcohol  yields  predominately  polymeric  material  plus 


;.    Yields  of  Products  from  Photolysis  of  4 


Solvent 


Time, 

Concn,  % 

i_i 

hr 

(g/ml) 

s — <v^^ 

39 

0.20 

49(84) 

95 

1.20 

43(67) 

62.3 

0.20 

(2) 

74 

0.20 

(0) 

15.3 

0.40 

32 

rr:Lx>T' 


%  yield* 


s 


Unreacted 


)utyl  alcohol 
)utyl  alcohol 
ethanol 
i^lohexane 
eon-113 


(0) 
(4)-.. 


(6) 

15 

(42) 

15 


(1) 
2 

(6) 
4 
0 


6(9) 
36(33) 
(45) 
70 
50 


e  numbers  not  in  parentheses  are  isolated  yields  determined  by  column  chromatography  on  80-100  mesh  silicic  add  followed  by  dis- 
a  or  sublimation;   the  yields  in  parentheses  are  determined  by  gas  chromatography  as  described  in  ref  9.     ^  p^^  1782  (s),  1637  (w). 


n),  910  (m)  cm-»;  nmr  (Ca*):  5  1.7-2.6  (multiplct,  4  H.  -CH,CHr-).  3.2-4.4  (multiplct,  3  H,  -CH-CHi-CO-S).  4.8-5.2  (multiplct, 
=CHs),  5.4-6.3  (multiplet,  1  H,  -CH=).  •  R  »  CXCHt)i.  '  R  -  CH«.  •  Structure  not  established;  structure  based  on  retention 
a  gas  chromatography.    ^  R.  E.  Ireland  and  N.  H.  Smith,  Chem.  tnd.  (London),  1252  (1959). 


lave  undertaken  a  study  of  the  photochemistry  of 
systems  and  related  systems  to  investigate  possible 
etic  applications  of  these  reactions.  This  com- 
cation  reports  the  results  of  our  initial  studies  with 
o  sulfides. 

otolysis*  of  r*  as  a  0.21%  (w/v)  solution  in  r- 

alcohol  for  26.4  hr  yielded  46.5%*  j8-thiolactone 

49%  ester  3,""  and  5%*  unreacted  1.    Pho- 

s  of  1"  as  a  0.29%  solution  in  Freon-113  for  48.2 


0-(X(^Ha), 
S-C2H5 


1 


n-PrS(M2CH2CCH3 
5 


oduced2in51%yield.» 


L  A.  Fehnel  and  M.  Carmack,  J,  Am,  Chem.  Soc.,  71,  84  (1949). 

3.  Bcrgson  and  A-L.  Delin.  Arkiv  Kemi,  18,  489  (1961). 

3.  Bcrgson,  G.  Claeson,  and  L.  Schotte,  Ada  Chem.  Scand.,  16, 

1962). 

N.  J.  Leonard,  T.  L.  Brown,  and  T.  W.  Milligan,  /.  Am.  Chem. 

II,  504  (1959). 

n!  J.  Leonard,  T.  W.  MiUigan,  and  T.  L.  Brown,  ibid.,  82,  4075 

■ 

Hanova  Type  L  450-w  lamp  with  Pyrex  filter. 

Xl5r'"  230  mM  («  640),  291  m^  («  21);    XiS"'^"  237  m/*  («  435), 

P»(<22). 

C  Barkenbuss,  V.  C  Midkiff,  and  R.  M.  Newman,  /.  Org,  Chem., 

2  (1951). 

Not  isolated  yield;     the  mixture  was  analyzed  by  gas  chro- 

raphy  on  a  6-ft  column  of  10%  Carbowax  on  Chromosorb  P  at 

Samples  were  collected  on  a  Z5-ft  column  at  110*^  for  spectra 
mibustion  analysts  or  comparison  with  an  authentic  sample. 

British  Patent  840,658  (1960);   Chem.  Absir.,  55,  1452  (1961). 

rZP*  1776  cm->;    nmr  (CCi*):   6  3.05  and  4.02  ppm,  triplets, 
.5  cps. 

Satisfactory  analyses  have  been  obtained  for  all  new  corn- 
Is  reported. 

The  isolated  yield  of  3  was  36%;    isolated  by  column  chro- 
raphy  on  80-100  mesh  silicic  acid  followed  by  distillation. 


at  least  six  other  products,  formed  in  a  total  yield  of 
less  than  5  %. 

Since  the  charge-transfer  bands  for  1  and  4  extend 
beyond  280  m/i  and  overlap  with  the  n,T*  band,  our 
results  do  not  enable  us  to  conclude  whether  charge 
transfer  or  n^ir*  excitation  is  responsible  for  the  observed 
products.^ 

(14)  XlSr"*  232  mil  («  570),  294  mM  (c  20);     XS"**^  238  m|i 
(c  399),  287  m/i  (c  21). 

(15)  V.  Horak,  J.  Zavada,  and  A.  Pishala,  Acta  Chim.  Hung.,  21,  97 
(1959). 

(16)  X2r*"»  283  mfi  (f  28);  XS***^"  280  m/*  («  34). 

(17)  Similar  results  are  reported  for  other  acyclic  y-keto  sulfides; 
see  ref  1-3. 

(18)  This  research  has  been  supported  by  National  Science  Founda- 
tion Grant  No.  GP-5761. 

(19)  Alfred  P.  Sloan  FeUow.  1963-1967. 

Ptter  Y.  Johnsoii,  Glenn  A.  Berclitold>* 

Department  of  Chemistry,  Massachusetts  institute  of  Technology 

Cambridge,  Massachusetts    02139 

Received  February  27, 1967 


Photochemistry  of  l80thiochroiiian-4-one 

Sir: 

We  wish  to  report  an  interesting  photochemical 
rearrangement  of  the  isothiochroman-4-one  system. 

Photolysis^  of  1*'  in  cyclohexane  (0.20%  w/v)  for 
6-7  hr  produced  in  20%  yield  a  liquid  isomer  identified 
as  thiochroman-3-one  (3)  by  analysis/  spectral  data,* 
and  the  synthesis  of  an  authentic  sample  by  Dieckmann 
cydization  of  4  followed  by  acid  hydrolysis  and  decar- 

(1)  Hanovia  Type  L  450-w  lamp  with  Pyrex  filter. 

(2)  C.  C.  Price,  M.  Hon,  T.  Parasaran,  and  M.  Polk,  J.  Am,  Chem, 
Soc.,  85,  2278  (1963);  J.  von  Braun  and  K.  Wdssbach,  Ber.,  62,  2416 
(1929);  P.  Cagniant  and  D.  Cagniant,  Bull,  Soc,  Chim,  France,  2225 
(1961). 

(3)  XiSr*~"  244.5  m/i  («  10,400).  289  (1540),  348  (149). 

(4)  Satisfactory  analyses  have  been  obtained  on  all  new  compounds 
reported. 

(5)  f22«  1723.  1468.  1443.  1385,  1253,  1236.  951,  500,  440  cm"*; 
XtSr*^  254  mM(«  6900).  357(150);  nnar:  «  3.15  (2  H,  singlet, -SCHi- 
CX>-),  3.55  (2  H,  singlet,  ArCHsCO-),  6.9-7.8  (4  H,  multiplet,  ArH). 
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boxyladon.  Photolysis  of  1  under  similar  conditions 
in  a  Rayonet  reactor,  3S00-A  source,*  resulted  in  very 
slow  decomposition  to  polymeric  material,  indicating 
excitation  of  only  the  long-wavelength  band  is  not 
sufficient  for  the  reaction. 
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We  believe  that  the  initial  photoproduct  is  the  triene 
2  which  undergoes  a  further  photochemically  induced 
rearrangement  to  3.  In  an  effort  to  obtain  evidence  for 
the  intermediacy  of  2  in  the  reaction,  5^*^  was  irradiated 
under  similar  conditions  in  the  hope  of  isolating  6, 
which  should  not  undergo  further  photochemical  re- 
arrangement if  excitation  of  the  triene  system  is  re- 
sponsible for  further  photochemical  rearrangement  of  2. 
Photolysis^  of  5  in  cyclohexane  produced  6*  in  30% 
yield.  This  observation  and  the  appearance  of  an 
absorption  band  at  1770  cm"^  in  the  infrared  spectrum 
of  a  solution  of  1  in  cyclohexane  which  had  been  pho- 
tolyzed  for  a  short  period  of  time  suggest  that  2  is  a 
reasonable  intermediate  in  the  formation  of  3. 

8-Methyl-,  7-methoxy-,  3-methyl-,  and  3,3-dimethyl- 
isothiochroman-4-one  also  undergo  this  photochemical 
rearrangement  in  yields  varying  from  20  to  40%.* 

(6)  The  Southern  New  England  Ultraviolet  Co.,  Middletown,  Conn. 

(7)  X!sr*—  231.5  mn  (c  9340).  270  (302).  347  (97.8). 

(8)  y££*  1780,  1641,  1448,  1397,  1374.  1168.  1127,  910  cm"*;  X22^" 
24SmM(c  912).  330(166);  nmr:  <  4. 1  (2  H,  broad  singlet, -SCHsC(=>-). 
1.8S  (3  H.  broad  singlet,  CHr-).  5.0.  5.1.  S.25  (3  H,  broad  singlets, 
CH*=C<  and  >CCH(S-)CO-). 

(9)  This  research  has  been  supported  by  National  Science  Foundation 
Grant  No.  OP-5761. 

(10)  Alfred  P.  Sloan  Fellow,  1963-1967. 

Wiiliam  C.  Lamimi,  Jr.,  Glenn  A.  Berclitold>> 

Department  of  Chemistry  ^  Massachusetts  Institute  of  Technology 

Cambridge^  Massachusetts    02139 

Received  February  27, 1967 


Inhibited  Pseudo-Rotation  in  a  Cyclic 
Monoallcy  Iphosphorane  ^ 

Sir: 

Methyl  ethylene  phosphate  undergoes  hydrolysis, 
both  to  open  the  ring  and  to  lose  the  methoxyl  group, 
at  a  rate  about  a  million  times  as  great  as  that  for  tri- 
methyl  phosphate.'  The  driving  force  for  the  rapid 
reactions  is  presumably  ring  strain.'  However,  to  ex- 
plain the  unexpected  rapid  hydrolysis  of  the  ester  group 
external  to  the  ring  in  methyl  ethylene  phosphate  and 
various    other    cyclic    compounds'- *"•    we    recently 

(1)  This  research  was  supported  by  the  National  Science  Foundation 
under  Grant  GP-2098. 

(2)  F.  Covitz  and  F.  H.  Westheimer,  J,  Am.  Chem.  Sac.,  85,  1773 
(1963). 

(3)  E.  T.  Kaiser.  M.  Panar.  and  F.  H.  Westheimer.  ibid.,  85,  602 
(1963);  D.  A.  Usher,  E.  A.  Dennis,  and  F.  H.  Westheimer,  ibid.,  87, 
2320  (1965). 

(4)  P.  C  Haake  and  F.  H.  Westheimer.  ibid.,  83»  1102  (1961). 


postulated^  that  the  hydrolysis  of  phosphate  esters 
may,  and  in  some  cases  must,  proceed  with  pseudo- 
rotation'''  of  trigonal-bipyramidal  intermediates.  In 
contrast  to  methyl  ethylene  phosphate,  the  methyl 
ester  of  the  five-membered  cyclic  phosphinic  acid  hy- 
drolyzes  at  a  rate  comparable  to  that  of  the  ester  of 
diethylphosphinic  acid.'*^  This  fact  can  be  explained 
by  postulating  that,  in  analogy  with  the  known  chemis- 
try of  the  alkylfluorophosphoranes,^^  oxygen  atoms 
preferentially  occupy  the  apical,  and  alkyl  groups  the 
equatorial  positions  in  the  trigonal-bipyramidal  inter- 
mediates formed  during  hydrolysis.  Under  these  as- 
sumptions, the  hydrolysis  of  the  ester  of  the  cyclic 
phosphinic  acid  is  slow,  despite  the  presumed  strain 
in  the  ring,  because,  in  order  to  form  a  trigonal-bi- 
pyramidal intermediate,  an  alkyl  group  must  be  forced 
into  an  unfavorable  axial  position,  or  else  the  ring  angle 
must  be  expanded  to  120^.  Both  kinetic^*^  and  X-ray 
crystallographies '  evidence  as  well  as  theory'  argue 
against  this  latter  choice.  The  chemistry  of  phos- 
tonates^  can  also  be  rationalized  on  the  assumption 
of  preferential  placement  of  alkyl  groups  in  equatorial 
positions  in  trigonal-bipyramidal  intermediates  in 
hydrolysis.  Ramirez  and  his  co-workers"  have  pre- 
pared many  cyclic  phosphoranes,  including  ^^  I,  where 
an  alkyl  group  is  part  of  a  iive-membered  ring  system. 
According  to  our  postulates,^  this  compound  should 
exist  preferentially  in  a  structure  where  the  alkyl  group 
is  equatorial,  and  where  therefore  the  methoxyl  groups 
occupy  different  positions.  However,  the  nmr  spec- 
trum of  I,  determined  at  room  temperature,  ^^  shows 
only  one  kind  of  methoxyl  group. 

We  now  report  that,  at  low  temperatures,  the  nmr 
spectrum  of  I  corresponds  to  that  expected  for  the 
structure  as  shown.    At  room  temperature,  the  three 
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(5)  M.  G.  Newton,  J.  R.  Cox,  Jr..  and  J.  A.  Bertrand.  ibid..  88, 1S03 
(1966). 

(6)  E.  A.  Dennis  and  F.  H.  WesUieimer,  ibid.,  88.  3431  (1966). 

(7)  E.  A.  Dennis  and  F.  H.  WesUieimer,  ibid.,  88. 3432  (1966). 

(8)  R.  S.  Berry.  J.  Chem.  Phys.,  32,  933  (1960). 

(9)  D.  HeUwinkel,  Ber.,  99,  3628.  3660  (1966).  has  demonstrated 
similar  pseudo-rotations  for  pentaarylphosphoranes  by  stereochemical 
studies. 

(10)  O.  Aksnes  and  K.  Bergesen.  Acta  Chim.  Scand.,  20. 2508  (196^ 

(11)  E.  Muetterties  and  R.  A.  Schonm.  Quart.  Rev.  (London).  28. 
24S  (1966);  R.  Schmutzler.  Angew.  Chem.  Intern.  Ed.  EngL,  4.  496 
(1965). 

(12)  W.  C.  Hamilton.  S.  J.  LaPlaca,  and  F.  Ramirez.  /.  Am.  Chem. 
Sac.,  87,  127  (1965). 

(13)  F.  Ramirez.  Pure  Appl  Chem.,  9,  337  (1964). 

(14)  F.  Ramirez.  O.  P.  Madan.  and  S.  R.  Heller.  J.  Am.  Chem.  Soc, 
87, 731  (1965). 
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FiRUR  1.    The  proton  nmr  tpectnun,  at  60  Mc.  for  I  at  23,  —41,  and  —67°  in  deuteriocUoroform,  and  —76°  in  deuterioacetone. 


methoxyl  groups  appear  as  a  doublet;  the  signal  is 
split  by  "P  with  J  =  12.S  cps.  In  either  deuterio- 
ddoroform  or  io  deuterioacetone,  the  doublet  observed 
at  room  temperature  collapses,  at  about  —40°,  to  a 
broad  band,  and  at  —65°  this  band  is  again  resolved 
(Figure  1).  In  deuterioacetone,  the  nnu  spectrum 
of  the  methoxyl  groups  shows  two  separate  doublets, 
with  J  =■  13.S  and  10.5  ppm  and  witii  integrated  in- 
tensities of  1:2,  corresponding  to  one  apical  and  two 
equatorial  methoxyl  groups,  whereas  in  deuteriochloro- 
form  the  spectrum  shows  three  partially  separated 
doublets,  two  with  y  =  13  and  one  with  /  =  10  cps. 
These  again  correspond  to  one  apical  and  two  equatorial 
methoxyl  groups.  Since  the  two  equatorial  methoxyl 
groups  in  I  differ  in  their  relationship  to  the  phenyl 
ring,  it  is  the  acetone  spectrum,  rather  than  that  in 
chloroform,  that  is  somewhat  unexpected.  In  contrast 
to  I,  the  pentaoxyphosphorane  III  shows  only  one  kind 
of  methoxyl  groups  (a  sharp  doublet,  J  =  13  cps) 
all  the  way  down  to  — 100°.  For  III,  pseudo-rotation 
necessarily  generates  unstrained  structures  with  apical 
oxygen  atoms;  the  equivalence  of  positions  in  this 
compoimd  resembles  that^"  of  PF|. 

The  low-temperature  mnr  spectra  in  Figure  I  show 
that  I  is  stable  with  equatorial  alkyl  group.  The  con- 
stancy of  the  average  chemical  shift  for  the  methoxyl 
groups  and  of  the  coupling  constants  shows  that,  at 
high  temperature,  exchange  occurs  among  equiva- 
lent structures.  Pseudo-rotation  about  an  equatorial 
methoxyl  group  as  pivot  will  convert  I  to  II;  two 
methoxyl  groups  of  II  are  equivalent,  and  the 
pseudo-rotation  from  II  to  I  can  utilize  a  different 


methoxyl  group  as  pivot  than  that  for  its  formation.  Fur* 
ther  pseudo-rotations  can  complete  the  exchange  process. 
Although  II  is  energetically  unfavorable  with  respect 
to  I,  its  formation  in  minute  amount  and  reversion  to  I 
is  apparently  sufficiently  rapid  at  room  temperature  to 
catalyze  the  exchange  of  the  methoxyl  groups;  II  func- 
tions as  does  the  boat  form  of  cyclohexane  in  the  inter- 
conversion  of  equivalent  chair  forms.  An  alternative 
mechanism  for  exchange  of  the  methoxyl  groups  allows 
the  opening  of  the  five-membcred  ring'*  to  form  IV, 
followed  by  mixing  of  the  methoxyl  groups  by  rotation 
and  reclosure  of  the  ring.  Even  if  such  a  mechanism 
is  operative,  it  does  not  in  any  way  affect  the  conclusion 
that,  at  low  temperatures,  the  structure  of  I  is  frozen 
as  drawn,  that  pseudo-rotation  is  inhibited,  and  that  in 
derivatives  of  phosphorane  alkyl  groups  preferentially 
occupy  equatorial  and  oxygen  atoms  apical  positions. 
But  the  explanation  involving  ion  pairs  is  relatively 
unlikely.  First,  the  enolate  ion  in  IV  must  be  more 
stable  than  the  corresponding  enolate  in  an  ion  pair 
derived  from  III;  if  the  formation  of  ion  pairs  were  the 
only  mechanism  for  exchange,  I  should  undergo  the 
reaction  more  readily,  rather  than  less  readily,  than  III. 
But  further,  the  temperature  at  which  the  doublet  for 
I  coalesces  is  about  —41°  in  deuteriochloroform  and 
—  37°  in  deuterioacetone,  but  about  —60°  in  deuterio- 
toluene.  If  the  exchange  among  the  methoxyl  groups 
occurred  by  way  of  an  ion  pair,  this  exchange  should 
prove  more  facile,  rather  than  less  facile,  in  the  more 


(13)  p.  RuoirezandN.  B.Dau./.  ^jn.  CA<ni.SM.,aS,3252(l9«}). 
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polar  solvents.    Further  studies  of  these  spectra  are  in 
progress. 

The  experiments  were  carried  out  with  a  Varian  A-60 
nmr  spectrometer,  equipped  with  a  Varian  Associates 
V-6031B  variable  low-temperature  probe. 
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in  the  nmr  measurements. 
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Contact  and  Solyent-Separated  Ion  Pairs  of  Carbanions. 
m.    Reactivities  in  Proton-Abstraction  Reactions 

Sir: 

It  was  recently  shown  ^  that  changes  in  the  absorption 
spectra  of  solutions  of  carbanions  and  radical  ions  upon 
varying  the  solvent  composition  and  temperature 
could  be  interpreted  in  terms  of  two  kinds  of  ion  pairs, 
i.e.,  contact  and  solvent-separated  ion  pairs.  We  have 
now  studied  the  reactivity  behavior  of  these  species 
in  proton-abstraction  reactions  and  have  made  a 
number  of  interesting  observations. 

Alkali  salts  of  the  fluorenyl  carbanion  were  allowed 
to  react  with  1,2-  or  3,4-benzofluorene  in  dioxane, 
tetrahydrofuran,  or  1,2-dimethoxyethane  as  solvent. 
The  progress  of  the  reaction  was  followed  spectro- 
photometrically,  and  the  rate  constants  were  calculated 
from  the  initial  slopes  of  the  recorder  tracings.  In  a 
number  of  instances  a  flow  system  was  used,  but  even 
then  some  of  the  reactions  were  too  rapid  to  obtain 
accurately  the  initial  slopes.  In  these  cases  calculation 
of  the  rate  constants  was  based  on  the  half-life  of  the 
reaction.  Although  this  will  somewhat  affect  the  ac- 
curacy of  the  data,  the  differences  between  the  observed 
second-order  rate  constants  for  the  various  systems  are 
large  enough  to  justify  a  comparison.  The  results 
are  reported  in  Table  I. 

The  data  for  fluorenyllithium  show  a  strong  de- 
pendence of  the  rate  constants  on  the  carbanion 
concentration  in  all  three  solvents.  The  same  is  true 
of  fluorenylsodium  in  dioxane.  This  suggests  the 
presence  of  unreactive  aggregates,  [F",M+]„,  in  these 
solutions,  and  the  kinetic  measurements  lead  to  an 
average  aggregation  number  of  5  or  even  higher.  This 
strong  association,  even  in  solvents  like  THE  and  DME, 
is  surprising  since  no  such  association  was  observed  for 
the  less  charge  delocalized  polystyryl  salts  in  either  THF 
or  dioxane.'  It  is  likely  that  the  association  of  the 
fluorenyl  salts  is  favored  by  the  planar  structure  of  the 
carbanion.  This  may  lead  to  a  sandwich-type  aggre- 
gate in  which  many  ion  pairs  are  stacked  up 


Table  L    Observed  Rate  Constants  for  the  Reaction 
Fluorenyl- M+  +  1,2-  or  3,4-Benzofluorene  at  25* 


e 


e 


e 


e    e   e 

An  additional  attractive  force,  particularly  important 
for  the  lithium  salts,  may  result  from  a  tendency  of  the 
counterion  to  complex  with  the  highly  polarizable  x 
cloud  of  the  fluorenyl  ring. 

(1)  T.  E.  Hogcn-Esch  and  J.  Smid.  /.  Am.  Chem.  Soc,,  87,  669  (1965); 
88,  307  (1966). 

(2)  D.  N.  Bhattacharyya.  C.  L.  Lee,  J.  Smid.  and  M.  Szwarc,  J. 
Phys.  Chem.,  69,  612  (1965). 
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[F-,M+1 

X 

kob»d9 

X 

kohmd. 

10-S 
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io-«. 

M-\ 

Solvent         M 

sec-* 

Solvent 

M 

sec-> 

F',!^-*-  +  3,4-Benzofluorene     P-,Li-*-  +  1,2-Benzofluoraie 


THF 


370 

140 

61 

26.8 
10.8 
3.3 
1.36 


2.86 

3.16 

5.0 

9.2 

29.0 

60.0 

158.0 


THF 


DME 


40 
4.7 
4.2 
0.67 

15.0 
4.5 
0.9 


1.6 
12.3 
19.9 
51.6 

6.8 
14.4 
103 


Dioxane 


42 

20 
8.1 
2.8 
1.2 


F',Na'^  +  1,2-Benzofluorene 


183 

294 

660 

1660 

4200 


THF 


DME 


32 
1.5 
1.3 

24 

22 
0.92 


3800 
3960 
3500 
80,000 
80,000 
^^50,000 


F",Cs+  +  1,2-Benzofluorene 


Dioxane 


THF 


46 
11 

2.8 
42 
43 

1.9 


860 
1300 
1560 

960 
1080 
1570 


F-,N-*-Bu4  +  1,2-Benzofluaraie 

THF        43  800 

46  700 

DME       35  810 

35  930 

F-Na-**  +  1,2-Benzctfluoreoe 

in 
THF  +  CH,0(CH|CHsO)<CHi 
40  650 

40  575 


Aggregation  persists,  at  least  for  the  lithium  salts, 
even  in  THF  and  DME,  where  the  ion  pairs  are  solvent 
separated.  This  suggests  that  in  the  solvent-separated 
ion  pair  of  fluorenyllithium  the  counterion  is  not  fully 
surrounded  by  solvent  molecules,  since  aggregation 
would  then  be  sterically  unfavorable  and  expected  to  be 
less  than  for  the  poorly  solvated  fluorenylcesium.  Ap- 
parently, the  lithium  ion  assumes  a  new  average  position 
in  the  solvent-separated  ion  pair;  away  from  the  car- 
banion but  yet  still  close  to  the  ir-electron  cloud  of  the 
ring  system  (see  Figure  1).  Such  a  position,  made 
possible  because  of  increased  association  with  solvent 
molecules,  would  also  lead  to  the  observed  red  shift 
in  the  spectrum  as  compared  to  the  contact  ion  pair 
and  would  at  the  same  time  energetically  be  favorable 
because  of  tt  complexing.  Rate  measurements  with 
dioxane  solutions  of  fluorenyllithium  containing  varying 
quantities  of  dimethyl  sulfoxide  again  point  to  strong 
association  of  both  contact  and  solvent-separated  ion 
pairs  in  these  systems.  This  type  of  association  may 
well  be  responsible  for  the  large  discrepancies  observed 
in  the  values  for  proton-transfer  rate  constants  in  solu- 
tions of  fluorenyllithium  in  dimethyl  sulfoxide,'  in 
which  different  techniques  and  diflerent  carbanion  con- 
centrations were  used. 

Another  interesting  observation  concerns  the  rcrie  of 
the  counterion  in  proton-abstraction  reactions.  At 
low  concentrations  (i.e.,  under  conditions  where  ag- 
gregation vanishes),  fluorenylsodium  is  as  reactive  or 
even  more  so  in  dioxane  than  in  THF,  while  a  strong 
increase  in  the  rate  constant  is  observed  in  DME.  In 
the  first  two  solvents  the  sodium  salt  is  a  contact  ion 
pair,  while  in  DME  it  is  essentially  solvent  separated. 
Hence,  less  energy  is  needed  in  the  latter  case  to  transfer 

(3)  J.  I.  Brauman,  D.  F.  McMillen,  and  Y.  Kanazawa,  J,  Am.  Ckem. 
Soc.,  89,  1728  (1967);  C.  D.  Ritchie  and  R.  E.  Uschold,  ibkl.,  if,  1730 
(1967). 
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1.    A  represents  an  aggregate  of  contact  ion  pairs  (F-,M'*')n 
that  of  solvent-separated  ion  pairs.    The  arrow  denotes 
ig  molecules  inducing  a  shift  of  the  counterion  to  a  new 
position  away  from  the  center  of  negative  charge. 

>unterion  to  the  new  carbanion.  For  the  tetra- 
mmoniuin  salt,  the  reactivity  is  found  to  be  the 
in  THF  as  in  DME.  No  solvent-separated  ion 
ire  observed  for  this  salt  in  either  solvent!  How- 
the  Coulomb  interaction  between  carbanion  and 
:rion  is  not  the  only  rate-determining  factor,  since 
aylcesium  would  then  be  expected  to  have  a  higher 
dty  than  fluorenylsodium  in  both  dioxane  and 
The  reverse  is  true,  which  suggests  that  the 
nion  activates  the  benzofluorene  molecule  and 
ites  the  proton-abstraction  process  (see  Figure 
uch  an  activation  has  been  suggested  in  other 
3ns  involving  organometallic  reagents.^  The  ef- 
dll  rapidly  decrease  with  increasing  size  of  the 
srion  and  may  be  essentially  absent  for  cesium 
Irabutylammonium  (the  association  of  the  lithium 
>revented  us  from  obtaining  the  rate  constant  for 
hium  ion  pair). 

8  signiiicant  that  addition  of  the  strongly  dis- 
Ae  NaB(CeHft)4  does  not  decrease  the  rate  of  the 
on  but  seems  to  even  increase  the  rate  slightly, 
rently,  the  free  carbanion  is  not  more,  and  pre- 
>ly  even  less,  reactive  than  the  contact  ion  pair. 
ifould  also  explain  the  concentration  independence 
i  rate  constants  for  the  sodium  and  cesium  salts 
\P  in  spite  of  the  increased  free  ion  formation  at 
loncentration.*  These  results  are  in  agreement 
he  catalyzing  role  assigned  to  the  counterion. 
)  solvent-separated  ion  pair,  where  Coulomb  inter- 
i  has  greatly  weakened,  would  be  highly  reactive 
ig  as  the  counterion  can  effectively  activate  the 
fluorene  molecules.  This  appears  to  be  the  case 
-dimethoxyethane.  However,  when  the  solvating 
prevents  a  close  approach  between  the  benzo- 
ne  molecule  and  tht  counterion,  the  solvent- 
ited  ion  pair  reactivity  is  expected  to  be  less  than 
if  the  contact  ion  pair  and  may  approach  that  of 
tc  ion.  Such  appears  to  be  the  case  in  the  system 
nylsodium-tetrahydrofuran  to  which  small  quan- 
of  tetraethylene  glycol  dimethyl  ether  were  added. 
B  presence  of  this  powerful  solvating  agent*  the 
iim  shows  complete  solvent-separated  ion  pair 
ttion,  yet  the  rate  of  proton  abstraction  is  slower 
in  the  absence  of  this  reagent.  Its  high  solvating 
r  arises  from  the  fact  that  probably  all  five  oxygens 
ilized  in  the  solvation  of  the  sodium  ion  and  there- 
ffectively  shield  this  ion  from  interaction  with  the 
fluorene  molecule. 

i.  A.  Morton,  **SoUd  Organoalkalimetal  Reagents/*  Gordon  and 
Sdeoce  PubUshers  Inc.,  New  York,  N.  Y.,  1964. 
'.  E.  Hogen-Esch  and  J.  Smid,  /.  Am.  Chem,  Soc.,  SS,  318  (1966). 
^  L.  Chan  and  J.  Smid,  to  be  published. 


Figure  2.  Activating  role  of  the  positive  ion  in  proton-abstraction 
reactions.  A  and  B  represent  the  fluorenyl  carbanion  and  the 
benzofluorene  molecule,  respectively. 

The  behavior  of  these  carbanion  salts  in  proton-ab- 
straction reactions  is  the  more  interesting  when  the 
results  *are  compared  with  those  of  addition  reactions 
involving  carbanions.  In  the  anionic  polymerization 
of  styrene  in  THF*  the  free  polystyryl  ion  was  found  to 
be  about  800  times  more  reactive  than  the  sodium  con- 
tact ion  pair,  while  the  solvent-separated  ion  pair  re- 
activity approaches  that  of  the  free  ion.^  In  dioxane 
the  ion  pair  reactivity  increases  substantially  in  the 
order  Li  <  Na  <  Cs.^  Both  results  indicate  that  in 
these  reactions  the  Coulombic  interaction  between  the 
carbanion  and  the  counterion  is  of  far  greater  impor- 
tance than  any  possible  interaction  between  the  counter- 
ion and  the  reacting  monomer,  at  least  in  ethereal 
solvents.  Other  types  of  carbanions  and  substrates  will 
be  investigated  in  order  to  establish  whether  the  be- 
havior of  fluorene  and  its  derivatives  in  proton  ab- 
straction reactions  is  unique  in  this  respect. 
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Indirect  ^^N-^H  Spin-Spin  Couplings  in  Quinoline-^<^, 
Its  Ethiodide,  and  Its  N-Oxide.    Relative 
Signs  and  Solvent  Dependence 

Sir: 

Previous  observations,^*'  of  some  interest,  on  the 
spin  couplings  between  a  nitrogen- IS  nucleus  in  an 
aromatic  ring  and  ring  protons  have  prompted  us  to 
report  here  the  correlation  of  indirect  "N-^H  couplings 
with  the  electronic  nature  of  the  ^^N  atom  as  studied  by 
using  quinoline-^^N  (I),  its  ethiodide  (II),  and  its  N- 
oxide  (III).'  Coupling  constants,  7,  in  these  com- 
pounds were  obtained  by  comparing  the  pmr  spectra 
of  the  "N  compounds  with  those  of  the  correspond- 
ing ^^N  compounds  in  a  variety  of  solvents  (see  Table 
I).*  A  pair  of  the  pmr.  spectra  of  quinoline-**N  and 
-  ^^N  in  acetone- Je  is  shown  in  Figure  1  as  an  example. 

(1)  Y.  Kawazoe,  M.  Ohnuhi.  and  N.  Kataoka,  Chem.  Pharm.  Bull 
(Tokyo),  13,  396  (1965). 

(2)  B.  W.  Roberts,  J.  B.  Lambert,  and  J.  D.  Roberts,  /.  Am.  Chem. 
Soc.,  87,  5439  (1965). 

(3)  For  the  synthesis  of  HI  (97  atom  %),  see  ref  1.  I  and  II  were 
successively  prepared  from  III  in  the  usual  way. 

(4)  Pmr  spectra  were  taken  with  a  Varian  HA- 100  spectrometer 
operating  at  100  MHz  in  the  frequency-swept  and  TMS-locked  mode. 
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TaMe  I.    Summary  of  ON-'H  SpiivCOupliag  Coostanu  (in  Hz) 


■CO 


'CO 


•  Aprotic  solvents  used  were  cyclohexane,  CO.,  CiDt,  CiDtN,  CHiCN,  dioxane,  acetone^t,  and/tx  DMSCW*.    Other  Mdventa  wed  ti 
protic  ones  were  CDQ,,  D/>.  and/or  EWJ-dioMne  (1 :  D-DQ  system.    »  Values  obtained  in  EW>.    •  Obscured  by  overlapping  of  odicr 


Since  coupling  constants  between  ring  protons  in 
quinoUne  were  already  found  to  have  a  positive  sign,* 
die  relative  sign  o{Jun,Ha)  and  Ji>n,h(i)  was  determined 
in  ao  acetone-(/(  solution  by  using  partial  spin-de- 
coupUng  technique.  The  "N,  H(2),  H(3),  and  H(4) 
nuclei  can  be  treated  as  an  isolated  first-order,  four- 


Figure  1.  Pmr  spectra  of  quinoline-i'N  and  -'*N  in  acetone-</i 
at  100  MHz  and  tbe  spin-state  diagram. 

spin  system  by  neglecting  Jhw.hw-  On  double  ir- 
radiation on  the  lines  q,  r,  s,  and  t,  the  lines  a  and  c 
and  the  lines  e  and  g  collapse  to  two  single  peaks, 
whereas  irradiation  on  the  lines  u,  v,  w,  and  x  causes 
collapsing  of  the  lines  b  and  d,  and  the  lines  f  and  h 
(see  Figure  1).  These  results  can  be  well  explained  by 
the  spin  states  shown  in  Figure  1  (botton);  this  indi- 

by  uiing  about  S%  (w/v)  tolutioiu  of  the  umplcr  Errori  in  coupling 
conitanti  are  less  than  ^0.1  Hz.  SpiD-decoupling  expa-imenti  were 
performed  by  using  a  Hewlett-Packard  HP-2CX)ABR  audioosdllator 
and  an  HP-52I2A  electronic  couQier.  For  the  ipedral  auiininenu  of 
quinoline  and  its  N-oiide,  the  reader  is  referred  to  P.  J.  Black  and 
M.  L.  Hetreman,  AiatraUai  J.  Chtm.,  17.  33S  (1964),  and  K.  Tori, 
M.  Ogata,  and  K.  Kano,  Clum.  Pharm.  Bull.  (Tokyo).  11,  681  (1963), 
as  well  as  ref  1,  reipectivdy. 
(S)  W.  G.  Paierson  and  G.  Bigam.  Cm,  J.  CJtem.,  41.  1841  (1963X 


cales  that  /un,h(»  and  J-'s.hw  are  of  the  same  sign 
although  the  sign  of  these  /'s  relative  to  J'-n.au)  could 
not  be  determined  because  of  the  small  magnitude  of 
the  latter,  /h(i),h<4).  and  7h(4).B(i)-*  Since  the  magneto- 
gyric  ratio  of  the  "N  nucleus  has  a  negative  sign, 
the  absolute  sign  of  these  J  values  can  rcasonaUy 
be  assumed  to  be  negative  by  analogy  with  the  fact 
that  the  /lk^-c-c-h  values  in  trimethylvinylam- 
monium  bromide  and  alkyl  isonitriles*  have  a  posi- 
tive sign.* 

The  large  negative  value  for  Jun,h(i)  was  obtained 
for  I  as  for  pyrimidine  derivatives  in  aprotic  solvents.* 
However,  ttds  value  increases  algebraically  to  a  great 
extent  with  an  increase  in  the  acidity  of  the  solutions, 
whereas  the  value  for  yuN.H(i)  decreases  reversely,  ss 
summarized  in  Table  I.  Tliese  /  values  were  plotted 
against  pH  values  of  the  aqueous  solutions  examined 
(DjO-dioxane-DCl  system)  to  obtain  the  proportional 
correlation  of  the  J  values  with  the  degree  of  protons- 
tion  toward  the  '*N  atom  in  question.  The  /  values  io 
II  and  III,  where  the  "N  atom  is  cationic  even  in  aprotic 
solvents,  depend  a  litUe  upon  the  solvent  acidity. 
The  variation  in  the  J  values  in  going  from  I  through  III 
is  such  that  the  J  values  in  II  and  III  are  brou^t  to 
values  which  1  would  show  in  far  more  strongly  acid 
media  than  have  been  examined  here.  On  the  basil 
of  such  presumption,  theyuN,H(])  in  HI,  which  is  about 
0  Hz  in  aprotic  solvents,  may  reasonably  be  inferred  to 
increase  finally  to  +1.2  Hz  in  stronf^y  acid  media, 
while  the  J^n.hid  value  decreases  to  —6.0  Hz.  Thm 
it  was  revealed  that  either  N  oxygenation,  quatemizi- 
tion,  protonation,  or  hydrogen  bonding,  which  changes 
the  s  character  of  the  "N-atom  bonding  orbitals  to 
carbon,  results  in  a  remarkable  increase  in  the  Jtsmt 
value  and  a  decrease  in  theyuN,ir<i)  value  simultaneously. 
The  s  character  of  the  "N-atom  bonding  orbitals  to  car- 
bon, which  is  supposed  to  increase  in  the  order  of  $N  < 
>N+-H    <    $:N+-C    <     5N+-*0-    <     5N+-OH, 


IS)  Thedetenninationof reladvesigniof/>^.B to/s._ 
solely  from  pmr  spectra;    lee  E.  W.  Raadall  and  J.  D.  Baldeadnrickf, 
/.  Mol.  Sptctry.,  I,  36S  (1962). 

(7)  (a)  M.  Ohtsuru  and  K.  Tori  Chtm.  Commm^  730  (1966);  (b) 
J.  M.  Lehn  and  R.  Scher,  IbM.,  847  (196Q. 

(S)  (a)  See  footnote  12  in  ref  10a;  (b)  I.  P.  Maber.  J.  Chum.  Sat, 
Sect.  A,  I8JJ  (196£). 

(9)  Refer  to  A.  J.  R.  Bourn.  D.  O.  Gillies,  and  E.  W.  RaodtB. 
"Nuclear  Magnedc  Resonance  in  Chemistry."  B.  Pescc;  Bd.,  Acadeok 
Press  Inc.  New  York,  N.  Y.,  196S,  p  277. 
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It  play  a  tigniflcant  role  in  these  facts»  although  the 
ribution  due  to  changes  in  x-electron  structures  can- 
M>mpletely  be  excluded.  Further,  this  conclusion  is 
sorted  by  the  similar  behavior  reported  on  /hfuc-h 
/tipLoc-Ht"'  when  the  reduced  coupling  constants 
compared.  The  former  J  value  decreases  alge- 
:ally  whereas  the  latter,  which  is  always  positive,  in- 
les  as  the  *  ^P  atom  becomes  more  cationic  (P  -»-  P^). 

should  also  be  noted  that  whenever  the  signals 
«med  were  separately  observed,  the  presence  of 
II  couplings  (about  1  Hz  or  less),  although  not  ex- 
^  measured,  were  clearly  discernible  for  i|yuN,H(4)  | 

|/uN.H(t)  9  which  are  considerably  smaller  than 
,H(t)l  in  all  the  cases  examined  (see  Figure  1,  for 
iple)." 

I  (a)  S.  L.  Manatt,  O.  L.  Juvinall,  and  D.  D.  Elleman,  /.  Am, 
.  Scn;..  S5»  2664  (1963);  (b)  A.  R.  CuUinsworth.  A.  Pidcock.  and 
Smith,  Ch^m,  Commtm,,  89  (1966);  (c)  S.  L.  Manatt,  G.  L.  Juvi- 
iL  I.  Wagner,  and  D.  D.  Elleman,  /.  Am,  Chem,  Soc,,  88,  2689 
i;  (d)  W.  McFariane,  Ckim,  Commim,,  58  (1967). 
I  We  thank  the  referee  for  hit  valuable  comments  on  the  sign  of 
log  oonitants. 

K«  Tori,  M*  Otatmra,  K.  Aono 
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Synttcfis  of  N«-Acetyl-3^^,6-tetrahydrocytidine 
Copolymers  of  Cytidyllc  Add  and 
.cetyl-SASffi-tetrahydrocytidyllc  Add 

»ent  studies  of  the  optical  rotatory  dispersion 
et  of  poly  C^'*  and  poly  U'  at  neutral  pH,  and  of  the 
ion  of  poly  C*  and  poly  A^  with  formaldehyde,  led 
le  conclusion  that  intra-  or  interstrand  hydrogen 
ling  plays  a  negligible  role  in  the  stabilization  of  the 
sdary  structure  of  these  polymers.  It  has  been 
ilated  for  these  polymers  that  a  single-stranded 
al  structure  is  stabilized  by  interactions  of  the 
:ed  bases.  Polynucleotides  containing  residues 
a  saturated  and  therefore  nonplanar  heterocyclic 
on  are  suitable  model  compounds  for  studying  this 
iChesis.  Saturated  nucleotides  are  unlikely  to 
cipate  in  base  stacking  due  to  their  stereochemistry 
fbeir  shortened  x-electron  system.*  Copolymers 
lining  saturated  nucleotide  residues  are  also 
eating  modd  compounds  for  yeast  transfer  RNA, 
e  S,<^dihydroundine  has  been  detected  as  a  minor 
dtuent*  We  wish  to  report  the  synthesis  of  N^ 
i-3,49S,6-tetrahydrocytidine  and  copolymers  of 
ylic  add  containing  varying  amounts  of  N^ 
i-3,4,S,6-tetrahydrocytidylic  add  as  nonplanar 
tituents. 

hiie  cytidine  is  completely  resistant  toward  sodium 
hydride  in  the  dark/  N^-acetylcytidine  is  reduced 

Abbrvvlatioiu:    polyuridyiic  add,  poly  U;    polycytidylic  add, 
ll  polyadeaylic  add,  poly  A. 

0.  D.  FaHDan,  C  Lindblow,  and  L.  Grossman,  Biochemistry,  3, 
1964). 

A.  M.  Midwlson  and  C  Monny,  Froc,  Natl  Acad,  Sci,  U.  S„  56, 

I960. 

C  L.  Sttvtns  and  A.  Rotenfdd,  Biochemistry,  5,  2714  (1966). 

P.  Cemtti,  R  Miles,  and  J.  Fk-azier,  Biochem,  Biophys.  Res. 

Ml..  22,  466  (196Q. 

1.  T.  Madiioii  and  R.  W.  HoUey.  ibid.,  IS,  153  (1965). 
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90         40         90 
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Figure  1.  The  reduction  and  deacetylation  of  N^aoetylcytidine  in 
the  presence  of  sodium  borohydride  in  the  dark.  Disappearance 
of  N<^icetylcytidine  calculated  from  the  absorption  at  310  m^  in 
1  N  HQ  (•,  14  M  excess  NaBH4;  A,  140  M  excess  NaBH«; 
€iie  N<^uxtylcytidine  18  X  10*);  formation  of  N^acetyl-3,4,5,6- 
tetrahydrocytidine,  ordnol  assay  (O,  14  M  excess  NaBH4;  A,  140 
M  excess  NaBHi).  Inset:  formation  of  cytidine  calculated  from 
the  absorption  at  310  m/i  and  270  m^  in  1  N  HCH  (•,  14  Af  excess 
NaBH«;  A,  140  Mexcess  NaBH4;  cne  N^acetylcytidine  18  X  10>, 
cne  N^acetylcytidine  23  X  10*,  cne  cytidine  0,  cno  cytidine  10  X 
10^);  deacetylation  of  N<^icetylcytidine  in  the  absence  of  NaBHt 
at  pH  10  O,  from  the  disappearance  of  the  absorption  at  310  mft 
measured  in  1  N  HQ;  cne  N<^uxtylcytidine  18  X  10^. 


to  N*-acetyl-3,4,5,6-tetrahydrocytidine  and  partially 
deacetylated  to  cytidine  in  the  presence  of  sodium 
borohydride  at  pH  10.  The  rate  of  the  reduction  and 
deacetylation^  are  both  dependent  on  the  concentration 
of  sodium  borohydride.  N^Acetylcytidine  is  also 
deacetylated  at  a  slower  rate  at  pH  10  in  the  absence  of 
the  reducing  agent.  The  extent  of  the  reduction  can 
be  determined  with  the  orcinol  assay  for  ribose  due  to 
the  labilization  of  the  N-glycoside  bond  upon  saturation 
of  the  5,6  double  bond  in  N^-acetylcytidine.  The  dis- 
appearance of  N^-acetylcytidine  and  the  formation  of 
cytidine  can  be  followed  spectrophotometrically  and 
the  composition  of  the  reaction  mixture  calculated  at 
each  point  of  the  reaction  from  the  absorbance  at  3 10 
and  270  miiinlN  HQ*  (see  Figure  1).  The  final  yield 
of  N*-acetyl-3,4,5,6-tetrahydrocytidine  was  54%  if  a 
14  M  excess  of  sodium  borohydride  was  used  and  45% 
at  a  140  Af  excess  of  the  reducing  agent.    In  both  cases 

(7)  p.  Cerutti  and  N.  Miller,  /.  Moi,  Biol,,  in  press. 

(8)  The  deacetylation  reaction  is  reminiscent  of  the  reductive  deacyla- 
tion  of  N-acylindoles  and  carbazoles  with  NaBH4  (K.  Banholzer,  T.  W. 
CampbeU,  and  H.  Schmid,  Helo,  Chim,  Acta,  35,  1S77  (19S2)). 

(9)  N^Acetyi-3,4,5,6-tetrahydrocytidine  has  no  appreciable  absorp- 
tion at  wavelengths  longer  than  2S0  m/i. 


CommunkaWons  to  tVft  V^*"^ 
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44%  cytidine  was  formed.  If  the  reaction  was  carried 
out  under  ultraviolet  irradiation  (2S37  A)  the  yield  for 
the  reduction  product  was  76%  and  for  cytidine  21% 
(14  Af  excess  of  NaBHO."* 

The  two  components  of  the  reduction  mixture,  cyti- 
dine and  N*-acetyl-3,4,5,6-tetrahydrocytidine,  were  sep- 
arated by  column  chromatography  on  Dowex  50W- 
X8  (H+).  The  structure  of  the  reduction  product  was 
derived  from  the  nmr  spectrum  (in  DiO).  A  triplet  at 
5.30  ppm  (J  =  4.5  cps,  1  H)  was  attributed  to  the  proton 
at  C4  and  a  multiplet  centered  at  3.39  ppm  (2  H)  to  the 
methylene  protons  at  Ce.  A  multiplet  at  higher  field 
was  superimposed  by  a  singlet  originating  from  the 
methyl  group  of  the  acetyl  substituent  (singlet  at  1.99 
ppm)  and  was  attributed  to  the  methylene  protons  at 
Cft.  The  signal  at  5.30  ppm  disappeared  and  the 
multiplet  at  3.39  ppm  was  simplified  and  lowered  in 
intensity  if  the  reduction  was  carried  out  with  sodium 
borodeuteride.  The  product  of  the  reduction  with 
sodium  borodeuteride  is  therefore  N*-acetyl-3,4,5,6- 
tetrahydrocytidine-J4,^e  (11).  The  isotope  distribution 
in  II  suggests  the  following  reaction  steps:  (1)  1,4  addi- 
tion of  a  hydride  (deuteride)  ion  (at  Ce)  and  a  proton 
(at  N'  or  NO  to  an  a,j9-unsaturated  imine,  and  (2) 
further  reduction  of  the  intermediate  N^acetyldihydro- 
cytidine  (I)  by  the  attack  of  a  second  hydride  (deuteride) 
ion  at  C4. 


t 
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LNaBD4 
2.H+ 
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I       "" 
R 


Ow 


CH« 


1.NABD4 

2.H+  HN- 


R— ))-D^ibofurano8e 


This  novel  reaction  was  used  for  the  synthesis  of  co- 
polymers of  cytidylic  acid  and  N*-acetyl-3,4,5,6-tetra- 
hydrocytidylic  acid  by  the  reduction  of  copolymers  of 
cytidylic  acid  and  N*-acetylcytidylic  acid.*^  The  poly- 
mers were  exposed  to  a  large  excess  of  sodium  borohy- 
dride  in  0.05  M  sodium  carbonate  buffer  at  pH  9.8 
for  40  min  at  room  temperature.  The  polymers  were 
purified  by  repeated  precipitation  with  cold  ethanol  and 
by  passage  through  Sephadex  G-25.  The  composi- 
tion of  the  polymers  was  determined  spectrophoto- 
metrically  and  with  the  orcinol  assay  after  total  diges- 
tion with  pancreatic  ribonuclease.  In  contrast  to  the 
behavior  of  the  monomer  no  significant  deacetylation 
was  observed.    Polymers  containing  8,  16,  and  29% 

(10)  No  spectral  changes  were  detected  if  N^acetylcytidine  ivas 
irradiated  under  the  analogous  conditions  for  70  min  in  the  absence 
of  NaBH4. 

(11)  A.  M.  Michelson  and  M.  Grunberg-Manago,  Biochim,  Blophys, 
Acta,  91.  92  (1964). 


N*-acetyI-3,4,5,6-tetrahydrocytidyIic  add  were  prep 
by  this  method,  and  their  physical  properties  are 
being  investigated.  The  characterization  of  the  ] 
mers  is  given  in  Table  I.  The  presence  of  N^ac 
3,4,5,6-tetrahydrocytidine  in  the  reduced  polymer 
demonstrated  in  experiments  using  sodium  borotri 
as  a  reducing  agent.  The  components  of  the  i 
nuclease  digest  were  separated  on  Dowex  SOV 

Table  I.    Characterization  of  the  Polymers 


Compn  after  reduction. 

Compn  before  reductioo,  % 

N<-Acel 

N*-Acctyl- 

3A3»6-te 

Cytidine            cytidine 

Cytidine       hydrocytii 

3 '-phosphate*    3 '-phosphate* 

3 '-phosphate^    ^'-pbxmph 

68                     26 

73                      29 

81                      18 

84                      16 

90                       7 

90                       8 

*  The  amounts  of  cytidine  3 '-phosphate  and  N^-acetylcyi 
3  '-phosphate  were  calculated  from  the  absorbanoe  of  the  nuck 
mixture  obtained  from  the  digestion  of  the  polymers  with 
creatic  ribonuclease  in  0.05  M  NH4HCOt,  pH  7.5,  at  270  a» 
m/i  (cre  cytidine  3 '-phosphate  9  X  10^  cttt  cytidine  3'-phos 
10^  cne  N«-acetylcytidiiie  3'-phosphate  4.4  X  10>;  cm  N^ 
cytidine  3 '-phosphate  8.6  X  10').  To  accomplish  coa 
deacetylation  the  samples  were  then  kept  for  6  hr  at  65-70 
the  cytidine  3'-phosptiate  content  was  determined  from  tb 
sorbance  at  280  m^  («  1.3  X  10\  pH  1).  This  value  was  tak 
100%  for  the  calculation  of  the  base  composition  of  the  poly 
^  The  amount  of  cytidine  3 '-phosphate  was  determined  froc 
absorbance  of  the  nucleotide  mixture  obtained  from  the  digi 
of  the  reduced  polymers  with  pancreatic  ribonuclease  at  28 
(e  1.3  X  10*,  pH  1).  The  content  of  N*-acctyl-3,4,5,6-tctrah 
cytidine  3 '-phosphate  was  measured  with  the  orcinol  assay, 
polymer  phosphate  was  determined  according  to  B.  N.  Ame 
D.  T.  Dubin,  /.  Biol.  Chem.,  235,  769  (1960),  and  taken  i 
basis  for  the  calculation  of  the  base  composition  of  the  poly 

(H+).  The  fractions  containing  radioactive  mat 
were  treated  with  alkaline  phosphomonoesterase 
their  content  was  compared  to  authentic  N^ac 
3,4,S,6-tetrahydrocytidine  by  thin  layer  chromatogri 
(silica  gel  G,  85%  2-propanol).  Identical  Rt  yi 
were  found  for  the  radioactive  compoimd  derived : 
the  polymer  and  for  N*-acetyl-3,4,5,6-tetrahydrocyt 
obtained  from  the  reduction  of  the  monomer, 
radioactivity  was  found  in  the  eluates  containing 
dylic  acid. 

Attempts  are  now  being  made  to  synthesize  co] 
mers  of  cytidylic  acid  and  3,4,S,6-tetrahydrocyti( 
acid  by  the  reduction  of  N*-formylated  and  N 
fluoroacetylated  polycytidylic  acid  followed  by  dea 
tion. 
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Rate  Constants  and  the  Mechanism  for  the  Transfe 
of  Triplet  Excitation  Energy 

Sir: 

The  intramolecular  transfer  of  triplet  excitation : 
one  chromophore  to  another  has  been  measurec 
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s  I  and  II  shown  in  Figure  1 .  The  triplet  donor 
I  ester  of  benzophenone-4-carboxylic  acid»  and 
^t  donor  in  II  is  the  carbazole  chromophore. 
et  acceptor  in  both  cases  is  the  naphthalene 
hore.  The  absorption  spectrum  of  each  mole- 
le  sum  of  the  absorption  spectra  of  their  com- 
romophores.  The  lowest  singlet  state  of  both 
mors  is  lower  in  energy  than  the  lowest  singlet 
laphthalene.  This  makes  it  possible  to  excite 
nors  with  long  wavelength  radiation  which  is 
•rbed  by  the  naphthalene  chromophore.  AU 
measurements  were  made  at  77®K  in  a  rigid 
rix.* 

losphorescence  spectrum  of  a  very  dilute  solu- 
C  10~^  M)  of  II  shows  emission  from  both  the 
t  chromophore  (^^63%)  and  the  naphthalene 
hore  (^^37%).  The  intensity  of  phospho- 
from  II  is  about  67  %  as  strong  as  the  intensity 
horescence  of  an  equimolar  mixture  of  naph- 
ind  III  at  the  same  concentration.  The  life- 
be  carbazole  emission  from  II  is  S.7  sec,'  while 
me  of  the  carbazole  emission  from  III  is  7.2 
c  difference  of  the  first-order  rate  constants 
al  lifetimes)  indicates  that  21  %  of  the  triplet 
1  energy  is  transferred  and  that  the  rate  con- 
the  transfer  process  is  about  0.04  sec~^  The 
It  between  these  three  completely  different 
measurements  for  the  amount  transferred  is 
>d.  The  first  method  is  the  least  accurate 
t  involves  a  knowledge  of  the  phosphorescence 
yields  for  the  two  chromophores,  and  it  in- 
ntensity  measurements  at  different  wave- 
No  corrections  were  made  for  the  change 
vity  of  the  apparatus  as  a  function  of  wave- 

losphorescence  spectrum  of  a  very  dilute  solu- 
(  10~^  Af)  of  I  shows  emission  from  both  the 
ene  and  the  benzophenone  chromophore.  The 
»f  the  phosphorescence  from  the  benzophenone 
hore  is  almost  1000  times  shorter  than  the 
rescent  lifetime  of  the  naphthalene  chromo- 
\  measurement  of  the  ratio  of  the  intensities 
LSt  and  slow  components  of  I  indicated  that 
%*  of  the  triplet  excitation  energy  was  trans- 
the  naphthalene  chromophore.  •  The  phospho- 
from  I  is  about  65  %  as  intense  as  the  phospho- 
from  an  equimolar  mixture  of  IV  and  naph- 

This  indicates  that  about  35  %  of  the  triplet 
1  energy  is  transferred.  The  lifetime  of  the 
mone  emission  from  I  is  4.9  X  10~'  sec  and 

is  5.6  X  10~'  sec.  The  difference  of  the 
T  rate  constants  indicates  that  12%  of  the 

transferred  and  that  the  rate  constant  for  the 
process  is  25  sec^    The  agreement  between 

sets  of  measurements  is  not  quite  as  good  for 

butyl  alcohol  and  70%  isopentane. 

decay  was  very  slightiy  nonexponential  at  very  short  times, 
e  due  to  a  distribution  in  the  distances  between  the  chromo- 
tie  lifetime  quoted  was  from  the  exponential  part  of  the 

luantum  yields  of  naphthalene  and  carbazole  were  assumed 
me  for  this  calculation.  The  intersystem  quantum  yields  for 
c  compounds  were  found  to  be  the  same  by  A.  A.  Lamola  and 
mond,  ^'Photochemistry/*  John  Wiley  and  Sons,  Inc.,  New 
'..  1952.  p  209. 

erections  were  made  for  the  sensitivity  of  the  apparatus  as  a 
wavelength.  The  phosphorescent  quantum  yield  of  the  ben- 
chromopliOTe  was  assumed  to  be  ten  times  the  phosphores- 
tmii  ykid  of  the  naphthalene  chromophOTe. 


—  CH*  — 
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Figure  1.  Molecules  studied:  (0  3-(a-naplithyl>5a-androstan- 
17|9-ol  17-p-benzoylbenzoate,  (II)  3-(a-naplithyl>5a-androstaii- 
17|3-ol  17-(9-carbazole)acetate,  (III)  ethyl  (9-carbazole)acetate, 
(IV)  ethyl  p-benzoylbenzoate. 


I  as  it  is  for  II,  but  all  measurements  agree  within  a 
factor  of  3.  The  lifetime  measurement  is  probably 
the  most  accurate  because  it  does  not  involve  a  com- 
parison of  two  intensities  or  an  assumption  of  quantum 
yields. 

The  transfer  of  singlet  excitation  energy  from  the 
naphthalene  chromophore  to  the  two  donor  chromo- 
phores  was  measured  by  comparing  the  intensity  of  the 
naphthalene  emission  from  an  equimolar  mixture  of 
naphthalene  and  either  III  or  IV  to  the  intensity  of  the 
naphthalene  emission  from  I  or  II;  298S-A  radiation 
was  used  for  excitation.  These  measurements  indi- 
cated that  in  I,  70%  of  the  singlet  excitation  energy  is 
transferred  and  in  II,  95%  of  the  singlet  excitation 
energy  is  transferred.  A  dipole-dipole  coupling  mecha- 
nism was  assumed  to  be  responsible  for  the  transfer  of 
singlet  excitation  energy  and  Fdrster*s  equation*  was 
used  to  calculate  the  distance  between  the  chromo- 
phores.  The  distances  were  found  to  be  14  A  for  I  and 
IS  A  for  II.    These  numbers  agree  very  well  with 

(5)  Th.  FOrster,  Discussions  Faraday  Soc.,  27,  7  (1959).  The  expo- 
nent on  T  should  be  5  instead  of  6;  see  S.  A.  Latt,  H.  T.  Cheung;  and 
and  E.  R.  Blout,  /.  Am.  Chem,  Soc,,  S7, 995  (1965). 
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measurements  of  the  distances  made  on  molecular 
models. 

In  sununary,  the  rate  constant  for  triplet  excitation 
transfer  in  I  (25  sec~0  is  about  1000  times  greater  than 
in  II  (0.040  sec'O.  The  transfer  distance  is  about 
the  same  in  both  cases.  The  mechanism  suggested  by 
these  results  involves  spin-orbital  coupling  to  the  singlet 
system  in  the  donor  chromophore  combined  with 
dipole-iiipole  coupling  between  the  singlet  systems  of  the 
two  chromophores  and  spin-orbital  coupling  back  to 
the  triplet  system  in  the  acceptor  chromophore.  The 
difference  of  1000  in  the  rate  constant  for  transfer  is  the 
result  of  the  large  difference  in  spin-orbital  coupling 
between  III  and  IV  which  is  exemplified  by  the  large 
difference  (again  a  factor  of  1000)  in  their  phosphores- 
cent lifetimes.  A  mechanism  involving  exchange  inte- 
grals would  not  be  expected  to  lead  to  such  a  large 
difference  in  the  transfer  properties  of  the  two  com- 
pounds. Also,  it  is  unlikely  that  an  exchange  integral 
mechanism  could  be  operative  at  such  large  distances. 

A  more  complete  description  of  these  measurements 
is  currently  in  preparation. 
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Preparation  and  Properties  of 
Monocesium  Chloroxenate  (CsClXeOs)' 

Sir: 

We  wish  to  report  preparation  of  a  stable,  crystalline 
cesium  xenon(VI)  compound  containing  chloride  similar 
to  the  cesium  fluoroxenate  (CsFXeOg)  reported  by 
Sclig*  and  Spittler,  ei  al^  The  crystalline  cesium 
chloroxenate  can  be  prepared  either  from  aqueous 
solutions  at  pH  8  to  9  or  from  acetonitrile.  A  crystal- 
line precipitate  is  obtained  by  mixing  ice-cold  solutions 
of  approximately  2.0  ml  of  1.5  Af  cesium  chloride  with 
0.4  ml  of  1.5  Af  xenon  trioxide  or  by  adding  xenon 
trioxide  to  cesium  chloride  dropwise  until  permanent 
turbidity  appears.  Then  the  solution  is  left  in  the  icebox 
for  approximately  3  hr.  The  supernatant  solution  is 
sucked  off,  and  the  crystals  iirst  are  washed  with  several 
portions  of  ice-cold  water  and  finally  with  acetonitrile. 
The  contents  are  dried  in  a  vacuum  desiccator.  Prep- 
aration of  cesium  chloroxenate  must  be  carried  out  in 
slightly  alkaline  medium  otherwise  chloride  is  oxidized 
to  chlorine  oxides  and  forms  highly  explosive  solutions. 
Crystalline  cesium  chloroxenate  also  can  be  prepared 
by  mixing  approximately  equal  volumes  of  0. 1  Af  cesium 
chloride  and  0.1  Af  xenon  trioxide  dissolved  in  moist 
acetonitrile.  The  precipitation  in  acetonitrile  is  less 
dependent  on  pH,  but  is  more  subject  to  coprecipitation 

(1)  This  work  is  supported  by  the  grant  from  the  National  Science 
Foundation  (OP-5045). 

(2)  H.  Selig,  Inorg,  Chem.,  S,  183  (1966). 

(3)  T.  M.  Spittler,  B.  Jaselskis,  and  J.  L.  Huston,  presented  at  the 
lS3rd  National  Meeting  of  the  American  Chemical  Society,  Miami, 
FU.,  April  1967. 


of  the  reagent  which  is  present  in  excess.  The  resulting 
precipitate  compares  well  to  the  aqueous  preparations: 
infrared  spectra  and  analyses  are  almost  identical. 

The  chloride  in  the  cesium  chloroxenate  is  determined 
by  Fajans  method  after  the  decomposition  of  xenate 
with  dilute  hydrogen  peroxide.  Cesium  is  determined 
either  as  cesium  perchlorate  or  indirectly  as  cesium 
chloride  titrimetrically,  and  the  oxidation  equivalent  is 
determined  iodometrically  by  "hi-lo"  titration.  The 
analyses  of  chloride,  cesium,  and  oxidation  equivalent 
yield  the  empirical  formula  weight  347,  348,  and  344, 
respectively,  as  compared  to  the  calculated  formula 
weight  346.5  for  CsClXeO,. 

Cesium  chloroxenate  is  considerably  more  stable 
than  xenon  trioxide.  It  loses  some  xenon  and  oxygen 
at  approximately  150°  and  on  further  heating  evolu- 
tion of  xenon  and  oxygen  diminishes.  At  temperatures 
higher  than  190°,  xenon  and  oxygen  are  evolved  rather 
rapidly  and  the  sample  explodes  at  approximately  205® 
in  oacuo^  leaving  cesium  chloride  residue.  Cesium 
chloroxenate  is  shock  sensitive  and  should  be  handled 
with  care.  Cesium  chloroxenate,  upon  addition  to 
concentrated  sulfuric  acid,  yields  chlorine,  chlorine 
oxides,  oxygen,  and  xenon. 

Crystalline  cesium  chloroxenate  shows  a  numbo*  of 
infrared  bands  at  818  (s),  793  (s),  766  (m),  749  (m),  663 
(w),  and  400  (m)  cm-^  The  strong  bands  at  818  and 
749  cm~^  are  similar  to  cesium  fluoroxenate  at  807  and 
757  cm"^  as  reported  by  Sclig.*  The  X-ray  powder 
diflraction  pattern  is  different  from  cesium  chloride 
and  xenon  trioxide  calculated  d  values.^  However, 
the  general  pattern  of  lines  resembles  that  of  CsFXeOt 
as  prepared  in  our  laboratory.*  The  d  spacings  for 
the  CsClXeO,  are:  4.03  (w),  3.82  (m),  3.34  (m),  3.20 
(w),  2.68  (m),  2.34  (m),  2.00  (s),  and  1.74  (w)  A.  (Some 
of  these  weak  lines  may  be  due  to  the  decomposition 
of  crystals  in  the  X-ray  beam  as  has  been  observed  in 
the  study  of  various  xenon(VI)  compounds.) 

We  are  continuing  our  investigations  on  the  nature 
of  the  halide  interactions  with  xenon  trioxide. 

(4)  D.  H.  Templeton,  A.  Zalkin.  J.  D.  Forrester,  and  S.  M.  Williaiii- 
son,  **Noble  Oas  Compounds,*'  H.  H.  Hyman.  Ed.,  University  of  Cbi* 
cago,  Chicago,  Ul,  1963,  p  229. 

Bruno  Jaseldds,  T.  M.  Spittler,  J.  L.  Hmm 

Department  of  Chemistry,  Loyola  Univenllf 

Chicago,  Illinois    60626 
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Dibenzoequinene.    A  Novel  Heptacyclic  HydrocarbM 
from  the  Photolysis  of  [2.2]Panicycloiiaplitiiaiie 

Sir: 

In  a  recent  communication*  we  reported  that 
[2.2]paracyclonaphthane  (I)'  undergoes  photosensitized 
autoxidation  to  form  the  dibenzo  dimethoxy  polycyclic 
system  II.  We  have  now  found  that,  in  the  presence 
of  ultraviolet  light,'  I  is  converted  to  the  novel  hydro- 
carbon IV,  "dibenzoequinene."* 

(1)  H.  H.  Wasserman  and  P.  M.  Keehn,  /.  Am.  Chem,  Soc.,  8S.  4522 
(1966). 

(2)  D.  J.  Cram,  C.  K.  Dalton,  and  G.  R.  Knox,  ibid,,  SS.  IM 
(1963). 

(3)  In  our  initial  dye-photosensitized  autoxidation  studies  we  nsed 
a  ISO-w  floodlamp  as  light  source.  This  was  replaced  by  a  sunlaap 
in  order  to  decrease  reaction  time  and  improve  yields.  Compound  IV 
was  observed  as  a  minor  product  in  the  photosensitized  autoxidatiaat 
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Ultraviolet  irradiation*  of  [2.2]paracyclonaphthane 
)  in  degassed  benzene-methanol  (1:1)  for  10  days 
ielded  IV  (S0%),  after  chromatography  on  silica  gel 
nd  recrystallization  from  hexane.  AnalJ  Calcd  for 
mHio:  C,  93.46;  H,  6.54;  mol  wt,  308.  Found: 
!,  93.53;   H,  6.20;   mol  wt  (mass  spectroscopy),  308. 


kr.Os 

m«oh' 


CHsO 


OCH3 


he  photolysis  product  did  not  exhibit  a  sharp  melting 
3iiit.  At  about  1 90-200 ""  a  change  in  the  crystalline 
ructure  was  observed,  and  melting  finally  took  place 
:  294-298**  dec.    (The  reported  melting  point  of  I 

299-301  ®.)  Examination  of  the  ultraviolet  spectrum 
!*  material  which  had  been  heated  to  200°  clearly 
lowed  that  a  thermal  reversal  of  IV  to  I  had  taken 
la€:e. 

Further  spectroscopic  examination  of  product  IV 
rvealed  the  following,  (i)  The  infrared  spectrum 
:HCI,)  contains  broad  (CH)  absorption  in  the  2800- 
IOO-cin~^  range  with  no  bands  in  the  regions  asso- 
Aled  with  alcohol  or  ether  groups,  (ii)  The  mass 
^ectrum  (like  the  spectrum  of  I)  shows  only  a  base  peak 

irricd  out  in  the  presence  of  ultraviolet  light,  but  it  was  the  main 
roduct  in  the  purely  photochemical  reaction  in  the  absence  of  oxygen. 
(4)  We  suggest  the  trivial  name  **equinene**  for  the  parent  CuHu 
eptacydic  diene  (i)  which  has  not  yet  been  prepared.  As  has  been 
(rinted  out  earlier/  this  hydrocarbon  would  be  formed  if  [2.2]-para- 
fdophane  were  to  undergo  a  twofold  intramolecular  Diels-Alder 


(5)  R.  C.  Helgeson  and  D.  J.  Cram,  /.  Am.  Chem.  Soc.,  88,  509 
1966). 

(6)  An  air-cooled  Rayonet  Photochemical  Reactor  (Southern  New 
Sailand  Ultraviolet  Co.,  Middletown,  Conn.)  and  a  Pyrex  reaction 
mtd  were  used.    The  light  source  consisted  of  16  lamps  at  3S00  A. 

(7)  We  thank  Dr.  Robert  Rittner  of  the  Olin  Mathieson  Chemical 
Corp.  for  asiistanoe  in  obtaining  the  microanalytical  data. 
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Figure  1 .    Ultraviolet  spectrum  of  dibenzoequinene  (IV)  in  hexane 

( );  the  dimethoxy  polycyclic  system  (II)  in  ethanol  ( ); 

and  i>-xylene  in  hexane  ( ). 


at  m/e  1S4  and  a  molecular  ion  peak  at  m/e  308,  sug- 
gesting a  hydrocarbon  of  molecular  formula  C14HS0 
which  has  a  high  degree  of  symmetry,  (iii)  The 
ultraviolet  spectrum  of  the  hydrocarbon  (Figure  1) 
bears  a  very  close  resemblance  to  the  spectrum  of  II, 
and  also  to  that  of  o-xylene.  (iv)  The  nmr  spectrum 
is  remarkaly  uncomplicated,  showing  three  sharp 
singlets,  in  the  ratio  2:2:1,  at  r  2.6S  (8  aromatic  H), 
7.60  (8  H  at  positions  a),  8.36  (4  H  at  positions  b). 
The  upiield  shift  of  the  four  protons  at  b  is  in  accord 
with  previous  observations  on  the  chemical  shifts  of 
equatorial  hydrogens  on  the  four-membered  rings  of 
bicyclo[2.1.1]  systems.* 


IV 

The  structural  representation  for  the  C24HS0  hydro- 
carbon which  is  clearly  in  accord  with  all  of  the  above 
information  is  the  hydrocarbon  IV.  This  product 
appears  to  form  by  a  light-induced  intramolecular 
cyclization*  possibly  through  the  intermediate  III. 
Other  products  formed  in  this  photochemical  reaction 
are  under  investigation. 

An  independent  X-ray  structure  determination  on 
dibenzoequinene  is  in  progress  by  Dr.  Albert  Fratini 
of  the  U.  S.  Naval  Research  Laboratories,  Washington, 
D.C.** 

(S)  K.  B.  Wiberg,  B.  R.  Lowry,  and  B.  J.  Nist,  /.  Am,  Chem,  Soe„ 
84.  1S94  (1962). 

(9)  Recent  studies  on  [2.2]paracyclophane*  have  shown  that,  on 
irradiation  with  ultraviolet  light,  this  system  undergoes  ring  opening 
without  formation  of  i. 

(9a)  Note  Added  in  Proof.  Dr.  Fratini  has  recenUy  informed  us 
that  he  has  confirmed  structure  IV  by  X-ray  analysis. 
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Peptide  Bond  Formation  and  Subsequent 
Hydrolysis  at  a  Cobalt(III)  Center 

Sir: 

We  wish  to  report  the  rapid  formation  of  a  peptide 
bond  in  nonaqueous  solutions  at  room  temperature 
using  the  Co(trien)'+  (trien  =  triethylenetetramine) 
moiety  as  a  N-terminal  protecting  group  and  as  an 
activating  center.  This  discovery  was  made  during  a 
preparative  study  of  cobalt(III)  complexes  containing 
monodentate  amino  acid  amides  and  esters. 

Treatment  of  a-  or  j8-[Co(trienXTBP)2]'+  *  or  j8r 
[Co(trien)Cl(glyOEt)KC104V  with  glycine  ethyl  ester 
in  dry  TBP,  and  sulfolane  or  dimethylformamide  solu- 
tions, respectively,  results  in  the  rapid  condensation  of 
two  glycine  ester  residues  and  the  formation  of  the 
j8rICo(trien)glyj8lyOEt]»+  ion.  The  reactions  (eq  1-3) 
are  complete  within  2  min  at  25®. 

TBP 

a-[Co(tricnXTBP)J'+  +  2glyOEt  — ► 

/3rlCo(trien)glyglyOEt]»+  +  HOEt  +  2TBP    (1) 

sulfolane 

/5r(Co(tricn)aglyOEtXa04)i  +  glyOEt ► 

(DMF) 

/3rlCo(trien)glyglyOEt]»+  +  HOEt  +  lOOr  +  Q-    (2) 

TBP 

/HCo(tricnXTBP)d*+  +  2glyOEt  — ► 

/3rlCo(trien)glyglyOEtl»+  +  HOEt  +  2TBP    (3) 

Chromatography  on  cation  ion-exchange  paj^er 
(Whatman  cellulose  phosphate  P81)  showed  almost 
quantitative  formation  of  the  dipeptide  ester  complex, 
and  analytically  pure  j3t-[Co(trien)glyglyOEtKC104)8- 
H2O  was  isolated  in  high  yield  ("^80  %)  from  each  of  the 
reactions.  (Anal.  Calcd:  C,  21.17;  H,  4.74;  N,  12.35. 
Found:  C,  20.86;  H,  4.82;  N,  12.16).  An  identical 
product  was  isolated  following  treatment  of  j9-[Co- 
(trienXHiO)2]'+  with  glycylglycine  ethyl  ester  in  aqueous 
solution  at  pH  7.5-8.0  for  1  hr  at  25®  and  addition  of 
NaC104  (reaction  4). 

/HCo(tricnXH,0)d»+  +  glyglyOEtHQ  — ► 

ft.[Co(trien)glyglyOEt]»+  +  2H,0  +  H+  +  Q-    (4) 

The  equivalence  of  the  products  isolated  from  re- 
actions 1-4  was  established  by  comparisons  of  pmr 
(8  1.3  (triplet),  4.36,  4.27,  and  4.25  ppm  (masked 
quartet);  intensity  ratio  3:2:2:2),  infrared  (1735  cm"^ 
ester  carbonyl,  1630  cm~^  coordinated  amide  carbonyl), 
and  visible  (em  153;  un  141)  spectra,  as  well  as  by  their 
chromatographic  behavior  and  analytical  data.    The 

(1)  a  and  fi  refer  to  the  geometrical  arrangement  of  triethylene- 
tetramine about  the  metal  atom:  G.  H.  Searle  and  A.  M.  Sargeson, 
Inorg,  Chem,,  4,  45  (1965).    TBP  »  tri(ii-butyl)  phosphate. 

(2)  Subscripts  ^1  and  fit  are  used  to  distinguish  between  the  two  non- 
cgutvaleDt  positions  in  the  ^  structure;  see  II  and  III  bdow. 


compound  /3r[Co(trien)glyglyOEtKa04)»  •  H/)  is  ( 
recrystallized  without  change  from  neutral  or  i 
solutions,  but  undergoes  hydrolysis  in  basic  sdi 
(pH    >8)  liberating   1   equiv  of  glycine  ethyl 
(reaction  5).   The  resulting  glycine  chelate  /3i-[Co(t 

/3rlCo(trien)glyglyOEtXa04)»  +  OH"  — ► 

/3rlCo(trien)glyl«+  +  glyOEt  +  300 

gly]'+  ion  was  isolated  as  its  I~  and  CIO4'  salts  ( 
Calcd  for  [CoC8HaO,N6KC104)i  0.5^0:  C,  1 
H,  4.75;  N,  14.38.  Found:  C,  19.82;  H, 
N,  14.33)  and  is  identical  with  that  obtained  in  tl 
action  of  j8-[Co(trienXH,0),]>+  with  glycine  (€t46 
€478  134).'  In  view  of  reactions  4  and  5  and  stn 
I  below,  it  is  now  proposed  that  the  j9r{Co(trien)£ 
OEt]'+  ion  is  the  intermediate  in  the  hydroly: 
peptide  esters  and  amides  catalyzed  by  the  /3-[Co(t 
OH(H,0)]«+ion.* 

An  X-ray  structural  study  of  j8rICo(trien)g 
0EtXC104)s  •  HsO  establishes  its  geometrical  confi 
tion  as  V  in  which  glyc^glycine  ethyl  ester  fun< 


NHCH/X)iEt 


I 


n 


NHJMJCOJSt 


m 

as  a  bidentate  ligand  by  attachment  to  cobalt  th; 
the  terminal  amino  nitrogen  and  peptide  car 
oxygen  atoms.  This,  together  with  the  experi 
below,  establishes  the  geometrical  structure  of  tl 
drolyzed  product,  j8r[Co(trien)gly]*+,  and  rea 
/3r[Co(trien)Cl(glyOEt)]»+,  as  II  and  III,  rcspcc 
in  agreement  with  previous  assignments.' 

To  establish  that  formation  of  the  peptide  bone 
occur  at  the  cobalt(III)  center,  ft-[Co(tricn)Cl(tfy< 
(C104)i  (1  g)  (Anal.  Calcd:  C,  22.13;  H,  5.0: 
12.91.  Found:  C,  21.98;  H,  5.12;  N,  12.99)  co 
ing  C^*-labeled  glycine  ethyl  ester  (4850  db  17 
mg  of  complex)  was  treated  with  2  equiv  of  f 
prepared  inactive  glycine  ethyl  ester  (0.4  g)  in  suU 
(10  ml)  and  the  reaction  quenched  after  2  min  by 
tion  of  ethanol  and  ether.  The  i3r[Co(trien)( 
OEtKC104)8 '  HsO  obtained  after  two  recrystalliz 
from  hot  water  (Anal.  Calcd:  C,  21.17;  H, 
N,  12.35.  Found:  C,  21.25;  H,  4.42;  N, 
and  unreacted  glycine  ethyl  ester  recovered  by 
matography  were  analyzed  for  their  C^^  content 

(3)  L.  G.  Marzilli  and  D.  A.  Buckingham,  Inorg.  Ckem^ 
(1967). 

(4)  D.  A.  Buckingham,  J.  P.  Collman,  D.  A.  R.  Happer,  an 
Marzilli,  /.  Am.  Chem.  Soc.,  89,  1082  (1967). 

(5)  M.  Fehlmann,  H.  Freeman,  D.  A.  Buckingham,  and 
Sargeson,  to  be  published. 
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results  of  3890  :t  10  cpm/mg  and  approxi- 
:ly  200  ^  SO  cpm/mg,  respectively,  establish 
no  significant  exchange  of  coordinated  and  free 
'ne  ethyl  ester  has  occurred  during  the  reaction. 
I  formation  of  the  peptide  bond  must  involve  con- 
ation of  the  coordinated  ester  and  must  occur  on 
complex.  Subsequent  hydrolysis  of  the  C^^- 
led  j8-[Co(trien)glyglyOEtKa04),H,0  at  pH  ^10 
25  "^  and  examination  of  the  j3t-[Co(trien)glyXC104)s- 
[fO  isolated  from  the  resulting  solution  (4930  ± 
?pm/mg)  shows  96%  retention  of  activity  in 
chelated  glycine  residue,  and  indicates  a  similar 
ition  in  the  N-terminal  glycine  of  the  /3r[Co(trien)- 
yOEt]^  ion.  These  results  are  consistent  with, 
do  not  unequivocally  establish,  the  following 
lanism  for  peptide  formation  and  subsequent 
olysis.  Formation  of  the  peptide  bond  prior  to 
ition  is  also  allowed  by  the  results,  but  prior  eo- 
lation of  the  incoming  ester  followed  by  condensa- 
is  excluded. 


ff 


NH«CH/XWBt 


|lyOEt 


imjcajcofii 


•+ 


+  a^ 


IV 


JNHO^OQaEt 


0— C 


^0 


diminary  results  indicate  that  the  intermediate 
Midenses  with  dipeptide  esters  to  give  a  coordinated 
ptide  ester,  which  leads  to  the  possibility  that  this 
may  be  useful  as  a  general  method  for  N- 
addition  of  integral  amino  acid  residues  to 
ide  esters.  Experiments  to  distinguish  between 
mechanistic  possibilities  are  presently  being  con- 
ed. Also  the  scope  and  versatility  of  this  reaction 
Mng  invt 


duwwledgmeiit.  The  authors  are  grateful  to  Dr. 
Losenberg,  Department  of  Biochemistry,  John  Cur- 
chool  of  Medical  Research,  for  a  gift  of  C '^-labeled 
ne  and  use  of  the  Packard  Scintillation  Counter 
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Chlorosnyl  Derivatives  of  Transition  Metals  and 
Evidence  for  a  Conformationai  Effect  on  Metal 
Carbonyl  Stretching  Bands 

Sir: 

The  chemistry  of  silicon-transition  metal  compounds 
has  been  developed  to  a  much  smaller  extent  than  that 
of  germanium,  tin,  and  lead ;  this  situation  may  result 
in  part  from  a  lack  of  suitable  preparative  methods. 
We  reported  recently^  that  triphenylsilane,  known*  to 
react  readily  with  cobalt  carbonyl,  would  react  under 
more  vigorous  conditions  with  the  carbonyls  of  man- 
ganese and  rhenium,  affording  (C6H5)tSiM(CO)6  (M  » 
Mn,  Re).  We  now  communicate  further  studies  show- 
ing that  the  silane-metal  carbonyl  reaction  is  a  rather 
general  one,  providing  a  convenient  route  to  new  com- 
pounds both  expected  and  unexpected.  The  reactions 
of  trichlorosilane  are  particularly  interesting,  and  a 
number  are  summarized  in  Table  I.    Yields  vary  widely, 

Table  I.    Trichlorosilane  Reactions* 

CO  stretch- 
ing funda- 
mentals, 
Reactant  Product^  Mp,  ®0  cm-»  * 


Mn,(CO)io 
Rei(CO)io 

Fe(CO). 

Fei(CO)i, 


a>SiMn(CO)» 
a«SiRe(CO)» 

[a,SiFe(CO)4], 

(a,Si),Fe(CO)4 


[C»Hi(CO),Mo]s    a,SiMo(CO),CftHi 

[C5H«(00)»Fe]s      aiSiFe(CO)sCtHft 
[CtHi(CO)Ni]i       a,SiNi(00)C5H» 


130-131 
169-169.5 

Dec>200 

94^96 

14^151 

128-130 
38-40 


2123,  2035 
2139,  2037. 

2028 
2094,  2053, 

2048,2038 
2125,  2078 

2071,2061 
2041,  1976, 

1959 
2039, 1995 
2062 


•  In  sealed  tubes  in  the  100-180"^  temperature  range  using  excess 
CliSiH.  ^  Products  characterized  by  elemental  analysis  and  mass 
spectrum.  In  several  cases  other  products  are  formed  which  have 
not  yet  been  fully  characterized.  ''Kofler  hot-stage  microscope. 
*  In  cyclohexane  solution. 

but  the  formation  of  CltSiMn(CO)ft  is  almost  quantita- 
tive. On  the  basis  of  their  infrared  spectra,  the  prod- 
ucts are  structurally  analogous  to  known  derivatives 
of  germanium,  tin,  and  lead.  It  may  be  noted  that 
silicon-molybdenum  and  silicon-nickel  bonds  have  not 
been  reported  previously. 

The  trichlorosilyl  derivatives  of  Table  I  are  of  interest 
in  view  of  the  numerous  compounds  of  the  trichloro- 
stannyl  ligand  now  known.  The  latter  is  regarded  as  a 
strong  ir  acceptor  and  a  weak  a  donor.'  Strong  x-ac- 
ceptor  character  for  the  CltSn  ligand  is  also  consistent 
with  trends  in  CO  stretching  force  constants  in  Clt- 
SnMn(CO)s  and  related  compounds,  as  we  have  pointed 

(1)  W.  Jetz,  P.  B.  Simons,  J.  A.  J.  Thompson,  and  W.  A.  G.  Graham, 
Inarg.  Chem,,  5,  2217  (1966). 

(2)  A.  J.  Chalk  and  J.  F.  Harrod.  J,  Am,  Chem,  Soc.,  S7, 1 133  (1965). 

(3)  R.  V.  Lindsay,  Jr.,  G.  W.  Parshall,  and  V.  G.  Stolberg,  ibid,,  S7« 
6S8  (1965);  G.  W.  Parshall,  ibid,,  SS,  704  (1966). 
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Figun  I.  Carbonyl  regJon  of  the  infrared  spectrum  of  CHiCV 
SiFe(CO)iCtH(.  Precise  band  positions  are  2031,  2022,  1983,  and 
1973  cin~'  (cyclohexanc  solution,  about  1  mg/ml,  O.S-nun  cells). 

out.*  We  have  dow  extended  the  force  constant  ap- 
proach to  the  corresponding  CI»Si  and  CItGe*  com- 
pounds and  conclude  that  there  is  little  difference  among 
CliSi,  CUGe,  and  CltSn  as  ligands.'-  We  suggest  that 
the  CliSn  group  is  not  unique,  except  for  the  ease  with 
which  it  may  be  generated  in  reactions  with  tin(II) 
chloride. 

Reactions  with  methyldichlorosilane  yield  methyl- 
dichlorosilyl  analogs  of  many  of  the  compounds  of 
Table  I.  The  infrtired  spectra  of  these  methylsilyl 
derivatives  reveal  some  unexpected  features  in  the  form 
of  "extra"  terminal  carbonyl  bands.  The  most  strik- 
ing example  is  provided  by  CH|CliSiFe(CO)]C(Hi,  of 
which  the  specboim  is  shown  in  Figure  1.  The  spec- 
trum of  Cl,SiFe(CO>,C6H.  is  shown  in  Figure  2  for 
comparison.  Repeated  crystallization  and  fractional 
sublimation  of  the  methyl  derivative  does  not  alter  its 
spectrum,  and  its  molecular  weight  in  cyclohexanc  is 
normal  (calculated,  291;  found  (osmometer),  294). 
Moreover,  the  nmr  spectrum  at  33°  shows  only  two 
sharp  peaks  at  r  6.2  and  9.3  in  a  5 : 3  ratio.* 

The  appearance  of  more  than  two  CO  stretching 
bands  for  a  compound  having  only  two  CO  groups  leads 
one  to  postulate  that  isomers  are  present.  We  believe 
that  these  are  most  likely  to  be  the  two  conformations 
of  the  molecule  shown  in  Newman  projection  as  I  and 
II.    Rapid   interconversion    would    account   for   the 

(4)  The  compound  C1iGcMn(CO)i  hai  been  prepared  froni  CliOeH 
and  Mni(CO)ii:  A.  N.  Nesmeyanov,  K.  N.  Anisimov,  N.  E.  Kolo- 
bova,  and  A.  B.  Antonova,  Butt.  Acad.  Sel.  USSR,  Dh.  CIttm.  Set., 
1284  (1965).  Wc  prepared  i(  by  reaction  of  chlorine  with  (CiHi)t- 
GeMn(CO)h  and  obtene  r(CO)  at  2130  (m).  2048  (s),  2038  (m)  cm-i  in 
cyclohexanc. 

(5)  Actual  valuci  of  the  approximate  force  constants  (mdynes/A)  are : 
ai5iMn(CO)t,  ki  -  I6.S6.  h  -  17.17.  ki  -  0.222;  CltOeMn(CO)>, 
Ai  -  16.90.  kt  =  17.36.  kt  =  0.210;  a£aMn{COW  *i  -  16.91.  k,  - 
17,31,  ki  -  0.204.  Pot  an  explanation  of  nomenclature  and  fuller 
discussion,  see  ref  1. 

(6)  Attempts  lo  measure  the  low- temperature  nnu  spectrum  have  not 
ai  yet  been  successful  because  of  the  tendency  of  solutions  of  the  com- 

poitod  to  become  very  viicoua  at  about  —20°. 


Figure  2.  Carbonyl  r^on  of  the  infrared  spectrum  of  CUSiF^ 
(CO)iCtH,.  Precise  bond  positions  are  2039  and  1993  air> 
(cydohexane  solution,  about  1  mg/ml,  0.3-mm  cells). 


simple  nmr  spectrum.  The  phenomenon  it  beiiig 
studied  in  greater  detail,  and  a  similar  effect  has  beat 
observed  in  organotin  derivatives  such  as  CHiClr 
SnFc(CO),CtHs.' 

Isomerism  of  the  tautomeric  type,  involving  cquilibrii 
between  bridged  and  nonbridged  forms,  is  weU  estab- 
lished in  metal  carbonyls  and  certain  of  thdr  doivi- 


tives.*  The  present  communication,  however,  is  the 
first  report  of  a  conformational  effect  on  temuDal  metil 
carbonyl  frequencies.*."'  The  generality  of  this  pb^ 
nomenon  remains  to  be  established,  but  it  should 
evidently  be  borne  in  mind  when  a  dioice  between 
structures  is  being  made  on  the  basis  of  predicted  and 
observed  numbers  of  carbonyl  stretching  bands. 

(7)  Research  in  progress  in  this  laboratory  by  Mr.  Junem  Hoyvao. 

(8)  K.  NoBck,  Sptciroehlm.  Aeia.  19,  1923  (1963);  O.  Bar,  ML. 
19,  2065  (1963);  F.  A.  Cotton  and  G.  Yagupiky.  fiurf-  OWm..  t,  D 
(1967);  R.  D.  Fischer,  A.  Vo^er.  and  K.  Noack./.  OrtamnmuL  CtM. 
(Amsterdam),  7.  I3S  (1967);  K.  Noack.  Ibid..  7,  151  (19fi7). 

(9)  The  doubling  of  acyl  carbonyl  frequencies  in  compounds  of  At 
type  CXHiCOMn(CO)(  (F.  Calderazzo,  K,  Noack,  and  U.  Sduenr, 
tbU.,  6, 263  (1966))  is  entirely  analogous  to  that  produced  by  rotaiieMl 
isomerism  in  conventional  organic  ketones. 

(10)  A  referee  has  drawn  atlcnlion  10  the  fact  that  four  ■trong  or- 
bonyl  bands  were  observed  by  R.  B.  King  in  the  compomid  riSr 
(CO)iMo<v-CiHi):  /norj.  CAem..  S,  2242  (1966).  This  was  anriboMt 
by  King  lo  a  kind  of  cii-lraia  isomerism  involving  a  bidoitate  r«II]( 
group.  We  agree  with  the  referee's  suggestion  thai  itomeriKD  in  the 
v-allyl  case  may  arise  from  a  conformational  effect  very  dinUar  to  vtal 
is  suggested  here ;  l.t.,  in  I  and  n.  replace  CI  by  CHi.  CHi  by  H.  Si  by  Q 
and  Fe  by  Mo.  This  viewpoint  implies  that  tbe  r-allyl  group  is  iiwii 
dentate  in  character,  presumably  with  some  freedom  of  rotatton  abort 
the  ■-allyl-mctal  bond. 


youma/ti/'g** 
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Crystal  Structure  of  HResMn(COX4. 
wtral,  ''Electron-Deficient/'  Polynuclear 
onyl  Hydride^ 


e  reduction  of  Mni(CO)io  or  Rej(CO)io  with  NaBH4 
subsequent  acidification)  has  given  rise  to  an 
jal  group  of  polynuclear  carbonyl  hydrides: 
:,(CO)n.*  H,Mn,(CO)u,»  H7B,Mn,(CO)io,»  and 
<CO)i4.**  Only  one  of  these  complexes,  Hr 
ii(CO)io>  has  so  far  been  examined  crystallo- 
lically/  although  attempts  have  been  made  to 
HjRei(CO)u/  We  now  wish  to  report  the  struc- 
)f  HReiMn(CO)i4,**'  which  no  doubt  will  be  closely 
d  to  HRe,(CO)i4.' 

le2Mn(CO)i4  crystallizes  in  the  monoclinic  space 

)  P2i/n  (No.  14)  with  a  =  9.31.  b  =  15.82,  c  = 

A,  j8  =  106.4^  V  =  2032  A»;   p^M  =  2.64  g 

(Pcidcd  =  2.68  g  cm-«  for  Z  =  4,  3f  =  820).    A 

:-crystal  X-ray  crystallographic  analysis,  based  on 

lete  three-dimensional  data  (Mo  Ka;  sin  ffma.  » 

collected  with  a  Buerger  automated  diifractometer, 

d  to  the  location  of  all  nonhydrogen  atoms.    The 

Qt  discrepancy  index  is  R^  =  10.39%  for  the  2100 

sro  reflections.    The   over-all   geometry   of  the 

nile  is  shown  in  Figure  1.    The  metal  atoms  are  in 

>nlinear   configuration,   the   Re  •  •  •  Re~Mn   angle 

98.1  ^.    The  Re-Mn  bond  length  of  2.960  A  is  in 

agreement  with  the  value  of  2.97  A  predicted 

the  M-M  distances  in  M,(CO)io  (Mn-Mn   = 

A,»  Re-Re  =  3.02  A»).     However,  the  Re-  •  Re 

ice  of  3.39  A  in  HReiMn(CO)i4  is  ^^0.37  A  longer 

a  normal  Re-Re  single  bond.    It  is  proposed  that 

lydrogen  atom  known ^®  to  be  present  in  HRci- 

rO)i4  occupies  a  bridging  position  between  the  two 

um   atoms.    The   otherwise   normal   octahedral 

lination  of  the  rhenium  atoms  leads  us  to  believe 


IVork  supported  by  NSF  Grants  GP-6720  (H.  D.  K.)  and  GP.422S 

C),  and  by  ARPA  Grant  SD-88  (M.  R.  C). 
O.  K.  Huggins,  W.  FelUnann,  J.  M.  Smith,  and  H.  D.  Kaesz, 

Ckem,  Soc„  86,  4841  (1964). 

W.  FdUnann,  D.  K.  Huggins,  and  H.  D.  Kaesz,  Abstracts, 
ted  at  the  Vlllth  International  Conference  on  Coordination 
itry,  Vienna,  Sept  1964,  V.  Gutmann,  Ed.,  Springer-Verlag, 

1965,  pp  255-257. 

a)  W.  Fdlmann  and  H.  D.  Kaesz,  Inorg.  Nuci  Chem.  Letters,  2, 
yby  <b)  HReiMn(CO)i«  U  obtained  in  10  %  yield  by  acidification 
ry  mixture  of  NaMn(00)»  and  a  salt  containing  lower  carbonyl 

of  rhenium  (obtained  from  the  treatment  of  ReKCO)io  with 
•  in  tetrahydrofuran*). 

EL  D.  Kaesz,  W.  FeUmann,  G.  R.  Wilkes,  and  L.  F.  Dahl,  7.  Am. 
Soe„  S7.  2753  (1965). 

Ne  have  examined  crystals  of  HsRe*(CO)u,  but  have  not  yet  found 
inen  which  gives  an  interpretable  diffraction  pattern.  Professor 
>ihl  has  informed  us  that  he  has  encountered  similar  difficulties 
ith  H«Re*(CO)ifl  and  HsMn*(CO)it. 

nie  structure  of  HRe«(00)i4  is  under  investigation  in  the  labora- 
if  Professor  L.  F.  Dahl. 

L.  F.  Dahl  and  R.  E.  Rundle,  Acta  Cryst.,  16,  419  (1963). 
L  F.  Dahl,  E.  Ishishi,  and  R.  E.  Rundle,  7.  Chem,  Phys.,  26, 1750 

The  number  of  hydrogen  atom(s)  in  this  and  the  above-mentioned 

ivet  has  been  confirmed  by  calibrated  mass  spectra:    J.  M. 

K.  Mefaner,  and  H.  D.  Kaesz,  J.  Am,  Chem,  Soc„  89,  1759 


Figure  1.    The  stereochemistry  of  HRetMn(CO)i4. 

that  the  Re~H-Re  bridge  is  probably  linear  [a  similar 
scheme  has  been  suggested  for  the  HCri(CO)io~  ion"]. 
If  a  symmetrical,  linear  Re~H-Re  linkage  is  assumed, 
then  the  resulting  Re~H  distance  of  1.69S  A  is  in  re- 
markably good  agreement  with  the  Re~H  distance  of 
1.68  :t  0.01  A  determined  by  a  neutron-diffraction 
study"  of  KjReHg. 

An  interesting  observation  in  the  present  study  is  that 
the  carbonyls  in  the  (OC)4Re~Mn(CO)i  portion  of  the 
molecule  are  in  a  strictly  staggered  conformation  (as 
are  those  in  Mn2(CO)io,*  Tc2(CO)io,"  and,  presumably, 
the  isomorphous*  Res(CO)io),  whereas  the  carbonyl 
groups  in  the  hydrogen-bridged  portion  of  the  molecule 
are  in  an  eclipsed  configuration.  (The  author's  drawing 
of  the  HCrs(CO)io~  ion  ^  ^  indicates  that  this  too  adopts 
an  eclipsed  configuration.)  Furthermore,  the  sets  of 
radial  carbonyl  groups  in  the  (OC)6Mn-Re(CO)4  moiety 
bend  slightly  toward  each  other,  a  feature  noted  also  for 
Mn,(CO)io«  and  Tci(CO)io. " 

The  structure  of  HResMn(CO)i4  taken  together  with 
the  chemistry  (treatment  of  this  compound  with  CO 
gives  HRe(CO)6  and  MnRe(CO)io)^  suggests  a  descrip- 
tion of  the  bonding  which  correlates  the  two.  The 
HRe(CO)5  unit  might  be  regarded  as  a  neutral  ligand 
in  a  radial  position  on  LMnRe(CO)9  held  through  hy- 
drogen bridging  via  a  two-electron  three-center  bond." 
More  extensive  studies  on  HRes(CO)i4  strengthen  this 
idea:  "CO-enriched  CO  reacts  with  HRe^CO)i4  to 
produce  Rej("CO)9("CO),  with  the  "CO  group  in  the 
radial  position."  CHjCN  and  (CeHs)*?  similarly  give 
monosubstituted  derivatives  LRes(CO)9  but  with 
(CeHs))?  axial  substitution  is  observed." 

The  concept  of  a  neutral  transition  metal  hydride 
acting  as  a  ligand  in  metal  complexes  suggests  the 
formulas  of  a  large  class  of  electron-deficient  poly- 
nuclear metal  hydrides.  A  few  such  possibilities  based 
on  known  complex  hydrides  and  known  carbonyls 
would  be:  (OC)6ReHM(CO)5  and  (ir.C6H6)iReHM- 
(CO)6  (M  =  Cr,  Mo.  W),  (OC)4CoHFe(CO)4,  or 
Ls(X)PtH  •  M(CO)n_i  [where  M(CO)n  is  any  of  a  number 
of  known  carbonyls].    These  compounds  would  be 

(11)  L.  B.  Handy,  P.  M.  Treichel,  L.  F.  Dahl,  and  R.  G.  Hayter, 
ibid.,  88,  366  (1966). 

(12)  S.  C.  Abrahams,  A.  P.  Ginsberg,  and  K.  Knox,  Inarg.  Chem,,  3, 
558  (1964). 

(13)  M.  F.  Bailey  and  L.  F.  Dahl,  ibid.,  4,  1140  (1965). 

(14)  Such  a  bonding  system  has  historically  been  termed  "electron 
deficient**;  cf.  R.  E.  Rundle,  Record.  Chem.  Progr,  (Kresge  Hooker  ScL 
Lib.),  23, 195  (1962);  this  merely  refers  to  molecules  in  which  some  of  the 
bonding  or  nonbonding  orbitals  are  empty. 

(15)  R.  W.  Harrill  and  H.  D.  Kaesz,  Inorg.  NucL  Chem.  Letters,  2, 
69  (1966). 

(16)  R.  W.  Harrill,  Ph.D.  Dissertation,  University  of  CaUC<»c«Sa^ 
at  Los  Angeles,  1967,  to  be  published. 
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related  by  loss  of  a  proton  to  the  corresponding  poly- 
nuclear  carbonyl  anions^'  and  could,  therefore,  in  some 
cases  be  very  strong  proton-releasing  acids.  The  elec- 
tron-deficient polynuclear  carbonyl  hydrides  would  also 
be  isoelectronic  with  polynuclear  protonated  metal 
carbonyl  species  such  as  (ir-C6H6XCO)iFeHMn(CO)6+ 
or  (ir-C6H6XCO),WHW(CO),(ir-C6H»)+  reported  by 
Wilkinson  and  co-workers.  ^^  The  question  of  the 
placement  of  the  hydrogen  atoms  is  the  same  in  these 
two  classes  of  compound. 

(17)  See  U.  Anders  and  W.  A.  G.  Graham,  /.  Am.  Chem.  Soc.,  89, 
539  (1967),  and  references  cited  therein. 

(18)  A.  Davison,  W.  McFarlane,  L.  Pratt,  and  G.  Wilkinson,  /.  Chem, 
Soc.,  36S3  (1962). 

(19)  Work  performed  during  the  temporary  residence  of  R.  B.  and 
sabbatical  leave  residence  of  H.  D.  K.  at  Harvard  University. 

H.  D.  Kaesz,'*  R.  Ban'* 

Department  cf  Chemistry,  University  of  California 

Los  Angeles,  California    90024 

NLR-OnreliUl 

Department  cf  Chemistry,  Harvard  University 
Cambridge,  Massachusetts    02138 

Received  March  29, 1967 


The  Total  Synthesis  of  Racemic  Genipin 

Sir: 

Since  the  pioneering  work  of  Schmid  on  the  structure 
of  plumieride,  ^  the  group  of  monoterpenes  containing 
part  structure  1  has  rapidly  expanded.  The  suggestion* 
that  such  compounds  are  intermediates  in  the  biosynthe- 
sis of  indole  alkaloids  has  recently  been  supported  by 
preliminary  experiments'  which,  however,  need  con- 
firmation with  multiply  labeled  compounds.  Until 
now  no  member  of  this  class  of  natural  products  has 
been  prepared  from  the  elements,  but  the  present 
communication  reports  on  a  synthesis  of  genipin  (2).  ^ 

0"  HOHaC  „  OH 

H 


H 


H 


000— 


OOOCH, 


The  bicyclic  ethyl  ester  3^^  on  base  hydrolysis  was 
transformed  to  the  acid  4,  mp  53-55°  (lit.«  mp  51-52**). 
Reduction  with  lithium  in  liquid  ammonia  followed 
by  esterification  with  methanol  in  the  presence  of  p- 
toluenesulfonic  acid  afforded  a  mixture  of  methyl  esters 
containing  approximately  90  %  of  5. 

When  the  diene  5  was  treated  with  osmium  tetroxide 
in  dimethylformamide  and  the  resulting  osmate  ester 
cleaved  with  hydrogen  sulfide,*  a  crystalline  tetrol  (6), 
mp  163-165°,  was  formed  in  50%  yield.     Although 

(1)  O.  Halpem  and  H.  Schmid,  Helv.  Chim.  Acta,  41.  1109  (1958). 

(2)  R.  Thomas,  Tetrahedron  Letters,  344  (1961);   E.  Wenkert,  J.  Am. 
Chem.  Soc.,  84,  98  (1962). 

(3)  A.  R.  Battersby,  R.  T.  Brown,  R.  S.  Kapil,  J.  A.  Martin,  and 
A.  O.  Plunkett,  Chem.  Commun.,  890(1966). 

(4)  C.  Djerassi,  T.  Nakano,  A.  N.  James,  L.  H.  Zalkow,  E.  J.  Eisen- 
braun,  and  J.  N.  Shoolery,  /.  Org.  Chem.,  26,  1192  (1961). 

(5)  K.  F.  Bangert  and  V.  Boekelheide,  /.  Am.  Chem.  Soc.,  86,  905 
(1964). 

(6)  E.  Vogel,  W.  Wiedemann,   H.   Kiefer,  and  W.   F.   Harrison, 
Tetrahedron  Letters,  11,  673  (1963). 

(7)  G.  W.   Fonken  and  W.   Moran,  Chem.  Ind.  (London),   1841 
(1963). 

(8)  T.  J.  Katz  and  P.  J.  Garrat,  J.  Am.  Chem.  Soc.,  86,  5194  (1964). 

(9)  D.  H.  R.  Barton  and  D.  Elad,  /.  Chem.  Soc.,  2090  (1956). 
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3,  R-CA 

4,  R-H 


"  C(X)CH, 


this  material  was  a  mixture  of  two  epimers  it  was 
directly  for  further  transformation.  Taking  advai 
of  earlier  work  which  demonstrated  that  c/f-c 
pentane-l,2-diols  are  cleaved  much  more  rapidly 
lead  tetraacetate  than  c^-l,2-cyclohexanediolSy" 
mixture  of  tetrols  6  was  exposed  to  1  equiv  of  thi 
agent  in  glacial  acetic  acid  solution.  Oxidation 
complete  within  seconds  and  chromatography  ol 
resulting  mixture  of  products  gave  three  trids: 
[11%;  mp  156-157**;  infrared  absorptions  (1 
3550,  1700,  1640  cm-^  ultraviolet  absorptior 
EtOH  240  mn  (€  10,500),  in  0.01  N  NaOH  272 
(€  19,000)1,  7b  [12%;  mp  176-177^  infrared  ab 
tions  (KBr)  3500,  3355,  1690,  1635  cm-^  ultra\ 
absorptions  same  as  those  of  7a],  and  7c  [22%; 
202-208°;  infrared  absorptions  (KBr)  3425,  ! 
1690,  1635  cm~^  ultraviolet  al^orptions  sam 
those  of  7a].  Investigations  aimed  at  clarifyin{ 
configurations  of  the  three  triols  7  are  incomplet 
isomers  7a  and  7b  on  consecutive  treatments  with 
tone  and  with  dicyclohexylcarbodiimide-dimethyl 
oxide  ^^  yielded  the  same  lactone,  8,  mp  10^ 
having  infrared  and  ultraviolet  absorptions  idei 
with  those  of  7a.  This  tentatively  indicates  that  the 
triols  differ  only  in  the  configuration  of  the  hemia 
carbon  atom.  Triol  7c  did  not  yield  an  acetonidc 
was  quantitatively  cleaved  by  periodic  acid. 


OR 
HO 


'-My 


6 


OOOCH, 


OHC  J,  OH 


(XXX^Hi 


OOOCH, 


8 
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The  resulting  crude  dialdehyde  was  cyclized  b; 
agency  of  piperidine  acetate,^*  and  the  desired  bi< 
aldehyde  9  was  obtained  in  68  %  yield  in  the  font 
liquid  with  infrared  absorptions  (CHCt)  at  2800, 
1670,  1630  cm-^  Reduction  of  the  aldehyde  9 
lithium  tri-/-butoxyaluminohydride^'  in  ether 
racemic  genipin  (2),  mp  1 1 6- 1 1 7  ^.  Identity  with  ni 
genipin  ^^  was  established  by  comparison  of  infir 

(10)  R.  Criegee,  E.  H5ger,  O.  Huber,  P.  Krudc,  F.  Marktsi 
and  H.  Schellenberger,  Ann.,  599,  81  (1956). 

(11)  K.  E.  Pfitzner  and  J.  O.  Moffat,  /.  Am.  Chem.  Soc.,  S7 
5670  (1965). 

(12)  R.  B.  Woodward,  F.  Sondheimer,  D.  Taub,  K.  Heusk 
W.  M.  McLamore,  ibid.,  74,  4223  (1952). 

(13)  H.  C.  Brown  and  R.  F.  McFarUn.  ibid.,  80,  5372  (195D. 

(14)  We  are  grateful  to  Professor  C.  Djerassi.  Stanford  Unr 
for  a  sample  of  natural  genipin. 
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b^iolet,  mass,  ^^  and  proton  spectra  as  well  as  by  the 
y  of  genipin  to  produce  an  ineffaceable  blue  color 
applied  to  skin.  ^*  An  identical  series  of  reactions 
served  in  the  transformation  of  triol  7b  to  racemic 
in  (2). 

knowledgnient.  The  authors  express  their  thanks 
le  generous  sv.pport  of  this  investigation  by  the 
mal  Institutes  of  Health  (GM  09686-06).  We  also 
:  Mr.  M.  Kassenoff  for  his  participation  in  some 
;s  of  this  work. 

Mass  spectra  were  measured  in  the  laboratory  of  Professor  K. 

in,  Massachusetts  Institute  of  Technolo^. 

C.  Djerassi,  J.  D.  Gray,  and  F.  A.  Kincl,  /.  Org,  Chem,,  25, 

960). 

National  Institutes  of  Health  Postdoctoral  Fellow,  1966-1967. 

G.  Bikhi,  B.  Giibkr,  Richard  S.  Schneider,"  J.  Wfld 

lartment  of  Chemistry^  Massachusetts  Institute  of  Technology 

Cambridge^  Massachusetts    02139 
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sesceiice  of  Iridiu]ii(III)  Chelates  with 
Hpyridine  and  with  1,10-Pheiiantliroline 


y  few  complexes  of  transition  metal  ions  having 
dy  filled  d  shell  are  luminescent  in  fluid  solutions. 
lotable  exception  is  the  tris(l,10-phenanthroline)- 
aium(II)  ion;  this  species  and  several  other  Ru(II) 
tea  with  some  similar  Ugands  were  first  reported  to 
tesce  by  Brandt  and  co-workers.^*'  Paris  and 
It^  assigned  the  bands  in  the  absorption  spectrum 
e  tris(2,2'-bipyridine)ruthenium(II)  ion  and  con- 
d  that  the  emission  accompanied  a  ligand-to-metal 
e-transfer  (x*  -♦  d)  transition.  Later,  weak  ab- 
ion  bands  at  539  m/A  (18.550  kK)  and  at  664  m/A 
K)  kK)  were  reported  for  the  latter  species  and  led 
assignment  of  the  luminescence  as  fluorescence 
iated  with  a  ligand-field  (Ti  -♦  *Ai)  radiative 
ition.'  More  recently  other  workers  have  con- 
d  that  there  is  no  compelling  reason  to  assign  the 
lescence  of  the  tris(2,2'-bipyridine)ruthenium(II) 
>  a  ligand-field  transition ;  indeed,  there  are  several 
1  reasons  against  such  an  assignment.  ^ 
e  present  work  describes  luminescence  from  fluid 
ions  of  the  analogous  iridium(III)  chelates: 
,2'-bipyridine)iridium(III)  ion,  [Ir(bipy)j]*+,  and 
,10-phenanthroline)iridium(III)  ion,  [Ir(phen)3]'+. 
P'oup  theoretical  classification  of  these  chelates  is 
The  metallic  ion  is  in  an  octahedral  environment; 
over,  these  species  are  diamagnetic:  the  metallic 
las  the  low-spin  d*  configuration  and  geometry 
»gous  to  the  ruthenium(II)  chelates.  The  emission 
ITS  to  accompany  charge-transfer  transitions  from 
gand  to  the  metal  ion  (x*  -^  d),  i.e.,  similar  in  kind 
at  assigned  by  Paris  and  Brandt  for  the  lumines- 
of  the  Ru(II)  chelates.  ^ 

e  ultraviolet-visible  absorption  spectra  for  the 
)  species  are  shown  in  Figure  1 .  The  absorption 
rum  of  2,2'-bipyridine  in  concentrated  sulfuric 
is  included  in  Figure  1  because  the  diprotonated 

f.  p.  Paris  and  W.  W.  Brandt,  J.  Am.  Chem.  Soc.,  81,  5001  (1959). 
i.  Veeoing  and  W.  W.  Brandt,  Anal  Chem.,  32,  1426  (1960). 
J.  A.  Crosby,  W.  G.  Perkins,  and  D.  M.  Klassen,  J.  Chem.  Phys., 
«  (1965). 

I.  A.  Pahner  and  T.  S.  Piper,  Inorg.  Chem.,  5,  864  (1966);  see 
te  88  at  end  of  paper. 
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Figure  1.  Absorption  and  luminescence  spectra:  (1)  [I^bipy)!]*-** 
absorption  spectrum  in  DMF;  (2)  [Iitbipy)!]*-*-  luminescence  spec- 
trum in  DMF,  370-nvi  excitation;  (3)  [Ii1[phen)i]''*'  absorption 
spectrum  in  DMF;  (4)  Ir(phen)t*'*'  luminescence  spectrum  in 
DMF,  475-nvi  excitation;  (5)  2,2'-bipyridine  absorption  spectrum 
in  concentrated  HsS04.  /l  «  luminescence  intensity  (in  arbitrary 
imits  and  corrected  for  variation  of  detector  response  with  wave- 
length). 

form  most  nearly  approximates  chelated  2,2'-bipyridine 
with  respect  to  the  energies  of  the  intraligand  (t*  <^  t) 
transitions.  Assignments  of  the  absorption  bands  are 
given  in  Table  I. 

TaUe  I.    Absorption  Band  Assignments  for  2,2'-Bipyridine 
and  1,10-Phenanthroline  Chelates  of  Ir(III) 


Compound 

XoMix,  m/4« 

Logc" 

Assignment 

2,2'-Bipyridine' 

285 

4.83 

T*—  T 

[Ir(bipy),l»+- 

235 

4.89 

T*-d 

284 

5.08 

T*^T 

370  (s) 

3.2 

T*-d 

480  (s) 

2.8 

T*^d 

515  (s) 

2.3 

T*^d 

[Ir(phen)d»+  * 

<300 

>4.7 

T*^T 

310  (s) 

4.4 

T*^T 

350  (s) 

3.7 

T*-d 

430  (s) 

2.7 

T*^d 

520  (s) 

2.1 

T*-d 

'SB  shoulder.  ^  c  is  molar  absorptivity.  '  Solvent,  concentra- 
ted H1SO4.    'Solvent,  dimethylformamide. 

Jprgensen  attributed  bands  in  the  range  28S-34S 
m/A  in  the  absorption  spectra  of  20  Ir(III)-pyridine  com- 
plexes to  (x*  ^^  d)  charge-transfer  transitions.*  Spec- 
tral studies  of  the  tris(ethylenediamine)iridium(III)  ion, 
[Ir(en)t]''*~,  in  solution  show  the  lowest  energy  singlet 
d*  ^^  d  (  Ti  ^^  ^ Ai)  transition  at  249  m/A  and  the  lowest 
energy  triplet  (*Ti  ^^  *Ai)  transition  at  302  m/A.*  Both 
2,2'-bipyridine  and  1,10-phenanthroline  are  placed 
above  ethylenediamine  in  the  spectrochemical  series.' 
Therefore,  in  [Ir(bipy)jl*+  and  [Ir(phen)jl*+  the  spUtting 
of  the  several  ligand  field  states  will  be  larger  than  in 
[Ir(en)s]'~*~,  and  more  energy  will  be  required  to  effect  the 
Ti  ^^  *Ai  and  'Ti  ^^  *Ai  transitions.  The  energy  re- 
quired for  a  ligand-field  transition  in  the  2,2'-bipyridine 
and  1,10-phenanthroline  chelates  of  Ir(III)  is  estimated 
as  approximately  equal  to  the  energy  necessary  for  an 
intraUgand  (t*  -^  it)  transition  and  thus  is  greater  than 
that  for  a  charge-transfer  (t*  ^^  d)  transition.  The 
luminescence  of  these  Ir(III)  chelates  is  therefore  as- 
signed to  a  ir*  -♦  d  transition. 

(5)  C.  K.  J0rgensen,  Acta  Chem.  Scand.,  11, 166(1957). 

(6)  C.  K.  J0rgensen,  ibid.,  10,  500  (1956). 

(7)  C.  K.  J0rgeiiseii,  "Absorption  Spectra  and  Chemical  Bonding  in 
Complexes,"  Pergamon  Press,  Oxford,  1962,  p  109. 


Coinnuiidcatll 


2778 


Spectra  of  these  Ir(IU)  complexes  were  obtained  in 
dimethylformamide  (DMF)  and  in  ethyl  alcohol  solu- 
tion. Solutions  were  prepared  by  dissolving  the  solid 
chelates  [Ir(bipy)i(C104)j  was  prepared  as  previously 
described;^  Ir(phen)s(C104)8  was  prepared  in  an 
analogous  manner]  and  also  by  heating  the  stoichio- 
metric amounts  of  the  ligand  and  the  metal  ion  (from 
iridium  chloride)  in  refluxing  ethyl  alcohol  for  96  hr 
or  in  refluxing  DMF  for  48  hr.  Wavelengths  of  maxi- 
mum absorption  and  emission  of  these  Ir(III)  chelates 
did  not  depend  on  the  method  of  preparation  or  on  the 
solvent.  Relative  luminescence  quantum  yields  for 
the  chelates  (in  DMF)  were  about  an  order  of  mag- 
nitude less  than  quinine  fluorescence  in  0.1  N  H2SO4; 
the  intensity  of  [Ir(phen)j]*+  was  approximately  twice 
the  intensity  of  [Ir(bipy)sl'+. 

Acknowledgment.  The  authors  are  grateful  to  the 
National  Science  Foundation  for  financial  support 
(Grant  GP-5449). 

(8)  B.  Martin  and  O.  M.  Waind,  J.  Chem.  Soc.,  4284  (1958). 

Kenneth  R.  Wunschel,  Jr.,  William  E.  Ohnesorge 

Department  of  Chemistry,  Lehigh  Unioersity 
Bethlehem,  Pennsylvania    18015 
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TaUe  I.    Nuclear  Magnetic  Resonance  Data 


Chemical 

Coupl 

Positional 

shift,  ppm 

constai 

assignmmt' 

fromTMS 

cps 

5  (broad  triplet) 

4.19 

/•.4   - 

1  (doublet  of  triplets) 

4.59 

/l.t    = 
Jut  - 

Jl.%    - 

3  (doublet  of  quartets) 

5.17 

8  (septet) 

6.49 

9  (septet) 

6.84 

A.1  - 

4  (doublet  of  doublets) 

7.15 

A..  - 

Aromatics  (4  H) 

--7. 13 

(complex  pattern) 

«  The  positional  assignments  for  hydrogens  8  and  9  were 
by  spin  decoupling  measuranents  with  hydrogens  1  and  5, 
lively.  ^  The  reported  J  values  determined  from  lOO-cps 
width  spectra  are  accurate  to  rkO.l  cps. 


Reaction  of  Tropone  with  Benzyne. 
Formation  and  Photoisomerization  of 
6,7-Benzobicyclo[3.2.2]nona-3,6,8-trien-2-one 

Sir: 

As  a  vinylog  of  norbornadiene  the  bicyclo[3.2.2]nona- 
2,6,8-triene  system  and  its  unknown  keto  derivative  I 
(**homobarrelenone")  have  elicited  recent  synthetic 
interest.^  We  wish  to  report  the  practical  one-step 
synthesis  of  6,7-benzobicyclo[3.2.2]nona-3,6,8-trien-2- 
one  (II)  by  thermal  addition  of  benzyne  to  tropone, 
and  describe  herewith  a  photochemicsJ  rearrangement 
of  this  adduct. 


n  m 

The  thermal  decomposition  of  a  suspension  of  ^^40 
mmoles  of  o-benzenediazoniumcarboxylate*  in  a  solu- 
tion of  38  mmoles  of  tropone^  in  anhydrous  tetra- 
hydrofuran  at  36-37**  under  nitrogen  for  17  hr  produced 
after  solvent  removal  a  dark  oil.  Chromatography 
over  magnesium  silicate  (benzene-ether)  afforded  a 
colorless  crystalline  adduct  in  40%  yield/*^  purified  by 
sublimation  under  reduced  pressure  (50-60^,  0.10  mm) 
or  recrystallization  from  hexane,  mp  83-84^.  Structure 
II  is  assigned  on  the  basis  of  the  following  data:    mass 

(1)  M.  J.  Goldstein  and  A.  H.  Gevirtz,  Tetrahedron  Letters,  4413 
(1965). 

(2)  The  benzyne  intermediate  was  generated  in  situ  according  to 
the  Friedman*  modification  of  the  Stiles*  procedure. 

(3)  L.  Friedman,  private  communication. 

(4)  M.  Stiles,  R.  G.  Miller,  and  U.  Burckhardt,  J.  Am.  Chem.  Soc., 
85.1792(1963). 

(5)  P.  RadUck.  J.  Org.  Chem.,  29,  960  (1964). 

(6)  A  second  uncharacterized  product,  isolated  from  the  hexane- 
benzene  eluates,  was  shown  to  be  a  2:1  benzyne-tropone  adduct  by 
mass  spectrometry  (m/e  238).' 

(7)  The  chromatographic  medium  used  was  Florisil  synthetic  adsorb- 
ent, a  product  of  the  Floridin  Co. 


spectral  data:  m/e  182,  181,  154,  1S3,  152,  128 
(cm-0  3070  (m),  3040  (m),  2970  (m),  1675  (s),  16: 
1480  (m),  1455  (w),  1375  (m),  1320  (w),  128 
(mM)  225  (€  5720),  263  (704),  351  (137); 


CsHsOH 


^m«z 


210  (18,700),  225  (sh)  (5620),  263  (743),  331  (sh 
344  (113),  357  (151),  373  (136),  388  (sh)  (64);  nn 
(CDQ,),   see  Table  I.«     Anal.     Calcd  for  d 
C,  85.70;   H,  5.53;   mol  wt,  182.    Found:    C, 
H,  5.41;  mol  wt,  188  (osmometric  in  CHCU). 

Chemical  evidence  for  structure  II  was  providec 
rapid  uptake  of  2  molar  equiv  of  hydrogen  in  e 
with  palladium  on  carbon  as  catalyst  to  afford  tlM 
hydro  derivative  III  as  a  colorless  oil:*  mass  S] 
data:  m/e  186,  142,  130,  129,  128;  i^^^^  (cnr' 
(w),  3025  (w),  2930  (s),  2870  (m),  1710  (s),  149 
1465  (m),  1430  (w);  X^^^  (m/^)  264  (€  465),  271 
292  (308);  XSS"  259  (sh)  (378),  264  (454),  272 
282  (174),  292  (192),  301  (198),  311  (160),  32: 
nmr  (CCU)  (ppm):  1.94  (6  H,  multiplet),  2,14 
multiplet,  -CH2CX=0>-),  3.23  (1  H,  broad  mu 
position  5),  3.47  (1  H,  multiplet,  position  1),  7.1^ 
singlet,  aromatics).  Anal.  Calcd  for  Ci9Hi4< 
83.83;  H,  7.57.    Found:  C,  84.06;  H,  7,58. 

The  1,4  addition  of  benzyne  to  tropone  is  con 
with  the  reported  reaction  of  maleic  anhydride  a 
phenylmaleimide  with  tropone.*®  On  the  other 
reaction  of  dimethyl  acetylenedicarboxylate  rep< 
proceeds  through  the  bicyclo[4.1.0]heptadienone  \ 
tautomer.** 

(8)  The  nmr  spectra  were  recorded  with  a  Varian  A-60-A  si 
eter  equipped  with  a  Model  V-60S8A  spin  decoupler.  Mass 
data  were  recorded  on  a  Hitachi  RMU-6D  spectrometer.  The 
and  ultraviolet  data  were  taken  on  a  Perkin-Elmer  Model  33' 
spectrophotometer  and  a  Gary  Model  14  spectrophotometer, 
tively.  The  A-60-A  and  RMU-6D  spectrometers  were  pi 
through  a  National  Science  Foundation  major  equipment  ; 
Brown  University. 

(9)  Purified  by  short-path  distillation  at  130°  (1.1  mm). 

(10)  J.  Meinwald,  S.  L.  Emerman,  N.  C.  Yang,  and  G 
/.  Am.  Chem.  Soc.,  77,  4401  (195S). 

(1 1)  H.  J.  Dauben  and  T.  J.  Pratt,  AbstracU  of  Papers,  1 53rd  1 
Meeting  of  the  American  Chemical  Society,  Miami,  Fla.,  Apr 
1967. 
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idiation  of  adduct  II  by  a  medium-pressure 
iry  lamp  (glass  filter,  acetonitrile  solvent,  20°, 
;en  atmosphere)  resulted  in  the  gradual  for- 
n  of  a  carbonyl  maximum  near  1704  cm~^  with 
mitant  decrease  in  the  original  carbonyl  peak 
167S  cm~^  Silica  gel  chromatography  of  the  re- 
i  products,  followed  by  sublimation  at  80°  of  the 
pal  chromatographic  fraction,  gave  a  new  crystal- 
compound:     mp    119-120°;     mass    spectrum: 


CHiOH 


182,  153,  126,  76;  i^^^"  1707  cm-^  Kfi 
250  (€  61,800),  274  (8700),  284  (10,200),  296  (6600), 
2930),  342  (3250);  nmr  spectrum:  AiBs  pattern 
with  Sa  2.85,  Sb  3.32,  and  an  aromatic  multiplet 
at  6  7.5-8.2.  Anal.  CalcdforCwHioO:  C,  85.70; 
53;  mol  wt,  182.  Found:  C,  85.99;  H,  5.75. 
1  with  the  fact  that  sodium  borohydride  reduction 
s  photoproduct  generated  the  ultraviolet  spectrum 
1,2-dialkylnaphthalene,  the  above  data  require 
lotoisomer  to  contain  a  conjugated  ketone  within 
^membered  ring  fused  to  the  naphthalene  nu- 
Three  such  ketones  are  possible;  all  are  known 
mly  isomer  IV  (lit.  mp  120-121°)  is  compatible 
lie  observed  melting  point.  Moreover,  the  highly 
ured  ultraviolet  spectrum  of  the  photoproduct  is 
imposable  with  that  depicted  for  authentic  ketone 
and  identity  was  confirmed  by  comparison  with 
thentic  sample. 


fT7=\H 


IV  V 

:an  be  shown  spectroscopically  that  ketone  IV  is 
resent  in  the  photolysis  solution  during  irradiation 
an  be  instantly  generated  therein  by  addition  of 
We  propose  that  the  primary  step  in  the  photo- 
Tization  is  the  rearrangement  of  II  to  the  diolefinic 
e  V,^*  with  ultimate  isomerization  to  the  aromatic 
dng  place  during  the  work-up  procedure.  Further 
»  of  the  ground-state  and  excited-state  chemistry 
and  its  derivatives  are  in  progress. 

IL  Huisgen  and  U.  Rietz,  Tetrahedron,  2,  274  (1958).  We  are 
1  to  Frofetior  Huisgen  for  providing  us  with  a  sample  of  ketone 
pared  by  Friedel-Crafts  cydization  of  /3>(l-naphthyl)propionic 

The    photoequilibrium    between    ],4,4-trimethylbicyclo[3.2.0]- 
en-2-one   and   4,4,6-trimethylbicyclo[3.2.0]hept-6-en-2-one   dis- 
by  G.  Biichl  and  E.  M.  Burgess  (/.  Am.  Chem.  Soc.,  82,  4333 
may  offer  formal  analogy  to  this  type  of  isomerization. 

Joseph  Oabattoni,  James  E.  Crowley 

MetaUf  Research  Laboratories,  Brown  Unicersity 

ProDidence,  Rhode  Island    02912 
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merican  Cyanamid  Company,  Pearl  River,  New  York    10965 
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man  EUmimitloii.    I.    An  Example 
ru-E2  Mechanism^ 


fmann  elimination  of  quaternary  ammonium 
>xide8  to  give  olefins  has  long  been  thought  to 

rhis  work  was  supported  in  part  by  a  Public  Health  Service 
ch  Grant*  H£  07050.  from  the  National  Heart  Institute,  U.  S. 
Health  Scrvioc, 


proceed  by  a  trans  elimination.*  Only  two  proven 
exceptions  to  this  have  been  reported.  One  of  these 
involves  a  cis-E2  elimination  of  N,N,N-trimethyl-/raii5- 
2-phenylcyclohexylammonium  hydroxide  to  give  1- 
phenylcyclohexene.  *  This  cis  elimination  presumably 
takes  place  because  of  the  activating  influence  of  the 
phenyl  group  on  the  j3  proton  (increased  acidity).  The 
other  exception  involves  a  predominantly  ri5-ylide 
elimination  of  N,N,N-trimethyl-2-/-butyl-3,3-dimethyl- 
butylammonium-2-Ji  hydroxide  to  give  trimethyl- 
amine-Ji.  * 

We  wish  to  report  an  example  of  a  ri5-E2  elimination 
mechanism  involving  a  trimethylanmionium  hydroxide 
in  which  there  is  no  activating  group  other  than  the 
trimethylammonium  group.  It  has  been  shown*  that 
N,N,N-trimethyl-exo-2-norbomylammonium  hydrox- 
ide is  smoothly  converted  to  norbornene  on  heating. 
We  have  examined  this  reaction  and  find  that  it  pro- 
ceeds by  a  CI5-E2  elimination,  as  deduced  from  the  fol- 
lowing evidence.  2-exo-Norbornylamine-3-exo-rfi  (bp 
159-163**  (760  mm);  /i"d  1.4752;  acetamide  mp  141.5- 
142.5^)  was  prepared  from  norbornene  using  diborane- 
d%  and  chloramine*  and  was  then  converted  consecu- 
tively by  standard  procedures  to  N,N-dimethyl-2-exo- 
norbornylamine-3-exo-rfi  (bp  50-52°  (6  mm);  /i**d 
1 .4690),  N,N,N-trimethyl-2-exo-norbornylammonium- 
3-exo-rfi  iodide  (mp  297-299°),  and  then  to  the  hydrox- 
ide 1.  Compound  1  was  heated  (as  the  dry  solid)  at 
120°  under  vacuum  until  trimethylamine  could  just 
be  detected  in  the  vapors.  This  initially  produced 
trimethylamine  was  analyzed  by  mass  spectrometry^ 
and  was  found  to  contain  6%  trimethylamine-di. 
When  the  pyrolysis  was  carried  to  completion  the  total 
trimethylamine  was  found  to  contain  17%  trimethyl- 
amine-tifi,  with  the  last  traces  of  vapors  containing  21  % 
trimethylamine-tifi.  This  increase  in  incorporation  of 
deuterium  into  the  trimethylamine  after  the  initial 
stages  of  the  reaction  has  been  studied  by  Cope  and 
co-workers^  and  is  due  to  exchange  between  the  methyl 
hydrogens  of  the  quaternary  hydroxide  and  the  water 
(containing  some  deuterium)  produced  during  the 
reaction.  In  another  experiment  the  pyrolysis  of  1  was 
carried  to  completion  and  the  norbornene  (2)  that  was 
formed  was  purified  and  examined  by  nmr  and  mass 


(CH,),N     +     (CH,),NCH,D 
949^  6% 


(2)  A.  C.  Cope  and  E.  R.  Trumbull,  Org.  Reactions,  11,  317  (1960). 

(3)  O.  Ayrey,  E.  Buncel,  and  A.  N.  Bourns,  Proc.  Chem.  Soc.,  458 
(1961);  A.  C.  Cope,  G.  A.  Berchtold,  and  D.  L.  Ross,  /.  Am,  Chem, 
Soc.,  S3.  3859  (1961);  S.  J.  Oistol  and  F.  R.  Stermitz,  ibid.,  S2,  4692 
(1960);  J.  Weinstock  and  F.  G.  Bordwell,  ibid.,  77,  6706(1955);  R.  T. 
Arnold  and  P.  N.  Richardson,  ibid,,  76.  3649  (1954). 

(4)  A.  C.  Cope  and  A.  S.  Mehta,  ibid,,  85.  1949  (1963). 

(5)  A.  C.  Cope,  E.  Ciganek,  and  N.  A.  LeBel,  ibid,,  81.  2799  (1959). 

(6)  H.  C.  Brown,  W.  R.  Heydkamp,  E.  Breuer,  and  W.  S.  Murphy, 
ibid.,  86.  3565  (1964);  H.  C.  Brown,  **HydroboraUon,"  W.  A.  Ben- 
jamin, Inc.,  New  York,  N.  Y.,  1962,  p  130.  The  fact  that  we  find  total 
loss  of  deuterium  on  Hofmann  elimination  precludes  the  possibility  of 
scrambling  at  the  chloramine  reaction  stage. 

(7)  For  the  method  used  see  A.  S.  Mehta,  Ph.D.  Thesis,  Massa- 
chusetu  Institute  of  Technology,  1963. 

(8)  A.  C.  Cope,  N.  A.  LeBel,  P.  T.  Moore,  and  W.  R.  Moore,  /. 
Am.  Chem.  Soc.,  83.  3861  (1961). 
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spectrometry.  Integration  of  the  nmr  spectrum  (using 
the  C-7-methylene  protons  as  an  internal  standard) 
indicated  the  norbornene  (2)  contained  no  deuterium, 
and  the  mass  spectrum  confirmed  this.  All  compounds 
up  through  the  hydroxide  1  were  shown  to  contain  one 
deuterium/molecule  by  mass  spectrometry  and  nmr 
spectroscopy. 

The  fact  that  the  trimethylamine  formed  from  the 
initial  stages  of  Hofmann  elimination  of  1  contains  6  % 
trimethylamine-tifi  indicates  this  reaction  proceeds  to 
the  extent  of  not  more  than  6%  by  an  ylide  mechanism. 
The  remaining  94%  of  the  reaction  proceeds  by  some 
other  reaction  path,  and  this  can  be  determined  by  the 
following  arguments.  An  Elcb  mechanism  in  this  case 
is  unlikely.*  Equilibration  of  1  to  give  the  correspond- 
ing endo  isomer  followed  by  trans  elimination  is  also 
ruled  out  since  it  has  been  shown  that  the  endo  isomer 
gives  only  a  trace  of  norbornene.'  The  only  remaining 
possible  mechanism  is  thus  a  cis-El  elimination,  and 
this  mechanism  accounts  for  94%  of  the  reaction  prod- 
uct. This  is  analogous  to  dehydrohalogenations  of 
2,3-dihalonorbornanes.* 

The  factors  affecting  this  reaction,  its  occurrence  in 
aliphatic  and  other  alicyclic  systems,  and  the  effect  of 
solvents  on  the  mechanism  of  the  reaction  will  be 
examined  in  a  full  paper. 

(9)  N.  A.  LeBel,  P.  D.  Beime,  E.  R.  Karger,  J.  C.  Powers,  and 
P.  M.  Subramanian,  7.  Am.  Chem.  Soc.,  85,  3199  (1963). 

(10)  Koppers  Fellow,  1966;   SheU  Fellow,  1966-1967. 

James  L.  Coke,  Manning  P.  Cooke,  Jr.>* 

Venable  Chemical  Laboratory,  Department  of  Chemistry 
University  of  North  Carolina,  Chapel  Hill,  North  Carolina    27514 

Received  February  13, 1967 

Polar  Additions  to  Olefins  and  Acetylenes. 
IV.    Evidence  for  Synchronous  C-H  and 
C-Cl  Bond  Formation  in  the  trans  Addition 
of  Hydrogen  Chloride  to  3-Hexyne^ 

Sir: 

A  somewhat  confusing  picture  has  developed  regard- 
ing the  stereochemistry  of  acid  additions  to  acetylenes. 
These  additions  were  once  thought  to  be  stereospecific 
trans  processes  based  on  studies  of  acetylenecarboxylic 
acid  derivatives,^  but  recent  studies  have  shown  that 
3-hexyne  adds  trifluoroacetic  acid  nonstereospecifically' 
and  that  the  hydrochlorination  of  1-phenylpropyne  in 
acetic  acid  yields  a  mixture  of  cis  and  trans  adducts.^ 
Nonstereospecific  addition  is  readily  understood  if  vinyl 
cations  1  are  formed  as  intermediates  in  these  additions, 
and  for  additions  in  polar  media  there  is  substantial  evi- 
dence' to  support  this  hypothesis.  The  factors  leading 
to  stereospecific  trans  addition  are  less  clear.  One  possi- 
bility is  that  a  slow  protonation  leads  to  a  bridged  cation 
(or  T  complex)  2  which  then  collapses  rapidly  to  trans 
adduct.    Another  explanation,  analogous  to  that  pro- 

(1)  Acknowledgment  is  made  to  the  U.  S.  Army  Research  Office 
(Durham)  and  to  the  donors  of  the  Petroleum  Research  Fund,  adminis- 
tered by  the  American  Chemical  Society,  for  support  of  this  research. 

(2)  R.  Friedrich,  Ann.,  219,  320,  368  (1883);  A.  Michael.  J.  Prakt. 
Chem.,  [2]  46,  209.  289  (1895);  A.  Michael  and  G.  H.  Scadinger.  /. 
Org.  Chem.,  4.  128  (1939);  G.  Drefahl  and  C.  Zimmer,  Ber.,  93,  505 
(1960). 

(3)  P.  E.  Peterson  and  J.  E.  Duddey,  J.  Am.  Chem.  Sac.,  88,  4990 
(1966). 

(4)  R.  C.  Fahey  and  D.  J.  Lee,  ibid.,  88,  5555  (1966). 

(5)  See  D.  S.  Noyce,  M.  A.  Matesich,  M.  D.  Schiavelli,  and  P.  E. 
Peterson,  (did.,  87,  2295  (1965),  and  references  therein. 
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posed  by  Hammond*  for  olefins,  is  that  trans  addition 
occurs  via  transition  state  3  in  which  the  C-H  and  C-X 
bonds  are  simultaneously  formed.  We  report  here 
studies  of  the  hydrochlorination  of  3-hexyne  in  acetic 
acid  which  show  that  trans  addition  can  occur  via  the 
latter  process. 

The  hydrochlorination  of  3-hexyne  in  acetic  add 
yields  3-chloro-/ran5-3-hexene^  (4),  3-chloro-cw-3-hexcnc 
(5),  and  3-hexanone  (6),  the  latter  undoubtedly  formed 
Dia  the  intermediate  vinyl  acetate.  ^'^    The  reaction  was 
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followed  by  quenching  samples  of  the  reaction  mixture 
in  water,  extracting  three  times  with  pentane,  and 
analyzing  the  pentane  fraction  by  vpc.  Control  ex- 
periments showed  that  4,  5,  and  6  are  stable  under 
the  reaction  conditions,  that  no  fractionation  occurs  in 
the  work-up,  and  that  4,  5,  and  6  comprise  >9S%  of 
the  total  product.  The  reaction  was  studied  in  the 
presence  and  absence  of  tetramethylammonium  chlo- 
ride (TMAC),  and  initial  rates,  R,  for  total  product 
formation  and  product  compositions  were  determined 
at  less  than  10%  conversion.  The  results  are  presented 
in  Table  I.  To  these  may  be  added  the  observationf 
that,  in  the  absence  of  both  TMAC  and  HCl  or  in  the 
presence  of  TMAC  and  absence  of  HCl,  no  reaction 
occurs. 


Table  I.    The  Hydrochlorination  of  3-Hexyne 
in  Acetic  Acid  at  25.0°« 


[HQl. 

[TMAq. 

WR, 

Product  composition,  % 

M 

M 

Afsec"» 

4 

5 

6 

0.49 

•   t  • 

0.30 

42 

^1 

58 

0.78 

•   •   • 

0.8i 

48 

$1 

52 

1.14 

•   •   • 

2.0 

58 

$1 

42 

0.60 

0.054 

3.0 

91 

$0.2 

0.60 

0.11 

5.8 

94 

$0.2 

0.60 

0.21 

11 

96 

$0.2 

0.78 

0.21 

16 

97 

$0.2 

0.38 

0.21 

5.7 

96 

$0.2 

0.19 

0.21 

2.3 

97 

$0.2 

'  3-Hexyne  concentration  0.81  M, 

Under  identical  reaction  conditions  the  steric  course 
of  addition  to  1-phenylpropyne  and  to  3-hexyne  is 
strikingly  different:  1-phenylpropyne  yields  a  mixture 
of  adducts  with  the  cis  hydrochloride  predominating, 
while  3-hexyne  gives  nearly  equal  amounts  of  ketone 
and  trans  hydrochloride  but  only  a  trace  of  cis  hydro- 
chloride.   It  is  found  that  3-hexyne  reacts  about  three- 

(6)  G.  S.  Hammond  and  T.  D.  Nevitt,  ibid.,  76,  4121  (1954);  a  S. 
Hammond  and  C.  H.  ColUns,  ibid.,  82.  4323  (1960). 

(7)  Authentic  samples  were  prepared  as  described  previously:  M.  C 
Hoif.  K.  W.  Greenlee,  and  C.  E.  Boord,  ibid.,  73,  3329  (1951). 

(8)  E.  A.  Jeiferey  and  D.  P.  N.  Satchell,  /.  Chem.  Soe.»  1876  (1969^ 
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more  slowly  than  1-phenylpropyne.^  The  ratio 
[oride  to  ketone  is  found  to  increase  substantially 
he  HCl  concentration  for  3-hexyne  but  was  shown 
dergo  no  significant  change  for  1-phenylpropyne.^ 
:  observations  indicate  that  a  different  mechanism 
tes  for  addition  to  3-hexyne  than  for  1-phenyl- 
me. 

the  results  in  Table  I  show,  TM AC  greatly  en- 
s  the  rate  of  formation  of  trans  chloride  but  has 
effect  on  the  rate  of  formation  of  ketone.  At  25® 
ttes  for  product  formation  can  be  expressed  ap- 
nately  as 

l[4]/d/  =  */<[HCl]««  +  ik'/<[TMACIHa]»-« 

d[61/d/  =  k"A[lclC\Y* 

t  ^  is  the  concentration  of  3-hexyne.  The  numeri- 
lues  of  the  rate  constants  for  these  expressions  are 
bly  not  meaningful  since  it  is  not  yet  clear  whether 
actional  orders  in  HCl  should  be  associated  with 
;es  in  the  solvent  character  at  the  high  concentra- 
employed  here  or  with  rate  expressions  involving 
second-,  and  third-order  terms  in  HCl.  In  either 
t  is  clear  that  chloride  formation  in  the  absence  of 
C  is  associated  with  a  rate  equation  approximately 
rder  higher  in  HCl  than  that  for  ketone  formation 
r  the  TMAC-catalyzed  reaction.  These  results 
lexpected  for  a  mechanism  involving  the  formation 
cationic  intermediate  but  are  in  accord  with  a 
uism  involving  synchronous  formation  of  the 
and  C-X  bonds. 

I  mechanism  can  be  formulated  as  shown  in 
ae  I.  Since  acetylenes*  and  other  unsaturated 
»carbons^  are  known  to  form  weak  complexes 
HCl,  the  first  step  in  the  reaction  is  postulated  as 
»  reversible  complex  formation.    Competing  at- 
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J^C=C"^ 
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X  -  H;   Y  =  OAc  or  CI 
X  -  (CH,)4N;  Y  =  a 

3n  the  complex  by  HCl,  TMAC,  and  HOAc  leads, 
ansition  state  7,  to  trans  adduct.  The  vinyl  ace- 
is  then  rapidly  converted  to  ketone.  The  frac- 
I  order  in  HCl  may  result  from  solvation  of  the 
^  charge-separated  transition  state  7  or  from  com- 
g  reactions  in  which  hydrogen  dichloride  ion, 
r  than  chloride  ion,  is  produced  in  the  rate-limiting 
The  results  show  that,  in  the  apparent  rate  equa- 
k'  is  over  100  times  larger  than  k^  which  is  con- 
it  with  TMAC  being  a  better  nucleophile  than 

e  observation  that  3-hexyne  in  refluxing  trifluorace- 
nd  undergoes  nonsterospecific  addition'  suggests 
the  stepwise  vinyl  cation  mechanism  and  the 
uronous  mechanism  are  both  accessible  for  addi- 
to  3-hexyne  depending  upon  the  reaction  condi- 

>.  Cook,  Y.  Lupieii,  and  W.  G.  Schneider,  Can,  J,  Chem.,  34, 
H.  C  Brown  and  J.  D.  Brady,  /.  Am,  Chem,  Soc,,  71,  3573 
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tions.  Trifluoroacetic  acid,  being  polar  and  strongly 
acidic  but  weakly  nucleophilic,  should  favor  addition 
Dia  a  vinyl  cation  intermediate.  There  is,  in  fact, 
evidence  suggesting  that  a  vinyl  cation  mechanism  may 
be  competitive  with  the  synchronous  process  for  the 
hydrocUorination  in  acetic  acid.  Thus,  although 
chloride  5  is  a  negligible  product  for  addition  at  25  ^,  we 
find  that  at  80^  it  amounts  to  S%  of  the  total  reaction 
product  under  kinetically  controlled  conditions.  The 
present  study  is  being  extended  to  lower  acid  concentra- 
tions and  higher  temperatures  in  order  to  further  de- 
lineate this  apparent  competition  between  stepwise  and 
synchronous  addition  mechanisms. 

(11)  Alfred  P.  Sloan  Foundation  Research  Fellow,  1966-196S. 

Robert  C.  Fabey,"  Do-Jae  Lee 

Department  of  Chemistry,  University  of  California  at  San  Diego 

La  Jolla,  California    92037 

Received  February  17^  1967 


Synthesis  of  Allenes  by  Means  of 
Cycloelimination  Reactions 

Sir: 

Although  cycloeliminations  of  the  type  shown  in  eq 
1  would  be  of  synthetic  and  theoretical  interest,  no  such 
reactions  have  been  recorded  in  the  literature.  We 
wish  to  report  the  first  examples  of  this  type  of  reaction. 


^c=c=cc; 

^^  ^R, 


+    N,  +  Z    (1) 


When  an  ethereal  solution  of  4-keto-3,3,S,S-tetra- 
methylpyrazoline  hydrazone^  (1)  was  treated  at  room 
temperature,  under  nitrogen,  with  a  10-20%  molar 
excess  of  nickel  peroxide,*  a  transient  yellow  color  was 
formed  and  vigorous  nitrogen  evolution  ensued,  ceasing 
after  ca.  10  min.  Analysis  of  the  colorless  supernatant 
by  glpc'  indicated  the  presence  of  tetramethylallene  (2) 
in  yields  of  87-91  %  (eq  2).  Freshly  prepared  silver(I) 
oxide  is  less  efiective,  allene  2  being  produced  in  poor 
(2.5-3.5%)  yield.  The  tetramethylallene  thus  pro- 
duced was  identified  by  comparing  its  glpc  retention 
times  (three  difi'erent  columns)  and  its  infrared,  nmr, 
and  mass  spectra  with  those  of  authentic  tetramethyl- 
allene. Solutions  of  the  intermediate  diazo  compound 
3  are  stable  at  0^  for  at  least  30  min,  3  being  detectable 
by  its  yellow  color  and  by  the  presence  of  a  strong  in- 
frared diazo  absorption*  (2075  cm~^  in  /i-decane;  2060 

(1)  W.  L.  Mock,  Ph.D.  Thesis,  Harvard  University,  Cambridge, 
Mass.,  Sept  1964.  A  referee  has  suggested  that,  owing  to  the  general 
inaccessibility  of  this  thesis,  the  general  procedures  developed  by  Mock 
for  the  preparation  of  1  and  4  be  outlined.  The  4-keto-3,3,5,S-tetra- 
methylpyrazoline  precursor  of  1  is  obtained  from  the  hypobromite 
oxidation  of  the  2,4-diamino  ketone  resulting  from  reduction  of  2,4- 
diazido-2,4-dimethyl-3-pentanone  with  hydrogen  sulfide.  The  diazide 
may  be  prepared  from  the  corresponding  dibromo  ketone  [A.  Favorsky 
and  A.  Umnova,  J.  Prakt.  Chem.,  88,  679  (1913)].  Compound  4  may 
be  prepared  from  the  corresponding  ketone  which  is  obtained  from  the 
peracetic  add  oxidation  of  the  known  2,2,4,4-tetramethyl-3-thietanone 
[G.  Claeson,  A.  Thal^n,  and  L.  Schotte,  Ariciv  Kemi,  21,  293  (1963)]. 

(2)  (a)  K.  Nakagawa,  H.  Onoue,  and  K.  Minami,  Chem,  Commuiu, 
730  (1966);  (b)  K.  Nakagawa,  R.  Konaka,  and  T.  Nakata,  /.  Org, 
Chem„n,  1597(1962). 

(3)  Glpc  analysis  was  done  on  an  Aerograph  A  90-P3  gas  chro- 
matograph  using  a  5  ft  X  0.2S  in.  column  of  20%  SE-30  on  60-80  mesh 
Chromosorb  W.    Both  tetramethylallene  and  toluene,  the  internal 
standard  used  for  the  yield  determinations,  are  stable  to  nickel  ^jecfynL^ 
under  the  reaction  conditions. 
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cm"^  in  cyclohexene)  which  fades  rapidly  if  the  solution 
is  allowed  to  warm.  Although  hydrazone  1  is  less 
soluble  in  hydrocarbon  solvents  than  it  is  in  ether,  the 
yields  of  allene  2  are  but  little  affected,  averaging  ca. 
82  %  in  tetramethylethylene  and  cyclohexene  and  77  % 
in  /i-hexane  and  /i-decane. 

Cycloelimination  leading  to  the  formation  of  tetra- 
methylallene  can  also  be  effected  when  one  of  the  leav- 
ing groups  is  sulfur  dioxide  (eq  3).  When  the  dry 
sodium  salt,  4,  of  the  tosylhydrazone  of  2,2,4,4-tetra- 
methyl-3-thietanone  dioxide,  *  prepared  by  treatment  of 
a  tetrahydrofuran  solution  of  the  tosylhydrazone  with 
excess  sodium  hydride,  was  pyrolyzed  in  vacuo  at  ca. 
110-160°  according  to  the  method  of  Shechter,  et  al,^ 
a  54-56%  yield  of  tetramethylallene  was  obtained  (pre- 
sumably via  diazo  compound  5)  along  with  sulfur  diox- 
ide (identified  by  its  glpc  retention  time  on  two  different 
columns  and  by  its  infrared  spectrum)  and  sodium  /?- 
toluenesulfinate  (identified  by  its  infrared  spectrum). 


N— N(Na)T8 
II 
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CHav 

/\yCR,     ^ 

A  ^ 
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^-CH, 
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^CH, 

4 

5 
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+    N 

Preliminary  attempts  to  extend  this  cycloelimination 
reaction  to  the  sodium  salt  of  2,2,4,4-tetramethylcyclo- 
butanedione  monotosylhydrazone  (elimination  of  car- 
bon monoxide)  have  not  yielded  sufficient  tetramethyl- 
allene to  be  detectable  by  glpc* 

Since  the  two  cycloelimination  reactions  would  appear 
to  be  mechanistically  similar,  only  the  first  will  be 
discussed.  It  is  clear  that  diazo  compound  3  is  a 
precursor  of  allene  2.  Whether  the  two  nitrogen  mole- 
cules are  lost  simultaneously  (pathway  a)  or  stepwise 
(pathway  b)  is  yet  unknown.^*     Preliminary  attempts 
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(4)  P.  Yates,  B.  L.  Shapiro,  N.  Yoda,  and  J.  Fugger,  /.  Am.  Chem. 
Soc.,  79,  5756  (1957). 

(5)  G.  M.  Kaufman,  J.  A.  Smith,  G.  G.  Vander  Stouw,  and  H. 
Shechter,  ibid,,  87,  936  (1965). 

(6)  The  products  of  this  reaction  are  under  investigation.  See  G. 
Maier  and  M.  Strasser,  Tetrahedron  Letters,  6453  (1966),  and  references 
cited  therein,  for  the  pyrolysis  of  similar  sjrstems  in  which  cycloelimina- 
tion does  not  occur. 

(7)  For  possibly  related  reactions  involving  the  formation  of  olefins, 
see  (a)  E.  J.  Corey,  F.  A.  Carey,  and  R.  A.  E.  Winter,  /.  Am.  Chem.  Soc., 
87, 934  (1965);  (b)  D.  M.  Lemal  and  E.  H.  Banitt,  Tetrahedron  Letters, 
245  (1964). 

(8)  Allenes  and  other  cumulenes  have  been  synthesized  by  means  of 
carbenic  rearrangements.    See  (a)  W.  Kinnse»  "Carbene  Chemistry," 


to  trap  carbene  6  with  cyclohexene  or  with  tetram 
ethylene  have  been  unsuccessful;  high  yields  of 
methylallene  are  obtained  in  these  solvents  and 
trace  amounts  (<2  %)  of  additional  reaction  pre 
are  detectable  by  glpc.*  While  failure  to  trap  ca 
6  cannot  be  used  as  evidence  against  its  existe 
the  absence  of  intramolecular  C-H  insertion  pro 
expected  for  a  dialkylcarbene  with  available  /3-hyd 
atoms/ ^'^*  suggests  that  carbene  6,  if  formed  b 
is  extremely  short-lived,  cycloelimination  of  nit 
being  faster  than  intramolecular  C-H  insertic 
intermolecular  addition  to  olefins.  Possibly 
pathways  a  and  b  may  be  operative.^' 

Experiments  designed  to  test  the  generality  and  s 
chemical  course  of  this  type  of  cycloelimination  rei 
are  in  progress. 

Acknowledgment.  This  research  was  partially 
ported  by  a  grant  from  the  Research  Corp. 

Academic  Press  Inc.,  New  York,  N.  Y.,  1964,  pp  61-64,  and  rd 
cited  therein;    (b)  L.  Skatteb^l,  Acta  Chem.  Scand.,  17,  1683 
(c)  L.  Skatteb^l,  /.  Org.  Chem.,  31,  2789  (1966);    (d)  K.  G. 
D.  J.  Martin,  and  N.  T.  Castellucchi,  ibid.,  30,  3572  (1965).    ] 
synthesis  of  optically  active  allenes,  see  (e)  W.  M.  Jones,  J.  W. ' 
Jr.,  and  F.  B.  Tutwiler,  /.  Am.  Chem.  Soc.,  85,  3309  (1963);  (0 
Jones  and  J.  W.  Wilson,  Jr.,  Tetrahedron  Letters,  1587  (1965). 
synthesis  of  strained  cyclic  allenes,  see  (g)  E.  T.  Marquis  am 
Gardner,  ibid.,  2793  (1966).    For  the  synthesis  of  higher  cumule 
(h)  F.  T.  Bond  and  D.  E.  Bradway,  J.  Am.  Chem.  Soc.,  87, 4977 
(i)  G.  Maier,  Tetrahedron  Letters,  3603  (1965);   0*)  L.  Skattebo 
2175  (1965). 

(9)  In  some  reactions  small  (ca.  4-5%)  amounts  of  4-keto- 
tetramethylpyrazoline  were  detected,  presumably  formed  by  hyi 
of  hydrazone  1  by  the  hydrated  nickel  peroxide. 

(10)  The  2,2-diphenylcyclopropyUdene  has  been  trapped  by 
see  W.  M.  Jones,  M.  H.  Grasley,  and  W.  S.  Brey,  Jr.,  /.  Am, 
Soc,  85,  2754  (1963). 

(11)  See  ref  Sa,  pp  52-57. 

(12)  Treatment  of  1,1-dibromotetramethylcyclopropane  with  i 
lithium  gives  no  tetramethylallene,  instead  yielding  1-meth) 
propenylcyclopropane  (95%)  whose  formation  is  attributed  tc 
molecular  C-H  insertion  by  initially  formed  tetramethylcydo 
idene.'^  For  another  viewpoint,  see  M.  J.  Goldstein  and 
Dolbier,  Jr.,  /.  Am.  Chem.  Soc.,  87,  2293  (1965). 

(13)  W.  M.  Jones  and  M.  H.  Grasley,  Tetrahedron  Leite 
(1962). 

(14)  National  Science  Foundation  Teaching  Assistant,  summe 
National  Science  Foundation  Predoctoral  Fellow,  1966-1968. 
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The  Rearrangement  of  Phosphorane  Boranes 

Sir: 

The  numerous  examples  of  substituent  rearr 
ment  from  negatively  charged  boron,  ^  and  the 
viously  observed'  reduction  of  triphenylphos 
oxide  by  organoboranes,  suggested  that  phosph 
boranes  might  undergo  similar  reactions.  AlH 
these  1,3-dipolar  adducts  are  in  general  suffic 
stable  to  allow  isolation  under  normal  conditic 
rearrangement  does  in  fact  occur  at  higher  ten 
tures. 

When  triphenylphosphinemethyleneborane'  ( 
refluxed  in  chlorobenzene  (bp  131°)  for  40  min,  a 

(1)  For  an  analogous  rearrangement  involving  a  sulfur  yli 
leading  references,  see  J.  J.  Tufariello  and  L.  T.  C.  Lee,  /.  Ami. 
Soc.,  88,  4757  (1966). 

(2)  R.  Koster  and  Y.  Morita,  Angew.  Chem.  Intern.  Ed.  E 
593  (1965). 

(3)  M.  F.  Hawthorne,  /.  Am.  Chem.  Soc.,  80,  3480  (1958);  1 
(1961). 

(4)  D.  Seyferth  and  S.  O.  Grim,  ibid.,  83,  1613  (1961). 
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ion  results  which  evolves  2  moles  of  hydrogen 
mole  of  I)  on  treatment  with  acid. 

),PCH,BH,  — ►  (CtH»)iP— BHiCH,  — ►  2H, 
I 


-i 


i 


ioo< 


3Ht 


+     - 


Vi(CtH5)iP-BH,  +  V«(CtH5),P  +  ViB(CH,), 
11  III 


1  refluxing  in  decalin  (bp  185-190**)  for  20  min,  re- 
igement  of  I  is  followed  by  alkyl  redistribution  of 
»oron  component.  Triphenylphosphineborane  (II), 
h  crystallizes  from  this  solvent  on  cooling,  was 
ted  in  85%  yield.  Trimethylborane,  swept  from 
reaction  vessel  by  a  slow  stream  of  argon,  was 
3ed  (in  high  yield)  and  identified  as  the  pyridinate. 
ired  analysis  of  the  residual  decalin  solution  indi- 
1  that  it  contained  essentially  only  triphenylphos- 
c(III). 

iphenylphosphinebenzylideneborane'  (IV)  is  simi- 
rearranged  by  heating  for  a  short  time  in  chloro- 
)ene  or  diglyme,  as  shown  by  the  formation  of 
yl  alcohol  on  oxidation  with  basic  peroxide.* 
:n  a  slurry  of  IV  in  decalin  is  refluxed  for  15  min, 
esulting  clear  solution  on  cooling  deposits  crystals 
,  which  again  could  be  isolated  in  good  yield. 

»)»PCHC«H>  — ►  (CiH»),P— BHtCHiCtHi  — ►  2H, 

IV         C«H»CH,OH        ViII  +  V«(C.H»CH,).B  +  VJH 

i- 

lie  generality  of  the  rearrangement  was  extended  by 
ving  that  both  aryl  and  alkyl  groups  will  migrate 
inalogous  phosphorane  boranes.  Triphenylphos- 
icmethylenetriphenylborane*  (V),  heated  without 
ent  to  205°,  or  in  decalin  for  15  min,  gives  crystalline 
lenylphosphinetriphenylborane*''  (VI),    indicating 

(CtH»),P~§(CtH 
CH 

Vi(C,H5)iP-B(C.H5).  +  Viin  +  V«(C«H,CH,).B 
VI 

-ation  of  the  phenyl  group  followed  by  phenyl- 
^1  redistribution.  The  formation  of  a  benzyl- 
me  species  was  again  demonstrated  by  alkaline 
ixide  formation  of  benzyl  alcohol.* 
vidence  has  been  presented^  that,  unlike  borane  and 
lenylborane,  trialkylboranes  do  not  form  stable 
plexes  with  triphenylmethylenephosphorane.  Con- 
lently,  the  question  of  possible  rearrangement  of  a 
kyl  borane  adduct  (viewed  as  an  especially  unstable 
rmediate)  was  of  particular  interest. 

The  starting  material  is  inert  under  these  conditions;   no  benzyl 

ol  is  formed,  and  the  phosphorane  borane  is  recovered  in  high 

Lack  of  reaction  may  be  due  to  low  solubility,  as  typical  phos- 

ium  salts  would  be  expected  to  react  rapidly  under  these  condi- 

C.  WitUg  and  W.  Haag,  Chem.  Ber,  88.  1654  (19S5). 
In  the  absence  of  solvent,  this  material  (impure)  sublimes  to  the 
f  the  reaction  vessel.  In  a  separate  experiment,  VI,  prepared  by 
lethod  of  Wittig  and  Haag,*  was  partially  sublimed  to  give  mate- 
>f  depressed  melting  point.  Presumably  sublimation  occurs  via 
dissociation  of  this  complex,  and  consequently  the  sublimed  VI  is 
mtrmtff*  with  free  triphenylboron  and/or  triphenylphosphine. 


When  methyltriphenylphosphonium  bromide  (VII) 
is  heated  in  refluxing  triethylborane  (bp  94°)  or  diglyme 
(bp  165°)  with  sodium  triethylborohydride,^  hydrogen 
is  evolved  with  concurrent  development  of  a  deep  red 
color.  The  color  disappears  after  a  few  minutes  of 
refluxing  in  either  solvent.    The  formation  of  /i-propyl- 

(C«Hi)ik:H»Br  +  NaBH(CtHft),  -^ 

VII  ^       - 

H,  +  [(CtH»),PCH,B(C,H5)d  — ► 

III  +  CH,CHsCHsB(CiH«)i 

diethylborane  was  demonstrated  by  vpc* 

The  reaction  of  phosphonium  salts  with  sodium 
borohydride  has  also  been  investigated.  A  mixture  of 
VII  and  sodium  borohydride  in  diglyme  on  heating 
evolves  hydrogen  (60%),  again  with  development  and 
subsequent  disappearance  of  a  deep  red  color.  Benzene 
is  formed  directly  in  a  side  reaction,  along  with  methyl- 
diphenylphosphine  (Vlliy^  (presumably  as  the  borane 
adduct). 


'^60%  +_ 

— ►  H,  +  (C«H»)iPBH,CH» 


VII  +  NaBH4 


ie5< 


' ►  CtH,  +  (CtHs)!?— BH, 

CHt 


Benzyltriphenylphosphonium  borohydride  (IX)  (mp 
150-154°  dec),  which  is  obtained  in  nearly  quantitative 
yield  on  mixing  aqueous  solutions  of  the  phosphonium 
chloride  and  sodium  borohydride,  decomposes  in  boil- 
ing chlorobenzene  in  an  analogous  manner. 


-'60%  +- 

Hs  +  (C«H6)sPBHtCHtC«H» 


+  -         13P_ 

(C«H»)tPCHsC«H5  BH4 
IX 


^^20% 


CtHftCHi  +  II 


The  mechanism  of  thermal  decomposition  of  IX  is 
to  be  contrasted  with  that  of  the  reaction  between  the 
corresponding  phosphonium  halide  and  lithium  alumi- 
num hydride.  The  latter  proceeds  rapidly  at  room 
temperature  (in  diglyme)  with  negligible  gas  evolution. 
Toluene  is  again  formed  directly,  along  with  a  high 
yield  (>80%)  of  triphenylphosphine  (isolated  subse- 
quent to  hydrolysis).  *  ^ 

The  toluene  obtained  from  the  triphenylbenzylphos- 
phonium  salt  (in  both  the  borohydride  reaction  and  the 
lithium  aluminum  hydride  reduction),  as  well  as  the 
benzene  obtained  in  the  reaction  of  VII,  presumably 
arise  via  hydride  attack  on  positive  phosphorus  to  give 
intermediate  (or  transition  state)  pentavalent  phos- 
phorus compounds.  Evidence  for  the  formation  of  a 
related  intermediate  pentavalent  phosphorus  hydride 
(isolable  at  low  temperature)  has  recently  been  pre- 
sented.^' Formation  of  toluene  by  nucleophilic  dis- 
placement on  carbon  would  seem  to  be  ruled  out  by 

(8)  H.  C.  Brown,  H.  I.  Schlesinger,  I.  Sheft,  and  D.  M.  Ritter,  7.  Am, 
Chem.  Soc,  75.  192  (1953). 

(9)  G.  Schomburg,  R.  K5ster,  and  D.  Henneberg,  Z.  Anal,  Chem,, 
170,  283  (1959);  as  anticipated,  in  the  higher  boiling  solvent  (diglyme) 
some  isomerization  to  isopropyldiethylborane  occurred. 

(10)  The  formation  of  III  and  VIII  was  demonstrated  by  mass  spectral 
analysis ;  borane  complexes,  it  was  shown,  display  strong  free  phosphine 
parent  peaks. 

(11)  (a)  W.  J.  Bailey  and  S.  A.  Buckler,  J.  Am.  Chem.  Soc.,  79.  3567 
(1957);  (b)  W.  J.  Bailey.  S.  A.  Buckler,  and  F.  Marktscheffel,  J.  Org. 
Chem.,  IS,  1966  (1960);  (c)  S.  T.  D.  Oough  and  S.  Trippett,  J.  Chem. 
Soc.,  4263  (1961). 

(12)  D.  Hellwinkel,  Angew,  Chem,  Intern,  Ed.  Engl,,  5,  968  (1966). 
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the  fact  that  no  methane  is  obtained  in  the  reaction  of 
VIL 

It  is  also  significant  that  only  trace  amounts  (<  1  %) 
of  benzene  were  formed  in  the  thermal  decomposition 
of  IX.  The  ylide  triphenylbenzylidenephosphorane, 
presumably  an  intermediate  in  the  borohydride  reac- 
tion, has  been  reported"^  to  give  benzyldiphenylphos- 
phine  on  reduction  with  lithium  aluminum  hydride. 
It  appears  that  complex  formation  between  the  ylide  and 
generated  borane,  with  subsequent  rearrangement, 
competes  more  successfully  with  an  alternate  cleavage 
process  in  the  borohydride  than  in  the  lithium  aluminum 
hydride  reaction. 

(13)  National  Science  Foundation  Senior  Postdoctoral  Fellow,  1966-> 
1967. 

R.  KMer,  B.  Rfckborn" 

Max'Planck'lnstitut  fUr  Kohlenforschung 

Mulheim'Ruhr^  Germany 

Received  March  i,  1967 


The  Stereochemistry  of  the  Free-Radical  Addition  of 
Thiolacetic  Acid  to  2-Chloro-4-/-butylcyclohexene 

Sir: 

Contemporary  studies  of  radical-chain  additions  to 
cyclohexenes^  have  been  directed  toward  determination 
of  both  the  trans/cis  addition  stereoselectivity  and  the 
conformational  preference  imparted  to  both  the  addi- 
tion and  the  displacement  steps  by  use  of  ''conforma- 
tionally  fixed"  cyclohexenes.^'  Although  the  addi- 
tions of  thiols  are  not  stereospecific  in  contrast  to  those 
of  hydrogen  bromide, '••  trans  stereoselectivity  with  a 
predominance  of  /ra/i5-diaxial  addition  has  been  ob- 
served. ^^  In  at  least  one  case,  the  results  have  been 
attributed  to  the  intervention  of  an  unsymmetrically 
bridged  thiyl  radical  which  was  said  to  account  for 
^^88%  of  the  reaction  pathway.'  The  reported  de- 
pendence of  isomeric  adduct  (trans/cis)  composition 
from  1-halocyclohexenes'  on  the  ratio  of  thiol  addenda 
to  olefin  was  not  verified  with  the  4-substituted  cyclo- 
hexenes.  •"* 

We  wish  to  report  a  study  of  the  AIBN-initiated  addi- 
tion of  thiolacetic  acid  to  2-chloro-4-/-butylcyclohexene 
(1).  The  four  possible  diastereomeric  products  were 
detected  and  characterized,  and  reproducible  tempera- 
ture and  concentration  effects  were  observed.'  The 
results  provide  significant  new  data  for  a  more  detailed 
description  of  the  stereochemical  course  of  free-radical 
additions  to  cyclohexenes. 

Typical  runs  afforded  the  following  product  distribu- 
tions: 53.2%  2,  5.7%  3,  28.3%  4,  and  12.8%  5  in 
hexane  at  63**;  78.7%  2,  1.6%  3,  12.8%  4,  and  6.9% 


(1)  The  stereochemistry  of  free-radical  additions  to  olefins  has  been 
reviewed:  B.  A.  Bohm  and  P.  I.  Abell,  Chem.  Rev.,  62,  599  (1962). 

(2)  N.  A.  LeBel,  R.  F.  Czaja,  and  A.  DeBoer,  to  be  published. 

(3)  P.  D.  Readio  and  P.  S.  Skell.  J.  Org.  Chem,,  31,  759  (1966). 

(4)  F.  G.  Bordwell  and  G.  S.  Whitney,  Abstracts,  142nd  National 
Meeting  of  the  American  Chemical  Society,  Atlantic  City,  N.  J.,  Sept 
1962,  p  64Q;  F.  G.  Bordwell,  P.  S.  Landis,  and  G.  S  Whitney,  J.  Org, 
Chem,,  30,  3764  (1965). 

(5)  C/.  also  E.  S.  Huyser  and  J.  R.  Jeffrey,  Tetrahedron,  21,  3083 
(1965);  E.  S.  Huyser,  H.  Benson,  and  H.  J.  Sinnige,  J.  Org.  Chem.,  32, 
622  (1967). 

(6)  See  P.  D.  Readio  and  P.  S.  Skell,  ibid.,  31,  753  (1966). 

(7)  H.  L.  Goering,  D.  I.  Relyea,  and  D.  W.  Larsen,  /.  Am.  Chem, 
5oc.,  78,  348(1956). 

(8)  The  synthesis  of  1  and  the  results  of  other  additions  to  1  will  be 
reported  in  the  full  article.  Satisfactory  elemental  analyses  have  been 
obtained  for  most  new  compounds  reported  herein. 
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5  in  hexane  at  —78**.  A  summary  of  pertinent  stereo- 
chemical data  is  given  in  Table  I.  The  products  were 
separated  by  gas  chromatography  and  characterized 
independently;  in  addition,  2  and  3  were  compared  with 
authentic  samples.  Proton  nmr  and  infrared  spectra 
completely  supported  the  structural  assignments. 

TaUel 


Molar 

Solvent 

(2  +  3)/ 

Run 

ratio* 

(temp.  ^Cy 

(4  +  5) 

2/3 

4/5 

1 

1:10 

Hexane  (63) 

1.2 

6.3 

1.9 

2 

1:1 

Hexane  (-78>' 

4.1 

49.2 

1.8 

3 

Pentane  (37) 

2.2 

12.4 

2.4 

4 

Hexane  (63) 

1.4 

9.3 

2.2 

5 

Heptane  (86) 

1.2 

7.5 

2.5 

6 

Heptane  (106) 

1.2 

6.6 

2.6 

7 

Methanol  (64) 

1.3 

6.9 

1.8 

8 

10:1 

None  (67) 

2.4 

11.4 

2.0 

9 

Pentane  (40) 

3.1 

15.5 

2.4 

10 

Hexane  (63) 

2.5 

10.0 

2.2 

11 

Heptane  (86) 

1.8 

8.2 

2.2 

12 

Methanol  (63) 

1.9 

7.7 

1.8 

13 

30:1 

None  (63) 

3.0 

10.5 

2.1 

14 

Methanol  (66) 

2.2 

8.2 

2.0 

'  AcSH:  olefin.  Most  solutions  were  made  by  adding  AcSH 
to  3  ml  of  a  1  M  solution  of  1  in  the  solvent.  *  Reacdoos  were 
generally  run  for  1  hr  to  40-60%  completion  with  5  mole  %  AIBN. 
Analyses  were  by  gc;  deviations  in  normalized  percentages  were 
:kl.0% for2and4, and :k0.5% for3and5.    'Ultraviolet initiated 

The  results  unequivocally  demonstrate  that  the  rela- 
tive proportions  of  adducts  vary  significantly  with 
changes  in  the  molar  ratio  of  starting  materials  and 
with  temperature.  These  variations  persisted  in  sol- 
vents of  widely  different  polarity.  The  ratio  of  adducts 
resulting  from  axial  relative  to  equatorial  attachment 
of  the  thiyl  group  in  the  addition  step  [(2  +  3)/(4  +  5)] 
increases  with  lower  reaction  temperatures  (runs  2-6, 
8-11)  and  with  higher  molar  ratios  of  thiol  (runs  1,  4, 
10;  5,11;  7,12,14;  8,13). 

It  is  reasonable  to  attribute  these  primary  concentra- 
tion and  temperature  effects  to  reversibility  of  the  addi- 
tion step.  Stereoelectronic  control  leads  to  preferential 
axial  attack  by  the  thiyl  radical,  affording  intermediate 
6,  whereas  7  would  result  from  less-favored  ''equatorial 
attack."*  This  initial  preference  is  at  least  4 : 1  (run 
2)  and  is  probably  much  higher.  Elevated  tempera- 
tures and  low  thiol  concentration  favor  reversal  and 


^uHcan  Chemical  Society  /  59;//  /  May  24, 1967 


2785 


ilation  of  products  from  the  more  stable*  inter- 
e  7.  On  the  other  hand,  low  temperature  and 
liiol  concentration  promote  rapid  displacement 
tie  kinetically  favored  6.  Radical-chain  additions 
species  to  4-/-butylcyclohexenes,  examined  under 
'  reaction  conditions,  lead  to  decreasing  amounts 
ducts  with  axial-X  groups  in  the  following  order: 
RSH  >  ArSH  >  AcSH  >  HSH.  Reversibility 
important  for  the  former  three  addenda,  as  a 
[uence  of  the  lower  stability  of  alkanethiyl  radicals 
le  high  transfer  rate  with  ArSH,  and  especially 
[Br. 


H 


,</^" 


6 


displacement  reactions  with  intermediates  6  and 
to  over-all  trans  stereoselectivity,  but  that  from 
nsiderably  higher  and  is  enhanced  at  low  tempera- 
and  high  thiol  concentrations.  One  tempting 
lation  for  preferential  /rafi5-diaxial  addition  (to 
cc  2)  involves  an  unsymmetrically  bridged  thiyl 

1  as  previously  utilized. '  However,  if  a  bridged 
lediate  is  dominant  in  promoting  the  high  2/3 
t  ratio,  a  significant  variation  in  the  magnitude 

ratio  would  be  anticipated  as  the  thiol  addendum 
red.  Although  additional  accurate  data  are  re- 
ly it  appears  that  the  proportions  of  adducts  2  to 
ts  3  are  very  similar  for  most  thiols  under  identical 
ions.    Furthermore,  even  symmetrically  bridged 

radicals,  if  such  are  intermediates,  cannot  main- 
:onfigurational  integrity  in  additions  to  acyclic 

the  other  hand,  preferential  axial  chain  transfer 
sen  established  for  the  4-/-butyl-^^and  1-thiolace- 
Jiyl-4-/-butylcyclohexyl*  radicals.  The  vicinal, 
I -thiyl  substituent  of  6  should  direct  displacement 

2  even  more  toward  the  axial  position,  and  a 
id  thiyl  radical  is  not  required. 

urprising  observation  is  that  the  ratio  4/5  is  rela- 

insensitive  to  reaction  conditions.    The  "open- 

'   intermediate  7   appears   to  control   product 

tion;  however,  it  is  intriguing  to  note  that  trans 

on  is  favored  over  cis  addition  (4/5  ^^  1.8-2.6). 

ligations  of  additions  of  other  thiols  to  1-  or  2- 

^/-butylcyclohexenes  have  indicated  that  thiol- 

acid  seems  to  be  unique  in  providing  a  4/5 

>   !.*••    A  possible  rationale  for  this  reversal 

involve  the  five-membered,  bridged  intermediate 

quilibrium  with  7,  since  this  pathway  is  unavail- 

D  alkyl-  and  arylthiols.    However,  a  dipolar  factor 

yt  contributory,  particularly  in  light  of  the  results 

t  has  been  mggfitfcd  that  intermediates  of  type  7  arise  by  rapid 
B¥crsible  oonformational  reorganization  of  an  initial  twist-boat 

4.* 

F.  D.  Greene,  C  Chu,  and  J.  Walia,  7.  Am,  Chem,  Soc.,  84»  2463 
/.  Off.  CAew.,  2f •  1285  (1964). 


reported  for  l-methyl-4-/-but^cyclohexene  and  thiol- 
aceticadd.^ 

In  the  present  case,  the  observed  concentration  effect 
does  not  involve  chair-chair  interconversions,'  but 
rather  comes  mainly  from  reversibility  of  the  addition 
step  complemented  by  a  secondary  effect  of  variable 
chain-transfer  preference  with  the  axial  thiyl  radical 
6. 

In  the  full  article  we  shall  elaborate  a  general  scheme 
to  accommodate  all  available  data  on  the  stereo- 
chemistry of  radical  additions  of  thiols  to  cyclohexenes. 
The  present  report  serves  to  clarify  certain  existing 
ambiguities  and  also  emphasizes  the  need  for  complete 
product  identification. 
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Coordination-Catalyzed  Skeletal 
Rearrangement  of  1,4-Dienes 

Sir: 

Our  forthcoming  publication^  describes  the  addition 
of  a-olefins  to  conjugated  dienes,  to  produce  high 
yields  of  1,4-dienes.  A  homogeneous  catalyst,  pre- 
pared in  situ  from  the  reaction  of  a  bis(tertiary  phos- 
phine)nickel(II)  salt  and  an  alkylaluminum  compound, 
is  employed.  In  an  extension  of  this  work  we  have 
investigated  the  behavior  of  the  1,4-diene  products 
in  the  presence  of  the  catalyst  species. 

3-MethyM,4-pentadiene  (I,  0.012  mole),  bis(tri-/i- 
butylphosphine)nickel  dichloride  (0.001  mole),  and 
diisobutylaluminum  chloride  (0.004  mole)  were  mixed 
in  100  ml  of  dry  deoxygenated  toluene.  During  90  min 
at  24**,  ca.  53%  of  I  was  converted  to  a  mixture  of 
products  which  included  components  with  vpc  retention 
times  corresponding  to  a  35%  yield  of  1,4-hexadiene 
(trans: cis  ratio  =  H),  a  4%  yield  of /^afI5-2-methyl-l,- 
3-pentadiene,  8%  c/5-3-methyH,3-pentadiene,  bl  15% 
combined  yield  of  /ra«5-3-methyl-l,3-pentadiene  and 
/ra/i5,rrafi5-2,4-hexadiene,  and  3%  rraw5,r/5-2,4-hexa- 
diene.  Two  components,  ca.  9  and  7  %,  have  not  been 
resolved  and  identified.  The  remainder  was  non- 
volatile material,  presumably  oligomers  of  conjugated 
C-6  products. 

It  is  apparent  that  the  3-methyl-l,3-pentadienes  are 
derived  from  the  double  bond  positional  isomerization 
of  I.  However,  the  remaining  products  arise  from 
skeletal  rearrangements.  A  strong  indication  that  the 
remaining  C-6  conjugated  products  are  derived  from 
1,4-hexadiene,  as  the  primary  rearrangement  product, 
was  found  when  trans-^  and  c/5-l,4-hexadienes*  were 
treated  separately  with  the  catalyst  under  the  above 
conditions.  During  120  min,  34%  of  the  trans  isomer 
was  converted  to  trans^trans-  and  rra/i5,c/s-2,4-hexa- 
diene  (trans^trans:  transacts  ratio  =  2.7)  in  87%  yield. 

(1)  R.  G.  Miller,  T.  J.  Kealy,  and  A.  L.  Barney,  submitted  for  publica- 
tion. 

(2)  T.  Alderson,  E.  L.  Jenner,  and  R.  V.  Lindsey,  Jr.,  J.  Am.  Chem. 
Sac.,  S7,  5638  (196S). 

(3)  G.  Hata,  ibid,,  96,  3903  (1964). 
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The  major  product  from  the  ci5-l,4-hexadiene  was  de- 
rived from  a  skeletal  rearrangement.  In  addition  to  the 
transacts'  and  ci5,c/5-2,4-hexadienes(/rafi5,c/5:c/5,c/5  ratio 
=  4.0)  afforded  in  22%  yield,  a  75%  yield  of  trans-l- 
methyl- 1,3-pentadiene  was  obtained,  the  conversion  of 
the  1,4-hexadiene  to  products  being  ca,  70%.* 

The  products  from  all  of  these  reactions  were  isolated 
and  characterized  in  experiments  in  which  the  concentra- 
tion of  diene  precursor  was  increased  by  a  factor  of  9-10 
over  those  described  above  in  order  to  provide  sufficient 
material  with  which  to  work.  In  general,  this  led  to 
lower  yields  of  rearranged  products.  The  compounds, 
after  isolation  by  preparative  vpc,  were  identified  by 
their  nmr  and/or  infrared  spectra  and  by  comparison 
of  vpc  retention  times  with  those  of  authentic  samples.^ 
Proof  that  the  reactions  were  indeed  catalyzed  by  a 
species  derived  from  the  interaction  of  diisobutyl- 
aiuminum  chloride  with  bis(tri-/i-butylphosphine)nickel 
dichloride  in  the  presence  of  the  dienes  was  obtained 
from  a  series  of  experiments  in  which  I  and  the  1,4- 
hexadienes  were  mixed  independently  with  the  aluminum 
and  the  nickel  catalyst  precursors.  In  all  cases,  the 
1,4-diene  was  recovered  unchanged. 

It  appears  that  all  of  the  characterized  C-6  products 
from  the  interaction  of  I  with  the  catalyst  arise  from 
two  primary  reaction  paths:  (1)  the  double  bond 
positional  isomerization  of  I,  and  (2)  a  skeletal  rear- 
rangement of  I  to  afford  the  1 ,4-hexadienes. 

CHi 

CH,=<11--CH--CH»=CH, 
I 


CH,  y 

CH|CH==C— CH=CH,  CH,CH=CH— CHi— CH=CH, 


V 


i 


CH,CH=CH— C=CH,         CHiCH=CH— CH=<:HCHi 


Information  suggesting  the  nature  of  path  2  was  ob- 
tained from  experiments  in  which  I  was  mixed  with  the 
catalyst  in  the  presence  of  an  excess  of  propylene.  Ad- 
mixture of  41  g  (0.52  mole)  of  I  with  81  g  (1.9  moles)  of 
propylene  and  the  catalyst  precursors  (Al:Ni  =  6:1, 
mmoles)  in  400  ml  of  toluene  for  19  min  in  the  86-90° 
range  (same  conditions  as  utilized  for  the  codimeriza- 
tion  of  propylene  and  butadiene  to  give  2-methyl-l,4- 
hexadiene*)  afforded  a  9%  yield  of  /rfl/i5-2-methyl-l,4- 
hexadiene.  Other  products  included  1,4-hexadiene 
(trans :cis  ratio  =  4)  in  4.5  %  yield,  c/5-3-methyl-l,3-pen- 
tadiene  in  5%  yield,  and  /ra/i5-3-methyl-l,3-pentadiene 
in  5  %  yield  based  on  52  %  recovery  of  I.  These  com- 
pounds accounted  for  ca.  98  %  of  the  products  in  the 
64-94°  boiling  point  range. 

The  isolation  of  appreciable  quantities  of  2-methyl- 
1,4-hexadiene  in  these  experiments  suggests  that  inter- 
action of  the  catalyst  with  I  can  lead  to  a  species  which 

(4)  No  evidence  was  found  that  2-methyl-l,3-pentadiene  was  pro- 
duced from  /ra/i5- 1,4-hexadiene.  The  combined  amount  of  ci*5- 1,4- 
hexadiene  and  2- methyl- 1,3-pentadiene  in  the  product  mixture  from 
the  trans  isomer  was  slightly  less  than  the  level  of  c/j- 1,4-hexadiene 
(3%)  present  in  the  starting  material.  This  also  eliminated  the  pos- 
sibility that  appreciable  isomerization  of  trans-  to  cJ5- 1,4-hexadiene 
took  place  under  these  conditions. 

(S>  Standard  mixtures  of  most  products  described  herein  were 
analyzed  by  vpc  to  determine  the  relationship  between  mole  ratio  and 
relative  signal  intensity.  Product  ratios  of  2-methyl-l,3-pentadiene 
were  based  on  signal  intensity  alone. 


possesses  a  C-4  fragment  and  ethylene  bonded  to  nickel, 
such  as  II.  Displacement  of  the  ethylene  by  propylene 
could  lead  to  a  species  like  III  from  which  2-methyl- 
1,4-hexadiene  results.  The  double  bond  positional 
isomerization  of  the  1,4-dienes  and  the  rearrangement 
of  I  to  1,4-hexadiene  could  arise  through  the  two  pos- 
sible modes  of  addition  of  a  nickel  hydride  to  a  terminal 
double  bond.*  A  2,1  addition  of  NiH  affords  products 
that,  on  NiH  elimination,  could  give  eith^the  1,4-diene 
precursor  or  its  conjugated  isomers.  However,  the 
1,2-addition  products,  possessing  terminal  C-Ni  bonds, 
could  give  the  1,4-diene  precursor  or  possibly  generate 
ethylene  and  a  C-4  fragment  via  a  Ni-C  j3  elimination.^ 
The  latter  mode  of  reaction  appears,  at  present,  to  oflfer 
the  best  rationalization  of  the  formation  of  a  C-7  diene 
from  a  C-6  precursor  in  these  experiments.  The  pos- 
sible participation  of  ''fragmentation"  products  such 
as  II  or  isomeric  (r-methylallyl  species  is  being  investi- 
gated. 
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+  C,H, 
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XX" 


Although  the  rearrangement  of  I  to  1,4-hexadiene 
can  be  explained  by  the  intervention  of  elimination 
products  such  as  II,  other  pathways  cannot  be  excluded. 
The  rearrangements  of  1 -methyl- l-pent-4-enyl  deriva- 
tives of  sodium,  lithium,  and  magnesium*  provide  a 
close  analogy  to  the  gross  rearrangement  of  I.  The 
formation  of  2-methyl-l,3-pentadiene  from  c/5-1,4- 
hexadiene  can  be  rationalized  by  a  C-M  elimination- 
addition  route  analogous  to  that  suggested  above. 
However,  the  expected  diene  product  here  is  2-methyl- 


c 


MH 


(V^ 


C.H* 


X^" 


1,4-pentadiene.  Our  observation  that  the  rate  of  re- 
arrangement of  c/5- 1,4-hexadiene  exceeds  the  rate  of 
double  bond  isomerization  of  2-methyM,4-pcntadiene 
and  our  failure  to  detect  the  latter  diene  in  the  rear- 
rangement product  mixtures  indicate  that  if  this  process 
is  operating  here,  the  primary  1,4-diene  product  is 
isomerized  before  it  becomes  free  of  the  metal.*    Other 

(6)  We  have  no  evidence  that  would  demonstrate  the  paitidpatioo 
of  an  actual  nickel  hydride  complex  in  these  reactions.  The  results 
described  here  and  elsewhere^  are  consistent  with  the  capability  of  the 
catalyst  to  effect  a  gross  addition  of  a  nickel  hydride  to  an  olefinic 
bond. 

(7)  An  accurate  determination  of  the  amount  of  ethylene  present  in 
product  mixtures  from  the  reaction  of  I,  propylene,  and  the  catalyst 
was  not  achieved.  Vpc  analyses  of  the  recovered  propylene  indicated 
the  presence  of  a  component  with  the  retention  time  of  ethylene  in 
amounts  ca.  20-30  times  that  present  in  the  propylene  reagent  Butt- 
diene  was  not  detected  in  the  reagents  or  in  the  product  mixtures. 

(8)  (a)  E.  A.  Hill,  H.  G.  Richey,  Jr.,  and  T.  C  Rees,  7.  Org,  Ckem^ 
28,  2161  (1963);  (b)  E.  A.  Hill  and  J.  A.  Davidson,  /.  Am,  Ckem.  Soe„ 
86.  4663  (1964). 

(9)  An  alternative  elimination-addition  route  involving  a  propenyl- 
nickel  intermediate  could  give  the  conjugated  diene  directly. 


^^' 
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pathways  seem  equally  plausible,  particularly  one  in- 
volving the  participation  of  a  cyclopropylcarbinylnickel 
derivative.'® 

Carbon-metal  j3-elimination  products  have  been  re- 
ported in  the  pyrolyses  of  neopentyl  derivatives  of 
sodium, ''  potassium,''  and  aluminum,'*  systems  in 
which  a  j3  elimination  of  M-H  is  precluded.  The  re- 
arrangements of  cyclobutylcarbinyP^  and  cyclopropyl- 
carbinyP®  Grignard  reagents  can  be  pictured  as  formally 
involving  intramolecular  C-M  eliminations. 

Further  study  of  the  1,4-diene  rearrangements  and 
the  extention  of  the  investigation  to  other  transition 
metal  systems  are  in  progress. 

(10)  M.  S.  Silver,  P.  R.  Shafer,  J.  E.  Nordlander.  C.  Ruchardt,  and 
J.  D.  Roberts,  /.  Am.  Chem.  Soc.,  82,  2646  (1960). 

(11)  R.  A.  Finnegan,  Chem.  Ind.  (London),  893  (1962). 

(12)  R.  A.  Finnegan,  Tetrahedron  Letters,  1303  (1962). 

(13)  K.  Ziegler,  K.  Nagel,  and  W.  Pfohl,  Ann.,  629,  210  (1960). 

(14)  Chemistry  Department,  University  of  North  Dakota,  Grand 
Forks,  N.  D. 
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Confonmitioiial  Rigidity '•<  in  Aliphatic  ParafHiis. 
Synthesis  and  Determination  of  Absolute 
Configuration  of  {ZSfiSy  and 
(3/{,5iS)-2,2^^Tetniniethylheptane 

Sir: 

The  high  optical  activity  in  solution  of  some  stereo- 
regular  polymers  obtained  from  optically  active  a 
olefins'  has  been  attributed'*^  substantially  to  the  fact 
that  few  conformations  having  high  optical  rotation 
of  the  same  sign  are  allowed  for  the  monomeriiD  unit 
of  such  polymers  in  solution. 

As  no  low  molecular  weight  paraffins  were  known 
having  [Af\  of  the  same  order  of  magnitude  of  the  one 
found  for  the  monomeric  unit  of  these  polymers,  we 
have  synthesized  (3/^,55)-  and  (35,55)-2,2,3,5-tetrameth- 
ylheptane  (I  and  II,  respectively);  for  I  the  existence  of 
two  conformations  having  [M]  +180  and  +60^  and 
for  II  the  existence  of  one  conformation  having  [Af] 
— 180^  can  be  foreseen  by  the  Brewster  method^  (Chart 

I). 
CiMrtI 
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I  U  DC 

A  mixture  of  the  two  diastereoisomers  I  and  II  has 
been  prepared  starting  with  (— X'S)-3-methylpentanal, 

(1)  A.  Abe  and  M.  Goodman.  J.  Polymer  Set,  Al,  2193  (1963). 

(2)  P.  Pino,  Adcan.  Polymer  Set.,  4,  443  (1965). 

(3)  P.  Pino  and  G.  P.  Lorenzi,  /.  Am.  Chem.  Soc.,  82,  474S  (1960). 

(4)  P.  Pino,  F.  Ciardelli,  G.  P.  Lorenzi,  and  G.  Montagnoli,  Makro- 
mol.  Chem.,  61,  207  (1963). 

(5)  J.  H.  Brewster,  /.  Am,  Chem,  Soc.,  81.  5475  (1959). 


bp  12a-12P  (760  mm),  n^H>  1.4002,  [al«D  -7,  10^ 
having  an  optical  purity  of  97  %,*  and  allowing  it  to 
react  with  /-butylmagnesium  chloride. 

The  (-X5S)-2,2,5-trimethylheptan-3-ol  (111)  thus 
obtained,  bp  85^  (20  mm),  n^^  1.4350,  iP\  0.8305, 
[a]"D  -2.17^  (neat)  (Anal.  Calcd  for  CioH«0:  C, 
75.88;  H,  14.01.  Found:  C,  75.91;  H,  13.80),  was 
oxidized  according  to  Brown^  to  (+X'S)-2,2,5-trimethyl- 
heptan-3-one  (IV),  bp  75°  (22  mm),  /i«d  1.4193,  rf"* 
0.8183.  [a]«D  +19.16°  (neat)  (And.  Calcd  for  Qo- 
HjoO:  C,  76.86;  H,  12.90.  Found:  C,  76.64;  H, 
12.96),  which  was  allowed  to  react  with  methylmag- 
nesium  bromide,  yielding  (+X5S)-2,2,3,5-tetramethyl- 
heptan-3-ol  (V),  bp  90°  (20  mm),  /i»d  1.4390,  rf"* 
0.8387,  [al»D  +10.13°  (neat)  (Anal.  Calcd  for  dr 
H,40:  C,  76.67;  H,  14.04.  Found:  C,  76.21;  H, 
14,06). 

V  was  dehydrated  by  distillation  in  the  presence  of 
It  and  the  mixture  of  olefins  thus  obtained  was  finally 
hydrogenated  at  120°  by  Hi  in  the  presence  of  Raney 
nickel,  yielding  a  mixture  of  I  and  II,  bp  61-62°  (18 
mm),  /i»D  1.4202,  rf"*  0.7465,  [a]"D  -0.69°  (neat), 
[a]"D  -0.83°  (c  15,  /i-pentane).  Anal.  Calcd  for 
CnH24:  C,  84.52;  H,  15.48.  Found:  C,  84.73;  H, 
15.59. 

The  mixture  was  analyzed  by  vpc  (50-m  squalane 
capillary  column);  only  two  components  were  present, 
the  one  with  the  higher  retention  time  prevailing  (60  ± 

3%). 
By  fractional  crystallization  from  propane  at  —80°, 

mixtures  of  I  and  II  having  different  compositions  have 

been  obtained;    a  sample  having  a  diastereoisomeric 

purity  of  95%  showed  bp  54^55°  (14  mm),  /i"d  1.4208, 

[M]»D  -87.47  ±0.1°  (neat),  [Afi^^D  -87.52  ±   1° 

(c  20.47,   /i-pentanc).    Anal,    Calcd   for  CiiHj4:    C, 

84.52;  H,  15.48.    Found:  C,  84.81;  H,  15.22. 

By  plotting  the  composition  of  such  mixtures  ds. 
their  optical  rotation  and  extrapolating  at  100%  of 
diastereoisomeric  purity,  the  optical  rotation  has  been 
calculated  for  both  diastereoisomers. 

Taking  in  account  the  optical  purity  of  the  starting 
material  we  have  assigned  [Af]'*D  +137.8  ±  3°  (c 
20.47,  /i-pentane)*  to  the  lower  retention  time  diastereo- 
isomer,  [Af]"D  —97.5  ±  4°  to  the  higher  retention  time 
diastereoisomer. 

In  order  to  establish  the  relationship  between  the  sign 
of  the  optical  rotatory  power  and  the  absolute  configura- 
tion of  the  two  asymmetric  carbon  atoms  of  the  di- 
astereoisomers we  have  prepared  a  mixture  of  (35,55)- 
and  (35,5/?)-2,2,3,5-tetramethylheptane  (II  and  IX, 
respectively),  starting  with  (— X/?)-2,3,3-trimethylbutan- 
l-ol,  [a]"D  -15.5°  (c  3.41,  ethanol),  optical  purity 
37.4%.»  (-X/^)-l-chloro-2,3,3-trimethylbutane  (VI), 
bp  89-91°  (158  mm),  /i«>d  1.4313,  rf"*  0.8872.  [al«D 
-19.93°  (neat)  (Anal,  Calcd  for  CiHijCl:  C,  62.44; 
H,  11.23;  Cl,26.33.  Found:  C, 62.39;  H.  11.15;  CI, 
26.44),  was  obtained  from  the  alcohol  by  reaction  with 
SOCU  in  pyridine,  and  its  Grignard  reagent  was  allowed 
to  react  with  propanal. 

(6)  L.  Lardicci,  F.  Navari,  and  R.  Rossi,  Tetrahedron,  22,  1991 
(1966). 

(7)  H.  C.  Brown  and  C.  P.  Garg,  /.  Am.  Chem.  Soc.,  83,  2952  (1961). 

(8)  Standard  deviation  calculated  by  the  least-squares  method. 

(9)  The  optical  purity  has  been  calculated  on  the  basis  of  the  pure 
(-)(/?)-2.3,3-trimethylbutan-l-ol,  [a]"D  -41.4^  M.  Farina  and  E.  M. 
Peronad,  Chim,  Ind.  (Milan),  48.  602  (1966);  Chem,  Abttr.,  65,  12091a 
(1966). 
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(5S)-5,6,6-TrimethyIheptan-3-ol  thus  obtained  was 
not  isolated  and  was  oxidized  according  to  Brown^  to 
the  (-XS>5,6,6-triraethylheptan-3-one  (VII),  bp  128- 
130^  (126  mm),  /i»d  1.4277,  a"D  -7.00°  (neat,  /  = 
1)  (Anal.  Calcd  for  QoHmO:  C,  76.86;  H,  12.90. 
Found:  C,  75.97;  H,  12,44),  which  was  purified 
through  its  semicarbazone,  mp  159-160°. 

VII  was  allowed  to  react  with  methylmagnesium 
bromide,  and  ( — X5S>3,5,6,6-tetramethylheptan-3-ol 
(VIII),  bp  89-92°  (18  mm),  /i«d  1.4435,  a»D  -7.00° 
(neat,  /  =  1)  (Anal.  Calcd  for  C11HJ4O:  C,  76.67; 
H,  14.04.    Found:  C,  76.28;  H,  13.89),  was  obtained, 

VIII  was  dehydrated  by  distillation  in  the  presence 
of  I2,  and  the  olefins  thus  obtained  were  hydrogenated 
by  Hi  at  120°  in  the  presence  of  Raney  nickel,  yielding 
a  mixture  of  (35,5/?)-  and  (35,5S)-2,2,3,5-tetramethyl- 
heptane  (IX  and  II,  respectively),  /i"d  1.4202,  [a]"D 
-26.19°  (c  20.58,  /i-pentane).  Anal.  Calcd  for  Cu- 
H,4:  C,  84.52;  H,  15.48.    Found:  C,  84.24;  H,  15.43. 

Acid-catalyzed  rearrangements  in  the  dehydration 
and  acid  oxidation  steps  have  to  be  considered  im- 
probable on  the  basis  of  published  data  ^^'  ^  ^  on  similar 
compounds. 

As  I  and  II  have  optical  activity  of  opposite  sign, 
IX  must  have  optical  activity  of  the  same  sign  as  II ; 
therefore  II  must  have  optical  rotation  of  the  same  sign 
as  the  mixture  of  II  and  IX  and  possess  therefore 
negative  optical  rotation.  Consequently  the  diastereo- 
isomer  I,  (3/^,55),  has  positive  optical  rotation. 

The  mixture  of  II  and  IX  was  analyzed  by  vpc,  as  in 
the  case  of  the  mixture  of  I  and  II ;  it  contained  55  :t 
3%  II  which  has  negative  optical  rotation  and  higher 
retention  time;  taking  into  account  the  optical  purity 
of  VI,  a  value  of  [M]«d  -108.28  ±  1.30°  (c  20.58, 
/i-pentane)  can  be  calculated  for  the  molar  rotation  of 
the  mixture  of  IX  and  II.  Comparing  such  a  value 
with  the  one  calculated  for  the  same  composition  on 
the  basis  of  the  absolute  value  of  the  molar  rotations  of 
I  and  II  ([M]^^  115.6  ±  4°),  a  satisfactory  agreement 
is  obtained.  This  agreement  can  be  taken  as  an  indica- 
tion that  both  in  the  synthesis  of  the  mixtures  of  I 
and  II  and  of  II  and  IX  no  extensive  racemization  occurs 
at  the  two  asymmetric  centers. 

Comparing  the  values  found  with  the  value  calculated 
by  the  Brewster  method,^  a  substantial  agreement  has 
been  found  both  concerning  the  sign  and  the  order  of 
magnitude  of  the  optical  rotation  of  I  and  II,  the  dis- 
crepancy between  the  values  calculated  and  found 
being  larger  in  the  case  in  which  a  single  conformation 
is  allowed  (see  Table  I). 

TaUel 


Compd 

Max  [Af  ]>*o  found 
(c  20.47, 
/r-pentaiie)'> 

[Af]D  calcd 

by  Brewster 

method' 

I 
II 

+  137.8  ±3 
-97.5  ±4 

+  120 
-180 

<■  In  degrees. 

Our  data  confirm  the  previous  hypothesis^  that,  in 
aliphatic  hydrocarbons  containing  a  hydrogen  atom 

(10)  p.  Pino.  S.  Pucci,  E.  Benedetti,  and  P.  Bucd,  /.  Am,  Chem.  Soc., 
87,  3263  (1965). 

(11)  L.  Lardicci  and  R.  Rossi,  Atii  Soc.  Toscana  Sci.  Nat.  Pisa  Proc. 
Ferlki//  Mem.,  B69,  22  (1962);   Chem.  Ahstr.,  63.  9795a  (1965). 


attached  to  the  asymmetric  carbon  atoms,  ^*  when  the 
presence  of  a  few  conformations  having  hig^  optical  ro- 
tation of  the  same  sign  can  be  foreseen  by  conforma- 
tional analysis^  a  relatively  high  optical  rotation  can 
be  found.  This  shows  the  substantial  soundness  but 
also  the  limits  of  conformational  analysis  in  investigat- 
ing the  conformation  of  both  low  and  high  molecular 
weight  hydrocarbons. 
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The  Conflgnration  of  Vinyl  Radicals.    The  Generation 
and  Trapping  of  Each  Member  of  a  Configurationally 
Isomeric  Pair  of  Vinyl  Radicals 

Sir: 

We  wish  to  report  evidence  that  vinyl  radicals  derived 
from  symmetrically  disubstituted  alkenes  exist  in  a 
nonlinear  configuration  capable  of  facile  isomeric  inter- 
conversion.  In  addition  we  are  pleased  to  conmiuni- 
cate  the  results  of  the  first  successful  attempt  to  trap 
the  cis  and  trans  isomers  of  a  vinyl  radical  prior  to  their 
complete  equilibration. 

Several  investigations  bearing  on  the  structure  of  vinyl 
radicals  have  been  reported  recently.^"'  Under  con- 
ditions of  kinetic  control,  free-radical  additions  to 
terminal  acetylenes  yield  predominantly  the  product 
of  trans  addition.^-'  SkeU  and  Allen*  attribute  this 
stereoselectivity  to  the  configurational  stability  of  the 
intermediate  vinyl  radical.  Others**'  have  suggested 
that  the  intermediate  radical  undergoes  rapid  cis-trans 
equilibration,  but  that  the  product-forming  abstraction 
reaction  involves  stereoselective  capture  of  one  isomer 
of  this  pair. 

Elegant  electron  spin  resonance  investigations  have 
shown  that  at  low  temperatures  in  liquid  ethylene- 
ethane^  or  in  an  argon  matrix'  the  unsubstituted  vinyl 
radical  possesses  a  nonlinear  configuration  which 
undergoes  facile  inversion.  The  minimum  activation 
energy  for  inversion  is  estimated  to  be  approximately 
2  kcal/mole.*  The  1 -methyl vinyl  radical  generated  by 
irradiation  of  allene  in  ethane  at  —172**  is  also  non- 
linear.* The  inversion  rate  of  the  1-methyIvinyl  radical 
is  less  than  that  for  the  unsubstituted  vinyl  radical. 
Since  inversion  of  the  vinyl  radical  presumably  involves 

(1)  p.  S.  Skell  and  R.  G.  Allen.  J.  Am.  Chem.  Soc.,  90,  5997  (1958); 
86,  1559  (1964). 

(2)  A.  A.  Oswald,  K.  Criesbaum,  B.  B.  Hudson,  Jr.,  and  J.  M.  Brer 
man,  ibid.,  86,  2877  (1964). 

(3)  J.  A.  Kampmeier  and  G.  Chen,  ibid.,  87.  2608  (1965). 

(4)  R.  W.  Fessenden  and  R.  H.  Schuler,  J.  Chem.  Phys.,  39,  2147 
(1963). 

(5)  E.  L.  Cochran,  F.  J.  Adrian,  and  V.  A.  Bowers,  ibid.,  40,  213 
(1964). 

(6)  R.  M.  Fantazier  and  J.  A.  Kampmeier,  J.  Am.  Chem.  Soc,  88» 
1959,5219(1966). 

(7)  L.  A.  Singer  and  N.  P.  Kong,  ibid.,  88,  5213  (1966);  Tetraheirm 
Utters,  2089  (1966). 
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.    Yield  of  Isomeric  3-Hexenes  from  Reaction  of  Sodium 
latenide  with  cis-  and  //yvi j-3-Chloro-3-hexene« 


-Product,  %  yield*.'- 


at/ 


Temp, 


With  cij-3-  With  r«w5-3- 

chloro-3-hexene'  chloro-B-hexene* 

trans-  cis-  tranS'  cif- 

Hexene     Hexene  Hexene     Hexene 


F 

0 

69 

31 

85 

15 

F 

27 

74 

26 

85 

15 

[E 

0 

56 

44 

82 

18 

[E 

27 

59 

41 

81 

19 

e  cis-  and  /rairj-3-chlorohexenes  were  prepared  from  iso- 
iy  pure  trans-  and  ci>3-hexene,  respectively,  in  the  manner 
ed  l^  M.  C.  Hoff,  K.  W.  Greenlee,  and  C.  E.  Boord,  7.  Am, 
Soc.^  73,  3329  (1951).  *  Reactions  were  carried  out  in  the 
'  previously  described.*^  Analysis  was  by  vapor  phase 
itography  on  an  8-ft  column  packed  with  a  30%  AgNOr- 
K  solution  coated  20%  by  weight  on  Chromosorb  P. 
tative  data  were  obtained  by  comparison  of  peak  areas  to 
*  an  internal  standard  (pentane)  of  known  concentration, 
datum  represents  the  average  of  at  least  three  independent 
nents.  In  general,  yields  were  reproducible  to  :t6%  of  the 
eported.  Both  3-hexenes  were  shown  to  be  configuration- 
ible  under  the  reaction  conditions.  *  Bp  119.5**;  if*D 
•  Bp  114.6^  /f»D  1.4341.  /  THF  »  tctrahydrofuran; 
«  1,2-dimethoxyethane. 


ineling  process,**'  whereas  inversion  of  the  1- 
dvinyl  radical  does  not,*  no  reliable  estimate  of 
ilative  activation  energies  for  inversion  of  these 
species  is  possible.  Thus  one  cannot  employ 
»ults  of  the  esr  studies  to  determine  whether 
substitution  at  the  1  position  stabilizes  or  de- 
izes  the  linear  configuration  relative  to  the  non- 
configuration  for  the  vinyl  radical. 
:h  Fantazier  and  Kampmeier*  and  Singer  and 
'  have  studied  the  vinyl  radical  generating  de- 
osition  of  r-butyl  peresters  of  cis-trans  pairs  of 
tisaturated  acids.  Decompositions  carried  out 
irogen-donating  solvents  led  to  mixtures  of  olefins 
t  relative  concentration  was  independent  of  the 
;uration  of  the  perester  employed.  Although  both 
s  interpret  these  results  in  terms  of  rapid  equilibra- 
>f  the  intermediate  vinyl  radicals,  these  data  are 
ly  well  explained  by  postulating  the  intervention 
lingle,  linear*  vinyl  radical  as  the  intermediate  in 
^composition  of  both  the  cis  and  trans  peresters.* 
vious  work  has  shown  that  the  naphthalene  radical 
undergoes  an  electron-transfer  reaction  with 
halides  to  yield  halide  ion  and  alkyl  free  radi- 
•""  In  an  eff'ort  to  generate  isomeric  vinyl  free 
lis,  we  have  examined  the  reaction  of  sodium 
halenide  with  cis-  and  /ra/i5- 3-chloro-3-hexene. 

'or  substituted  vinyl  radicals,  the  linear  (sp)  configuration  would 
at  least  three  inherent  advantages  relative  to  the  nonlinear 
mn:  (1)  decreased  torsional  strain,  (2)  decreased  nonbonded 
uid  (3)  increased  bond  strengths  resulting  from  sp  hybridization 
radical  site.  The  imprecision  with  which  the  relative  stability 
linear  and  nonlinear  configurations  of  the  unsubstituted  vinyl 
is  known  renders  impossible  an  a  priori  estimate  of  the  relative 
es  of  the  two  forms  for  a  substituted  vinyl  radical. 
inger  and  Kong^  were  able  to  show  that  the  temperature  de- 
oe  of  the  ratio  of  cis-  to  ira/u-propenylbenzene  derived  from 
o-methylperdnnamate  could  be  interpreted  logically  in  terms 
dly  equilibrating  nonlinear  vinyl  radical  intermediates.  To 
these  results  on  the  basis  of  a  single  linear  vinyl  radical  inter- 
!  would  require  the  seemingly  unreasonable  postulate  that  the 
dectivity  of  hydrogen  atom  abstraction  increases  with  tempera- 

G.  D.  Sargent,  J.  N.  Cron,  and  S.  Bank,  J.  Am,  Chem.  Soc,,  88, 

966). 

J.  F.  Garst,  W.  Ayers»  and  R.  C.  Lamb.  ibid..  88,  4260  (1966). 

S.  J.  Gristol  and  R.  V.  Barbour,  ibid,,  88,  4261  (1966). 


The  sole  detectable  product  derived  from  both  chloro- 
hexenes  was  a  mixture  of  ci5-  and  trans-S-hexcnc  formed 
in  at  least  98  %  yield.  The  product  analyses  for  several 
runs  at  two  temperatures  and  in  two  solvent  systems  are 
presented  in  Table  I. 

In  all  instances,  /ran5-3-hexene  predominates  in  the 
product  mixture,  but  the  ratio  of  cis-  to  /ra7i5-3-hexene 
is  decidedly  a  function  of  the  configuration  of  the  3- 
chloro-3-hexene  employed.  This  observation  immedi- 
ately excludes  the  possible  intermediacy  of  either  a 
sinj^e  linear  (sp)  vinyl  radical  or  two  isomeric,  con- 
figurationally  stable,  nonlinear  (sp*)  vinyl  free  radicals. 
Use  of  sodium  naphthalenide  as  the  reducing  agent 
precludes  the  possibility  that  a  vinyl  carbanion  is 
generated  directly  by  a  two-electron  reduction  of  3- 
chloro-3-hexene. 

We  conclude  that  the  initial  charge-transfer  reaction 
generates  a  nonlinear  vinyl  radical  which  is  capable  of 
facile  inversion  at  the  radical  site,  but  that  the  radical 
is  trapped  before  complete  equilibration  with  its  con* 
figurational  isomer  is  achieved.^' 
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The  interconverting  vinyl  radicals  might  be  trapped 
either  by  reduction  to  a  configurationally  stable  car- 
banion**-" (path  a)  or  by  hydrogen  abstraction  from 

(13)  Inherent  in  the  interpretation  here  presented  is  the  assumption 
that  initial  electron  transfer  does  not  yield  a  hexenyl  chloride  radical 
anion  as  a  discrete  intermediate.  Several  lines  of  evidence  point  to  the 
validity  of  this  assumption.  Perhaps  the  most  compelling  lies  in  the 
observation  that  the  reaction  cross  section  for  the  vapor-phase  reaction 
of  sodium  atoms  with  vinyl  chloride  is  on  the  order  of  0.1  to  1.0  A*. 
If  vinyl  chloride  radical  anions  were  viable  spedes,  one  would  expect 
this  reaction  to  occur  by  a  **stripping**  mechanism.  Such  a  mechanism, 
however,  is  known  to  lead  to  reaction  cross  sections  on  the  order  of  10* 
to  10^  A*.  Low  reaction  cross  sections  are  characteristic  of  the 
"rebound**  mechanism,  a  path  known  to  be  followed  in  the  vapor- 
phase  reaction  of  alkali  metal  atoms  with  molecules,  such  as  methyl 
iodide,  which  cannot  form  radical  anions  possessing  even  transient 
stability.  For  details,  see:  D.  R.  Herschbach,  Adoan.  Chem,  Phys,, 
10,  319  (1966);  K.  R.  Wilson  and  D.  R.  Herschbach,  Nature,  208,  183 
(1965). 

(14)  For  a  summary  of  the  evidence  which  indicates  considerable 
configurational  stability  for  vinyl  carbanions,  see  D.  J.  Cram,  "Car- 
banion Chemistry,**  Academic  Press  Inc.,  New  York,  N.  Y.,  1965,  pp 
133-135. 

(15)  Reduction  of  both  cis-  and  fraRj-3-chloro-3-hexene  with  sodium 
in  liquid  ammonia,  a  reaction  which  presumably  proceeds  via  the  vinyl 
carbanion,^'*'  yields  alkene  with  at  least  96%  retention  of  configura- 
tion. We  have  yet  to  establish  conclusively  that  vinyl  carbanion  isom- 
erization  does  not  occur  under  the  conditions  of  our  investigation. 
Such  isomerization,  if  it  does  occur,  would  not  invalidate  the  present 
results  as  evidence  for  the  nonlinearity  of  the  3-hex-3-enyl  radical. 

(16)  See  Hoflf,  et  at.,  foouiote  a,  Table  I. 

(17)  H.  O.  House,  "Modem  Synthetic  Reactions^'*  ^«  K.^ft«cc^ucsA2&.^ 
Inc.,  New  York,  N,  Y.,  \9W,  p  Tl . 
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solvent  (path  b).  The  fact  that  trans-S-htxtnc,  the 
thermodynamically  more  stable  isomer,  ^^  always  pre- 
dominates in  the  reaction  mixture  suggests  that  the 
former  alternative  (path  a)  is  adopted.  Vinyl  free 
radicals  generated  by  perester  decomposition  and 
trapped  by  reaction  with  hydrogen  atom  donors  (e.g., 
cumene)  invariably  lead  to  products  which,  relative 
to  the  equilibrium  mixture,  are  markedly  enriched  in 
the  thermodynamically  less  stable  olefin."*^  This  is 
readily  explained  in  terms  of  increased  steric  interac- 
tion between  the  donor  and  acceptor  molecules  in  the 
transition  state  for  hydrogen  atom  donation  to  the 
trans  radical  as  compared  with  the  cis  radical.^  The 
transition  state  for  electron  transfer  from  radical  anion 
to  the  vinyl  radical  presumably  need  not  be  so  highly 
oriented  or  so  intimate  as  that  for  hydrogen  atom  dona- 
tion. Thus  transfer  should  take  place  with  equal  ease 
to  either  the  cis-  or  trans-winyl  radical. 
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(18)  AGf%ge''K(rran5-3>hexene(g))  »  18.86  kcal/mole;  AGt'*i»'*K(cis- 
3-hexene(g))  »*  19.66  kcal/mole:  F.  D.  Rossini,  era/.,  **Selected  Values 
of  the  Properties  of  Hydrocarbons,"  National  Bureau  of  Standards 
Circular  C461,  U.  S.  Government  Printing  Office,  Washington,  D.  C, 
1947. 
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The  Reaction  of  Phenyl(trihaloinethyl)inerciirial8  with 
Hexamethylditin.    The  First  Case  of  Dihalocarbene 
Insertion  into  a  Metal-Metal  Bond  to  Give  a 
Stable  MCX2M  System 

Sir: 

In  a  recent  communication^  we  described  the  reaction 
of  phenyl(bromodichloromethyl)mercury  with  bis(tri- 
methylsilyl)mercury  and  bis(trimethylgermyl)mercury. 
We  proposed  that  an  intermediate  formed  in  these 
reactions  was  the  product  of  dichlorocarbene  inser- 
tion into  the  Si-Hg  and  Ge-Hg  bonds,  MejMCClr 
HgMMcs  (M  =  Si  and  Ge),  and  that  further  reactions 
of  this  intermediate  led  to  the  observed  products. 
This  explanation  in  terms  of  dihalocarbene  insertion 
into  metal-metalloid  bonds  suggested  to  us  that  other 
such  insertions  into  covalent  metal-metal  bonds  should 
be  possible  and  that  in  favorable  cases  the  initial  M- 
CXr-M  systems  could  be  both  thermally  stable  and 
kinetically  stable  with  respect  to  further  attack  by  CXs 
and  thus  capable  of  isolation.  We  have  found  this  to 
be  the  case  with  hexamethylditin  in  its  reaction  with 
phenyl(bromodichloromethyl)mercury  and  phenyl(di- 
bromochloromethyl)mcrcury  (eq  1). 

CHjHgCXaBr  +  (CH,),Sn-Sn(CH,),  — ► 

(CH,),SnCXaSn(CH,),  -f  CeHjHgBr    (1) 
X  «  CI  or  Br 

As  an  example,  we  describe  the  reaction  between 
PhHgCCljBr  and  hexamethylditin.    A  mixture  of  0.10 

(1)  D.  Seyferth,  R.  J.  Cross,  and  B.  Prokai,  /.  OrganometaL  Chem, 
(Amsterdam),  7,  P20  (1967). 


mole  each  of  the  mercurial'  and  hexamethylditin  in  250 
ml  of  dry  benzene  was  stirred  and  heated  at  reflux 
under  nitrogen  for  3.5  hr.  The  reaction  mixture  was 
filtered  to  remove  30.6  g  of  gray  solid,  mp  276-286° 
(phenylmercuric  bromide  contaminated  with  some 
metallic  mercury).  Concentration  of  the  orange  fil- 
trate at  10  mm  resulted  in  crystallization  of  3.64  g  of 
diphenylmercury.  Trap-to-trap  distillation  at  0.8  mm 
(pot  temperature  to  100°)  removed  the  remaining  sol- 
vent and  minor  amounts  of  trimethyltin  halides;  further 
distillation  at  2  X  10*^  mm  at  room  temperature 
gave  small  amounts  of  trimethyltin  halides  and  phcnyl- 
trimethyltin,'  leaving  a  liquid  identified  as  bi8(tri- 
methyltin)dichloromethane,  (CH,),SnCCUSn(CH,)a,  bp 
48-50°  (2  X  10-*  mm),  /i"d  1.5326,  analysis  for  aU 
elements  satisfactory,  in  53  %  yield.  Its  nmr  spectrum 
(CS2)  showed  a  sharp  singlet  at  0.3  ppm  downfield  from 
internal  tetramethylsilane,  with  the  expected  tin  satel- 
lites (/sii»»«^H«  =  53.5  cps;  /smn-Ht  =  51.5  cps),  and 
the  infrared  spectrum  (pure  liquid)  showed  bands  at 
2980  (s),  2915  (s),  1191  (s),  770  (vs),  725  (s),  667  (m), 
632  (s),  527  (s),  and  507  (sh)  cm-^  The  mass  spec- 
troscopically  determined  molecular  weight  was  410 
(calculated  410);  the  major  fragment  was  McsSn'*'. 

A  similar  reaction  using  phenyl(dibromochloro- 
methyl)mercury  gave  bis(trimethyltin)bromochloro- 
methane,  (CH,)8SnCBrClSn(CH,),,  bp  61°  (2  X  10"* 
mm),  /i"d  1.5502,  in  39  %  yield.  A  satisfactory  analysis 
and  mass  spectroscopic  molecular  weight  were  obtained. 
The  trimethyltin  resonance  occurred  at  0.3  ppm,  and 
the  infrared  spectrum  showed  absorption  at  2970  (m), 
2900  (m),  1190  (m),  768  (vs),  720  (s),  674  (sh),  659  (s), 
580  (s),  and  526  (vs)  cm-^  It  is  of  interest  to  note  that 
the  reaction  of  phenyl(bromodichloromethyl)mercury 
with  hexamethylditin  in  benzene  for  6  days  at  room 
temperature  gave  bis(trimethyltin)dichloromethanc  in 
52%  yield. 

Attempts  to  utilize  these  bis(trimethyltin)dibalo- 
methanes  as  sources  of  the  carbene  (CH|)sSnCCl*  have 
thus  far  been  unsuccessful,  mostly  because  of  the  ther- 
mal stability  of  these  compounds.  Bis(trimethyltin> 
dichloromethane  was  not  decomposed  on  being  heatoi 
in  a  sealed  tube  at  145°  for  40  hr.  Attempted  reaction 
with  tetramethylethylene  at  180°  for  4  days  gave  tri- 
methyltin chloride  as  the  only  identifiable  organotin 
product.  Similarly,  bis(trimethyltin)bromochlorometh- 
ane  survived  20  hr  of  heating  at  130°  in  the  presence 
of  tetramethylethylene  without  decomposition,  but  at 
190-200°  (24  hr)  both  trimethyltin  bromide  and  chl(»ide 
were  formed. 

We  have  found  that  nucleophilic  attack  by  iodide 
ion  at  the  metal  in  a  trihalomethylmercury  or  -tin  com- 
pound provides  another  procedure  for  the  release  of 
CXj  from  such  reagents.*    In  the  case  of  bis(trimethyl- 

(2)  D.  Seyferth  and  J.  M.  Burlitch,  ibid.,  4,  127  (1965). 

(3)  By-product  formation  can  be  rationalized  in  terms  of  a  reaction 
between  phenylmercuric  bromide  and  hexamethylditin  to  pve  tri- 
methyltin bromide  and  PhHgSnMes.  Decomposition  of  the  latter 
then  gives  PhSnMei  and  metallic  mercury  in  one  mode,  diphenyl- 
mercury, metallic  mercury,  and  hexamethylditin  in  another.  This  point 
is  being  examined. 

(4)  Note  analogous  release  of  CCls  from  MeiSnCXla  and  MeiSn- 
CClsBr  in  this  connection:  D.  Seyferth,  F.  M.  Armbrecht,  Jr.,  E 
Prokai,  and  R.  J.  Cross,  /.  OrganometaL  Chem.  (Amsterdam),  6,  573 
(1966). 

(5)  (a)  D.  Seyferth.  J.  Y.-P.  Mui.  M.  E.  Gordon,  and  J.  M.  Burlitch, 
/.  Am.  Chem.  Soc.,  87,  681  (1965);  (b)  D.  Seyferth,  M.  E.  Gordon. 
J.  Y.-P.  Mui,  and  J.  M.  BurUtch,  ibid.,  89,  959  (1967);  (c)  D.  Seyferth. 
H.  Dertouzos,  R.  Suzuki,  and  J.  Y.-P.  Mui,  /.  Org.  Chem,^  in  press. 
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)mochloroinethane,  however,   attack   of  iodide 
ed  at  carbon  (eq  2).    The  product,  obtained  in 

DME 

nCBrClSn(CH,),  +  Na+I" ► 

(CHt)tSnCiaSii(CHt)t  +  NaBri    (2) 

rield,  was  unstable  in  air,  turning  bright  orange- 
n  exposed  surfaces.  Its  combustion  analysis, 
spectroscopic  molecular  weight,  and  infrared 
iim  were  in  agreement  with  the  structure  shown, 
recognize  that  our  discovery  of  the  first  case  of 
carbene  insertion  into  a  metal-metal  bond  to  give 
le  -M-CXr-M-  system  opens  up  a  broad  new 
f  research  in  the  organometallic  aspects  of  car- 
chemistry.  The  study  of  compounds  containing 
nt  metal-metal  bonds  has  received  much  atten- 
I  the  past  few  years,  as  the  many  papers  on  this 
t  show.*  We  currently  are  investigating  re- 
s  of  phenyl(trihalomethyl)mercurials  with  com- 
s  containing  main  group  metal-main  group 
bonds,  main  group  metal-transition  metal  bonds, 
ansition  metal-transition  metal  bonds  with  the 
'  preparing  and  studying  new  M-CXr-M  systems. 
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-esence  of  Dehydroalanine  in  the  Antibiotic  Nisin 
I  Relationship  to  Activity 


m  the  peptide  antibiotic  nisin^*'  was  treated  with 
jen  bromide*  (0.1  N  HCl,  37°,  24  hr)  in  order  to 
the  methionyl  peptide  bonds,  a  product  of  low 
liar  weight  (fractions  91-110;  22  ml)  was  iso- 
by  gel  chromatography  on  a  Scphadex  G-2S 
ii(6X  120  cm;  0.2  iV  CHaCOOH). 
same  product  was  isolated  from  control  experi- 
in  the  absence  of  the  reagent,  indicating  a  bond 
is  labile  under  mildly  acidic  conditions.  Aliquots 
pooled  and  lyophilized  fractions  from  both  ex- 
;nts  were  analyzed  directly  using  the  accelerated 
>  of  an  amino  acid  analyzer.^  A  single  substance 
ated  from  the  0.9  X  60  cm  column  at  an  effluent 
c  of  172-182  ml.    Lysine  was  the  only  amino 

om  Aplin  A  Barrett  Ltd.,  Yeovil,  England.  The  purification 
itibiotic  by  gel  chromatography  and  countercurrent  distribution 
ublishcd  separately  by  E.  Gross,  J.  L.  Morell,  and  P.  Q.  Lee. 

C.  Cheeseman  and  N.  J.  Berridge,  Biochem.  /.,  71,  18S  (19S9). 
Gross  and  B.  Witkop,  /.  Biol.  Chem.,  237, 18S6  (1962). 

H.  Spademan,  **Serum  Proteins  and  the  Dysproteinemias,** 
underman  and  F.  W.  Sunderman  Jr.,  Ed.,  J.  B.  Lippincott 
y,  Philadelphia.  Pa.,  1964,  pp  166-173. 

H.  Spademan,  W.  H.  Stein,  and  S.  Moore,  Anal.  Chem.,  30, 
58). 


acid  found  in  the  total  hydrolysate.  The  hydrolysate 
of  the  dinitrophenylated  product  contained  only 
N*-dimtrophenyliysine,  thus  indicating  the  presence 
of  an  N'^-substituted  derivative  of  lysine. 

The  product  of  the  reaction  of  this  lysine  derivative 
with  ninhydrin  showed  optical  densities  at  570  and  440 
m/A  which  were  reminiscent  of  those  of  free  lysine.  We 
therefore  concluded  that  the  N""  substituent  is  labile 
under  the  conditions  of  the  ninhydrin  reaction. 

Similar  observations  had  been  made  earlier  with 
pyruvylamino  acids  formed  during  cleavage  of  the 
aminoacyl  bond  of  N-aminoacyl-S-alkylcysteine  pep- 
tides.* 

The  isolated  product  was  treated  with  o-phenylene- 
diamine.^  Lysine  was  liberated  in  a  yield  of  S0% 
after  4  hr  of  reaction  at  37^.  The  fragment  thus  ap- 
peared to  be  pyruvyllysine.  Since  dehydroalanine 
peptides  are  cleaved  with  the  formation  of  pyruvyl 
peptides  it  is  implied  that  the  COOH-terminal  se- 
quence* of  nisin  is  dehydroalanyllysine.  The  release  of 
pyruvyllysine  in  dilute  acid  is,  however,  slow  (2%I24 
hr;  cf.  below,  conditions  for  the  quantitative  cleavage). 

The  molecular  weight  of  nisin  was  determined  by  the 
method  of  partial  substitution.*  M onodinitrophenyl- 
nisin  was  isolated  and  purified^*  by  countercurrent 
distribution  in  the  system  butan-1-ol-acetic  acid- 
water,  4:3:1. 

A  molecular  weight  value  of  3510  was  calculated  for 
this  derivative,  which  is  one-half  that  reported  earlier.* 
It  is,  however,  in  agreement  with  the  minimum  molec- 
ular weight  determined  from  the  amino  acid  analyses 
of  nisin  (micromoles/0.5  mg;  92%  recovery  without 
dry  weight  correction)  and  monodinitrophenylnisin 
(micromoles/0.5  mg;  quantitative  recovery  after  desic- 
cation): lysine  (0.382;  0.257),  histidine  (0.255;  0.265), 
ammonia  (0.425 ;  0.459),  aspartic  acid  (0. 1 39 ;  0.144), 
serine  (0.119;  0.113),  lanthionine  +  j3-methyllanthio- 
nine  (0.740;  0.760),  proline  (0.130;  0.129),  glycine 
(0.400;  0.421),  alanine  (0.260;  0.270),  valine  (0.134 
0.755),  methionine  (0.253;  0.261),  isoleucine  (0.376 
0.393),  leucine  (0.257;  0.26S)\  mol  wt  (nisin),  3290 
mol  wt  (mono-DNP-nisin),  3460. 

These  data  indicate  clearly  that  only  one  residue  of 
lysine  has  been  dinitrophenylated.  Dinitrophenyla- 
tion  did  not  take  place  at  the  COOH-terminal  lysine, 
since  pyruvyllysine  is  still  released  from  mono-DNP- 
nisin. 

The  above  partial  structure  of  the  antibiotic  is  sup- 
ported by:  (a)  the  addition  of  mercaptoacetamide  to 
the  double  bond  of  dehydroalanine  at  pH  4.5  and  room 
temperature  (with  1.6  mM  nisin  solution,  the  following 
values  were  determined  for  carboxymethylcysteine  in 
the  addition  product:  0.24  residue,  24  hr,  1.6  mAf 
mercaptan;  1.2  residues,  24  hr,  28  mM  mercaptan; 
1.2  residues,  72  hr,  56  mM  mercaptan;  the  test  for 
free  sulhydryl  groups  with  maleimide  was  negative  and 
the  hydrolysate  was  free  of  cystine);  (b)  a  comparison 


(6)  E.  Cross,  C.  H.  Plato,  J.  L.  Morell,  and  B.  Witkop,  150th  National 
Meeting  of  the  American  Chemical  Society,  Atlantic  City,  N.  J.,  196S, 
Abstract  125,  p  60C. 

(7)  H.  B.  T.  Dixon  and  V.  Moret,  Biochem.  /.,  94, 463  (1965). 

(8)  Contrary  to  earlier  reporu  (c/.  ref  2)  on  the  absence  of  free  end 
groups,  nisin  also  contains  a  free  terminal  amino  group,  namely,  that  of 
isoleucine. 

(9)  A.  R.  Battersby  and  L.  C.  Craig,  /.  Am.  Chem.  Sac.,  74,  4023 
(1952). 

(10)  E.  Oroii,  J.  L.  MorrelU  And  P.  Q.  Lee^  unpublished  data. 
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of  the  isolated  nisin  fragment  with  an  authentic  sample 
of  pynivyllysine  which  was  synthesized  according  to 
the  procedure  of  Bergmann  and  Grafe.  ^  ^  Pyruvic  acid 
and  acetamide  were  combined  to  give  a,a-diacetamino- 
propionic  acid  which  was  converted  to  the  azlactone 
by  treatment  with  acetic  anhydride  on  a  steam  bath  and 
coupled  with  N*-carbobenzoxylysinc  benzyl  ester.  The 
protecting  groups  were  removed  by  catalytic  hydrogena- 
tion.  a,a-Diacctaminopropionyllysine,  mp  145°  (un- 
cor)  (Anal.  Calcd  for  C18HJ4O6N4HJO:  C,  46,49; 
H,  7.84;  N,  16.76.  Found:  C,  47.15;  H,  7.96;  N, 
16.59),  was  treated  with  HCl  in  glacial  acetic  acid 
(110°,  10  min)  to  form  pyruvyllysine.  The  synthetic 
product  was  eluted  from  the  60-cm  column  of  the  amino 
acid  analyzer^'^  at  the  same  position  as  the  nisin  frag- 
ment. The  conversion  of  a,a-diacetaminopropionyl- 
lysine  to  pyruvyllysine  is  quantitative,  as  judged  by  the 
disappearance  of  the  peak  of  a,a-diacetaminopropionyl- 
lysine  (effluent  volume :  111-123  ml)  and  the  appearance 
of  only  the  peak  corresponding  to  pyruvyllysine.  Free 
lysine  was  absent.  The  ratio  of  the  calibration  value  of 
lysine  to  that  of  pyruvyllysine  is  1.56.  Treatment  of  1 
pimole  of  nisin  with  HCl  in  glacial  acetic  acid  (1 10°,  10 
min)  released  0.9  piniole  of  pyruvyllysine. 

The  antibiotic  activity  of  nisin  and  its  derivatives 
was  tested  against  Staphylococcus  aureus  (ATCC- 
10537).  Nisin  strongly  inhibits  the  growth  of  the 
bacterium.  Monodinitrophenylnisin  was  also  a  growth 
inhibitor. 

The  addition  product  of  nisin  and  mercaptoacetamide 
showed  a  very  weak  growth  inhibitory  efTect,  which  is 
perhaps  due  to  partial  reactivation  of  the  originally  in- 
active carboxamidomethylthiolnisin.  Enzyme  systems 
capable  of  catalyzing  this  type  of  elimination  have  been 
described." 

The  reaction  products  of  the  acid-catalyzed  cleavage 
of  the  C-N  bond  of  dehydroalanine  in  nisin,  namely 
des-(dehydroalanyllysine)-nisin  and  pyruvyllysine,  are 
both  inactive  against  Staphylococcus  aureus.  How- 
ever, when  pyruvyllysine  was  combined  with  des-(de- 
hydroalanyllysine)-nisin  in  a  ratio  of  2 : 3  and  kept  in  a 
moist  state  for  48  hr  at  room  temperature,  a  recombina- 
tion product  was  obtained  which  again  displayed  anti- 
biotic activity  against  Staphylococcus  aureus,  A 
quantitative  determination  showed  a  decrease  of  70% 
in  the  original  amount  of  pyruvyllysine.  This  reaction 
may  represent  a  step  in  the  biosynthesis  of  the  anti- 
biotic. It  will  undoubtedly  be  of  importance  in  the 
contemplated  synthesis  of  biologically  active  analogs 
of  nisin. 

It  has  thus  been  clearly  shown  for  the  first  time  that 
dehydroalanine  is  present  in  a  naturally  occurring  pep- 
tide antibiotic.  The  biological  activity  of  nisin  is 
directly  related  to  the  presence  of  dehydroalanine  in 
the  molecule.  We  believe  that  the  addition  of  mer- 
captans  is  the  in  vitro  model  reaction  for  the  biological 
action  of  nisin.  Metabolically  important  compounds, 
such  as  sulfhydryl-containing  enzymes,  glutathione, 
or  coenzyme  A,  may  be  intercepted  by  nisin. 

This  supposition  is  being  tested,  as  far  as  coenzyme 
A  is  concerned,  on  malarial  parasites.  These  are  known 
to  be  sensitive  to  deficiency  in  coenzyme  A,  whether 


(11)  M.  Bergmann  and  K.  Grafe,  Z.  Physiol,  Chem.,  187,  187  (1930). 

(12)  M.  Flavin  and  C.  SUughter,  Biochemistry,  3,  885  (1964). 


this  is  caused  by  dietary  host  deprivation**  or  the  pres- 
ence of  antipantothenates.*^ 

Two  groups  of  five  mice  each  received  four  consecu- 
tive daily  doses  of  (a)  500  mg/kg  of  nisin  orally;  (b) 
250  mg/kg  of  nisin  intraperitoneally .  On  day  4,  parasite 
growth  in  the  mice  of  group  b  was  reduced  by  98  %  of 
that  on  control  animals.  On  day  7,  the  reduction  in 
parasite  growth  was  80  %  for  group  a. 

It  remains  to  be  seen  whether  these  effects  can  be 
reversed  by  infusion  of  acetyl  coenzyme  A. 
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(13)  S.  Bracket!,  E.  Woletzky,  and  M.  Baker,  /.  Parasitol,  32,  435 
(1945). 

(14)  W.  Trager,  Trans,  N,  Y,  Acad,  Sci,.  28, 1094  (1966). 
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The  Tricyc!o[2.1.0.0''^]pentane  System 

Sir: 

Recently  it  was  reported  that  the  photolysis  of  diazo- 
ketones  la  and  b  in  tetrahydrofuran  provided  ketones 
2a and  b, respectively,  and  the  tricyclo[2.1.0.0'*]pentanc 
skeleton  was  assigned  to  these  compounds  mainly  on 
the  basis  of  spectral  evidence.  *-•  Doering  and  Pomcr- 
antz,  interpreting  the  spectral  data  of  2a  in  a  different 
manner,  suggested  an  alternative  structure  (3).*  Al- 
though the  evidence  then  available  to  us  and  subsequent 
works^  have  convinced  us  that  the  tricyclic  structure  is 
the  correct  representation  of  2a  and  b,  we  have  under- 
taken an  X-ray  crystal  analysis  of  a  derivative  of  2a, 
The  result  now  confirms  the  correctness  of  our  structure 
and,  further,  provides  the  precise  geometry  of  the  ring 
system,  which  is  essential  for  understanding  its  un- 
usual properties. 

(1)  S.  Masamune.  /.  Am.  Chem.  Sac.,  86,  735  (1964). 

(2)  Our  original  nomenclature  is  corrected:  J.  D.  Connolly  and 
K.  H.  Overton,  Ann,  Kept.  Progr.  Chem.  (Chem.  Soc.  London),  348 
(1964):  J.  Meinwald  and  J.  K.  Crandall.  /.  Am,  Chem,  Soc„  88,  1292 
(1966). 

(3)  Irradiation  of  a  methanolic  solution  of  1  gave  in  addition  to  2 
(10-15%)  the  methyl  ester  of  the  homologated  acid  (20%)  and  a 
dimeric  compound  (20-30%),  mp  236-237*,  for  which  structure  i 
accommodates  all  experimental  data:     H.  H.  StechI,  Ber,,  97,  2681 


r-CH,QOOCH, 


CHdCXXXH; 


(1964);  N.  Obata  and  I.  Moritani,  Bull.  Chem,  Soc,  Japan,  39,  2250 
(1966).  Somewhat  to  our  surprise,  a  highly  purified  sample  of  1 
evolved  nitrogen  very  slowly  upon  irradiation  and  provided  no  ketone 
2.  Addition  of  a  sensitizer  reproduced  the  products  mentioned  above. 
Copper-catalyzed  reaction  of  1  in  refluxing  benzene  afforded  a  trace 
amount  of  2  (at  most  1  %)  (see  ref  4). 

(4)  W.  von  E.  Doering  and  M.  Pomerantz,  Tetrahedron  Letters,  961 
(1964). 

(5)  (a)  S.  Masamune.  ibid.,  945  (1965);  (b)  S.  Masamune,  K.  Foku- 
moto,  Y.  Yasunari,  and  D.  Darwish,  ibid.,  193  (196Q. 
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CHN,  O  0 


U.  R-CA 
b,  R-n-Cyi, 


2«,  R-C;ft 
b.  R-n-CA 


Crystals  of  l,5-diphenyltricyclo(2.l.0.0*']pent-3-yi 
;?-bromobenzoate,  mp  138.5-139",  are  triclinic:  a  = 
5.92,  b  =  8.98,  c  =  17.85  A,  a  =  89*'_I7',  ^  =  82"  46', 
7  =  89°  50',  Z  =  2,  space  group  PI.  The  structure 
was  determined  with  visual  Cu  Ka  data  from  three- 
dimensional  Patterson  and  electron-density  distribu- 
tions and  refined  by  ten  cycles  of  block-diagonal  least- 
squares,  the  final  A  value  being  0.16  for  1228refiections. 
Sections  of  the  electron-density  distribution,  and  a 
corresponding  diagram  of  the  ring  system,  arc  shown 
in  Figure  1,  and  the  dimensions  of  the  tricyclopentane 
ring  system  are  given  in  Table  I. 


TiMe  I.    Bond  Distances  (Angstroms)  and  Valency  Angles 
(D^rees)  in  the  Tricyclopentane  System* 


a2)-C(3) 

1.50 

(XZhCaXXA) 

81.7 

>ff 

C(3)-a4) 

1.54 

C(3)-C(4>-a5> 

89.3 

C(2)-C(5> 

I. S3 

0(3)-a4)-C(I) 

92.2 

ff^^) 

ai)-c(2) 

1.54 

C(3)-0(2>-C(5) 

90.8 

a4)-C(5) 

1.53 

a3)-a2>-c(i) 

92.9 

ai)-c(4) 

1.52 

a4)-C(5)-C(2) 

81.3 

C.H,                     C,H9 

Mean 

1.53 

a4)-c(i>-a2) 

81.4 

Fis«l. 

C(5XX4>-C(1) 

56.3 

ai)-c(5) 

1.44 

c(5)-a2>-ai) 
a4)-cc5)-c(i) 
c(4)-c(i>-as) 
a2)-a5>-c(i) 

56.1 
61.4 
62  3 

Spectra  of  2  and  the  corresponding  hydroxy  compound 

a2)-     0(4) 

1.99 

exhibited,  in  addition  to  their  parent  peaks,  pronounced 

62^3 

peaks  at  M  -  CO*  and  M  -  CHO,  respectively.    TTie 

C(2)-0(l)-OC5) 

61.6 

interpretation  of  these  peaks,  of  course,  must  await 

External  angles  at 

Q2)-a3>-0 

115.6 

further  studies.* 

aDandQS) 

a4>-a3>-o 

109.5 

134.4-142.1  (: 

(6)  We  thank  the  donorj  of  lh«  Petroleum  Research  Fund,  adminis- 

««les).n»n 
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e  0.05  A  and  3°. 

Jamea  -n-otter,  C.  S.  GIUmm 

Dtpartment  of  Chemistry,  Unictrsily  of  BrUisk  Columbia 

Vmcouoera,  British  Columbia,  Canada 

The  crystal  analysis  has  confirmed  the  formulation 
of  the  compound  as  a  derivative  of  tricyclot2.1.0.0*'']- 
pentane.  The  great  strain  in  the  ring  system  is  indi- 
cated  by  the  valency  angles  given  in  Table  I,  there  being 
six  C-C-C  angles  of  about  60",  three  of  about  SO",  and 
four  of  about  90".  The  C(2)-  ■  ^4)  nonbonded  dis- 
tance is  only  1.99  A.  The  bond  distances,  however, 
do  not  appear  to  be  greatly  infiuenced  by  the  strain. 
Six  of  the  C-C  distances  are  in  the  range  1.50-1.54  A, 
mean  value  1.53  A  (standard  deviation  of  the  mean  => 
0.02  A),  close  to  the  normal  single  bond  length.  The 
bond  which  is  common  to  the  two  thrce-membcred 
rings,  C(1)~C(5),  measures  1.44  ±  0.05  A,  so  that  this 
bond  does  seem  to  be  shortened  slightly,  although  the 
difference  from  the  other  bonds  (0.09  A  =  LSc) 
cannot  be  claimed  to  be  definitely  statistically  significant. 

All  the  dimensions  of  the  substituent  groups  are 
normal.  The  orientations  of  the  two  phenyl  groups 
with  respect  to  the  tricyclopentane  ring  system  are 
similar,  but  not  quite  identical,  and  are  probably 
influenced  by  intermolecular  interactions. 

The  geometry  of  a  derivative  of  2  now  being  known, 
we  understand  better  the  unusual  spectral  behavior  of 
this  strained  system.    It  is  interesting  to  note  that  mass 
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Photolysis  of  Dibenzoylstilbene  Eplsulfoxlde. 
FormatiiHi  of  McmothJobenzil' 


Irradiation  of  dibenzoylstilbene  episulfoxide*  (1)  in 
benzene  at  7-11°  gives  deep  blue  monothiobenzil' 


Cai,CO(C,H.)(>— aC,H,)COC,H,  -^ 

1  OS  oo 

CHsCCCH,  -I-  CiHtCCC^. 


(1)  This  work  was  supported  in  part  by  Graai  OP-3313  of  (he  Na- 
tional Science  Foundation, 

(2)  D.  C.  Dittmer  and  G.  C.  Levy.  J.  Org.  Ckem.,  30.  636  (196S). 
Its  stereochemiitry  ii  unknown. 

(3)  No    previous    characterization    of    monothiobenzil    has    been 
reported,  altbougb  it  baa  been  suggested  as  a  decomposition  product  of 
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(2;  55%)  and  benzil  (56%).  This  photochemical 
decomposition  of  dibenzoylstilbene  episulfoxide  is  the 
first  such  decomposition  of  an  episulfoxide,  a  relatively 
new  class  of  compounds.  ^ 

Solutions  of  about  0.3  g  of  episulfoxide  in  500  ml  of 
benzene  were  irradiated  with  a  water-cooled,  internal 
mercury  arc  lamp  (Hanovia  Type  L,  450  w)  with  or 
without  a  Pyrex  filter.  Purified  nitrogen  was  passed 
through  the  solution  and  reaction  vessel  for  at  least  30 
min  before  irradiation,  and  a  positive  pressure  of  nitro- 
gen was  maintained  during  the  reaction. 

Monothiobenzil  was  obtained  as  a  blue  oil  after 
column  chromatography  on  silicic  acid  which  separated 
it  from  the  benzil.  Monothiobenzil  forms  the  same 
2,4-dinitrophenylhydrazone,  mp  188-190°  (lit.*  mp 
189°),  and  dioxime,  mp  238°  dec  (lit.«  mp  238°  dec) 
as  benzil.  Hydrogen  sulfide  is  evolved  in  the  prepara- 
tion of  these  derivatives.  Ultraviolet  and  visible  spec- 
tra in  chloroform  [X  247,  325,  606  m/i  (€  ^^30)]  were 
similar  to  those  of  thiobenzophenone  in  chloroform 
[X  248,  329,  598  m/i  (€^  '-'167)].  Monotiiiobenzil  ex- 
hibits in  the  mass  spectrum  a  molecular  ion  at  m/e  226 
and  ions  at  m/e  198,  178,  121,  and  105  formed  by  the 
loss  of  CO,  SO,  CeHfiCO,  and  CeHsCS  radicals,  respec- 
tively. The  thioketone  is  a  labile  compound,  and  a 
satisfactory  analysis  has  not  been  obtained. 

The  infrared  and  ultraviolet  spectra,  melting  point 
and  mixture  melting  point  (95  °),  and  2,4-dinitrophenyl- 
hydrazone (mp  185-189°)  of  the  benzil  produced  in  the 
irradiation  are  identical  with  those  of  authentic  benzil. 

Monothiobenzil  is  of  interest  because  of  the  possi- 
bility of  interaction  between  sulfur  as  an  electron  ac- 
ceptor and  oxygen  as  an  electron  donor  as  indicated 
in  3.    The  interaction  of  two  sulfur  atoms  on  adjacent 


composition  of  1  involves  rearrangement  to  the  oxa- 
thietane,  4. 


r? 
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carbon  atoms  in  the  dianion  ci5-dimercaptomaleonitrile 
has  been  considered.^  No  definite  evidence  for  or 
against  interaction  between  sulfur  and  oxygen  has  been 
obtained,  but  the  mass  spectrum  of  monothiobenzil 
indicates  no  ion  is  formed  by  loss  of  sulfur  alone, 
whereas  in  the  mass  spectrum  of  thiobenzophenone  an 
important  fragment  corresponds  to  the  parent  ion 
minus  sulfur.' 
A  possible  mechanism  for  the  photochemical  de- 

didesyl  sulfide  and  of  a  dibenzyl  thioketal:  A.  Sch5nberg  and  O. 
SchUtz,  Ann.,  454,  53  (1927);  A.  Sch&nberg  and  Y.  Iskander.  /.  Chem, 
Soc,  90  (1942). 

(4)  In  addition  to  dibenzoylstilbene  episulfoxide,  several  other 
episulfoxides  have  been  prepared  recently  and  thermochemical  loss 
of  sulfur  monoxide  from  them  has  been  observed:  G.  E.  Hartzell 
and  J.  N.  Paige,  /.  Am.  Chem.  Soc.,  88,  2616  (1966);  G.  E.  Hartzell 
and  J.  N.  Paige,  J.  Org.  Chem.,  32,  4S9  (1967).  Thermochemical  de- 
composition of  dibenzoylstilbene  episulfoxide,  observed  by  us,  gives  a 
complex  mixture  of  products,  among  which  are  benzil,  benzoic  add, 
and  /roAj-dibenzoylstilbene. 

(5)  N.  R.  Campbell.  Analyst,  61,  391  (1936). 

(6)  G.  Ponzio  and  L.  Avogadro,  Gazz.  Chim.  !tal.,  53,  317  (1923); 
J.  Meisenheimer  and  W.  Lamparter,  Ber.,  SI,  276  (1924). 

(7)  R.  H.  Abeles,  R.  F.  Hutton,  and  F.  H.  Westhdmer,  /.  Am.  Chem, 
Soc.,  79,  712  (1957). 

(8)  H.  E.  Simmons,  D.  C.  Blomstrom,  and  R.  D.  Vest,  ibid.,  84, 4756 
(1962). 

(9)  Determination  of  whether  monothiobenzil  has  an  s-cU  or  t-trans 
Structure  would  be  pertinent  to  the  question  of  the  importance  of  3. 
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Work  is  in  progress  on  the  mechanism  of  photochemi- 
cal and  thermochemical  rearrangements  of  episulfoxides. 

(10)  National  Sdence  Foundation  Undergraduate  Research  Scholar. 

Donald  C.  Dittmer,  George  C.  Leyy,">  George  E.  Kahlmaai 

Bowne  Hall,  Department  of  Chemistry 
Syracuse  University,  Syracuse,  New  York    13210 
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A  NoYel  Method  for  the  Reduction  of 
ay/J-Unsaturated  Ketones 

Sir: 

We  wish  to  report  a  novel  method  for  the  selective 
reduction  of  only  those  double  bonds  which  are  con- 
jugated with  the  carbonyl  group  as  in  an  a,j3-unsaturated 
ketone  under  the  nonreducing  conditions.  This  method 
involves  the  condensation  of  a  ketone  with  benzylamine 
to  give  the  corresponding  Schiff  base  (I),  which  on 
treatment  with  a  base  (0.1-1  mole)  such  as  potassium 
/-butoxide  undergoes  rearrangement  to  II  (cf.  the 
isomerization  of  j3,7-unsaturated  ketones  -^  a,j3-un- 
saturated  ketone  analogs).  The  rearrangement  can 
be  carried  out  with  or  without  any  solvent.  Various 
solvents  used  are  benzene,  monoglyme,  diglyme,  di- 
methyl sulfoxide,  hexamethylphosphoramide,  /-butyl 
alcohol,  and  other  protic  and  aprotic  solvents.  Hy- 
drolysis of  II  with  dilute  acetic  acid  furnishes  the  corre- 
sponding saturated  aldehyde  or  a  ketone  with  the 
concomitant  formation  of  benzaldehyde.  Rearrange- 
ment can  also  be  effected  with  an  acid  catalyst  such  as 
p-toluenesulfonic  acid,  but  the  yields  are  unsatisfactory 
in  this  case. 

The  method  may  be  illustrated  by  the  reduction  of 
a  typical  a,i9-unsaturated  ketone  such  as  J-carvone 
(III),  as  described  below. 

A  mixture  of  20  g  (0.084  mole)  of  the  benzylamine 
Schiff  base  of  rf-carvone  (bp  113°  (0.02  mm) ;  Anal, 
Found:  C,  85.67;  H,  8.60)  and  0.93  g  (0.0084  mole) 
of  potassium  /-butoxide  in  75  ml  of  anhydrous  diglyme 
was  stirred  at  room  temperature  and  under  nitrogen  for 
20  min.  To  the  resulting  solution  30  ml  of  50%  acetic 
acid  was  added  and  stirring  was  continued  for  another 
20  min.  After  the  usual  work-up,  the  product,  di- 
hydrocarvone,  bp  90-92**  (15  mm)  (oxime  mp  88**; 
lit.^  mp  88-89°)  was  obtained  in  75%  yield. 

Other  monocyclic  ketones  reduced  by  this  method 
are  3-methyl-A*-cyclohexenone,  3,5-dimethyl-A*-cyclo- 
hexenone,  3,4-dimethyl-A*-cyclohexenone,  2,4-di- 
methyl-A'-cyclohexenone,  and  isophorone,  the  over- 
all yields  being  40-70%. 

The  I-II  rearrangement  was  found  to  be  slower  for 
the  ketones  with  alkyl  groups  at  the  /3  position  than  for 
those  lacking  such  substitution.    For   instance,  the 

(1)  J.  L.  Simonson,  **The  Terpenes,**  Vol.  I,  2nd  ed.  The  University 
Preis,  Cambridge,  England,  1953,  p  352. 
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room  temperature  rearrangement  of  the  Schiff  base  of 
3,5-dimethyl-A*-cyclohexenone  with  0.1  mole  of  potas- 
sium /-butoxide  in  hexamethylphosphoramide  solution 
proceeded  to  the  extent  of  only  56.7  %  in  1  hr.'  On  the 
other  hand,  under  similar  conditions  the  rearrangement 
of  the  Schiff  bases  of  2,4-dimethyl-A^-cyclohexenone  and 
J-carvone  was  complete  within  5  min.  The  slowness  is 
most  likely  due  to  (a)  the  intermediacy  of  a  tertiary 
carbanion  in  contrast  to  the  secondary  carbanion 
arising  from  the  Schiff's  bases  of  ketones  lacking  sub- 
stitution at  the  j3  position,  and  (b)  hyperconjugative  and 
inductive  effects  of  the  alkyl  groups  enhancing  the 
ground-state  stability  of  the  Schiff  bases  of  the  j3- 
substituted  ketones.  The  rate  of  the  rearrangement 
could,  however,  be  accelerated  by  increasing  the  amount 
of  base  and  the  reaction  temperature.  For  instance, 
the  rearrangement  of  the  Schiff  base  of  3,S-dimethyl- 
A'-cyclohexenone  with  1  equiv  of  KO-/-Bu  was  com- 
plete within  40  min  at  100 "". 

Reduction  of  bicyclic  ketones,  e.g.,  A^^*^-2-octalone 
and  10-methyl-A*^*^-2-octalone,  when  the  rearrange- 
ment of  their  Schiff  bases  was  stopped  after  30-40% 
completion,  led  to  the  corresponding  /ron^-decalones. 
These  results  indicate  that,  in  this  mode  of  reduction, 

(2)  The  extent  of  the  rearrangement  of  the  Schiff  base  was  followed 
by  the  disappearance  of  bands  due  to  benzylic  protons  in  the  nmr 
spectrum  and  by  the  determination  of  saturated  and  unsaturated  ketones 
in  the  hydrolj^ed  product  by  glpc. 
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the  transition  state  for  the  kinetic  protonation  at  the 
j3-carbon  atom  is  analogous  to  that  involved  in  the 
metal-ammonia  reduction  of  these  ketones.'  It  is, 
however,  obvious  that  under  equilibrating  conditions 
the  rearrangement  of  these  Schiff  bases  would  lead  to  a 
thermodynamic  mixture  of  the  cis  and  trans  isomers  and 
thus  provide  a  direct  method  for  the  determination  of 
the  thermodynamic  stabilities  of  various  substituted 
A^-octalins.^  Further  work  along  these  lines  is  in 
progress. 
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Reduction  of  steroidal  A^-3-ketones,  e.g.,  testos- 
terone and  cholestenone,  proceeded  in  relatively  poor 
yields  in  our  hands,  due  to  the  formation  of  side  prod- 
ucts. Pregna-A*' "-dien-3j8-ol-20-one  was  reduced  to 
pregnenolone  in  40%  yield.  Reduction  of  cholest- 
A*'*-dien-3-one  led  to  a  mixture  of  cholest-A*-  and  A*- 
en-3-ones  in  50%  yields.* 


-©5^-^ 


IV 


(3)  G.  Stork  and  S.  D.  Darling,  /.  Am.  Chem,  Soc.,  86,  1761  (1964); 
M.  J.  T.  Robinson,  Tetrahedron,  21, 247S  (196S). 

(4)  The  Schiff  base  of  A<*)-2-octalone  on  heating  with  0.1  mole  of 
potassium  /-butoxide  at  130°  for  19  hr  gave  a  1 :4  mixture  of  cif-  and 
f/Yinj-decalones. 

(5)  The  formation  of  A*-3-one  is  due  to  the  protonation  of  IV  at  C-4 
which  is  analogous  to  the  protonation  of  Ai'*-enolate.  Also  see  S.  K. 
Malhotra  and  H.  J.  Ringold,  /.  Am.  Chem.  Soc.,  87,  3228  (1965),  and 
references  cited  therein. 

Sudtfsliaii  K.  Malhotra,  Dooglas  F.  Moakky,  Frandi  JohmiMi 

The  Dow  Chemical  Company,  Eastern  Research  Laboratory 

Wayland,  Massachusetts    0IT78 

Received  AprU  /,  1967 


Ch!orine(III)  Oxide,  a  New  Chlorine  Oxide 

Sir: 

There  are  four  known  stable  oxides  of  chlorine: 
CI2O,  CIO2,  CUOe  (which  dissociates  to  ClOt  in  the 
vapor),  and  CUO?*  These  compounds  have  been 
known  and  characterized  for  a  long  time  and  they  are 
discussed  in  inorganic  textbooks.  In  the  course  of  a 
study  of  the  decomposition  of  chlorine  dioxide^  we  have 
discovered  a  new  oxide  of  empirical  formula  ClOi.6. 
We  believe  this  chlorine(III)  oxide  to  be  CUOs,  and  we 
wish  to  report  its  synthesis  and  behavior  in  this  com- 
munication. 

When  gaseous  ClOt  is  admitted  from  a  Pyrex  storage 
vessel  at  room  temperature  to  another  Pyrex  vessel  at 
a  temperature  above  about  50^,  it  explodes  after  an 
induction  period.    We  found  that  the  induction  period 

(1)  E.  T.  McHale  and  O.  von  Elbe,  to  be  published. 
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is  reduced  or  even  eliminated  by  exposure  of  the 
storage  vessel  to  light,  and  the  effect  of  such  illumination 
persists  for  many  hours.  Obviously,  a  photochemical 
reaction  occurs  which  produces  a  fairly  stable  com- 
pound that  acts  as  a  promoter  of  the  explosive  decom- 
position of  ClOs.  The  existence  of  such  promoter  has 
already  been  noted  in  an  earlier  study  of  the  chain 
mechanism  of  CIO2  decomposition,'  but  the  substance 
has  hitherto  not  been  identiJEied. 

Several  workers  have  reported  the  photolysis  of 
ClOj,''*  where  the  lowest  temperature  was  15°.  The 
identified  products  comprise  CU,  O2,  and  CUOe.  The 
last  is  described^  as  a  red  Uquid  at  room  temperature, 
which  freezes  at  +3.5°  to  an  orange  solid.  The  vapor 
pressure  as  a  function  of  temperature  has  been  carefully 
measured  from  —30  to  +15°,  it  being  0.31  torr  at  0°. 
In  the  vapor  phase  this  oxide  is  almost  completely  dis- 
sociated into  ClOs.^'"  Prolonged  irradiation  of  CUOe 
produces  the  heptoxide,  CUO?.'  We  have  prepared 
both  CUOe  and  CltO?  by  the  procedures  described  in  the 
literature  and  have  tested  the  effect  of  these  and  other 
compounds  on  the  CIO2  induction  period.  The  results 
were  substantially  negative  for  OtO?,  O2,  and  O2;  this 
also  applies  to  O2O,'  whereas  CUOe  (or  CIO 3)  was  found 
to  be  an  inhibitor  rather  than  a  promoter.  The  pro- 
moting agent  is  thus  another,  hitherto  unknown  pho- 
tolysis product. 

We  used  the  following  method  for  isolating  this 
product.  One  millimole  of  CIO2  (see  ref  1  for  prepara- 
tion and  purification)  was  admitted  to  a  500-cc  spherical 
Pyrex  flask.  A  U-tube  manometer  was  connected 
directly  to  the  top  of  the  vessel,  the  mercury  being  pro- 
tected with  a  layer  of  Kel-F  oil.  The  lower  half  of  the 
reactor  was  immersed  in  a  —45°  bath,  and  ultraviolet 
light  from  a  100-w  lamp  was  directed  at  the  upper  half. 
Under  these  conditions  CIO2  remains  a  gas  (vapor 
pressure,  37  torr  at  —45°);  no  detectable  CI2O7  is 
formed,  and  the  condensable  products,  CUOe  and  the 
unknown  agent,  collect  at  the  vessel  bottom  as  a  dark 
brown  crystalline  solid.  Within  20-30  min  the  CIO2 
is  completely  consumed.  The  CI2  and  O2  products 
are  pumped  away  and  the  bulb  evacuated  to  <0.1 
torr  with  no  indication  of  loss  of  any  of  the  dark  brown 
solid. 

At  —45°  the  solid  decomposes  very  slowly,  an  esti- 
mated 10%  in  20  min.  At  -78°  it  is  stable  indefinitely. 
When  the  -45°  bath  is  replaced  with  a  0°  bath,  the 
pressure  rises  from  zero  to  some  constant  value  of  the 
order  of  15  torr  depending  on  the  amount  of  brown 
solid  originally  formed,  and  no  further  increase  takes 
place.  A  solid  orange  residue  remains  after  the  pres- 
sure rise  which  has  a  vapor  pressure  of  ca,  0.3  torr  at 
0°  and  a  melting  point  of  +3°,  in  near-perfect  agree- 
ment with  the  data  reported  for  CUOq.  If  the  warm-up 
from  —45  to  0°  is  conducted  in  darkness,  one  observes 
a  series  of  flashes  of  orange  light  throughout  the  vessel, 
indicating  that  the  brown  material  explodes  as  it  gasi- 
fies. The  flashes  continue  until  all  the  brown  solid  is 
gone,  leaving  the  orange  CUOe  residue  plus  the  gaseous 
explosion  products  of  the  other  photolysis  product. 

(2)  H.-J.  Schumacher  and  G.  Steiger,  Z.  Physik,  Chem.,  B7,  363 
(1930). 

(3)  H.  Booth  and  E.  J.  Bowen,  J,  Chem.  Soc.,  Ill,  510  (1925). 

(4)  J.  W.  T.  Spinks  and  J.  M.  Porter,  J.  Am.  Chem.  Soc.,  56,  264 
(1934). 

(5)  C.  F.  Goodeve  and  F.  D.  Richardson,  J.  Chem.  Soc.,  294  (1937). 

(6)  C.  F.  Goodeve  and  F.  A.  Todd,  Nature,  132,  514  (1933). 


The  brown  solid  then  is  a  mixture  of  CI2O6  and  the 
unidentified  photolysis  product.  We  have  determined 
the  composition  of  this  unknown  product  by  measuring 
the  02/C12  ratio  of  the  decomposition  products.  The 
results  of  duplicate  measurements  on  three  separate 
preparations  were:  1.42,1.43;  1.59,1.59;  1.50,1.48. 
The  average  of  these  measurements  is  1.50  db  0.1. 

The  analytical  technique  consisted  of  measuring  the 
total  pressure  of  the  explosion  products,  O2  and  G2,  in 
the  reactor  of  0°,  allowing  for  a  vapor  pressure  of  0.3 
torr  of  CUOe,  and  then  measuring  the  O2  pressure  after 
CU  had  been  condensed  on  a  cold  spot  at  the  bottom 
of  the  bulb  at  —196°.  Numerous  tests  on  synthetic 
mixtures  of  known  02/C12  ratios  confirmed  the  validity 
of  the  technique.  The  temperature  of  —196**  ensured 
that  only  02  remained  in  the  gas  phase,  and  no  O2  itself 
condensed  since  the  vapor  pressure  is  ca.  160  torr  at 
— 196°,  and  in  all  experiments  the  O2  pressure  in  the 
500-cc  reactor  after  cooling  ranged  from  6.0  to  8.S 
torr.  Furthermore,  we  took  care  to  satisfy  ourselves 
that  only  O2  and  CI2  were  formed  in  the  explosive  de- 
composition. 

Parenthetically  it  should  be  noted  that  this  new  oxide 
was  probably  previously  prepared  in  small  quantities 
by  Goodeve  and  Richardson.'  They  report  that  the 
color  of  CI2O6,  prepared  photolytically,  can  be  taken 
as  an  indication  of  purity,  and  that  at  low  temperature 
an  "impurity"  colored  the  hexoxide  dark  brown. 

To  summarize,  this  new  chlorine  oxide  is  a  dark 
brown  solid  at  —45°  and  below  when  condensed  with 
CI2O6.  It  has  a  vapor  pressure  <0.1  torr  and  decom- 
poses slowly  at  —45°,  but  not  at  all  at  —78°.  Since 
its  vapor  explodes  at  approximately  1-2  torr  pressure 
and  temperatures  well  below  0°,  it  does  not  lend  itself 
to  a  determination  of  physical  properties  such  as  boiling 
point,  melting  point,  and  vapor  pressure.  The  em- 
pirical formula  is  CIO1.6,  and  we  believe  it  to  be  the  un- 
known chlorine  sesquioxide,  ChOs.  This  last  formula 
is  the  most  reasonable,  but  it  would  be  desirable  to 
determine  the  molecular  weight  since  theoretically  the 
molecular  formula  could  be  (ClOis).  with  n  any  even 
integer.  Again,  however,  such  measurements  as  vapor 
density  or  freezing  point  depression  are  not  feasible 
with  this  compound. 

The  new  oxide  is  very  likely  formed  in  the  reactions 


CIO,  -f  hv  — ►  ao  +  o 


ao  +  CIO, 


aiO, 


(1) 

(2) 


These  are  just  two  of  many  reactions  in  the  mechanism, 
since  we  find  CUOe,  O2,  and  CI2  as  primary  products. 
The  actual  over-all  stoichiometry  at  —45°  which  we 
have  measured  by  mass  balance  is 

3000,  — >-  4Cl,Oe  -f  6C1,0,  +  90,-1-50, 

but  this  equation  is  probably  unique  to  our  reaction 
conditions. 

Assuming  that  n  =  2,  it  is  possible  to  infer  the  struc- 
ture of  CI2O3  from  this  study  and  what  is  known  of  the 
other  chlorine  oxides.  The  most  stable  of  the  chlorine 
oxides  are  CW  and  CI2O7,*  which  decompose  homo- 
geneously and  must  be  heated  to  100°  or  above  to  de- 
compose at  measurable  rates.    These  both  contain  the 

(7)  C.  N.  Hinshelwood  and  C.  R.  Prichard,  /.  Ch^m.  Soe.,  123, 
2730  (1928). 

(8)  R.  V.  Figini.  E.  Colocda,  and  H.-J.  Schumacher,  Z.  PkysUu 
Chem,  (Frankfurt),  14,  32  (19S8). 
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Cl-O-Cl  linkage  in  their  structures.  ClOs  is  much  less 
stable  and  decomposes  heterogeneously  at  40-50^,* 
while  ClsOe  is  even  less  stable  and  decomposes  hetero- 
geneously at  room  temperature.^  If  CUOs  had  a 
stability-imparting  Cl-O-Cl  linkage,  one  would  expect 
to  find  it  a  considerably  less  labile  molecule  than  it  is. 
A  consideration  of  the  relative  volatilities  of  the 
oxides  likewise  indicates  the  structure.  CltO?  is  a  rela- 
tively volatile  material  with  a  vapor  pressure  of  80  torr 
at  0®,*  and  an  estimated  1  torr  at  —45**.  CljOe  is  an 
oil  at  20^,  with  a  vapor  pressure  of  approximately  1 
torr,  and  0.31  torr  at  O''.^  Since  CUOi  is  less  volatile 
than  ClsO?,  its  structure  can  hardly  be  of  the  same  type 
as  CIsOt,  whereas  a  structure  similar  to  CUOe  accounts 
for  its  behavior  very  satisfactorily.  CUOe  is  bound  in 
the  condensed  phase  by  a  Cl-Cl  bond  which  is  only  1.7 
kcal;^  it  exists  almost  entirely  as  CIO  3  in  the  vapor 
phase. ^'^  Accordingly,  we  believe  the  structure  of 
CliOt  to  be 


\ 


CI— CI-hO 


/ 


with  a  weak  Cl-Cl  bond  of  a  few  kilocalories.  The  ex- 
treme instability  is  then  due  to  dissociation  to  yield 
the  reactive  CIO  radical.  The  heat  of  formation  of 
ClsOs  should  then  be  of  the  order  of  +45  kcal/mole, 
since  the  heats  of  formation  of  CIO  and  CIO2  are  +24 
and  +25  kcal/mole,  respectively.^* 
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Faraday  Sec..  32,  790  (1936). 
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Z^Iminosqualene,  a  Potent  Inhibitor  of  the 
Enzymic  Cyclization  of  2,3-Oxido8qualene  to  Sterols 

Sir: 

Recent  studies  have  demonstrated  that  the  squalene 
analog  10,11-dihydrosquaIene  is  not  readily  cyclized 
under  the  influence  of  the  sterol-producing  enzymes  of 
rat  liver  homogenate,  but  instead  is  converted  to  a 
mixture  of  mono-  and  dioxido  derivatives  by  addition 
of  oxygen  to  either  or  both  of  the  terminal  olefinic 
groupings,^  a  fact  which  suggested  that  2,3-oxido- 
squalene  (la)  might  be  an  intermediate  in  the  biosyn- 
thesis of  sterols  from  squalene.  This  possibility  has 
been  fully  verified  by  an  appropriate  scries  of  experi- 
ments.'•*  More  recently,  the  enzyme  which  effects 
anaerobically  the  conversion  of  2,3-oxidosqualene  has 

(1)  E.  J.  Corey  and  W.  E.  Russey,  J,  Am.  Chem.  Sac.,  88,  4751 
(1966). 

(2)  E.  J.  Corey,  W.  E.  Russey,  and  P.  R.  O.  de  Montellano,  ibid., 
88,  4750  (1966). 

(3)  E.  £.  van  Tamelen.  J.  D.  Willet,  R.  B.  Oayton,  and  K.  E.  Lord, 
ibid^  88,  4752  (1966). 


been  separated  from  hog  liver  microsomes  in  water- 
soluble  form  and  has  been  partially  purified.^  This 
note  describes  the  results  of  an  investigation  aimed  at 
the  development  of  an  effective  inhibitor  for  this  en- 
zyme, 2,3-oxidosqualene  cyclase. 

Experiments  to  determine  inhibition  were  performed 
anaerobically  with  solutions  of  partially  purified  2,3- 
oxidosqualene  cyclase  in  amounts  sufficient  to  effect 
ca.  30%  conversion  of  25  ^iM  ^*C-labeled  2,3-oxido- 
squalene to  lanosterol  in  30  min.  Parallel,  duplicate 
runs  were  made  with  and  without  the  substance  under 
test.  Table  I  records  some  of  the  data  which  have  been 
obtained  from  the  study  of  (±)-2,3-iminosqualene 
(lb),  (db)-2,3-sulfidosqualene  (Ic),  and  decahydro-(db)- 
2,3-iminosqualene  as  potential  inhibitors.  The  results 
summarized  in  the  table  show  strikingly  that  2,3- 
iminosqualene  (lb)  is  a  powerful  inhibitor  of  2,3- 


l«,X-0 
b,  X-NH 
c,X-S 

oxidosqualene  cyclase,  as  might  be  expected  from  the 
greater  basicity  of  lb  as  compared  with  la  and  the  sup- 
position that  the  enzyme  operates  on  the  oxygen  of 
la  as  a  proton-transfer  reagent.  Decahydro-lb,  al- 
though a  weaker  inhibitor  than  lb,  is  still  effective; 
evidently  the  high  basicity  of  the  imino  grouping  largely 
offsets  the  geometric  perturbations  in  the  enzyme- 
inhibitor  complex  due  to  the  saturated  carbon  chain. 
Relative  to  these  aziranes,  2,3-sulfidosqualene  (Ic)  is  a 
weak  inhibitor.  It  is  also  inert  to  2,3-oxidosqualene 
cyclase,  as  could  be  shown  by  experiments  with  ^re- 
labeled Ic  in  which  essentially  all  the  radioactivity  was 
accounted  for  in  the  recovered  substrate  Ic  after  incuba- 
tion with  the  cyclizing  enzyme.  Little,  if  any,  inhibition 
of  lanosterol  synthesis  from  the  oxide  la  and  2,3- 
oxidosqualene  cyclase  was  observed  with  3i9-amino- 


TaMe  I.    Inhibition  of  2,3-Oxidosqualene  Cyclase* 


Inhibitor 


Inhibitor  concn,      %  conversion  of 
fAM  la  to  lanosterol 


None 

•  •  •  • 

30 

lb 

1.4 

3 

Ic 

1.4 

26 

Decahydro-lb 

1.4 

25 

lb 

4.4 

0* 

Ic 

4.4 

26 

Decahydro-lb 

4.4 

18 

Ic 

Ca.  1000 

15 

Decahydro-lb 

Ca.  100 

15 

"Substrate  concentration  25  tJ^M;  anaerobic  incubation  at  37^ 
for  30  min.  ^  In  addition,  no  conversion  of  la  to  lanosterol  occurs 
after  3  hr  of  incubation. 


(4)  P.  D.  O.  Dean,  P.  R.  O.  de  Montellano,  K.  Bloch,  and  E.  J. 
Corey,  /.  Biol.  Chem.,  in  press. 
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lanosta-8,2S-diene,  3j3-aminolanost-8-ene,  or  squalane 
at  concentrations  approximating  those  of  substrate  la. 

The  inhibitory  effect  of  2,3-iminosqualene  on  the 
enzymic  conversion  of  la  to  lanosterol  has  been  utilized 
to  permit  the  accumulation  of  2,3-oxidosqualene  using 
squalene  as  substrate  with  rat  liver  homogenate.' 
Equilibration  of  0.12  jumole  of  (±)-2,3-iminosqualene 
with  2  ml  of  rat  liver  homogenate  for  5  min  at  37**  fol- 
lowed by  addition  of  **C-labeled  squalene  (0.075 
jumole)  and  ca,  5  mg  of  reduced  triphosphopyridine 
nucleotide  and  aerobic  incubation  for  3  hr  led  after 
chromatographic  isolation  to  2,3-oxidosqualene  in 
25-30%  yield.^  The  isolated  labeled  oxide  la  was 
further  identified  by  its  transformation  to  labeled 
lanosterol  by  anaerobic  incubation  with  2,3-oxido- 
squalene cyclase  for  1  hr  (80  %  conversion). 

The  synthesis  of  (=b)-2,3-iminosqualene  was  ac- 
complished by  the  sequence:  all-/rfl/i5-(=b)-2,3-oxido- 
squalene  (la)^  -►  2-azido-3-hydroxysqualene  (HNs)  -► 
2-azido-3-/?-toluenesulfonoxysqualene  (/?-tolucnesul- 
fonyl  chloride-pyridine)  -►  (=b)-2,3-iminosqualene  (lb) 
(LiAlHO.*  The  structure  of  lb  was  confirmed  chemi- 
cally by  its  conversion  using  N-nitroso-4-nitrocarbazole 
to  squalene  and  nitrous  oxide.^  Decahydro-2,3-imino- 
squalene  was  synthesized  by  hydrogenation  of  lb  with 
palladium-on-charcoal  catalyst  in  ethanol;  the  mass 
spectrum  showed  a  peak  due  to  the  molecular  ion  at 
m/e  435,  as  expected  for  a  decahydro  derivative  of  lb, 
and  no  peak  at  mje  425,  indicating  the  absence  of 
unreduced  lb.  (=b)-2,3-Sulfidosqualene  was  obtained 
from  the  reaction  of  (=k)-la  with  potassium  thiocyanate 
in  ethanol;^  independent  chemical  evidence  for  the 
formulation  of  this  product  as  Ic  was  obtained  from  the 
reaction  with  n-butyllithium  which  produced  squalene 
cleanly.  ••*» 

Work  on  various  aspects  of  the  enzymic  cyclization 
of  2,3-oxidosqualene  and'its  analogs  is  continuing. 
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(5)  2,3,22,23-Dioxidosqualene  was  also  isolated  in  3-10%  yield. 
The  absence  of  sterol  formation  in  this  experiment  was  indicated  by  the 
lack  of  radioactivity  in  the  sterol  fraction  obtained  after  precipitation 
with  digitonin. 

(6)  New  substances  were  characterized  by  infrared,  nuclear  magnetic 
resonance,  and  mass  spectroscopy.  Homogeneity  was  indicated  by 
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Synthesis  of  a  Medium  Ring  Containing  Bridge 
Biphenyl  by  Photochemically  Induced 
Intramolecular  Arylation 

Sir: 

Recent  interest  in  intramolecular  radical  cyclization 
reactions,^  particularly  those  involving  aryl  radicals,^ 
prompts  us  to  present  details  of  a  photochemical  route 
to  a  bridged  biphenyl  containing  a  medium  ring. 

Photolysis  of  aryl  iodides  in  benzene  provides  a  useful 
method  for  the  synthesis  of  substituted  biphenyls.'  An 
extension  of  this  reaction  has  been  employed  for  effect- 
ing intramolecular  arylations  leading  to  phenanthrenes/ 
and  more  recently  to  the  synthesis  of  aporphines.^ 

The  results  presented  in  this  communication  demon- 
strate that  photochemically  induced  intramolecular 
arylation  may  be  employed  not  only  in  the  formation 
of  six-membered  rings  but  also  for  constructing  seven- 
and  eight-membered  cycles. 

Irradiation*  of  a  dilute  aqueous  solution  of  the  iodo- 
aromatic  compound  I,  as  the  hydrochloride,  gave  after 
200  hr  the  photocycUzed  product,  6,7-dihydro-5H- 
dibenz[c,elazepine  (2),^  mp  74-76^,  in  57%  yield,  to- 
gether with  13%  of  starting  material.  Similarly,  ir- 
radiation of  N-(j3-phenethyl)-2-iodobenzylamine  (3) 
as  the  hydrochloride  in  water  for  113  hr,  under  the 
same  conditions  as  described  above,  afforded  the 
photocyclized  product  4  (R  =  H)  in  25  %  yield,  mp 
119-120*'*  [hydrochloride  mp  321-322°  dec],  \^  276 


0^ 


oS 


H 


1 


3  4  5 

m/i  (log  €  2.89),  Xrf,  231  m/i  (log  e  4.15),  pmr:  eight- 
proton  multiplet,  5  7.38-6.95  (aromatic  hydrogens), 
one-proton  broad  doublets,  3.83  (J  ==  15  Hz),  3.10 
(7=15  Hz)  (CeHfiCHaN),*  five-proton  multiplet,  3.20- 
2.10(-HNCH2CH2),  mol  wt  (mass  spectrum),  209,  to- 
gether with  N-03-phenethyl)benzylamine  (10%).    The 

(1)  C.  Walling,  J.  H.  Cooley,  A.  A.  Ponaras,  and  E.  J.  Racah,/.  Am, 
Chem.  Soc.,  88.  S361  (1966);  N.  C.  Yang,  A.  Shani,  and  G.  IL  Lenz, 
ibid.,  88,  S369  (1966). 

(2)  M.  Tiecco,  Chem,  Commun.,  SS5  (1965);  M.  P.  Cava,  S.  C. 
Havlicek,  A.  Lindert,  and  R.  J.  Spangler,  Tetrahedron  Letters^  2937 
(1966);  N.  C.  Yang,  G.  R.  Lenz,  and  A.  Shani,  ibid.,  2941  (1966). 

(3)  W.  Wolf  and  N.  Kharasch.  J.  Org.  Chem.,  30,  2493  (1965). 

(4)  S.  M.  Kupchan  and  H.  C.  Wormser,  Tetrahedron  Letters,  359 
(1965);  /.  Org.  Chem.,  30,  3792  (1965). 

(5)  S.  M.  Kupchan  and  R.  M.  Kanojia,  Tetrahedron  Letters,  5353 
(1966). 

(6)  Photolyses  were  carried  out  using  a  450-w  Hanovia  high-pressure 
lamp  fitted  with  a  Pyrex  sleeve. 

(7)  W.  Wenner,  /.  Org.  Chem.,  16,  1475  (1951).  We  are  indebted 
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(8)  All  new  compounds  gave  satisfactory  analyses. 

(9)  The  nonequivalence  of  the  benzylic  hydrogens  indicates  the  eight- 
membered  ring  exists  predominantly  in  one  conformation  at  roocn 
temperature.  Studies  on  the  temperature  dependence  of  the  spectrum 
of  this  compound  are  under  investigation. 
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Additions  and  Corrections 


fthyl-Metal  Compounds.  II.  The  Preparation 
Dihalocyclopropanes  by  the  Reaction  of  Phenyl- 
methyOmercury  Compounds  with  Olefins  [J. 
lem.  Soc,  87,  4259  (1965)].  By  Dibtmar  Sby- 
James  M.  Burutch,  Richard  J.  Minasz, 
'  YicK-Pui  Mui,  Harry  D.  Simmons,  Jr., 
f.  H.  Treiber,  and  Susan  R.  Dowd.  Depart* 
f  Chemistry,  Massachusetts  Institute  of  Tech- 
Cambridge,  Massachusetts    02139. 

age  4265,  formula  IV  should  be 

'  Magnetic  Resonance  Spectroscopy.  The  Con- 
imal  Stability  of  Primary  Grignard  Reagents, 
re  and  Medium  Effects  [J,  Am.  Chem.  Soc,  87, 
965)].  By  George  M.  Whitesides  and  John  D. 
*s.  The  Gates  and  Crellin  Laboratories  of 
try,  California  Institute  of  Technology,  Pasa- 
!alifomia. 

adical  name  2,3-dimethylbutyl  mentioned  in  the 
agraph  on  page  4884  and  in  the  first  column  of 
585  should  actually  be  3-mcthyl-2-butyl. 

lent  Effects.  VII.  The  ^*F  Nuclear  Magnetic 
nee  Spectra  of  Substituted  1-  and  2-Fluoro- 
ilenes  [J.  Am,  Chem.  Soc,  89,  379  (1967)].  By 
•cock  and  M.  J.  S.  Dewar.  Department  of 
try,  The  University  of  Texas,  Austin,  Texas 

>age  381,  in  the  Experimental  Section,  line  3, 
lould  read  20%.  In  Table  XIII,  third  column, 
itry,  +1.14  should  read  —1.14. 

ystal  and  Molecular  Structure  of  2,4-Dithiouracil 
Chem.  Soc,  89,  1249  (1967)].    By  Eli  Shefter 

ENRY  G.  Mautnbr.  Department  of  Pharma- 
School  of  Pharmacy,  State  University  of  New 

t  Buffalo,  Buffalo,  New  York,  and  the  Depart- 

rf  Pharmacology,   Yale  University   School   of 

ne.  New  Haven,  Connecticut. 

>age  1250  in  line  6  of  the  Experimental  Section 
jar  absorption  coefficient  /i  should  be  67  cm"* 
i  6.7  cm~'.  The  statement  "the  low  absorption 
:nt  and"  should  be  deleted  from  the  last  sentence 
:hird  paragraph  of  the  Experimental  Section. 

mlgramiddin  S  [J.  Am.  Chem.  Soc,  89,  1278 
By  MiCHiNORi  Waki  and  Nobuo  Izumiya. 
tory    of    Biochemistry,    Faculty    of    Science, 
I  University,  Fukuoka,  Japan. 


In  Table  I,  the  values  in  the  second  and  third  columns 

4 

for  the  fourth  row  of  entries  (-Gly-Pro-OH)  should 
be  0  and  100,  respectively;  those  for  the  fifth  row  of 

4 

entries  (-D-Ala-)  should  be  25  and  75,  respectively. 

Total  Synthesis  of  i/Z-Atisine  [J.  Am.  Chem.  Soc,  89, 
1483  (1967)].  By  Wataru  Nagata,  Tsutomu  Suga- 
SAWA,  Masayuki  Narisada,  Toshio  Wakabayashi, 
and  Yosmo  Hayasb.  Shionogi  Research  Laboratory, 
Fukushima-ku,  Osaka,  Japan. 

On  page  1485,  in  the  first  colunm,  line  5,  4a  should 
read  4a.  On  page  1486,  in  the  first  column,  line  4, 
mp  110-130^  should  read  mp  110-112^.  On  page 
1491,  in  the  second  column,  line  6, 2,  bp  140-160®  should 
read  3,  bp  140-160''.  On  page  1492,  in  the  first  sen- 
tence in  the  second  column  under  the  heading  (ib>- 
4aa-Cyano-la-formyl-7-  methoxy-  l,2,3,4,4a,9,1040a,j9- 
octahydrophenanthrene  (9),  30.4  g  should  read  30.4  mg. 
On  page  1494,  in  the  second  column,  line  12,  in  a  by  a 
mix-  should  read  in  a  by  a  mix-.  On  page  1497,  in 
the  first  colunm,  nine  lines  up  from  the  bottom,  CnHu- 
OiN  should  read  CnHnOaNs.  On  page  1498,  In  the 
first  column,  lines  42  and  52,  acetoxy  ketone  39a  and 
hydroxy  ketone  34a  should  read  acetoxy  ketone  39b 
and  hydroxy  ketone  39a,  respectively.  On  page  1499, 
in  the  second  column,  line  21,  C^HnNaO  should  read 
CmHjiNOj. 

The  Stereochemistry  of  the  PentacycUc  Oxindole  Alka- 
loids [J.  Am.  Chem.  Soc,  89,  1739  (1967)].  By  Mau- 
rice Shamma  and  Robert  J.  Shine,  Department  of 
Chemistry,  The  Pennsylvania  State  University,  Uni- 
versity Park,  Pennsylvania;  Ivan  Kompis  and  T. 
Sticzay,  Slovak  Academy  of  Sciences,  Institute  of 
Chemistry,  Bratislava,  Czechoslovakia,  F.  Morsingh, 
Department  of  Chemistry,  University  of  Malaya, 
Kuala  Lumpur,  Malaya;  and  J.  PoissoN  and  J-L. 
PoussET,  Faculty  de  Pharmacie  de  Paris,  Laboratoire 
de  Pharmacie  Gal^nique,  Paris  6,  France. 

In  Table  I,  the  correct  heading  for  the  last  column  is 
[a]D,  deg  (CHCl,). 

Anodic  Oxidations  of  Medium  Ring  Cycloalkanecar- 
boxylic  Acids  [J.  Am.  Chem.  Soc,  89,  2139  (1967)].  By 
James  G.  Traynham  and  John  S.  Dehn.  Coates 
Chemical  Laboratories,  Louisiana  State  University, 
Baton  Rouge,  Louisiana. 

The  formula  for  bicyclo[7.1.0]nonane  in  the  illustra- 
tion should  be  replaced  by  one  for  bicyclo[6.1.0]octane. 


Addltioina  and  '^ 
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Book  Reviews 


The  Molecular  Orbital  Theory  of  Omjiigated  Systems.  By  Lionel 
Salem,  Mattre  de  Recherche  in  the  French  National  Research 
Center  (C.N.R.S.)i  Laboratoire  de  Chimie  Physique,  Facu\t6 
des  Sciences,  Qrsay.  W.  A.  Benjamin,  Inc.,  1  Park  Ave.,  New 
York,  N.  Y.    1966.    xvi  -f  576  pp.    16  X  23  cm.    $19.75. 

The  molecular  orbital  theory  of  large  organic  molecules  has 
rq>resented  a  curious  gap  in  scientific  publishing;  the  available 
books  in  this  area  have  been  of  an  elementary  nature,  intended  to 
introduce  chemists  to  the  simple  Huckel  (HMO)  treatment  and 
consequently  paying  little  attention  to  more  sophisticated  recent 
developments.  Dr.  Salem's  book  rq)resents  an  attempt  to  fill  a 
major  part  of  this  gap,  by  covering  the  application  of  MO  theory 
to  the  V  electrons  of  conjugated  molecules. 

Successive  chapters  in  the  book  discuss  the  HMO  method  and  its 
application  to  various  systems;  the  SCF  MO  method  and  various 
pseudo-self-consistent  treatments  such  as  the  Wheland-Mann 
method;  ground-state  properties  of  molecules  including  bond 
lengths,  resonance  energies,  charge  distributions,  dipole  moments, 
etc.;  the  magnetic  properties  of  closed-shell  molecules  and  nmr 
spectroscopy,  including  the  theory  of  ring  currents,  chemical 
shifts,  and  coupling  constants;  esr;  chemical  reactivity;  light  ab- 
sorption; and  the  theory  of  molecular  distortions,  including  bond 
alternation  and  the  Jahn-Telier  effect. 

The  trouble  with  this  book  is  that  it  seems  to  have  been  written 
at  least  ten  years  ago,  and  recently  updated  by  a  hasty  inclusion  of 
references  to  recent  work.  Far  too  much  emphasis  is  laid  on  early 
investigations  based  on  the  HMO  method;  for  example,  in  the 
chapter  on  light  absorption,  84  pages  are  devoted  to  work  published 
before  1956  and  using  the  simple  HMO  method  or  variants  of  it, 
while  the  coverage  of  recent  developments  is  wholly  inadequate. 
Ruedenberg's  work  is  not  even  mentioned.  The  chapter  on  re- 
activity could  have  been  written  in  1954,  while  the  section  on  esr 
spectroscopy  omits  all  reference  to  recent  open-shell  calculations, 
using  annihilation  operator  techniques.  Much  of  the  material  in 
the  first  and  third  chapters  also  seems  out  of  place,  dealing  in  great 
detail  with  problems  that  were  highly  topical  in  the  early  fifties. 

The  introductions  to  SCF  MO  tl^ry  in  Chapter  2,  and  to  the 
theory  of  magnetic  effects  in  Chapter  4,  are  very  inadequate; 
hardly  anyone  who  was  already  unfamiliar  with  this  material  would 
have  the  background  to  understand  them.  One  gets  the  impression 
from  odd  phrases  throughout  the  book  that  the  author  regards 
SCF  MO  theory  as  far  too  complicated  and  difficult  for  general  use 
and  therefore  not  worth  discussing  in  detail ;  thus  no  indications  are 
given  of  its  use  in  practice  or  the  choice  of  parameters  in  it.  This 
attitude  would  again  be  understandable  if  the  book  was  originally 
written  ten  years  ago  and  inadequately  revised.    Again,  the  author 


seems  to  suggest  that  computers  are  rare  and  exotic  devices,  to  be 
used  only  in  cases  of  extreme  emergency  (p  428:  **A  drawback 
however  (/.e.,  in  SCF  MO  theory)  is  the  labor  involved  in  calculating 
self-consistent  field  orbitals;*'  p  432:  *The  numerical  expressions 
derived  from  (7.103)  become  quite  complicated  and  the  calculations 
tedious.    One  solution  is  to  use  a  computer.**). 

In  spite  of  these  shortcomings,  this  is  a  useful  book.  It  contains 
a  great  deal  of  information  and  is  a  good  source  of  references  to 
the  literature.  If  the  price  were  more  reasonable,  it  could  be 
generally  recommended,  if  only  as  a  stop-gap  until  something 
better  appears. 

MidMel  J.  S.  Dewv 

Department  of  Chemistry  ^  The  University  of  Texas 

Austin,  Texas    78712 


Solid  State  Chenistry,   Wbenoe,   Wlicre  and   Whidicr.    By  J. 

Arvid  Hedvall,  D.Ph.,  D.Ph.(H.C.),  D.Eng.(H.C.),  D.Tcchn. 
(H.C.),  Emeritus  Professor  at  the  Chalmers  University  of  Tech- 
nology, Gothenburg,  Sweden.  American  Elsevier  Publishing  Co^ 
Inc.,  52  Vanderbilt  Ave.,  New  York,  N.  Y.  1966.  v  -f  100  pp. 
14  X  21.5  cm.    $6.50. 

This  a  very  short  book  (87  pages  of  text)  which  is  intended  as  a 
brief  survey  of  the  development  of  solid-state  chemistry  from  the 
first  experiments  more  than  50  years  ago  to  the  present.  Heavy 
emphasis  is  placed  upon  the  author*s  own  woik  and  interests. 
The  presentation  is  frequently  in  narrative  form  and  deals  primarily 
with  the  qualitative  exploratory  period  of  work  with  heterogeneous 
solid-state  reactions. 

There  are  14  chapters  in  which  are  presented  discussions  of  such 
diverse  topics  as  exchange  reactions,  corrosion,  absorption,  photo- 
activity,  catalysis,  and  changes  in  magnetic  state.  The  author 
presents,  in  a  very  abbreviated  and  qualitative  form,  the  factors 
which  affect  the  reactivity  of  solids  and  indicates  routes  for  further 
research  and  industrial  development.  Little  or  no  mention  is 
made  of  the  extensive  contributions  made  to  our  understanding  of 
solids  from  the  vast  amount  of  research  done  with  metals  and  semi- 
conductors in  recent  years. 

This  book  may  be  of  interest  to  those  who  would  like  to  gain  the 
flavor  of  the  historic  development  of  several  areas  of  solid-state 
chemistry.  In  this  reviewer's  opinion,  the  book  is  somewhat  over- 
priced at  $6.50. 

M.  B. 
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Murray  Hill,  New  Jersey 


^  American  Chemical  Society  /  %9:U  /  May  24, 1967 


NOW  ...  A  SHORTER  EDITION 
FOR  THE  EXIGUOUS  STUDENT 

It  will  now  cost  some  four  dollars  ($4.00)  less  to  use  the  best  text  avail- 
able for  the  introductory  organic  chemistry  course.  The  short  edition 
of  Roberts  and  Caserio  will  be  available  on  April  1;  this  alternate  version 
of  Basic  Principles  of  Organic  Chemistry  has  been  reduced  from  1400 
to  840  pages  with  the  organization  and  content  of  the  original  edition 
left  largely  intact.  Much  of  the  more  advanced  material  has  been 
deleted,  and  the  difficult  problems  removed. 

As  a  matter  of  interest,  many  schools  now  plan  to  use  the  short  edition 
(MODERN  ORGANIC  CHEMISTRY)  for  regular  students,  and  the  orig- 
inal text  for  chemistry  majors.  Incidentally,  there  will  be  many  new 
problems  of  the  drill  variety  added  to  the  revised  Student  Supplement. 


MODERN 
ORGANIC  CHEMISTRY 

J.  D.  Roberts  and  M.  C.  Caserio 

840  pp.,  $10.75 


STUDENT  SUPPLEMENT  TO 
MODERN  ORGANIC  CHEMISTRY 

J.  D.  Roberts  and  M.  C.  Caserio 

300  pp.,  about  $2.95 


W.  A.  BENJAMIN,  INC. 

ONE  PARK  AVENUE  •  NEW  YORK  10016 
PROFESSIONAL   PUBLISHERS  TO   RESEARCH   SCIENTISTS 


We  sincerely  believe  that  no  other  NMR 

in  its  class  can  compare  in  performance 
and  value  with  the  ]EOLCO  C-60-H. 


Make  your  own  comparison,  from  the  facts: 


JEOLCO  C-60^ 

Other  Popular  Model 

Resolution 

0.3  cps 

OJcps 

Sensitivity 
normal  scan 
slow  scan 

^&07mol/L> 
JM  mol/l 

0.007  mol/l 
none 

Spin  decoupler 
frequency  sweep 
field  sweep 

included 
yes 
1^ 

extra  8  $4250 
no 
>cs 

Variable  temp,  range 
Guaranteed  stability 

at  room  temp. 

at  variable  temp. 

■^10°C-\200°C 

0.2  cps 
±0.2  cps 

-!00°C~+200°C 

0.4  cps 
none 

NMR  stabilization 

internal  lock 
and  external  lock 

external  lock 
only 

Accessories  for 

.other  nuclei 

p'.t'^py^ 

none 

Calibration 
frequencies 

60, 120, 240, 480  cps 
crystal  oscillator 

none 

Price 

Data  compiled  frtim  pub  lis 

$30,230 
delivered 

hed  litetature. 

$30,900 
plus  transportation 

eol 


J60LC0  (U.3.A.).  INC.  •  477  KfiXMiM*  Aw*.. 
MUUcbusMli  02155  -  (617)  3964620  *  tt 
nead.  Burilngam*.  California  MOlO  •  (415) 


Today's  finest  100MHz  NMR  —  the  JEOLCO 
4H-100  —  offers  you  unprecedented  versatility 
at  lowest  cost. 

Here  are  but  three  outstanding  features  never  before 
offered  and  unavailable  on  any  other  NMR. 

•  Wide  air  gap  —  accommodates  5mm  and  10mm  sample 

tubes  (spinning)  and  18mm  tubes  (non-spinning) 

*  Other  nuclei  resonance  at  23,490  gauss  —  more  nuclei 

of  low  natural  abundance  now  detectable. 


*  Eiqianded  variable  temperature  range  — 

-ISO'^C  to  +200*C  (spinning) 
-170°C  to  +200°C  (non-spinning) 


P 


jeOLCO    1U.S.A.I 
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For  the  chemistry 
of  positive  ions. 


This  new  general -purpose  mass  analyzer  makes 
Varian's  Syrotron'"  Ion  Cyclotron  Resonance  Mass 
Spectrometer  an  even  more  powerful  tool  for  study- 
ing the  chemistry  of  positive  ions.  Research  indi- 
cates that  information  obtained  on  positive  ions  in 
the  gas  phase  is  applicable  to  the  liquid  phase. 
In  the  study  of  positive  ion  chemistry  in  the  gas 
phase,  the  Syrotron  can  identify  all  possible  re- 
actants  leading  to  all  possible  products,  and  obtain 
a  measure  of  reaction  rates.  The  unique  capability 
for  double-resonance  experimental  procedures  lets 
you  establish  unequivocally  the  ions  involved  in 
given  ion-molecule  reactions.  No  other  instrument, 
commercially  available,  can  give  you  this  capability. 
With  its  plug-in  feature,  the  standard  general-pur- 
pose mass  analyzer  can  easily  be  replaced  with 
units  optimized  for  special  studies,  such  as  optical 
irradiation  of  the  sample,  or  negative  ion  studies. 
And  with  the  overall  flexibility  of  the  Syrotron,  which 
lets  you  easily  modify  the  vacuum  system  or  vary 
sample  Introduction,  you  can  also  perform  studies 
in  photo  ionization,  appearance  potentials,  unimo- 
lecular  decomposition,  as  well  as  fundamental 
mass  spectrometry. 


When  you  need  to  study  how  ions  react,  how 
they  react,  how  they  change,  or  how  they 
formed ...  the  Syrotron  is  your  best  answer, 
additional  information,  contact  your  local  Va 
representative  or  write  us. 


varian 

analytical  instrument  division 
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COvalent  and  Ionic  Charaaer  in  Ground  and  Excited  States  of  Benzene Mary  Craig  and  R.  Stephen  Berry    2801 

Details  of  the  Steric  Interaction  in  Mono-or/Ao-substituted  Nitrobenzene  Anion  Radicals .    .   .  Ted  M.  McKhmey  and  David  H.  Geske    2806 

Absorption  and  Emission  Spectra  of  1,2,4,5-Tetracyanobenzene-NaphthaIene  Complex  Crystal 

.   .   .  Suehiro  Iwata,  Jfa-o  Tanaka,  and  Saburo  Nagaknra    2813 

Conformational  Changes  Involved  in  the  Singlet-Triplet  Transitions  of  Biphenyl Peter  J.  Wagner    2820 

Kinetics  of  Proton  Transfer  and  Tautomerism  in  Aqueous  Diacetylacetone.    A  Temperature-Jump  Investigation  .   .  John  Stueiir    2826 

Nuclear  Magnetic  Resonance  Spectrum  of  Oriented  (Cyclobutadiene)iron  Tricarbonyl 

.   .   .  Costantino  S.  Yannoni,  Gerald  P.  Ceasar,  and  Benjamin  P.  Dailey    2833 
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Energetics  of  the  Ionization  and  Dissociation  of  Mn2(CO)]o,  Re2(CO)io,  and  ReMn(CO)io  .   .  Harry  J.  Svec  and  Gregor  A.  Junk    2836 

The  Catalytic  Addition  of  Fluorine  to  a  Carbonyl  Group.    Preparation  of  Fluoroxy  Compounds 

.    .    .  Max  Lustig,  A.  R.  Pitochelll,  and  John  K.  Ruff    2841 
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Abstract :  Various  wave  functions  for  the  ground  (^Ak)  and  low-lying  excited  states  of  benzene  were  examined  by 
projecting  onto  them  the  valence-bond  functions  corresponding  to  Kekul6,  Dewar,  and  O>ulomb-stabilized  ionic 
structures.  The  results  show  large  (75  %)  contributions  from  singly  ionic  structures,  40-50  %  Kekul6  structure  for 
the  ground  state,  and  30-40  %  covalent  character  to  the  %u  state.  The  molecular  wave  functions  are  also  examined 
for  benzene  distorted  to  a  *'cyclohexatriene**  structure,  particularly  to  determine  the  relative  contributions  of  the  two 
(now  nonequivalent)  Kekul6  structures.  The  more  favored  or  short  double-bond  structure  increases  its  contribu- 
tion about  25  %,  and  the  less  favored  structure  decreases  by  about  the  same  fraction.  The  relative  change  in  Kelail6 
contributions  and  in  corresponding  pairs  of  ionic  functions  are  the  most  significant  changes  associated  with  the 
distortion. 


^he  quest  for  usefully  accurate  molecular  wave  func- 
^  tions  has  clearly  reached  a  fruitful  plateau.  Wave 
actions  now  available  for  diatomic  and  small  poly- 
3inic  molecules  are  sufficiently  accurate  to  permit  the 
Iculation  of  a  large  variety  of  the  ground-state  prop- 
ies  of  interest  in  traditional  chemistry.  These  func- 
08  are  not  only  numerically  accurate;  through  the 
^um  of  contour  maps,'  they  provide  us  with  clear 
uitive  physical  understanding  of  the  variation  of 
ve  functions  from  state  to  state  and  from  molecule 
molecule.  The  collection  of  results,  taken  together, 
^s  a  happy  rejoinder  to  the  pessimistic  reservations 
t  were  heard  during  the  earliest  years  of  the  com- 
terera. 

To  add  to  the  information  obtainable  from  orbital 
I  total  wave-function  contours,  we  felt  that  we  could 
n  further  insight  into  molecular  behavior  from  an- 
er  type  of  analysis.  This  analysis,  with  origins 
traditional  interpretations  of  electronic  structure,  is 
ertheless  still  part  of  the  chemist*s  vocabulary  and 
perhaps  a  meaningful  contributor  to  his  chemical 

)  (a)  Yak  University;  (b)  University  of  Chicago. 

)  A.  C.  Wahl,  Science,  151,961  (1966);    K.  Ruedenberg,  private 
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intuition.  Specifically,  we  refer  to  the  determination 
of  covalent  and  ionic  character,  as  represented  by 
valence-bond  functions. 

The  basic  idea  is  this:  each  valence-bond  function 
represents  a  kind  of  physical  behavior  which  we  "under- 
stand*' or  can  use  for  the  interpretation  of  chemical 
behavior.  The  true  molecular  wave  function  Q  or  a 
reasonable  approximation  of  it  can  be  represented  by 
a  sum  of  contributions  from  a  set  of  valence-bond  (VB) 
functions,  or  from  any  complete  basis  set  of  functions, 
according  to  the  principal  of  superposition.  If  the 
set  happens  to  be  a  set  of  VB  functions,  we  conven- 
tionally call  the  phenomenon  of  superposition  "res- 
onance." If  each  function  in  the  basis  set  is  normalized 
to  unity,  then  the  coefficient  or  amplitude  of  a  function 
is  a  measure  of  its  contribution  to  the  exact  or  ap- 
proximate function  12  under  consideration;  specifi- 
cally, the  absolute  square  of  the  coefficient  of  the  basis 
function  S[^j  is  the  fraction  of  12  which  is  composed  of 

We  should  explain  and  review  just  a  little  more  of 
what  the  approach  does  and  does  not  imply.  First, 
it  is  very  important  to  reco^viA  \!ftaX  N?i\Kw:fc^^'«^^ 
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wave  functions  are  very  highly  correlated  functions, 
with  respect  to  both  space  and  spin.  A  valence-bond 
analysis  is  not  a  population  analysis  in  the  sense  that 
molecular  orbital  functions  give  population  analyses; 
with  valence-bond  functions  one  can  ask  questions  like 
*'In  a  triplet  state  of  benzene,  what  is  the  probability 
that,  if  one  of  the  unpaired  electrons  is  one  atom  1,  we 
will  find  the  other  on  atom  4,  while  the  remaining  t 
electrons  are  in  2-3  and  5-6  bonds?"  In  other  words, 
a  valence-bond  analysis  is  a  very  specific  sort  of  analysis 
of  electron  correlation. 

Second,  we  must  remember  that  traditional  valence- 
bond  functions  are  not  orthogonal  to  each  other. 
This  mathematical  relationship  between  the  functions 
has  its  parallel  in  physical  terms;  thus,  the  physical 
conditions  represented  by  two  valence-bond  conditions 
are  not  in  general  mutually  exclusive  conditions.  A 
covalent  bond  carries  some  ionic  character  in  the  tra- 
ditional valence-bond  representation.  This  nonor- 
thogonality  and  the  complexity  of  physical  interpreta- 
tion that  accompanies  it  has  two  sources.  One  is  the 
nonorthogonality  of  the  basic  atomic  orbitals  on  differ- 
ent atoms;  the  other,  much  more  bothersome  for  in- 
terpretive purposes,  is  due  to  the  overcompleteness  of 
the  set  of  valence-bond  structures.  The  first  problem 
can  be  eliminated  by  generating  a  set  of  orthogonalized 
atomic  orbitals,  e.g.,  equivalent  orbitals,  and  using 
these  as  basis  functions.  One  necessarily  delocalizes 
an  orbital  on  one  atom  when  one  orthogonalizes  it  to 
an  orbital  on  another  atom.  Consequently  this  orthog- 
onality is  obtained  at  the  expense  of  a  little  intuitive 
understanding,  at  least  insofar  as  our  understanding  of 
valence-bond  structures  are  associated  with  localized 
orbitals.  The  other  type  of  nonorthogonality  has  been 
discussed,  for  example,  in  connection  with  the  question 
of  resonance  in  butadiene.'  It  comes  from  the  fact 
that  one  can  in  general  draw  more  structures  for  a 
molecule  than  the  number  of  independent  functions, 
just  as  one  can  draw  more  than  two  vectors  on  an  array 
of  point  in  a  plane.  Yet  just  as  any  vector  on  the 
array  can  be  represented  with  any  two  independent 
(nonparallel)  vectors,  any  of  the  possible  valence-bond 
structures  of  a  molecule  can  be  expressed  in  terms  of 
some  small  number  of  independent  structures.  Thus 
for  benzene's  ir  electrons  there  are  twelve  possible 
nonionic  singlet  VB  structures,  but  only  six  (any  six) 
are  independent.  And  with  this  overcompleteness 
comes  the  nonorthogonality  problem:  although  we  may 
choose  six  independent  functions,  in  general  these  are 
not  orthogonal;  if  we  make  them  orthogonal,  only  one 
function  of  the  orthogonal  set  can  be  chosen  to  repre- 
sent a  single  valence-bond  structure.  We  are  forced 
either  to  give  up  orthogonality  and  to  make  our  indi- 
vidual functions  easily  interpretable,  or  to  make  the 
functions  orthogonal  and  therefore  mutually  exclusive, 
but  accept  basis  functions  that  do  not  represent  single 
structures. 

The  foregoing  discussion  is  of  course  simply  a  review 
of  some  of  the  ramifications  of  valence-bond  methods 
that  have  been  long  recognized  in  the  literature  of  wave- 
function  calculations.  However,  it  seemed  desirable 
to  refresh  our  memories  of  some  of  these  ramifications 
because  of  the  possible  misinterpretations  which  might 
arise  if  they  are  overlooked. 

PJ  R.  S.  Berry,  J,  Chem,  Phys.,  30,  936  (1959). 


We  have  selected  several  representative  wave  func- 
tions for  the  six  t  electrons  of  benzene  and  projected 
onto  these  functions  a  number  of  suitably  synmietrized 
valence-bond  (VB)  structure  functions.  The  squares 
of  these  projections  are  the  numbers  of  interest  to  us 
here;  the  square  of  the  projection  of  a  VB  structure 
function  ^  onto  an  ''accurate'*  six-electron  function 
Q,  namely,  |  (12 1  S[^)  |  ^  is  the  fraction  of  12  which  is  made 
of  "Hr.  An  analysis  of  this  kind  could  have  been  per- 
formed by  calculating  the  molecular  wave  function 
with  a  VB  basis  set,  but  the  projection  procedure  is  far 
more  efiicient,  in  view  of  the  availability  of  rather  good 
wave  functions. 

We  have  chosen  to  examine  the  t  electrons  of  benzene 
for  three  reasons.  First,  we  wished  to  find  the  relative 
importance  of  the  Kekul6  (or  better,  perhaps,  Thick) 
structure  and  of  the  ionic  structures  having  the  greatest 
Coulomb  stabilization.  Second,  we  wanted  to  learn 
how  these  contributions  to  the  ground  and  low-lying 
excited  states  differed.  Third,  we  were  interested  in 
the  behavior  of  the  electron  pairing  with  molecular 
vibration,  and  particularly  in  the  relative  contributions 
of  the  two  Kekul6  structures  when  the  bond  lengths  of 
the  ring  alternate  between  the  values  appropriate  to 
''pure"  double  and  single  bonds. 

The  first  reason  was  prompted  by  the  results  of  a 
similar  analysis  of  ground-state  wave  functions  of 
butadiene.'  The  butadiene  functions  were  naturally 
composed  of  70-88%  of  the  normal  covalent  structure, 
but,  surprisingly,  contained  over  40  %  of  the  C+C~C*"C~ 
structure.  Such  numbers  raised  questions  in  our  minds 
of  the  role  of  multiply  ionized  structures  in  benzene. 
Craig^  had  actually  carried  out  calculations  with  a  VB 
basis  but  had  restricted  his  functions  to  the  Kekuld, 
Dewar,  and  singly  ionized  structures,  including  ionic 
Dewar  structures.  In  light  of  the  butadiene  results, 
we  chose  to  evaluate  the  projections  of  a  somewhat 
different  set,  namely,  the  appropriately  symmetrized 
combinations  of  structures  (M.    We  shall  refer  to  a 

O  O-  6  ^6  CD 

0  12  3  4 

(KekuleO  (Dewar) 

VB  function  representing  a  single  diagram  like  those 
of  (K-4  as  a  primitive  VB  function.  A  linear  combina- 
tion of  physically  equivalent  primitive  VB  functions 
which  transforms  as  an  irreducible  representation  of  the 
molecular  point  group  is  called  a  symmetrized  VB  func- 
tion, or  for  convenience,  simply  a  VB  function. 

The  second  part  of  this  study  is  a  comparison  of  the 
VB  composition  of  the  *Aig  ground  state  with  various 
VB  contributions  to  the  lower  excited  states.  We 
have  calculated  the  contributions  of  structures  0-3 
to  the  ^Biu  and  ^B^u  states,  the  states  responsible  for 
benzene's  absorption  bands  in  the  2400-  and  2000-A 
regions.  We  have  also  examined  briefly  the  con^ 
sponding  triplets,  looking  particularly  at  the  roles  of 


a  o 


6 


(4)  D.  P.  Craig,  Proc,  Roy,  Soc.  (London).  A200,  401  (19S0). 
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Squares  of  Projections  of  VB  Functions  for  Benzene  in 
ad  State  in  Equilibrium  Configuration" 

the 

^B 

€tion                   Primitive             Symmetrized 

nto                          S^o                         ^0 

Symmetrized 
^1 

Symmetrized 
^1 

Symmetrized 
^1 

Primitive 

^4 

^a                         0.260                      0.395 
i^b                         0.258                      0.392 
1,-c                         0.437                      0.675 

0.759 
0.757 
0.759 

0.641 
0.640 
0.328 

0.225 
0.223 
0.064 

•  •  • 

o!346 

=  1.393  A. 


es  5  and  6.  Note  that  6  is  the  triplet  analog  of 
ar  structure  4. 

lird  part  of  the  analysis  was  stimulated  by  the 
ion  that  benzene's  normal  vibration  of  bsu 
7  carried  the  molecule  into  a  geometry  ap- 
e  to  a  cyclohexatriene  structure.^  If  the  C-C 
istances  in  a  hypothetical  "cyclohexatriene" 
5  are  1.465  and  1.335  A/  then  the  benzene  ring 
roughly  15%  of  its  time  distorted  enough  to 
pass  the  cyclohexatriene  geometry.  The  rather 
next  question  was  this:  to  what  degree  do  the 
s  respond  to  a  cyclohexatriene  geometry  by 
ng  themselves  according  to  a  single  Kekul6 
5?  When  the  C-C  bonds  alternate  in  length 
1.465  and  1.335  A,  what  are  relative  contri- 
of  the  two  Kekul6  structures? 

ion  of  the  Calculations 

t  presenting  the  results  of  the  analysis,  let  us 
the  "accurate"  wave  functions  we  used.  The 
»f  the  method  of  calculation  are  given  in  Appen- 
For  the  *Aig  ground  electronic  state  of  the  un- 
i  (Deh)  benzene  molecule,  we  used  three  diifer- 
tions,  denoted  by  the  letters  a,  b,  and  c:  "a" 
le  configuration,  based  on  atomic  self-consistent 
TF)  orbitals  of  carbon;'  "b"  is  a  single  con- 
m,  based  on  dementi's  full  molecular  SCF 
ion  for  all  electrons  of  benzene,®  which  is  prob- 
)  best  available  imcorrelated  W2i\c  function  for 
lecule;  and  "c"  is  the  22-term  configuration 
on  function  of  Moskowitz  and  Barnett  based 
e  Slater  function  representations  of  the  atomic 
orbitals.^  This  function  does  account  for 
correlation  but  suffers  from  the  limitation 
»ngle  Slater  orbital  representation.  We  shall 
these  three  representations  of  the  ground-state 
I  as  *Aig-a,  ^Aig-b,  and  ^Aig-c,  respectively, 
inately  no  function  is  yet  available  which  com- 
e  use  of  accurate  atomic  orbitals,  as  in  b,  with 
ation  interaction  as  in  c. 

le  excited  states  we  examined  the  following  func- 
hich  we  denote  simply  by  the  state  designation 
^roximation:  for  the  *B2u  state,  all  three  ap- 
itions,  ^Bsu-a  (based  on  atomic  SCF  orbitals), 
based  on  dementi's  full  molecular  SCF  func- 
id  *Biu-c  (Moskowitz'  1 3-term  configuration  in- 
n  function  for  this  state);  and  for  the  ^Bm  state, 
triplets  'Biu  and  'Bsu,  only  the  configuration  in- 
n  functions  of  Moskowitz,  i.e.,  the  functions  cor- 

;.  Berry.  /.  Chem.  Phys.,  35,  2253  (1961). 
::.  Costain  and  B.  P.  Stoicheff,  ibid.,  30,  777  (1959);    H.  J. 
Trans.  Faraday  Soc.,  57,  1649  (1961). 

ilbey,  N.  R.  Kestner,  J.  Jortner,  and  S.  A.  Rice,  /.  Chem.  Phys., 
965).    The  *P  SCF  AO  set  was  used, 
^leinenti,  private  communication. 

(oskowitz  and  M.  P.  Barnett,  /.  Chem.  Phys.,  39,  1557  (1963). 
sectors  were  very  kindly  supplied  by  Dr.  Moskowitz. 


responding  to  approximation  c,  which  have  16, 13,  and 
18  molecular  orbital  configuration  basis  functions,  re- 
spectively. 

For  the  distorted  molecule,  whose  symmetry  is  D,h, 
we  used  the  Ipw  atomic  SCF  orbital  basis.  With 
these,  we  carried  out  a  variational  calculation  to  deter- 
mine a  best  set  of  molecular  orbitals.  Specifically, 
when  the  molecular  symmetry  is  reduced  from  Deh 
to  D,h,  the  Cg  and  t^  orbitals  all  become  t"  orbitals 
(e''  and  c"«)  and  can  mix,  in  pairs.  We  therefore 
replace  the  lowest  configuration  with  a  simple  varia- 
tional function 

(aiu)»  (eig)*  — ^ (2i"i)Kt"  cos  «  +  c''«  sin  «)* 


Deh 


D,h 


and  expand  the  new  function  in  terms  of  simple  con- 
figurations based  on  e''  and  t"*  functions.  To  find 
the  optimum  mixture  of  the  e"  and  e"«  orbitals,  we 
need  only  diagonalize  a  2  X  2  one-electron  Hamil- 
tonian  (see  Appendix  2). 

Results 

A.  Ground  State.  Table  I  contains  the  values  of 
squares  of  projections  onto  the  ground  state  of  func- 
tions representing  structures  (K-4.  The  primitive  Dewar 
structure  4  was  done  only  for  the  configuration  interac- 
tion (CI)  function  *Aig-c;  this  is  of  little  concern  because 
it  was  really  wanted  only  for  comparison  with  the 
triplets.  We  remind  the  reader  that  the  VB  functions 
are  highly  nonorthogonal,  so  that  the  sums  of  the 
squares  of  the  projections  will  in  general  be  much 
larger  than  unity. 

The  first  two  rows  of  Table  I  are  extremely  similar, 
for  a  very  simple  reason.  The  ^-molecular  orbitals  of 
Deh  benzene  are  fixed  entirely  by  symmetry,  and  the 
composition  of  these  orbitals  in  terms  of  VB  functions 
is  thereby  determined.  The  only  differences  between 
the  first  row  and  the  second  in  these  two  tables  arise 
from  the  differences  in  the  atomic  overlap.  The  cor- 
responding values  for  the  single  Slater  function  set  with- 
out configuration  interaction  were  also  generated  during 
the  computation  of  the  projections  onto  Moskowitz- 
Barnett  functions.  These  are  also  quite  similar  to  the 
first  two  rows,  but  about  10%  smaller  because  of  the 
smaller  overlaps  of  the  Slater  basis  set. 

The  amount  of  polar  character  in  the  benzene  ground 
state  is  rather  striking.  Even  after  configuration  inter- 
action the  *Aig  function  retains  a  large  portion  of  its 
singly  ionic  structure.  The  total  covalent  contribution 
increases  considerably  with  CI,  apparently  at  the  ex- 
pense of  the  doubly  and  especially  the  triply  ionic 
function.  We  must  exercise  a  little  care  in  attributing 
an  increase  in  one  function  to  a  decrease  in  another, 
both  because  of  the  nonorthogonality  problem  and 
because  we  have  examined  ouIy  «^fow  %\x>Mi\stt^:^-  "^^ora^ 
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the  analogy  of  the  butadiene  calculation,'  we  may  ex- 
pect the  Slater  function  calculation  of  Moskowitz  and 
Barnett  to  underestimate  the  amount  of  ionic  character 
because  of  the  inherently  large  estimate  of  the  energy 
required  to  form  a  C+C~  pair  in  this  basis  set. 

B.  Excited  Singlets.  Some  of  the  VB  structures  are 
naturally  excluded  by  symmetry  considerations  from 
contributing  to  particular  excited  states.  For  ex- 
ample, the  two  Kekul6  structures  can  give  only  Aig 
and  B2U  combinations,  and  so  are  excluded  from  the 
Biu;  the  triply  ionic  structure  (3)  and  its  counterpart 
can  give  a  sum  and  difference  with  Aig  and  Biu  symmetry, 
but  no  Bsu;  the  Dewar  structure  (4)  cannot  contribute 
B2tt  either.  These  relations  provided  useful  checks  of 
the  computational  machinery. 

In  Table  II  we  see  both  an  analysis  of  various  func- 
tions representing  the  ^B^u,  and,  in  the  last  line,  the  CI 
result  alone  for  the  ^Biu.  The  physical  situations  in 
these  two  states  are  quite  strikingly  different;  the 
lower  energy  Bju  is  almost  entirely  covalent,  while  the 
Bitt  has  considerable  doubly  and  triply  ionic  character. 

Table  n.    Squares  of  Projections  of  VB  Functions  for  Benzene  in 
^Btn  and  ^Bia  States  in  Equilibrium  Configuration* 


Primi- 

Symme- 

Symme- 

Symme- 

Symme- 

VB 

tive 

trized 

trized 

trized 

trized 

function 

^0 

^0 

^i 

^t 

^1 

>B^-a 

0.149 

0.439 

0.844 

0.520 

0 

»Bta-b 

0.147 

0.432 

0.840 

0.512 

0 

»Bta-c 

0.320 

0.907 

0.525 

0.116 

0 

»Bi„-c 

0 

0 

0.562 

0.611 

0.215 

«  Equilibrium,  that  is,  for  the  ground  state,  with  R  =  1.393  A. 

Note  that  symmetry  alone  forces  the  ^Bju  function  to 
have  a  large  amount  of  singly  and  doubly  ionic  char- 
acter, but  that  CI  reduces  these  considerably.  The 
Moskowitz-Barnett  single  configuration,  not  shown  in 
Table  III,  gives  almost  0.8  for  the  symmetrized  S^i, 
so  the  reduction  is  not  an  artifact  of  the  orbital  basis  set. 

C.  Triplet.  The  triplet  result  can  be  described 
very  briefly.  Symmetry  excludes  the  nonionic  struc- 
tures 5  and  6  from  the  next-lowest  triplet,  the  *B2u,  but 
not  from  the  lowest  triplet,  the  ^B^.  The  primitive 
function  representing  structure  5  contributes  26%  of  the 
total  function  *Biu-c,  and  the  Dewar-like  or  quinoid 
triplet,  40  %  of  the  same  function.  Recall  from  Table 
I  that  the  ground  state  has  35  %  of  the  primitive  Dewar 
structure.  We  interpret  this  to  mean  that  the  lowest 
triplet  state  may  have  a  little  more  quinoid  character 
than  the  ground  state,  but  not  vastly  more. 

D.  Distorted  Benzene.  The  results  in  the  first  line 
of  Table  III  exhibit  an  interesting  contrast  to  the  first 
two  lines  of  Table  1.  Note  that  it  is  with  the  second 
lines  of  Tables  I  and  II,  for  *Aig-b  and  ^Bju-b,  that  the 


calculations  of  Table  III  should  be  compared,  and  not 
the  third  lines.    No  CI  function  is  available  for  the 
distorted  species,  and  it  was  our  feeling  that  our  on^ 
parameter  variation  of  the  SCF  function  would  give  a 
sufficiently  accurate  measure  of  the  relative  change  in 
the  contributions  of  the  two  Kekul6  structures.  The  total 
"symmetrized  S^o"  in  colunm  3  of  Table  III  is  based 
on  the  projection  of  the  sum  of  the  functions  in  the 
first  two  columns  and  is  the  equivalent  of  a  Thick 
structure  in  the  same  sense  as  the  symmetrized  ♦« 
of  Table  I.    The  value  of  0.399  is  essentially  the  same 
as  the  values  of  0.395  for  the  symmetrized  ^0  function 
on   ^Aig-a  in  Table   I.    However,   the   primitive  *o 
in  Deh  symmetry  gives  a  value  for  |(*oJ  *Aig-a)i'  of 
0.260;    the  two  corresponding  structures  in  our  D^, 
structure  give  essentially  this  average  value,  but  the 
expected  change  in  the  relative  contributions  of  these 
functions  does  actually  occur.    The  contributions  of  the 
two  covalent  structures  change,  one  upward  and  the 
other  downward,  by  roughly  25%.    The  change  is  not 
startling,  but  it  is  very  significant.    By  contrast  to 
the  change  in  the  two  Kekul6  functions,  the  triply 
ionic  contribution,  *3,  does  not  change  dramatically 
when  the  Ce  ring  is  distorted  to  D,h  symmetry.    This 
lack  of  change  is  particularly  evident  in  the  ^B^  ex- 
cited state,  where  triply  ionic  character  is  forbidden  in 
sixfold   symmetry  but   allowed   in   D,h.    The  actual 
amount  of  triply  ionic  character  in  *Btu-a,  in  the  D,i, 
form,  is  only  0.01  %,  so  that  the  distortion  is  a  very 
small   perturbation   so   far   as   "triple-ionization"  is 
concerned. 

We  shall  close  with  a  remark  about  a  limitation  of  a 
method  such  as  the  one  used  here.  The  concept  of  a 
valence-bond  structure  is  meaningful  only  in  terms  of  a 
specific  set  of  atomic  orbitals.  As  such,  it  can  be 
used  to  analyze  only  those  wave  functions  based  on  a 
single,  well-defined  set  of  atomic  orbitals.  The  method 
will  not  be  applicable  to  configuration  interaction 
wave  functions  based  on  configurations  each  of  which 
has  its  own  uniquely  determined  basis  set,  chosen  for 
example  to  make  each  configuration  satisfy  self-con- 
sistent field  and  orthogonality  relationships. 
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Appendix.    1.    Method  of  Compating  Projectioiis 

The  projections  were  calculated  in  this  way.  Let  ♦ 
represent  the  set  of  symmetrized  VB  spin  eigenfunc- 


Table  m.    Squares  of  Projections  of  VB  Functions  onto  Distorted*  (D|h)  Benzene.    Ground  and  First-Excited  Singlet  States 


VB 

function^ 


''Symmetrized 
(Thiele) 


O-  o 


O  D  : 


^Ai'from 


0.337 
0.155 


0.204 
0.138 


0.399 
0.438 


0.573 
0.329 


0.342 
0.386 


0.481 
0.135 


0.351 
0.206 


0.220 
0.0001 


•  Alternating  lengths  of  1.335  and  1.464  A.    ^  All  functions  taken  symmetrized  to  transform  as  Ai'  in  Dsh.    '  Determined  as  described  in 
text,     *  Based  on  orbital  parameters  found  in  fixing  ground-state  function. 
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Sets  of  Atomic  Overlap  Integrals 


»1S 


»ii 


»u 


»» 


»1S 


»ll 


5u 


micSCF) 

unenti) 

iskowitz) 


0.32155 
0.31009 
0.24850 


0.07992 
0.05796 
0.03519 


0.04625 
0.02674 
0.01571 


0.34565 


0.29346 


0.07847 


0.04525 


12  represent  the  ^'accurate"  wave  functions, 
ich  are  expressed  in  terms  of  orthonormal 
orbitals  ^.  Then  we  write  the  transforma- 
ssing  St  in  terms  of  Q's  as  a  series  of  matrix 
ations 


^    =    YDSh^CQ 


(1) 


is  the  configuration  interaction  matrix  (the 
xcept  for  the  Moskowitz  set  jy;  S"  Ms  the 
itrix  which  is  the  inverse  of  the  matrix  generat- 
igenfunctions  from  single  MO  determinants; 
natrix  transforming  single  MO  determinants 
leterminants;  and  V  is  the  matrix  transform- 
leterminants  into  properly  symmetrized  VB 
[functions.  Neither  D  nor  V  is  unitary  bc- 
;he  nonorthogonality  of  VB  functions.  The 
on  of  S~^  and  V  is  straightforward.  The 
is  the  inverse  of  a  matrix  whose  construction 
ibcd  by  Moffitt.  ^®  The  transformation  from 
MO's  ^  is  given  in  terms  of  a  unitary  matrix 
agonal  matrix  d  (eq  2).    We  consider  only  the 


<p  =  dux  =  yw 


(2) 


^hich  the  z  component  of  spin  is  zero,  so  that 
as  many  electrons  with  spin  +S/2  as  with 
ben,  the  indices  1,  2,  and  3  are  reserved  for 
eds  with  h/2  z  spin  and  indices  4,  5,  and  6  for 
lis  with  —  S/2  spin.  Then  the  matrix  element 
necting  a  determinant  based  on  MO's  ai, 
ath  a  determinant  based  on  AO's  j3i,  . . . , 
I  written  as  shown  in  eq  3. 


en. .  .0(211 

9t.  .  'fiim 


Unn  •   •   •  Ud 


*ai 


aa» 


(3) 


— .      iJ 


••on 


•«4:l    I 


••otii+i 


M 


*ai 


.d. 


OCsii 


3l 


**ai. .  .an 


denotes  the  determinant  formed  from  the  minor  of  the 
u  matrix  from  the  elements  indicated.  The  quantities 
dai  are  the  afOti  elements  of  the  diagonal  matrix  d. 

The  entire  transformation  was  set  up  for  machine 
computation.  For  a  given  state  and  molecular  geom- 
etry, the  choice  of  functions  to  use  for  the  12  set  was 
reflected  only  in  the  set  of  atomic  overlap  integrals  one 
put  into  the  input  deck.  For  reference,  the  overlaps 
are  given  in  Table  IV. 

Appendix  2.  Esttmation  of  the  Distorted  Ground-State 
Wave  Function 

In  the  Dsh  configuration  of  benzene,  the  optimum 
mixture  between  the  e"  and  g'\  orbitals  is  found  by 
first  orthogonalizing  the  pair  of  mixed  orbitals  and  then 
minimizing  the  energy  of  the  mixed  pair.  For  example 
in  the  Dsh  representation  e",  the  Cig  function,  0  — 
Ci(ti  +  ti  —  T4  —  xj),  becomes  nonorthogonal  to  the 
function  <f>t  =*  Ci(ti  +  tj  —  2ts  +  T4  +  irs  —  2ir$); 
their  overlap  integral  Su  is  proportional  to  the  differ- 
ence between  the  overlap  integrals  (xi  |  xi)  and  (xs  |  xs). 
The  secular  equation  was  set  up  in  terms  of  0i  and  the 
function,  [0s  —  (0i|0s)0i],  Schmidt-orthogonalized  to 
01.    The  elements  of  the  secular  determinant  are 


where 


Hn 

H^' 

=  Hu  —  SutHu 

Hn' 

^  Hn  ""  2SiiHis 

+  Su^fl^u 

Hn 

=  di^UiiUi/ii^ 

A« 

=  (xi 

dC 

^s) 

Hn 

=  didtUiiUijhij 

Hn 

=  dt^u^fiitjhii 

offitt,  Proe,  Roy.  Sac,  (London),  A218,  486  (1953). 


using  the  Einstein  summation  convention.  Elements 
hij  were  taken  as  ha  =  11.54  ev  »  the  valence-state 
ionization  potential,^'  and  hf^  as  resonance  integrals 
obtained  by  numerical  integration  of  a  Goeppert- 
Mayer-Sklar  core  potential  for  the  different  bond 
lengths  involved.  * ' 

(11)  R.  Pariser  and  R.  G.  Parr,  /.  Chem,  Phys.,  21,  767  (1953);  R.  S. 
Mulliken,  ibid..  2,  782(1934). 

(12)  S.  I.  Choi,  J.  Jortner,  S.  A.  Rice,  and  R.  Silbey,  ibid.,  41,  3294 
(1964). 
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Details  of  the  Steric  Interaction  in  Mono-orf /ro-substituted 
Nitrobenzene  Anion  Radicals^' 

Ted  M.  McKinney  and  David  H.  Geske^'' 

Contribution  from  the  Department  of  Chemistry^  Cornell  University, 
Ithaca,  New  York.    Received  August  25, 1966 


Abstract:  Previously  reported  electron  spin  resonance  studies  of  substituted  nitrobenzene  anion  radicals  have 
provided  substantial  stmctural  information.  The  present  esr  study  of  nitrobenzene  anion  radicals  with  o-alkyl  sub- 
stituents  permits  structural  assertions  based  on  both  nitrogen  and  /3-proton  isotropic  coupling  constants.  As  an 
ancillary  matter  coupling  constants  (including  thermal  coefficients)  for  nitrobenzene  anion  radicals  with  p-alkyl 
substituents  are  presented.  Data  for  4-  and  5-nitroindan  anion  radicals,  where  the  methylene  protons  are  essen- 
tially fixed  with  respect  to  the  benzene  ring,  serve  to  substantiate  the  angular  dependence  of  the  jS-proton  coupling 
constants. 


The  study  of  organic  free  radicals  by  esr  has  pro- 
vided substantial  structural  and  conformational 
insights.'  One  such  example  is  the  work  on  steric 
hindrance  in  nitroaromatic  anion  radicals.  In  par- 
ticular, the  effect  of  mono-  and  di-ortho  substituents 
with  threefold  symmetry  [Y  =  -CHa,  -CiCHsh]  has 
already  been  reported.*"* 


The  examination  of  nitrobenzene  anion  radicals 
with  unsymmetrical  mono-ortho  substituents  [Y  = 
-CH2CH3,  -CH(CH3)2]  is  reported  here.  This  study 
is  directed  to  the  question  of  the  detailed  orientation 
of  the  substituent  group  and  of  the  nitro  group  with 
respect  to  the  benzene  ring.  For  the  purposes  of  com- 
parison, the  para  derivatives  were  also  examined. 
Since  coupling  constants  for  the  methylene  and  methine 
protons  of  the  substituent  group  are  the  basis  for  con- 
formational assertions,  it  was  of  interest  to  examine  the 
temperature  dependence  of  these  coupling  constants. 
The  examination  of  two  nitroindan  anion  radicals  was 
relevant  because  the  methylene  hydrogens  are  essentially 
fixed  with  respect  to  the  benzene  ring. 

Experimental  Section 

2-  and  4-ethylmtrobenzenes,  as  obtained  from  Aldrich  Chemical 
Company,  Inc.,  were  purified  by  preparative  vapor  phase  chroma- 
tography, using  a  10-ft  column  of  20%  Carbowax  on  Chromosorb 
P.  Refractive  indices  measured  at  20°  were  1.5353  and  1.5451 
for  the  ortko  and  para  isomers,  respeaively.  The  reported  values 
are  1.5352  and  1.5459,  respectively.* 

4-Isopropylnitrobenzene  was  prepared  by  nitration  of  cumene 
(Phillips  Petroleum  **Pure  Grade**)  according  to  the  procedure  of 
Nelson  and  Brown.^    The  product  boiled  at  92°  at  a  pressure  of 


(1)  (a)  Abstracted  in  part  from  the  Ph.D.  thesis  of  T.  M.  McKinney, 
Cornell  University,  1965;  (b)  Alfred  P.  Sloan  Research  Fellow. 

(2)  This  subject  has  been  reviewed  by  D.  H.  Geske,  Progr  Phys,  Org. 
CAtfm.,4. 125  (1967). 

(3)  D.  H.  Geske  and  J.  L.  Ragle,  /.  Am.  Chem.  Soc.,  83,  3532  (1961). 

(4)  P.  H.  Rieger  and  G.  K.  Fraenkel,  /.  Chem.  Phys.,  39,  609  (1963). 

(5)  D.  H.  Geske,  J.  L.  Ragle,  M .  A.  Bambenek,  and  A.  L.  Balch,  /. 
Am.  Chem.  Soc.,  86,  987  (1964). 

(6)  H.  C.  Brown  and  W.  H.  Bonner,  ibid.,  76,  605  (1954). 
(7J  K.  L.  NdsoD  and  H.  C.  Brown,  ibid.,  73,  5605  (1951). 


approximately  10  mm  and  had  a  refractive  index  of  1.5369  at  20'' 
which  was  identical  with  the  literature  value.*  The  2-isopropyl- 
nitrobenzene  was  a  gift  of  Professor  B.  M.  Wepster,  Ddft,  The 
Netherlands. 

Nitration  of  indan  (Aldrich)  using  the  procedure  described  by 
Newton"  yielded  4-  and  5-nitroindan.  The  isomers  were  separated 
by  preparative  vapor  phase  chromatography,  using  the  same 
conditions  employed  for  the  2-  and  4-ethylnitrobenzenes.  The 
melting  point  of  4-nitroindan  was  42.5 ""  and  that  of  5-nitroiodaii 
wat  40°.  The  literature  values  are  44-44.5°  and  40-40.5°,  respec- 
tively.*^ 

Acetonitrile  and  dimethylformamide  were  purified  by  previously 
described  procedures.*  Tetrapropylammonium  perchlorate  for 
use  as  supporting  electrolyte  was  recrystallized  three  times  from 
water. 

The  anion  radicals  were  generated  electrochemically  using  the 
intra  muros  technique.*  Variable-temperature  measurements  were 
made  using  the  Varian  V-4557  variable-temperature  accessory. 
Esr  signals  were  normally  recorded  as  the  first  derivative  of  the 
absorption.  This  mode  of  presentation  usually  gave  suflfictent 
resolution  for  complete  assignment  of  the  spectrum.  However, 
in  some  instances  the  proton  hyperfine  interactions  were  of  such 
small  magnitude  compared  to  the  line  width  that  accurate  measure- 
ments were  impossible.  Display  of  the  second  derivative  greatly 
facilitated  measurements  of  small  splittings  and  of  lines  with  over- 
lapping components. 

Reported  coupling  constants  are  averages  of  at  least  three  indi- 
vidual measurements.  For  completeness,  the  parameters  used  io 
computed  spectra  are  included  in  the  appropriate  figure  captioos. 
All  computed  spectra  were  simulated  with  a  Lorentzian  line  shape. 
Details  of  electrochemical'*  and  electron  spin  resonance  measive- 
ments'i  have  been  described  previously. 

Results 

In  order  to  provide  a  basis  for  direct  comparison  of 
coupling  constants  with  data  secured  in  die  earlier 
study,*  acetonitrile  (AN)  was  used  as  the  solvent  in  this 
work  also.  Spectra  were  also  obtained  in  dimethyl- 
formamide (DMF).  In  general,  these  spectra  were 
more  highly  resolved  and  the  lines  were  narrower  than 
those  obtained  in  AN.  Assignment  of  the  spectrum 
in  DMF  was  often  more  straightforward  and  facilitated 
assignment  of  the  spectrum  obtained  in  AN.  The 
nitrogen  coupling  constant  for  a  particular  anion  radical 
is  somewhat  larger  in  AN  than  in  DMF,"  and  there 
is  a  corresponding  decrease  in  spin  density  at  the  para 
ring  position.  This  reorganization  of  spin  density  dis- 
cs) (a)  A.  Newton,  ibid.,  65, 2434  (1943);  (b)  J.  Lindner  and  J.  Bnihin. 
Ber.,  60B,  435  (1927). 

(9)  D.  H.  Geske  and  A.  H.  Maki.  ibid.,  82,  2671  (1960). 

(10)  K.  Kuwata  and  D.  H.  Geske,  ibid.,  86,  2101  (1964). 

(11)  T.  M.  McKinney  and  D.  H.  Geske,  /.  Chem,  Phys.,  44,2277 
(1966). 

(12)  J.  Gendell,  J.  H.  Freed,  and  G.  K.  Fraenkel.  Ibid.,  37,2832(1962)^ 
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Low-field  one-half  of  csr  spectrum  obtained  by  reduc- 
M  solution  of  2-cthy  I  nitrobenzene  in  DMF.  (b)Spec- 
kI  using  the  values  (in  gauss)  3.92  (1  proton),  1.123 
.97j  (1  proton),  3.34  (1  proton),  1.803  (2  protons), 
(en),  a  line  width  of  1.06,  and  O.OOS-gauss  iDcrements. 


Figure  2.  (a)  Low-field  one-half  of  csr  spectrum  obtained  by  reduc- 
tion  of  0.11  toM  solution  of  2-isopr(9ylnitrobeazene  in  AN.  (b) 
Spectrum  computed  by  using  the  values  (in  gauss)  3.365  (1  proton), 
3.173  (1  proton),  1.125  (3  protons),  11.46  (1  nitrogen),  a  line  width 
of  0.3,  and  0.005-gauss  incremeots. 


ipon  changing  the  solveat  medium  was  a 
inct  in  the  assignment  of  proton  coupling 
3  particular  molecular  positions, 
aphic  and  esr  data  for  the  compounds  ex- 
diis  study  are  given  in  Table  I  along  with 
ita  for  related  compounds  studied  earlier. 
Te  all  close  to  2.0  but  they  were  not  explicitly 
All  of  the  compounds  in  Table  I  meet  the 
;ondition  for  reversible,  one-electron  reduc- 
,  namely,  £•/,  -  E,/,  «  -56  mv.  The  dif- 
rent  constants  also  indicate  the  transfer  of 
o. 

;e  nitrogen  coupling  is  the  dominant  feature 
Jie  esr  spectra  reported  here.  The  proton 
:onstants  were  assigned  by  analogy  to  the 
il  assignment  of  the  m-monodeuterionitro- 
nion,'  but  in  certain  instances  there  is  un- 
8  to  which  nucleus  is  responsible  for  a  given 
»>nstant.  Hence,  the  assignments  are  dis- 
fly  below. 

Jbvbauene.  The  spectrum  of  the  4-ethyN 
ne  anion  radical  in  DMF  had  a  line  width  of 
and  was  readily  assigned  using  the  coupling 
shown  in  Table  I.  By  analogy  to  the  nitro- 
lion  radical,  the  smallest  splitting  constant  was 
to  Vatmela  protons.  The  3.37-gau8s  splitting 
equivalent  nuclei  with  a  spin  of  '/i  was  com- 
the  coupling  constants  for  the  ortho  protons 
robenzene  and  p-nitrotoluene  radicals'  and 
'ore  assigned  to  the  ortho  protons.  This  is 
ted  by  the  observation  of  the  same  value  in 
'Initrobenzene  anion  where  there  is  no  pos- 
iguity  in  assignment  of  ortho  and  para  cou- 
itants  since  the  latter  gives  rise  to  a  doublet 
The  remaining  2.96-gauss  triplet  was  assigned 
hylene  protons  of  the  ethyl  group.  The  data 
show  that  the  protons  of  the  para  substituent 
ithylnitrobcnzene  radical  do  indeed  have  a 
pling  constant  in  DMF  than  in  AN,  and  this 
sility  to  the  assignment  of  coupling  constants 
ar  positions.  The  coupling  constants  for  this 
ical  in  ethanol"  and  aqueous  acetone'*  are 
able  I  for  comparison. 


2-Ethyliiltrobeiizene.  Figure  1  shows  the  low-field 
half  of  the  spectrum  of  the  2-ethyliiitrobenzene  anion 
radical  in  DMF  together  with  a  computed  spectrum. 
This  is  a  relatively  comphcatcd  spectrum  since  the  ring 
protons  are  not  strictly  equivalent  in  pairs.  The  close 
similarity  of  the  experimental  and  computed  spectra  is 
substantial  evidence  for  the  validity  of  the  assignment. 
By  analogy  to  the  nitrobenzene  spectrum,  the  two 
smallest  coupling  constants  were  assigned  to  the  posi- 
tions meta  to  the  nitro  group.  The  proton  coupling 
constants  for  the  3  and  S  positions  were  slightly  differ- 
ent. There  is  no  basis  for  distinguishing  which  position 
is  associated  with  the  larger  constant,  a  fact  indicated 
in  Table  1  by  bracketing  the  constants. 

The  triplet  proton  splitting  was  immediately  assign- 
able to  the  methylene  protons  of  the  ethyl  substituent 
since  they  are  the  only  two  protons  in  the  radical  which 
are  fully  equivalent.  The  remaining  two  proton  dou- 
blets were  assigned  to  positions  ortho  and  para  to  the 
nitro  group;  by  analogy  to  the  nitrobenzene  radical, 
the  larger  value  was  assigned  to  the  para  ring  proton. 
Moreover,  this  splitting  showed  the  larger  scdvent 
variation. 

4-bopropyliiitrobeiizene.  Since  the  methine  proton 
is  the  only  nucleus  in  the  isopropyl  group  which  shows  a 
resolvable  spUtting,  the  esr  spectrum  for  the  4-iso- 
propylnitrobenzene  anion  radical  bears  a  formal  re- 
semblance to  that  for  the  nitrobenzene  anion  radical. 
Accordingly,  the  smallest  coupling  constant  was  at- 
tributed to  the  meta  protons.  Assignment  of  the  1.8- 
gauss  constant  to  the  methine  proton  is  unequivocal. 
The  line  width  for  the  esr  spectrum  in  DMF  was  0.33 
gauss.  The  coupling  constants  for  this  anion  radical 
in  aqueous  acetone  are  also  given  in  Table  1. 

2-l8opropylnltrobenzene.  Figure  2  shows  the  low- 
field  hidf  of  the  experimental  spectrum  for  the  2-iso- 
propylnitrobenzene  anion  along  with  a  spectrum  com- 
puted using  the  coupling  constants  given  in  the  figure 
caption. 

The  outstanding  features  of  the  proton  hyperfine 
structure  are  the  extreme  low-field  lines  which  indi- 

(13)  p.  B.  AyicouEh,  F.  P.  SoTEcnt,  and  R.  Wilson,  J.  Chtm.  Soe., 
431 S  (1963). 

(14)  P.  L.  Kotkv  and  W.  A.  W«\(iv  Md.,  \VM>  VW^. 
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Table  L    Polarographic  and  Esr  Data  for  Nitroaromatic  Anion  Radicals 


Compound 

and 
structure 


-Exf^ 


Ei/d, 
mv 


Isotropic  coupling  constants  of  anion  radicals,  gauss 
Solvent*       |ai|'  |a,|  |a,|  |a«|  \at\  \a%\ 


Hitrobemene 

V 


36: 


i-Methylnitrobeniene 

V 


2-Mfithyliiitrobtii»ii0 

V 

4rEtIiyInitrobensai« 

V 


1.147 


1.203 


1.263 


1.199 


56 


56 


56 


58 


4.1 


4.0 


4.6 


4.-3 


A* 
D/ 
AA' 
E* 

10.32 

9.70 

13.30 

13.65 

3.39 
3.36 
3.40 
3.35 

1.09 
1.07 
0.90 
1.15 

3.97 
4.03 
3.40 
3.35 

1.09 
1.07 
0.90 
1.15 

3.39 
3.36 
3.40 
3.35 

A* 
D 

AA' 
E* 

10.70 
10.40 
14.10 
14.05 

3.39 
3.40 
3.50 
3.40 

1.11 
1.10 
1.10 
1.15 

3.98/ 
3.94/ 
3.80/ 
3.75/ 

1.11 
1.10 
1.10 
1.15 

3.39 
3.40 
3.50 
3.40 

A* 
D 

11.00 
10.19 

3.12/ 
3.24i 

1.04 
1.06 

3.91 
3.87 

1.04 
1.06 

3.12 
3.37 

A- 

D 

AA» 

E* 

10.71 
10.18 
14.15 
14.00 

3.37 
3.34 
3.45 
3.40 

1.11 
1.09 
1.15 
1.10 

2.96' 
3.01' 
3.05' 
2.80' 

1.11 
1.09 
1.15 
1.10 

3.37 
3.34 
3.45 
3.40 

0.74 
0.76 
0.80 
0.75 

2-Sthylnitrobeiiieii0 


ibr 


4-Isopropylnitrobeiiiai« 

V 


1.251 


1.194 


57 


57 


4.3 


4.3 


A 

11.03 

1.76' 

[1.00*1 

3.76 

[1.15-1 

3.29 

0.56 

D 

10.20 

1.81' 

[0.98-1 

3.92 

[1.13-1 

3.34 

0.56 

A- 

10.66 

3.36 

1.10 

1.74* 

1.10 

3.36 

0.44 

D 

10.05 

3.40 

1.07 

1.76* 

1.07 

3.40 

0.45 

AA» 

14.20 

3.40 

1.15 

1.80* 

1.15 

3.40 

0.47 

3-lMpropylnitrobeQseM 

V 


4rt  -Batylnitrobenien* 

V 


2^1  ^utylnitrobenieaa 

V 


4-Nitroindaii 

;o 


1.285        ^6        4.0        A 

D 


1.355 


54 


2.9 


A 
D 


11.47 
10.41 


1.13* 
1.13* 


1.13 
1.13 


3.66 
3.75 


1.13 
1.13 


10.49 
9.84 


4.86< 
4.93« 


1.15« 
1.09« 


3.92 
3.99 


1.15 
1.09 


3.20 
3.18 


AA» 

14.25 

3.40 

1.10 

...' 

1.10 

3.40 

E* 

14.00 

3.40 

1.10 

...' 

1.10 

3.40 

A» 

14.90 

...' 

1.10 

2.50 

1.10 

2.50 

D 

12.73 

...' 

1.10 

3.10 

1.10 

2.80 

3.38 
3.38 


0.36 
0.35 


A 

10.84 

[3.30] 

1.38t 

5.40« 

1.11 

[3.54] 

1  36 

D 

10.32 

[3.22] 

1.41« 

5.42« 

1.09 

[3.52] 

1.35 

1.56 
1.53 
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I  (FoolKoles) 

alf-wftve  potentials  are  reported  for  acetonitrile  solution  with  nspea  to  the  aqueous  taturated  calomel  electrode.  Data  are  tabulated 
ily  the  least  n^ative  half-wave  potential  for  each  conq>ound.  *  Diffusion  current  constant, /d//n''''r'''*C,  where  the  maximum  diffusion 
It  ^  is  measured  in  microamperes,  m  in  milligram  per  second,  i  is  seconds,  and  C  in  millimoles  per  liter.  '  Notation:  A,  acetoni- 
D,  dimethylformamide;  AA,  10-13^  aqueousacetone;  E,  ethanol.  '  Nitrogen  coupling  constant.  *  DatafromrefO.  ^Dalafor 
n  P.  H.  Rieger  and  G.  K.  Fraenkel,  J.  Chem.  Phyi.,  39,  609  (1963).  '  Data  for  AA  from  ref  14.  *  Data  for  E  from  ref  13.  '  Data 
A.  H.  Maki  and  D.  H.  Geske,  /.  Am.  Chem.  Soc.,  B3,  1832  (1961).  '  Coupling  constant  for  three  equivalent  nuclei  with  spin  of  '/•- 
I  from  ref  S.  '  Coupling  constant  for  two  methylene  protons  of  ethyl  group  at  this  position.  ■•  After  con^iletion  of  this  work 
tally  the  same  coupling  constants  were  reported  by  E.  G.  Janzen  and  J.  L.  Gerlock,  /.  Or^.  Chem.,  32,  820  (1967).  ■  The  ring  protons 
o  the  nitro  ^oup  are  nonequivalent,  but  there  is  no  straightforward  way  of  deiermining  which  position  has  the  larger  coupling  constant, 
ling  from  the  methine  proton  of  the  isopropyl  substitucnt  at  this  position.  '  No  flitting  resolved  from  the  i-butyl  group.  *  Cou- 
ronstants  for  methylene  protons. 


the  presence  of  quartet  splitting  with  intensity 
s  of  approximately  1:3:3:1.  Since  there  are  not 
■■  symmetrically  equivalent  protons  in  the  molecule, 
implies  that  the  coupling  constant  for  the  methine 
tn  of  the  isopropyl  group  is  accidentally  nearly  the 
!  as  that  for  the  two  ring  protons  meta  to  the  nitro 
p.  The  larger  of  the  two  remaining  doublet  split- 
is  assigned  to  the  para  ring  proton  by  analogy  to 
nitrobenzene  case.  Furthermore,  this  coupling 
tant  increases  when  the  solvent  b  changed  from 
to  DMF.  The  other  doublet  is  assigned  to  the 
proton  orlho  to  the  nitro  group. 


e3.  (a)  Low&ld  one-half  of  esr  spectrum  obtained  by  reduc- 
if  0.96  mAf  solution  of  S-nitroindan  in  DMF.  (b)  Spectrum 
Med  by  using  the  values  (in  gauss)  3.32  (1  proton),  3.22  (1 
n),  1.09  (1  proton),  5.42  (2  protons),  1.41  (2  protons),  10.34 
rogen),  a  lioe  width  of  0. 16,  and  O.OOS-gauss  increments. 


^BlltylIlit^obeIlzene.  Unresolved  hyperfine  stnic- 
from  the  nine  methyl  protons  in  the  r-butyl  group 
ributes  to  the  line  width  in  this  spectrum.  The 
nment  of  the  spectrum  of  this  radical  in  AN  as 
rtcd  earlier*  distinguished  no  difference  in  cou- 
;  constants  for  the  ortho  and  para  ring  protons, 
ing  the  present  investigation  the  spectrum  was 
lined  in  DMF.  Use  of  a  second  derivative  dis- 
revealed  two  different  doublet  splittings,  the 
T  of  which  was  assigned  to  the  para  ring  proton, 
difference  was  resolved  between  the  meta  proton 
iting  constants. 

NItrohidan.  Experimental  and  computed  spectra 
be  anion  radical  of  5-mtroindan  are  given  in  Figure 
Vssignment  of  the  larger  of  the  two  methylene  proton 
iling  constants  to  the  protons  at  the  4  position 
ibering  defined  in  Table  I)  is  based  on  the  larger 


spin  density  at  the  para  carbon  atom.  The  two  ortho 
proton  coupling  constants  are  distinguished  as  differ- 
ent; the  arbitrary  nature  of  the  assignment  between 
positions  2  and  6  is  indicated  in  Table  I  by  brackets. 

4-NltroiBdan.  The  experimental  esr  spectrum  for  the 
anion  radical  of  4-nitroindan  in  DMF  is  shown  in  Figure 
4  along  with  a  computed  spectrum.    The  quartet 


Figure4.  (a)Low-fiddone'ha]fofesrspectnimobtaiiiedlvreduc- 
tion  of  !.I  niM  solution  of  4-nitroindaja  in  DMF.  (b)  Spectrum 
computed  by  using  the  values  (in  gauss)  4.015  (1  proton),  3.38  (I 
proton),  4.93  (2  protons),  1.09  (3  protons),  9.80  (I  nitrogen),  a  line 
width  of  0. 14,  and  0.005-gBuss  increments. 


Structure  for  the  smallest  coupling  constant  was  at- 
tributed to  accidental  coincidence  of  the  coupling 
constants  for  the  meta  ring  and  methylene  protons 
(positions  3  and  5,  Table  I).  The  triplet  splitting  of  4.9 
gauss  has  been  assigned  to  the  o-methylene  protons, 
and  the  larger  of  the  two  remaining  proton  coupling 
constants  was  assigned  to  ihtpara  proton. 

Temperature  Dependence.  Data  for  the  temperature 
dependence  of  the  alkyl  proton  coupling  constants 
are  given  in  Table  II.  Equation  I  describes  the  tem- 
perature dependence  of  the  methine  proton  coupling 
constant,  a^,^,  in  the  4-isopropyInitrobenzene  anion 


«,„=  -  1.389  -f-  (1.23  X  10-»)r 


(I) 


radical  as  a  function  of  absolute  temperature,  T,  with 
a  correlation  coefficient  of  0.994. 

DiBcnssltHi 

We  wish  to  examine  the  above  data  with  the  intention 
of  extracting  those  structural  inferences  whkh.  %i« 
warranted. 
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Table  11.    Temperature  Dependence  of  Proton  Cbupling 
Constants  for  Mcyl  Substituents* 


Temp, 

Radical 

°K 

«* 

afi^ 

4-Isopropylnitrobenzene 

233 

12 

1.672  db  0.015 

263 

11 

1.712  db  0.014 

283 

20 

1.757  db  0.019 

333 

12 

1.793  db  0.020 

2-Isopropylnitroben2ene 

233 

12 

1. 120  db  0.017 

333 

16 

1.128  ±0.011 

4-Methylnitroben2ene 

233 

6 

3.965  ±0.011 

296 

6 

3.942  ±0.034 

333 

6 

3.949  ±0.069 

4-Ethylnitrobenzene 

233 

3.01 

333 

3.01 

*  Data  for  anion  radicals  in  acetonitrile  solution.  ^  Number  of 
measurements.  '  Uncertainties  designated  at  the  95%  confidence 
levels. 


Nitrogen  Coupling  Constants.  Attention  is  first  of 
all  focused  on  the  nitrogen  coupling  constants.  Pre- 
vious work'^  has  established  that  introduction  of  bulky 
substituent  groups  ortho  and  di-ortho  to  the  nitro  group 
in  nitrobenzene  anion  radicals  results  in  a  substantial 
increase  in  the  isotropic  nitrogen  coupling  constant, 
Off.  Thus  with  acetonitrile  as  solvent,  ^n  increases 
from  10.3  gauss  for  nitrobenzene  anion  radical  to  23.6 
gauss  for  one  conformational  isomer  of  the  2,3,5,6- 
tetraisopropylnitrobenzene  anion  radical.  ^^  In  quali- 
tative terms,  this  increase  in  a^  can  be  regarded  as  the 
result  of  the  transfer  of  spin  density  from  the  phenyl 
group  to  the  nitro  group  as  the  nitro  group  is  twisted  out 
of  the  plane  of  the  ring  by  ortho  substituents.  A 
rationalization  of  nitro  group  nitrogen  coupling  con- 
stants on  the  basis  of  semiempirically  calculated  ni- 
trogen and  oxygen  7r-spin  densities  has  been  developed 
by  Rieger  and  Fraenkel;*  twisting  of  the  nitro  group 
was  accommodated  in  their  molecular  orbital  calcula- 
tions by  a  decrease  of  the  carbon-nitrogen  resonance 
integral.  On  the  basis  of  examination  of  the  anisotropic 
nitrogen  coupling  constants.  Fox,  Gross,  and  Sy- 
mons^*'*'  have  suggested  that  twisting  of  the  nitro 
group  along  the  carbon-nitrogen  axis  is  accompanied 
by  pyramidal  distortion  of  the  nitro  group. 

The  nitrogen  coupling  constants  for  the  nitrobenzene 
anion  radicals  (Table  I),  where  the  2-substituent  (Y) 
is  successively  -H,  -CHa,  -CHaCHa,  -CH(CH8)i,  and 
-C(CH8)8,  are  10.3,  11.0,  10.7,  11.5,  and  14.9  gauss, 
respectively  (in  AN).  The  point  of  particular  interest 
is  that  there  is  only  a  minimal  effect  on  a^  for  Y  = 
methyl,  ethyl,  and  isopropyl;  for  the  symmetrical 
/-butyl  group  there  is  an  abrupt  increase  in  An-"  Wc 
interpret  these  data  as  evidence  that  the  2-ethyl  and 
2-isopropyl  substituents  are  oriented  for  minimum 
interaction  with  the  nitro  group.  A  simplified  view 
would  state  that,  if  the  ethyl  and  isopropyl  groups  were 
rotating  freely,  the  An  values  would  be  expected  to  be  the 
same  as  for  the  2-/-butylnitrobenzene  anion  radical. 

(15)  J.  M.  Gross  and  M.  C.  R.  Symons,  /.  Chem.  Soc.,  Sect.  A^ 
451  (1966). 

(16)  W.  M.  Fox,  J.  M.  Gross,  and  M.  C.  R.  Symons.  ibid.,  448  (1966). 

(17)  As  in  earlier  studies*  comparison  of  the  coupling  constants  for 
the  pora-substituted  anion  radicals  with  constants  for  nitrobenzene  anion 
radical  demonstrates  the  minor  extent  of  the  nonsteric  effects  of  the 
ortho  substituent  Although  we  have  not  secured  esr  data  for  the  4-r- 
butylnitrobenzene  in  AN  and  DM F,  it  is  clear  from  the  data  in  Table  I 
forethanoX  and  aqueous  acetone  that  the  inductive  effect  of  the  p-t-hntyX 

group  is  negligible. 


The  a^  of  lO.S  gauss  for  the  4-nitroindan  anion,  where 
the  methylene  protons  are  essentially  fixed  in  relation 
to  the  ring,  is  consistent  with  this  interpretation. 

Within  this  context  it  is  of  interest  to  examine  a^ 
for  several  other  or//ro-substituted  nitrobenzene  anion 
radicals.  In  the  o-nitrobiphenyl  anion  radical  where 
Qn  is  8.7  gauss  in  DMF,^^  a  compromise  of  twisting  the 
nitro  group  out  of  the  plane  of  the  ring  and  delocaliza- 
tion  of  spin  density  into  the  ortho-ring  substituent 
much  be  reached.  Essentially  the  same  conclusions 
have  been  reached  for  the  anion  radical  of  2-nitroter- 
phenyl. "  From  the  data  of  Carrington,  Hudson,  and 
Longuet-Higgins,^  it  is  clear  that  the  nitro  group  is 
hindered  in  the  hydrogen  adducts  of  the  tetrafluoro- 
and  pentafluoronitrobenzene  anion  radicals.  How- 
ever, Qii  in  the  2-fluoronitrobenzene  anion  radical^  gives 
no  evidence  of  steric  hindrance. 

Alkyl  Proton  Coupling  Constants.  Examination 
of  the  alkyl  proton  coupling  constants  in  the  orthth 
substituted  anion  radicals  for  conformational  implica- 
tions requires  a  brief  review  of  the  angular  depenaence 
of  transmission  of  spin  density  to  j3  protons  (/3  protons 
are  defined  as  those  protons  on  an  sp'  carbon  which  is 
in  turn  bonded  to  a  tf  system).  This  concern  was  initi- 
ated by  the  observation  of  methyl  proton  coupling 
constants  in  methylated  semiquinones  by  Venkataraman 
andPraenkePMn  1955. 

Bersohn^^  proposed  a  hyperconjugative  mechanism 
which  involved  the  mixing  of  the  methyl  group  pseudo-x 
orbital  with  the  tf  system  on  the  adjacent  trigonal  car- 
bon atom.  Over  the  past  10  years  an  extensive  litera- 
ture has  developed  on  the  theory  of  j8-proton  coupling 
constants.  "~^'*  In  the  main,  Bersohn's  proposal  erf 
hyperconjugation  has  been  substantiated.  The  point 
of  interest  for  derivation  of  conformational  informa- 
tion is  the  angular  dependence  of  the  j3-proton  coupling 
constants,  a^,  as  stated  in  eq  2  where  pc  '  is  the  t- 
electron  spin  density  on  the  trigonal  carbon,  C^  to 


fl/9     =  Pc''(^o  +  B  cos*  e) 


(2) 


which  the  alkyl  group  is  attached,  ^o  and  B  are  con- 
stants, and  0  is  the  angle  between  the  C'-C-H  plane 
and  the  axis  of  the  p<  orbital  on  the  trigonal  carbon 
atom.  The  value  of  ^o  has  been  variously  estimated 
as  —\.V^  and  4.33  gauss. ^'  Estimates  of  B  range 
from  40  to  53  gauss.'*"" 

(18)  Y.  Nakai,  K.  Kawamura,  K.  Ishizu,  Y.  Deguchi,  and  H.  Takaki, 
Bull  Chem.  Soc.  Japan,  39,  847  (1966). 

(19)  R.  L.  Hansen.  R.  H.  Young,  and  P.  E.  Torcn,  /.  Phys.  Chem.,  70, 
1657(1966). 

(20)  A.  Carrington,  A.  Hudson,  and  H.  C.  Longuet-Higgins,  Moi 
Phys.,  9,  377  (1965). 

(21)  B.  Venkataraman  and  G.  K.  Fraenkel,  /.  Am,  Chem.  Soc.,  77, 
2707  (1955). 

(22)  R.  Bersohn,/.  Chem.  Phys.,  24,  1066(1956). 

(23)  D.  B.  Chesnut,  ibid.,  29,  43  (1958). 

(24)  A.  D.  McLachlan,  Mol.  Phys.,  1,  233  (1958). 

(25)  P.  G.  Lykos.  /.  Chem.  Phys.,  32,  625  (1960). 

(26)  M.  C.  R.  Symons,  /.  Chem.  Soc.,  277  (1959). 

(27)  C.  Heller  and  H.  M.  McConneU,  /.  Chem.  Phys.,  32,  1535  (1960). 

(28)  K.  Morokuma  and  K.  Fukui,  Bull.  Chem.  Soc.  Japan,  36,  534 
(1963). 

(29)  P.  Nordio.  M.  V.  Pavan,  and  G.  Giacometti,  Theoret.  Chim.  Acts, 
1,  302  (1963). 

(30)  J.  P.  Colpa  and  E.  de  Boer,  Phys.  Letters,  5,  255  (1963). 

(31)  J.  P.  Colpa  and  E.  de  Boer,  Mol.  Phys.,  7,  333  (1964). 

(32)  D.  H.  Levy,  Ibid.,  10,  233  (1966). 

(33)  D.  H.  Levy  and  R.  J.  Myers,  /.  Chem.  Phys.,  43,  3063  (1965). 

(34)  J.  R.  Morton.  Chem.  Rev.,  64,  453  (1964). 

(35)  E.  W.  Stone  and  A.  H.  Maki.  /.  Chem.  Phys.,  37,  1326  (1962); 
38,  1254(1963). 

(36)  R.  W.  Fciscndcn,  /.  Chim.  Phys.,  61,  1570  (1964). 
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m  2  has  been  widely  used  in  the  rationalization 

Dectra  of  alkyl  radicals  in  irradiated   sol- 

The  first  conformational   assertions  for 

icals  in  solution  were  made  by  Stone  and 

1962.  They  interpreted  the  j8-proton  cou- 
itants^^  for  a  series  of  nitroalkane  anion  rad- 
a-ms  of  a  preferred  orientation  of  the  alkyl 
ilting  from  a  finite  barrier  to  rotation.    Since 

groups  in  the  nitroalkane  anions  are  not 
ented  Ofi^  is  actually  a  time-averaged  quantity 
n  eq  3,  where  pn'  is  the  7r-electron  spin  density 
'ogen  atom.  Evaluation  of  the  average  quan- 
0)  in  eq  3  was  done  quantum  mechanically 


ap^  =  Pn'(5o  +  ^(cos*  0)) 


(3) 


and  Maki'^  under  the  assumption  of  a  simple 
inusoidal  barrier  with  a  maximum  barrier 
Vo.  On  the  basis  of  evaluation^'  of  this 
graphic  representation  of  (cos*  0)  vs.  Vo 
nted  for  the  four  diff'erent  equilibrium  con- 
s  in  Figure  5.  For  the  2-nitropropane 
ical/^  Vo  was  estimated  as  1.1  kcal  mole~^ 
Figure  S)  as  the  equilibrium  conformation, 
itroethane  anion  radical,  ^^  Vo  was  estimated 
;al  mole"*  with  2a  (Figure  5)  as  the  equilib- 
:>rmation .  Temperature  coefficients,  da^^/dT^ 
icted;  however,  the  experimental  data  neces- 
st  these  predictions  have  never  become  avail- 
>ne  has  suggested  that  there  are  several  rea- 
the  calculated  barriers  ''should  not  be  taken 
isly."^'  In  addition  to  the  assumption  of  a 
Tier,  both  estimated  values  of  Vo  are  near  the 
T,  ~0.6  kcal  mole-*  at  298 ''K,  a  region  where 
dmate  method  of  averaging  is  least  accurate, 
lent  to  the  work  by  Stone  and  Maki,'*  a 
>f  workers'*'**-^  have  argued  for  preferred 
Q  of  alkyl  groups  in  radicals  in  solution  on  the 
1  3.  Of  particular  note  is  the  work  of  Fessen- 
» evaluated  eq  3  f or  a  series  of  radicals,  rCHs, 
is  an  alkyl  substituent.  Exact  solution  was 
)ecause  the  reduced  moment  of  inertia  was 
•ugh  to  permit  utilization  of  existing  mathe- 
bles.  The  experimental  values**  of  a^^  for  the 
adical  over  the  temperature  range  —50  to 
;re  in  reasonable  agreement  with  a  calculated 
Bissuming  a  barrier  of  295  cal  mole-*.  The 
re  dependence  for  the  propyl  radical  using  a 
a  412  cal  mole~*  was  in  excellent  agreement 

>oley  and  D.  H.  Whiffen.  Mol.  Phys.,  4.  81  (1961). 
orsfield.  J.  R.  Morton,  and  D.  H.  Whiffen,  ibid.,  4,  425 

yagawa  and  K.  Itoh,  J.  Chem.  Phys.,  36,  21S7  (1962). 
Jaseja  and  R.  S.  Anderson,  ibid.,  36,  2727  (1962). 

Piette,  P.  Ludwig,  and  R.  N.  Adams,  /.  Am.  Chem.  Soc., 
SI);  84,4212(1962). 

the  reduced  moments  of  inertia  were  too  large  for  exact 
tie  appropriate  Schrodinger  equation  by  standard  methods, 
f  limiting  solutions  were  used  by  Stone  and  Maki.** 
.  Stone,  Ph.  D.  Thesis,  Harvard  University,  1962. 
'.  Fessenden  and  R.  H.  Schuler,  J.  Chem.  Phys.,  39,  2147 

.  Dixon,  R.  O.  C.  Norman,  and  A.  L.  Buley,  J.  Chem.  Soc,, 

scher,  Z.  Naturforsch.,  19a,  866  (1964). 

>rvaja,  H.  Fischer,  and  G.  Giacometti,  Z.  Physik,  Chem. 

45,  1  (1965). 

irrington  and  P.  F.  Todd,  Mol  Phys.,  8,  299  (1964). 

ichmann,  Z.  Physik.  Chem.  (Frankfurt),  43,  198  (1964). 

'.  SevilU  and  G.  Vincow,  Abstracts,  150th  National  Meet- 

nerican  Chemical  Society,  Atlantic  Ci\y,  N.  J.,  Sept  13-17, 


TT  plant 


la^-90< 


lb.  ^-O^ 


2W-30* 
Figure  5.    Equilibrium  conformations  of  alkyl  groups. 

with  the  experimental  data.    The  equilibrium  conforma- 
tions were  lb  and  2b  (Figure  5),  respectively. 

The  9-ethyl-  and  9-isopropylxanthyl  radicals  studied 
by  Sevilla  and  Vincow^  are  distinguished  by  the  extent 
to  which  a^  values  approach  the  expected  limits  (see 
Table  III)  for  conformations  la  and  2a  (Figure  S), 


Table  m.    R  Values  for  Nitroalkane  Anion^^  and 
Alkylxanthyl".**  Radicals 


av. 

Ofi* 

Radical 

gauss 

gauss 

R« 

[CHiNOJ- 

25.8 

11.4 

[CHtCHjNOJ- 

25.5 

9.75 

0.85 

[QHiCHjNOJ- 

24.8 

9.98 

0.87 

[CH,CHNO,CH,r 

25.2 

4.60 

0.40 

[CH,CHNO,CH,CHJ- 

24.7 

3.19 

0.28 

9-Methylxanthyl 

12.18 

9-Ethybcanthyl 

6.22» 

0.51 

9-Isopropylxanthyl 

0.86» 

0.07 

«  Ratio  of  /3-proton  coupling  constant  to  methyl  proton  coupling 
constant  in  parent  radical.    ^  Value  for  1  lO''.    *  Value  for  — 10°. 


respectively.  Vo  for  the  ethylxanthyl  radial  has  been 
estimated  as  6  kcal  mole~^^^  An  even  larger  barrier 
is  indicated  for  the  isopropyl  radical. 

In  order  to  simplify  the  comparison  of  j3-proton 
coupling  constants  within  a  series  of  related  radicals 
such  as  the  nitroalkane  anions,  it  is  convenient  to 
define  the  quantity  R  in  eq  4.    a^  is  the  coupling  con- 


R    » 


fl^^ 


fl    CHt 


(4) 


stant  for  the  j3  protons  of  the  alkyl  substituent,  and 
^^cHt  ^  ^^  coupling  constant  for  the  j3  protons  of  the 
corresponding  methyl-substituted  radical.  The  methyl 
group  is  usually  regarded  as  freely  rotating,  i.e.,  Vo 
'^  0;*'  eq  5  is  valid  even  with  a  barrier  provided  that 
transitions  between  potential  minima  are  rapid.  ^' 


fl    CHi 


«■(*.  + 1) 


(5) 


With  the  definition  of  R  in  eq  4  it  is  not  necessary  to 
explicitly  evaluate  pc'  in  eq  2  or  pn'  in  eq  3  as  long  as 

(51)  M.  D.  Sevilla,  private  communication. 

(52)  The  barrier  for  the  methyl  group  in  nitcoinfttibASDL^>DBai\MC9Dkta&!- 
mated  ai  6  c«l  mole~^. 
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Figure  6.    Representation  of  conformations  of  adijacent  nitro  and 
alkyl  groups. 


they  remain  essentially  constant  within  the  series.  Fur- 
thermore, if  one  assumes  ^o  <C  By  there  is  no  need  to 
select  a  value  for  B.  Under  these  assumptions  the 
values  of  R  for  conformations  la,  lb,  2a,  and  2b  in 
Figure  5  are  0,  2,  0.5,  and  1.5,  respectively,  under 
conditions  of  infinite  barrier.  The  relation  between 
R  and  (cos^  0)  is  as  given  in  eq  6.     To  facilitate  com- 


R  =  2(cos»«) 


(6) 


parison  of  R  values  for  radicals  in  Table  I,  values  of  R 
for  the  nitroalkane  anion  radicals  ^^  and  alkyl- 
xanthyls"***  are  presented  in  Table  III. 

A  substantial  body  of  esr  data  for  rigid  radicals  is 
available '*'**'*^'^®'**  to  support  the  validity  of  eq  2. 
Nevertheless,  we  felt  that  it  was  appropriate  to  examine 
several  nitroaromatic  anion  radicals  where  the  j3  pro- 
tons are  essentially  fixed  in  relation  to  the  benzene  ring. 

The  4-  and  5-nitroindan  anion  radicals  are  in  this 
category.  The  experimental  R  values  for  the  methylene 
protons  in  the  para  position  (position  4,  Table  I)  in  the 
5-nitroindan  anion  radical  are  1.35  and  1.36.  R  for 
the  ortho  (position  2,  Table  I)  methylene  protons  of 
4-nitroindan  anion  radicals  are  1.56  and  1.53.  Since 
conformation  2b  (Figure  5)  describes  both  of  these 
methylene  groups,  the  theoretical  R  value  is  1.50. 
One  might  choose  to  argue  that  the  reduced  value  of  R 
for  the  para-position  methylene  groups,  1.36  in  4- 
nitroindan  anion  radical,  is  evidence  for  some  torsional 
motion  of  the  methylene  group,  i.e.,  axial-equatorial 
inversion.  In  the  same  context  the  closer  coincidence 
of  experimental  R  values  in  the  5-nitroindan  with  1.50 
would  be  regarded  as  evidence  for  a  more  rigid  struc- 
ture as  a  consequent  of  the  adjacent  nitro  group.    These 

(53)  W.  T.  Dixon  and  R.  O.  C  Norman,  J.  Chem,  Soc.,  4850  (1964). 
CS4J  JL  M.  Stack  and  H.  Suzuki,  /.  Am,  Chem,  Soe^  87,  3909  (1965). 


detailed  assertions  may  not  be  fully  warranted  and 
should  surely  be  viewed  with  caution.  However,  we  do 
regard  the  data  for  the  nitroindan  radicals  as  reasonable 
evidence  for  the  validity  of  eq  2.** 

Turning  now  to  consideration  of  data  for  the  p- 
alkylnitrobenzene  anion  radicals,  it  is  imp<vtant  to 
note  the  comment  of  Carrington  and  Todd^  who  sug- 
gested, on  the  basis  of  the  data  of  Ayscough,  Sargent, 
and  Wilson"  (Table  I),  that  the  preferred  orientation 
of  the  ethyl  group  in  4-ethylnitrobenzene  anion  radical 
corresponds  to  2a  (Figure  5).  Data  for  this  anion 
radical  in  four  solvent  media  are  included  in  TaUe  I. 
The  R  values  (extreme  right  column.  Table  I)  range  from 
0.74  to  0.80.  If  one  accepts  the  Stone-M aki  model," 
the  corresponding  range  of  Ko  is  0.9  to  0.55  kcal  mote"* 
with  2a  (Figure  5)  as  the  equilibrium  conformation." 

R  values  calculated  for  the  p-isopropylnitrobenzene 
anion  radical  from  the  data  in  this  work  and  from  the 
data  of  Kolker  and  Waters  ^^  (Table  I)  are  0.44  and 
0.47,  respectively.  Within  the  Stone-Maki  model  this 
corresponds  to  a  barrier,  Ko,  of  1.0  kcal  mole"^  and 
la  (Figure  5)  as  the  equilibrium  conformation.  The 
observed  temperature  coeflBcient,  1.39  X  10"'  gauss 
degrS  may  be  compared  with  a  calculated  value  of  3.8 
X  10"'  gauss  deg"^  There  are  several  possible  ex- 
planations for  the  discrepancy  between  observed  and 
calculated  temperature  coefficients.  One  possibility 
is  that  the  approximate  solution'^  is  inadequate.  A 
more  likely  alternative  is  that  the  real  barrier  is  more 
complex  than  the  simple  sinusoidal  barrier  assumed  in 
the  calculation.  •*  In  fact,  there  could  even  be  a  shallow 
potential  minimum  at  d  =  0®.  We  conclude  that  it  is 
not  possible  to  specify  in  detail  the  nature  of  the  po- 
tential barrier. 

With  the  strong  indication  at  hand  that  the  p-alkyl 
substituents  undergo  anisotropic  averaging,  it  is  ap- 
propriate to  examine  data  for  the  o-alkylnitrobenzene 
anion  radicals.  It  should  be  clear  at  the  outset  that 
the  or/Ao-substituted  radicals  no  longer  possess  twofold 
symmetry;  thus,  there  is  no  reason  to  suppose  that  the 
potential  barrier  experienced  by  the  j3  protons  and  the 
nitro  group  has  twofold  symmetry. 

Observation  of  a  coupling  constant  for  three  equiva- 
lent methyl  protons  in  the  o-methylnitrobenzene  anion 
radical  provides  no  information  about  the  barrier  to 
rotation.  It  does  establish  that  transitions  between 
potential  minima  are  rapid^  (cf.  eq  5).  Janzen  and 
Gerlock"  find  line-width  effects  in  the  esr  spectrum  of 
2-trifluoromethylnitrobenzene  anion  indicating  hin- 
dered rotation  of  the  trifluoromethyl  group.  While  it 
is  possible  that  2-/-butylnitrobenzene  anion  is  similar 
in  a  dynamic  sense,  the  question  cannot  be  settled  on 
the  basis  of  the  esr  spectrum. 

We  feel  that  it  is  significant  to  note  that  R  for  the 
o-ethylnitrobenzene  anion,  0.56,  is  substantially  smaller 
than  R  for  the  para  substituent,  0.74-0.80,  which  is  in 
turn  smaller  than  R  for  the  nitroethane  anion  radical, 

(55)  E.  G.  Janzen  and  J.  L.  Gerlock,  J,  Org,  Chtm.,  12,  820  (1967X 
find  no  splittings  for  the  bridgehead  protons  in  2-nitrotriptyoeiie  anioii 
radicals.    This  observation  is  consistent  with  eq  2  since  0  «  90^. 

(56)  Figure  3  in  ref  35  was  used  for  this  estimate.  The  reduced 
moments  of  inertia  for  nitroaromatic  and  nitroaliphatic  anion  nuUals 
are  sufficiently  comparable  that  this  procedure  is  valid. 

(57)  We  assume  that  eq  3  is  applicable. 

(58)  E.  G.  Janzen  and  J.  L.  Gerlock,  Abstracts,  152nd  National 
Meeting  of  the  American  Chemical  Society,  New  York,  N.  Y.,  Sq»t 
196^  Abstract  158-V. 
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>  (Table  III).  It  should  be  recalled  that  R  for  2a 
jure  5)  at  the  limit  of  large  barrier  is  0.50.  While 
;  tempting  to  utilize  the  Stone-Maki  model  to  esti- 
:e  Ko  '^  4  kcal  mole~*  it  is  also  clear  from  the  absence 
^  symmetry  (vide  infra)  that  the  approximation  of  a 
pie  twofold  barrier  is  not  applicable;  thus  a  barrier 
not  be  evaluated  quantitatively.  The  schematic  rep- 
utation of  conformation  in  Figure  6a  is  consistent 
ti  both  alkyl  proton  and  nitrogen  coupling  constants, 
ty  comparison  with  the  range  of  R  values  for  p- 
>ropylnitrobenzene  anion,  0.44-0.47,  the  value  of 
S  for  o-isopropylnitrobenzene  anion  is  also  consid- 
Hy  reduced.  This  value  of  R  corresponds  to  Vo  = 
kcal  mole"^  for  conformation  la  (Figure  5);  since 
barrier  is  not  strictly  twofold,  this  value  can  only  be 
ifded  as  indicative.  The  schematic  representation 
^igure  6b  combines  data  for  both  nitrogen  and  pro- 
coupling  constants.  A  substantially  larger  nitrogen 
pling  constant  would  be  expected  if  the  two  isopropyl 
:hyl  groups  were  cis  to  the  nitro  group  (Figure  6c) 
icr  than  trans  (Figure  6b).  Therefore,  we  can  infer 
t  the  spatial  requirements  of  the  two  methyl  groups 
se  the  preferred  orientation  to  be  that  shown  in 
ore  6b. 

Tie  question  of  the  conformation  of  the  neutral 
ent  molecules,  the  2-alkylnitrobenzenes,  has  been 
mined  on  the  basis  of  spectrophotometric  data.^* 
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The  twist  angles  for  the  nitro  group  inferred  for  the 
various  substituents  were  2-methyl,  34**;  2-ethyl,  40**; 
2-isopropyl,  47°;  and  2-/-butyl,  65°.  The  abrupt  in- 
crease in  the  twist  angle  for  the  /-butyl  derivative  was 
ascribed  to  the  fact  that  all  the  other  groups  have  at 
least  one  j3-hydrogen  atom  which  permits  a  favorable 
orientation  such  as  Figure  6b. 

Electrochemistry.  Esr  data  provide  an  understand- 
ing of  the  sti^cture  of  the  anion  radical.  By  contrast 
standard  electrode  potentials  as  approximated  by  half- 
wave  potentials  are  dependent  on  the  free-energy 
difference  between  the  neutral  molecule  and  the  anion. 
The  change  in  half-wave  potential  attributable  to  steric 
effects,  AJS'a,*  for  the  o-alkylnitrobenzene  as  computed 
from  data  in  Table  I  are  0.06,  0.05,  0.09,  and  0.16 
v,*^  for  methyl,  ethyl,  isopropyl,  and  /-butyl,  respec- 
tively. The  abrupt  effect  of  the  /-butyl  groups  on 
A£s  parallels  the  change  of  a^  with  alkyl  substitution. 
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(59)  B.  M.  Wepster.  Progr.  Stereochem.,  2,  110(1950). 

(60)  Since  J^Vi  ^ot  4-Nbutylnitrobenzene  is  not  available,  a  value  of 
1.19  V  oj.  see  was  assumed  in  the  calculation  of  A£». 
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Abstract:  The  electronic  absorption  and  emission  spectra  of  the  charge-transfer  complex  of  1,2,4,5-tetracyano- 
benzene  with  naphthalene  were  studied  by  measuring  them  under  various  conditions,  and  by  carrying  out  a  theoretical 
study  on  the  basis  of  configuration  interaction  among  the  ground,  locally  excited,  and  charge-transfer  configura- 
tions. By  combining  the  theoretical  results  with  the  polarized  absorption  measurements  of  the  single  crystal,  it  is 
concluded  that  the  longest  wavelength  band  at  24,600  cm~^  may  be  ascribed  to  the  first  charge-transfer  transition, 
and  that  the  second  charge-transfer  band  appears  at  31,5(X)  cm~^  overlapping  with  local  excitation  bands.  The 
fluorescence  spectrum  of  the  crystal  at  liquid  N2  temperature,  which  commences  at  23,200  cm~~^  and  shows  vibra- 
tional structure,  nicely  satisfies  the  well-known  mirror  image  relation  to  the  first  charge-transfer  band.  On  the 
other  hand,  the  fluorescence  spectrum  of  the  crystal  at  room  temperature  is  structureless  and  is  shifted  to  lower 
frequencies  compared  with  that  at  liquid  N2  temperature.  The  phosphorescence  spectrum  of  the  complex  observed 
at  liquid  He  temperature  shows  well-resolved  vibrational  structure  which  is  satisfactorily  coincident  with  that  of  the 
phosphorescence  spectrum  of  naphthalene  itself.  This  means  that  the  phosphorescent  state  of  the  complex  may  be 
regarded  as  the  locally  (within  naphthalene)  excited  triplet  state. 


^e  electronic  spectra  of  charge-transfer  (abbrevi- 
ated hereafter  to  CT)  complexes  in  crystalline  state 
interesting  research  subjects  in  connection  with  the 
'  theory  developed  by  MuUiken.^  The  experimental 
dence  for  the  existence  of  the  CT  absorption  can  be 
tained  from  the  directions  of  the  transition  moments 
the  bands  determined  by  polarized  absorption  mea- 
'ements  of  single  crystals,  and  the  study  of  absorption 
1  emission  spectra  of  CT  complexes  may  give  valu- 


[)  R.S.Mumkeii./.CAim.PA^«.,  61,  20(1963). 


able  information  about  the  interaction  between  the  CT 
and  locally  excited  structures  and  about  electron-  and 
energy-transfer  phenomena  in  CT  complex  crystals. 
So  far,  however,  the  measurements  of  polarized  absorp- 
tion spectra  have  been  carried  out  with  rather  few  CT 
complex  crystals,  although  many  studies  have  been 
done  with  electronic  spectra  of  solutions. '••    The  most 

(2)  G.  Briegleb,  **Elektronen-Donator-Acceptor-Komplexe,**  Springer- 
Verlag,  Berlin.  1961. 

(3)  L.  J.  Andrews  and  R.  M.  Keefer,  **MolecuUx  Osa!L\^!»»k  >Sk 
Organic  Chemistry,"  Holdcsi-Da^»Asic.»^Mi^iwtfaaRO^CAici,^\S^* 
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Figure  1.  The  orbital  symmetries  of  the  naphthalene  and  TCNB 
molecules  and  the  differences  of  the  orbital  energies.  c(0s)  —  c(0i) 
and  c(04)  —  c(0)i  are  estimated  by  the  muIti-CT  bands.  c(0s)  — 
c(^)  is  the  difference  between  the  ionization  potential  (/p)  of  donor 
and  the  electron  afiinity  (At)  of  acceptor.  According  to  the  photo- 
ionization  experiment  (F.  I.  Vilisov,  Soviet  Phys,  Usp.  (EngL 
TVansl.),  6, 888  (1964);  Usp,  Fiz,  Nauk,  81, 669  (1963)),  /p  is  8.13  ev. 
At  was  estimated  to  be  1.60  ev  by  the  aid  of  the  CT  band  positions 
of  some  complexes  in  the  previous  paper." 


extensive  studies  on  the  polarized  absorption  and  fluo- 
rescence spectra  of  single  crystals  have  been  done  for  the 
trinitrobenzene-anthracene  complex.*"^  Hochstrasser 
and  his  co-workers  observed  the  vibrational  structure 
in  the  CT  band  at  room  and  liquid  Ns  temperatures,^ 
and  they  inferred  the  existence  of  localized  excitons 
from  experimental  results  showing  that  the  absorption 
and  fluorescence  polarization  ratios  at  300  °K  are  very 
difl'erent  from  each  other.*  Further,  they  reported 
that  the  CT  transition  intensity  in  the  crystal  is  about 
twice  that  in  solution.* 

In  a  previous  paper*  we  reported  on  the  absorption 
spectra  of  the  1,2,4,5-tetracyanobenzene  (TCNB>- 
mesitylene  complex  crystal  and  showed  that  the  ab- 
sorption band  of  the  acceptor  (TCNB)  is  changed  in  the 
complex  as  a  result  of  the  mixing  of  the  CT  structure 
with  the  TCNB  locally  excited  electronic  structure. 

The  present  paper  is  concerned  with  the  absorption, 
fluorescence,  and  phosphorescence  spectra  of  the 
TCNB-naphthalene  complex  crystal.  We  measured 
the  spectra  at  various  temperatures  and  considered  them 
theoretically  by  the  semiempirical  MO  method,  using 
the  crystal  structure  of  the  complex  recently  deter- 
mined by  Kumakura,  Iwasaki,  and  Saito.* 

Experimental  Section 

TCNB  was  prepared  by  Ishitani  and  Maruyama  of  our  laboratory 
by  the  method  described  in  the  previous  paper."  Naphthalene  was 
purified  by  repeated  recrystallizations  in  ethanol.  The  TCNB- 
naphthalene  complex  crystal  was  prepared  by  mixing  the  acceptor 
and  the  donor  in  methylene  chloride  and  by  evaporating  the  solvent 
at  room  temperature. 


(4)  S.  K.  Lower.  R.  M.  Hochstrasser,  and  C.  Reid,  Mol  Phys,,  A, 
161  (1961). 

(^  R.  M.  Hochstrasser,  S.  K.  Lower,  and  C.  Reid,  J.  Chem,  Phys,, 
41,  1073  (1964). 

(6)  R.  M.  Hochstrasser,  S.  K.  Lower,  and  C.  Reid,  /.  Mol,  Spectry., 
15.257  (1965). 

(7)  J.  Tanaka  and  K.  Yoshihara,  Bull  Chem,  Soc.  Japan,  38.  739 

(1965). 

(8)  S.  Iwata,  J.  Tanaka.  and  S.  Nagakura.  J,  Am,  Chem,  Soc,,  88, 
894(1966). 

(9)  S,  Kumakura.  F.  F.  Iwasaki,  and  Y.  Saito.  Bull.  Chem,  Soc, 
ya,pafi,inj»res3. 


The  absorption  spectra  in  solution  and  in  thin  film  were  measured 
with  a  C^ary  recording  spectrophotometer.  Model  14  M.  A  spe^ 
trophotometer  attached  with  a  microscope  and  a  Roscben-type 
polarizer^^  was  used  for  the  polarized  ultraviolet  absorptioa  mea- 
surement of  single  crystals.  The  emission  spectra  at  room  and 
liquid  Ns  temperatures  were  measured  with  a  JASCO  Model  Cr-50 
grating  monochrometer  with  a  RCA  1P28  or  EMI  9529  A  pboto- 
multiplier  tube  as  detector,  and  those  at  liquid  Ht  and  liquid  Ife 
temperatures  with  a  Fuess  prism  monochrometer,  Kodak  103a 
F  plates  being  used. 

Theoretical  Section 

In  the  previous  paper^  we  calculated  the  electronic 
structures  of  the  TCNB  complexes  with  methyl-sub- 
stituted benzenes.  Consequently  we  could  predict  some 
possible  stable  geometrical  structures  of  the  com- 
plexes.^* Furthermore,  it  was  demonstrated  that  the 
mixing  of  the  CT  configuration  with  the  acceptor  locally 
excited  configurations  plays  an  important  role  in  the 
excited  states  of  some  CT  complexes.  A  similar  theo- 
retical consideration  has  been  made  for  the  TCNB- 
naphthalene  complex  on  the  basis  of  the  structure 
determined  by  the  X-ray  crystal  analysis  technique. 

For  the  sake  of  simplicity,  only  the  highest  two 
occupied  (0i,  02  and  0i,  Bi)  and  lowest  two  vacant  mo- 
lecular orbitals  (<f>%,  <f>A  and  08»  Oa)  of  TCNB  and  naphtha- 
lene" were  considered.  The  symmetry  and  energy  of 
each  orbital  are  shown  in  Figure  1.  The  wave  func- 
tion of  the  ground  configuration  is  given  by  the  Slater- 
type  determinant 


The  lowest  CT  configurations  are 


(1) 


(2) 


The  lowest  two  locally  excited  configurations  of  TCNB 
and  of  naphthalene  are  approximately  written  as** 
for  TCNB 


*Li  =  O.7878*(0r*0,)  +  O.6159*(0,-i04) 
*M  =  -O.5O32*(0r'04)  +  O.8642*(0,-i0,) 
for  naphthalene 

*L8  =   -^{*(«r^fli)  +  ^er'eo] 


(3) 


*L4  =  Her'Ot) 


(4) 


where 


(10)  J.  Tanaka.  ibid.,  36,  833  (1963). 

(U)  Recently  Niimura,  Ohhashi,  and  Sailo  determined  the  structure 
of  the  hexamethylbenzene  (HMB)-TCNB  complex  by  the  aid  of  the  X- 
ray  crystal  analysis  technique.  ^  >  The  results  are  in  good  agreement  with 
our  expectation  on  the  stable  configuration.  The  center  of  HMB  mole- 
cule is  located  above  one  of  the  C-C  bonds  of  the  TCNB  benzene  ring. 

(12)  N.  Niimura,  Y.  Ohhashi,  and  Y.  Saito,  General  Symposium  on 
Molecular  Structure  and  Spectroscopy,  Osaka,  Japan,  Oct  1966u 

(13)  The  self-consistent  field  molecular  orbitals  of  TCNB  and  napb* 
thalene  are  determined  using  the  Pariser-Parr-Pople  approximatioai 
The  parameters  used  for  TCNB  were  described  in  the  previous  paper.* 
and  Pariser*s  parameters'^  were  used  for  naphthalene. 

(14)  R.  Pariser,  /.  Chem,  Phys.,  24,  250  (1956). 

(15)  The  wave  functions  of  the  locally  excited  configurations  were 
determined  by  the  configuration  interaction  including  the  one-electroo 
excited  configurations  which  are  composed  of  the  four  orbitals  consid- 
ered. 
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le  configuration  interaction  among  the  above  nine 
ron  configurations  was  considered.  The  energies 
le  excited  configurations  *li,  *l2»  *L3,  and  *l4  are 
1  to  be  equal  to  the  corresponding  transition  ener- 
observed  with  TCNB  and  naphthalene,  the  energy 
le  ground  configuration  *g  being  taken  to  be  the 
lard:  Eq  =  0,  £li  =  3.93,  £l2  =  4.66,  Eu  =  4.06, 
=  4.43.  The  energies  of  the  CT  configurations,  the 
configuration  being  taken  as  an  example,  can  be 
lated  as 

J  ^11 

dndr,  =  1(02)  -  A(<l>z)  -  Cu    (5) 

e  ^<f>z)  and  €(02)  are  the  orbital  energies,  and  1(07) 
A(il>z)  are  the  ionization  potential  of  the  donor  and 
electron  aflinity  of  the  acceptor,  respectively  (see 
re  1).  C23  is  the  Coulomb  repulsion  energy  bc- 
n  two  electrons  belonging  to  4>z  and  02  orbitals. 
.ct,  it  is  evaluated  with  the  aid  of  the  point-charge 
oximation.  In  the  above  expressions  for  the 
gyration  energies  the  following  two  approxima- 
;  are  adopted.  (1)  The  electrostatic  interaction 
pes  between  the  two  component  molecules  are  equal 
le  ground  and  locally  excited  configurations,  be- 
t  both  the  donor  and  acceptor  molecules  have  no 
le  moment  and  so  the  electrostatic  interaction  is 
ght  to  be  very  small.  (2)  The  overlap  integrals 
een  the  donor  and  acceptor  orbitals  are  neglected. 
;ing  the  SCF  MO  of  the  isolated  constituent  mole- 
,  we  can  write  the  off-diagonal  elements  of  the 
electron  Hamiltonian  which  represent  the  inter- 
n  of  the  ground  configuration  with  the  excited 
gurations  as^^ 

H\^0r'<f>r))  -  <*G|*(flr^0/))^o  = 

2[(i  I  -^A  4-  V(A)  +  V(D,^)\j'^  -  S,A^,+ 
-    T,Sa<k'\V(D,^)\j')  -     T,SMV(A)\i)]     (6) 

k'  *  J 

c  operators  F(A),  F(D),  and  V{Di+)  are  defined 


'(D)|^,)  = 


■(l)?^V.(l)dri  + 


d  J  r^i 

^['K(Pi(Pi\kk)  -  ((Pik\k(pi)] 

v(T>i^)Wi)  =  (^ilK(D)l^O  -  (ip,ip,\ii)  +  (^Am) 

'j<PiWk^i)    =     |^Al)^**(2)--^<(l)^((2)dridr2 

I  6,  the  terms  higher  than  second  order  with  regard 
are  neglected.  The  first  and  second  terms  of  this 
lion  contribute  mainly  to  the  value  of  the  integral, 
third  and  fourth  terms  are  thought  to  be  small 
>ared  with  the  first  and  second  terms  and  may  be 

The  matrix  dements  in  the  variation  method  including  the  over- 
jcsrals  are  X.  —  St,  As  we  take  the  energy  Eo  of  the  ground  con- 
tioo  as  standard, 

JC  -  Se  =  (JC  -  SEo)  -  SE 

"  SnE§  is  the  oflT-diagonal  dement  considered. 
J.  N.  Murrdl»/.  Am,  Chem,  Soc„  $U  5037  (1959). 
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neglected.  Nonempirical  evaluations  of  the  terms  in 
eq  6  are  so  difficult  that  we  evaluate  them  semiempir- 
ically 

{i>G\H\^0r'<f>y))  -  (*ol*(0r^0/))£o  = 

V^(-KS,y)    (60 

The  other  important  type  of  the  off-diagonal  elements 
are  those  between  the  CT  and  locally  excited  con- 
figurations (eq  7).    The  semiempirical  parameters  K 

{^0r'4>s)\H\M4>i'-''4>r))  -  mr'4>i)\^4>i'-'4>r))E,  = 

-{i'\-\^  +  K(D,+)  -I-  K(A)|i)  -  (y7l/'0  + 
(j'y\vk')  -  (j'w\vy)\  +  2s,.j(i|K(A,.+)|fc)  + 

0*71'*)  -  U'k\iy)\  ^  -K'Sw    (7) 

and  K'  in  eq  6'  and  7  are  not  exactly  the  same,  but  we 
set  both  K  c^  10.*  For  calculating  the  overlap  inte- 
grals, Roothaan*s  expanded  Hartree-Fock  atomic 
orbital  functions"  were  used. 

The  interaction  between  the  locally  excited  con- 
figurations of  different  molecules  can  be  expressed  as 

m0r'ej)\H\^<f>r'<f>jd)  -  (^er'0j)\^4>i^'''<t>r))Eo  = 

2O/I7'/')  -  (JjrO  -  5,,.^/h^A  +  V(A)  + 

V(D)\r^  -  Su^(j\^  \a  +  V(A)  +  V(D)\r^  c^ 

mm    (8) 

The  off-diagonal  term  between  two  CT  configurations 
can  be  expressed  by  the  equation  similar  to  the  above. 
This  is  the  interaction  energy  between  two  transition 
charge  densities.  For  the  interaction  between  the  two 
CT  configurations,  the  interaction  energy  was  calcu- 
lated by  the  point-charge  approximation.  On  the 
other  hand,  the  interaction  energy  between  the  two 
locally  excited  configurations  was  estimated  by  using 
the  experimental  transition  dipoles  because  the  wave 
functions  of  the  locally  excited  configurations  in  which 
only  the  four  orbitals  are  included  are  not  good  enough 
to  give  agreement  between  the  calculated  transition 
moments  and  the  observed  values.  Also,  the  transition 
charge  density  of  the  lowest  excited  state  4»ls  of  naphtha- 
lene is  zero  within  LCAO-MO  approximation. 

Results  and  Discussion 

The  Structure  of  the  Naphthalene-TCNB  Complex. 

In  a  structure  where  the  center  of  a  donor  molecule  is 
located  just  above  that  of  the  acceptor  and  the  long 
axis  of  one  molecule  is  parallel  to  that  of  the  other,  the 
lowest  CT  configuration,  *(fla"'08),  can  mix  with  the 
ground  configuration  because  the  orbitals  02  and  0s 
have  same  symmetry.  The  stabilization  energy  AS 
due  to  CT  interaction  was  evaluated  for  this  model 
and  for  two  series  of  the  geometrical  models. 

First,  we  allow  one  molecule  to  rotate  around  the 
axis  perpendicular  to  molecular  plane  fixing  the  centers 
of  the  molecules.    All  four  CT  configurations  under 

(18)  E.  Qementi,  'Tables  of  Atomic  FuxicUori&C*  ^  va^^^«Dc«&^  na 
the  paper  which  appeanm  IBM  J.  Res.  I>«T)e\op.«%«1V\%^'S\« 
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Figure  2.  The  potential  curves  calculated  for  the  ground  and  lowest 
Cr  excited  states.  When  Rx  =  0,  the  center  of  TCNB  molecule  is 
located  just  above  that  of  the  naphthalene  molecule.  When  Rx  — 
1.2  A,  there  is  the  benzene  ring  of  TCNB  just  over  one  benzene  ring 
of  naphthalene. 


consideration  stabilize  the  ground  state,  and  the  calcu- 
lated stabilization  energy  is  little  dependent  on  the  ro- 
tation angle  0;  for  example,  when  fl  =  0°,  AE  =  —0.09 
ev,  and,  when  fl  =  90°,  A£  =  -0.08  ev.  On  the  other 
hand,  in  these  structures  the  lowest  four  locally  excited 
configurations  of  the  donor  and  acceptor  and  the  four 
CT  ones  do  not  interact  at  all  because  of  the  symmetry 
of  the  orbitals. 

Next,  we  try  to  shift  one  molecule  along  the  x  direc- 
tion which  is  parallel  to  the  long  axis  of  molecules. 
The  calculated  potential  curves  for  the  ground  and 
lowest  excited  states  are  shown  in  Figure  2.  This  time 
the  stabilization  energy  changes  from  —0.09  to  —0.01 
ev  with  increasing  Rx  from  0  to  1.20  A,  where  Rx  is 
the  X  coordinate  of  the  center  of  one  molecule  when  the 
origin  is  taken  to  be  the  center  of  the  other.  When  R, 
9^  0,  the  interaction  between  the  lowest  CT  configuration 
and  the  lowest  excited  configuration  within  the  donor 
and  acceptor  occurs,  so  that  the  lowest  CT  excited 
state  is  lowered  from  3.32  to  3.17  ev  with  changing  Rg 
from  0  to  1.20  A.  A  similar  result  was  obtained  when 
one  molecule  is  shifted  along  the  short  axis  of  the  other 
molecule. 

Thus  the  theoretical  results  seem  to  show  that  the 
stable  structure  in  the  ground  state  may  be  the  structure 
in  which  the  center  of  one  molecule  is  located  just  above 
that  of  the  other. 

The  crystal  structure  of  TCNB-naphthalene  com- 
plex has  been  determined  by  Kumakura,  Iwasaki,  and 
Saito.*'*'  According  to  their  results,  the  donor  and 
acceptor  molecules  are  stacked  alternately  in  columns 
parallel  to  the  c  axis,  and  their  planes  are  nearly  per- 
pendicular to  this  axis.  Figures  3a  and  b  show  pro- 
jections of  TCNB  and  naphthalene  molecules  onto  the 
plane  perpendicular  to  the  c  axis  and  the  {110}  face  of 
the  complex  crystal,  respectively.  According  to  Figure 
3a  the  center  of  one  molecule  is  just  above  that  of  the 
other  molecule,  and  the  long  axis  of  naphthalene  mole- 
cules in  the  complex  is  at  an  angle  of  0  (0  is  about  20°) 

(19)  The  crystal  is  monoclinic  and  the  space  group  is  C2/m,  with  the 

two  complexes  in  a  unit  cell.    The  complex  crystallizes  as  needles,  with 

the  long  axis  parallel  to  c.    The  centers  of  TCNB  molecules  occupy 

(0^  0,  0)  and  (  Vt.  V«>  0)  positions  in  a  unit  cell,  while  those  of  naphthalene 

molecules  are  jiaced  in  (0,  0,  W  And  (  V«»  V«»  VO  positions. 
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Figure  3.  (a)  Projection  onto  a  plane  perpendicular  to  the  c  axis, 
(b)  Projection  onto  the  {110}  face,  in  which  the  absorptioa  mea- 
surements were  made. 


with  respect  to  the  a'  axis  which  is  parallel  to  the  long 
axis  of  TCNB  molecule. «» 

Thus  the  structure  in  crystal  is  coincident  with  our 
theoretical  expectation.  From  this  it  may  be  inferred 
that  the  stacking  of  the  molecules  in  this  crystal  may 
be  mainly  controlled  by  the  CT  force.  *^  On  the  basis 
of  the  structure  determined  by  the  X-ray  crystal  anal- 
ysis technique,  the  energy  levels  and  wave  functions  of 
the  ground  and  excited  states  of  the  complex  have  been 
calculated  by  the  method  described  in  the  Theoretical 
Section.    The  results  are  given  in  Table  I. 

The  Crystal  Absorption  Spectra.  The  visible  and 
near-ultraviolet  absorption  spectra  of  the  single  crystal 
measured  at  room  temperature  are  shown  in  Figure  4a. 
They  have  two  peaks  polarized  parallel  to  the  c  axis 
and  one  peak  polarized  perpendicular  to  it.  By  com- 
paring them  with  the  solution  spectra  of  TCNB, 
naphthalene,  and  the  TCNB-naphthalene  complex 
shown  in  Figure  4b,  it  is  concluded  that  the  first  band 
at  25,000  cm-^  in  crystal  and  in  solution  can  be  re- 
garded as  the  CT  band.    The  absorption  intensity 

(20)  The  angle  may  be  either  +9  or  —B,  This  disorder  does  oo^ 
affect  the  discussion  on  the  polarization  of  the  CT  bands,  but  the 
polarization  of  the  intramolecular  local  excitations  of  naphthakne  in  the 
(110)  face  should  be  carefully  discussed,  because  both  short  and  lonf 
axes  of  naphthalene  molecules  are  projected  onto  the  {110|  face  ft 
different  angles  between  molecules  with  an  angle  of  +9  and  —0, 

(21)  In  some  CT  complex  crystal,  the  steric  factor,  a  methyl  groupb 
plays  an  important  role  in  the  way  of  stacking.  The  TCNB-TMPD 
complex  is  a  case  in  point.**  On  the  other  hand,  in  HMB-TCNB 
complexes,  molecules  are  so  nicely  stacked  that  the  CT  force  is  stroof 
(see  ref  1 1). 

(22)  Y.  Ohhashi.  H.  Iwasaki,  and  Y.  Saito,  Bull  Chem.  Soe.  Japm,  in 
press. 
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lie  L    Wave  Functions  of  a  1 : 1  TCNB-Naphthalene  Complex* 


(a)    Wave  Functions  of  Ground  and  Lowest  Four  CT  States 

Energy, 

Wi  -  Wo,            . 

—  Coefficients 

W.,  ev 

cm"*                       *a 

*CTi 

*CTt 

*CTt 

*0T4 

Wo  -0.09 

0                        0.9886 

0.1173 

0.0421 

-0.0604 

0.0595 

Wi      3.32 

27.500                 -0.1109 

0.9908 

-0.0504 

0.0566 

-0.0174 

Wi     3.89 

32.100                 -0.0334 

0.0340 

0.9756 

0.2138 

-0.0149 

Wa     4.00 

33,000                    0.0736 

-0.0575 

-0.2091 

0.9731 

0.0265 

Wi     4.62 

38,000                 -0.0624 

0.0113 

-0.0124 

-0.0244 

0.9976 

(b)    Wave  Functions  of  TCNB  and  Naphthalene  Locally  Excited  States 

Wi  -  Wo,                

CoeflScients 

W.,cv 

cm-»                       ^1 

*L8 

*L8 

*L4 

Wi     3.93 

32,400                    0.9974 

-0.0075 

-0.060 

-fO.0381 

Ws     4.06 

33,500                 -hO.0598 

-0.0177 

0.9980 

0.0104 

Wt     4.35 

35.800                 -0.0384 

-0.4523 

-0.0150 

0.8909 

W,     4.74 

38,200                 -0.0099 

0.8917 

0.0117 

0.4525 

The  theoretical  consideration  has  been  made  with  the  complex  with  geometrical  orientation  in  crystal.    The  ground  and  lowest  four  CT 
figurations  are  little  mixed  with  the  TCNB  and  naphthalene  locally  excited  configurations  because  of  the  molecular  orbital  symmetry. 


io  (^i|/i4jL)  for  light  polarized  parallel  and  perpen- 
ular  to  the  c  axis  is  far  larger  than  25 : 1. 
According  to  the  X-ray  crystal  analysis  data,  TCNB 
1  naphthalene  molecules  are  stacked  alternately  in 
umns  parallel  to  the  c  axis,  and  the  centers  of  the 
decules  are  on  the  c  axis.  Therefore  we  can  safely 
'  that  the  direction  of  the  transition  moment  of  the 
it  band  at  25,000  cm~~^  is  nearly  parallel  to  the  line 
meeting  the  centers  of  the  two  component  molecules, 
is  fact  supports  the  interpretation  of  this  band  as  the 
it  CT  band. 

rhe  second  band  in  the  ~33,00a-29,000-cm-^ 
also  polarized  parallel  to  the  c  axis.  This  means 
It  this  band  can  be  assigned  to  a  CT  transition  as  well, 
om  the  theoretical  point  of  view,  the  appearance  of 
o  CT  bands  in  the  ~25,000-35,000-cm-i  region  is 
ite  reasonable. 

From  the  calculated  energy  levels  given  in  Table  I, 
t  transition  energies  Wi  —  Wo  can  be  evaluated  and 
ise  are  given  in  the  same  table.  The  results  sfhow 
It  five  absorption  bands  corresponding  to  the  Wo 
Wi  (i  =  1-5)  transitions  appear  in  the  ^^25,000- 
,000-cm" '  region.  From  the  wave  functions  given  in 
We  I,  it  is  revealed  that  the  Wo  -*  Wu  Wo  -*  Wt, 
d  Wo-^  Wi  transitions  are  of  CT  character,  and  the 

0  -►  Wt  and  Wo  -►  W^  transitions  of  local  excitation. 
le  first  CT  band  at  25,000  cm"^  clearly  corresponds 
the  Wo  -^  Wi  transition  and  is  due  to  the  transition 
»m  the  highest  occupied  orbital  (62)  of  naphthalene  to 
5  lowest  vacant  orbital  (^j)  of  TCNB.  There  are  two 
ssibilities  for  the  interpretation  of  the  second  CT 
nd.  One  of  them  is  the  transition  from  the  second 
^est  occupied  (0i)  orbital  of  naphthalene  to  the  low- 
;  vacant  orbital  (0j)  of  TCNB,  and  the  other  is  the 
e  from  the  highest  occupied  orbital  (02)  of  naphthalene 
the  second  lowest  vacant  orbital  (00  to  TCNB  (see 
jure  1).  The  separation  of  Ai'ct  between  the  first  and 
:ond  CT  bands  may  be  expected  to  be  5200  cm"^ 
:  the  former  case  from  the  corresponding  values  for 
;  naphthalene  complexes  containing  tetracyanoethyl- 
e  (TCNE)  and  chloranil  as  electron  acceptor.^    On 

1  other  hand,  the  Ai^ct  value  for  the  latter  case  was 
duated  by  us*  to  be  6300  cm~*  from  the  analysis  of  the 
sorption  spectra  of  various  TCNB  complexes  with 
t>stituted  benzenes.  The  tentative  Ai^ct  values  for  the 
o  cases  are  rather  close  to  each  other,  and  either  of 


them  can  explain  the  observed  position  of  the  second 
CT  band.  Therefore,  the  observed  second  CT  band 
may  be  due  to  both  the  above-mentioned  transitions. 
The  observed  absorption  intensity  ratio  of  the  first  CT 
band  to  the  second  is  about  1 :0.88,  while  the  calcu- 
lated transition  probability  ratio  of  the  first  transition 
to  the  second  plus  the  third  one  is  1 :0.68. 


23(x1tftm) 


Figure  4a.  The  absorption  spectra  of  the  single  crystal  of  the 
complex  in  the  { 110 1  face  at  room  temperature.  The  ordinate  is 
the  absorbance  in  arbitrary  units. 


There  appears  in  the  33,000-29,000-cm-^  region 
another  band  which  is  polarized  almost  perpendicular 
to  the  c  axis.  From  the  direction  of  the  transition 
moment,  this  band  may  be  regarded  as  due  to  the  intra- 
molecular local  excitations  of  the  respective  component 
molecules.  In  fact,  the  TCNB  and  naphthalene  mole- 
cules show  absorption  bands  with  vibrational  structures 
in  this  region  as  is  shown  in  Figure  4b.''  As  the  absorp- 
tion intensity  of  TCNB  local  excitation  is  larger  by 
about  10  times  than  that  of  naphthalene,  the  observed 
band  at  31,000  cm""^  perpendicular  to  the  c  axis  is 
assigned  to  the  TCNB  local  excitation.    In  the  crystal, 

(23)  The  first  absorption  band  of  the  TCNB  crystal  which  was  ob- 
served in  the  previous  paper*  is  little  perturbed  by  crystal  field,  and  its 
position  and  vibrational  structure  are  very  similar  to  those  of  the  solu- 
tion spectrum.  On  the  other  hand,  the  absorption  spectrum  of  the 
naphthalene  crystal  is  known  to  be  different  from  the  spectrum  in  solu- 
tion. In  our  case  we  should  compare  the  absorption  of  naphthalene  io^ 
the  complex  with  that  in  solution  ot  isi«o\i^tDii«i^  v:\>a9QLQ»\i« 


/H^a/a,  Tanaka,  Nagakura  /  i^,4,5-Tetracyaiiobenzene-NopKtVui\e«e  Cow^to 
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Figure  4b.    The  absorption  spectra  of  naphthalene  (....)  and 

TCNB  ( )'m  CHjClj.  The  absorption  spectrum  of  the  CHjai 

solution  containing  naphthalene  (0.065  M)  and  TCNB  (0.0009  M) 

( ),  the  absorption  intensity  of  which  is  shown  in  arbitrary 

units. 


—  thin  film  at  88*K 
"      at  2wK 


Figure  5.    The  absorption  spectra  of  the  thin  film  of  the  complex 
and  TCNB  only  on  a  quartz  plate.   The  ordinate  is  the  absorbance 

in  arbitrary  unit:  ,  complex  at  88°K; ,  complex  at 

298  °K;  .  TCNB  only  at  88  °K. 


the  vibrational  structure  is  blurred  and  the  spectrum 
becomes  broad  as  a  whole.  The  reason  for  this  is  dis- 
cussed in  a  later  part  of  the  present  paper  by  taking  into 
consideration  the  observed  absorption  spectra  at  low 
temperature. 

In  connection  with  the  interpretation  of  the  absorp- 
tion spectrum  of  the  CT  complex,  it  seems  to  be  in- 
teresting to  measure  it  at  low  temperature.  It  is  dif- 
ficult, however,  to  do  this  with  the  single  crystal  prin- 
cipally because  of  technical  difficulties.  We  prepared 
the  thin  film  of  the  TCNB  complex  with  naphthalene 
on  a  quartz  plate  and  measured  its  absorption  spectrum 
at  88°K.2<  The  results  are  shown  in  Figure  5.**  At 
88  °K  vibrational  structures  in  the  first  CT  band  appear 

(24)  We  are  indebted  to  Mr.  T.  Sakata  for  this  method  of  absorption 
measurement  at  low  temperature.  He  and  the  present  authors  have 
checked  the  reliability  of  this  method  with  various  samples.  This 
method  is  known  to  give  the  results  similar  to  those  obtained  by  refrac- 
tion method  or  by  microscopic  method  with  single  crystals. 

(25)  The  absorption  intensity  ratio  of  the  32,000-cm~^  bands  to  the 
25,00()-cm~i  band  is  about  2.1 :1  in  the  spectra  measured  with  the  thin 
film  of  the  CT  complex,  while  the  corresponding  value  for  the  single 
crystal  is  about  1.3:1.  These  results  do  not  conflict  with  each  other, 
because  in  the  single  crystal  the  CT  band  at  25,000  cm'^  was  observed  in 
the  direction  of  c  axis  under  the  most  optimal  conditions,  but  the  transi- 
tion moments  of  the  local  excitation  bands  at  32,000  cm~^  with  the 
polarization  in  the  long  axis  of  the  component  molecules  are  projected 
on  the  perpendicular  direction  to  the  c  axis  in  the  |1 10)  plane  with  an 

angle  ^(^  «  tan-^b/a')  ^55*40'. 


27 


25 


23 


21 


19xl(]^cm-' 


Figure  6.  The  absorption  and  fluorescence  spectra  of  the  complex : 
(1  and  2)  the  absorption  spectra  of  the  thin  film  on  a  quartz  plate 
at  113  and  298  °K,  respectively  (the  ordinate  is  the  absorbance  in 
arbitrary  unit);  (3  and  4)  the  fluorescence  spectra  of  the  micro- 
crystal  at  77  and  298  °K,  respectively  (the  ordinate  is  the  emission 
intensity);  (5)  the  fluorescence  spectra  of  the  thin  fikn  at  298 1C 
(see  ref  28). 


clearly  at  24,3(X),  25,6(X),  and  26,8(X)  cm'S  whUe  the 
tail  extending  to  the  longer  wavelength  region  of  the  first 
band  at  room  temperature  disappears.  This  seems  to 
mean  that  the  transition  bands  from  thermally  excited 
vibrational  states  of  the  ground  state,  the  so-called  hot 
bands,  provide  the  explanation  of  the  tail  in  the  longer 
wavelength  side  of  the  first  CT  band. 

The  absorption  bands  of  the  complex  in  the  shorter 
wavelength  region,  which  are  broad  at  room  tempera- 
ture, become  a  little  sharp  at  88  ^K  and  exhibit  three 
indistinct  peaks  at  30,600,  31,800,  and  32,700  cm"* 
(see  Figure  5).  We  also  measured  the  absorption 
spectrum  of  TCNB  itself  under  the  same  conditions. 
The  result  is  shown  in  Figure  5  for  the  purpose  of  com- 
parison. As  is  clearly  seen  in  Figure  S,  the  vibrational 
structure  of  the  latter  is  much  more  distinct  than  that 
of  the  former.  From  the  above-mentioned  facts,  it 
might  be  inferred  that  the  absorption  spectrum  of  the 
complex  at  room  temperature  becomes  broad  for  the 
following  two  reasons:  first,  because  of  the  presence  of 
hot  bands  due  to  the  shallowness  of  the  ground-state 
potential  energy  curve;  second,  because  of  the  inter- 
action of  the  locally  excited  configuration  of  TCNB 
with  some  high-energy  configurations  which  were  not 
considered  in  our  theoretical  study.** 

Fluorescence  Spectra  of  Complex  Crystal.  The 
fluorescence  spectra  of  the  complex  crystal  at  room 
and  liquid  N2  temperatures  are  shown  in  Figure  6, 
together  with  the  absorption  spectra.  The  fluorescence 
spectra  at  liquid  H2  and  liquid  He  temperatures  are  the 
same  as  at  liquid  N2  temperature.  A  good  mirror 
image  relation  between  the  fluorescence  spectrum  and 
the  CT  absorption  spectrum  is  found  at  liquid  Ni  tem- 
perature, so  that  the  fluorescent  state  is  concluded  to 
be  the  lowest  CT  state.  The  overlap  between  the 
fluorescence  and  absorption  spectra  in  the  23,200-cm"^ 
region  is  very  small.  This  suggests  that  the  geometric 
structure  of  the  fluorescent  state  may  be  different  from 
that  of  the  ground  state  of  the  complex. 

(26)  Because  of  the  relative  orientation  of  donor  and  acceptor  mole- 
cules in  crystal  and  the  symmetry  of  the  excited  states,  both  local  excita- 
tions considered  are  little  mixed  with  the  lowest  four  CT  configurations, 
and  the  interactions  between  the  donor  and  acceptor  local  exdtatioos 
may  be  small  in  view  of  the  low  transition  intensities. 
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e  case  of  the  naphthalene-TCNB  complex  crys- 
Franck-Condon  principle  leads  to  the  conclu- 
at  the  absorption  intensity  of  the  CT  transition 
when  both  the  ground  state  and  the  CT  excited 
e  coupled  with  neither  intramolecular  nor  inter- 
lar  vibrations.  Therefore  the  excited  state 
onding  to  the  longest  wavelength  absorption 
t  24,300  cm"^  seems  to  be  coupled  with  some 
)lecular  vibrations.    The  similar  consideration 

0  be  applied  to  the  fluorescence. 

oom  temperature  the   mirror  image  relation 

1  the  absorption  spectrum  and  the  fluorescence 
m  of  the  microcrystal  is  not  satisfied.  One  of 
sons  for  this  may  be  the  reabsorption  corre- 
ig  to  the  long  tail  which  was  interpreted  as  the 
nd.  Another  reason  is  that  the  fluorescence 
1  temperature  may  be  a  type  of  "excimer  emis- 
s  in  the  perylene  P  crystal."  The  formation  of 
cited  complex"  might  be  possible  at  room  tem- 
e.  The  excited  molecule  is  displaced  over 
sr  to  the  more  stable  structure,  which  may  be 
sd  by  the  interactions  between  the  CT  and  lo- 
cited  electronic  configurations.**'" 
phorescence  Spectra  of  the  CT  Complex  in  a 
.    A  phosphorescence  was  observed   with  the 

of  the  naphthalene-TCNB  complex  at  low 
iture.  Figure  7  shows  the  phosphorescence 
at  liquid  N2  and  liquid  He  temperatures,  which 
y  different  from  each  other.  The  spectra  at 
^e  temperature  show  the  line  structure  with  the 
background  in  the  low-frequency  region.  The 
icies  of  the  line  spectra  are  given  in  Table  II 
r  with  those  of  the  phosphorescence  spectrum 
hthalene  in  the  heptane  and  pentane  matrix. 
ove  two  spectra  correspond  well  to  each  other 
M)  band  position  and  in  vibrational  structure. 
>re  it  is  concluded  that  the  phosphorescent  state 
;:rystal  is  the  naphthalene  locally  excited  triplet 
Extra  fine  structure,  thought  to  be  due  to  the 
vibrations,  was  observed  for  the  crystal  of  the 
x.  The  observation  of  lattice  vibrations  in  the 
orescence  spectra  may  suggest  that  the  emitting 

Tanaka,  Bull.  Chem.  Soc.  Japan,  36,  1237  (1963). 
Dr  the  sake  of  the  elimination  of  the  reabsorption,  the  emis- 
le  thin  layer  of  powder  was  observed.  But  at  room  tempera- 
mission  of  powder,  which  is  made  by  crushing  the  crystal  using 
mortar,  appears  in  longer  wavelengths  than  that  of  the  micro- 
I  is  shown  in  Figure  6.  At  liquid  Na  temperature,  however, 
ion  of  this  powder  is  in  agreement  with  that  of  the  microcrystal. 
isual  phenomenon  of  powder  emission  cannot  be  simply  ex- 
though  perhaps  it  may  be  related  to  the  energy  transfer  to  the 
raps.  We  could  not  obtain  at  room  temperature  the  fluores- 
9ctra  of  crystal  in  which  the  reabsorption  effects  were  com- 
iminated. 

I  solution  we  found  the  "exdmer**  type  of  fluorescence  for  some 
5S.  In  TCNB-beniene,  -toluene,  and  -mesitylene  the  fluo- 
spectra  at  room  temperature  appear  in  the  very  long  wavelength 
ut  at  liquid  Ns  temperature  they  have  the  mirror  image  relation 
absorption  spectra.  We  will  discuss  the  phenomena  in  more 
a  future  publication. 
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Figure  7.  The  phosphorescence  spectra  of  the  complex  in  crystalline 

state  at  4.2 '^K  ( )  and  77°K  ( ).    The  ordinate  is  the 

plate  blackness. 


naphthalene  is  combined  with  the  acceptor  TCNB 
in  the  ground  state  and  is  not  the  extra  naphthalene 
in  crystal. 


Table  n.    Maximum  Wavelengths  (cm~0  of  the 
Phosphorescence  Spectra 


Complex 

Naphthalene 

Naphthalene 

crystal 

in  pentane* 

in  heptane* 

(liquid  He) 

(liquid  Nt) 

(liquid  NO 

21,340  s       0 

21,268  s       0 

21,277  vs      0 

21,320  w     20 

21,270  w     70 

21,230  w    110 

20,820  m   520 

20,756  w    512 

20,767  m   510 

20,506 vw  762 

20,517vw  760 

20,320  w  1020 

20,250  w  1018 

20,259  w  1018 

20,160  w  1180 

20,119  w  1158 

19,960  m  1380 

19,888  s  1380 

19,896  s  1381 

19,760  m  1580 

19,688  s  1580 

19,700  s  1577 

19,450  w  1690 

19,376  m  1892 

19,386  m  1891 

19,240  w  2100 

19,175  m  2093 

19,183  m  2(^4 

•  V.  I.  Mikhailenko,  et  al..  Opt,  Spectry.  (USSR),  20,  29  (1966). 


The  spectra  at  liquid  N2  and  H2  temperatures  are  com- 
posed of  broad  bands,  which  appear  in  the  same 
wavelength  regions  as  those  at  liquid  He  temperature. 
Therefore  the  phosphorescence  state  at  liquid  N2  and 
H2  temperatures  may  also  be  related  to  the  naphthalene 
triplet  state,  which  is  perturbed  by  the  CT  interaction. 
It  is  a  problem  why  the  complex  crystal  can  emit  the 
long-lived  phosphorescence  and  why  the  temperature 
dependence  of  phosphorescence  occurs.  The  most 
probable  reason  is  that  the  emitting  complexes  are  a 
type  of  traps  in  crystal. 
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Conformational  Changes  Involved  in  the  Singlet-Triplet 
Transitions  of  BiphenyP 
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East  Lansing,  Michigan.    Received  November  4, 1966 


Abstract:  The  lowest  energy  band  in  the  T*  ««-  S  absorption  spectrum  of  biphenyl  in  benzene  solution  appears  at 
75.5  kcal.  Naphthalene  and  conjugated  dienes  are  2.5  times  more  effective  than  biphenyl  at  quenching  triplet 
butyrophenone  and  at  least  20  times  more  effective  than  biphenyl  at  quenching  triplet  benzophenone.  The  actual 
quenching  efficiency  of  biphenyl  decreases  with  increasing  benzophenone  concentration  because  of  reversible  energy 
transfer.  From  these  absorption  and  quenching  data,  plus  phosphorescence  data  in  the  literature,  it  is  concluded 
that  neither  the  highest  energy  band  in  the  phosphorescence  spectrum  at  65.5  kcal  nor  the  lowest  energy  band  in  the 
solution  T*  -*-  S  absorption  spectrum  at  75.5  kcal  represents  the  true  T*  <-♦  S  0-0  transition  of  biphenyl,  which 
occurs  around  69.5  kcal  and  is  a  nonspectroscopic  transition  between  a  twisted  ground  state  and  a  triplet  state  of 
grossly  different  geometry.    Evidence  that  triplet  biphenyl  prefers  to  be  planar  is  presented  and  discu^ed. 


In  recent  measurements  of  the  phosphorescence  spec- 
trum of  biphenyl  in  frozen  glasses,  the  highest  energy 
band  has  been  located  at  6S.S  kcal  and  assigned  as  the 
T*  -^  S  0-0  transition.  *  If  the  actual  energy  difference 
between  the  lowest  vibrational  levels  of  the  ground 
and  first  triplet  states  were  65. S  kcal,  biphenyl  ought  to 
quench  higher  energy  (>68  kcal)  ketone  triplets  at  close 
to  the  diffusion-controlled  rate  in  solution.*"*  Since 
biphenyl  absorbs  only  negligibly  at  3130  A  and  is  not 
known  to  undergo  any  photochemical  changes,  it 
seemed  that  it  might  be  a  choice  quencher  for  use  in 
studies  of  the  triplet-state  photochemistry  of  ketones. 
The  work  to  be  described  grew  out  of  a  test  of  this 
assumption. 

Results 

Quenching  of  Butyrophenone  Photoelimination.  Bi- 
phenyl and  several  other  aromatic  and  olefinic  com- 
pounds with  low-lying  triplet  states  were  used  to  quench 
type-II  photoelimination  of  butyrophenone,  whereby 
the  excited  molecule  splits  into  ethylene  and  acetophe- 
none.  This  reaction  has  been  shown  to  proceed  ex- 
clusively from  the  triplet  state  of  the  ketone.  ••^  Pyrex 
tubes  containing  benzene  solutions  0.20  Af  in  ketone, 
0.005  M  in  /i-tetradecane  as  internal  standard,  and 
containing  various  concentrations  of  the  different 
quenchers  were  degassed,  sealed  in  vacuo,  and  irradiated 
in  parallel  such  that  each  sample  absorbed  the  same 
intensity  of  3130-  or  3660- A  radiation.  The  amount  of 
acetophenone  formed  in  each  tube  was  then  determined 
by  glpc  analysis.  The  highest  conversion,  in  samples 
with  no  quencher,  was  6  %.  Stern-Volmer  plots,  such 
as  exemplified  in  Figure  1 ,  were  linear  for  each  quencher, 

(1)  Triplet  Energy  Transfer.  I.  Presented  in  part  at  the  153rd 
National  Meeting  of  the  American  Chemical  Society,  Nfiami,  Fla., 
April  1967. 

(2)  (a)  E.  Clar  and  M.  Zander.  Chem,  Ber.,  89,  749  (1956);  (b)  Y. 
Kanda,  R.  Shimeda,  and  Y.  Sakai,  Spectrochim,  Acta^  17,  1  (1961);  (c) 
V.  Trusov  and  P.  Teplyakov,  Opt.  i  Spektraskopiya,  16,  52  (1964); 
Opt.  Spectry.  (USSR),  16,  27  (1964). 

(3)  K.  Sandros  and  H.  J.  L.  Bdckstrdm,  Acta  Chem,  Scand.,  16,  956 
(1962). 

(4)  G.  Porter  and  F.  Wilkinson,  Proc,  Roy,  Soc,  (London),  A264, 
1(1961). 

(5)  W.  G.  Herkstroeter  and  G.  S.  Hammond,  /.  Am.  Chem,  Soc.,  88, 
4769(1966). 

(6)  P.  J.  Wagner  and  G.  S.  Hammond,  ibid.,  88,  1245  (1966). 

{7^  R  J.  Baum,  J.  K.  S.  Wan,  and  J.  N.  Pitts,  Jr.,  ibid,,  88,  2652  (1966). 


their  slopes  yielding  the  k^r  values  listed  in  Table  1. 
Since  the  lifetime  of  triplet  butyrophenone,  r,  is  the 
same  regardless  of  quencher,  it  is  apparent  that  biphenyl 
is  less  efficient  a  quencher  by  a  factor  of  0.40  than  are 
the  other  compounds  studied,  all  of  which  are  commonly 
assumed  to  be  "diffusion-controlled''  quenchers.  The 
fact  that  the  quenching  efficiency  of  naphthalene  ap- 
peared slightly  higher  than  that  of  the  others  probably 
is  not  significant,  since  acetophenone  and  naphthalene 
were  not  completely  separated  under  the  analytical 
conditions  employed,  and  a  small  systematic  error  may 
readily  have  been  introduced. 


Table  I.    Efficiencies  of  Various  Compounds  at  Quenching 
Photoelimination  of  Butyrophenone 


Wavelength, 

ArqT, 

Compound 

Et» 

A 

M-» 

1,3-Pentadiene 

59* 

3130 

670 

2,5-Dimethyl- 

--58» 

3130 

640 

2,4-hexadiene 

Biphenyl 

'^-^  5" 

3130 

275 

Biphenyl 

3660 

276 

Naphthalene 

60.9- 

3660 

750 

transSXiXbcDR 

'-'50' 

3660 

654 

c£f-Stilbene 

58- 

3660 

665 

«  Triplet  excitation  energy,  in  kcal.    *  Reference  11.    «  Estimated 
in  this  work.    *  Reference  12.    '  Reference  13. 


Quenching  of  Propiophenone  Photorednction.  Iso- 
propyl  alcohol  solutions  0.10  M  in  propiophenone  and 
containing  various  concentrations  ((H).012  M)  of  naph- 
thalene or  biphenyl  were  degassed  and  irradiated  in 
parallel  in  sealed  Exax  tubes  at  3660  A.  The  dis- 
appearance of  propiophenone  was  monitored  by  ultra- 
violet analysis.  Again  Stern-Volmer  plots  were  linear 
and  yielded  slopes  equal  to  204  and  136  M"^  for  naph- 
thalene and  biphenyl,  respectively.  Cohen  has  re- 
ported a  fcqT  value  of  ^--^  170  M~^  for  the  acetophenone- 
isopropyl  alcohol-naphthalene  system.* 

Quenching  of  Benzophenone  Photoredoction.  Bi- 
phenyl and  several  other  compounds  were  employed  to 
quench  the  photorednction  of  benzophenone  by  benz- 

(8)  S.  G.  Cohen,  D.  A.  Laufer,  and  W.  V.  Sherman,  ibid..  86.  3060 
(1964). 
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•c  1.  Stem-Volmer  plots  for  quenching  of  butyrophenone 
)elunination:  o,  c£f-stilbene;  Q,  2,5-dimethyl-2,4-hexadiene; 
;>henyl. 
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Figure  2.  Stem-Volmer  plots  for  quenching  of  the  photoreduction 
of  0.05  M  benzophenone:  O,  naphthalene  or  2,5-diniethyl-2,4- 
hexadiene;  Q,  triphenylene;  •,  fluorene;  lowest  line,  biphenyl. 


'ol  in  benzene  solution.*' ^^  Degassed,  sealed  Exax 
s  containing  O.OSO  M  benzophenone,  0.20  M 
ihydrol,  and  various  concentrations  of  the  quencher 
\  irradiated  in  parallel  at  3660  A.  Relative  quan- 
yields  for  disappearance  of  benzophenone  were 
sured  by  ultraviolet  analysis.  Stem-Volmer  plots, 
I  as  exemplified  in  Figure  2,  were  linear  with  the 
es  listed  in  Table  II.  Tables  I  and  II  both  list 
ature  values**"**  for  the  triplet  energies  of  the 
ous  quenchers. 


i  n.    Efficiencies  of  Va  ri  ous  Compounds  at  Quenching 
TTeduction  of  Benzophenone*  by  0.20  M  Benzhydrol 


Compound 

Et* 

5« 

Naphthalene 

60.9^ 

2470 

2,5-Dimethyl.2,4- 

^SS* 

2660 

hexadiene 

Triphenylene 

66.6- 

360 

Fluorene 

67.6- 

63/ 

Biphenyl 

<^^.5' 

17 

Biphenyl* 

-^^.59 

35 

Biphenyl* 

-^.5» 

80 

0-FluorobiphenyW 

>69.5» 

4.9 

o-Chlorobiphenyl^ 

>69.5» 

0.9 

>riginally  0.050  M  unless  otherwise  noted.  ^  Triplet  excita- 
»ergy  in  kcal.  '  Slope  of  Stem-Volmer  plot.  *  Reference  12. 
ierence  11.  /  Extrapolated  to  zero  fluorene  concentration, 
[mated  in  this  work.  *  0.020  M  benzophenone.  •  0.0050  M 
>phenone.    ^  Only  one  concentration  of  quencher,  0.10  M, 


lie  inefficiency  of  biphenyl  at  quenching  triplet  ben- 
lenone  is  quite  dramatic,  naphthalene  and  the  diene 
g  some  145  times  more  effective.  The  two  orthO' 
tituted  biphenyk  are  even  less  effective  than  bi- 
lyl  itself.    Triphenylene  and  fluorene  display  higher 

W.  M.  Moore,  O.  S.  Hammond,  and  R.  P.  Foss,  /.  Am.  Chem, 
t3.  2789  (1961). 

)  W.  M.  Moore  and  M.  Ketchum.  ibid.,  84,  1368  (1962). 
)  R.  E.  KeUogg  and  W.  T.  Simpson,  ibid.,  87,  4230  (1965). 
)  W.  O.  Herkstroeter,  A.  A.  Lamola,  and  G.  S.  Hammond,  ibid., 
\yi  (1964). 

)  G.  S.  Hammond,  J.  Saltiel,  A.  A.  Lamola,  N.  J.  Turro,  J.  S. 
Iiaw,  D.  O.  Cowan,  R.  C.  Counsell,  V.  Vogt,  and  C.  Dalton,  ibid., 
197  (1964). 


.m  .02  .ot 

[BtPHEMTL^ 


.04. 


Figure  3.  Stem-Volmer  plots  for  quenching  of  the  photoreduction 
of  benzophenone  by  biphenyl:  0,  0.005  M  benzophenone;  Q, 
0.020  M  benzophenone;  •,  0.050  M  benzophenone. 


energy  phosphorescence  bands  than  does  biphenyl,  and 
thus  might  be  presumed  to  possess  higher  energy  triplet 
states.  Nonetheless  they  are  appreciably  better  quench- 
ers than  biphenyl.  Actually  the  quenching  behavior  of 
fluorene  is  somewhat  anomalous  in  that  Stern- Volmer 
plots  bend  upward.  In  systems  where  energy  transfer 
is  reversible,  ^^  self-quenching  or  quenching  by  trace 
impurities  could  cause  this  behavior.  The  value  for 
k^r  recorded  in  Table  II  was  calculated  by  extrapolating 
the  slopes  of  the  plot  in  Figure  2  to  zero  fluorene  con- 
centration. 

Sandros^^  has  shown  that  reversible  energy  transfer 
is  likely  when  quenching  rate  constants  are  several 
orders  of  magnitude  below  that  of  diffusion.  Conse- 
quently a  brief  study  was  made  of  the  effect  of  benzo- 
phenone concentration  on  the  quenching  efiiciency  of 
biphenyl.  Two  series  of  samples  were  prepared  and 
analyzed  as  above,  except  that  somewhat  lower  con- 
centrations of  biphenyl  were  used  and  benzophenone 
concentrations  were  0.020  or  0.0050  M.    Figure  3, 

(14)  K.  Sandros,  Acta  Chum.  Scond. AV'I'^'S'S  V\^^« 
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Figure  4.    Plot  of  the  reciprocal  of  the  Stera-Volmer  slopes  in 
Figure  3  against  benzophenone  concentration. 
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Figure  5.  Long-wavelength  electronic  absorption  spectra  of  fai- 
phenyls,  all  in  5-cm  cells:  (1)  l.S  M  biphenyl  in  benzene  ds.  ben- 
zene; (2)  1.0  Af  biphenyl,  6  M  methyl  iodide  in  2,2,4-triniethyi- 
pentane  jos,  6  M  methyl  iodide  in  2,2,4-trimethylpentane;  (3)  0.7  M 
^bromobiphenyl  in  benzene  jos.  benzene;  (4)  low-waveloigth  end 
of  a  typical  phosphorescence  spectrum  of  biphenyl  at  77**K  in  t 
glass  (ref  21). 


which  displays  Stern-Volmer  plots  of  the  results,  dem- 
onstrates the  greater  quenching  efficiency  of  biphenyl  at 
lower  benzophenone  concentrations.  The  Stern-Vol- 
mer slopes  are  included  in  Table  II. 

Straightforward  kinetic  analysis  of  reversible  energy 
transfer  yields  the  following  modification  of  the  usual 
Stern-Volmer  equation  (eq  1).    In  the  system  under 


=   1  + 


MQ] 


1  + 


(1) 


consideration,  t  represents  the  Hfetime  of  triplet  benzo- 
phenone in  the  presence  of  0.20  M  benzhydrol  and  no 
added  quencher;  /Cq,  the  rate  constant  for  energy  trans- 
fer from  triplet  benzophenone  to  biphenyl;  fc_q,  the 
rate  constant  for  energy  transfer  from  triplet  biphenyl 
to  ground-state  benzophenone;  [K],  the  concentration 
of  benzophenone;  [Q],  the  concentration  of  biphenyl; 
and  fcd',  the  rate  of  decay  of  triplet  biphenyl. 

Equation  1  describes  the  inverse  relationship  between 
the  slopes  of  the  Stern-Volmer  plots  and  ketone  con- 
centration. Letting  S  equal  the  slope  of  a  given  Stern- 
Volmer  plot,  the  following  expression  results. 


s    vV 


1  + 


/c_„[K] 


¥) 


(2) 


Figure  4  depicts  the  linear  adherence  of  the  present 
results  to  eq  2.  The  intercept  of  0.0080  yields  a  value 
of  125  M-^  for  fcqT,  and  the  slope  of  0.95  yields  a  value 
ofll8M-^forfc_q/A:d'. 

After  corrections  for  reversibility,  the  rate  of  energy 
transfer  from  triplet  benzophenone  to  biphenyl  turns 
out  to  be  Vioth  the  "diffusion-controlled"  rate  to  naph- 
thalene and  the  diene. 

Although  no  detailed  studies  were  carried  out,  it  is 
very  probable  that  the  S  values  for  fluorene  and  for 
triphenylene  also  depend  on  benzophenone  concentra- 
tion, so  that  the  true  values  of  k^  for  them  are  ap- 
preciably greater  than  those  listed  in  Table  II. 

T*  -^  S  Absorption  of  Biphenyl.  Since  the  phospho- 
rescence  spectrum  of  biphenyl  does  not  allow  correct 


prediction  of  its  quenching  efficiency,  a  search  for  the 
T*  -*-  S  absorption  spectrum  of  biphenyl  was  under- 
taken. A  l.S  A/  benzene  solution  of  biphenyl  in  a  S-cm 
cell  displays  weak,  almost  featureless  absorption  begin- 
ning around  4200  A,  there  being  two  weak  but  quite 
distinct  maxima  at  3790  A  (c  M).004)  and  at  3600  A 
(c  /^0.006).  Any  further  structure  is  masked  by  in- 
tense absorption  at  wavelengths  below  3500  A.  This 
feeble  absorption  system  is  tissigned  to  a  spin-forbidden 
T*  -*-  S  transition  for  several  reasons.  Bubbling 
nitrogen  through  the  cell  to  remove  oxygen  decreases 
the  intensity,  ^'^  while  inclusion  of  methyl  iodide  in  the 
solvent  enhances  the  intensity.  Moreover,  4-bromobi- 
phenyl  also  absorbs  more  strongly  in  the  same  region. 
No  band  structure,  however  weak,  could  be  detected  in 
these  presumed  heavy  atom  enhanced^*  T*  -•-  S  transi- 
tions. Typical  absorption  curves,  together  with  a 
phosphorescence  spectrum  from  the  literature,  are 
presented  in  Figure  5.  Kearns,  using  the  phosphores- 
cence excitation  technique,  has  also  found  almost 
featureless  T*  -«-  S  absorption  for  biphenyl  in  exactly 
the  same  region  reported  here.  ^^ 

It  is  apparent  that  there  is  little,  if  any,  overlap  be- 
tween emission  and  absorption  and  that  there  is  a  10- 
kcal  difference  between  the  highest  energy  phospho- 
rescence band  at  65.5  kcal  and  the  lowest  energy  absorp- 
tion band  at  75.5  kcal. 

Discussion 

Spectroscopic    Transitions    of    Biphenyl.    The    P 

<->  S  emission  and  absorption  spectra  of  biphenyl 
yield  estimates  of  its  triplet  excitation  energy  which 
seem  to  differ  by  10  kcal.  This  problem  of  nonovcr- 
lapping  emission  and  absorption  spectra  is  not  a  new 
one  and  is  a  direct  result,  of  course,  of  the  Franck- 
Condon  principle.  ^*    When  the  lowest  vibrational  levels 

(15)  (a)  D.  F.  Evans.  Nature,  176,  777  (1955);  (b)  D.  Craig,  J.  Hollas, 
andG.  King./.  Chem,Phys.,29,  974(1958). 

(16)  For  a  review,  see  S.  K.  Lower  and  M.  A.  H-Sayed,  Chem.  Ret^ 
66,  199(1966). 

(17)  A.  P.  Marchetti  and  D.  R.  Kearns,/.  Am.  Ckem.  Soc.,  89, 768 
(1967). 

(18)  For  an  excellent  early  discussion,  see  P.  Pringsbeim,  **Fliioret- 
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»und  and  excited  states  possess  significantly  differ- 
quilibrium  geometries,  true  spectroscopic  Q-O 
lions  are  forbidden,  and  the  divergent  apparent 
inds  observed  in  emission  and  absorption  spectra 
;ent  transitions  from  one  vibrationally  relaxed 
o  a  vibrationally  excited  mode  of  the  other  state. 
;he  present  case  of  biphenyl,  it  would  appear  that 
exists  a  gross  geometric  difference  between  the 
d  state  and  the  excited  triplet  state.  The  highest 
/  band  in  the  phosphorescence  spectrum  at  6S.S 
probably  should  be  reinterpreted  as  a  transition 
the  triplet  state  in  its  equilibrium  geometry  to  a 
ionally  or  rotationally  excited  ground  state, 
ase  the  T*  -«-  S  absorption  band  at  75.5  kcal  prob- 
epresents  a  transition  from  vibrationally  and  ro- 
ally  relaxed  ground  state  to  a  nonequilibrium 
rmation  of  the  excited  triplet.  The  true  Q-O 
/  difference  must  lie  somewhere  intermediate 
en  65.5  and  75.5  kcal  and  represents  a  nonspec- 
pic  transition  which  is  forbidden  in  radiative 
sses  but  allowed  in  bimolecular  energy-transfer 
ons.  The  long  tail  out  to  4200  A  in  the  T*  ^  S 
ption  spectrum  probably  can  be  attributed  to 
ption  by  the  small  percentages  of  ground-state 
ules  in  nonequilibrium  geometries,  as  will  be 
>sed  later. 

s  exact  an  interpretation  would  not  be  justified  by 
>ectroscopic  data  alone,  but  it  is  the  only  one  con- 
t  with  the  quenching  results  now  to  be  discussed. 
plet-Energy  Transfer  Involving  Biphenyl.  The 
in  Tables  I  and  II  for  naphthalene,  the  stilbenes, 
he  dienes  provide  further  evidence  that  the  cf- 
zy  of  triplet-energy  transfer  in  solution  is  equally 
to  all  compounds  whose  triplet  energies  are  suf- 
tly  lower  than  that  of  the  donor.  Biphenyl  clearly 
t  such  a  "diffusion  controlled"  quencher  toward 
hree  ketones  studied.  The  marked  inefficiency 
which  biphenyl  quenches  triplet  benzophenone 
itcs  that  the  triplet  energy  of  biphenyl  is  at  least 
)st  as  that  of  the  ketone. 

te  constants  for  triplet-energy  transfer  from  the 
us  ketones  to  biphenyl  can  be  estimated.  Flash 
roscopic  studies'*^  have  indicated  that  naphthalene, 
ilbenes,  and  conjugated  dienes  all  quench  triplets 
excitation  energies  as  high  as  those  of  the  ketones 
«¥hat  seems  to  be  a  maximum  bimolecular  quench- 
ate  constant  of  5  X  10®  Af-^sec"^  in  benzene, 
rate  constant  for  quenching  of  triplet  butyrophe- 
(Et  ^  72.5  kcaP*)  by  biphenyl  is  thus  calculated 
2  X  10*  A/"^  sec-^  while  that  for  the  quenching 
plet  benzophenone  (£t  =  69.5  kcal)^*  by  biphenyl 
y  2.5  X  10®  A/"*  sec"^  Quenching  rate  constants 
not  been  measured  in  isopropyl  alcohol;  however, 
ate  constant  for  diffusion  can  be  calculated  from 
iscosity^  as  4.5  X  10*  Af-^  sec-^  If  it  is  assumed 
naphthalene  quenches  triplet  propiophenone  (£t 
.4  kcaP^)  with  this  rate  constant,  that  for  biphenyl 
J  be  3  X  10*  M"^  sec-^  This  value  is  somewhat 
T  than  that  estimated  for  the  lower  energy  butyro- 
Dne,  but  it  is  noteworthy  that  the  efficiency  of 

and  Phosphorescence/*  Interscience  Publishers,  Inc.,  New  York, 
1949.  pp  299-303. 
D.  R.  Kearns  and  W.  A.  Case,  /.  Am.  Chem.  Soc.,  88,  5087 

A.  D.  Osborne  and  G.  Porter,  Proc,  Roy,  Soc.  (London),  A284, 
5). 


triplet-energy  transfer  to  biphenyl  is  measurably  less 
than  maximal  even  in  a  fairly  viscous  solvent  and  with 
a  quite  high-energy  donor. 

The  inefficiency  in  the  quenching  of  triplet  butyro- 
phenone  by  biphenyl  is  reasonably  readily  explained. 
In  order  for  vertical-energy  transfer  to  take  place,  in 
which  process  the  geometry  of  the  biphenyl  remains 
constant,  a  donor  with  at  least  a  7S.S-kcal  triplet  energy 
is  required.  However,  as  will  be  discussed  below,  the 
vibrationally  relaxed  triplet  of  biphenyl,  of  a  geometry 
substantially  different  from  that  of  the  ground  state, 
lies  no  more  than  70  kcal  above  the  ground  state. 
Consequently,  energy  transfer  to  biphenyl  involves 
nonvertical  transitions  in  which  the  geometry  of  the 
biphenyl  changes  appreciably.  The  steric  requirements 
for  such  an  energy-transfer  process  are  undoubtedly 
greater  than  for  vertical-energy  transfers,  and  the  ob- 
served difference  in  the  rates  with  which  biphenyl  and 
the  ''diffusion-controlled"  quenchers  quench  triplet 
butyrophenone  is  some  measure  of  this  steric  effect. 
An  identical  explanation  has  been  advanced  by  Ham- 
mond and  his  co-workers  for  the  behavior  of  the  stil- 
benes.**** 

It  was  hoped  that  the  triplet  energy  of  propiophenone 
was  sufficiently  large  that  vertical-energy  transfer  to 
biphenyl  would  be  possible.  Whatever  the  reason, 
energy  transfer  seems  to  be  not  much  more  efficient 
than  from  the  lower  energy  triplet  butyrophenone. 

The  quenching  results  with  benzophenone  are  the 
most  informative.  A  quenching  rate  constant  of  2.S 
X  10*  JIf-*  sec~*  suggests  that  energy  transfer  may  be 
slightly  endothermic.**  The  first  problem,  then,  in 
determining  the  true  triplet  energy  of  biphenyl  involves 
ascertaining  the  true  triplet  energy  of  benzophenone. 
Hammond  and  co-workers"  have  reported  that  the 
0-0  band  in  the  phosphorescence  spectrum  of  benzo- 
phenone in  hydrocarbon  solvents  occurs  at  68.S  kcal. 
Kearns  and  Case,  however,  have  noted  a  2-kcal  sep- 
aration between  phosphorescence  and  absorption  0-0 
bands.**  Consequently,  the  true  triplet  excitation 
energy  of  benzophenone  in  benzene  probably  is  ap- 
proximately 69.S  kcal.  As  pointed  out  above,  with 
butyrophenone  as  donor,  the  rate  constant  for  energy 
transfer  does  not  seem  to  exceed  2  X  10*  JIf-*  sec~*. 
The  further  decrease  by  a  factor  of  8  upon  going  to 
triplet  benzophenone  donor  could  be  compounded  of 
further  steric  restrictions  plus  new  energetic  require- 
ments. Unfortunately,  there  is  no  way  of  guessing 
the  contribution  of  steric  effects  alone  in  depressing  the 
rate  of  nonvertical-energy  transfer  when  biphenyl  must 
be  twisted  all  the  way  to  its  equilibrium  triplet  geometry. 
If  the  further  steric  effect  were  minor,  the  eightfold 
total  rate  decrease  would  imply  that  energy  transfer 
was  approximately  1  kcal  endothermic.  If,  however, 
severe  steric  requirements  are  the  major  contributor  to 
the  total  rate  decrease,  energy  transfer  could  be  thermo- 
neutral  or  even  slightly  exothermic.  Therefore  69.5 
dr  1.0  kcal  is  perhaps  the  best  estimate  that  can  be  made 
for  the  true  0-0  energy  for  the  T*  <-►  So  transition  of 
biphenyl.  Such  a  value  is  in  good  agreement  with  the 
suggested  interpretation  of  the  spectroscopic  data, 
being  somewhat  less  than  midway  between  the  two 
divergent  0-0  bands. 

Since  these  experiments  provide  no  knowledge  of  the 
lifetime  of  triplet  biphen^l^  «i  dvgcvxmopCL  oJl^^N^i^fc  ^\ 
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Figure  6.  Spectroscopic  (solid  lines)  and  nonspectroscopic  (dashed 
line)  T*  <-^  S  transitions  in  biphenyl.  Curves  represent  supposed 
potentials  for  the  two  states  as  a  function  of  dihedral  angle  0  be- 
tween the  rings. 


k-Jk^'  obtained  from  the  slope  of  Figure  4  would  not 
be  profitable.  As  soon  as  flash  spectroscopic  studies 
allow  determination  of  the  value  of  k^\  a  comparison 
of  fcq  and  fc-q  values  ought  to  provide  an  even  better 
estimate  of  the  triplet  energy  of  biphenyl. 

The  Triplet  State  of  Biphenyl.  The  spectroscopic 
data  and  the  quenching  results  considered  together  indi- 
cate that  the  geometry  of  biphenyl  in  its  triplet  state 
must  differ  considerably  from  that  of  its  ground  state. 
The  most  stable  conformation  of  ground-state  biphenyl 
depends  strongly  on  the  medium.  The  dihedral  an^e 
between  the  two  rings  is  40-45°  in  the  gas  phase,  *^ 
20-25°  in  solution,"  and  0°  in  the  crystalline  state." 
Consequently,  the  triplet  state  in  solution  must  deviate 
considerably  from  a  20-25  °  twist,  and  a  large  body  of 
evidence  points  to  a  perfectly  planar  conformation. 

ortho  substituents  are  well  known  to  increase  the 
dihedral  angle  in  biphenyls  and  consequently  would  be 
expected  to  make  for  better  quenching  if  the  triplet  state 
were  more  twisted  than  the  ground  state  and  worse 
quenching  if  the  triplet  state  tended  toward  planarity. 
The  latter  effect  is  observed.  In  1944  Lewis  and  Kasha 
reported  that  ortho  substituents  shift  the  phosphores- 
cence spectrum  of  biphenyl  to  higher  energies,** 
presumably  because  of  steric  crowding  in  planar  excited 
states. 

Hirota  has  provided  seemingly  incontrovertible 
evidence  regarding  the  geometry  of  triplet  biphenyl. 
He  measured  the  T*  -<-  S  absorption  spectra  of  a  few 
compounds  by  a  modified  phosphorescence  excitation 
method,  in  which  crystals  of  the  subject  compound  were 
doped  with  a  compound  of  lower  triplet  energy  to  trap 
the  excitation.*''  The  T*  -*-  S  spectrum  of  biphenyl 
so  obtained  displays  a  0-0  band  at  65.5  kcal  in  exact 
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(23)  J.  Trotter,  Acta  Cryst,,  14,  1135  (1961). 

(24)  G.  N.  Lewis  and  M.  Kasha,  /.  Am,  Chem,  Soc,,  66.  2100  (1944). 
r2J)  N.  Hirota,  J.  Chem.  Phys.,  44,  2199  (1966). 


agreement  with  the  highest  energy  phosphorescence 
band.  Consequently  the  65.5-kcal  transition  in  bi- 
phenyl must  take  place  between  planar  conformaticMis 
of  both  ground  and  triplet  states.  Such  a  transition  is 
a  true  0-0  transition  in  the  crystal,  but  not  in  solution 
where  the  most  stable  conformation  of  the  ground  state 
is  twisted. 

Figure  6  depicts  a  schematic  energy  diagram  for  the 
various  T  <->  S  transitions  of  biphenyl  in  solution,  the 
curves  representing  potentials  for  twisting  around  the 
C-C  bond  connecting  the  two  rings.  The  two  vertical 
solid  arrows  represent  spectroscopic  transitions  between 
states  of  identical  geometry,  while  the  slanted  dotted 
line  represents  the  nonspectroscopic  transition  which 
can  take  place  in  the  relatively  slow  nonvertical  energy- 
transfer  process.  The  potential  for  twisting  triplet 
biphenyl  is  steeper  than  that  for  the  ground  state  in 
accord  both  with  theoretical  expectations  and  with 
the  experimental  observation  that  the  0-0  energy  is 
somewhat  less  than  midway  between  the  highest  energy 
phosphorescence  band  and  the  lowest  energy  absorption 
band. 

The  combination  of  spectroscopic  and  quenching 
results  indicate  that  the  ground-state  conformation 
which  possesses  the  equilibrium  geometry  of  the  triplet 
state  is  about  4  kcal  excited  relative  to  the  favored 
ground-state  conformation.  Theoretical  estimates  pre- 
dict a  very  shallow  potential  for  twisting  the  rings  in 
biphenyl,  *••"  and  5  kcal  is  the  largest  estimate^  yet 
made  for  the  difference  between  twisted  and  planar 
ground-state  biphenyl.  Of  course  the  impossibility  of 
resolving  optical  isomers  of  2,2'-disubstituted  biphenyls 
unless  the  ortho  substituents  are  extremely  bulky  is 
strong  experimental  evidence  for  the  low  activation 
energy  required  to  twist  the  rings  of  biphenyl. 

Choosing  the  maximum  at  3790  A  in  the  T*  ^  S 
absorption  spectrum  of  biphenyl  as  the  "lowest  energy 
spectroscopic  transition"  instead  of  some  point  on  the 
long  tail  out  to  4200  A  may  have  seem^  somewhat 
arbitrary,  and  in  a  sense  was.  With  the  shallow  po- 
tential for  twisting  the  rings,  a  fairly  large  percentage 
of  ground-state  molecules  must  exist  with  twists  between 
0  and  25"^,  and  for  that  matter  greater  than  25^.  For 
example,  if  a  planar  molecule  is  excited  4  kcal  and  one 
twisted  lO''  only  2  kcal,  simple  Boltzmann  statistics 
predict  that  0.2  and  4%  of  the  ground  state  molecules 
will  be  planar  and  twisted  10°,  respectively,  at  room 
temperature.  Figure  6  illustrates  that  T*  -^  S  ab- 
sorption by  biphenyl  molecules  twisted  less  than  the 
favored  20^25°  occurs  at  longer  wavelengths  than  ab- 
sorption by  the  majority  of  molecules  which  are  in  the 
favored  ground-state  conformation.  The  long  tail, 
then,  most  likely  is  composed  of  spectroscopic  transi- 
tions by  small  percentages  of  ground-state  molecules  in 
nonequilibrium  conformations,  and  is  not  particularly 
unusual  except  in  its  400-A  length.  The  band  at 
3790  A  is  not,  then,  the  lowest  energy  T*  -^  S  spectro- 
scopic transition  occuring  in  biphenyl,  but  it  is  the  lowest 
energy  spectroscopic  transition  from  the  lowest  vi- 
brational-rotational  level  of  the  ground  state.  It  is 
important  to  note  that  the  suggested  interpretation  of 
combined  quenching  and  phosphorescence  data  implies 
that  it  would  be  incorrect  to  call  some  point  near  69.5 
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in  the  absorption  spectrum  the  (H)  transition, 
rption  at  this  energy  represents  a  transition  be- 
i  two  states  both  of  which  are  weakly  torsionally 
d. 

ce  the  triplet  state  of  biphenyl  seems  to  be  planar, 
sensitized  racemization  of  optically  active  biaryls 
:  to  occur  with  ease.  M islow  has  already  reported 
irect  photoracemization  of  several  biaryls.^  In 
sgard,  the  effects  of  substituents  on  the  quenching 
ncy  of  biphenyl  promise  to  be  very  interesting, 
fcq,  A:  _q,  and  k^ '  all  ought  to  vary  considerably,  and 
ly  of  such  effects  is  in  progress. 
5  fact  that  the  triplet  energy  of  biphenyl  is  higher 
can  be  estimated  from  its  phosphorescence  spec- 
helps  clarify  some  photochemistry.  Zimmerman 
sported  that  biphenyl  is  only  Vioth  as  effective  as 
;halene  at  quenching  the  photorearrangement  of  a 

unsaturated  ketone.'*  He  measured  the  triplet 
y  of  the  ketone  as  71  kcal,  but  found  it  difficult 
oncile  this  value  with  a  6S.S-kcal  triplet  energy  for 
nyl.  The  matter  is  of  some  importance  because 
e  considerable  speculation  and  controversy  re- 
Qg  the  nature  of  the  reacting  triplets  of  enones. 
ligher  value  for  the  triplet  energy  of  biphenyl  is 

more  consistent  with  a  ketone  triplet  of  71 -kcal 
ition  energy. 

rimental  Section 


Reagent  grade  benzene  was  washed  with  sulfuric 
dried,  and  distilled  from  phosphorus  pentoxide.  Reagent 
isopropyl  alcohol  was  distilled  from  sodium. 
■feals.  Propiophenone  (Eastman)  and  butyrophenone 
sh)  were  distilled  under  reduced  pressure  and  then  recrystal- 
«veral  times  from  pentane.  Eastman  White  Label  benzo- 
oe  was  recrystallized  from  ligroin.  Columbia  Organics 
xane  required  extensive  washings  with  sulfuric  acid  before 
and  distillation  under  reduced  pressure.  Matheson  Cole- 
ind  Bell  benzhydrol  was  used  without  further  purification, 
halene,  biphenyl,  fluorene,  /nwj^stilbene,  2-fluorobiphenyl 
nbia  Organics),  and  2<hlorobiphenyl  (K  &  K  Laboratories) 
ill  recrystallized  once  from  ethanol.  Aldrich  triphenylene 
crystallized  several  times  until  white.  The  melting  points  of 
\  solid  quenchers  checked  with  those  reported  in  the  litera- 
Aldrich  rts^stilbene  was  distilled  under  reduced  pressure, 
h  piperylene  was  distilled  and  analyzed  by  glpc  analysis  as 
*£f-and  rmor-piperylene  and  2%  cyclopentene.  Aldrich  2,5- 
iyl-2,4-hexadiene  was  recrystallized  from  itself. 
orptioo  Spectra.  A  Gary  14  spectrophotometer  was  ero- 
1  and  solutions  were  contained  in  5-cm  cells  Concentrations 
suits  are  presented  in  Figure  5. 

pttration  of  Samples.  For  the  propiophenone  system,  one 
solution  0.50  M  in  propiophenone  was  prepared  by  weighing 
propriate  amount  of  ketone  in  a  25-ml  volumetric  flask  and 
to  volume  with  isopropyl  alcohol.  Stock  solutions  0.020 
laphthalene  and  0.029  Af  in  biphenyl  were  prepared  similarly. 
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A  2-ml  portion  of  the  ketone  solution  was  pipetted  into  each  of 
nine  10-ml  volumetric  flasks,  one  of  which  was  immediately  filled  to 
volume  with  solvent.  From  1  to  4  ml  of  each  of  the  quencher 
solutions  was  pipetted  into  each  of  the  other  flasks  before  they  were 
filled  to  volume.  Then  2.6  ml  of  each  solution  was  placed  in  sep- 
arate Exax  tubes  with  a  syringe.  The  tubes  were  standard  13  X 
100  culture  tubes  which  had  been  washed  and  dried  before  being 
constricted  about  1  in.  from  the  top  to  allow  sealing.  The  tubes 
with  the  samples  in  them  were  attached  to  a  vacuum  line  and  put 
through  three  freeze-pump-thaw  cycles  before  being  sealed  in 
vacuo  at  0.002  mm. 

Samples  were  prepared  quite  similarly  for  the  benzophenone  and 
butyrophenone  systems  except  that  benzene  was  used  as  solvent 
and  the  ketone  stock  solutions  were  0.250,  0.100,  or  0.0250  M  in 
benzophenone  and  1.00  Af  in  benzhydrol  in  the  first  case  and  1.00  Af 
in  butyrophenone  and  0.02-0.03  Af  in  tetradecane  in  the  latter. 

Irradiation  of  Samples.  In  any  given  run  degassed  tubes  con- 
taining four  different  concentrations  of  each  of  several  quenchers 
were  irradiated  in  parallel  with  two  or  three  samples  containing  only 
ketone,  all  for  the  same  length  of  time.  Irradiations  were  per- 
formed in  a  "merry-go-ground**  apparatus,"  consisting  essentially 
of  a  rotating  turntable  with  the  light  source  and  filters  at  the  center 
and  windows  of  identical  area  allowing  radiation  to  enter  the  various 
sample  compartments.  This  design  ensured  that  the  same  intensity 
radiation  impinged  upon  each  sample.  Since  each  sample  con- 
tained the  same  concentration  of  ketone,  the  amount  of  irradiation 
absorbed  by  each  sample  was  identical;  since  each  tube  con- 
tained the  same  volume  of  liquid,  the  relative  amount  of  reaction  in 
each  tube  was  directly  proportional  to  the  quantum  yield.  Coming 
No.  7-83  filter  combinations  were  used  to  isolate  the  3660-A  line 
of  a  Hanovia  450-w  medium-pressure  mercury  lamp,  and  a  1-cm 
path  of  0.002  Af  potassium  chromate  in  5%  aqueous  potassium 
carbonate  was  used  to  isolate  the  3025-3 13()- A  lines.  The  entire 
apparatus  was  immersed  in  a  water  bath,  and  the  temperature  dur- 
ing irradiation  was  maintained  at  25  =k  1  "*, 

Analyses  of  Samples.  The  disappearance  of  propiophenone  and 
benzophenone  was  measured  on  a  Gilford  Model  200  spectropho- 
tometer. Samples  with  no  quencher  were  carried  to  approx- 
imately 50%  conversion.  Analyses  were  made  at  3400,  3500,  3600, 
and  3700  A  for  benzophenone  and  3400,  3450,  and  3500  A  for 
propiophenone.  Measured  per  cent  reactions  varied  by  less  than 
1%  at  the  various  wavelengths.  The  propiophenone  and  dilute 
benzophenone  samples  were  analyzed  in  10-mm  cells,  the  0.050  Af 
benzophenone  samples  in  1-mm  cells.  The  dilute  ketones  did  not 
absorb  all  the  light  incident  upon  them,  and  corrections  fdr  this 
were  made  in  calculating  relative  quantum  yields. 

The  photoelimination  of  butyrophenone  was  monitored  by 
measuring  the  yields  of  acetophenone  formed  by  glpc  analysis. 
All  analyses  were  performed  on  an  Aerograph  Model  600-D  Hy-Fi 
with  a  6  ft  X  Vs  in.  column  containing  4  %  QF-1  and  1  %  Carbowax 
20M  on  60-80  mesh  Chromosorb  P,  with  a  column  temperature  of 
105-110°  and  a  nitrogen  flow  of  30  ml/min.  A  Leeds  and  Nor- 
thrup  Model  H  recorder  fitted  with  a  disk  integrator  allowed  the 
area  ratios  of  acetophenone  to  tetradecane  to  be  measured  with  1  % 
reproducibility.  Area  ratio  were  converted  to  mole  ratios  by 
calibrating  the  column  with  known  mixtures. 
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Abstract:  Diacetylacetone  (2,4,6-heptanetrione)  is  a  pseudo-add  with  a  pAT  of  7.43.  Kinetic  measurements  with 
the  temperature-jump  relaxation  technique  have  been  carried  out  in  the  acidic  and  basic  pH  regions  at  25  ^  and  ionic 
strength  0. 1 .  Two  concentration-  and  pH-dependent  relaxation  times  were  observed  in  the  millisecond  time  region : 
one  in  acidic  and  one  in  basic  solutions.  The  nmr  spectra  of  the  solutions  established  that  the  predominant  anionic 
species  had  the  structure  CHaCOCH2COCH=CO"CHi  (KHE-).  The  structures  of  the  main  protonated  forms 
could  not  be  deduced  from  the  nmr  data.  On  the  basis  of  the  nmr  results  and  the  concentration  dependence  of  the 
acidic  relaxation  time,  the  latter  was  attributed  to  the  process  H+  +  KHE""  ^  KHKH,  where  KHKH  is  the  trike- 
tone  form  of  the  add.  The  forward  rate  constant  was  found  to  be  2.6  X  10*  Af  "*  sec"^  The  mechanism  for  hydrol- 
ysis was  found  to  be  considerably  more  complicated  and  involved  the  hydrolysis  of  two  or  more  anionic  spedes 
by  means  of  a  cyclic  mechanism.  Only  an  effective  (over-all)  rate  constant  could  be  measured  for  the  reaction  of 
the  molecules  with  OH-:  k.tt  =  2.5  X  10*  M"^  sec"^  On  a  Br0nsted  plot  of  log  k  vs.  pAi,  both  rate  constants  cor- 
related well  with  data  for  other  ketones. 


Eigen  and  his  co-workers  have  amply  demonstrated 
that  the  rate  of  "normal"  proton  transfer  in 
simple  acid-base  systems  is  diffusion  controlled;  that 
is,  the  rate-determining  step  is  the  diffusion  of  the 
partners  to  a  critical  distance.  *' '  For  such  reactions,  the 
rate  constant  for  the  reaction  of  H+  with  an  anion  is  on 
the  order  of  10*^-10^^  M"^  sec-^;  that  for  the  reaction 
of  OH~  with  a  protonated  species  is  on  the  order  of 
10^®  M~^  sec-^  Exceptions  to  these  generalizations 
are  well  understood'  an^  occur  (a)  if  steric  factors  re- 
duce the  angle  acceptable  for  successful  encounter, 
(b)  in  systems  which  are  strongly  internally  hydrogen 
bonded  (e.g.,  the  reaction  of  OH-  with  the  enol  of 
acetylacetone),  (c)  within  the  class  of  acids  known  as 
"pseudo-acids,"  in  which  a  proton  is  removed  directly 
or  indirectly  from  a  carbon  atom.  It  is  with  an  ex- 
ample of  this  class  that  this  paper  is  concerned. 

Proton  transfers  in  pseudo-acids  are  characterized 
by  reaction  rates**'  which  range  from  "very  slow" 
(e.g.,  the  neutralization  of  CH2NO2""  with  H+,  which 
can  be  observed  with  conventional  techniques^)  to 
virtually  diffusion  controlled.  Within  a  series  of  closely 
related  compounds,  the  rates  of  protonation  and  hy- 
drolysis are  a  direct  function  of  the  pK  of  the  acid.'** 
An  important  class  of  pseudo-acids  are  ketones  which 
can  exist  in  two  or  more  tautomeric  forms.  The  pres- 
ent paper  reports  the  results  of  a  kinetic  study,  using  the 
temperature-jump  relaxation  technique,  on  the  triketone 
diacetylacetone  (2,4,6-heptanetrione).  This  compound 
can  exist  in  several  tautomeric  forms  both  as  the  mole- 
cule and  anion.  The  possibilities^  are  shown  in  Table 
I.  The  symbols  KH  and  EH  refer  to  keto  and  enol 
portions  of  the  molecule,  respectively.^    To  date  there 

(1)  Address  to  which  correspondence  should  be  sent. 

(2)  M.  Eigen,  Angew.  Chem.,  75,  489  (1963);   Angew.  Chem.  Intern. 
Ed.  Engl,  3,  1  (1964). 

(3)  M.  Eigen,  W.  Kruse,  G.  Maass,  and  L.  DeMaeyer,  Progr.  Reac- 
tion Kinetics,  2,  287  (1964). 

(4)  D.  TurnbuU  and  S.  Maron,  /.  Am.  Chem.  Soc,  65,  212  (1943). 

(5)  R.  P.  Bell,  "The  Proton  in  Chemistry,"  Cornell  University  Press, 
Ithaca,  N.  Y..  1959.  pp  160-163. 

(6)  Some  especially  unlikely  structures  (e.g.,  the  trienol)  have  not  been 
considered. 


has  been  no  detailed  investigation  of  the  relative 
amounts  of  the  various  species  present  nor  a  study  of  the 
mechanism  interrelating  them. 

Reaction  Mechanisms 

Acidic  Region.  Eigen,  et  al.,^  have  shown  that  pro- 
tonation and  deprotonation  equilibria  in  aqueous  solu- 
tions of  tautomeric  substances  involve  a  reaction  scheme 
(a)  in  which  the  keto  and  enol  forms  of  the  mdcculc 
as  well  as  the  anion  participate.    The  conversion  I-II 


E-  -h  KT*-   +  E 


n 

EH  +   E 


X 


(a) 


KH  +  E" 

m 

EH  »  enolic  form,  KH  «  keto  form,  and  E"  »  enolate  anioo 

involves  the  recombination  of  a  proton  with  the  enolate 
to  yield  the  enolic  form  of  the  substance.  The  con- 
version MIX  involves  the  same  partners,  but  now  yield- 
ing the  ketone.  Reaction  II-III  describes  the  anioo 
catalyzed  keto-enol  conversion  in  which  the  proton  is 
directly  removed  from  one  tautomer  by  the  enolate  ion 
with  the  generation  of  the  other  tautomeric  form.  This 
simple  mechanism  involving  only  one  anion  and  one 
each  of  the  keto  and  enol  forms  will  be  shown  to  be 
inadequate  to  explain  fully  the  results  obtained  in  the 
present  work.  Nevertheless,  the  general  features  of 
this  mechanism  and  the  concentration  dependence  of 
the  relaxation  time  apply. 

Mechanism  a  as  a  whole  is  characterized  by  two  relax- 
ation times,  which  may  be  separated  by  several  orders  of 
magnitude.  The  shorter  of  these  (ri)  is  associated 
exclusively  with  the  fast  (diffusion-controlled)  conver- 

(7)  Note  that  KHEHi  signifies  the  form  with  a  ketone  at  one  end 
and  an  enol  at  thefirst  C-O  at  the  other  end,  etc. 

(8)  M.  Eigen,  G.  Ugenfritz,  and  W.  Kruse,  Chem.  Ber.,  98, 1623  (1965); 
see  also  G.  Ugenfritz,  Diplomarbeit,  University  of  Gbttingen,  1963. 
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TaUe  L    Possible  Tautomeric  and  Resonance  Structures  for  Diacetylacetone  and  Its  Anions 


1.  Protonated  forms 


2.  Enolate  anions' 


KHKH 


iCHEHi 


O       O       O 

II        II         II 
CHiCCHiCXMjCCH, 


O       O-   -HO 

II        II  I 

CHiCCH,CCH=CCH, 


KHE- 


O 


o- 


O 

II        .. 
CHtCCH*CCH=CCH, 


O     o-       O 

II        I  II 

CH,CCHjC=CHCCH, 


KHEH, 


EHEHi 


EHEHi 


O-  HO      O 

II 

ch,cch=cx:h,cch, 


OH       O-   -HO 


CH/>=CHCCH=MDCH, 


OH      OH.    -O 


CH/>=CHC=CHCCH, 


EHEi 


EHE,- 


OH-.O"        O 

.        I  I  II 

fCHiC=CHC==CHCX:H, 


OH-    -O 


o- 


tCHtC=CHCHC=CCH, 


O-'HO  O 

.         I  I  II 

fCH,C=CHC=CHCX:M, 


O 


OH.    -O- 


ch,cx:h=cch=cch, 


Resonance  structures  for  the  anion  with  the  charge  localized  on  carbon  not  shown. 


sion  I-II  during  the  restoration  of  which  the  slower 
processes  remain  virtually  unchanged.  The  longer 
relaxation  time  (rs)  is  a  function  of  the  kinetic  param- 
eters for  the  two  slow  steps  (I-III,  II-III)  as  well  as  of 
the  equilibrium  parameters  of  the  step  I-II.  When  the 
two  steps  are  widely  separated  in  time,  the  two  relaxa- 
tion times  are* 


ri-i  =  k^H]  +  [E])  +  kn 


(1) 


and 


rc^ V L+_«/ 


+  fcsi  + 


^EH  +  [H]  + 

ktiE] 


i:BH  +  [H]  + 


[E] 


1  +  a 


1+a 
([H]  + 


[E]  \ 
1+a/ 


+  ME]    (2) 


where  the  brackets  refer  to  the  equilibrium  values  of  the 
concentrations*  and  the  equiUbrium  constant  J^bh  is  de- 
fined by 

The  quantity  a  is  a  correction  term  resulting  from  cou- 
pling the  slow  relaxation  time  to  a  rapid  indicator  equi- 
librium (to  permit  the  relaxation  to  be  followed  by 
optical  means)  and  is  given  by 


^       [HIn] 
""       Ki^  +  [H] 


(4) 


where  Ain  is  the  acid  dissociation  constant  for  the  indi- 
cator. 

(9)  Charaet  are  omitted  for  simplicity. 


Basic  Region.  The  simplest  reaction  scheme  (i.e., 
hydrolysis  of  an  anion  to  yield  enol  and  keto  forms) 
may  be  represented  by 

I  n 


E"  +  E"  +  HaQ 

Ml 


Ai> 


OH"  +  EH  +  E" 


X 


(b) 


OH* 


-h  KH  +  E" 

ni 

where  the  conversion  I-II  represents  the  (rapid)  proto- 
nation  of  the  enolate  anion  to  yield  the  enol.  The  two 
(slower)  conversions  I-III  and  II-III  involve  protona- 
tion  yielding  the  keto  form  and  the  enolate  catalyzed 
interconversion,  respectively.  The  two  relaxation  times 
are 

Ti-i  =  fcii([EH]  +  [OH»  +  kn  (5) 

and 

[OH] 


/[KH] 

Ti    *    =    Kill  - — ; — - 


'  +  ^K'. 


y  ^^H  +  [OH]+f^ 


+ 


[OH]\ 


+ 


■It' 


[OH] 


AT'eh  +  [OH]  + 


[EH] 


+ 


JC'm,  +  [OH]  +  I^  <'> 

i        +      P 

where  K'^^  is  the  hydrolysis  equilibrium  constant"^  of 

(10)  Throughout  this  paper,  primed  symbols  will  be  used  to  indicate 
that  the  equilibrium  constant  so  designated  is  a  hydrolysis  equilibrium 
constant 
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the  cnol  form  and  /3  MHIn]/(A^'in  +  [OH])]  is  again  an 
indicator  correction  term. 

Experimental  Secticm 

Materlalf.  The  disodium  salt  of  diacetylacetone  was  prepared^^ 
by  the  hydrolysis  of  2,6-dimethyl-7-pyrone.  A  solution  of  19  g  of 
2,6-dimethyl-7-pyrone^'  in  100  ml  of  absolute  ethanol  was  treated 
with  19  ml  of  16  ^  NaOH  and  slowly  brought  to  boiling.  The 
resultant  yellow  precipitate  was  collected,  repeatedly  washed  in  cold 
alcohol,  and  dried.  The  residue  was  recrystallized  twice  from  95  % 
ethanol,  vacuum  dried,  and  stored  at  — 10°.  The  spectrum  of  the 
fresh  salt  was  found  to  compare  well  with  that  given  by  Schwarzen- 
bach,e/a/.^* 

It  was  found  necessary  to  store  the  compound  in  a  frozen  condi- 
tion prior  to  use.  A  pale  yellow  aqueous  solution  at  pH  13  turned 
deep  red-brown  after  4  days,  apparently  because  of  polymerization. 
Acidic  solutions  showed  no  visible  evidence  of  instability  over  short 
periods  of  time.  During  the  course  of  the  experimental  work,  the 
compound  was  prepared  freshly  for  each  run. 

The  solutions  were  made  using  sufiScient  1  M  KNOi  to  maintain 
a  constant  ionic  strength  of  0. 1 .  The  pK  of  diacetylacetone  at  25  ° 
and  zero  ionic  strength'^  (7.43)  was  converted  to  the  concentration 
equilibrium  constant  at  0.1  ionic  strength  by  using  the  relation  K 
"  K^h±^  where  K^  is  the  zero  ionic  strength  value  and  7±  is  the  mean 
ionic  activity  coefiOcient.  The  value^^  y±  »  0.79  was  used,  yield- 
ing JC  ■>  6.1  X  10"*.  The  indicators  used  in  this  investigation 
and  their  approximate  pJC  values^*  at  ionic  strength  0.1  were  methyl 
red  (4.96),  chlorophenol  red  (6.00),  phenol  red  (8.0),  cresol  red  (8.3), 
and  phenolphthalein  (9.7). 

Kinetic  Meaaorements.  All  kinetic  runs  were  carried  out  on  a 
temperature-jump  relaxation  spectrometer  similar  to  that  described 
by  Czerlinski  and  Eigen.  >*  The  solution  temperature  was  adjusted 
such  that  the  final  temperature  (following  the  jump)  was  25°.  In 
each  (acid  and  base)  pH  region  only  a  single  relaxation  time  was 
observed  in  the  time  range  accessible  (1  sec-5  /lisec).  The  resultant 
relaxation  curves  were  photographed  with  a  35-mm  camera  system. 
Their  relaxation  times  were  evaluated  from  enlargements  made 
from  the  negatives.  Blank  experiments  involving  only  the  indicator 
system,  or  diacetylacetone  solution  without  indicator,  were  also 
carried  out. 

Results. 

Kinetic  Measurements.  Acidic  Region.  The  results 
of  experiiments  between  pH  5.0  and  6.5  at  25^  are 
shown  in  Table  II.  The  over-all  anion  concentration 
[E]z  (calculated  from  the  pH  and  the  equilibrium  con- 
stant) is  given  in  column  4.  This  number  could  consist 
of  several  different  anionic  species  {cf.  Table  I). 

It  is  clear  that  the  relaxation  time  is  a  function  of  [H] 
+  {[£]/(!  +  a)]  and  not  of  [E]  or  [£]»/(!  +  a).  Com- 
pare, for  example,  entries  1  and  5  in  Table  II,  which  have 
different  enolate  concentrations  by  a  factor  of  3  but 
whose  relaxation  times  are  within  10%  of  each  other. 
The  indicator  correction  term  brings  the  two  concen- 
tration functions  (column  7)  to  about  the  same  value. 
The  differences  in  these  correction  terms  lie  in  the  pH 
differences  and  the  change  of  the  indicator  (/.e.,  p^in 
differences;  see  eq  4).  A  graph  of  t"^  vs.  [H]  +  {[E]/(l 
^-  a)]  yields  a  straight  line,  the  slope  of  which  is  fcu 
=  2.6  X  10®  A/"*  sec~^  An  estimate  may  be  made  of 
J^BH>  the  equilibrium  constant  defined  by  eq  3,  by  calcu- 

(11)  G.  Schwarzenbach  and  K.  Lutz,  Helv.  Chim,  Acta,  23,  1162 
(1940). 

(12)  Obtained  from  EGA-Chemie  KG.,  Keppler  and  Reif,  Stdn- 
heim/Albach,  West  Germany. 

(13)  G.  Schwarzenbach,  K.  Lutz,  and  E.  Felder,  Helo,  Chim,  Acta,  27, 
576  (1944). 

(14)  See,  e.g.,  C.  W.  Da  vies,  **Ion  Association,**  Butter  worth  Inc., 
Washington,  D.  C,  1962. 

(15)  In  general,  the  pK  values  of  the  indicators  were  not  available  for 
the  exact  conditions  of  this  investigation.  Since,  however,  the  literature 
values  may  vary  by  0.2  or  0.3  pK  unit,  depending  on  the  source,  no 
attempt  was  made  to  correct  for  a  slight  difference  in  temperature  or 
ionic  strength. 

(26)  G.  Czerlinski  and  M.  Eigen,  Z.  Elektrochem.,  63,  652  (1959). 


Table  IL    Add  pH  Region.    Tabulation  of  Results 


[H]  + 

mzi 

(1  + 

a)|X 

Indi- 

IKJzX 

r. 

io», 

No. 

0>,Af 

pH- 

cator* 

10»,  Af 

a 

msec 

M 

1 

1.67  X10-* 

5.00 

MR 

8.03 

0.40 

6.0 

7.00 

2 

8.35X10^» 

5.00 

MR 

4.02 

0.40 

10.0 

4.14 

3 

8.35  X10-* 

5.08 

MR 

4.85 

0.48 

9.7 

4.32 

4 

8.35X10^» 

5.60 

CPR 

15.7 

1.60 

5.5 

6.4 

5 

8.35X10^» 

5.75 

CPR 

22.0 

2.10 

5.5 

7.3 

6 

8.35X10^» 

5.85 

CPR 

27.6 

2.80 

4.7 

7.45 

7 

8.35  X10-* 

6.00 

CPR 

38.3 

3.84 

4.45 

8.0 

8 

8.35X10^» 

6.03 

CPR 

41.2 

4.10 

4.4 

8.2 

9 

8.35X10^» 

6.25 

CPR 

66.2 

5.76 

3.8 

9.9 

10 

8.35Xl(X-» 

6.52 

CPR 

115 

7.70 

3.1 

13.2 

11 

4.17X10^» 

5.00 

MR 

2.01 

0.40 

14.0 

2.70 

12 

4.17X10^» 

5.05 

MR 

2.25 

0.44 

9.0 

2.69 

13 

2.08  X  10-» 

5.10 

MR 

1.25 

0.50 

16.9 

1.84 

14 

1.67XlO-» 

5.08 

MR 

0.97 

0.48 

17.0 

1.71 

15 

8.35  X  10-* 

5.00 

MR 

0.40 

0.40 

31.5 

1.56 

16 

8.35  X  10-* 

5.00 

MR 

0.40 

0.40 

16.4 

1.56 

17 

4.17  X  10-* 

5.00 

MR 

0.20 

0.40 

18.0 

1.41 

*  [H]  was  calculated  from  the  measured  pH  by  dividing  the  hydro- 
gen ion  activity  by  7^  (^0.79).  *  MR  =  methyl  red,  CPR  = 
chlorophenol  red;  indicator  concentrations  =  2  X  10~*  Af. 


lating  the  value  which  would  cause  a  just  detectable 
deviation  of  the  curve  from  a  straight  line.  The  result 
is  ^EH  >  1.5  X  10-».  The  third  term  in  cq  2  (and 
hence  the  conversion  II-III)  apparently  does  not  make 
a  measurable  contribution  to  the  relaxation  time  at  the 
concentrations  and  pH's  used. 

Basic  Region.  The  processes  occurring  in  this  region 
were  considerably  slower  than  in  the  acidic  region; 
the  measured  relaxation  times  varied  between  approxi- 
mately 1  sec  and  70  msec  (see  Table  III).  The  fourth 
column  in  Table  III  tabulates  the  total  concentration 
of  protonated  species  ([HXJz)  calculated  from  the  over- 
all concentration  and  the  measured  pH.  A  close 
examination  of  eq  6  shows  that  only  the  first  term  fits 
the  results  in  Table  III.  The  fourth  term  varies  directly 
as  [E],  the  enolate  concentration.  Since  above  pH  8.S 
virtually  all  the  compound  is  present  in  this  form,  a 
pH-independent  relaxation  time  would  result  The 
third  term  can  assume  several  limiting  forms  depending 
on  which  terms  are  large  in  the  denominator,  but  in  no 
case  can  the  experimentally  observed  form  be  obtained. 
On  the  other  hand,  the  first  term  in  eq  6  (corresponding 
to  the  conversion  I-III)  fits  the  observed  concentration 
and  pH  dependence  exactly.  A  graph  of  t~^  vs.  C 
(over-all  concentration)  should  yield  a  straight  line  at 
constant  pH,  the  vertical  intercept  of  which  should  be 
fcailOH].  Furthermore,  if  K'bh  »  [EH]  +  [OH],  a 
series  of  straight  lines  with  slopes  virtually  independent 
of  pH  (since  1  +  /3  ^  1)  will  be  observed.  Figure  1 
shows  that  the  linear  relationship  anticipated  clearly 
holds  for  the  results  at  pH  8.87.  The  ratio  of  the 
vertical  intercept  to  the  hydroxyl  ion  concentration 
is  2.1  X  10*  M-^  sec-^  If  straight  lines  arc  drawn 
through  the  points  at  pH  9.2  and  9.4,  the  division  of  the 
observed  intercepts  by  the  hydroxyl  ion  concentration 
yields  the  values  2.8  and  2.7  X  10*  A/-*  soc-^,  respec- 
tively. The  difierence  between  these  numbers  is  not 
considered  significant;  as  a  result  it  may  be  concluded 
that  the  of  value  fc,i  is  (2.5  db  0.4)  X  10*  Af-* 
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Ue  nL    Basic  pH  Region.    Tabulation  of  Results 


o>. 

[HX]2« 

T, 

No. 

M 

pH- 

Indicator* 

X  10*.Af 

P 

msec 

1 

3.35xia-> 

'                 8.95 

P 

8.05 

0.22 

113,108 

2 

2.i6xia-« 

'                 8.12 

C3l  (1  X  10-») 

31.0 

1.49 

217 

3 

2.16XlO-« 

'                 8.42 

C3l  (1  X  10-») 

16.6 

0.70 

157 

4 

2.i6xia-> 

'                 8.72 

CR(1  X  10-») 

8.75 

0.27 

160 

5 

2.16XlO-> 

'                 8.87 

P 

6.21 

0.28 

112 

6 

2.16XlO-> 

'                 9.00 

P 

4.65 

0.26 

100 

7 

2.16XlO-> 

'                 9.20 

P 

2.24 

0.20 

80 

8 

2.16XlO-> 

'                 9.37 

P 

2.02 

0.16 

65,90 

9 

1.67XlO-> 

'                8.87 

P 

4.80 

0.28 

165 

10 

1.67X10-^ 

»                 8.93 

P 

4.22 

0.27 

125 

11 

1.67XlO-> 

'                 9.20 

P 

1.74 

0.20 

94 

12 

i.67xia-> 

'                 9.37 

P(1.5XlO-») 

1.56 

0.12 

80 

13 

1.67X10-1 

'                 9.40 

P(2XlO-») 

1.46 

0.15 

70 

14 

1.67X10-' 

'                 9.38 

P(2.5XlO-») 

1.52 

0.19 

72, 74, 85 

15 

1.67X10-1 

»                 9.37 

P(4X10-») 

1.56 

0.32 

94,96,112 

16 

1.67X10-1 

'                9.38 

P(l  X  10-*) 

1.52 

0.76 

78,88 

17 

1.67X10-1 

»                 9.39 

P(l  X  10-*) 

1.49 

0.76 

74,90 

18 

1.67X10-1 

'                 9.40 

P(2.5X10-*) 

1.46 

1.89 

108 

19 

1.07X10-1 

»                 8.30 

PR(lXlO-») 

10.7 

0.80 

290,330 

20 

1.07  X  10-1 

>                 8.28 

PR(2XlO-«) 

11.1 

1.72 

305, 318 

21 

1.07X10-1 

»                 8.35 

PR(5XlO-») 

9.65 

3.42 

435 

22 

8.35  X  10-' 

»                 8.00 

CR 

15.1 

3.74 

1000 

23 

8.35  X  10-' 

»                 8.34 

CR 

7.62 

1.75 

540 

24 

8.35X10-' 

»                 8.72 

CR 

3.42 

0.53 

320 

25 

8.35  X  10-' 

'                 8.80 

P 

2.93 

0.30 

160 

26 

8.35  X  10-' 

»                 8.87 

P 

2.40 

0.28 

190 

27 

8.35  XIO-^ 

'                 8.90 

P 

2.25 

0.28 

170 

28 

8.35  XIO-^ 

»                 8.93 

P 

2.10 

0.27 

144,174 

29 

8.35  XIO-^ 

»                 9.20 

P 

0.87 

0.20 

125 

30 

8.35  X  10-' 

»                 9.35 

P 

0.81 

0.16 

118 

31 

8.35  X  10-' 

»                 9.40 

P 

0.73 

0.14 

83 

32 

8.35  X  10-' 

»                 9.46 

P 

0.64 

0.13 

72 

33 

4.17  X  10-' 

>                 8.88 

P 

1.18 

0.28 

296 

34 

2.08  X  10- 

•                 8.87 

P 

0.60 

0.28 

405,350 

■  [OH]  was  calculated  from  the  measured  pH  by  dividing  the  hydroxyl  ion  activity  by  0.79.  *  CR  »  cresol  red,  PR  »  propyl  red,  P  ■> 
enolphthaldn;  indicator  concentrations,  where  not  indicated  in  parentheses,  were  2  X  10-*  M.  '  The  symbol  [HX]z  is  used  to  designate 
t  total  concentration  of  protonated  forms ;  see  Table  L 


It  can  be  easily  shown  that  a  single  set  of  reaction 
irtners  (i.e.,  a  single  enolate  anion  and  one  ketone  and 
lol,  respectively)  as  represented  in  mechanisms  a  and  b 
not  sufficient  to  explain  the  kinetics  in  both  the  acidic 
id  the  basic  regions.  For  example,  if  we  assume  the 
action  in  basic  solutions  is  the  hydrolysis  given  by 
echanism  b  (where  KH  and  EH  now  refer  to  a  pair  of 
lated  protonated  forms  of  the  molecule;  see  Table 
,  the  slow  relaxation  time  is  given  essentially  by  the 
•St  term  in  eq  6  with  A-'eh  » [OH]  +  {[EH]/(1  +  /S)} . 
^e  conclude  therefore  that  J^'eh  =  1.4  X  10"*  or 
rger."    This  gives  ^bh  (^HIE1/[EH])  <  7.1  X 

Now  if  the  same  partners  are  to  account  for  the  re- 
xation  process  observed  in  the  acidic  pH  range,  we 
ive  simply  mechanism  a  with  r"^  given  by  eq  2,  and 
le  terms  involving  kit  and  kn  are  negligible.  The 
luilibrium  constant  J^bh  for  the  rapid  step  I-II  is  fixed 
f  the  basic  solution  results,  and  so  r"^  reduces  to 


.— 1 


kitKu  +  fca  =  Ml  +  KnKit)  ^  kn     (7) 

jioc  kn  =  KiJcu  =  *ii(6.8  X  lO"*),  r  ^  2  X  ICf/ku. 
ku  is  between  the  (reasonable)  values  lO^KF  M-^ 
c"*  (sec  Figure  3),  then  r  would  lie  between  2  and 
XX)  sec  and  be  independent  of  concentration  and  pH. 
bus,  the  acidic  analog  of  the  basic  relaxation  time 
ould  not  yield  an  observable  relaxation  in  the  acidic 
HE  range. 

(17)  If  only  part  of  the  protonated  form  exists  as  the  ketone,  [KH] 
/[HX]z  where  /is  the  fraction  of  HX  in  the  form  KH. 


Nnir  Measurements.  The  proton  resonance  spectra 
of  diacetylacetone  (determined  at  room  temperature 
on  an  A-60  nmr  spectrometer)  in  the  basic  and  acidic 


aos 


c«(i) 


Figure  1.   Variation  of  the  relaxation  time  in  basic  solutions  with 
the  over-all  concentration  at  several  pH  values. 


pH  regions  are  shown  in  Figure  2.  The  spectrum  of  a 
1  M  solution  of  acetylacetone  at  pH  4  was  also  nm  for 
comparison.  The  latter  showed  four  peaks  in  the 
proper  ratios  to  account  for  85  %  ketone  and  15  %  enol 
in  aqueous  solution.  The  resonances  for  the  groups 
CH,C=,  CHsC— ,  — CHi— ,  and  — CH=  occur  at 
1.95,  2.14,  3.72,  and  5.60  ppm,  respectively,  relative  to 
TMS.    The  spectrum  for  the  aniQt\&  o^  A\aRfc\:^^6s:RX»x!>R. 
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Figure  2.   Ninr  spectra  of  0.5  Afdiacetylacetone:    upper  spectrum, 
pH  4.0;  lower  spectrum,  pH  10.0  (water  resonances  are  not  shown). 


indicates  also  only  four  peaks,  associated  with  the 
above-mentioned  groups  in  the  ratio  3:3:2:1.  The 
only  structure  consistent  with  the  latter  is  the  anionic 
form  KHE-  (see  Table  I);  Le.y  of  the  three  anions 
possible,  KHE"  is  the  only  one  detectable^  by  nmr. 
The  more  complicated  acidic  spectrum  shows  once  more 
two  different  methyl  peaks,  but  in  addition  there  are 
several  other  peaks,  the  integrals  of  which  are  in  no 
simple  proportions  to  each  other.  The  only  conclusion 
that  can  be  reached  is  that  the  protonated  species  exists 
as  a  mixture  of  various  forms. 


Discussion 

While  it  is  clear  that  one  of  the  two  relaxation  times 
observed  is  associated  with  the  direct  protonation  of  the 
enolate  anion  and  the  other  with  the  hydrolysis  of  one 
or  more  protonated  forms,  it  is  desirable  to  relate  the 
relaxation  phenomena  to  specific  species. 

The  mechanism  interrelating  all  species  in  Table  I 
is  given  for  the  basic  pH  region  by  (c)  where  the  slow 

VI 

Va    EHEHi  +  OH-  EHEH,  +  OH" 

"^    ^     X     <-) 

V    EHiE--fH,0  EH,E--fH,0    VH 


Tb 


I 


IV    KHEHi4-OH-=KHE-4-H,Oz=:KHEH,4-OH-    U 


i\ 


KHKH  -f  OH- 
III 

Steps  are  represented  by  arrows  and  the  rapid  equi- 

VI 
Va    EHEHi  EHEH, 

X  ^  X 

V    EHiE-  +  H+  EH,E--fH+    VII 

IV    KHEHzz^KHE-  +  H+:^KHEH,       II 

KHKH 

m 


libria  by  =  signs.  The  analogous  reaction  scheme  for 
the  acidic  region  is  (d).  Although  there  are  eight 
equilibria  shown  in  these  two  mechanisms,  there  can  be 
no  more  than  seven  relaxation  times  for  each,  since  the 
circular  interconnection  reduces  the  number  of  inde- 
pendent concentration  variables  by  one.  There  are 
only  two  long  relaxation  times:  one  is  associated  with 
the  isolated  slow  step  I-III  (and  the  equilibria  preceding 
it);  the  other  is  associated  with  the  ''parallel"  path- 
ways" II- VII  and  IV-V.  The  task  remains  of  making 
an  assignment  of  the  observed  relaxation  times  to  spe- 
cific steps.    The  following  observations  are  relevant. 

1.  Only  two  relaxation  times  were  observed,  one 
each  in  the  basic  and  acidic  pH  regions.  If,  for  example, 
the  effect  in  basic  solutions  corresponds  to  the  processes 
II-I-III,  it  is  clear  by  the  analysis  above  (eq  7  and  text) 
why  the  exact  acidic  counterpart  (KHEHj  =  KHE" 
+  H+  ^  KHKH)  would  not  be  observed  in  the  acidic 
solutions.  Thus,  of  the  four  slow  steps  in  mechanisms 
c  and  d,  all  are  needed  to  account  for  the  two  times. 

2.  The  magnitude  of  the  relaxation  effect  is  ca, 
tenfold  larger  in  the  acidic  region  than  in  the  basic 
region.  In  both  pH  regions,  the  size  of  the  effects  de- 
creases as  the  quantities  [HX]z  and  [E}z  decrease  rela- 
tive to  [OH]  and  [H],  respectively.*^  In  the  acidic 
region,  the  relaxation  effect  disappears  just  as  [E]z 
decreases  to  become  virtually  identical  with  [H].  The 
effect  in  the  basic  region,  however,  is  much  smaller  to 
begin  with  and  disappears  well  before  the  sum  of  the 
protonated  species  becomes  small  compared  to  [OH]. 

Both  observations  are  consistent  with  the  assignment 
of  the  relaxation  effect  in  acidic  solutions  to  equilibria 
involving  major  constituents;  in  basic  solutions,  to 
equilibria  involving  minor  constituents.  The  best  as- 
signment of  relaxation  times  is  that  shown  by  the  posi- 
tion of  r«  (acidic)  and  Tb  (basic)  in  mechanisms  c  and 
d.  The  final  mechanism  in  the  acidic  region  then  be- 
comes 


IV 

KHEHi 


I 

KHE-+  H+. 


KHKH 
III 


II 
KHEHs 


(c) 


the  slow  relaxation  time  (r«)  of  which  is  given  by  eq  5, 
where  now 


1 


K 


BH 


Kit       Ku 


[KHEHi]  +  [KHEHj 
[HIKHE] 


(18)  Presumably  the  species  EHEi~  and  EHEt~  are  also  present,  but 
atmoch  smaller  concentrations. 


Under  the  condition  ^eh  »  [H]  +  [KHE]/(1  +  a),  this 
reduces  to  the  experimentally  observed  form.  It  is  also 
apparent  that  since  KHE"  is  the  only  major  anion 
present  (see  nmr  results),  its  concentration  is  virtually 
equal  to  the  total  anion  concentration.  We  conclude 
therefore  that  the  rate  constant  ku  has  the  value  2.6  X 
10«  Af-i  sec-i  and  ^eh  >  15  X  10«  (see  acid  results). 

The  interpretation  of  the  relaxation  observed  in 
the  basic  region  is  somewhat  more  involved.     If  one 

(19)  They  are  effectively  parallel  because  of  the  rapid  interconversioo 
between  states  VII  and  V  on  the  one  hand  and  between  II  and  IV  on  the 
other. 

(20)  The  optimum  conditions  for  observing  a  reaction  coupled  to  i 
pH  indicator  are  [OH]  <<  [HX]  in  the  basic  region  and  [H]  «  [E]  in 
the  acidic  region,  where  the  symbols  HX  and  E~  refer  to  the  reactants 
which  yield  the  relaxation  effect 
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kiOH] 


[-•'^ 


[KHEHJ^j  +  K^Xl  +  K„)  +  K'lOC',,  +  (1  +  K„)K'i}^™^^  +  [OH]l 


+  |3 


1  +  /3 


[OH]{(l  +  ir„)^'^"^"'^^  '\f'l  +  ^^"^"'^  +  [OH]+  K\^l  +  K^)  +  K',^\  +  kA  +  R 


+ 


MOH]rt^"^"'J(^  +  ;^")  +  tEHEHJ  ^  jQ^j 


+  ^'u(l  +  K. 


.,] 


[OH]|(l  +  j^„)[KHEHJ(l  +  J^.O  +  [EHEHJ  _^_  ^^jj^  _j_  ^^^^  _^  ^^^  ^  ^,^^j  ^  ^  ^  ^  ^ 

the  equilibrium  V-Va  in  mechanism  d,  the 
)n  time  Tb  becomes*^  as  shown  in  eq  8 
LC  equilibrium  constants  are  defined  as 


(8) 


,     ^  [KHEHJOH] 
"  [KHE] 

^  [EHEHJOH] 
'*  [EHiE] 

:  effective  rate  constants  (characterizing  the 
pathways  IV-V  and  II-VII)  are  given  by  it 

-  Kakv  and  ^  =  ^54  +  Knk-n'    The  term  R  in 
^minator  contains  all  terms  not  multiplied  by 


„     _   [EH,E1 
^"  -   [EHiE] 

^    [KHEHj 
"*         [KHEHJ 


+  K»)  X 

+  /TtTXEHEH,]  +  AT^JKHEH] 

I  +|3 


+ 


K'uK'u 


n  8  may  reduce  to  several  forms  depending  on 
mptions  made  concerning  the  relative  values  of 
IS  in  the  denominator.  It  is  clear  that  the  R 
jst  be  large  compared  to  those  multiplied  by 
a  order  that  the  experimentally  observed  form 
;  obtained.  In  addition,  ifK'uf^'bt  is  the  largest 
n  the  brackets  in  the  expression  for  R,  there 
inally 


kjOH] 
1  +  K 


X 


a 


rtTXEHEH,]  +  [KHEHi]  +  [KHEH»] 
1  [[KHEHi]  [EHEH,] 


(1  +  KaXl  +  /3) 


+ 


^'14] 


+  1     + 


(9) 


uation  now  has  the  correct  concentration  de- 
e.    From  Figure  1  the  over-all  rate  constant 

:/(l  +  ^42)  =  2.5  X  10*^  M-'  sec-i  and  1  + 

=  7.5  X  10*.    It  is  not  possible  to  decide 

juously  which  of  the  terms  (^46  +  ^42*27)  in 

the  larger  contribution. 

;ht  be  asked  if  the  assignment  of  relaxation  times 
icidic  and  basic  regions  could  just  as  well  be 
;  I.e.,  is  there  any  ambiguity  in  the  assignment 
J  Tb?  If  one  were  to  interchange  the  two  times, 
^wing  is  immediately  apparent.  The  time  Tb 
ideed  be  accounted  for  by  step  I-III  coupled 

and  I-II.    The  acidic  t,  however,  can  easily 
vn   to  be  completely  inconsistent   with   the 


:  Appendix. 

is  requires  that  iT'te  »  (1   +  ir»7)[EHEHt]  and  K'n  » 
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Figure  3.  Br0nsted  plot  for  acid  and  base  rate  constants  in  some 
ketones:  solid  circles,  diacetylacetone;  others,  (1)  barbituric  acid, 
(2)  Meldrum's  acid,  (3)  acetylacetone,  (4)  ethylacetylacetone,  (5)  di- 
ethyimalonic  acid,  (6)  acetone.   Upper  curve  is  A:^,  lower  is  A:b. 


parallel  paths  V-IV  and  VII-II.  If  one  again  neglects 
the  equilibrium  V-Va,  an  expression  for  t.  analogous 

to  eq  8  is  obtained  where  now  ^  =  ^67  +  KiJcn-  In 
order  to  obtain  an  equation  of  the  proper  form,  it  is 
necessary  to  assume  that  an  "/{"  term*'  in  the  denom- 
inator is  negligible.  This  requires,  among  others,  that 
Km  <C  [H].  On  the  other  hand,  it  is  also  required  that 
Kit  >  1.5  X  10"*  (see  acid  results),  a  result  which  is 
irreconcilable  with  the  lower  limit  of  K^t  necessary  in 
the  denominator.  Thus  we  conclude  that  the  assign- 
ment of  the  relaxation  times  in  the  acidic  and  basic 
regions  can  be  unambiguously  made. 

It  is  now  well  established  that  a  correlation  exists 
between  the  rate  constants  for  proton  transfer  in 
pseudo-acids  and  the  pK^  of  the  system  (Br0nsted  rela- 
tion). Figure  3  shows  a  Br0nsted  plot  for  a  series  of 
closely  chemically  related  pseudo-acids.'*  Most  of 
the  rate  constants  have  been  directly  measured;*'*  /.e., 
they  are  not  obtained  from  the  ionization  rate  and  the 
p^a.  The  acid  recombination  rate  constants  all  lie 
on  a  smooth  curve,  with  the  result  for  diacetylacetone 
falling  precisely  where  expected.  Data  are  more  scanty 
for  the  basic  reaction  (HB  +  OH"");  it  is  clear,  how- 
ever, that  the  basic  rate  constant  involving  diacetyl- 
acetone correlates  well  with  a  linear  extrapolation  of  the 
other  points.  This  correlation  is  remarkable  inasmuch 
as  the  value  measured  was  an  effective  or  over-all 

(23)  Containing  all  terms  not  multiplied  by  [H]. 

(24)  If  all  rate  data  for  adds  of  varying  chemical  composition  (e.^., 
trifluoroacetylacetone,  nitromethane)  were  examined,  the  qualitative 
correlation  would  still  exist,  but  several  curves  would  be  necessary  to 
adequately  represent  all  the  data.  For  example,  the  reaction  of  OH' 
with  HCN  (piT  -  9.1)  is  just  10-fold  less  than  diffusion-controlled: 
J.  Stuehr,  tt  al,  J,  Chem.  Phys.,  3S,  587  (1963). 
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rate  constant  (see  eq  8).  There  are  at  least  three  ex- 
planations: (1)  the  correlation  is  purely  fortuitous; 
(2)  the  pK  of  the  molecules  involved  is  also  about 
7.4;  or  (3)  the  basic  reaction  involves  the  same  mole- 
cule or  anion '^  as  the  acidic.  The  latter  is  eliminated, 
however,  by  the  fact  that  an  examination  of  mechanism 
c  shows  that  there  is  no  anion  or  molecule  conmion  to 
two  slow  processes.  For  the  second  possibility,  we 
must  have  a  single  step  predominating,  a  condition 
which  is  fulfilled  either  il  K4iy>  I  (in  which  case  A^eff  = 

M  or  K^  «  1  (fceff  ^  fc46). 

In  such  a  relatively  complicated  system,  it  was  clearly 
necessary  to  have  carried  out  measurements  in  both  pH 
regions.  If  measurements  had  been  restricted  to  acidic 
solutions,  one  would  have  concluded  that  virtually 
any  two-step  mechanism  could  account  for  the  results.^* 
The  kinetic  parameters  for  acidic  and  basic  diacetyl- 
acetone  are  summarized  in  Table  IV.    Thus,  by  carry- 


Table  IV.    Equilibrium  and  Rate  Constants  for 
Aqueous  Diacetylacetone  at  25*"  and  0.1  Ionic  Strength 


Acidic 


Basic 


Kx 


all 


fwj 


3XlOWAf-»sec 


-u 


A:it-2.6XlO»M-isec-i 
Ku  >  1.5  X  10-» 
Ku  >  1.5  X  10-» 


6.8  X  10-« 

k„{  all 

ku  (  <3X10"Af-»sec-i* 

kn  J 

k 


l+^u 


2.5xWM-^sec-^ 


■  Estimated  on  the  basis  of  diffusion-controlled  reactions.  ^  In- 
temaUy  hydrogen-bonded  noolecules  hydrolyze  with  rates  ranging 
from  the  diffusion-controlled  limit  to  considerably  more  slowly. 
*  Over-all  rate  constant  defined  by  eq  8. 


ing  out  and  interpreting  measurements  in  both  pH 
regions,  the  general  features  of  the  protonation-de- 
protonation  mechanism  could  be  established  with  a 
high  degree  of  certainty. 

(25)  But  not  both;  see  eq  7  and  related  text 

(2^  For  example,  a  mechanism  consisting  of  one  protonated  form 
and  two  anions  (Ei"  +  H"^  «  KH  ;=t  Ei"  +  H"^)  is  easily  shown  to  be 
compatible  with  the  acid  results.  The  relaxation  time  for  an  analogous 
hydrolysis,  however,  cannot  be  fitted  to  the  observed  concentration 
dependence. 


Appendix 

Derivation  of  Eq  8.  For  a  small  perturbation  from 
equilibrium  (Sd  <3C  C|),  the  rate  of  restoration  of 
equilibrium  for  the  parallel  paths  IV-V  and  II-VII 
is  given  by 

d({CB  +  5Cg  +  SQ)    ^        d(SCi  +  Sd  +  iCe)  ^ 

d/  di 

ki^CidCon  +  Cq^SCa)  +  ^^(CjSCoH  + 

ConiCi)  -kBASCi  -  knSd    (A-1) 

where  the  symbols  Ct  refer  to  the  concentrations  of  the 
chemical  species  indicated  in  mechanism  c.  This 
equation  may  be  put  in  the  form 


d«C,  1„ 

at  T 

by  using  the  conservation  relationships 

t-6 


(A-2) 


53  6Ci  =  0{i  -^  3)    (mass  conservation)    (A-3) 


t-i 


(A-5) 


SCi  +  SCa  +  SCe  +  8Chk)  =  0    (proton  conservation) 

(A-4) 

SCoH  +  SChio  =  0    (hydroxyl  conservation) 
and  the  preequilibrium  relationships 

K$tiCs  =  CeSCoH  +  CoabCt 

KubCi  =  CihCoa  +  CogiCA 

6Ct    =    KahSCa 


(A-6) 

(A-7) 
(A-8) 
(A-9) 


The  elimination  of  all  bCt  variables  except  one  from 
eq  A-3-A-9  and  substitution  into  A-1  yields  an  equa- 
tion of  the  form  of  eq  A-2,  from  which  r~*  (eq  8)  follows 
directiy. 
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Abstract :  The  geometry  of  the  four-proton  system  in  (cyclobutadiene)iron  tricarbonyl  has  been  determined  from  the 
proton  magnetic  resonance  spectrum  in  liquid  crystal  solution.  The  observed  spectrum  is  characteristic  of  a  ge- 
ometry with  only  two  independent  direct  magnetic  dipole  coupling  constants.  The  observed  splittings  do  not  quite 
fit  those  expected  from  a  square  geometry.  The  possibility  of  a  rectangular  proton  configuration  was  consid- 
ered. This  geometry  could  be  a  result  either  of  a  stable  structure  in  the  isolated  molecule  or  a  distortion  of  a  square 
structure  by  the  nematic  solvent.  Using  a  computer  simulation  program,  it  was  possible  to  fit  the  observed  spec- 
trum with  a  rectangle  in  which  the  ratio  of  unequal  sides  is  0.9977  ±  0.0045.  Assuming  reasonable  bond  lengths  and 
coplanarity  of  the  carbon  and  hydrogen  skeletons,  this  corresponds  to  a  change  of  0.5^  in  the  C-C-H  angle.  At 
worst,  this  is  a  very  small  departure  from  square  symmetry  and  represents  a  limit  on  the  extent  to  which  the  proton 
geometry  can  be  rectangular  and  still  yield  a  spectrum  consistent  with  experimental  results.  The  alternative  possi- 
bility of  a  proton  configuration  rotating  rapicUy  in  the  asynunetric  force  field  of  the  liquid  crystal  environment  is 
also  considered. 


I  1956,  Longuet-Higgins  and  OrgeP  predicted  the 
stabUity  of  complexes  of  cyclobutadiene  with  transi- 
1  metal  carbonyls.  In  1965,  Pcttit'  reported  a 
thesis  of  the  first  stable  cyclobutadiene  complex, 
dobutadiene)iron  tricarbonyl,  CIT  (sec  Figure  1). 
5  geometry  of  the  cyclobutadiene  system  is  unknown, 
I,  for  this  reason,  it  is  of  interest  to  study  the  proton 
^figuration.  Analysis  of  the  nmr  spectra  of  mole- 
ES  dissolved  in  a  nematic  liquid  crystal  solvent  can 
i  to  a  determination  of  the  anisotropic  magnetic 
ole  coupling  constant.^  Since  the  anisotropic 
<de-dipole  interaction  is  sensitive  to  interproton 
tances,  it  is  possible  to  study  the  proton  geometry  by 
ilysis  of  the  nematic  pmr  spectrum. 

Nematic  Four-Spin  Spectra 

^  method  for  analysis  of  nnu*  spectra  of  molecules 
nematic  solution  has  been  developed  by  Saupe,^ 
I  the  nematic  pmr  spectrum  of  CIT  was  predicted 
uming  that  the  protons  are  in  a  square  and  a  rec- 
gular  configuration.  In  both  structures,  the  degree 
orientation  of  the  molecule  (and  therefore  of  the 
ton  system)  is  given  by  a  single  parameter  Sn  which 
efinedas 

Su  =  ^<3cos»fl-  1) 

ere  0  is  the  angle  between  the  magnetic  field  and  the 
lecular  symmetry  axis  (see  Figure  1).  The  brackets 
lify  a  time  average  of  the  angular  function.  The  di- 
ar  Hamiltonian  for  the  four  protons,  modified  for 
tial  orientation  in  a  liquid  crystal  matrix,  is  for  a 
tangle  (in  cps) 


JC^^^  = 
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where  y  is  the  protcm  gyromagnetic  ratio,  and  R^  is 
the  distance  between  nuclei  i  and  /  For  a  square  pro- 
ton configuration,  the  Hamiltonian  is 

4  -*    _ 


3C(« 


7^ 
AtR 


where  /{ is  the  ortho  intemuclear  distance.    For  both 
cases,  the  Zeeman  Hamiltonian  is 


It 


»-i 


H^  is  the  magnitude  of  the  external  field,  o-  is  the  iso- 
tropic average  of  the  chemical  shift  tensor,  and  Ao- 
is  the  difference  between  the  chemical  shift  measured 
perpendicular  and  parallel  to  the  four-proton  plane. 
Symmetric  eight-  and  ten-line  spectra  are  predicted  for 
the  square  and  rectangular  structures,  respectively. 
The  splittings  and  intensities  for  both  cases  are  given 
in  Table  I.  The  center  of  synmietry  of  both  spectra  is 
given  by 


yjh 

It 


(1  -  (T  -  25„A<r/3) 


2.  Experimental  Section 

The  nematic  pmr  spectrum  of  CFT  was  obtained  in  a  25  mole  % 
solution  of  4,4'-di-/f-hexyloxyazoxybenzene  at  76''  and  is  shown  in 
Figure  2.  It  appears  to  be  a  symmetric  eight-line  multiplet.  Tetra- 
meth^silane  was  used  as  an  internal  reference.  The  measured 
splittings  and  intensities  are  given  in  Table  II.  Intensities  were 
obtained  with  a  Varian  V-3521  integrator. 

3.  The  Proton  Geometry 

(a)  Square  Structure.  A  visual  examination  of  the 
spectrum  (see  Figure  2)  would  lead  to  the  conclusion 
that  the  protons  are  in  a  square  configuration  since  there 
are  eight  lines.  Normalized  to  the  smallest  splittings 
(A54  and  A1/4),  the  four  splittings  are 

Theoretical  (Table  la)       1 :2.80944 :4.6561 :6.6561 1 

Experimental  (Table  II)     1 :2.699  db  0. 107 :4.8  d:  0. 17 :6.493  d:  0.25 

It  can  be  seen  that,  within  experimental  error,  the  ob- 
served splittings  are  not  quite  ia  tba  %^xsl^  \^Ssa  "^  ^^sifc 
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Figure  1.   Molecular  itnicture  and  direction  of  oi 
(cyclobutadiene)iroa  tncsrbonyl  (CTT). 


Hgure  Z   Neroatic  proton  ninr  ipectnim  of  (cyclobutadiene)iToii 
trkarbonyL 


thecvetical  splittings.  The  possibility  that  the  spec- 
tram  actually  consists  of  ten  lines,  two  pairs  of  which  are 
unresolved  (i.e.,  that  the  structure  is  a  rectangle),  was 
then  considered.  An  estimate  was  made  of  the  extent 
to  which  the  proton  structure  could  differ  from  a  square 
(/.e.,  become  rectangular)  and  still  &t  the  observed 
spectrum. 

(b)  Rectangular  Structure.    A  possible  continuous 
transition  from  square  to  rectangle  may  occur  as 


irfi'ii 


H, 


H, 


H, 


H, 


H, 


In  this  case,  Rm  becomes  less  than  JJi,.  Since  B^ 
-  37*SS,,/4tA„',  fin  becomes  greater  than  Bi4. 
If  the  proton  chemical  shift  anisotropy  is  assumed 
to  be  negative,  5**  must  be  positive  to  explain  the  rela- 
tive position  of  the  isotropic  and  nematic  spectra. 
Then,  since  J^u  >  R^  >  Ru,  £»  <  £■«  <  £u.  Using 
these  inequalities,  the  transition  of  the  stick-plot  spec- 
tram  from  square  to  rectangle  was  made  and  is  shown 
in  Figure  3.  The  only  difference  between  the  two 
spectra  is  that  the  innermost  line  pair,  S*,  in  the 
"square"  spectram  splits  into  the  two  "rectangular" 
line  pairs,  A*  and  Ri.  The  separation  between  lines 
in  the  two  pairs  (on  the  same  side  of  the  center  of 
symmetry)  is  given  by  (see  Figure  3  and  Table  lb) 


■(*n  -  Bu)  =  k^R*  -  AJ?i) 


(1) 


r ,-  f  u  r  r  [  V 


ijL 


1 4.^ 


n^t 


l*^-»| 


Figure  3.    Change  is  nmr  ipectnim  of  Tour  protona  as  stnicttire 
cbangea  from  a  square  to  a  rectangle. 


Experimentally,  only  four  pairs  of  lines  are  obtaiaed. 
and  the  half-width  at  half-height  of  the  innermoit 
pair  is  3.0  cps.    It  was  assumed  that  a  line  of  the  inner- 

TaMa  I.    Theoretical  Splittings  and  Intensities  for  j^mmetric 


a.    Square  t::onSgunttion:  B  -  i3y*MJ4R*)St, 

s.  '>^.-s[(^  +  575)"+  3 

b.    Rectangular  Configuration:  Bu  -  Oy'tfJ^Hti'tSn 
Ri  Altt-'^lBa  +  Btt  +  B,^  2 

B,  ift-;{ft.-Ai  +  ft«)  1 

B,  Aili-j^Kfti  +  ftiH-aO' -(-        3 

4ttft,-ft.)«-|-(Btt- 
Bid'+iBu-B,;}']]*/* 
R,  4Jl,-^ft, +  *,-*,)  1 

R,  Ait,  -  -(-ft,  +  fli,  +  ftj  1 


Tabto  n.    Observed  Splittings  and  liitemities  in  the 
err  Proton  Nmr  Spectrum 

Splitting,  cps  Inten 

A)^-33].]3±2.25  2 

(outermost  pair) 

^  -  227.88  ±  1.66  1 

ir,  -  137.67  db  1.S7  3 

Ar4-31.00±1.93  2 

(innennost  pair) 


most  (observed)  pair  is  actually  a  superposition  <^  two 
"unresolved"  lines.  The  separation  between  these  two 
"unresolved"  lines  is  given  by  eq  1.    In  order  to  place 
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nit  on  this  separation,  it  is  necessary  to  find  the 
imum  splitting  which  is  possible  between  two  over- 
ling lines  (i.e.,  Ri  and  R^)  which  are  not  resolved, 
this  purpose,  a  computer  simulation  program  was 
I.  The  lines  were  given  a  Lorentzian  shape  and 
df-width  at  Lalf-height  of  3.0  cps.  It  was  found 
the  maximum  separation  consistent  with  experi- 
t  is  1.0  cps.  Using  (1),  the  following  relation  then 
Is 


-(Bu  -  Bu)  <  1.0  cps 

TT 


(2) 


Q  iBii  —  Bu  =  0,  the  proton  configuration  is  a 
irc.  Thus,  (2)  places  an  upper  limit  on  the  distor- 
from  a  square  structure.  The  separation  between 
outer  pairs,  Ri  and  R2,  is  given  by  (see  Table  lb) 


ARi  -  AR2  = 


2B 


IS 


(3) 


splitting  between  the  outermost  pair  is  given  by 
Table  lb) 

ARi  =  kBit  +  Biz  +  Bu)  (4) 

^acting  (3)  from  (4),  the  following  is  obtained. 

-(Bn  +  Bu)  =  ARi  -  kARi  -  ARt)         (5) 

TP  2 

ind  the  maximum  departure  from  the  square  struc- 
,  -(Bu  —  Bu)  is  set  equal  to  the  limiting  value  of  1.0 

Using  the  observed  splittings  (Table  II),  eq 
yrield  the  following  dipolar  coupling  constants  (cps): 
=  440.64  ±4.18,  ^18  =  162.23  ±  4.40,  ^4  =  437.50 
.18.  Under  the  above  assumptions,  these  param- 
;  fit  the  observed  splittings, 
ratio  of  the  interproton  distances,  Ru/Rut  is  a 
ningful  estimate  of  the  distortion  of  a  square  struc- 
,  since  Ru/Ru  =  1  for  a  square.  Since  Bt^  = 
Szt/4TrRtj*,  this  ratio  can  be  obtained  for  the 
imum  distortion  from  a  ratio  of  the  above  dipolar 
>ling  constants. 

^  =  (^V'  =  0.9977  ±  0.0045 
Ru      V-^w/ 

vrorst,  this  represents  a  very  small  departure  from 
re  symmetry  and  places  a  limit  on  the  extent  to 
;h  the  structure  can  depart  from  square  symmetry 
still  fit  the  observed  spectrum, 
ther  work  points  to  a  square  structure  for  the  car- 
skeleton.^  A  square  configuration  for  the  protons 
Id  then  be  reasonable.  Assuming  that  this  is  the 
t  stable  geometry  in  the  isolated  molecule,  the 
»wing  explanation  for  the  distortion  is  offered:  a 
^  is  exerted  on  the  C-H  bonds  as  the  molecule 
3les  in  the  nematic  solvent,  and  this  squeezes  the 
ons  into  a  rectangular  configuration.  This  ex- 
ation  has  been  used  on  the  distortion  of  the  C-H 
Is  in  the  methyl  groups  of  tetramethylsilane  in  the 
t  solvent.^  The  changes  are  of  the  same  magni- 
('M).5°  change  in  the  C-C-H  angle).    It  is  im- 
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Figure  4.  Rotation  of  the  distorted  cyclobutadiene  ring  in  an  asym- 
metric liquid  crystal  force  field. 


portant  to  note  here  that  if  the  line  widths  were  smaller, 
the  maximum  separation  without  resolution  (eq  2) 
and  the  deviation  from  square  structure  woiild  be 
smaller.  It  is  expected  that  this  would  be  the  case 
with  better  sample  temperature  homogeneity. 

(c)  Rotattonally  Averaged  Structure.  The  alternative 
possibility  that  the  four-proton  system  is  rotating 
rapidly  in  an  asymmetric  force  field  due  to  the  liquid 
crystal  environment  was  then  considered.  It  is  assumed 
that  the  anisotropy  in  distortion  is  such  that  the  four 
protons  are  squeezed  into  a  rectangle,  the  long  side  of 
which  is  parallel  to  the  external  field  direction.  The 
change  in  proton  geometry  as  the  cyclobutadiene  ring 
rotates  about  its  symmetry  axis  is  shown  in  Figure  4. 
The  four  orientations  shown  are  90°  apart  in  the  angle 
between  the  external  field  direction  and  a  given  inter- 
nuclear  vector.  It  can  be  seen  that  the  para  inter- 
nuclear  distance  (Ru  and  Ru)  remains  constant  in  mag- 
nitude during  a  rotation,  while  the  ortho  distance  (J^u, 
Ru9  Ri**  and  Ru)  is  averaged 

(/^ortho)  =  liRn""  +  Rn"") 

This  leads  to  a  dipolar  Hamiltonian  modified  for  this 
type  of  distortion  and  rotational  averaging 

JC^i>  ==  (7W47r5„)r(/?artho-')  E  (iU^J  -  I' I)  + 

L  ••<> 

k<l  J 

The  first  term  inside  the  bracket  is  summed  over  all 
ortho  nuclear  pairs,  and  the  second  term  over  all  para 
nuclear  pairs.  The  spectrum  resulting  from  this 
Hamiltonian  is  almost  identical  with  that  predicted  for 
a  square.  The  only  difierence  is  that  the  cube  of  the 
ratio  of  the  para-to-ortho  internuclear  distance  (de- 
rivable from  the  observed  splittings)  is  not  the  same  as 
that  in  a  square.  For  the  square,  the  following  relation 
holds 


( 


R 


£££• 


^rtho/ 


Y- 


2.828 


From  a  least-squares  analysis  of  the  observed  spectrum, 
the  relation  between  the  averaged  distances  is 


\\^)) 


2.72  ±  0.74 
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Without  a  more  detailed  knowledge  of  the  force  fields 
which  produce  the  distortion,  it  is  difficult  to  interpret 
the  above  result. 

4.    Scalar  Nuclear  Coupling 

The  scalar  nuclear  spin-spin  coupling  has  been  neg- 
lected in  the  preceding  analysis.  In  a  complete 
analysis,  only  the  most  intense  line  pair  (Sz  or  Rt^ 
Table  I)  is  dependent  on  this  parameter.  Since  the 
structure  is  very  close  to  a  square,  and  since  the  de- 
pendence on  Jij  of  the  lines  in  the  pair  Si  is  much  sim- 
pler than  in  the  pair  Rz,  only  Sz  will  be  considered. 
When  scalar  coupling  is  included  in  the  spin  Hamilto- 
nian  the  line  pair,  5s,  is  actually  two  pairs  of  lines,  the 
separation  between  the  lines  in  the  two  pairs  (on  the 
same  side  of  the  center  of  symmetry)  being  given  by 


l(A5u.  -  AS,b) 


3/«  =  3/ 


ortho 


(cps) 


where  AiS^a  and  ASzh  would  be  the  splittings  between  the 
two  pairs  of  lines  if  they  could  be  resolved.  Again, 
since  the  most  intense  lines  appear  to  be  singlets  (see 
Figure  2),  it  is  only  possible  to  put  a  limiting  value  on 
their  separation  (without  resolution),  and  hence  on 
•/ortho-  Using  computer  simulation  (see  section  3b), 
this  was  estimated  to  be  4.0  cps,  so  that  i/ortho  ^  4.0 
cps  and  /ortho  <  1.3  cps.  Because  of  line- width  effects 
(see  preceding  section),  it  is  likely  that  /ortho  is  even 


smaller.  This  result  agrees  with  experimental  ob- 
servations by  Pettif  in  the  nmr  spectrum  of  a  dmvative 
of  CIT,  in  which  /ortho  =  0.0  cps. 


5.    Proton  Chemical  Shift  Anisotropy 

The  center  of  the  nematic  spectrum  is  10.8  cps  down- 
field  from  the  isotropic  spectrum.  In  order  to  estimate 
the  proton  chemical  shift  anisotropy,  Szz  must  be 
known.  A  value  for  Szz  can  be  calculated  by  the  follow- 
ing procedure:  (1)  the  observed  splittings  are  matched 
to  the  theoretical  square  (see  Table  la)  splittings  to 
yield  Sn/R*  (this  is  reasonable  since  the  observed 
spectrum  is  very  close  to  that  predicted  for  a  square; 
see  section  3a);  (2)  using  C-C  and  C-H  bond  lengths  of 
1.4  and  1.1  A,  respectively,  and  assuming  coplanarity 
of  the  carbon  and  hydrogen  skeletons,  the  interprotoo 
distance,  R,  is  found  to  be  2.96  A.  Sn  then  equab 
db0.02.  Using  this  value  for  Szzf  a  chemical  shiA 
anisotropy  of  dbl3  ppm  is  obtained.  This  is  relatively 
large,  being  about  the  magnitude  of  shift  anisotropics 
observed  for  acetylenic  protons.® 
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Abstract:  The  mass  spectra  of  Re2(CO)io,  Mns(CO)io,  and  ReMn(CO)io  have  been  established  and  compared 
with  the  mass  spectra  of  the  monometal  carbonyls.  The  electron-impact  ionization  potentials  and  the  appearance 
potentials  of  the  major  fragment  ions  have  been  measured.  These  data  are  used  to  calculate  specific  and  average  bond 
dissociation  energies  for  the  ions.  Metal-CO  bond  energies  for  Res(CO)io^  are  shown  to  be  greater  than  those  of 
Mnj(CO)io'*".  Metal-CO  bond  energies  for  ReMn-(CO)io"''  are  related  to  those  observed  for  the  Rcj  and  Mni  com- 
pounds. A  similar  relative  scale  is  predicted  for  the  metal-<X)  bond  energies  of  the  neutral  molecules.  The  cal- 
culated metal-metal  dissociation  energies  (ev)  of  the  neutral  decacarbonyls  and  their  ions  to  produce  •M(00)i  and 
M(CO)6+are:  Mn-Mn,  0.96,  and  [Mn-Mn]+,  0.82;  Re-Re,  2.22,  and  [Re-Re] +,2.08;  Re-Mn,  2.67,  and  IRe-Mn]+, 
2.65.  The  ionization  and  dissociation  mechanisms  are  discussed  in  terms  of  "isolated  ionization*'  at  one  of  the 
metal  atoms  in  a  dimetal  carbonyl,  and  this  model  is  tested  by  experimental  observations. 


Mass  spectrometric  studies  of  polynuclear  car- 
bonyls^-•  and  derivatives*'  have  been  published 
recently.  King*  has  worked  primarily  with  the  tri- 
and  tetrametal  carbonyls,  while  Preston  and  Reed*' 
and  Lewis  et  aL,*^  have  concentrated  their  activities 
on  the  derivatives  of  dimetal  carbonyls.    No  ionization 

(1)  Work  was  performed  in  the  Ames  Laboratory  of  the   U.   S. 
Atomic  Energy  Conmiission.    Contribution  No.  1979. 

(2)  R.  B.  King,  /.  Am.  Chem,  Soc,  88,  207S  (1966). 

(3)  R.  E.  Winters  and  R.  W.  Kiser.  /.  Phys.  Chem,,  69,  1618  (1965). 

(4)  (a)  F.  J.  Preston  and  R.  I.  Reed,  Chem,  Commun.,  51  (196Q;    (b) 
J.  Lewis,  A.  R.  Manning,  J.  R.  Miller,  and  J.  M.  Wilson,  /.  Chem,  Soc., 

Secf.  A,  J&63  (1966), 


and  appearance  potential  measurements  are  reported 
by  these  authors.  Winter  and  Kiser*  report  the  ioniza- 
tion potentials  of  Mn2(CO)io  and  Co^CO)8»  and  the 
appearance  potentials  of  some  fragment  ions  from  these 
materials  are  used  to  calculate  A/ff(ion)  values.  Frag- 
mentation patterns  are  also  reported.  These  mass 
spectral  patterns  are  important  for  the  relationships 
to  the  quasi-equilibrium  theory^  and  for  structural 
information.*  However,  the  energetics  of  the  various 
fragmentations  are  also  of  fundamental  importance. 

(5)  R.  E.  Winters  and  R.  W.  Kiser,  /.  Chem.  PhyM,.  44. 1964(1966). 
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ron-impact  studies  may  be  used  to  gain  an  insight 
the  validity  of  the  proposed  bonding  in  the  metal 
myls.  In  addition,  conclusions  about  structure, 
I  on  fragmentation  pattern  correlations,  may 
times  be  verified  by  appearance-potential  meas- 
ents.  Finally,  bond  dissociation  energies  which 
f  thermochemical  interest  are  obtained  from  elec- 
Lmpact  data. 

^  have  measured  the  energy  required  to  produce 
lent  ions  from  the  decacarbonyls  of  Ret,  Mns, 
IcMn  primarily  to  obtain  bond  dissociation  ener- 
ind  to  study  the  mechanisms  of  ionization  and 
:iation.  The  strength  of  the  metal-CO  bonds  and 
letal-metal  bonds  reported  here  may  not  be  ab- 
dy  accurate  because  of  unknown  kinetic  and 
ition  energies.  The  possible  errors  due  to  these 
s  should  be  about  equal  for  the  series,  Mnj(CO)io, 
:0)io,  and  ReMn(CO)io.  Thus,  at  least  a  good 
v^e  scale  of  bond  energies  is  expected. 

rimental  Section 

imaitatloii.  A  General  Electric  mass  spectrometer  with 
cations*  previously  described  was  used  to  obtain  the  data 
xl  here.    No  additional  modifications  were  required  for  this 

et-Po(cntial  Measurements.    The  vanishing  current^  pro- 
was  used  to  measure  the  onset  potentials.    Simultaneous 
ng  of  the  dimetal  compounds  and  the  xenon  voltage  cali- 
( gas  was  used. 

eriab.  The  Res(CO)io  and  Mns(CO)io  were  purchased  from 
lorganics,  Inc.,  and  used  without  further  purification.  The 
unple  of  ReMn(CO)io  was  kindly  furnished  by  Dr.  H.  D. 
University  of  California,  Los  Angeles,  Calif. 

ts  and  Discussion 

ss  Spectra.  Line  diagrams  of  the  5S-ev  mass 
a  are  shown  in  Figure  1.  Only  the  dimetal 
ent  ions  are  shown  since  these  fragments  cause 
of  the  total  ion  current.  The  total  intensity  of  the 
metal  ions  is  less  than  20  %  of  the  total  dimetal 
itensity  for  each  sample.  The  ratios  of  these 
ities  are:  2;Mn(CO)x+/2:Mnj(CO),+  =  0.20; 
CO)^+IXRe^CO)+  =  0.05;  and  [2Mn(CO),+ 
Rc(CO),+]/ReMn(CO),+  =  0.12.  The  apparent 
cnce  for  ruptures  of  the  metal-CO  bonds  is  a 
:ion  of  the  lower  strength  of  these  bonds  compared 
the  metal-metal  bonds.  The  greater  intensity  of 
onometal  fragments  for  the  manganese  compound 
Its  that  the  metal-metal  bond  is  weaker  than  the 
e  bond.  This  conclusion  based  on  the  SS-ev 
spectra  is  supported  by  appearance-potential 
irements  discussed  in  the  sections  on  dissociation 
es.  The  enhanced  tendency  to  form  the  higher 
ragments  from  Rei(CO)io  compared  to  Mn2(CO)io 
s  the  expected  periodic  trend  in  the  metal-CO 
energies  as  the  molecular  weight  increases  within 
sition  metal  group. 

!  numerical  tabulation  of  Winters  and  Kiser* 
iii(CO)io  has  been  converted  to  the  per  cent  total 
tion  and  is  included  as  the  broken  bar  graph  in 
t  1.  Their  spectrum  contains  more  of  the  lighter 
ragments,  and  this  is  probably  due  to  a  combina- 
r  sampling  and  instrumental  factors. 

.  A.  Junk  and  H.  J.  Svec,  Anal.  Chem.,  37,  1629  (196S);  Paper 
presented  at  the  Twelfth  Annual  Conference  on  Mass  Speo- 
Y  and  Allied  Topics,  Montreal,  June  1964. 
H.  Field  and  J.  L.  Franklin,  "Electron  Impact  Phenomena,** 
ic  Press  Ine.,  New  York,  N.  Y.,  1957,  p  30. 
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Figure  1.    Mass  spectra  of  dimetal  decacarbonyls  in  per  cent  total 
ionization:  solid  bar,  this  report;  broken  bar,  Winters  and  Kiser.* 


The  only  ion  currents  observed  here  which  are  the 
result  of  metastable  transitions  are  recorded  in  Table  I. 
No  attempt  was  made  to  observe  other  metastable  ion 

Table  I.    Observed  Metastable  Transitions 


Process 


Calcd 

m/e 


Obsd 

m/e 


Mn(CO)i 
Mn,(CO)4+  - 
Mn,(CO),+  - 


—  Mn(CO)i^^  + 

Mn,(CO),+  +  CO 
Mn,(CO)4+  +  CO 


97.5 

169.5 
197.1 


97.5 

169.3 
197.0 


currents  by  varying  instrumental  parameters  such  as 
sensitivity  and  repeller  potential.  Others  undoubtedly 
exist,  and  the  observation  of  these  are  important  because 
they  support  the  decomposition  proposals'****'***'* 
of  successive  loss  of  CO  groups  in  the  unimolecular 
dissociation  of  metal  carbonyls. 

A  possible  rearrangement  ion  current  was  observed 
in  the  fragmentation  of  ReMn(CO)io.  Seven  per  cent 
of  the  total  is  due  to  a  [Rc(CO)6]+  ion  current.  Re- 
arrangements involving  migrations  other  than  hydrogen 
are  rare.  Only  one  other  such  rearrangement,  the  OH 
group  migration  to  form  the  m/e  46  ion  current  from 
amino  acids,  ^^  has  been  positively  confirmed  at  our 
laboratory.    However,  recent  research  reports  from 


Table  IL    Ionization  Potentials  of  Dimetal  Decacarbonyls 


Sample 


This 
report 


Ionization  potential,  ev 

Winters 
and  Metal 

Kiser*  atoms 


Mng(CO)io 

Rei(CO)io 

ReMn(CO)io 


8.58 
8.27 
8.15 


8.55 


7.43 
7.87 
7.43,7.87 


(8)  An  extensive  report  of  observed  metastable  transitions  of  some 
monometal  carbonyls  has  recently  been  published  by  R.  W.  Winters  and 
J.  H.  Collins,  /.  Pkys,  Ckem.,  70,  2057  (1966). 

(9)  B.  Can  tone,  F.  Orasso,  and  S.  Pignataro,  /.  Chem.  Phys.,  44,  31 15 
(1966). 

(10)  O.  A.  Junk  and  H.  J.  Svec,  /.  Am.  Chtm.  Soc^t&« Vf^  SX")^^. 
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Table  m.    Appearance  Potentials  and  Heats  of  Formation  of  the  M^CO),-*^  Ions  from  Mn^CO)io,  Re^CX)Xo,  and  ReMn(CX))M 


AP. 

AmioaX 

Ion 

ev« 

'I Process                           ■* 

kcal/mole 

Mn+ 

22.13 

Mnj(CO)i«*  -*►  Mn+  +  Mn  +  10(CO)? 

? 

Mn(CO)+ 

18.21 

-^  Mn(CO)+  +  Mn  +  9(CO) 

7 

Mn(CO),+ 

14.80 

-^  Mn(CO),+  +  ? 

? 

Mn(CO),+ 

9.40 

-^  Mn(CO),+  +  Mn(CO), 

? 

Mn,+ 

18.73 

-^  Mn,+  +  10(CO) 

309  (312)« 

Mn^COh^ 

16.43 

•^  Mn,(CO),+  +  8(CO) 

201 

Mn,(CO)«+ 

15.34 

•^  MnKCO),^  +  7(CO) 

152 

Mn,(CO)4+ 

13.98 

•^  Mn,(CO)4+  +  6  (CX)) 

94(95) 

MnKCX)).+ 

11.91 

-H.  Mn,(CO),+  +  5(CO) 

20(37) 

Mn<CO)io^ 

8.58 

-^  Mn,(CO)io+ 

-188  (-189) 

Re+ 

37.55 

Re,(CX))io-  -H^  Re+  +  ? 

? 

Re(CO),+ 

10.35 

-*►  Re(CO),+  +  Re(CX))i 

•  •  • 

Re(CO)4+ 

13.30 

-H.  Re(CO)4+  +  ? 

? 

Re,+ 

28.96 

•^  Re,+  +  10(CO) 

319 

Re,(CO)+ 

26.26 

-^  Re,(CO)+  +  9(CO) 

231 

Re,(CO),+ 

23.55 

•^  Re^COV  +  8(CO) 

142 

Re^CO),+ 

21.46 

-H.  Re,(CO),+  +  7(CO) 

67 

Re,(CX))4+ 

19.31 

-^  Re^CO)4+  +  6(CO) 

-9 

Rei(CO),+ 

16.71 

-^  Re,(CO),+  +  5(CO) 

-95 

Re,(CO),+ 

15.01 

-^  Re,(CO),+  +  4(CO) 

-160 

Re,(CO)7+ 

13.55 

-H.  RerfCO)7+  +  3(CX)) 

-220 

Re,(CO),+ 

10.89 

-^  Re^CO)8+  +  2(CO) 

-308 

Re,(CO),+ 

9.57 

-H.  Re,(CO),+  +  CO 

-365 

Rei(CX))i«+ 

8.27 

•^  RerfCO)io+ 

-421 

Mn+ 

25.67 

ReMn(CO)i««  -*►  Mn  +  ? 

? 

Re+ 

30.93 

-*►  Re+  +  ? 

? 

Mn(CO)+ 

19.05 

-^  Mn(CO)+  +  ? 

? 

Re(CO),+ 

10.80 

•^  Re(CO),+  +  Mn(CO), 

•  •  • 

Re(CO)i+ 

9.36 

-^Re(CO),+  +  Mn(CO)4(?) 

? 

ReMn+ 

25.98 

-^  ReMn+  +  10(CO) 

314 

ReMn(CO)+ 

23.00 

-^  ReMn(CO)+  +  9(CO) 

219 

ReMn(CO)«+ 

19.75 

-*►  ReMn(CO)«+  +  8(CO) 

118 

ReMn(CO)i+ 

16.94 

-^  ReMn(CO)i+  +  7(CO) 

26 

ReMn(CO)4+ 

14.65 

-^  ReMn(CO)4+  +  6(CO) 

-53 

ReMn(CO),+ 

12.12 

-^  ReMn(CO)»+  +  5(CO) 

-137 

ReMn(CO)io+ 

8.16 

-^  ReMn(CO)io+ 

-360 

•  Reproducibility  of  all  AP  values  reported  here  are  from  ±0.05  to  0.2  ev.  ^  A/ff  ^  of  Mn^COho  -  —  385.9  kcal/mole  from  calodmetric 
measurements :  F.  A.  Cotton  and  K.  R.  Mouchamp,  /.  Chem,  Soc.,  533  (1960).  ^  Values  calculated  from  Winters  and  Kiser  data.  *  *  A^f  ° 
of  Re^COXo  »  -  61 1  kcal/mole  from  AP  data.  No  calorimetric  value  available.  « AHt  "*  of  ReMn(CO)io  »  -  548  kcal/mole  from  AP  data. 
No  calorimetric  value  available. 


Stanford  ^  ^  suggest  that  migration  of  bulky  groups  may 
occur  more  frequently  than  previously  suspected. 
The  absence  of  a  comparable  rearrangement  ion  current 
(if  indeed  the  observed  ion  current  is  the  result  of  a 
rearrangement  process)  due  to  a  M(CO)6"^  fragment  in 
the  mass  spectrum  of  either  Mn2(CO)io  or  Rei(CO)io 
suggests  that  the  structure  of  ReMn(CO)io  may  be 
considerably  diiferent  in  the  spatial  configuration  of  the 
CO  groups. 

Ionization  Potentials.  The  ionization  potentials  are 
recorded  in  Table  II.  Our  value  for  Mn2(CO)io  is  in 
excellent  agreement  with  the  value  reported  by  Winters 
and  Kiser.'  The  ionization  potentials  of  the  metal 
atoms  are  listed  in  colunm  4  for  comparison.  Since 
the  CO  ionization  potential  is  about  14.0  ev,  it  ap- 
pears as  if  ionization  of  these  metal  carbonyls  involves 
removal  of  one  of  the  valence  electrons  from  the  metal 
atom. 

Appearance  Potentials.  The  appearance  potentials 
for  the  major  fragment  ions  are  listed  in  column  2  of 
Table  III.  Values  of  AH^ion)  are  tabulated  in  column 
4.  For  comparison,  values  calculated  from  the  ap- 
pearance-potential data  of  Winters  and  Kiser*  are 
given  in  parentheses.  The  decomposition  reactions  for 
forming  the  various  dimetal  ions  are  uncomplicated, 
and  the  processes  listed  in  colunm  3  are  undoubtedly 

(11)  p.  Brown  and  C.  Djerassi,  /.  Am,  Chem,  Soc,,  88,  2469  (1966), 
and  references  dted  therein. 


correct.  However,  the  reactions  for  forming  the  mono- 
metal  fragments  are  questionable  due  to  at  least  two 
possible  reaction  paths.  Hence,  no  A/f|(ion)  values 
are  recorded  for  these  fragment  ions.  Calorimetric 
measurements  on  Res(CO)io  and  ReMn(CO)io  have  not 
yet  been  reported  so  A/ff°  values  for  these  materials 
are  not  available.  We  have  estimated  some  val- 
ues (see  Standard  Heat  of  Formation  section)  and 
these  are  used  in  the  calculation  of  the  A/ri(ion)  values 
given  for  the  Rei(CO)x+  and  ReMn(CO),+  fragment 
ions.  The  appearance  potentials  for  the  Ms(CO)r''' 
fragment  ions  listed  in  Table  III  are  plotted  on  the  en- 
ergy diagrams  shown  in  Figure  2.  The  higher  energy 
required  to  form  each  successively  lighter  fragment  ion 
is  experimental  confirmation  for  die  proposed  stepwise 
decomposition  mechanism. 

Standard  Heat  of  Formation  Calcuhitioiis.  The 
A/f,(Mn,+)g  listed  in  Table  III  is  309  kcal/mole  or  13.43 
ev.  This  value  can  be  used  to  approximate  values  for 
A/f|(Ret'^)g  and  A^f(ReMn+)g  from  the  fragmentation 
of  their  respective  decacarbonyls.  The  approximation 
is  based  on  the  6.00-ev  difference  between  the  A//r 
(Mn2+)g  =  13.43  ev  and  the  ionization  potential  of 
Mn(g)  =  7.43  ev.  The  difference  between  the  ioniza- 
tion potential  of  Re(g)  and  the  AH^Ret^)^  is  also 
assumed  to  be  6.00  ev.  Since  the  ionization  potential 
of  Re(g)  is  7.87  ev,  the  value  of  A^f(Ret+)g  is  estimated 
to  be  13.87  ev.    The  A//|(ReMn+),  value  is  then  in- 
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(erptriated  to  be  intermediate  between  the  values  of 
Rei'^'and  Mni'*  or  13.66  ev.  These  A/f|(ion)  values  and 
(he  appearance  potentials  of  Rei+  and  ReMn'*'  are 
used  in  the  equation 


UIKMt*),  =  AP(M,+)  - 


10(AJ^,=(CO)1  + 

AH,VAi(.CO)t»\    (I) 

to  calculate  the  standard  heats  of  formation.  The 
calculated  values  are  —611  kcal/mole  for  Re^CO)it 
and  —548  kcal/mole  for  ReMn(CO)io.  It  is  difficult  to 
estimate  the  probable  error  in  these  values.  In  the 
interpolation  to  obtain  the  value  for  AH^iRti*'),,  the 
heat  of  sublimation  of  Re  and  Mn  are  assumed  to  be 
equal.  It  is  also  assumed  that  the  metal-metal  bond 
strengths  are  equal.  Both  assumptions  are  erroneous 
since  the  A/f,obi  for  Re  and  the  bond  energy  of  Re-Re 
are  both  greater  than  the  corresponding  values  for  Mn. 
However,  in  the  process 

2M(i)  — ».  M,*(g)  +  e  (2) 

errors  due  to  the  assumptions  tend  to  cancel  one  an* 
other.  Since  the  bond-energy  error  is  probably  great- 
est, we  consider  these  heat  of  formation  values  for 
R^CO)io  and  ReMn(CO)io  to  be  maximum  (negative) 
values. 

Meta^CO  Dissociation  Energies.  The  specific  bond 
dissociation  energies  for  the  various  ions  have  been 
calculated  for  the  AP  data  and  are  listed  in  Table  IV. 

Table  IV.    Sped&c  Bond  DissodBtion  Energies  of  Ions 


Dissodatioo  energy,  ev 

Dinocuboo  process 

Mn. 

Rc 

ReMa 

Mi(O0),.*-M,<C0).+ 

0.7' 

0.8> 

Mi(CO).*-M.(CP).' 

0.7- 

0.8* 

M/OOV-M.(O0>,+ 

0,7' 

0.8* 

M.(CO>,*-.-M,(CO),^ 

0.7' 

0.8- 

M,(CO),+— M,{CO).+ 

0.7" 

0.8' 

MrfCO).*-MrfCO),* 

2.1 

2.S 

M,(00).+-!*(00).* 

1.4 

2.3 

M^CO),*— M/00),+ 

1.0 

2.1 

2.8 

M.(00),*-MKCO)* 

1.2 

2.7> 

3.2 

M/CO)*-M.* 

2.7' 

3.0 

■  Tbew  are  avenge  values  calculated  rrom  tbe  dissociation  of  tbe 
6nt  five  CO  groups.  '  These  ere  averase  values  calculated  from 
tbe  dissociation  of  the  last  two  CO  groups. 


The  almost  equal  energy  required  to  dissociate  the 
first  five  metal-CO  bonds  from  ReMn(CO)io+  and 
Mni(CO)i«^  suggests  that  these  dissociations  in  Re- 
Md(CO)io+  are  due  to  Mn-CO  bond  ruptures.  The 
near-equal  energy  required  to  dissociate  the  last  five  CO 
groups  from  ReMn(CO)n+  and  Rei(CO)io+  agrees  with 
this  suggested  process.  The  negligible  intensities  of 
fragment  ions  between  M,(CO)io+  and  M,(CO)s+ 
(sec  Figure  1)  for  both  the  Mni  and  ReMn  decacar- 
bonjis  also  support  this  proposal. 

The  awage  metal-CO  bond  dissociation  energies 
from  Table  IV  are 

'/.4Mni(C0)id,+  — •-  'UMmHg)  +  CO     A#  -  1 .02  ev   (3) 

Vi4Re«(C0),J,*  — *.  Vi*e,-^g)  +  CO     iff  =  2.07  ev  (4) 

'MReMn(CO),J,*  — *■  Vi.ReMn*(g)  -|-  CO  iff  -  1.78  ev    (S) 

It  is  not  possible  to  calculate  the  dissociation  energies 
<rf'the  neutral  molecules  because  of  unknown  ionization 
potentials  and   valence-state  excitation   energies   for 
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Figure  2.  Appearance  potentials  of  MJiCO),*  ions  from  Mni(OOXi 
Rei(CO)it,  and  ReMn(CO)io:  solid  bar,  this  report;  broken  bar. 
Winters  and  Riser.* 


Rci,  Mni,  and  ReMn.  However,  it  was  shown  for  all 
the  monometal  carbonyls'*  that  the  bond  dissociation 
energies  of  the  ions  are  0.3  to  0.5  ev  per  bond  higher 
than  the  neutral  dissociation  energies.  If  this  differ- 
ence is  true  for  the  dimetal  carbonyls,  the  neutral 
dissociation  energies  are  0.6,  1.7,  and  1.4  ev  per  metal- 
CO  bond  in  Mn»(CO),o,  Rej(CO),o,  and  ReMn(CO),o. 

Metal-Metal  Dissociation  Energies.  The  ionization 
potential  of  the  -  M(CO)i  radical  and  the  appearance 
potential  of  M(CO)i+  from  M^CO)i(i  arc  required  to 
calculate  the  metal-metal  dissociation  energy  of  the 
decacarbonyls  according  to  the  equation 


Z)[(CO)sM-M(CO)6]  =  APIM(CO).+]  - 


IP[M(CO),J 
(6) 

Bidinosti  and  Mclntyre"  have  recently  measured  the 
ionization  potential  of  the  '  Mn(CO)s  radical  and  report 
a  value  of  8.44  ev,  but  no  measurement  of  the  ionization 
potential  of  the  ■  Re(CO)s  radical  is  currently  available. 
However,  the  difference  in  the  ionization  potentials  of 
■Mn(CO),  =  8.44  cv  and  MnKCO),o  =  8.58  ev  is  only 
0.14  ev.  We  have  assumed  that  this  relationship  is 
valid  for  -Re(CO)i  and  Rei(CO)io,  and  the  ionization 
potential  of  -ReCCO)!  is  estimated  to  be  0.14  ev  below 
the  ionization  potential  of  Rei(CO)io  (see  Table  II) 
or  8.13  ev.  These  values  for  the  ionization  potentials 
of  ■  Mn(CO)i  and  ■  Re(CO)i  radicals  and  the  appearance 
potentials  for  Re(CO)6+  and  Mn(CO)s+  (from  Table  I) 
were  used  in  eq  6  to  calculate  the  metal-metal  dissocia- 
tion energies  listed  in  Table  V.     As  expected,  the  Re-Re 
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Table  V.    Metal-Metal  Bond  Dissociation  Energies  for 
Ms(CO)io  (Ions  and  Neutral  Molecules) 

Process 


Table  VI.    Observed  and  Estimated  Dissociation  Energies  of 
M-CX)  Bonds  in  Dimetal  Decacarbonyls 


ev 


(CO)»Mn-Mn(CO)6  -►  Mn  (CO)»  +  Mn(CO)8 
[(CO)»Mn-Mn(CO)  J  +  —  Mn  (CO)»  +  Mn(CO),+ 
(CO)aie-Re(CO)8  -►  Re(CO)5  +  Re(CO)8 
[(CX))aie-Re(CO)  J  +  —  Re(CO)6  +  Re(CO)i+ 
(CX))aie-Mn(CO)6  —  Re(C0)6  +  Mn(CO)» 
[(CO)iRe-Mn(CO)6]+  —  Re(CO)»+  +  Mn(CO)» 
[(CO)iRe-Mn(CO)»]  +  —  Re(CO)»  -f  Mn(CO)»+ 


0.%« 

0.82 

2.22 

2.08 

2.67 

2.65 
ft 


«  This  value  compares  favorably  with  the  0.82-ev  value  reported 
by  Bidinosti  and  Mclntyre^'  and  is  considerably  lower  than  the 
1.48-ev  value  calculated  by  Cotton  and  Mouchamp  (see  footnote  b 
Table  III)  from  calorimetric  measurements.  While  the  explana- 
tion for  this  discrepancy  is  not  yet  resolved,  the  relative  scale  of 
bond  energies  reported  here  should  be  reasonably  accurate.  ^  The 
low  intensity  of  Mn(CO)6'^  ion  current  made  appearance-potential 
measurement  unfeasible.  For  this  reason  no  internal  check  on  the 
ReMn  dissociation  energy  calculated  from  this  process  was  possible. 


bond  dissociation  energy  turns  out  to  be  greater  than  the 
Mn-Mn  bond  dissociation  energy.  The  explanation 
for  the  even  higher  value  for  the  bond  energy  of  Re-Mn 
may  be  related  to  what  was  observed  by  Saalfeld  and 
Svec^*  with  the  dihydride,  HaSi-GeHj,  in  which  overlap 
of  vacant  d  orbitals  in  the  mixed  metal  compounds  tend 
to  stabilize  the  metal-metal  bond.  ^^  The  difference  in 
the  electronegativities  of  Mn  and  Re  may  also  con- 
tribute to  the  strength  of  the  metal-metal  bond  in  the 
mixed  metal  compound. 

The  metal-metal  bond  energy  values  of  the  ions  fol- 
low the  same  trend  as  the  neutral  molecules,  with  the 
mixed  compound  having  the  highest  value.  Although 
the  ions  have  less  bond  energy  in  each  case,  the  differ- 
ence is  rather  small  indicating  that  charge  has  relatively 
little  effect  on  the  metal-metal  bond. 

Ionization  and  Dissociation  Mechanism.  It  has  been 
suggested  that  ionization  of  metal  carbonyls^^  involves 
removal  of  one  of  the  valence  electrons  from  the  metal 
atom.  The  highest  probability  for  localization  of  the 
resultant  positive  charge  from  an  "isolated  ionization 
concept""  is  therefore  on  the  metal  atom  from  which 
the  electron  is  removed.  To  test  this  suggestion,  the 
average  dissociation  energies  of  the  metal-CO  bonds 
from  M(CO)6,  M(CO)6+,  and  Mj(CO)io+  have  been 
investigated.  These  dissociation  energies,  calculated 
from  the  appearance-potential  data  in  Tables  III  and 
IV  and  our  studies  of  monometal  carbonyls,^'  are 
listed  in  column  2  of  Table  VI.  The  estimated  average 
dissociation  energies  are  taken  from  chromium  and 
tungsten  hexacarbonyl  data.*^  The  average  metal-CO 
bond  dissociation  energy  for  Cr-CO  and  Cr-CO"*" 
are  taken  to  be  roughly  equal  to  that  expected  for 

(14)  F.  A.  Saalfeld  and  H.  J.  Svec,  /.  Phys.  Chem.,  70,  1753  (1966). 

(15)  The  relative  bond  strengths,  Mn-Re  >  Re-Re  >  Mn-Mn, 
reported  here  are  in  agreement  with  the  findings  of  H.  M.  Gager,  J. 
Lewis,  and  M.  J.  Ware,  Chem.  Commun.,  616  (1966). 

(16)  A.  Foffani  and  S.  Pignataro,  Z.  Physik,  Chem.  (Frankfurt),  45, 
79  (1965). 

(17)  H.  J.  Svec  and  G.  A.  Junk,  /.  Am.  Chem.  Soc.,  89,  790  (1967). 


Proposed  process 


Dissociation 
energy,  ev 
Obsd      Estd 
av         av» 


0.7 

1.1* 

1.4 

1.^ 

1.7 

1.9^ 

2.5 

2.3* 

0.8 

1.1* 

2.7 

2.3- 

(CO)»Mn-Mn^CO),-^  Mn-Mn+(CO)i  +  5(CX)) 

Mn-Mn+  (C0)»  —  Mn-Mn+  +  5(CO) 
(CO)»Re-Rc+(CO)»  —  Re-Rc+(CO),  +  5(C0) 

Re-Rc+(CX))»  -^  Re-Rc+  +  5(CO) 
(CO),Mn-Re+(CO),  —  Mn-Rc^CX))i  +  5(C0) 

Mn-Re-^(CO)»  —  Mn-Rc+  +  5(CO) 

«  Taken  from  unpublished  data  from  this  laboratory.  *  The  M 
for  the  process:  V^CO)t -►  VtOr  +  CO.  « The  A£r  for  the  proc- 
ess: V«Cr+(CO)i  —  ViCr^  +  CO.  ^  The  A^  for  the  process: 
Vt  W(CO)i  -►  VfW  +  CO.    •  The  A/f  f or  the  process :  VtW+(CX)), 

—  VtW+-f  CO. 


Mn-CO  and  Mn-CO"*".  The  same  approximation  is 
made  in  the  case  of  W  and  Re.  The  proposed  bond 
ruptures  are  listed  in  column  1  of  Table  VI.  No  pre- 
ferred charge  localization  exists  between  the  metal 
atoms  of  the  symmetrical  carbonyls,  and  the  choice 
listed  is  arbitrary.  However,  the  charge  is  shown  on  the 
Re  atom  in  the  case  of  ReMn(CO)io.  The  reason  for 
this  choice  is  the  lower  ionization  potential  observed 
for  Res(CO)io  compared  with  Mn2(CO)io  and  the  ex- 
pectation that  the  lower  energy  process  should  occur 
preferentially.  The  agreement  of  the  observed  dis- 
sociation energies  and  the  crudely  estimated  values 
suggests  that  the  model  proposed  for  ionization  and 
dissociation  is  correct. 

The  almost  equal  average  bond  dissociation  energy 
for  the  loss  of  the  first  five  CO  groups  from  Mn^CO)ii 
(0.7  ev  per  bond)  and  ReMn(CO)io  (0.8  ev  per  bcHid) 
supports  this  proposal,  as  does  the  close  agreement  of 
the  dissociation  of  the  last  five  CO  groups  from  Rcr 
(CO)io  (2.5  ev  per  bond)  and  ReMn(CO)io  (2.7  ev  per 
bond).  Other  observations  which  support  this  local- 
ized charge  proposal  are:  the  similarity  of  the  mass 
spectra  of  ReMn(CO)io  to  Mn2(CO)io  from  the  parent 
ion  to  the  M2(CO)6'^  ion ;  the  similarity  of  the  remain- 
der of  the  spectrum  of  ReMn(CO)io  to  that  observed 
for  the  Rei(CO)5+  to  Rei+  fragment  ions  from  Re^CO)io; 
and  the  high  intensity  of  the  Re(CO)s+  (100  units) 
relative  to  the  Mn(CO)5"*"  (<  1  unit).  Thus,  we  conclude 
that  the  site  of  ionization  of  these  complex  molecules 
can  be  considered  to  be  ''isolated'*  and  that  low-energy 
processes  are  favored  in  the  fragmentation;  i.e.,  the 
metal-CO  bonds  of  the  uncharged  metal  atom  are  the 
first  to  be  ruptured.  This  observation  is  of  fundamental 
mechanistic  importance  and  should  prove  useful  in 
future  interpretations  of  the  mass  spectra  of  polymetal 
carbonyls  and  ligand-substituted  metal  carbonyls. 
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Abstnct:  The  lov^temperature  metal  fluoride  catalytic  fluorination  of  carbonyl  halides  and  fluoroalkyl  add 
fluorides  provides  a  simple  method  for  the  preparation  of  fluoroxyfluoroalkanes  in  high  yields.  In  addition  to 
some  known  fluoroxy  derivatives  the  new  compounds,  l-fluoroxy-l,lf2,2-tetrafluoroethane»  ¥OC¥JC¥JA,  octafluoro- 
l,4-bis(fluoroxy)butane,  FOCCFiXGF,  decafluoro-l,5-bis(fluoroxy)pentane,  FOCCFOiOF,  l-fluoroxy-2-difluor- 
aminotetrafluoroethane,  CFs(NFi)CF|OF,  and  l-fluoroxy-2<lifluoraminohexafluoropropane,  CFtCFCNFajCFsGF, 
are  also  prepared  by  this  method.    Some  chemical  and  physical  properties  of  the  new  compounds  are  given. 


lough  the  first  example  of  a  fluoroxyalkane  has 
been  known  for  19  years,  ^  it  was  not  until  recently 
other  members  of  this  class  of  compounds  have 
prepared.  ••*  The  techniques  of  fluorination  em- 
d  in  these  preparations  have  varied  from  the  high- 
»'ature,  catalyzed,  flow  fluorination  of  CHsOH, 
M"  COFj  to  produce  CFjOF  to  the  lower  tempera- 
luorination  of  alcohols.  ••*  A  new  low-tempera- 
luorination  procedure  has  been  developed  which, 
I  presence  of  a  suitable  catalyst,  permits  the  con- 
d  addition  of  fluorine  across  a  carbon-oxygen 
le  bond.  Fluoroxyfluoroalkanes  can  be  prepared 
s  method  in  high  yields. 

rimental  Section 

erials.  The  perfluoroalkyl  add  fluorides  were  prepared 
he  correqx>nding  chlorides  by  reaction  with  KF  in  3-niethyl- 
ne.  Hexafluoroacetone  was  obtained  from  General  Chemical 
n.  Allied  Chemical  Corp.,  and  used  without  further  puriflca- 
The  difluoramino  add  fluoride  derivatives  were  available 
nother  study.* 

Hon,  Explosions  have  been  encountered  on  occasion  upon 
ig  the  new  bis-  and  a-difluoraminohypofluorites.  Workers 
be  properly  shielded. 

erai  Pre|iarati?e  Procedure.  A  10-g  sample  of  cesium  fl uoride, 
had  been  dried  overnight  at  175-200^  under  vacuum  and 
round  in  a  nitrogen-filled  drybox,  was  loaded  into  a  150-ml 

Hoke  cylinder  containing  approximately  30  Vrin.  diameter 
ss  sted  balls.  The  cylinder  was  then  shaken  for  several  hours 
ure  fine  grinding  of  the  cesium  fluoride.  A  1.72-mmole 
I  of  COFi  was  condensed  into  the  reactor  at  —196®,  and 
uorine  (1.73  mmoles)  was  allowed  to  expand  into  the  reactor 
(  temperature.  The  reactor  was  then  placed  in  a  —78^ 
nd  allowed  to  stand  for  4  hr.  After  cooling  the  reactor  to 
',  any  unreacted  fluorine  was  pumped  out  through  a  trap 
ling  KOH.  The  condensable  product  was  then  rennoved 
ther  purification.  This  procedure  was  employed  for  all  the 
ites  at  the  same  temperature  and  for  the  same  time  interval 
ed  above  except  for  HCFsC(0)F  {cf.  Discussion),  which 
Lowed  to  react  with  fluorine  at  0°.  A  summary  of  the  ex- 
xital  data  is  given  in  Table  I. 

era!  Pnrfflcatfon  Procedure.    Reaction  mixtures  containing 

lown  compounds  CFiOF.  QFbOF,  CiFtOF.  and  (CFiV 

were  prepared  for  analysis  first  by  subjecting  them  to  vapor 

:hromatography  using  the  column  recommended  in  the  litera- 

The  i*F  nmr  and  infrared  spectra  of  the  pure  components 
hen  compared  with  those  published.'  Purification  of  the 
xoxy)fluoroalkyl  compounds  was  performed  by  vacuum- 


-or  a  preliminary  report  on  this  method  of  preparation,  see  J.  K. 

..  R.  Pitochelli,  and  M.  Lustig,/.  Am.  Chem.  Soc.,  88,  4531  (1966). 

J.  H.  Cady  and  K.  B.  Kellogg,  ibid.,  70,  3986  (1948). 

.  H.  Prager  and  P.  O.  Thompson,  ibid.,  87,  230  (196S). 

.  H.  Prager,/.  Org.  Chem.,  31,  392(1966). 

A.  Lustig  and  J.  K.  Ruff,  Inorg.  Chem.,  4,  1441  (1965). 


line  fractionation.  The  butane  derivative  was  retained  in  a  trap 
set  at  —126^  while  the  pentane  was  held  in  a  —95°  trap.  Any 
unreacted  acyl  fluoride  was  removed  by  allowing  the  mixture  to 
stand  over  water  at  room  temperature  for  no  longer  than  0.5  hr. 
The  purification  of  CFtCF(NFs)CFtOF  was  accomplished  by 
vacuum-line  fractionation  through  a  trap  set  at  —126''  in  which 
it  was  retained.  No  purification  of  NFsCFtCFsOF  was  necessary 
since  it  was  obtained  in  quantitative  yield. 

Aaalyiei.  Although  some  analyses  are  given,  they  were  generally 
diflkult  to  obtain  because  several  of  the  samples  exploded  during 
handling.  For  the  fluorine  analysis,  samples  were  reduced  with 
lithium  in  /t-propylamine  within  high-pressure  Pyrex  tubes  con- 
taining Fischer-Porter  Teflon  valves.  Conventional  techniques 
were  then  employed.  The  Dumas  method  was  used  to  determine 
nitrogen  in  gaseous  samples;  carbon  was  determined  by  the  con- 
ventional Pregl  combustion  method  using  fresh  MgO  mixed  with  the 
catalyst  in  the  combustion  tube  (see  Table  I  for  some  results). 

Mofecolar  Wcfghti.  Molecular  weights  were  obtained  by  vapor 
density  measurements  (refer  to  Table  I). 

MdtiQg  Pointo.  The  melting  points  of  FO(CFs)«OF  and  FO- 
(CFi)fOF  were  measured  by  immersing  samples  contained  in  5-mm 
o.d.  Pyrex  tubes  into  a  1 :1  v/v  pentane-isopentane  cold  bath  which 
warmed  at  a  rate  of  ca.  0.57min  (see  Table  I). 

Infrared  Spectra.  The  infrared  spectra  of  the  new  materials 
were  obtained  using  gaseous  samples  in  cells  having  a  10-cm  path 
length  employing  a  Perkin-Elmer  Model  21  spectrometer.  The 
following  are  the  frequencies  in  cm^^  (relative  intensities)  for 
F0(CF,)40F:  1333  (m),  1284  (s),  1250  (sh),  1227  (vs),  1203  (sh), 
1176  (m),  1136(s).  1096  (w),  1061  (w),  962  (m),  91 7  (m),  886  (s),  862 
(m),  821  (w),  803  (m),  782  (s),  763  (s),  738  (w),  717  (w),  680  (w);  for 
FCKCFOsOF:  1348  (sh),  1332  (m),  1258  (sh),  1227  (vs,  complex), 
1 174  (s),  1 148  (s).  1 1 10  (m),  1036  (w),  1014  (w),  897  (wm),  877  (wm). 
855  (wm),  820  (w),  793  (wm),  778  (wm),  752  (s),  727  (ms),  705  (w), 
694  (w);  for  CF,(NF,)CF,OF:  1333  (ms),  1253  (vs),  1218  (vs), 
1176  (sh),  1159  (s),  8018  (ms),  977  (s),  936  (s),  893  (wm),  881  (w), 
781  (m);  and  for  CF,CF(NFi)CFiOF:  1311  (ms),  1277  (s),  1252 
(vs),  1183  (m),  1136  (wm),  1099  (w,  complex),  1011  (m),  968  (sh), 
963  (m).  932  (m),  984  (wm,  complex),  813  (wm),  766  (w),  741  (wm). 

The  infrared  spectra  of  all  the  new  compounds  exhibit  multiple 
bands  in  the  region  (14(X>-1000  cm^^  which  are  assigned  to  C-F 
stretching  vibrations.  They  also  show  several  weak-to-medium 
intensity  absorptions  in  the  O-F*  and  C-O*  domain  (917-855  cm~»)- 
The  difluoramino  derivatives  have  absorptions  between  1020  aiul 
925  cm'S  and  some  of  these  may  be  assigned  to  the  N-F  stretching 
motions. 

i*F  Nmr  Spectra.  The  ^*F  nmr  spectra  were  obtained  on  CCljF 
solutions  of  the  fluoroxy  derivatives  at  room  temperature  employing 
a  Varian  Model  V4310  spectrometer  operating  at  40  Mc  at  room 
temperature.  Resonances  for  F0(CF|)40F  are  located  at  0 
— 146.7, 92.5, 1 22.7  having  an  area  ratio  of  1 .0 : 2.0 : 2. 1 ,  respectively, 
while  the  spectrum  of  FCXCFObOF  shows  absorptions  at  0  — 146.9, 
92.9,  and  124.0  having  the  respective  area  ratio,  1.0:2.1:3.1. 
l-Fluoroxy-2-difluoraminotetrafluoroethane  has  resonances  at 
<f>  —147.0,  —17.3,  92.5,  and  115.2;  the  area  ratio  was  measured 
to  be  1.0:1.8:1.9:1.9,  respectively,  and  CF,CF(NF,)CF,OF  has 


(6)  R.  T.  Lagemann,  E.  A.  Jones,  and  J.  H.  Woltz^i.  CKetn.?\v^\.^')^ 
1768  (1952). 
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Table  L    Preparation  of  Fluoroxy  Compounds 


Substrate  (mmoles) 


Fluorine, 
mmoles 


Product(s)  (mmoles) 


Vapor  density 

mol  wt 
Calcd   Found 


Additional  data 


COF,(1.72) 

1.73 

CF,OF(1.67) 

104 

105 

Trace  of  CF4  present 

CF,C(0)F(1.59) 

1.61 

C,F50F(1.53) 

154 

151 

Traces  of  CF4  and  CtFf 

CiF,C(0)F(1.82) 

1.83 

C,FtOF(1.77) 

204 

202 

(CF,),CO(1.05) 

1.07 

(CF,),CFOF(1.03) 

204 

205 

Trace  of  CF4 

F(0)0(CF,),C(0)F(1.38) 

2.76 

F0(CF,)40F(1.13) 

270 

273 

Anal.  Oiled  for  C4F10O1:    Q  18.07;  P.  70.3. 
Found:  C,  17.78;  F,  66.5. 
Mp-119=fc0.6« 

F(0)CXCF,),C(0)F  (0 .  427) 

0.854 

F0(CF,)80F  (0.425) 

320 

316 

Mp -102.9  ±0.3* 

NF,CF,CXO)F(0.22) 

0.25 

NF,CF,CF,OF(0.22) 

187 

184 

CF,CF(NF,)C(0)F  (1 .  80) 

2.01 

CF,CF(NF,)CF,OF  (1 .  71) 

237 

239 

Anal.   Calcd  for  Ca^,NO:  Q  13.19;  N.  5.91. 
Found:  C,  15.47;  N,  6.21. 

FCONF,  (0.756) 

0.970 

NF,       COF,     CF,OF 
(0.753) (0.551) (0.200) 

FCONF,  (0.872) 

10.5 

NF,        CFaOF 
(0.871)   (0.872) 

CXX3,(1.13) 

1.15 

COQt      a,      CF,OF 
(0.55)    (0.54)    (0.57) 

COi(1.47) 

3.40 

CF,(OF),(1.44) 

120 

118 

Trace  of  COi 

bands  at  6  -150.7,  -24.3,  72.8 

.  86.1.  and  167.2  (area  ratio  1.0:        i 

nterm£ 

^Hiate 

in    thft   fliiorinfltinn    ivas   th^    SIP.n—  mn 

1.8:3.1:2.01:1.0,  respectively). 

The  nmr  spectra  of  these  compounds  are  rather  diagnostic. 
They  all  have  resonances  near  0—150  which  are  assigned  to  the 
fluoroxy  fluorine  atoms.  Both  CFj(NFj)CF20F  and  CF,CF(NFO- 
CFtOF  have  an  absorption  assigned  to  the  NFs  group  fluorine 
atoms  at  —17.3  and  —24.3,  respectively.  The  NFs  group  fluorine 
resonance  lies  at  higher  fleld  when  the  group  is  bound  to  a  CFt 
than  when  it  is  attached  to  a  CF.  The  positions  of  these  N-F 
fluorine  absorptions  are  close  to  those  found  in  the  respective 
oHdifluoraminoacyl  fluorides.*  Other  resonances  for  FC)(CFt)4 
are  located  at  0  92.5  (terminal  CFs)  and  122.9  (central  CFs);  for 
FCXCFOsOF  at  92.9  (terminal  CFj  groups)  and  124.0  (three  central 
CFi  groups);  for  CFj(NFj)CFjOF  at  92.5  (CFj  group  adjacent  to 
OF)  and  115.2  (CF,  adjacent  to  NF,);  and  for  CF,CF(NF,)CF,OF 
at  72.8  (CF,),  86.1  (CF,),  and  167.2  (CF).  These  tentative  assign- 
ments are  based  on  field  positions,  area  ratios,  and  comparison  of  the 
spectra  of  these  new  compounds  with  each  other  as  well  as  with 
published  information.  '•* 

Alkaline  Hydrolysis.  Both  FO(CF3)«OF  (52.2  mg)  and  FO- 
(CF,)bOF  (80.0  mg)  were  admitted  into  bulbs  containing  50  ml  of 
0.99<S  N  NaOH  solution  and  allowed  to  stand  at  room  temperature 
for  3  hr.  The  aqueous  phases  were  titrated  to  determine  the  amount 
of  hydroxide  consumed  as  well  as  analyzed  for  fluoride.  The 
vapor  phases  were  measured  by  their  pressure-volume-temperature 
relationships  and  subjected  to  mass  spectral  analysis.  The  analyt- 
ical results  are  summarized  in  Table  II. 


Table  II.    Alkaline  Hydrolysis 

Products, 
moles/mole 
of  reactant 

FO- 
(CF,)40F 

FO- 
(CF,),OF 

Theory 

F- 
0, 

OH~  (consumed) 

5.9 
0.9 
8.7 

5.7 
0.9 
8.5 

6.0 
1.0 
8.0 

The  alkaline  hydrolysis  of  both  F0(CF,)40F  and  FO(CF,),OF 
followed  the  general  equation 


FO(CF0.OF  +  80H- 


-ooacF,),-,coo-  +  6F-  + 

4H,0  +0, 


The  presence  of  trace  quantities  of  perfluorocarbons  and  the  larger 
than  theoretical  quantities  of  OH~  consumed  is  explained  by  the 
known  decarboxylation  of  perfluorinated  acids  in  alkaline  solution. 

Results  and  Discussion 

Cesium  fluoride  has  been  shown  to  catalyze  the  addi- 
tion of  fluorine  across  the  sulfur-oxygen  double  bond 
oftbionyl  JBuoridc.''    It  was  postulated  that  the  active 


Since  cesium  fluoride  was  reported  to  react  with  car- 
bonyl  fluoride  to  form  CsOCFs/  an  attempt  was  made 
to  determine  whether  cesium  fluoride  would  catalyze 
the  addition  of  fluorine  across  the  C=0  bond  of  several 
fluorocarbon  derivatives.  This  was  found  to  occur 
readily  and  high  yields  of  the  corresponding  fluoroxy 
compounds  could  be  obtained  when  the  reactions  were 
allowed  to  progress  at  —78®  in  a  static  system.  The 
following  conversions  to  known  compounds  were  easily 
accomplished:  COFj  -►  CFaOF,  97%  yield;  CFr 
COF  --  QFfiOF,  96%  yield;  CJPsCOF  -►  CJ^tOF, 
97  %  yield ;  and  (CF,)jCO  -^  (CF,)jCFOF,  98  %  yield.* 
When  the  technique  was  extended  to  include  the  two 
diacyl  fluorides  derived  from  perfluorosuccinic  and 
perfluoroglutaric  acids,  the  corresponding  bis(fluoroxy) 
compounds  were  produced.    These  reactions  were  car- 

CiF 
F(O)aCF0,C(O)F  +  2F,  — ►  FO(CF0/)F 

-78« 

CaF 
F(0)C(CF,),aO)F  +  2F,  — ►  FO(CF0iOF 

—  78* 

ried  out  using  close  to  stoichiometric  amounts  of 
fluorine  in  order  to  eliminate  C-C  bond  cleavage  that 
is  commonplace  with  fluorinations  carried  out  at  ele- 
vated temperatures.  The  advantage  of  this  catalyzed 
method  of  fluorination  becomes  obvious  in  comparing 
the  yield  in  the  preparation  of  the  only  other  known 
example  of  a  bis(fluoroxy)  compound,  FO(CFj)jOF 
(approximately  2%),*  with  the  yields  obtained  in  this 
study.  The  yields  of  the  monofluoroxy  derivatives 
are  also  much  higher  than  those  previously  reported, 
and  essentially  no  purification  of  the  compounds  is 
necessary  for  most  purposes. 

The  high-temperature  fluorination  of  carbon  dioxide 
has  been  reported  to  produce  only  the  known  fluoroxy 
compound,  CFaOF.*  However,  in  the  presence  of 
cesium  fluoride  the  catalytic  addition  of  fluorine  occurs, 
and  CF2(OF)2  is  obtained  in  nearly  quantitative  yield. 
Some  variation  in  the  conversion  was  noted,  and  this 

(7)  J.  K.  Ruff  and  M.  LusXig,  Inorg.  Ckem.,  3,  1422(1964). 

(8)  M.  E.  Redwood  and  C.  J.  Willis,  Can.  J.  Chem.,  43,  1893  (1965). 

(9)  J.  W.  Dale,  International  Symposium  on  Fluorine  Chemistry, 
Birmingham  England,  1959. 
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to  depend  on  the  history  of  the  cesium  fluoride 
red.  Better  results  were  obtained  with  a  catalyst 
ad  been  previously  used  to  convert  the  acid 
e  derivatives  to  fluoroxy  compounds.    Identifi- 

of  CFj(OF)2  was  achieved  by  vapor  density 
liar  weight  and  by  a  comparison  of  its  infrared 
•  nmr  spectra  with  those  previously  obtained.*" 

method  of  fluorination  could  not  be  extended  to 
unds  containing  an  atom  or  group  other  than 
e  or  a  perfluoroalkyl  group  bonded  to  the  car- 
carbon.  Displacement  occurred  and  only  the 
:y  compound  derived  from  the  related  acid  fluo- 
as  observed  upon  fluorination.  For  example, 
ent  of  COCI2  with  1  equiv  of  fluorine  at  —78°  in 
sence  of  CsF  produced  only  CFaOF  and  chlorine 
lal  amounts.  Unreacted  COCU  was  also  re- 
i.  Fluorination  of  FCONFj  with  excess  fluorine 
I®  yielded  NFj  and  CFjOF  as  the  major  products, 
er,  the  catalyzed  fluorination  of  the  a-substituted 
aminoacyl  fluorides,  NF2CF2C(0)F  and  CFi- 
yC(0)F,  produced  the  corresponding  fluoroxy 
ives  in  high  yield.    Both  products  are  stable  in 

CsF 

NF,CF,C(0)F  +  F,  — ►  NF,CF,CF,OF 

CsF 

rF,CF(NF0C(O)F  +  F,  — ►  CF,CF(NF0CF,OF 

-78*» 

i  phase  in  Pyrex  at  room  temperature, 
fluorination  of  HCF2COF  at  0**  produced  an 
le  material  which  was  contaminated  with  small 
ts  of  COFi,  HCFj,  and  CF4.  Purification  of  this 
;t  by  either  vacuum-line  fractionation  or  gas 
atography  resulted  in  spontaneous  and  often 
decomposition.  The  main  products  in  this 
position  were  COFj  and  HCF,.    The  ^•F  nmr 

.  O.  Thompsoiu  private  communication. 


spectrum  of  the  crude  product  consisted  of  an  un- 
resolved broad  singlet  at  0  —131  (OF),  an  unresolved 
singlet  at  <t>  99.9  (C-F),  and  a  doublet  at  <f>  136.4  (C-F) 
(/hp  =  56  cps).  The  relative  area  ratio  of  the  peaks 
is  1.0:2.1:1.9.  This  spectrum  is  consistent  with  the 
formulation  of  the  compound  as  HCFiCFjOF.  The 
infrared  spectrum  of  the  crude  material  showed  no  ab- 
sorptions attributable  to  a  carbonyl  group  but  exhibited 
a  weak  band  in  the  fluoroxy  region  which  was  not  ob- 
served in  the  starting  material.  The  instability  of  this 
hydrogen-containing  fluoroxy  compound  is  in  agree- 
ment with  previous  observations.  ••* 

The  presence  of  a  metal  fluoride  is  necessary  in  these 
reactions  although  its  role  is  not  known  with  certainty. 
For  example,  when  either  CF,COF  or  (CF,)jC=0 
was  allowed  to  stand  with  1  equiv  of  fluorine  at  —78°  in 
a  Pyrex  reactor,  no  reaction  was  observed  and  the  car- 
bonyl derivatives  were  quantitatively  recovered.  How- 
ever, in  the  presence  of  an  alkali  metal  fluoride  the 
formation  of  the  corresponding  fluoroxy  compound 
was  complete  in  1  hr  (on  the  1-2-mmole  scale).  It  is 
probable  that  the  metal  fluoride  either  reacts  directly 
with  or  polarizes  the  carbon-oxygen  double  bond  to 
such  an  extent  that  a  polar  intermediate  is  formed,  which 
is  the  active  species  in  the  fluorination.  Support  for 
this  assumption  was  obtained  by  fluorination  of  Cs- 
OCF»  at  —78°  in  a  static  system.  Fluoroxytrifluoro- 
methane  was  formed  in  quantitative  yield.  Further- 
more, when  (CFi)jC==0  was  allowed  to  react  with  an 
excess  of  CsF,  it  was  completely  absorbed  and  could 
not  be  removed  in  vacuo  at  ambient  temperature. 
Fluorination  of  the  preabsorbed  (CF8)C=0  under 
similar  conditions  also  produced  (CFj)jCFOF. 
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the  sponsorship  of  the  U.  S.  Army  Missile  Command, 
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Abstract:  All  of  the  infrared  absorptions  including  the  many  minor  peaks  hitherto  neglected  in  the  spectra  of  the 
pentacarbonyl  halides  M(CO)iX  (M  =  Mn,  Re ;  X  =  CI,  Br,  I)  have  been  assigned  to  the  carbonyl  stretching  modes 
of  the  all-*KX)  derivative  (95  %  natural  abundance)  and  the  principal  monoisotopic  species  M(**CO)4(*<X))X  (4% 
*KX)-c/j  and  1  %  ^HZO-trans  to  X).  Calculations  using  an  energy-factored  block  of  the  (FG-^  matrix  for  the 
carbonyl  stretching  modes  (but  without  any  other  predetermined  constraints  on  the  force  field)  have  given  all  five 
force  constants  in  the  block.  These  support  the  proposed  assignments  and  also  verify  previous  models  for  the 
force  fields  in  these  molecules.  The  ^KX)  absorptions  have  been  experimentally  verified  through  enrichment;  axial 
and  radial  CO  groups  are  observed  to  be  approximately  equally  enhanced  by  ^*CO  exchange  in  disagreement  with 
interpretations  of  previous  radiocarbon  tracer  studies. 


A  Ithough  the  infrared  carbonyl  stretching  absorptions 
Jl\  of  M(CO)6X  derivatives  have  received  a  great  deal 
of  attention,*"*  certain  of  their  features  have  not  yet 
been  satisfactorily  explained.  It  remains  to  assign  the 
many  minor  peaks  often  attributed^  but  actually  never 
proved  to  be  absorptions  of  *  'CO-substituted  molecules 
occurring  in  natural  abundance.  These,  as  we  will 
show  below,  are  a  source  of  valuable  information. 
Also,  while  it  is  not  the  subject  of  the  present  com- 
munication, a  quantitative  treatment  of  the  intensities^ 
is  still  lacking;  the  present  vibrational  analyses  pro- 
vide important  information  toward  our  understanding 
of  such  data. 

In  previous  analyses  of  the  carbonyl  absorptions, 
only  vibrations  of  the  principal  species,  the  all- "CO 
molecule  (95%  abundance  in  M(CO)5X  derivatives), 
have  been  utilized.  Since  there  are  five  force  constants 
to  be  evaluated  in  the  carbonyl  block  of  the  secular 
equation  but  only  four  absorptions  observed  for  the 
principal  species,  it  has  been  necessary  to  make  several 
approximations^  in  the  force  field  (see  Discussion  be- 
low). With  the  additional  data  from  the  "CO-sub- 
stituted  molecules  (experimentally  verified  here  through 
"CO  enrichment),  a  full  set  of  five  force  constants 
could  be  calculated  without  any  assumptions  about  the 
force  field  (other  than  the  usual  factoring  of  the  car- 
bonyl stretching  block  from  the  lower  energy  vibrations 
of  the  molecules).  The  use  of  necessary  and  sufficient 
vibrational  frequencies  to  match  the  number  of  force 
constants  in  a  molecule  has  recently  been  reported  by 
Lewis,  Manning,  and  Miller*  for  derivatives  L2Mnj(CO)8 


(1)  (a)  Work  supported  by  National  Science  Foundation  Grant  GP 
41 7S;  (b)  NSF  summer  Undergraduate  Research  Participant,  1965. 

(2)  L.  E.  Orgel.  Inorg.  Chem.,  1,  25  (1962). 

(3)  M.  A.  El-Sayed  and  H.  D.  Kaesz,  /.  Afol.  Spectry.,  9,  310  (1962). 

(4)  F.  A.  Cotton  and  C.  S.  Kraihanzel,  /.  Am.  Chem.  Soc.,  84,  4432 
(1962). 

(5)  R.  Poilblanc  and  M.  Bigorgne,  Bull.  Soc.  Chim.  France,  1303 
(1962). 

(6)  E.  W.  Abel.  Quart.  Reo.  (London).  17,  133  (1963). 

(7)  (a)  E.  W.  Abel  and  I.  S.  Butler,  paper  in  preparation  from  the 
dissertation  of  I.  S.  Butler.  University  of  Bristol.  England.  1965,  private 
conmiunication;  (b)  P.  S.  Braterman.  R.  Bau.  and  H.  D.  Kaesz.  manu- 
icript  in  preparation. 

(8)  J.  Lewis,  A.  R.  Manning,  and  J.  R.  Miller,  /.  Chem.  Soc.,  Seel, 
A,  845(1966). 


in  which  the  ^'CO  vibrations  served  as  a  check  on  the 
calculations. 

One  important  consequence  of  such  work  is  that  all 
the  bands  of  the  *»CO-substituted  molecules  can  be 
assigned,  thus  resolving,  for  the  pentacarbonyl  hy- 
drides' at  least,  difficulties  which  had  arisen  in  the 
assignment  of  a  structure  from  the  carbonyl  modes. 
In  addition,  the  identification  of  the  ^'CO  absorptions 
provides  a  direct  method  for  following  the  stereo- 
chemistry of  CO  substitution  using  ^'C-enrichcd  CO. 

Experimental  Section 

The  compounds  M(CO)iX  (M  -  Mn,  Re;  X  «  Q,  Br,  I)  were 
either  available  in  our  laboratory  from  previous  work^  or  with  one 
modification  were  prepared  following  published  methods. ''•^^ 
Re(CO)»Br  is  obtained  in  high  purity  by  treating  ReKCO)io  with  Bti 
in  cyclohexane  at  room  temperature.  Disappearance  of  starting 
carbonyl  is  monitored  by  infrared  spectrum. 

i*C-Eiiridied  Mn(CO)sBr.  Wojcicki  and  Basolo"  found  through 
radioactive  tracer  studies  that  CO  readily  exchanges  in  scdution  with 
Mn(CO)6Br.  i»OEnriched  Mn(CO)»Br  was  thus  prepared  in  our 
laboratories  by  exchange  with  50%  »»Oenriched  CO  (Merck  Sharpc 
and  Dohme,  Ltd.,  Canada).  In  a  typical  exchange  experiment 
4.5  mg  of  Mn(CO)6Br  was  dissolved  in  cyclohexane  (3  ml)  in  a  small 
reaction  flask  fitted  with  two  stopcocks.  The  total  contained  vol- 
ume of  the  vessel  including  the  stems  up  to  the  stopcocks  was  about 
5  ml.  One  of  the  stopcock  arms  was  covered  with  a  rubber  syringe 
cap  for  later  withdrawing  samples  for  infrared  spectra.  The  other 
stopcock  was  connected  to  a  vacuum  line.  The  solution  was  thor- 
oughly degassed  (through  several  cycles  of  cooling  to  —196'', 
pumping,  and  thawing),  and  finally  at  room  temperature  the  50% 
i*Oenriched  CO  was  introduced  to  a  pressure  of  about  1  atm  by 
mercury  displacement  from  a  storage  bulb.  During  the  exchange, 
spectroscopic  samples  (each  0.3  ml)  were  removed  by  syringe 
through  the  rubber  cap  and  stopcock.  The  samples  were  then 
flushed  free  of  CO  by  bubbling  purified  nitrogen  through  the  liquid 
for  a  few  minutes  (dissolved  ^*CO  will  continue  to  exchange  during 
the  slow,  high-resolution  infrared  scan,  distorting  the  relative  in- 
tensities of  the  peaks).  After  exchange  was  completed,  the  ><X)- 
depleted  gas  was  separated  from  cyclohexane  and  carbonyl  deriva- 
tive and  recovered  for  other  uses  by  means  of  a  Toepler  pump  and 
distillation  train  on  the  vacuum  line. 


(9)  P.  S.  Braterman,  R.  W.  Harrill,  and  H.  D.  Kaesz,  /.  Am.  Ckem. 
Soc..  89,  2851  (1967). 

(10)  J.  C.  Hileman,  D.  K.  Muggins,  and  H.  D.  Kaesz,  Inotg.  Ckem., 
1,  933  (1962). 

(11)  (a)  E.  W.  Abel  and  G.  Wilkinson,  /.  Ckem.  Soc.,  1501  (1959): 
(b)  E.  O.  Brimm,  M.  A.  Lynch,  Jr.,  and  W.  J.  Sesny,  /.  Am.  Chem.  Soe^ 
76,  3831  (1954). 

(12)  A.  Wojcicki  and  F.  Basolo,  ibid.,  83,  525  (1961). 
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Tabk  I.    Observed  Cutxxiyl  Sticlching  FreqiMndcs  for  M(CO)iX  Molecuks.    Cyclohexane  Solution 


^M(CO).X^ 

M              X 

a 

b 

c 

d 

e 

B 

h 

Mn           a 

2139.1 

2131.8 

(2083. 6)" 

2077.3 

205S.1 

2023.3 

1998.9 

~1956 

Mn           Br 

2134.0 

2126.8 

2079. 0» 

2073.4 

2050.0 

2020.1 

2000.8 

1958.8 

Mn           I 

2125.0 

2118.3 

2072.1' 

2065.7 

2043.3 

2014.9 

2003.2 

1960.8 

Mn           CH, 

2109.9 

2103.3 

(2039.3)* 

2033.4 

2011.4 

1976.1 

1990.0 

1948,7 

Re            a 

2154.6 

2146.4 

{2084. 8)» 

2076.4 

2046.3 

2017.8 

1983.4 

1939.5 

Re            Br 

2151.0 

2143.2 

(2080,3)* 

2073.4 

2043.8 

2015.3 

1985.3 

1942.1 

Re            I 

2144.6 

2137.7 

2077.7 

2070.0 

2041.2 

2012.7 

1989.0 

1945.5 

■  To  allow  fulurechecks  on  our  cakuUlioiu,  frequencies  are  given  U>  a  precinon  of  one  signifkant  figure  b^oiul  our  expenmental^ 
(±1  cm->,seetext).    A  typical  spectnun  is  shown  in  Figure  1,  part  I.    *  Not  obsenred;  calculated  from  best  fit  of  force  constants.    'Otv 
■erved  in  Raman  spectrum  at  2079.5.    '  Obeerved  in  Raman  spectrum  at  2072.0. 


Spectra  showing  the  wiginal  solution  of  Mn(00)tBr  and  sub- 
sequent "CO  enrichment  through  exchange  are  given  in  Figure  1. 

Infrared  Spectra.  Caihoayl  Stretdiing  Re8l<n>  The  infrared 
spectra  of  the  region  1800to2200cm~' were  recorded  using  a  Beck- 
nan  IR-4  spectrophotometer  equipped  with  a  LiF  prism.    For 


MiiRX»,Br 


^tSfflC 

t 

'-m— 

'■n^pT 

— (- 

-1^ 

e  1.    High-rtaolution  infrared  spectra  in  the  carbonyl  stretch- 
Bgion  of  Mn(CO)tft'  before  and  after  exchange  with  ■>CO 


reasons  staled  in  the  Discussion  below,  it  was  of  the  utmost  im- 
portance to  olMin  the  best  possible  accuracy  within  each  of  the 
obaoved  spectra.  These  were  determined  to  ±0.3  cm~>  while 
the  abs<riute  accuracies  were  about  =b  1  or  2  cm~'. 

The  instrument  was  run  at  a  scan  speed  of  0.025  fi/min  with  an 
eipansioD  of  6  in./fi  on  a  chart  lined  every  0.02  /i.  Spectra  were 
calibrated  against  the  5.029  ^  hne  of  H|0  vapor  in  the  air,  with  the 
inttnimcnt  on  single  beam.  Calibration  by  this  method  gave 
reproducibility  of  about  ±0.001  fi,  or  0.5  cm~',  for  each  measure- 
menL  As  two  measurements  are  involved  in  each  frequency,  l.e., 
the  frequency  itself  and  the  calibration  peak,  the  accuracy  is  thus 
roughly  ±  1  ctn~ '.  The  spectrum  of  each  compound  was  measured 
icvcnl  timca,  and  the  average  value  of  up  to  six  spectra  it  [nesented 


here.  The  measurement  of  peak  differences  for  several  spectra 
gave  a  reproducibility  to  about  ±0.3  cm~>.  The  data  are  presented 
in  Table  I. 

Samples  were  dissolved  in  cyclohexane  (for  the  optimum  resolu- 
tion), and  spectra  were  taken  at  various  concentrations,  including 
solutions  supersaturated  by  warming  to  bring  out  the  "CO  ab- 
sorptions in  natural  abundance;  CaFi  sample  cells  were  used  of 
1-nun  thickness,  the  maximum  possible  path  length  without  having 
solvent  absorptions  destroy  instrument  response.  With  wanned 
solutions,  the  sample  cells  had  to  be  heatnl  also,  to  prevent  re- 
crystallization  in  the  cell.  This  was  most  conveniently  accom- 
plished by  placing  the  cells  in  the  beam  of  the  instrument  for  about 
an  hour  before  they  were  used.  Heating  causes  decomposition 
of  most  of  the  derivatives  studied,  and  it  was  necesnry  to  subtraa 
the  peaks  due  to  decomposition  products  (essentially  the  tetra- 
carbonyl  halide  dimers).  Such  peaks  have  been  accuratdy  meas- 
ured  before"  and  are  identified  both  by  their  position  on  cali- 
brated spectra  as  well  as  their  behavior  after  different  periodt  of 

Raman  Spectra.  Cartxnyl  Stretdilng  Regien.  Raman  spectra 
for  several  of  these  derivatives  were  attempted  on  the  laser-source 
C^  81,  made  available  to  us  at  the  Applied  Physics  Corp.  (now 
Cary  Instruments,  a  Varian  subsidiary)  in  Monrovia,  Calif.  The 
most  intense  band  is  the  Raman-active  Bi  mode,  for  Mn(CO)iBr 
at  2079.  j  and  Mn(CO)iI  at  2072  cm"'.  Several  other  weaker 
Raman  shifts  were  also  seen,  corresponding  to  the  Raman-infrared 
active  modes  which  had  previously  been  measured  in  the  infrared 
so  these  provided  no  new  information.  In  addition,  Raman  shifts 
attributable  to  decomposition  products  were  also  seen. 

Ofcrtaoe  and  ComUnatkn  Regioii.  The  infrared  spectra  in  the 
region  3800  to  4300  cm~'  were  measured  for  one  representative 
M(CO)iX  derivative,  namely  Mn(CO),Br,  for  which  a  more  e». 
tensive  vibrational  analysis  was  carried  out.  Tbe  data  were  col- 
lected on  a  Cary  14  spectrophotometer;  the  overtone  and  combina- 
tion abstvptions  are  an  order  of  magnitude  weaker  than  the  funda- 
mentals. Carbon  tetrachlcmde  was  used  as  a  solvent  because  of  its 
transparency  in  this  region.  The  sanqile  was  warmed  to  give  a 
supersaturated  solution,  which  was  placed  in  10-cm  path  length 
quartz  cells  which  had  been  prewarnxd  and  left  wet  with  solvent 
Decomposition  bands,  if  any,  were  identified  as  described  Bbov& 
The  spectrum,  typical  of  the  M(CO)tX  derivatives,  is  shown  in 
Figure  2.    Tlw  maxima  identified  for  this  work  are  indicated  by 


Figure  2.  Overtone  and  combination  spectrum,  Mn(CO)iBr.  Tlie 
vertical  lines  below  the  maxima  indicate  our  assigmnents ;  these  are 
intended  also  to  reflect  somewhat  the  relative  intensities  of  the 
bands. 


(13)  M.  A.  EI-SayedandH.D.¥:MU,l<Mr«.Ch«m..-L,\^VV^'S\. 
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Figure  3.   Idealized  geometry  of  M(CO)tX  molecules  showing  force 
constants. 


small  vertical  lines  below  the  spectrum  and  are  converted  to  the 
following  values  (in  units  of  crtr^):  4266.2  (w),  4178.3  (s),  4132.1 
(m),  4128.8  (m),  4093  (w)  4053  (broad  w),  3981.5  (m). 

Calculatioiis.  Force  constants  and  "normal**  modes  were  calcu- 
lated using  an  iterative  computer  program  supplied  by  Dr.  R. 
Wing  (University  of  California,  Riverside,  Calif.).  The  program, 
based  on  the  work  of  the  Minnesota  groups  ^^-'^  and  also  developed 
by  Schachtschneider  and  Snyder,  ^^<*  adjusts  a  set  of  force  constants 
common  to  a  group  of  related  molecules  to  give  simultaneously  a 
least-squares  fit  between  observed  and  calculated  frequencies  for 
all  the  molecules.  Calculations  were  performed  on  the  IBM  7094 
at  the  UCLA  Computation  Center. 

Discussion 

Assignment  of  Modes   in   A1I-^>C  M(CO)6X.    The 

idealized  geometry  and  definition  of  force  constants  in 
the  M(CO)6X  derivatives  are  shown  in  Figure  3.  A 
structure  is  thus  far  available  only  for  the  pentacarbonyl 
hydrides,"  in  which  the  four  radial  carbonyl  groups  are 
not  normal  to,  but  form  an  angle  of  approximately  97  ° 
with,  the  axial  carbonyl  group.  The  geometry  of  the 
pentacarbonyl  halides  is  almost  certainly  closely  related. 
The  five  CO  groups  in  the  M(CO)6X  molecules  give 
rise  to  five  fundamental  CO  stretching  vibrations  sep- 
arated into  the  symmetry  classes  of  the  Civ  point  group 
to  which  they  belong:  Ai  (radial),  Ai  (axial),  Bi  (radial), 
E  (radial,  two  vibrations,  degenerate).  The  symmetry 
coordinates  for  these  are  conveniently  given  in  terms 
of  the  internal  bond-stretching  coordinates  of  the  mole- 
cule in  Figure  4.  The  separation  of  the  two  Ai  vi- 
brations into  pure  radial  and  pure  axial  is  a  convenient 
fiction  at  the  start  of  the  problem.  Any  linear  com- 
bination of  the  two  Ai  vibrations  shown  would  be 
equally  acceptable.  Through  the  calculation  of  the 
force  constants,  the  exact  form  of  the  vibration,  /.e., 
the  mixing  of  the  purely  axial  and  purely  radial  Ai 
modes,  will  be  determined. 

Since  the  two  E  vibrations  are  degenerate,  only  four 
absorptions  are  expected,  three  of  which  (Ai,  Ai,  and  E) 
are  infrared  active,  while  all  four  are  Raman  active. 
The  uppermost  trace  in  Figure  1  shows  the  carbonyl 
stretching  infrared  absorptions  for  a  typical  M(CO)6X 
derivative,  namely  Mn(CO)5Br.  Bands  a,  e,  and  g  have 
been  assigned  to  the  symmetry  coordinates  Ai  (radial). 
El,  and  Ai  (axial),  respectively,  by  Orgel,*  El-Sayed  and 
Kaesz,'  and  Cotton  and  Kraihanzel.^  This  assign- 
ment has  been  accepted  on  the  basis  of  the  relative 

(14)  (a)  W.  T.  King,  Dissertation,  University  of  Minnesota,  Sept 
1956;  (b)  E.  C.  Curtis,  Dissertation,  University  of  Minnesota,  May 
1959;  (c)  J.  Overend  and  J.  R.  Scherer,  /.  Chem.  Phys,,  32,  1289,  1296 
(1960);  (d)  J.  H.  Schachtschneider  and  R.  G.  Snyder,  Spectrackim, 
Acta,  19,85,  117(1963). 

(15)  S.  J.  La  Placa,  W.  C.  Hamilton,  and  J.  A.  Ibers,  Inorg.  Chem,,  3, 
I  49  I  (1964). 


Figure  4.   Symmetry  coordinates  for  all-i>CO  M(CO)kX  moteculet 

intensities  of  the  bands  and  also  on  the  grounds  that 
a  reasonable  set  of  approximate  force  constants  was 
calculated  by  means  of  the  simplified  secular  equations.^ 

The  choice  of  the  most  intense  band  as  the  E  mode 
has  recently  received  experimental  verification.  Wfl- 
ford"  and  Stone  have  studied  a  series  of  M(CO)sX 
derivatives  where  X  is  an  asymmetric  group  (such  as 
HCFQCFr-  or  HCCl,CFr-)  which  has  the  effect  of 
lowering  the  over-all  symmetry  of  the  molecule.  This 
has  led  to  observable  splitting  (in  gas-phase  spectra) 
of  the  most  intense  band  usually  assigned  as  the  E 
mode.  The  splitting  (anywhere  from  3  to  12  cm"*) 
is  observed  because  the  motions  corresponding  to  the 
E  mode  of  the  related  C4V  derivatives  arc  no  longer 
degenerate. 

Another  confirmation  for  the  assignments  is  achieved 
through  the  overtone  and  combination  region  spectra. 
The  consistency  of  the  assignment  can  thus  be  checked. 
Table  II  gives  the  expected  allowed  overtones  and 


Table  II.    Expected  and  Observed  Overtone 
Frequencies  for  Mn(»»CO)»Br 


Ai 

Ai 

Bi 

E 

2134 

2001 

2080 

2050 

Ai 

4268calcd 

4135calcd 

Not 

4184  cakd 

2134 

4266  w 

4132  m 

allowed 

4178  s 

Ai 

4002calcd 

Not 

4051  cakd 

2001 

3982  mbr- 

allowed 

'^^53vw 

Bi 

4160calcd 

4130  cakd 

2080 

Not  obsd^ 

4128  m 

E 

4100  cakd 

2050 

4093  vw 

*  <*  We  have  observed  this  large  difference  (anharmonidty)  to  be 
typical  for  the  lowest  energy  combination  of  a  large  numbar  of  car- 
bonyl derivatives.  This  effect  will  be  discussed  in  a  future  publica- 
tion. ^  Allowed,  but  expected  to  be  weak  as  it  is  derived  from  the 
infrared-forbidden  Bi. 


combinations  as  well  as  the  observed  frequencies  in 
cm"^  The  calculated  and  observed  frequencies  are  not 
expected  to  coincide  because  of  anharmonicity,  and 
the  rather  close  fit  observed  for  this  molecule  is  an 
indication  that  the  carbonyl  vibrations  are  not  too 
anharmonic.  It  would  be  desirable  to  determine  an- 
harmonicity corrections  for  these  molecules,  but  this 
task  is  beyond  the  scope  of  the  present  work.  To  date, 
a  detailed  determination  of  anharmonic  corrections 
has  been  made  for  only  one  type  of  metal  carbonyl, 
the  group  VI  M(CO)6  molecules,"  where  the  high 
symmetry  reduces  the  anharmonic  corrections  to  a 
workable  number. 

Assignment  of  Modes  in  Mono-^'CO-Substitiited 
M(CO\X.  With  *»C  in  1.1%  natural  abundance, 
1.1%  of  the  molecules  M(CO)sX  will  be  axially  sub- 
stituted with  ^'C,  and  4.4%  will  be  monosubstituted  in 
the  radial  position.    These  give  rise  to  their  own  ab- 

(16)  J.  B.  Wilford  and  F.  O.  A.  Stone,  ibid.,  4,  389  (1965). 

(17)  J.  M.  Smith  and  L.  H.  Jones,  /.  Mol.  Spectry^  2X^  24S  (196^. 
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ons  in  proportion  to  the  abundance  of  the  indi- 

species  and  the  extinction  coefficients  of  the 

,  some  of  which  (but  not  all)  will  be  distinguishable 

Jie  spectrum  of  the  parent  all-^^C  molecule. 

^*C  substitution  in  the  axial  position,  the  sym- 

of  the  resultant  molecule  is  the  same  as  that 

i  parent  all-^'C  molecule  (since  the  position  of 

tution  lies  on  all  elements  of  symmetry  for  the 

vie).    Therefore  the  symmetry  coordinates  are 

une  for  these  two  molecular  species.    A  lower 

mcy  is  expected  for  any  vibration  involving  motion 

heavier  ^'C,  and  no  shift  in  frequency  is  expected 

J  the  modes  do  not  involve  ^'C.    Thus  the  Bi 

)  modes  will  be  the  same  for  the  parent  and  axial- 

lolecules.    Also,  if  the  two  Ai  modes  were  pure 

and  pure  axial  vibrations,  only  the  axial  Ai 

1  be  shifted.  However,  they  are  not,  and  both 
bserved  to  shift  but  not  necessarily  by  the  same 
nt.  The  sum  of  these  shifts  very  nearly  equals 
lU  expected  45  cm"^  for  isotopic  mass  shift.  The 
e  of  shift  of  each  mode  will  be  proportional  to  the 
nt  of  axial  CO  motion  in  the  modes.  For  the 
;nt  we  are  satisfied  to  assign  only  band  h  to  this 
aile,  as  the  Ai  (axial)  vibration. 

r  radial  ^'C  substitution,  the  symmetry  is  lowered 
,  and  the  symmetry  coordinates  must  be  written 
ly  differently  as  shown  in  Figure  S.  In  this  case 
3ne  of  the  vibrations,  the  A ' ',  corresponds  to  one 
t  parent  molecule  vibrations,  the  E  mode.  Four 
s  vibrations  belong  to  the  same  symmetry  class, 
nd  these  are  expected  to  be  mixed ;  any  or  all  of 
3ur  A'  vibrations  are  expected  to  occur  at  fre- 
:ies  different  from  the  vibrations  of  the  parent 

2  molecule,  with  the  expected  full  ^'C  isotopic 
of  45  cm~^  distributed  among  the  shifts  of  the  four 
wording  to  the  Teller-Redlich  product  rule  (ne- 
ng,  of  course,  the  modes  outside  the  carbonyl 
n).  To  a  first  approximation,  therefore,  vibrations 
t  be  expected  to  occur  at  frequencies  slightly  lower 
any  corresponding  vibrations  in  the  parent  mole* 

Also  one  might  guess  at  this  point  that  the  shift 
e  A'  vibration  of  the  C,  molecule  corresponding 
mmetry  coordinate  to  the  axial  Ai  mode  of  the 
It  molecule  will  be  fairly  small. 
;:ause  of  its  position  relative  to  the  E  mode  (band 
the  parent  molecule,  band  f  is  assigned  as  an  A' 
J  of  the  radial  mono- "CO  molecule.  The  most 
'nable  one  of  the  four  possible  A'  modes  to  assign 
requency  to  (guided  by  the  symmetry  coordinates) 
5  diird  highest  A'  vibration  of  the  C,  molecule, 
sponding  in  relative  motions  of  CO  groups  to  the 
de  in  the  all- "CO  derivative, 
nd  b  could  be  assigned  either  to  the  radial  Ai 
t  of  the  C4v  "C-substituted  molecule  or  to  the 
»t  A'  of  the  Ci  molecule.  The  latter  assignment 
^ferred  on  the  basis  that  its  intensity  is  nearly  10% 
e  parent  radial  Ai  vibration.  It  is  expected  that 
adial  Ai  vibration  of  the  C4V  mono-"C  molecule 
d  be  about  1  %  the  intensity  of  the  parent  radial 
yhile  A'  of  the  C.-substituted  molecule  would  be 
rted  to  gain  intensity  due  to  its  probable  asymmetry 
t  the  former  C4  axis.  This  assignment  is  supported 
le  fact  that  no  other  vibration  is  observed  below 
larent  radial  Ai  which  might  correspond  to  the  A' 
s  Civ  ^K^  axial-substituted  molecule. 


A' 
Figure  5.  Symmetry  coordinates  for  mono-  *  KO  (radial)  M(CO)iX. 

The  assignment  of  the  remaining  two  frequencies, 
bands  c  and  d,  are  not  obvious.  These  will  be  de- 
termined through  calculation  of  force  constants  which 
will  also  provide  a  check  for  the  previously  mentioned 
assignments. 

Conflrmation  and  Completion  of  the  Assignments 
through  Calculation  of  Force  Constants.  The  above 
assignments  and  a  set  of  approximate  starting  force 
constants  are  adjusted  by  an  iterative  computer  program 
(see  Experimental  Section)  to  fit  the  frequencies  of  the 
all-"CO  and  the  mono-"CO  axial  and  radial  sub- 
stituted M(CO)6X  for  a  given  M  and  X.  For  a  given 
derivative  (i.e.,  given  M  and  X),  we  expect  that  the  force 
constants  for  the  "C-substituted  molecules  will  essen- 
tially be  the  same  as  for  the  all-"C  derivative.  This 
has  been  shown  to  be  true  for  the  isotopic  substitution 
of  deuterium  for  hydrogen,  involving  a  100%  increase 
in  weight,  and  will  certainly  hold  for  the  "C-"C  sub- 
stitution. The  additional  information  supplied  by  the 
^*CO  frequencies  appears  as  new  frequency  parameters 
(X*s)  in  the  secular  equation  |  GF  —  \E\  =  0. 

Because  not  all  of  the  observed  frequencies  are  inde- 
pendent, the  calculations  require  a  greater  number  of 
input  frequencies  than  there  are  force  constants  to  be 
determined.  There  are  eight  observed  frequencies, 
a-h  (see  Figure  1  and  Table  I),  from  which  six  fre- 
quencies are  needed  to  determine  the  five  force  con- 
stants in  the  carbonyl  stretching  block.  The  bands 
a,  e,  g,  h,  f,  and  b  (in  order  of  their  appearance  in  the 
discussion  of  band  assignments  above)  were  selected  as 
input  data,  and,  also,  a  set  of  starting  force  constants  is 
supplied  to  the  computer  program.  In  the  present 
case,  it  is  found  that  the  approximate  force  constants  of 
Cotton  and  Kraihanzel*  (Ku  Kt,  and  Kt  which  is  equal 
to  Ac  and  K:'  and  V«^t)  provide  a  suitable  starting, 
point  since  they  are  quite  close  to  the  final  values. 
Even  in  those  cases  where  starting  force  constants  are 
not  close  to  the  final  values,  the  program  is  able,  through 
a  larger  number  of  iterations,  to  arrive  at  the  optimum 
answers. 

The  optimum  calculated  force  constants  and  the 
associated  frequencies  for  all  the  modes  are  shown  in 
Table  III  for  a  model  compound,  Mn(CO)6Br.  The 
calculated  frequencies  for  bands  a,  e,  g,  h,  f,  and  b  fit 
to  within  0. 1  cm-  ^  of  the  values  used  as  input.  This  is  a 
good  sign  that  the  input  frequencies  were  placed  in 
their  proper  assigned  positions.  The  calculation  of  the 
two  remaining  observed  frequencies,  not  used  as  input, 
also  serves  as  an  independent  check  on  the  correctness 
of  the  assignments.  Bands  c  and  d  are  predicted  within 
3  cnr\  the  range  of  expected  error  derived  from  using 
frequencies  uncorrected  for  anharmonicity.  A  differ- 
ent set  of  six  input  frequencies,  using  either  one  or  both 
of  bands  c  and  d,  but  dropping  one  or  two  of  the  pre- 
vious input  frequencies,  would  produce  calculated 
force  constants  to  within  0.02  mdyne/A  of  these  re- 
reported  values,  and  again  predict  the  remaining  two 
frequencies  within  the  same  t^iv^  oil  cxi^\  V>  ^xsr^^* 
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Table  m.    Calculation  of  Force  Constants  to 
Assign  Bands  c  and  d  in  Mn(CO)iBr 


Band 

Molecule 

Input, 

Calcd, 

Obsd,  desig- 

(symmetry) 

Vibr 

cm"* 

cm~* 

cm~*  nation 

Mn(>HX))»Br 

Ai 

2134.0 

2133.9 

2134.0    a 

(C4v) 

Ai 

2000.8 

2000.8 

2000.8    g 

Bi 

•  •  • 

2082.5 

2079.0    c« 

E 

(2050.0 

2050.0 

2050.0    e 

2050.0 

Mono-^KX), 

A» 

•  •  • 

2131.1 

•  •  • 

axially  substituted 

Ai 

1958.8 

1958.8 

1958.8    h 

(C4.) 

Bi 

•  •  ■ 

2082.5 

e 

•    •    • 

E 

1:;: 

2050.0 

2050.0 

d 

•    •    • 

Mono.»HX), 

A' 

2126.8 

2126.9 

2126.8    b 

radially  substituted 

A' 

•  •  • 

2075.7 

2073.4    d 

iC) 

A' 

2020.1 

2020.1 

2020.1    f 

A' 

1998.3 

« 

•  •  • 

A" 

• .  • 

2050.0 

d 

•    •    • 

Force  constants, 

^i' 

=  16.35 

JC,'- 0.186     JCt^  0.432 

mdynes/A 

^1- 

-  17.41 

JTo- 0.305 

1 

•  Observed  in  Raman  at  2079.5  (strong) ;  very  weak  in  the  infrared. 
^  Buried  beneath  21 34.o  (band  a).  « Coincides  with  Bi  of  Mn(  >  >CO)f- 
Br.  ''C:bincides  with  E  of  Mn(i>CO)sBr.  « Buried  beneath 
2000.8  (band  g). 


It  should  be  noted  that  the  Bi  vibration  is  expected 
in  the  Raman  spectrum  although  a  very  weak  band  in 
the  infrared  spectrum  (band  c)  is  observed  in  the  calcu- 
lated position.  With  the  laser  Raman,  the  strongly 
active  Bi  was  observed  for  Mn(CO)ftBr,  the  value  coin- 
ciding with  the  weak  infrared  band  c.  At  the  high  con- 
centrations needed  to  see  all  the  minor  isotopic  peaks, 
we  expect  to  see  some  weak  absorptions  not  normally 
predicted  in  the  infrared,  which  effect  has  been  observed 
for  solutions  of  Mo(CO)e  in  CCI4. " 

Not  all  of  the  vibrations  predicted  for  the  "C  mole- 
cules can  be  separately  observed  in  the  mixture  oc- 
curing  in  natural  abundance.  The  presence  of  an  axial 
mono-* 'CO  derivative  (C4V  symmetry)  is  detected 
by  only  one  nonoverlapping  band,  h.  As  indica- 
ted in  Table  III  and  in  the  previous  discussion, 
the  Bi  and  E  bands  of  this  derivative  are  expected  to 
coincide  with  the  corresponding  modes  of  the  all-* 'CO 
molecule  and  therefore  are  masked  by  its  more  intense 
absorptions.  Similarly,  the  high-energy  Ai  mode 
through  its  coupling  with  the  axial  mode  of  the  same 
symmetry  is  slightly  shifted  from  the  high-energy  Ai 
mode  of  all- "CO  derivative,  but  apparently  not  enough 
to  allow  resolution  of  this  peak,  more  difficult  due  to  its 
lower  relative  intensity.  The  radial  mono-* 'CO  de- 
rivative (C,  symmetry)  on  the  other  hand  shows  three 
separate  bands  through  which  it  may  be  characterized, 
all  from  the  A'  block.  The  A"  of  this  derivative 
is  expected  to  coincide  with  the  E  mode  of  the  all-**CO 
molecule.  These  characteristic  bands  for  the 
mono-* 'CO  substituted  molecules  will  be  useful  later 
in  following  stereochemistry  of  *'CO  substitution  in 
enrichment  experiments,  through  which  these  *'CO 
assignments  have  also  been  confirmed  (see  below). 

The  assignments  and  calculated  force  constants  may 
conveniently  be  summarized  by  energy-splitting  dia- 
grams shown  in  Figure  6.  Through  such  a  graphic 
representation,  formally  analogous  to  spin-spin  split- 
ting diagrams  in  nuclear  magnetic  resonance  analyses,  it 

CW  L.  H,  Jones,  J,  Chem.  Phys.,  36,  2373  (1962). 


is  possible  at  a  glance  to  understand  several  features  of 
the  vibrational  analysis. 

In  the  first  row  of  each  of  the  three  frames  in  the  figure 
(one  for  each  of  the  compounds  illustrated),  the  energy 
of  the  hypothetically  isolated  internal  coordinate  is 
represented  by  a  vertical  dashed  line.  This  is  the  posi- 
tion obtained  from  the  calculated  force  constants,  Ki 
and  Ai,  by  the  equation  1^,*  =  (5.888  X  10-^)A</m  (where 
fjL  is  the  reduced  mass  of  the  carbonyl  group  in  atomic 
weight  units  (16.00  +  12.01)/(16.00  X  12.01)  = 
0.14583.)  The  energy  (in  cm"*)  is  plotted  on  the 
horizontal  axis. 

The  second  row  represents  symmetry  coordinates 
which  are  constructed  from  the  internal  coordinates.** 
The  energies  of  these  are  calculated  from  the  interaction 
constants  according  to  the  secular  equations  for  each 
symmetry  coordinate.  The  third  row  represents  the 
''normal"  coordinates  which  are  the  final  results  of  the 
iterative  computation.  In  these,  the  positions  of  the 
E  and  Bi  or  A''  modes  are  unchanged  from  the  second 
line.  However,  the  positions  of  the  Ai  or  A'  coordi- 
nates are  altered  in  proportion  to  the  mixing  between 
the  symmetry  coordinates.  The  final  observed  spec- 
trum of  Mn(CO)6Br  with  *«C  isotopically  substituted 
molecules  in  natural  abundance  is  composed  of  the 
sum  of  the  third  lines  from  each  of  the  frames,  at  a 
relative  intensity  determined  by  the  absolute  intensity 
of  the  band  multiplied  by  its  isotopic  abundance. 

The  force  constants  calculated  for  the  other  members 
of  the  M(CO)6X  series  are  given  in  Table  IV.  These 
proceed  entirely  analogously  to  the  assignments  and 
calculations  discussed  in  detail  for  Mn(CO)sBr. 


Table  IV.    Calculated  Carbonyl  Force  Constants  for 
M(CO)tX  Molecules* 


M(CO),X 

—  mdynes/A 

M           X 

^1 

Ki 

^ 

^.' 

Kt 

Mn       a 

16.24 

17.51 

0.231 

0.213 

0.452 

Mn       Br 

16.35 

17.41 

0.305 

0.186 

0.432 

Mn       I 

16.38 

17.29 

0.286 

0.181 

0.418 

Mn       CHs 

16.22 

16.81 

0.310 

0.243 

0.474 

Re        a 

15.98 

17.52 

0.250 

0.281 

0.586 

Re        Br 

16.06 

17.45 

0.306 

0.266 

0.567 

Re         I 

16.11 

17.39 

0.292 

0.254 

0.551 

'  For  the  possible  absolute  accuracy  of  these  force  constants  see 
the  Discussion  in  the  text. 


Physical  Significance  and  Trends  in  the  Calculated 
Force  Constants.  The  possible  accuracy  of  the  force 
constants  derived  from  the  energy-factored  vibrational 
analysis  has  been  discussed  previously.^*  ^  A  full  normal 
coordinate  analysis  would  require  the  imposition  of  some 
force  field  on  the  molecule  as  less  data  are  now  available 
than  force  constants  to  be  evaluated.  As  such,  this  would 
provide  no  real  check  on  the  energy-factored  force 
constants.  Any  differences  observed  between  those 
two  sets  of  force  constants  would  reflect  the  differ- 
ences between  the  assumed  force  field  and  the  procedure 

(19)  For  derivatives  of  Cw  symmetry,  the  positions  are  given  by  the 
equations:  y^,*  (radial)  -  5.888  X  lO-^{Kt  +  IK^'  +  JTO/m;  f.,"  - 
5.888  X  \0-KKt  -  2^,'  +  /TJ/m;  I'e*  -  5.888  X  10-»(ii:»  -  JCJ/it 
For  derivatives  of  different  symmetry,  these  equations  may  be  written 
following  standard  procedures;  see  E.  B.  Wilson,  J.  C.  Dedus,  and  P.  C 
Cross  ^'Molecular  Vibrations.**  McGraw-Hill  Book  Co.,  Inc.,  New  York. 
N.  Y.,  1955. 

(20)  F.  A.  Cotton,  Fnorg,  Chem.,  3,  702  (19M). 
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Figure  6.     Energy-splitting  diagrams  for  Mn(CXD)6Br,  all-^KX)  (95%  natural  abundance),  and  the  principal  monoisotopic  specie 
Mn(»HX)M**CO)Br,  (4%  ^KX><is  and  1  %  ^KX>-lrans  to  Br). 


of  energy  factoring  (which  in  itself  is  a  force  field  of  one 
kind). 

The  match  to  the  "CO  vibrations  observed  in  the 
present  and  the  previous  work^  provides  one  measure 
of  confidence  in  the  procedure  of  energy  factoring. 
Previous  normal  coordinate  analyses  of  carbon  de- 
rivatives***** further  show  (from  the  potential  energy 
distribution)  that  the  CO  stretching  modes  are  relatively 
unmixed.  An  additional  test  of  the  energy-factoring 
procedure  was  possible  in  the  pentacarbonyl  hydrides.* 
In  these  derivatives,  the  carbonyl  stretching  force 
constants  were  calculated  both  omitting  and  including 
the  metal-hydrogen  stretching  frequencies  lying  nearby 

(21)  R.  S.  McDowell,  W.  D.  Horrocks,  and  J.  T.  Yates,  /.  Chem, 
Phys.,  34.  530  (1961). 

(22)  L.  H.  Jones,  J.  MoL  Sptctry.,  8, 105  (1962). 


(ca.  1800  cm"^).  Only  small  changes  were  produced 
in  the  force  constants,  giving  us  some  additional  meas- 
ure of  confidence  that  changes  brought  about  by  inclu- 
sion of  the  next-nearest  vibrations  (metal-carbon 
stretching  and  metal-carbonyl  deformation  modes, 
near  600  cm~^)  would  be  even  smaller  (assuming  that  the 
coupling  constants  in  these  vibrations  with  the  carbonyl 
stretching  modes  are  of  the  same  order  of  magnitude 
as  those  for  the  metal-hydrogen  stretching  modes  with 
these  vibrations). 

The  present  force  constants  show  that  the  valence 
force  field  proposed  by  Jones'****  (namely  that  K^ 
=  Ac'  =  V»^t  is  approximately  correct.  However,  a 
further  degree  of  refinement  is  now  available  which  will 
be  useful  in  any  future  attempts  at  a  full  normal  co- 
ordinate analysis. 
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Figure  7.  Calculated  frequencies  for  all  possible  >KX>-8ubstituted 
Mn(CX))tBr.  The  position  of  ^KX)  substitution  on  the  M(CX))i 
skeleton  is  indicated  by  a  heavy  black  dot. 


Some  interesting  trends  might  be  pointed  out  in  these 
force  constants  (Table  IV).  Generally  the  interaction 
force  constants  between  carbonyl  groups  are  the  largest 
for  the  least  electronegative  and  least  7r-electron-with- 
drawing  substituent  (X  »  CHs).  The  interaction  force 
constants  should  be  closely  related  to  the  electron  den- 
sity around  the  metal  in  the  7r-electron  model  for  the 
coupling  of  carbonyl  modes.  Other  trends  are  ob- 
served, but  these  fall  within  about  10  or  15%  of  the 
absolute  values  of  these  force  constants.  We  refrain 
from  drawing  any  conclusions  about  these  more  refined 
variations  until  we  feel  sure  these  are  due  to  inherent 
properties  of  the  molecules  in  question  rather  than  pos- 
sible artifacts  of  the  analytical  procedure  used  here. 

Mixing  of  the  Ai  Symmetry  Coordinates  in  the  Ai 
Modes  and  Correlation  with  Intensities.  The  distribution 
of  the  Ai  symmetry  coordinates  (radial  and  axial)  in 
the  high-energy  Ai  absorption  of  all- ^ 'CO  and  the 
mono-* 'CO  axial  derivatives  is  given  in  Table  V.    The 


Table  V.    Distribution  of  Potential  Energy  of  Ai  Carbonyl 
Stretching  Vibrations  of  the  All-^KX)  and  Mono-i*CX) 
Axial  M(CX»»X  Derivatives 


-  C  (Ai  high  energy)*  - 

AU- 

»»CX) . 

—  Mono-»»OOanal-> 

X 

Ai  (axial)  Ai  (radial)  Ai  (axial)  Ai  (radial) 

M»Mn 

a 

0.040 

0.960 

0.022 

0.978 

Br 

0.082 

0.918 

0.044 

0.956 

I 

0.086 

0.914 

0.045 

0.955 

CH, 

0.109 

0.891 

0.056 

0.944 

D 

0.122 

0.878 

0.061 

0.939 

M  =  Re 

a 

0.031 

0.969 

0.019 

0.981 

Br 

0.051 

0.949 

0.030 

0.970 

I 

0.053 

0.947 

0.030 

0.970 

D 

0.107 

0.893 

0.058 

0.942 

•  This  mode  is  often  referred  to  as  the  Ai  (radial).  For  the  coeflS- 
cients  of  the  low-energy  Ai  mode  (Ai  (axial)),  reverse  the  coeflSdents 
under  the  headings. 


coefficients  for  the  pentacarbonyl  hydrides  (discussed 
in  the  subsequent  paper)*  are  also  included  here  for 
comparison.  It  is  seen  that  the  high-energy  Ai  mode 
is  by  and  large  a  mode  of  the  radial  carbonyls,  as  has 
been  deduced  in  previous  qualitative  analyses.  In- 
creased contributions  of  axial  motion  is  observed  in  the 
scries  Cl<  Br  <  I<  CH,  and  D.  Within  the  halogen 
derivatives,  this  follows  observed  increased  relative 
intensity  for  the  high-energy  Ai  mode.    However,  the 


position  of  M(CO)iD  is  quite  anomalous.  These 
derivatives  (and  the  corresponding  hydrides)  show  the 
relatively  weakest  high-energy  Ai  absorption.  Cleariy 
some  effect  must  be  largely  responsible  for  the  in- 
tensity of  the  high-energy  Ai  mode  other  than  mixing 
of  radial  and  axial  modes.  This  is  currently  under 
study.^** 

I'CO  Enrichment.  The  assignment  of  bands  di^ 
cussed  above  makes  it  possible  to  distinguish  be- 
tween molecules  which  have  ^'CO  located  in  axial 
or  radial  positions.  The  infrared  spectrum  is  thus  a 
powerful  method  for  following  the  stereochemical 
course  of  reactions  involving  addition  or  substitution 
using  ^'C-enriched  CO.  Stereospecific  "CO  labeling 
of  Res(CO)io  has  thus  been  recently  reported.  '* 

The  exchange  of  radioactive  (^^C)  labeled  CO  with 
pentacarbonyl  halide  molecules  has  been  studied  by 
Wojcicki  and  Basolo"  and  Hieber  and  Wollmann.'^ 
The  kinetic  data  indicated  that  four  CO  groups  (the 
radial  CO's)  exchanged  faster  than  the  fifth  group  (the 
axial  CO).  Wojcicki  and  Basolo  assumed  that  after 
exchange  of  the  four  labile  CO  groups  was  essentially 
complete  (in  toluene,  in  the  dark,  at  32^),  the  fifth  CO 
equilibrated  in  abput  3  hr  at  50^.  The  results  of  our 
exchange  reactions  are  shown  in  Figure  I.  After  3 
hr,  at  room  temperature,  we  observed  the  trace  shown 
in  the  middle  of  the  figure  (light  was  not  excluded  from 
these  samples).  It  is  clear  that  bands  f  and  h,  character- 
istic of  the  radial  and  axial  mono-^KX)-substituted 
species,  correspondingly,  are  enhanced  at  approximatdy 
the  same  rate,  as  near  as  we  can  tell  from  the  present 
only  qualitative  knowledge  of  the  extinction  coefficients 
of  these  two  bands.  Therefore,  it  is  clear  that  if  the 
exchange  reactions  can  be  interpreted  in  terms  of  pref- 
erential substitution  first  into  die  radial  position,  this 
preference  appears  very  minor. 

A  difference  in  the  solvents  used  exists,  but  it  is  doubt- 
ful whether  this  has  any  great  influence  (cyclohexane 
in  our  experiments,  used  to  obtain  optimum  resolution 
of  the  infrared  bands,  while  the  previous  workers  used 
benzene  or  toluene). 

In  other  experiments,  for  which  the  spectra  are  not 
shown  here,  we  took  special  precautions  to  exclude 
stray  light  in  our  exchange  reactions  since  the  previous 
work  was  carried  out  in  the  dark.  Our  exchange  reac- 
tions were  also  run  in  the  dark,  and  special  precautions 
were  taken  during  the  infrared  scan  to  minimize  expo- 
sure to  radiation.  The  infrared  cell  containing  the 
sample  was  placed  inside  the  infrared  instrument  just 
before  the  exit  slits,  so  that  only  the  infrared  radiation 
which  had  been  monochromated  through  the  prism  was 
allowed  to  pass  through  the  sample.  The  instrument 
was  run  on  single  beam,  and  the  spectrum  was  analyzed 
by  subtracting  out  the  weak  solvent  absorptions  in 
this  region.  Dark  reactions  produced  the  same  en- 
richment as  observed  in  the  previously  described  runs. 

With  time,  more  than  one  ^*CO  are  expected  to  ex- 
change into  the  molecule,  and  the  infrared  spectrum  will 
eventually  show  peaks  from  molecules  with  two  and 
more  ^'CO's  (lower  traces.  Figure  1).  The  calculated 
force  constants  for  the  parent  molecule  enable  us  to 
calculate  the  expected  frequencies  for  all  possible^KX) 
substitution  products.    The  results  of  this  calculation 

(23)  R.  W.  Harrill  and  H.  D.  Kaesz.  /noff .  NucL  Ck&m.  Utitn,  2, 
69(1966). 

(24)  W.  Hieber  and  K.  WoUmann,  Cfmm.  B§r^  9%.  15S2  il9€2y 
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are  shown  in  Figure  7.  The  progressive  shifts  with  in- 
creasing "CO  substitution  are  evident,  eventually  result- 
ing in  a  spectrum  resembling  in  every  way  that  of  the 
all- "CO  molecule,  but  completely  shifted  to  lower  en- 
ergy for  the  all-*»CO  molecule.  The  100%  "CO-sub- 
stituted  molecule  was  not  achieved  in  this  work  to  any 
significant  extent  due  to  availability  of  only  50  %  *  'C-en- 
riched  CO.  The  spectra  of  intermediate  species  show 
some  regions  of  overlap  of  peaks  but  at  least  some  peaks 
which  are  essentially  unobscured  and  may  be  used  as 
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characteristic  absorptions  for  the  identification  of  the 
particular  species  in  question. 
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Ab§tnict:  The  infrared  absorptions  for  Mn(CO)iH,  Mn(CO)&D,  Re(CO)(H,  and  Re(CO)J0>  have  been  recorded  in 
the  region  1900-2200  cm~~^  All  of  the  observi^  maxima  are  accounted  for  through  assignment  to  the  carbonyl 
stretching  modes  of  the  major  constituent,  HM(^*CX^)s,  and  of  the  principal  isotopic  species  in  natural  abundance, 
HM(*'CX))4*'CXI>,  4%*'CXI>  cis,  and  1  %  ^'CO  trans  to  hydrogen.  Calculations  of  force  constants  in  the  energy- 
factored  carbonyl  stretching  block  of  the  (FG"^)  matrix  support  these  assignments.  The  ^"CO  absorptions  have 
been  experimentally  verified  through  enrichment;  axial  and  radial  CO  groups  are  observed  to  be  approximately 
equally  enhanced  by  ^KX)  exchange,  in  agreement  with  previous  radiocarbon  tracer  studies.  A  shift  in  some  of  the 
CO  at^rptions  in  going  from  HRe(CO)i  to  DRe(CO)t  has  been  observed.  This  is  due  to  coupling  between  Re-H 
and  trans-CO  group  stretching  vibrations.  An  interaction  force  constant  has  been  calculated  by  including  the 
Re-H  stretching  vibration  in  the  energy-factored  (FG"^)  matrix.  These  calculations  also  provide  an  interesting 
check  on  the  method  of  energy-factored  vibrational  analysis. 


Early  spectroscopic  studies  of  the  pentacarbonyl 
hydrides  of  manganese^  and  rhenium'  were  based 
on  the  assumption  (derived  from  earlier  electron  diffrac- 
tion work/'  that  the  hydrogen  in  these  compounds  did 
not  occupy  a  position  on  the  coordination  sphere  of  the 
metal.  Subsequent  structural  determinations  on  more 
stable  molecular  hydrides  such  as  HPtBr(PEtsV^  ^nd 
HOsBr(COXPPh3)j**  revealed  that  the  hydrogen  must 
in  fact  be  counted  into  the  coordination  number  of  the 
metal  like  other  ligands.  At  this  time,  the  spectra  of 
the  pcntacarbonyl  halides,  especially  the  extremely  low 
intensity  of  one  of  the  fundamentals,  Ai  (radial),  was 
under  study  in  these  laboratories.^  The  realization 
that  the  halides  and  the  hydrides  might  possess  related 
geometry  suggested  a  similar  approach  to  the  assign- 
ment of  spectra  in  these  two  series  of  molecules.*' 

(1)  (a)  Work  supported  by  Grant  GP  4175  from  the  National  Science 
Foundation;  (b)  for  part  I  of  this  series,  see  H.  D.  Kaesz,  R.  Bau, 
D.  Hendrickson,  and  J.  M.  Smith,  /.  Am.  Cfiem.  Soc.,  89,  2844  (1967). 

(2)  (a)  W.  E.  Wilson,  Z.  Naturforsch.,  13b,  349  (1958);  (b)  F.  A. 
Cotton,  J.  L.  Down,  and  G.  Wilkinson,/.  Cfiem.  Soc.,  833  (1959). 

(3)  W.  Beck,  W.  Hieber,  and  G.  Braun,  Z.  Anorg.  Ailgem.  Chem.,  308, 
23  (1961). 

(4)  (a)  See  references  cited  by  J.  A.  Ibers,  Ann.  Rev,  Phys.  Chem.,  16, 
389  (1965);  (b)  P.  G.  Owston,  J.  M.  Partridge,  and  J.  M.  Rowe,  Acta 
Cryst.,  13,  246  (1960);  (c)  P.  L.  Orioli  and  L.  Vaska,  Proc.  Chem,  Soc., 
333(1962). 

(5)  M.  A.  El-Sayed  and  H.  D.  Kaesz,  /.  AioL  Sptctry.,  9.  310  (1962). 


We  concluded  that  the  spectra  of  the  hydrides  were 
consistent  with  an  octahedral  model  in  which  hydrogen 
occupied  a  coordination  position  around  the  metal  in 
the  hydrides*'**  like  the  halogens  in  the  halides.  This 
was  formally  proposed**  shortly  before  the  crystal  struc- 
ture of  HMn(CO)6  was  reported.^* 

We  now  wish  to  report  complete  assignment  of  car- 
bonyl modes  of  all  the  principal  species  occurring  in 
natural  abundance  in  the  pentacarbonyl  hydrides: 
95%  all-i^CO,  4%  mono-i»CO  radial,  1  %  mono-  ^'CO 
axial.  All  the  absorptions  in  the  spectra  of  the  penta- 
carbonyl hydrides  are  thus  accounted  for,  which  had 
confused  the  earlier  infrared  structure  assignments  for 
these  derivatives.  The  *'CO  modes  have  been  experi- 
mentally verified  through  exchange  with  *'C-enriched 
CO. 

To  confirm  the  previously  assigned  metal-hydrogen 
stretching  absorptions,^*'  we  have  also  repeated  the 
spectra  of  DMn(CO)6  and  DRe(CO)5.  In  addition 
to  the  large  shift  in  the  M-H  stretching  absorptions,  we 

(6)  (a)  Dissertation,  D.  K.  Muggins,  University  of  California  at  Los 
Angeles,  Oct  1963,  pp  48-68;  (b)  D.  K.  Muggins  and  M.  D.  Kaesz,  /. 
Am.  Chem.  Soc,  86,  2734  (1964). 

(7)  (a)  Reported  by  J.  A.  Ibers,  147th  National  Meeting  of  the  Ameri- 
can Chemical  Society,  Philadelphia,  Pa.,  April  1964,  Paper  No.  SO; 
(b)  c/.  S.  J.  La  Placa,  J.  A.  Ibers,  and  W.  C.  Mamilton«  /,  Am.  CKtmx 
Soe.,  86.  2288  (1964). 
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Table  L    Inftared  Abu^ptions  (cm- 

>)  of  Pentacarbonyl  Hydrides  and  Deuterides- 

a 

b 

c 

d 

e 

f 

g 

h 

2116.7 
2117.0 
2131.1 
2130.8 

2109.8 
2109. S 
2123.1 
2122.9 

--2042. 0* 
^2044.0 

2053.? 

2031.2 

2035.4 
2036. S 
2042.5 
2042.8 

2014.5 
2014.7 
2014.5 
2014.5 

2006.7 
2005.4 
2005.3 
1999.6 

1981.8 
1981.5 
1982.3 
1982.1 

1965.4 
1964.4 
1966.9 
1958.2 

■  See  Figure  1  Tor  identification  of  Ihese  bands  acxording  to  designated  letters.  To  allow  future  checks  on  our  calculations,  frequencies  m 
given  to  a  precision  of  one  significant  figure  beyond  our  actual  expenmental  accuracy  (±1  cm~>).  '  This  bend  is  assigned  as  the  Ranaii 
active  Bi  band ;  it  a{)ppears  as  a  weak  band  in  only  the  most  concentrated  solutions ;  it  has  been  observed  directly  by  laser-cmtation  Rama 
of  the  neat  liquids  by  A.  Davison  and  J.  W.  Fallcr,  Massachusetts  Institute  of  Technology,  private  communication:  HMa(0O)i,  2047,  an 
HRc<CO)»,2055cm->. 


observed  for  DRe(C0)6  for  the  first  time"*  distinct 
shifts  in  at  least  two  of  the  absorptions  in  the  carbonyl 
stretching  region  which  were  not  reported  by  previous 
workers.  These  shifts  permit  unambiguous  assign- 
ment of  these  carbonyl  bands  to  Ai  modes,  the  same  sym- 
metry species  as  the  M-H  stretching  vibrations  with 
which  these  have  apparently  become  mixed. 

Expwimental  Section 

PreparatfoB.  The  pentacarbonyl  hydrides  and  deuterides  were 
prepared  by  methods  previously  repented  for  these  derivatives.  <° 
Some  additional  details  only  need  be  mentioned  here.  The  parent 
carbonyls,  Mnf(CO)ii  and  Ret(CO)io,  were  purchased  from  Alfa 
Inorganics,  Beverly,  Mass.  After  reduction  of  the  carbonyls  by 
sodium  amalgam  in  tetrahydrofuran,  we  found,  as  others  did  before, 
that  it  is  exceedingly  difficult  to  obtain  the  dry  salts  necessary  in 


Figure  1.  High-resolution  infrared  absorptions  in  the  carbonyl 
stretching  re^on  for  HRe(CO)(  before  and  after  24-hr  eKhaoge 
with  50%  ■*C-enriched  CO;  cyclohexane  solution  and  LiF  prism. 


(8)  D.  K.  Huggini,  W.  PellmBiui,  I.  M.  Smith,  and  H.  D.  Kaesz, 
/.  Am.  Chem.  Soc.,  96.  4841  (1964). 

(9)  L.  Vasica,  Ibid.,  88,  4100  (196(1). 

(10)  (a)  R,  B,  King  and  F.  G.  A.  Sione.  Inorg.  Syii..  7,  198  {1963); 
(b)  "Organometallic  Syntheses,"  Vol  I,  I.  J.  Eiich  and  R.  B.  KtOB.  Ed., 
'      '     w  Aew  lac.  New  York.  N.  Y.,  1965,  pp  138-160. 


order  to  get  spectroscopically  pure  hydride  derivatives  in  the  addi- 
fication  step.  The  impurities  in  the  sticky  solids  remaining  afta 
reduction  and  2  days  of  pumping  under  high  vacuum  up  to  50' 
are  extracted  with  cyclohexane  which  leaves,  after  drying  under 
reduced  pressure,  a  slightly  colored  powder  as  the  pentacarbonyl 
salt. 

The  salt  is  treated  under  high  vacuum  with  {Aosphoric  odd 
which  has  previously  been  purged  with  purified  oitrosen  for  icveni 
days  and  then  degassed.  The  volatile  products  from  the  acidifica- 
tion are  distilled  into  a  trap  containing  PtOii  and  cooled  to  — 196°. 
After  completion  of  the  reaction,  cydohexane  is  distilled  into  the 
trap  and  further  purification  of  the  hydride  is  accomplished  by  dis- 
tilling the  solution  onto  fresh  quantities  of  PiOj*  until  axapiot 
dryness  is  attained. 

The  deuterides  are  prepaied  using  DiPOi  in  the  ocidiBcatiwi  nep. 
However,  care  must  be  taken  with  the  vacuum  line  as  the  hydride) 
will  exchange  rapidly  with  any  protonic  sites  on  the  gbuswaie  nd 
removed  even  by  pumping  at  10~*  mm  for  ptolaageA  periods 
Such  equipment  may  be  properly  conditioned  for  tbis  work  by 
exposure  to  DiO  vapor  before  exposure  to  any  deutcriometal  pents- 
corbonyls. 

The  yields  of  HRe(COi)  (about  30%)  ore  much  lower  than  for 
HMn(CO)i  (about  85%).  For  preparation  of  hydride  suffident 
to  give  the  infrared  spectra  reported  here,  it  was  necessary  to  start 
with  2.0  g  of  NBRe(CO)i  but  only  with  0.5  g  of  NaMn(COV 

A  great  deal  of  the  rhenium  may  be  found  in  the  product  minin 
in  the  form  of  potynuclear  carbonyl  hydrides  of  low  vdotility, 
described  elsewhere.'" 

Exchange  Reactioiii  and  Infrared  Spectra.  The  procedures  have 
been  described  in  the  accompanying  publicatioa.">  The  spectia 
for  HRe(CO)i  at  two  concentrations  are  shown  in  upper  spectnun 
of  Figure  1.  The  absorptions  after  24-lir  exchange  with  >>C-eii- 
riched  CO  ore  shown  on  the  lower  spectrum.  The  positions  (tf  the 
maxima  as  labeled  in  the  figure  are  given  in  Table  1. 

The  specwum  of  DRe(CO).  in  the  region  1900-2200  cm-' is  shown 
in  Figure  2.  The  vertical  dashed  lines  indicate  the  positioo  of  bond 
f  and  its  i>CO  satellite  band  h  in  HRe(CO)i,  some  of  whKh  ii 
present  in  the  sample  due  to  imperfect  isotopic  conversion.  The 
shifts  for  the  two  bands  f  and  h  are  the  only  perceptible  changes  ia 
the  carbonyl  stretching  region  on  going  from  HRe(CO)t  to 
DRe<CO)t.  No  such  observable  shifts  are  found  for  the  manganese 
derivatives.  These  shifts,  if  any,  must  be  within  the  range  of  txr 
perimental  error  which  is  1  cm~'  under  our  present  method  of  op- 
eration. The  presence  of  some  residual  amount  of  HRe(CO)i 
in  the  DRe(CO)i.  shown  in  Figure  2,  is  due  to  exchange  of  deuteride 
with  traces  of  water  in  the  apparatus  which  was  used  to  handle  the 
Qrclohexane  solution  of  DRe(CO)(.  The  last  traces  of  HRe(CO)i 
may  be  removed  by  shaking  the  cyclohexaoe  solution  with  oxygfo- 
fiee  DiC  Conversely,  the  HRe<CO))  may  be  regenerUed  simply 
by  shaking  the  cyclohexane  solution  with  oxygen-fi'ee  HiO.  Ex- 
change even  in  such  a  heterogeneous  system  is  remarkatdy  npid. 

The  metal-hydrogen  stretching  frequendes,  although  previously 
reported,^.*  have  been  checked  for  inlemal  coosislaicy  with  our 
present  data.  The  most  concentrated  solutions  of  the  appropriate 
derivatives  in  cyclohexane  were  scanned  with  Perkin-Bmer  421 
(grating)  spectrophotometer.  The  observed  frequencies  were  found 
to  be  as  follows:  vh.b  1775,  fM.o  1285,  t>B.H  1882,  rH.D  ISlScm-'. 

Cakulatioas.  Force  constants  and  "nonnal"  modes  wen  calcu- 
lated using  the  iterative  computer  program  of  Scbachtachneidef  and 
Snyder>*  described  in  the  accompanying  communication.  ■■>   OUcu- 


(11)  W.  Fellmann  and  H.  D.  Kaesz,  Iiwg.  Nuel.  Chtm.  Lnurt.1, 
63  (1966). 

(12)  J.  H.  SchichtKhneidcr  and  R.O.Snyder,  Sp(c(rocMiii.j<cM;l*< 
117  (1963). 
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ilgnment  of  Absorptioiis.  The  three  fundamentals 
ii,  and  E  for  HM("CO)i  are  chosen  according  to 
ods  described  in  the  previous  work  on  the  penta- 
myl  halides."'  The  most  intense  band,  e,  will  no 
t  be  the  E  mode.  For  the  two  Ai  modes  we  choose 
veak  band  at  highest  energy,  a,  and  a  band  of 
am  intensity  at  lower  energy,  band  f.  The  assign* 
of  band  f  as  an  At  species  is  supported  by  its  ob- 
d  shift  upon  deuteration  in  DR^CO)t.*  Only  a 
of  the  same  symmetry  species  as  the  metal- 
)gcn  stretching  modes  (which  must  be  of  Ai 
:s)  could  be  affected  upon  deuteration.  No  per- 
3le  shift  in  the  position  of  band  a  is  observed  in 
.C0)(,  presumably  because  this  band  is  less  mixed 
the  Re-H  stretching  absorption  than  is  band  f. 
ar  discrimination  in  the  interactions  of  metal 
de  with  certain  carbonyl  stretching  modes  has 
reported  by  Vaska,* 

ere  are  indications  that  the  weak  band  at  ^^2044 
,  band  c  in  HMn(CO)e,  might  be  the  Raman-active 
ode  for  the  C^v  molecule.  A  previous  calcula- 
*  using  the  approximate  secular  equations  of 
m  and  Kraihanzel  indicated  that  the  Bi  mode  of 
derivative  might  be  expected  somewhere  in  this 
ty  (calculated  position,  2046  cm~').  This  band 
gain  intensity  in  the  infrared  from  some  break- 
of  the  C,v  symmetry  in  solution  by  asymmetric 
ng  of  molecules,  as  suggested  by  earlier  workers 
timilar  situation  for  Mo(CO)«."*'  The  computa- 
indtcate  that  the  best  fit  is  obtained  when  this 
is  indeed  attributed  to  the  Raman  mode  which 
intent  is  finally  proved  by  the  failure  of  this  band 
n  intensity  during  '  'CO  enrichment  (see  below), 
:  remaining  weak  bands  may  be  assigned  to  either 
f  the  two  isotopically  substituted  species  in  natural 
Jance  containing  one  "CO  group,  similar  to  meth- 
oullined  previously.""  For  the  axially  "CO- 
ituted  molecule,  the  E  and  Bi  but  not  the  Ai  modes 
>c  identical  with  those  for  the  aU-"CO  molecule. 
isign  band  h  as  the  Ai  (axial)  "CO  mode,  which  is 
d  by  38  cm-'  to  lower  energy  from  the  correspond* 
■CO  band  (0-  This  is  less  than  the  full  isotopic 
rf  45  cm-'  (or  more  for  frequencies  uncorrected 
nharmonicity). "  We  may  thus  infer  that  this 
is  mixed  with  one  (or  more)  other  mode  of  the 
symmetry  (Ai).  The  most  likely  are  the  Ai 
il)  carbonyl  and  the  Ai  M-H  stretching  modes, 
herefore  expect  a  band  slightly  shifted  to  lower 
y  from  band  a  (the  A,  (radial)  band  of  the  all-"CO 
:iile).  It  is  tempting  to  assign  band  b  as  the  Ai 
i)  mode  for  the  "CO-substitutcd  C,,  derivative, 
n  fact,  such  a  trial  assignment  gave  a  poorer  fit 
s  computer  in  favor  of  a  band  even  closer  to  band 
n  band  b  (as  discussed  below).  Such  a  band 
ot  been  resolved  by  us.    It  must  be  pointed  out 

(a)  J.  B.  Wilford  and  P.  G.  A.  Stone,  Inorg.  CMtm.,  4,  389  (1965): 
I.  JonM,  J.  Cktm.  Phyt.,  36,  237S  (1962). 

ShifB  greater  than  (he  calculated  amount  arc  usually  observed 
ciilei  posicisins  unique  CO  or  NO  (using  frequendei  uncorrected 
annonidtr);  lee  (a)  D.  P.  Talc,  J.  M.  Augl,  W.  M.  Ritchey,  B. 
i,and  J.  G.  Graueiti,/.  Am.  Cktm.  Soe..  96,  3261  (1964);  (b)  R. 
Jowdl,  W.  D.  Horrock^  and  J.  T.  Yates,  /.  Chtm.  Phyt.,  34, 
«■>. 
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Figure  2.  High-resolution  inTrared  absorptions  in  the  carbmiyl 
itretching  region  for  DRe(CO)i  with  aome  HRe(CO)i  present  in 
small  quMntity  as  impurity  (distiaguishins  peakt  marked  with  dashed 
vertical  lines). 


that  such  a  band,  belonging  to  a  very  weak  absorption 
of  a  molecule  present  only  in  1  %  concentration,  is 
probably  too  weak  to  be  resolved  between  the  already 
existing  bands  a  and  b  without  specific  isotopic  sub- 
stitution. Assignment  of  the  remaining  bands  is  settled 
through  the  calculation  of  force  constants. 

Calculations.  As  described  above,  we  feel  rather 
confident  about  the  assignment  of  bands  a,  e,  f,  g,  and 
b.  The  uncertainty  arises  for  band  b  (a  choice  between 
the  Ai  mode  for  the  C,v  or  for  the  C,  isotopically  sub- 
stituted molecules)  and  bands  c  and  d.  We  may  de- 
cide the  best  assignment  for  these  by  comparing  the 
calculated  values  with  those  observed  (which  of  course 
are  therefore  not  used  as  input).  The  best  result  is 
shown  in  Table  II. 


Force 

Vibr 

constants. 

species  Input 

Cakd 

Obsd 

Band  ittdynes/A 

All- "CO 

A, 

2130.8 

2130.7 

2130.8 

a 

(C.,) 

A, 

1999.6 

1999.5 

1999.6 

r 

Ui 

2051.0 

1051.0 

2051.0 

c» 

H 

2014. S 

2014.4 

2014.6 

e 

fi-  16.37 

Motio-><X> 

A, 

2127.1 

J^- 16.98 

(C.) 

A, 

a 

F 

1938.2 

1958.3 
2051.0 
2014.4 

1958.2 

b 

K,'  -  0.281 
X.- 0.330 
K,  -  0.582 

MonO-"CO 

A' 

2122.9 

2123.0 

2123. 

h 

(O 

A' 
A' 

2044,1 
2000.7 

~2043 

d 

A' 

1982.1 

1982.2 

1982.1 

A' 

2014.4 

...' 

*  Seen  only  in  very  concentrated  solutions  as  s  very  weaic  peak; 
has  been  measured  by  laser  Raman  (at  2055  cm~ ')  for  HRe<CO)t  by 
A.  Davison  and  J.  W.  Faller,  Massachusetts  Institute  of  Technology! 
f^vate  communication.  *  Probably  too  weak  to  be  observed 
between  bands  a  and  b.  '  Degenoate  with  corresponding  mode  of 
all-i*CO  molecule.    '  Obscured  by  intetise  absorption  of  band  e. 


Similar  calculations  were  carried  out  for  the  other 
molecules  studied  here  and  the  results  are  summaxvifA 
in  Table  III. 
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Figure  3.  Representation  of  observed  shift  (diagonal  arrow)  of  Ai 
(principally  axial)  carbonyl  stretching  absorption  when  H  is  re- 
placed by  D  in  going  from  HRe(CO)5  to  DRe(CX))5.  The  vertical 
dashed  lines  represent  the  symmetry  coordinates  before  mixing  of 
vco  with  either  viuh  or  i^rad.  The  solid  vertical  lines  represent  the 
positions  of  the  observed  bands. 


Interaction  of  Metal-Hydrogen  and  Carbonyl  Stretch- 
ing Vibrations.  A  shift  in  carbonyl  frequencies  was 
first  observed  by  Huggins,  Fellmann,  Smith,  and  Kaesz 
in  the  pair  of  derivatives,  H3Re3(CO)i2  and  DgRcs- 
(CO)i2.*  This  implied  a  coupling  between  metal- 
hydrogen  and  carbonyl  stretching  modes,  not  previously 


Table  m.    Summary  of  Force  Constants  (mdynes/A)«>^  for  the 
Best  Assignment  of  Carbonyl  Modes  in  Metal  Pentacarbonyl 
Hydrides  and  Deuterides 


^1 

Kt 

Xp' 

a; 

K, 

HMn(CO), 

16.46 

16.88 

0.266 

0.299 

0.480 

DMn(CO), 

16.47 

16.88 

0.257 

0.304 

0.485 

HRe(CO), 

16.60 

16.95 

0.247 

0.391 

0.550 

HRe(CO),' 

16.34 

16.96 

0.282 

0.328 

0.583 

DRe(CO)» 

16.37 

16.98 

0.281 

0.330 

0.582 

'  These  force  constants  are  relatively  significant  only  to  the 
first  four  (Ku  KO  or  three  figures  (Kc,  Kc',  Kt).  For  the  possi- 
ble accuracy  of  these  constants  see  the  discussion  in  the  text  of  the 
accompanying  publication.^^  ^  For  definition  of  force  constants, 
see  Figure  3  of  ref  lb.  "^  With  viuh  included.  This  calculation  also 
yielded  the  following  values:  Kr^b  =  1.984,  Kn-cdds)  =  0.0006, 
KsL-cditrans)  —  0.225  mdyne/A. 


reported  for  known  carbonyl  hydrides  such  as 
HMn(CO)6  whose  deuterium  derivatives  had  also  been 
studied.**'^  In  our  bands,  upon  repeating  this  work, 
we  indeed  found  a  shift  in  the  carbonyl  frequencies 
in  the  pair  of  compounds  HRe(CO)5-DRe(CO)6 
(see  Experimental  Section).  No  shifts  within  the  limits 
of  our  experimental  error  were  noticed  for  the  analogous 
manganese  derivatives,  however.  Calculations  with 
the  rhenium  derivatives  therefore  were  carried  out  in 
which  the  metal-hydrogen  stretching  frequency  was 
included  in  the  energy-factored  (FG-^)  matrix.  In  this 
case,  all  of  the  available  carbonyl  absorptions  were 
placed  in  their  assigned  positions  (determined  by  pre- 
vious successful  calculations  carried  out  on  the  carbonyl 
modes  alone).  The  results  of  this  calculation  are  also 
sAown  in  Table  III  (fourth  row  of  numbers). 


Several  points  should  be  noted.  The  mixing  of  fr^ 
with  the  carbonyl  stretching  modes  provides  a  satis- 
factory explanation  for  the  observed  shift  to  lower 
energy  of  the  axial  carbonyl  band  upon  deuteration. 
This  is  illustrated  in  Figure  3.  In  HRe(CO)5,  the  Ai 
purely  carbonyl  symmetry  coordinate  (mainly  axial) 
and  the  Ai  purely  ReH  symmetry  coordinate  (vertical 
dotted  lines,  top  row  of  figure)  will  mix  and  produce 
observed  bands  at  higher  and  lower  energies  (vertical 
solid  lines,  second  row  of  Figure  3). 

In  DRe(CO)5,  however,  the  Ai  purely  carbonyl 
symmetry  coordinate  is  separated  by  a  large  amount 
from  Ai  ReD  symmetry  coordinate.  Their  mixing 
will  be  much  decreased,  and  the  observed  bands  (solid 
vertical  lines,  last  row  of  figure)  will  suffer  smaller 
energy  shifts  from  the  positions  of  the  unmixed  co- 
ordinates. Therefore,  the  carbonyl  band  assigned  as 
Ai  (axial)  is  observed  to  shift  to  lower  energy  (diagonal 
arrow)  when  i/rch  is  replaced  by  i/rcd  in  going  from 
HRe(CO)6  to  DRe(CO)5.  The  absence  of  similar 
effects  in  the  spectra  of  the  pentacarbonyl  hydride  and 
deuteride  of  manganese  results  no  doubt  from  a  smaller 
interaction  in  these  derivatives  between  the  vqo  and 
^MnH-  The  shift,  if  any,  on  going  to  DMn(CO)5  must  be 
below  the  limits  of  error  of  observation  of  these  bands. 

The  observed  shift  on  deuteration  only  for  the  Ai 
axial  modes  is  reflected  in  the  calculated  interaction 
force  constants  between  j'ReH  and  i^co-  The  coupling  of 
^ReH  with  trans  j'co  (about  0.22  mdyne/A)  is  about  400 
times  greater  than  the  interaction  between  v^^^  and 
CIS  i^co  (0.0006  mdyne/A).  This  provides  a  quantita- 
tive measure  of  the  rra/i^-coupling  effects  of  metal 
hydrides  and  carbonyl  stretching  modes  observed  in 
this  work  and  also  recently  reported  by  Vaska  for  a 
number  of  other  derivatives.* 

The  small  changes  in  calculated  force  constants 
brought  about  by  inclusion  of  pr^ii  in  the  calculations 
(fourth  row.  Table  111)  gives  us  some  added  confidence 
in  the  procedure  of  energy  factoring.  If  the  changes 
resulting  from  such  a  relatively  close-lying  vibration 
(at  1822  cnr^)  are  small,  it  is  expected  that  those  which 
would  result  from  the  other  nearest  vibrations  (metal- 
carbon  stretching  and  metal-carbonyl  bending)  around 
600  cm-*  would  be  even  smaller  still  (assuming  the 
coupling  constants  are  of  about  the  same  order  of 
magnitude)  and  can  justifiably  be  left  out  when  lack  of 
data  requires  this.  This  makes  it  possible  to  carry  out 
a  vibrational  analysis  on  an  isolated  portion  of  the 
spectrum  such  as  the  carbonyl  stretching  region. 

Exchange  Reaction.  Confirmation  of  the  ^*C  assign- 
ments was  accomplished  by  exchange  with  "C-cn- 
riched  CO. 

Both  HMn(CO)6  and  HRe(C0)6  exchange  with 
^'CO;  the  manganese  compound  exchanges  at  a  much 
faster  rate.  The  lower  spectrum  of  Figure  1  shows 
HRe(CO)6  after  24  hr  exchange  with  50%  *»C-enrichcd 
CO.  Comparison  with  the  normal  spectrum  of 
HRe(CO)6  (upper  spectrum)  shows  very  definite 
changes.  Peak  b  has  grown  almost  equal  in  intensity 
to  a,  one  of  the  fundamentals  of  the  all-'*C  molecule. 
The  intensity  of  a  has  decreased  as  well  since  the  total 
concentration  of  the  all  *'C-molecule  has  been  reduced. 
Comparison  of  spectra  shows  that  g  is  much  more 
intense  in  the  labeled  hydride  and  that  peaks  d  and  h 
have   both    increased.    These   changes   confirm  our 
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assignment  of  these  bands  as  ^*C-carbonyl  modes  and, 
since  all  the  ^'CO  peaks  increase,  indicate  that  both 
radial  and  axial  carbonyls  exchange.  At  no  time  in  the 
exchange  reaction  does  there  appear  to  be  a  preference 
for  radial  or  axial  positions  other  than  the  increased 
probability  of  radial  exchange  since  there  are  four 
radial  to  one  axial  carbonyls  (assuming  equal  exchange 
rates  for  both  groups).  This  is  in  agreement  with 
Basolo,    Braiilt,    and    Poe^^    who    have    found    for 

(15)  F.  Basolo,  A.  T.  BraUlt,  and  A.  J.  Poe.  /.  Chem.  Soc.,  676(1964). 


HMn(CO)i  from  radiocarbon  studies  that  all  five 
CO's  exchange  at  the  same  rate.  The  carbonyl  spec- 
trum after  extensive  exchange  shows  peaks  character- 
btic  of  multiple  ^  'CO-substituted  molecules. 
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Abstmct :  The  nmr  spectrum  of  cyclopentadienyl(trieth>dphosphine)copper(I)  has  been  examined  as  a  function  of 
temperature  between  0  and  —  70^.  The  high-temperature  spectrum  of  the  cyclopentadien>d  group  consists  of  a  single 
line;  the  corresponding  low-temperature  spectrumis composedof  three lineshaving  relative areas2:2: 1.  The  latter 
spectrum  requires  that  the  organometallic  compound  exist  in  solution  as  a  copper  (r-cyclopentadienide.  Analysis  of 
the  spectral  line  shapes  in  the  exchange-broadened  region  indicates  that  the  averaging  of  chemical  shifts  observed 
at  high  temperatures  must  occur  by  either  a  sequence  of  1,2  or  1,3  shifts  of  the  metal  atom  around  the  cyclopenta- 
dienyl  ring,  and  that  it  cannot  take  place  by  a  sequence  of  random  shifts.  Chemical  shift  data  are  tentatively 
interpreted  to  support  the  1,3-shift  mechanism  for  the  averaging. 


Compounds  containing  a  a  bond  connecting  carbon 
and  copper(I)  usually  show  a  low  order  of  thermal 
stability.'  Details  of  the  factors  responsible  for  the 
thermal  lability  of  this  class  of  organometallic  com- 
pounds are  not  well  understood:  the  stability  of  the 
incipient  radical  formed  during  homolytic  cleavage 
of  the  carbon-metal  bond,'  the  ionic  character  of  the 
bond,^  and  the  magnitude  of  the  energy  separating  the 
highest  filled  and  lowest  unfilled  a  molecular  orbitals' 
have  been  variously  proposed  to  determine  the  stability 
of  these  and  other  transition  metal  alkyls. 

As  part  of  an  investigation  of  the  structural  features 
influencing  the  rate  of  decomposition  of  several  organo- 
copper(I)  reagents,  we  have  had  opportunity  to  examine 
some  of  the  properties  of  cyclopentadienyl(triethyl- 
phosphine)copper(I).*  Wilkinson  and  Piper  have 
formulated  this  compound  as  a  cr-cyclopentadienide, 
rather  than  a  7r-cyclopentadienide,  on  the  basis  of 

(1)  This  research  was  supported  by  the  National  Science  Foundation 
tfaraogfa  Grant  GP  2018.  Calculations  were  carried  out  in  part  at  the 
Massachusetts  Institute  of  Technology  Compuution  Center,  Cambridge, 
Mass. 

(2)  For  examples,  see  G.  M.  Whitesides  and  C.  P.  Casey,  /.  Am,  Chem, 
Soe.^  8S,  4541  (1966);  H.  O.  House,  W.  L.  Respess,  and  G.  M.  White- 
sides,  /.  Org.  Chem,,  31,  3128  (1966);  C  E.  H.  Bawn  and  R.  Johnson, 
/.  Ckem,  Soe,,  4162  (1960);  G.  Costa,  G.  Pellizer,  and  F.  Rubessa, 
/.  inorg.  Nucl  Chem,,  26, 961  (1964);  H.  Oilman,  R.  G.  Jones,  and  L. 
A.  Woods,  /.  Org.  Chem,,  17,  1630  (1952);  H.  Hashimoto  and  T. 
Nakano,  ibid,,  31,  891  (1966). 

(3)  F.  Glockling  and  D.  Kingston,  /.  Chem,  Soc„  3001  (1959). 

(4)  H.  R  JafK  and  G.  O.  Doak,  /.  Chem,  Phys.,  21,  196  (1953);  H. 
H.  JalK,  ibid,,  22,  1462  (1954). 

(5)  J.  Chatt  and  B.  L.  Shaw,  /.  Chem,  Soc,,  705  (1959). 

(O  (a)  O.  Wilkinson  and  T.  S.  Piper,  /.  Inorg,  Nucl,  Chem.,  2,  32 
(1956):  (b)  T.  S.  Piper  and  G.  Wilkinson,  ibid,,  3,  104  (1956). 


spectral  evidence.*  However,  the  thermal  stability  of 
this  material  is  unexpectedly  greater  than  that  of  other 
simple  alkylcopper(I)  compounds ;  moreover,  its  room- 
temperature  nmr  spectrum  shows  only  a  single  sharp 
peak  for  the  protons  on  the  cyclopentadienyl  ring.*** 
The  possibility  that  cyclopentadienyl(triethylphos- 
phine)copper  is  a  member  of  the  group  of  metal  o-- 
cyclopentadienides  characterized  by  rapid  migration  of 
the  metal  atom  between  carbon  atoms  in  the  cyclopenta- 
dienyl ring*^^  has  led  us  to  examine  the  temperature 
dependence  of  its  nmr  spectrum,  in  hope  of  learning 
more  about  its  structure  and  the  reasons  for  its  un- 
expected thermal  stability.  In  this  paper  we  wish  to 
report  evidence  which  confirms  the  structure  suggested 
by  Piper  and  Wilkinson,  and  which  sheds  some  light 
on  the  process  which  averages  the  chemical  shifts  of  the 
cyclopentadienyl  protons. 

Results 

The  nmr  spectrum  of  the  cyclopentadienyl  protons 
of  cyclopentadienyl(triethylphosphine)copper  in  sulfur 
dioxide  solution  at  0^  consists  of  a  sharp  line  at  6.30 
ppm  downfield  from  internal  tetramethylsilane  (Figure 
1);  resonances  due  to  triethylphosphine  occur  at  higher 
field  and  are  omitted  from  this  figure.  As  the  tempera- 
ture of  the  sample  is  lowered,  the  cyclopentadienyl 
proton  resonance  broadens  and  splits  into  three  lines 

(7)  H.  p.  Fritz  and  C.  G.  Kreiter,  /.  Organometal,  Chem.  (Amstflr. 
dam),  4,  313  (1965). 

(8)  M.  J.  Bennett,  Jr.,  F.  A.  Cotton,  A.  Davison^  I,  W.  ¥«!&»^^.\. 
Lippard,  and  S.  M.  Moteho\iai&«  J.  Am.C>iem,^oc,^^^,N^"\\V>»^j^* 
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Figure  1.  Nmr  spectra  of  the  cyclopentadienyl  protons  of  a<yclo- 
pentadienyKtriethylphosphine)coppar(I)  in  sulfur  dioxide  solution 
as  a  function  of  temperature.  The  three  peaks  in  the  low-tempera- 
ture spectrum  occur  at  6.95, 6.57,  and  4.46  ppm  from  internal  tetra- 
methylsilane. 

1,2  shifts 


it  is  not  presently  possible  to  assign  chemical  shifts  to 
these  protons  unambiguously.  In  the  discussions  which 
follow,  we  make  the  assumption  that  the  resonance 
occurring  at  lowest  field  can  be  assigned  to  the  protons 
in  site  1  of  1.  Some  justification  for  this  assumption 
will  be  offered  below. 

The  single  line  observed  in  the  high-temperature 
spectrum  of  this  compound  b  most  easily  rationalized 
on  the  basis  of  rapid  hopping  of  the  copper  atom  be- 
tween carbon  atoms  in  the  cyclopentadienyl  ring.  In 
principle,  this  hopping  of  the  metal  atom  might  take 
place  by  any  one  of  three  distinct  paths:  each  exchange 
might  shift  the  copper  atom  only  between  adjacent 
carbon  atoms  (for  example,  1  -►  2a);  the  exchange 
might  shift  the  copper  atom  specifically  in  a  1,3 
manner  (l-^2b);  or  exchange  might  occur  indiscrim- 
inantly  by  a  random  mixture  of  1,2  and  1,3  shifts. 

The  unsymmetrical  collapse  of  the  resonance  due  to 
the  vinyl  protons  observed  in  the  exchange-broadened 
region  offers  a  method  of  distinguishing  between  these 
alternatives.  By  following  the  method  developed  by 
Kubo^  and  by  Sack,*^  theoretical  line  shapes  can  be 
calculated  for  each  of  these  possible  exchange  schemes. 
In  particular,  for  a  sequence  of  1,2  hops,  the  full  line- 
shape  function  /(o)),  giving  the  relative  intensity  of 
absorption  in  the  spectrum  at  frequency  (a,  is  given  by 
eq  1 .  This  equation  applies  to  the  labeling  of  the  cyclo- 
pentadienyl protons  indicated  in  1.  Here,  for  example, 
Oh  is  the  chemical  shift  of  the  protons  at  site  1,  Tt^ 
is  the  relaxation  time  for  the  protons  at  this  site  in  the 


Rd(2,2,l)f0.5 


-/(coi  -  0))  -  l/Tt'  - 
5/r 


l/r   0.5/r 
0 


0.5/r  X-yi 

-  0))  -  l/r,«  -0.5/t    0  1(1 

-1(0),  -  o))  -  l/r,»  -  l/r/    \1^ 
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at  6.95,  6.57,  and  4.46  ppm,  having  relative  areas 
approximately  2:2:1.  Solutions  of  cyclopentadienyl- 
(triethylphosphine)copper,  in  the  concentration  range 
used  in  these  studies,  crystallize  at  temperatures  below 
approximately  —40°  if  allowed  to  stand.  In  conse- 
quence, spectra  taken  in  the  exchange-broadened  region 
of  the  spectrum  were  obtained  on  supersaturated 
solutions.  Attempts  to  lower  the  temperature  of  the 
sample  below  —70°  to  examine  spin  coupling  in  the 
true  slow-exchange  limit  were  thwarted  by  crystalliza- 
tion of  the  organometallic  compound  from  solution. 

The  observation  of  three  distinct  signals  for  the  cyclo- 
pentadienyl protons  in  the  low-temperature  spectrum 
of  cyclopentadienyl(tricthylphosphine)copper  imme- 
diately establishes  that  this  compound  should  be  formu- 
lated as  a  copper(I)  alkyl  (1)  containing  a  carbon-copper 
a  bond,  rather  than  as  a  copper(I)-olefin  t  complex. 

H 


absence  of  exchange,  and  t  is  the  mean  time  the  copper 
atom  spends  at  each  carbon  atom  between  exchanges. 
Re  indicates  that  only  the  real  part  of  the  expression 
inside  the  brackets  is  considered.  The  appropriate 
kinetic  transfer  matrices  K  for  a  1,3-hopping  scheme 
and  for  random  exchange  are  given  by  eq  2  and  3. 
The  corresponding  line-shape  functions  are  obtained 
by  substituting  these  matrices  for  the  exchange  terms 
ineq  1. 


1,3  shifts 
K 


/-0.5/t 
=      (0.5/r 


0.5/r 
-l/r 
l/r 


(2) 


Random  shifts 


u 


(-0.75/r         0.5/r 
0.5/r  -0.75/r 

0.5/r  0.5/r 


(3) 


2b 


The  highest  field  peak  in  the  observed  spectrum,  having 

relative  area  1,  can  be  safely  assigned  to  the  C^Cu 

proton;   the  two  lower  field  peaks  are  due  to  the  two 

noneguivalent  types  of  vinylic  protons.    Unfortunately, 


Line  shapes  calculated  using  eq  1-3  for  several  values 
of  the  pre-exchange  lifetime  r  are  given  in  Figures  2-4. 
In  these  calculations,  no  attempt  was  made  to  take  into 
consideration  spin-spin  coupling  in  the  slow-exchange 

(9)  (a)  R.  Kubo,  Nuooo  Cimento  SuppL,  6. 1063  (1957);  (b)  R.  A. 
Sack,  MoL  Phys.,  1,  163  (1958);  (c)  A.  Abragam,  "The  PrindptesoT 
Nuclear  Magnetism/*  The  Clarendon  Press,  Oitford,  1961,  Chapter  10; 
(d)  C.  S.  Johnson,  Jr.,  Advan,  Magnetic  ReMommct,  1,  33  (1965);  (c) 
H.  S.  Gutowsky,  R.  L.  Void,  and  E.  J.  Wells,  7.  Chem.  Pkys^  4X  4107 
(1965). 
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1 2.  Calculated  line  shapes  for  the  cyclopentadienyl  protons 
unction  of  the  mean  preexchange  lifetime  r  (in  sec)  between 
sive  1,2  hops.  These  spectra  are  based  on  the  assumption 
tie  resonance  at  lowest  field  can  be  assigned  to  the  protons  in 
ofl. 


ra.  Indeed,  Tt  (here  set  equal  to  0.034  sec  for  all 
;  sites)  was  adjusted  to  give  line  widths  at  slow 
inge  which  approximated  those  of  the  vinylic 
rptions  in  the  observed  spectra.  Since  this  value 
includes  contributions  to  the  line  shape  from  both 
ation  and  from  spin-spin  coupling,  the  calculated 
width  in  the  fast  exchange  limit  is  appreciably 
r  than  the  observed  line  width.  Nonetheless, 
qualitative  features  of  these  calculated  spectra 
eliable,  and,  in  particular,  the  unsymmetrical  ex- 
ge  broadening  calculated  for  the  vinyl  proton 
rptions  in  the  1,2-  and  1,3-hopping  schemes  is 
Scant. 

is  asymmetry  in  the  calculated  spectra  is  physically 
enable  if  it  is  remembered  that  in  these  schemes 
exchange  changes  the  precession  frequencies  of 
wo  kinds  of  vinyl  protons  by  different  amounts, 
example,  for  successive  1,2  shifts,  the  precession 
lency  of  each  of  the  protons  labeled  Hi  in  1  changes 
equal  probability  by  either  ^  100  Hz  (if  exchange 
fers  the  proton  considered  to  the  C^Cu  site)  or 
Hz  (if  it  is  transferred  to  the  second  vinylic  site), 
arly,  the  corresponding  changes  in  the  precession 
lency  of  each  of  the  protons  labeled  Hs  are  either 
or  0  Hz.  Since  the  relative  line  broadening  for  the 
types  of  protons  is  related  to  the  relative  "'uncer- 
f^  in  their  precessional  frequencies,  the  resonance 
le  proton  experiencing  the  larger  changes  in  fre- 
cy  per  unit  time  would  be  expected  to  broaden 
rapidly  on  increasing  the  rate  of  exchange.  ^^ 
imparison  of  the  calculated  and  observed  spectra 
5  region  of  exchange  broadening  indicates  that  the 

For  a  more  detailed  presentation  of  this  argument,  see  S.  Md- 
Z.  Ekktroehem^ 6^9  50 ilSeO);  leealsorefS. 
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Figure  3.   Calculated  line  shapes  for  the  cyclopentadienyl  protooi 
as  a  function  of  r  for  successive  1,3  hops. 


RANDOM  SHIFT 
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Figure  4.    Calculated  line  shapes  for  the  cyclopentadienyl  protons 
as  a  function  of  r  for  random  hops. 


averaging  of  the  chemical  shifts  of  the  cyclopenta- 
dienyl protons  occurs  by  a  sequence  of  1,3  hops  of  the 
metal  atom  around  the  ring,  provided  that  the  assign- 
ment of  relative  chemical  shifts  to  the  two  kinds  of 
vinylic  protons   is  correct.  ^^    If  this   assignment  is 

(11)  Similar  calculations  have  been  applied  to  a  number  of  reUted 
problems:  see,  for  examples,  C.  MacUasvwl4B..\-•\^»J3u«^T>\l»lM^^ 
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reversed,  the  spectra  calculated  for  the  random  exchange 
scheme  are  unaffected,  but  the  spectra  calculated  for 
1,2-  and  1,3-hopping  schemes  must  be  interchanged. 
In  this  circumstance,  comparison  of  calculated  and 
observed  spectra  would  indicate  that  averaging  oc- 
curred by  a  1,2-hopping  process. 

The  temperature  dependences  observed  for  the  spec- 
trum of  this  organometallic  compound  in  propionitrile 
and  petroleum  ether  solutions  were  qualitatively  similar 
to  that  observed  in  sulfur  dioxide,  although  the  chemical 
shift  of  the  CHCu  proton  was  appreciably  solvent  de- 
pendent. Further,  the  copper  compound  could  be 
recovered  from  sulfur  dioxide  solution  without  ap- 
parent change.  These  observations  exclude  the  possi- 
bility that  the  compound  whose  spectrum  was  observed 
in  sulfur  dioxide  was  actually  an  adduct  of  the  organo- 
copper  compound  with  sulfur  dioxide.^'  Spectra 
taken  in  triethylamine  or  triethylphosphine  solutions 
showed  only  a  single  line  for  the  cyclopentadienyl  pro- 
tons at  temperatures  as  low  as  —70^.  Spectra  taken  in 
solutions  consisting  of  mixtures  of  sulfur  dioxide  and 
triethylamine  or  triethylphosphine  showed  qualita- 
tively the  same  changes  in  line  shapes  as  were  observed 
in  pure  sulfur  dioxide;  in  particular,  the  same  asym- 
metry was  observed  in  the  vinyl  proton  signals  in  the 
exchange-broadened  region.  However,  lower  tempera- 
tures were  required  to  produce  exchange  broadening 
in  the  mixed  solvents  than  in  sulfur  dioxide  alone. 

No  direct  evidence  is  available  on  the  extent  of  as- 
sociation of  cyclopentadienyl(triethylphosphine)copper 
in  solution.  However,  the  observations  that  this  com- 
pound sublimes  readily,  and  that  its  mass  spectrum 
shows  a  clearly  defined  parent  ion  (m/e  247  and  249) 
but  no  evidence  of  dimeric  or  more  highly  aggregated 
species,  suggest  that  it  is  probably  unassociated  in  the 
vapor  phase,  and  that  by  inference  it  is  probably  also 
unassociated  in  a  hydrocarbon  solvent.^'  It  is  of  some 
further  interest  that  the  only  other  relatively  abundant 
ions  in  the  spectrum  which  clearly  contain  copper  cor- 
respond to  (CiH6)8PCu+  (m/e  181  and  183).  The  ab- 
sence of  a  strong  peak  corresponding  to  CsHsCu"*" 
lends  further  support  to  a  formulation  of  this  com- 
pound as  a  (T-cyclopentadienide.  ^^ 

Discussion 

Comparison  of  the  observed  and  calculated  tempera- 
ture dependence  for  the  spectra  of  o'-cyclopentadienyl- 
(triethylphosphine)copper(I)  permits  the  conclusion 
that  the  averaging  of  chemical  shifts  observed  at  high 

Faraday  Soc.,  34,  165  (1962);  M.  Saunders,  P.  von  R.  Schleyer,  and 
G.  A.  Olah.  /.  Am,  Chem,  Soc„  86,  5680  (1964);  A.  Allerhand  and  H. 
S.  Gutowsky,  ibid,,  87,  4092  (1965),  and  references  therein;  C.  S. 
Johnson,  Jr..  and  J.  C.  Tully,  /.  Chem,  Phys,,  40,  1744  (1964). 

(12)  Insertion  of  sulfur  dioxide  into  carbon-metal  bonds  is  well 
known  in  the  chemistry  of  other  transition  metal  alkyls:  J.  P.  Bibler 
and  A.  Wojcicki,  /.  Am,  Chem,  Soc,  88,  4862  (1966),  and  references 
therein. 

(13)  Other  copper(I)  and  silver(I)  organometallic  compounds  are 
probably  associated  both  in  solution  in  the  crystalline  state:  P.  W.  R. 
Corfield  and  H.  M.  M.  Shearer,  Acta  Cryst.,  16,  A71  (1963);  20, 
502  (1966);  A.  F.  WelU,  Z.  Krist,,  94,  447  (1936);  F.  G.  Mann.  D. 
Purdie,  and  A.  F.  Wells,/.  Chem,  Soe.,  1503  (1936);  D.  Blake,  G.  Calvin, 
and  G.  B.  Coates,  Proc,  Chem,  Soc.,  396  (1959);  G.  E.  Coates  and  C. 
Parkm,  /.  Inorg,  Nucl,  Chem,,  22,  59  (1961). 

(14)  T-Cyclopentadienylmetal  compounds  ordinarily  show  promi- 
nant  peaks  corresponding  to  CtHtM'*'."  Although  the  presence  of  an 
ion,  CiHtCu'^  (m/e  128  and  130),  cannot  be  excluded  in  the  spectrum,  it 
certainly  does  not  provide  a  major  pathway  for  fragmentation. 

(15)  For  example,  see  R.  G.  Denning  and  R.  A.  D.  Wentworth,  /. 
j^/ft.  CAem.  Soc.,  BS,  4619  (1966). 


temperatures  is  not  the  result  of  random  hopping  of  the 
metal  atom  between  carbon  atoms ;  however,  the  que^ 
tion  of  whether  the  averaging  reflects  a  sequence  of 
successive  1,2  or  1,3  shifts  can  be  answered  unam- 
biguously only  by  correctly  assigning  chemical  shifts 
to  the  two  kinds  of  olefinic  protons.  This  assignment 
cannot  at  present  be  made  with  great  assurance. 

The  relative  magnitudes  of  the  coupling  constants 
between  the  CHCu  proton  and  the  two  vinyl  protons 
cannot  easily  be  used  in  assigning  chemical  shifts,  both 
because  the  poor  resolution  in  the  spectra  at  the  lowest 
temperatures  utilized  makes  detailed  spectral  analysis 
impractical,  and  because  analogous  coupling  constants 
in  the  few  model  compounds  which  have  been  examined 
suggest  that  these  two  coupling  constants  have  ap- 
proximately the  same  magnitude.^*  An  assignment 
based  on  chemical-shift  correlations  suffers  from  the 
scarcity  of  data  from  model  compounds.  Nonetheless, 
the  spectra  of  cyclopentadienyltrimethylsilane'  and 
-trimethylgermane,^  T-cyclopentadienyliron  dicarbonyl 
(T-cyclopentadienide,*  and  cyclopentadienyl(trieth^- 
phosphine)copper  share  in  common  the  feature  that 
the  resonance  of  at  least  one  of  the  two  kinds  of  vin^ 
protons  of  the  cyclopentadienyl  group  of  each  com- 
pound occurs  near  6.6  ppm.  If  it  is  assumed  that  the 
chemical  shift  of  the  vinylic  protons  which  are  four 
bonds  removed  from  the  metal  atom  will  be  relativdy 
insensitive  to  the  nature  of  the  metal  and  its  ligands,** 
the  6.S7-ppm  resonance  in  the  copper  organometallic 
compound  can  be  tentatively  assigned  to  Ht  of  1,  and 
consequently,  the  6.95-ppm  resonance  can  be  assigned 
to  Hi.  Provided  these  assignments  are  correct,  the 
high-temperature  averaging  of  the  chemical  shifts 
must  take  place  via  1,3  shifts  of  the  copper  atom." 
However,  this  conclusion  must  obviously  remain 
tentative  until  further  experimental  work  on  related 
compounds  is  available. 

Details  of  the  mechanism  of  the  metal  atom  shift 
might  be  examined  by  determining  the  influence  of 
appropriate  solution  variables  on  the  rate  of  this  reac- 
tion. Unfortunately,  the  spin-spin  splitting  present 
in  the  slow  exchange  limit  severely  limits  the  accuracy 

(16)  Manatt  and  Elleman  have  observed  /u  *-  +2.02  Hz  and  /n  - 
-1.98  Hz  for  indene.^^  and  /u  -  +1.3  Hz  and  /ii  »  -1.5  Hz  for 
cyclopentadiene.^    However,  both  three-  and  four-bond  couplings  are 


strongly  dependent  on  the  geometry  of  the  molecular  fragment  con* 
cemed.  In  consequence,  coupling  constants  in  these  hydrocarbons 
may  not  provide  reliable  model  parameters  for  the  corresponding 
coupling  constants  in  the  organometallic  compounds.  For  reviews  of 
theoretical  and  experimental  evidence  pertinent  to  the  geometrical 
dependence  of  these  couplings,  see  M.  Baiiield,  /.  Chem,  Phys,,  41,  3S25 
(1964);  A.  A.  Bothner-By,  Adoan,  Magnetic  Resonance,  1,  195  (1965); 
E.  W.  GarbUh,  Jr.,/.  Am.  Chem.  Soc.,  86,  5561  (1964). 

(17)  D.  D.  Elleman  and  S.  L.  Manatt,  /.  Chem,  Phys,,  36, 2346 
(1962). 

(18)  S.  L.  Manatt,  personal  communication. 

(19)  The  chemical  shifts  observed  for  the  methyl  and  methylene  pro- 
tons of  ethyl-substituted  organometallic  compounds  offers  some  su^Kirt 
for  this  assumption :  A.  Davison,  J.  A.  McCleverty,  and  O.  WiOdiisoa. 
/.  Chem,  Soc„  1133  (1963);  M.  L.  Maddox.  S.  L.  Stafford,  and  H.  D. 
Kaesz,  Adoan,  Organometal,  Chem.,  3,  1  (1965). 

(20)  This  type  of  equilibration  is  known  in  allylic  organomeiallic 
compounds:  G.  M.  Whitesides,  J.  E.  Nordlander,  and  J.  D.  Roberts. 
Discussions  Faraday  Soc.,  34, 185  (1962);  K.  C  Ramey  and  G.  L. 
Sutton,  /.  Am,  Chem,  Soc,,  88,  4387  (196^,  and  rcferenoet  tfaerdn. 


/dunia/o/iA^ 


ical  Society  /  89:12  /  June  7, 1967 


2859 


tailed  kinetic  analysis."  Qualitatively,  the  sig- 
Qt  rate  increase  observed  on  adding  cr-donor  lig- 
to  the  sample  suggests  that,  in  going  to  the  transi- 
state  for  the  metal  atom  shift,  the  compound 
esses  to  an  appreciable  extent  along  the  path 
d  dissociated  cyclopentadienide  anion  and  metal 
I,  and  that  the  added  ligand  serves  to  increase  the 
»y  stabilizing  the  increased  partial  positive  charge 
le  metal  atom  during  the  shift.  However,  the 
tence  of  the  unsymmetrical  mode  of  collapse  of  the 
signals  in  the  presence  of  added  donor  ligands  indi- 
that  even  under  these  circumstances  dissociation 
lot  become  complete. 

I  of  some  interest  that  the  temperature  dependence 
5  nmr  spectrum  of  7r-cyclopentadienyliron  dicar- 
(T-cyclopentadienide  has  been  interpreted  as  indi- 
;  that  the  metal  atom  in  this  compound  shifts 
d  the  cyclopentadienyl  ring  by  a  sequence  of  1,2 
^  If  both  this  interpretation  and  that  propos^ 
e  organocopper  reagent  are  correct,  the  difference 
en  these  compounds  poses  an  interesting  problem, 
ver,  the  assignment  of  the  vinylic  proton  chemical 
in  the  iron  organometallic  compound  was  based 
^  assumption  that  the  magnitude  of  the  three-bond 
ing  between  the  CHFc  proton  and  the  vicinal 
proton  was  greater  than  that  of  the  corresponding 
>ond  coupling,  and  the  ambiguity  in  this  type  of 
ment  has  already  been  indicated.^*  In  conse- 
e»  comparison  of  the  two  compounds  is  most 
ably  deferred  until  the  stereochemistry  of  the  metal 
shift  in  each  has  been  more  clearly  defined. 

4.  Allerhand»  H.  S.  Gutowsky,  J.  Jonas,  and  R.  A.  Meinzer, 
Chem.  Soc,  88,  3185  (1966). 


Experimental  Section'* 

<r-Cyclopeiitadienyl(triethylplio6pliiiie)copperwas  prepared  using 
a  modification  of  Wilkinson  and  Piper's  method.**  Commercial 
cuprous  oxide  (3.6  g),  10  ml  of  freshly  distilled  cyclopentadiene,  7 
ml  of  triethylphosphine,  and  20  ml  of  petroleum  ether  (bp  30-60®) 
were  refluxed  under  a  nitrogen  atmosphere  with  magnetic  stirring 
for  2  hr  and  then  allowed  to  stir  at  ambient  temperature  for  6  hr. 
The  solvent  was  removed  under  reduced  pressure,  and  the  resulting 
brown-black  syrup  was  transferred  in  a  nitrogen-filled  glove  bag 
directly  to  a  sublimation  apparatus.  The  product  was  obtained  as 
hard  white  or  pale  yellow-green  crystals  by  slow  sublimation  at  60® 
and  0.1  mm.  The  crystals  were  moderately  stable  in  the  absence 
of  oxygen;  solutions  of  the  organometallic  were  much  less  stable. 

Nmr  samples  were  prepared  by  transferring  a  suitable  quantity  of 
the  freshly  sublimed  material  to  a  flame-dried  nmr  tube  under  ni- 
trogen. The  tube  was  capped  with  a  serum  stopper  and  cooled  to 
the  temperature  of  a  Dry  Ice-acetone  bath,  at  which  temperature, 
sulfur  dioxide  was  condensed  into  the  tube.  The  sample  was 
warmed  briefly  to  approximately  —35°,  to  allow  the  organocopper 
reagent  to  dissolve,  and  then  inserted  into  the  precooled  (—40®) 
probe  of  the  nmr  spectrometer.  If  the  sample  was  permitted  to 
warm  to  temperatures  above  —40®  for  more  than  approximately 
5  min,  decomposition  of  the  sample  introduced  significant  absorp- 
tion due  to  impurities  in  the  olefin  absorption  region. 

Acknowledgments.  We  wish  to  express  our  thanks 
to  Dr.  Robert  Siekman  for  his  help  in  obtaining  mass 
spectra,  and  to  Drs.  S.  L.  Manatt  and  D.  D.  Elleman 
for  permission  to  use  their  data  prior  to  publication. 

(22)  Nmr  spectra  were  taken  at  60  MHz  using  a  Varian  A-60  spec- 
trometer equipped  with  a  V-6040  variable-temperature  probe  and  con- 
troller. Sweep  widths  were  calibrated  using  a  Krohn-Hite  Model  450 
oscillator  and  a  Hewlett-Packard  Model  524  electronic  counter.  C^- 
bration  of  the  temperature  controller  was  accomplished  by  measuring 
peak  separations  in  a  methanol  sample.  Mass  spectra  were  determined 
with  a  Hitachi  Perkin-Elmer  RMU-6D  spectrometer.  Spectral  calcula- 
tions were  carried  out  using  an  IBM  7094  computer,  and  spectra  were 
plotted  by  a  Calcomp  plotter. 
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Abstract:  Potentiometric  studies  are  described  for  mixed  ligand  U(IV)  chelate  formation  with  ethylenediamine- 
tetraacetic  acid  (EDTA)  and  nitrilotriacetic  acid  (NTA)  as  primary  ligands.  Secondary  ligands  studied  are  salicylic 
acid  (SA),  5-sulfosalicylic  acid  (SSA),  disodium  l,2-dihydroxybenzene-3,5-disulfonate  (Tiron),  pyrocatechol  (PY), 
5-sulfo-8-hydroxyquinoline  (HQS),  disodium  l,8-dihydroxynaphthalene-3,6-disulfonate  (CS),  o-phthalate  (Ph), 
and  iminodiacetic  acid  (IMDA).  For  the  mixed  ligand  chelate  systems  containing  EDTA,  combination  with  the 
primary  ligand  is  complete  before  combination  with  the  secondary  ligand  takes  place.  For  the  less  stable  NTA 
systems,  overlapping  of  reactions  of  the  primary  and  secondary  ligands  is  much  more  extensive.  The  relative 
magnitudes  of  the  equilibrium  constants  for  combination  of  secondary  ligands  with  the  U(IV>-EDTA  chelate  are 
CS  >  Tiron  >  PY  >  SSA  >  HQS  >  IMDA  y>  Ph.  The  mixed  ligand  chelates  of  U(IV)  are  more  stable  than 
those  of  Th(IV)  by  1-3  log  K  units. 


inium(I V)  and  thorium(IV)  ions  are  generally  con- 
sidered to  have  coordination  numbers  of  about 
n  solution  and  probably  form  dodecahedral  com- 

his  work  was  supported  by  the  U.  S.  Atomic  Energy  Commission 

k)nu-act  No.  AT(11-1)  1020. 

bstracted  from  a  thesis  submitted  to  the  Faculty  of  Illinois 

B  of  Technology  in  partial  fulfillment  of  the  requirements  for  the 

legree,  Jan  1966. 

Apartment  of  Chemistry,  Texas  A  &  M  University,  College 

,  Texas. 


plexes  similar  to  the  structures  of  the  crystalline  Th(IV) 
complexes  determined  by  Hoard.  ^  In  the  case  of  the 
1 : 1  complexes  of  Th(IV)  and  U(iy)  with  the  N,N,N',- 
N^-ethylenediaminetetraacetate  anion,  the  ligand  can 
fill  no  more  than  six  of  the  eight  coordination  sites  of 
the  metal  ion,  leaving  two  coordinating  sites  free  for 
hydrolysis,  polymerization,  or  olation  reactions.    A 

(4)  J.  L.  Hoard  and  J.  V.  SUverton,  Inorg.  C^m.,l^l^^VW£S^. 
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Figure  1.  Potentiometric  titrations  of  mixed  ligand  chelate  systems 
oruaV)aiulEDTA;  aU  solutions  ore  2.0  X  10->  A/in  U(tV)and 
Adjusted  to  M  -  0. 10  with  KO  at  the  start  of  tbe  titration ;  m  - 
ituks  of  base  added  per  mole  of  metal  ion :  ( A)  1 : 1  U(IV>-EDTA ; 
(B)  1:1:1  U(IV)-EDTA-PY;  (Q  1:1:1  U{IV)-EDTA-riron;  (D) 
1:1:1  U(IV)-EDTA-IMDA;    (E)  composite  curve  for  tbe  1:1:1 

U(IV>-EDTA-Tiron  system; indicates  drifting  of  -log 

[H'^l  reading!;  EDTA  was  introduced  as  the  disodium  salt. 


bidentate  ligand  could  therefore  fill  these  two  vacant 
sites  to  give  a  mixed  Ugand  chelate.  In  the  case  of  a 
I :  I  complex  formed  between  U(IV)  and  a  quadridentate 
ligand  such  as  NTA  (nitrilotriacetic  acid),  ^ere  are  four 
coordination  sites  left  upon  for  hydrolysis  and  olatioD 
reactions  which,  because  of  their  complexity,  would  be 
almost  impossible  to  characterize.  However,  on  the 
addition  of  two  bidentate  groups  to  complete  the  co- 
ordination sphere  of  the  U(IV),  a  stable  mixed  ligand 
complex,  resistant  to  hydrolysis,  might  conceivably  be 
formed. 

In  this  study,  various  bidentate  ligands  are  combined 
with  aqueous  EDTA  and  NTA  chelates  of  U(IV),  ia 
OTder  to  completely  fill  the  coordination  sphere  of  the 
metal.  Although  no  data  have  been  previously  re* 
ported  on  mixed  ligand  chelates  of  U(1V),  studies  of 
mixed  ligand  complexes  involving  lhoriura(lV),'  zir- 
conium(IV),*  the  rare  earths,'  and  other  metals'  have 
been  published.  Comparison  of  mixed  ligand  chelate 
formation  of  U(IV)  with  that  of  Th(IV),  and  of  other 
metal  ions,  would  yield  useful  information  about  the 
nature  of  the  aqueous  complex  chemistry  of  these  metal 
ions. 

Experimental  Section 

Materiab.  UranlumdV)  Solntkia.  The  preparation,  storage, 
and  standardization  of  the  unique  U(IV>~U(III)  stock  solution  are 
described  in  detail  in  a  previous  paper.'  The  final  solution  is 
approximately  0.026  M  in  UQt  and  0.050  M  in  excess  HQ. 

UiaBda.  Fisher  certified  samples  of  the  disodium  salt  of 
N,N,N',N'-ethylenediamineletraacetic  add  (EDTA)  and  potassium 

(3)  G.  H.  Carey,  R.  F.  Bogudci,  and  A.  E.  MBrlell.  Jiiorg.  Cktm.,  3, 
12S8(I964). 

(6)  B.  J.  Iniorre  and  A.  E.  Martell,  /.  Am.  Ckem.  Soe.,  $3, 3C18 
(1961). 

(7)  L.  C.  Thompson  and  L.  A.  Loraas,  /Ror(.  Chem.,  2,  89  (1963). 

(S)  W.  B.  Schaap  and  D.  L.  McMasters,  /.  Am.  C/iem.  Sec.,  S3,  4499 
(1961). 
(9}  a.  H.  Ca»y  and  A.  E.  ManeU,  OM..  in  pret*. 


odd  phthalatc  (Ph)  were  used.  Tbe  5-sulfosalicylic  acid  (SSAX 
salicylic  add  (SA),  chromotropic  salt  (disodium  13-dibycfrmy. 
naphthalene-3,6'SulfoQate  (CS)),  pyrocatechol  (PY),  and  S-hy- 
droxy-5-quinolinesulfoDic  add  QiQS,)  were  purchased  from  the 
Eastman  Kodak  Co.,  while  tbe  nitrilotriacetic  add  (NTA)  and 
iminodiacetic  add  (iMDA)  were  obtained  through  the  counts} 
of  the  Dow  Chemical  Co.  Tiron  (disodium  1, 2-dibydroxybeiiztDe- 
3,5-disulfonate)  was  obtained  from  the  La  Motte  Chemical  Prod- 
ucts Co. 

All  ligands  used  wen  of  reagoit  grade  of  the  higheat  avnlablc 
purity  and  were  recrystaUized  whenever  necessary.  In  the  case  of 
the  water-soluble  liquids,  a  stock  soluticm  0.020  M  in  the  ligaod 
was  prepared  and  standardized  potentiometrically  with  a  standnd 
solution  of  NaOH.  With  relatively  insoluble  ligands  as  wdl  m 
ligands  whose  aqueous  solutions  are  susceptible  to  oxidation  or  to 
some  other  form  of  decomposition,  tbe  purity  of  tbe  sample  wh 
determined  and  the  ligand  was  introdurad  into  the  experimenul 
solution  as  an  accunUely  wdghed  solid. 

Apparatui  and  Procedire.  A  Beckman  Model  G  pH  meter  wn 
used  to  determine  hydrogen  ion  concentrations.  Potcntioraetn: 
measurements  were  carried  out  in  a  magnetically  stirred,  jackeitd 
titration  cell  of  70-ml  capadly  fitted  with  nitrogen  inlet  and  outkl 
tubes,  microburel  delivery  tube,  and  glass  and  saturated  calomd 
extension  electrodes.  Measurements  were  made  at  a  tcmpeiatiR 
of  25.3°.  The  ionic  strength  was  maintained  at  0.10  A/  by  the 
addition  of  potassium  chloride  to  the  experimental  solutioo. 
Purified  nitrogen  was  bubbled  through  the  solution  in  order  to 
exdude  carbon  dioxide.  The  electrode  system  was  calibrated  widi 
acetic  add,  HCl,  and  NaOH  to  give  -log  [H^]  values  direoly. 

A  measured  quantity  of  the  uraniufn(IV)  chloride  stock  solutioo 
was  run  from  the  inert  atmosphere  buret  directly  into  the  titration 
cell  already  containing  a  solution  of  potassium  chloride  and  tbe 
appropriate  amount  of  the  add  form  of  the  ligands.  Oxygm  was 
then  run  through  the  solution  for  3  min  to  oxidize  the  U(in) 
present  bock  to  U(1V),  and  the  nitrogen  was  bubbled  through  the 
solution  to  purge  the  system  of  oxygen.  Nitrogen  was  kept  flowiat 
continuously  throughout  the  rest  of  the  polentiomctric  deta- 
mination  to  predude  the  possibility  of  any  oxygen  cotning  into 
contact  with  the  uramum(lV)  solution.  The  potentiometric  titia- 
tion  was  then  carried  out  in  the  usual  manner. 

Cakulatioiia.  Stability  constants  of  mixed  ligand  chelates  wtie 
calculated  in  favorable  cases  for  the  combination  of  the  1 :1  EDTA 
chdates  with  a  second  ligand  with  methods  similar  to  those  enh 
ployed  by  Thompson  and  Loraas.' 

Remlti 

UttW-EDTA-Tiron,  U(!V)-EDTA-CS,  UOV)- 
EDTA-PY.  The  1 : 1 : 1  U(IV)-EDTA-Tiron  solution 
yields  a  potentiometric  curve  (Figure  1,  curve  C) 
exhibiting  a  long  low  buffer  region  with  an  extremdy 
sharp  inflection  at  m  =  4.00.  The  1:1  U(IV)-EDTA 
chelate  is  completely  formed  at  the  start  of  the  titratioa 
since  the  initial  hydrogen  ion  concentration  shows  that 
there  are  two  free  hydrogen  ions  present  in  solutioa 
per  U(IV)  ion.  The  part  of  the  buffer  region  from  m  <* 
0  to  m  =  2.0  consists  of  the  titration  of  the  two  free 
hydrogen  ions  from  the  1:1  U(1V)-EDTA  chdates. 
Tliis  can  be  verified  by  the  perfect  match  of  the  1:1 
U(IV)-EDTA  curve  (Figure  1,  curve  A)  with  the  mixed 
ligand  curve  up  to  an  m  value  of  about  1 ,5. 

From  m  ^  1.5  to  m  =■  4.00  the  two  hydroxyl  groups 
on  the  Tiron  become  bound  to  the  1:1  chelate  to  fwm 
the  1:1:1  mixed  ligand  chelate.  The  buffer  region 
terminates  with  an  extremely  sharp  inflection  at  m  ° 
4.00  indicating  that  at  this  point  the  mixed  ligand 
chelate  is  completely  formed. 

Ilius  the  mixed  hgand  chelate  is  formed  in  two  steps. 
In  the  first  step  from  m  =  0  to  2.00  the  completely 
formed  1 : 1  EDTA-U(IV)  species  is  the  only  chelate 
present,  while  from  m  =  2.00  to  4.00  the  Tiron  becomes 
bound  to  the  1:1  U(IV>-EDTA  complex  to  form  the 
1:1:1  mixed  ligand  chelate.  This  conclusion  is 
strengthened  by  visual  evidence,  whereby  the  solutioa 
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green  in  color  because  of  the  presence  of  the 
/)-EDTA  chelate  up  to  about  m  =»  2.50  grad- 
ns  yellow  between  m  »  2.S0  and  4.00,  and  be- 
ompletely  yellow  at  m  »  4.00.  This  yellow 
)robably  due  to  the  addition  of  the  Tiron  to  the 
V)-EDTA  chelate  to  form  the  mixed  ligand 

er  proof  for  the  existence  of  the  mixed  ligand 
s  the  comparison  of  the  1:1:1  U(IV)-EDTA- 
irve  with  the  composite  curve,  E.  Curve  C  of 
shows  a  difference  in  slope  and  a  large  lowering 
iffer  region  between  m  =  2.00  and  4.00,  relative 
nnposite,  which  was  calculated  on  the  assump- 
t  no  mixed  ligand  chelate  is  formed.  This 
of  increased  interaction  in  the  presence  of  two 
ligands  indicates  the  formation  of  a  relatively 
Lxed  ligand  chelate. 

:  1 : 1  U(I  V)-EDTA-CS  (where  CS  =  disodium 
droxynaphthalene-3,6-sulfonate)  curve  also  ex- 
long  low  buffer  region  with  an  extremely  sharp 
1  at  m  »  4.00.    It  is  superimposable  on  the 

1:1:1  U(I V>-EDTA-Tiron  curve  up  to  m  = 
ying  slightly  from  the  latter  on  further  addition 

Here  also  a  color  change  is  noted  between 
S  and  4.00  and  a  comparison  of  the  1:1:1 
)DTA-CS  experimental  curve  with  the  com- 
irve  from  the  same  system  yields  a  difference  in 
id  a  large  lowering  of  the  buffer  region  between 
X)  and  4.00.  Therefore,  it  is  evident  that  this 
nust  undergo  the  same  reactions  as  that  of  the 
ending  Tiron  system,  with  the  1 : 1  U(I V>-EDTA 
being  present  from  m  -  0.00  to  2.00,  with 
m  of  the  mixed  ligand  chelate  between  m  » 
4.00. 

:  1 : 1  U(iy>-EDTA-PY  system  (where  PY  « 
«hol)  furnishes  a  potentiometric  curve  (Figure  1, 
I  that  has  a  very  poor  sloping  inflection  at  m  » 
i  a  well-defined  inflection  exactly  at  m  ==  4.00. 
tial  [H^]  concentration  shows  that  the  1:1 
IDTA  complex  is  completely  formed  at  the 
the  titration,  and  the  lower  buffer  region  up  to 
K)  merely  represents  the  titration  of  the  2  equiv 
3gen  ion  from  the  1:1  U(IV)-EDTA  chelate. 
»ond  buffer  region  between  m  -  2.00  and  4.00 
hydroxyl  groups  on  the  pyrocatechol  become 
;o  the  1:1  chelate  to  form  the  1:1:1  U(I V)- 
PY  mixed  ligand  chelate.  The  green  color 
up  to  about  m  »  2.7  changes  completely  to 
by  m  -=  4.00.  Comparison  of  the  1:1:1 
LDTA-PY  experimental  curve  with  the  com- 
urve  calculated  for  no  mixed  ligand  chelate 
m  shows  a  difference  in  shape  and  lower  buffer 
or  the  real  system  between  m  =  2.00  and  4.00. 
bservations  indicate  the  formation  of  the  mixed 
helate  in  the  second  buffer  region.  It  is  also 
at  the  formation  of  the  1:1:1  U(IV>-EDTA-PY 
:  occurs  at  a  much  higher  pH  than  that  of  the 
(IV)-EDTA-Tiron  mixed  ligand  complex, 
of  interest  to  compare  the  above  three  mixed 
(ystems  with  the  behavior  of  the  simple  1:1 
JDTA  (Figure  2,  curve  A)  chelate  compound. 
le  latter,  hydrolysis  occurs  in  the  4.0-5.5  pH 
0  give  a  binuclear  chelate.  With  the  1:1:1 
sDTA-Tiron  system  there  is  no  drifting  of 
['*']  values,  or  precipitation,  which  would  denote 


Figure  2.  Potentiometric  titrations  of  mixed  ligand  chelate  systems 
of  U(IV)  and  EDTA;  all  solutions  were  adjusted  to  m  -  0.10  with 
KCl  at  the  start  of  the  titration;  m  «  moles  of  base  added  pef  mole 
of  metal  ion:  (A)  1:1:1  U(IV>-EDTA-Ph,  2.0  X  10-»  M;  (B) 
1:1:1  U(IV)-EDTA-SA,  2.0  X  lO"'  Af ;  (Q  1 : 1 : 1  U(IV>-EDTA- 
HQS,  7.5  X  10-*  Af ;  (D)  1 : 1 : 1  U(IV)-EDTA-HQS,  2.0  X  lO"'  Af ; 

(E)  1:1:1  U(IV)-EDTA-SSA,  2,0  X  10-»  Af; indicates 

drifting  of  —log  [H*^]  readings;  ETDA  was  introduced  as  the  di- 
sodium salt. 


a  tendency  toward  hydrolysis  and  possibly  olation,  while 
with  CS  and  PY  drilling  is  noted  starting  around  —log 
[H+]  »  9.4  and  10.6,  respectively.  Thus  it  is  seen  that 
there  is  a  remarkable  difference  between  the  hy- 
drolysis tendencies  of  the  chelate  and  the  mixed  ligand 
chelate  and  that  the  addition  of  a  second  binuclear 
ligand  effectively  hinders  hydrolysis  and  polymeriza- 
tion. 

U(IV)-EDTA-SA,  U(IV)-EDTA-SSA,  U(IV)-EDTA- 
IMDA,  UaV)-EDTA-Ph.  The  addition  of  an  equiv- 
alent of  SA  (saUcyUc  acid),  SSA  (S-sulfosalicylic  acid), 
or  IMDA  (iminodiacetic  acid)  to  the  U(IV)-EDTA 
chelate  produced  three  mixed  ligand  systems,  each  of 
which  yielded  analogous  potentiometric  curves  indi- 
cating reaction  of  a  similar  nature.  In  the  1:1:1 
U(IV)-EDTA-SA  system  (Figure  2,  curve  B)  and  the 
1:1:1  U(IV)-EDTA-IMDA  system  (Figure  1,  curve 
D),  the  titration  curves  exhibit  a  single  long  buffer  region 
at  low  —log  [H'*']  values  which  terminates  in  a  fairly 
sharp  inflection  at  m  »  4.00,  while  the  1:1:1  U(I  V)- 
EDTA-SSA  curve  (Figure  2,  curve  E)  yielded  a  similar 
curve  with  an  inflection  at  m  ==  S.OO.  The  lower  part 
of  the  buffer  region  from  m  «  0.00  to  3.00  for  the  1 : 1 : 1 
U(IV)-EDTA-SA  and  1:1:1  U(IV)-EDTA-IMDA 
curves,  and  from  m  =  0.00  to  4.00  for  the  1:1:1 
U(IV>-EDTA-SSA  curve,  corresponds  to  the  titration 
of  the  hydrogen  ion  displaced  from  the  1 : 1  U(I  V>- 
EDTA  complex,  and  the  acidic  hydrogen  ions  from  the 
secondary  ligand  (1  equiv  in  the  case  of  the  SA  and 
IMDA  and  2  in  the  case  of  the  SSA).  Subsequently, 
between  m  »  3  and  4  with  SA  and  IMDA  and  m  » 
4  and  S  for  SSA,  an  additional  hydrogen  ion  is  dis- 
placed from  the  ligand,  showing  the  formation  of  the 
1:1:1  mixed  ligand  chelates  U(I V)-EDTA-SA,  U(I V)- 
EDTA-IMDA,  and  U(IV)-EDTA-SSAl,  ^^v«^^' 
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Figure  3.  Potentiometric  titration  of  mixed  ligand  chelate  systems 
of  U(IV)  and  NTA.  All  solutions  were  adjusted  to  /a  »  0.10  with 
KCl  at  the  start  of  the  titration;  m  »  moles  of  base  added  per  mole 
of  metal  ion:  (A)  1 :4  U(IV)-Tiron,  1.0  X  10"*  Af  in  U(IV),  also 
1 :1.5  U(IV)-Tiron,  1.0  X  lO"'  M  in  U(IV);  (B)  1 :2  U(IV>-NTA. 
1.0  X  10-»  Af  in  U(IV);  (C)  1 :1 :2  U(IV>-NTA-Tiron,  2.0  X  lO"' 
M  in  U(IV);    (D)  composite  curve  derived  from  A  and  B;    (E) 

1 :1 :2  U(IV>-NTA-HQS,  2.0  X  10-'  Af  in  U(IV); indicates 

drifting  of  —log  [H^]  readings;  -  •  >  .  indikrates  the  presence  of 
precipitate  in  the  solution;  for  curves  A  and  B  the  actual  m  values 
are  twice  the  m  values  shown. 


Hydrolysis  is  noted  above  —log  [H-^^]  ==  8.5  for  SA  and 
SSA,  while  with  IMDA  no  drifting  is  noticed  even  at  a 
-log  [H+]  value  of  9.0. 

The  1:1:1  U(IV)-EDTA^Ph  curve  (Figure  2,  curve 
A)  (where  Ph  »  potassium  acid  phthalate)  exhibits  a 
buffer  region  which  culminates  in  a  sloping  and  almost 
imperceptible  inflection  around  m  —  3.00.  Since  the 
composite  curve  for  this  system  assuming  no  mixed 
ligand  chelate  formation  predicts  a  slightly  higher  —log 
[H"*"]  value  than  the  experimental  curve  between  m  = 
2.00  and  3.00,  it  is  concluded  that  a  mixed  ligand  chelate 
is  being  formed  in  this  region.  This  mixed  ligand 
chelate  once  formed  undergoes  hydrolysis  around 
—log  [H+]  =  6.50,  above  which  drifting  of  the  —log 
[H"^"]  value  is  noted. 

U(IV>-EDTA-HQS.  The  1:1:1  U(IV)-EDTA- 
HQS  system  (HQS  =  8-hydroxy-5-quinolinesulfonic 
acid),  2.0  X  10-»  M  in  U(IV),  yields  a  potentiometric 
curve  (Figure  2,  curve  D)  which  has  a  long  buffer  region 
at  low  —log  [H+]  culminating  in  a  well-defined  inflec- 
tion at  m  =  4.00.  Beyond  this  inflection  there  is 
another  buffer  region  which  is  concentration  independ- 
ent (Figure  2,  curves  C  and  D)  and  which  culminates  in  a 
sloping  inflection  around  m  =  5.00.  Thus  in  the  lower 
buffer  region  a  1:1:1  mixed  ligand  chelate  is  formed, 
while  in  the  second  buffer  region  a  distinct  mono- 
hydroxo  mixed  ligand  chelate  is  formed,  with  a  cal- 
culated p^i  =  7.14  :fc  0.01  for  the  two  different  con- 
centrations. Thus  the  mixed  ligand  chelate  formed  in 
the  lower  buffer  region  is  not  very  stable  and  undergoes 
hydrolysis  to  mononuclear  monohydroxo  mixed  ligand 
chelate  around  —log  [H+]  =  7.1.  However,  this  mono- 
hydroxo mixed  chelate,  once  formed,  is  quite  stable  since 
drifting  of  the  pH  meter  readings  indicating  further 


hydrolysis  was  noted  only  at  very  high  —log  [H-**] 
values  above  10.0. 

U(IV)-NTA,  U(IV)-NTA-HQS.  The  1:1  U(IV)- 
NTA  system  (not  shown)  is  characterized  by  a  colloidal 
precipitate  and  drifting  of  pH  values  from  the  start  of 
the  titration.  There  is  a  single  inflection  at  m  =  4.7S. 
Consequently  the  1:1  U(IV>-NTA  chelate  undergoes 
hydrolysis  and  olation  reactions,  forming  an  insoluble 
hydroxo  chelate,  even  at  very  low  —log  [H+]  values. 

The  potentiometric  titration  curve  of  the  1:1:2 
U(IV)-NTA-HQS  system  (Figure  3,  curve  E)  has  a 
long,  low  pH  buffer  region  from  m  »  0  to  7.0,  which 
terminates  in  a  sloping  but  fairly  well-defined  inlBlection 
at  m  =  7.00.  This  system  is  at  first  heterogeneous  since 
HQS  is  only  slightly  soluble  in  aqueous  solution  and 
remains  as  a  precipitate  in  strong  acid  scdution.  It 
dissolves  slowly  as  base  b  added  and  finally  disappean 
completely  at  m  -=  4.9  (—log  [H+]  =  3.3).  Continua- 
tion of  the  potentiometric  titration  yields  a  good  inflec- 
tion at  7.00  equiv  of  base  per  U(IV)  ion.  Also,  no 
white  colloidal  precipitate  similar  to  that  of  the  1:1 
U(IV>-NTA  system  is  noted  at  any  time  during  the 
titration.  Thus,  in  the  lower  buffer  region  the  1:1:1 
mixed  ligand  chelate  which  is  initially  formed  is  re- 
placed by  the  1:1:2  U(IV>-NTA-HQS  mixed  ligand 
chelate.  Color  changes  noted  in  the  lower  buffer  region 
during  the  titration  are  consistent  with  the  formation 
of  these  mixed  ligand  chelate  species.  The  final  mixed 
ligand  chelate  b  stable  up  to  —log  [H+]  =  7.1  where  a 
hydroxo  complex  begins  to  form,  as  indicated  by  a  drift- 
ing of  —log  [H-^^]  values  above  7.1. 

U(IV)-NTA-CS,  U(IV)-NTA-IMDA,  U(IV>-NTA- 
SSA.  The  potentiometric  curves  of  systems  containing 
a  1:1:2  molar  ratio  of  U(I V),  NTA,  and  secondary 
ligand  do  not  provide  sufficient  information  to  estab- 
Ibh  the  exbtence  of  mixed  ligand  chelates.  In  these 
cases  the  composite  curves  formed  by  the  horizontal 
addition  of  the  1:1  U(I V)-NTA  curve  with  the  free 
ligand  curves  closely  approximate  the  experimental 
curves.  Therefore,  mixed  ligand  chelate  formation 
cannot  be  established  from  the  potentiometric  data. 
Nonformation  of  mixed  ligand  chelates  in  the  cases  of 
the  1:1:2  U(IV)-NTA-CS  and  U(IV>-NTA-IMDA 
systems  b  indicated  by  the  fact  that  a  colloidal  precipi- 
tate of  a  hydroxo  species  b  present  from  the  start  of  Uie 
titration.  Thb  is  similar  to  the  precipitate  noted  in  the 
case  of  the  1:1  U(IV)-NTA  chelate.  However,  it 
should  be  pointed  out  that  weak  mixed  ligand  chelates 
may  be  formed  during  the  initial  stages  of  the  titration. 
However,  these  species  are  not  detectable  with  the 
experimental  metiiods  employed  in  the  present 
study. 

U(IV>-NTA-Tlron.  The  mixed  ligand  potentio- 
metric curve  (Figure  3,  curve  C)  for  a  1:1:2  moUr 
ratio  of  U(IV),  NTA,  and  Tiron  has  a  buffer  region  at 
low  —log  [H+]  values  with  a  poorly  defined  inflection 
at  m  «•  4.50.  Beyond  thb  ii^ection  drifting  b  noted 
at  and  beyond  m  -  4.70  (-log  [H+]  =  4.3),  showing 
that  hydrolysis  and  olation  reactions  may  take  place 
in  thb  region.  A  similar  inflection  at  m  »  4.50  was 
noted  previously  by  Carey,  et  al.,'^  for  the  1:1:2  Th- 
(IV>-NTA-Tiron  system  and  was  found  to  have  been 
caused  not  by  the  formation  of  a  mixed  ligand  chelate, 
but  by  the  simultaneous  formation  of  two  dbtinct 
simple  chelates  Th(NTA)i«-  and  Th^Tiron)»*-.    The 
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Comparison  of  Formation  Constants  of  Mixed  Ligand  Chelates  from  the  1 : 1  Chelates 
and  Th(IV)  with  EDTA  (H>L>')  and  1  Mole  of  an  Additional  Ligand  OLA)  [25^  m  -  0.10  (KQ)] 


Equilibrium 

*»4a*«#b  lj%4*    V 

Added  ligand 

quotient* 

l:lTh-EDTA* 

1:1U-EDTA 

lone 

[ML]/[M**][L*-] 

23.2:fc0.1« 

25.8db0.2< 

»2-DihydroxybennQe-3»S- 

[MLA*-]/IMLIA«-] 

13.4db0.1* 

15.61  db  0.05 

disulfonate  cnion  (A**) 

,8-Dihydroxynaphthalene- 

[MLA*-]/[MLIA*-] 

13.66  db0.02« 

16.22  d:  0.01 

3,6-disulfonate  anion 

(A*-) 

yocatechd  anion  (A^) 

[MLA»-]/[MLIAn 

12.90  :k0.05« 

14.16db0.5 

-Sulfosalicylate  anion  (A*~) 

[MLA»-]/[MLIA«-l 

9.29  ±0.02* 

11.08  d:  0.05 

ounodiaoetic  anion  (A^) 

[MLA»-]/[MLIA»-l 

6. 70  db  0.02* 

8.2   dbO.l 

-Phthalate  anion  (A^) 

[MLA»-]/[MLIA»-] 

3.09  db  0.02* 

4.2   ±0.1 

-Hydroxyqiiinoline-5-sulfo- 

[MLA»-]/[MLIA»-l 

6.98  db  0.02* 

9.72±0.04 

nate  (A«-) 

[MLA»-]/[MLA(OH)»-IH+] 

8.02  db  0.02/ 

7. 14  ±0.01 

idicates  both  U(IV)  and  Th(IV).    ^  Numberical  values  were  calculated  from  many  experimental  points  taken  over  a  wide  range  of 
cation  value.    *  Reference  12.    '  Reference  9.    *  Reference  5.    /  Reference  13. 


complex  has  been  described  by  Murakami  and 

[.10.11 

rder  to  determine  if  a  similar  explanation  applies 
1:1:2  U(IV>-NTA-Tiron  system,  a  potentio- 
curve  was  run  employing  the  correct  stoichio- 
amounts  of  U(IV)  and  Tiron.  The  resulting 
yielded  a  potentiometric  titration  (Figure  3, 
C)  with  a  low  buffer  region  and  a  poor  slop- 
iection  at  m  »  3.00.  Color  changes  are  also 
and,  coupled  with  the  inflection  at  m  ==  3.00, 
B  that  a  1:1.5  U(IV)-Tiron  complex,  similar  to 
^Tiron)t  complex,  is  probably  formed  initially, 
been  shown  previously*  that  1  mole  of  U(IV) 
tes  with  2  moles  of  NTA  to  give  an  extremely 
1:2  U(IV)-NTA  complex  which  yields  a  curve 
Q  inflection  at  m  «  6.00.  Thus  in  the  1:1:2 
ligand  system  half  of  the  U(IV)  combines  with 
lie  NTA  present  in  the  solution  giving  the  1:2 
NTA  complex,  while  the  other  half  of  the 
combines  with  the  Tiron  giving  the  U^'^KTiron)!*" 
IX.  Thus  at  m  -  4.5,  the  solution  is  1  X  10"'  M 
1:2  U(IV)-NTA  complex,  0.5  X  10-»  M  in  the 
IV)-Tiron  complex,  and  2.50  X  10" •  Af  in  excess 
•on. 

rder  to  verify  this  interpretation  two  additional 
ns  were  measured  potentiometrically:  a  solution 
10-«  JIf  in  the  1 :2  U(IV)-NTA  chelate  (Figure  3, 
))  that  gave  an  inflection  at  m  »  6.0,  and  a  1 :4 
Tiron  solution  1.0  X  lO"*  M  in  U(IV)  (Figure  3, 
\)  that  gave  an  inflection  at  m  »  3.00.  The 
n  of  the  ordinates  of  these  two  curves  yields 
>  which  is  superimposable  on  the  actual  experi- 
curve  beyond  the  inflection  at  m  »  4.5.  This 
es  convincing  evidence  that  in  the  lower  buffer 
what  is  occurring  is  the  formation  of  the  two 
:  species  U'V(NTA),»-  and  U^^/Tiron),*-  rather 
le  mixed  ligand  chelate.  This  conclusion  is  also 
ted  by  color  changes  in  the  solution  during  the 
n.  The  general  sequence  of  reactions  in  this 
[igand  system  may  be  summarized  as 

«L  +  2H,A»-  ^=±  U^VL+  +  2H,A»- 
(L),»-  +  0.25U1VA),*-  +  1.25H,A> 

hydrolysis^^^  olation 


where  NTA  -  HJL  and  Tiron  =  HjA*-.  Finally, 
drifting  indicating  hydrolysis  is  noted  at  and  beyond 
—log  [H+]  =  4.3  (m  =  4.6)  for  the  1:1:2  system,  as 
expected,  since  these  conditions  are  the  same  as  those 
under  which  hydrolysis  occurs  for  the  1:4  and  1:1.5 
U(I  V)-Tiron  systems. 

Equilibrium  Constants.  The  formation  constants 
for  the  combination  of  1  mole  of  a  secondary  ligand 
with  the  U(IV)-EDTA  chelate  compound  are  given  in 
Table  I. 

Discussion 

The  present  work  on  mixed  ligand  U(IV)  chelates, 
as  well  as  the  previous  study  of  mixed  ligand  chelates 
of  Th(IV),^  leads  to  a  logical  classification  of  reaction 
systems  containing  two  diflerent  ligands  into  the  follow- 
ing basic  types  (L  represents  a  ''primary"  ligand  and  A 
represents  a  "secondary"  ligand,  and  ionic  charges  are 
omitted  for  clarity). 

1.  Combination  of  the  metal  ion  with  both  ligands 
simultaneously  to  form  a  mixed  ligand  chelate  in  a 
single  step. 

A  +  L  +  M  :;=^  MLA 

2.  Formation  of  a  mixed  ligand  chelate  in  two  over- 
lapping steps  reflecting  slight  differences  in  the  affinities 
of  the  ligands  for  the  metal  ion. 

A  +  L  +  M  :;=^  ML  +  A  ;;=^  MLA 

3.  Formation  of  a  mixed  ligand  chelate  in  two  dis- 
tinctly separated  steps,  reflecting  a  large  difference  in 
the  affinity  of  the  ligands  for  the  metal  ion. 

A  -f.  L  +  M  ;5i±  ML  +  A  :;=i  MLA 

4.  Formation  of  a  mixture  of  two  simple  chelate 
compounds  rather  than  a  mixed  ligand  chelate. 

xL  +  ^A  +  2M  ;5i±  ML.  +  MA„ 

5.  A  simple  complex  is  formed  between  one  ligand 
and  the  metal  ion  while  the  other  ligand  remains 
unbound  in  the  solution. 


A-f-L  +  M 


ML  + A 


.  Murakami  and  A.  E.  Martell,  /.  Am,  Chem.  Soc.,  82,  5605 
.  Murakami  and  A.  E.  Martell,  BuiL  Chem,  Soc,  Japan,  39, 


All  the  above  five  types  may  be  further  subdivided 
according  to  whether  the  mixed  complex  or  simple 

(12)  G.  Schwarzenbach,  R.  Gut,  and  G.  Anderegg,  Heh,  Chlm, 
Acta,  37, 937  (1954). 

(13)  G.  H.  Carey  and  A.  E.  Martell,  unpublished  ceaiM&^Ju 
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complex  once  formed  is  resistant  (class  A)  or  susceptible 
(class  B)  toward  hydrolysis.  It  should  be  understood 
that  the  above  is  not  intended  to  be  an  exhaustive  classi- 
fication system,  but  merely  one  which  covers  the  reac- 
tion types  of  various  mixed  ligand  chelate  systems 
that  have  been  observed  thus  far. 

Mixed  Ligand  Chelates  of  EDTA.  Table  II  sum- 
marizes the  evidence  for  mixed  ligand  chelate  systems  of 
EDTA.  It  should  be  noted  that  the  reactions  listed 
may  be  classified  as  2A  or  2B,  the  one  exception  being 
the  1 : 1 : 1  U(I  V>-EDTA-PY  system,  which  is  classified 
as  3B.  Mixed  ligand  complexes  are  formed  by  all  of 
the  secondary  ligands  investigated,  and  the  mixed 
complexes  once  formed  are  quite  stable.  In  cases 
where  the  secondary  ligand  contains  an  aromatic 
hydroxyl  group,  the  high  stabilities  of  the  mixed  ligand 
chelates  is  evidenced  by  the  lack  of  hydroxo  complex 
formation  in  the  case  of  the  1 : 1 : 1  U(I V>-EDTA-Tiron 
chelate,  and  the  high  pH  at  which  hydroxo  complex 
formation  is  observed  in  the  other  systems. 


Table  n.    Mixed  Ligand  Complexes  Fomied  from  U(iy)-EDTA 


(UL)[25%M  =  0.10(Ka)] 


Ligand 
added 


Inflec-        Species 
tion«  formed 


Hydroxo 

complex   Reaction 
formation      type 


None 

2,3 

UL.  ULOH- 
(ULOH),*- 

pH>4.0 

•  • 

Tiron(H,A*-) 

4 

ULA*- 

None 

2A 

CS(H,A*-) 

4 

ULA*- 

pH>9.4 

2B 

PY(H,A) 

2,4 

ULA*- 

pH>10.6 

3B 

HQS  (H,A) 

4,5 

ULA*-, 
ULAOH»- 

pH>7.1 

2B 

SSA(HsA) 

5 

ULA»- 

pH>8.5 

2B 

SA(H,A) 

4 

ULA*- 

pH>8.5 

2B 

IMDA(HsA) 

4 

ULA*- 

pH>9.0 

2B 

Ph  (HA-) 

3 

ULA*- 

pH>6.5 

2B 

*  Numbers  represent  moles  of  base  added  per  mole  of  UL. 


It  is  of  interest  to  consider  the  equilibrium  constants 
for  the  formation  of  the  mixed  ligand  chelates,  listed 
in  Table  I,  from  the  point  of  view  of  the  constitution  of 
the  added  ligand.  It  is  seen  that  CS  forms  the  most 
stable  mixed  ligand  chelate  of  all  the  compounds  listed 
and  that  the  corresponding  Tiron  complex  has  nearly 
the  same  stability,  while  the  afi&nity  of  the  catecholate 
anion  for  the  U(IV)-EDTA  chelate  is  slightly  lower. 
The  fact  that  these  stabilities  are  much  higher  than  any 
of  the  other  values  listed  in  Table  I  may  be  rationalized 
on  the  basis  that,  of  the  donor  groups  investigated,  the 
phenoxide  groups  have  the  highest  affinity  for  the  U(IV) 
ion.  The  Tiron  and  chromotropic  salt  data  are  also 
interesting  as  an  indication  that  under  certain  conditions 
a  six-membered  chelate  ring  may  be  more  stable  than 
an  analogous  iive-membered  ring. 

Two  other  ligands,  HQS  and  SSA,  which  provide  one 
phenoxide  ion  each,  form  mixed  ligand  chelates  which 
are  somewhat  less  stable,  but  nevertheless  still  appear 
quite  high  in  the  sequence  of  relative  stabilities.  In 
accordance  with  these  observations  the  least  stable 
mixed  ligand  chelates  are  those  which  are  formed  from 
secondary  ligands  (IMDA  and  Ph)  having  primarily 
carboxylate  groups  as  electron  donors. 

Table  III  summarizes  the  results  for  mixed  ligand 
chelates  of  NTA.    The  first  three  examples  listed  are 


seen  not  to  involve  mixed  ligand  chelate  formatioi 
hence  these  systems  belong  to  class  SB.  It  is  note 
hydroxo  complex  formation  is  first  observed  in  a 
cases  around  the  same  low  pH  where  hydroxo  co 
formation  of  the  U(IV)-NTA  chelate  itself  o 
This  observation  supports  the  argument  that  no 
ligand  complex  is  formed.  In  the  case  of  HQS, 
ever,  the  fact  that  hydroxo  complex  formation 
place  at  a  higher  pH  than  that  at  which  the  1 : 1  L 
NTA  chelate  hydrolyzes  is  evidence  for  mixed  1 
chelate  formation. 

Table  m.    Mixed  Ligand  Complexes  Formed  from 
U(IV)-NTA  (UL  +)  [25^  M  =  0.10  (KCl)] 


Ligand  added       Inflection* 


Species 
formed 


Hydroxo  ] 

complex 

formatioo 


None 

r^AJS 

Hydrolysis 
product  of 
UL+ 

pH>2.5 

CS(H,A*-) 

'>«^.8,  '■^6.75 

None 

pH>2.5 

SSA(H,A) 

/^8.75 

None 

pH>3.0 

IMDA(HtA) 

/^.70 

None 

pH>2.2 

HQS(H,A) 

7.00 

ULA-,  ULA,«- 

pH>7.1 

Tiron  (H,A*-) 

4.50 

UL,*-,  U,A,*- 

pH>4.3 

•  Numbers  indicate  moles  of  base  added  per  mole  of 
^  Weak  mixed  ligand  complexes  may  be  formed  initially. 


Finally,   as  discussed  in  detail  above,   the 
U(IV)-NTA-Tiron  system  (reaction  type  4B)  is  u 
when  compared  to  all  the  other  systems  studied, 
stabilities  of  the  individual  single-ligand  chelates  s 
high  that  the  mixed  ligand  chelate  is  not  formed  t 
detectable  extent. 

Coordination  Number  of  U(IV).  It  has  been  i 
in  the  present  investigation  that  in  the  great  ma 
of  the  mixed  ligand  chelates  studied,  the  U(IV 
seems  to  have  an  effective  coordination  numb 
eight.  Hence,  the  resulting  U(IV)  mixed  ligand 
plexes  will  probably  have  dodecahedral  arrange] 
of  donor  groups  similar  to  that  shown  by  A  in  Fig 
for  the  1 : 1 : 1  U(IV>-EDTA-Tiron  complex. 

However,  the  1:1:1  U(IV)-EDTA-IMDA  s] 
indicates  the  possibility  of  the  expansion  of  th 
ordination  number  of  U(IV)  from  a  value  of  eig 
that  of  nine.  Formation  of  an  EDTA-IMDA  i 
ligand  chelate  may  be  interpreted  as  involving  thi 
placement  of  one  of  the  carboxylate  groups  of  E 
to  make  way  for  the  three  donor  groups  of  IMDA, 
keeping  the  total  coordination  of  U(IV)  at  eight, 
the  other  hand,  the  relatively  high  stability  con 
for  the  addition  of  IMDA  argues  in  favor  of  expai 
of  the  coordination  number  of  U(IV)  to  nine, 
the  1:1:1  U(IV>-EDTA-IMDA  mixed  ligand  ch 
would  probably  involve  nonacoordination  of  I 
in  aqueous  solution,  as  is  indicated  by  Figure  4B. 
though  no  structural  data  are  available  for  noi 
ordination  in  solution,  the  trigonal  prismatic  +3  s 
ture  suggested  ^^  seems  to  offer  the  most  favorabl 
duction  in  mutual  repulsions  between  the  neg 
carboxylate  donor  groups  of  the  ligand  and  a  reasoi 
arrangement  of  the  metal  chelate  rings.  The  r* 
stable  1:1:1  monohydroxo  U(IV)-EDTA-HQS  sp 

(14)  A.  F.  Wells.  ''Structural  Inorganic  Chemistry,"  3rd  ed.  C 
University  Press.  New  York,  N.  Y.,  1962,  pp  9S-10a 
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so  involve  similar  nonacoordination  of  U(I V). 
postulated  expansion  of  the  coordination  number 
V)  to  nine  for  the  1 : 1 : 1  U(1V)-EDTA-1MDA 
:he  1:1:1  monohydroxo  U(IV)-EDTA-HQS 
ligand  chelate  is  similar  to  expansion  of  the 
nation  number  of  Th(IV)  from  eight  to  nine 
e  1:1:1  Th(IV)-EDTA-IMDA  and  1:1:1  Th- 
lEDTA-NTA  mixed  ligand  chelates  postulated 
•ey,  et  al.^  Also,  possible  expansion  of  the  U(IV) 
nation  number  from  eight  to  a  higher  value  was 
usly  noted  by  the  present  authors*  for  the  mono- 
lo  1 : 1  U(I V)-DTPA  chelate  and  the  1 : 1  U(IV>- 
.  chelate  (where  DTPA  is  diethylenetriamine- 
icetic  acid  and  TTHA  is  triethylenetetramine- 
»tic  acid). 

ilibrium  constants  for  the  formation  of  mixed 
chelates  of  U(I  V)  from  the  U(IV)-EDTA  chelate 
mpared  in  Table  I  with  those  of  the  analogous 
)  chelates  previously  reported  by  Carey,  et  al^ 
the  mixed  ligand  systems  studied  there  is  the  ex- 
increase  in  formation  constants  when  Th(IV) 
Eu:ed  by  U(IV)  in  the  mixed  ligand  chelate.  This 
ied  stability  is  due  to  the  smaller  radius  of  the 
ion,  which  results  in  more  favorable  AH  and 
ects.  The  favorable  enthalpy  effect  is  due  to  the 
r  ionic  bond  strength  of  U(IV)  complexes, 
iddition,  there  will  also  be  a  favorable  entropy 
since  the  smaller  U(IV)  chelate  of  the  primary 
will  be  more  strongly  hydrated  in  solution  than 
[responding  Th(IV)  chelate.  Consequently,  reac- 
ith  the  secondary  ligand  to  form  the  1 : 1 : 1  U(I V) 
ligand  chelate  results  in  a  greater  entropy  increase 
;h  displacement  of  coordinated  water  molecules 
ccurs  with  the  analogous  Th(IV)  chelate. 


V^JV, 


Figure  4.  (A)  Eight-coordiaated  1:1:1  UCIV^-EDTA-Tlron  mixed 
ligand  chelate;  (B)  mne<»ordiiiated  1:1:1  U(IV>-EDTA-IMDA 
ndxed  ligand  chdate. 


Table  I  also  shows  that  the  formation  of  the  mono- 
hydroxo mononuclear  mixed  ligand  chelate  from  the 
1:1:1  Th(IV>-EDTA-HQS  mixed  ligand  chelate  occurs 
more  readily  when  the  Th(IV)  ion  is  replaced  by  the 
U(IV)  ion.  This  may  also  be  considered  to  be  prin- 
cipally a  consequence  of  the  smaller  radius  of  the  U(I  V) 
ion. 


Corey,  Mortcll  |  Mixed  Uggnd  CHeWte*  ^  \iw 
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Electron-Transfer  Complexes  of  the  [M— N2S2]  Type. 

The  Existence  of  Cation-Stabilized  Free-Radical  Complexes 

R.  H.  Holm,^''  A.  L.  Balch,^^  A.  Davison,'  A.  H.  Matd,**  and  T.  E.  Berry***^ 

Contribution  from  the  Departments  of  Chemistry^  University  of  Wisconsin, 
Madison,  Wisconsin,  Massachusetts  Institute  of  Technology, 
Cambridge,  Massachusetts,  and  University  of  California, 
Riverside,  California.    Received  January  3,  1967 


Abstract:  The  propensity  to  undergo  chemical  and  electrochemical  one-electron-transfer  reactions,  already 
established  in  bis-chelate  complexes  of  the  general  types  [M-Si]*  and  [M-Ni]*,  has  been  shown  to  extend  to  two 
groups  of  [M-NsSs]'  complexes.  The  first  group  consists  of  bis-chelate  species  of  presumed  trans  structure  and 
is  exemplified  by  bis((>-mercaptoanilido)nickel,  Ni[(7-CeH4(NH)S]2,  which  undergoes  two  one-electron  reductions  in 
DMSO  and  dichloromethane  solutions  and  one  one-electron  oxidation  in  dichloromethane  solution.  The  mono 
anion  (z  »  —1)  of  this  four-member  electron-transfer  series  has  a  doublet  ground  state  and  displays  in  glasses  a 
markedly  anisotropic  g  tensor,  similar  to  those  of  [Ni-Si] "  and  [Ni-Ni]  ~  species,  and,  accordingly,  is  assigned  a  'Q, 
ground  state  with  an  appreciable  admixture  of  metal  orbital  in  the  odd-electron  wave  function.  The  second  group 
is  composed  of  tetradentate  complexes  having  a  necessarily  cis-NSi  arrangement.  Complexes  of  the  types  M(gpiaf, 
M(dtbh)',  and  Ni(dbh)'  were  obtained  with  M  »  Ni,  Cu,  Zn,  Cd  (gma  »  glyoxalbis((>-mercaptoanil),  dtbh  « 
biacetylbis(thiobenzoylhydrazone),  dbh  =  biacetylbis(benzoylhydrazone)).  The  Ni,  Zn,  and  Cd  neutral  complexes 
are  electrochemically  reducible  in  nonaqueous  media  to  z  »  —  1  and  —2  species.  The  monoanions  possess  doublet 
ground  states.  Their  g  tensors  reveal  a  barely  noticeable  but  unresolvable  anisotropy  (Ni)  or  no  observable  ani- 
sotropy  (Zn,  Cd).  Because  the  Zn~  and  Cd~  species  can  only  be  reasonably  formulated  as  cation-stabilized  free 
radicals  (csfr),  the  properties  of  their  g  tensors  are  proposed  as  reasonable  criteria  for  the  appropriateness  of  csfr 
formulations,  at  least  in  [M-S4]',  [M-N4]',  and  [M-N2S2]'  systems.  The  epr  properties  of  the  ciHM-N&r  com- 
plexes are  interpreted  in  terms  of  a  simple  qualitative  molecular  orbital  model,  and  probable  ground  states  are  as- 
signed to  five  isoelectronic  series  of  complexes  of  this  general  type. 


The  original  demonstration^  of  the  interrelationship  of 
certain  bis(c/>l,2-disubstituted  ethylene- 1,2-dithio- 
lato)  complexes  (1)  by  electron-transfer  reactions  has 
been  followed  by  extensive  synthetic  and  physical  in- 
vestigations of  these  and  related  complexes.^  Re- 
search in  this  area  has  taken  two  general  directions. 
The  first  relates  to  the  scope  of  electron-transfer  reactions. 
It  has  been  shown  that  neither  an  ethylenic  ligand  back- 
bone nor  an  S4  coordination  sphere  is  a  necessary  con- 
dition for  electron-transfer  reactions  because  the 
complexes  2  (including  ring-substituted  variants)* 
and  3,  having  X  =  Y  =  0,^X  =  Y  =  NH,«  and  X  = 
O,  Y  =  S,*  undergo  one  or  more  such  reactions. 
The  presence  of  a  five-membered  delocalized  chelate 
ring  does  appear  to  be  required,  however.  *® 


X"! 


— 1» 


^jLy' 


a>^" 
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The  second  research  direction  has  been  toward  an 
elucidation  of  the  ground-  (and  excited-)  state  de- 
scriptions of  these  complexes.  Nearly  all  investi- 
gations have  centered  about  the  [NiS4C4R4]-'  species, 
which  have  rich  electronic  spectra  and  doublet  ground 
states.  Their  paramagnetic  resonance  spectra  are 
readily  observable  in  both  fluid  and  glassy  media, 
thereby  permitting  measurements  of  the  isotropic  g 
value  and  the  principal  components  of  the  g  tensor. 

Among  the  essential  features  of  any  ground-state 
description  in  current  molecular  orbital  theory  are  (0 
specification  of  the  symmetry  of  the  highest  occupied 
MO  and,  therewith,  the  possible  metal  and  ligand 
orbitals  admixed ;  and  (ii)  an  estimate  of  the  composi- 
tion of  this  MO  in  terms  of  metal  and  ligand  contri- 
butions. Of  all  nickel  monoanions,  Ni(mnt)t""  ft 
R  =  CN)  has  been  the  most  thorou^ly  studi^."*** 
Measurement  of  the  spin-Hamiltonian  parameters  of 
this  ion  enriched  in  *^Ni  in  an  oriented,  magnetically 
dilute,  single  crystal  has  led  to  the  conclusion  that  the 
most  probable  ground-state  configuration  is  . . ,  b|,*- 
bigO  and  that  the  b,g  MO^»  has,  very  roughly,  50% 
metal    character.***"    Application    of    semiempirical 

(11)  A.  H.  Maki,  N.  Edelstein,  A.  Davison,  and  R.  H.  Holm,  ML. 
86,4580(1964). 

(12)  S.  I.  Shupack.  E.  Billig,  R.  J.  H.  Clark,  R.  WilUams,  and  R  & 
Gray,  ibid.,  86,  4594  (1964). 

(13)  Note  that  the  defined  x  and  y  axes  in  Dth  symmetry  are  inter- 
changed in  ref  1 1  compared  to  ref  12  and  14;  we  refer  to  the  axis  systefl 
of  ref  1 1  in  which  the  origin  is  at  the  metal,  the  xy  plane  is  that  of  the 
complex,  and  the  y  axis  bisects  the  chelate  rings.  Thus  the  d««  orbitil 
has  big  symmetry. 

(14)  G.  N.  Schrauzer  and  V.  P.  Mayweg,  /.  Am,  Chem.  See..  ST,  35«5 
(1965). 

(15)  The  most  probable  ground  state  was  deduced  by  the  best  tt  of 
the  measured  principal  components  of  the  g  and  i<<(*>Ni)  tenaon  to 
theoretical  expressions  for  these  quantities  calculated  using  perturbatioo 
theory  and  a  basis  set  of  pure  metal  3d  functions."  The  use  of  tiiit 
basis  set  has  been  criticized  and  the  statement  made  that  the  epr  results 
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ory  has  led  to  two  different  ground  states  for 
I4J".  Shupack,  et  al.^^*  claim  a  *Aig(...- 
state  and  26%  metal  character  for  the  aig 
[Ni(mnt)t]~.  It  is  di£5cult  to  reconcile  this 
state  with  the  observed  spin-Hamiltonian 
srs.*^  Schrauzer  and  Mayweg**  report  calcu- 
or  the  magnetically  similar  ion,  [NiS4C4H4]~, 
to  a  likely  ^Big(. .  .bag^big®)  ground  state  and 
;tal  character  in  the  bsg  MO.  Because  spin- 
nian  parameters  are  the  most  demanding 
bles  of  metal  complexes  to  be  reconciled  with 
>tate  electronic  properties,  we  feel  that  the  de- 
i  of  Ni(mnt)i~  as  containing,  in  a  purely  formal 
ly,  Ni(III)  with  the  attendant  d^  configuration  is 
easonable  and  is  the  preferred  formulation 
erpreting  epr  properties, 
er  formulation  for  Ni(mnt)2~,  in  conjunction 
Aig  ground  state,  has  been  put  forth.  ^'  This 
on  involves  Ni(II)  with  the  odd  electron  de- 
[  on  the  ligands.  Such  a  complex  could  be 
a  cation-stabilized  free  radical  (csfr).  In 
covalent  complexes  such  as  those  considered 
f  ground-state  description  in  terms  of  a  formal 
a  state  of  the  metal  (and,  hence,  of  the  ligands) 
'  designation  cannot  be  precise  and  must  be  an 
)lification,  for  both  represent  extreme  cases, 
nt  is  well  emphasized  by  Ni(gma)~,  the  initial 
1  product  of  glyoxalbis(o-mercaptoanil)nickel, 
"  (4,  z  =  0).  Authentic  Ni(gma)""  "  exhibits 
•vable  but  rather  small  g-tensor  anisotropy** 
enders  either  description  inadequate.  Ob- 
what  is  needed  is  a  complete  MO  description 
round  state  for  this  and  the  other  complexes 
;d.  Because  MO  theory  in  its  present  semi- 
1  form  cannot  be  considered  reliable  in  pre- 
mique  ground  states  for  species  of  the  com- 
f  1-4,  we  feel  that  it  is  useful  to  establish  criteria 
application  of  the  limiting  descriptions.  Ac- 
^,  we  report  here  our  efforts  to  establish  epr 
or  detectable  involvement  or  lack  of  essential 

cinterpreted  in  terms  of  a  complete  MO  basis  set*'**  on  the 
It  the  metai-Ugand  bonding  is  rather  covalent*'  {vide supra), 
this  statement  is  the  contention  that  //a  complete  basis  set  is 
3'ent  ground-state  description  might  emerge  from  the  process 
ing  g  and  A  components  using  precaiculated  M 0*s  of  the 
>lex.  We  suggest  that  it  is  unrealistic  to  assume  that  eigen- 
I  be  calculated  so  accurately  by  semiempirical  procedures 
ubsequent  use,  together  with  calculated  or  observed  energy 
itions,  can  generate  g  and  A  values  of  sufficient  validity  to 
finitely  more  certain  ground-state  assignment  than  that  made 
I  limited  basis  set  Covalency  has  been  introduced  in  con- 
th  the  use  of  a  limited  basis  set  by  reasonable  reduction  of 
rameters  in  fitting  measured  parameters  to  theory.**  The 
use  of  epr  data  involves  the  evaluation  of  metal-ligand  mix- 
sits  from  measured  g  and  A  values  (c/.,  e.g.,  A.  H.  M aid  and 
arvey,  /.  Chem,  Phys.,  29,  31  (1958);  H.  R.  Gersmann  and 
in,  ibid.,  36,  3221  (1962))  rather  than  the  calculation  of  these 
n  preconstructed  MO*s  of  the  complex.  Finally,  either 
J  a  formidable  task  for  molecular  species  of  the  complexity 
3.  In  our  previous  work  we  have  preferred  to  use  the  epr 
tractable  form. 

:.  Stiefel,  J.  H.  Waters,  E.  Billig,  and  H.  B.  Gray,  /.  Am, 
,87.3016(1965). 

fadamus,  Q.  Fernando,  and  H.  Freiser,  ibid.,  86,  3056  (1964). 
ults  already  presented,**  reinforced  by  more  recent  and 
fork  (F.  Lalor,  M .  F.  Hawthorne,  A.  H.  Maki,  A.  Davison, 
f,  Z.  Dori,  and  E.  I.  Stiefel,  to  be  published),  have  convince 
nstrated  that  the  anion  with  a  decidedly  anisotropic  g  tensor 
"oduced  by  borohydride  reduction  of  Ni(gma)<*  was  incor- 
ified  as  Ni(gnia)''  in  ref  16  and  that  the  sodium  amalgam 
rroduct  (see  Experimental  Section)  is  actually  Ni(gma)'',  as 
refl9. 

■I.  Maid,  T.  E.  Berry,  A.  Davison,  R.  H.  Holm,  and  A.  L. 
n.  Chem  Soc.,  88, 1080  (1966). 


involvement  of  metal  orbitals  in  the  wave  functions  of 
unpaired  electrons  in  complexes  of  the  types  1-4.  As 
part  of  this  work  the  electron-transfer  properties  of 
complexes  of  the  type  [M-N2S1]  have  been  investigated. 
The  results  augment  those  already  obtained  for  [M-S4],* 
[M-OJ,^  [M-NJ,*  and  [M-OjSi]'  systems  in  which, 
principally,  M  =  Ni.  Certain  of  our  results  on  gma 
complexes  have  been  conmiunicated  in  preliminary 
form.  *• 


Experimental  Section 

Prepiratioii  of  OMBpomidg.  (a)  GlyoxanrfsCo-mercaptoaiifl) 
Comptexct,M(giiia)'.  Zii(gma)  and  Cd(gma)  were  prepared  accord- 
ing to  a  published  procedure.  ^^  Ni(gnia)  was  obtained  in  an  entirely 
analogous  manner  as  shiny  black  crystals  only  sparingly  soluble  in 
most  organic  solvents.    A  freshly  prepared  sample  was  analyzed. 

Anal.  Calcd  for  Ci4HioNiS,Ni:  C,  51.09;  H,  3.06;  N,  8.51; 
S,  19.49.    Found:    C.  51.20;  H,  3.27;  N,  8.22;  S,  19.53. 

[(/f-C4Ht)4N][Ni(gimi)].  The  following  operations  were  per- 
formed in  vacuo  or  in  a  nitrogen  atmosphere.    A  suspension  of 

3.6  g  (0.012  mole)  of  Ni(gma)  in  30  ml  of  dry,  peroxide-free  tetra- 
hydrofuran  was  shaken  with  a  dilute  amalgam  made  from  0.23  g 
(0.010  g-atom)  of  sodium  and  25  ml  of  mercury.  A  rapid  reaction 
with  heat  evolution  ensued  to  produce  an  intense  red-brown  solu- 
tion, which  was  separated  from  the  amalgam  and  filtered  to  remove 
unreaaed,  excess  Ni(gma).  The  filtrate  was  treated  with  a  solu- 
tion of  3.5  g  of  tetra-/f-butylammonium  bromide  in  300  ml  of 
methanol.  Agitation  of  the  solution  caused  the  product  to  separate 
as  small  needles  during  a  2-3-min  period.  It  was  collected  by  fil- 
tration and  washed  with  methanol  (three  20-ml  portions).  The 
product  was  dried  at  25''  (10^*  mm)  for  10  hr  and  obtained  as 
small,  shiny,  black  crystals,  soluble  in  polar  organic  solvents  to  give 
red-brown  solutions.  Oxidation  of  these  solutions  by  air  yields 
immediately  Ni(gma). 

Anal.  Calcd  for  CioHuNaSsNi:  C.  63.05;  H,  8.11;  N,  7.35; 
S,  11.22.  Found:  C.  61.93,  61.83;  H,  7.65, 7.83;  N,  7.22, 7.07; 
8,11.36,11.55. 

In  this  preparation  it  is  important  to  note  that  a  deficiency  of  so- 
dium was  used  in  the  reduction.  Excess  sodium  in  the  amalgam 
gives  an  emerald  green  solution,  which  is  easily  oxidized  to  a  red- 
brown  solution  of  Ni(gma)~*  and  which  presumably  contains  Ni- 
(gma)~*,  whose  existence  is  indicated  by  polarographic  data  (c/. 
Table  I). 

(b)  Bia(a-iiierca|it(Muiflido)iiickeL  a-Mercaptoaniline  (5.0  g) 
and  2.2  g  of  potassium  hydroxide  were  dissolved  in  1(X)  ml  of  20% 
aqueous  ethanol.    This  solution  was  mixed  with  one  prepared  from 

4.7  g  of  nickel  chloride  hexahydrate  and  15  ml  of  concentrated 
aqueous  ammonia  in  75  ml  of  water.  A  yellow  precipitate  of 
bis(a-aminothiophenolato)nickel(n)  formed  immediately  and 
was  filtered  off.  The  precipitate  was  suspended  in  300  ml  of  water 
containing  4.0  g  of  potassium  hydroxide;  air  was  passed  through 
the  suspension  for  5  hr.  The  deep  blue  solid  which  formed  was 
collected  by  filtration,  washed  with  water,  and  dried  in  vacuo  over 
Ps06.  The  final  product  was  obtained  by  two  Soxhlet  extractions 
with  diethyl  ether,  which  yielded  deep  blue  crystals.  A  very  similar 
procedure  has  been  used  by  Hieber  and  Briick*"  to  prepare  a  blue 
solid  which  they  claimed  to  have  the  composition  [(C»H4(NHs)S)]4- 
OsNis. 

Anal.  Gated  for  Cs4Hs4N40iS4Nis:  C,  44.61;  H,  3.75;  N, 
8.67;  S,  19.85;  Ni,  18.17.  Calcd  for  Ci,H,oNiS,Ni:  C,  47.25; 
H,  3.30;  N,  9.18;  S,  21.02;  Ni,  19.25.  Found:  C,  46.79;  H, 
3.71;  N,9.22;  8,21.02;  Ni,  19.06  (total.  99.80). 

(c)  BfacetyibisCtliiobaizoyihydrazoiie)  Complexes  [M(dtbh)]. 
The  free  ligand,  Hidtbh,  and  the  nickel  and  copper  complexes  were 
obtained  by  the  procedures  of  Bahr  and  8chleitzer.'' 


(20)  W.  Hieber  and  R.  BrUck.  Z.  Anorg.  Allgem.  Chem.,  269,  13 
(1952). 

(21)  O.  BHhr  and  O.  Schldtzer,  ibid.,  280, 161  (19SS)« 
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Table  L    Polarographic  DaU  for  [M-NiSJ' and 
[Ni-NK)i]'  Complexes 


Couple 

i^U-1) 

uic. 

Complex 

+  c- 

Solvent 

£VtoV*/ia/mniole 

Ni[o-C«H4(NH)S]i' 

-2;^-l 

DMSO 

-1.04 

6.2 

-1;^     0 

DMSO 

-0.19 

6.4 

-2;?=t-l 

CHtOt 

-0.93 

22 

-1^     0 

CHtOt 

-0.03 

27 

0^+1 

CHtQt 

1.05 

27 

Ni[Sacm6)NNHli' 

-2;=i-l 

DMSO 

-1.13 

6.4 

-1^     0 

DMSO 

-0.14 

6.6 

Ni(dbh)« 

-2^-1 

DMSO 

-1.67 

5.8 

-1;=±     0 

DMSO 

-0.92 

6.1 

CHaCN 

-1.00 

32 

CHiCU 

-0.86 

30 

Ni(dtbh)' 

-2^-1 

DMSO 

-1.24 

6.9 

CH,CN 

-1.32 

23 

CHjO, 

-1.26 

23 

-1;=^     0 

DMSO 

-0.53 

7.0 

CH,CN 

-0.55 

33 

CHtQt 

-0.48 

28 

Cii(dtbh)«» 

-1^     0 

DMSO 

-0.15 

6.3 

CH,CN 

-0.23 

29 

CHtOt 

-0.09 

26 

0;=±+lCH,a« 

1.15 

25 

Zn(dtbh)' 

-2^-1 

DMSO 

-1.44 

5.3 

"l:^      0 

DMSO 

-1.08 

6.4 

CH^CS 

-1.10 

25 

CHtQt 

-1.31 

23 

Cd(dtbh)» 

-2;?±-l 

DMSO 

-1.55 

5.3 

-l;=t     0 

DMSO 

-1.13 

6.1 

NKsma)' 

-2^-1 

DMSO 

-1.05 

6.9 

-1;=±     0 

DMSO 

-0.30 

6.5 

Zn(gma)' 

-2;^-l 

DMSO 

-1.15 

5.6 

-l;=t     0 

DMSO 

-0.75 

6.5 

Cd(8ma)« 

-2;^-l 

DMSO 

-1.33 

5.2 

-1;=±     0 

DMSO 

-0.79 

6.5 

•  All  potentials  not  strictly  comparable;  see  Experimental  Sec- 
tion.   ^  Cii(dbh)  shows  poorly  resolved  wave  in  CHtQt  at  ^—0.49 


ZB(dtlih).  Biacetylbis(thiobenzoylhydrazone)  (1.8  g)  dissolved 
in  400  ml  of  ethanol  was  added  to  a  solution  of  1.1  g  of  zinc  acetate 
dihydrate  in  100  ml  of  ethanol.  The  solution  volume  was  reduced 
to  "^100  ml  whereupon  orange  crystals  separated.  These  were 
collected  by  filtration,  recrystallized  twice  from  1 : 1  v/v  chloroform- 
ethanol,  and  dried  over  PtOi  in  vacuo  at  80*".  The  purified  product 
was  isolated  as  reddish  orange  crystals. 

Anal.  Calcd  for  CiOiuNiStZn:  C,  51.74;  H,  3.86;  N,  13.41; 
S,  15.35.    Found:    C.  51.40;  H,  3.99;  N,  13.14;  S.  15.05. 

CdCdtbh).  A  solution  of  1.64  g  of  sodium  acetate  trihydrate 
and  3.44  g  of  cadmium  bromide  tetrahydrate  in  60  ml  of  ethanol  was 
prepared  and  filtered  to  remove  sodium  bromide.  To  this  solution 
was  added  a  boiling  solution  of  3.53  g  of  biacetylbis(thiobenzoyl- 
hydrazone)  in  200  ml  of  ethanol.  The  resultant  deep  red  precipitate 
was  collected  and  washed  with  ethanol.  Purification  was  effected 
by  Soxhlet  extraction  with  chloroform  followed  by  drying  at  80° 
in  vacuo,    A  brick  red  microcrystalline  product  was  obtained. 

Anal.  CalcdforCiOIiJsriStCd:  C,  46.50;  H,  3.47;  N,  12.05. 
Found:    C,  46.84;  H,  3.44;  N,  12.44. 

(d)  Bii(thiobaizoylhydrazldo)iikkeL  A  solution  of  2.0  g  (13 
mmoles)  of  thiobenzoylhydrazine"  in  100  ml  of  ethanol  was  added 
to  a  solution  of  1.6  g  (6.7  mmoles)  of  nickel  chloride  hexahydrate  in 
100  ml  of  ethanol.  Addition  of  80  ml  of  concentrated  aqueous 
ammonia  produced  a  beige  precipitate.  The  mixture  was  stirred 
for  9  hr  while  air  was  passed  through  it.  The  resulting  deep  blue 
solid  was  collected  by  filtration,  washed  with  ethanol,  and  vacuum 
dried ;  the  yield  of  the  crude  product  is  2.0  g  (80  %).  One  gram  of 
this  material  was  extraaed  with  150  ml  of  pure,  dry  tetrahydrofuran 
for  8  hr.  Cooling  of  the  solution  afforded  a  deep  blue,  finely  crys- 
talline product  which  was  collected  and  vacuum  dried. 

Anal.  Calcd  for  C,4H„N«S,Ni:  C.  46.82;  H,  3.37;  N,  15.60; 
S,  17.86.    Found:    C, 46.79;  H,  3.17;  N.  15.41;  S.  17.62. 


C22J  B.  Hohnbers,  Arkiv  Kemi,  4,  33  (1951). 


(e)  BiacetylbiiKbeiizoylliydnaoiie)  Coraplexci,  M(dl*).  The 
free  ligand,  Htdbh,  was  prepared  by  dissolving  14.1  g  (0.10  mole) 
of  benzoylhydrazine  and  4.4  g  (0.05  mole)  of  biacetyl  in  150  ml  (^ 
1-propanol,  followed  by  refluxing  for  6  hr.  The  solution  was  fil- 
tered when  hot  and  the  white  microcrystalline  product  washed  with 
ethanol  and  ether,  mp  280-290'' dec;  lit.<*286^ 

Ni(dbh).  This  compound  was  prepared  according  to  Sacoooi's 
method.*^ 

OKdbh).  A  solution  of  3.3  g  of  biacetylbis(benzQylhydrazooe) 
and  0.8  g  of  sodium  hydroxide  in  70  ml  of  ethanol  was  added  with 
stirring  to  a  solution  of  1 .7  g  of  cupric  chloride  dihydrate  in  50  ml  of 
ethanol.  The  solution  was  allowed  to  stand  for  1  hr  after  which 
brown  crystals  were  isolated  by  filtration  and  dried.  The  crude 
product  was  twice  recrystallized  from  1 : 1  v/v  chloroform-ethanol 
to  yield  greenish  brown  crystals  which  were  dried  over  PA  in 
vacuo  at  60''. 

Anal.  Cak:dforCitHuN40«Cu:  C,  56.32;  H,  4.20;  N,  14J9. 
Found:    C,  55.92;  H.  4.31 ;  N,  14.36. 

Zn(dbh).  This  complex  was  prepared  by  the  same  procedure 
used  for  the  cupric  complex  with  the  subsitution  of  zinc  acetate 
for  cupric  chloride.  The  final  product  was  obtained  as  fine  yeUow 
crystals. 

Anal.  Cafcd  for  CitHuN«OaZn:  C,  56.05;  H,  4.18;  N,  14.53. 
Found :    C,  55.42 ;  H,  4.28 ;  N,  14.01 . 

Physical  Measurements.  Polarographic  data  were  obtained 
using  an  ORNL  Model  1988  polarograph  equipped  with  a  th^e^ 
electrode  configuration.  A  rotating  platinum  electrode  served  as 
the  working  electrode.  For  measurements  in  acetonitrile  and 
DMSO  a  saturated,  aqueous  calomel  reference  electrode  and  0.05 
M  (/^Pr4N)C104  supporting  electrolyte  were  employed.  In  di- 
chloromethane  solutions  the  supporting  electrolyte  was  0.1  M 
(ii-Bu4NXPF«)  and  potentials  were  measured  vs.  a  Ag-AgI  ref- 
erence electrode  immersed  in  a  0.05  M  (/f-Bu4N)I-0.5  M  (ii-Bu4N> 
PF«  solution  in  dichloromethane.  The  sample  and  reference  com- 
partments were  connected  by  a  salt  bridge  of  silica  gel  impregnated 
with  a  dichloromethane  solution  of  the  supporting  electrolyte.  The 
entire  arrangement  for  measurements  in  dichloromethane  is  de- 
scribed in  detail  elsewhere.^  The  potentials  quoted  in  Table  I 
were  obtained  from  measurements  of  solutions  prepared  firom  the 
neutral  complexes.  Electron  paramagnetic  resonance  measure- 
ments were  made  using  a  Varian  V-45(X)  spectrometer  with  100- 
kc/sec  field  modulation.  The  klystron  frequency  was  measured 
by  means  of  a  transfer  oscillator  and  frequency  counter,  and  the 
magnetic  field  was  measured  with  a  proton  resonance  gaussmeter 
monitored  by  the  same  frequency  counter. 

Results  and  Discussion 

Polarographic  and  epr  results  referred  to  in  the  fol- 
lowing sections  are  set  out  in  Tables  MIL 

Electron-Transfer  Properties  of  [M-NsSi]  Complexes. 
The  possibility  that  complexes  of  this  general  type  have 
electron-transfer  properties  was  stimulated  by  the  report 
of  Hieber  and  Bruck^  that  a  deep  blue  product  resulted 
from  the  reaction  of  bis(o-aminothiophenolato)nickel- 
(II)  with  oxygen  in  basic  solution.  Earlier*  Feigl 
and  Fiirth*^  had  reported  a  very  similar  reaction  of  a 
nickel  salt  and  o-phenylenediamine  in  aqueous  am- 
moniacal  solution  which  led  to  a  deep  blue  product  now 
known  to  have  the  formulation  Ni[a-C«H/NH)s]! 
and  to  be  the  central  member  of  a  five-membered  elec- 
tron-transfer series."  An  entirely  analogous  series, 
based  on  similar  reasoning/*"  can  be  envisaged  for  the 
[Ni-NjS J  system  consisting  of  the  members  5-9.  The 
Hieber-Bruck  product  was  claimed  by  them  to  have  the 
composition  NiO[C6H4(NH0S]s  and  the  dimeric  fisti- 
dioxo-bridged  structure  10;  this  formulation  has  beeB 
widely  quoted  in  standard  texts  and  references  as  one  of 
the  few  Ni(IV)  complexes.  As  communicated  earlier/ 
repetition  of  this  preparation '^  leads  to  a  deep  blue, 
diamagnetic  compound  whose  total  analysis  corr^ 
sponds  to  the  composition  Ni[a-C6H4(NH)S]i.**    That 

(23)  H.  V.  Pechmann  and  W.  Bauer,  Ber.,  42,  663  (1909). 

(24)  L.  Sacconi.  Z.  Anorg.  Allgem.  Chem.,  275,  249  (195^ 

(25)  F.  Fdgl  and  M.  FUrth,  Monaisk.,  4$,  445  (1927). 
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Table  IL    Epr  Results  for  [Ni-S^]  -  and  [Ni-NJ  -  Complexes* 


Complex 

Medium 

<g) 

^1 

^t 

gt 

Ref 

[NiS4C^CN)4r 

DMF-CHa, 

2.0633 

1.996 

2.043 

2.140 

4 

Single  crystal* 

(i.oeiy 

1.998 

2.042 

2.160 

11 

[NiSiC^CFOJ- 

DMF-CHa, 

2.0618 

1.996 

2.044 

2.137 

/ 

[NiSiC/COlOJ- 

DMSO 

2.056 

•  •  « 

•  •  • 

•  •  ■ 

4 

[NiS^CiHJ- 

py-CHQi 

2.056' 

1.996 

2.039 

2.126 

14 

NKtdt),- 

DMF-CHQ, 

2.082 

2.016 

2.048 

2.183 

6a 

NiIa<:aii(NH)«l|- 

DMF-acetone 

2.031- 

1.990 

2.006 

2.102 

8 

*  (g)  values  are  the  measured  values  in  solution  unless  otherwise  stated;  gu  gt,  gt  values  obtained  from  glasses  or  single  crystal.  *  Host 
crystal  (/f-Bu4NXCuS4C4(CN)4].  '  Calculated  from  anisotropic  g  values.  '  In  pyridine  solution.  •  2.034  observed  in  DMSO  solution.^* 
/  A.  Davison,  N.  Edelstdn,  R.  H.  Holm,  and  A.  H.  Maki,  Jnorg.  Chem.,  3,  814  (1964). 

TaUa  UL    Esr  Results  for  [M-NtSt]'  and  [M-N,Ot]'  Complexes  (M  -  Ni,  Cd,  Zn,  z  -  - 1 ;  M  -  Cu,  z  -  0) 


Initial  Complex* 


Medium* 


Method  of 
reduction* 


<g) 


--VJMU9,    f^^OJ    «V.- 

gl 

gl 

^1 

2.005 

2.028 

2.126 

2.006 

2.025 

2.094 

2.009 

2.027 

2.119 

1.978 

2.005 

2.026 

•  •  • 

1.979 

2.006 

•  •  • 

2.028 

1.980 

2.004 

2.025 

1.975 

2.005 
2.0027* 
2.0033* 
2.0024* 

2.026 

Ni[a-CJl^NH)S]i 

2-MeTHF 

Na(Hg) 

2.0533 

Ni[SaCsH«)NNH]t 

2.MeTHF 

Na(Hg) 

2.0435 

Ni(gma)(— Ni- 

DMF-CHQ, 

BH4- 

2.051 

(H,gma)-)» 

NKgma) 

DMSO-CHQ, 

cpe 

(2.003) 

DMF 

cpc 

2.0041 

2-MeTHF 

Na(Hg) 

(2.004) 

(/f-Bu4N)[Ni(groa)] 

DMSO-CHQ, 

•  •  • 

2.0041 

DMF-CHQ,/ 

•  •  • 

2.0042 

Zn(gnia) 

DMF-CHQ, 

cpe 

^MeTHF 

Na(Hg) 

Cd(gma) 

2.MeTHF 

Na(Hg) 

NKdbh) 

CH,CN 

cpc 

2.0006 

2-MeTHF 

Na(Hg) 

2.0009 

Ni(dtbh) 

CHsCN 

cpc 

1.9973 

2-MeTHF 

Na(Hg) 

1.9979 

Cu(dbh)/ 

2.MeTHF 

•  •  • 

2.109 

Cu(dtbh)* 

2.MCTHF, 
DMF-CHQ, 

•  •  • 

2.062 

Zn(dtbh) 

2-MeTHF 

Na(Hg) 

2.0023 

Cd(dtbh) 

2-MeTHF 

Na(Hg) 

2.0015 

2.230 


1.997* 


2.048 


2.0023 
2.0015 


*  Complex  reduced  (where  appropriate)  by  method  given  in  column  3.  *  Mixed  solvents  are  50-50  v/v.  « cpe,  controlled  potential  elec- 
trolysis; Na(Hg),  2%  sodium  amalgam.  '  Isotropic  (solution)  values;  parentheses  indicate  value  calculated  from  glass  data.  'Calculated 
from  (g)  and  g„.  /  Fresh  solution  measured.  '  Reduction  with  borohydride  in  THF  yields  Ni(Hrgma)~,  data  from  ref  18.  *  No  measur- 
able anisotropy  in  glass;  spectra  show  additional  line  and  half-field  resonance  compatible  with  triplet  species.  *  Anisotropy  not  resolvable, 
measurement  made  at  center  of  absorption.  '  (fl(**Cu))  -  7.19  X  10-»  cm-',  <a(»*N)>  -  1.13  X  10^*  cm-^  a„(««Cu)  -  1.68  X  10^«cm->, 
fl„("N)  -  1.37  X  10-»cm-^    »  {a(**Cu))  =  8.18  X  10-»cm-»,  (a(»*N))  -  1.38  X  10-»cm-». 


this  compound  is  the  central  member  7  of  the  electron- 
transfer  series  5-9  is  evidenced  by  the  two  one-electron 
reductions  in  DMSO  and  a  (very  anodic)  one-electron 


INi-NAr 

c 


7  a 


H 


n+i 


oxidation  in  dichloromethane.  The  most  oxidized 
member^  9  has  not  been  detected,  probably  because  of 
the  instability  of  the  o-thionequinoneimine  structure. 

(26)  The  correct  formulation  of  the  Hieber-Brilck  product  has  also 
been  recognized  in  reports'*'*^  appearing  shortly  after  our  original  com- 
munication.* Supporting  evidence  includes  a  parent  ion  peak  in  the 
mass  spectrum  at  m/e  304**  and  the  results  of  a  total  analysis  including 
oxygen.*' 

(27)  L.  F.  Larkworthy,  J.  M.  Murphy,  and  D.  J.  Phillips,  /.  Am. 
Chem,  Soe^  S8, 1570  (I960. 


Despite  the  relative  ease  with  which  the  neutral  com- 
plex is  reduced  to  the  monoanion  by  a  variety  of  mild 
reducing  agents,  we  have  been  as  yet  unable  to  isolate  a 
pure  salt  of  this  species. 


:S 


/     M      /      Ni      / 
10 

The  electron-transfer  propensity  of  Ni(gma)  was 
first  demonstrated  by  Stiefel,  et  aL^^^  who  have  shown 
that  the  series  Ni(gma)*  (z  =  0,  —  1,  —  2)  exists.  The 
neutral  nickel  complex  ^^  as  well  as  neutral  complexes  of 
other  metals,  ^''^  including  zinc  and  cadmium,  ^^  have 
been  isolated.  We  have  verified  the  existence  of  the 
three-membered  series  in  DMSO  and  DMF  by  polarog- 
raphy  and  have  established  by  cycUc  voltammetry  the 

(28)  E.  Bayer,  Anuew.  Chem.,  73,  659  (1961);  76^7^^V%^. 
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reversibility  of  the  electrode  reactions  in  DMF.** 
In  addition,  we  have  found  that  Zn(gma)  and  Cd(gma) 
in  DMF  and  DMSO  can  be  reduced  in  two  reversible, 
one-electron  steps  to  the  mono-  and  dianions  at  po- 
tentials significantly  more  negative  than  those  of  the 
Ni(gma)*  system.  Reduction  of  Ni(gma)  with  sodium 
amalgam  in  tetrahydrofuran  has  afforded  the  exceed- 
ingly oxygen-sensitive  monoanion  as  the  crystalline 
tetra-/i-butylammonium  salt.  Because  of  their  ex- 
treme oxidative  instability,  no  attempt  has  been  made 
to  isolate  the  zinc  or  cadmium  mono-  and  dianions  or 
the  nickel  dianion. 

An  electron-transfer  series  analogous  to  5-9  can  be 
visualized  for  the  M(gma)*  system.  The  terminal 
reduced  member  could  be  represented  by  11  (z  =  —2) 
and  the  intermediate  neutral  member  by  4  or  11  (z 
=  0)  or  some  resonance  combination  thereof.  The 
gma  ligand  system  provides  three  five-membered  che- 
late rings,  each  of  which  can  be  to  some  extent  delocal- 
ized  with  concomitant  change  in  formal  oxidation  state 
of  the  metal.*'  Obviously  related  delocalization  pos- 
sibilities exist  in  the  neutral  complexes  of  1,  2,  and  3, 
thereby  underscoring  the  electronic  similarities  of  the 
ligand  systems  known  to  promote  electron-transfer 
behavior. 


'0000'" 
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We  have  investigated  the  generality  of  electron- 
transfer  reactions  in  other  [M-NA]  complexes  by 
examining  species  having  in  principle  delocaUzation 
properties  analogous  to  those  of  7  and  4  (or  11)  but 
with  otherwise  dissimilar  ligand  systems.  In  this 
connection  we  have  reexamined  the  work  of  Jensen 
and  Miguel, '^^  who  have  reported  that  a  deep  blue 
product  of  apparent  composition  Ni[SC(Ph)NNH]i 
results  from  the  aerobic  oxidation  of  an  ammoniacal 
solution  of  nickel  chloride  and  thiobenzoylhydrazine. 
We  have  obtained  this  product  under  similar  conditions 
and  confirmed  its  composition.  The  oxidation  pre- 
sumably proceeds  through  the  intermediates  Ni[SC- 
(Ph)NHNH2],CU  and  Ni[SC(Ph)NHNH],,  both  of  which 
have  been  isolated. '^  The  deep  blue  product  can  be 
reduced  polarographically  in  DMSO  to  the  z  =  —1 
and  —2  species  at  potentials  very  similar  to  those  of  the 
Ni[o-C6H4(NH)S]i»  system.  The  structures  of  the 
Ni[SC(Ph)NNH]i*  species  can  be  represented  by  12 
and  other  appropriate  valence-bond  representations.  '^ 

Biacetylbis(thiobenzoylhydrazone)  complexes,  one 
representation  of  which  is  13,'*  bear  the  same  resem- 

(29)  No  X-ray  structural  information  on  gma  complexes  is  available 
so  that  the  relative  contributions  of  4  and  11  to  the  ground  state  of 
neutral  complexes  is  unknown.  The  structure  of  the  related  complex 
biacetylbis(mercaptoethylimine)nickel  has  been  reported  (Q.  Fernando 
and  P.  J.  Wheatley,  Inorg.  Chem,^  5,  1726  (1966));  this  species  could 
in  principle  be  considered  the  neutral  parent  of  a  three-membered  elec- 
tron-transfer series  with  z  »  0»  —  1,  —  2.  The  large  standard  deviations 
of  reported  distances  in  the  CtNa  chelate  ring,  common  to  this  species 
and  M(gma),  preclude  conclusions  relative  to  delocalization  in  this  ring. 

(30)  K.  A.  Jensen  and  J.  F.  Miguel,  Acta  Chem,  Scand.,  6,  189  (1952). 

(31)  Note  that  valence  bond  structures  can  be  written  for  Ni[o-CtH4- 
(NH)S]a<>  and  Ni(SC(Ph)NNH]a<>  which  are  entirely  analogous  to  those 
for  [NiS^CiR^P  (cf.  ref  14). 

(32)  The  structure  of  the  related  complex,  2-keto-3-ethoxybutyralde- 
AK^^^lluosemicarbazone)copper  has  been  briefly  reported  (M.  R. 
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blance  to  Ni[SC(Ph)NNH]»  as  does  M(gma)*  to  Ni- 
[o-C6H4(NH)S]2*.  Accordingly,  these  complexes,  first 
prepared  by  Bahr  and  Schleitzer,^^  do  undergo  electron- 
transfer  reactions.    The  neutral  complexes  with  M  = 


HaC  CH, 


13 

Ni,  Zn,  Cd  may  be  reduced  in  two  one-electron  steps 
to  the  z  =  —  1  and  ~  2  species  in  DMSO.  Because 
of  the  apparent  instability  of  Ni(gma)~^  in  at  least  one 
solvent  medium,  "•  *•  we  have  verified  the  existence  of  the 
—  1  ±^  0  couple  of  nickel-,  copper-,  and  zinc-dtbh 
complexes  in  three  solvents.  The  M(dtbh)-  species 
are  considerably  more  oxidatively  unstable  than  are  the 
corresponding  M(gma)~  complexes,  and  isolation  of 
them  has  not  proven  feasible.  Cu(dtbh)  is  particularly 
easily  reduced  to  a  monoanion,  but  despite  a  number  of 
attempts  we  have  not  been  able  to  isolate  a  pure  salt 
of  this  ion. 

Several  complexes  of  biacetylbis(benzoylhydrazone) 
have  been  prepared.  These  differ  from  13  only  in 
having  oxygen  in  place  of  sulfur.  Ni(dbh)  undergoes 
two  one-electron  reductions  in  DMSO  where  it  pre- 
sumably exists  as  a  paramagnetic,  solvated  species. 
Only  the  first  reduction  is  observed  in  dichloromethane 
and  acetonitrile,  in  which  the  neutral  complex  is  dia- 
magnetic  and  occurs  at  potentials  significantly  more 
negative  than  those  for  Ni(dtbh)  in  the  same  solvents. 
Cu(dbh)  and  Zn(dbh)  do  not  undergo  well-defined 
one-electron  reductions. 

Epr  Results.  (1)  [Ni-Si]-  and  [Ni-N4]~  Complexes. 
A  collection  of  g-value  data  for  all  presently  known 
anions  of  these  types  is  given  in  Table  II.  It  is  evident 
that  all  complexes  are  markedly  anisotropic  and  that 
isotropic  and  anisotropic  g  values  of  [NiS4C4R4r 
species  are  virtually  independent  of  R.  It  is  concluded 
that  all  of  these  ions,  including  Ni[o-CeH4(NH)i]!~, 
very  probably  have  the  same  ground  state  although  the 
extent  of  electron  delocalization  may  differ  somewhat 
among  the  species.  On  the  basis  of  previous  work^^ 
the  probable  ground  state  is  ^B|g,  which  generates 
the  following  characteristic  features  in  these  anions:" 
(i)  (g)  equal  to  or  in  excess  of  2.03  and  a  lower  limit 
of  '^2.05  for  [Ni-S4]";  (ii)  three  observable  principal 
g  values,  showing  that  the  effective  ligand  field  is  of 
rhombic,  not  axial,  symmetry.  These  observations  do 
not  support  a  pure  csfr  description  of  the  ground  state. 
Although  three  principal  g  values  have  been  observed 

Taylor,  E.  J.  Gabe,  J.  P.  Glusker,  J.  A.  Minkin,  and  A.  L.  Patterson. 
J.  Am.  Chem,  Soc.,  88,  1845  (196^).  The  complex  is  planar  and  is  d^ 
picted  as  having  an  a-diimine  chelate  ring;  bond  angles  and  diirtanr^ 
were  not  given. 

(33)  An  analogous  ground  state  (*Bg  in  Cih  symmetry)  applies  for 
Ni[o-CfH40S)f-  which  has  (g)  -  2.083.  gi  -  2.017,  gt  -  Z036^  fi  - 
2.191  (DNfF-CHQi),*  values  nearly  identical  with  those  of  Ni(tdt)i~  in 
the  same  medium.^ 
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Een  solutions  of  sulfur  and  sulfur-containing 
s'^  and  in  irradiated  single  crystals  of  sulfur- 
ling  compounds, '^  the  largest  anisotropic  value 
ed  is  2.066.**  Furthermore,  in  radicals  where  it 
ly  probable  that  the  odd  electron  is  essentially 
^  on  the  sulfur  atom,  (g)  has  not  been  observed 
ecd  2.03'*  and  is  frequently  /^2.01.  For  ex- 
in  the  radical  anion  of  1,8-naphthalene  disulfide, 
2.0110;  extended  Huckel  calculations  predict 
complete  localization  of  the  odd  electron  on  the 
atoms. '^  Likewise,  in  the  species  which  is  ap- 
ly  the  2,4,6-tri-/-butylphenylmercapto  radical, 
perfine  splitting  and  (g)  =  2.0104  are  found.** 
)nclude  that  the  larger  g-value  anisotropics 
>tropic  g  values  of  the  complexes  in  Table  II  are 
stations  of  appreciable  admixture  of  d  orbitals 
metal  in  the  wave  function  of  the  odd  electron. 
»dy  remarked,  the  anisotropic  and  isotropic  g 
of  Ni(mnt)i-,  as  well  as  the  ''Ni  hyperfinc 
g  tensor,  can  be  quantitatively  accounted  for 
3sg  ground  state  and  a  relatively  large  degree  of 
ligand  covalent  bonding. 
Bis-Bidentate  [M-NsSs?  Complexes.  Ni[o- 
m)S}r  and  Ni[SC(C6H6)NNH],-  were  prepared 
ium  amalgam  reduction  in  2-methyltetrahydro- 
lolution  but  were  not  isolated.  Both  ions  give 
:ingly  similar  epr  spectra  with  the  general  fea- 
i  and  ii  above.  Hyperfine  splitting  was  not 
td  in  solution.  Because  of  the  close  relationship 
n  the  g  values  of  these  complexes  and  those  in 
[I,  it  is  concluded  that  a  ^Bg  ground  state  (as- 
Cjh  symmetry)  is  very  probable  for  these  [Ni- 
sj>ecies.** 

M(giiia)~  Complexes.  Ni(gma)  has  been  re- 
by  controlled  potential  electrolysis  in  DMSO- 
solution  and  by  treatment  with  sodium  amalgam 
ethyltetrahydrofuran.  Both  methods  generate 
with  g  values  only  slightly  above  the  free-electron 
2.0023)  and  with  a  g  anisotropy  markedly  less 
hose  of  bis-bidentatc  [M-N2S2J"  or  [M-S4J" 
xes.  Further,  the  analyzed  salt  («-Bu4N)[Ni- 
in  DMSO-CHClj  solution  or  in  a  freshly  prepared 
CHCls  solution  gives  isotropic  and  anisotropic  g 
within  experimental  error  of  those  obtained  by 
:hemical  or  chemical  reduction  of  Ni(gma). 
isly,  borohydride  reduction  of  Ni(gma)  was 
t  to  produce  Ni(gma)~.**  This  is  now  known 
be  the  case  and  the  product  obtained  has  been 
ed    as    the    bridge-hydrogenated    species    14a 


^  O.  Hodgson,  S.  A.  Buckler,  and  G.  Peters,  /.  Am,  Chem.  Soc., 
1963);   J.  J.  Windle,  A.  K.  Wiersema,  and  A.  L.  Tappel.  /. 
kys„  41,  1996  (1964);  A.  Zweig  and  W.  G.  Hodgson.  Proc. 
K,,  417  (1964);  and  references  therein. 
.  Akasaka,  /.  Chem,  Phys,^  45,90  (1966),  and  references 

n  exception  to  this  statement  is  found  with  the  radical  obtained 
m  bombardment  of  a  single  crystal  of  L-cysteine  hydrochloride, 
J  gs  -  gy  -  1.99,  g«  -  2.29:  K.  Akasaka,  ibid.,  43,  1182 
The  large  value  of  g«  is  attributed  to  a  near-degeneracy  of  the 
Spy  sulfur  orbitals,  one  of  which  is  occupied  by  the  odd  elec- 
similar  situation  riiould  not  be  present  in  the  complexes  under 
n. 

.  Zweig  and  A.  K.  Hoffman,  /.  Org.  Chem,,  30,  3997  (1965). 
^  Rundel  and  K.  SchefRer,  Angew,  Chem,,  11^  220  (1965). 
I  Dth  symmetry  any  of  the  ground  states  ('Ag,  ^Big,  >Big)  con- 
d  our  previous  analysis  does  in  principle  require  a  threefold 
py  of  the  g  tensor.  ^1  Our  designation  of  the  *Bg  ground  state 
probable  for  these  [Ni-NtSa]"  complexes  is  based  only  upon 
tropies  of  their  g  tensors,  which  are  about  the  same  as  those  of 
14]*  ipccics. 
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or  14b,"  Ni(H2gma)".  The  borohyride  reduction 
product  is  reported^*  to  have  <g)  =  2.051,  gi  =  2.009, 
g2  =  2.027,  g%  =  2.119,  values  very  similar  to  those  of 
the  bisbidentate  [Ni-NjSjJ"  species. 
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Two  particular  advantages  of  the  gma  system  over 
the  bidentate  ligands  in  1-3  are  that  the  zinc  and  cad- 
mium complexes,  if  monomeric,  are  constrained  to  have 
a  more  or  less  planar  structure  similar  to  that  which 
Ni(gma)  (diamagnetic)  surely  possesses,  and  that  they 
are  reducible  to  monoanions.^  Zn(gma)~  and  Cd- 
(gma)"  can  only  be  reasonably  formulated  to  contain 
Zn(II)  and  Cd(II)  with  closed-shell  d^®  configurations 
and  a  coordinated  radical-anion  ligand  and,  therefore, 
should  be  useful  for  establishing  criteria  of  metal  orbital 
involvement  in  the  odd-electron  wave  functions  of 
[M-NjSj]  complexes.  The  g  tensors  of  Zn(gma)~  and 
Cd(gma)~  are  isotropic  in  glasses  to  the  limit  of  resolu- 
tion and  have  values  extremely  close  to  that  of  a  free 
spin. 

(4)  M(dtbh)^'~^  Complexes.  Sodium  amalgam  re- 
duction of  Zn(dtbh)  and  Cd(dtbh)  affords  the  mono- 
anions  whose  g  values  are  virtually  identical  with  those 
of  the  corresponding  gma  species.  Values  very  near 
the  free-electron  value  are  found  and  no  anisotropy  is 
measurable  in  glasses  of  2-methyltetrahydrofuran. 
Ni(dtbh)""  prepared  by  chemical  or  electrochemical 
reduction  exhibits  isotropic  g  values  just  under  the  free- 
electron  value  and  a  barely  noticeable  anisotropy  in  2- 
methyltetrahydrofuran  glass  which  was,  however,  not 
sufficiently  well  resolved  to  measure.  It  is  apparent 
that  the  degree  of  metal  orbital  involvement  in  Ni- 
(dtbh)~  is  scarcely  detectable  by  epr  measurements  and 
is  only  slightly  greater  than  that  of  ZnCdtbh)"  and 
Cd(dtbh)",  which  is  not  detectable.  Cu(dtbhy  solu- 
tions in  2-methyltetrahydrofuran  and  DMF-CHCU 
give  at  room  temperature  a  spectrum  characteristic  of 
planar  Cu(II)  complexes.**  Hyperfine  splittings  due 
to  •'•«*Cu  and  **N  are  clearly  resolved.  The  spectrum 
in  frozen  glasses  (/^8S^)  is  complex  and  has  not  been 
fully  interpreted  as  yet. 

(5)  M(dbhy^'  -  *  Complexes.  Generation  of  Ni(dbh)- 
was  accomplished  by  chemical  or  electrochemical 
reduction  of  the  neutral  complex.  The  epr  properties  of 
this  anion  are  nearly  identical  with  those  of  Ni(dtbh)~, 
p/z.,  an  isotropic  g  value  very  near  the  free-electron 
value  and  a  barely  observable  anisotropy  in  2-methyl- 
tetrahydrofuran g^ass  which  is  too  small  to  measure. 
The  epr  spectrum  of  Cu(dbh)  is  entirely  usual  for  a 
Cu(II)  complex  with  an  O2NJ  coordination  sphere.*' 

(40)  The  only  zinc  complexes  of  the  type  [Zn-Si]'  which  have  been 
reported  are  ZnCtdt)!"'  ^^  and  Zn(mnt)i''^^*  No  analogous  cadmium 
complexes  are  known  nor  are  any  [M-N4]'  species  of  either  metal. 
Unlike  other  M(nmt)t~'  complexes,  Zn(mnt)i~*  is  very  probably  tetra- 
hedrai,^'  and  in  acetonitrile  or  dichloromethane  it  does  not  undergo  a 
discrete  one-electron  oxidation. 

(41)  W.  H.  Mills  and  R.  E.  D.  Clark.  /.  Chem,  Soc„  175  (1936). 

(42)  E.  BilUg.  R.  Williams.  I.  Bernal.  J.  H.  Waters,  and  H.  B.  Gray. 
Inorg.  Chem,,  3.  663  (1964). 

(43)  A.  H.  Maki  and  B.  R.  McGarvey.  /.  Chem.  Phys,,  29,  31.  35 
(1958);  D.  Kivelson  and  R.  Neiman.  ibid,,  35,  149  (1961);  A.  K.  Wier- 
sema and  J.  J.  Windle,  /.  Phys,  Chem,,  68,  2316  (1964). 
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Figure  1.  Qualitative  molecular  orbital  diagrams  for  c/5^[M-StNt]' 
complexes:  (a)  [M(dtbh)]«,  [M(dbh)]«,  [M(gma)]«  complexes  (see 
text  for  comments  about  variable  energy  order  of  <r*(bi)  and  T*(bs)); 
(b)  j^'m-NiCHigma)". 


Criteria  of  Metal-Orbital  Involvement.  We  take  as 
models  for  the  paramagnetic  dtbh  and  gma  complexes 
in  which  there  will  be  minimal  metal  orbital  involvement 
in  the  odd-electron  wave  functions  the  monoanions  of 
zinc  and  cadmium.  In  the  neutral  complexes  both  the 
ligand  and  metal  have  closed-shell  configurations.  The 
odd  electron  added  in  the  hrst  reduction  step  is  then 
described  by  what  must  be  an  essentially  ligand-based 
MO  (vide  infra).  The  g  tensors  anticipated  approach 
those  of  an  aromatic  free  radical.  The  extent  to  which 
sulfur  atoms  will  increase  the  g  value  above  the  free- 
electron  value  by  spin-orbit  coupling  is  difficult  to 
predict.  On  the  basis  of  available  results  this  effect  is 
slight  in  aromatic  radicals.**  Accordingly,  it  is  pro- 
posed that  gma  and  dtbh  complexes  having  coordinated 
radical-anion  ligands  should  manifest  the  following 
g-tensor  properties  characteristic  of  aromatic  radicals:** 
(i)  isotropic  values  less  than  ^^2.01,  and  (ii)  slight  or 
unresolvable  anisotropy.  As  pointed  out  elsewhere," 
when  comparing  complexes  of  the  same  metal  with 
different  ligands,  it  is  especially  desirable  to  have  meas- 
urement of  the  anisotropic  dipole-dipole  contribution 
to  the  electron-nucleus  hyperfine  tensor  in  addition  to 
the  principal  components  of  the  g  tensor.  However, 
such  information  is  available  only  for  Ni(mnt)2~  so 
conclusions  about  metal-orbital  involvement  can  be 
drawn  only  from  properties  of  the  g  tensors. 

Using  these  criteria  the  paramagnetic  complexes 
considered  in  this  work  are  assigned  the  ground-state 
descriptions  as  shown  in  Table  IV.  The  classification 
of  Ni(gma)"  is  perhaps  least  satisfactory.  Compared 
to  the  [Ni-S4j"  and  the  [Ni-N4j"  species,  this  complex 
has  the  least  metal  admixture  in  the  odd-electron  or- 
bital, as  judged  from  the  smaller  g  anisotropy,  such  that 
this  orbital  is  mostly,  but  not  completely,  ligand-based. 

The  most  striking  correlation  which  is  apparent  in  the 
classification  of  the  [Ni-S^NjJ"  complexes  is  the  effect 
of  bridge  conjugation  on  the  description  of  the  ground 
state.  This  effect  is  well  illustrated  by  the  comparison 
of  Ni(H2gma)~  and  Ni(gma)~,  where  the  cis  geometry 
is  maintained.  Conjugation  of  the  ligands  leads  to  a 
striking  reduction  in  the  g  tensor  (cf.  Table  III),  con- 

(44)  It  is  significant  to  note  that  <^)  »  2.03  and  Agmax  "  0.06  have 
thus  far  been  observed  only  in  alkylsulfur  radicals,  where  substantial 
delocalization  of  the  odd  spin  onto  the  hydrocarbon  portion  is  unlikely. 

(45)  For  a  tabulation  and  discussion  of  ^  tensors  of  oriented  r-elec- 
tron  free  radicals  (not  containing  sulfur),  cf.  J.  R.  Morton,  Chem,  Rev., 
64,  433  (1964). 
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sistent  with  an  increase  in  the  ligand  character  of  the 
half-filled  molecular  orbital.  This  correlation  has 
prompted  us  to  deduce  from  the  paramagnetic  resonance 
results  a  qualitative  molecular  orbital  model  for  bonding 
in  these  complexes. 

Simplified  Bonding  Model.  cis-iM-NtStY  complexes 
possess  the  common  chelate  ring  structure  (15)  of  C^ 
symmetry.    The  t  and  a  MO's  transform  as  ai  +  bi 


X 
ii 


N. 


u 


,N 


15 


and  ai  +  bi,  respectively.  Symmetries  of  the  metal 
orbitals  are  as  follows:  ai  ~  d.t,  dx«-y«,  s,  p,;  as 
—  dy,;  bi  —  d,^  pyi  bj  —  dx„  p,.  Because  of  the 
over-all  complexity  of  these  systems,  we  outline  what 
appears  to  be  the  simplest  possible  model.  A  partial, 
qualitative  MO  diagram  for  [M(dtbh)]*,  [MCdbh)]*, 
and  [M(gma)]*  complexes  is  set  out  in  Figure  la.  TTic 
orbitals  shown  are  those  which  presumably  will  have 
significant  metal  character  and/or  those  which  will  be 
relevant  in  ground-state  descriptions.  TTie  complex 
metal-Ugand  orbital  mixing  allowed  by  symmetry 
has  been  simplified  by  assuming  that,  for  the  purpose  of 
ground-state  descriptions,  the  most  important  x  mixing 
will  involve  ligand  orbitals  which  are  most  nearly  non- 
bonding;  these  are  just  those  which  are  the  highest 
filled  and  lowest  vacant  orbitals  in  the  dinegative  ligand. 
The  energy  order,  symmetries,  and  eigenvectors  of  these 
orbitals  were  obtained  from  a  series  of  Hiickel  calcu- 
lations. *•  The  results  are  given  in  Table  V.  The  co- 
efficients ce-cio  (not  shown)  are  obtained  for  the  ai 
and  hi  orbitals  by  multiplying  ci-c*  by  —  1  and  -fl,  re- 
spectively.    For  dtbh,  dbh,  and  gma,  the  forms  of  T^(ai) 

(46)  To  assure  the  reliability  of  the  energy  orders  and  general  forms 
of  the  eigenvectors,  the  ordinary  HUckel  parameters  k  and  A  in  a«  «  a 
+  hifi  and  /S,/  »  kijfi  were  varied  over  wide  ranges  in  calculations  for 
gma,  dtbh,  and  dbh.  Particular  attention  was  given  to  the  sulfur  param- 
eters whose  suggested  values  are  variant  and  dependent  on  the  spe- 
cific system  and  property  under  investigation.^^  Representative  results 
were  obtained  with  ^ck  "^  /9nn  »  fi  and  aw  -  a  +  0.5^  for  the  three 
ligands.  Using  these  parameters  and  simultaneously  varying  itca  and 
As  over  the  limits  0.5  Z  kcs  ^  1.5  and  0  Z  As  Z  2,  it  is  found  that  for 
dtbh  and  gma  the  energy  differences  between  r^(aa)  and  v*(biX  r*(mi 
and  the  next  most  stable  MO,  and  t*{\h)  and  the  next  highest  MO  aie  all 
'M).4-0.8/J  or  more. 

(47)  D.  S.  Sappenfield  and  M.  M.  Kreevoy,  Tttrahedton  SypfL  2t 
157  (1963);  A.  Kuboyama, /.  Am.  Chem.  Soc.,  86,  164  (1964);  R.  Gcr- 
dil  and  E.  A.  C.  Lucken,  ibid.,  87,  213  (1965);  E.  T.  Strom  and  O.  A. 
Russell,  Ibid.,  87,  3326  ( 1965).  For  a  discussion  of  sulfur  parameters  ia 
HMO  theory,  cf.  R.  Zahr^dnik,  Advan.  Heterocyclic  Chem.^  5, 1  (196S). 
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V.    Molecular  Orbitals  of  dtbh,  dbh,  gma,  and  Higma* 


.X| 


iflX, 


^«-N 
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Cr-Ci 
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dtbh:X-S^Y-N 
dbh:  X-0,y-N 
gma,  I^gma:  X-S,  Y-C 


MO 


«« 


c% 


C4 


C» 


bh»^ 


;  »x*(aO 
irL*(b,) 
iTL*(a,) 

TL*(b,) 

ix*(ai) 
'  ix*(b,) 


-H*na.  |^^(SS 


0.1031 
-0.4236 

0. 1659 
-0.4397 

0.1504 
-0.2998 

0.0000 


-0.3697 
-0.3159 
-0.2316 
-0.2327 
-0.4518 
-0.2170 

-0.5345 


+0.1467 
+0.2918 
+0.2059 
+0. 3010 
+0.1579 
+0.1736 

+0.2673 


+0.3962 
+0.0811 
+0.4078 
+0.0958 
+0.2538 
+0.0128 

+0.2672 


-0.3040 
-0.3667 
-0.3422 
-0.3910 
-0.2082 
-0.4224 

-0.5345 


-0.2755 
+0.2576 
-0.2935 
+0.2716 
-0.1810 
+0.3250 


il  results  obtained  with  /3cn  ^  Pvjt  ^  fi,as  "  ci+  0.5/3.    *  /9c8  »  Pen  »  /9,  as  -°  a  +  0.5/3.    « Pvs  »  fi*  phenyl  groups  coplanar  with 


'molecule.    '  ao  *  a  +  1.5/9. 


and  ir*(b2)  (17)  are  shown  below  in  schematic 
.    On  the  basis  of  the  form  of  its  eigenvector  T*(at) 


16 


17 


>ected  to  mix  significantly  with  dp,.  On  the  other 
,  overlap  of  irj*  (bt)  wth  dxn  is  not  large^  and  pre- 
bly  little  mixing  occurs.  On  this  basis  Tr*(bt) 
lure  la  is  heavily  ligand  in  character. 
e  tetradentate  complexes  which  have  been  isolated 
nerated  chemically  or  electrochemically  in  solution 
nto  the  isoelectronic  groups  I-V  below,  arranged 
rder  of  increasing  number  of  valence  electrons, 
dtbh  system  offers  the  broadest  base  for  ground- 
comparisons  because  all  species  in  these  groups 
been  prepared  or  generated.    In  addition  to  the 


II 
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IV 


u^ 


Kr 

Ni-« 

Cvfi 

C\r 

Zn^ 

Zn- 

Zn-« 

Cdo 

Cd- 

Cd-« 

lata  already  discussed,  it  is  noted  that  Ni®,  Zn^ 
Cd®  complexes  are  diamagnetic.  No  direct  evi- 
5  is  available  relating  to  the  ground  states  of  Cw^ 
oup  I,  Ni"*  or  Cu""  in  group  III,  and  Zn~*  and 
in  group  V.  Examining  first  group  II  complexes, 
pr  data  leave  little  doubt  that  the  ground  states  of 
and  Ni"  are  different.  Both  Cu(dbh)  and  Chi- 
i)  give  characteristic  spectra  of  Cu(II)  complexes 
ig  near-axial  symmetry.    Referring  to  Figure  la, 

complexes  are  assigned  the  configuration. .  .- 
>i).  Ni(dtbh)~  and  Ni(dbh)-,  on  the  other  hand, 
fest  spectra  not  compatible  with  this  configura- 

Their  csfr  formulations  are  best  accommodated 
verting  the  order  of  <r*(bi)  and  7r*(bj),  leading  to 
:onfiguration  . . .  t*  ^(bi).  A  slight  admixture  of 
I  this  MO  and/or  mixing  in  other  configurations  by 
orbit  coupling  could  account  for  the  just  notice- 
but  unresolvable  g-tensor  anisotropy.    All  MO's 


in  group  I  complexes  up  to  and  including  Tr*(ai)  are 
filled.  The  configuration  of  the  Ni®  complexes  is 
presumably  ...ir^Cbj),  2a*\2Li),  7r**(a2).  The  relative 
order  of  these  orbitals  is  not  known,  but  the  results  on 
group  II  complexes  strongly  indicate  that  they  are  of 
lower  energy  than  a*(hi)  or  T*(bj).  In  group  III  the 
. . .  o"*  *(bi)  configuration  for  Zn®  and  Cd®  is  assigned. 
The  possibility  of  triplet  ground  states,  p/z.,  a*^0>{) 
7r**(b2),  for  Cu~  and  Ni"*  is  recognized,  but  no  in- 
formation is  available.  The  ir*H)h)  configuration  is 
believed  to  apply  to  the  group  IV  species.  Here  metal 
orbital  admixture,  as  reflected  by  the  epr  results,  is 
minimal  due  to  the  stability  of  the  effective  d^®  con- 
figuration of  the  coordinated  metal.  The  ir^^Cbj) 
configuration  follows  for  the  species  of  group  V. 

Finally,  attention  is  turned  to  a  comparison  of 
Ni(gma)~  and  Ni(Higma)",  which  have  markedly  differ- 
ent g  tensors.  For  H2gma  in  both  the  symmetrical 
(14a,  sym)  and  unsymmetrical  forms  (14b,  unsym\ 
a  series  of  Huckel  calculations  similar  to  those  for  gma 
was  performed  *•  but  with  /See  =  0  and  one  or  both  /3cn 
values  for  the  bridge  taken  as  zero.  Compared  to  gma, 
the  absence  of  a  conjugated  bridge  t  system  in  either 
structure  leads,  in  any  calculation,  to  a  much  reduced 
interaction  of  the  two  halves  of  the  ligand  system.  It  is 
just  this  effect  which  is  believed  to  account  for  the 
difference  in  magnetic  properties  of  the  two  complexes. 
Because  the  detailed  structure  of  Ni(H2gma)~~  is  at 
present  unknown,  14a  is  selected  as  the  model  structure 
for  investigating  the  effect  of  bridge  hydrogenation 
on  ground-state  electronic  properties.  Use  of  this 
structure  facilitates  a  direct  comparison  with  the  parent 
ion,  Ni(gma)~,  for  both  have  idealized  Cjy  symmetry. 
In  5;;m-H2gma~'  the  ligand  orbitals  taken  to  be  most 
important  in  ir  mixing  with  the  metal  orbitals  are7rL*(b2) 
and  irL*(a2),  both  of  which  have  a  Huckel  energy  of 
0/9.^  These  orbitals  have  forms  similar  to  16  and  17 
but  with  no  contribution  from  the  bridge  carbon  atoms 
(c/.  Table  V).  As  before,  irL*(a2)  will  mix  much  more 
strongly  with  dy,  than  will  irL*(b2)  with  d„.  A  quali- 
tative MO  diagram  for  5>^/w-Ni(H2gma)"  showing  the 
orbitals  of  principal  interest  is  given  in  Figure  lb. 

(48)  These  are  the  highest  occupied  and  lowest  vacant  orbitals  in  the 
dinegative  ligand.  Using  the  parameters  in  Table  V  the  next  most  stable 
and  unstable  orbital  pairs  have  energies  of  0.5656^9  and  — 1.1294^^ 
respectively. 


Jloint,  Balch^  Davison^  Maid.  Berry  /  Electron-Troiutfer  Complexes  of  t\«\>l 


2874 

Unlike  the  case  of  Ni(gma)-,  the  differential  mixing  of 
^L*(a2)  and  irL*(bj)  with  metal  orbitals  will  depend 
nearly  completely  on  overlap,  rather  than  on  a  com- 
bination of  overlap  and  relative  energy  factors.  This 
situation  will  almost  certainly  lead  to  the  energy  order 
7r*(ai)  >  ir*(b2)  for  5;?w-Ni(H2gma)",  compared  to 
Tr*(\H)  >  Tr*(sii)  for  Ni(gma)~.  Further,  the  epr  results 
for  the  former  require  <r*(bi)  >  7r*(a2)  inasmuch  as  the 
observed  g  tensor  does  not  reveal  the  near-axial  sym- 
metry expected  from  the  a*  ^(bi)  configuration.  There- 
fore, the  ...7r2(b2),  2a**(ai),  7r*^b2),  7r**(a2)  ground 
configuration  is  assigned  to  5>^/w-Ni(H2gma)-,  with  the 
order  of  orbitals  more  stable  than  7r*(a2)  unknown. 
The  proposed  appreciable  admixture  of  dy,  in  this  MO 
results  in  a  situation  analogous  to  the  ^Bsg  states  of 
[Ni-Si]-  and  [Ni-N4r  and  to  the  ^B^  state  of  trans- 
[Ni-S2N2]",  and  on  this  basis  could  account  for  the 
observed  g-tensor  anisotropy. 

Summary 

The  principal  result  of  this  work  is  the  experimental 
establishment  of  g-tensor  properties  for  coordinated 
radical  anions.  For  those  complexes  assigned  the 
csfr  formulation,  the  measured  g  tensors  suggest  the 


following  order  of  decreasing  metal  orbital  involvement 
in  the  odd-electron  wave  functions:  NiCgma)"  > 
Ni(dtbh)-  ~  Ni(dbh)-  >  Zn(gma)-  ~  Zn(dtbh)-  ^ 
Cd(gma)""  ^  Cd(dtbh)~.  The  persisting  problem  is  the 
establishment  of  the  quantitative  degree  of  metal  orbital 
involvement  in  these  series  of  complexes  which  possess, 
in  the  phraseology  of  Schrauzer  and  Mayweg,*^  *'d^ 
localized  ground  states."  In  an  experimental  epr  sense, 
all  that  can  be  presently  done  is  to  measure  the  departure 
of  the  g  tensor  from  its  properties  in  a  cation-stabilized 
free-radical  complex  toward  those  expected  for  a  com- 
plex in  which  the  electron  is  essentially  metal-localized. 
At  what  point  the  description  is  changed  from  ligand 
free  radical  to  metal-localized  radical  is  currently  a 
subjective  matter.  ^^  As  already  emphasized,  cifha 
description  is  inadequate  and  neither  supplants  a 
complete  molecular  orbital  treatment  including  con- 
figuration interaction  and  spin-orbit  coupling,  which 
produces  a  ground  state  demonstrably  reconcilable  with 
experiment. 
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Abstract:  The  approximation  involved  in  using  the  observed  OH  wavenumber  shift  of  phenol  upon  hydrogen- 
bond  formation  as  a  measure  of  the  magnitude  of  the  interaction  has  been  examined.  The  equation  — A^  » 
0.016Avo-H  +  0.63  has  been  recast  in  terms  of  the  change  in  the  OH  bond  energy  of  phenol  on  adduct  forma- 
tion, 5£bH,  and  the  energy  of  formation  of  the  new  bond  between  the  donor  and  the  hydrogen  Ehb.  The  results 
of  molecular  orbital  calculations  (extended  Hiickel  variety)  have  been  analyzed  in  terms  of  the  bond-energy  relation- 
ship for  the  original  bond  to  hydrogen  and  the  hydrogen  to  base  bond.  These  results  provide  theoretical  justifica- 
tion for  the  original  relationship.  Furthermore,  this  treatment  has  yielded  a  parameter  which  is  a  quantitative 
measure  of  the  response  of  the  OH  bond  of  the  acid  to  perturbation  by  an  approaching  lone  pair  of  electrons. 


In  1962  an  enthalpy-OH  wavenumber  shift  (Aj^oh) 
relationship'  for  phenol  adducts  was  present^ 
which  involved  a  wide  range  of  electron-pair  donors. 
The  two  experimental  quantities  were  related  by  the 
equation 

-Atf  (±0.5  kcal  mole-0  =  0.016APo^h  +  0.63    (1) 

The  work  verified,  at  least  for  phenol  adducts,  the 
earlier  prediction'  of  a  linear  relationship  between  the 
enthalpy  of  hydrogen-bond  formation  and  OH  wave- 
number  shift.    Lippencott  and  Schroeder*  several  years 

(1)  (a)  Presented  at  the  5th  National  Meeting  of  the  Society  for  Ap- 
plied Spectroscopy,  Chicago,  HI.,  1966;  (b)  abstracted  in  part  from  the 
doctoral  dissertation  of  K.  F.  Purcell,  University  of  Illinois,  1965. 

(2)  M.  D.  Joesten  and  R.  S.  Drago.  /.  Am.  Chem.  Soc,  84,  3817 
(1962). 

(3)  R.  M .  Badger  and  S.  H.  Bauer.  /.  Chem.  Phys.,  5,  839  (1937). 
{4J  R  R.  Lippencott  and  R.  Schroeder,  ibid.,  23,  1099  (1955). 


ago  presented  a  semiempirical  model  of  the  hydrogen 
bond  which  also  predicted  a  linear  relationship  between 
these  two  quantities  over  an  enthalpy  range  of  —1  to 
approximately  — 14  kcal  mole~^  A  very  slight  curva- 
ture near  the  origin  was  predicted  which  implied  a 
nonzero  intercept  on  the  enthalpy  axis  upon  extrapda- 
tion  of  the  linear  portion  of  the  curve. 

More  recently,  other  workers^*^  have  questioned  the 
validity  of  this  linearity.  They  have  studied  weak 
donor  systems  which  apparently  do  not  obey  this  rela- 
tionship. In  addition  it  has  been  stated*  that  there  is 
no  theoretical  basis  for  the  existence  of  such  a  relation- 
ship. This  uncertainty  has  stimulated  us  to  examine 
the  theory  of  frequency  shifts  from  the  point  of  view 

(5)  R.  West,  D.  L.  Powell,  L.  S.  Whately,  M.  K.  T.  Lee,  and  P. 
von  R.  Schleyer,  /.  Am.  Chem.  Soe.,  84,  3221  (1962). 

(6)  D.  L.  Powell  and  R.  West.  Spectrochim.  Acta^  20, 983  (196^ 
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he  approximations  involved  in  the  vibrational 
:ts  of  the  problem  and  also  to  examine  the  changes 
le  molecular  orbitals  defining  the  A-H  •  •  •  B  hy- 
sn-bond  system  as  the  H  •  •  •  B  interaction  is  d- 
By  so  doing  we  hoped  to  find  theoretical  jus- 
tion  for  the  large  amount  of  data  which  is  in  accord 
this  relationship. 

olatioiis 

le  molecular  orbital  calculations  are  Icao-mo  cal- 
tions  of  the  extended  Hiickel  type^  including  a  pro- 
re  for  adjusting  valence-state  ionization  energies 
orbital  exponents  for  core  charge.  A  calculation 
rative  with  respect  to  a  self-consistent  set  of  atom 
fcsfi    OiT-diagonal  H  matrix  elements  were  taken 

neutral  atom  valence-state  ionization  energies  are 

;  of  Hinze  and  JaiT6.*    Slater  atomic  functions  have 

used. 

e  simple  valence  force  constant  calculations  were 

td  out  by  hand  using  the  GF  formulation  described 

'Hson,  et  al.^^ 

Its  and  Discussion 

studying  the  wavenumber  shift-enthalpy  relation 
ydrogen-bonding  acids,  one  is  faced  with  the  ques- 
of  what  does  the  wavenumber  shift  actually  meas- 
nd  how  is  this  related  to  the  total  enthalpy  for  the 
ation  of  a  hydrogen  bond.  It  is  certainly  true 
the  change  in  the  force  constant  of  the  O-H  bond 
henol,  for  example)  is  a  better  measure  of  the 
ge  in  the  strength  of  that  bond  than  the  wave- 
>er  shift  because  the  frequency  assigned  as  the 
i  stretching  vibration"  is  that  determined  by  at 
a  three-body-two-force  constant  oscillating  sys- 

One  approximation  normally  made  is  that  kine- 
:  coupling  of  the  O-H  stretching  coordinate  with 

vibrational  coordinates  within  the  acid  itself  is 
;ible  or  at  least  invariant  under  the  conditions 
duct  formation.  Owing  to  the  high  energy  of  the 
itretching  vibration  and  the  large  mass  of  the  oxy- 
tom,  this  is  a  good  approximation  for  C-O,  O-H 
ling.  Phenol,  for  example,  would  be  considered 
two-body  system  with  the  phenyl  ring  and  the 
m  or  the  oxygen  alone  acting  as  a  single  "atom." 
lydrogen-bonded  adduct  may  then  be  represented 

s  B  represents  the  donor  atom  or  molecule  and  O 
sents  the  remainder  of  the  acid  molecule.  A  sec- 
approximation  that  has  been  made  is'  to  ignore 
orce  constant  of  the  H "  *  B  bond  and,  hence,  to 
the  hydrogen-bonded  adduct  as  a  diatomic 
:ule.  This  approximation  is  significantly  poorer 
the  first  because  of  the  small  mass  of  the  hydrogen 
but  is  the  one  which  leads  to  the  use  of  frequency 
itself  as  a  measure  of  the  change  of  OH  force 
ant  or  strength  of  the  O-H  bond. 

I.  Hoffmann,  /.  Chem.  Phys.,  39,  1397  (1963). 

\  C  Van  Der  Voorn,  Doctoral  Dissertation,  University  of  Illi- 

965. 

I  Hinze  and  H.  H.  Jaff^.  /.  Am.  Chem,  Soc.,  84,  540  (1962). 

£.  B.  Wilson,  J.  C.  Dedus,  and  P.  C.  Cross,  "Molecular  Vibra- 

McGraw-HiU  Book  Co.,  Inc.,  New  York,  N.  Y.,  1955. 


Recently,  data  have  become  available  which  allow 
an  assessment  of  this  last  approximation.  Ginn  and 
Wood^^  have  obtained  spectra  for  carbon  tetrachloride 
solutions  of  phenol  containing  trimethylamine,  tri- 
ethylamine,  and  pyridine  in  the  region  380-80  cm^^ 
They  find  vibrations  in  this  region  which  they  attribute 
to  stretching  of  the  H  •  •  •  B  bond :  trimethylamine  at 
143  cm~^  triethylamine  at  123  cm^^  and  pyridine  at 
134cm-». 

Using  the  experimental  values  of  S.S08  sec~'  for 
XoH*  and  0.012  sec~*  for  Xhb**  in  the  trimethylamine 
adduct  and  7.681  sec-*  for  the  O-H  vibration  of  the 
phenol  monomer,'  the  vibrational  secular  equations 
were  solved  for  the  corresponding  force  constants. 

The  solutions  to  these  equations  are  given  in  Table 
I.  According  to  these  results  there  is  a  pronounced 
decrease  in  the  O-H  force  constant  of  phenol  upon  hy- 
drogen-bond formation  with  trimethylamine. 

Table  I 


^0H» 

mdynes/A 


F'ohA 
mdynes/A  Vi 


FoH* 

F'OH* 
F"oH' 

Fhb 


7.660 
5.026 
5.493 
0.478 


2.76 
2.24 
2.34 


•  FoH  is  the  monomer  phenol  force  constant.  ^  F'oh  is  the 
**tnie'*  adduct  phenol  force  constant.  '  F"on  is  the  adduct  phenol 
force  constant  ignoring  the  H  •  •  •  B  bond. 


In  comparing  F'oh  and  F'^qh  we  find  that  in  ignoring 
the  H-  •  B  force  constant  a  10%  error  in  Fqh  results 
and  that  the  error  in  Fqu^*  is  only  about  5  %.  How- 
ever, the  difi'erence  between  these  two  calculated  changes 
in  O-H  force  constant  is  ^^20%  (for  Fqh^*  -0.52 
vs.  —0.42).  The  importance  of  Fqh^*  wiU  be  seen 
shortly.  Trimethylamine  is  one  of  the  strongest  bases 
to  have  been  studied  with  phenol,  and  this  force  con- 
stant may  be  taken  as  an  approximate  upper  limit  for 
H  •  •  •  B  bonds  in  phenol  adducts  used  in  the  correlation. 

It  is  interesting  to  compare  this  value  with  the  N-B 
force  constant  ^«  for  (CHj)iNBHj  (=2.4  mdynes/A) 
and  with  the  N-H  force  constant  for  (CHa)tNH+  which 
will  be*®  on  the  order  of  5  mdynes/A. 

The  relationship  between  the  O-H  wavenumber  shift 
or  force  constant  and  enthalpy  of  adduct  formation 
(in  a  poorly  solvating  solvent)  may  now  be  examined. 
The  enthalpy  change  for  the  reaction  of  phenol  with  a 
Lewis  base  may  be  thought  of  as  consisting  of  two  con- 
tributions :  the  change  in  the  phenol  O-H  bond  energy, 
JJ^o-H,  and  the  bond  energy  of  forming  the  new  hydro- 
gen bond  to  the  base,  ^hb* 


A^   «   6Eom   +  Fhb 


(2) 


Any  nonbonded  repulsions  which  occur  between  the 
oxygen  atom  and  the  base  are  implicitly  absorbed  in 
^HB*  This  contribution  to  AH  will  be  small  but  varies 
with  the  base  and  is  properly  considered  as  one  of  the 
factors  affecting  the  basicity  of  a  lone-pair  donor  toward 
a  hydrogen-bonding  acid.  Now  a  relationship  between 
the  change  in  O-H  bond  energy  and  the  wavenumber 
shift  or  force  constant  change  is  needed  as  well  as  a 

(11)  S.  G.  Ginn  and  J.  L.  Wood,  Proc,  Chem,  Soc.,  884(1965). 

(12)  R.  C.  Taylor,  Advances  in  Chemiitry  Series,  No.  42,  AmieckM\ 
Chemical  Society,  Washingtofu  D.  C.«  V^^^'^  ^« 
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relationship  between  ^hb  and  the  O-H  wavenumber 
shift.  Several  authors  ^''^^  discuss  the  relationship 
between  JDo,  the  bond  dissociation  energy,  and  u>t  (the 
harmonic  oscillator  vibrational  energy  in  cm^^  and 
Xt  (the  anharmonicity  constant  for  that  oscillator)  for 
an  anharmonic  diatomic  oscillator 

D.  -  Z).(l  -  2^.)  =  ^0  -  2*.) 

where  JDc  equals  Do  plus  the  zero-point  energy.  A 
change  in  oscUlator  frequency  may  then  be  related  to 
a  change  in  Do  by 

iDo  =  4^  (1  -  2x.) 

for  no  change  in  jCe.  ^^  Since  a)a  (the  anharmonic  energy 
incm"Oisgivenby 

<0a  =   «e(l   —  2Xe) 

SD09  in  terms  of  &«)»,  is  simply 


•  w^  8<0a  ^_  8<0a 

5/).  =   ;^^or8£,=   -;^^ 


(3) 


Eo  is  meant,  here,  to  be  the  bond  energy,  and  5wa  < 
0  implies  that  SEo  >  0.  For  6E0  in  kcal  moler>,  the 
above  relation  is 


8£o  =  -  4J"  «"• 


(4) 


with  Planck's  constant  in  units  of  kcal  molecule"'  sec. 
Since  &>,  is  given  by 

it  follows  that  5<o«  and  A/Te'"^'  are  related  by 

Rewriting  this  in  terms  of  an  anharmonic  force  constant, 
k^  one  obtains 


Jw.  = 


1 


2irc\//i 


=A(*0*/' 


The  last  two  equations  are  identical  when  jCe  »  0. 
The  relationship  for  change  in  Eo  and  change  in  k^^^* 
is  given  by 


5£c 


-^:g^-k- 


Some  experimental  justification  for  the  linear  relation- 
ship between  Eo  and  <0a  or  kg,^^*  for  a  given  bond  type 
has  been  given  by  Fox  and  Martin.**  Our  problem 
lies  in  evaluating  SEo  for  the  OH  bond  in  phenol  from 
APobsd  (the  observed  wavenumber  change)  which  differs 
from  iwa  by  virtue  of  vibrational  coupling  of  the  OH 
and  H  •  •  •  B  coordinates  in  the  "OH"  normal  coordinate. 

(13)  G.  Herzberg,  "Spectra  of  Diatomic  Molecules,*'  D.  Van  No»- 
trand  Co.,  Inc.,  New  York,  N.  Y.,  1950,  p  100. 

(14)  G.  W.  King,  "Spectroscopy  and  Molecular  Structure,**  Holt, 
Rinehartand  Winston,  New  York,  N.  Y.,  1964,  p  163. 

(15)  Unfortunately,  we  are  frustrated  by  both  a  lack  of  proper  data 
and  a  theoretical  means  to  account  for  variation  in  x,  in  the  adducts. 

(W  O.  Fox  and  A.  Martin,  Tram,  Faraday  Soc.,  36,  897  (1940);  /. 
CA^m,  Sac,,  884  (1939). 


Ideally  one  would  try  to  observe  both  Pqh  and  Ph-  -b 
and  carry  out  a  normal  coordinate  analysis  for  each 
adduct  as  was  done  for  phenol-trimethylamine  above. 
Each  analysis  would  yield  kg,  (or  kg,^^*)  and  allow  the 
calculation  of  5(i)a  and  6Eo  directly  for  the  OH  bond. 
As  noted  earlier,  both  vibrational  energies  are  generally 
not  available.  Until  such  data  become  available  one 
is  left  to  approximate  5(i)a  by  APobsd*  The  seriousness 
of  the  ensuing  error  is  judged  by  the  data  in  Table  I 
which  show  that  the  use  of  Pobsd  for  the  adduct  con- 
stitutes a  S  %  error  in  approximating  a)a  in  the  adduct 
while  the  error  in  using  APobsd  (the  change  in  wave- 
number)  for  5a)a  underestimates  the  latter  by  ca.  20%. 

It  is  interesting  to  consider  at  this  point  the  cumula- 
tive errors  introduced  by  the  Birge-Sponer  relationship 
as  applied  here  (eq  4)  and  that  introduced  by  setting 
APobad  -  i^BL'  The  Birge-Sponer  method  of  obtaining 
Eo  is  known  **'^*  to  overestimate  Eo  by  ca.  20%.  As 
noted  above,  APobid  is  ca.  20%  smaller  than  5ci)a.  The 
two  approximations  made  here,  therefore,  will  cancel 
one  another  to  within  a  few  per  cent  and  will,  therefore, 
result  in  a  cumulative  error  of  ca.  5  %,  say  in  the  value 
of  SEoH  calculated  using  eq  6  below.  The  error  limits 
in  eq  1  range  from  ^20  %  for  low  AH  to  ^^5  %  for  the 
larger  AH.  It  is  therefore  seen  that  this  method  of  ob- 
taining 6EoH  ff  om  APobtd  is  valid  to  well  within  the  limits 
of  the  original  empirical  relationship. 

It  appears  that  if  a  more  accurate  determination  of 
5(i)a  should  be  made,  it  must  be  accompanied  by  a  more 
accurate  relation  between  SEo  and  i(i)a  (that  resulting 
from  the  Rydberg  potential  function,  for  example)  if 
one  wishes  to  maintain  an  uncertainty  of  ^^5  %  in  the 
calculated  SfoH* 

In  order  for  eq  1  to  be  theoretically  sound  there  must 
be  a  linear  relationship  between  the  energy  of  the  base 
to  the  hydrogen  bond,  ^hb*  &nd  the  destabilization  of 
the  0~H  bond.  From  the  equations,  in  which  Planck*s 
constant  has  units  of  kcal  sec/molecule 


AH 


'-m 


8woH  +  E] 


HB 


(5) 


and 


S-^OH  =  '~\4 — )**^H 


(6) 


one  can  determine  ^hb  &nd  S^oh*  This  has  been  done^ 
for  some  literature  data^*^  using  APqh  for  jo^oh-  The 
results  are  shown  in  Figure  1  and  Table  II.  The  dotted 
lines  in  the  figure  are  the  error  limits  (dbO.S  kcal/mole) 
reported^  for  the  90%  confidence  level  of  the  APq^-AH 
relationship.  It  is  seen  that  £hb  is  linearly  related 
to  SEouy  as  is  required,  with  a  nonzero  intercept  on  the 
J^HB  axis  of '^—0.6.  It  is  interesting  to  note  also  the 
reasonable  magnitudes  of  the  ^hb  for  coordinate  bonds. 
Equation  1  may  now  be  recast  as 


AH 


'(}■- 


he 


—  j  APoh  +  constant 


where  k'  is  the  slope  of  the  E^b*  APqh  relationship.  In 
terms  of  SEqh  (SEqu  =  ^^hb  +  constant,  k  =  (hcNI 
4jCe)A:')  this  constant  (*  =  —0.682  for  phenol)  measures 
the  response  of  the  0~H  bond  to  the  effect  of  an  ap- 

(17)  The  anharmonicity  constant  for  p-chlorophenol  was  determined 
in  this  laboratory  to  be  0.0229;  the  value  0.0227  for  pheaol  was  calcu- 
lated from  data  in  ref  6. 
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AVoM  (CM-') 


^        8       12      16      20 

ftCoM  (KCAL/MOLE) 

L   Energy  of  the  H-  •  -B  bond  as  a  function  of  the  change 
sy  of  the  O-H  bond  of  phenol. 


tiing  lone  pair  of  electrons.  It  is  tempting  to 
>ate  a  correlation  of  this  quantity  with  other  mea- 
3f  acidity.  The  p^a's,  OH  proton  chemical  shifts, 
ubstituent  constants  of  OH  acids  might  be  ex- 
i  to  bear  a  direct  relationship  to  this  parameter, 
uantity  is  unique  in  that  it  measures  a  bond  prop- 
It  is  a  measure  of  the  susceptibility  of  the  O-H 
to  distortion  by  a  Lewis  base. 

L    Data  for  Figure  1 


An>H» 

5£0H* 

£:hb* 

cm~* 

1     DMA 

10.9 

-17.3 

345 

2    CH,CN 

5.6 

-8.8 

178 

3    Et,N 

17.4 

-26.6 

553 

4    Me»PO 

14.6 

-22.0 

470 

5    McCO 

6.1 

-9.4 

193 

6    EtsO 

8.8 

-13.8 

279 

7    HjN 

14.6 

-22.6 

462 

8    EttS 

7.9 

-12.5 

250 

9    ButSe 

7.6 

-11.3 

240 

0    EtOac 

5.2 

-8.0 

154 

1    DMSO 

11.3 

-17.8 

359 

2    ButS 

8.0 

-12.3 

254 

3    CJduF 

1.7 

-4.8 

53 

4    CJHuQ 

2.1 

-4.3 

66 

5    CJIuBr 

2.6 

-4.6 

82 

6    CiHuI 

2.7 

-4.4 

86 

srgies  in  kcal/mole. 

iminary  data  are  available  ^*  for  /?-chlorophenol 
low  a  similar  calculation  for  this  acid.  The  AH 
>H  plot  for  this  acid  has  a  slope  of  0.021,  i.e. 

AH  =  O.O2IAP0H 

lay  be  interpreted  in  terms  of  a  larger  dipolar  con- 
on  to  the  total  enthalpy  than  with  phenol  ad- 
The  value  of  k  for  this  acid  is  -0.592  (c/. 
2  for  phenol),  a  fact  which  also  indicates  that  the 
>nd  energy  change  is  smaller  for  this  more  polar 
>r  a  given  ^hb  than  in  the  case  of  phenol.    This 

'.  Henneike,  private  communication. 
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Figure  2.  The  overlap  populations  of  the  H-F  bond  and  the  F-F' 
"bond**  as  a  function  of  the  overlap  population  of  the  H-  •  ^F' 
bond:   (A)  H-F  vs.H-  •    F',  (B)  F-F'  vs.  H-  •    F'. 


may  be  interpreted  in  the  following  ways.  (1)  The  OH 
bond  in  /K^hlorophenol  is  more  resistant  to  distortion 
by  a  lone-pair  donor.  (2)  There  is  a  large  contribution 
to  ^HB  from  dipolar  interaction  in  the  case  of /h<:hloro- 
phenol.  That  is,  the  greater  electron-wiUidrawing 
property  of  the  jT-chlorophenyl  group  results  in  a  higher 
positive  charge  on  the  proton.  Both  an  increased 
dipolar  interaction  with  electron-pair  donors  and  a  less 
polarizable  or  less  easily  perturbed  OH  bond  results. 
It  is  interesting  to  note  that  this  interpretation  is  very 
similar  to  the  currently  popular  "hard  and  soft"  acid 
concept  in  that  phenol  is  the  softer  more  distortable 
acid  in  the  vicinity  of  the  acid  site.  It  is  this  ability 
of  "fc"  to  reflect  the  distortability  of  the  electrons  in 
the  bond  containing  the  acid  atom  that  makes  it  such 
a  useful  quantity. 

While  these  results  are  interesting,  the  question  as  to 
why  the  energy  of  the  hydrogen  bond  should  be  linearly 
related  to  the  change  in  the  energy  of  the  O-H  bond  still 
remains.  It  was  decided  to  attempt  an  extended 
Hiickd  calculation  on  the  hydrogen-bond  system 
(FHF)"  and  to  examine  the  effect  on  the  two  fluorine  to 
hydrogen  bonds  of  gradually  removing  one  of  the 
fluorines  from  the  other  atom.^  The  use  of  F~  was  felt 
to  be  more  realistic  and  representative  of  actual  hydro- 
gen-bonding situations  involving  alcohols  than  the  use 
of  O^  since  the  oxygen  atoms  in  alcohcds  most 
certainly  do  not  carry  a  net  charge  as  large  as  two.  The 
curve  derived  by  Lippencott  and  Schroeder  for  O- 
H  •  •  -O  systems  was  used  to  allow  for  contraction  of  the 
HF  bond  as  the  second  fluorine  was  removed.  The 
results  of  our  calculations  are  given  graphically  in 
Figures  2,  3,  and  4.  In  Figure  2  we  have  plotted  the 
overlap  population^*  of  the  short  HF  bond  (php) 
against  the  overlap  population  of  the  long  HF  bond 
(phpO-  Also  included  for  comparision  is  the  non- 
bonded  F-F'  repulsion  (pffO  (i.e.,  the  negative  FF' 
overlap  population).  Over  the  range  of  F-F'  distances 
2.49  to  2.80  A  (a  range  which  covers  enthalpies  of  —  1 
to  — 14  kcal/mole  on  the  Lippencott-Schroeder  curve), 
these  quantities  are  linearly  related. 

According  to  MuUiken's  formulation,^*  ptf  is  pro- 
portional to  ilif  ("the  overlap  energy")  and  the  relation- 

(19)  R.  S.  Mulliken.  /.  Chem.  Phys.,  23,  1833.  1841^  IZl^  IVa 
(1955);  (b)  ibid,,  36,  3428  W^l\ 
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Figure  3.  The  change  in  overlap  energy  of  the  original  hydrogen 
bond  as  a  function  of  the  overlap  energy  of  the  new  hydrogen  bond. 

ship  is  ilis  =  Pis0ijlSts,  where  /S^  =  H^  -  ^/tSi^Hu  + 
Hff).  We  can  determine  the  nature  of  the  Qhp  vs. 
Qhp'  relationship  by  calculating  the  fiij/Stj  values  from 
the  results  of  our  iterative  calculations.  Here  we  use 
the  definitions 


a 


HP' 


where  the  summations  are  over  the  /^-occupied  molecular 
orbitals  and  the  /  and  j  ao's  of  F  and  F',  respectively. 
The  results  of  these  calculations  are  present^  graphi- 
cally in  Figure  3  as  a  plot  of  50hf  (  =  Qhf  —  Ohp®) 
vs,  Qhp'*  'The  slope  is  —0.94  and  the  dotted  lines  are 
drawn  at  ca,  ±  3  %  tolerance  on  SOhp-  Another  point 
of  consistency  relates  to  the  behavior  of  the  curve  near 
the  origin.  Figuure  3  indicates  that  a  nonzero  inter- 
cept is  expected  for  the  linear  portion  of  the  curve  in 
agreement  with  the  experimental  data  and  the  Lip- 
pcncott-Schroeder  model. 

It  appears  that  the  experimentally  determined  linear- 
ity between  SEqu  and  £hb  is  theoretically  sound.  The 
slope  calculated  for  the  (FHF)"  model  is  in  essential  agree- 
ment with  that  for  phenol  when  one  recalls  that  this 
slope  is  sensitive  to  the  nature  of  the  AH  bond  in  the 
acid  (vida  supra).  These  results  are  extremely  encourag- 
ing and  do  suggest  that  the  original  relationship  (eq  1) 
is  not  just  a  fortuitous  situation.  The  linear  frequency 
shift-enthalpy  relation  originally  proposed  by  Badger 
and  Bauer  appears  to  be  valid  for  phenol  when  sufficient 
care  is  taken  to  obtain  accurate  enthalpy  data  for  the 
hydrogen-bonding  interaction. 

In  this  treatment  we  have  been  thus  far  concerned 
only  with  the  covalent  contribution  to  the  bond  energies 
and  have  neglected,  in  an  explicit  sense,  any  ionic  con- 
tributions to  these  energies.  Such  contributions  are 
extremely  difficult  to  determine  with  any  accuracy  and, 
moreover,  some  iodic  bond  character  has  been  included 


1.6      1.7      1.8      1.9      20      21      22      23      2A 

(P.Er'(ev) 

Figure  4.    The  Coulombic  energy  relationship  of  the  two  fluorine 
"atoms.** 


through  the  Icao-mo  treatment  itself.  However,  in  an 
attempt  to  gain  a  qualitative  estimate  of  the  nature  of 
the  relation  of  the  electrostatic  potential  energy  of  one 
fluorine  relative  to  the  other  during  the  retraction  of 
a  fluorine,  we  have  calculated  the  Coulombic  potential 
energies  for  each  fluorine  atom  with  the  other  and 
the  hydrogen  atom  for  each  step  in  the  retraction  proc- 
ess. The  atomic  charges  used  in  this  calculation  were 
the  atomic  charges  found  in  mo  calculations.  When 
plotted  one  against  the  other  (Figure  4),  the  potential 
energies  are  found  to  be  very  closely  linearly  related, 
and  the  slope  of  this  line  is  —0.6,  to  be  compared  with 
the  others. 

A  qualitative  description  of  the  occupied  a  molecular 
orbitals  in  terms  of  ao's  is  given  below. 

OO  represents  a  fluorine  2p  orbital  and 
O  represents  an  s  orbital  (2s  for  F,  Is  for  H). 

FHF' 
♦a       © © © 

The  a  mo's  are  found,  on  the  basis  of  the  eigen- 
vectors" (see  Table  III  for  the  eigenvectors  for  the  case 


Table  m. 

Eigenvectors  for  the  Case  Rff' 

=  Z49A 

F.             Fpe 

H, 

F'. 

FV 

*9 

0.015  0.587 
-0.125  0.728 
-0.539         0.004 

0.811       -0.007 

-0.007 
0.250 
0.005 
0.083 

-0.006 

-0.096 

0.846 

0.506 

0.817 

-0.511 

0.003 

0.003 

/?PF'  =  2.49  A),  to  involve  primarily  either  fluorine  2p 
or  2s  orbitals  with  little  "hybridization'*  of  the  two 
in  any  one  mo.    A  series  of  dots  between  two  ao's  indi- 

(20)  Recall  that  the  basis  set  ao's  have  charge  adjusted  orbital  ei- 
ponents. 
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tie  IV.    One-Electron  Orbital  Energies  (ev)  of  HFs ' 


RvY*  — 

Rrr'  - 

2.49A 

2.79A 

A£ 

E(2) 

-18.97 

-18.93 

-0.04 

E{1) 

-20.24 

-20.26 

0.02 

Em 

-36.37 

-36.31 

-0.06 

E(9) 

-36.92 

-36.98 

0.06 

Er 

-19.28 

-19.43 

0.15 

Er' 

-  19.08 

-18.93 

-0.15 

es  an  "antibonding"  interaction  of  the  orbitals;  a 
alight  line  connecting  two  ao's  represents  a  bonding 
traction.  The  mo*s  labeled  ^^  and  ^9  are  bonding 
:h  respect  to  both  H-F  and  H-  •  -F';  ^2  and  ^8  are 
••F'  bonding  and  H-F  antibonding.  The  un- 
:upied  fifth  mo  is  not  shown.  This  result  is  ob- 
led  whenever  the  HF'  distance  is  greater  than  the  HF 
tance. 

t  may  also  be  noted  (from  the  magnitudes  of  the 
envectors)  that  ^s  and  ^s  correspond  to  ''nonbond- 
;"  orbitals  in  the  sense  that  there  is  little  hydrogen  Is 
oloement.  This  description  is  misleading,  however, 
ce  these  orbitals  contribute  significantly  to  the  HF, 
*'  overlap  populations  and  energies. 
n  Table  IV  are  given  the  one-electron  energies  of  the 
►'s  for  F-F'  internuclear  distances  of  2.49  and  2.79 
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A.  The  efTect  of  shortening  the  F-F'  distance  is  as 
follows:  ^2  is  stabilized,  ^7  is  destabilized,  ^g  is  sta- 
bilized, ^9  is  destabilized.  The  stabilization  of  the 
molecule  by  changes  in  ^2  and  ^g  is  larger  than  the 
destabilization  of  the  molecule  by  ^7  and  ^9.  The 
change  in  H-F  bond  energy  must  then  be  less  than  the 
change  in  H--F'  bond  energy.  We  note  that  the 
formation  of  the  new  bond  is  more  important  than 
destabilization  of  the  old  bond  and  this,  of  course,  is  the 
prime  reason  for  stability  of  the  hydrogen-bonded 
adduct.  Note  that  \|/^  and  ^9  include  contributions 
from  the  new  bond  as  well  as  the  original  bond.  Con- 
tributions from  the  strength  of  the  new  bond  in  these 
molecular  orbitals  are  less  than  the  destabilization  of 
the  original  bond  since  the  net  change  in  energy  of  both 
of  these  molecular  orbitals  is  in  a  positive  direction. 

A  comment  on  the  nonbonding  2px,  2py  orbitals  can 
be  made.  The  data  in  Table  IV  indicate  that  these  filled 
nonbonding  x-type  orbitals  on  F  are  destabilized  to 
the  same  extent  that  these  nonbonding  orbitals  on  F' 
are  stabilized  (move  to  lower  energy).  The  directions 
of  the  changes  are  a  consequence  of  the  decreasing 
negative  charge  on  F'  and  the  increasing  negative 
charge  on  F  as  /^pp'  is  decreased. 
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Abstract:  The  proton  nmr  contact  shifts  of  [Ni(bz)e]''''  (bz  »  benzylamine,  QHtCHiNHs)  have  been  investigated  to 
ascertain  whether  or  not  unpaired  spin  can  be  delocalized  in  the  phenyl  x  system  when  the  ligand-metal  interaction  is 
essentially  a.  The  amino,  methylene,  and  aromatic  protons  are  assigned  in  the  nmr  spectrum  of  the  complex.  The 
contact  shifts  and  electron  spin-nuclear  spin  coupling  constants  for  these  protons  are  reported.  Results  obtained 
from  the  nmr  data  show  that  electron  spin  is  delocalized  into  the  x  system  of  the  phenyl  group  of  the  ligand.  Since 
the  bonding  to  the  ligand  is  (r,  this  study  shows  that  contrary  to  several  literature  reports  one  may  not  assume  a 
priori  that  x  delocalization  in  a  phenyl  ring  is  evidence  for  metal-ligand  x-type  bonding.  A  delocalization  mechanism 
which  accounts  for  the  observed  shifts  is  presented.  The  complex  with  the  formula  [Ni(bz)sBF4KBF4)  was  isolated 
as  a  solid.  Spectral  and  conductance  data  are  presented  to  substantiate  that  [Ni(bz)e]''''  is  the  species  present  when 
the  previously  mentioned  complex  is  dissolved  in  nitromethane  solutions  containing  an  excess  of  benzylamine. 


^he  general  theory  and  interpretation  of  nmr  contact 
shifts  has  been  extensively  discussed  in  a  previous 
blication  from  this  laboratory^  and  should  be  con- 
ted  along  with  the  references  therein  for  background 
ormation.  In  this  paper,  we  are  specifically  con- 
ned with  using  both  the  signs  and  magnitudes  of  the 
itact  shift  for  the  ligand  protons  to  deduce  informa- 
n  about  the  metal-ligand  bonding.    The  unpaired 

[)  Abstracted  in  part  from  the  Ph.D.  thesis  of  R.  Fitzgerald,  Uni- 
ity  of  Illinois,  1968;    National  Institutes  of  Health  Predoctoral 
ow,  1966-1967. 
\)  B.  B.  Wayland  and  R.  S.  Drago.  /.  Am.  Chem.  Soc.,  87, 2372 


spin  in  most  complexes  is  in  a  molecular  orbital  which 
is  essentially  a  metal  d  orbital.  The  extent  of  mixing 
of  the  ligand  orbitals  with  this  essentially  d  metal  or- 
bital to  form  a  nonbonding  or  antibonding  mo  is  taken 
as  an  indication  of  the  mixing  of  the  d  orbitals  with 
the  ligand  orbitals  in  forming  the  bonding  molecular 
orbital.  Hence,  by  looking  at  the  contact  shift,  one  in- 
fers information  about  the  bonding. 

Happe  and  Ward'  have  found  proton  contact  shifts 
indicating  a  a  mechanism  for  delocalizing  spin  onto  pyri- 
dine.   There  have  been  many  reports  in  the  literature, 

(3)  J.  Happe  and  R.  L.  Ward,/.  Chem.  PK^».,'»  A'i.WVy^^'S^. 


Fitzgerald,  Drogo  |  Nickemry-Bewt^Xontoe  Ow 


2880 


for  example,  the  work  of  Eaton,  et  a/.,^  on  the  aminotro- 
poneimineates,  where  unpaired  electron  density  is 
delocalized  into  the  t  orbitals  of  conjugated  ligands. 
The  authors  concluded  from  this  study  that  there  was 
considerable  metal-ligand  t  bonding.  Similarly,  the 
magnitude  and  direction  of  the  phenyl  proton  shifts 
were  taken  to  indicate  delocalization  of  spin  into 
the  T  obitals  of  complexed  (CeHs)!?  in  (RsP)sMXt 
complexes.^*  Similar  shifts  are  found  for  [Ni(C6- 
HsCN)*]*"*".'  These  observations  were  taken  as  an 
indication  of  metal-ligand  dx-dx  bonding  in  the  phos- 
phine  complexes  and  t  bonding  in  the  nitrile  complexes. 

In  the  above  ligands,  the  unpaired  spin  in  the  t 
orbitals  is  transmitted  from  aromatic  ring  t  orbitals  to 
the  protons  which  are  orthogonal  to  these  t  orbitals 
by  an  atomic  exchange  coupling  mechanism.*  Levy 
has  proposed*  that  when  a  methylene  group  is  attached 
to  an  aromatic  ring,  a  linear  combination  of  the  atomic 
Is  orbitals  of  the  methylene  protons  form  pseudo-ir- 
type  orbitals  and  interact  directly  with  the  ring  carbon 
Pc  orbitals.  Thus  spin  is  placed  directly  on  the  methyl- 
ene protons  through  a  hyperconjugative-type  mecha- 
nism. By  considering  the  operation  of  these  mecha- 
nisms in  reverse,  one  could  place  unpaired  spin  in  the 
T  system  of  the  ligand,  even  though  the  metal-ligand 
bond  is  primarily  a  <t  bond. 

In  the  (CeH6)8P  complex,  the  phenyl  ir  orbitals  are 
not  orthogonal  to  the  phosphorus  lone  pair,  and,  if 
spin  were  placed  on  phosphorus  by  a  o-  interaction  with 
the  metal,  it  could  be  placed  in  the  ir  system  by  a  mecha- 
nism similar  to  that  discussed  for  the  methylene  group 
above.  In  the  case  of  the  benzonitrile  ligand,  spin 
placed  on  the  nitrogen  by  a  o-  interaction  could  enter 
the  ir  system  by  an  atomic  exchange  coupling  mecha- 
nism similar  to  that  discussed  above  for  protons  which 
are  orthogonal  to  aromatic  rings.  These  arguments,  in 
principle,  would  offer  an  alternative  explanation  to  the 
triphenylphosphine  and  benzonitrile  contact  shifts  in 
the  nickel(II)  complexes  and  would  cast  doubt  upon  the 
previously  cited  conclusions  regarding  T-type  metal- 
ligand  bonding.  It  is  difficult  to  sort  out  the  reported 
interpretations  and  the  alternatives  offered  here  in  the 
above  complexes.  In  an  attempt  to  ascertain  whether 
or  not  the  alternatives  we  have  offered  here  are  operative, 
we  decided  to  investigate  the  contact  shifts  in  [Ni(bz)e]^. 

Mixed  anion-neutral  ligand  complexes  with  benzyl- 
amine  have  been  previously  reported.  ^*^^*  However, 
we  could  find  no  previous  report  of  the  preparation  of 
[Ni(bz)e]'+  which  is  described  here. 

Experimental  Section 

Apparatus,  a.  Nmr  Spectnu  The  nmr  spectra  were  obtained 
with  Varian  Models  A-60A,  A-56-60,  and  DP-60  spectrometers. 


(4)  D.  R.  Eaton,  A.  D.  Josey,  W.  D.  Phillips,  and  R.  E.  Benson,  /. 
Chem,  Phys.,  37,  347  (1962). 

(5)  G.  N.  LaMar,  W.  D.  Horrocks,  Jr.,  and  L.  C.  Allen,  ibid,,  41. 
2126  (1964). 

(6)  E.  A.  LaLancette  and  D.  R.  Eaton,  /.  Am.  Chem,  Soc,,  86,  5145 
(1964). 

(7)  R.  W.  Kluiber  and  W.  D.  Horrocks,  Jr.,  Inorg.  Chem.,  5. 152 
(1966). 

(8)  H.  M.  McConnell  and  D.  B.  Chesnut,  /.  Chem,  Phys,,  28, 107 
(1958). 

(9)  D.  H.  Levy,  MoL  Phys,,  10,  233  (1966). 

(10)  S.  Prasad  and  V.  Krishvan,  /.  Indian  Chem,  Soc,,  35,  352  (1958). 

(11)  A.  K.  Mujumdar,  A.  K.  Mukherjee,  and  A.  K.  Mukherjee, 
/.  Inorg,  Nucl  Chem,,  26,  2177  (1964). 

(12)  M.  S.  Barvinok  and  I.  S.  Bukhareva,  Zh,  Fiz,  Khim,,  39,  1006 
(196S). 


All  nmr  spectra  were  measured  relative  to  TMS  as  an  internal 
standard. 

b.  Visible  and  Near-Infrared  Spectra.  All  near-infrared  and 
visible  spectra  were  determined  using  a  Gary  recording  spectro- 
photometer. Model  14. 

c.  Omductance  Data.  The  conductance  measurements  were 
made  on  an  Industrial  Instruments  conductivity  bridge,  Modd 
RC  16B2. 

d.  Magnetic  Sosceptiliaity  Measurements.  The  solution  mo- 
ment was  determined  by  nmr  at  28"  using  a  method  first  reported 
by  Evans.  ^*  The  measured  susceptibilities  were  corrected  for  dit- 
magnetism  by  the  use  of  Pascal's  constant.  ^^>  ^* 

Reagents  and  Solutions.  Hydrated  nickel(II)  tetrafluoroborste 
(Alfa  Inorganics),  anhydrous  reagent  grade  diethyl  ether,  and  res- 
gent  grade  methanol  were  used  without  further  purification. 

Matheson  benzylamine  was  distilled  from  BaO  under  reduced 
pressure,  a  constant-boiling  middle  fraction  being  selected  for  use. 
Aldrich  p-methylbenzylamine  was  purified  in  a  similar  manner. 
The  ligands  were  stored  in  a  desiccator  containing  PsOs. 

Fisher  reagent  grade  nitromethane  was  dried  over  Linde  3A  Mo- 
lecular Sieves  for  at  least  24  hr. 

All  additions  of  ligand  were  carried  out  in  a  drybox  equipped  with 
an  automatic  continuous  air  flow  drying  system.  When  accurate 
complex  concentrations  were  necessary  the  materials  were  weighed 
in  stoppered  volumetric  flasks  and  addition  of  ligand  was  accom- 
plished by  use  of  Hamilton  microliter  syringes. 

Preparation  of  tiie  Complexes,  a.  [Ni(bz)»BFJ(BF4).  Aquated 
nickel(II)  tetrafluoroborate  (7.5  g)  was  dissolved  in  20  ml  of  meth- 
anol and  then  dehydrated  by  stirring  in  50  ml  of  2,2-dimethoxy- 
propane**  for  2  hr  at  room  temperature.  Upon  addition  of  diethyl 
ether  to  this  solution  a  green  oil  was  formed,  which  was  tlien  re- 
dissolved  in  a  minimal  amount  of  nitromethane  and  allowed  to  sdr 
again.  Upon  further  addition  of  diethyl  ether  to  the  scriutioo,  a 
light  green  complex,  [Ni(MeOH)tKBF4^,  was  predfMtated.  This 
compound  was  filtered  in  a  drybox  and  dissolved  in  30  ml  of  benzyl- 
amine and  allowed  to  stir  for  2  hr.  Upon  addition  of  diethyl  ether 
to  this  solution  a  blue  complex  was  precipitated.  This  solution  was 
filtered  in  the  drybox  and  the  complex  analyzed.  AmU.  Cakd 
for  [Ni(bz)»BFJ(BF4):  C,  54.4;  H,  5.87;  Ni,  7.60.  Found: 
C,54.2;  H,  5.80;  Ni,7.80.    Infrared  analysis  detected  no  water. 

b.  [Ni(p-CHibz)iBFJ(BF4)  (jhCH^  »  p-MethylbcacylaidK). 
This  compound  was  prepared  by  a  method  analogous  to  the  preced- 
ing preparation,  retaining  the  appropriate  mole  ratios,  but  substitut- 
ing p-methylbenzylamine  in  the  final  step.  Here  a  light  blue  complei 
was  precipitated.  Anal.  Calcd  for  [Ni(p-CHtbz)»BF4KBF4): 
C,57.3;  H,6.61;  Ni,  7.00.  Found:  C,  57.2;  H,  6.67;  Ni,  6.68. 
Infrared  amdysis  detected  no  water. 

c.  [Zn(bz)4KBF4)i*  This  compound  is  also  prepared  in  a  man- 
ner analogous  to  the  nickel(II>-benzylamine  complex.  A  white 
solid  is  precipitated  here.  Anal.  Calcd  for  [Zn(bz4)KBF4)i:  Q 
50.4;  H,5.44.    Found:    C,49.8;  H,5.43. 

Tireatment  of  tiie  Nmr  Data.  The  complexes  studied  in  this  woric 
exchange  rapidly  with  excess  ligand.  In  solutions  containing 
excess  ligand  a  single  averaged  line  position  for  each  proton  is 
observed  (/.e.,  separate  complexed  and  free  ligand  resonances  are 
not  detected). 

Although  we  cooled  the  solution  to  its  freezing  point,  — 47.8^ 
we  were  unsuccessful  in  our  attempt  to  stop  exchange  and  did  not 
see  exchange  broadening  at  this  temperature.  Thus  one  may  coo- 
clude  that  the  fast  exchange  condition,  IjT^  »  Ar,  where  1/7, 
is  the  rate  of  chemical  exchange  and  Cuf  is  the  shift  relative  to  the 
diamagnetic  complex,  is  fulfilled  at  room  temperature.  The  chem- 
ical shift  of  the  complex  can  then  be  calculated  from  a  knowledge  of 
the  stoichiometry  of  the  complex  and  the  chemical  shift  of  the  free 
ligand  according"  to 


^obsd   ""    '^complezed-'Vcomplezed     i     ^txt)t^ fnt 


(I) 


where  v  and  N  represent  the  resonance  frequency  and  mole  frac- 
tion, respectively. 


(13)  D.  F.  Evans.  /.  Chem.  Soc.,  2003  (1959). 

(14)  B.  N.  Figgis  and  J.  Lewis  in  "Modern  Coordination  Chemistry,'* 
J.  Lewis  and  R.  Wilkins,  Ed.,  Interscience  Publishers,  Inc.,  New  York. 
N.  Y..  1960.  pp  400-454. 

(15)  G.  Fofix,  Ed..  "Tables  De  Constants  et  Donnte  Numeriiiiies,** 
Vol.  7.  Masson  and  Co.,  Paris,  1957,  pp  28. 156. 

(16)  K.  Starke,  /.  Inorg.  Nucl.  Chem.,  11,  77  (1959). 

(1*^  H.  S.  Gutowsky  and  A.  Saika,  /.  Chem.  Phys.^  21, 1688  (1933). 
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iperature  dependence  of  the  contact  shift  is  then  given  by 
ibergen  equation"  (eq  2,  modified  for  the  case  of  protons). 


Ai' 


-A. 


(2) 


yn  -  6.58  X  \0\g  -  n.uly/S(S  +  1),  P  =  9.27  X  10-" 
5  is  the  sum  of  the  electron  spins,  An  the  nuclear  spin- 
sin  coupling  constant,  Av  the  shift  relative  to  the  diamag- 
plex,  and  p  the  probe  frequency  (both  in  cps),  the  other 
aving  their  usual  significance. 


TaUe  m.    Conductance  Data  for  [Ni(bz)tBF JCBFO 
in  CHsNOi 


Complex 

Type 

AmoUr 

Temp, 

Concn 

X 

10»- 

[Ni(bz)JBF  J(BFO  + 

excess  bz 
[Ni(bz)»BF4KBF4) 

2:1 
2:1 

169 
177 

26.4 
24.6 

1.08 
0.964 

«  Concentration  in  moles/liter  of  solution. 


4iiir  Data.  The  proton  spectrum  of  free  benzyl- 
Q  nitromethane  is  found  to  consist  of  three 
Our  values  for  the  chemical  shift  are  consist- 
those  reported  by  earlier  workers^*  for  benzyl- 
1  cyclohexane.  The  results  of  the  nmr  studies 
ained  in  Table  I. 


Nmr  Spectra  in  CHtNOt* 

ound           NHs       CHi 

ortho 

meta 

para 

CHtNHs        -73      -217 
JFA              -90      -240 
IFOi           +6240    -2300 

-428* 
-438* 
-350 

-428» 
-438» 
-523 

-428» 
-438» 
-345 

shifts  are  in  cps  relative  to  TMS  as  an  internal  stand- 
:  temperature  is  33 ''.  *  The  ortho^  meia,  and  para  protons 
f  an  AsBiC  system  and  appear  as  a  singlet  in  our  spectra. 


TaUelV.    Spectral  Data  for  [Ni(bz)tBF4KBF4) 


Compound 


Solvent 


cm 


rl 


Band 
assignment 


[Ni(bz)»BF4KBF4) 

CHsNOi- 

8,909  sh 
9,716 

16,064 

"*»A, 

[Ni(bz)»BF4KBF4) 

CHtNOi  + 

9,744 
16,502 

-  «Ti.(F) 

[Ni(bz)iBFiKBF«) 

DMA* 

9,688 

Bi-*iB, 

16,271 

»B 

[Ni(bz)»BFJ(BFO 

DMA  + 
excess  bz 

9,746 
16,485 
27,210 

»Au-H.«T,. 
-*«Ti.(F) 

•  When  CHiNOi  is  the  solvent,  the  high-energy  band  cannot  be 
detected  due  to  intense  solvent  absorption.  *  DMA  •  N,N-di- 
methylaccAamide. 


inu*  contact  shifts,  Av,  and  the  electron  spin- 
spin  coupling  constants,  A^  for  the  octahedral 
nine  complex  of  Ni(II)  are  reported  in  Table 


Nmr  Contact  Shifts  and  Electron  Spin-Nuclear 
)ling  Constants  for  [NiCbz^KBFOs  in  CHiNOs 


^X 

Ai/,« 

lOV 

ton 

cps 

gauss 

it 

+6330 

-458 

it 

-2060 

149 

ho 

+88 

-6.31 

la 

-85 

6.15 

ra 

+93 

-6.74 

relative  to  the  diamagnetic  Zn(II)  complex  at  33°.    *  Cal- 
3m  Ay  at  33*"  using  eq  2  and  g  »  2.39. 


ssignment  of  these  peaks  is  treated  in  the  Dis- 
section.   In  addition  to  the  benzylamine  com- 

nnu"  spectrum  of  [Ni(/?-CH|bz)e]'+  was  studied. 
ks  assigned  to  ortho  and  meta  protons  shifted 
me  direction  relative  to  free  ligand  in  this  com- 
those  in  the  benzylamine  complex.  However, 
^hyl  peaks  were  shifted  downfield  in  this  com- 
ative  to  the  free  ligand)  while  the  /^-hydrogen 
ced  an  upfield  shift  in  the  benzylamine  com- 
he  lower  solubility  of  the  />-methylbenzylamine 

precludes  reporting  of  accurate  contact  shifts 
:omplex  but  approximate  values  of  Af  =  +53, 
id  —77  cps  were  obtained  for  the  ortho  and 
>tons  and/>-methyl  protons,  respectively. 

Bloembergen,  J.  Chem,  Phys.,  27,  595  (1957). 

Takahaski,  T.  Sone,  Y.  Matuslki,  and  G.  Hazato,  Bull  Chem, 

,  36, 108  (1963). 


(2)    Evidence  for  the  Octahedral  Species  in  Solutioii. 

The  conductance  data  presented  in  Table  III  are  clearly 
indicative  of  a  2:1  electrolyte.  The  spectral  data  for 
the  complexes  are  presented  in  Table  IV.  The  spec- 
tr(x:hemical  parameters  calculated  from  the  data  in 
Table  IV  are  listed  in  Table  V  and  the  magnetic  data 
for  the  complex  in  CHsNOa  solution  are  presented  in 
Table  VI. 


TaUe  V.    Calculated  Spectrochemical  Parameters 


Compound 

Solvent 

Dq 

l^.wlod 

<^.pb«i 

[Ni(bz)d"- 
[Ni(bz)d"- 

CHtNOi 
DMA 

974 
974 

... 

15,971 

16,502 
16,485 

TaUe  VL    Nfagnetic  Susceptibility  Data  for  [Ni(bz)«KBFOt« 

Complex 

10«         X  !()•    1 

(cor)  X  10» 

H.tu  BM 

[Ni(hz)J(BF4), 

4163 

-539 

4702 

3.38  =k  0.05 

•  The  moment  was  determined  at  28.^ 


Discussion 


Nature  of  the  Spedes  in  Solution.  It  is  essential 
for  our  study  to  demonstrate  that  the  species  in  solution 
is  the  octahedral  complex,  and  further  that  there  is  no 
equilibrium  in  solution  involving  appreciable  concen- 
trations of  other  species. 

The  [Ni(bz)6BF4XBF4)  compound  is  light  blue. 
When  this  compound  is  dissolved  in  CHsNOs,  the 
solution  is  green,  but  when  excess  benzylamine  is  added 
the  solution  turns  a  darker  blue.  On  the  basis  of  our 
conductance  studies,  both  the  green  and  blue  solutions 
are  clearly  2:1  dectrolytes.    Aj\  %xs»!k»^^>^  ^\qf:^:^ 


Fllzgerald,  Drago  |  NlckelVJiyBewt^Xawtaia 


-500 


-400 


ly  /-i 


Figure  1.   Nmr  spectrum  of  [Ni(p-CHtbz)f]*+  plus  excess  /^CHtl>z. 


occurs  when  DMA  is  the  solvent.  We  propose  that 
two  different  species  are  formed  in  solution  according 
to  eq  3,  and  that  the  second  reaction  is  essentially  com- 
plete for  a  1 : 1  mole  ratio  of  complex  and  excess  benzyl- 
amine. 

solvent  ezeeaa  bi 

[Ni(bz)»BFJ(BF4) >  [Ni(b2)^lvcnt]«+ >  [Ni(b2)J«+ 

(3) 

Evidence  for  the  octahedral  species  is  provided  by  the 
spectral  data.  Spectra  in  both  CHsNOa  and  DMA 
solutions  containing  excess  benzylamine  indicate  that 
the  same  species  is  present  in  both  solvents.  Our 
conductance  data  show  that  BF4~  cannot  be  coordin- 
ated, and  therefore  the  only  species  conunon  to  both 
solvents  must  be  [Ni(bz)«]*"*".  Furthermore,  addition 
of  excess  ligand  to  a  solution  of  [Ni(bz)6BF4XBF4) 
in  a  ratio  greater  than  3:1  does  not  alter  the  band 
positions.  The  fit  of  the  middle  band  is  somewhat 
poorer  than  one  might  expect  for  an  octahedral  com- 
plex. However,  there  is  a  charge-transfer  band  on  the 
high-energy  side  of  the  'Ajg  -►  *Tig(P)  transition,  thus 
biasing  the  data  in  a  manner  consistent  with  the  error. 

Finally  plots  of  Vobad  vs.  iVoomp,  where  Pobad  is  the  ob- 
served nmr  frequency  in  cps  and  iVcomp  is  the  mole  frac- 
tion of  ligand  complexed,  give  straight-line  plots  for 
all  the  protons  of  benzylamine  indicating  that  only 
one  species  is  present  in  solution,  in  addition  to  excess 
ligand. 

These  observations  lead  us  to  conclude  that  in  solu- 
tions of  the  complex  with  excess  benzylamine  the  com- 
plexed species  is  indeed  [Ni(bz)e]'+. 

Interpretation  of  the  Contact  Shifts.  The  contact 
shifts,  Av  (cps),  for  all  the  protons  of  [Ni(bz)6]'"*'  are 
reported  in  Table  II.  The  contact  shifts  are  reported 
relative  to  the  diamagnetic  Zn(II)  complex.  The  elec- 
tron spin-nuclear  spin  coupling  constants,  A^  were 
calculated  according  to  eq  2  and  are  also  listed  in 
Table  II.  The  assignments  of  the  amino  and  methyl- 
ene protons  in  the  complex  were  made  by  adding  excess 
ligand  to  the  solution  of  the  complex  and  tracing  back 
to  the  free  ligand  value.  Because  of  the  line  width  of 
the  complexed  N-H  peak,  the  amino  peak  can  only  be 
detected  in  solutions  containing  a  large  excess  of  ligand. 

Integration  of  the  aromatic  proton  resonances  in  the 

benzylamine  complex  gave  an  approximate  3:2  ratio  of 

upfield    to   downfield    peaks.    Upon    substituting    a 

p-CHs  for  p-H,  the  p-CHt  is  shifted  downfield,  Le., 
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Figure  2.    Spin  densities  on  beozylasiine  protons. 


the  opposite  direction  of  the/^H.  This  is  an  indication 
of  a  7r-delocalization  mechanism''^  in  the  phenyl  group 
and  suggests  that  the  upfield  peaks  be  assigned  to  o- 
and  p'H  and  the  downfield  peak  to  m-H.  This  assign- 
ment is  further  substantiated  by  the  fact  that  the  peak 
we  have  assigned  to  the  ortho  proton  in  the  /^methyl- 
benzylamine  complex  (the  upfield  peak)  is  the  broadest 
C-H  in  the  spectrum,  as  can  be  seen  in  Figure  1.  It  is 
not  possible  to  assign  unambiguously  the  two  upfidd 
peaks  in  the  benzylamine  complex  to  the  ortho  and 
para  positions  because  of  their  substantial  ovo'lap. 
A  tentative  assignment  is  presented,  and,  as  will  be 
seen,  this  assignment  does  not  alter  the  conclusions  to 
be  drawn.  Since  octahedral  nickel(II)  complexes  are 
of  cubic  symmetry  and  possess  a  *Asg  ground  state,  the 
g  tensor  should  be  isotropic  and  there  should  be  no 
pseudo-contact  interaction.'*  Even  though  the  "true" 
point  group  of  these  complexes  is  not  0^^  we  may  as- 
sume any  pseudo-contact  shifts  to  be  extremely  small 
and  neglect  them.  We  can  then  consider  the  observed 
contact  shifts  to  be  isotropic  shifts  and  interpret  them 
in  terms  of  spin  ddocalization  mechanisms. 

Since  there  are  two  unpaired  electrons  in  the  metal 
eg  orbitals,  which  are  aligned  with  the  magnetic  field, 
a  o--type  metal-ligand  bond  with  the  amine  would  place 
the  unpaired  spin  in  the  <r*  antibonding  orbital.  Thus, 
positive  spin  density  (spin  aligned  with  the  field)  is  also 
placed  on  the  nitrogen  and  on  all  other  ligand  atoms 
making  a  substantial  contribution  to  the  c*  antibonding 
orbital.  This  gives  rise  to  a  downfield  shift  at  these 
atoms.  The  spin  densities  on  the  protons,  as  indicated 
by  the  nmr  data,  are  shown  in  l^igure  2.  We  have  the 
very  interesting  result  that,  in  a  system  where  the 
metaMigand  interaction  is  essentially  a,  the  distribution 
of  spin  density  at  the  phenyl  protons  is  that  expected 
for  the  T-delocalization  mechanism  (i.e.,  alternation  of 
the  sign  of  the  spin  densities).  Clearly  then,  this  ex- 
periment indicates  that  one  cannot  use  distribution  of 
unpaired  spin  in  the  ir  system  of  the  ligand  as  an  indica- 
tion of  metal-ligand  ir  bonding  as  has  so  often  been 
done.^'  Thus,  unpaired  spin  may  be  delocalized 
onto  the  ligand  by  a  o-  mechanism  and  be  placed  in  the 
7r  system  by  various  mechanisms,  including  one  that 
operates  in  the  reverse  of  that  used  by  Levy*  and  Copla 
and  DeBoer*'  to  explain  how  spin  is  transmitted  from 
the  phenyl  ring  to  methylene  or  methyl  protons. 

Having  established  the  hypothesis  this  experiment 
was  designed  to  test,  an  interpretation  of  the  contact 
shifts  remains.  As  mentioned  previously,  the  a- 
bonding  interaction  of  the  ligand  with  nickel  places 
positive  spin  density  in  the  <r*  antibonding  molecular 

(20)  A.  D.  McLachlan,  MoL  Phys.,  1,  233  (1958). 

(21)  H.  M.  McConnell  and  R.  E.  Robertson,  /.  Chtm.  Phys^  2f, 
1361  (1958). 

(22)  J.  P.  Copla  and  E.  DeBoer,  MaL  PhyM.,  7*  333  (190-1964). 
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Is  that  are  formed.    Thus  a  positive  spin  density 
scted  on  the  nitrogen. 

:e  the  methylene  protons  are  not  orthogonal  to 
*  the  nitrogen  orbitals,  spin  density  can  be  placed 
y  on  these  protons  (i.e.,  the  methylene  protons 
bute  directly  to  the  a*  molecular  orbital).  This 
Its  for  the  observed  positive  coupling  constant, 
the  methylene  group  in  benzylamine  must  bear 
.me  relationship  to  the  phenyl  ir  system  as  the 
lene  groups  in  pyracene  ions.'^  As  discussed  by 
'  a  linear  combination  of  methylene  protons 
th  =  ^011^  —  0i8®l»  where  th  is  the  pseudo-ir 
I,  i^^  is  a  normalization  constant,  and  ^,^  and 
e  the  normalized  Is  atomic  orbitals  on  the  methyl- 
otons)  has  the  correct  symmetry  to  interact  di- 
with  the  ir  system  of  the  phenyl  ring.  Spin  in 
system  is  transmitted  directly  to  the  methylene 
is  through  a  hyperconjugative-type  mechanism 
le  hyperfine  coupling  of  methylene  and  methyl 
}  in  many  aromatic  radicals  can  be  explained  on 
isis.  In  benzylamine  the  methylene  protons  are 
art  of  both  the  a*  mo  and  this  extended  ir  system, 
quently,  placing  a  net  positive  spin  density  on  the 
lene  protons  as  described  above  also  places  spin 
y  in  the  phenyl  w  system.  This  w  delocalization 
rise  to  positive  spin  densities  at  the  o-  and  p- 
IS  and  negative  spin  density  at  the  m-carbon.'' 
lensity  may  then  be  transmitted  to  the  aromatic 
gens  by  the  well-known  a-w,  C-H  spin  polariza- 
iffect^  Thus,  we  expect  negative  spin  density 
o-  and  /^-hydrogens  and  positive  spin  density  at 
hydrogen.  The  lack  of  attenuation,  the  alteration 
ns  of  the  coupling  constants  for  the  aromatic 
IS,  and  the  opposite  signs  of  the  /^-hydrogen  and 
lyl  hydrogen  shifts  indicate  that  the  electron  spin 
eed  in  the  t  system  of  the  phenyl  ring.'*  It 
I  be  mentioned  that  a  mechanism  which  involves 
overlap  of  the  amino  and  methylene  protons  and 
lenyl  t  system  with  the  t^  set  of  nickel  orbitals 
result  in  an  opposite  sign  from  that  observed 
of  the  phenyl  and  methylene  protons.  Exchange 
:tions  on  nickel  would  place  spin  down  on  the 

I.  Carrinston,  Quart,  Rev.  (London),  17,  67  (1963). 
X  R.  Eaton  and  W.  D.  Phillips  in  "Advances  in  Nuclear  Magne- 
>nance,**  Vol.  1,  J.  S.  Waugh,  Ed.»  Academic  Press  Inc.,  New 
L  Y.,  1965,  pp  10^148. 
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ligand.  Also,  a  direct  overlap  of  tsg  nickel  orbitals 
with  the  ring  t  orbitals  would  give  rise  to  signs  opposite 
to  those  observed  for  the  ring  protons  because  of  ex- 
change effects  on  nickel. 

The  large  upfield  shift  of  the  amino  protons  is  sur- 
prising when  compared  to  the  water *'  and  methanol'* 
contact  shifts.  One  might  expect  that  the  amino  pro- 
tons would  contribute  directly  to  the  <r*  mo  in  the 
complex  and  be  deshielded  by  having  spin  placed  di- 
rectly on  them.  Instead  they  are  ol^erved  to  be 
shielded.  The  hydroxy  protons  in  [Ni(H20)6]'"*'  and 
[Ni(CH,OH)«]*+  are  both  deshielded"'"  by  this  direct 
mechanism.  The  direction  of  the  shift  for  the  amino 
protons  is  similar  to  that  reported  by  Wayland  and 
Rice^  for  hexaamminenickel(II)  complexes.  These  au- 
thors conclude  that  negative  spin  density  reaches  the 
protons  by  a  spin  polarization  effect.  O'Reilly,^  in 
discussing  spin  densities  in  alkali  metal-ammonia  solu- 
tions, has  proposed  that  the  observed  negative  spin 
density  on  the  hydrogen  results  from  a  node  in  the  wave 
function  of  the  unpaired  electron  near  hydrogen.  Con- 
sequently N-H  a-TT  spin  polarization  effects,  formally 
analogous  to  the  more  familiar  C-H  spin  polarization 
effects,  are  reported  to  dominate  these  proton  shifts. 
Our  results  are  consistent  with  those  reported  by  these 
authors. 

These  conclusions  should  not  be  construed  to  mean 
that  we  believe  that  metal-ligand  *'back-bonding"  does 
not  exist.  In  general,  several  lines  of  experimental 
evidence  are  required  to  substantiate  its  existence.  For 
example,  we  have  recently'*  reported  the  existence  of 
back-bonding  in  some  substituted  pyridine  N-oxide 
complexes  of  nickel(II).  To  draw  these  conclusions, 
it  was  necessary  to  study  the  infrared,  electronic,  and 
nmr  spectra  of  the  nickel  complexes  and  the  infrared 
spectra  of  some  phenol  adducts  of  the  ligands. 
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Abstract:  Gram  quantities  of  pure  polyphosphates  containing  from  four  to  eight  phosphorus  atoms  per  mole- 
cule were  prepared.  The  phosphates  were  hydrolyzed  at  pH  values  of  4,  7,  and  11  at  30  and  60*".  First-order 
specific  rate  constants  were  determined  for  the  over-all  degradation  of  each  compound.  The  rate  constants  for  the 
end-group  clipping  to  the  next  lower  phosphate  and  an  orthophosphate  and  the  rate  constants  for  the  split-out  of 
trimetaphosphate  from  the  chain  phosphates  were  also  determined. 


The  chemistry  of  pyro-,  tri-,  trimeta-,  and  tetrameta- 
phosphate  has  been  the  subject  of  hundreds  of 
scientific  articles  during  the  past  100  years.  The  chem- 
istry of  the  complex  and  complicated  mixtures  of  poly- 
and  metaphosphates  contained  in  amorphous  phosphate 
glasses  and  crystalline  very  long  chain  polymers  has  also 
been  studied  extensively.  Despite  the  large  volume  of 
information  gathered  on  the  systems  which  have  been 
studied,  very  little  is  known  of  the  specific  properties  of 
the  condensed  phosphates  containing  more  than  four 
phosphorus  atoms  per  molecule.^-*  The  knowledge 
of  the  properties  of  tetraphosphate  is  not  extensive 
when  compared  with  pyro-  and  triphosphates,  but 
much  valuable  information  has  been  gained  on  this 
anion  during  the  past  20  ycars.*^** 

Phosphates  containing  more  than  four  phosphorus 
atoms  and  less  than  ca.  500  phosphorus  atoms  are  not 
phase-diagram  entities,  and  no  simple  method  has 
been  devised  to  prepare  even  gram  quantities  of  the 
pure  phosphates.  The  one  exception  is  calcium  hexa- 
phosphate  which  can  be  prepared  with  relative  ease.^*-^* 
The  compound  is  very  insoluble  and  cannot  yet  be  used 
to  obtain  useful  quantities  of  soluble  hexaphosphate 
salts,  however. 

The  primary  objective  of  this  work  is  to  establish  a 
foundation  for  the  comparison  of  the  hydrolysis  of 
polyphosphates  as  a  function  of  their  molecular  size. 
The  work  is  based  on  more  than  20,000  qualitative  and 
quantitative  analyses.  It  is  believed  to  be  as  reliable 
as  the  state  of  the  science  allows  today  without  dras- 
tically limiting  the  number  of  compounds  considered. 
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Experimental  Section 

Preparatioo  of  the  Pure  PolyphosplMtef.  Pdyphosphonc 
was  chosen  as  a  source  of  polyphosphate  anions.  The  add  was 
prepared  by  heating  85%  orthophosphoric  add  in  a  gold  dish  at 
400  "*  for  12  hr  to  yield  a  polyphosphoric  add  with  an  average  chain 
length  near  five.  The  average  chain  lengths  were  determined  by 
end-group  titrations." 

A  2(X)-g  sample  of  the  phosphoric  acid  was  dissolved  in  2  L  of 
water,  and  the  phosphate  was  extracted  from  the  aqueous  solution 
into  3400  ml  of  a  25  %  solution  of  /-caprylamine  dissolved  in  xylene. 
The  tertiary  amine,  Alamine  336S,  was  obtained  from  the  General 
Mills  Co.  The  two  immisdble  solvents  were  shaken  together  for 
1  hr  and  then  allowed  to  separate.  The  aqueous  phase  was  dis- 
carded. The  desired  phosphates  were  stripped  from  the  amine 
solution  with  500-ml  portions  of  0.1  N  aqueous  ammooium  hy- 
droxide; 10  to  12  fractions  removed  the  desired  phosphates.  The 
fractions  were  analyzed  by  paper  chromatography.  At  this  stage 
of  the  extraction  each  fraction  contained  three  migor  components. 
About  50  g  of  polyphosphoric  add  was  recovered  while  150  g  was 
discarded  as  ortho-  and  longer  chain  phosphates,  unwanted  for  this 
work. 

The  solutions  of  phosphates  were  stored  in  a  refrigerator  at  V 
until  ready  to  be  reextracted.  Before  the  phosphates  could  be 
refractionated,  it  was  necessary  to  convert  the  ammonium  salts 
back  to  the  corresponding  acids.  Samples  containing  similar 
quantities  of  the  same  phosphates  were  combined  and  passed 
through  a  cation-exchange  column  containing  4  lb  of  Dowex 
50W-X4  resin  in  the  hydrogen  form.  The  acidic  solutioos  were 
then  mixed  with  a  fresh  batch  of  33%  amine  solution  at  the  ratio 
of  160  g  of  amine  solution  to  500  ml  of  aqueous  phosphate  solution. 
The  quantities  of  course  depended  on  the  number  of  phosphate 
solutions  which  were  combined.  The  aqueous  phase  was  again 
discarded  after  1  hr  of  mixing.  The  phosphate  was  stripped  from 
the  amine  solution  with  lOO-ml  portions  of  0.1  A^  aqueous  NHi. 
In  a  typical  extraction  20  fractions  were  obtained  and  the  amine 
was  completely  stripped  of  phosphate.  At  this  stage  each  fractioo 
contained  two  major  constituents.  The  extraction  procedure  was 
repeated  with  combined  fractions  containing  similar  phosphates. 
The  third  and  usually  final  fractionation  of  the  phosphate  solutions 
was  made  in  a  similar  way  except  the  final  extraction  was  made  with 
0.1  N  NH4NOa  and  the  aqueous  extract  volume  was  reduced  to  10 
ml.  The  fractions  contained  one  migor  fraction,  a  smaller  quan- 
tity of  a  second  phosphate,  and  traces  of  longer  chain  phosphates. 

When  only  two  major  constituents  must  be  separated,  an  anioo- 
exchange  chromatographic  column  may  be  heavily  loaded  and 
still  give  satisfactory  separation  of  the  two  components.  A  columo 
1  cm  in  diameter  with  27-cm  bed  depth  was  filled  with  Dowex  1-X8 
resin  in  the  chloride  form."  The  column  was  treated  with  400  ml 
of  0.30  N  KQ  solution  adjusted  to  pH  5.0  with  HQ.  Then  the 
column  was  loaded  with  0.5  g  of  ammonium  polyphosphates  con- 
tained in  50  ml  of  the  solvent  extracted  from  the  amine  solution. 
The  concentration  of  the  eluting  agent  used  depended  upon  the 
phosphates  to  be  separated.  If  the  solution  contained  tetra-  and 
penta-  or  penta-  and  hexaphosphate,  the  colunm  was  duted  with 
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V  KO  adjusted  to  pH  S.  If  hexa-  and  heptaphosphates  were 
separated,  the  concentration  Of  KQ  was  adjusted  to  0.35  A^; 
na-  and  octaphosphates  were  to  be  separated,  the  KO  con- 
ation was  increased  to  0.40  M  When  the  longer  chain  phos- 
s  (hexa-,  hepta-,  or  octa-)  were  to  be  separated,  the  column  was 
reated  with  400  ml  of  0.3  N  KQ  to  remove  any  shorter  chain 
>hates,  and  then  the  concentration  was  increased  to  the  sep- 
»n  level. 

t  flow  rate  of  the  column  was  adjusted  to  1  ml/min  and  20-nil 
ons  were  collected  with  an  automatic  fraction  collector. 
I  the  first  90  fractions  had  been  collected,  the  phosphate  was 
id  by  spotting  a  drop  of  each  fraction  on  a  filter  paper  and 
developing  the  filter  paper  as  though  it  were  a  paper  chroma- 
m  which  had  not  been  subjected  to  solvent  separation, 
er  the  phosphates  were  located,  the  midfractions  were  chro- 
sraphed  to  ensure  the  purity  of  the  fractions.  Like  fractions 
then  coml»ned,  and  the  water  was  removed  from  the  solution 
i  thin^lm  vacuum  evaporator  connected  to  a  water  aspirator, 
lask  of  the  evaporator  was  maintained  at  approximately  40^. 
ivaporation  was  discontinued  when  the  first  crystals  of  KQ 
din  the  flask. 

ilysis  was  used  to  separate  the  KQ  from  the  phosphate  solu^ 
The  saturated  solution  of  KQ  was  put  into  a  dialysis  mem- 
:  0.75  X  10  in.,  and  then  the  membrane  was  suspended  in  4 1. 
tilled  water.  The  removal  of  the  KQ  was  rapid  and  complete, 
n  3  hr,  with  three  changes  of  the  outside  water,  the  chloride 
nt  inside  the  dialysis  tube  was  barely  detectable.  This  method 
bund  to  be  superior  to  the  various  precipitation  techniques 
on  benzidine, >•*  because  the  phosphate  suffered  no  detectable 
dation  in  this  process  and  no  foreign  ions  were  added  to  the 
»hate  solution.  Once  the  phosphates  were  concentrated  and 
from  the  KQ,  they  were  stored  in  a  refrigerator  at  2^  until 
d. 

t  samples  of  polyphosphates  can  be  preserved  much  easier 
utioo  than  they  can  be  as  the  amorphous  solids  which  form 
either  a  sodium  or  potassium  salt  is  precipitated.  In  every 
ittempted  the  sodium  or  potassium  salts  reorganized  within  a 
or  two  if  the  salts  were  stored  as  the  solids.  If  the  crystalline 
.  of  either  the  guanidinium  or  acridinium  phosphates  were 
red  by  the  methods  Quimby*  employed  to  crystallize  the  tetra^ 
»hate,  they  were  stable  if  care  was  taken  to  make  certain  that 
Its  were  dry. 

ilyiff  of  the  Phoaphates.  It  has  been  well  established  that  the 
r  polyphosphates  do  truly  exist  and  can  be  separated  as  pure 
inces  by  chromatographic  techniques.^  It  is  not  considered 
lary  to  attempt  to  reestablish  this  fact.  The  analytical  prob- 
wfaich  were  confronted  were  quantitative  rather  than  qualita- 

alytical  methods^*"**  were  needed  which  were  reasonably 
and  at  the  same  time  reliable  if  the  large  number  of  analyses 
I  were  needed  in  a  hydrolysis  study  were  to  be  handled  within 
quired  time  limits.  After  several  hundred  tests  with  columns, 
ing  papers,  and  thin-layer  chromatograms,  the  decision  was 
to  employ  ascending  paper  chromatograms  on  a  10  X  1 1.5  in. 
<tf  Schleicher  and  SchueU  589  Orange  Ribbon  paper.  The 
paper  has  the  advantage  of  being  easily  referenced  and  graphic. 
ayer  chromatograms  are  also  graphic,  but  quantitative  analyses 
t  phosphates  were  more  difikult. 

t  acidic  chromatographic  solvent  92-D  recommended  by 
3ff*>  was  used  in  this  work  but  it  was  modified  in  one  respect 
r  separations  were  obtained  with  the  longer  phosphates  if  solid 
3iiium  carbonate  was  substituted  for  the  aqueous  ammonia 
sff  suggested.    For  solvents  designed  to  separate  hepta-,  octa^ 
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and  nonaphosphates,  1.4  g  of  ammonium  carbonate  was  used  per 
1  1.  of  solvent  solution,  while  the  solvents  used  to  separate  the 
shorter  chain  phosphates  (tetra-,  penta-,  and  hexar)  required  2.5 
g  of  (NH4)iCX)«/l.  The  basic  solvent  used  in  the  two-dimensional 
chromatograms  was  that  recommended  by  Karl-Kruppa.**  The 
chromatographic  chambers  were  standard  6  X  12  in.  cylinders  and 
contained  100  ml  of  solvent.  The  chromatographic  chambers 
were  thermostated  at  17°  in  a  modified  commercial  de^  freezer 
equipped  with  a  forced  air  fan.  The  temperature-sensing  element 
in  the  refrigerator  was  replaced  with  a  thermistor  and  an  electronic 
relay  to  improve  the  temperature  control  of  the  freezer. 

Ilie  phosphate  solution  to  be  tested  (10-20  yX)  was  placed  1.25  in. 
from  the  bottom  of  the  filter  paper  as  a  band  0.75  in.  long  and  Vs 
in.  wide.  Each  chromatogram  held  four  spots  or  two  duplicated 
samples.  Attempts  were  made  to  store  chromatograms  at  2°  while 
awaiting  a  vacant  chromatographic  chamber,  but  this  technique 
caused  errors  if  the  chromatograms  were  stored  for  more  than  24 
hr  because  the  phosphates  degraded  on  the  paper. 

Qiromatographic  papers  were  allowed  to  remain  in  the  chroma- 
tographic chamber  for  about  12  hr  or  until  the  solvents  reached  the 
top  of  the  chromatograms.  The  chromatograms  were  then  re- 
moved from  the  chambers,  air-dried,  and  then  dried  for  5  min  at 
1(X)°  in  a  forced  air  oven. 

The  chromatographic  sprays  used  to  develop  the  chromatograms 
were  those  recommended  by  Hanes  and  Isherwood.**  At  this 
point  the  treatment  of  the  chromatogram  depended  upon  its  ulti- 
mate use.  Parts  of  the  chromatograms  were  quantitatively  analyzed 
for  the  per  cent  of  the  phosphorus  in  the  phosphate  in  question 
compared  to  the  remainder  of  the  phosphate  on  the  chromato- 
grams. These  chromatograms  were  analyzed  by  the  method  recom- 
mended by  Smith,"' '*  using  a  Spectronic  20  spectrometer  manu- 
factured by  the  Bausch  and  Lomb  Co.  The  spectrometer  was  fitted 
with  a  digital  readout  supplied  by  the  same  manufacturer. 

Other  chromatograms  were  analyzed  for  the  distribution  of  phos- 
phate species  to  give  a  total  analysis  of  the  phosphates.  These 
chromatograms  were  analyzed  by  the  method  recommended  by 
Bemhart  and  Qiess,*^  and  an  Analytrol-RB  spectrometer  manu- 
factured by  the  Beckman  Instrument  Co.  was  employed  to  perform 
the  analyses.  The  latter  method  of  analysis  was  not  as  accurate 
as  the  extraction  technique,  but  a  quantitative  analysis  was  obtained 
for  an  species  present.  Hydrolyzing  samples  of  octaphosphate 
contain  as  many  as  nine  species,  and  the  time  required  to  obtain 
an  analysis  of  each  phosphate  by  the  extraction  technique  was  pro- 
hibitive. The  two  methods  agreed  within  about  2%  per  species 
analyzed  except  for  an  occasional  analysis  when  the  errors,  which  we 
attributed  to  the  authors,  resulted  in  complete  disagreement  between 
the  two  methods.  The  data  were  discarded  when  the  errors  greater 
than  about  2  %  per  phase  were  committed. 

Bie  Rates  of  Hydrolysis  of  Pdlyphoaphates.  Nearly  100  papers 
have  been  published  on  the  rates  of  hydrolysis  of  condensed  phos- 
phates yet  only  three  works  have  been  reported  for  the  hydrolysis 
of  individual  polyphosphates  longer  than  tetraphosphates.^*>* 
Even  the  hydrolysis  of  tetraphosphate  has  received  but  little  atten- 
tion, *•*•*  while  only  two  works  have  been  published  on  the  hydroly- 
sis of  higher  ring  metaphosphates.*^>'*  Pyrophosphate  has  been 
studied  in  great  detail.  **^^    The  complex  glasses,  very  long  chain 


(32)  C.  S.  Hanes  and  F.  A.  Isherwood,  Nature,  164,  1 107  (1949). 

(33)  D.  F.  Batlz  and  M.  G.  Mellon,  Anal,  Chem.,  19,  873  (1947). 

(34)  E.  J.  Griffith  and  R.  L.  Buxton,  Inorg.  Chem,,  4,  549  (1965). 

(35)  E.  Thilo  and  U.  Schuelse,  Z.  Anorg,  Allgem,  Chem.,  341,  293 
(1965). 

(3^  M.  Berthelot  and  G.  Andre,  Compt,  Rend,,  123,  776  (1896); 
ibid.,  124,  265  (1897). 

(37)  C.  Montemartine  and  V.  Egidi,  Gazz.  Chim.  Ital,  31,  394  (1901); 
ibid.,  32,  381  (1902). 

(38)  H.  Ginan.  Ann.  Chim,  Phys.,  30,  203  (1903). 

(39)  O.  A.  Abbott,  /.  Am.  Chem,  Soc.,  31,  763  (1909). 

(40)  L.  Pessel,  Monatsh.,  43.  601  (1923). 

(41)  S.  J.  Kiehl  and  W.  C.  Hansen,  /.  Am,  Chem,  Soc.,  48,  2802  (1926). 

(42)  N.  J.  Fuchs.  /.  Russ.  Phys.  Chem.  Soc.,  61,  1035  (1929). 

(43)  H.  D.  Genner  and  H.  D.  Kay,  /.  Biol.  Chem,,  93,  733  (1931). 

(44)  S.  J.  Kiehl  and  E.  Claussen,  /.  Am.  Chem.  Soc.,  57,  2284  (1935). 

(45)  E.  Bamann  and  M.  Meisenheimer,  Ber.,  71B,  2086,  2233  (1938). 

(46)  E.  Bamann  and  E.  Heumuller,  Naturwissenschaften,  28,  535 
(1940). 

(47)  R.  Watzcl.  Die  Chemie,  55,  356(1942). 

(48)  V.  N.  Osipoa,  /.  Gen.  Chem.  USSR,  12,  468  (1942). 

(49)  R.  A.  Morgan  and  R.  L.  Swoope,  Ind.  Eng.  Chem.,  35,  821 
(1943). 

(50)  R.  N.  Bell,  ibid.,  39,  136  (1947). 

(51)  R.  Fleury,  J.  Courtois,  and  A.  Desjobert^  BulL  SQC«CK\.m.lBT«jM&«^ 
694  (1948). 


Griffith,  Buxton  /  Tetra-^  Penta-,  Hexo-,  Hepta-,  and  Octa^T 


2886 

phosphate,  and  ultraphosphate  have  also  received  much  tLiita' 
tion.»^»«.".«».^»->«'  Work  on  triphosphate**.*'.".**-".".**."*-"' 
and  smaller  rings*^.**. **."*-"*  is  limited. 
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In  the  work  presented  here  the  rates  of  hydrolysis  were  deter- 
mined for  tetra-  through  octaphosphates  at  pH  values  of  4.0, 7.0,  and 
1 1 .0  at  30  and  60°.  The  concentrations  of  the  polyphosphate  solu- 
tions were  adjusted  to  allow  for  a  convenient  analysis  by  paper 
chromatography  since  there  was  no  obvious  reason  for  adjusting  the 
concentrations  to  any  other  values.  The  concentration  of  phos- 
phate was  adjusted  as  near  to  50  \k%  of  phosphorus  per  10  /d  of 
solution  as  was  convenient;  however,  no  differences  in  the  data 
obtained  could  be  attributed  to  changes  in  concentration  of  the 
phosphate  even  if  the  concentration  was  increased  or  decreased  by 
as  much  as  200%. 

Before  the  phosphates  were  hydrolyzed,  they  were  converted  from 
the  potassium  salts  to  either  the  sodium  or  tetramethylammonium 
salts.  The  conversion  to  the  sodium  salt  was  accomplished  \ti 
passing  the  phosphate  over  a  large  excess  of  Dowex  30  resin  which 
was  converted  to  the  sodium  form  with  0.2  N  NaOH  and  then 
washed  with  distilled  water  until  the  wash  water  was  no  longer 
basic  The  column  used  was  simply  a  100-ml  buret  which  had  been 
cut  to  20  ml  and  contained  10  ml  of  dry  resin.  A  similar  technique 
was  used  for  the  tetramethylammonium  conversion  except  the 
phosphate  was  first  converted  to  the  add  form  with  the  cation- 
exchange  resin,  and  then  the  phosphate  was  neutralized  with  3% 
tetramethylammonium  hydroxide.  This  was  done  to  keep  the  excess 
tetramethylammonium  ion  concentration  as  low  as  possible. 

Samples  of  2  ml  were  found  to  be  convenient  for  the  hydrolysis 
studies.  The  samples  were  adjusted  to  the  required  pH  with  the 
aid  of  a  Beckman  Model  G.S.,  battery-powered,  pH  meter.  The 
usual  precautions  were  observed  and  the  pH  was  adjusted  to 
within  0.01  unit  of  the  required  value.  No  sodium  ion  corrections 
were  applied.  After  the  pH  was  adjusted  to  the  proper  value  the 
sample  was  transferred  to  a  2-dram  glass  vial,  which  was  then 
placed  in  a  thermostated  water  bath.  The  baths  were  obtained 
from  the  E.  H.  Sargent  Co.,  but  the  thermoregulator  was  replaced  by 
a  more  sensitive  unit  obtained  from  the  H  and  B  Instrument 
Co.  The  baths  were  capable  of  maintaining  30.(X)  :i=  0.01  or  60.00 
d=  0.01  °  for  as  long  as  2  years  without  readjustment.  The  pH 
was  maintained  by  periodic  adjustments  back  to  the  original  value 
when  required. 

The  time  the  samples  were  maintained  in  the  baths  and  the  time 
at  which  samples  were  collected  was  monitored  by  two  master 
interval  timers.  At  the  start  of  each  hydrolysis  expefiment  the 
local  time  was  recorded,  as  well  as  the  time  on  the  master  tinws. 
The  time  was  recorded  to  0.1  hr  in  all  cases  except  the  very  fast 
reactions  where  the  time  was  measured  in  minutes. 

A  zero-time  analysis  was  made  on  each  sample  before  it  was 
placed  in  a  thermostat.  If  any  trace  of  a  higher  polyphosphate 
than  the  one  under  consideration  was  found  in  a  sample  to  be 
hydrolyzed,  the  sample  was  repurified.  The  shorter  chain  lengths 
caused  no  difikulties  in  the  determination  of  rate  constants.  The 
presence  of  phosphates  with  chain  lengths  greater  than  the  phos- 
phate under  consideration  could  not  be  accepted  because  theie  was 
no  simple  way  to  correct  the  errors  caused  by  their  degradatioo 
before  their  rate  constants  were  known.  At  prechosen  intervals, 
samples  were  withdrawn  from  the  vials  and  analyzed.  On  the 
average  eight  data  points  were  collected  for  each  rate  constant 
Two  types  of  chromatograms  were  prepared  and  each  chromato- 
gram  was  duplicated  and  placed  in  reserve  in  case  an  analyticil 
result  was  questionable.  The  reserves  were  not  maintained  for 
more  than  24  hr  at  2^  or  they  were  considered  to  be  useless.  One- 
dimensional  chromatograms  were  used  to  establish  the  per  oeot 
phosphorus  present  as  the  polyphosphate  under  study  m.  the  ^^ 
mainder  of  the  phosphate  contained  in  the  sample  being  studied. 

The  duplicate  half  of  the  same  chromatogram  was  analyzed  hy 
the  Analytrol  to  give  the  percentage  phosphorus  present  as  the 
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A£±. 

Specific  rate  constants, 

A£±. 

Specific  rate  constants. 

A£±, 

Specific  rate  constants, 

end- 

total  reaction. 

total 

trimeta  split-out. 

trimeta 

end-group  dipping. 

group 

ku  min-* 

reaction, 

km,  min-i 

split-out. 

A:,,  min~* 

dipping, 

Phosphate 

PH 

30** 

60** 

kcal 

30** 

60« 

kcal 

30** 

60* 

kcal 

odium  salts 

Tctra- 

4 

7.5  X  10-* 

4.6  X  10-* 

27.5 

7.5  X  10-* 

4.6  X  10-* 

27.5 

7 

4.6  X  10-* 

2.0  X  10-* 

25.2 

4.6  X  10-* 

2.0  X  10-* 

25.2 

2.0  X  10-« 

8.8  X  10-» 

25.3 

2.0  X  10-* 

8.8  X  10-» 

25.3 

Fenta- 

4 

2.4  X  10-» 

6.3  X  10-* 

21.8 

8.2  X  10-* 

9.8  X  10-» 

16.6 

1.6  X  10-» 

5.3  X  10-* 

23.4 

7 

1.5  X  10-» 

4.8  X  10-* 

23.2 

4.4  X  10-* 

1.7  X  10-* 

24.6 

1.4  X  10-* 

3.0  X  10-* 

20.5 

4.8  X  10-« 

2.5  X  10-* 

26.4 

1.8  X  10-* 

8.4  X  10-» 

25.7 

3.0  X  10-» 

1.7  X  10-* 

11.6 

Hexa- 

4 

(3.4  X  10-») 

7.1  X  10-* 

20.3 

9.7  X  10-* 

1.1  X10-* 

16.4 

2.4  X  10-* 

6.0  X  10-* 

21.5 

7 

3.8  X  10-» 

7.6  X  10-* 

20.0 

6.5  X  10-* 

2.5  X  10-* 

24.4 

3.4  X  10-» 

4.9  X  10-* 

17.8 

8.0  X  10-« 

4.8  X  10-* 

27.4 

(6.6  X  10-*) 

2.9  X  10-* 

25.3 

3.0  X  10-» 

2.0  X  10-* 

12.3 

Hepta- 

4 

4.3  X  10-» 

7.9  X  10-* 

19.5 

1.2  X  10-» 

1.3  X  10-* 

16.2 

3.2  X  10-» 

6.5  X  10-* 

20.1 

7 

7.5  X  10-» 

1.0  X  io-» 

17.3 

9.2  X  10-* 

3.5  X  10-* 

24.3 

6.6  X  10-» 

6.6  X  10-* 

15.4 

1.5  X  10-» 

7.7  X  10-* 

26.3 

1.2  X  10-» 

5.8  X  10-* 

25.7 

3.0  X  10-» 

1.9  X  10-* 

12.3 

Octa- 

4 

7 

8.5  X  10-* 
1.4  X  10-» 

1.1  X  io-» 

1.6  X  10-* 

6.9  X  10-* 

9.8      10-* 

1.2      10-* 

^etramethylammoniuin  salts 

Penta- 

11 

1.4  X  10-» 
6.9  X  10-« 
8.6  X  10-' 

4.2  X  10-* 
9.8  X  10-* 
2.0  X  10-» 

22.7 
18.0 
21.0 

Hexa- 

11 

1.4  X  10-» 

9.5  X  10-* 
4.2  X  10-* 

1.1  X  10-* 

16.3 

Hei>ta- 

11 

7.5  X  10-* 

6.6  X  10-» 

arious  degradation  products  if  it  was  not  needed  as  a  duplicate 
X  the  single  spedes  analysis.  A  two-dimensional  chromatogram 
^as  also  set  up  to  determine  the  percentage  trimetaphosphate  which 
ynned  from  the  longer  chain  phosphates.  The  two-dimensional 
bromatograms  were  divided  into  three  parts:  the  phosphate  under 
tudy,  the  trimetaphosphate,  and  the  short-chain  phosphates  which 
'Cie  degradation  products.  This  selection  of  samples  gave  an 
idependent  check  in  the  values  obtained  from  the  one-dimensional 
iiromatograms. 

The  analyses  of  samples  are  so  involved  and  the  possible  sources 
tf  error  are  so  numerous  that  no  attempt  will  be  made  to  discuss 
lem.  The  reader  is  referred  to  the  literature  dted  from  which  the 
nalytical  techniques  were  adopted.  An  estimate  of  the  errors 
ommitted  in  determining  the  rate  constants  was  made  at  the  95% 
Dofidence  limits.  These  estimates  reflect  more  the  predsion  of  the 
xxk  than  its  accuracy.  Rather  than  attempt  to  assign  a  more  or 
ss  meaningless  estimate  of  error  to  each  rate  constant,  it  can  be 
ifdy  stated  that  the  error  is  less  than  =blO%.  Much  more  effort 
«s  expended  by  the  authors  to  furnish  a  self-consistent  group  of 
Bta  thieui  to  attempt  to  supply  highly  reliable  data  with  tools  that 
re  inherently  difficult  to  control.  For  this  reason  the  rate  con- 
Ants  devdoped  in  this  work  will  be  reported  to  only  two  significant 
gures.  The  reader  can  gain  much  greater  feeling  for  the  errors 
I  the  work  by  comparing  the  various  plots  of  the  rate  constants 
I.  pH  or  chain  length. 

No  major  difficulties  were  encountered  in  the  analyses  of  the 
3dium  polyphosphates  but  the  tetramethylammonium  polyphos- 
hates  were  particularly  difikult  to  analyze  when  the  longer  phos* 
hates  were  chromatographed.  The  major  difficulty  arises  from 
ie  fact  that  the  tetramethylammonium  hexa-,  hepta-,  and  octa- 
hosphates  streak  badly  in  the  chromatographic  solvents  which 
sparate  them  within  12  to  16  hr.  A  second  difficulty  results  from 
ie  tetramethylammonium  ions  which  impart  a  blue  color  to  a 
[iromatogram  when  developed  with  the  ammonium  molybdate 
;irays  used  in  this  work.  No  method  was  devised  to  overcome 
lese  two  sources  of  error,  and  the  tetramethylammonium  phos- 
hate  work  was  limited.  The  data  obtained  with  the  tetramethyl- 
mmonium  phosphates  are  reported  but  the  errors  are  twice  as  large 
I  those  for  the  sodium  polyphosphates. 

The  need  for  the  tetramethylammonium  data  rj.  sodium  ion  data 
as  been  discussed  in  a  previous  work.**  It  will  be  noted  that  there 
re  several  notable  differences  in  the  sodium  phosphate  data  and 
le  tetramethylammonium  phosphate  data. 

Table  1  contains  the  first-order  specific  rate  constants,  for  the 
ver-aJl  disappearance  of  a  phosphate  spedes,  k%;  the  first-order  rate 


constant  for  the  disappearance  of  a  spedes  by  the  clipping  of  an 
orthophosphate  from  the  end  of  a  chain,  A:« ;  and  the  first-order  rate 
constant  for  the  disappearance  of  a  spedes  by  the  splitting  out  of  a  tri- 
metaphosphate from  the  linear  polyphosphates,  Arm.  Both  ki  and 
km  were  obtained  from  the  analytical  data.  The  end-group  clipping 
rate  constants  were  calculated  from 


#Ct   ^   K^  "t"  ^m 


dC 
d/ 


ktC  =  (fce  +  kJC 


(1) 


(2) 


where  C  is  the  concentration  of  the  spedes  in  question.  In  the 
calculations  used  in  this  work,  C  was  expressed  as  the  percentage 
of  the  phosphorus  in  the  phosphate  under  consideration  with  respect 
to  the  total  phosphorus  in  the  sample  solution. 

Discussion  of  Results 

To  compare  the  various  phosphates  the  authors 
plotted  the  data  on  two  types  of  graphs.  The  first  plot 
was  log  k  vs.  pH  for  each  phosphate  species  at  each 
temperature.  The  second  plot  was  log  k  vs.  the  number 
of  phosphorus  atoms  contained  in  the  phosphate  at  a 
fixed  temperature  and  pH.  The  conclusions  drawn 
from  these  data  are  based  upon  these  graphs,  but 
unfortunately  they  are  too  numerous  to  reproduce. 
It  is  recommended  that  the  reader  seriously  interested 
in  the  results  plot  the  data  himself. 

The  rates  of  degradation  of  sodium  hexa-,  hepta-, 
and  octaphosphates  by  all  routes  simultaneously  are 
greater  at  pH  7  than  at  pH  4  or  11.  It  was  not  un- 
expected that  the  over-all  degradation  at  pH  11  was 
less  than  it  was  at  pH  7,  but  it  was  unexpected  that  the 
rate  at  pH  7  was  greater  than  it  was  at  pH  4  as  seen  in 
Figure  1. 

In  every  case  tested  the  degradation  of  the  phosphates 
followed  the  first-order  rate  law  with  respect  to  the 
reacting  phosphate.  No  extensive  effort  was  made  to 
prove  that  the  first-order  law  V4^&  cJa«xN^^  \i\sx.  ^^a^ 
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Figure  1.    Specific  rate  constants  for  sodium  polyphosphates  as  a 
function  of  pH  at  60^ :   pyro-  and  tri-  values  from  ref  59. 


data  contained  no  results  which  caused  doubt  that  the 
first-order  law  was  obeyed  with  the  longer  chain  phos- 
phates as  it  is  with  the  shorter  chain  phosphates.  The 
rate  constants  of  Table  I  were  derived  from  straight 
lines  obtained  when  log  C  was  graphed  as  a  function  of 
time.  For  test  cases  the  straight-line  relationship  was 
maintained  for  three  or  more  half-life  periods.  All  of 
the  rate  constants,  except  the  very  small  constants,  are 
derived  from  data  gathered  during  at  least  two  half- 
life  periods. 

The  stabilities  of  the  polyphosphates  decrease  as  the 
chain  lengths  increase,  but  the  rate  constants  seem  to 
be  approaching  some  limiting  value  as  chain  length 
increases.  The  differences  between  the  rate  constants 
for  tri-  and  tetraphosphates  are  much  larger  than  the 
differences  between  hepta-  and  octaphosphates  under 
the  same  experimental  conditions  as  shown  in  Figure  2. 

It  is  known  that  a  chain  phosphate  may  degrade  by 
any  one  of  at  least  three  routes.**  One  mode  of  deg- 
radation results  from  the  clipping  of  the  end  group  of 
the  chain  to  form  orthophosphate  and  a  phosphate 
chain  one  phosphorus  atom  shorter.  A  second  mode 
is  the  degradation  by  the  breaking  of  the  chain  some- 
where in  the  middle  of  the  chain  to  yield  two  chains. 
A  third  method  of  degradation  results  from  the  splitting 
out  of  a  trimetaphosphate  ring  to  leave  a  chain  phos- 
phate three  phosphorus  atoms  shorter.  Although  the 
first  and  third  methods  of  degradation  were  clearly 
evident,  there  were  no  clear  indications  when  the  total 
families  were  considered  that  the  chain  cleaved  in  the 
middle. 

Rate  constants  were  developed  for  the  loss  of  the 
polyphosphates  by  splitting  out  trimetaphosphate. 
As  shown  in  the  midcolumns  of  Table  I,  the  rates  of 
loss  of  a  phosphate  by  this  route  can  be  as  great  or 
greater  than  the  loss  by  the  hydrolysis  of  the  ends  of  the 
chains. 

The  shortest  chain  phosphate  which  can  degrade  to 

trimetaphosphate    is   tetraphosphate.     Only   trimeta- 

and  ortbopbospbate  would  remain.    In  the  work  with 


10-« 


Figure  2.  Specific  rate  constants  for  the  total  reaction  of  sodium 
polyphosphates  as  a  function  of  molecular  size  at  pH  4.0  and  60°: 
pyro-  and  tri-  values  from  ref  59. 


tetraphosphate,  there  was  a  small  but  detectable  buildup 
of  trimetaphosphate  in  the  solutions.  The  concen- 
trations of  the  trimetaphosphate  was  too  small  to  yield 
reliable  rate  data.  When  the  chain  length  of  the  phos- 
phate was  five  phosphorus  atoms  or  more,  the  bidldup 
of  trimetaphosphate  was  easily  measured  and  rate  con- 
stants were  developed. 

In  the  past  there  has  been  considerable  speculation 
as  to  the  mechanism  of  the  ""hydrolysis"  of  a  chain 
phosphate  to  trimetaphosphate.  It  is  the  contention 
of  the  authors  that  this  degradation  is  not  hydrolysis 
at  all  but  a  reorganization  of  the  phosphate  as  occurs 
in  anhydrous  systems  when  phosphates  are  heated. 
It  can  be  seen  that  water  need  not  be  considered  as  a 
reactant.  For  example,  the  degradation  of  sodium 
hexaphosphate  to  trimetaphosphate  and  triphosphate 
may  be  represented  as 


o  o  o  o  o  o 

8Na+  +  -OPOPOPOPOPOPO- 
O  O  O  O  O  O 


O  O  O 
-OPOPOPO-  + 

o  o  o 

o- 
p 

o     o 

-OPO    OPO- 

V 


+  8N«* 


and  water  is  neither  a  reactant  nor  a  product.  In  fact, 
a  1:1  mixture  of  trimetaphosphate  and  triphosphate 
is  exactly  the  mixture  one  would  expect  from  phase- 
diagram  considerations ^^^  if  an  anhydrous  sodium 
phosphate  with  a  hexaphosphate  composition  were 
heat^  to  speed  the  approach  to  equilibrium  conditions. 
The  relationships  among  the  rate  constants  for  the 
tetramethylammonium  phosphates  were  of  a  different 
form  when  compared  to  the  corresponding  sodium 
systems  when  a  graph  of  log  kt  vs.  pH  was  con- 
structed. This  led  to  the  conclusion  that  perhaps 
trimetaphosphate  was  not  being  formed  in  the  tetra- 
methylammonium systems  as  it  was  in  the  sodium 
systems.  Heptaphosphate  was  converted  to  the  tetra- 
methylammonium salt  and  degraded  at  pH  1 1  and  60^ 
Small  quantities  of  trimetaphosphate  buildup  could  be 

(124)  E.  p.  Partridge,  V.  Hicks,  and  G.  W.  Smith,  /.  Am.  Chem.  Soe^ 
63.  4S4  (1941). 
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id  during  the  study,  but  the  concentration  of  tri- 
hosphate  was  never  large  enough  to  obtain  a 
tative  analysis  of  this  species.  It  is  doubtful 
etramethylammonium  trimetaphosphate  would 
even  if  anhydrous  tetramethylanunonium  hepta- 
tiate  were  heated  to  temperatures  just  high  enough 
se  it  to  reorganize.  It  can  only  be  concluded  that 
dium  ions  in  the  sodium  polyphosphate  system 
buted  to  the  formation  of  the  trimetaphosphate 
>rms  as  a  degradation  product  of  the  reaction, 
activation  energies  for  the  degradation  of  a  poly- 
hate  to  trimetaphosphate  are  independent  of  the 
length  of  the  phosphates  from  which  the  tri- 
hosphate  forms.  Conversely,  the  activation  en- 
are  very  dependent  upon  the  pH  of  the  solution. 
:tivation  energies  increase  as  the  pH  of  the  solu- 
ncreases  (see  Table  I). 

e  the  rate  constant  kt  (for  the  total  reaction  by  all 
)  has  been  obtained  and  the  rate  constant  for 
»lit-out  of  trimetaphosphate,  k^f  is  known,  the 
>nstant  for  end-group  clipping,  k^^  can  be  calcu- 
The  rate  constant  for  end-group  clipping,  k^ 
difference  between  the  rate  constant  for  all 
>ns,  ku  and  the  rate  constant  k^. 
rate  data  for  the  end-group  clipping  at  pH  values 
id  7  are  in  accordance  with  similar  data  developed 
>r  works  with  pyro-,  tri-,  and  tetraphosphates.**" 
:  4  there  are  small  differences  between  the  values 
rate  constants  for  the  total  reactions  and  the 
instants  for  end-group  clippings  since  the  phos- 
degrades  mostly  by  end-group  clipping.  Sig- 
itly  different  data  were  obtained  for  the  end- 
clipping  at  pH  11.  At  pH  11  the  rates  of  deg- 
>n  by  end-group  clipping  are  independent  of  the 
length  above  five  phosphorus  atoms.  The  values 
for  hexa-,  hepta-,  and  octaphosphate  are  all  the 
It  pH  11  and  60°.  The  same  is  true  for  penta-, 
hepta-,  and  probably  octaphosphate  at  pH  11 
1°. 

activation  energies  for  end-group  clipping  de- 
with  increasing  pH  for  each  phosphate.  This 
or  was  noted  for  sodium  triphosphate^*  in  a  pre- 
report.  The  activation  energies  for  sodium  tri- 
[late  at  pH  values  of  4,  7,  and  10  are  27.6,  28.0, 
:.8  kcal,  respectively. 

data  for  the  tetramethylammonium  phosphate 
is  are  not  sufficiently  complete  to  draw  many 
;ant  conclusions,  llie  activation  energies  for 
al  reaction  of  pentaphosphate  are  similar  in  value 
sodium  system  at  pH  4  and  7,  but  the  large  in- 
in  activation  energy  at  pH  1 1  was  not  found  in 
xamethylammonium  system.  This  is  attributed 
i  observation  that  trimetaphosphate  split-out 
iOt  occur  to  any  appreciable  extent  in  the  tetra- 
lammonium  system.  In  the  sodium  system 
pH  increased,  the  temperature  sensitivity  of  the 
iphosphate  split-out  became  greater  while  the 
ature  influence  of  the  end-group  clipping  de- 
1  sharply. 

nerous  studies  have  shown  pyrophosphate  is  more 
in  aqueous  solutions  than  triphosphate.  It  has 
»een  demonstrated  that  triphosphate  is  more 
than  tetraphosphate.  The  hydrolyses  of  shorter 
phosphates  are  catalyzed  by  hydrogen  ions  but 
hydroxyl  ions,  but  the  hydrolysis  of  the  lower 
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membered  ring  phosphates,  trimeta-  and  tetrametaphos- 
phate,  is  catalyzed  by  both  hydrogen  and  hydroxyl  ions. 
No  satisfactory  explanations  of  these  facts  are  known. 
This  has  probably  resulted  from  the  fact  that  the  longer 
chain  phosphates  have  been  so  difficult  to  prepare  that 
no  one  has  had  the  opportunity  to  compare  the  phos- 
phates as  a  family  at  a  variety  of  pH  and  temperature 
values. 

The  electron  density  about  a  POP  linkage  in  a  phos- 
phate is  very  dependent  upon  the  degree  of  polymer- 
ization of  the  phosphate  in  which  it  occurs.  Kineti- 
cally,  the  most  stable  chain  phosphate  in  aqueous  solu- 
tions is  pyrophosphate.  The  POP  linkage  in  pyrophos- 
phate is  also  the  most  electron-rich  phosphate  linkage 
possible.  If  one  neglects  the  inner  shells  and  considers 
the  octet  about  the  oxygens  only,  there  are  56  electrons 
associated  with  the  linkage.  On  the  other  hand,  the 
most  unstable  of  all  phosphates  in  aqueous  solution  is 
phosphorus  pentoxide,  P4O10.  This  molecule  has  the 
minimum  number  of  electrons  per  POP  linkage  it  is 
possible  for  a  phosphate  to  contain,  namely  13.3  per 
POP  linkage,  neglecting  the  inner  shells.  These  facts 
would  surely  lead  one  to  believe  there  is  a  relationship 
between  the  electron  density  of  a  POP  linkage  and  its 
stability  in  aqueous  solutions.  Table  II  shows  the 
average  number  of  electrons  per  POP  linkage  for  the 
phosphate  family. 


TaUe  n.    The  Electron  Density  of  POP  Linkages  in 
Condensed  Phosphates 

Electrons 
in  valence 

shells 
per  POP 
Compound  linkage 


Pyrophosphate 
Triphosphate 
Tetraphosphate 
Pentaphosphate 
Hexaphosphate 
Heptaphosphate 
Octaphosphate 
Trimeta-,  tetra- 
meta-,  penta- 
metaphosphate, 
etc.,  or  long- 
chain  phos- 
phate 
Phosphorus 
pentoxide 


56 

40 

34.7 

32 

30.4 

29.3 

28.6 

24.0 


13.3 


Data  are  available  for  the  first  time  to  test  the  con- 
cepts presented  above;  it  is  desirable  to  ask  under 
what  conditions  the  concept  should  be  tested.  Re- 
flecting upon  the  behavior  of  the  longer  chain  phos- 
phates makes  it  obvious  that  only  the  pH  4  data  are  of 
use,  because  the  longer  chain  phosphates  degrade  by 
two  routes  at  pH  values  of  7  and  11.  At  pH  4  the 
predominant  reaction  is  end-group  clipping.  Figure  3 
is  a  graph  of  the  log  k^  at  pH  4  and  60^  vs.  the  average 
number  of  electrons  per  POP  linkage.  The  values  for 
pyro-  and  triphosphates  were  taken  from  the  work  of 
Van  Wazer,  Griffith,  and  McCullough."  The  30° 
data  treated  in  the  same  manner  also  yield  a  straight 
line  but  of  greater  slope. 


Griffith,  Buxton  /  Tetro-^  Penta»  Hexa-,  Hepto-^  ami  Oeio^^ 
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Figure  3.  Specific  rate  constants  for  end-group  clipping  of  sodium 
polyphosphates  as  a  function  of  the  average  number  of  electrons  per 
POP  linkage:   pyro-  and  tri-  values  from  ref  59. 

The  number  of  electrons  per  POP  linkage  in  a  poly- 
phosphate approaches  the  number  of  electrons  per 
POP  linkage  in  a  ring  metaphosphate  as  a  limit,  /.e., 
24.0  as  the  chain  length  of  the  polyphosphate  ap- 
proaches infinity.  It  is  therefore  possible  to  place  an 
upper  limit  on  the  rate  of  hydrolysis  of  a  long-chain 
phosphate  as  the  phosphate  degrades  by  end-group 
clipping  in  acidic  media. 

It  is  not  surprising  that  pyrophosphate  is  the  most 
stable  of  all  phosphates  in  basic  media.  Moreover, 
since  the  ring  metaphosphates  have  an  intermediate 
number  of  electrons  per  POP  linkage,  these  substances 
suffer  both  nucleophilic  and  electrophUic  attacks. 

The  electron  density  per  POP  linkage  is  not  the  com- 
plete story  on  phosphate  hydrolysis,  however.    The  ring 


metaphosphate's  POP  linkages  are  all  isoelectronic,  no 
matter  how  large  or  small  the  ring  may  happen  to  be. 
As  previously  shown  by  the  authors,**  the  rate  of  deg- 
radation of  a  ring  phosphate  decreases  as  the  size  of 
the  ring  increases.  The  true  ring  hexametaphosphate 
is  the  most  stable  phosphate  ever  studied  near  neutral 
pH  values.  Unmistakably  there  are  entropy  consid- 
erations as  well  as  electron-density  considerations. 
The  larger  rings  are  resistant  to  hydrolysis  because  they 
are  more  flexible  than  the  smaller  rings  and  can  dis- 
tribute and  dissipate  the  energy  of  collision  as  is  evi- 
dent from  the  very  low  activation  energies  for  the  hy- 
drolysis of  the  large-ring  phosphates. 

Throughout  the  discussion  of  this  work  attention  has 
been  focused  upon  the  rate  of  disappearance  of  a  single 
species  of  phosphate  without  regard  to  the  over-all 
degradation  products.  In  a  following  article  the  phos- 
phates will  be  treated  as  a  family.  Not  only  will  the 
single  species  be  considered,  but  also  the  relative  con- 
centration of  the  various  degradation  products  which 
occur.  Also  a  method  was  developed  which  allows 
one  to  predict  the  concentration  of  various  species  as 
a  function  of  time  based  upon  the  simultaneous  con- 
sideration of  the  rate  constants  presented  in  this 
work. 

The  data  of  this  work  were  not  treated  as  individual 
protonated  species  as  has  been  done  on  seVeral  occa- 
sions with  pyrophosphates. *•••*•  ^**  The  treatment  of 
protonated  species  is  more  mathematical  than  experi- 
mental and  can  easily  be  derived  from  these  rate  data 
and  published  pK  values  of  the  condensed  phosphates^* 
by  modern  computer  techniques. 

(125)  J.  M uus,  Z.  Physik.  Chem.,  159A,  268  (1932). 

(126)  R.  R.  Irani  and  C.  F.  Callis,  /.  Phys.  Chem.,  65.  934  (1961). 
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Abstract:  A  method  is  described  by  which  a  digital  computer  with  an  automatic  plotter  can  draw  a  smooth  curve 
to  fit  experimental  spectral  data  points  at  5-nvx  intervals  with  supplemental  points,  where  needed,  at  2.5-nvi  inter- 
vab.  Programs  have  been  written  that  compute,  from  spectral  data  at  up  to  75  wavelengths,  as  many  as  three  succes- 
sive dissociation  constants  for  a  light-absorbing  compound.  A  least-squares  method  involving  successive  approxi- 
mations is  used  to  obtain  the  best  fit  of  all  pK  values  to  0.01  unit.  The  spectra  of  the  individual  ionic  forms  (up 
to  four)  are  drawn,  and  the  extinction  coefficients  are  also  punched  out  on  cards.  New  data  for  pyridoxal  at  50^ 
are  reported.  Equilibria  involving  a  second  nonlight-absorbing  component  and  reversible  formation  of  a  com- 
pound or  complex  are  also  considered.  Methods  are  provided  for  finding  the  formation  constant,  the  successive 
acid  dissociation  constants,  and  the  absorption  spectra  of  individual  ionic  forms  for  the  compound  or  complex. 
The  graphs  of  the  log  of  the  apparent  formation  constant  os,  pH  and  the  pH  profiles  of  the  concentrations  (or  per- 
centages) of  individual  ionic  forms  are  drawn  automatically.  An  additional  program  provides  for  the  plotting  of 
experimental  spectral  data,  together  with  calculated  spectra,  and  the  plotting  of  experimental  data  and  calculated 
curves  of  absorbance  vs,  pH  at  any  desired  wavelength.  Two  systems  involving  formation  of  SchifTs  bases  are 
analyzed  in  detail 


Measurements  of  absorption  spectra  are  used  fre- 
r  1.  quently  to  evaluate  equilibrium  and  rate  con- 
.nts  in  complex  chemical  and  biological  systems, 
ic  availability  of  precise  recording  spectrophotometers 
ikes  it  feasible  to  collect  data  over  a  broad  range  of 
velengths,  but  often,  to  simplify  calculations,  data 
•  only  one  or  a  few  selected  wavelengths  are  em- 
)yed  in  the  computations. 

The  use  of  digital  computers  for  the  analysis  of  chem- 
.1  equilibria  has  been  developed  by  de  Maine  and 
awright,'  Sill6n  and  Ingri,*  Conrow,  et  al.,^  Sullivan, 
a/.,*  and  Wiberg.^  With  a  modern  high-speed  com- 
tcr,  it  is  possible  to  treat  very  complex  systems  in 
lich  numerous  equilibria  of  dissociation  of  protons 
d  formation  of  complexes  are  taken  into  account, 
is  feasible  to  use  spectral  data  at  many  wavelengths 
such  computations,  and  to  obtain  a  graphical  display 
the  results  with  an  automatic  curve  plotter. 

I)  Supported  by  a  grant  from  the  National  Institutes  of  Health  (AM- 
49).  A  preliminary  report  appeared  in  Federation  Proc.^  25,  278 
S6).  Part  of  this  work  was  presented  at  the  Second  International 
nposium  on  Chemical  and  Biological  Aspects  of  Pyridoxal  Catalysis, 
scow,  USSR,  Sept  1966.  Journal  Paper  No.  J- 5499  of  the  Iowa 
'icultural  and  Home  Economics  Experiment  Station,  Ames,  Iowa, 
ject  No.  1259. 

I)  Exchange  visitor  from  the  Faculty  of  Pharmaceutical  Sciences, 
iversity  of  Tokyo. 

3)  P.  A.  D.  de  Maine  and  R.  D.  Seawright,  **Digital  Computer  Pro- 
ms for  Physical  Chemistry,"  Vol.  I,  The  MacMillan  Co.,  New  York, 
Y..  1962. 

4)  L.  G.  SilWn.  Acta  Chem.  Scand.,  16,  159  (1962);  N.  Ingri  and  L. 
Sill^n.  ibid.,  16,  173  (1962);  L.  G.  Sill^n,  ibid.,  18, 1085  (1964);  N. 
ri  and  L.  G.  Sill^n,  Arkio  Kemi,  23,  97  (1965). 

5)  K.  Conrow,  G.  D.  Johnson,  and  R.  E.  Bowen,  /.  Am.  Chem.  Soc, 
1025(1964). 

S)  J.  C.  Sullivan,  J.  Rydberg,  and  W.  F.  Miller,  Acta  Chem.  Scand., 
2023  (1959). 

f)  K.  B.  Wiberg,  ^'Computer  Programming  for  Chemists,*'  W.  A. 
jamin.  Inc.,  New  York,  N,  Y.,  1965. 


This  report  describes  a  method  by  which  a  digital 
computer  with  an  automatic  plotter  fits  a  smooth  curve 
to  experimental  points  to  closely  reproduce  the  com- 
plete electronic  spectral  absorption  curve  of  a  substance. 
This  method  when  used  in  conjunction  with  an  ap- 
propriate computational  program  permits  the  evalua- 
tion of  acid  dissociation  constants  and  formation  con- 
stants for  complexes  and  compounds  and  the  automatic 
plotting  of  the  spectra  of  individual  ionic  species.  It 
also  provides  a  direct  comparison  between  experi- 
mentally observed  spectra  and  those  predicted  from  the 
equilibrium  constants  and  the  spectra  of  the  individual 
ionic  species.  Dissociation  constants  and  spectra  of 
individual  ionic  forms  have  been  evaluated  for  vitamin 
Be  aldehyde  (pyridoxal)  at  50**  and  for  5-deoxypyri- 
doxal  at  25^.  The  system  pyridoxal-alanine  at  SO® 
has  been  studied  in  detail  and  formation  constants  and 
acid  dissociation  constants  for  Schiff  bases  are  pre- 
sented for  this  system  and  for  the  system  S-deoxypyri- 
doxal-leucine  at  25**. 

The  approach  described  should  be  of  use  in  studying 
many  different  problems  of  chemical  equilibria.  Pro- 
grams will  be  made  available  to  persons  desiring  them. 

Recording  and  Plotting  of  Spectral  Data 

Data  are  transcribed  from  the  tracings  obtained  with 
a  standard  recording  spectrophotometer.  If  spectra 
change  with  time  as  a  result  of  slow  chemical  reactions 
(e.g.,  between  pyridoxal  and  alanine)  it  is  necessary  to 
extrapolate  the  spectra  to  zero  time  to  analyze  the  initial 
equilibria.  This  is  accomplished  by  measuring  the 
spectra  repeatedly  at  intervals  of  10,  30,  60,  90,  120, 
and  180  min  after  mixing.  The  computer  makes  a 
linear  extrapolation,  taking  into  accouvLt  \h&  ^kss^^  ^ 
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Figure  1 .  Method  of  transcription  of  data  from  experinientally  ob- 
tained absorption  spectra.  The  solid  line  is  the  absorption  spectrum 
of  a  solution  1  X  10~^  M  in  pyridoxal  and  0.1  Af  in  DL-alanine  at 
pH  7.0  and  50®.  This  spectrum  was  selected  as  typical  of  those  con- 
sidered in  this  paper:  O,  points  at  5-mM  intervals  between  wave- 
length limits  WVLO  and  WVL3  whose  absorbance  values,  after  any 
correction  for  solvent  blanks,  are  transcribed  to  punched  cards;  •, 
supplemental  points  added  in  the  wavelength  range  WVL1'WVL2. 


measurement  of  every  point  in  the  spectrum.  Ac- 
cording to  the  spectrum,  suitable  wavelength  limits 
WVLO,  WVLl,  WVL2,  and  WVL3  are  chosen  (Figure 
1).  WVLO  and  WVL3  are  lower  and  upper  limits 
between  which  absorbance  data  are  collected  at  S.O-m/^ 
intervals.  The  spectral  peaks  of  pyridoxal  and  its 
derivatives  are  sharper  in  the  lower  wavelength  region 
than  at  longer  wavelengths.  To  accurately  portray 
the  spectra  in  this  lower  region,  supplemental  data  near 
the  absorption  peaks  must  be  provided.  These  supple- 
mental data  are  recorded  in  the  region  from  WVLl 
to  WVL2,  again  at  5.0-miLi  intervals.  Since  we  define 
WVLl  =  WVLO  +  2.5,  the  supplemental  data  fall  at 
wavelengths  halfway  between  those  of  the  principal 
set  of  data  (Figure  1).  In  this  work  WVLO  is  either 
230  or  245  m/x,  WVL2  is  327.5  m/x,  and  WVL3  is  500 
m/x.    A  total  of  69  or  75  points  is  used. 

It  is  aesthetically  desirable  to  draw  a  smooth  curve 
between  experimental  points  when  plotting  a  spectral 
curve.  This  is  done  by  a  two-step  interpolation.  In 
the  first  step,  points  are  computed  midway  between 
each  pair  of  experimental  points  by  fitting  segments  of 
third-order  equations  to  pass  through  four  consecu- 
tive points.  At  the  ends  of  the  spectra,  segments  of 
second-order  equations  are  fitted  to  three  points.  From 
this  first  step  of  the  procedure,  points  at  2.5-m/x  inter- 
vals are  available,  half  experimental  and  half  inter- 
polated. However,  if  a  supplemental  datum  was 
recorded  at  a  particular  wavelength,  the  interpolated 
value  is  discarded  in  favor  of  the  supplemental  ex- 
perimental one.  The  result  of  this  operation  is  shown 
in  Figure  2.  The  open  circles  on  the  two  curves  repre- 
sent experimental  data  at  5.0-m/x  intervals  and  the 
closed  squares  the  interpolated  points.  It  is  seen  that 
for  curve  A,  having  a  moderately  sharp  curvature,  the 
calculated  points  fall  very  close  to  the  true  absorption 
curve,  represented  by  the  solid  line.  In  curve  B,  which 
contains  two  very  narrow  peaks,  the  calculated  points 
do  not  lie  on  the  true  curve.  In  this  case,  supplemental 
data  (open  triangles)  must  be  included. 


Figure  2.  Comparison  of  interpolation  procedure  for  curves  with 
broad  and  narrow  valleys  and  peaks.    Curves  A  and  B  represent 

assumed  experimental  curves, ,  with  the  selected  data  points 

at  5-mM  intervals,  O;  A,  supplemental  data  points,  and  ■,  inter- 
polated points  from  the  first  step  (see  text);  •,  interpolated  points 
from  the  second  step. 


In  the  second  step,  an  entirely  similar  procedure 
using  third-order  equations  is  followed  to  obtain  in- 
terpolated values  between  each  pair  of  points  at  2.5-m/i 
intervals.  These  interpolated  points  obtained  in  the 
second  step  are  indicated  by  small  closed  circles  in 
Figure  2B.  We  now  have  points  at  1.25-m/i  intervals. 
The  automatic  plotter  locates  these  points  and  draws 
straight  line  segments  between  them  to  give  the  final 
curve. 

Methods  of  Calculation 

A.    Successive  Dissodation  of  Three  Protoiis.    In 

a  compound  like  pyridoxal  hydrochloride  there  are  two 
readily  dissociable  protons,  and  the  three  ionic  forms 
may  be  represented  as  HsP,  HP,  and  P.  In  strongly 
alkaline  solution,  a  third  dissociation  occurs.  We 
have  designated  the  resulting  form  as  POH,  but  no 
chemical  significance  is  to  be  attributed  to  this  symbol. 
The  four  ionic  forms  and  three  A^  values  may  be  repr^ 
sented  schematically  as  in  eq  1. 


JTip  Ktr         K»T 

H,P  ZZ^  HP  ZZ^  P IZ^  POH 


(« 


The  total  concentration  of  all  forms  of  pyridoxal, 
Ctp  (equal  to  the  sum  of  concentrations  of  the  four 
individual  forms),  can  be  expressed  as  the  product  of  the 
concentration  of  any  one  of  the  individual  ionic  forms 
and  some  function  of  the  three  A^  values  and  the  pH 
(e.g.,  eq  2  and  3).    The  symbol  a^  represents  the  ap- 

Ctp  =  aCp  (2) 

a  =  1  +  Ah/^jp  +  (aH)V(^iP^2p)  +  A,p/aH    (3) 

parent  hydrogen  ion  "activity"  as  represented  by  the  pH 
meter  reading 


flH  =  10 -P" 


(4) 


It  is  assumed  that,  for  dilute  solutions,  concentrations  of 
all  other  species  may  be  used  in  the  calculations.  Equa- 
tions 5-7  give  the  relationships  of  the  concentrations  ot 
H,P,  HP,  and  POH  to  that  of  form  P. 


Ch,p  =  (flH)*C'p/(JfipiSr,p) 
Chp  =  ^hCp/ATip 


(5) 
(6) 
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CpoH  =  ^ipCp/an 


(7) 


Least-Squares  Calculation  of  Molar  Extinctioii 
jents  of  Individual  Ionic  Species.  If  it  is  assumed 
le  Beer-Lambert  law  holds  for  all  species,  each 
nental  absorbance,  A^  may  be  represented  by 


^-1 


(8) 


/  s  1,  2,  3,  and  4  refer  to  the  four  ionic  species, 
P,  HP,  and  HsP,  respectively,  and  /  is  the  path 
.  In  the  remaining  treatment,  /  is  assumed  to  be 
;  1  cm.  At  any  one  wavelength,  the  c's  are  con- 
but  the  concentrations,  Q,  vary  with  pH.  To 
the  values  of  €  at  a  certain  wavelength,  we  must 
re  the  absorbancies  of  at  least  four  solutions  of 
nt  pH  and  solve  a  set  of  simultaneous  linear  equa- 
In  general,  we  obtain  data  for  more  than  four 
»ns,  and  use  a  least-squares  method  to  obtain  the 
dues  of  the  €'s.  Since  we  wish  to  obtain  these 
at  each  of  the  69  to  75  selected  wavelengths,  the 
quares  procedure  is  applied  consecutively  to  the 
t  each  wavelength. 

sum  of  the  squares  of  the  deviation,  U,  for  all 
ms  at  all  values  of  pH  and  at  all  wavelengths  is 

(9) 


U  -  |^«*(^a  -  £C,,6,»)« 


dh  the  index  i  refers  to  the  pH  and  k  to  the  wave- 
.  A  weighting  factor,  a>A»  is  also  introduced, 
as  been  taken  as  1 .0  at  higher  wavelengths  and  as 
wavelengths  between  WVLO  and  WVL2.  In 
tter  region  twice  as  many  points  (many  interpo- 
per  wavelength  interval  were  used  in  the  com- 
3ns,  and  we  wanted  to  weight  the  different  spec- 
gions  equally.  Other  weighting  factors  can  be 
cd  if  desired. 

values  of  the  €'s  corresponding  to  the  minimum 
of  U  are  computed  by  standard  methods.  The 
3f  U  is  an  index  of  the  goodness  of  fit  and  plays  a 
mportant  role  in  the  subsequent  automatic  ad- 
nt  of  pK^  values.  However,  it  is  not  a  corn- 
adequate  index,  because  there  is  a  possibility 
Liring  the  adjustment  of  pK,,  values,  some  extinc- 
oefiicients  for  some  species  will  be  negative, 
ecame  evident  in  early  attempts  to  fit  the  data  for 
xal  when  the  computer  moved  the  values  of 
0  an  incorrectly  high  value  and  fitted  the  data  by 
ing  that  the  spectrum  of  POH  contained  regions 
itive  absorption. 

diminish  the  possibility  of  arriving  at  a  false 
m  with  negative  extinction  coefiicients,  a  new 
>f  error,  l/.,  was  defined 


£/.=  £/  + 


Z(Ctp€oe«)' 


(10) 


IZ(Ctp«neg)'  represents  the  sum  of  squares  of 

Ions  for  all  negative  values  of  €.  These  latter 
are  weighted  heavily  in  the  summation  by  multi- 
on  by  the  square  of  the  total  pyridoxal  concen- 
ts Ctp.  This  procedure  is  rather  arbitrary,  but 
to  be  effective. 

Automatic  Adjustment  of  pK^,  Values.  Two 
is  have  been  employed  for  the  adjustment  of  the 
lues. 
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a.  Program  swing.  If  the  successive  pK^,  values 
differ  sufficiently,  e.g.,  by  about  3  units,  each  pJ^  can 
be  adjusted  independently.  The  procedure  is  to  first 
inspect  the  original  spectral  data  and  to  estimate  within 
a  few  tenths  of  a  pK  unit  the  successive  pK^  values. 
Of  course,  the  dissociations  must  lead  to  a  distinctly 
perceptible  change  in  the  spectrum.  These  trial  values 
of  the  piCi's  are  supplied  to  the  computer  along  with  the 
experimental  data.  The  least-squares  calculation  of 
molar  extinction  coefiicients  is  performed  and  the  sum 
of  squares  of  deviations,  £/«,  is  evaluated.  Then  the 
first  pKt,  is  altered  by  an  increment  of  value,  A  (here 
A  s  0.4).  All  computations  are  repeated  and  a  new 
value  of  U^  is  determined  and  compared  with  the  first 
one.  Depending  upon  whether  the  difference  between 
the  two  values  of  (7^  is  positive,  negative,  or  zero,  the 
pK^  is  varied  again,  either  in  the  same  direction  or  by 
O.S  A  in  the  opposite  direction.  After  about  12  cycles 
of  adjustment  and  recalculation,  the  value  of  A  falls  to 
below  0.004  and  the  second  pK^  is  adjusted  next.  If 
any  two  pK^  values  are  close  enough  together  to  "over- 
lap," it  is  necessary  to  repeat  the  entire  calculation  a 
second  or  third  time  to  ensure  a  correct  answer. 

b.  Program  prrMAP.  A  second  method  for  dealing 
with  "overlapping"  dissociation  constants  is  based  on 
the  theory  developed  by  Sill^n  and  Ingri.^  When  some 
of  the  adjustable  constants  have  a  correlation  with 
others,  the  shape  of  the  pit  made  by  U^  in  the  multi- 
dimensional space  of  pJ^a  values  becomes  so  skewed 
that  the  direction  of  the  change  in  constants  should  be 
transformed  to  those  of  the  main  axes  of  the  ellipsoid 
made  by  the  contour  lines  on  the  pit  surface.  Near  the 
minimum  point,  the  shape  of  the  surface  is  assumed 
that  of  a  paraboloid  in  multidimensional  space,  the 
equation  of  which  can  be  established  from  the  values  of 
f/,  for  0.5(N  +  IXN  +  2)  systematically  chosen  points 
(here,  N  represents  the  number  of  the  constants  being 
searched  for).  The  pK^  values  corresponding  to  the 
minimum  point  on  this  surface  may  be  computed 
directly  from  the  equation  so  obtained.  In  a  future 
report,  the  results  of  application  of  this  method  to  data 
for  pyridoxamine  and  other  substances  with  over- 
lapping pKJs  will  be  described.  The  method  was  used 
in  the  present  work  only  for  evaluation  of  equilibrium 
constants  in  the  systems  containing  SchifTs  bases. 

3.  Standard  Deviation.  The  standard  deviation, 
0*,  of  each  pAT^  value  is  given  by  eq  11  where  Uno  is  the 


-( 


2Uno  Y 

N^S^UJbpKy 


A 


(H) 


value  of  Uti  corresponding  to  the  best  value  of  pJfa 
which  has  been  found ;  N^,  the  number  of  degrees  of 
freedom,  =  (no.  of  solutions  —  no.  of  pK^  values)  X 
(no.  of  wavelengths  used).  The  standard  deviation  of 
the  absorbance  values  is  given  by  eq  12.    The  value  of 

s  =  (UJN^tY^^  (12) 

a  is  computed  by  assuming  a  parabolic  form  for  the 
variation  of  U^  with  pK^  in  the  range  ±0.01  of  the  best 
value  of  pATft  which  is  found. 

4.  Comparison  Plots  of  Calculated  and  Observed 
Spectra.  Program  plot.  The  absorbance  of  a  solu- 
tion can  be  expressed  as  the  sum  of  the  contributions  of 
each  molecular  species  present  (eq  8).  Since  the  con- 
centrations of  individual  ionic  forms  WLd\!sv€\\«fJo»xiK3C^^^ 
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coefficients  at  all  wavelengths  have  been  computed,  it 
is  a  simple  matter,  using  eq  8,  to  calculate  the  expected 
absorbance  at  all  wavelengths  for  a  solution  of  any  pH. 
If  a  pH  is  selected  for  which  the  spectrum  has  been 
measured  experimentally,  the  experimental  data  may  be 
plotted  along  with  the  calculated  curve.  A  program 
has  been  written  that  does  this.  If  no  experimental 
data  are  available  at  exactly  the  pH  selected,  a  linear 
interpolation  is  made  between  the  data  for  two  nearby 
pH  values.  In  a  similar  way,  the  calculated  absorbance 
at  any  wavelength  may  be  plotted  against  pH,  together 
with  experimental  points.  If  the  selected  wavelength 
is  not  one  represented  in  the  input  data,  an  interpolation 
with  a  third-order  equation  is  employed. 

B.  Reversible  Formation  of  SchifTs  Bases.  The 
various  equilibria  of  acid  dissociation  and  formation 
of  SchifFs  bases  in  the  system  pyridoxal-alanine  may 
be  represented  by  the  following  scheme,  which  will  also 
be  applicable  in  many  other  cases. 


Kip             Kw         JC«p 

H  J>  iS=^  HP  -^=^  P  -^=^  POH 

(13) 

JtlL                   KtL 

(14) 

(15) 

JtlPL  itsPL  itsPL 

HO^L  :±i;=  HJ>L  ^=^  HPL  :±=i;  PL 


(16) 


P  represents  pyridoxal,  L  the  amino  acid,  and  PL  the 
SchiflTs  base.  The  formation  constant,  FpL,  relates  the 
concentrations  of  the  anions  of  P  and  of  L  to  the  di- 
anion  of  PL.* 

For  the  system  5-deoxypyridoxal-L-leucine  we  have 
proposed  additional  equilibria  leading  to  formation  of  a 
complex  of  unknown  structure  between  the  SchiflTs 
base  and  the  amino  acids  (eq  17).^    Four  functions, 

PL 

+ 

L 


1h 


iCsPU  Jtspu 

HJ>Lt  :±=^  HPLt  :±=;;:  PLi 


(17) 


a,  j3,  7,  and  17,  of  the  pH  and  of  the  acid  dissociation 
constants  are  introduced. 

a  =  1  +  an/^ap  +  (aH)V(^iP^2p)  +  ^sp/ah    (18) 
/3  =  1  +  an/AjL  +  (flH)V(^ii^iL)  (19) 

7=1+  flH/-^3PL  +  (flH)V(-^2PL^8PL)  + 

(flH)V(^lPlJ^lPI^8PL)      (20) 

17  =  1  +  a^K^vvi  +  (flH)V(^2PL2^iPLa)      (21) 

If  values  for  all  the  constants  were  known,  it  would  be 
possible  to  compute  the  concentrations  of  the  various 
species  as  follows.  The  total  concentrations  of  pyri- 
doxal (Ctp)  and  amino  acid  (Ca)  for  any  solution  can  be 
expressed  by  eq  22  and  23.    The  concentrations  of 

Ctp  =   aCp  +  7CpL  +  i/CpLi  (22) 

CtL  =  /SCl  +  7CpL  +  217CPU  (23) 

SchifTs  base  (Cpl)  and  of  a  complex  of  the  latter  with 

(8)  D.  E.  Metzler.  J,  Am,  Chem,  Soc,,  79,  485  (1957). 

(9)  D.  E.  Metzler  and  K.  Nagano,  Ftoceedings  of  Second  lUB  Sym- 
posium on  Chemical  and  Biological  Aspects  of  Pyridoxal  Catalysis, 
Moscow,  Sept  1966,  in  press. 


amino  acid  (if  present)  (Cpls)  are  given  by  eq  24  and  25 
which  define  the  formation  constants,  F^l  and  Fpu. 


CpL  =  ^plCpCl 

CpLj  =  ^pljCplCl 


(24) 
(25) 


The  value  of  Cp  is  obtained  through  successive  ap- 
proximations. If  an  excess  of  amino  acid  is  present, 
the  first  estimate  of  Cl  is  given  by  eq  26  and  successive 
estimates  of  Cp  and  Cl  by  eq  27  and  28.   Concentrations 

Cl  =  CtL//3  (26) 

Cp  =  Ctp/[a  +  (7  +  i7/'pL»CL)FpLCd        (27) 

Cl.  =  CtL/[/3  +  (7  +  2i7Fpl,Cl)FplCp]         (28) 

of  the  other  three  ionic  forms  of  pyridoxal  are  given  by 
eq  S-7.  The  concentrations  of  the  various  forms  of  the 
SchifTs  base  are  given  by  eq  29-33. 


ChsPL    =    (flH)'C'pL/(^lPL^lPLJ^sPL) 
Ch2PL    =    (flH)*CpL/(AtPLJfsPL) 

Chpl  =  ^hCpl/^spl 

Ch2PL2    =    (flH)*CpLj/(^2PLlJ^SPL0 

Chpli  =  flnCpLj/^sPLi 


(29) 
(30) 
(31) 
(32) 
(33) 


1.  Molar  Extinction  CoeflBcients  of  Individual  Ionic 
Species.  We  assume  as  before  that  the  Beer-Lambert 
law  holds  and  that  the  experimental  absorbance  for  a 
particular  solution  and  a  particular  wavelength  is  given 
by  eq  8  wherey  =  1-1 1  designate  the  eleven  ionic  species, 
POH,  P,  HP,  HtP,  PL,  HPL,  HiPL,  H,PL,  PL,,  HPL,, 
and  HjPLj,  respectively. 

Although  11  light-absorbing  ionic  species  are  in- 
cluded, these  ordinarily  will  not  all  be  present  in  sig- 
nificant amounts.  In  the  system  pyridoxal-alanine, 
there  is  no  evidence  for  the  complex  HPL,,  and  even  io 
the  system  5-deoxypyridoxal-leucine,  where  HPLt 
is  present,  the  ionic  forms  H^PL,  and  PL,  exist  in  such 
small  quantities  that  they  have  a  very  small  effect  on  the 
over-all  spectrum.  Their  spectra  were  assumed,  for 
the  purposes  of  computation,  to  be  identical  with  diose 
of  H2PL  and  PL,  respectively.  Thus,  wc  had  to  con- 
sider only  seven  of  the  possible  12  species  in  either 
system;  for  pyridoxal  +  alanine,  POH,  P,  HP,  H,P, 
PL,  HPL,  and  HjPL;  and  for  5-deoxypyridoxal  + 
leucine,  P,  HP,  H,P,  PL,  HPL,  H,PL,  and  HPLt.  Since 
the  €'s  for  POH,  P,  HP,  and  H,P  were  already  known, 
extinction  coefficients  remained  unknown  for  only  four 
species.  These  were  pbtained  by  a  least-squares  method 
as  described  previously.  It  is  usually  feasible  to  evalu- 
ate a  maximum  of  four  unknown  sets  of  extinction  co- 
efficients at  once,  and  depending  upon  the  details  of  the 
system  under  investigation,  it  may  be  a  different  set  of 
four  for  one  system  than  for  another.  A  program  has 
been  written  which  permits  one  to  state  conveniently 
the  appropriate  simplifications  and  to  specify  which 
sets  of  €'s  (up  to  four)  are  to  be  evaluated. 

The  error  function  is  defined  as  in  eq  9  except  that  the 
second  set  of  terms  is  multiplied  by  100  to  discourage 
strongly  the  obtaining  of  false  solutions  with  negative 
extinction  coefficients  in  some  regions. 

2.  Adjustment  of  Values  of  pA«  and  Log  F.  1.  Pro- 
gram GRID.  In  seeking  the  best  values  for  the  pA^'s 
and  formation  constants  we  may  regard  the  error  func- 
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,  (/a,  as  a  variable  which  is  dependent  upon  the 
il  parameters"  (values  of  the  pJ^'s  and  log  Ps). 
minimum  value  of  U^  may  be  visualized  as  lying 
.  multidimensional  ''pit"  in  the  hypersurface  de- 
1  by  U^  as  a  function  of  the  trial  parameters.  We 
:  to  find  the  values  of  the  trial  parameters  at  the 
om  of  the  pit.  In  the  systems  under  consideration 
e  is  a  strong  correlation  among  the  trial  values  of 
and  the  two  pK^%  P^spl  and  pAjPL.  Likewise  the 
values  of  Fpls  and  pJ^sPLs  are  strongly  correlated, 
ce  the  direct  method  of  varying  each  parameter 
irn  (program  swing)  cannot  be  applied. 
he  simplest  approach  is  to  vary  each  parameter  by  a 
un  amount,  A,  both  in  the  positive  and  negative 
ctions  and  to  evaluate  U^  for  each  of  the  three 
Itant  trial  values.  If  this  is  done  for  all  the  param- 
i  and  for  all  possibk  combinations  of  the  altered 
values,  an  n-dimensional  grid  of  3^  values  of  C/« 
stained,  where  N  is  the  number  of  constants  being 
sted.  If  JV  »  4  and  we  use  data  for  all  wavelengths 
30  test  solutions,  the  computation  takes  almost  10 
and  is  excessively  expensive.  It  is  more  practical 
ary  only  three  constants  at  once,  the  computation 
)  amounting  to  about  4  min. 
de  results  of  the  computation  are  inspected  to 
rmine  which  values  of  the  trial  parameters  gave  a 
imum  C/a,  and  three  difference  values  of  each  param- 
are  chosen,  usually  more  closely  spaced  than  for 
first  "grid."  The  procedure  can  be  repeated  as 
;  as  the  new  set  of  trial  parameters  gives  a  smaller 
e  of  (/a  than  the  minimum  value  obtained  pre- 
sly.  For  the  first  grids  we  have  used  values  of  A 
.4  and  for  later  ones  A  -^  0.1.  Final  refinement  of 
imeters  is  done  with  program  pffmap  (lb). 

Sequence  of  Computatioiis.  A  workable  pro- 
ire  for  the  solution  of  problems  of  the  type  con- 
red  here  is  as  follows.  (1)  Initially  make  spectral 
surements  on  several  solutions  containing  a  high 
:entration  of  the  second  component,  L,  and  from  an 
oination  of  the  spectra  choose  initial  trial  values  for 
pKJs  of  PL.  Also  measure  spectra  at  a  constant 
in  a  region  where  formation  of  PL  is  extensive  for 
ral  lower  concentrations  of  component  L.  This 
permit  the  choice  of  an  initial  trial  value  of  FpL. 
Collect  for  the  initial  computations  the  minimum 
necessary  number  of  experimental  spectra.  This 
always  be  at  least  as  great  as  the  number  of  un- 
wns  (pK^%  log  Fs,  and  spectra  of  individual  ionic 
is).  (3)  Start  thb  computation  with  the  data  for 
rr  concentrations  of  amino  acid  and  adjust  pA^PL* 
>L»  and  FpL  using  program  GRm  and  A  =  0.4.  (4) 
eat  using  a  grid  of  A  =  0.1.  (S)  Use  program 
[AP  with  A  =  0.01  which  will  not  only  refine  the 
e  trial  parameters  but  will  punch  out  on  cards  the 
tra  of  the  individual  ionic  forms  of  PL  which  are 
led  for  step  6.  (6)  Using  program  plot,  compare 
calculated  and  experimental  plots  of  absorbance 
nst  pH  and  wavelength.  If  a  good  fit  is  obtained, 
problem  is  solved.  (7)  If  systematic  errors  are 
id  for  different  concentrations  of  amino  acid, 
ider  what  additional  equilibria  must  be  added. 
;xact  procedure  can  be  given  for  finding  the  values 
le  additional  equilibrium  constants  which  may  be 
ired.  The  grid  method  with  refinement  with 
;ram  pitmap  in  several  steps  was  used  in  this  work. 
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One  must  always  ask  whether  the  spectra  obtained  are 
reasonable  from  a  chemical  viewpoint. 

Results 

5-Deoxypyridoxal.  The  simplest  case  studied  is  that 
of  S-deoxypyridoxal  which  exists  in  three  ionic  forms. 
From  spectra  at  24  values  of  pH  from  1.4  to  12.9,  the 
pXa  values  of  4.16  and  8.02  were  evaluated  in  118 
sec  of  computation  (Table  I).  The  plots  comparing 
computed  and  observed  absorbances  show  a  nearly 
perfect  fit,  the  standard  deviation  of  the  absorbances, 
5,  amounting  to  only  0.001  absorbance  unit.  A  few 
extinction  coefficients  are  given  in  Table  II. 


Table  L    Calculated  Values  of  pA;^  with  Standard  Deviations 


This  research 

p  a;  =b  std  dev 

Lif      yt.» 

S-Deoxypyridoxal 

4. 16  ±0.003(25*') 

4.17  (25**) 

8.02  db  0.004 

8.14 

Pyridoxal 

4. 13  ±0.008(30*') 

4.20  (25*')4.23 

8.37  ±0.008 

8.66           8.70 

13.04  ±0.023 

13 

•  D.  E  Metzler  and  E  E.  SneU,  J.  Am,  Chem,  Soc.,  TJ^  2431 
(1955).  » V.R.  Williams  and  J.  B.  Nielands,  Arch.  Biochem.  Bio- 
p/ryi.,  53,  56(1954). 


Table  IL    Absorption  Maxima  and  Molar  Extinction  Coefficients  of 
Various  Ionic  Forms  of  the  Compounds  Studied 


5-Deoxypyridoxal,  25° 

Pyridoxal,  50*» 

Ionic 

Amast                 *  X 

€  X 

form 

mM            10-» 

tO/A 

io-» 

Ha> 

294             6.28 
342             1.88 

288 

8.61 

HP 

254 

5.51 

324             2.97 

318 

8.13 

381             4.22 

P 

263  (shoulder) 

236 

9.37 

3.48 

302 

4.61 

391             6.33 

394 

2.97 

POH 

245 

8.18 

299 

7.55 

Pyridoxal.  Pyridoxal  exists  in  solution  largely  as  the 
internal  hemiacetal,  four  ionic  forms  of  which  are  shown 
in  Scheme  I.  Each  of  these  is  considered  to  be  in  equi- 
librium with  a  smaller  amount  of  free  aldehyde,  the 
structure  of  which,  H2P(a),  is  drawn  only  for  form  HjP. 
The  structure  assigned  to  POH  is,  however,  not  com- 
pletely certain. 

The  first  two  pK^  values  have  been  determined  pre- 
viously at  25^.  In  this  study  the  spectra  and  pA« 
values  have  all  been  measured  at  50^  because  related 
kinetic  studies  are  being  conducted  at  this  temperature. 

Spectra  were  measured  for  19  solutions  at  pH  values 
of  1.03,  3.14,  3.58,  3.91,  4.36,  4.66,  5.60,  6.55,  6.87, 
7.52,  7.92,  8.35,  8.65,  9.25,  9.75,  10.16,  12.15,  12.82, 
and  13.16.  No  buffers  were  used,  but  the  pH  was  ad- 
justed with  HCl  or  KOH.  An  ionic  strength  of  1.0  was 
maintained  by  addition  of  KCl.  Figure  3  shows  the 
spectra  of  the  four  ionic  forms.  That  of  form  POH 
is  presented  for  the  first  time.  Figures  4  and  5  show 
plots  of  calculated  and  observed  spectra  at  two  selected 
pH  values  and  spectrophotometric  titration  curves  at 
three  selected  wavelengths  as  drawn  by  the  automatic 
plotter.    The  agreement  is  good,  even  at  the  bi<^p^»^ 
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OH  -Ti  H,cs^A>oH  =ai. 

"CHi  ^}+  CH, 


"^ 


pH.    The 
coeffidents 


piT.'s  are  given  in  Table  I  and  extinction 
at  the  maxima  in  Table  II. 


e  3.   AbscH-ptioD  spectra  of  the  four  ionic  fonrn  of  pyridoxal 
°:    graph  A,  HiP  and  HP;  graph  B,  P  and  POH. 


Pyridoxylidene-DL-a)anine.  This  SchifTs  base, 
formed  from  the  rapid,  reversible  reaction  of  alanine 
with  pyridoxal,  exists  in  the  three  ionic  forms  HiPL, 
HPL,  and  PL  whose  probable  structures  are  shown  below. 


Figure  4.  Cakulated  absorption  spectra  of  solutions  of  10~<  M 
pyridoxal  at  two  pH  values  plotted  together  with  expeiimeaul 
points,  temperature  50°:   A,pH4.36;  0,pH  13.16. 


Figun  5.  Plots  of  abswhance  dj.  pH  ai 
10~*  M  Golution  of  pyridoxal  at  30°: 
O,  288nvi. 


The  formation  and  acid  dissociation  constants  are  given 
in  Table  III,  and  the  spectra  of  the  three  ionic  spedes 
are  shown  in  Figure  6  and  in  Table  IV.  These  were 
evaluated  from  data  for  a  total  of  45  experimental  solu- 


H,CCCOO- 


HiCCCOO- 


HO     HC  '"H        HO     HC-"^     H        HO     HC 


HjCCCOO" 


Uc, 


H,PL  . 


tions  of  pyridoxal  concentration  10~*  M  and  alanine  con- 
centrations from  0.05  to  0.45  Jtf  (see  Experimental  Sec- 
tion). The  comparison  plots  of  observed  vs.  computed 
spectra,  of  which  those  in  Figures  7-9  are  typical,  were 
all  reasonably  satisfactory.  Figure  7  shows  spectra  at 
three  values  of  pH  for  solutionsO.l  Mia  alanine  and  10"* 
M  in  pyridoxal,  while  the  pH  profiles  in  Figures  8  and  9 
arc  for  solutions  0.05  and  0.45  Jtf  in  alanine,  respectively, 
and  10-*  M  in  pyridoxal  The  existence  of  fomB 
containing   more  than   one  molecule    of  pyridoul, 
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Figure  6.  Absorptioa  spectra  of  the  three  ionic  fonns  of  pyridoxyli- 
deoe-Di^alaniiie  at  50''.  The  uneveimess  of  the  spectrum  of  BiPL 
results  from  the  fact  that  this  form  exists  in  very  small  amounts  so 
that  experimental  errors  lead  to  uncertainty  in  the  spectrum, 
especially  at  the  lower  wavelengths. 


9Sm  mm" 


Figure  7.  Calculated  absorption  spectra  for  solutions  of  1(^~*  Af 
pyridoxal  containing  0.2  M  alanine  at  three  values  of  pH  plotted 
together  with  experimental  points,  temperature  50'':  +,  pH  4.53; 
A,pH8.40;  O,  pH  11.11. 


e.g.9  PiLs,  was  ruled  out  by  measurement  of  18  solutions 
containing  100  times  higher  concentrations  of  pyridoxal 
and  0.4S  M  alanine  using  spacers  in  the  spectrophotom- 
eter cells  to  cut  the  path  length.  Calculated  and  ob- 
served spectra  agreed  equally  satisfactorily  for  these 
solutions.  The  standard  deviation,  s^  was  0.013  ab- 
sorbance  unit 


Table  nL    Calculated  Values  of  pA;  and  f 
with  Standard  Deviations 


5-Deoxy- 

pyridoxal  -f 

Pyridoxal  -f 

L-leudne, 

DL-alanine, 

25». 

50'' 

pil^PL 

6.51d:0.009 

6.26  db  0.018 

pKtn, 

11.73db0.023 

9.91  ±0.007 

pKipiA 

7.17db0.13 

pJTtpu 

13. 19  db  0.006 

FpL 

9.93  db  0.49 

14.50  d=0.20 

FviM 

0.49  db  0.01 

pK^  Values  of  Amino  Acid  Used  for  Calculation 


pAiL 
pAtL 


2.33* 
9.74^ 


2.54  d=  0.008 
9.40  ±0.014 


•  See  ref  9.    ^  **The  Merck  Index  of  Chemicals  and  Drugs,**  7th 
ed,  Merck  and  Co.,  Inc.,  1960,  p  607. 


Figure  8.  Plots  of  absorbance  os,  pH  at  selected  wavelengths  for 
a  10~*  M  solution  of  pyridoxal  containing  0.05  Af  Di^alanine  at  50^ : 
+,  420  n^;  A,  3.75  n^;  O,  302.5  n^. 


Figure  9.  Plots  of  absorbance  oi.  pH  at  selected  wavelengths  for  a 
10~*  M  solution  of  pyridoxal  containing  0.449  Af  alanine  at  50®: 
+,  420  n^;  A,  365  m/i;  O,  285  mfi. 


No  buffers  were  added,  and  for  some  solutions  the 
measurement  of  pH  was  not  completely  precise.  A 
few  points,  e.g.,  in  Figure  9,  deviate  from  the  computed 
curve.  During  early  attempts  to  analyze  the  data, 
other  possible  species,  e.g.,  PLs  and  HPLs,  were  included 
in  the  chemical  model.  The  amounts  of  such  species, 
if  they  exist,  were  found  to  be  immeasurably  small. 


TaUe  IV.    Absorption  Maxima  and  Molar  Extinction 
Coefficients  of  Various  Ionic  Forms  of  the  SchifTs  Bases  Studied 


5-Deoxypyridoxyli- 

Pyridoxylidene-Di^ 

dene-i^leudne,  25  *• 

alanine,  50'' 

Ionic 

X.UIX,              cX 

\nmx,                        eX 

form 

n^        ia-» 

m/i                    10-» 

HtPL 
HPL 
PL 
HPLs 


289 
414 
284 
420 
343 

286 
422 


5.85 
7.61 
8.48 
5.66 
4.92 

7.92 
5.59 


/-300 
414 
278 
416 

/^305 
363 


5.3 

4.0 

6.13 

5.81 

2.1  (shoulder) 

6.71 


•Seeref9. 

S-Deoxypyridoxylidene-L-Ieucfaie.  Results  for  the 
system  5-deoxypyridoxal-L-leucine,  at  25**,  have 
been  reported  briefly  elsewhere*  aadHi>SL\^^^\&ssAs>aj^ 
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Hgure  10.  Plot  of  the  computed  pH  profile  of  concentrations  of 
free  pyridoxal  (all  forms),  H|PL  (multiplied  by  100),  HsPL,  HPL, 
and  PL  for  solutions  of  10~^  M  pyridoxal  containing  0.449  M  dl- 
alanine, ,  and  0.05  M  DLpalanine, ,  at  30°.  The  con- 
centration of  HsPL  was  computed  on  the  assumption  that  pKvu  » 
2.5,  the  same  as  that  of  alanine.  Of  course  the  true  value  of  this  pA* 
might  be  quite  different  and  the  fit  would  still  be  good. 


here.  This  system  is  a  favorable  one  for  study  be- 
cause of  the  high  degree  of  formation  of  the  SchifTs 
base  over  a  broad  range  of  pH.  Initially  it  was  as- 
sumed that  the  three  forms  of  the  SchiflTs  base,  HsPL, 
HPL,  and  PL,  were  the  only  forms  present  and  the 
equilibrium  constants  were  obtained  from  the  data  for 
solutions  containing  COS  and  0.1  ilf  leucine.  How- 
ever, the  spectra  of  solutions  containing  0.01  M  l- 
leucine  could  not  be  predicted  accurately  using  these 
constants.  Introduction  of  a  complex,  HPLs,  resolved 
the  difficulty.  This  was  found  to  have  a  spectrum 
nearly  identical  with  that  of  HPL  and  apparently  is  a 
complex  of  the  latter  species  with  the  anion  of  L-leucine. 
The  spectra  are  shown  elsewhere^  and  only  the  constants 
are  given  in  Table  III.  The  spectrum  of  HPL  is  very 
similar  to  that  reported  previously  for  pyridoxylidene- 
DL-valine^  while  that  of  PL  is  surprisingly  different, 
possessing  an  absorption  maximum  at  343  m/i.  The 
precise  spectrum  of  HsPL  was  obtained.  It  absorbs 
maximally  at  414  m/i  and  possesses  a  higher  molar  ex- 
tinction coefficient  than  does  HPL. 

In  considering  various  problems  of  equilibria  and 
kinetics,  it  is  useful  to  know  the  concentration  of  each 
ionic  form  present  at  a  particular  pH.  These  pH  pro- 
files may  be  computed  readily  using  the  auxiliary  pro- 
gram designated  prohlb.  Figure  10  shows  the  results 
of  such  a  program  for  the  pyridoxal-DL-alanine  system 
and  alanine  concentrations  of  both  0.449  and  0.1  M. 
This  program  also  computes  another  useful  function, 
the  pH-dependent  apparent  formation  constant  which 
has  been  designated  previously  as  ^pH*  (eq  34).    The 


^pH  =  yCpJaCpPCj, 


(34) 


term  aCp  represents  the  total  of  all  free  forms  of  py- 
ridoxal, etc.  In  Figure  11a  plot  of  log  ^pH  vs,  pH 
is  shown  for  both  the  pyridoxal-alanine  and  deoxy- 
pyridoxal-leucine  systems. 

Discussioii 

The  methods  described  here  permit  the  automatic 

evaluation  of  from  one  to  three  successive  acid  dis- 

sociation  constants  for  compounds  for  which  each  ionic 


I 


Figure  11.  Plots  of  the  logarithm  of  the  apparent  formation  con- 
stant (JITph)  vs,  pH  for  5-deoxypyridoxylidene-i^leudiie  at  25°  tod 
for  pyridoxylidene-DL-alanine  at  50°. 


form  possesses  a  substantially  different  spectrum,  the 
rapid  evaluation  of  formation  constants  and  acid  dis- 
sociation constants  of  complexes  or  compounds  formed 
reversibly  in  the  presence  of  a  second  nonlight-absorb- 
ing  component,  and  plotting  of  complete  absorption 
spectra  of  all  ionic  species  which  contribute  significantly 
to  the  absorption  of  light.  They  should  have  widespread 
use.  The  advantages  of  this  method  for  obtaining 
dissociation  constants  are:  (1)  a  least-squares  method 
assures  the  best  values  for  dissociation  constants 
and  extinction  coefficients  of  individual  ionic  forms  at 
all  wavelengths.  (2)  The  method  is  rapid.  (3)  Predse 
spectra  of  intermediate  ionic  forms  are  provided, 
whereas  previously  tedious  calculation  was  often  re- 
quired. (4)  A  large  number  of  plots  of  the  type  dis- 
played in  Figures  4,  S,  7, 8,  and  9  may  be  obtained  readily 
and  inexpensively  These  permit  a  visual  judgement 
of  goodness  of  fit  and  show  at  a  glance  at  what  wave- 
lengths and  under  what  conditions  of  pH,  concentra- 
tion, etc.,  discrepancies  exist.  (5)  Data  for  pA^'s  and 
extinction  coefficients  of  individual  ionic  forms  are 
stored  on  punched  cards  or  by  other  means  in  digital 
form.  The  data  are  thus  immediately  available  for 
use  in  calculations  of  chemical  equilibria  and  kinetics 
in  more  complex  systems. 

The  method  of  evaluation  of  formation  constants  is 
superior  to  the  widely  used  procedure  of  Ketdaar, 
et  a/.,^^  because  (1)  it  uses  data  at  many  different  wave- 
lengths, (2)  it  yields  pK^  values  for  the  compound  or 
complex  when  its  absorption  spectrum  is  altered  by 
association  or  dissociation  of  protons,  (3)  complete 
absorption  spectra  of  the  various  forms  of  the  com- 
pound or  complex  are  computed,  (4)  a  series  of  com- 
parison graphs  showing  experimental  data  plotted 
with  the  computed  curves  provide  a  means  of  judging 
directly  the  goodness  of  fit,  and  (S)  the  chemical  modd 
can  be  varied  easily,  e.g.,  by  introducing  additional 
equilibria,  and  can  readily  be  tested  to  detemine  whether 
a  better  fit  is  obtained.  The  method  can  be  applied 
directly  to  many  chemical  and  biochemical  problems 
including  study  of  enzyme-substrate  complexes  and 
can  be  used  to  advantage  in  handling  various  kinetic 
problems  as  will  be  discussed  in  a  future  paper.    The 

(10)  J.  A.  A.  Ketelaar,  C.  Van  de  Stolpe,  and  H.  R.  Ocrsmaiixi.  Itic. 
Trao,  CMm„  71, 499  (19S1);  J.  A.  A.  Ketelaar,  C  Van  de  Stolpe.  A. 
Ooudsmit.  and  W.  Dzcubaa,  ibUi,,  71. 1104(1952). 
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ach  should  be  of  value  in  various  problems  of 
complex  formation.  ^  ^ 

\  transcription  of  data  points  by  band  from  ex- 
ental  graphs  used  in  this  study  is  tedious  and  often 
to  introduction  of  errors,  the  most  serious  of 
must  be  traced  and  removed  before  acceptable 
I  are  obtained.  However,  with  the  computer 
ams  available,  the  many  users  of  recording  spec- 
Dtometers  may  immediately  employ  these  meth- 
A  more  desirable  system  will  be  to  collect  data 
ly  in  digital  form,  and  equipment  for  doing  this  is 
iy  available  commercially.  Doubtless,  within  a 
ears  older  methods  of  handling  spectrophoto- 
:  data  will  be  completely  obsolete.  An  important 
itage  of  the  newer  methods  will  be  that  complete 
al  data  can  be  sent  between  laboratories  over 
lone  wires.  Thus  a  much  more  efficient  sharing 
Drmation  will  be  available, 
ring  the  course  of  this  study  many  questions  have 
i  for  which  full  answers  are  not  yet  available.  For 
rie,  "How  great  must  be  the  differences  between 
>ectra  of  two  successive  ionic  forms  in  order  to 
the  evaluation  of  the  p^^^s?"  It  is  clear  that  each 
dable  group  must  affect  the  spectrum.  Thus,  if  a 
ound  possesses  two  groups  of  identical  micro- 
:  dissociation  constants,  but  the  dissociation  of 
roup  has  no  effect  on  the  spectrum,  the  two  step- 
dissociation  constants  of  the  compound  cannot 
termined  from  spectral  data  alone.  In  such  cases 
spectra  and  titration  data  are  required. 
s  necessary  in  our  method  to  provide  to  the  com- 
an  initial  estimate  for  each  p^^*  I^  ^  of  the  pJ^ 
I  are  well  separated  it  is  easy  to  do  this  by  inspec- 
)f  the  data.  Even  if  the  initial  guess  is  poor,  both 
ams  SWING  and  pitmap  lead  to  a  rapid  selection  of 
orrect  value.  However,  if  the  pA^,  values  are 
',  difficulties  may  be  anticipated,  especially  if 
'  initial  guesses  are  made.  We  are  investigating 
of  this  type. 

important  question  is  "What  is  the  minimum 
«r  of  experimental  spectra  which  must  be  meas- 
in  order  to  obtain  precise  answers?"  It  appears 
10  more  than  the  minimum  which  are  theoretically 
red  (for  the  determination  of  p^a's,  three  for  the 
)Aa  and  two  for  each  successive  p^J  are  needed, 
lat  a  few  more  are  to  be  recommended.  In  gen- 
he  usual  "common  sense"  judgement  of  the  chem- 
;arding  the  number  and  distribution  of  pH  values 
;  samples  should  be  followed, 
other  question  concerns  the  treatment  of  experi- 
il  errors.  Errors  in  the  spectra  may  vary  with  the 
ength,  being  higher  where  the  slope  of  the  spectral 
is  steep.  Accordingly,  it  would  be  desirable  to 
the  weighting  factors,  0);^,  with  the  wavelength  for 
solution.  However,  this  has  not  been  done  in 
study.  The  standard  deviations  in  the  p^a's 
ery  low  (Table  I)  and  are  considerably  less  than 
we  would  judge  to  be  the  experimental  error  in  the 
neasurements.  However,  the  standard  error  is 
;:tly  evaluated  and  represents  a  useful  index  of  the 
ducibility  of  the  computations.  The  standard 
of  the  absorbances,  s  (eq  1 2),  represents  an  aver- 
alue  for  all  wavelengths  and  all  solutions  and  does 

K.  Nagano,  H.  Kinoshita,  and  Z.  Tamura,  Chem,  Pharm,  Bull,, 
»)» 11, 999(1963). 


not  indicate  whether  systematic  errors  exist  in  certain 
regions  of  wavelength  or  pH.  That  such  systematic 
errors  do  exist  for  some  solutions  is  obvious  from  in- 
spection of  comparison  plots  of  the  type  of  Figures  4 
and  7.  If  the  experimental  pH  is  near  a  pA'  value,  a 
small  error  in  pH  will  lead  to  large  systematic  devia- 
tions, even  though  the  value  of  s  may  be  acceptably 
small.  The  careful  examination  of  a  series  of  plots 
of  the  type  of  Figures  4,  5,  7,  8,  and  9  is  extremely 
valuable  in  deciding  whether  observed  systematic  de- 
viations are  within  acceptable  limits  as  set,  for  ex- 
ample, by  the  precision  of  pH  measurement  or  whether 
the  assumed  chemical  model  is  inadequate. 

A  particular  problem  in  the  evaluation  of  pAa's 
arises  when  incomplete  data  are  available  for  a  dis- 
sociation step.  Pyridoxal  is  an  excellent  example. 
No  data  were  obtained  above  pH  13.16,  but  pJ^ip 
is  13.0.  As  was  mentioned  earlier,  before  steps  were 
taken  to  discourage  the  assignment  of  negative  extinc- 
tion coefficients,  the  computer  preferred  to  assign  a 
higher  value  of  pj^sp  and  negative  extinction  coefficients 
to  POH  in  the  region  around  390  m/i.  But  what  is  the 
possibility  that  the  true  solution  is  for  a  p  A|P  value  lower 
than  13.0  and  higher  extinction  coefficients  for  POH 
around  390  m/i?  An  acceptable  but  less  perfect  fit 
to  the  data  could  be  obtained  by  letting  pJSTip  be  as  low 
as  12.74.  However,  the  computed  spectrum  of  POH 
in  this  case  possessed  another  absorption  band  at  390 
niM  with  €  0.8  X  10»  (27%  of  that  of  P),  a  result  which 
seems  very  unlikely  on  chemical  grounds. 

Information  on  spectra  and  pK  values  is  now  avail- 
able for  a  small  number  of  different  SchifTs  bases.^" 
For  all  of  these  the  spectrum  of  form  HPL  is  similar,  but 
striking  differences  are  observed  in  the  spectrum  of  form 
PL  and  in  the  pK  for  dissociation  of  HPL  to  PL.  The 
basic  causes  of  these  differences  are  not  understood, 
but  we  believe  that  the  study  of  other  analogs  of  py- 
ridoxal and  of  other  amino  acids  will  give  information 
which  will  permit  us  to  understand  these  variations  and 
to  interpret  them  in  the  light  of  possible  significance  to 
the  events  which  take  place  on  a  surface  of  enzymes 
which  employ  pyridoxal  phosphate  as  a  coenzyme. 

Experimental  Section 

aemicab.  Pyrixodal*HO  (Sigma  Chemical  Co.),  DL-alanine 
(Nutritional  Biochemicals  Corp.),  and  Lpleudne  (methionine-free, 
Mann  Research  Laboratories,  Inc.)  were  used  without  further  puri- 
fication. 5-Deoxypyridoxal  was  synthesized  by  Dr.  C.  Iwata  in 
this  laboratory. 

Measurements  of  pH.  A  Beckman  Model  G  pH  meter  was  used. 
Commercially  available  standard  buffer  solutions  (Beckman  In- 
struments, Mallinckrodt  Chemical  Works,  or  Matheson  Coleman 
and  Bell)  were  used,  but  later  the  high  pH  buffers  were  replaced  by 
the  National  Bureau  of  Standards  0.01  M  borax  buffer  of  pH  9.18 
at  25''  and  9.01  at  50"".  All  pH  values  below  12  were  determined 
at  50""  by  setting  the  temperature  compensator  at  25''  and  stand- 
ardizing with  the  dial  set  at  a  reading  of  **Vt«  times  the  pH  of  the 
standard  buffer  at  50''.  The  meter  reading  for  the  unknown  sample 
was  then  multiplied  by  **>/s».  When  the  pH  exceeded  12,  the  tem- 
perature compensator  had  to  be  set  at  40"  (its  upper  limit)  in  order 
to  keep  the  high  pH  readings  on  the  scale.  The  meter  was  ad- 
justed so  that  the  test  solutions  could  be  read  on  the  scale.  Two 
pH  standards  (phosphate  at  pH  6.83  and  borax  at  pH  9.01)  were 
read  at  the  same  temperature  and  the  pH  of  the  test  sample  was 
established  by  a  linear  extrapolation. 


(12)  T.  C.  French,  D.  S.  Auld,  and  T.  C.  Bniioe,  Biochemistry^  4^ 
77(1955). 
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Test  SohitkMif*  Pyridoxal  was  studied  in  unbuffered  solutions  of 
ionic  strength  1.0.  The  pH  and  ionic  strength  were  maintained  by 
addition  of  suitable  amounts  of  KCl,  HO,  and  KOH.  Deoxy- 
pyridoxal  was  studied  in  buffered  solutions  of  ionic  strength  0.1. 

Stock  solutions  of  2  X  10-«  M  pyridoxal  HO  and  5-deoxy- 
pyridoxal  were  prepared.  They  could  be  stored  for  a  month  in  a 
refrigerator  without  any  noticeable  change  in  spectrum.  Saoople 
solutions  were  prepared  before  measurement  by  mixing  10  ml  of  the 
stock  solution  of  the  vitamin  B|  derivative  with  a  10-ml  aliquot  of  a 
suitable  buffer  solution  or  with  the  appropriate  amount  of  HO,  or 
KOH  and  KO. 

Nfixtures  of  pyridoxal  and  DL-alanine  were  studied  in  unbuffered 
solutions  of  ionic  strength  1.0  in  order  to  avoid  the  effects  of  buffers 
on  the  reaction  rates  which  are  also  under  investigation.  The  pH 
and  ionic  strength  were  maintained  by  addition  of  suitable  amounts 
of  KO,  HO,  and  KOH.  Stock  solutions  of  various  concentrations 
of  DL-alanine  (0.1, 0.2, 0.4,  and  0.898  Af  of  ionic  straigth  2.0)  were 
prepared.  Sample  solutions  were  prepared  before  measurement  by 
mixing  10  ml  of  the  stock  solution  of  pyridoxal  maintained  at  50° 
with  a  10-ml  aliquot  of  a  suitable  alanine  solution  maintained  at 

Spectra  were  obtained  for  45  different  solutions  (eight  for  0.05 
M  alanine,  five  for  0.1  M  alanine,  17  for  0.2  M  alanine,  and  15  for 
0.449  M  alanine)  in  the  absence  of  any  special  buffers  at  an  ionic 
strength  of  1.0.  The  measured  pH  values  were:  4.13,  4.52,  5.41, 
5.92,  6.73,  7.09,  7.57,  8.18,  8.62,  9.13,  9.53, 10.29, 11.21, 11.71,  and 
12.83  for  0.449  M  alanine;  4.53,  5.00,  5.35,  5.57,  6.55,  7.05,  7.47. 
7.95,  8.40,  8.69,  9.21,  9.23,  9.48,  10.24,  11.11,  12.08,  and  13.07  for 
0.2  Af  alanine;  7.00,  7.95,  8.61, 12.30,  and  13.16  for  0.1  Af  alanine; 
and  7.66,  8.28,  9.04,  9.87, 10.82, 11.62, 12.45  and  13.10  for  0.05  Af 
alanine  solutions.  The  sum  of  squares  of  the  deviations,  Um, 
for  45  solutions  was  0.50. 

The  interaction  of  5-deoxypyridoxal  with  L-leudne  was  studied 
in  buffered  solutions  of  ionic  strength  0.1  except  at  very  high  pH 
where  the  ionic  strength  exceeded  0.1.  Stock  solutions  of  3  X 
10"^  M  5-deoxypyridoxal  and  of  various  concentrations  of  l- 
leucine  (0.015, 0.075,  and  0.15  Af  of  ionic  strength  0.15)  were  pre- 
pared. Sample  solutions  were  prepared  by  mixing  10  ml  of  the 
stock  solution  of  5-deoxypyridoxal  with  a  20-ml  aliquot  of  a  suit- 
able buffered  leucine  solution.  Spectra  were  determined  for  39 
different  solutions  (13  for  0.01  Af  L-leucine,  ten  for  0.05  Af  l- 
leucine,  and  16  for  0.1  Af  L-leudne)  in  the  presence  of  the  indicated 
buffers  at  an  ionic  strength  of  0.1.  The  measured  pH  values  were: 
3.28,  4.12,  4.40,  4.62,  5.91  (acetate  buffers),  7.33,  7.62,  8.83,  9.59, 


10.59,  11.00,  11.27  (potassium  carbonate  buffers),  11.70, 
12.62,  12.99  (KOH)  for  0.1  Af  L-leudne;  3.34,  4.85,  6.17  (a 
buffers),  7.91,  9.81,  10.79,  11.00  (potassium  carbonate  bu 
11.71,  12.23.  12.71  (KOH)  for  0.05  Af  ^leucine;  5.98,  6.41, 
7.09,  7.70,  8.18  (potassium  phosphate  buffers),  8.69,  9.13, 
10.01, 10.30.  10.80, 11.08  (potassium  carbonate  buffers)  for  0 
L-leudne  sdutions.  The  sum  of  squares  of  deviations  for  3C 
tions  was  0.28,  which  means  that  the  fitness  of  the  calailated 
tra  to  the  observed  is  excellent. 

Titration  of  DL-Alanine.  Titration  of  DL-alanine  was 
at  50''  using  a  Radiometer  Model  TTTl  automatic  pH  tit 
50  ml  of  0.02  Af  DL-alanine  solution  containing  0.02  A^  HC 
0.98  Af  KO  was  prepared.  The  solution  (10  ml)  was  titrato 
1.0  ^  NaOH  solution  which  was  prepared  from  50%  aqueous 
tion  of  analytical  grade  NaOH  and  kept  in  a  polyethylene  bo 
The  data  were  treated  by  our  own  computer  program  to  4 
the  following  pfU  values:  pJiTiL  »  2.54  ±  0.008  and  pKgL  - 
±  0.014. 

Spectra.  All  measurements  were  made  with  a  Gary  Mo 
recording  spectrophotometer  with  a  thermostated  cell  holde 
scanning  rate  of  71  n^/min.  The  temperature  of  the  so 
in  the  cuvette  was  measured  by  use  of  VEOO  Model  41 A7  then 
(Victory  Engineering  0>rp.)  and  associated  galvanometri 
paratus.  Absorbances  were  read  from  the  charts  to  the  third 
mal  place  and  were  entered  on  80-column  Fortran  coding  fon 
transfer  to  punched  cards  at  the  computation  center. 

Computational  Programs.    Programs  are  written  in  the  lar 
FORTRAN  IV  for  use  with  the  IBM  360-50  computer.    The  aut< 
graphing  was  done  by  use  of  the  IBM  1627  (Qd-Comp) 
incremoital  plotter.    Complete  programs  are  available  up> 
quest. 
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Abitnict:  The  crystal  structure  of  the  hydrobromide  salt  of  a  Diels-Alder  adduct  derivative  of  thebaine  (19-pro- 
pylthevinol)  has  been  determined  via  the  phase-determining  heavy-atom  method.  The  crystals,  which  are  ortho- 
rhombic  with  the  space  group  PlAlu  have  the  unit  cell  dimensions  a  »  10.60,  b  »  22.34,  and  c  >-  10.14  A.  Cal- 
culation of  a  three-dimensional  Patterson  function,  followed  by  several  cycles  of  electron  density  and  finally  least- 
squares  refinement,  yielded  the  complete  structure.  Both  the  relative  configuration  at  Q»  and  the  absolute  con- 
figuration of  the  molecule  as  a  whole  were  established,  the  latter  via  anomalous  scattering  techniques,  and  the  assign- 
ments made  previously  by  Kalvoda,  et  al,,  for  the  morphine  series  were  confirmed.  The  molecular  shape,  which  is 
partly  defined  by  a  complex  cage  structure,  is  severely  distorted  when  compared  with  an  idealized  Dreiding  model. 
An  observed  intramoleoilar  hydrogen  bond  suggests  a  favored  sp*  rather  than  sp*  hydridization  for  an  ether  oxygen 
atom.  Accurate  bond  lengths  and  valency  angles  have  been  obtained  and  all  the  protons  associated  with  the  rigid 
molecular  framework  have  been  located,  including  the  quatemizing  proton,  which  is  in  close  proximity  to  a  bromide 
anion. 


has  been  reported  by  Bentley  and  Hardy  ^  that  the 
preparation  of  compounds  more  rigid  and  complex 
d  morphine  could  lead  to  physiologically  active 
stances  at  least  as  effective  as  analgesics  as  morphine, 
not  exhibiting  its  unwanted  side  effects.  A  series 
such  compounds,  ready  access  to  which  was  pro- 
:d  by  the  Diels-Alder  addition  of  dienophiles  to 
t>aine,  has  been  studied  in  these  laboratories  and 
Ir  interesting  chemistry  reported.' 
n  view  of  the  fact  that  prior  knowledge  of  the  de- 
ed molecular  structure  of  the  morphine  alkaloids 
obtained  via  X-ray  crystallographic  analysis  had 
n  limited,  it  was  considered  to  be  imperative  to 
iate  a  comprehensive  study  of  at  least  one  of  these 
lucts.  Thus,  certain  aspects  of  the  molecular  geom- 
f  would  be  established  and  a  relationship  might  be 
ained  between  the  more  subtle  structure  details  and 
observed  physical  characteristics. 

[)erimeiital  Section 

he  preparation  of  the  compound  which  was  chosen  for  this  work 
been  reported  by  Bentley,  et  al,^  19-Propylthevinol  (I)  is  the 
H/{>hydroxy-l-methylbutyl>r-carbinol  obtained  from  7a- 
yl-6J,8,14-tetrahydro-6,14-epttiS(hethenothebaine  by  treatment 
I  propylmagnesium  iodide. 

ingle  crystals*  of  19-propylthevinol*HBr  were  obtained  in  var- 
sizes  by  slow  crystallization  from  an  aqueous  ethanolic  solution 
to  which  an  equivalent  of  HBr  was  added.  Oscillation,  Weiss- 
srg,  and  precession  photographic  work  established  the  crystals 
e  orthorhombic,  with  the  unit  cell  lattice  constants  a  »  10.60  A, 
22.34  A,  and  c  »  10.14  A.  The  space  group  is  P2i2i2i,  which 
piment  was  made  due  to  the  absence  of  all  reflections  of  the 
s  (AOO),  (OkXS),  and  (000  for  which  /r,  k,  or  /  are  odd.  The  ceU 
stants  as  obtained  with  film  techniques  were  confirmed  using  a 
XRD-6  diffractometer  equipped  with  a  Eulerian  cradle.  The 
sured  density,  1.383  g/cc,  is  in  good  agreement  with  the  cal- 
led value  of  1.397  g/cc  for  a  cell  content  of  four  molecules  of 
ittNOi-HBr. 


[)  K.  W.  Bentley  and  D.  O.  Hardy,  Proc,  Chem,  Soc,,  220  (1963). 

6  K.  W.  Bentley,  D.  O.  Hardy,  and  B.  Meek,  J,  Am.  Chem.  Soc., 

iress. 

t)  We  wish  to  thank  Dr.  C.  F.  Howell  of  Lederle  Laboratories  for 

Uy  supplying  the  samples. 


A  specimen  of  approximate  dimensions  of  200  X  1(X)  X  60  fi 
was  chosen  for  the  intensity  data  collection  after  inspection  under 
polarized  light  and  additional  photographic  fingoprinting  had 
shown  it  to  be  a  single  crystal.  Its  mosaic  spread  was  found  to 
vary  from  0.4  to  0.6°  and  three-dimen«onal  intensity  data  were 
taken  for  those  reflections  present  in  the  octant  with  the  least  varia- 
tion. Cu  Ka  radiation  was  used,  with  a  divergent  incident  beam* 
with  the  stationary  counter-stationary  crystal  technique.  Balanced 
Co  and  Ni  filters  were  used  throughout,  and  the  take-off  angle  of 
the  X-ray  tube  was  2.2°.  A  preliminary  investigation  had  shown 
the  peak  widths  to  vary  only  slightly,  firom  0.5°  at  low  scattering 
angles  to  about  1.0°  at  20  values  of  100°.  The  photographic  work 
had  shown  that  all  diffraction  was  limited  to  the  reflections  accessible 
within  a  sphere  determined  by  this  range.  During  the  course  of 
the  data  gathering  several  reflections  were  monitored  as  a  means 
for  observation  of  possible  decay  and/or  misalignment  of  the  crystal. 
No  decomposition  could  be  detected. 

In  all,  1772  independent  reflections  were  monitored,  of  which  516 
were  deemed  to  be  too  weak  to  be  measurable  with  sufficient 
accuracy,  since  they  exhibited  a  count  rate  smaller  than  twice 
that  of  the  background. 

Even  though  the  linear  absorption  coefficient  (jh  »  28.0)  incfi- 
cated  that  absorption  corrections  were  unnecessary,  a  systematic 
variation  of  the  coimt  rate  of  the  polar  reflections  (00/)  upon  rota^ 
tion  of  ip  was  observed  and  was  attributed  to  the  noncylindrical 
shape  of  the  crystal  and  the  corresponding  difference  in  the  X-ray 
path  lengths.  A  ^dependent  correction  was  therefore  applied  in 
the  subsequent  data  reduction,  which  also  included  the  conventional 
Lorentz  and  polarization  corrections. 

The  crystal  structure  was  elucidated  by  the  phase-determining 
heavy-atom  method.  * 


A  three-dimensiona: 
with  the  input  data. 


Patterson  function  Piu,  r,  w)  was  computed 
F\  *,  sharpened  with  a  coefficient  (ZHxIf^ 
exp[2B(sin  ^/X)^]),  where  Zsr  is  the  atonuc  number  of  bromine, 
/bt  the  scattering  amplitude  of  a  bromide  ion  at  rest  at  a  Bragg 
angle  9,  and  B  is  an  over-aU  temperature  factor,  which  was  taken 
to  be  2.5  A*.  Perusal  of  the  Marker  sections  at  u,  r,  and  w  »  Vt 
led  at  once  to  the  deduction  of  coordinates  for  the  bromide  ions. 
Assignment  of  phases  based  on  the  caknilated  contributions  of 
these  ions  and  a  subsequent  Fourier  synthesis  (p(l))  led  to  the  loca- 
tion of  11  additional  atonuc  sites,  six  of  which  seemed  to  form  a 
ring  system.  Refinement  of  the  phases  by  the  inclusion  of  the 
additional  atoms  foUowed  by  a  second  density  map  cakulation 
(p(2))  yielded  11  more  atoms,  of  which  one  was  latter  found  to  be 
incorrectly  placed.    A  third  cycle  of  Fourier  refinement  revealed 


(4)  J.  M.  Robertson  and  I.  Woodward,  J.  Chem.  Soc.^  219  CVi^l\\ 
36  (1940). 
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Rgure  1.  Final  three-dimensional  dcctron-density  distribution 
shown  by  means  of  superimposed  contour  sections  drawn  parallel 
to  (001)  through  the  calculated  atomic  centers.  Contour  intervab 
1.3  eA~*,  except  around  the  bromide  ion,  where  it  is  7  eA~'. 


the  complete  structure.  The  average  difference  between  the  ob- 
served and  calculated  form  factors  at  this  stage  was  28%.  Two 
cycles  of  isotropic  block-diagcmal  least-squares  refinement  afforded 
a  drc^  in  A  to  0.18  but  it  was  observed  that  several  of  the  atoms 
showed  large  temperature  factors,  thus  placing  doubt  as  to  their 
actual  location.  A  fourth  density  map  (p(4))  was  calculated, 
omitting  these  atoms  from  the  phase  calculations.  This  led  to  the 
repositioning  of  two  of  the  atoms  (the  methyl  group  on  Ci»,  and 
C  of  the  phenyl  ring),  but  the  three  other  peaks  returned  in  the  pre- 
viously assigned  positions.  Refinement  of  the  hght  atoms,  which 
were  given  individual  isotropic  temperature  factors,  while  the 
bromide  ions  were  allowed  to  vibrate  in  an  anisotrt^ic  fashion,  led 
in  three  more  cycles  of  block-diagonal  refinement  to  an  R  value  of 
0.086.  Two  cycles  of  anisotropic  refinement  of  the  lighter  atoms 
then  yielded  an  A  of  0.078.'  At  this  stage  it  was  found  that  the 
parameter  shifts  were  insignificant  compared  to  the  calculated 
Standard  deviations,  and  therefore  the  rdinement  was  terminated.* 
The  value  of  R  including  all  unobserved  rcflectiocs  as  O.SF.i.  was 
ai2.' 

A  composite  final  electron  density  map  was  evaluated  and  an  area 
covering  one  molecule  is  shown  in  Figure  1  which  contains  super- 
imposed sections  taken  through  the  centers  of  the  atoms,  and  is 
drawn  in  a  direction  parallel  to  (001).  The  corresponding  atonnc 
arrangement  is  explained  in  Figure  2.  The  coordinates  and  thermal 
parameters  obtained  are  given  in  Tables  I  and  II  and  their  standard 
deviations  in  Table  III.  The  latter  were  determined  from  the  kast- 
squorcs  residuals  by  applicadoo  of  the  equation' 


(5)  The  theoreticat  alomic  scatlcTing  factors  for  carbon,  nitroien, 
oxygec,  and  bromide  used  in  all  the  structure  factor  colcuUtioni  were 
token  from  the  "Inlemacional  Tables  for  X-Ray  CryttaUography,"  VoL 
ni.  The  Kynoch  Preu,  Birminghani,  1962,  where  bromide  wai  corrected 
for  anomalous  dispersion.  All  calculations  were  carried  out  on  an 
IBM  7094  digitat  computer  ai  the  ITT  Dala  Proceuing  Center,  Para- 
mus,  N.  J.  The  Fourier  program  used  was  that  ofSly-Shoemaker-van 
den  Hende;  the  least-iquam.diiunce,  and  other  peripheral  calculatknis 
were  carried  oul  using  out  own  programs. 

(6)  The  weighting  of  the  contributions  of  the  individual  rellections  to 
the  residusli  was  twied  on  the  following  scheme;  for  reflections  with 
IF\  >  10F„i.  the  weight  H- wai  given  by  m>  -  tOFm\J\F\,  for  4^.1, 
<  \F\<  IOFb,!**-  Iftandfor  |f  |  <*F^^>r-  |i'|/4f.i«. 

(7)  A  table  with  the  final  values  of  Fo  and  F,  and  the  phase  angles 
a  has  been  deposited  ai  Document  No.  9371  with  the  ADI  Auxiliary 
Publications  Project,  Phoioduplicalion  Sovice,  Library  of  Congress, 
Washington,  D.  C.  20340  A  copy  may  be  secured  by  citing  the 
document  number  and  by  remitting  $130  for  photoprints,  or  S1.73 
for  33-inm  microfilm.  Advance  payment  is  required.  Make  checks 
or  money  orders  payable  to;   Chief,  Photoduplication  Service,  Library 

fSJ  D.  W.  J.  Cniidabaak.  AcU  Cryil.,  2,  63  (1949);  3,  72  (1930). 


Atom 

xIA 

ylB 

x/C 

B 

C. 

0.4277 

0.2578 

0.2288 

6.SS 

Q 

0.4700 

0.2080 

0.2980 

6.94 

c, 

0.3901 

0.2006 

0. 3323 

6.39 

O. 

0.6268 

0.1449 

0.3996 

8.35 

Me, 

0.7170 

0.1439 

0.4930 

9.44 

c. 

0.6707 

0.2490 

0.3489 

3.54 

O4 

0.7970 

0.2326 

0.3814 

3.25 

G 

0.8410 

0.3129 

0.3443 

4.29 

c, 

0.9337 

0.3121 

0.2271 

4.93 

0. 

1.0473 

0.2820 

0.2481 

5.39 

Me, 

1.0467 

0.2188 

0.2818 

7.06 

C, 

0.9674 

0.3809 

0.2111 

3.33 

c, 

0.8533 

0.4144 

0.1328 

3.59 

c, 

0-6084 

0.4032 

0.1304 

4.36 

c,. 

0.4921 

0.3598 

0.1347 

4.61 

Cu 

0.3100 

0.3073 

0.2316 

5.11 

c 

0.6222 

0.3027 

0.2997 

3.43 

c. 

0.7269 

0.3300 

0.3042 

4.29 

c„ 

0.7331 

0.3729 

0.1616 

3.01 

c,, 

0.6964 

0.4001 

0.4039 

4.82 

G, 

0.5753 

0.4342 

0.3639 

4.12 

N 

0.3890 

0.4344 

0.2269 

4.30 

NMe 

0.4770 

0.4941 

0.1834 

7.30 

Qt 

0.7651 

0.3211 

0.0701 

3.SS 

G. 

0.8680 

0.2903 

0.1043 

4.27 

G. 

1.0880 

0.3949 

0.]34« 

4.12 

0,, 

M963 

0.3741 

0.2030 

3.45 

Me,, 

1.0867 

0.3702 

-0.0084 

7.63 

Pr. 

1.1044 

0.4678 

0.1387 

5.95 

Pr, 

1.1043 

0.4932 

0.2717 

6.63 

Pr, 

1.1291 

0.3622 

0.27D0 

7.47 

Bt 

0,7626 

0.5681 

0.2214 

5.03 

Tikkb  n.    Anisotropic  Temperature  Factors  ai  Obtuned  for  the 

Different  Atoms  of  the  Form* 

T  =•  e-(Bi><k<  +  Bek'  +  Ball  +  Iftit*  +  3ftiW  -I-  30»U) 


G 

1133 

317 

1936 

G 

452 

263 

1139 

r, 

2600 

85 

1533 

0. 

1927 

260 

2036 

Me. 

3335 

283 

2371 

c. 

593 

434 

642 

0, 

1460 

250 

1498 

<■•-, 

996 

260 

1061 

r. 

1165 

123 

1221 

0. 

975 

235 

1313 

Me. 

1207 

260 

1273 

G 

261 

140 

1430 

G 

628 

207 

636 

r, 

474 

147 

856 

c„ 

830 

336 

1673 

G, 

532 

121 

1080 

G. 

1223 

373 

1172 

G, 

860 

207 

1364 

<:,. 

1163 

271 

892 

G> 

1631 

293 

279 

G. 

1363 

265 

1349 

N 

497 

166 

1042 

NMe 

832 

225 

1994 

Gt 

802 

135 

754 

G. 

1089 

247 

642 

G. 

827 

183 

1156 

(>.. 

632 

343 

1701 

Me,. 

948 

608 

1367 

Pr, 

1792 

332 

1330 

Pr, 

1878 

204 

1404 

Pr. 

1237 

264 

II40 

Br 

1208 

178 

1332 

■  Values  given  are  multiplied  t^  10*. 
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Table  m.    Standard  Deviations  of  the 
Final  Atomic  Coordinates  (A) 


Atom 

c(x) 

<^) 

Hz) 

Atom 

1  cKx) 

«K>') 

<Kz) 

Q 

0.010 

0.012 

0.012 

Ci, 

0.009 

0.011 

0.009 

Q 

0.012 

0.016 

0.013 

Cit 

0.009 

0.009 

0.009 

C, 

0.014 

0.013 

0.013 

Cl4 

0.007 

0.008 

0.008 

c. 

0.010 

0.011 

0.011 

Cii 

0.009 

0.011 

0.009 

Met 

0.019 

0.017 

0.016 

Cif 

0.011 

0.014 

0.012 

C 

0.009 

0.012 

0.010 

N 

0.007 

0.008 

0.008 

O4 

0.007 

0.007 

0.007 

NMe 

0.009 

0.013 

0.015 

C, 

0.007 

0.009 

0.008 

Qt 

0.008 

0.009 

0.008 

Q 

0.009 

0.011 

0.010 

Cm 

0.009 

0.010 

0.009 

o. 

0.006 

0.007 

0.007 

Qt 

0.008 

0.010 

0.008 

Me. 

0.014 

0.011 

0.013 

0,. 

0.006 

0.007 

0.007 

Cf 

0.006 

0.007 

0.007 

Mcif 

0.012 

0.015 

0.012 

Q 

0.007 

0.009 

0.008 

PTi 

0.012 

0.012 

0.012 

C, 

0.008 

0.010 

0.009 

Pr, 

0.013 

0.013 

0.013 

G. 

0.008 

0.010 

0.010 

Pr. 

0.012 

0.014 

0.015 

Cu 

0.009 

0.011 

0.011 

Br 

0.001 

0.001 

0.001 

DiacnssioD  of  the  Structure 

The  spatial  configuration  of  the  molecule  of  19- 
propylthevinol,  as  shown  in  projection  in  Figure  2,  in 
many  ways  resembles  that  of  codeine  and  morphine, 
as  described  by  Lindsey  and  Barnes*  and  by  Mackay 
and  Hodgkin.  ^ 

Since  both  of  these  previous  analyses  were  performed 
with  two-dimensional  intensity  data,  we  feel  compelled 
to  describe  the  molecular  geometry  of  I  with  some  de- 
tail. 

Moreover,  the  absolute  configuration  of  the  morphin- 
oids  had  not  been  confirmed  previously  by  X-ray  analy- 
sis even  though  the  elegant  chemical  work  of  Kalvoda, 
e/  a/.,  ^  ^  leaves  little  doubt  as  to  its  being  well  established. 

The  average  sp*-carbon-sp*-carbon  single  bond 
length,  of  1.543  A  (Table  IV),  and  the  average  bond 
length  in  the  aromatic  A  ring,  1.392  A,  as  well  as  the 
8p*-carbon-sp*-carbon  length  of  1.335  A,  do  not  differ 
significantly  from  expected  values.  ^' 

Table  IV.    Table  of  Interatomic  Distances 


Distance, 

Distance, 

Atoms 

A 

Atoms 

A 

Ci-G 

1.389 

Cr-Cu 

1.518 

Q-Cu 

1.409 

CVCio 

1.570 

CrC, 

1.397 

Ct-N 

1.519 

Cr-C4 

1.378 

CurQi 

1.541 

CrOi 

1.391 

Cu-Cm 

1.379 

Or-Me. 

1.346 

Qr-Cii 

1.534 

CrO« 

1.380 

Cif-Q* 

1.535 

CrCu 

1.398 

Cii-Ci» 

1.541 

OrC. 

1.473 

Qr^n 

1.521 

Cr<:. 

1.543 

Qr-Cif 

1.540 

Cr<.. 

1.523 

Qf-N 

1.486 

CrCi 

1.586 

N-NMe 

1.545 

CrOt 

1.396 

Ci7-Qt 

1.335 

Or-Me« 

1.451 

Qv-Meit 

1.551 

Or<:» 

1.507 

Cif-Oit 

1.431 

Cr-Q 

1.541 

Cif-PTi 

1.638 

Ct-Q. 

1.529 

Prr-Pri 

1.463 

Q-C14 

1.578 

PTr-Pr, 

1.565 

C9)  J.  M.  Lindiey  and  W.  H.  Barnes,  Acta  CrysL,  8,  227  (1955). 

(10)  M.  Mackay  and  D.  C.  Hodgkin,  J.  Chem.  Soc„  3261  (1955). 

(1 1)  J.  Kalvoda,  P.  Buchschacher,  and  O.  Jeger,  Heh.  Chim.  Acta, 
3t,  1847  (195S). 

(12)  L.  E.  Sutton,  Ed.,  'Tables  of  Interatomic  Distances  and  Con- 
Hfiiration  in  Molecules  and  Ions,'*  Special  Publication  No.  11,  The 
Chrmiral  Sodety,  London,  1959^  p  S12. 
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Figure  2.    The  atomic  arrangement  corresponding  to  Figure  1. 

The  carbon-nitrogen  single  bonds,  which  average 
1.516  A,  are  longer  than  expected,  however,  while  the 
carbon-oxygen  bond  lengths  are  in  the  normal  range. 

The  lengths  of  the  bonds  around  the  atom  labeled 
Pri  are  quite  anomalous,  and  there  is  no  satisfactory 
chemical  explanation  for  this  effect.  We  therefore 
consider  it  possible  that  the  Pri  carbon  atom  has  been 
misplaced  by  about  0.1  A  by  the  least-squares  refine- 
ment procedure. 

A  comparison  of  the  results  with  an  idealized  Dreiding 
model  shows  that  the  molecule  is  subject  to  considerable 
distortion.  The  phenyl  ring  itself  is  flat,  but  it  can 
readily  be  understood  that  the  spacial  requirements  of 
the  complex  cage  structure  connected  to  it  explain  why 
the  connecting  bonds  (C4-04,  Cif-Cu,  and  Cu-Qo)  are 
not  coplanar  with  the  six  phenyl  carbons. 

As  is  usually  observed  in  methyl  phenyl  ethers,  the 
3-methoxyl  carbon  atom  does  not  lie  in  the  phenyl 
carbon  plane.  The  five-membered  oxygen-containing 
ring  is  planar  and  the  piperidyl  system  is  in  the  chair 
conformation  with  the  N-methyl  equatorial. 

In  the  bicyclo[2.2.2]octene  cage,  the  carbon  atoms 
17  and  18  are  the  ones  originally  present  and  labeled 
as  Cs  and  C7  in  the  morphinoids.  The  ring  Cr-Cr- 
Cig-Ci7-Ci4-Ci8  has,  because  of  the  added  Ct-Cs  bridge, 
a  different  conformation  than  in  morphine,  where  it  is 
found  as  a  pseudo  chair. 

As  a  result  of  this  analysis  the  conformation  at  Qs 
has  been  established.  The  hydroxyl  oxygen,  O19,  is 
coplanar  with  Oe,  Ce,  and  Cio,  and  the  methyl  group, 
Mcio,  is  oriented  toward  the  morphine  ethenyl  bridge. 
This  result  is  in  agreement  with  stereochemical  con- 
siderations of  the  Grignard  coupling  which  was  carried 
out  at  Ci9  in  the  preparation  of  I,  since  it  is  reasonable 
to  assume  that  the  Mgl  ion  would  preferably  interact 
with  both  the  Qo  and  Ce  oxygen  atoms  in  the  Grignard 
complex. 

The  19-hydroxyl  group  forms  an  intramolecular 
hydrogen  bond  with  the  ether  oxygen  Oe.  The  6- 
methyl  group  is  located  in  such  a  manner  as  to  facilitate 
this  bonding  with  the  free  pairs  of  O  electrons.  The 
O-O  distance  is  2.63^  A,  and  the  position  of  the  proton, 
which  was  located  from  a  difference  density  map  cal- 
culation (Figure  3),  indicates  a  O-H  •  •  O  hydrogen 
bond  angle  of  11 1.2  ^  with  H-On  and  H-Oe  distances 
of  1.05*  and  1.79«  A,  respectively.  The  location  of 
the  hydroxyl  proton,  which  is  virtually  coplanar  with 
the  Ctf-Or-Me  atoms,  seema  to  uvdkaXst  >JMaX  ^^  ts^asx 
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TaUe  VI.    Valency  Angles  for  19-Propylthevinol 


Figure  3.    Hydrogen  atom  positions  as  obtained  from  fo  —  f« 
synthesis.   Contours  drawn  represent  0.1  electron/A*. 


oxygen  has  an  unshared  pair  of  electrons  emanating 
from  the  atomic  center  in  die  same  plane  as  the  bonded 
electrons.  This  implies  that  the  oxygen  atom  is  not  an 
sp*  hybrid,  but  rather  that  it  is  sp*,  trigonal.  This  is 
supported  by  the  Cr-Or-Mcs  valence  angle  of  120®. 
In  view  of  this  it  should  also  be  observed  that  the  angle 
Cr-Or-Mes9  117^  is  close  to  the  ideal  trigonal  value  of 
120^ 

The  closest  nonbonded  intramolecular  distances  are 
given  in  Table  V,  and  Table  VI  is  a  list  of  valency  bond 

TaUe  V.    Nonbonded  Intramolecular  Distances  bdow  3.00  A 


Angle, 

Angle, 

Atoms 

deg 

Atoms 

deg 

Cu-C,-C 

115 

Cu-CurCn 

126 

Q-CrCi 

126 

C4-Qf-Cn 

108 

Q-Cr-C4 

118 

Cif-Cif-Ci 

102 

CVCrO. 

120 

Cir-Cif-Q4 

103 

C«-Ci-Ot 

122 

Cif-Qi-Cii 

112 

Mei-<VC, 

117 

Ci-Cn-Cl4 

114 

C»-C4rCn 

117 

Ci-Cn-Cii 

113 

QrCrO, 

130 

Ci4-Qi-Cii 

113 

Cif-CrO* 

113 

Cif-Ci«-Ci 

107 

Oc-C(rCi 

113 

Cir-Qr^ 

108 

0«-CH^, 

108 

Cif-Ci«-Ci7 

109 

C4-Ci-Cn 

108 

Q-Ci«-Ct 

115 

Cr-Cf-Cj 

102 

CVQi-Qt 

103 

Ci-Cf-Qt 

110 

Cf-QrCiT 

114 

CrO-O. 

116 

Cii-Cir-Ci« 

112 

CnCrO. 

107 

Ci(rQf-N 

108 

Cr-C«-Cu 

109 

Cr-N-Qt 

113 

Oj-CfCi, 

112 

C-N-NMc 

111 

Cr-Cr-Q 

109 

Qr-N-NMe 

112 

Cr-C7-Cit 

116 

Qr^iT-Cw 

115 

CVOr-Me« 

120 

Cr-Cif-Ci7 

115 

Cr<V<4. 

111 

CjrCurOit 

111 

Cr-Cr-Ci« 

109 

Cr-Qf-Mit 

113 

Qr<VQf 

114 

Cr-Qr-Pri 

106 

Qf-Cr-N 

109 

Oii-Cir-Mit 

111 

CktCt-N 

110 

Oir-Cif-PTi 

103 

Cr-QflT-Cu 

113 

Mii-Ciir-Pri 

112 

Cudi-Ci 

121 

Cif-Pri-Pri 

114 

Cn-Qi-Cu 

119 

Pri—PTr-PTt 

112 

Q-Cdi-Cii 

119 

Cii-Cir-C* 

124 

TaUe  Vn.    Short  Intermolecular 
Nonbonded  Approaches 


Distance, 

Distance, 

Distance, 

Br-Pr, 
Br-Pr, 
Br-Q 

Atoms 

A 

Atoms 

A 

Atoms 

A 

Ci^, 

2.48 

C»-Cit 

2.50 

Cir-Cii 

2.54 

Br-C, 

G-C* 

2.86 

ch::. 

2.55 

Cir-Cn 

2.81 

Br-C„ 

Ci-Cio 

2.56 

Cr<:ii 

2.48 

Cir-N 

2.86 

Br-C 

Q-Cu 

2.40 

Cr<:u 

2.61 

Cir-Ci« 

2.55 

Br-Me« 

G-Oi 

2.41 

Cf-Cl7 

2.40 

Cif-Qi 

2.49 

Br-Q 

Cr<:« 

2.37 

Or-Cit 

2.81 

Qr-Cn 

2.85 

Br-Q, 

CrQi 

2.36 

OrOit 

2.63 

Ci«-Cii 

2.56 

Br-N 

G-Cii 

2.66 

Ct-Ch 

2.80 

Cu-N 

2.47 

Br-NMe 

Ci-Met 

2.33 

Ct-Ci* 

2.54 

Cii-Q« 

2.99 

Br-Cif 

CrO« 

2.50 

Ct-Cit 

2.90 

Ci«-Cw 

2.41 

Br-C 

Cr-Cu 

2.81 

CjrCit 

2.52 

Q.-N 

2.45 

Q-Cn 

C|-Cii 

2.37 

Cr<:t 

2.62 

NMe-Ci. 

2.51 

Q-Ct 

c-c* 

2.43 

Q-C,, 

2.49 

Cit-PTi 

2.60 

Q-Oi, 

Mer-C« 

2.81 

Cb-Cn 

2.43 

Oir-PTi 

2.41 

Ci-Meif 

Mer-0« 

2.81 

Cr<:it 

2.82 

Oir-PTi 

2.91 

CrOi 

Ci-C. 

2.30 

QrCif 

2.83 

PTi-Pr, 

2.51 

CrO, 

C4-C11 

2.45 

CHTii 

2.47 

Meir~Pri 

2.65 

Cr-Me,, 

Ci-Cu 

2.38 

C^u 

2.93 

Cr-Meit 

2.57 

Cr-Meit 

04-C. 

2.51 

C-NMe 

2.52 

04-Me« 

2.93 

Or-NMe 

04-C11 

2.32 

ch:,, 

2.51 

C.-0, 

2.49 

Or-Pr, 

04-C1I 

2.43 

C,-Cl7 

2.55 

Cc-Me« 

2.47 

Mer-Pr, 

c,-c, 

2.43 

Cir-Cii 

2.51 

Cf-Cit 

2.64 

MerO« 

€.-<:« 

2.99 

Cio-Ci« 

2.58 

CrOit 

2.43 

MerOif 

C»-Cii 

2.37 

Qa-N 

2.53 

Cr-PTi 

2.53 

Mec-Pr, 

C»-Ci« 

2.56 
2.55 
2.90 

Qi-Cis 
Cii-Ci« 

Cif-Ci« 

2.60 
2.87 
2.41 

Cr-Pr, 

Q-Qt 

Cr-Pr, 

2.96 
2.53 
2.92 

Qf-Oit 

C»-Ci» 

C»-CiT 

The  superscripts  re 
mentioned  last:  *x,y 

3.99* 
3.89- 
4.01* 
3.87» 
3.86» 
4.06* 
3.98' 
3.79- 
4.02- 
3.18- 
3.58- 
3.70- 
3.89* 
3.9H 
3.60' 
3.58* 
4.00/ 
3.83* 
3.90^ 
3.64* 
3.83* 
3.64« 
3.62< 
3.62* 
3.89» 
3.10» 
4.00< 
3.23« 


angles.  A  survey  of  these  angles  reveals  that  most  ring 
bond  angles  are  slightly  larger  than  the  expected  sp* 
valence  angles,  which  must  be  caused  by  the  constraints 
placed  upon  them  by  the  fusion  of  such  a  large  number 
of  rings  into  a  single  molecular  skeleton  in  order  to 


X,  y,  2;  *  1.5  -  jc,  1  -  y,  0.5  -f-  r;  •  1  -  x,  -OJ 
•f  yt  0.5  -  2;  * 0.5  +  jc,  0.5  -  y,  1  -  z;  •  -1  +  x,  y,  2;  ^05 
-f  x,0.5  -  y,  -2;  »  -0.5  +  Jc,0.5  -  y,  1  -  r;  *  —0.5  +  Jf,a5 
—  y,  —2;  •  2  —  jc,  —0.5  4-  y,  0.5  —  2. 


allow  it  some  ''breathing  space."    The  results  are  con- 
sistent with  the  nmr  and  infrared  spectral  data.^' 
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rhe  bromide  ions  are  located  in  such  a  manner  that 
ery  strong  interaction  exists  with  the  basic  nitrogen 
the  piperidyl  ring.  The  quatemizing  N-proton  is 
xted  from  the  nitrogen  in  the  general  direction  of  a 
^e  bromide  anion,  with  the  short  N  •  •  •  Br  approach 
tancc  of  3. 17  «>  A.  The  N-H  •  •  •  Br  ionic  bond  angle 
107*^  with  N-H  and  H-  •  Br  distances  of  1.08  and 
3  A,  respectively.  The  errors  in  the  bond  dis- 
ces  are  estimated  at  :i:0.02  A,  and  those  in  the  val- 
y  angles  as  ±3^ 

Ul  other  short  intermolecular  distances  seem  to  give 
:  to  only  the  expected  van  der  Waals  contacts  (see 
>le  VII).  Apart  from  the  above  described  van  der 
als  bonding  and  the  ionic  N-H  •  •  •  Br  interactions  no 
mg  intermolecular  forces  seem  to  hold  the  lattice 
ether.  This  may  explain  the  relatively  high  thermal 
tion  which  is  ascribed  to  the  terminal  atoms  of  the 
ctional  groups. 

Mriute  Conflguration  DeterminatioD 

rhe  absolute  configuration  was  established  using  the 
)malous  dispersion  of  the  bromide  ions»  which  causes 
reflections  (A,  k,  I)  and  (i,  JE,  T)  to  be  different  in  both 
ise  and  scattering  amplitude,  in  violation  of  Friedel's 
\  Two  methods  were  used:  first,  the  more  ob- 
us  one  in  which  the  structure  was  refined  first  with 
observed  crystal  planes  assigned  as  Qikl)  and  then  as 
K  —  *»  —  0-  Even  though  no  dramatic  difference  in 
r-all  R  was  observed  (0.078  and  0.084,  respectively)  a 
pie  review  of  the  data  showed  that  for  most  of  the 
ections  no  large  changes  were  calculated,  but  that 

3)  W.  Fuhnor,  J.  E.  Lancaster,  O.  O.  Morton,  J.  J.  Brown,  C  F. 
^ell,  C.  T.  Nora,  and  R.  A.  Hardy,  Jr.,  /.  Am,  Chem.  Soc.,  in  press. 


TaUe  Vm.    Anomalous  Scattering  Data  for  19-Propylthevinol 


fo(+  +  +)/ 

FJi+++)l 

h 

k 

/ 

Fo( ) 

FJi ) 

8 

1 

1 

1.061 

1.112 

8 

2 

4 

1.053 

1.101 

7 

2 

1 

1.115 

1.110 

2 

1 

3 

1.100 

1.101 

7 

5 

5 

0.948 

0.877 

9 

7 

2 

1.055 

1.103 

1 

2 

2 

1.080 

1.102 

1 

2 

5 

1.096 

1.108 

5 

12 

2 

1.027 

1.110 

5 

12 

3 

0.887 

0.880 

6 

15 

1 

0.903 

0.896 

4 

10 

4 

0.909 

0.885 

4 

10 

5 

0.858 

0.853 

4 

15 

2 

0.889 

0.859 

2 

11 

3 

1.121 

1.108 

2 

12 

5 

1.084 

1.105 

I 

12 

4 

1.047 

1.115 

same  showed  dramatic  differences  between  Fjihkl)  and 
FJi'-h,  —A:,  — /)•  For  aU  reflections  where  this  differ- 
ence was  more  than  10%  in  |Fo|  it  was  obvious  that 
the  hand  originally  chosen  was  the  correct  one;    for 

these  planes  R(+++)  and  R( )  were  0.107  and 

0.1 52,  respectively.  In  order  to  confirm  this  result  the 
intensities  of  the  (—A,  —A:,  — /)  reflections  were  meas- 
ured. ^^  The  data  are  shown  in  Table  Vin,  and  they 
confirm  the  other  work. 

In  all  figures  the  absolute  configuration  has  been 
depicted. 

C14)  J.  M.  Bijvoet,  Proe.  Kanlnkl  Ned.  Akad.  Wetemchap.,  BS2, 313 
(1949);  A.  F.  Peerdeman,  A.  J.  van  Bommel,  and  J.  M.  syvoet,  ihUL^ 
54,  3  (1951). 
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Abstract:  The  structure  of  N-brosylmitomycin  A,  a  crystalline  derivative  of  an  anticancer  antibiotic  extracted 
from  soil  isolates  di  Streptomyces  verticUlatus  strains,  has  been  determined  using  X-ray  crystallographic  techniques. 
The  crystals  are  monoclinic  with  a  >-  19.70,  b  >-  8.24,  c  >-  16.05  A,  /9  «  95.80%  space  group  C2,  and  there  are  four 
molecules  per  unit  cell.  The  structure  was  solved  using  the  heavy  atom  method  and  refined  using  Fourier  and  least- 
squares  techniques.  The  mitomycin  molecule  contains  four  fused  ring  systems,  one  of  which  is  an  aziridine.  Evi- 
dence was  found  indicating  an  interaction  between  the  lone  electron  pairs  of  the  two  ring  nitrogen  atoms.  The 
molecules  are  held  in  the  crystal  by  continuous  chains  of  N-H  •  •  'O  hydrogen  bonds  and  a  strong  affinity  between 
bromine  atoms  and  the  components  of  quinoid  rings  of  adjacent  molecules.  The  crystals  are  solvated  with  0.5  mole 
of  benzene/mole  of  antibiotic  located  in  voids  of  the  structure.  The  absolute  configuration  of  the  molecule  has  been 
determined  from  the  comparision  of  observed  and  calculated  structure  factors  utilizing  the  anomalous  scattering  con- 
tribution of  bromine  and  sulfur  for  Cu  Ka  radiation  with  respect  to  alternative  atomic  positions. 


^hree    soil    isolates    of   Streptomyces  verticUlatus, 

Lederle  strains  AA-849,  AB-286,  and  AB-929,  were 

nd  to  produce  mixtures  of  ethyl  acetate  extractable 

)  (a)  To  whom  inquiries  may  be  addresaed  at  the  Department  of 
mittiry,  Michigan  State  University,  East  T^msing,  Mich. 


antibiotics  which  were  active  in  bacterial  mouse  pro- 
tection   tests.*    When    purified    preparations    niade 

(2)  D.  V.  Lefemine,  M.  Dann,  F.  Barbatschi,  W.  K.  Hausmann,  V. 
Zbmovsky,  P.  Monnikendam*  J.  Adam*  and  N.  Bohonos,  /.  Am.  Chtm. 
5^..S4,31S4(19e9. 
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from  these  cultures  were  compared  by  paper  chroma- 
tography they  appeared  to  contain  the  same  groups  of 
antibiotics,  five  of  which  were  isolated  in  crystalline 
form.  The  characterization  of  several  of  these  com- 
pounds showed  that  they  were  identical  with  mito- 
mycin A,  B,  and  C  and  porfiromycin,  and  were  of  a 
new  and  unusual  structural  type,  representing  the  first 
naturally  occurring  examples  of  an  aziridine  elaborated 
by  a  microorganism.'*  A  considerable  amount  of 
chemical  degradation  and  related  studies  had  correctly 
identified  all  atoms  and  their  interconnections,  but 
several  details  which  were  of  interest,  such  as  the  rela- 
tive stereochemistry  of  the  asymmetric  carbons,  could 
not  be  established  via  classical  means. 

The  present  paper  deals  with  the  structure  elucidation 
using  single-crystal.  X-ray  diffraction  methods  of  the 
N-brosyl  derivative  of  one  of  the  components  of  the 
antibiotic  mixture,  mitomycin  A,  of  which  a  preliminary 
report  has  appeared  elsewhere.^ 

Experimental  Section 

Crystals  of  N-brosylmitomycin  A  suitable  for  X-ray  examina- 
tion were  obtained  by  the  slow  evaporation  of  a  solution  of  methyl- 
ene chloride  and  benzene  (1 : 4).*  The  crystals  were  deeply  colored 
red  laths  and  occasionally  they  displayed  end-face  development. 
The  crystal  chosen  for  X-ray  examination  also  proved  to  be  of 
suflSdent  quality  for  intensity  data  collection  and  its  dimensions 
were  approximately  0.8  X  0.3  X  0.05  mm. 

The  X-ray  work  was  carried  out  with  Cu  Ka  radiation  and  a  Gen- 
eral Electric  XRD-5  equipped  with  a  single-crystal  orienter  and  a 
scintillation  counter  assembly.  A  preliminary  survey  of  the  diffrac- 
tion pattern  indicated  that  the  crystal  system  was  monoclinic  with 
a  =  19.70,  b  =  8.24,  c  =  16.05  A,  /S  =  95.80"*.  The  only  reflections 
that  were  systematically  absent  were  of  the  type  h  -\-  k  =  (2it  + 
1).  Therefore,  the  space  group  was  either  C2,  Cm,  or  C2/m.  The 
latter  was  eliminated  because  it  is  centrosymmetrical  and  Cm  was 
rejected  because  it  contains  a  mirror  plane  (mitomycin  A  is  an 
optically  pure  isomer).  The  space  group  C2  was  verifled  upon 
examining  the  Patterson  function  of  the  crystal.  The  bromine- 
bromine  and  the  sulfur-sulfur  vectors  and  their  cross  vectors 
could  be  interpreted  only  in  terms  of  the  equivalent  positions  of 
space  group  C2. 

A  chemical  analysis  of  the  crystals  (dried  at  78°  under  vacuum) 
indicated  an  empirical  formula  corresponding  to  CttHisNiOtSBr. 
This  carbon  content  is  high  by  three  with  respect  to  the  formula  of 
the  antibiotic  derivative  and  suggested  0.5  mole  of  benzene  sol- 
vate/mole  of  N-brosylmitomycin  A.*  The  solvation  was  cor- 
roborated by  flotation  density  measurements  in  aqueous  potassium 
iodide  solution  (^b«d  ■»  1.55 g cm"*;  dmiod  »  1.554 gem'*, based 
on  four  N-brosyknitomydn  A  and  two  benzene  molecules  per  unit 
cell). 

Before  initiating  three-dimensional,  intensity-data  collection,  the 
quality  of  the  crystal  was  assessed  by  measuring  the  mosaic  spreads 
of  several  reflections  at  different  0  and  x  values.  The  spreads 
were  found  to  be  single  peaked  and  symmetrical,  and  varied  from  0.4 
to  0.7°  in  width  as  a  function  of  a  (background  to  background). 
The  quadrant  of  reciprocal  space  that  included  the  narrowest  and 
most  symmetrical  spreads  was  selected  for  intensity  measurements. 
The  intensities  were  obtained  using  the  stationary  crystal-stationary 
counter  technique  with  balanced  Ni-Co  filters.  Of  the  1481  re- 
flections accessible  to  </»in  »  1.0  A  (2d„u^  »  100°),  1352  (91.3%) 
were  taken  to  be  observable. 

Throughout  the  data  collection,  the  intensities  of  three  convenient 
reflections  were  monitored  as  a  function  of  X-ray  exposure  to  the 
crystal.    During  the  first  6  hr  of  exposure,  the  monitored  reflections 


(3)  J.  S.  Webb.  D.  B.  CosuUch,  J.  H.  Mowat,  J.  B.  Patrick.  R.  W. 
Broschard,  W.  E.  Meyer,  R.  P.  Williams,  C.  F.  Wolf.  W.  Fulmor,  C 
Pidacks.  and  J.  E.  Lancaster,  J.  Am,  Chem,  Soc,  84,  3185  (1962);  (b) 
I6<</.,  84,  3186(1962). 

(4)  A.  Tulinsky,  ibid.,  84,  3188  (1962). 

(5)  We  thank  Dr.  J.  H.  Mowat  of  Lederle  Laboratories  for  preparing 
the  N-brosyl  derivative  and  for  growing  the  crystals. 

(6)  This  observation  was  also  supported  with  gas  chromatographic 
measurements.  We  should  like  to  thank  Nfr.  A.  Nfistretta  of  Lederle 
Laboratories  for  carrying  out  these  measurements. 


remained  essentially  constant  but  during  the  last  6  hr  of  data  ooUec- 
tion,  they  showed  a  continuous  and  slow  decrease  in  intensity 
(maximum  decrease  of  6  %  after  12  hr  of  exposure).  Cooaequently, 
the  latter  half  of  the  intensity  data  was  corrected  for  this  fall  off. 
The  intensities  were  also  corrected  approximately  for  absorbtioo 
(as  a  function  of  azimuthal  angle  <t>y  The  absorption  contctiott 
was  found  to  \x  2B  dependent,  and  it  was  approximated  with  a 
weighted  mean  correction  that  was  more  appropriate  for  the  higher 
order  leflections.  The  maximum :  minimum  ratio  of  the  correctiaa 
was  2.4.  Finally,  Lorentz  and  polarization  factors  were  applied  to 
the  modified  intensities  convoting  them  into  relative  stroctne 
amplitudes. 

The  Structure  Determination 

The  structure  was  solved  using  the  phase-determining, 
heavy-atom  method.^  A  three-dimensional  Patterson 
function  was  computed  sharpened  with  izBrlfBt)\ 
where  Zbc  and  /bt  are,  respectively,  the  atomic  number 
of  bromine  and  the  scattering  form  factor  of  bromine 
at  rest.  The  effect  of  such  a  sharpening  procedure  is  to 
enhance  the  bromine-bromine  vectors  to  point  bromine 
atom  interactions  with  thermal  motion.  The  sulfur 
atom  interactions  are  also  enhanced  by  this  procedure, 
but  not  as  much,  while  the  light  atom  interactions  are 
sharpened  least  of  all.  The  bromine-bromine  and 
sulfur-sulfur  interactions  were  readily  recognized 
in  the  Harker  section  at  r  =  0.  From  the  (x,  z)  co- 
ordinates thus  obtained,  the  bromine-sulfur  interactions 
in  general  positions  were  identified.  The  latter  also 
gave  the  relative  y  coordinates  of  bromine  and  sulfur. 

Before  proceeding  with  a  structure  factor  computa- 
tion, the  positions  of  the  two  carbon  atoms  of  the  brosyi 
group  that  are  bonded  to  the  bromine  and  the  sulfur 
atoms  were  inferred.  The  procedure  was  relatively 
straightforward  and  involved  only  the  assumptions: 
(1)  that  all  four  atoms  lie  on  a  straight  line  and  (2) 
the  bond  distances  of  C-Br  and  C-S.  The  crucial 
point  of  the  procedure  proved  to  be  the  correct  identi- 
fication of  the  Br-S  vector  belonging  to  a  single  mole- 
cule. There  were  two  vectors  of  approximately  the 
correct  length;  however,  one  could  be  eliminated  be- 
cause of  its  close  proximity  to  a  twofold  rotation  axis, 
thus  giving  rise  to  packing  problems. 

Structure  factors  were  now  computed  based  on  the 
positions  of  the  bromine,  the  sulfur,  and  the  two  inferred 
phenyl  carbon  atoms  and  an  isotropic  thermal  param- 
eter of  B  =  3.0  A^.  The  calculated  phases  were  then 
assigned  to  the  observed  structure  amplitudes  and  a 
three-dimensional  electron  density  (pi)  was  computed. 
This  electron  density  contained  45  peaks  greater  than 
1.7  eA"'  (carbons  included  in  the  structure-factcv  com- 
putation are  also  included  in  this  count).  Of  these 
peaks,  30  were  shown  to  belong  to  the  molecule,  seven 
were  eliminated  because  of  close  approaches  to  the 
brosyi  system  or  the  bromine  atom,  and  two  others  were 
disregarded  because  they  were  situated  too  dose  to  a 
twofold  rotation  axis.*  The  remaining  six  peaks  were 
all  positionally  isolated  from  the  main  body  of  peaks 
and  eventually  were  shown  to  be  spurious.    At  this 

(7)  S.  SUvers  and  A.  Tulinsky,  Acta  Cryst,,  16.  579  (1963). 

(8)  J.  M.  Robertson  and  I.  Woodward,  /.  Chem.  Soe,,  219  (1937); 
36  (1940). 

(9)  Symmetry-related  peaks  in  the  present  instance  bdk>os  to  inde- 
pendent molecules  unless  the  molecule  itsdf  has  twofold  rotatioci  syn- 
metry  and  additionally  utilizes  the  crystallographic  twofold  rotor* 
Since  the  latter  was  not  applicable  to  the  antibiotic,  the  two  peaks  iietf 
the  twofold  rotation  axis  would  give  rise  to  unacoeptably  short  van  dtr 
Waab  contacts.  At  a  later  stage  of  the  work,  these  peaks  were,  in  fiKt, 
shown  to  belong  to  the  structure,  and  the  way  in  which  they  are  wi&  be 
indicated  below. 
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the  brosyl  system  was  easily  identified  and  it  was 
to  a  three-membered  ring  (known  to  be  aziridine) 
in  turn  was  fused  to  two  fused  five-membered 
[see  Figure  1).  From  ring  B,  the  density  was 
rhat  ambiguous;  either  ring  B  was  fused  to  a 
mbered  ring  bearing  short  side  chains  (shown 
ly  broken  in  Figure  1)  or  a  long  side  chain  em- 
I  from  B.  Also,  there  was  a  two-atom  chain  at 
idgehead  position  between  rings  A  and  B  (X) 
seemingly  longer  chain  at  Y. 
this  point,  consultation  with  the  Lederie  group 
d  in  the  chemical  structure  determination  of  the 
ycins  revealed  a  general  agreement  between  their 
:al  structure  and  the  one  described  above.  Using 
ditional  chemical  information  and  the  location  of 
smaller  peaks  (1.3-1.6  eA"',  marked  by  asterisks 
ure  1)  the  remainder  of  the  structure  shown  in 
I  1  (as  broken  lines)  was  recognized.  Two  of  the 
r  peaks  proved  to  be  part  of  a  quinone  system 
aring  methyl  and  methoxyl  groups.  The  other 
peak  formed  part  of  a  carbamoyloxymethyl 
hain  (CH,OCONH,)  (side  chain  Y,  partially 
i).  Finally,  the  fused  five-membered  rings  were 
:ally  known  to  be  a  pyrrolizine  system  (contained 
;ehead  nitrogen). 

»  structure  factor  and  electron-density  computa- 
vere  now  carried  out:  (1)  the  first  (jh)  based  on 
(nplete  structure  including  atoms  of  correct  chem- 
entity,  and  (2)  the  second  (ps)  included  bromine, 
and  25  carbon  atoms  (the  crystallographically 
>iguous  structure;  solid  line  structure  of  Figure 
oth  computations  included  an  over-all  isotropic 
cter  of  i?  =  3.0  A^  The  latter  computation 
nformed  as  a  precautionary  measure  and  also  to 
n  the  results  of  including  the  complete  structure. 
:  factors  for  these  structure  factor  computations 
.22  and  0.28,  respectively, 
omparison  of  the  two  resulting  electron  densities 
i  32  of  the  atoms  included  in  the  computation  of 
U  included  atoms  (except  two  in  ps)  in  both  densi- 
n-eased  2.S  times  or  more.  The  two  atoms  which 
led  stationary  in  ps  (the  methyl  of  the  bridgehead 
x^  and  the  carbamate  nitrogen)  had  other  rea- 
[e  peaks  (^^1.6  eA"')  within  bonding  distance  of 
groups.  In  the  end,  it  was  shown  that  an  in- 
t  choice  was  originally  made  in  both  in- 
s. 

atoms  not  included  in  structure  factor  computa- 
remained  essentially  unchanged  or  increased  in 
lieight  in  pt.  Nitrogen  and  oxygen  atoms,  in- 
as  carbon,  appeared  1-3  eA"'  greater  than 
sd  carbon  atoms  in  this  density  and  confirmed  the 
:al  identities  employed  to  obtain  ps.  Finally,  all 
us  peaks  of  pi  decreased  or  became  vanishingly 
n  both  Pt  and  pt. 

two  peaks  ignored  in  pi  because  they  were  too 
I  twofold  rotation  axis  (i^l.2  A)  persisted  and 
ied  in  height  in  both  ps  and  pt.  Furthermore,  two 
peaks  developed  significantly  in  this  region 
.0  eA"*)  and  they  were  located  on  the  twofold  axis, 
f  became  apparent  that  these  peaks  represented 
le  molecules  which  were  utilizing  twofold  rotation 
stry  to  acconmiodate  along  the  crystallographic 
d  rotor.  Thus,  the  O.S  mole  of  benzene  of  sol- 
was  satisfactorily  accounted  for  since  the  multi- 
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Figure  1.    Atomic  arrangement  identifiable  from  pi  and  inferred 
from  chemical  considerations. 


plicity  of  the  twofold  position  in  space  group  C2  is 
two.^ 

Refinement  of  the  structure,  including  a  half-benzene 
molecule,  was  now  conunenced  through  electron-  and 
difference-density  computations.  After  one  cycle,  indi- 
vidual isotropic  thermal  parameters  were  obtained  from 
the  difference  density  and  these  were  included  into 
structure  factor  computations.  In  all,  six  cycles  of 
refinement  were  carried  out  in  this  manner  and  R  de- 
creased to  0.146.  At  this  stage,  refinement  by  the 
method  of  least  squares  was  initiated. 

The  Least-Squares  Reflnement 

The  structure  was  first  refined  by  conventional  diag- 
onal least-squares  techniques.  The  weighting  scheme 
adopted  assigned  unit  weights  (h^  =  1.0)  to  all  reflections 
with   4|F„u«|    <    \F\    <    10|F^|;     w    =    |F|/4|F„u«| 


when  \F\  <  4|F„to  ;  and  w  =  10|f«in|/|f  |  for  reflec- 
tions with  \F\  >  lOlFminl*  This  scheme  resembles  the 
Hughes  weighting  and  simultaneously  takes  into  account 
variations  in  the  measured  intensity  data  due  to  the 
counting  statistics.  Isotropic  refinement  converged 
after  three  cycles  in  which  only  the  non-zero  structure 
amplitudes  were  included  and  an  R  of  0.109  was  ob- 
tained. A  three-dimensional  electron  density  map  was 
calculated  at  this  stage  and  it  clearly  indicated  a  large 
amount  of  anisotropy  for  both  the  bromine  and  sulfur 
atoms.  This  was  allowed  for  in  some  additional  re- 
finement by  introducing  both  heavy  atoms  as  slightly 
separated,  but  thermally  coupled  half-atoms.  A  con- 
siderable improvement  in  bond  distances  and  valency 
angles  resulted  but  R  was  not  affected  much. 

Inclusion  of  all  atoms  with  anisotropic  correction 
factors  and  subjecting  the  data  to  additional  refinement 
yielded  a  large  change  in  /{,  which  became  stationary  at 
0.087,  and  caused  significant  changes  in  some  of  the 
bond  distances.  A  difference  density  map  was  com- 
puted, but  in  general  the  regions  in  which  the  hydrogen 
atoms  were  expected  to  be  located  were  poorly  defined. 
Therefore,  the  refinement  process  was  terminated. 
The  final  positional  and  anisotropic  thermal  parameters 
are  given  in  Table  I,  and  the  standard  errors  of  the 
positional  parameters  are  given  in  Table  II.  (The  ob- 
served and  calculated  structure  factors  are  available 
from  the  authors.) 

(10)  It  should  be  remarked  here  that  from  the  onset  of  the  work,  the 
one  half  mole  of  benzene  of  solvation  was  puzzling,  especially  in  view  of 
the  fact  that  the  crystal  proved  to  be  an  excellent  X-ray  scattercr  (91.3  % 
of  the  data  was  observable  to  1-A  resolution).  Such  behavior  was  not 
consistent  with  disordered  bcnnoe  of  solvation  as  the  one  half  mole 
would  suggest 
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TaUe  I.    Final  Positional  and  Anisotropic  Thermal  Parameters* 


Atom 

xia 

ylb 

zlc 

Bn 

Bn 

Bn 

Bit 

Bl, 

Bu 

Br 

0.51422 

0.50000 

0.13205 

281 

1613 

455 

66 

137 

-120 

S 

0.22439 

0.16162 

0.15784 

227 

1028 

221 

34 

36 

-9 

Phi 

0.30650 

0.25157 

0.14812 

188 

269 

171 

310 

-134 

51 

Ph2 

0.34954 

0.27258 

0.22431 

211 

1388 

321 

85 

166 

-7 

Ph3 

0.37259 

0.31170 

0.07327 

258 

981 

151 

386 

42 

70 

Ph4 

0.41411 

0.34954 

0.21744 

147 

1718 

328 

185 

-12 

317 

Ph5 

0.38493 

0.38562 

0.06751 

379 

1024 

276 

135 

21 

38 

Ph6 

0.42783 

0.40172 

0.13849 

245 

3325 

97 

-511 

66 

170 

CI 

0.17730 

0.47555 

0. 14156 

331 

1173 

245 

-251 

176 

-297 

C2 

0.18842 

0.43940 

0.23212 

251 

1593 

240 

-363 

73 

260 

C3 

0.10817 

0.55605 

0.11861 

147 

1082 

231 

680 

91 

287 

C4 

0.12667 

0.51127 

0.27368 

214 

217 

339 

21 

-14 

-48 

C5 

0.08848 

0.40434 

0.33459 

189 

1405 

169 

-115 

-17 

90 

C6 

0.02029 

0.37873 

0.28454 

165 

252 

282 

134 

-38 

39 

C7 

0.01826 

0.44726 

0.20879 

171 

39 

151 

345 

-52 

369 

C8 

-0.03995 

0.28770 

0.30701 

178 

1345 

307 

284 

23 

-307 

C9 

-0.09885 

0.28665 

0.24291 

115 

1815 

395 

239 

29 

58 

CIO 

-0.10110 

0.34542 

0.16691 

104 

265 

252 

606 

-72 

18 

Cll 

-0.04241 

0.43837 

0.14456 

222 

1503 

87 

-61 

-107 

31 

C12 

-0.16063 

0.32536 

0.09958 

275 

2282 

474 

-286 

-62 

56 

C13 

-0.18431 

0.24511 

0.34415 

283 

2948 

512 

-118 

164 

-113 

C14 

0.10441 

0.77575 

0.32587 

213 

1152 

318 

153 

69 

57 

C)5 

0.11997 

0.24511 

0.36145 

113 

86 

335 

169 

-42 

232 

C16 

0.21795 

0. 16369 

0.45709 

44 

261 

413 

447 

67 

323 

Ol 

0.20237 

0.09838 

0.07938 

239 

1294 

433 

144 

35 

-234 

02 

0.23069 

0.06661 

0.23145 

225 

2128 

474 

284 

72 

87 

03 

0.15177 

0.65270 

0.30881 

134 

798 

383 

91 

98 

-120 

04 

0.18707 

0.28912 

0.40933 

135 

656 

320 

115 

10 

11 

05 

0.19117 

0.03085 

0.45591 

296 

153 

618 

279 

-51 

-168 

06 

-0.03849 

0.21898 

0.37502 

179 

2241 

542 

7 

-25 

106 

07 

-0.04248 

0.50850 

0.07902 

259 

2299 

196 

129 

-49 

139 

08 

-0.15546 

0.20054 

0.26759 

209 

1716 

542 

-34 

-10 

-9 

Nl 

0.16834 

0.30736 

0. 17228 

167 

299 

268 

326 

110 

-108 

N2 

0.07523 

0.53547 

0.20003 

148 

235 

88 

546 

82 

-6 

N3 

0.27685 

0.21003 

0.49369 

167 

1368 

490 

14 

63 

-180 

Bl 

0.50000 

0.06325 

0.50000 

436 

1396 

286 

-196 

288 

-122 

B2 

0.50000 

0.40322 

0.50000 

399 

2792 

276 

-389 

273 

-284 

B3 

0.44802 

0.14945 

0.45348 

439 

2993 

575 

-327 

372 

-198 

B4 

0.44798 

0.31978 

0.45204 

332 

3502 

223 

-118 

115 

306 

•  The  anisotropic  temperature  factOTS  which  were  used  in  the  calculations  were  of  the  form  F  -  e  -  (  AjA«+ &»*•+  B»n+2  Aj**+a  AiW+2&i«) 
All  B  values  are  multiplied  by  a  factor  of  10*. 


Structure  of  the  Molecule 

An  inspection  of  the  interatomic  distances  (Figure  2) 
shows  that  there  are  few  anomalies  present  in  the 
structure   of  N-brosyl mitomycin  A.     Major  interest 


Figure  2.    Final  bond  distances. 

lies  with  the  aziridine  ring  system,  which  consists  of 
three  bonds  of  equal  length.  The  C~N  distances  of 
1.48  and  1.49  A  are  normal  for  single  carbon-to-ni- 
trogen bonds.  The  exocyclic  bond  angles  N(1)-CX1>- 
C(3)  of  110.7^  and  N(l>-C(2>-C(4)  of  112.8^  (Figure  3; 
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see  Figure  4  for  labeling)  indicate  that  the  carbon  atoms 
tend  to  retain  their  tetrahedral  configuration  despite  the 
considerable  shortening  of  the  C-C  bond  to  1.48  A 
The  atoms  CX4),  CX2),  C(l),  and  C(3)  of  ring  A  arc 
coplanar.  The  angle  between  the  plane  defined  thusly 
and  the  aziridine  ring  is  104^,  and  the  distance  between 
the  indole  nitrogen  N(2)  and  N(l)  is  2.69  A. 

As  one  would  expect,  N(2)  behaves  much  like  an 
amide  nitrogen  owing  to  its  ability  to  participate  in  the 
conjugation  of  the  quinoid  system.  However,  it  is 
observed  in  ultraviolet  absorption  spectra  that  mito- 
mycin A  is  bathochromic  with  respect  to  model  com- 
pounds'^ and  that  its  extinction  coefficient  is  consider- 
ably smaller,  which  is  indicative  of  a  lower  energy 
system. 

This  may  be  accounted  for  by  the  fact  that  N(2) 
is  observed  to  be  nonplanar  and  tfius  is  impaired  in  its 
ability  to  take  part  in  the  conjugation.  N(2)  is  0.3  A 
out  of  the  plane  defined  by  d(3),  C(4),  and  C(7),  and 
on  the  opposite  side  of  that  plane  as  the  aziridine  ni- 
trogen, N(l).  Furthermore,  an  inspection  of  the  bond 
angles  shows  that  it  is  more  tetrahedral  than  trigonal 
Even  though  one  could  ascribe  this  to  the  fact  that 
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e  3.    Final  bond  angles. 


is  part  of  two  five-membered  rings  and  therefore 
xt  to  distortion  of  its  valency  angles,  a  more  plaus- 
reason  becomes  obvious  upon  inspecting  the  orien- 
a  and  position  of  the  orbitals  occupied  by  the  free 
1  of  electrons  of  N(l)  and  N(2).  If  N(2)  were 
Etr  these  would  be  subject  to  overlap,  and  the  ob- 


n.    Standard  Deviations  of  the  Positional  Parameters, 
as  Obtained  from  Least-Squares  Residuals 


Atom 

<^x) 

<Ky) 

<K2) 

Br 

0.001 

0.001 

0.001 

S 

0.003 

0.003 

0.003 

Phi 

0.010 

0.010 

0.010 

Ph2 

0.011 

0.012 

0.012 

Ph3 

0.012 

0.012 

0.011 

Ph4 

0.011 

0.014 

0.012 

Ph5 

0.014 

0.013 

0.013 

Ph6 

0.009 

0.013 

0.010 

CI 

0.011 

0.010 

0.011 

C2 

0.009 

0.010 

0.010 
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Figure  4.    Key  to  X-ray  (top)  and  chemical  labelings  (bottom). 


Figure  5.   Schematic  view  of  interaction  of  unshared  electrons. 

served  deformation  of  N(2)  is  sufficient  to  avoid  this 
to  a  great  extent,  as  is  indicated  in  Figure  5. 

The  nonplanarity  of  N(2)  also  affects  other  parts  of 
the  molecule.  The  substitution  of  an  amide-type 
nitrogen  at  C(7)  and  an  O-Me  group  at  C(9)  would, 
in  the  case  of  a  normal  planar  molecule,  be  expected  to 
result  in:  (a)  a  shortening  of  the  C-N  single  bond  ow- 
ing to  its  participation  in  the  conjugated  system,  (b) 
a  simultaneous  lengthening  of  the  double  bond  C(J)r 
C(6),  and,  possibly,  (c)  a  shortening  of  the  C-O-Me 
bond  due  to  the  influence  of  thep-mide  group. 

It  is  observed  that  the  C~N  bond  is  indeed  shortened. 
However,  no  shortening  of  the  C-O  bond  is  observed, 
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Table  m.    Short  Intermolecular  Approaches* 


Figure  6.   Projection  of  crystal  structure  as  viewed  along  the  c  axis 
(one-half  unit  cell  shown). 


Rgure  7.    Hydrogen-bonding  scheme. 

which  may  be  attributed  to  the  fact  that  N(2)  is  not 
coplanar  with  the  quinoid  system,  so  that  hypercon- 
jugation  with  0(7)  is  not  expected  to  occur. 

From  the  above  it  may  also  be  concluded  that  the 
nonbasic  behavior  of  N(l)  which  is  atypical  for  an  aziri* 
dine  nitrogen  atom,  even  when  part  of  a  [3.1.0]  bicyclo 
system,  is  due  to  the  steric  interference  of  its  fourth 
valence  pair  with  the  free  p  orbital  of  N(2).  In  the 
free  base  this  should  also  inhibit  its  ability  to  invert, 
as  is  indicated  in  nuclear  quadrupole  measurements. 
N(l)  may  therefore  actually  be  considered  as  an  optically 
active  site  produced  by  steric  interference. 

Some  interesting  observations  may  also  be  made 
about  the  brosyl  group.  First,  the  sulfonyl  group  is 
nearly  tetrahedral  with  the  exception  of  the  angle  be- 
tween the  O-S-O  bond,  which  is  123**.  Second,  the 
bromine  atom  is  nearly  equidistant  to  the  carbon  atoms 
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•Type  refers  to  the  following  positions:  1  =  x,y,z;  2  «  —  x,y, 
-z:  3  =  jc  +  0.5.  y  +  0.5,  z;  4  »  -jc  +  0.5,  y  +  0.5,  -x,  located 
in  the  cell  whose  origin  is  displaced  from  the  reference  unit  cell  by: 
a  =  -a,  -b,  0;  b  =  -a,  0,  -c;  c  =  -a,  0,  0;  d  =  0,  -A,  0; 
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forming  the  quinoid  ring  of  another  molecule  (see 
Table  III).  From  the  foregoing,  it  is  reasonable  to 
conclude  that  there  is  a  negative  charge  present  on  the 
oxygen  atoms  of  the  sulfonyl  group  causing  the  in- 
creased O-S-O  angle  (SO«  is  a  more  electron-withdraw- 
ing group  than  bromine).  The  bromine  atom  in  turn 
compensates  for  this  by  interacting  with  the  quinoid 
system. 

The  observed  N-S  distance  of  1.663  A  shows  that 
this  bond  contains  some  double  bond  character.  No 
comparison  is  possible  with  similar  systems  since  the 
literature  contains  only  one  reference  to  a  N-S  bond, 
that  in  S02(N(CH3)2)2,  where  it  is  found  to  be  1.623 
A.^^  A  single  bond  would  probably  have  a  length  of 
about  1.73  A  [derived  from  atomic  radii  of  S  (104 
A),  N  (0.74  A),  and  an  electronegativity  correction  for 
N-S  of  -0.05  A]. 

(11)  T.  Jordan.  W.  Smith,  and  W.  N.  LiKMOomb,  TetnUiedroR  Utten, 
37(1962). 
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ure  8.    Arrangement  of  the  molecules  as  viewed  along  the  b  axis. 

>leciilar  Packing  in  the  Crystal  Lattice 

rhe  structure  is  held  together  via  infinite  chains  of 
drogen  bonds  in  the  direction  of  the  b  axis  between  the 
ide  functional  groups  of  different  molecules,  as  may 
seen  from  Figures  6  and  7.  The  N-H'--0  dis- 
ice  of  2.817  A  indicates  a  fairly  strong  interaction, 
is  hydrogen-bonding  scheme  provides  within  each 
it  cell  parts  of  two  sets  of  these  chains  which  seem  to 
joined  together  by  the  donor-acceptor  relationship 
the  bromine  and  quinoid  groups  already  discussed, 
is  within  this  framework  that  the  benzene  molecules 
solvation  are  located  in  such  a  way  as  to  provide  the 
gest  number  of  possible  van  der  Waals  contacts, 
(complete  listing  of  all  intermolecular  distances  smaller 
in  4  A  is  given  in  Table  III.  Figure  8  provides  a 
lematic  view  of  the  molecular  packing  as  viewed  in 
;  direction  of  the  b  axis  and  clearly  delineates  the 
vate-containing  channels. 

solute  Configuration  Determination 

ki  the  time  when  the  absolute  configuration  of  the 
decule  became  of  interest,  the  crystal  used  for  data 


Figure  9.    Absolute  configuration. 

collection  was  no  longer  available  for  intensity  measure- 
ment of  the  reflections  for  which  the  largest  deviations 
from  Friedel's  law  could  be  expected.  However,  it  is 
possible  to  determine  the  hand  of  the  molecule  without 
knowledge  of  these  data  by  computing  R  values  for 
selected  sets  of  reflections  with  large  differences  between 
the  calculated  structure  amplitudes  for  the  two  en- 
antiomorphs.^' 

For  the  67  reflections  with  differences  of  more  than 
10%  |Fc|,  and  magnitudes  larger  than  IS  (electron-scat- 
tering units),  it  was  found  that  when  the  reflections  were 
assigned  as  {hkl)^  R  was  calculated  as  0.150;  however, 
if  they  were  considered  to  be  of  the  type  (A^/),  R  was 
0.122.  This  procedure  was  repeated  for  all  reflections 
with  |Fo|  larger  than  2S,  in  which  case  the  results  were 
0.153  and  0.109,  respectively.  This  clearly  suggests 
that  the  hand  which  was  originally  chosen  was  in- 
correct,^' and  the  absolute  configuration  of  mitomycin  A 
determined  in  this  manner  is  depicted  in  Figure  9. 
In  addition  to  the  two  R  values  for  the  large  differences 
it  was  found  that  the  over-all  R  values  (0.094  and  0.087) 
were  also  consistent  with  the  above. 
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(13)  Originally,  the  reflections  were  assigned  ihkl)  in  a  right-handed 
ooorcUnate  system. 
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Abstract:  Carbon  atoms  have  been  produced  in  a  low-intensity  carbon  arc  under  high  vacuum,  a  method  whidi 
yields  a  mixture  of  ground-state  ("P)  and  metastable  exdted-state  species  (^D  and  ^S).  Using  a  16-v  (ac)  arc,  the 
metastables  are  the  most  abundant.  The  chemistry  of  the  ^S  species  in  reactions  with  olefins  is  reported  here;  it 
reacts  with  one  molecule  of  olefin  by  insertion  into  the  double  bond  to  form  an  allene. 


We  have  previously  reported  the  reactions  of  ole- 
fins with  ground-state  ('P)  carbon  atoms  pro- 
duced in  a  low  intensity  carbon  arc  under  high  vac- 
uum.^* We  now  report  on  the  reactions  of  these 
olefinic  substrates  with  carbon  atoms  in  the  metastable 
excited  ^S  state. 

The  ^S  state  of  atomic  carbon  is  known  to  lie  2.7  ev 
above  the  ground  state.'    Yilmaz  has  predicted  the 
radiative  half-life  of  ^S  carbon  atoms  on  purely  theo- 
retical bases*  to  be  2  sec  for  the  process  ^So  -^  ^Ds. 
Calculations  using  the  Boltzmann  equation 

would  indicate  that  at  an  arc  temperature  of  5000  ^K 
much  less  than  1  %  of  the  vaporized  atomic  carbon 
would  be  in  the  ^S  state.  However,  Omstein,  et  al.,^ 
and  later  Mason  ^^  found  that  the  distribution  among 
excited  states  of  species  Ba*,  Zn*,  CN^*  in  a  low-pres- 
sure arc  is  not  described  by  the  Boltzmann  relation. 
Electronic  excitations  greatly  in  excess  of  that  pre- 
dicted from  the  Boltzmann  equation  were  observed. 
The  explanation  given  was  that  excitation  was  caused 
by  electron  bombardment  in  the  absence  of  an  equili- 
brating medium,  e.g.,  air.  This  mechanism  of  excita- 
tion has  been  demonstrated  to  apply  in  arc  and  hot- 
filament  vaporizations  of  carbon  species  (unpublished 
results). 

In  our  system  where  the  pressure  in  the  region  of  the 
arc  is  ^^10"*  torr  (mean  free  path  of  ^^50  cm),  one 
might  expect  significant  quantities  of  atomic  carbon  in 
the  ^S  state  to  be  produced. 

The  reactions  of  ^^C,  produced  by  nuclear  trans- 
formation processes,  with  ethylene  have  been  exten- 
sively studied.  ^^"^^    In  this  system  allene  has  been 

(1)  For  paper  III  in  this  series,  see:  P.  S.  SkeU  and  R.  R.  Engel,  /. 
Am.  Chem.  Soc„  88,  4883  (196Q. 

(2)  A  preliminary  communication  has  appeared:  P.  S.  SkeU  and  R.  R. 
Engel.  ibid.,  87,  113S  (1965). 

(3)  National  Science  Foundation  Cooperative  Graduate  Fellow, 
1963-1966. 

(4)  P.  S.  SkeU  and  R.  R.  Engd,  /.  Am.  Chem.  Soc.,  87, 113S  (1965). 

(5)  P.  S.  SkeU  and  R.  R.  Ensel.  ibid.,  87,  2493  (1965). 

(6)  R.  R.  Engel  and  P.  S.  SkeU.  ibid.,  88,  3749  (1966). 

(7)  G.  Herzberg,  **Atomic  Spectra  and  Atomic  Structure,**  Dover 
PubUcations,  New  York.  N.  Y..  1944.  p  142. 

(8)  H.  Yilmaz,  Phys.  Rev,,  100, 1148  (1955). 

(9)  L.  S.  Omstein,  H.  Brinkmann.  and  A.  Beunes,  Z.  Physik,  77,  72 
(1932). 

(10)  R.  C.  Mason,  Physica,  5,  777  (1938). 

(11)  C.  MacKay,  P.  Poladc,  H.  E.  Rosenberg,  and  R.  Wolfgang,  /. 
Am.  Chem.  Soc.,  84,  308  (1962). 

(12)  J.  Dubrin.  C.  MacKay.  and  R.  Wolfgang,  ibid.,  86,  959  (1964). 

(13)  M.  MarshaU,  C  MacKay,  and  R.  Wolfgang,  ibid.,  86,  4741 
(1964). 


found  to  be  an  important  product  (18%).  However, 
owing  to  difficulties  previously  discussed/  it  is  not 
possible  to  define  which  electronic  state  of  carbon  is 
producing  the  allene. 

By  analogy  with  other  carbene  reagents,  a  carbon 
atom  would  be  expected  to  add  to  the  double  bond  of  an 
olefinic  substrate  producing  a  cyclopropylidene  inter- 
mediate. 


«:    +     X 


A  major  reaction  pathway  for  cyclopropylidenes 
prepared  in  solution  is  rearrangement  to  allenic  prod- 
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However,  since  these  species  were  generated  in  the 
presence  of  strong  Lewis  bases  in  the  reaction  media, 
they  were  probably  complexed  by  these  bases  and  were 
not  "free  carbenes."  In  the  system  used  for  our  work 
the  species  would  be  expected  to  be  "free"  as  there  is 
only  hydrocarbon  present. 

This  paper  describes  the  reactions  of  ^S  carbon  atoms 
with  olefins;  the  only  products  in  significant  amounts 
are  the  allenes  resulting  from  insertion  of  the  carbon 
atom  into  the  double  bond. 

Method 

The  carbon  arc  and  molecular  flow  system  used  in  this 
study  were  as  previously  described.  ^*    In  all  of  these 

(14)  J.  Dubrin,  C.  MacKay,  and  R.  Wolfgang,  ibid.,  86,  4747  (1964). 

(15)  W.  von  E.  Doering  and  P.  M.  LaFlamme,  Tetrahei^om,  2, 75 
(19S8). 

(16)  L.  SkattebfA.  Tetrahedron  Utters,  167  (1961X 

(17)  T.  L.  Logan,  ibid.,  173  (1961). 

(18)  L.  Skattebfd,  Acta  Chem.  Scand.,  17, 1683  (1963). 

(19)  P.  S.  SkeU,  L.  D.  Wescott,  Jr.,  J.  P.  Oolstdn,  and  R.  R.  Eofd, 
/.  Anu  Chem.  Soc.  87. 2829  (1965). 
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ions  a  16-v  (ac)  arc  was  employed  which  produced 
cture  of  ground-  and  excited-state  carbon  atoms 
ill  as  triatomic  carbon.  The  arc  current  shows 
fluctuations  in  intensity  going  as  high  as  100  amp 
v^eraging  about  40  amp.  Time-delay  reactions  were 
is  previously  described  using  a  neopentane  ma- 

e  allenic  products  were  separated  from  the  excess 
rate  by  fractional  distillation  using  a  36  X  0.5  in. 
im-jacketed  column  packed  with  glass  helices, 
ved  by  vacuum  distillation  and  gas  phase  chro- 
graphy.  They  were  identified  by  their  infrared 
nass  spectra,  measured  on  the  materials  collected 
the  gas  chromatograph.  A  22-ft  column  (0.25 
iameter)  of  30%  hexamethylphosphorictriamide 
sher  Colunmpak  was  used. 

Is  and  Discussion 

Electronic  State  of  Carbon  Atoms  Leading  to 
es.  Time-Delay  Studies.  In  carbon  vapor  reac- 
of  olefins  using  continuous  arcing  with  contin- 
deposition  of  substrate,  the  allene,  resulting  from 
ion  of  the  carbon  atom  into  the  double  bond,  was 
td  to  the  extent  of  ~45%  of  the  carbon  atom 
ion  product  (vide  infra\  the  remainder  being 
buted  among  a  number  of  products, 
depositing  a  layer  of  neopentane  (^^2  g)  on  the 
I  nitrogen  cooled  walls  of  the  reaction  flask  and 
3perating  the  carbon  arc  for  a  short  period  of  time 
!c)  ^^0.3  mg  of  vaporized  carbon  can  be  deposited, 
this  amount  of  carbon,  difl*usion  into  the  matrix 
tttly  occurs.  If  ^^5  g  of  reactive  olefin  is  added 
z  later,  causing  temporary  liquefaction  of  the  sys- 
ill  products  found  in  the  "continuous"  reaction  are 
lit,  except  for  the  allenic  product  which  has  essen- 
disappeared.  The  carbon  atom  precursors  for 
:s  have  decayed  to  a  lower  electronic  state  in  this 

By  noting  the  amount  of  allene  present  after  a 
:  delay,  ~2  %,  the  half-life  of  this  precursor  has 
estimated  at  ^^2  sec.* 

s  reasonable  to  assign  to  the  allene-forming  car- 
toms  the  designation  of  ^S  on  the  following  bases: 
e  decay  of  this  species  of  excited  carbon  increases 
mounts  of  products  resulting  from  both  ground- 
[•P)  and  another  excited-state  (^D)  carbon  species; 
lis  species  brings  higher  energy  to  the  transition 
(as  is  shown  by  the  products,  allenes  vs.  cyclo- 
me  ring  formation)  than  the  'P  and  ^D  state  species 
infra). 

Reaction  of  ^S  Carbon  Atoms  with  Isobutylene. 
eaction  of  Ci(^S)  with  isobutylene  formed,  as  the 
product  which  can  not  be  attributed  to  'P  and 
j-methyl-l,2-butadiene  which  was  identified  by 
arison  of  its  infrared  and  mass  spectra  with  those 
e  known  material.  The  3-methyl-l,2-butadiene 
up  40  mole  %  of  the  atomic  carbon  reaction  prod- 


CiCS)    + 


< 


Lsing  a  16-v  (ac)  carbon  arc. 
Reaction  of  ^S  Carbon  Atoms  with   1-Butene. 

eactions  with  1-butene  yielded  a  single  product, 
mtadiene,  which  could  be  attributed  to  the  Ci(^S) 
It  was  identified  by  comparison  of  its  infrared 
lass  spectra  with  those  of  the  known  compound. 


CiCS)    + 


In  the  reaction  using  a  16-v  (ac)  carbon  arc,  the  1,2- 
pentadiene  made  up  45  mole  %  of  the  total  carbon  atom 
reaction  product. 

D.  Reaction  of  ^S  Carbon  Atoms  with  Propylene. 
The  sole  product  attributable  to  the  reaction  of  ^S 
carbon  atoms  with  propylene  was  the  1,2-butadiene 
which  accounted  for  45  mole  %  of  the  total  product  from 
carbon  atom  reactions  using  a  16-v  (ac)  arc.  It  was 
identified  by  comparison  of  its  infrared  and  mass  spectra 
with  those  of  the  known  compound. 


Ci(»S)    + 


y 


E.  Reaction  of  ^S  Carbon  Atoms  with  cis-  and  trans- 
2-Butene.  From  the  reaction  of  either  cis-  or  trans-l- 
butene  with  ^S  state  carbon  atoms,  2,3-pentadiene  is  the 
only  product,  from  cw-2-butene  42  mole  %  and  from 


CiOS)    + 


Ci(*)    + 


/ra/i5-2-butene  43  mole  %  of  the  total  carbon  atom 
products. 

The  2,3-pentadiene  was  identified  by  comparison  of 
its  infrared  and  mass  spectra  with  those  of  the  known 
material. 

The  earlier  report*  of  this  reaction  indicated  two 
products  from  ^S  carbon  atoms,  2,3-pentadiene  and 
an  unidentified  substance.  The  latter,  on  separation 
from  the  other  components  of  this  distillation  fraction, 
proved  to  be  2,3-pentadiene;  it  had  been  trapped  with 
the  higher  boiling  reaction  products,  and  its  identity 
was  not  recognized  immediately  because  diflerent 
gas  chromatography  columns  were  used  for  further 
analysis  of  the  low-  and  high-boiling  fractions. 

F.  Reaction  of  ^S  Carbon  Atoms  with  1,3-Biitadiene. 
The  reaction  of  1,3-butadiene  with  ^S  carbon  atoms 
yielded  a  product  not  found  in  'P  and  ^D  reactions,  a 
single  substance  easily  separated  from  the  excess  sub- 
strate and  assigned  the  structure  of  1,2,4-pentatriene  on 
the  basis  of  its  infrared  and  mass  spectra.  Its  infrared 
spectrum  corresponded  to  that  reported  for  1,2,4- 
pentatriene^  and  its  low- voltage  mass  spectrum  showed 


GOS)    + 


a  parent  peak  at  m/e  66  corresponding  to  CsHa. 
Using  a  16-v  (ac)  arc  1,2,4-pentatriene  comprises  47 
mole  %  of  the  total  carbon  atom  reaction  products. 

G.  Competition  Reactions  of  Olefins  for  ^S  Carbon 
Atoms.  Competition  reactions  were  run  by  equil- 
ibrating a  known  mixture  of  the  olefins  in  the  vacuum 
line  and  depositing  this  mixture  on  the  cooled  walls  of 
the  reaction  flask  while  arcing.  The  reaction  mixture 
was  handled  in  the  usual  manner;  product  analysis 
was  done  by  gas  chromatography.  The  relative  rates 
can  then  be  calculated  from  the  relative  amounts  of 
products.  The  results  are  shown  in  Table  I.  Al- 
though the  difi'erences  are  small,  the  order  of  reactivities 

(20)  L.  Miginiac  Compt.  Rend.,  247, 21S6  (19S8). 
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Reaction  coordinate. 


Figure  1.   Energy  profile  for  reaction  of  atomic  carbon  with  olefins. 


is  in  accord'^  with  the  proposal  of  a  singlet  attacking 
species  oflow  selectivity.***'' 


TaMel 


Olefin 


Rel  rate  of 

reaction 
with  Ci(>S) 


Product 


\^ 


1.44 
1.06 

1.92 
5.21 

(1.00) 


H.  Reaction  of  ^S  Carbon  Atoms  wHh  a  Mixture  of 
1-Pentene  and  ci5-2-Pentene.  The  reaction  of  ^S  carbon 
atoms  with  a  mixture  of  1-pentene  and  ctr-2-pentene 
(ratio  of  1.35:1.0)  yielded  two  products,  1,2-hexadiene 
and  2,3-hexadiene,  in  the  ratio  3.1:1.0.  They  were 
identified  by  comparison  of  their  infrared  and  mass 
spectra  with  those  of  the  known  compounds. 


CiCS)    + 


These  two  products  accounted  for  25  %  of  the  total 
carbon  vaporized  using  a  16-v  (ac)  arc  (38%  of  the 
atomic  carbon). 

(21)  The  high  relative  reactivity  of  Irbutene  is  anomolous.  Although 
in  the  other  cases  (sections  H  and  I)  the  a-olefinic  site  is  attacked  more 
readily  than  the  internal  site,  the  differences  are  not  as  great  as  here. 
We  have  no  explanation  for  this  unusual  reactivity. 

(22)  P.  S.  Skell  and  A.  Y.  Gamer,  /.  Am.  Chem.  Soc.,  78,  5430  (1956). 

(23)  W.  von  E.  Doering  and  W.  A.  Henderson.  Jr..  iMd.,  80.  5274 
(1958). 


This  result  indicates  that  the  ^S  carbon  atom  reacts 
2.3  times  as  rapidly  with  the  a-olefinic  site  as  with  the 
internal  olefinic  site. 

I.  Reaction  of  ^S  Carbon  Atoms  with  Ifi-HepMUant. 
From  the  reaction  of  ^S  atomic  carbon  with  l.S-hepta- 
diene  (one  peak  on  gas  chromatograph;  presumably 
one  isomer),  two  products  were  obtained,  1,2,6-octa- 
triene  and  1  ,S,6-octatriene,  which  were  identified  by  their 
infrared  and  mass  spectra. 


CxOS)   + 


These  two  products  were  formed  in  the  ratio  2.7:1.0, 
insertion  into  the  a-olefinic  site  being  favored  over 
insertion  at  the  internal  olefinic  site.  This  result  com- 
pares favorably  with  that  for  a  mixture  of  1-pentene 
and  c/5-2-pentene  (vide  supra). 

Using  a  16-v  (ac)  arc,  these  two  products  accounted 
for  28%  of  the  total  carbon  vaporized  (42%  of  the 
atomic  carbon). 

J,  Conclusions.  In  the  time-delay  experiments, 
carbon  deposited  on  a  neopentane  matrix,  using  a 
delay  of  1 S  sec,  the  only  substances  not  present  in  the 
product  mixtures  being  the  allenes.  After  IS  sec  most 
of  the  ^D  atoms  are  still  present;  they  do  not  react 
with  olefins  to  form  allenes.  Moreover,  the  decay  of 
the  precursor  of  the  allenes  enhances  the  yields  of  all  of 
the  ^D  products'^  by  approximately  the  same  factor, 
I.e.,  their  total  yields  are  increased  but  they  remain  in 
about  the  same  proportion,  except  for  the  spiropen- 
tanes  (also  derived  from  •?). 

Thus,  the  ^S  carbon  atoms  are  the  only  species  leading 
to  the  formation  of  allenes.  Also,  it  seems  as  if  the 
allenes  account  for  all  or  almost  all  of  the  ^S  carbon 
produced.  Small  amounts  of  the  ^D  products  may  be 
formed  from  ^S  carbon  atoms  but  certainly  not  large 
quantities,  unless  they  are  coincidentally  produced  in 
the  same  proportions  as  from  the  ^D  atoms.  If  such 
were  the  case,  it  would  necessitate  a  common  inter- 
mediate for  the  reactions  of  ^S  and  ^D  carbon  atoms 
which  is  not  in  accord  with  the  evidence  (pide  infra). 

It  has  been  established  that  the  reaction  of  ^D  carbon 
atoms  with  olefinic  substrate  leads  to  the  formation  of 
a  singlet  cyclopropylidene  intermediate.**  This  inter- 
mediate then  reacts  with  a  second  molecule  of  olefin 
leading  to  products.  None  of  this  intermediate  re- 
arranges to  allene  under  our  reaction  conditions: 
liquid  nitrogen  cooling  and  a  high  concentration  of 
olefin. 
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R'       R 


R'.      R 


Bpiropentane 

+  other  products     ^ 


3/ 


R 


(24)  Reporu  on  the  details  of  the  reactions  of  the  >D  state  will  be 
presented  elsewhere. 

(25)  Reference  2  and  unpublished  results. 
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he  energy  of  activation  for  rearrangement  must  be 
Iter  than  the  energy  of  activation  for  addition  to 
tber  molecule  of  olefin  (Figure  1).  At  room  tem- 
iture  in  solution  rearrangement  of  singlet  cyclo- 
pylidenes  to  allenes  takes  place  readily/*""  in 
ipetition  with  olefin  addition, 
he  ^S  atom  addition  to  an  olefin  should  hftve  a  for- 
resemblance  to  the  ^D  addition,  the  major  difier- 
5  being  the  33-kcal/mole  extra  energy  brought  to  the 
Lsition  state  by  the  higher  energy  atom.  If  this  hot 
;let  cyclopropyhdene  were  an  intermediate  of  Ufe- 
^  sufficient  to  permit  trapping  by  olefins,  the  yields 
illenes  would  vary  with  changing  the  substituents 
nd  R'  since  these  substituents  would  be  expected  to 


iience  the  rate  of  ring  opening  to  the  allene.  This  is 
the  case,  the  yields  of  allenes  being  40-47  %  with 
variation  in  substituents  reported  here.    Thus  it 

ows  the  hot  singlet  cyclopropyhdene  is  not  a  trap- 
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pable  intermediate.  For  ^S  +  olefin  the  cyclopropyh- 
dene configuration  may  only  represent  a  transition  state. 

Since  the  activation  energy  for  ring  opening  of  a 
normal  singlet  cyclopropyhdene  (from  ^D)  is  small,  the 
species  in  the  reactions  of  Ci(^S)  may  bypass  this  con- 
figuration and  go  directly  to  the  allene ;  the  hot  species 
may  not  be  able  to  lose  its  surplus  energy  fast  enough 
to  lead  to  a  thermally  equihbrated  cyclopropyhdene 
intermediate. 

The  relative  reactivities  of  olefins  in  competition  for 
^S  atoms  is  not  highly  informative  since  the  spread  of 
reactivities  is  small.  Perhaps  it  is  most  significant  that 
butadiene  is  less  reactive  than  monoolefins,  ruling  out 
transition  states  with  radical  character. 

An  interesting  and  disturbing  feature  of  these  matrix 
systems  must  relate  to  their  physical  nature.  The  strik- 
ing differences  in  reactivity  of  CHj  groups  for  ^S  in- 
sertions in  neopentane  and  isobutane  was  noted  earher 
in  this  study.  Perhaps  for  related  reasons  the  double 
bond  of  1-butene  is  more  reactive  than  those  in  pro- 
pene,  1-pentene,  and  l,S-heptadiene  (terminal  bond). 
No  electronic  rationalization  of  this  effect  is  apparent. 
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Abstract:  A  simple  technique  for  analyzing  the  effects  of  substituent  changes  on  transition-state  geometry  is  out- 
lined. The  basic  idea  is  to  consider  the  effects  of  substituents  as  linear  perturbations  of  the  vibrational  potentials 
for  the  normal  coordinate  motions  both  parallel  to  and  perpendicular  to  the  reaction  coordinate  motion.  Effects 
parallel  to  the  reaction  coordinate  then  correspond  closely  to  predictions  based  on  '^Hammond's  postulate,*'  while 
effects  perpendicular  to  the  reaction  coordinate  introduce  a  previously  neglected  effect  which  is  expected  to  be  smaller 
than  the  parallel  effect  in  many,  but  not  all,  cases.  Examples  of  application  of  the  theory  to  Sn2,  E2,  SnI,  and 
other  reaction  mechanisms  are  presented.  The  theory  is  discussed  in  terms  of  the  forces  on  nuclei  predicted  by  the 
Hellmann-Feynman  theorem.  Using  precise  potential  energy  curves  for  diatomic  molecules  calculated  by  com- 
puter from  spectroscopic  data,  it  is  concluded  that  the  approximation  that  the  perturbation  is  linear,  if  a  relatively 
small  substituent  change  is  made,  is  probably  a  very  good  one.  The  result  is:  (1)  any  substituent  change  which 
makes  an  increase  (decrease)  in  the  normal  coordinate  ^  of  a  molecule  or  transition  state  more  difficult  will  lead 
to  a  perturbed  equilibrium  geometry  in  which  X  is  decreased  (increased)  if  the  force  constant  for  X  motion  is 
positive,  but  in  which  X  is  increased  (decreased)  if  the  force  constant  for  X  motion  is  negative ;  (2)  the  effect  of  a  sub- 
stituent change  on  a  normal  coordinate  motion  can  be  predicted  from  the  effect  of  the  substituent  on  the  reacting 
bond(s)  nearest  to  the  substituent  and  involved  in  that  motion;  (3)  when  two  reacting  bonds  are  equidistant  from 
the  substituent,  the  effect  of  the  substituent  should  be  nearly  equal  on  both  if  both  are  of  the  same  strength  in 
the  unperturbed  transition  state,  but  should  be  greater  on  the  stronger  than  on  the  weaker  (and  greater  on  a  a  than 
on  a  T  bond);  (4)  an  electron-supplying  (withdrawing)  substituent  should  make  a  bond  more  difficult  to  extend 
(compress)  if  attached  to  the  basic,  /.e.,  more  electronegative  atom,  end  of  the  bond,  but  more  difficult  to  compress 
(extend)  if  attached  to  the  acidic,  /.e.,  less  electronegative  atom,  end  of  the  bond;  (5)  the  substituent  effect  on  ge- 
ometry is  the  sum  of  individual  effects  on  each  normal  coordinate. 


ince  substituent  effects  upon  a  stable  molecule's 
structure,  energy,  and  other  properties  are  reason- 

/  well  understood  in  a  qualitative  way,  it  is  fascinat- 
to  try  to  apply  this  quahtative  understanding  to 
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state  is  shown  as  a  dashed  line  in  Figure  I  for  the  simple 
case  of  a  linear  approach  of  A  to  BC,  A.  displacing  C. 

Since  a  transition  state  is  defined  as  being  at  a  po- 
tential energy  extremuro  (saddle  point)  and,  therefore, 
its  intemsl  nuclear  motions  consist  of  vibrations  anal- 
ogous to  the  normal  vibrations  of  stable  molecuks 
in  the  sense  that,  at  the  geometry  of  the  extremum,  no 
forces  act  on  the  nuclei,  it  is  not  unreasonable  to  suppose 
that  structural  predictions  based  on  principles  estab- 
lished for  stable  molecules  would  carry  over  in  con- 
siderable detail  to  transition  states.  The  "Hammond 
postulate"'  and  various  extensions'  have  been  used  to 
make  predictions  about  transition-state  geometry  from 
reactant,  intermediate,  and/or  product  geometries  and 
enthalpies  of  reaction.  A  noteworthy,  early  eiamfit 
of  the  application  of  principles  similar  to  those  of  the 
Hammond  postulate  is  the  explanation  of  the  Brensted 
catalysis  law'  in  terms  of  the  crossing  of  potential  energy 
curves  for  the  bonds  being  made  and  broken  in  a  pro- 
ton-transfer reaction,  e.g. 


Figure  1 .  (a)  Contour  surface  for  the  reaction  A  +  BC  -►  AB  +  C. 
Conlouis  of  constant  (eieclronic)  potential  energy  fcH'  nuclear  dis- 
placement plotted  as  a  function  of  the  bond  distances  'ab  and  rsc. 
The  reaction  coordinate  is  the  dashed  line.  Parallel  and  perpendicu- 
lar motions  are  shown  as  double-headed  arrows.  The  reaction  is 
assumed  to  proceed  without  any  bending  of  the  ABC  angle  from 
180°,  so  that  the  potential  energy  depends  only  on  tab  and  rsc. 
(b)  Plot  of  potential  energy  ds.  distance  along  the  reaction  coordi- 
nate. 


activated  complexes,  for  various  reactions.  The  rela- 
tive success  of  transit!  on- state  theory'  in  describing  and 
making  predictions  about  rates  and  mechanisms  of 
thermal  reactions,  together  with  the  considerable 
(though  approximate)  theoretical  justification  of  the 
method,  make  it  reasonable  to  discuss  reaction  mecha- 
nisms in  terms  of  a  transition  state  of  definite  geometry 
corresponding  to  the  point  of  highest  electronic  energy* 
along  the  most  favorable  path  by  which  reacting  mole- 
cules may  be  converted  into  products.  Other,  neces- 
sarily higher  energy,  reaction  paths  exist  which  do  not 
pass  through  the  transition-state  geometry. 

The  motion  corresponding  to  the  reaction  coordinate 
which  has  negative  restoring  force  at  the  transition 

(3)  C/.  S.  Glasjione,  K.  J.  Laidler,  and  H,  Eyring.  "The  Theory  of 
Rate  Processes,"  McGraw-Hill  Book  Co.,  Inc.,  New  York,  N.  Y..  1941 ; 
H.  Eyring.  D.  Henderson.  B.  J.  Stover,  and  E.  M.  Eyring,  "Statislkal 
Mechanics  and  Dynamics,"  John  Wiley  and  Sons,  Inc.,  New  York, 
N.  Y.,  1964;  H.  Eyring  and  E.  M.  Eyring, "Modem  Chemical  Kinedcs," 
Reinhold  Publishing  Corp.,  New  York,  N.  Y.,  1963;  K.  J.  Laidler  and 
J.  C.  Polanyi,  Progr.  Rtaciion  Ktnella,  3.  1  (196S);  J.  E.  Lefller  and  E. 
Grunwald,  "Rates  and  Equilibria  of  Organic  Reacdoni,"  John  Wiley 
and  Sons,  Inc.,  New  York,  N.  Y.,  1963:  M.  M.  Kreevoy  in  "Invatiga- 
lion  of  Raid  and  Mechanisms  of  Reactions,"  Pari  II,  S.  L.  Friess,  E.  S. 
Lewis,  and  A.  Weissberger,  Ed.,  Inteisdence  Publishers,  Inc.,  New  York, 
N.  Y.,  1963,  Chapter  XXIII;  also  several  odier  chapters  in  Parts  1  and 
II;  "The  Transition  Suie,"  Special  Publication  No.  16,  The  Chemical 
Society,  London.  1962;  D.  Rapp,  "On  EnperimenUl  Tests  of  the  Valid- 
ity of  the  Transition  State  Theory  of  Chemical  Reaction  Rates,"  Report 
6-9D-62-126,  Lockheed  Missile  and  Space  Company,  Sunnyvale,  Calif., 
1962;  H.S.lohnKon.Ad«in.ClKm.,Phyi..3,Ul{l960):  "Gas Phase 
Reacdon  Rate  Theory,"  The  Ronald  Press  Co.,  New  York,  N.  Y.,  1966; 
V.  N.  Kondrat'ev,  "Chemical  Kinetics  of  Gas  Reactions,"  Pergamon 
Press  and  Addison- Wesley  Publishing  Co.,  Inc.,  Reading,  Mass.,  1964; 
E.  R.  Thornton,  "Solvolysis  Mechanisms,"  The  Ronald  Press  Co.,  New 
York,  N.  Y.,  1964. 

(4)  The  electronic  energy  as  a  function  of  nuclear  geometry  is,  of 
coursf ,  in  the  (Boin-Oppenheimer)  approximation  that  electron  motion 
is  always  very  fast  relative  to  nuclear  motion,  used  as  the  potential  en vgy 
for  nuclear  motions. 
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Although  these  generalizations  seem  fundamentally 
reliable,  certain  experimental  results  seen]  to  conflict* 
with  predictions,  and  a  "rule"  has  been  suggested* 
which  seemed  to  correlate  all  known  data.  In  analyz- 
ing the  results  of  our**  and  other  studies  of  E2  (elim- 
ination, bimolecular)  reactions,  certain  ambiguities  and 
inconsistencies  were  discovered.  A  major  ambiguity 
is  that  the  statement  of  this  rule*  in  terms  of  "reactiiig 
bonds"  and  "reacting  orbitals"  implicitly  assumed  that 
there  was  only  one  reacting  bond  in  a  single  reacting 
orbital,  whereas  E2  transition  states  clearly  involve 
more  than  one.  It  might  be  possible  to  modify  the  rule 
to  eliminate  the  ambiguity.  However,  the  present 
author  believes  there  are  inconsistencies  in  the  (ad- 
mittedly a  posteriori)  theoretical  model,  the  major  one 
being  the  assumption  that  because  supplying  electrons 
to,  say,  the  X  group  of  a  X-Y  bond  is  expected  to  make 
that  bond  longer  at  the  transition  state  (of  a  reaction  in 
which  that  bond  is  being  made  or  broken),  the  in- 
creased X-Y  bond  length  implies  a  decreased  electron 
supply  at  Y.  It  now  seems  almost  certain  that  supply 
of  electrons  to  X  would,  while  increasing  the  X-Y  bond 
length,  nevertheless  increase  the  electron  supply  at 
Y;*  the  predictions  of  the  rule  would  then  be  reversed 
in  certain  cases. 

Although  approximate  models  tend  to  justify  it,  an 
assumption  equivalent  to  the  idea  that  "if  a  bond  is 

(5)  G.  S.  Hammond,  J.  Am.  Chtm.  Soe..  77,  334  (1933):  "If  two 
staiet,  as.  for  example,  a  transition  state  and  an  unstable  intermediaH 
occur  consecutively  during  a  reaction  process  and  have  newly  the  mM 
energy  content,  their  in tercon version  will  involve  only  a  maU  reor- 
ganization of  the  molecular  structures."  A  less  weU-known.  butentttf, 
statement  of  a  similar  prindpleisgivenby  J.  E.Leffler,$ef«iM;  117,340 
(1953). 

(6)  K.  B.  Wiberg,  Chem.  Pev.,  5S,  733.  737  (1933);  A.  StrdtWKK, 
Jr.aiW.,  56,  571(1956). 

(7)  R.  P.  Bell,  "The  Proton  in  Chemistry."  Cornell  Univernty  Presk 
Ithaca,  N.  Y.,  1959,  Chapter  X;  R.  P.  Bell,  "Add-BsM  Catalym' 
Oxford  University  Press,  London,  1941,  Chapter  VIII;  J.  Horiuti  and 
M.  Polanyi.  Ada  Phyilaxhlm.  URSS,  1.  305  (1933);  H.  P.  Bdl,  ft»c 
Roy.  Soc.  (London).  A154,  414  (1936). 

(S)  C.  G.  Swain  and  E.  R.  Thornton.  /.  Am.  Chem.  Soc.,  S4,  M 
(1962). 

(9)  This  conclusion  can  be  approximately  futtified  by  canadenni 
that  the  primary  etfect  will  be  electron  sm>ply  to  X  and  thoefoR  to  Y. 
The  primary  effect  will  be  partly  offset  by  the  secondary  effect  ofittcreucd 
X-Y  bond  length,  but  only  partly  olTset  because  in  the  Bont-Oppn- 
beimer  approximation  electron  motions  detcnnine  the  motions  {wA, 
tbcnfore,  tbe  avenge  pontioiu)  of  the  Dodd,  not  die  otfwr  tm  mmA. 
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harder  to  break,  it  will  become  more  broken  at  the 
ition  state"  is  usually  required  for  such  predictions, 
type  of  assumption  is  very  hard  to  justify  in  its 
1  form  because  of  the  property  of  a  transition  state 
its  energy  is  the  minimal  energy  maximum^  i.e., 
laximum  barrier  required  by  the  most  favorable 
on  path.  Expressing  the  properties  of  functions 
I  have  simultaneous  minima  in  one  or  more  di- 
Lons  and  maxima  in  another  is  difficult  to  do  in  any 
yhich  leads  to  generalizations. 
s  problems  which  arose  in  application  of  the  above 
aUzations  made  it  seem  likely  that  a  new  approach 
equired.  The  basic  innovation  of  the  "rule"  was 
deration  of  transition-state  structural  effects  di- 
,  rather  than  by  comparison  with  reactants, 
lets,  or  intermediates,  all  of  which  differ  in  energy 
latively  large  amounts  from  the  transition  state.  ^^ 
t  prediction  of  the  effect  of  substituents  on  transi- 
itate  structure,  if  possible,  was  clearly  desirable, 
ther  became  obvious  that  previous  generalizations 
argely  considered  such  effects  in  terms  of  geo- 
c  changes  "along  the  reaction  coordinate,"  i.e., 
;es  in  fraction  of  product-like  character  of  the 
ition  state,  and  had  all  but  ignored  effects  upon 
al  modes  of  vibration  of  the  transition  state,  i.e., 

of  the  transition-state  geometry  perpendicular 
le  reaction  coordinate.  These  "parallel"  and 
lendicular"  directions  are  shown  as  arrows  in 
e  1,  corresponding  to  the  tangent  to  the  reaction 
linate  at  the  transition-state  point  and  the  per- 
cular  to  the  tangent.  In  the  simple  case  illustrated 
^re  1,  where  there  are  only  two  geometric  variables 
two  bond  lengths — it  can  be  seen  that  the  parallel 
m  stretches  one  bond  while  compressing  the  other, 
he  perpendicular  motion  either  stretches  or  com- 
»  both  bonds  simultaneously, 
simple  perturbation  method  has  emerged  which 
ast  in  principle)  takes  account  of  both  parallel 
perpendicular  shifts  in  transition-state  geometry. 
>utlined,  illustrated,  criticized,  and  approximately 
ed  in  the  following  sections. 
iple  Perturbation  Method.  In  analyzing  the  effect 
iibstituent  on  a  transition  state,  we  are  interested  in 
nining  the  effect  on  each  bond  in  turn.  This 
1  be  quite  straightforward  for  a  stable  molecule 
ning  one  had  adequate  empirical  and  theoretical 
:o  predict  how  a  substituent  (say,  electron  supply- 
hould  change  the  force  constant  or  bond  strength 
ich  type  of  bond).  For  a  transition  state  there  is 
3mpUcation  that  motion  of  the  nuclei  along  the 
on  coordinate  is  not  a  truly  vibrational  motion  (it 

negative  restoring  force),  though  motion  corre- 
ling  to  all  the  other  normal  vibrations  of  the 
tion  state  is  truly  vibrational  (with  positive  re- 
g  force).  Substituent  effects  upon  motions  with 
ve  and  negative  restoring  forces  turn  out  to  have 
nte  geometric  effects;   therefore,  one  must  con- 

which  nuclei  actually  move  in  the  reaction  co- 
ate  motion. 

nuclei  of  the  transition  state  may  in  principle 


The  danger  of  "crossover**  effects  (or  even  **double-cross**  effects) 
x>tential  energy  curves  for  differently  substituted  systems  is  con- 
le  in  some  cases.  >^ 

J.  D.  Roberts,  **Notes  on  Molecular  Orbital  Calculations,** 
Benjamin,  Inc.,  New  York,  N.  Y.,  1962.  p  93;  R.  D.  Brown. 
R^.(Lon6on).6. 72(1952). 
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Figure  2.  Plots  of  parabolic  potentials,  V,  together  with  the  per- 
turbations, P,  which,  when  added  to  V,  give  the  new  parabolic 
potentials,  V\  Note  that  the  slope  of  P.  is  exactly  equal  to  the 
slope  of  Pb.  (a)  Effect  expected  for  perpendicular  motion;  (b)  effect 
for  parallel  motion. 


move  during  the  reaction  coordinate  motion  (though 
some  may  be  prohibited  from  moving  by  symmetry), 
but  the  major  displacements  will  undoubtedly  be  of 
those  nuclei  which  participate  in  bonds  that  are  being 
made  or  broken  during  the  course  of  reaction.  Such 
reacting  bonds^  can  be  singled  out  for  study.  It  can  be 
assumed  that  groups  attached  through  nonreacting 
bonds  to  the  nuclei  involved  in  the  reacting  bonds  will 
approximately  follow  along  with  those  nuclei  as  the 
reacting  bonds  undergo  reaction-coordinate  motion. 
Furthermore,  if  the  reaction  coordinate  motion  involves 
largely  changes  in  length  of  reacting  bonds  (as  would 
be  the  case  in  many  reactions),  bending  motions  may 
reasonably  be  left  out  of  consideration.  The  case 
where  only  one  reacting  bond  is  present  (relatively  un- 
usual) is  simplest.  In  this  case  the  only  important 
motion  corresponding  to  the  reaction  coordinate  is  the 
stretching  (for  a  dissociation  reaction)  or  compression 
(for  an  association  reaction)  of  the  reacting  bond.  A 
plot  of  energy  vs.  bond  length  will  then  look  like  the 
curve  in  Figure  lb,  but  the  abscissa  will  not  be  the 
curved  reaction  coordinate  shown  for  the  displacement 
reaction  of  Figure  la;  the  abscissa  will  simply  be  the 
length  of  the  reacting  bond. 

The  vibrational  energy  of  a  molecule  is  a  nearly  qua- 
dratic function  of  the  displacement  of  the  nuclei  from 
their  equilibrium  positions.  The  effect  of  a  sub- 
stituent upon  one  of  the  bonds  of  a  molecule  is  to 
make  small  changes  in  energy,  equilibrium  bond  length, 
and  force  constant.  Since  such  effects  are  relatively 
small,  it  can  be  expected  that  they  will  be  approximately 
described  by  the  addition  of  a  linear  function  of  dis- 
tance to  the  reference,  "unperturbed"  curve."  The 
result  for  a  model  with  a  parabolic  potential  energy 
function  and  an  exactly  linear  perturbation  is  shown  in 
Figure  2a.  The  shift  in  the  energy  of  the  extremum  is 
caused  mainly  by  the  vertical  position  of  the  linear  per- 
turbation, but  the  extremum  also  shifts  to  longer  or 

(12)  This  aproach  was  originally  suggested  by  a  discussion  of  second- 
ary isotope  effects  in  terms  of  such  perturbations,  given  by  E.  A. 
Halevi,  Progr,  Phys,  Org,  Chem,,  1,  109  (1963).  A  similar  technique 
has  also  been  used  for  discussion  of  the  changes  in  geometry  and  energy 
of  ordinary  molecules  upon  addition  or  removal  of  an  electron  to  form 
ions  and  upon  electronic  excitation :  J.  P.  Malrieu,  Tluaret,  Chim,  Acta^ 
4.434(1966). 
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shorter  bond  length.  The  same  perturbation  in  fact 
causes  a  greater  shift  of  bond  length  the  less  the  curva- 
ture of  the  unperturbed  curve,  as  will  be  shown  below. 
The  effect  of  substituents  on  bond  geometry  can,  there- 
fore, be  predicted  (approximately,  of  course)  as  in 
Figure  2a  by  empirically  or  theoretically  estimating 
the  slope  (sign  and  magnitude)  of  the  perturbation. 
Although  it  is  assumed  that  the  perturbation  is  Unear, 
the  direction  of  the  effect  is  dependent  mainly  on  the 
slope  (positive  or  negative)  of  the  perturbation  at  the 
point  of  the  unperturbed  extremum. 

In  the  case  of  Figure  2a,  if  we  assume  that  the  per- 
turbation slope  was  caused  by  adding  an  electron- 
supplying  substituent  to  the  molecule,  it  can  be  in- 
terpreted as  follows:  the  electron-supplying  substituent 
makes  bond  extension  more  difficult  and  bond  com- 
pression easier.  Such  an  effect  probably  explains  the 
effects  of  substituents  on  the  O-H  stretching  vibrations 
of  substituted  phenols;^'  electron-supplying  sub- 
stituents in  the  phenyl  ring  increase  the  vibration  fre- 
quency. 

In  the  case  of  a  transition  state,  the  potential  energy 
as  a  function  of  distance  along  the  reaction  coordinate 
(Figure  lb)  can  be  approximated  as  an  inverted  parabola 
in  the  region  of  the  potential  energy  maximum,  as 
shown  in  Figure  2b.  There  is  no  theoretical  reason 
why  the  effects  of  substituents  in  perturbing  the  potential 
energy  along  the  reaction  coordinate  should  be  different 
from  substituent  effects  on  true  molecular  vibrations. 
The  same  linear  perturbation  shown  in  Figure  2a 
produces  the  dashed  curve  of  Figure  2b,  and  it  can 
be  assumed  with  considerable  confidence  that  the  result- 
ing change  in  geometry  would  be  observed  for  a  sub- 
stituent change  which  made  motion  (from  left  to  right) 
along  the  reaction  coordinate  more  difficult. 

Empirical  data,  which  will  aid  in  making  predictions 
about  ionic  reactions  where  charge  accumulation  or 
dispersal  occurs,  are  available;  prediction  is  more 
difficult  for  radical  or  molecular  reactions.  Hope- 
fully, further  data  on  stable  molecules,  such  as  effects 
of  substituents  on  vibrational  frequencies,  will  give 
predictions  of  the  direction  of  the  perturbation  for 
most  kinds  of  bonds. 

The  basic  ideas  described  can  readily  be  appUed  to 
reactions  having  more  than  one  reacting  bond.  Several 
reacting  bonds  can  be  considered  simultaneously  by 
considering  the  normal  vibrations  of  the  transition 
state  and  estimating  the  effects  of  substituents  on  the 
normal  vibrations,  ^^  e.g.,  the  parallel  and  perpendic- 
ular motions  in  Figure  la.  Each  normal  vibration 
can  be  considered  to  have  a  potential  energy  curve 
as  a  function  of  normal  coordinate  displacement  similar 
to  Figure  2a,  except  the  reaction  coordinate  motion, 
which  will  be  similar  to  Figure  2b. 

In  many  cases  only  the  reacting  bonds  closest  to  the 
substituent  will  be  important  in  determining  the  per- 
turbation, provided  one  can  estimate  their  relative  dis- 
placements in  the  normal  coordinate  motions.  It  is 
essential  to  consider  at  least  two  reacting  bonds  simul- 
taneously if  they  are  equidistant  from  the  substituent, 

(13)  L.  L.  Ingraham,  J.  Corse,  G.  F.  Bailey,  and  F.  Stitt,/.  Am,  Chem, 
5oc..  74,  2297(1952). 

(14)  This,  of  course,  assumes  that  the  forces  are  simply  harmonic, 
i.e.t  linear  in  displacement,  and  so  is  an  approximation.  Also,  it  will  be 
noted  that  this  is  a  classical,  not  quantum  mechanical,  idea.  However, 
the  quantum  mechanical  solution  of  the  problem  of  describing  nuclear 
vibrations  nevertheless  utilizes  normal  coordinates. 


e.g.f  if  substitution  were  made  at  B  in  the  reaction  A 
-f  BC  -►  AB  -f  C,  where  AB  and  BC  were  reacting 
bonds  and  are  equidistant  (both  terminate  at  atom  B) 
from  the  substituent. 

The  net  effect  of  a  substituent  on  transition-state 
geometry  can  be  obtained  by  estimating  the  position 
of  the  perturbed  extremum  along  each  normal  coordi- 
nate as  in  Figure  2  and  then  adding  the  effects  for  all 
normal  coordinates  to  find  the  total.  Again  it  should 
be  noted  that,  to  a  very  good  approximation,  only  those 
normal  coordinates  involving  reacting  bonds  and/or 
nuclei  near  the  substituent  will  add  appreciably  to  the 
total.  ^^  The  ideas  just  described  are  best  explained  by 
concrete  examples,  but  before  discussing  examples, 
some  of  the  qualitative  ideas  suggested  should  be  ex- 
amined in  more  detail. 

The  constructions  in  Figure  2  can  be  expressed  alge- 
braically. If  the  unperturbed  extremum  is  placed  at 
the  origin,  the  assumption  that  the  unperturbed  curve  is 
parabolic  and  that  the  perturbation  is  linear  gives 


P  =  mX  +  b 
V  =  ^IJcX^  +  mX+b 


(1) 
(2) 


where  V  is  the  unperturbed  energy  (solid  line),  k  is  the 
force  constant  (>0  for  Figure  2a,  <0  for  Figure  2b), 
X  is  the  deviation  of  the  normal  coordinate  from  its 
equilibrium  value  (the  equilibrium  geometry  is  usuaUy 
defined  as  A!'  =  0  for  all  normal  coordinates  of  a  mole- 
cule), P  is  the  (linear)  perturbation,  m  the  slope  and 
b  the  intercept  of  P,  and  V  is  the  perturbed  energy 
(dashed  line).  By  setting  the  derivative  of  V  with 
respect  to  X  equal  to  zero,  the  extremum  of  the  per- 
turbed curve  (which  is  also  a  parabola)  can  be  seen  to 
be"  at 


A^ex  =  -mlk 


(3) 


For  example,  positive  m  gives  a  shorter  bond  for  positive 
ik,  a  longer  bond  for  negative  /:,  as  shown  in  Figure  1 
The  shift  in  energy  of  the  extremum  is,  substituting 
eq  3  into  eq  2 

K'ex  =  *  -  m^llk 

It  can  be  seen  from  eq  3  that  at  constant  m  the  shift  of 
bond  length  is  greater  for  smaller  absolute  values  of  k. 
Also  the  curvature  or  force  constant  is  given  by  the 
second  derivative  of  V  with  respect  to  X  and  can  be  seen 
to  be  unchanged  {k)  on  going  from  the  unperturbed  to 
the  perturbed  curve.  It  can  be  seen  that  if  the  per- 
turbation were  given  by  a  smooth  curve  rather  than  a 
straight  line,  the  curvature  of  the  perturbed  curve  V* 
would  be  different  from  /c,  but  that  the  direction  of  the 
shift  ATex  would  depend  only  on  the  slope  (positive  or 
negative)  of  the  perturbation  at  AT  =  0,  the  position  of 
the  unperturbed  extremum,  even  though  the  perturba- 
tion were  nonUnear. 

Since  it  is  known  that  real  molecules  have  potential 
curves  that  are  fairly  well  represented  by  parabolas, 
and  since  molecular  anharmonicities  are  always  in  the 
same  direction,  the  perturbation  P  is  likely  to  be  a  very 
nearly  linear  function.    It  then  seems  interesting  to  see 


(IS)  A  striking  example  of  such  a  "cutoff**  procedure*s  having 
gible  effects  upon  kinetic  isotope  effect  calculations  is  given  by  M.  Wo^ 
berg  and  M.  J.  Stem,  Pure  AppL  Chem.^  8, 225. 325  (1964>. 
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results  if  P  is  linear  but  the  potential  function  V 
aewhat  anharmonic,  as  the  next  better  approxima- 

0  substituent  effects.  In  this  case  an  anharmonic 
proportional  to  X^  should  be  added,  giving 

V  =  ^IJcX^  +  gX^ 

P  ^  mX+b 

V  =  ^IJcX^  +gX^  +  mX  +b 

1  g  is  the  anharmonicity  constant.  Now  setting 
erivative  of  V  with  respect  to  X  equal  to  zero,  the 
mum  of  the  perturbed  curve  can  be  seen  to  be  at 

ositive  k  and  at 

X^  =  [-*  -  (fc*  -  12m^y/']/6^ 

legative  k.  The  force  constant  for  both  curves 
i  V  is  given  by  fc  +  6gX  and  is  thus  a  function  of 
For  the  unperturbed  extremum  {X  »  0),  the  force 
ant  is  k.  For  the  perturbed  extremum  {X  = 
the  force  constant  is  (/:'  —  12m^)*/'  for  positive  k 
— (/:*  —  12  mgy^*  for  negative  k.  This  model 
a  shorter  bond  for  positive  m  and  k^  just  as  the 
ous  harmonic  model  did.  The  anharmonic  model 
>re  realistic,  at  least  for  bond  stretching  vibrations, 
sdicting  a  smaller  absolute  value  of  force  constant 
reater  X  (since  g  is  negative  for  bond  stretching). 
»pected  that  longer  bonds  (positive  X^^  will  both 
^er  and  have  weaker  force  constants, 
very  interesting  point  is  that,  apparently,  anhar- 
city  of  V  should  be  more  important  in  deter- 
ig  the  change  of  force  constant  upon  substitution 
nonlinearity  of  the  perturbation,  for  the  following 
»n.  It  can  be  expected  that  the  nonlinearity  of  P 
>e  in  the  direction  that  it  will  drop  off  more  slowly 
urease  less  slowly  as  X  increases  (for  bond  stretch- 
reaching  an  asymptotic  value  at  the  separated 
s,  I.e.,  complete  bond  rupture.  But  this  direction 
:h  that  it  would  tend  to  increase  the  force  constant 
ositive  ^ex  (negative  m,  for  positive  /c)  and  decrease 
brce  constant  for  negative  X^^  (positive  m,  for 
ive  k).  This  direction  is  opposite  to  what  is 
cally  expected,  that  longer  bonds  are  in  general 
er  and  have  weaker  force  constants.  It  must, 
fore,  be  concluded  that  the  anharmonicity  repre- 
d  by  ^  will  usually  override  the  possible  effect  of 
nearityofP! 

e  other  point  that  should  be  justified  is  that  the  total 
of  the  substituent  can  be  obtained  by  summation 
^  effects  predicted  for  individual  (harmonic)  normal 
linates.  By  definition  the  individual  P  effects 
ibute  additively  to  the  energy. 

V  =  ZCIJciX,^  +  m,X,  +  60 

extremum  of  a  function  of  more  than  one  variable 
en  by  setting  the  partial  derivative  of  the  function 
resp^  to  each  variable  equal  to  zero 

mi  +  kiXi  =  0  (for  all  i) 

the  perturbed  extremum  is  at  the  position 

ch  normal  coordinate  (neglecting  anharmonicity), 
t  the  point  of  the  potential  energy  hyperspace  with 


rex 


"coordinates"  (K'e„  (JfOe,,  (Jf,)ex,  .(^i). 
(X$jii-t)t^9  since  a  nonlinear  molecule  has  3^—6 
normal  vibrations.  The  position  in  hyperspace  can  be 
reached  by  vector  addition  of  the  displacements  (^Oez- 
For  example,  with  two  normal  coordinates  (as  in  Figure 
1)  the  perturbed  extremum  is  reached  by  moving  along 
Xi  to  (A^i)ex  and  then  perpendicular  to  Xi  (i.e.,  in  the 
direction  of  Xi)  to  a  distance  of  (Xt)tx»  or  equivalently 
along  Xi  first,  then  perpendicular  to  Xi.  The  result  of 
such  a  movement  to  the  new  extremum  in  hyperspace 
can  be  described  in  three-dimensional  space,  of  course, 
since  the  (A!'Oex  ^^^  known  functions  of  the  3^  coor- 
dinates of  the  N  nuclei.  The  effects  of  each  normal  co- 
ordinate shift  upon  each  of  the  three  coordinates  of 
each  nucleus  can  be  simply  added  together  to  produce 
the  total  shift  of  that  coordinate  of  that  nucleus. 

For  the  harmonic  approximation,  the  normal  co- 
ordinates associated  with  the  perturbed  extremum  are 
exactly  the  same  as  the  Xt  (for  the  unperturbed  ex- 
tremum). This  must  be  so,  because  all  masses  and 
force  constants  are  unchanged.  It  can  easily  be  shown 
that  if  new  normal  coordinates  are  defined  as 


then 


X  i  ^  A  <  —  (Xi\x 


V  -    K'ex  =    H'lMX'iY 

i 


and,  therefore,  the  X't  are  indeed  normal  coordinates 
(an  alternative  definition  of  normal  coordinates  being 
that  the  potential  energy  is  proportional  to  the  squares 
of  the  coordinates,  with  no  cross-terms  proportional  to 
XiX,). 

Rule  for  Predicting  Geometric  Changes.  The  predic- 
tions of  this  theory  can  be  stated  concisely.  Any  sub- 
stituent change  which  makes  an  increase  (decrease) 
in  the  normal  coordinate  A'  of  a  molecule  or  transition 
state  more  difficult  will  lead  to  a  perturbed  equilibrium 
geometry  in  which  X  is  decreased  (increased)  if  the  force 
constant  for  X  motion  is  positive,  but  in  which  X  is 
increased  (decreased)  if  the  force  constant  for  X  motion 
is  negative. 

It  remains  to  decide  whether  a  given  substituent 
change  will  make  the  increase  or  the  decrease  of  a  given 
normal  coordinate  X  more  difficult,  (^alitatively,  it 
would  appear  reliable  to  consider  the  individual  bonds 
which  are  being  stretched  or  compressed  in  motion 
X;  further,  the  major  effect  should  be  upon  those 
reacting  bonds  which  are  closest  to  the  substituent. 
Nonreacting  bonds  which  are  close  to  the  substituent 
could,  of  course,  be  considered  but  will  usually  be 
ignored  in  practice,  and  the  reacting  bonds  wiU  be 
singled  out  for  study,  as  discussed  in  the  previous 
section. 

The  valence-bond  concept  pictures  bonds  with 
varying  amounts  of  covalent  and  ionic  character.  It 
is  found,  at  least  for  diatomic  molecules,  that  bonds 
between  unlike  atoms  show  greater  bond  energy  than 
might  be  expected  for  "homonuclear-type"  covalent 
bonds^*  (e.g.,  as  calculated  for  bond  A-B  from  the 
geometric  mean  of  the  A-A  and  B-B  bond  energies). 
This  ''excess"  bond  energy  can  be  attributed  to  ionic 
character,  tending  to  stabilize  bonds  between  unlike 
atoms,  and  has  been  used  as  a  definition  of  electro- 

(Id)  L.  Pauling*  "The  Nature  of  the  Chemical  Bond,**  Cornell  Uni- 
versity Press,  Ithaca,  N.  Y.,  1960,  Chapter  3. 
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negativity.^*  A  reasonable  extrapolation  suggests  that 
any  substituent  change  which  makes  a  given  bond 
**more  homonuclear",  i.e.,  lessens  ionic  character, 
will  tend  to  make  that  bond  more  difficult  to  compress 
(and  weaker).    For  example,  in  the  molecule 

A— B 

5+    3- 

where  the  atom  of  group  B  which  is  bonded  to  group  A 
is  assumed  to  be  more  electronegative  than  the  atom  of 
group  A  to  which  the  former  is  bonded,  it  is  predicted 
that  an  electron-supplying  substituent  would  (a)  if  in 
group  B  tend  to  make  both  B  and  A  more  negative  but 
have  a  larger  effect  on  B  than  A,  thus  increasing  ionic 
character  and  making  the  A-B  bond  more  difficult 
to  extend  (and,  of  course,  easier  to  compress),  or  (b) 
if  in  group  A  tend  to  make  both  B  and  A  more  negative 
but  have  a  larger  effect  on  A  than  B,  thus  decreasing 
ionic  character  and  making  the  A-B  bond  more  difficult 
to  compress  (and,  of  course,  easier  to  extend).  There 
is  one  point  where  electronegativities  of  the  free  atoms 
may  not  give  proper  results:  if  the  substituent  change 
also  changes  the  charge  type.  The  electronegativity 
of  the  atom  "in  the  molecule"  is  what  is  needed.  For 
example,  the  following  substituent  change 


C-Cl 


C-N+(CH,), 


where  the  C-Cl  and  C-N  bonds  are  reacting  bonds  and 
where  CI  and  N  both  have  electronegativity  3.0  as  ele- 
ments, is  a  case  where  one  would  have  to  be  very 
careful  in  making  predictions.  The  charge  distribution 
changes  from  the  CI  substituent's  being  negative  rela- 
tive to  carbon  to  the  N"''(CHj)a  substituent's  being  posi- 
tive relative  to  carbon,  even  though  the  positive  nitrogen 
should  be  more  electronegative  than  3.0.  In  such  a 
case,  it  is  probably  best  to  use  the  acid-base  properties 
(N(CH3)a  being  a  stronger  base  than  Cl~  in  usual  types 
of  solvents),  as  discussed  in  the  next  paragraph.  Ob- 
viously the  solvent  effect  will  be  quite  strong  here,  for 
polar  solvation  will  affect  Uttle  the  basicity  of  neu- 
tral bases  and  decrease  the  basicity  of  negatively 
charged  bases.  The  substituent  effect  in  the  gas  phase 
could  be  different — even  opposite — from  the  effect  at 
the  other  extreme,  say  extrapolated  to  infinite  dielectric 
constant.  The  effects  for  real  solvents  would  be  be- 
tween the  extremes,  but  difficult  to  predict  theoretically. 
The  experimental  criterion  of  basicity  can  be  tenta- 
tively used,  but  its  reliability  can  and  should  be  tested 
experimentally.  Such  problems  as  this  arise  only  when 
the  substituent  change  is  unusually  drastic,  almost  never 
unless  one  of  the  atoms  of  a  reacting  bond  is  changed. 

Acid-base  concepts  lead  to  the  same  predictions. 
In  the  above  example,  B  would  be  pictured  as  the 
basic  group  since  it  is  more  electronegative  than  A; 
A  would  be  pictured  as  the  acidic  group.  Supply  of 
electrons  to  B  should  make  it  more  basic  and  make 
the  A-B  bond  more  difficult  to  extend,  while  supply  of 
electrons  to  A  should  make  it  less  acidic  and  make  the 
A-B  bond  more  difficult  to  compress.  Basicity  to- 
ward a  proton  seems  to  be  a  good  criterion^  and  has  the 
advantage  of  simplicity:  e.g.,  absence  of  steric  effects. 
Other  workers  have  concluded*^  that  leaving  group 
ability  is  a  more  appropriate  criterion,  on  the  basis  that 
leaving  group  ability,  measured  for  the  reaction  in  ques- 

(17)  C.  G.  Swain,  D.  A.  Kuhn,  and  R.  L.  Schowen,  /.  Am,  Chem. 
Sifc.,  87,1553(1965). 


tion,  takes  account  of  steric  effects.  However,  the 
theory  described  in  the  present  paper  takes  account  of 
steric  effects  directly  by  consideration  of  their  effects  on 
normal  vibrations ;  it  is  thus  more  appropriate  to  have  a 
measure  of  electrical  effects  which  includes  as  little 
steric  component  as  possible. 

It  is  important  to  keep  separate  the  two  aspects  of 
this  theory.  The  first,  the  idea  of  estimating  the  per- 
turbation and  adding  it  to  the  unperturbed  curve,  is  a 
rigorously  correct  approach  because  the  perturbation 
(though  the  correct  perturbation  may  not  be  linear)  is 
by  definition  the  difference  between  the  unperturbed 
and  the  correct  perturbed  curve.  The  second  aspect, 
the  ideas  that  the  perturbation  may  be  considered 
nearly  linear  and  that  the  slope  of  the  perturbation  may 
be  estimated  from  ordinary  bonding  concepts,  may  have 
exceptions.  The  crucial  question  in  the  latter  case  is 
probably  whether  the  bonding  concepts  which  are 
reasonably  reliable  for  stable  molecules  can  also  be 
applied  to  transition  states.  We  believe  and  assume 
that  they  can,  because  as  long  as  one  is  considering 
differences  between  substituents,  there  seems  to  be  no 
theoretical  reason  that  transition-state  effects  should 
differ  from  stable  molecule  effects.  The  only  source  of 
difficulty  would  seem  to  be  if  the  usually  long,  weak 
reacting  bonds  in  a  transition-state  structure  were  suf- 
ficiently different  from  the  usually  shorter,  stronger 
bonds  in  stable  molecules  that  certain  predictions 
were  made  incorrectly.  All  indications  are  that  there 
is  a  continuous  change  in  bonding  with  bond  distance," 
however. 

One  other  point  should  be  mentioned,  that  the  pre- 
dictions made  are  for  changes  in  transition-state  struc- 
ture, while  most  experimental  information  (rates, 
solvent  effects,  Bronsted  coefficients,  kinetic  isotope 
effects)  refers  to  the  difference  between  reactant(s) 
and  transition  state.  The  correct  approach  would  be 
to  make  predictions  for  all  normal  coordinates  of  both 
reactant(s)  and  transition  state.  However,  it  can  be 
expected  that  substituent  effects  on  nonreacting  bonds 
will  be  small  and  also  nearly  the  same  for  reactant  and 
transition  state.  Evidence  that  this  is  so  comes  from 
studies  of  substituent  and  solvent  effects  on  secondary 
deuterium  isotope  effects ;  ^^  such  effects  are  quite  small 
These  effects  could  nevertheless  be  estimated  by  the 
present  theory  provided  the  perturbations  for  reactant 
and  transition  state  could  be  predicted  accurately. 
It  is  the  reacting  bonds  which  differ  greatly  from  the 
bonds  of  the  reactant(s),'^  being  much  weaker  in  the 
transition  state  (for  bonds  being  broken)  or  much 
stronger  in  the  transition  state  (for  bonds  being  made). 
Also,  since  the  transition-state  reacting  bonds  will  be 
weak  in  most  cases,  substituent  effects  on  geometry 
are  expected  to  be  much  larger  than  for  ordinary, 
strong  bonds  because  the  curvature  k  of  the  potential 

(18)  For  example,  it  has  been  shown  that  Badger's  rule  for  predktiog 
force  constants  from  bond  lengths  is  reliable  not  only  for  ground  slates 
of  molecules,  but  also  for  excited  states  and  even  van  der  Waals  inter- 
actions: R.  M.  Badger,  J.  Chem,  Phys.,  2.  128  (1934);  3,  710  (1935); 
Phys.  Rev.,  48,  284  (1935);  D.  R.  Herschbach  and  V.  W.  Laurie,  /. 
Chem.  Phys.,  35,  458  (1961);  H.  S.  Johnston,  J.  Am.  Chem.  Soc,  U, 
1643(1964). 

(19)  W.  E.  Buddenbaum,  Ph.D.  Thesis,  University  of  Indiana,  1964; 
V.  J.  Shiner,  Jr.,  and  G.  S.  Kriz,  Jr.,  /.  Am.  Chem.  Soc.,  86,  2643  (1964); 
G.  J.  Frisone  and  E.  R.  Thornton,  ibid.,  86»  \9Q0  (1964). 

(20)  Unless  the  transition  state  is  exceedingly  reactant-Uke,  in  whicfa 
case  no  substituent  effect  difference  between  reactant(s)  and  transtioB 
state  is  predicted. 
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function  will  be  less  for  normal  coordinates 
ig  weak  bonds  (cf.  eq  3).  To  the  extent  that 
lent  effects  on  reactant  bonds  are  very  small,  *^ 
hould  be  true  except  when  the  substituent  change 
f  changes  one  of  the  atoms  of  the  bond  being 
ired  (e.^.,  comparison  of  C-Br  with  C-Cl),  the 
observed  experimentally  will  be  predicted  by 
oration  of  substituent  effects  on  the  transition 
ily. 

iiples.  The  above  method  of  predicting  sub- 
t  effects  is  in  agreement  with  Hammond's  pos- 
in  all  cases  where  the  substituent  effect  is  expected 
irgely  along  the  reaction  coordinate — ^which  are 
the  only  cases  for  which  the  Hammond  postulate 
iveloped — ^but  also,  upon  inclusion  of  perpen- 

effects,  is  in  agreement  with  all  reasonably  un- 
ions experimental  evidence  on  substituent  effects, 
important  example  is  Sn2  nucleophilic  displace- 

A  displacement  reaction  is  illustrated  in  Figure 
it  can  be  seen  that  the  normal  coordinates  of  the 
on  state  are  approximately 

^^A  -<-B      c — > 

perpendicular 

A->       < — B        C-^ 
parallel 

etching  of  the  reacting  bonds.  Bending  will  be 
ed  in  a  later  paragraph;  it  should  be  included 
es  where  the  activated  complex  is  made  nonlinear 
.,  steric  effects.*'  The  theory  predicts,  for  sub- 
ts  at  A,  that  electron  supply  will  make  the 
dicular  normal  vibration  shown  (A-B  bond 
ed)  more  difQcult  and  the  parallel  normal  vibra- 
hown  (A-B  bond  compressed)  less  difQcult. 
ibstituent  effect  should  be  determined  by  the 
[>nd,  because  it  is  closer  to  the  site  of  substitution. 
:rturbation  should  therefore  decrease  the  normal 
oate  corresponding  to  the  perpendicular  vibra- 
e.,  shorten  the  A-B  and  B-C  bonds  (since  the 
constant  is  positive),  and  decrease  the  normal 
oate  corresponding  to  the  parallel  vibration, 
ngthen  the  A-B  bond  and  shorten  the  B-C 
since  the  force  constant  is  negative).  In  a  con- 
displacement,  it  is  probable  that  the  curvature 
potential  energy  surface  is  considerably  smaller 
rallel  than  for  perpendicular  motion;'*  the  geo- 
shift  is  then  expected  to  be  determined  largely 
parallel  motion  {cf,  eq  3),  and  the  A-B  bond 
be  lengthened  while  the  B-C  bond  should  be 
aed  by  electron  supply  at  A.'^  The  same  result 
it  should  be)  predicted  for  the  reverse  reaction, 
r  electron  supply  to  A,  which  is  then  the  leaving 

:/„  for  example,  C.  G.  Swain,  R.  F.  W.  Bader,  R.  M.  Esteve,  Jr., 
^.  Griffin,  J.  Am.  Chem,  Soc.,  83,  19S1  (1961). 
lee  C.  K.  Ingold,  Quart.  Rev.  (London),  11,  1  (1957). 
rhe  ratio  of  curvatures  is  ca.  3-S  for  typical  surfaces  for  Hi, 
probably  the  only  three-center  transition  state  for  which  moder- 
iable  surfaces  are  available;  see  F.  S.  Klein,  A.  Persky,  and  R. 
on,  Jr.,  /.  Chem.  Phys.,  41,  1799  (1964).  Also,  it  should  be 
lat  the  success  of  transition-state  theory*  itself  probably  rests  in 
Jie  relative  flatness  of  the  top  of  the  barrier  for  parallel  motion, 
f  it  is  true  that  the  Hi  surface  really  has  a  shallow  basin  (cf.  H. 
and  B.  L.  Bruner,  /.  Chem.  Phys.,  42,  4047  (1965))  giving  two 
asymmetric  transition  states  rather  than  a  single  synunetrical 
!  perpendicular  curvature  could  be  considerably  weaker  than 
ilel  curvature,  which  gives  a  different  prediction  than  the  sym- 
case.  Study  of  substituent  effects  in  A  +  BA  displacement 
I  mii^t,  therefore,  provide  experimental  evidence  for  the  pres- 
ihteooeofabasin. 


group:  that  the  parallel  motion  ought  to  lengthen  the 
A-B  bond  and  shorten  the  B-C  bond.    For  substitu- 
tion in  entering  or  leaving  group,  the  effects  of  parallel 
and  perpendicular  vibrations  are  predicted  to  oppose 
one  another  with  respect  to  the  bond  closest  to  the  sub- 
stituted group  (A-B  in  the  above  example)  and  to  rein- 
force one  another  with  respect  to  the  bond  once  removed 
from  the  substituted  group  (B-C  in  the  above  example). 
It  is  not  now  possible  to  predict  what  experimental  effect 
this  interesting  prediction  should  have,  because  the 
opposed  effects  occur  upon  the  bond  which  should 
inherently  be  the  more  sensitive  to  substituents  since 
it  is  closer  to  the  site  of  substitution.    It  would  also  be 
possible  to  substitute  B  in  the  Sn2  displacement  reac- 
tion.   In  this  case  electron  supply  to  B  should  make  the 
perpendicular  vibration  shown  less  difficult  and  have  a 
small  effect  on  the  parallel  vibration.    The  effect  on  the 
parallel  vibration  should  be  small  because  it  should  be 
approximately  equal  but  opposite  for  the  two  bonds  in- 
volved in  the  parallel  normal  coordinate  (making  com- 
pression of  A-B  more  difficult  and  stretching  of  B-C 
less  difficult).    If  the  reaction  were  a  perfectly  sym- 
metric, concerted  displacement,  A  +  BA,  the  parallel 
effect  would  be  exactly  zero  by  symmetry.    The  sub- 
stituent effect  should,  therefore,  be  determined  by  the 
effect  on  the  perpendicular  motion  (and  is  for  this 
reason  opposite  to  Hammond  postulate  extensions), 
at  least  for  fairly  symmetrical  transition  states.    For 
nonsymmetrical  Sn2  transition  states,  it  seems  likely, 
in  analogy  with  Bronsted  catalytic  effects,  that  the 
effect  would  be  greater  on  the  stronger  of  the  A-B  and 
B-C  bonds,  so  that  the  parallel  motion  could  become 
important.    A  theoretical  study  of  the  symmetrical  and 
nonsymmetrical  cases  would  be  very  interesting.    The 
perturbation  for  the  former  case  of  fairly  symmetrical 
transition  states  should,  therefore,  increase  the  normal 
coordinate  corresponding  to  the  perpendicular  vibra- 
tion. I.e.,  lengthen  the  A-B  and  B-C  bonds,  and  this 
should  be  the  most  important  substituent  effect.    This 
latter  effect  may  be  quite  small  relative  to  the  parallel 
effects  in  cases  such  as  substituents  at  A,  because  the 
curvature  of  the  potential  energy  is  likely  to  be  relatively 
large  for  perpendicular  motion.    The  predicted  pattern 
of  substituent  effects  is  consistent  with  the  experimental 
data.    For  example,  the  chlorine  kinetic  isotope  effect 
kzb/kn  for  reaction  of  cyanide  ion  (1.0060),  thiosulfate 
ion  (1.0058),  and  water  (1.0078)  with  p-chlorobenzyl 
chloride  in  80%  aqueous  dioxane  at  30**  was  found** 
to  be  largest  for  the  weakest  base  water.    It  might  be 
expected  that  the  cyanide  isotope  effect  would  be 
smallest  since  it  is  the  strongest  base;   however,  this 
reaction  was  complicated  by  concurrent  hydrolysis 
(did  not  exhibit  precisely  second-order  kinetics)  and 
the  isotope  effect  is,  therefore,  an  average  containing 
some  contribution  from  the  high  water  isotope  effect. 
The  solvent  isotope  effects  for  CH3CI  and  CHjBr 
in  H2O  vs.  DaO  indicate  that  O-C  bond  making  is  more 
complete  for  CHjCl."    This  is  a  case  where  the  sub- 
stituent change  involves  an  atom  of  one  of  the  reacting 
bonds.    The  prediction  for  the  change  from  CI  to  Br 
is,  in  the  case  of  the  reactants,  that  C-X  bond  stretching 
will  be  made  easier,  i.e.,  that  the  C-Br  bond  will  be 
longer  than  the  C-Cl  bond,  as  is  known  to  be  the  case 

(25)  J.  W.  Hill  and  A.  Fry,  J.  Am.  Chem.  Soc.,  84,  2763  C1961\« 

(26)  C.  G.  Swain  and  E.  R.  Thoni\o\i^\b\d.^^^^'Q.V\^«S^. 
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(l  .94  vs.  1 .78  A,  respectively).  For  the  transition  states, 
U  is  predicted  that  C-X  bond  stretching  will  be  easier, 
which  implies  shorter  C-X  and  longer  C-O  for  methyl 
bromide  resulting  from  the  parallel  effect,  and  longer 
C-X  and  C-O  resulting  from  the  perpendicular  effect. 
The  parallel  effect  is  expected  to  dominate,  so  that  C-X 
will  be  slightly  shorter  and  C-O  considerably  longer  for 
methyl  bromide  than  for  methyl  chloride.  The  transi- 
tion state  is  expected  to  be  more  reactant-like  with 
respect  to  C-O  for  methyl  bromide  and  also  more 
reactant-like  for  C-Br.  The  latter  prediction  was 
reached  by  comparison  with  the  rather  large  substituent 
effect  in  the  reactant:  although  C-Br  is  predicted  to  be 
little  different  in  length  from  C-Cl  in  the  transition 
state,  the  reactant  C-Br  is  a  great  deal  longer  than  the 
reactant  C-Cl,  and  thus  the  methyl  bromide  transition 
state  is  a  great  deal  more  reactant-like,  with  respect  to 
the  C-Br  bond,  than  the  methyl  chloride  transition 
state  is  with  respect  to  the  C-Cl  bond.    The  reaction 


N|-  +  ZC.H4CH,S+<CH,), 


ZaH4CH,Ni  +  CHiSCHi 


appears  to  have  a  shorter  N-C  bond  for  electron- 
withdrawing  Z,  since  the  solvent  sensitivity  of  the  rate 
of  reaction  is  greater  for  electron-withdrawing  Z  (indi- 
cating greater  charge  destruction)."  With  HO"  as 
the  nucleophile  instead  of  Na*",  the  C-S  bond  is  indi- 
cated to  be  shorter  for  electron-withdrawing  Z  since 
the  sulfur  kinetic  isotope  effect  decreases  as  Z  becomes 
more  electron  withdrawing.'* 

Another  example  is  E2  bimolecular  elimination. 
If  only  the  two  reacting  bonds  closest  to  the  substituent 
are  considered  (and  others  are  assumed  to  "follow 
along"),  the  effect  of  substituents  Z  in  the  elimination 
from  a  species  such  as  jS-phenylethyltrimethylammo- 
nium  ion 

HO-  +  ZCeH4CH,CH,N+(CH,)i  — > 

H,0  +  ZCeH4CH=CH,  +  N(CHi)i 

should  be  predictable  from  the  two  approximate  normal 
coordinate  motions 

HO- -  -  H  -  -  C=C- -  -  N(CHi)i 

6-  5- 

-*— H  -«-C  C — ► 

perpendicular 

parallel 

The  true  normal  coordinates  (in  particular,  that  for 
reaction  coordinate  motion)  will  involve  more  than 
three  atoms,  but  this  merely  means  that  there  will  be 
more  than  one  perpendicular  motion  involving  these 
atoms.  A  better  analysis  of  such  a  complex  transition 
state  would  be  arrived  at  by  calculating  approximately 
the  true  normal  coordinates  using  resonable  guesses 
for  the  transition-state  force  constants.  '•  The  only  real 
necessity  in  qualitative  application  of  the  theory  is  to 
separate  the  reaction  coordinate  motion  from  all  per- 
pendicular motions,  since  substituent  effects  are  op- 
posite for  positive  and  negative  force  constants.  In 
the  present  approximation  it  would  be  predicted  that 

(27)  C.  G.  Swain.  T.  Rees,  and  L.  J.  Taylor,  J.  Org.  Chem,,  28,  2903 
(1963). 

(28)  C.  G.  Swain  and  E.  R.  Thornton,  ibid,,  26,  4808  (1961). 

(29)  Such  calculations  are  feasible,  even  for  complex  molecules,  using 
a  computer  program  such  as  that  developed  by  J.  H.  Schachtschneider 
and  R.  G.  Snyder,  Sptctrochim,  Acta,  19,  117  (1963);  R.  G.  Snyder  and 

J.  H.  Scbacbtscbndder,  ibid.,  21. 169  (1965). 


electron-supplying  Z  would  make  the  perpendicular 
motion  as  shown  more  difficult  and  make  the  paraDd 
motion  as  shown  more  difficult  with  respect  to  the  C-H 
bond  and  less  difficult  with  respect  to  the  C-C  bond. 
We  can  expect,  however,  that  in  contrast  to  the  Sn2 
case  the  effect  on  the  parallel  motion  will  not  be  zero. 
The  effect  on  the  C-H  bond  is  expected  to  control  the 
parallel  motion  because  it  is  a  o-  bond ;  the  C-C  incipient 
IT  bond  is  not  expected  to  change  much  in  this  motion 
because  of  the  presence  of  the  already  formed  C-C 
<T  bond.  It  is  reasonable  to  assume  that  substituent 
effects  will  always  be  larger  on  a  reacting  bonds  than  on 
IT  reacting  bonds  which  are  equidistant  from  the  sub- 
stituent. The  perturbation  should,  therefore,  decrease 
the  normal  coordinate  corresponding  to  the  perpendic- 
ular vibration,  /.e.,  shorten  the  H~C  and  C-C  bonds,  and 
increase  the  normal  coordinate  corresponding  to  the 
parallel  vibration,  i.e.,  lengthen  the  C-H  bond  and 
shorten  the  C-C  bond.  If  it  is  assumed  that  the  parallel 
shift  is  the  more  important,  the  C-H  bond  should  be 
lengthened  and  the  C-C  bond  shortened  by  electron 
supply  at  the  central  C.  Since  the  parallel  motion  is 
expected  to  dominate,  and  since  in  this  motion  com- 
pression of  the  C-C  bond  is  accompanied  by  extension 
of  the  C-N  bond,  electron  supply  at  the  central  C  is 
predicted  to  lengthen  slightly  the  C-N  bond.  Simi- 
larly to  the  Sn2  mechanism,  increased  electron  supply 
at  the  base  (HO~  in  the  above  example)  is  predicted  to 
lengthen  the  O-H  bond,  i.e.,  make  the  transition  state 
more  reactant-like,  while  increased  electron  supply  at 
the  leaving  group  (-N+(CH3)j  in  the  above  example)  is 
predicted  to  lengthen  the  C-N  bond,  i.e.,  make  the 
transition  state  more  product-like.  These  predictions 
are  in  agreement  with  the  fairly  extensive  experimental 
evidence, '^  which  is  discussed  in  detail  in  an  accompany- 
ing report.** 

The  SnI  mechanism  presents  difficulty.  The  evi- 
dence is  that  in  the  solvolysis  of  substituted  cumyl 
chlorides,  which  presumably  proceeds  by  rate-deter- 
mining ionization 


ZQH4CXCH,),a 


ZQH4C(CH,),+  +  a- 


the  solvolysis  rates  are  more  sensitive  to  solvent  polarity 
(at  25°,  methanol,  ethanol,  2-propanol)  for  Z  =  ni- 
methyl-  and  p-phenyl-  and  less  f or  Z  =  /^  or  m-chloro-, 
/?-carbomethoxy-,  or  /?-trifluoromethyl-  than  for  Z  = 
H.'^  The  data  imply  that  the  transition  state  occurs 
with  more  complete  ionization  for  electron-supplying 
substituents.  On  the  other  hand,  the  present  theory 
predicts  that  if  the  reaction  coordinate  motion  is  the 
stretching  of  the  C-Cl  bond,  electron-supplying  Z 
should  make  this  motion  less  difficult,  i.e.,  the  C-O 
bond  shorter  at  the  transition  state.  It  seems  likely 
that  the  theory  is  giving  a  correct  prediction  and  that 
the  sensitivity  to  solvent  polarity  (which  is  very  small, 
barely  outside  experimental  error)  does  not  indicate 
that  electron  supply  produces  a  more  product-like  tran- 
sition state.  One  possibility  is  that  the  transition  state 
is  made  more  reactant-like  in  geometry  but  has  more 
ionic  character.  There  is  no  reason  why  geometry 
and  charge  separation  need  parallel  one  another  pre- 
cisely.'*   The  prediction  of  the  present  theory  is  in 

(30)  C/.  W.  H .  Saunders,  Jr.,  in  "The  Chemistry  of  Alkenes,**  S.  PHI*. 
Edi,  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1965,  pp  149-201; 
L.  J.  Steffa  and  E.  R.  Thornton,  7.  Am,  Chem.  Soc.,  SS,  2680  (1963). 

(31)  Y.  Okamoto,  T.  Inukai,  and  H.  C.  Brown,  Ibki.,  SOL  4975  (1951^ 
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«ment  with  that  of  the  Hammond  postulate  and 
L  intuitive  reasoning  that  the  very  large  rate  increases 
ciated  with  electron-supplying  substituents  suggest 
lore  reactant-like  transition  state.  The  possibility 
;  the  direction  of  the  perturbation  was  predicted 
^rrectly,  i.e.,  that  electron  supply  actually  makes 
^1  bond  stretching  more  difficult,  seems  unlikely, 
igh  some  rationalization  of  such  a  possibility  has 
1  previously  given'  by  arguing  that  reacting  bonds 
exceedingly  electron  deficient  in  the  transition  state. 
;tron  deficiency  of  this  magnitude  now  seems  very 
kely,  and  the  present  theory  rejects  the  possibility 
issuming  that  substituent  effects  in  transition  states 
be  predicted  from  the  same  rules  which  apply  to 
At  molecules.  Finally,  there  is  the  possibility  that 
rate-determining  step  is  not  simple  ionization  of  the 
n  bond.  An  alternative  is  that  the  transition  state 
Tactically,  or  even  completely,  ion-pair-like,  with 
)lvement  of  some  nucleophilic  center  in  the  rate- 
irmining  step."  The  nucleophile  could  be  solvent 
5ven  the  ir-electrons  of  the  phenyl  group  (an  "in- 
&V*  nucleophile).  The  mechanism  would  then 
3me  SN2-like  and,  if  the  perpendicular  motion  were 
etermine  the  substituent  effect,  the  C-Cl  bond  would 
)redicted  to  be  lengthened  by  electron-supplying  Z. 
lore  detailed  discussion  of  the  SNl-type  mechanism 
I  preparation.*** 

ery  little  definitive  information  is  available  about 
ic  effects  upon  transition-state  structure.  It  has 
1  shown  ^^  that  the  transition  state  for  reaction  of 
roxide  ion  with  ethylene  chlorohydrin  (x  «  1) 
nore  product-like  than  that   for  tetramethylene 


+  HO(CH,),CH,a 


Lho-- 


(CHO.  1  + 

-H---d---CHr--aJ 

(CH,). 


H,0  +  O 


/ 

I 

\ 


+  a- 


CH, 


Tohydrin  (x  =  3).  Actually  proton  transfer  to 
roxide  ion  appears  to  be  complete  (prior  equi- 
um)  for  ethylene  chlorohydrin.  The  reaction 
rdinate  motion  would  be  approximately 

oca 

le  proton  transfer  were  not  part  of  this  motion.^' 
ring  strain  introduced  in  the  compression  of  the 
Z  bond  is  predicted  to  make  the  above  motion 
e  difficult,  giving  a  more  product-like  transition 
s,  for  the  three-membered  ring  formation.  The 
ulations  of  steric  effects  in  transition  states  of  Sn2 
tions''  can  be  understood  in  terms  of  perpendicular 
:t8.    Larger  alkyl  groups,  in  the  reaction 

z  calculated''  to  give  longer  I-C  bonds  (both  equal 
symmetry)  at  the  transition  state.  In  the  reaction 
rdinate  motion  one  1-C  bond  is  compressed  while 
other  is  stretched ;  increased  steric  size  of  R  should 
z  no  effect  on  this  motion.  In  the  perpendicular 
symmetric  stretching  motion,  compression  of  both 

t)  C/.  A.  Strdtwieser»  Jr.,  Chem.  Rev,,  56,  638  (1956). 
I)  Cf.  R.  A.  Sneen  and  J.  W.  Larsen,  J,  Am.  Chem,  Soc„  88,  2S93 
^  for  direct  evidence  that  attack  of  solvent  on  an  ion  pair  can  be 
y  rate  detemuDins. 
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bonds  simultaneously  should  be  made  more  difficult 
by  increased  size  of  R,  which  should,  therefore,  make 
both  I-C  bonds  longer.  Also,  the  calculation  showed 
that  the  ICI  bond  angle  was  bent  when  R  was  not 
symmetric,  in  a  direction  away  from  the  bulkiest  part 
of  R.    For  example,  if  R  is  neopentyl  a  17.6®  deviation 


aCH,), 


from  180**  is  predicted."  The  ICI  bending  motion  is 
a  perpendicular  motion,  so  it  is  predicted  that,  in  com- 
parison with  the  symmetric  case  R  =  CHs,  introduction 
of  one  bulky  /-butyl  substituent  should  make  bending 
of  the  iodine  atoms  toward  that  substituent  more 
difficult  and  bending  away  easier,  giving  a  transition 
state  with  the  I-C-I  bonds  bent  away  from  the  bulky 
substituent. 

Solvation.  In  making  predictions  about  reactions 
in  solution,  one  must  be  concerned  about  the  possibly 
large  effects  of  the  solvent  upon  the  transition  state. 
It  cannot  be  doubted  that  in  many  types  of  reaction 
mechanism  the  solvation  effect  is  very  large;  most 
ion-forming  reactions  (e.g.,  Sn2  reactions  between 
uncharged  nucleophile  and  substrate;  SnI  reactions) 
do  not  proceed  in  the  gas  phase,  and  it  can  be  shown 
from  studies  of  gas-phase  ions  that  the  energy  require- 
ments for  such  reactions  are  enormous  unless  very 
strong  stabilization  of  product  ion(s)  by  solvation  oc- 
curs. According  to  the  present  theory,  solvation  effects 
should,  if  strong,  simply  make  the  solvent  molecule(s) 
a  part  of  the  transition  state. 

The  theory  proposed  here  assumes  that  the  structure 
of  the  unperturbed  transition  state  and  the  nature  of  its 
reaction  coordinate  are  approximately  known.  It  is  of 
fundamental  importance,  therefore,  to  provide  reliable 
criteria — experimental  and  theoretical — for  predicting 
the  structures  of  transition  states.  The  latter  is  very 
difficult,  especially  for  reactions  involving  proton  trans- 
fer; the  position  of  the  proton  and  the  timing  of  its 
transfer  are  difficult  to  decide  because  protons  tend  to 
be  very  mobile.  "Solvation""  and  "anthropo- 
morphic*''^ rules  have  been  proposed  to  help  in  such 
predictions.  It  should  be  emphasized  that  these  rules 
apply  to  the  prediction  of  transition-state  structure, 
which  is  a  completely  separate  (though  related)  prob- 
lem from  prediction  of  substituent  effects. 

If  one  accepts  the  predictive  validity  of  such  rules  or 
of  the  present  theory,  they  can  be  applied  in  reverse, 
I.e.,  predicted  substituent  effects  can  be  used  to  determine 
transition-state  structure  or  reaction  coordinate  motion. 
Such  predictions  have  been  used  to  decide  on  the  mecha- 
nism of  general  acid  catalyzed  addition  of  amines'^ 
and  thiols'*  to  carbonyl  compounds. 

It  has  been  suggested"  that  proton  transfers  between 
atoms  which  have  unshared  pairs  of  electrons  occur 
rapidly  either  before  or  after  the  transition  state,  so  that 
the  proton  "should  lie  in  an  entirely  stable  potential 
at  the  transition  state  and  not  form  reacting  bonds  nor 
give    rise   to    primary    hydrogen   isotope    effects."'^ 

(34)  J.  E.  Rdmann  and  W.  P.  Jencks.  ibid,,  88,  3973  (1966). 

(35)  C.  G.  Swain  and  J.  C.  Worosz,  Tetrahedron  Letters,  3199  (1965). 
(3^  G.  E.  Lienhard  and  W.  P.  Jencks,  J,  Am,  Chem,  Soc,,  88,  3982 

(1966). 
(3^  Cf,,  however,  R.  L.  Schowen,  H.  JayaranaaiL«l^¥;ses:ifiemiaL^%&& 
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Figure  3.  Approximate  reaction  coordinate  motions  for  extreme 
types  of  proton  transfer,  (a)  Concerted,  unstable  potential;  (b) 
concerted,  stable  potential;  (c)  nonconcerted,  unstable  potential; 
(d)  nonconcerted,  stable  potential.  Note  that  motion  b  could  not 
preserve  the  center  of  gravity  and  therefore  could  not  be  a  normal 
coordinate  for  a  triatomic  system,  but  could  be  a  normal  coordinate 
if  other  atoms  in  the  transition  state  also  moved  in  such  a  way  as  to 
keep  the  center  of  gravity  fixed. 


Others  have  suggested'*  that  general  acid  or  general 
base  catalyzed  reactions  should  be  thought  of  as  con- 
certed. These  superficially  conflicting  viewpoints  ac- 
tually represent  diflerent  mechanistic  properties:  the 
proton  is  in  an  entirely  stable  potential  only  if  it  does  not 
move  (relative  to  the  center  of  gravity  of  the  transition 
state)  in  the  reaction  coordinate  motion.  The  proton 
may  or  may  not  be  in  a  reactant-like  or  product-like 
position  in  the  transition  state;  the  determining  factor 
is  not  the  extent  of  proton  transfer,  but  rather  whether 
the  reaction  coordinate  motion  of  the  transition-state 
structure,  once  the  transition  state  is  reached,  involves 
or  does  not  involve  motion  of  the  proton.  If  the  proton 
does  not  move  in  the  reaction  coordinate  motion, 
it  must  move  in  one  or  more  of  the  perpendicular  mo- 
tions. I.e.,  in  an  entirely  stable  potential.  On  the  other 
hand,  a  concerted,  rate-determining  proton  transfer  is 
one  where  the  proton  is  actually  bonded  to  a  diflerent 
atom  in  the  first  intermediate  (or  product)  on  the 
reaction  path  after  the  rate-determining  transition  state 
than  it  was  bonded  to  in  the  first  intermediate  (or  re- 
actant)  on  the  reaction  path  before  the  rate-determining 
transition  state.  Though  a  concerted  proton  transfer 
would  be  expected  to  involve  motion  of  the  proton  in 
the  reaction  coordinate  motion,  it  is  conceivable  that 
the  other  nuclei  could  move  while  the  proton  did  not. 

The  extreme  possibilities  are  illustrated  in  Figure  3 
for  a  proton  transfer  from  BH  to  S. 

Extremes  b  and  c  seem  relatively  improbable,  but 
mechanisms  approaching  these  extremes  must  be  con- 
sidered among  the  spectrum  of  possible  transition 
states. 

Perturbations  According  to  the  Hellmaim-Feynman 
Theorem.  The  Hellmann-Feynman  theorem**  gives 
the  force  acting  on  any  nucleus  of  a  system  of  electrons 
and  nuclei  as  the  sum  of  the  classical  repulsions  by  the 
other  nuclei  and  attractions  by  the  electrons.  It 
therefore  provides  a  good  framework  for  discussing  the 
qualitative  ideas  presented  in  previous  sections  and 
may  eventually  provide  a  quantitative  estimate  of 
perturbations.    The  force  on  nucleus  a  in  direction  x 

G.  W.  Zuorick,  J.  Am.  Chem.  Soc.,  88,  4008  (1966);  J.  P.  Klinman, 
Ph.D.  Dissertation,  University  of  Pennsylvania,  1966,  for  evidence  that 
this  may  not  be  so  in  certain  cases. 

(38)  H.  Hellmann,  "Einfuhrung  in  die  Quantenchemie,"  Deuticke 
and  Co.,  Leipzig,  1937;  R.  P.  Feynman,  Phys.  Rev,,  56,  340  (1939); 
€f,  also :  J.  O.  Hirschfelder,  C.  F.  Curtiss,  and  R.  B.  Bird,  **Molecular 
Theory  of  Gases  and  Liquids,**  John  Wiley  and  Sons,  Inc.,  New  York, 
N.  Y.,  1964,  pp  932-937;  A.  C.  Hurley.  Proc,  Roy.  Soc.  (London), 
A226,  170. 179, 193(1954);  A235,  224(1956);  T.Berlin./.  Chem. Phys., 
19,  208  (1951);  R.  F.  W.  Bader,  Can,  J,  Chem.  38,  2117  (1960);  L. 
SaJem  andRB.  Wilson,  /.  Chtm.  Phys.  36,  3421  (1962). 


where  Z^  is  the  nuclear  charge  of  nucleus  a,  r^  the 
distance  between  nuclei  a  and  /3,  e  the  electronic  charge, 
p  the  total  electron  density,  and  Eax  the  electric  fidd 
(in  the  x  direction)  of  nucleus  a  at  the  position  of  the 
electron,  i.e. 

Eax  =  (Z«ecosff«)/r«« 

where  $„  is  the  angle  between  a  line  connecting  nucleus 
a  with  the  electron  and  the  x  direction,  and  r«  is  the 
distance  between  nucleus  a  and  the  electron.  The 
density  p  is  given  by  the  sum  of  the  squares  of  the  wave 
functions  for  individual  electrons,  in  the  one^lectroo 
approximation 

p(x,y,z)  =  E  ^*(xuyuZi)4iXi,yuZi) 

By  the  definition  of  an  equilibrium,  all  F^x  (and  F^ 
and  Fan)  must  be  zero  at  the  equilibrium  geometry 
of  any  system,  and  this  includes  transition  states,  where 
the  equilibrium  geometry  is  at  the  energy  maximum, 
as  well  as  stable  molecules,  where  the  equilibrium  g^ 
ometry  is  at  the  energy  minimum.  It  is  interesting  to 
consider  one  special  case.  If  two  systems,  a  perturbed 
and  an  unperturbed  one,  both  have  exactly  the  same 
nuclei  and  differ  only  in  their  electron  densities  p, 
the  difference  between  the  forces  for  the  perturbed 
and  unperturbed  systems,  both  forces  being  evaluated 
at  the  unperturbed  equilibrium  geometry ^  is  (since  the 
unperturbed  force  Fax^^  is  zero) 

-^ApE.^    (4) 

The  electric  field  of  the  nucleus,  Eax*  is  the  same  for  both 
systems,  and  the  nuclear  repulsion  part  of  the  force 
difference  exactly  cancels  since  both  forces  are  evaluated 
at  the  same  geometry.  Note  that  Ap  is  a  function  of 
three  spatial  cordinates,  not  a  constant. 

The  above  expression  (eq  4)  is  expected  to  be  a  good 
approximation  to  the  force  upon  nuclei  involved  in 
reacting  bonds  if  a  substituent  change  is  made  far  from 
the  reaction  site.  In  this  case  the  substituent  change 
will  change  nuclei  which  are  so  distant  from  nucleus 
a  that  the  nuclear  repulsion  term  will  still  cancel;  Eax 
of  course  does  not  change  unless  nucleus  a  is  changed. 
Equation  4  is  expected  to  be  a  vforsc  approximation 
in  cases  where  a  nucleus  close  to  nucleus  a  is  changed, 
since  the  nuclear  repulsion  terms  will  change.  Also, 
if  nucleus  a  itself  is  changed,  both  the  nuclear  repulsion 
terms  and  Eax  will  change.  However,  such  an  approx- 
imation may  still  be  rather  good  in  many  cases,  if 
''similar"  nuclei  replace  one  another  (e.g.,  chlorine  and 
bromine),  because  of  the  fact  that  inner  shell  dedrons 
are  largely  localized  around  a  single  nucleus.  The 
inner  shell  electrons  can  be  thought  of  as  simply  shielding 
the  nucleus,  i.e.,  the  nuclear  repulsion  terms  and  E^ 
attractions  practically  cancel  for  inner  shell  dedrons 
and  the  corresponding  number  of  nuclear  charges. 
Approximate  calculations  can  therefore  be  made  using 
eq  4,  but  using  only  the  valence-shdl  electron  densities 
and  the  (shielded)  net  valence-shdl  nudear  charges. 
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be  very  simple  electrostatic  expression  derived  for 
;  must  be  summed  in  order  to  derive  the  force  for 
lacement  according  to  normal  coordinates,  as 
lired  in  the  theory  under  discussion  (c/.  eq  1  and  2). 
simplify  notation,  let  the  nuclear  coordinates, 
rred  to  the  equilibrium  geometry  x^  y^  zo  for  each 
[eus,  be  numbered  consecutively,  qu  qt,  qt,  . .  .^i 
where  qu  qu  q%  are  {x  -  xo),  (y  —  y^,  (z  -  Zb) 
nucleus  1;  q^  q$,  q^  are  (x  -  xo),  (y  -  yo),  (z  - 
for  nucleus  2;  etc.  Then  the  normal  coordinates 
be  written 


Xs  =  T^jC^qi  or  qt  =  T^isXj 

i  J 

each  cartesian  coordinate  of  each  nucleus 


(5) 


dK 


bV 


bV 


dqt      d(x  —  Xo)      dx 


F,  =  - 


bV 
dx 


=  -  efApEidr 


(6) 


n  eq  4.    The  force  for  displacement  according  to 
tnal  coordinate  Xj  is 


bV 
bXi 


=  -Z 


bVbq 


bqi  bXi      1 


y  —  ^Fffi)  = 


-efAp(ZEAj)dr 


^rding  to  eq  S  and  6.  Since  all  normal  coordinates 
he  unperturbed  system  are  by  definition  zero  at  the 
erturbed  equilibrium  geometry,  eq  2  gives,  for  the 
le  m  of  the  perturbation  P  (eq  1) 


bV  _, 


(7) 


assumption  of  the  present  theory  is  that  P  is  linear, 
that  the  slope  m  does  not  change  much  between  the 
orturbed  equiUbrium  geometry  (all  Xj  zero)  and 
perturbed  equilibrium  geometry;  if  so,  eq  7  gives  an 
ipplicable  to  all  geometries,  not  just  the  unper- 
^  equilibrium  geometry.  In  fact,  eq  7  applies  to 
geometries  since  eq  4  gives  the  difference  between  the 
urbed  and  unperturbed  forces  for  any  nuclear  ge- 
ntry, and  (c/.  eq  2) 


bV^     bV^ 
bqi         bqi 


b{V  +  P)      bV  ^bP 
bqi  bqi      bqi 

in  then  be  seen  that  the  quantities  Fx^  can  be  defined 
any  geometry  as  long  as  one  uses  the  tij  which  apply 
Eui  equilibrium  geometry  (necessary  since  normal 
rdinates,  and  therefore  tij^  are  not  defined  except  at 
'gy  extrema).    The  net  result  is  that  the  quantities 


m  ^   -Fxi  ^  efAf)Q2Ei(ij)dT 


(8) 


be  constant  between  the  unperturbed  equilibrium 
perturbed  equilibrium  geometries  if  the  assumption 

;  the  perturbation  P  is  linear  is  correct,  but  will  other- 

;  change  somewhat. 

quation  8  not  only  gives  a  physical  picture  in  terms 

\n  easy-to-visualize  quantity,  the  change  in  electron 
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probability  distribution  Ap,  but  also  may  provide  an 
approximate  means  of  estimating  m  values  from  ''clas- 
sical" electron  density  approximations,  or,  better,  from 
approximate  wave  functions.  '* 

A  better  expression  for  m  can  be  written  in  terms  of  a 
power  series  for  small  displacements  from  the  unper- 
turbed equilibrium  geometry  (Xj  =  0) 


m 


<-">" + {^h + -JB:l^' + 


(9) 

where  the  subscript  U  means  the  derivatives  are  eval- 
uated at  the  unperturbed  equilibrium  geometry.  Hell- 
mann-Feynman  type  expressions  could  be  written  for 
the  successive  terms  in  eq  9 ;  e.g. 


bF: 


'?  -  -  ef^^:,  If  >r 


bX 


where  i  is  summed  over  all  coordinates  of  all  nuclei. 

In  a  theoretical  discussion  of  substituent  effects,  it 
might  seem  as  if  the  results  would  be  quite  difierent 
depending  upon  whether  electron  density  were  being 
supplied  to  (or  withdrawn  from)  a  bonding  or  an  anti- 
bonding  orbital.  It  might,  therefore,  be  concluded  that 
such  simple  ideas  as  ''homonuclear  character"  and 
acid-base  properties,  used  in  previous  sections  for 
predicting  substituent  effects,  would  break  down  in 
many  cases.  However,  the  distinction  between  bond- 
ing and  antibonding  orbitals  is  not  completely  clear-cut, 
since  the  usual  definition  includes  nuclear  repulsions 
which  are  not  electron  energies  at  all.  In  fact,  by  de- 
fining ''binding"  orbitals  as  those  which,  when  oc- 
cupied, produce  an  attractive  force  tending  to  pull 
nuclei  together  (even  though  the  nuclear  repulsion  may 
more  than  counterbalance  this  attractive  force),  and 
"antibinding"  orbitals  as  those  which  produce  a  force 
tending  to  push  nuclei  apart,  Bader  and  Jones  ^  have 
concluded  that  essentially  all  orbitals  are  binding  except 
at  very  small  internuclear  distances. 

Since  the  Hellmann-Feynman  theorem  holds  for  all 
geometries  of  a  system  of  electrons  and  nuclei,  it  must 
hold  for  transition  states.  The  above  arguments  show 
that  the  primary  assumption  of  the  present  theory,  that 
transition  states  can  be  treated  just  like  ordinary  mole- 
cules in  evaluating  substituent  effects,  is  in  fact  com- 
pletely correct  //  one  is  calculating  effects  according  to 
the  Hellman-Feynman  theorem.  Qualitative  arguments 
concerning  the  direction  of  substituent  effects  are 
strongly  indicated  to  apply  in  the  same  way  to  transition 
states  as  to  ordinary  molecules,  though  the  validity  of 
such  qualitative  arguments  is  not  absolutely  proven. 

From  eq  8,  it  is  not  immediately  obvious  why  m 
should  be  nearly  constant  with  geometry,  i.e.,  why  the 
perturbation  should  be  nearly  linear,  for  it  would  appear 
as  if  Eiy  which  changes  with  geometry,  must  produce 
large  changes  in  the  integral.  The  reason  why  such 
large  changes  do  not  occur  (at  least  in  diatomic  mole- 
cules; see  following  section)  is,  of  course,  that  Ap 
also  changes  with  geometry.  Though  the  individual 
densities  p^^  and  p^  must  probably  be  redistributed  a 
good  deal  upon  changing  the  nuclear  geometry,  it  is 

(39)  For  an  interesting  discussion  of  the  hydrogen  bond  and  hydro- 
gen-transfer reactions  using  simple  wave  functions  with  the  Hellmann- 
Feynman  theorem,  see  R.  F.  W.  Bader,  Can.  /.  Chem.,  42,  1822  (1964). 

(40)  R.  F.  W.  Bader  and  O.  A.  Jones«  i&U.,39Al'^'V^%^Vk. 
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r(A) 

Figure  4.  Potential  curves  for  HO  and  HBr  as  calculated  from  the 
Hulburt-Hirschfelder  equation,  along  with  the  difference  between 
the  curves  (DIF)  showing  strong  curvature  of  the  DIP  curve  over 
large  changes  in  r  (though  DIF  is  very  nearly  a  straight  line  be- 
tween 1.2746  and  1.4138  A,  the  r«  values  for  HO  and  HBr,  respec- 
tively). It  should  be  noted  that  the  choice  of  the  potential  energy 
scale  as  zero  for  each  molecule  at  its  r*  affects  ordy  the  vertical  place- 
ment, and  not  the  shape,  of  DIF.  DIF  gives  the  quantity  which, 
when  added  to  the  curve  for  HBr,  gives  the  curve  for  HO. 


entirely  possible  that  the  electron  densities  are  polarized 
toward  a  given  nucleus  a  as  it  is  moved  away  from  other 
nuclei  in  nearly  the  amount  required  to  offset  the  in- 
creased distance  of  nucleus  a  by  leaving  the  actual 
difference  distribution  Ap  nearly  unchanged  relative  to 
nucleus  a.  In  other  words,  at  least  two  opposing  effects 
can  be  expected,  which  will  tend  to  make  m  constant 
with  geometry  (for  small  changes  in  geometry). 

Sulwtitaent  Changes  in  Diatomic  Molecules.  In  order 
to  investigate  the  validity  of  the  assumption  that  per- 
turbations are  linear,  the  actual  differences  between 
potential  energy  curves  for  some  diatomic  molecules 
have  been  calculated  and  these  differences  checked  for 
linearity.  A  computer  program^  ^  has  been  written 
which  calculates  the  energy  of  a  diatomic  molecule  for 
interatomic  distances  from  0  to  S  A  at  0.1 -A  intervals, 
and  at  0.02-A  intervals  between  any  specified  pair  of 
interatomic  distances,  from  the  potential  function  of 
Hulburt  and  Hirschfelder.**  The  experimental  param- 
eters a)e,  a)eXe,  /)«,  ^«,  a«,  and  r^,  along  with  the  reduced 
mass,  are  used  to  give  a  (supposedly)  rather  good  pre- 
diction of  the  potential  energy  curve.  The  program 
then  calculates  the  energy  differences  between  all  pos- 
sible pairs  (up  to  eight  molecules  may  be  examined  in 
one  computation)  of  molecules  at  the  above  geometries 
and  computes  the  slope,  intercept,  and  standard  de- 
viation of  points  for  the  best  straight  hne  through  only 
the  differences  taken  at  0.02-A  intervals.  Also,  the 
program  gives  the  differences,  calculated  according  to 
the  above  best  straight  line,  for  all  geometries  from  0  to 
5  A,  along  with  the  differences  between  the  experimental 
and  calculated  differences. 

Calculations  have  been  made  for  Hs,  Hs'*',  HCl, 
HC1+,  HBr,  HI,  and  CH,  from  which  some  tentative 
conclusions  can  be  drawn.  The  spectroscopic  con- 
stants from  Herzberg's  table*^**  were  used. 

The  differences  are  reasonably  linear  but  tend  to  be 
concave  upward,  as  mentioned  in  a  previous  section. 
These  differences  must,  physically,  approach  (probably 

(41)  Written  in  Fortran  iv  for  the  IBM  7040  computer  of  the  Uni- 
versity of  Pennsylvania  Computer  Center. 

(42)  (a)  H.  M.  Hulburt  and  J.  O.  Hirschfelder,  /.  Chem,  Phys.,  9. 61 
(1941);  note  an  error  of  sign  in  the  definition  of  the  parameter  b,  where 
the  first  plus  sign  should  be  a  minus  sign,  (b)  This  error  is  also  repro- 
duced in  G.  Herzberg,  **Spectra  of  Diatomic  Molecules,**  2nd  ed,  D. 
Vaa  NoMtraDd  Compaay,  Inc.,  Fnnoeton,  N.  J.,  1950,  p  102. 


asymptotically)  constant  values  as  the  internudear 
distance  approaches  infinity  (separated  atoms)  and 
(not  counting  nuclear  repulsions)  zero  (combined 
atoms).  The  former  is  reproduced  by  the  program; 
the  equation  does  not  give  correct  energy  results  as  the 
distance  approaches  zero  anyway.^' 

The  differences  are  precisely  linear  for  molecules  with 
the  same  nuclei,  i.e..  Hi  vs.  Ht"*"  and  HCl  w.  Ha+. 
For  example,  the  slope  for  HCl  minus  HCl"*"  is  1.129 
ev  A~~S  and  the  standard  deviation  of  points  from  the 
line  (1.10  to  1.62  A)  is  0.004  ev  (the  equilibrium 
internudear  distances  are  1.27  and  1.31  A,  respectivdy). 
For  Hj  minus  Hj"*",  the  slope  is  5.799  ev  A*"*,  and  the 
standard  deviation  (0.74  to  1.06  A)  is  0.03S  ev  (equi- 
librium internudear  distances  0.74166  and  1.060  A, 
respectively).  This  discovery  indicates  that,  for  merdy 
electronic  changes,  without  change  of  nucld,  the  per- 
turbations considered  for  substituent  effects  ought  to  be 
precisely  linear.  For  complex  molecules  where  the 
substituent  change  is  made  relatively  far  from  any 
reacting  bonds,  the  only  effect  on  the  reaction  center 
should  be  a  small  change  in  electron  density,  which  can 
be  expected  to  produce  perturbations  that  are  mudi 
more  nearly  linear  than  the  change  from  HCl  to  HQ'*'. 

The  differences  are  considerably  less  linear  for  mde- 
cules  of  different  types.  For  example  (a  particularly 
bad  case),  the  slope  for  HI  minus  CH  is  —15.17  ev 
A~^  and  the  standard  deviation  (1.10  to  1.62  A)  is 
0.85  ev  (equiUbrium  internudear  distances  1.60  and 
1.12  A,  respectively).  The  slope  changes  from  46.5 
to  3.5  ev  A"-^  between  1.10  and  1.62  A.  This  is  a 
case  where  the  equilibrium  nuclear  distances  are  quite 
different,  and  it  can  be  expected  that  such  drastic 
changes  of  "substituent"  will  be  likely  to  produce  large 
deviations  from  linearity.  A  case  more  typical  of  the 
type  of  closely  related  structures  that  might  be  com- 
pared experimentally  is  HCl  minus  HBr  (e.g.,  where  Q 
and  Br  are  compared  as  leaving  groups),  giving:  slope, 
4.131  ev  A-*  (1.10  to  1.62  A),  standard  deviation,  0.17 
ev;  equilibrium  internudear  distances,  1.27,  1.41  A. 
The  computer-calculated  curves  for  HCl  and  HBr, 
along  with  their  difference  curve,  are  plotted  in  Figure  4. 

Linearity  is  much  better  for  the  latter  pair  if  the  data 
between  1.26  and  1.40  A  are  used  (/.e.,  approximately 
between  the  equilibrium  internudear  distances):  slope, 
4.238  ev  A~^  standard  deviation,  0.016  ev.  Further- 
more, in  cases  where  one  of  the  atoms  of  a  reacting 
bond  is  changed,  transition-state  perturbations  must 
be  considered  relative  to  rather  large  reactant  pertur- 
bations. In  principle,  the  deviations  from  Unearity 
would  be  expected  to  be  of  similar  magnitude  for  re- 
actant and  transition  state,  and  would,  therefore,  tend 
to  cancel  in  considering,  e.g.,  changes  in  reactant-like 
vs.  product-like  character  in  transition  states. 

Of  course,  another  possible  source  of  nonlinearity  is 
the  approximate  nature  of  the  Hulburt-Hirschfelder 
equation,^'  since  the  differences  are  taken  at  points 
fairly  far  removed  from  the  equilibrium  internudear 
distance  of  at  least  one  of  each  pair  of  molecules.  The 
calculated  energies  for  Hs  agree  with  the  ''most  likdy** 
values  from  vibrational  energy  level  analysis^'  to 
within  ca.  dbO.Ol  ev  between  0.5  and  1.4  A,  but  at  larger 
internudear    distances,    agreement    becomes    worse: 

(43)  D.  Steele,  E.  R.  Lippincott,  and  J.  T.  Vanderslioe,  Rev.  Mod. 
Phyg.,  34,  239  (1962). 
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12  ev  at  2.0  A.  The  energies  from  the  Hulburt- 
^elder  equation  have  been  compared  with  the 
B  from  precise  vibrational  analysis  for  a  series 
dectronic  states  of  several  diatomic  molecules/' 
le  average  per  cent  difference  between  these 
s  relative  to  the  dissociation  energy,  (Kh-h  — 
)„  is  only  about  1.5%,  over  the  entire  range  of 
lies  for  which  vibrational  data  are  available  for 
molecules  studied.  Additional  complications 
conceivably  arise  from  irregularities  in  potential 
curves,  e.g.,  if  there  is  configuration  interaction 
w-lying  excited  states  ;^^  even  in  this  case,  how- 
le  effects  might  be  expected  to  cancel  in  consider- 
e  difference  between  unsubstituted   and   sub- 

I  molecules  or  transition  states,  provided  the 
lent  change  is  not  too  drastic. 

linearity  of  the  difference  between  species  con- 
the  same  nuclei  is  surprisingly  precise,^*  and 
be  further  explored,  especially  in  relation  to  the 
inn-Feynman  theorem  (e.g.,  eq  4). 
lems  of  Theory.  The  major  problem  in  applying 
eory  qualitatively  to  large  organic  molecules  is 
ig  the  reaction  coordinate.  It  would  be  highly 
ie  to  have  "rules"  (cf.  ref  17  and  34)  to  aid  in 
ing  the  correct  reaction  coordinate, 
mature  of  the  perturbation  could  be  a  problem, 
i  results  with  diatomics  indicate  that,  for  "small" 
uent  changes,  large  curvature  is  unlikely.  Also, 
oblem's  existence  could  be  investigated  by  study- 
'eral  substituents  in  the  same  reaction;  ifthere- 

II  in  a  rational  order  dependent  on  electronic  or 


.  S.  MuUiken,  J.  Am,  Chem,  Soc„  88, 1849  (196Q. 

:  tends  to  Justify  the  approach  to  exdted-state  geometry  pre- 

lentioiied  (Malrieu^*)* 


steric  properties  of  the  substituents,  large  curvature,  or 
at  least  reversal  of  slope,  could  be  ruled  out. 

For  qualitative  pr^ictions,  it  is  difficult  to  decide 
precisely  about  effects  which  may  nearly  cancel,  i.e., 
where  opposite  effects  on  the  same  bond  are  predicted 
from  two  different  normal  vibrations.  Associated 
with  this  problem  is  the  question  whether  (or  when)  it  is 
justifiable  to  assume  that  the  curvature  of  the  potential 
energy  surface  in  the  reaction  coordinate  (parallel) 
direction  is  considerably  less  than  in  the  perpendicular 
directions. 

Interpretation  of  experiments  is  another  type  of 
difficulty.  It  is  not  easy  to  design  experiments  which 
unambiguously  indicate  whether  a  certain  bond  is 
lengthened  or  shortened,  in  the  transition  state,  by  a 
substituent  change.  Solvation  effects  must  be  con- 
sidered as  well  as  effects  associated  with  ordinary 
bonds.  This  problem  is  especially  important  in  the 
case  of  the  SnI  mechanism,  which  will  be  an  important 
test  for  this  theory. 

Condiudoii.  The  theory  appears  to  give  reliable  qual- 
itative predictions  based  on  an  approximate  knowledge 
of  the  reaction  coordinate  for  a  reaction.  It  can  be 
understood  theoretically  in  terms  of  the  Hellmann- 
Feynman  theorem,  and  it  seems  justified  on  various 
qualitative  grounds.  We  hope  to  explore  the  idea 
further  by  trying  to  refine  the  qualitative  predictions 
(including  study  of  substituent  effects  on  molecular 
vibrations),  further  justify  it  and  make  quantitative 
predictions,  and  carry  out  experimental  tests  designed 
to  uncover  and  explain  any  exceptions  that  may  exist. 

Acknowledgment.  The  author  is  grateful  to  Pro- 
fessors C.  G.  Swain  and  R.  L.  Schowen  for  helpful  dis- 
cussions. 
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Abstract:  Rates  in  the  acetolyses  of  6-substituted  5v/f-9-benzonorboraenyl  brosylates  were  determined,  and  their 
substituent  effects  (A:chk>/^nos  =  43)  were  compared  to  those  of  the  anti  brosylates  (ArcHio/^NOt  =  386,000).  The 
factor  of  43  indicates  the  absence  of  homobenzylic  conjugation  by  the  aromatic  ring,  as  demonstrated  in  the  anti 
series,  as  well  as  efficient  transmission  of  polar  effects  by  the  benzene  moiety.  The  anti-syn  rate  ratios  obtained  by 
the  combination  of  data  in  both  series  are  well  correlated  by  the  modified  Hammett  relationship,  log  (At/Zcq)  »  ^lifidir,'^ 
+  (Tm'^),  with  p  =*  —  3.57.  9-Methylbenzonorbomen-9-<a«/i-  and  -synyyl  tosylates  were  prepared,  and  the  products 
and  rates  of  acetolysis  were  determined.  Acetolysis  of  the  tertiary  anti  tosylate  led  to  the  acetate  with  98  %  reten- 
tion and  the  olefin  (9-methylenebenzonorbomene,  2%),  while  that  of  the  syn  led  to  the  acetate  with  67%  inversion 
and  10%  retention  and  the  olefin  (21  %).  The  variation  of  anti-syn  rate  ratios  from  the  secondary  to  the  tertiary 
system  is  discussed  in  terms  of  participation  effects. 


The  large  effect  of  6  substituents  in  the  acetolyses  of 
fl/iri-9-benzonorbomenyl  brosylates  (I-OBs)  (a  factor 
of  386,000  was  found  between  the  rates  of  the  methoxy 
and  the  nitro  derivatives)***  provides  one  of  the  most 
important  evidences  for  the  homobenzylic  participation 
in  these  derivatives  and  also  for  the  homoallylic  par- 
ticipation in  the  norbornenyl  derivatives,  which  were 
originally  suggested  by  Bartlett'  and  Winstein/  re- 
spectively. Furthermore,  our  observation  that  the 
effects  of  the  6  substituent  and  the  7  substituent  are 
additive  indicates  a  symmetrical  transition  state  (one  of 
the  most  powerful  supporting  data  for  the  7-norbornenyl 
nonclassical  ion).^''^  This  paper  deals  with  the  rates 
and  products  in  the  acetolyses  of  6-substituted  syn'9' 
benzonorbornenyl  brosylates  (II-OBs)  and  9-methyl- 
benzonorbornen-9-(fl/i//-  and  -syn-yyl  tosylates  (III- 
OTs  and  IV-OTs).  Combined  treatment  of  these 
results  makes  the  Hammett  approach  possible  for  the 
anti-syn  rate  ratio  and  provides  an  experimental  eval- 
uation for  an  important  suggestion  in  the  participation 
theory:*  tertiary  carbonium  ions  should  be  stable 
enough  to  require  little  or  no  participation.  Both 
are  well-defined  tests  for  the  existence  of  nonclassical 
transition  states,  but  not  direct  evidence  for  nonclas- 
sical ions. 

Preparations.  The  syntheses  and  properties  of  the 
various  types  of  II-OH  used  in  this  study  were  already 
reported.^**     Their  brosylates  II-OBs   were  prepared 

(1)  The  numbering  used  in  the  papers  of  this  series  is  shown  in  the 
ch&rts 

(2)  (a)  H.  Tanida,  J,  Am,  Chem.  Soc.,  85,  1703  (1963);  (b)  H.  Tanida, 
T.  Tsuji,  and  H.  Ishitobi,  ibid.,  86,  4904  (1964);  (c)  H.  Tanida  and  H. 
Ishitobi,  ibid.,  88,  3663  (1966). 

(3)  P.  D.  BarUett  and  W.  P.  Giddings,  ibid.,  82,  1240  (1960). 

(4)  S.  Winstein,  M.  Shatavsky,  C.  Norton,  and  R.  B.  Woodward, 
ibid.,  77,  4183  (1955).  and  the  subsequent  papers. 

(5)  Footnote  12  in  M.  Brookhart,  A.  Diaz,  and  S.  Winstein,  ibid., 
88,  3135  (1966). 

(6)  (a)  A.  Streitwieser,  **Solvolytic  Displacement  Reactions,**  McOraw- 
Hill  Book  Co..  Inc..  New  York.  N.  Y..  1962.  pp  135-136;  Chem.  Rev., 
56,  707  (1956);  (b)  C.  A.  Bunton,  "Nudeophilic  Substitution  at  a 
Saturated  Carbon  Atom.**  Elsevier  Publishing  Co.,  New  York,  N.  Y.. 
1963.  p  62;  (c)  refer  to  H.  C.  Brown,  et  al.,  J.  Am.  Chem.  Soc.,  86, 1246, 
5006  (1964);  P.  von  R.  Schleyer,  et  al,  ibid.,  86.  2722  (1964),  and  refer- 

ences  died  therein. 


BsO 


OBs 


la-OBs,  Z  -  H 
b-OBs.  Z  =  CH,0 
c-OBs,  Z  =  CHi 
d-OBs,  Z  -  CI 
e-OBs,  Z  »  NOt 

TsO^  ^CHa 


Ila-OBs,  Z  »  H 
b-OBs,  Z  «  CHiO 
c-OBs,  Z  »  CHi 
d-OBs,  Z  =  a 
e-OBs,  Z  -^  NOi 

H,( 


III-OTs  IV-OTs 

by  standard  procedures  and  gave  satisfactory  analy 
Addition  of  methyllithium  to  9-benzonorbomenoi 
produced  a  mixture  composed  of  88%  III-OH  j 
12%  IV-OH.    These  were  isolated  in  the  pure  st 

O 


+ 


HaC^^OH  TsOv^ 


III-OH 


IV-OH 


V-OTi 


by  a  combination  of  recrystallization  and  chromat 
raphy.  The  structural  characterization  was  made 
comparison  of  the  chemical  shifts  of  the  9-methyl  gro 
(r  8.96  in  III-OH  and  8.73  in  IV-OH)  and  also  by 
presence  of  an  internal  interaction  between  the  hydr( 
group  and  the  w  electrons  of  the  benzene  ring  in 
infrared  spectrum  of  IV-OH.  Since  the  p-nitrol 
zoates  of  the  tertiary  III-OH  and  IV-OH  were  fa 

(7)  H.  Tanida,  H.  Miyazaki,  and  H.  Ishitobi,  Can.  J.  Chem^  4 
(196Q. 
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Acetolyses  of  j^/f-9-Benzonorboraenol  Brosylates* 


ku  scc-i 

r\k\tV*    «•    -T^  ^CAO 

(77.6«). 
of  anti 

Temp, 

A^*. 

A5*, 

u    ofc    r  #.w 

Rel 

Rate  ratio. 

vSubst 

°c* 

ku  scc-> 

kcal 

cal/deg 

ku  8ec-> 

rate 

brosylates^ 

antiisyn 

rf) 

170.0 
135.0 

3.05  X  10-* 
1.32X10-' 

31.4 

-4.5 

2.07X10-* 

1.6 

8.08  X  10-* 

3.9  X  10* 

3 

170.1 
135.0 
170.0 

3.03  X  10-* 
1.32X10-' 
2.01  X  10-* 

31.4 

-4.6 

2.04  X  10-» 

1.6 

8.44X10-' 

4.1  X10« 

161.5 

9.85X10-* 

31.6 

-4.8 

1.28X10-* 

1 

1.49X10-' 

1.2X10» 

135.0 

8.62X10-* 

170.1 
135.0 

6.81  X10-' 
2.82X10-* 

31.9 

-6.3 

3.89  X10-* 

0.31 

6.63X10-' 

1.7X10« 

h 

170.1 
149.9 

1.43X10-* 
2.23X10-* 

33.8 

-5.3 

4.73XlO-»» 

0.037 

2.07  X  10-» 

4.4 

forbomyl 

187.3 

8. 10X10-' 

irosylate' 

172.2 
150.2 

2.00X10-' 
2.70  X  10-« 

34.6 

-2.9 

4.49  X  10- w 

0.035 

led  out  in  glacial  acetic  acid  containing  equivalent  amounts  of  sodium  acetate.  * 
for  runs  from  160  to  190"".  '  Qted  from  ref  2b.  '  For  the  tosylate,  S.  Winstein, 
:hem,  Soc,,  77,  4183  (1955),  have  reported  it,  (205°)  -  8.40  X  10^  sec-i,  A^*  - 
LOTS  »  2.90,  ki  of  the  brosylate  at  77.6''  is  calculated  as  1.86  X  10- ><>  sec-^ 


Controlled  to  =b0.05''  for  runs  bdow  150''  and  to 

M.  Shatavsky,  C.  Norton,  and  R.  B.  Woodward, 

35.7  kcal,  A5  *  -  -  3.5  cal/deg.    With  the  ratio 


very  inert  under  solvolysis  conditions,  the  syn- 
o{  their  tosylates  were  undertaken.  Reactions  of 
chloride  with  the  lithium  salts  of  III-OH  and 

in  tetrahydrofuran  (prepared  by  treatment  with 
lithium)  were  successful  for  this  purpose.  As 
ence  compound,  7-methylnorbom-7-yl  tosylate 
5)  was  similarly  prepared  from  7-methylnor- 
1-7-01.8 

olysis  of  5j;/i-9-Beiizonorboraenyl  Brosylates  and 
uent  Effects  on  the  anti-syn  Rate  Ratios.  The 
»f  acetolysis  were  determined  by  standard  pro- 
s,  and  in  each  case  the  theoretical  infinity  titer 
»tained.  Table  I  summarizes  the  rates  from  the 
ses  of  Ila-e-OBs  and,  for  comparison,  the 
t  77.60®  calculated  by  Arrhenius  plots,  the  rates 
-OBs,  and  the  anti-syn  rate  ratios, 
olysis  of  II-OBs  leads  to  completely  rearranged, 
)nstereospecific,  products.  The  reaction  in  a 
acetone  (40:60  vol.    %)  with  added  NaHCOi 

for  1  week  yielded  a  mixture  consisting  of  98.6% 
3enzo[3,4]bicyclo[3.2.0]heptenol  (Via)  and  1.4% 
vn  isomer  VIb.    The  structural  determination  of 


OBs 


anti.  Via 
«yn.  VIb 


roducts  and  their  acid-catalyzed  rearrangements 
parately  reported.*  However,  since  a  control  ex- 
nt  showed  that  VIb  epimerized  slowly  to  the 
ly  less  hindered  Via  ^^  under  the  hydrolysis  condi- 
t  is  not  clear  whether  the  above  product  ratio 
nts  complete  kinetic  control.  It  is  theoretically 
ant  that,  despite  the  absence  of  rate  enhancement 
)r  of  1.05  relative  to  7-norbornyl  brosylate),  the 
sis  of  Ile-OBs  showed  predominant  rearrange- 
a  rough  vpc  showed  the  absence  of  the  retention 

K.  Bly  and  R.  S.  Bly,  /.  Org.  Chem.,  28,  3165  (1963). 
Tanida,  Y.  Hata,  and  H.  Ishitobi,  Tetrahedron  Letters,  361 

lie  UAlHi  reduction  of  2-benzo[3,4]bicyclo[3.2.0]heptenone 
:9  mixture  of  Via  and  VIb. 


product.  In  contrast,  acetolysis  of  7-norbornyl  brosyl- 
ate yields  a  mixture  containing  91%  unrearranged  ace- 
tate, 7%  fl/i/i-2-bicyclo[3.2.0]heptanol,  and  2%  bi- 
cyclo[3.2.0]hept-2-ene.^^  Therefore,  it  should  be  con- 
sidered that  the  formation  of  a  stabilized  benzylic 
carbonium  ion,  probably  with  participation  of  the  1,2- 
carbon  bond,  ^'  provides  a  strong  driving  force  for  the  re- 
arrangement in  the  reaction  of  Ila-e-OBs. 


Compared  to  a  factor  of  386,000  in  the  I  series,  the 
rate  range  from  the  methoxy  to  the  nitro  in  the  II  series 
was  only  43.  This  substantiates  the  fact  that  sig- 
nificant participation  (homobenzylic  conjugation)  such 
as  in  the  acetolysis  of  I  is  absent  in  that  of  II.  However, 
the  factor  of  43  is  too  large  for  a  simple  electrostatic 
interaction.  An  example  of  similar  reactions  involving 
only  inductive  effects  is  the  acetolysis  of  S-substituted 
2-indanyl  brosylates.  These  materials  were  synthe- 
sized^' and  solvolyzed.  The  rate  constants  are  listed 
in  Table  II.  The  corresponding  rate  factor  is  only  8. 
This  value  is  normal,  because  the  inductive  effect  should 
decrease  rapidly  when  going  through  saturated  bonds.  ^^ 
Therefore,  it  may  be  argued  by  the  factor  of  43  (the 
syn  effect)  that  polar  effects  of  the  benzene  ring  are 
transmitted  with  considerable  efficiency  by  the  tp  cloud 
to  the  reaction  center.  Consequently,  the  rate  change 
in  the  I  series  involves  two  factors:  participation  by  the 
aromatic  ir  system  and  this  syn  effect.    By  eliminating 

(11)  S.  Winstein,  F.  Gadient,  E.  T.  Stafford,  and  P.  E.  Klinedinst,  Jr., 
J.  Am.  Chem.  Soc.,  80,  5895  (1958). 

(12)  A  referee  pointed  out  the  possibility  of  this  effect  We  appreci- 
ate his  comment  and  infer  on  this  basis  that,  if  the  difference  in  steric 
factors  between  II-OBs  and  7-norbornyl-OBs  could  be  neglected  in 
controlling  the  departure  of  the  brosyl  groups,  the  absence  of  the  par- 
ticipation would  result  in  a  rate  of  Ile-OBs  considerably  slower  than  that 
of  7-norbomyl-OBs  because  of  polar  effects  by  the  nitrobenzene  moiety 
in  Ile-OBs. 

(13)  Syntheses  and  properties  will  be  reported  in  N.  Inamoto.  S. 
Masuda,  K.  Tori,  K.  Aono,  and  H.  Tanida,  Can.  /.  Chem.,  in  press. 

(14)  C.  K.  Ingold,  "Structure  and  Mechanism  in  Organic  Chemistry,** 
Cornell  University  Press,  Ithaca,  N.  Y..  1953,  Chapter  t. 
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Figure  1.   The  p-<r  treatment  of  anthsyn  rate  ratios  in  acetolyses  of 
9-beQzonorbonienyl  brosylates. 


able  that  the  highly  electron-deficient  group  (dinitro- 
benzene)  electrostatically  attracts  the  leaving  sulfonyl- 
oxy  anion  on  the  same  side. 


NO, 


Acetolysis  of  9-Methylbeiizonorbonieii-9-(an/i-  aid 
'synhyl  Tosylates  (UI-OTs  and  IV-OTs)  and  Variatioi 
of  the  anthsyn  Rate  Ratios  from  Secondary  to  Tertiary 
Systems.  Table  III  lists  the  rates  from  acetolysis  of 
III-OTs,  IV-OTs,  and  V-OTs,  with  other  pertinent  data. 


this  effect,  the  anthsyn  rate  ratio  should  represent  the 
rate  change  due  only  to  the  participation.  Table  I 
shows  that  the  ratio  changes  from  a  factor  of  3.9  X 
10"*  for  the  methoxyl  derivative  to  4.4  for  the  nitro 


.OBs 


derivative.    The  plots  of  log  {kantil^md  ^s,    ^/^ifp'^ 
+  <^m"*")  yield  a  reasonably  good  correlation  with  p  = 
—  3.57  (Figure  1).    This  is  similar  to  the  correlation  of 
log  kanti  by  V,(<rp+  +  <r„+)  where  p  =   -S.IO.^*''*^    By 
simple  <r^  plots  the  chloro  and  nitro  derivatives  are 

Table  n.    Acetolyses  of  5-Substituted  2-Indanyl  Brosylates 


Subst 


Temp, 


ku  sec"* 


Rel  rate 

at 
77.60° 


CHsO 


CH,CX) 
NOt 


77.60 
77.60 
92.87 
77.60 
75.81 
62.78 

100.02 
77.60 

100.02 
77.60 


1.51  X10-* 
1.39X10-* 
5.28  X  10-* 
1.09  X  10-* 
9.35  X  10-» 
2.06  X  10-» 
3.68  X  10-* 
3.89X10-* 
1.31  X  10-* 
1.63X10-* 


1.4 
1.3 

1 


0.36 
0.15 


« Controlled  to  d:0.03''.    *  The  product  is  quantitatively  2- 
indanol  acetate. 


distinctly  below  the  line  defined  by  the  methoxy,  methyl, 
and  hydrogen  points.  Other  Hammett  plots  attempted 
in  a  previous  paper***  provided  unsatisfactory  correla- 
tions. The  large  negative  p  value  (—3.57)  thus  ob- 
tained indicates  unequivocally  that  the  amount  of 
participation  and  the  magnitude  of  the  anthsyn  rate 
ratio  increase  as  activating  substituents  are  introduced 
into  the  aromatic  ring,  whereas  they  reverse  by  intro- 
ducing deactivating  substituents.  Figure  1  also  sug- 
gests that,  with  a  more  positive  <r^  value  than  the  nitro, 
the  rate  of  a  syn  derivative  would  be  greater  than  that  of 
the  corresponding  anti.  This  was  proven  by  the  rates 
of  6,7-dinitro  derivatives  where  kanti  =  1.40  X  10"* 
and  k^n  =  9.21  X  10-«  sec-^  at  198.5  ±  0.4^  in  a 
water-acetic  acid  (20:80  vol.  %)  mixture.    It  is  conceiv- 


Table  m.    Rates  of  Acetolysis  and  anthsyn  Rate  Ratios  for 
Secondary  and  Tertiary  9-Benzonorbomenyl  ArenesulfcMiates 


Compd 


Temp, 


Rate  ratio  at  50"* 
ku  sec"*      antiisyn     Me:H* 


18.7  4.97  X10-* 
37.3  6.39  X  10-* 
50.0      3.12X10-** 


493        18,000 


CHs 


OTi 


50.0      6.33X10-* 


86,700 


37.3      2.05X10^ 
50.0      1.15  X  10-* 


5.1  XlO* 


7-Norbomyl-OBs    50.0 
aft//-9-Benzonor-     50.0 

bomenyl-OBs 
j>^/i-9-Benzonor-      50 . 0 

boraenyl-OBs 


6.48XlO-»«' 
5.01X10-'*     2400 

2.12X10-"' 


•  Controlled  to  ±0.03'*.  *  Calculated  with  the  rate  ratio  ROBi: 
ROTi  «  2.90.  •  Calculated  by  Arrhenius  plote.  *  Calculated  from 
the  observed  rates  in  Table  I.  •  Calculated  from  the  observedrata 
in  ref  2b. 

The  acetolysis  of  III-OTs  resulted  in  a  mixture  con- 
sisting of  98%  III-OAc  and  2%  9-methylenebciizo- 
norbornene  (VII).   In  contrast,  the  reaction  with  IV-OTs 


CHs 


C% 


III-OAc    + 


III-OTs 
HjC^^OTs 


vn 


III-OAc  +  rv-OAc  +  vn 


IV-OTs 

yielded  a  mixture  consisting  of  67%  III-OAc,  10% 
IV-OAc,  and  2 1  %  VII.  These  products  were  recovered 
unchanged  under  the  reaction  conditions  and  were  veri- 
fied to  be  the  products  of  kinetically  controlled  srf- 
volyses.  Absence  of  the  IV-OAc  (inversion  product) 
from  III-OTs  was  demonstrated  by  vpc  in  amounts 
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ter  than  0.3%  yield.  It  should  be  noted  that  this 
ince  and  the  formation  of  VII  less  than  that  from 
)Ts,  with  the  anthsyn  rate  ratio  by  a  factor  of  493, 
;:ate  some  amounts  of  participation  in  the  acetolysis 
[I-OTs. 

^ithout  firm  experimental  supporting  evidence,  it 
l>een  widely  suggested  that,*-  ^^  "  as  a  cationic  center 
ade  more  and  more  stable  by  changing  a  secondary 
im  into  a  tertiary  system,  both  the  amount  of  par- 
ation  and  the  magnitude  of  the  anti-syn  (or  exo- 
»)  rate  ratio  in  the  norbomyl  derivatives,  which  has 
L  attributed  to  carbon  participation,^*  should  be 
icted  to  drop.    Following  this  suggestion.  Brown 

his  associates  extensively  studied  the  solvolysis 
s  of  the  secondary  and  tertiary  esters  or  halides 
the  2-norbornyP'"^  and  2-benzonorbornenyP^ 
;ms  and  observed  no  significant  changes  in  the  exo- 
>  rate  ratios  between  the  secondary  and  tertiary 
/atives.  These  results  have  been  interpreted  in 
alternative  way  as  the  absence  of  significant 
on    participation    (Brown  ^^'"•*°),    or    a    fortui- 

cancellation  ofin  creasing  steric  assistance  in  the 
ary  systems  with  decreasing  carbon  participation 
eyer^*)-  Since  participation  of  the  w  electrons 
3/i/i-7-norbornenyl  and  a/i//-9-benzonorbornenyl 
^ms  is  the  greatest  on  record  and  its  existence  is 
pted  by  even  nonclassical  nonsupporters,****  the 
ent  rate  results  should  help  to  clarify  this  problem, 
s  shown  in  Table  III,  the  anthsyn  rate  ratios  changed 
1  a  factor  of  2400  to  493  with  the  transformation 
1  the  secondary  to  the  tertiary  system.  This  change 
le  rate  ratio  would  be  predicted  for  a  major  de- 
se  in  carbon  participation  accompanied  by  in- 
king stability  of  the  cationic  center.  However, 
hange  between  both  systems  is  only  a  factor  of  4.9. 
)rdingly,  it  should  be  concluded  that,  even  though 
retically  sound,  the  above  suggestion  is  too  insensi- 
as  a  test  of  participation  when  compared  with  the 
y  of  substituent  effects  as  mentioned  above, 
methyl  group  at  a  carbonium  center  stabilizes  the 
ron-deficient  species  because  of  its  ability  to  supply 
rons  to  the  electron-deficient  center.  The  greater 
;lectron  deficiency,  the  greater  the  contribution  of 
ubstituent.  Brown  has  observed  a  relatively  con- 
:  factor  of  55,000  for  the  effect  of  CHs.H  (the  con- 
ition  of  methyl)  in  many  representative  isopropyl 
f-butyl  systems 

(CH,),CX:(CH8)2CHX  =  55,000  at  25^ 
CeH5(CH,),CX:C6H6(CH3)CHX  =  1800 

a  factor  of  1800  in  /-cumyl  chloride  and  a-phenyl- 
[  chloride.  This  indicates  that  the  methyl  sub- 
ent  is  making  a  much  smaller  contribution  to  the 

(a)  H.  C.  Brown,  F.  J.  Chloupek,  and  M-H.  Rei,  J.  Am,  Chem. 
86,  1246,  1247,  1248  (1964);   (b)  H.  C.  Brown  and  M.-H.  Rei, 
86,  5004  (1964);    (c)  H.  C.  Brown  and  H.  M.  Bell,  ibid.,  5006 
i;  (d)  H.  C.  Brown  and  M.-H.  Rei,  ibid.,  86,  5008  (1964). 
I  References  cited  in  ref  15. 

I  H.  C.  Brown  and  G.  L.  Tritle,  /.  Am.  Chem.  Soc.,  88,  1320 
I. 

I  G.  D.  Sargent,  Quart.  Rev.  (London),  20,  301  (1966). 
I  S.  Winstein,  A.  H.  Lewin,  and  K.  C.  Pande,  /.  Am.  Chem.  Soc., 
24  (1963);  S.  Winstein.  et  al.,  ibid.,  87.  376,  378,  379.  381  (1965), 
ferences  cited  therein. 

I  (a)  M-H.  Rei  and  H.  C.  Brown,  ibid.,  88,  5335  (1966);  (b)  H.  C 
1  and  K.  Takeuchi,  ibid.,  88,  5336  (1966). 

See  footnote  2  in  ref  20a. 


resonance-Stabilized  a-phenylethyl  transition  state  than 
to  the  less  stable  isopropyl  transition  state."**'** 
Therefore,  the  small  CHaiH  factor  of  18,000  relative  to 
86,700  (Table  III)  is  in  line  with  the  presence  of  par- 
ticipation of  the  anti  series  (I  and  III),  but  the  difference 
is,  here  again,  too  small  to  demonstrate  this  procedure 
as  a  competent  test  for  participation. 

The  CHs:H  factor  of  5.1  X  \QP  for  the  7-norbomyl 
cation  is  very  large.  This  reveals  that  the  cation  makes 
an  enormous  demand  on  substituents  for  further  stabil- 
ization. The  existence  of  great  participation  in  this 
system  is  consistent  with  this  finding.  We  are  currently 
investigating  the  substituent  effects  on  the  solvolysis  of 
7-phenylnorbom-7-yl  derivatives,  with  the  expectation 
that  an  extraordinarily  large  p  value  will  be  obtained  as 
a  semiquantitative  expression  of  the  enormous  electron 
demand. 


Experimental  Section*' 

Kinetic  Measurements,  The  acetolysis  conditions  and  procedure 
were  the  same  as  previously  reported.*^ 

5K>Metiiylbenzonorix>nien-9-(a/f/^  and  -5yn)-oi  (m-OH  and 
IV-OH).  A.  Methyl  iodide  (8.S2  g)  in  20  ml  of  ether  under  a  ni- 
trogen atmosphere  was  added  to  a  suspension  of  830  mg  of  lithium 
metal  in  30  ml  of  boiling  ether.  After  stirring  for  1  hr,  a  solution  of 
6.32  g  of  9-benzonorbornenone  in  40  ml  of  benzene  was  added  and 
the  mixture  refluxed  for  1  hr.  The  mixture  was  poured  into  a 
saturated  NH4CI  solution,  extracted  with  ether,  and  dried.  Evap- 
oration of  the  ether  gave  6.93  g  of  a  88:12  mixture  of  III-OH  and 
IV-OH.  Recrystallization  from  /i-hexane  yielded  pure  III-OH 
with  mp  108-108.5"^.  Elution  chromatography  of  the  mother 
liquor  on  Florisil  gave  a  second  yield  of  III-OH  as  well  as  IV-OH 
with  mp  92  2-93.2^  The  yields  were  4.67  g  of  III-OH  and  0.62 
g  of  IV-OH. 

Anal.  Calcd  for  QtHiiO:  C,  82.72;  H,  8.10.  Found  for 
III-OH:    C,  82.62;  H.  8.05.    For  IV-OH:    C.  82.59;  H.  8.08. 

B.  Treatment  of  9-benzonorboraenone  with  methylmagnesium 
iodide  in  ether  resulted  in  the  exclusive  formation  of  III-OH.  The 
yield  was  88%. 

Tosyiates  of  m-OH  and  IV-OH.  A.  m-OTs.  To  a  solution 
of  1 .05  g  of  III-OH  in  30  ml  of  tetrahydrofuran,  a  solution  of  4.4 
ml  of  15%  /i-butyllithium-/f-hexane  solution  was  added  dropwise 
at  5-10°  under  a  nitrogen  atmosphere.  After  stirring  for  30  min,  a 
solution  of  1 .34  g  of  tosyl  chloride  in  10  ml  of  tetrahydrofuran  was 
added  at  5-7 ""  and  the  mixture  stirred  for  3  hr.  The  tetrahydrofuran 
was  evaporated;  the  residual  syrup  was  dissolved  in  ether,  washed 
with  water,  dried,  and  evaporated.  The  crystals  obtained  were 
recrystallized  from  /t-hexane  to  yield  1.57  g  (80%)  of  III-OTs  with 
mp  90-91  •. 

Anal.  Calcd  for  Ci»HtoO|S:  C,  69.48;  H,  6.14.  Found: 
C,  69.27;  H.6.35. 

B.    IV-OTs,  mp  74.8-75.8 '',  was  similarly  obtained. 

Anal.    Found:    C,  69.56;  H,6.15. 

7-Metiiylnorboni-7-yl  tosylate,  mp  48-49'',  was  similarly  pre- 
pared from  7-methylnorboraan-7-ol,  mp  98-99°  (lit.*  97-98°). 

Anal.  Calcd  for  CisHtoOsS:  C,  64.25;  H,  7.19.  Found: 
C,  64.44;  H,7.21. 

SK-Metiiylenebenzonorfooraene.  Methyltriphenylphosphonium 
bromide  (7.14  g)  was  added  to  a  stirred  solution  of  12.6  ml  of  15% 
/f-butyllithium-/i-hexane  in  60  ml  of  ether  at  approximately  23° 
over  a  15-min  interval.    The  mixture  was  stirred  for  an  additional 


(22)  A  private  communication  from  Professor  H.  C.  Brown. 

(23)  Melting  points  were  taken  by  capillary  and  are  corrected. 
Boiling  points  are  uncorrected.  Infrared  spectra  were  determined  with 
a  Nippon  Bunko  IR-S  spectrometer  in  carbon  tetrachloride  and  carbon 
disulfide;  nmr  spectra  were  determined  at  60  Mc  with  a  Varian  A-60 
spectrometer  using  tetramethylsilane  as  an  internal  standard* 
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2  hr  until  a  dark  orange  solution  was  obtained.  To  this  a  solution 
of  3.16  g  of  9-benzonorbomenone  in  50  ml  of  tetrahydrofuran  was 
added  and  the  mixture  refluxed  for  10  hr.  The  tetrahydrofuran  was 
evaporated ;  the  residue  was  extracted  with  ether,  washed  with  water, 
dried,  and  evaporated,  leaving  an  oil.  Distillation  of  the  oil  fol- 
lowed by  elution  chromatography  over  Florisil  yielded  1.1  g  (35%) 
of  9-methyIenebenzonorbomene,  bp  76-78°  (5  mm),  /i**d  1.5680. 

Anal.  Calcd  for  CnHu:  C,  92.26;  H,  7.74.  Found:  C, 
92.44;  H,7.88. 

6,7-Dinitrobeiizonorbonien-9-a/f/i-ol.  To  a  solution  of  656  mg  of 
6-nitrobenzonorbomen-9-a/r/i-ol  acetate'^  in  8  g  of  98%  H1SO4 
was  added  a  mixture  containing  225  mg  of  fuming  HNOs  (d  1.5) 
and  450  mg  of  98%  HsS04  at  about  0°,  The  usual  work-up  gave 
480  mg  of  the  crude  dinitro  acetate.  This  compound  was  hy- 
drolyzed  by  heating  for  4  hr  on  a  steam  bath  in  a  solvent  composed 
of  70  ml  of  20  %  HsS04  and  30  ml  of  dioxane.  The  work-up  yielded 
6,7-dinitrobenzonorbomen-9-a/i/i-ol,  mp  130-131°. 

Anal,  Calcd  for  CuHioOftN,:  C,  52.80;  H,  4.03;  N,  11.20. 
Found:    C,  52.96;  H,  4.26;  N,  10.81. 

The  brosylate  was  prepared  by  the  standard  procedure  and  had 
mpl95°. 


Anal,  Calcd  for  CiTHijOrSBrN,:  C,  43.51;  H,  2.79;  N,  5.97. 
Found:    C, 43.54;  H,2.85;  N,6.03. 

6J-Diiiitrobeiizonorborneii-9-5y/f-ol,  mp  148-149°,  was  simflariy 
prepared  by  the  nitration  of  6-nitrobenzonorbonieii-9-jyiK)l 
acetate,  *b  followed  by  hydrolysis. 

Anal,  Calcd  for  QiHioO^N,:  C,  52.80;  H,  4.03;  N,  11  JO. 
Found:    C,  52.88;  H,4.09;  N,  11.03. 

The  acetate  had  mp  216-217°. 

Anal.  Calcd  for  C,JHi,O.N,:  C,  53.43;  H,  4.14.  Found: 
C,  53.42;  H,4.02. 

The  brosylate  had  mp  204-205°. 

Anal.  Calcd  for  CnHiiOrSBrN,:  C,  43.51;  H.  2.79.  Found: 
C,  43.46;  H,  2.84. 

Vpc  analyses  of  solvoiysis  products  were  carried  out  on  a  Hitadu 
gas  chromatograph  Model  F-6,  equipped  with  a  1  X  3  mm  stainless 
steel  column  packed  with  10%  SE  30  on  60-80  mesh  Chromosorb 
W.  Helium  was  used  at  a  pressure  of  1  kg/cm*  as  a  carrier  gn. 
Retention  times  of  anti-  and  5^/i-2-benzo[3,4]bicyclo[3.2.0]bepteiiol 
at  1 50°  were  20.2  and  23. 1  min,  respectively.  Those  of  9-methyieoe- 
benzonorbomene,  III-OAc,  and  IV-OAc  at  120°  were  9.5,  38.4, 
and  35.3  min,  respectively. 


Proximity  Effects.    XL VI.    Stereospecific  Synthesis  of 
CIS'  and  rran5-4-PhenylcyclooctanoP 

Arthur  C.  Cope,^  Michael  A.  McKervey,''  and  Ned  M.  Weinshenker''' 
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Abstract:  The  stereospecific  synthesis  of  cis-  and  /ro/fM-phenylcyclooctanol  via  transannular  reactions  involving 
oxygen-bridged  ring  precursors  is  described.  A  number  of  alternative  paths  involving  cyclizations  with  lead  tetra- 
acetate, mercuric  acetate,  and  mercuric  oxide  and  iodine  have  been  investigated  and  several  products  have  been 
identified.    An  improved  synthesis  of  ci5-5-phenylcyclooctanol  is  described. 


Previous  papers  in  this  series  describe  the  synthesis 
of  cyclooctane  derivatives  as  part  of  a  general 
study  of  proximity  effects  and  transannular  reactions 
in  medium-ring  compounds.^  Our  interest  in  such 
systems  includes  the  use  of  transannular  reactions  to 
develop  convenient  stereospecific  routes  to  the  less 
accessible  phenylcyclooctanols.  The  general  approach 
was  to  synthesize  cyclooctyl  compounds  with  suitably 
constituted  oxygen  bridges  which  could  subsequently 
be  severed  by  hydrogenolysis.  Thus,  in  principle, 
bridge  scission*  of  l-phenyl-9-oxabicyclo[4.2.1]nonane 
(la)  and  l-phenyl-9-oxabicyclo[3.3.1]nonane  (lb)  at  the 
benzylic  carbon-oxygen  bonds  would  give  rise  to  4- 
phenylcyclooctanol  and  5-phenylcyclooctanol,  respec- 
tively. The  utility  of  this  approach  depends  on  the 
hydrogenolysis  occurring  exclusively  at  the  benzylic 
position  and  on  the  ring-opening  process  being  stereo- 

(1)  Supported  in  part  by  Research  Grant  GP-1587  from  the  National 
Science  Foundation. 

(2)  Deceased,  June  4.  1966. 

(3)  (a)  To  whom  enquiries  may  be  addressed  at  the  Department  of 
Chemistry,  Queens  University,  Belfast,  Ireland,  (b)  National  Institutes 
of  Health  Fellow  1965-1966. 

(4)  For  a  general  discussion  see  A.  C.  Cope,  M.  M.  Martin,  and  M.  A. 
McKervey  Quart.  Rev.  (London).  20,  119  (1966). 

(5)  Removal  of  the  carbonyl  bridge  in  compounds  containing  the 
bicyclo[3.3.1]nonan-9-one  sjrstem  offers  a  promising  method  for  the 
synthesis  of  a  variety  of  substituted  cyclooctanes  and  cydooctapolyenes. 
See  A.  C.  Cope,  F.  S.  Fawcett,  and  G.  Munn,  J.  Am.  Chem.  Soc.,  72, 
3399  (1950);  A.  C.  Cope,  E.  S.  Graham,  and  D.  J.  Marshall,  ibid.,  76, 
6159  (1954);  A.  C.  Cope  and  D.  M.  Gale,  ibid.,  85,  3743  (1963);  G.  L. 

Buchanan,  M.  McKillop,  and  R.  A.  Raphael,  J.  Chem.  Soc.,  833  (1965). 


specific.  There  was  ample  evidence  that  the  former 
condition  would  hold;  the  latter  condition  appeared 
less  certain.  As  an  initial  exploration  of  this  idea  this 
paper  describes  the  synthesis  and  hydrogenolysis  of  the 
cyclic  ethers  la  and  b. 

Many  examples  of  the  formation  of  cyclic  ethers  on 
treatment  of  steroidal  alcohols  with  lead  tetraacetate 
have  been  reported.^  The  reaction  has  been  extended 
to  saturated  acyclic/  unsaturated  acyclic,*  and  saturated 
bicyclic'  alcohol  systems.  The  cyclic  ethers  formed 
usually  have  been  five  membered  rather  than  six  mcm- 
bered  although  in  some  cases  mixtures  of  the  two  have 
been  isolated.  For  example,  treatment  of  cyclooctanol 
with  lead  tetraacetate  in  benzene  gave  9-oxabicyclo- 
[4.2.1]nonane;  no  detectable  amount  of  the  1,5  isomer 
could  be  found  in  the  product.*®  Under  similar  con- 
ditions, 1-methylcyclooctanol  gave  a  mixture  (1:3) 
of  l-methyl-9-oxabicyclo[4.2.1]nonane  and  l-methyl-9- 
oxabicyclo[3.3.1]nonane.*°  Thus,  introduction  of  a 
methyl  group  may  alter  the  conformation  of  the  cyclo- 
octane ring  so  as  to  favor  the  formation  of  the  1,5  over 

(6)  Summarized  in  **Steroid  Reactions,**  C.  Djerassi  Ed.,  Holden-D>^ 
Inc.,  San  Francisco,  Calif.,  1963,  Chapter  8. 

(7)  V.  W.  Micovic,  R.  I.  Mamuzic,  D.  Jeremic,  and  M.  Lj.  Mihiilo- 
vie.  Tetrahedron  Letters,  2091  (1963). 

(8)  S.  Moon  and  J.  M.  Lodge,  /.  Org.  Chem.,  29,  3453  (1964). 

(9)  K.   Kiuhonoki  and  A.    MaUuura,   Tetrahedron  Letters,  2263 
(1964). 

(10)  A.  C.  Cope,  M.  Gordon,  S.  Moon,  and  C.  H.  Park,  /.  Am.  Chm- 
5ac.,  87,  3119(1965). 
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the  1,4  oxide.  Other  reagents  which  effect  cyclic  ether 
formation  from  monohydric  alcohols  include  mercuric 
oxide  and  iodine,  lead  tetraacetate  and  iodine,  silver 
oxide  and  bromine,  and  N-iodosuccinimide.  These 
reactions  have  been  reviewed  by  Heusler  and  Kalvoda.  ^  ^ 
Bordwell^*  has  described  the  mercuration  of  4-cyclo- 
octen-1-ol  with  mercuric  acetate  in  the  presence  of 
sodium  acetate.  Reduction  of  the  resulting  S-acetoxy- 
mercuri-9-oxabicyclo[4.2.1]nonane  with  sodium  boro- 
hydride  gave  9-oxabicyclo[4.2.1]nonane  uncontam- 
inated  by  the  [3.3. 1]  isomer. 

In  the  present  study,  l-phenyl-4-cycIoocten-l-ol 
(2),  prepared  from  4-cycloocten-l-one  and  phenyl- 
magnesium  bromide,  was  treated  with  lead  tetraacetate 
in  boiling  chloroform  for  10  hr.  Gas  chromatographic 
and  infrared  analysis  of  the  crude  product  indicated  the 
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presence  of  a  saturated  acetate  (97  %)  in  addition  to  two 
minor  components  (3%).  One  of  the  minor  com- 
ponents^' appeared  to  be  a  mixture  of  phenylcycloocta- 
dienes  formed  presumably  by  dehydration  of  the  start- 
ing alcohol  during  the  reaction  or  during  the  gas  chro- 
matographic analysis.  The  saturated  acetate  fraction, 
which  could  be  obtained  pure  by  distillation,  had 
significant  infrared  absorption^^  at  1730,  1070,  and 
1025  cm~^  It  was  further  resolved  by  gas  chroma- 
tography into  the  isomers  3a  and  b  (present  in  about 
equal  amounts).  It  was  not  necessary  at  this  stage  to 
determine  the  stereochemistry  of  the  acetoxy  substituent 
since  the  asymmetry  at  this  position  was  to  be  removed 
in  a  subsequent  step.  It  follows  however  from  analogy 
with  a  similar  reaction  with  4-cycloocten-l-ol."    The 

(11)  K.  Heusler  and  J.  Kalvoda,  Angew,  Chem.  Intern,  Ed.  Engl,  3, 
525  (1964),  and  references  contained  therein. 

(12)  F.  G.  Bordwell  and  M.  L.  Douglass,  /.  Am.  Chem.  Soc.,  88,  993 
(1966). 

(13)  Comparison  based  only  on  retention  time  on  gas  chromatog- 
raphy. 

(14)  9-Oxabicyclo[4.2.1)nonane  and  9-o}iabicyclo[3.3.1]nonane  have 
distinguishing  infrared  bands  at  1065  and  1022  cnr\  respectively. 

(15)  We  observed  initially  that  the  reaction  of  4-cycloocten-l-ol 
with  lead  tetraacetate  gave  a  mixture  of  the  acetoxy  ethers  i  and  ii  in  high 


acetate  mixture  was  reduced  with  lithium  aluminum 
hydride  to  give  a  mixture  of  the  secondary  alcohols 
4a  and  b  (approximately  equal  amounts).  Oxidation 
with  chromium  trioxide  in  pyridine  gave  the  corre- 
sponding ketones  5a  and  b.  Wolif-Kishner  reduction 
of  the  ketone  mixture  afforded  the  ethers  la  (60%)  and 
b  (40%)  in  95%  yield.  Partial  separation  of  the  ether 
mixture  was  achieved  by  crystallization  from  pentane 
at  —78^.  Isomer  lb  separated  as  a  crystalline  solid, 
mp  47-47.5®,  and  the  filtrate,  which  was  enriched  (70- 
75  %)  with  isomer  la,  could  be  further  purified  by  chro- 
matography on  alumina.  In  this  way  la  was  obtained 
90  %  isomerically  pure. 

The  method  of  oxymercuration  followed  by  reduction 
is  of  synthetic  value  for  ethers,  alcohols,  and  lac- 
tones. "•*•  This  route  was  chosen  in  an  attempt  to 
increase  the  amount  of  the  [4.2. 1]  isomer  initially  present 
in  the  mixture.  Addition  of  the  mercuri  group  was 
also  chosen  in  the  hope  that  a  crystalline  product  would 
be  obtained.  Mercuration  of  l-phenyl-4-cycloocten-l- 
ol  with  mercuric  acetate  in  the  presence  of  sodium 
acetate  proceeded  rapidly  at  room  temperature  to  give 
a  mixture  of  l-phenyl-5-acetoxymercuri-9-oxabicyclo- 
[4.2.1]nonane  (&i)  and  l-phenyl-4-acetoxymcrcuri-9- 
oxabicyclo[3.3.1]nonane  (6b)  as  a  crystalline  solid. 
The  isomeric  composition  could  not  be  determined 
directly  but  sodium  borohydride  reduction**  of  the 
mixture  gave  the  ethers  la  (70%)  and  b  (30%).  In 
addition  it  was  found  that  fractional  crystallization  of  6 
gave  the  [4.2.1]  isomer  6a  as  the  less  soluble  fraction 
and  in  this  way  the  purity  of  this  isomer  was  increased 
to  >95  %.  Reduction  of  6a  with  sodium  borohydride 
gave  la  in  62%  yield.  The  formation  of  the  acetoxy- 
mercuri  ethers  6a  and  b  indicates  that  a  functional 
group  such  as  hydroxyl  can  participate  in  a  transannular 
reaction  as  an  internal  nucleophile.  The  stereochem- 
istry of  the  oxymercuration  products  was  not  deter- 
mined but  the  relative  configurations  of  the  oxygen  atom 
and  the  acetoxymercuri  substituent  in  the  product  will 
be  trans  as  shown  on  the  basis  of  the  normal  trans 
addition  to  the  olefinic  bond.****-" 

We  also  undertook  a  study  of  the  photochemically 
induced  reaction  of  1-phenylcyclooctanol  with  mercuric 
oxide  and  iodine  to  determine  whether  the  1-phenyl- 
cyclooctyloxy  radical  would  undergo  a  transannular 
rearrangement  of  the  type  observed  in  the  photochem- 
ical decomposition  of  1-methylcyclooctyl  hypochlo- 
rite. **  The  action  of  such  reagents  as  mercuric  oxide 
and  iodine  or  mercuric  acetate  and  iodine  on  mono- 
hydric alcohols  may  also  involve  transannular  hydrogen 
abstraction  through  the  decomposition  of  the  in  situ 
produced  hypoioditcs.  Unlike  hypochlorites,  these 
hypoioditcs  have  not  been  isolated  or  characterized.** 
A  complex  mixture  of  products  was  obtained  on  ir- 

yield.  The  configuration  of  the  acetoxy  substituent  in  both  isomers  was 
established  to  be  as  shown:  A.  C.  Cope  and  M.  A.  McKervey,  unpub- 
lished results. 
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(16)  H.  B.  Henbestand  B.  Nicholls,/.  Chem.  Soc.,  227  (1959). 

(17)  T.  G.  Traylor.y.  Am.  Chem.  Soc,  86,  244  (1964). 

(18)  M.  M.  Kreevoy  and  F.  R.  Kowitt,  ibid.,  82,  739  (1960). 

(19)  A.  C.  Cope.  R.  S.  Bly.  M.  M.  Martin,  and  R.  C.  Petterson,  ibid., 
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radiation  of  1-phenylcyclooctanol  (7)  in  cyclohexane 
containing  mercuric  oxide,  iodine,  and  calcium  carbo- 
nate. Two  of  the  major  products,  isolated  in  ^^30% 
yield  by  chromatography  and  distillation,  were  identi- 
fied as  the  desired  ethers  la  and  b.  8-Iodo-l-phenyl- 
octan-1-one  (8),  the  product  of  the  type  of  ring-opening 
rearrangement  predominating  in  the  decomposition  of 
five-  and  six-mcmbered  cyclic  tertiary  hypohalites,*^*** 
was  also  isolated.  Thus  a  total  of  at  least  30  %  of  the 
photochemical  reaction  proceeded  via  transannular 
radical  rearrangements  involving  both  the  4  position 
(r^l5%)  and  the  5  position  (^^15%)  of  the  cyclooctane 
ring.*'  Three  methods  for  the  preparation  of  the 
ethers  la  and  b  were  thus  in  hand. 

In  order  to  establish  the  stereochemistry  of  the  hy- 
drogenolysis  of  la  and  b,  a  number  of  points  were  con- 
sidered. First,  we  expected  cleavage  to  occur  ex- 
clusively at  the  benzylic  position  and  indeed  when  the 
hydrogenolysis  was  carried  out  in  ethanol  containing  a 
trace  of  perchloric  acid*^  using  palladium  as  catalyst  the 
ethers  gave  products  which  were  clearly  the  desired 
secondary  alcohols.  Second,  the  availability  of  cis- 
and  /ra/i5-S-phenylcyclooctanol  from  another  synthetic 
sequence*^  provided  a  direct  check  on  the  stereospec- 
ificity  of  hydrogenolysis  of  isomer  lb.  This  isomer 
gave  an  alcohol  9b  which  was  identical  in  melting  point 
and  infrared  spectrum  with  a  sample  of  c/5-S-phenyl- 
cyclooctanol  prepared  by  Cope  and  Kinnel.**'**  The 
hydrogenolysis  proceeds  therefore  with  inversion  of 
configuration  at  the  benzylic  carbon  atom.''  A  similar 
reaction  with  isomer  la  gave  a  crystalline  alcohol,  mp 
79-80.5^,  to  which  we  assign  the  cis  configuration  9a. 
For  comparative  purposes  9a  was  converted  to  trans-A- 
phenylcyclooctanol  by  tosylation,  inversion  with  tetra- 
ethylammonium  acetate,  and  reduction  of  the  resulting 
rran5-4-phenylcyclooctyl    acetate    with    lithium    alu- 

(21)  F.  D.  Greene,  M.  L.  Savitz,  H.  H.  Lau,  F.  D.  Osterholtz,  and 
W.  N.  Smith,  /.  Am.  Chem.  Soc.,  83,  2196  (1961). 

(22)  (a)  T.L.  Cairns  and  B.E.Englund,/.  Org.  CAem.,  21,  140(1956); 
(b)  J.  W.  Wilt  and  J.  W.  Hill,  ibid.,  26,  3523  (1961). 

(23)  About  60%  of  the  decomposition  of  1-methylcyclooctyl.  hypo- 
chlorite proceeded  via  transannular  rearrangement  involving  both  the  4 
position  (35%)  and  the  5  position  (24%);  see  ref  19. 

(24)  In  the  absence  of  perchloric  acid  the  hydrogenolysis  proceeds 
much  more  slowly. 

(25)  A.  C.  Cope  and  R.  B.  Kinnel.  J.  Am.  Chem.  Soc.,  88,  752  (1966). 

(26)  The  earlier  synthesis  involved  a  tedious  fractional  crystallization 
of  a  mixture  of  cis-  and  rroiu- 5-phenylcydooctyl  3,5-dinitroben2oates, 
the  cis  isomer  being  the  less  soluble  in  chloroform-ethanol. 

(27)  For  a  discussion  of  the  stereochemistry  of  hydrogenolysis  of 
some  benzyl  ethers  see  S.  Mitsui.  Y.  Senda,  and  K.  Konno,  Chem,  Ind. 
(London),  1354  (1963),  and  references  contained  therein. 


minum  hydride.  The  trans  alcohol^  thus  obtainei 
mp  63-64.5**.  The  infrared  spectra  of  the  cis  and 
alcohols  showed  significant  differences;  in  parti 
the  cis  isomer  had  a  strong  band  at  985  cm~~^ 
was  absent  in  the  spectrum  of  the  trans  isomer.  ** 
ium  aluminum  hydride  reduction  of  4-phenylcyd< 
none  gave  a  crystalline  product,  mp  44-52^,  whic 
shown  by  infrared  to  be  a  mixture  of  the  cis  and 
alcohols. 

Experimental  Section'^ 

l-Pliaiyl-4-cycloocten-l-ol  (2).  A  solution  of  4<ycloo 
one  (25  g)  in  anhydrous  ether  (1(X)  ml)  was  added  dropwiae 
45  min  to  a  stirred  solution  of  phenylmagnesium  bromide  pc 
from  bromobenzene  (34.8  g)  and  magnesium  (5.3  g)  in  anh 
ether  (250  ml).  The  mixture  was  stirred  for  an  additional 
and  was  then  treated  with  saturated  anunonium  chloride  sc 
The  solids  were  removed  by  filtration,  and  the  solvent  wa 
orated  to  give  a  yellow  oil  (41  g).  A  34-g  fraction  was  c 
through  a  6-in.  Vigreux  column  to  yield  a  main  fractioo  of 
(75.7%)  of  the  pure  alcohol,  bp  106-109°  (0.02  mm). 

Anal.  Calcd  for  CuHioO:  C,  83.12;  H,  9.01.  Foun 
83.30;  H,8.97. 

l-Plienyl-5-acetoxy-9-oxaUcyclo[4.2.1]noiiaiie  (3a)  and  \A 
4-aceCoxy-9-oxaUcyclo[33.1]noiiaiie  (3b).  Commercial  Icac 
acetate*^  (20  g)  was  dried  at  25"*  (0.05  mm)  for  1  hr.  A  solu 
l-phenyl-4-cycloocten-l-ol  (2)  (5  g)  in  reagent  grade  chlorofoi 
ml)  was  added  to  the  lead  tetraacetate,  and  the  mixture  was 
under  reflux  for  1 0  hr .  (In  larger  scale  preparations  it  was  ne 
to  use  mechanical  stirring  and  to  add  the  alcohol  slowly  to 
tion  of  lead  tetraacetate  in  chloroform  as  the  initial  reacti 
exothermic.)  The  reaction  mixture  was  cooled  and  excess  lea 
acetate  was  destroyed  by  the  addition  of  ethylene  glycol  ( 
The  solution  was  poured  into  a  large  volume  of  water  a 
chloroform  layer  was  separated  and  washed  with  two  5-nil  p 
of  10%  sodium  thiosulfate  solution  and  water.  After  dryi 
solvent  was  removed  to  give  a  viscous  oil  (6.55  g).  Dist 
yielded  5.05  g  (77%)  of  a  mixture  of  the  acetoxy  ethers  3a 
bp  131-135''  (0.22  nun).  Gas  chromatographic  analysis  oo  a 
0.25  in.  i.d.  5  %  XF-1 1 50  column  at  180°  showed  the  |»%seno 
two  isomers  in  the  ratio  49.5 :50.5.  A  sample  from  a  simila 
aration  was  redistilled  at  135-136''  (0.4  nun)  and  was  an 
The  infrared  spectrum  showed  no  olefinic  or  hydroxy!  abs( 
but  had  sig^cant  bands  at  1730, 1070,  and  1025  cm-^  In  i 
of  preparations  the  yields  ranged  from  60  to  84%  after  distill 

Anal.  Calcd  for  Ci«HmOs:  C,  73.82;  H,  7.74.  Foun 
7413;  H.7.80. 

l-Plienyl-5-hydroxy-9-oxaMcycio[4.2.1]Doiuuie  (4a)  and  14 
4-hydroxy-9-oxabicyclo[3.3.1]noiiaiie  (4b).  A  solution  of  tl 
toxy  ether  mixture  3a  and  b  (20  g)  in  anhydrous  ether  (50 1 
added  dropwise  to  a  stirred  slurry  of  lithium  aluminum  t 
(2.25  g)  in  anhydrous  ether  (200  ml).    The  mixture  was  stir 

(28)  Our  stereochemical  assignments  were  supported  in  the  fo 
way:  reacdon  of  rraiu-4-phenylcyclooctanol  with  lead  tetraaoeti 
back  the  ether  la  as  the  major  product  whereas  the  cis  isom 
a  mixture  of  products  which  contained  no  detectable  amount  of 
similar  reaction  with  /roiu- 5-phenylcyclooctanol  gave  the  ethe 
high  yield  whereas  the  cis  isomer  gave  compound  iii  as  the  majo 
uct:  A.  C.  Cope,  R.  B.  Kinnel,  M.  A.  McKervey,  and  N.  M. 
henker,  unpublished  results. 


©T 


Ul 

(29)  Both  isomers  had  identical  retention  times  on  aU  the  gi 
matography  columns  available;  the  corresponding  acetates  i 
fluoroacetates  were  also  inseparable  by  gas  chromatography, 
ture  melting  point  diagram  for  the  alcohols  showed  that  1^  thai 
either  isomer  in  a  mixture  produced  a  measurable  depressioo 
melting  point  (see  Experimental  Section). 

(30)  Melting  points  were  taken  on  a  Thomas-Hoover  mdtin 
apparatus  and  are  uncorrected;  boiling  points  are  uncorrected 
chromatographic  analyses  were  carried  out  using  an  F  &  M  Mo 
gas  chromatograph.  Nnu"  spectra  were  recorded  on  a  Varian 
ates  A-60  instrument  Microanalyses  were  performed  by  Dr 
Nagy  and  his  associates.  Except  as  noted  the  drying  agent  en 
was  sodium  sulfate  and  solvents  were  removed  under  reduced  pi 

(31)  Aceto  Clhemical  Co.  Inc.,  Flushing,  N.  Y. 
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itional  1 .5  hr  and  was  then  treated  cautiously  with  cold  water, 
ledpitate  was  separated  and  the  ether  solution  evaporated 

IM  g  (100%)  of  a  viscous  oil  which  partially  solidified  on 
ig.  The  infrared  spectrum  of  this  material  showed  strong 
\y\  absorption  and  the  absence  of  acetate  absorption.  Gas 
itographic  analysis  (10-ft,  10%  XF-1150  column  at  198"*) 
i  that  4a  and  b  were  present  in  about  equal  amounts.  A 
!  was  recrystallized  several  times  from  benzene-pentane  and 
len  sublimed  at  TO''  (0.1  mm).  The  highest  melting  point 
cd  was  73-74.5°;  gas  chromatography  showed  that  this 
al  still  contained  both  isomers. 

f.    Calcd  for  QiHuOi:    Q  77.03;   H,  8.31.    Found:    Q 
H,8.46. 

iaiyK5-Oixo-9-oxabicyclo[4^1Xioiiaiie  (5a)  and  l-PheByl-4- 
iKaliicyclo[3.3.1Xioiiiiiie  (5b).  A  solution  of  the  alcohol 
e  4a  and  b  (23.3  g)  in  pyridine  (50  ml)  was  added  to  the 
9C**  prepared  from  chromium  trioxide  (25  g)  and  pyridine 
d).  The  resulting  brown  mixture  was  stirred  at  room  tem- 
re  for  15  hr  and  was  then  diluted  with  ether  (200  ml).  The 
were  removed  by  filtration  through  Celite,  and  the  filtrate 
luted  with  cold  water  (1  1.)  and  the  organic  layer  separated, 
[ueous  layer  was  extracted  five  times  with  ether  (total  volume 
il),  and  the  combined  organic  extracts  were  washed  repeatedly 
Mt  dilute  hydrochloric  add.  The  dried  ether  solution  was 
ated  to  give  an  oU  (22.5  ^.  Distillation  gave  18.1  g(  78.5  %), 
-139®  (0.55  mm).  Gas  chromatographic  analysis  on  a  10-ft, 
F-1150  column  at  220"*  showed  the  presence  of  the  two  iso- 
n  unequal  amounts  (ca,  37:63).  A  sample  collected  from 
e  rubber  at  200°  was  analyzed. 
'.    Calcd  for  Ci«HiiQi:    Q  77.75;   H,  7.46.    Found:    C, 

H,  7.44. 
ia4rl-94>xabicyclo[4.2.1]noiiaiie  (la)  and  l-Phenyl-9-oxabi- 
Aiytfomm  (lb).  The  above  ketone  mixture  (18  g),  95% 
tnis  hydrazine  (8.7  ^,  potassium  hydroxide  (35  g),  and  ethyl- 
vol  (200  ml)  were  heated  at  130°  for  1  hr.  The  temperature 
»wly  raised  to  175°  and  maintained  for  2.5  hr.  The  mixture 
oled  and  diluted  with  water  (500  ml).  The  aqueous  solution 
tracted  with  three  1 50-ml  portions  of  ether,  and  the  combined 
s  were  washed  with  water  and  dried.  Removal  of  the  solvent 
S.8  g  (95%)  of  a  colorless  oil  which  was  shown  by  gas  chro- 
-apty  on  a  5-ft  5%  XF-1150  column  at  175°  to  contain  95% 
ixture  of  the  [4.2.1]  isomer  la  (60%)  and  the  [3.3.1]  isomer  lb 

Partial  separation  of  the  two  isomers  was  achieved  by 
lization  firom  pentane  at  —78°.  Isomer  lb  separated  as  a 
tiiie  solid.  RecrystaUization  from  pentane  gave  needles, 
-47.7". 

'.    Caicd  for  Q«Hi«0:    C,  83.12;    H,  8.97.    Found:    Q 
H,9.04. 

filtrate  fi'om  the  above  fractional  crystallization  was  enriched 
)-75%)  with  the  isomer  la.  Further  fractionation  was 
xl  by  chromatography  on  Merck  acid-washed  alumina.  In 
y  isomer  la  was  obtained  in  about  90%  isomeric  purity. 
ie4yl-5HweCoxynMrciiri-94Kzabicyclo[4.2.1]noiiaiie  (6a).  To  a 
'  stirred  solution  of  mercuric  acetate  (32.2  g)  and  sodium 
!  (9  g)  in  distilled  water  (TOO  ml)  was  added  l-phenyl-4-cyclo- 
-d  (2)  (20.4  g)  in  methanol  (50  ml).  The  solid  which 
podted  after  1  hr  was  isolated  by  filtration  and  washed  with 

There  was  obtained  34  g  of  a  mixture  which  contained  70% 
[4JL1]  isomer  6a  and  30%  of  the  [3.3.1]  isomer  6b.  Frac- 
crystallization  from  benzene-pentane  (1:1)  gave  13.5  g  of 
il,  mp  140-142.5°,  containing  91.5%  of  isomer  6a.  An 
oal  6.5  g,  mp  140-141.5°,  was  obtained  by  similar  treatment 
filtrate  residues.  These  two  fractions  were  combined  and 
allized  from  a  mixture  of  benzene  (125  ml)  and  pentane  (75 
give  15.5  g,  mp  141-143°.  This  material  contained  >95% 
somertia. 

'.  Qdcd  for  Q«HMHgOs:  C,  41.69;  H,  4.37.  Found: 
4;  H,4.15. 

distribution  in  the  above  organomercurials  was  determined 
ing  5  mg  of  the  solid  to  0.25  ml  of  a  sodium  hydroxide  solu- 
'  sodium  borohydride.  The  mixture  was  shaken  for  a  few 
a  and  extracted  with  pentane.  The  pentane  solution  was 
nalyzed  by  gas  chromatography  on  an  8-ft  20%  LAC-728 
1  at  210°. 

aqrl-9-oxabicyclo[4.2.1]noiiaiie  (la).  The  mercurial  6a 
was  suspended  in  0.5  M  sodium  hydroxide  solution  (200  ml) 
irred  rapidly  while  a  solution  of  sodium  borohydride  (1  g) 


in  2.5  M  sodium  hydroxide  (30  ml)  was  added  over  30  min.  Pen- 
tane (50  ml)  was  added,  and  stirring  was  continued  for  2  hr.  The 
pentane  layer  was  separated,  and  the  aqueous  layer  was  extracted 
with  two  100-ml  portions  of  pentane.  The  combined  pentane  solu- 
tions were  washed  with  water  and  dried.  Removal  of  the  solvent 
followed  by  disUllation  gave  3.95  g  (61.5%)  of  la,  bp  89-92°  (0.25 
mm).  Gas  chromatographic  analysis  showed  that  the  product 
contained  less  than  3  %  lb. 

Anai,  Calcd  for  Ci4Hi«0:  C,  83.12;  H,  8.97.  Found:  C, 
83.01;  H,9.05. 

In  a  similar  experiment  the  yield  was  77  %.  The  residue  from  the 
distillation  contained  mostly  the  fragmentation  product  l-phenyl-4- 
cycloocten-1-ol. 

c/j^Phenykydooctanol  (9a).  A  solution  of  la  (3.0  g)  in  ab- 
solute ethanol  (30  ml)  containing  10%  palladium  on  charcoal 
(0.75  g)  and  two  drops  of  perchloric  acid  was  hydrogenated  at  at- 
mospheric pressure  until  hydrogen  uptake  had  ceased.  The  catalyst 
was  removed  by  filtration,  and  the  solvent  was  evaporated  to  leave 
an  oil  which  soon  crystallized.  RecrystaUization  from  hexane  gave 
2.25  g  of  c/.^-4-phcnylcyclooctanol  as  needles,  mp  76-78.5°.  An 
analytical  sample,  mp  79-80.5°,  was  obtained  by  several  recrystal- 
lizations  from  hexane.  The  molecular  weight  obtained  by  mass 
spectrometry  was  202.  The  infrared  spectrum  (KBr)  showed  bands 
at  1092, 1075, 1054, 985, 897, 759,  and  703  cmrK 

Anal.  Qdcd  for  QiHtoO:  C,  82.30;  H,  9.87.  Found:  C, 
81.94;  H,9.92. 

c/>4-Plienylcydooctyl  Tosyiate.  c/M-Phenylcyclooctanol  (5  g) 
was  dissolved  in  pyridine  (50  ml),  and  /^toluenesulfonyl  chloride 
(9.3  g)  was  added.  The  solution  was  kept  at  5  °  for  1 6  hr.  Crushed 
ice  was  added  to  bring  the  total  volume  to  100  ml,  and  an  oil  sep- 
arated. Addition  of  an  additional  100  ml  of  cold  water  with 
stirring  caused  the  oil  to  crystallize.  The  solid  was  collected  and 
dissolved  in  methylene  chloride.  After  drying,  the  solvent  was 
removed  to  leave  an  oil  which  solidified  on  standing.  There  was 
obtained  8.6  g  (98%),  mp  63-65.5°.  Two  crystallizations  fi'om 
pentane  gave  an  analytical  sample,  mp  67-67.5°. 

Anal,  Cakd  for  C»HsoOiS:  C,  70.35;  H,  7.31.  Found: 
C,  70.11;  H,7.22. 

/fwi>4-PlienylcyclooctaiioL  Crude  ci>-4-phenylcyclooctyl  tosyi- 
ate (7.45  g)  was  added  to  a  solution  of  tetraethylammonium  aceUte 
(35  g)  in  reagent  grade  acetone  (3(X)  ml)  containing  Linde  Molecular 
Sieves.  The  mixture  was  heated  under  reflux  for  24  hr,  and  most 
of  the  solvent  was  then  removed  under  reduced  pressure.  The 
residue  was  dissolved  in  water  and  extracted  with  ether.  The  ether 
solution  was  washed  with  water  and  dried.  Removal  of  the  solvent 
gave  an  oil  (4.0  g).  Gas  chromatographic  analysis  on  a  2-ft  20% 
SB  30  column  at  190°  showed  the  presence  of  /nu»-4-phenyk:yclo- 
octyl  acetate  (63%)  and  a  mixture  of  4-  and  5-phenykyclooctene 
(37%).  The  total  reaction  product  was  dissolved  in  ether  (50 
ml),  and  lithium  aluminum  hydride  (0.5  g)  was  added  in  small  por- 
tions with  stirring.  The  mixture  was  heated  under  reflux  for  1  hr 
and  then  treated  cautiously  with  cold  water  and  10%  hydrochloric 
acid.  The  ether  layer  was  separated  and  dried.  Removal  of  the 
solvent  gave  an  oil  (3.5  g).  The  oil  was  dissolved  in  pentane 
(30  ml)  and  was  allowed  to  stand  at  -5°  for  24  hr.  The  crystals 
obtained  (1.7  g)  had  mp  60-62°.  Crystallization  from  hexane  gave 
1.55  g  (36.5%),  mp  61-62°.  An  analytical  sample,  mp  63-64.5°, 
was  obtained  by  recrystallization  from  hexane.  The  infrared  spec- 
trum (KBr)  showed  bands  at  1049,  1035,  1010,  915,  759,  and  703 
cm"*. 

AnaL  Calcd  for  CuHsoO:  C,  82.30;  H,  9.87.  Found:  C, 
82.24;  H,9.62. 

4-Plienylcyciooctanoiie.  c/5^Phenylcyclooctanol  (1.0  g)  in 
acetone  (5  ml)  was  oxidized  with  an  excess  of  Jones  reagent**  at 
room  temperature  for  24  hr.  The  mixture  was  poured  into  water 
and  extracted  with  three  25-ml  portions  of  ether.  The  combined 
extracts  were  washed  with  saturated  sodium  bicarbonate  solution 
and  dried.  Removal  of  the  solvent  gave  0.9  g  (9 1  %)  of  an  oil  which 
was  shown  by  gas  chromatography  on  a  2-ft  20%  SE  30  column  at 
190°  to  be  98%  pure.  A  sample  collected  from  the  same  column 
was  analyzed. 

AnaL  Calcd  for  CuHioO:  C,  83.12;  H,  8.97.  Found:  C, 
82.75;  H,  8.93. 

The  tosylhydrazone  prepared  in  ethanol  and  recrystallized  from 
the  same  solvent  had  mp  128-130°. 

AnaL  Cakd  for  CaHnNjOtS:  C,  68.07;  H,  7.07;  N,  7.56. 
Found:    C,  67.65 ;  H,  7. 1 1 ;  N,  7.55. 


O.  L  Foot.  O.  E.  Arth,  R.  E.  Beyler,  and  L.  R  Sarett,  /.  Am, 
Soe.,  7i.  422  (1953). 


(33)  A.  Bowers,  T.  G.  Halsall,  E.  R.  H.  Jones,  and  A.  J.  Lemiiu  J^ 
Chem,  Soc„  2548  (1953). 
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c/j^S-Phenylcydooctanol  (9b).  A  solution  of  l-phenyl-9-oxa- 
bicyclo[3.3.1]nonane  (lb)  (3.25  g)  in  absolute  ethanol  (35  ml)  con- 
taining 10%  palladium  on  charcoal  (1.0  g)  and  six  drops  of  per- 
chloric acid  was  hydrogenated  until  hydrogen  uptake  had  ceased. 
The  catalyst  was  removed  by  filtration  through  Celite,  and  the 
filtrate  was  treated  with  ten  drops  of  saturated  potassium  bi- 
carbonate solution  and  then  concentrated  at  reduced  pressure.  The 
residual  semisolid  was  dissolved  in  ether,  and  the  ether  solution  was 
washed  with  water  and  dried.  Removal  of  solvent  gave  a  white 
solid  (3.2  g),  mp  66-68°.  Two  crystallizations  from  hexane  gave 
crystals,  mp  69.5-70.5°  (lit."  mp  70-71  °).  The  infrared  spectrum 
of  the  product  was  identical  with  that  of  rij-5-phenylcyclooctanol 
described  by  Cope  and  Kinnel.  ** 

Uthium  Alimdnum  Hydride  Reduction  of  4-Phenylcyciooctanoiie. 
Lithium  aluminum  hydride  (100  mg)  was  added  to  the  ketone  (200 
mg)  in  ether  (5  ml).  The  mixture  was  allowed  to  stand  at  room 
temperature  for  1  hr.  Cold  water  and  dilute  hydrochloric  add 
were  added,  and  the  ether  layer  was  separated,  washed  with  water, 
and  dried.  Removal  of  solvent  gave  an  oil  (ca,  220  mg).  This 
material  crystallized  in  part  from  pentane  at  —5°  after  6  weeks. 
The  crystals  obtained  had  mp  44-52°.  The  infrared  spectrum 
showed  that  the  product  was  a  mixture  of  cis-  and  /ran>4-phenyl- 
cyclooctanol. 

Mixtures  of  cis-  and  /mn5-4-phenyk;yclooctanol  were  prepared 
and  their  melting  point  ranges  were  determined  (see  Table  I). 


Table  I 


%cis 

Mp,  °C 

%cis 

Mp,  °C 

0.0 

61.5-62.5 

76.8 

56.5-71.0 

7.55 

55.5-59.5 

85.3 

68.5-75.5 

21.9 

50.0-56.5 

95.4 

72.5-78.0 

35.0 

45.0-47.0 

100.0 

79-79.5 

51.5 

44.0-52.0 

1-Phenyicyciooctaiiol.  The  white  crystalline  hydrate,  prepared 
by  the  method  of  Cope  and  Kinnel,**  could  be  distilled  at  125.5- 
127  °  ( 1 .0  mm)  to  give  the  anhydrous  product  as  a  viscous  oil. 

AnaL  Cakd  for  CuHsoO:  C.  82.30;  H,  9.87.  Found:  C, 
82.40;  H,9.83. 

Reaction  of  1-Phenylcyciooctanoi  with  Mercuric  Oxide  and  Iodine. 
Anhydrous  1-phenylcyclooctanol  (25  g)  was  dissolved  in  cyclo- 
hexane  (500  ml)  in  a  1-1.  flask  fitted  with  a  stirrer  and  a  condenser 
set  for  reflux.  Calcium  carbonate  (50  g)  and  red  mercuric  oxide 
(150  g)  were  added,  and  the  mixture  was  stirred  and  heated  to 
boiling  with  a  GE  274-w  sunlamp.  Iodine  (100  g)  was  added  in 
small  portions  through  the  condenser  over  a  period  of  45  min. 
The  mixture  was  stirred  and  irradiated  for  an  additional  3  hr. 
After  cooling,  the  solids  were  removed  by  filtration,  and  the  filtrate 
was  washed  with  10%  sodium  thiosulfate  solution  (350  ml)  and 


dried.  Removal  of  solvent  gave  a  yellow  oil  (35  g).  The  oil  was 
dissolved  in  pentane  and  chromatographed  on  add-washed  alumina 
(350  g).  Elution  with  pentane  (12O0  ml)  gave  an  oil  ( 11 .7  g)  in  sev- 
eral fractions.  Distillation  afforded  7.25  g  (29.3  %)  of  a  mixture  of 
la  and  b,  bp  101-1 15°  (0.75  mm).  Gas  chromatographic  analysts 
indicated  that  the  two  ethers  were  present  in  about  equal  amounti 
The  mixture  was  dissolved  in  pentane  (65  ml),  and  the  solution  vras 
cooled  at  —75°  for  30  min.  The  crystals  were  isolated  to  give  II 
g  of  lb  uncontaminated  with  la.  The  filtrate  yielded  an  oil  con- 
taining la  (65%)  and  lb  (35%).  The  yield  of  the  ether  mixture 
varied  from  20  to  35  %  in  similar  runs. 

Further  elution  of  the  column  during  the  chromatography  yielded 
a  third  product  which  was  shown  to  be  8-iodo-l-phenyloctan-l-one 
(8).  After  several  recrystallizations  from  pentane  it  had  a  melting 
point  of  41.5^2°. 

Anal.  Calcd  for  Ci4H,»10:  C,  50.92;  H,  5.79;  I,  38.43. 
Found:    C,  51.21;  H,  5.79;  I,  38.18. 

Reduction  of  S-Iodo-l-pbnyiocCan-l-oiie  (8).  The  iodide  (0.5  g) 
was  dissolved  in  gladal  acetic  add  (7  ml),  and  zinc  dust  (1.0  g)  was 
added.  The  mixture  was  heated  on  a  steam  bath  with  occasional 
stirring  for  20  min.  The  solution  was  decanted,  and  the  residual 
solid  was  washed  several  times  with  pentane.  Water  was  added  to 
the  acetic  add-pentane  mixture,  and  the  organic  layer  was  sep- 
arated. The  pentane  solution  was  washed  several  times  with 
saturated  sodium  bicarbonate  solution  and  dried.  Removal  of  the 
solvent  gave  an  oil  (3(X)  mg)  which  was  90%  pure  by  gas  chroma- 
tography. The  infrared  spectrum  of  a  sample  collected  from  a  2-ft 
20%  SB  30  column  at  200°  was  identical  with  that  of  heptyl  phenyl 
ketone  described  below. 

A  portion  was  converted  to  the  dinitrophenylhydrazone  which 
had  mp  1 1 3-1 1 5  °  after  recrystallization. 

Heptyl  Phenyl  Ketone.  Octanoic  add  (5.0  g)  and  thionyl  chlo- 
ride (7  ml)  were  heated  on  a  steam  bath  for  1  hr.  The  cncss 
thionyl  chloride  was  removed  at  reduced  pressure,  and  the  residue 
was  dissolved  in  benzene  (10  ml).  The  benzene  solution  was 
added  slowly  (caution)  to  a  suspension  of  aluminum  chloride 
(10.0  g)  in  benzene  (50  ml).  When  the  addition  was  complete,  the 
mixture  was  heated  on  a  steam  bath  for  1  hr  and  then  was  poured 
onto  crushed  ice.  The  benzene  layer  was  separated,  washed  with 
10%  sodium  bicarbonate  solution  and  water,  and  dried.  Removal 
of  the  solvent  left  an  oil  which  was  purified  by  dissolution  in  pentane 
and  addition  of  activated  charcoal.  The  pentane  solution  was 
filtered  and  cooled  to  — 10°.  The  crystals  which  could  be  obtained 
by  rapid  filtration  melted  at  room  temperature.  A  pure  sample  of 
heptyl  phenyl  ketone  (a  band  appeared  in  the  infrared  at  1685  cnrO 
was  obtained  by  preparative  gas  chromatography  on  a  2-ft  10% 
SB  30  column  at  200°. 

The  2,4-dinitrophenylhydrazone  had  mp  113-116**  after  reciys- 
tallization  from  ethanol.  It  showed  no  mdting  point  depresaoo 
when  mixed  with  the  2,4-dinitrophenylhydrazone  of  heptyl  phenyl 
ketone  prepared  by  reduction  of  the  iodide  described  above. 

Anai.  Ca)cd  for  CsoHs4N40«:  C,  62.48;  H,  6.29;  N,  14.58. 
Found:    C,  62.18;  H,  6.33;  N,  14.84. 
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Abstract:  A  previous  study  on  the  reactivity  of  isopropyl  methylphosphonofluoridate  with  various  anions  of 
hydroxybenzenes  indicated  that  the  incorporation  of  a  cationic  site  into  the  benzene  nucleus  increased  the  reactivity 
of  the  anion  relative  to  its  basic  strength.  In  this  work,  the  reactivities  of  different  cationically  substituted  nucleo- 
philes  have  been  determined.  One  class  of  nucleophiles,  called  **a**  nucleophiles  because  they  possess  an  unshared 
electron  pair  on  the  (a)  atom  adjacent  to  the  attacking  atom,  showed  no  (anions  of  hydroxamic  acids)  or  only  a 
slight  (anions  of  keto  oximes)  ''charge**  effect,  i.e,,  their  reactivities  were  equal  to  or  only  slightly  greater  than 
would  be  expected  for  a  nucleophile  of  the  same  class  of  the  same  basic  strength  but  possessing  no  cationic  group 
in  the  molecule.  A  second  class  of  nucleophiles,  the  anions  of  hydrated  aldehydes,  similar  to  the  hydroxybenzenes 
in  that  the  atom  adjacent  to  the  attacking  atom  contained  no  unshared  electron  pair,  exhibited  a  ''charge**  effect 
qualitatively  and  quantitatively  similar  to  that  shown  by  the  hydroxybenzenes.  An  explanation  for  the  different 
responses  to  the  "charge"  effect  shown  by  the  "a**  and  "non-a**  nucleophiles  is  offered.  The  "charge**  effect  stud- 
ies are  not  only  useful  practically,  but  also  may  be  used  in  separation  of  factors  in  nucleophilicity.  These  studies 
support  the  designation  of  a  separate  classification  for  "a**  nucleophiles  when  discussing  reactivity. 


recent  studies'  it  has  been  observed  that  anions  of 
hydroxybenzenes  containing  cationic  groups  are  more 
:tivc  than  other  hydroxybenzenes  of  the  same  proton 
icity  in  displacement  of  fluoride  ion  from  isopropyl 
hylphosphonofluoridate  (GB)  in  aqueous  solution, 
^as  also  shown  that  the  magnitude  of  the  increase 
eactivity  was  related  to  (a)  the  distance  between  the 
onic  and  anionic  sites,  the  difference  increasing  as 
distance  between  the  loci  of  the  charges  decreases, 

(b)  to  the  number  of  cationic  groups  in  the  nucleo- 
e,  each  cationic  site  contributing  independently  in 
>rdance  with  its  distance  from  the  anionic  site. 
iSy  for  example,  it  was  shown  that  the  monoanion  of 

protonated  3-aminomethylcatechol  was  approx- 
tely  five  times  as  reactive  as  the  monoanion  of  a 
«hol  of  the  same  proton  basicity  but  possessing  no 
onic  group,  whereas  the  monoanion  of  4-amino- 
hylcatechol  was  less  than  twice  as  reactive  as  a 
cationic  monocatecholate  anion  of  comparable 
icity.  Also,  the  monanion  of  the  protonated  3- 
ethylaminomethylcatechol  was  approximately  six, 
monoanion  of  the  diprotonated,  3,6-bis(dimethyl- 
nomethyl)catechol  38,  and  the  monoanion  of  the 
6-tris(dimcthylaminomethyl)catechol  75  times  as 
;tive  as  their  noncationic-bearing,  but  same  proton 
city,  analogs.*** 

he  enhanced  reactivity  shown  by  a  nucleophile 
taining  a  cationic  site  ("charge"*  effect)  has  been 
lained  on  the  basis  that  p^i^  of  the  conjugate  acid  is 

a  true  measure  of  the  basicity  of  the  nucleophile 
ard  neutral  substrates;  that  the  basicity  ofacat- 
c-bearing  nucleophile  is  greater  to  a  neutral  sub- 
te  than  would  be  predicted  from  the  pK^  of  the  con- 
ite  acid,  since  the  Coulomb  repulsion  factors  opera- 
in  ionization  phenomena  are  absent  in  reaction  with 
:utral  substrate. 

(a)  Edgewood  Arsenal,  Md.  (b)  University  of  Delaware.  Newark, 

(a)  J.  Epstein,  R.  E.  Plapinger,  H.  O.  Michel,  J.  R.  Cable,  R.  A. 
lani,  R.  J.  Hester,  C.  Billington,  Jr.,  and  G.  R.  List,  J.  Am.  Chem. 
96,  3075  (1964);  (b)  J.  Epstein,  H.  O.  Michel,  D.  H.  Rosenblatt, 
PUpin«er,  R.  A.  Stephani,  and  E.  Cook,  ibid.,  96,  4959  (1964). 


While  the  effect  of  a  cationic  group  on  the  reactivity 
of  the  hydroxybenzenes  in  displacement  reactions  of  the 
phosphonyl  ester,  GB,  has  been  established,  the  effect 
of  cationic  substitution  in  nucleophiles  other  than  the 
hydroxybenzenes  in  this  displacement  reaction  has  not 
been  assessed.  In  this  paper,  we  report  on  the  effect  of 
cationic  substituents  on  the  reactivity  of  the  anions  of 
hydroxamic  acids,  keto  oximes,  and  hydrated  aldehydes 
in  displacement  of  fluoride  ion  from  GB  in  aqueous 
solution.' 

Experimental  Section 

Matoriab.  Picoline,  isonicotine,  nicotinehydroxamic  acids,  and  the 
corresponding  methiodides  were  synthesized  according  to  the 
directions  of  Hackley,  et  al.*  o-Diethylanninoethoxybenzohydrox- 
amic  acid  was  kindly  supplied  by  Dr.  R.  E.  Plapinger.  Chloral, 
pyruvic  aldehyde  (as  an  aqueous  solution),  and  2-,  3-,  and  4-pyridine 
carboxaldehydes  were  obtained  from  commercial  sources.  The  2- 
and  the  4-pyridine  carboxaldehydes  were  converted  to  their  meth- 
iodides according  to  the  procedure  of  Steinberg,  Poziomek,  and 
Hackley. "^i  The  methiodide  of  l,l-dimethyl-2-dimethylannino- 
propionaldehyde  was  prepared  from  the  commercially  available 
free  base  by  reaction  with  methyl  iodide  in  diethyl  ether,  mp  230''. 
Anai.  Calcd  for  QHi,INO:  C,  35.4;  H,  6.6.  Found:  C, 
3S.S;  H,  6.8.  Compounds  1, 2, 3,  and  11  in  Table  III  were  kindly 
supplied  by  Dr.  G.  M.  Steinberg.*  The  other  compounds  were 
prepared  according  to  published  procedures.*  All  compounds  were 
of  high  purity  using  elemental  analyses,  neutralization  equivalents, 
and  sharpness  of  melting  point  criteria  except  pyruvic  aldehyde 
which  was  determined  to  be  49.6  %  by  analysis. 

Determinatioii  of  pA^  Vahies.  The  compounds  were  made  up 
to  be  approximately  0.0 1  M  with  the  ionic  strength  adjusted  to  0.1 
with  KC\.  A  3-nil  aliquot,  adjusted  to  the  desired  temperature 
and  maintained  at  that  temperature  to  ±0.1"*,  was  titrated  po- 
tentiometrically  with  a  microsyringe  (total  volume  0.5  ml)  cali- 


(3)  For  studies  on  the  chemistry  and  mechanisms  of  the  reaction 
between  GB  and  hydroxamic  adds,  see  (a)  R.  Swidler  and  G.  M.  Stein- 
berg,/6i</.,  78, 3594(1956);  GB  and  keto  oximes:  (b)  A.  L.  Green  and  B. 
Saville,  /.  Ckem.  Soc.,  3887  (1956);  GB  and  hydrated  aldehydes:  (c) 
G.  M.  Steinberg,  E.  J.  Poziomek,  and  B.  E.  Hackley,  Jr.,  /.  Org.  Chem., 
26,  368  (1961). 

(4)  B.  E.  Hackley,  Jr..  R.  Plapinger,  M.  Stolberg,  and  T.  Wagner- 
Jauregg,  J.  Am.  Chem.  Soc.,  77,  3651  (1955). 

(5)  G.  M.  Steinberg  and  J.  Bolger,  J.  Am.  Pharm.  Assoc.,  46,  188 
(1957). 

(6)  For  pertinent  references  on  the  preparation  of  com^undv^^^^^^ 
7, 8, 9,  and  10  (Table  HI)  siee  O.  To>a&\« ,  Ot^.  KtQC\\ot«.'\  ^'VtV  VN^'SSn. 
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Table  L    pK^  and  kt  (Reaction  with  GB)  for 
Charged  Hydroxamic  Acids  at  30° 


Table  n.    **Charge**  Effects  in  Hydroxamic  Adds* 


Compd 


pA. 


1.  mole-* 
min-* 


5.25 


2.11±0.08« 


6.41 


20.94  ±0.37* 


5.95 


8.09  ±0.09* 


yCA 


OOCHjCHiN^ 
C-NHOH   CjH, 


8.42 


630  ±  lO^.^* 


'  Average  of  three  determinations.  *  Average  of  four  determina- 
tions. '  Average  of  two  determinations.  <<  Experiments  on  this 
compound  run  at  25  °. 


brated  in  units  of  0.005  ml,  and  estimable  to  0.0005  ml  with  0.1 
A^  COffret  NaOH  solution.  (A  Radiometer  automatic  titrator  was 
used.) 

Detenninatioii  of  Reaction  Velodties  and  Rate  Constants.  The 
general  procedure  for  determination  of  reaction  velocities  and  me- 
thods for  calculation  of  the  bimolecular  rate  constants  has  been  pre- 
viously described.  »••' 

In  all  cases  the  nucleophiles  were  in  sufficient  excess  so  that  their 
concentrations  remained,  to  all  intents  and  purposes,  constant, 
resulting  in  first-order  kinetics. 

For  the  hydroxamic  acids  and  the  hydrated  aldehydes,  the  reac- 
tion velocities  were  determined  by  analyzing  the  GB  concentrations 
with  time,  enzymatically,  taking  advantage  of  the  anticholinesterase 
properties  of  GB. 

The  reaction  velocities  for  the  a-keto  oximes  were  determined 
numometrically  from  the  CO2  produced  upon  reaction  of  the  acidic 
products  of  GB  oxime  reaction  with  sodium  bicarbonate.  The 
half-time  of  the  reaction  was  taken  as  the  time  required  to  produce 
50%  of  the  total  CO2  produced.  The  bimolecular  rate  constants 
were  calculated  from  the  first-order  rate  constants  and  the  concentra- 
tion of  the  anions  according  to  the  equation 

where  kt  is  the  bimolecular  rate  constant  in  1.  mole**  nurr\  Acobwi 
is  the  first-order  rate  constant  in  min'^  K^  is  the  ionization  constant 
of  the  hydroxamic  acid,  oxime,  or  hydrated  aldehyde,  and  [Co] 
is  the  initial  concentration  of  the  acid. 

Results 

Table  I  gives  the  pK^  values  of  four  cationic-bearing 
hydroxamic  acids  and  the  bimolecular  rate  constants  of 
their  anions  with  GB.  Table  II  contains  the  data  by 
which  one  can  compare  the  reactivities  of  the  anions  of 
the  above  hydroxamic  acids  with  the  anions  of  noncat- 
ionic-bearing  hydroxamic  acids.  The  values  listed 
under  the  heading  "Log  V  have  been  calculated  from 
the  equation*'*  relating  the  log  of  the  bimolecular  rate 

(7)  T.  Wagner- Jaurcgg  and  B.  E.  Hackley,  Jr..  7.  Am.  Chem.  Soc.,  75, 
2125(1952). 

(8)  G.  F.  Endrcs  and  J.  Epstein.  /.  Org.  Chem.,  24,  1497  (1959). 

(9)  R.  W.  Swidlcr.  R.  E.  Plapingcr,  and  G.  M.  Steinberg.  /.  Am,  Chem. 
Soc,,  Bl,  3271  (1959). 


Compd 


pfU       Log  kit    Log  Ati 


Log 

ktik. 


Cx 


(^OH  5-29       0.36        0.32 

I 

cH,  r 

0 

d&HOH 

6.41        1.26       1.32 


-0.04 


40.06 


0- 

I 

CH, 

0 

I 

CHa  r 

CC^HOH    „      I- 
9  8.42        2.87        2.80        -0.07 

^OCH,CH,N(CA)« 


5.95        0.89        0.91 


40.02 


•  Calculated  from  the  equation  log  Art  =  OMpK^  —  3.87  at  30' 
(see  Table!). 


constant  with  the  pK^  for  the  nuclcophile,  viz.,  log 
itc  =  O.SOp^a  -  3.87;  those  under  the  heading  "Log  *r 
are  the  experimentally  determined  values.  Log  k^k^ 
then,  denotes  the  deviation  of  the  experimental  value 
from  that  predicted  from  the  equation  of  the  "normal" 
nucleophiles  of  the  class  under  study. 

The  almost  negligible  (within  experimental  error) 
difference  between  the  logarithms  (<0.1,  see  ref  2a) 
of  bimolecular  rate  constants  of  the  cationic  hydroxamic 
acids  (/C2)  and  the  hydroxamic  acids  containing  no 
cationic  groups  (itc),  considering  that  the  distance  of 
separation  between  the  cationic  and  anionic  sites  and 
the  type  of  group  producing  the  charge  (i.e.,  pyridine, 
aliphatic  amine)  has  been  varied  over  rather  wide 
limits,  is  strong  evidence  that  there  is  no  "charge"  effect 
on  the  hydroxamic  acid  anion  similar  to  that  found 
for  the  hydroxybenzenes. 

The  data  (Table  III)  were  used  to  determine  the  effect 
of  "charge"  on  the  nucleophilicity  of  the  anions  of  kcto 
oximes. 

A  plot  of  the  data  in  Table  III  is  shown  in  Figure  1, 
the  circles  representing  values  of  noncationic-bearing 
oximes,  whereas  the  x's  are  for  compounds  containing  a 
positive  charge.  The  equation  of  the  line  drawn 
through  the  circular  points  ("base"  line)  is 

logite  =  0.642p^»-  3.25 

Table  IV  lists  the  relevant  data  for  assessing  the 
"charge"  effect.  As  in  the  previous  instance,  the 
values  listed  under  the  heading  "Log  V  have  been 
calculated  from  the  equation  of  the  "base"  line  relating 
the  bimolecular  rate  constant  of  the  anion  of  keto  ox- 
imes with  GB  and  the  pAT.  of  the  keto  oximes,  ciz., 
log  ifcc  =  O.dAlpK^  -  3.25.  Again,  log  k^k^  is  the 
deviation  of  the  experimental  value  from  that  predicted 
from  the  equation  of  the  "normal"  keto  oximes.  These 
data  suggest  that  there  is  an  effect  of  charge  on  the 
reactivity  of  the  anions  of  keto  oximes  although,  per- 
haps, not  as  prondbnced  as  in  the  case  of  the  hydroxy- 
benzenes.   A  similar  conclusion  can  be  drawn  from 
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Table  m.    Data  for  Keto  Oximes  at  30"" 

O    R' 


R— C— C=NOH 


Compd 


R' 


pX^ 


molc"* 


1 

CHi 

CH,N(QHi), 
CH, 
H 

6.95 

15.9 

2 

CHi 

CH,N(CH,), 

+ 

7.05 

29.0 

3 

CHt 

H 

7.15 

35.9 

4 
5 

CH, 

CH, 

H 

1 

COOQHi 
O 

II 
CCH, 

7.20 
7.50 

19.0 
37.7 

6 

C=NOH 

H 

7.65 

49.8 

7 

HON^ 

/JlyNOH* 

7.95 

(69.6)* 

8 

CH, 

H 

8.35 

127 

9 

0 

H 

8.40 

127 

10 

Q 

H 

8.45 

149.4 

11 

CH, 

CH*CH,N(QHi), 
CH, 

8.60 

248.6 

12 

Q,J>C=CH 

H 

8.90 

275.0 

«  (69 . 6)  value  corrected  for  first  oxime  dissociation.    *  Complete 
structure. 


TwbUftTV.    ^'Charge*' Effects  in  Keto  Oximes 


Cbmpd      Compd  structure 

pA; 

Log 

Log 
kt 

Log 
kflk. 

i 

0  CH  j^CQH,), 

1 

1 
CH, 

6.95 

1.21 

1.20 

-0.01 

CH,( 

>-C=NOH 

0 

>    CH,N(CH,), 

1      1 

2 

1 
H 

7.05 

1.27 

1.46 

0.19 

CH,C 

>-0=NOH 

j<0 

3                          H 

7.15 

1.34 

1.55 

0.21 

CHiC- 

1 

*N0H 

11 


O    CH«CH,N(QHi)t 

I 
CH, 

CH|C-<>rNOH 


8.60      2.27      2.40      0.13 


pKi 


•  Calculated  from  the  equation  log  A:»  -  '0.642pAiEi  —  3  J5,  tem- 
penltare30^ 


Figure  1 .   Plot  of  log  kt  ds,  pKm  for  reaction  of  12  keto  oximes  with 
GBat30°:   x,  charged  keto  oximes;  O,  uncharged  keto  oximes. 


an  analysis  of  the  data  of  Green,  et  al^^^  on  the  rate 
constants  of  oximes  with  GB. 

Data  on  seven  aldehydes,  three  of  which  contain 
cationic  groups,  and  ninhydrin  are  shown  in  Table  V. 
That  the  effect  of  a  cationic  substituent  in  a  hydrated 
aldehyde  on  the  nucleophilicity  of  its  anion  is  marked 
can  be  seen  by  comparison  of  the  reactivities  of  the 
anions  of  chloral  and  2-formyl-l-methylpyridinium 
iodide,  and  pyruvic  aldehyde  and  4-formyl-l-methyl- 
pyridinium  iodide.  The  p^i^  values  of  the  first  two 
compounds  are  almost  identical,  riz.,  9.94  and  9.9S, 
yet  their  reactivities  differ  by  almost  an  order  of  mag- 
nitude [/^{(chloral)  =  32  1.  mole""^  min""^;  fc2(2-formyl- 
1-methylpyridinium  iodide)  =  215  1.  mole"^  min~*]. 
Similarly,  the  bimolecular  rate  constant  for  the  reaction 
between  GB  and  the  anion  of  pyruvic  aldehyde  {pK^ 
of  conjugate  acid  =  11.0)  is  102  1.  moler*  min~*;  the 
bimolecular  rate  constant  for  the  reaction  between  GB 
and  the  anion  of  4-formyl-l-methylpyridinium  iodide, 
whose  conjugate  acid  pK^  is  less  than  that  of  pyruvic 
aldehyde,  r/z.,  10.72,  and  hence  may  be  expected  to  be 
less  than  102 1.  mole-^  min-^  is  302 1.  mole"^  min-*. 

Moreover,  the  effect  of  charge  appears  to  be  quan- 
titatively similar  in  the  hydrated  aldehydes  and  the 
hydroxybenzenes.  It  was  shown  in  the  latter  series 
that  log  ktjkc  (where  kt  is  the  bimolecular  rate  constant 
of  the  anion  of  "charged"  hydroxybenzene  with  GB 
and  kc  is  the  bimolecular  rate  constant  of  an  anion  of 
hydroxybenzene  of  the  same  proton  basicity  but  pos- 
sessing no  cationic  group)  could  be  estimated  from  the 
relationship 

log  fc|/fcc  =  c/rf* 

where  c,  a  proportionality  constant,  equals  12.7  and  d 
is  the  distance  between  the  cationic  and  anionic  sites  in 
Angstrom  units.  The  distance  between  the  cationic 
and  anionic  sites  in  the  anion  of  2-formyl-l-methyl- 
pyridinium iodide  is  estimated  from  Dreiding  models 
to  be  2.64  or  3.64  A  depending  upon  whether  the 
anionic  site  is  assumed  to  reside  on  the  oxygen  atom 

(10)  A.  L.  Oreen,  O.  L.  Sainsbury,  B.  Saville,  and  M.  StMoficSA^^. 
CAem.  5oc.,  1583(1938). 
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Table  V.    Summary  of  Data  for  Reaction  of  Hydrated 
Aldehydes  and  Ninhydrin  with  GB  at  25° 


Compd 


pAa 


mole"'  min"i 


o 


0:^< 


H 
I 

a,ccoH 

OH 


0 

II      ^OH 


OH 
OH 


8.82 


13.3=h0.1« 


9.95 


32.0  ±0.4- 


Q^ 


CHo   r 


11.0 


9.94 


102  ±  5» 


214ib2.5«.«' 


I 
CHi 

CHO 


I 


10.72 


302  ±6-.'' 


0 

II 


[(CH,),NCHACH^CH]  I 


13.6 


13.0 


12.05 


8450=h350« 


960  lb  112" 


459  ±  37' 


•  Two  determinations.  *  Three  determinations.  *  Five  deter- 
minations. <'  Data  obtained  with  the  cooperation  of  Dr.  George  M. 
Steinberg. 

closest  to  or  farthest  from  the  nitrogen  atom.  If  the 
latter  value  is  chosen,  then,  from  data  on  the  hydroxy- 
benzenes,  it  would  be  predicted  that  the  reactivity  of 
2-formyl-l-methylpyridinium  iodide  with  GB  would  be 
12.7/3.642 2  or  0.96  log  unit  higher  than  that  of  chloral 
(hydrated  aldehyde  of  the  same  pK^  but  possessing  no 
cationic  group).  The  actual  difference  is  0.83  log 
unit. 

Also,  the  bimolecular  rate  constant  of  the  reaction 
between  GB  and  the  anion  of  a  hydrated  aldehyde 
(containing  no  cationic  substituent)  whose  conjugate 
acid  has  a  p^a  equal  to  10.72  may  be  expected  to  be^^ 
approximately  87 1.  mole""^  min"*.  Hence  the  enhance- 
ment in  rate  shown  by  the  4-formylpyridinium  meth- 
iodide  over  that  which  might  be  expected  from  its  pK^ 
is  0.54  log  unit  (log  302  —  log  87).  The  distance  be- 
tween the  anionic  and  cationic  sites  in  the  4-formylpyri- 
dinium methiodide  from  Dreiding  models  is  4.88  A. 
Using  this  value  for  rf,  and  c  =  12.7,  one  would  predict 
from  the  data  on  hydroxybenzenes  a  logarithmic  in- 
crease in  rate  of  0.53  log  unit,  in  very  good  agreement 
with  the  value  of  0.54  obtained  above. 

Although  of  doubtful  quantitative  significance  because 
of  the  high  probability  of  error  in  extrapolation  of  the 

(11)  The  least-squares  equation  of  the  line  using  the  data  for  chloral, 

pyruvic  aldehyde,  3-  and  4-fomiyIpyridine,  and  ninhydrin  is:  log  kt  » 

0.465pA'a  —   2.95.    The  bimolecular  rate  constant  for  the  reaction 

between  a  noncationically  substituted  hydrated  aldehyde  of  p#r»  » 

10.22  would  be  expected  to  be  ca,  87  L  mole'*  min"'. 


data  to  pH  13.6,  it  is  nevertheless  of  qualitative  vahie 
that  the  anion  of  a  hydrated  aldehyde  containing  no 
cationic  group  whose  conjugate  acid  has  a  pK^  of  13.6 
may  be  expected  to  have  a  k^  value  of  ca.  1 800 1.  molr  * 
min"*.  The  value  found  for  the  cation-bearing  anion 
of  the  aldehyde,  2,2-dimethyl-3-trimethylammomo- 
propanol  iodide  (p^,  of  the  conjugate  acid  =  13.6), 
was  considerably  higher,  r/z.,  8450 1.  mole-*  min-*. 

Table  VI  lists  the  distances  of  separation  between  the 
cationic  and  anionic  sites  in  anions  of  hydroxamic  acids, 
keto  oximes,  and  hydrated  aldehydes,  the  expected 
deviations  from  "normal"  that  these  nucleophiles  would 
show  if  their  behavior  were  similar  to  that  of  the  hy- 
droxybenzenes, and  the  deviation  calculated  as  the 
logarithm  of  ratio  of  the  experimentally  determined 
bimolecular  rate  constants  with  GB  to  the  bimolecular 
rate  constants  of  a  nucleophile  in  the  same  class  and 
of  the  same  proton  basicity. 

The  values  of  d  shown  in  Table  VI  for  the  keto  oximes 
require  explanation.  The  distance  of  separation  of  the 
charges  in  the  keto  oximes  and  hydroxamic  acids  is 
difficult  to  estimate  due  to  free  rotation  of  groups; 
Dreiding  models  indicate  that  the  distance  of  separation 
of  charge  in  the  keto  oximes  designated  as  compounds 
2  and  3  in  Table  III  can  vary  from  2.8  to  4.4  A.  How- 
ever, with  the  larger  value  there  is  no  steric  crowding 
of  the  oximino  group  by  the  alkyl  groups  on  the  amine. 
That  there  should  be  no  steric  obstruction  is  suggested 
by  the  almost  identical  deviations  from  the  "base" 
line  shown  by  compounds  2  and  3  in  Figure  1,  even 
though  the  groups  attached  to  the  nitrogen  are  differ- 
ent. The  model  having  a  distance  of  separation  of 
ca,  4  A  was  one  in  which  substitution  of  ethyl  groups 
for  a  hydrogen  and  a  methyl  (conversion  of  compound 
2  to  compound  1  in  Table  III)  produced  a  structure  in 
which  the  oxygen  of  the  oximino  group  was  slightly 
sterically  hindered.  Steric  hindrance  in  compound  1 
is  suggested  by  kinetic  data  (see  Figure  1  and  ref  2a). 
Similar  considerations  led  to  a  value  of  ca,  S  A  for  the 
distance  of  charge  separation  in  compound  11. 

In  all  cases  the  locus  of  positive  charge  was  assumed 
to  reside  on  the  pyridinium  or  amino  nitrogens;  the 
site  of  high  electron  density  was  assumed  to  be  on  the 
oximino  oxygens  in  the  case  of  the  anions  of  the  hy- 
droxamic acids  ^^  and  keto  oximes  and  on  the  alcoholic 
oxygen  in  the  case  of  the  hydrated  aldehydes. 


Discussion 

From  the  data  in  Tables  II,  IV,  V,  and  VI,  one  con- 
cludes that  a  cationic  substituent  greatly  enhances  the 
reactivity  of  anions  of  hydrated  aldehydes  (relative  to 
their  proton  basicities),  enhances  only  slightly  the 
reactivity  of  the  keto  oximate  anion,  and  has  ne^gible 
effect  upon  the  reactivity  of  anions  of  the  hydroxamic 
acids.    Furthermore,   the  response   of  the   hydrated 


(12)  The  choice  of  the  locus  of  high  electron  density  is  obvioinly 
arbitrary;  in  the  anions  of  the  hydroxamic  adds  and  keto  oxhnes.  the 
sites  of  high  electron  density  can  be  assumed  to  reside  on  either  of 
two  oxygens  or  the  oximino  nitrogen.  O.  Exner  and  B.  Kalcac  [CoUrciioa 
Czech.  Chem.  Commun.,  28, 1965  (1963)]  conclude  from  ultraviolet  absorp- 
tion studies  on  hydroxamic  acids  and  their  anions  that  the  site  of  elec- 
tron density  in  the  anion  is  on  the  carbonyl  oxygen;  G.  M.  Steinberg 
and  R.  W.  Swidler.  /.  Org.  Chem.,  30,  2362  (1965),  and  R.  E.  PUpinger. 
ibid,,  24,  802  (1959),  argue  that  the  anion  exisU  in  at  least  two  and 
possibly  three  forms. 


'^^i^tirna/ a/ t^  Aim 
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Table  VL    Predicted  and  Actual  Deviations  from  "Normal**  for  Anions  of  Hydroxamic  Adds,  Keto  Oximes,  and  Hydrated  Aldehydes 


Compd 


cItP         Log  kjkfi 
d,  A      (predicted)"   (actual)^ 


Compd 


cl(n  Log  ki/k^ 

d,  A       (predicted)'     (actual)^ 


I  H 


Hydroxamic  acids 

4.4- 
2.2/ 


I 


0' 
I 


Q-  ^ 


6.0- 
3.5/ 


I 
CHi 


6.0- 
4.4/ 


a 


0" 

I 

C-NH 

O— CH/3!,NH 

(CA)t 


8.6* 

0.0/ 


Keto  Oximes 

O    CH,N<<IS?^»>* 
II  /  ™'  4.0- 

CHgCC=NOH 

CH,N(CHOi 

I 
H 


CH,C- 


=NOH 


CH,— C— C«NOH 


4.0* 


4.0- 


0.65 
2.62 


-0.04 


0.35 
1.00 


0.06 


0.35 
0.65 


0.02 


0.17 


0.07 


Ca.  0.79       -0.01 


Ca.  0.79 


Ca.  0.79 


0.19 


0.21 


Qk 


I 
CH, 


OH 
OH 


Hydrated  Aldehydes 

3.64- 
2.64/ 


0.96 
1.82 


0.85 


Ha     .OH 


.  / 

C-H 


6 


4.88 


0.532 


0.54 


N 
I 
CHi 


N(CHO, 

I 
CH, 

I 
CHiCCHi 

I 
HOCOH 

I 
H 


5.0- 


0.51 


0.68 


CH«CH,N(CiH,), 

I 


CHi 


5.0 


CHr<:-C=NOH 


Ca.  0.51 


0.13 


'  Calculated  from  the  fraction  c/</*,  where  c  »  12.7,  d  »  distance  of  separation  of  charges  in  Angstrom  units.  *  A:,  »  experimental  bi- 
molecular  rate  constant  of  the  reaction  between  GB  and  the  anion  of  compound  listed;  k^  is  the  bimolecular  rate  constant  calculated 
from  the  following  equations:  hydroxamic  acids:  log  ibe  «  OmpK^  -  3.87;  keto  oximes:  log  kc  «  0.64^ JCi  -  3.25 ;  hydrated  aldehydes: 
k>g  A:«  «  0.456pJC»  —  2.95,  where  pJCi  is  the  negative  logarithm  of  the  acid  dissociation  constant  of  the  compound  listed.  The  equations  re- 
lating log  Are  with  pJCi  are  from  ref  3  (hydroxamic  acids).  Figure  1  of  this  paper  (keto  oximes),  and  Table  V  of  this  paper  (data  on  the  reac- 
tivity of  the  anions  of  chloral,  pyruvic  aldehyde,  3-  and  4-formylpyridine,  and  ninhydrin  with  GB).    « This  distance  can  vary  from  approxi- 


of  4.4.    -  "Stretched  out*'  con- 


mately  2.8  to  4.4  A,  depoiding  upon  the  configuration  adopted,  a  "stretched  out'*  configuration  giving  a  value 

figuration.    '•/  The  positive  charge  is  assumed  to  reside  on  the  nitrogen;  the  negative,  on  the  oxygen.    The  value  of  superscript  /  is 

the  smallest  distance  of  separation;  that  of  e,  the  largest. 


aldehydes  to  the  "charge"  effect  is  quantitatively  similar 
to  that  of  the  hydroxybenzenes. 

The  reactivity  of  the  anions  of  compounds  with  GB 
increases  in  the  order:  hydrated  aldehydes  ~  phenols 
<  oximes  <  hydroxamic  acids  whereas  the  effect  of 
introduction  of  a  charged  substituent  decreases  in  the 
same  order.  One  is  tempted  to  relate  the  "charge" 
effect  with  reactivity,  the  "charge"  effect  becoming  less 
important  as  the  intrinsic  reactivity  of  the  nucleophile 
increases.  However,  the  anions  of  hydroxybenzenes 
of  the  catechol  and  pyrogallol  type  respond  to  the 
"charge"  effect  equally  as  well  as  the  anions  of  phenol 
or  of  the  hydrated  aldehydes  do,  and  yet  have  re- 


activities of  the  same  order  as  those  of  the  anions 
of  the  oximes  and  hydroxamic  acid.^'  Correlation 
of  "charge"  effect  with  the  reactivity  is  not  justi- 
fied. Nor  does  there  appear  to  be  any  correlation 
between  the  magnitude  of  the  effect  caused  by  intro- 
duction of  a  cationic  substituent  and  the  value  of  the 
slope  (a  measure  of  the  degree  of  bond  formation  in  the 
transition  state)  in  the  equation  relating  the  logarithm 
of  the  bimolecular  rate  constant  with  the  p^^  of  the 

(13)  Compare,  for  example,  the  equation  of  the  line  relating  the  bi- 
molecular rate  constants  of  the  anions  of  pyrocatechols  with  OB,  d/z., 
log  kt  -  0.76p#r»  -  3.70i  with  that  of  the  anions  of  hydrox&tn&s.  «»A 
and  OB,  d/z.,  log  its  -  0.80plC»  —  \X^ . 
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conjugate  acid  of  the  reacting  nucleophile  for  different 
classes  of  nucleophiles.  The  slopes  for  the  anions  of 
phenols,**  catechols,  and  pyrogallols***  (which  show 
marked  "charge"  effects)  are  0.59, 0.80,  and  0.76;  those 
of  keto  oximes  and  hydroxamic  acids  are  0.64  and  0.80. 

It  is,  however,  perhaps  of  some  significance  that  of  the 
classes  of  nucleophiles  studied,  those  which  appear  to 
respond  only  slightly  (keto  oximate  anion)  or  not  at  all 
(anions  of  hydroxamic  acids)  to  the  "charge"  effect  are 
"a"  nucleophiles,^*  that  is,  the  atom  adjacent  to  the 
nucleophilic  one  contains  an  unshared  pair  of  electrons, 
whereas  those  which  show  marked  "charge"  effects 
(anions  of  hydrated  aldehydes,  hydroxybenzenes)  are 
"non-a"  nucleophiles.  ** 

Because  the  anions  of  the  keto  oximates  are  partially 
affected  by  a  cationic  substituent,  they  may  be  classified 
as  "a"  nucleophiles  possessing  some  "non-a"  character. 
In  fact,  if  one  assumes  that  the  keto  oximate  anion 
possesses  68%  "a"  character  and  32%  "non-a"  char- 
acter (the  rationale  for  the  assignment  of  68  and  32  %  is 
given  below)  and  that  the  "charge"  effect  acts  only  on 
"non-a"  nucleophiles,  then  it  can  be  shown  that  the 
predicted  log  ki/kc  for  compounds  2  and  3  (distance  of 
separation  of  charged  groups  is  approximately  4  A) 
is  0.2S  and  for  compound  11  (distance  of  separation  is 
approximately  5  A),  0.16,  in  good  agreement  with  the 
values  of  log  fcj//Cc,  viz,,  0.19,  0.21,  and  0.13,  found  for 
the  three  compounds  (Table  VI). 

The  values  of  68  and  32  %  were  arrived  at  by  treating 
the  free  energy  of  activation  as  a  sum  of  independent 
contributions  *•  attributable  to  the  "a"  and  "non-a" 
characters  of  the  nucleophile.    Thus,  one  may  write 


log  ^2  =  log  ka  +  an  log  k 


an 


(1) 


where  ki  is  the  bimolecular  rate  constant  for  the  nucleo- 
phile in  question  with  a  given  substrate  at  a  given  tem- 
perature; ka  and  k^n  are  the  bimolecular  rate  constants 
due  to  "a"  and  "non-a"  contributions  for  a  given  basic- 
ity of  the  nucleophile;  and  a  and  an  are  constants 
ranging  from  0  to  1  with  a  +  "n  =  1- 

For  reactions  with  GB,  it  can  be  assumed  that  values 
of  ka  and  kan  can  be  obtained  from  data  on  the  reactivity 
of  the  anions  of  hydroxamic  acids  (pure  "a")  and 
phenols  (pure  "non-a").  If  the  nucleophile  in  ques- 
tion is  the  keto  oximate  anion,  the  log  kt  can  be  calcu- 
lated from  the  equation 

log  kt  =  0.642p^.  -  3.25 

Thus  for  a  keto  oximate  anion  whose  conjugate  acid 
hasap^a  =  7.5,*Mogfc2  =  1.57;  log  fc«  =  2.13(calcu- 

(14)  J.  O.  Edwards  and  R.  G.  Pearson,  /.  Am.  Chem,  Soc.,  84,  16 
(1962). 

(15)  Conceivably,  the  hydroxybenzenes  may  be  considered  to  be 
partial  **a**  nucleophiles  inasmuch  as  the  a  atom  is  conjugated  with  the 
fi  atom  and  hence  partially  "owns**  an  unpaired  set  of  electrons.  How- 
ever, the  hydroxybenzenes  are  classed  as  **non-a*'  nucleophiles  because 
of  the  similarities  in  the  nucleophilidties  of  their  anions  and  the  anions  of 
alcohol  and  the  hydrated  aldehydes,  whose  classification  as  **non-a** 
nucleophiles  is  unequivocal.  For  example,  Bruice,  et  a/..  Biochemistry, 
1,  7  (1962),  found  in  displacement  of  p-nitrophenol  from  p-nitrophenyl- 
acetate  that  phenols  and  aliphatic  alcohols  fall  on  the  same  line  in  a 
Br0nsted  plot;  in  displacement  of  fluoride  ion  from  GB,  anions  of 
phenols  and  hydrated  aldehydes  of  similar  basicity  have  equal  reactivi- 
ties (c/.  phenol  pJCa  —  9.78,  fe  —  34 1.  mole~»  min~*;  with  chloral,  pJCa  « 
9.95,  kt  «  32 1.  mole->  min-»  (Table  V)). 

(16)  For  other  examples  of  such  treatment  see  R.  W.  Taft,  Jr.,  in 
**Steric  Effects  in  Organic  Chemistry,**  M.  S.  Newman,  Ed.,  John  Wiley 
and  Sons,  Inc.,  New  York,  N.  Y.,  1965. 

(17)  An  anion,  whose  conjugate  add  has  a  p#r»  *  7.5,  has  been 
Mdected  since  these  calculations  will  be  used  to  determine  "charge** 


lated  from  the  equation  relating  the  bimolecular  rate 
constants  of  the  reaction  between  GB  and  hydroxamic 
acid  anions,  viz,,  log  ka  =  0.80p^»  —  3.87,  where  pA, 
=  7.5);  and  log  kan  =  0.390  (calculated  from  the 
equation  relating  the  bimolecular  rate  constants  of  the 
reaction  between  GB  and  phenolate  anions  at  25^ 
viz.,  \ogkan  =  0.598pJ^a  -  4.172,  and  correcting  to  30' 
using  an  Arrhenius  activation  energy  value  of  12.0kcai/ 
mole"). 

Substituting  the  values  for  log  kt,  log  A:^  and  log  ^«b 
into  eq  1  gives  a^  equal  to  0.32.  Thus,  by  this  line  of 
reasoning  the  keto  oximate  anion  possesses  68%  'V 
character  and  32%  "non-a"  character. 

Although  other  factors  are  doubtless  of  importance 
in  nucleophilic  reactivity,  the  success  in  quantitatively 
predicting  the  effect  of  charge  in  the  keto  oximates 
lends  support  to  the  treatment  given  herein  and  to 
the  conclusion  that  the  "charge"  effect  is  applicable 
only  to  "non-a"  nucleophiles.  Also,  the  "charge" 
effect  is  useful  in  distinguishing  between  two  effects, 
both  related  to  proton  basicity,  in  displacement  of 
fluoride  ion  from  GB.  The  lack  of  response  of  the 
"a"  nucleophiles  to  the  "charge"  effect  is  considered 
evidence  for  (as  Edwards  and  Pearson  suggest**)  an 
independent  source  in  nucleophilicity. 

Although  one  can  state  that  there  is  a  difference  in 
the  effectiveness  of  a  cationic  group  on  the  reactivity  of 
"a"  and  "non-a"  nucleophiles,  the  reason  for  the 
difference  is  not  immediately  apparent.  One  can  spec- 
ulate that  since  the  reactivity  of  an  anion  of  a  charged 
hydroxamic  acid  to  a  neutral  substrate  is  reflected  in 
the  pK^  of  its  conjugate  acid,  whereas  the  reactivities  of 
"non-a"  nucleophiles  are  not,  that  the  processes  affect- 
ing ionization  in  the  conjugate  acids  of  the  two  nucleo- 
philes are  different.  It  has  recently  been  suggested,  for 
example,  that  the  so-called  "inductive"  effect  in  the 
base-weakening  effects  of  the  trimethylammonio  group 
on  aniline  may  be  a  field  effect."  The  fact  that  m- 
aminophenyltrimethylammonium  chloride  is  a  weaker 
base  than  the  para  isomer  is  cited  as  evidence**  that  the 
trimethylammonio  group  does  not  exert  a  ir-inductive 
effect.  Likewise,  in  the  phenol  series,  m-trimethyl- 
ammoniumphenol  is  a  stronger  acid  than  the  corre- 
sponding para  isomer,  suggesting  that  in  the  phenols 
also,  the  trimethylammonio  group  does  not  exert  its 
effect  via  tt  induction.  In  contrast,  the  methiodide  of 
isonicotinehydroxamic  acid  is  a  stronger  acid  than  the 
methiodide  of  nicotinehydroxamic  acid  (Table  I).  It  is 
therefore  reasonable  to  postulate  that  the  trimethyl- 
ammonio group  exerts  a  field  effect  in  the  phenols 
and  a  "ir-inductive"  effect  in  the  hydroxamic  acids. 

Thus  the  trimethylammonio  group  will  act  as  an 
electron  sink  in  the  hydroxamic  acids;  that  is,  there 
will  be  no  electrostatic  contribution  by  repulsion  of  the 
dissociating  proton  in  the  ionization  of  "a"  adds. 
The  cationic  group,  therefore,  is  no  different  in  its 
action   from   any  other  electron-withdrawing  group, 

effects  in  the  keto  oximes  on  compounds  having  pJC*  values  between  7 
and  8.5  (Table  IV). 

(18)  The  Arrhenius  activation  energies  for  the  reaction  between  GB 
and  the  anions  of  m-nitrophenol,  ^nitrophenol,  and  lfl-hydrozybenza)d^ 
hyde  are  11.3.  12.0,  and  12.6.  respectively  (J.  Epstein,  Ph.D.  Thesis, 
University  of  Delaware.  1966). 

(19)  M.  J.  S.  Dewar  and  P.  J.  Grisdale,  /.  Am,  Chem,  Sac.,  t4, 354« 
(1962). 

(20)  J.  D.  Roberts,  R.  A.  Qemcnt,  and  J.  J.  Drysdak,  ibU,,  73, 21S1 

(1951). 


wmical  Society  /  99:12  /  June  7, 1967 


e.g.,  NOj,  CN,  etc.  In  the  case  of  the  acids  of  the  nu- 
cleophiles  of  the  phenol  type,  on  the  other  hand,  a  sub- 
stantial contribution  to  the  ionization  constant  is  made 
by  electrostatic  interaction  of  the  cationic  site  and  the 
proton,  a  repulsion  of  the  latter  assisting  in  its  removal 
by  the  water  molecules.  Hence  the  basicity  of  the 
**a"  nucleophile  possessing  a  cationic  charge  to  a  neutral 
species  will  be  reflected  in  its  basicity  to  a  proton  (pAJ 
and  the  reactivity  of  a  ''charged  a"  nucleophile  is 
predictable  from  its  p^a- 

Finally,  it  appears  desirable  to  point  out  the  implica- 
tions of  these  conclusions  on  the  general  factors  aflect- 
ing  nucleophilicity  "•"•**  and  especially  on  the  high 
reactivity  shown  by  "a"  nucleophiles.**  In  the  anions 
of  phenols  and  hydrated  aldehydes,  it  is  thought  that 
the  site  of  high  electron  density  is  highly  localized 
in  the  nucleophile's  oxygen,*'  whereas  in  the  "a" 

(21)  R.  F.  Hudson,  Chlmia  (Aarau),  16,  173  (1962). 

(22)  J.  F.  Bunnett,  Ann.  Rev.  Phys.  Chem.,  14,  271  (1963). 

(23)  In  apparent  contradiction  to  the  postulation  that  the  electron 
density  is  localized  on  the  phenolic  oxygen,  it  is  well  known  that  phenols 
react  with  many  electrophiles  at  ring  positions  rather  than  at  the  pheno- 
late  oxygen,  indicating  that  there  is  a  high  electron  density  at  the  ring 
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nucleophiles,  it  is  felt  that  the  electrons  are  highly 
mobile  and  distributed  over  several  of  the  electronega- 
tive atoms.**  The  lack  of  mobility  of  the  highly  local- 
ized electrons  is  responsible  for  the  relatively  low  slope 
(P)  values*^  in  the  correlation  equations  of  rate  and 
pKg,  of  the  "non-a"  nucleophiles  in  their  reactions  with 
organophosphorus  esters.  (Higher  slopes  are  ob- 
tained with  such  nucleophiles  if  other  factors,  such  as 
H  bonding,  contribute  to  the  formation  of  the  transi- 
tion state,  e.g.,  in  catechol.)  In  contrast,  the  highly 
mobile  electrons  in  the  '"a"  nucleophile  are  much  more 
available  for  transition-state  bond  formation  and  show 
generally  higher  slopes.  It  is  interesting,  too,  in  this 
connection  that  /9  for  the  anions  of  keto  oximes,  which 
it  is  postulated  contain  some  ""non-a"  character,  lies 
between  that  of  the  anions  of  phenols  and  those  of 
hydroxamic  acids. 


positions.    It  is  our  feeling,  however,  that  the  high  ring  electron  density 
results  from  the  approach  of  the  electron-deficient  reactant;  that  in  the 
presence  of  a  localized  substrate  the  distribution  of  electrons  in  the 
phenolate  anions  will  be  localized  on  the  phenolic  oxygen. 
(24)  Seerefl2. 


Secondary  Deuterium  Isotope  Effects  on  a 
Cyclic  AUylic  Rearrangement^ 

Kirk  D.  McMichael 

Contribution  from  the  Department  of  Chemistry ,  Washington  State  University, 
Pullman,  Washington    99163.    Received  November  12, 1966 


Abstract:  Secondary  a-  and  7-deuterium  isotope  effects  on  the  cyclic  intramolecular  rearrangement  of  allyl 
thionbenzoate  to  allyl  thiolbenzoate  have  been  measured.  The  a  effect  (1.06)  is  significantly  smaller  than  that  ob- 
served for  (1.10-1.12)  carbonium  ion,  carbanion,  or  radical  pathways.  With  the  7  effect  (0.97),  this  result  indicates 
that  these  effects  are  useful  mechanistic  criteria  for  allylic  rearrangements.  These  results  also  indicate  that  the  transi- 
tion state  structurally  resembles  reactant  more  than  product,  suggesting  that  this  type  of  study  will  be  useful  in 
characterizing  the  position  of  a  transition  state  along  a  reactant-product  coordinate  in  such  reactions. 


Intramolecular  allylic  rearrangement  reactions  have 
occupied  a  position  of  considerable  importance  in 
the  development  of  organic  reaction  mechanism  theory.  ^ 
Many  of  these  reactions  have  been  important  in  the 
study  of  carbonium  ion  processes'  and  others  have 
been  resistant  enough  to  ordinary  mechanistic  probes 
to  earn  the  sobriquet  ''no  mechanism"  reactions.^ 

It  has  long  been  recognized  that  a  continuum  of 
merging  carbonium  ion  pair  and  cyclic  mechanisms 
may  connect  these  two  classes  of  allylic  rearrangements.* 
Since  examples  of  carbanion  and  homolytic  intramolec- 
ular allylic  rearrangements  are  now  known,  ^'^  this 

(1)  Grateful  acknowledgment  is  made  to  the  donors  of  the  Petroleum 
Research  Fund,  administered  by  the  American  Chemical  Society,  for 
support  of  this  research. 

(2)  For  a  recent  review,  see  P.  B.  D.  de  la  Mare,  "Molecular  Rear- 
rangements,** P.  DeMayo,  Ed.,  Interscience  Publishers,  Inc.,  New  York, 
N.Y.,  1963,  Chapter  2. 

(3)  H.  L.  Goering,  Record  Chem.  Progr.,  21,  109  (1960),  and  later  pa- 
pert  in  this  series. 

(4)  For  a  recent  review,  see  S.  J.  Rhoads,  ref  2,  Chapter  10. 

(5)  S.  Winstein,  Nature,  173,  898  (1954). 

(€)  O.  S.  Hammond  and  C.  D.  DeBoer,  /.  Am.  Chem,  Soe.,  96,  899 
(1964). 


mechanistic  continuum  may  be  generalized  to  include, 
at  the  noncyclic  limit,  reactions  of  all  three  charge 
types,  carbonium  ion,  radical,  and  carbanion,  each  merg- 
ing with  a  cyclic  reaction  scheme  at  the  other  end  of  the 
continuum. 

No  satisfactory  method  for  characterizing  the  mecha- 
nism of  an  intramolecular  allylic  rearrangement  in 
terms  of  such  a  general  cyclic  to  noncyclic  continuum  is 
presently  available.  A  mechanistic  criterion  suited  to 
this  purpose  should  be  insensitive  to  medium  effects  to 
permit  its  use  in  a  wide  variety  of  environments  includ- 
ing the  gaseous  state.  Methods  for  qualitatively 
placing  a  particular  reaction  along  a  carbonium  ion 
cyclic  continuum  have  been  developed^  and  depend 
primarily  on  estimation  of  the  polarity  of  the  kinetically 
important  transition  state  by  means  of  kinetic  solvent 
or  substituent  effects;  reactions  which  are  sensitive  to 
polar  effects  are  considered  to  involve  carbonium  ion 
pair  mechanisms,  and  those  which  are  insensitive  are 
assigned   cyclic   mechanisms.    The  interpretation   of 

(7)  S.  G.  Smith,  ibid.,  83«  42E5  ^^^V^. 
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these  effects  rests  on  a  large  body  of  empirical  evidence 
concerning  the  magnitudes  of  polar  solvent  and  sub- 
stituent  effects  on  carbonium  ion  reaction  rates;"  these 
methods  are  not  directly  applicable  to  the  merging 
carbanion  cyclic  or  homolytic  cyclic  continua. 

The  fundamental  difference  between  mechanisms  for 
cyclic  and  noncyclic  reactions  is  one  of  timing.  In  an 
extreme  noncyclic  reaction  mechanism,  the  bond  be- 
tween the  migrating  group  and  carbon  atom  to  which  it 
was  originally  attached  (a-carbon)  is  essentially  com- 
pletely broken  before  the  onset  of  bonding  between  the 
migrating  group  and  the  migration  terminus  (7-carbon), 
as  indicated  in  eq  1.    In  contrast,  the  transition  state 
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for  a  cyclic  reaction  is  characterized  by  significant 
bonding  between  the  7-carbon  and  the  migrating  group 
before  completion  of  bond  breaking  between  the  a- 
carbon  and  the  migrating  group  (eq  2).    Thus  a  cri- 
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terion  capable  of  distinguishing  between  synchronous 
and  stepwise  bond-breaking  and  bond-making  processes 
should  be  capable  of  distinguishing  between  cyclic  and 
noncyclic  mechanisms,  or,  more  subtly,  of  placing  a 
reaction  on  a  general  continuum  between  these  ex- 
tremes. 

Recent  investigations  have  shown  that  the  study  of 
secondary  a-deuterium  isotope  eff'ects  ("eff'ects  of  the 
first  kind,"  in  Halevi's  terminology*)  are  valuable 
probes  in  studying  the  timing  of  bond-making  and 
bond-breaking  processes.^®  For  our  purposes,  such 
eff'ects  have  several  valuable  characteristics.  First, 
Seltzer  ^^  has  pointed  out  that  the  magnitude  of  the  rate 
retardation  associated  with  the  substitution  of  one 
deuterium  atom  for  a  hydrogen  atom  a  to  the  leaving 
group  is  remarkably  constant  at  10-12%,  regardless  of 
the  charge  type  (carbanion,  free  radical,  or  carbonium 
ion)  of  the  reaction.  Second,  inverse  isotope  eff'ects 
have  been  observed  upon  substitution  of  deuterium 
for  hydrogen  at  doubly  bonded  carbon  atoms  for  a 
variety  of  reactions  in  which  these  carbons  undergo  a 
trigonal  to  tetrahedral  conversion,  similar  to  that  en- 
visioned for  the  7-carbon  in  a  cyclic  allylic  rearrange- 
ment transition  state.'  Third,  since  secondary  deu- 
terium isotope  eff'ects  are  basically  substituent  eff'ects 
and  appear  to  be  unaff'ected  by  reaction  medium  eff'ects, 
their  use  as  mechanistic  criteria  in  studying  allylic 
rearrangement  reactions  should  be  restricted  only  by 
the  availability  of  kinetic  or  other  means  of  measuring 
the  deuterium  isotope  eff'ect  with  adequate  precision 
and  the  ability  to  introduce  deuterium  atoms  at  the 
a-  and  7-carbons  of  the  appropriate  allylic  system. 

(8)  A.  Streitwieser,  Jr.,  "Solvolytic  Displacement  Reactions,**  Mc- 
Graw-Hill. Book  Co.,  Inc.,  New  York,  N.  Y.,  1962,  pp  42-49. 

(9)  E.  H.  Halevi,  Progr.  Phys.  Org.  Chem.,  1.  109  (1963). 

(10)  S.  Seltzer  and  F.  T.  Dunne,  /.  Am.  Chem.  Soc.,  87,  2628  (1965); 
5.  SeUzcT,  ibid.,  87,  1534(1965). 

aV  S,  Seltzer,  ibid,,  83, 2625  (1961). 


In  this  framework,  cyclic  allylic  rearrangement  transi- 
tion states  should  exhibit  smaller  than  normal  rate 
retardations  due  to  a-deuterium  substitution  and  sig- 
nificant rate  accelerations  due  to  7-deuterium  sub- 
stitution, in  keeping  with  the  synchyronous  nature  of 
bond-making  and  bond-breaking  processes.  In  contrast, 
noncyclic  rearrangements  should  exhibit  normal  a- 
deuterium  isotope  effects,  since  bond  breaking  at  the 
transition  state  should  be  about  as  complete  in  their 
reactions  as  it  is  in  the  examples  of  carbonium  ion, 
carbanion,  and  radical  reactions  for  which  deuterium 
isotope  effects  have  been  measured.  The  magnitude, 
even  the  direction,  of  7-deuterium  isotope  effects  in 
noncyclic  reactions  is  less  readily  predicted,  and  a 
definite  answer  to  this  question  awaits  experimental 
evidence. 

With  this  background,  we  have  initiated  a  program 
to  evaluate  these  effects  as  mechanistic  criteria  for 
intramolecular  allylic  rearrangements  by  measuring  the 
kinetic  effect  of  a-  and  7-deuterium  substitution  on  a 
reaction  of  known  cyclic  character.  We  chose  to  study 
the  rearrangement  of  allyl  thionbenzoate  (I)  to  aUyl 
thiolbenzoate  (eq  3).    Smith,  who  discovered  this  reac- 
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tion,  showed  that  it  was  extremely  insensitive  to  polar, 
solvent,  and  substituent  effects  and  must,  therefore, 
involve  a  cyclic  rather  than  a  carbonium  ion  mecha- 
nism.^ Other  considerations  render  carbanion  or  free 
radical  reactions  unlikely.  For  our  purposes,  this 
reaction  also  offered  ready  synthetic  accessibility  and  a 
convenient  method  for  kinetic  determinations. 

Results 

The  required  allyl- 1,1-^2  alcohol  was  prepared  from 
acrylyl  chloride  and  lithium  aluminum  deuteride  ac- 
cording to  the  method  of  Schuetz  and  Millard.  ^*  After 
some  exploratory  experiments,  the  following  route  (eq 
4)  was  worked  out  for  the  preparation  of  allyl-3,3-rfj 

DfO  1.     LiAlH« 

HOCHiCsCH ►  DOCHtC^CD ► 


Ba(OD)s 


2.     DfO 

DOCH,CH=CDi    (4) 


alcohol.  The  lithium  aluminum  hydride  reduction  of 
propargylic  alcohols  to  allylic  alcohols  has  been  studied 
in  some  detail  by  Bates,  Jones,  and  Whiting,  >'  but  this 
appears  to  be  the  first  report  of  its  use  in  the  simplest 
case,  propargyl  alcohol  itself.  The  deuterated  allylic 
alcohols  thus  obtained  were  better  than  99.2  %  homo- 
geneous to  capillary  gas  chromatography  and  had  reten- 
tion times  undistinguishable  from  that  of  pure  allyl 
alcohol.  Their  structures  were  further  confirmed  by 
infrared  and  nmr  spectra.  In  particular  in  the  infrared 
spectrum  of  the  allyl- 1,1 -A  alcohol  the  a-CHi  stretch- 
ing bands  at  3.41  and  3.49  /x  appear  as  CD  absorptions 
at  4.55  and  4.78  /x  and  the  CH,  deformation  at  6.89 
/i^^  is  replaced  by  a  new  band  at  8.70  /x  which  is  probably 
the  CD2  deformation.  In  addition,  the  nmr  spectrum  of 
this  compound  differs  from  that  of  allyl  alcohol  in  that 

(12)  R.  D.  Schuetz  and  F.  W.  Millard.  /.  Org.  Chem^  24,  297  (1959). 

(13)  E.  B.  Bates,  E.  R.  H.  Jones,  and  M.  C.  Whiting,/.  Chem.  Soc., 
1854(1954). 

(14)  H.  W.  Thompson  and  P.  Torkington,  Trans,  Faraday  Sac^  42, 
432(1946). 
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doublet  at  r  6.00  of  the  a-methylene^*  proton  is 
nt  and  the  ten-line  pattern  of  the  /9-vinyl  proton  is 
)lified  to  the  four-line  X  portion  of  an  ABX  spec- 
1  with  Jax  (trans)  =  16  Hz  and  JEx.(cis)  =  10  Hz. 
1-3,3-di  alcohol  similarly  exhibits  a  shift  of  the 
una!  methylene  absorptions  at  3.25,  3.35,  7.10, 
10.90  Ai  (CH)  to  4.31,  4.51,  9.63,  and  13.70  fi  (CD) 
le  infrared.  The  nmr  spectrum  of  this  compound 
ved  the  absence  of  the  4.67-5.10  multiplet  of  the 
linal  methylene  in  allyl  alcohol;  the  weak  perturba- 
i  of  the  a-CHs  doublet  at  r  6.00  (long-range  cou- 
;)  were  gone  and  the  /9-vinyl  resonance  appeared  as 
3ad  hump  at  r  4.12,  presumably  a  triplet  broadened 
3upling  to  the  deuterons  on  the  y  carbon, 
lese  alcohols,  together  with  unlabeled  allyl  alcohol, 
:  converted  to  the  corresponding  thionbenzoate 
s  by  treatment  with  sodium  hydride  followed  by 
benzoyl  chloride.^  The  latter  compound  was  pre- 
d  by  the  method  of  Staudinger  and  Siegmant^* 
purified  by  repeated  distillation  to  constant  nmr 
infrared  spectra. 

le  allyl- l,l-£/s  thionbenzoate  (II)  thus  obtained 
ained  1.98  D  atoms  per  molecule  and  the  isomeric 
-3,3-Js  thionbenzoate  (III)  has  1.85  D  atoms  per 
icule. "  The  infrared  spectrum  of  allyl  thionbenzo- 
I)  was  in  agreement  with  that  reported  by  Smith,' 
its  nmr  spectrum  supported  the  assigned  structure, 
perhaps  worthy  to  note  that  the  aromatic  protons 
7  to  the  thiocarbonyl  group  in  this  series  of  com- 
ids  are  deshielded  relative  to  their  counterparts  in 
ar  benzoyl  compounds  by  about  0.3  ppm.  The 
tra  of  the  deuterium-substituted  allyl  thionbenzoates 
ilso  consistent  with  their  assigned  structures,  ex- 
ing  spectral  features  similar  to  those  observed  for 
orresponding  alcohols. 

le  kinetic  data  recorded  in  Table  I  were  obtained 
le  ampoule  technique,  following  the  disappearance 
e  thionbenzoate  absorption  at  410  fx  in  acetonitrile. 
:  constants  were  calculated  by  the  method  of  DeTar 
he  best  least-squares  fit  to  the  exponential  form  of 
first-order  rate  equation  (see  Experimental  Sec- 
^).  Standard  errors  in  almost  all  cases  were  less 
0.8%,  so  that  the  95%  confidence  limits  for  the 
ddual  rate  constants  are  less  than  d:  1 .7  %.  Isotope 
ts  (rate  ratios)  are  calculated  for  simultaneous 
-minations  on  the  three  allyl  thionbenzoates  MIL 
»pe  effects  calculated  for  one  deuterium  atom  at 
are:  a,  0.059  =b  0.007  and  7,  0.97  ±  0.007.  Ac- 
ion  parameters  calculated  for  the  rearrangement 
le  unlabeled  compound,  allyl  thionbenzoate,  are 
=  25.7   ±  0.6  kcal/mole  and  A5*  - 10  cal/molc 

le  effect  of  temperature  on  the  deuterium  isotope 
ts  is  so  small  that  it  is  within  the  experimental  error 
ur  determinations.  The  slight  increase  in  the 
litude  of  the  7-isotope  effect  is  consistent  with 
er's  results  on  thiocyanate  ion  catalyzed  isomeriza- 
of  maleic  to  fumaric  acid  but  is  not  of  itself  sta- 
ally    significant.    Attempts    to   calculate  AAH"^ 

N.  S.  Bhacca,  L.  F.  Johnson,  and  J.  N.  Shoolery.  "NMR  Spectra 
•g,"  Varian  Associates,  Palo  Alto,  Calif.,  1962,  Spectrum  No.  34. 

H.  Staudinger  and  J.  Siegmant,  Helo.  Chim.  Acta,  3, 824  (1920). 

Deuterium  analysis  by  J.  Nemeth,  Urbana,  111. 

D.  F.  DeTar,  /.  Am,  Chem,  Soc,  78,  3911  (1956).  We  are  in- 
1  to  a  referee  for  calling  this  method  to  our  attention  and  to  the 
f  the  Washington  State  University  Computing  Center  for  invalu- 
imtBnce, 


Table  I.    First-Order  Rate  Constants  and  Deuterium  Isotope 
Effects  for  Allyl  Thionbenzoate-Allyl  Thiolbenzoate 
Rearrangement  in  Acetonitrile 
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4.29 
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85.0 

0.938 
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0.936 
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0.841 

0.977 

1.128 

0.937 

70.0 

0.186 

0.168 

0.201 

1.111 

0.926 

0.192 

0.170 

0.206 

1.131 

0.932 

and  AAiS=^  from  these  data  by  the  method  of  Lefiek, 
Robertson,  and  Sugamori^*  give  values  which  are  not 
statistically  significant. 

Samples  of  the  reaction  products,  allyl  thiolbenzo- 
ates,  were  obtained  by  treating  samples  of  the  allyl 
thionbenzoates  I-III  for  200  hr  at  100""  in  sealed  tubes.^ 
Allyl  thiolbenzoate  was  obtained  from  I,  as  indicated 
by  the  correspondence  of  its  infrared  spectrum  with 
that  reported  by  Smith  and  the  agreement  of  its  nmr 
spectrum  with  the  assigned  structure.  Allyl- 1,1 -^/s 
thionbenzoate  (II)  afforded  the  product  of  clean  allylic 
rearrangement,  allyl-3,3-ds  thiolbenzoate,  most  clearly 
indicated  by  the  absence  of  the  r  4.40-S.08  terminal 
methylene  absorption  in  the  nmr.  Similarly  allyl- 
3,3-£/2  thionbenzoate  (III)  gave  allyl- 1,1-^2  thiolbenzoate 
as  indicated  by  the  absence  of  the  r  4.37  doublet  (a- 
methylene).  We  estimate  that  no  more  than  3-4% 
of  unrearranged  allyl  moiety  could  have  gone  unde- 
tected in  these  experiments.  These  results  agree  with 
the  conclusion  of  Smith  that  clean  arrangement  of  the 
allyl  moiety  accompanies  conversion  of  the  thion  to  the 
thiol  ester. 

Discussion 

The  strongly  negative  entropy  of  activation  provides 
strong  support  for  the  conclusion,  reached  earlier  by 
Smith'  on  the  basis  of  polar  solvent  and  substituent 
effects,  that  this  reaction  proceeds  by  way  of  a  cyclic 
transition  state.  Similar  values  of  AS"^  have  been 
observed  for  the  Claisen  and  Cope  rearrangements.  *•• 
An  alternate  interpretation  of  large  negative  entropies 
of  activation,  electrostriction  of  solvent  in  a  polar 
transition  state,  seems  inapplicable  here  in  view  of  the 
insensitivity  of  this  reaction  to  solvent  polarity. 

The  a-deuterium  isotope  effect  (6-7%  rate  retar- 
dation) for  this  cyclic  reaction  is  about  one-half  that  ob- 
served at  similar  temperatures  for  the  effect  of  similar 
deuterium  substitution  on  reactions  involving  carbonium 
ion,  carbanion,  or  radical  pathways.'*^*  This  differ- 
ence in  magnitude  is  well  beyond  the  experimental 
uncertainty  involved.  Since  allylic  rearrangements  of 
noncyclic  character  can  be  expected  to  show  normal 
a-deuterium  isotope  effects  (many  of  the  "normal" 
reactions  involve  benzylic  systems,  electronically  very 
similar  to  those  involved  in  ^lylic  noncyclic  rearrange- 
ments), this  result  supports  the  hypothesis  that  a- 
deuterium  isotope  effects  are  of  real  value  in  distinguish- 
ing between  cyclic  and  noncyclic  pathways  for  these 
rearrangements. 

(19)  K.  T.  Leffek,  R.  E.  Robertson,  and  S.  Susamori,  Can,  J,  Chem., 
39. 1989  (1961). 
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Similarly  the  rate  acceleration  (ca.  3  %  per  deuterium) 
produced  by  deuterium  substitution  of  the  migration 
terminus  is  similar  in  magnitude  and  direction  with 
several  reactions  in  which  some  conversion  of  the 
trigonal  carbon  to  tetrahedral  has  occurred  at  the 
transition  state.' 

This  result  may  be  compared  to  the  7-deuterium  iso- 
tope effect  of  1.00  (kn/kjy)  reported  by  Belanifi-Lipovac, 
Borci£,  and  Sunko*"  for  the  solvolysis  of  a,a-dimethyl- 
allyl  chloride.  The  small,  but  real,  difference  in  7- 
deuterium  isotope  effect  between  the  cyclic  reaction 
studied  here  and  this  carbonium  ion  solvolysis  supports 
the  hypothesis  that  this  type  of  effect  also  can  be  useful 
as  a  mechanistic  criterion  in  such  systems,  provided 
that  further  experimental  work  supports  the  generality 
of  these  effects.  From  an  empirical  point  of  view, 
these  conclusions  must  be  regarded  as  tentative  until 
supported  by  further  experimental  work  with  both 
cyclic  and  noncyclic  rearrangements. 

Viewed  in  a  more  theoretical  light,  these  conclusions 
do  not  rest  on  particular  assumptions  used  with  Bigel- 
eisen's  fundamental  equation  for  deuterium  isotope 
effects.  ^^  If  we  adopt  Streitwieser's  assumptions, 
application  of  eq  5  from  his  early  paper  ^^  on  this  subject 
indicates  that  a  change  of  —65  cm"*  in  the  bending 
frequencies  of  the  allyl  thionbenzoate  is  responsible  for 
the  7-deuterium  effect  upon  going  to  the  transition  state. 
Similarly  a  change  of  135  cm""*  is  associated  with  the  a- 
deuterium  effect.  Again,  adopting  Streitwieser's  anal- 
ysis of  the  important  isotope  vibrational  frequencies,*' 
the  terminal  methylene  group  in  allylic  compounds 
has  been  assigned  frequencies  of  3080,  2990,  1410, 
and  920  cm"*.  Upon  rearrangement  these  become, 
respectively,  2940,  2840,  1455,  and  1385  cm"*  in  the 
a-methylene  compound,  resulting  in  a  total  change  of 
—  325  cm"*  for  the  complete  allyl  thionbenzoate  to 
allyl  thiolbenzoate  conversion.  A  similar  change  of 
+325  cm"*  is  obtained  for  the  deuterium-sensitive 
frequencies  of  the  a-methylene  group.  Insofar  as 
these  changes  in  vibrational  frequencies  reflect  the 
structure  of  the  transition  state,  the  situation  at  both  the 
a-  and  7-carbons  resembles  reactants  more  than  prod- 
ucts, with  the  change  in  frequencies  somewhat  more 
pronounced  at  the  a-  than  the  7-carbon.  It  is  worth 
noting  that  this  conclusion  does  not  rest  on  a  detailed 
correlation  between  vibration  frequencies  and  bond 
order  of  the  reacting  bond  at  the  transition  state,  but 
rather  on  the  assumption  that  changes  in  bond  strength 
are  reflected  in  roughly  proportionate  changes  in  vi- 
bration frequency  for  the  a-CH  bending  modes. 

Alternatively,  if  one  adopts  the  formulation  of 
Wolfsberg  and  Stern  **  in  which  bending  force  constants 
rather  than  vibrational  frequencies  are  used  as  primary 
structural  parameters,  the  same  conclusion  may  be 
reached.    In  this  way,  one  interprets  the  7  effect  as 

(20)  V.  Belani£-Lipovac,  S.  Borcic,  and  D.  E.  Sunko,  Croat.  Chem. 
y<c/a.  37,  61(1965). 

(21)  J.  Bigeleisen,  /.  Chem.  Phys.,  17.  425  (1949). 

(22)  A.  Streitwieser,  Jr.,  R.  H.  Jagow,  R.  C.  Fahey,  and  S.  Suzuki, 
/.  Am.  Chem.  Soc,  80,  2326  (1958). 

(23)  It  is  recognized  that  this  approach  is  somewhat  deficient  in  the 
absence  of  a  complete  assignment  of  the  vibrational  frequencies  of  those 
compounds  (see  ref  9).  However,  these  assignments  are  supported  by 
the  observed  shifts  in  our  deuterium-substituted  allylic  compounds  and 
are  in  accord  with  previous  work  (ref  14;  also,  L.  J.  Bellamy,  "The 
Infrared  Spectra  of  Complex  Molecules,**  John  Wiley  and  Sons,  Inc., 
New  York,  N.  Y.,  1958.  pp  13,  34.) 

(24)  M.  Wolfsberg  and  M.  J.  Stem.  Pure  AppL  Chem,,  8,  325  (1964). 


reflecting  a  small  alteration  of  the  carbon-hydrogoi 
bending  force  constants  at  the  transition  state  and  the 
a  effect  as  involving  a  smaller  alteration  at  this  site  than 
those  commonly  encountered  or  treated  in  Wolfsberg's 
model  calculations.  Insofar  as  bending  force  constants 
reflect  structure,  then,  the  same  conclusion  regarding 
placement  of  the  transition  state  along  the  reaction 
coordinate  is  reached.  The  validity  of  this  argument 
also  does  not  rest  on  a  relationship  between  force 
constants  and  bond  order  in  the  '"reacting"  bonds, 
although  it  seems  reasonable  to  believe  that  the  length 
of  this  bond  in  the  transition  state  will  influence  the 
steric  environment  of  the  neighboring  carbon-hydrogen 
bonds  enough  to  alter  the  bending  force  constants. 

Further,  the  transition  state  for  this  reaction  may 
be  described  as  "iooser"  than  completely  concerted  in 
that  bond  breaking  at  the  a-carbon  appears  to  be  more 
advanced  than  bond  formation  at  the  7-carbon.  This 
involves  the  assumption,  reasonable  but  not  firmly  es- 
tablished, that  the  functional  relationships  between 
bond  order  in  the  bond-breaking  process  and  the  a- 
deuterium  isotope  effects  are  the  same  as  those  operating 
between  the  bond-making  process  and  the  r-deuterium 
isotope  effect.  In  this  light,  the  fact  that  the  7-deu- 
terium isotope  effect  is  smaller  than  the  a  effect  implies 
that  bond  making  at  the  7-carbon  is  lagging  behind 
bond  breaking  at  the  transition  state.  A  posteriori, 
this  is  reasonable  since  the  conversion  of  reactant  to 
transition  state  is  an  endothermic  process  and  in  a 
unimolecular  reaction  devoid  of  strong  solvation  effects 
it  must  involve  a  decrease  in  total  bond  order.  This 
takes  no  account,  of  course,  of  over-all  bond  order 
changes  internal  to  the  allyl  and  thiocarboxyl  moieties, 
which  may  well  play  a  significant  role  in  the  activation 

process. 

The  pattern  of  deuterium  isotope  effects  observed 
here  is  consistent  with  a  transition  state  which  more 
closely  resembles  reactant  (allyl  thionbenzoate)  than 
product  (allyl  thiolbenzoate).  This  interpretation, 
which  is  consistent  with  Hammond's  postulate'*  for  a 
one-step  exothermic  reaction,  does  not  depend  on  a 
particular  set  of  approximations  used  in  interpreting 
deuterium  isotope  effects,  as  discussed  above,  and  raises 
the  intriguing  possibility  that  measurement  of  these 
effects  in  reactions  of  known  cyclic  character  can  lead  to 
placement  of  their  transition  states  along  a  reactant- 
product  reaction  coordinate.  We  are  presently  testing 
this  hypothesis  on  such  cyclic  allylic  rearrangements. 

Experimental  Section 

Thiobenzyl  Chloride.  This  material  was  prepared  by  the  method 
of  Staudinger.^*  Repeated  distillation  removed  impurities  ex- 
hibiting absorptions  at  t  2.17-2.40  in  the  nmr  and  12.6  and  \A2  m 
in  the  infrared.  The  purified  material  was  deep  purple  in  color 
and  had  bp  53-55*»  (0.2  mm);  X^:;  8.07  (s).  9.56  (s).  11.93  (s). 
13.18  (s),  14.81  (s),  and  15.70  (s)  n;  nmr  muhiplcts  at  r  1.86-108 
(2  H,  ortho)  and  r  2.48-3.08  (3  H,  meta  and  para);  XJiT  527  nvi 
(€68). 

Allyl-l,l-Js  Alcohol.  This  material  was  prepared  by  the  method 
of  Schuetzand  Millard,"  bp  92-95°  (690  mm);  X!!:;  3.00  (broad, 
s),  4.55  (m),  4.78  (s),  7.09  (s),  8.38  (s),  9.10  (s),  10.04  (sX  10.40  ($), 
and  10.80  (s)  fi;  nmr  absorptions  at  t  3.86-4.31  (1 H,  quadrupiec,yix 
=  16  Hz,  /bx  =  10  Hz),  r  4.67-  5.10  (2  H,  two  overlapping  AB  quad- 
ruplets. J  AX  and  Jbx  as  above,  /ab  -  -2  Hz),  and  r  5.30  (1  H,  sin- 
glet) ;  no  detectable  absorption  at  r  6.0  (a-CHi). 


(25)  G.  S.  Hammond,  /.  Am.  Chem,  Soe„  77,  334  (1955). 
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Pio|Mursyl-3»0-Js  Alcohol.  Propargyl  alcohol  (1 1 .2  g,  0.20  mole) 
was  equilibrated  with  20  g  of  DsO  containing  6  mg  of  barium  oxide 
overnight.  The  mixture  was  continuously  extracted  with  15  ml  of 
ether  for  6  hr,  and  the  ether  layer  was  stirred  overnight  with  20  g  of 
fresh  DsO  containing  35  mg  of  BaO.  The  latter  equilibration  was 
repeated  twice  more,  and  the  final  ether  extract  was  dried  and  dis- 
tilled in  a  micro  spinning-band  column  affording  8.16  g  of  propargyl- 
3,0-<^  alcohol,  bp  108-1  lO"*  (690  mm),  homogeneous  to  capillary  gas 
chromatography.  Spectral  analysis  showed:  nmr  <1%  r  7.29 
(C^CH),  ca.  10%  T  5.37  (OH),  r'5.75  (CH„  singlet);  Xl^J  3.00 
(OH,  m),  3.86  (CD.  s),  4.03  (OD,  m),  5.04  (m),  7.36  (m),  and  9.78 

(m)Ai. 

Allyl-33-^t  Aleohol.  Propargyl-3,0-i/s  alcohol  (8.0  g,  0.14 
mole)  dissolved  in  1(X)  ml  of  dry  ether  was  added  dropwise  under  a 
nitrogen  atmosphere  to  a  slurry  of  lithium  aluminum  hydride  (5.7 
g,  0.15  mole)  in  70  ml  of  ether  maintained  at  4-6°  in  an  ice  bath. 
After  the  addition  was  complete  (85  min),  the  reaction  mixture  was 
stirred  at  0°  for  12  hr  when  gas  chromatographic  examination  of  a 
quenched  aliquot  showed  that  the  reduction  was  95%  complete 
and  that  less  than  0.3%  of  propyl  alcohol  had  been  produced. 
Deuterium  oxide  (12  ml)  was  cautiously  added,  and  the  mixture 
was  stirred  for  14  hr  when  9.6  ml  of  10%  aqueous  NaOH  solution 
was  added.  The  precipitated  inorganic  solids  were  removed  by 
filtration  and  washed  well  with  ether.  The  combined  filtrates  and 
washings  were  distilled  in  a  micro  spinning-band  column  affording 
2.88  g  of  allyl-3,3-Js  alcohol,  bp  92-94°  (695  mm),  containing  less 
than  0.2%  propyl  alcohol  and  less  than  0.6%  propargyl  alcohol  by 
capillary  gas  chromatography.  Spectral  analysis  showed:  \^ 
3.00  (broad.  OH),  3.49  (CH,,  m),  4.05  (broad.  OD),  9.10  (m),  9.91 
(s),  13.70  (m)  n;  nmr  absorptions  (in  t)  at  4.12  (1  H,  broad),  3.98 
(2  H,  doublet,  /  »  5  Hz),  and  6.78  (OH,  0.6  H,  singlet),  negligible 
absorption  at  4.87  (5-CHt). 

Allyl  Thionbenzoate  and  Its  Deuterated  Analogs.  These  com- 
pounds were  prepared  from  the  appropriate  allyl  alcohol  and  thio- 
benzoyl  chloride  by  the  method  of  Smith.  The  spectra  of  all  three 
allylic  thionbenzoates  had  the  following  common  features:  XZ^''^*''*^ 
420  WM  (e  122);  X^i  3.26  (w),  6.27  (w),  6.90  (w),  7.60  (s),  7.92 
(s),  8.20  (s),  9.30  (m),  9.52  (m),  9.76  (m),  10.72  (m),  12.98  (m),  14.60 
(s),  and  15.76  (m)  ;*;  nmr  absorptions  at  r  1.75-1.98  (2  H,  ortho, 
multiplet)  and  r  2.62-3.02  (3  H,  meta  and  para,  multiplet).  In 
addition,  allyl  thionbenzoate  had  X^  10.10  (w),  10.90  (w)  fi; 
and  nmr  absorptions  at  t  3.65-4.34  (1  H,  /3-proton,  multiplet), 
r  4.53-4.95  (2  H,  =CH,,  mulUplet),  and  r  4.97  (2  H.  CH,,  weakly 
perturbed  doublet,  /  »  6  Hz,  overlapping  =CHs  peak). 

AnalJ*  Calcd  for  CsHioOS:  C,  67.38;  H.  5.66;  S,  n.99^. 
Found:    C,  67.63;  H,  5.80;  S,  17.74. 

AUyl-1,1-^  thionbenzoate  had,  in  addition,  X^!;  4.50  (w),  4.70 
(w),  7.10  (m),  and  10.90  (m)  fi,  and  showed  nmr  absorptions  at  r 
4.02  (center  of  gravity,  4  lines,  /ax  =  17  Hz,  Jbx  =  10  Hz,  1  H)  and 
r  4.54^.95  (multiplet,  2  H,  =CH,).  Allyl-3,3-<^  thionbenzoate 
had,  in  addition,  X^  4.31  (w).  11.20  (w),  and  13.40  (m)  m>  and 
showed  nmr  absorptions  at  r  4.08  (broad,  1  H,  half-height  width 
1 3  Hz)  and  r  5.01  (doublet,  7  =-  6  Hz,  2  H). 

Kinetic  Measurements.  Rates  were  followed  by  the  ampoule 
technique,  13  separate  observations  between  10  and  85%  reaction 
being  made  in  most  runs.  Three  simultaneous  kinetic  determina- 
tions were  made  on  allyl  thionbenzoate  (I)  and  its  deuterated  ana- 
logs II  and  HI.  Solutions  were  made  up  by  accurately  weighing  the 
appropriate  thionbenzoate  into  a  50-ml  volumetric  flask  and  diluting 
to  the  mark  with  spectro  grade  acetonitrile.  Aliquots  (3.3  ml) 
were  transferred  to  Fyrcx  ampoules  which  were  immediately  sealed. 
Care  was  taken  to  randomize  the  order  in  which  ampoules  were 
sealed  and  later  removed  from  the  constant  temperature  bath. 

The  ampoules  were  weighted  with  lead  strips  and  placed  in  a  wire 
mesh  basket.  The  basket  was  placed  in  the  constant  temperature 
bath  (controlled  to  0.02°  by  a  proportioning  controller)  and  allowed 
to  come  to  thermal  equilibrium  for  30-60  min.  To  start  each  run, 
other  ampoules  were  similarly  withdrawn  and  quenched  at  ap- 
propriate intervals  to  obtain  each  kinetic  point.  An  ampoule  was 
withdrawn  and  immediately  quenched  in  ice-acetone.  Control 
experiments  showed  that  the  temperature  dropped  more  than  20° 
within  5  sec.  The  quenched  ampoules  were  stored  in  the  refrig- 
erator at  —5°  until  the  run  was  completed.    Infinity  points  were 


obtained  after  10-12  half-lives  at  100°  and  were  about  2%  of  the 
initial  absorption."  Before  measuring  the  absorbance  the  am- 
poules were  allowed  to  warm  to  room  temperature.  The  absorb- 
ance at  410  m^  was  read  from  the  520  to  350  m^i  spectrum  of  the 
sample  determined  on  a  Cary  Model  14  spectrophotometer.  Du- 
plicate determinations  were  reproducible  to  0.(X)3  absorbance  unit. 

Following  the  method  of  l5eTar,>*  the  rate  constants  were  deter- 
mined by  fitting  the  data  to  the  equation  A  ^  a  +  b€'^\  where  A 
is  the  absorbance  at  time  /,  a  is  the  absorbance  at  infinite  time,  and 
b  ^  A9  —  A„.  The  initial  estimates  of  a  and  b  required  by  this 
method  were  measured  values  and  the  initial  estimate  of  k  was 
obtained  from  a  least-squares  fit  of  the  data  to  the  equation  In 
(A  —  A„)  —  In  (.4o  —  Aca)  =  —A:/.  Table  II  contains  data  for  a 
typical  run,  including  a  comparison  of  observed  absorbances  and 
those  calculated  from  the  parameters  obtained  from  the  exponential 
least-squares  fit.  The  standard  deviations  of  most  rate  constants 
were  less  than  0.8%,  and  calculated  initial  and  infinity  absorbances 
were  within  0.01  absorbance  unit  of  those  observed.  Temperatures 
were  measured  by  a  National  Bureau  of  Standards  calibrated  ther- 
mometer. 


Table  II.    Data  for  a  Typical  Kinetic  Run« 


Time, 

-Absorbance ^ 

sec 

Obsd 

Cakd 

0 

1.131 

1.134 

3,555 

0.970 

0.971 

7,210 

0.829 

0.828 

10,800 

0.708 

0.708 

14.430 

0.606 

0.605 

18,005 

0.519 

0.519 

21.605 

0.443 

0.445 

25,155 

0.383 

0.383 

28,800 

0.330 

0.329 

32,400 

0.283 

0.283 

36,000 

0.243 

0.244 

39,605 

0.212 

0.211 

43,200 

0.181 

0.183 

46,755 

0.161 

0.159 

00 

0.022 

0.022 

-Initial  estimate:   A  -  0.0220  -f-  1.1090  exp(- 0.000044644/); 
final  parameters:  A  -  0.0220  -f- 1.1125  exp( -0.000044755/). 


Reaction  Products.  Samples  (ca.  150  mg)  of  allyl  thionbenzoate 
and  the  two  deuterium-substituted  allyl  thionbenzoates  were  sealed 
in  small  glass  ampoules  and  immersed  in  the  1(X)°  oil  bath  for  2(X)  hr 
(more  than  ten  half-lives  for  the  slowest  reaction  rate  reported). 
The  products  were  characterized  as  follows.  Allyl  thionbenzoate 
gave  allyl  thiolbenzoate:  XS:!'**^  420  mpL  (e  1.2);  X^S  3.27  (w), 
3.41  (w),  6.02  (s),  6.32  (m),  6.91  (m),  8.30  (s),  8.51  (s),  10.14  (m). 
11.00  (s),  12.97  (s),  14.56  (s),  and  15.47  (s)  n;  nmr  absorptions  at  r 
2.02-2.25  (multiplet,  2  H,  ortho),  2.51-2.75  (multiplet,  3  H,  meta 
and  para),  3.80-4.50  (multiplet,  1  H,  0),  4.40-5.08  (multiplet,  2 
H,  6),  and  6.37  (doublet,  App  »  7  Hz,  2  H,  a).  Allyl-l,l-^t  thion- 
benzoate gave  allyl-3,3-</i  thiolbenzoate:  X2i'*~"'  420  niM  (€ 
1.6);  XH!^  as  in  allyl  thionbenzoate  except  that  the  10.14-;i  band 
was  absent;  bands  at  4.31  (w),  4.51  (w),  and  13.60(m) /i;  nmr  ab- 
sorptions as  in  allyl  thiolbenzoate  except  that  t  4.40-5.08  5-hy- 
drogen  absorption  and  weak  perturbations  of  the  r  6.37  doublet 
were  absent,  and  the  r  3.80-4.50  multiplet  had  collapsed  to  a  broad 
absorption  centered  at  r  4.19,  half-height  width  14  Hz.  AUyl- 
3,3-£/t  thionbenzoate  gave  allyl- l,l-£/i  thiolbenzoate;  X2il*"*" 
420  niM  (c  1.6);  XJH^  as  in  allyl  thiolbenzoate  except  that  the  3.42-/1 
band  is  absent  and  an  absorption  at  4.64  (w)  fi  is  present;  nmr 
as  in  allyl  thionbenzoate  except  that  the  r  3.8()-4.50  multiplet  has 
collapsed  to  a  four-peak  pattern  centered  at  t  4.17  (/ax  ''1 6  Hz, 
Jbx  =  10  Hz),  the  t  4.40-5.08  multiplet  is  simplified  to  an  eight-line 
pattern  centered  at  r  4.92  (/ax  and  Jbx  as  above.  Jab  probably 
— 2  Hz),  and  the  r  4.37  doublet  was  absent. 


(26)  Galbraith  Laboratories,  Knoxville,  Tenn. 


(27)  S.  G.  Smith^  reported  a  similar  observation. 
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Secondary  Deuterium  Kinetic  Isotope  Effects  in  Radical-Forming 
Reactions.    11.    The  Decomposition  of  f-Butyl  Perpivalate 

T.Koenig  and  R.  Wolf 

Contribution  from  the  Department  of  Chemistry,  University  of  Oregon^ 
Eugene,  Oregon    97403.    Received  December  6, 1966 


Abstract:  Measurement  of  the  rates  of  decomposition  of  /-butyl  perpivalate  and  its  deuterated  analog  show  the 
secondary  deuterium  kinetic  isotope  effect  on  the  formation  of  /-butyl  radical  is  1.02  per  deuterium.  The  theories 
proposed  to  explain  these  isotope  effects  are  compared  using  the  present  data  and  that  for  the  formation  of  /-butyl 
cation. 


While  the  effect  of  substitution  of  deuterium  for 
hydrogen  on  the  rates  of  a  large  number^  of 
reactions  leading  to  cationic  intermediates  have  been 
determined,  almost  no  attention  has  been  given  to  these 
effects  in  radical-forming  processes.  The  earliest  re- 
port of  such  an  isotope  effect  in  a  radical  reaction  was 
that  for  the  autoxidation  of  cumene  which  indicated 
the  magnitude  of  ^h/^d  to  be  1.10.'  The  effects  have 
also  been  measured^  for  radical  addition  to  olefins  but 
the  interpretation  in  these  cases  is  complicated  by  op- 
posing a  and  fi  effects  which  operate  simultaneously. 
In  a  study  directed  mainly  at  determining  the  magnitude 
of  a  isotope  effects  in  concerted  acyl  peroxide  cleavage, 
a  preliminary  measurement  of  the  effect  of  partial  /9 
deuteration  on  the  rate  of  decomposition  of  /-butyl 
perhydratropate  was  also  reported.*  Here  the  isotope 
effect  was  found  to  be  quite  small  (/th/^d  '^  1.02). 
This  small^  isotope  effect  for  the  formation  of  a- 
phenethyl  radical  in  the  converted  decomposition  of  the 
corresponding  perester  was  at  odds  with  that  reported 
for  the  formation  of  cumyl  radical  and  also  at  odds 
with  some  theories^  of  the  origin  of  these  isotope  effects 
in  general.  It  was  thus  decided  to  measure  the  /9 
deuterium  secondary  kinetic  isotope  effect  on  the  forma- 
tion of  /-butyl  radicals  in  the  decomposition  of  /-butyl 
perpivalate. 

It  has  previously  been  shown^  that  the  decomposition 
of  this  compound  is  concerted.  Therefore,  /-butyl 
radical  character  is  present  in  the  over-all  rate-deter- 
mining transition  state.  Since  nine  deuterium  atoms 
can  be  incorporated,  a  reduction  in  the  relative  error  of 
the  measurements  was  anticipated.  In  addition,  a 
comparison  of  the  isotope  effects  for  formation  of 
radicals  and  cations  of  the  same  formal  structure  should 
be  helpful  in  providing  a  distinction  between  the  theories 
proposed  to  account  for  these  isotope  effects.  The 
isotope  effect  on  the  solvolysis  of  /-butyl  chloride  has 
been  determined  by  several  groups.® 

(1)  National  Defense  Education  Act  Predoctoral  Fellow,  1965-1967. 

(2)  E.  A.  Halevi.  Progr.  Phys.  Org.  Chem.,  1,  109  (1963);  A.  Streit- 
wieser.  "Solvolytic  Displacement  Reactions,**  McGraw-Hill  Book  Co., 
Inc.,  New  York.  N.  Y.,  1962. 

(3)  C.  E.  Boozer,  B.  W.  Ponder,  J.  C.  Trisler,  and  C.  E.  Wrightman. 
/.  Am.  Chem.  Soc,  78,  1506  (1956). 

(4)  A.  P.  Stefani,  M.  Szwarc,  and  M.  Feld,  ibid.,  84,  4451  (1962); 
W.  A.  Pryor,  R.  W.  Henderson,  R.  A.  Patsiga.  and  N.  Carroll,  ibid., 
88.  1199(1966). 

(5)  T.  Koenig  and  W.  Brewer,  Tetrahedron  Letters,  2773  (1965). 

{€)  The  error  in  these  measurements  was  larger  than  desired  so  that 
the  magnitude  of  the  isotope  effect  is  only  approximate.  However,  the 
conclusion  that  the  isotope  effect  is  small  is  a  valid  one. 

(7)  P.  D.  Bartlett  and  R.  R.  Hiatt,  J.  Am,  Chem.  Soc.,  80,  1398 
CIPSSJ;  P.  D.  Bartlett  and  D.  M.  Simmons,  ibid.,  82,  1753  (1960). 


While  these  studies  were  in  progress,  a  report  of  the 
/9  isotope  effect  on  the  formation  of  a-phenethyl  radical 
in  the  decomposition  of  the  corresponding  azo  com- 
pound appeared.'  The  isotope  effect  observed  in  this 
case  was  in  agreement  with  that  estimated  for  the  de- 
composition of  the  perhydratropate  but  with  greatly 
increased  accuracy. 

Results 

Deuterated  pivalic  acid  was  obtained  from  /-butyl 
chloride-da  by  a  Grignard  sequence.  The  pcresters 
were  obtained  by  the  Bartlett^  method  and  purified  by 
column  chromatography.  Their  deuterium  content 
was  estimated  by  a  quantitative  nmr  technique.  Purity 
was  judged  by  their  nmr  and  infrared  spectra  and  by 
reproducibility  of  the  rate  constants  upon  repurifica- 
tion. 

The  rates  were  measured  in  purified  solvents  by 
disappearance  of  the  infrared  carbonyl  adsorption 
(^ir)  at  1772  cm~^  and  by  pseudo-first-order**'  and 
zero-order  disappearance**  of  galvinoxyl  (Atq)  using  its 
visible  absorption  at  770  m/Li.  The  results  of  these 
studies  are  summarized  in  Table  I. 

The  stated  errors  are  for  completely  reproduced  ex- 
periments in  which  each  compound  was  resynthesized 
from  a  different  batch  of  /-butyl  chloride.  Decom- 
positions in  different  batches  of  purified  solvent  and  the 
decomposition  of  the  undeuterated  perester  obtained 
from  a  commercial  batch  of  pivalic  acid  all  showed  rate 
behavior  within  the  stated  uncertainty.  The  rate 
constants  were  obtained  from  a  linear  least-squares 
treatment  of  the  data.**  All  rate  plots  were  linear  for 
at  least  three  half-lives. 

The  rate  constants  obtained  by  the  infrared  method 
were  invariably  higher  than  those  observed  by  the 
galvinoxyl  method.  Both  the  presence  of  a  good  radi- 
cal scavenger  and  the  low  perester  concentrations  used 
in  the  galvinoxyl  method  should  tend  to  decrease  the 
relative  importance  of  any  radical-induced  paths  for 
destruction  of  perester.  The  difference  in  the  rates 
obtained  by  the  two  methods  might,  therefore,  be  a 
consequence  of  some  induced  decomposition  remaining 

(8)  v.  J.  Shiner.  B.  L.  Murr.  and  G.  Hcincman.  ibid.,  85,  2413  (1963); 
G.  J.  Frisone  and  E.  R.  Thornton,  ibid.,  86,  1900  (1964);  L.  Hakka.  A, 
Queen,  and  R.  E.  Robertson,  ibid.,  87,  161  (1965). 

(9)  S.  Seltzer  and  E.  Hamilton,  ibid.,  88,  3775  (1966). 

(10)  T.  Koenig  and  J.  C.  Martin.  J.  Org.  Chem.,  29,  1520  (1964);  R. 
C.  Lamb  and  J.  G.  Pacifi.  ibid.,  30,  3102  (1965). 

(11)  S.  F.  Nelson  and  P.  D.  Bartlett.  /.  Am.  Chem.  Sac.,  88, 143 
(1966). 

(12)  C.  Klopfenstdn  and  C.  WUkins.  /.  Chem.  Edue.,  43.  U  (1966). 
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[.    Rates*  of  Decomposition  of  /-Butyl  Perpivalate  and  /-Butyl  Perpivalate-d^ 


Temp, 

A:iB  X  10* 

kQ  X  10* 

'erester 

X 

sec~» 

ksJ/CDt 

sec-» 

kujkrh 

rf 

W 

60.56 

0.419  =b  0.010 

1.16  ±0.03 

0.400  ±0.015 

1.24±0.04 

1.07 

D,» 

60.56 

0.361  db  0.003 

0.324  ±0.005 

1.14 

H,» 

74.04 

2.27   ±0.056 

1.14  ±0.03 

1.93  ±0.036 

1.22  ±0.03 

1.17 

D,» 

74.04 

1.995  ±0.027 

1.57  ±0.032 

1.16 

H,^ 

60.56 

0.626  ±0.021 

1.25±0.03 

0.68 

D,' 

60.56 

0.505  ±0.010 

0.56 

H.- 

60.56 

0.650  ±0.012 

1.23±0.02 

D." 

60.56 

0.527  ±0.010 

'erages  of  from  3  to  1 1  runs.  Linear  least-squares  treatment  of  individual  runs  gives  standard  deviations  of  less  than  2  %  for  three  half- 
1  all  cases.  Stated  uncertainties  are  average  deviations.  ^  Chlorobenzene.  «  90%  Aqueous  dioxane.  *  A  second  batch  of  90% 
js  dioxane.    '  Moles  of  galvinoxyl  decolori2ed  per  mole  of  peroxide. 


n.    Zero-Order  Rates  of  Decomposition  of  /-Butyl 
alate  at  60.56'' 


MX  10» 


[PJIH 

MX  10» 


n* 


3.14 
3.14 
3.14 
3.41 
3.14 
3.32 


4.42 
8.84 
26.5 
32.8 
35.4 
58.9 


0.878 
0.833 
0.730 
0.722 
0.709 
0.687 


suming  a  kQ  of  4.188  X  10~'  sec'i. 


'  the  conditions  of  the  infrared  measurement, 
lata  of  Table  II  support  this  interpretation. 
:Iearly  defined  increase  in  /t,  the  moles  of  radicals 
ed/mole  perester  consumed,  with  decreasing  initial 
ter  concentration  was  observed  by  the  zero-order" 
loxyl  method.  Since  the  products  of  the  reaction 
le  a  large  amount  of  polymer,  the  details  of  this 
d-induced  path  are  obscured.  However,  we 
^e  the  data  of  Table  II  establish  that  such  a  path 
and  therefore  that  the  galvinoxyl  rates  are  more 
yr  correct.  The  intervention  of  such  a  radical- 
ed  path  would  tend  to  decrease  the  isotope  effect 
is  isotopically  insensitive.  This  would  explain 
>wer  magnitude  of  the  isotope  effect  obtained  by 
frared  method. 

s  gaseous  products  of  the  decomposition  were 
ined  briefly,  and  the  results  are  summarized  in 
III. 


m.    Gaseous  Products  of  Decomposition  at  60.56^ 


YirlH   m 

^%1a^  Itnni^^ 

90% 

Chloro- 

aqueous 

Product 

benzene 

dioxane 

Carbon  dioxide 

0.908 

0.874 

bobutane 

0.134 

0.381 

Isobutylene 

0.109 

0.477 

Methane 

0.103 

0 

chlorobenzene,  the  yields  of  carbon  dioxide,  iso- 
sne,  and  isobutane  are  comparable  to  those 
fied  previously.'  The  yields  of  these  hydrocarbons 
gher  in  the  aqueous  dioxane.  The  /-butyl  alcohol 
led  from  decomposition  of  the  deutcrated  perester 
leous  dioxane  was  shown  to  contain  no  deuterium, 
indicates  that  none  of  the  ionic  processes  such  as 


carboxy  inversion^'  or  /-butyl  cation  formation**  are 
likely  in  this  case. 

Discussion 

The  results  of  the  preceding  section  indicate  that 
ku/kjy  for  the  formation  of  /-butyl  radical  from  the 
corresponding  perester  is  1.02.  This  value  is  slightly 
higher  than  that  observed  for  the  formation  of  a- 
phenethyl  radical  (^h/^d  =  1.017)  in  the  decomposition 
of  the  corresponding  azo  compound."  Though  the 
isotope  effect  is  small,  it  is  much  larger  than  effects 
calculated  for  transition  states  which  do  not  involve 
perturbations  of  the  C-H  force  constants.'*"  It  is, 
however,  much  smaller  than  the  effect  (^h/^d  '^  111) 
observed  for  formation  of  /-butyl  cation  under  a  variety 
of  conditions."  The  fact  that  the  isotope  effect  is 
nearly  the  same  in  the  more  basic  aqueous  dioxane 
shows  the  polar  character,  necessitated  for  the  transition 
state  of  concerted  decomposition  of  ring-substituted  /- 
butyl  perphenylacetates  (P  =  — 1.09),**  is  apparently 
not  pronounced  enough  to  cause  carbonium  ion  type 
isotope  effect  to  be  admixed  in  this  case.  This  result 
is  in  accord  with  the  small  solvent  effect  on  the  over-all 
rate  of  decomposition.  The  data  at  the  second  tem- 
perature in  chlorobenzene  indicate  the  small  observed 
isotope  effects  arc  not  a  result  of  proximity  to  an  iso- 
kinetic temperature. 

Theories  of  the  fi  Effect.  Though  these  isotope  effects 
have  been  known  for  a  number  of  years,  there  is  no 
general  agreement  on  the  details  of  their  origin.  The 
theories  proposed  to  explain  them  include  pure  steric 
effects,"  large  decrease  in  C-H  bending  frequency  in 
the  hyperconjugatively  stabilized  transition  states,*" 
decreased  stretching  frequency  in  the  hyperconju- 
gatively stabilized  transition  states,*'  hyperconjugative 
effects  plus  solvation,^  and  decreased  zero-point  energy 
due  to  hyperconjugation  and  anharmonicity.^*  The 
latter  theory  is  a  quantitative  one  in  which  isotope  effects 
have  been  identified  with  the  loss  in  resonance  energy 
due  to  the  decrease  in  the  average  C-D  bond  length 

(13)  J.  E.  Lcffler.  /.  Am.  Chem.  Soc.,  79,  3068  (1957). 

(14)  C.  RUchardt  and  H.  Schwarzer.  Chem.  Ber.,  99.  1871  (1966). 

(15)  M.  Stern  and  M.  Wolfsberg.  J.  Chem.  Phys.,  45,  2618  (1966). 
(1^  P.  D.  Bartlett  and  C.  RUchardt,  /.  Am.  Chem.  Soc.,  82,  1756 

(1960). 

(17)  H.  C.  Brown  and  O.  J.  McDonald,  ibid.,  88.  2514  (1966);  H.  C. 
Brown,  M.  Azzaro,  J.  Koelling,  and  G.  J.  McDonald,  ibid.,  SS,  2520 
(1966). 

(18)  A.  Strdtwieser,  R.  Jagow,  R.  Fahey.  and  S.  Suzuki,  ibid.,  80, 
2326(1958). 

(19)  E.  S.  Uwis,  Tetrahedron,  5,  143  (1959). 

(20)  V.  J.  Shiner./.  Am.  Chem,  Soc.,  75,  2925  (1953). 

(21)  A.  Ron,  E.  A.  Halcvi,  w^diL.^vaIvcl.,3.CYlem.^ot..^^^V^^HS\. 
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and  bond  angle  as  calculated  by  molecular  orbital 
methods.** 

Most  of  these  theories  have  the  concept  of  hypercon- 
jugative  stabilization  of  radicals  and  cations  as  a  com- 
mon beginning  point.  In  order  to  compare  the  pre- 
dictions of  these  various  theories  for  radical-  and  cation- 
forming  processes,  molecular  orbital  calculations  for 
the  ethyly  isopropyl,  and  /-butyl  radicals  and  cations 
were  carried  out  using  essentially  the  parameterization 
of  Colpa  and  DeBoer.*'*^  In  these  calculations,  the 
three  hydrogen  Is  and  methyl  carbon  atomic  orbitals 
are  transformed  into  pseudo-group  orbitals,  one  of 
which,  in  each  case,  has  the  proper  symmetry  for  linear 
combination  with  the  2p  vacancy  at  the  central  carbon. 


H=C— C 


/ 


\ 


ai  =  ofo  —  0.5/3o 
Oft  *  ao  —  0.100 
at  =  oo 


1       2     3 

5it  =  0.500 
5tt»  0.190 


ftt  =  5ii/5  =  2.0000 
ftt  =  SttlSo  =  0.76/3o 
w  =  1.41 


The  results  of  the  calculations  with  these  parameters, 
are  summarized  in  Table  IV. 


Table  IV.    Molecular  Orbital  Results 


Species 

Z)£- 

AZ)£» 

Den.« 

AP„- 

ITit.lt* 

kik'f 

CtH,+ 

0.6967 

216 

0.592 

0.072 

0.454 

1.96 

CtH, 

0. 1025 

54 

0.860 

0.025 

0.077 

1.11 

CJIt* 

0.9190 

288 

0.468 

0.048 

0.283 

2.27 

CHt- 

0.2020 

102 

0.758 

0.022 

0.067 

1.20 

C4H.+ 

1.1088 

330 

0.404 

0.037 

0.203 

2.38 

C4H.. 

0.2952 

144 

0.678 

0.020 

0.055 

1.26 

«  The  delocalization  energy  in  units  of  0o,  the  bond  integral  for 
benzene.  ^  Decrease  in  delocalization  energy  (in  cal/mole)  for  the 
deuterated  compound  due  to  increased  5it  assuming  /}o  =*  60  kcal/ 
mole.  *  Spin  or  positive  charge  density  at  the  central  carbon  for 
the  radicals  or  cations,  respectively.  *  Decrease  in  bond  order  per 
C-H  bond,  /.e.,  1  -  [(2  -f-  At)/3].  •  Self-polarizability  of  the  ir 
C^H  bond.  '  Total  calculate  isotope  effect  for  the  fully  /3-deu- 
terated  intermediates  at  300°K. 


Ideally,  these  calculations  should  predict  the  reso- 
nance energy  and  spin  density  for  the  radicals  and 
resonance  energy  and  charge  density  for  the  cations. 
The  calculated  resonance  energy  is  in  fair  agreement 
with  experiment"  for  the  radicals,  but  somewhat  low 
for  the  cations  in  the  gas  phase  assuming  /9o  is  60  kcal/ 
mole.  The  delocalization  of  both  spin^  and  charge 
appears  to  be  overemphasized  when  compared  to 
esr*'  and  nmr*®  results  for  the  species  in  solution.'* 

(22)  We  are  grateful  to  Professor  Halevi  for  helpful  discussions  con- 
cerning the  interpretation  of  his  theory. 

(23)  J.  P.  Colpa  and  E.  DcBocr.  Mol  Phys.,  7,  333  (1963). 

(24)  An  excursion  into  the  variation  in  parameters  and  methods  of 
iteration  including  those  of  Chesnut,**  Halevi, *i  and  Mulliken**  indi- 
cates none  of  the  conclusions  made  here  would  be  significantly  altered 
by  a  different  choice. 

(25)  D.  B.  Chesnut.  /.  Chem.  Phys.,  29,  43  (1958). 

(26)  N.  MueUer  and  R.  Mulliken,/.  Am.  Chem.  Soc,  80,  3489  (1958). 

(27)  J.  Franklin  and  H.  Tumpkin.  /.  Chem.  Phys.,  20,  745  (1952). 

(28)  The  application  of  the  McLachlan  perturbation  formula  to  wave 
functions  obtained  here  gives  an  increase  in  calculated  spin  density  at 
the  central  carbon  which  makes  the  agreement  with  the  esr  measure- 
ments better:    A.  D.  McLachlan,  Mol  Phys.,  3,  233  (1960). 

(29)  R.  W.  Fessenden  and  R.  H.  Schuler.  /.  Chem.  Phys.,  39,  2147 
(1963). 

PO/  G.  Olab,  E,  Baker,  J.  C.  Evans,  W.  Tolgyesi,  J.  M dntyre,  and  I. 
Baricia,  J.  Am.  Chem.  Soc.,  96,  1360  (2964). 


The  calculated  changes  in  resonance  energy  for  the 
deuterated  intermediates,  listed  in  the  third  colunm  of 
the  table,  are  arrived  at  by  increasing  Si%  by  0.0025  ac- 
cording to  the  arguments  of  Halevi***^  but  without 
consideration  of  the  inductive  effect  of  deuterium.  The 
change  for  the  /-butyl  radical  is  close  to  the  observed 
isotope  effect.  The  similarity  calculated  by  this  method 
for  the  radical-  and  cation-forming  processes  is,  how- 
ever, too  great  even  without  consideration  of  the  greater 
electropositivity  of  deuterium.'* 

In  order  to  examine  the  molecular  orbital  predic- 
tions of  the  relative  isotope  effects  due  to  changes  in 
vibrational  frequency,  several  assumptions  are  neces- 
sary, (a)  Streitwieser's"  simplification  of  the  com- 
plete equation  for  calculation  of  isotope  effects  in  terms 
of  vibrational  frequencies  is  used. 


Inknlkiy  =  (O.IH IT)Z(v  -  1^=*^ 


(1) 


(b)  The  differences  between  transition  and  intermediate 
states  and  between  gas  phase  and  solution  are  neglected 
in  the  beginning  but  discussed  later,  (c)  The  drastic" 
assumption  is  made  that  all  of  the  vibrational  frequen- 
cies which  are  important  in  determining  the  magnitude 
of  the  isotope  effect  will  vary  in  proportion  to  the 
change  in  the  C-N  stretching  force  constant.  This 
last  assumption  allows  a  simplification  of  (1)  to 


In  knikjy  =  (0.187/r)A7eff 


(2) 


where  A7cff  is  the  effective  frequency  change  on  going 
from  initial  to  transition  state  which  is  assumed  to  be 
proportional  to  the  change  in  force  constant  for  C-H 
stretching.  The  problem  now  becomes  one  of  relating 
the  molecular  orbital  wave  functions  to  change  in  force 
constant  for  C-H  stretching  since 

ATelf  =  7eff(l  -  VfT^) 

where  7efr  is  an  effective  frequency  and  F'  and  F«  are  the 
force  constants  for  the  C-H  stretching  in  the  transition 
and  beginning  states,  respectively. 

It  can  be  seen  immediately  that  the  isotope  effects 
for  the  radical-  and  cation-forming  processes  will  be 
too  similar  in  magnitude  if  one  assumes  the  changes 
in  force  constants  to  be  proportional  to  changes  in 
bond  order."  Salem"  has  shown,  in  fact,  that  the 
bond  order  terms  for  changes  in  force  constants  cancel 
and  that  the  actual  changes  should  be  porportional  to 
the  self-polarizability  of  the  bond.  Adapting  this 
method  to  the  present  problem  gives 


F'/Fq  =  1  +  Ciri2,i«/3o 


(3) 


(31)  Application  of  Simpson*s  truncated  perturbation  method  to 
these  molecules,  parameterizing  with  the  measured  resonance  energies 
and  estimated  heats  of  formation  of  the  ethyl  radical  and  cation  struc- 
tures, gives  charge  and  spin  densities  which  are  very  close  to  those  cal- 
culated here.  This  method,  however,  predicts  no  electronic  transiuons 
for  the  r-butyl  cation  below  220  mfx:  W.  T.  Simpson  and  C.  W.  Looney, 
/6W.,  76,  6285(1954). 

(32)  A  more  refined  version  of  this  type  of  calculation  gives  better 
agreement:    S.  Ehrenson,  private  conmiunication. 

(33)  In  general,  this  is  indeed  a  drastic  assumption,  but  in  terms  of 
molecular  orbital  theory,  it  has  some  merit  For  example,  as  the  C^^* 
T  bond  weakens,  the  C-C  t  bond  must  strengthen.  The  effect  also 
appears  to  be  dominated  by  the  stretching  mode  change. 

(34)  O.  Bcrtheir,  B.  Pullman,  and  J.  Pontis,  J.  Chim.  Phys.,  49,  367 
(1952);  C.  A.  Coulson  and  H  C  Longuet-Higgins.  Proc.  Roy.  Soc. 
(London),  A193,  456  (1948). 

(35)  L.  Salem,  "The  Molecular  Orbital  Theory  of  Conjugated  Sys- 
tems." W.  A.  Benjamin,  Inc.,  New  York,  N.  Y.,  1966;  H.  C  Longudr 
Higgins  and  L.  Salem,  Proe.  Roy.  Soc.  (London),  A251, 172  (1939). 
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The  infrared  spectrum  of  /-butyl  cation  in  solution  has 
recently  been  measured  and  a  normal  mode  analysis 
carried  out.*®  The  set  of  frequencies  obtained  from 
this  analysis  predicts  an  equilibrium  isotope  effect  for 
formation  of  the  cation  which  is  nearly  identical  with 
the  kinetic  isotope  effect  observed  for  the  solvolysis  of 
/-butyl  chloride.  ••  These  data  provide  a  method  of 
parameterizing  eq  3  so  that  self-polarizability  can  be 
used  to  predict  secondary  isotope  effects.  The  F'/Fo 
ratio  used  in  this  normal  mode  analysis  is  0.88S  and 
^Hi/^Di  for  solvolysis  of  /-butyl  chloride  at  25**  is  2.38. 
These  data  give 

In  k^kj,  =  (482/r)(l  -  Vl  -  0.572ir/3)    (4) 

where  the  constants  have  been  taken  into  account  and 
ir  is  the  self-polarizability  of  the  C^Ha  ir  bond.  The 
last  column  of  Table  IV  gives  the  calculated  isotope 
effect  of  all  the  compounds  shown  using  this  param- 
eterization. The  observed  total  isotope  effect  for 
formation  of  the  /-butyl  radical  is  very  close  to  the  value 
calculated  here. 

The  relatively  small  isotope  effect  now  established  for 
radical  formation  is  thus  in  agreement  with  the  extent 
to  which  hyperconjugation  stabilizes  such  molecules. 
The  calculated  self-polarizability  of  the  (^sHt  ir  bond 
in  the  a-phenethyl  radical  is  nearly  identical  with  that 
for  /-butyl  and  thus  an  identical  isotope  effect  would  be 
predicted  by  the  present  theory.  We  believe  the  lower 
value  for  this  isotope  effect  observed  by  Seltzer  is  due 
to  a  decrease  in  the  relative  endothermicity  of  azo 
compound  compared  to  perester  decomposition  and 
that  the  isotope  effect  in  the  perhydratropate  decom- 
position will  be  closer  to  that  observed  for  the  per- 
pivalate.    This  point  is  being  tested  presently. 

The  good  quantitative  agreement  for  the  /-butyl  radi- 
cal and  cation  systems  should  be  viewed  cautiously 
because  of  the  assumptions  made.  Two  complications 
with  assumption  b  are  apparent.  One  is  the  difference 
in  degree  of  planarity  of  the  transition  states  for  radical- 
and  cation- forming  processes.  Preliminary  calculations 
using  the  extended  Hiickel  method*^  indicate  that  the 
isotope  effect  should  be  reduced  for  nonplanar  transi- 
tion states.  These  calculations  also  indicate  that 
radicals  experience  relatively  less  stabilization  on 
planarization  than  do  carbonium  ions.  The  im- 
portance of  this  possibility  is  being  examined  by  studies 
of  bridged  compounds. 

Alternatively,  it  can  be  argued  that  the  isotope  effect 
for  radical  reactions  should  be  more  nearly  calculable 
by  molecular  orbital  theory  since  radical  reactions  in 
solution  are  not  very  different  from  the  corresponding 
process  in  the  gas  phase.  The  calculated  charge  density 
on  the  central  carbon  of  isopropyl  cation  is  less  than 
that  estimated  from  its  nnu*  spectrum*^  taken  under 
conditions  quite  similar  to  those  for  the  infrared  mea- 
surements which  in  turn  were  fit  by  the  normal  mode 
analysis.  Thus,  calculated  delocalization  is  greater 
than  observed  for  carbonium  ions  so  that  an  under- 
estimate of  the  isotope  effect  for  the  radical  process 
should  have  resulted  from  parameterization  using 
carbonium  ion  data. 

(36)  J.  C.  Evans  and  G.  Y.  -S.  Lo,  /.  Am,  Chem,  Soc,,  88,  2118 
(1966). 

(37)  R.  Hoffman,  /.  Chem.  Phys.,  39,  1397  (1963).  The  program  for 
these  calculations  was  the  one  obtainable  from  Quantum  Chemistry 
Program  Exchange  with  minor  modifications. 


This  situation  is  resolved  if  the  solvent  is  postulated 
to  furnish  an  attractive  interaction  with  the  polarized 
j3  protons  of  the  hyperconjugatively  stabiliz^  carbo- 
nium ion.  The  consequent  broadening  of  the  vibra- 
tional potential  for  these  C-H  bonds  would  result  in 
a  lowering  of  the  effective  force  constant  when  con- 
sidering the  cations  as  independent  entities.  This 
is  essentially  a  restatement  of  the  effect  as  described  by 
Shiner^  and  one  which  can  be  tested  since  its  logicd 
consequence  is  a  similar  isotope  effect  for  cation  forma- 
tion in  the  gas  phase.  This  argument  could  explain 
the  relative  insensitivity  of  the  isotope  effects  for  /-butyl 
cation  formation  in  diflTerent  solvents. 

While  we  favor  the  last  hypothesis  as  the  best  single 
explanation  for  fi  isotope  effects  in  cation  formation, 
the  very  approximate  nature  of  the  present  treatment 
makes  the  argument  considerably  less  than  compelling. 
A  more  reasonable  view  is  that  the  net  isotope  effects 
can  be  a  result  of  several  of  the  postulated  origins. 
However,  we  would  hope  that  the  present  treatment 
might  be  useful  as  an  empirical  guide  to  the  expected 
magnitudes  of  such  isotope  effects.  Accordingly, 
Table  IV  contains  calculated  isotope  effects  for  each 
species  and  these  predictions  are  presently  being  tested. 

The  steric  origin"  of  these  isotope  effects  has  been 
neglected  here.  The  argument  that  these  effects  are 
due  to  inordinately  large  changes  in  bending  frequency^' 
has  also  been  neglected  (a  breakdown  of  assumption 
c).  The  infrared  spectrum  of  the  /-butyl  cation  showed 
no  particular  indication  of  this  origin. 

Experimental  Section 

Proton  nuclear  magnetic  resonance  spectra  were  determined  on 
a  Varian  A-60  spectrometer.  Infrared  measurements  were  made 
using  a  Beckman  IR-7  instrument.  Ultraviolet  and  visible  spectral 
measurements  were  made  on  Gary  14  or  Gary  11  spectrophotom- 
eters. Mass  spectra  were  determined  using  a  modified  Consoli- 
dated Electrodynamic  26-614  residual  gas  analyzer.'*  Gas-liquid 
partition  chromatography  was  carried  out  using  an  Aerograph 
Autoprep  instrument. 

Materials.  Ghlorobenzene  was  purified  by  shaking  with  98% 
sulfuric  acid,  then  with  water,  and  drying  over  magnesium  sulfate 
followed  by  a  2-hr  reflux  over  phosphorus  pentoxide.  Finally,  it 
was  distilled  from  phosphorus  pentoxide  and  then  from  potassium 
hydroxide,  bp  130.5-130.9^ 

Dioxane  (reagent  grade)  was  passed  through  a  column  of  Woelm 
neutral  alumina,  refluxed  over  sodium  for  24  hr,  distilled,  and 
passed  through  a  column  of  neutral  alumina.  It  was  used  im- 
mediately to  prepare  the  90%  dioxane-water  solutions  which  were 
stored  in  the  dark,  under  nitrogen,  at  0°  until  used. 

/-Butyl  hydroperoxide  (Matheson  Goleman  and  Bell)  was  dis- 
tilled with  the  first  third  being  discarded.  The  second  third  was 
retained,  bp  32-35  **  ( 1 5  mm). 

Galvinoxyl  was  prepared  by  the  method  of  Kharasch.'*  Puri- 
fication was  by  recrystallization  in  small  amounts  of  absolute 
ethanol  under  nitrogen  to  a  constant  extinction  coeflkient  of  595 
at  776  niM  in  benzene  solution  (lit.^  607  nvi).  Pivalic  acid  was 
obtained  from  Matheson  Goleman  and  Bell. 

Peresters.  The  peresters  were  prepared  from  the  corresponding 
acid  chlorides  by  the  method  of  Bartlett.^  Pivalic  acid-^s  was  ob- 
obtained  by  a  Grignard  sequence.*'  The  pivaloyl  chloride  was 
obtained  by  adding  90%  of  the  calculated  equivalents  of  thionyl 
chloride  to  the  pivalic  acid.  After  refluxing  for  0.5  hr,  a  small 
aliquot  was  removed  and  the  acid  content  determined  by  its  nmr 
spectrum.    Small  increments  of  thionyl  chloride  were  added  until 


(38)  Funds  for  the  purchase  of  this  instrument  were  partially  fur- 
nished through  grants  from  the  National  Science  Foundation  and  Na- 
tional Institutes  of  Health. 

(39)  M.  Kharasch  and  B.  Joshi,/.  Org.  Chem.,  22,  1435  (1957). 

(40)  P.  D.  Bartlett  and  T.  Funahashi,  /.  Am.  Chem.  Soc.,  84,  2956 
(1962). 

(41)  A.  Strdtwieser  and  H.  S.  Ktelti^ibVl.>«Sk^i:\^%V\^^'^« 
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the  acid  chloride/acid  ratio  was  greater  than  20.  The  acid  chloride 
was  then  used  directly  for  the  perester  synthesis. 

The  peresters  were  purified  by  passing  them  through  a  column 
of  Woelm  activity  1  Ixisic  alumina  at  0**  using  ether  eluent.  This 
effectively  removes  all  traces  of  /-butyl  hydroperoxide.  Before 
each  kinetic  run  the  compounds  were  rechromatographed  and  all 
traces  of  ether  removed  by  pumping  under  high  vacuum.  Peroxide 
contents  as  determined  by  iodometric  titration  were  not  reproduc- 
ible (83-92%).  A  purity  of  100%  was  assumed  on  the  basis  of  the 
nmr  and  infrared  spectra  and  the  reproducible  kinetic  behavior. 

The  pivalic  acid-^9  and  pivaloyl  chloride-t/s  were  shown  to  con- 
tain less  than  1  %  hydrogen  using  the  nmr  spectrum  of  a  solution 
containing  weighed  amounts  of  compound  and  dioxane.  The  per- 
ester contained  less  than  2.6%  hydrogen  in  the  pivaloyl  fragment  as 
judged  by  the  total  nmr  peak  areas  in  the  /-butyl  region  compared 
to  dioxane  in  known  concentration. 

Kinetic  Metliods.  The  infrared  method  for  measuring  the  rates 
utilized  the  disappearance  of  the  carbonyl  stretching  band  of  the 
perester  at  1 772  cm~  ^  The  products  of  the  reaction  do  not  absorb 
at  this  frequency.  Beer*s  law  behavior  was  verified  for  this  solvent- 
perester  system.  About  0.1-ml  aliquots  of  about  0.1  M  solutions 
of  perester  were  added  to  15  small  tubes  of  Pyrex  glass.  The 
tubes  were  sealed  and  immersed  in  a  constant  temperature  bath 
regulated  to  :£0.03°,  removed  at  timed  intervals,  and  quenched  in 
ice.  The  tubes  were  stored  at  0°  until  the  infinity  points  were 
taken  (ten  half-lives).  The  analyses  for  duplicate  runs  were  carried 
out  together. 

The  pseudo-first-order  galvinoxyl  method  utilized  the  disappear- 
ance of  the  galvinoxyl  absorption  at  767  nvi.  The  galvinoxyl 
solutions  (10~'  M)  containing  less  than  a  radical  equivalent  (/t  X 
perester  concentration)  in  Pyrex  culture  tubes  were  carefully  de- 
gassed and  sealed  under  vacuum.  Beer*s  law  behavior  and  the 
effective  path  length  were  determined  for  each  tube.    The  reaction 


tubes  were  immersed  in  the  oil  baths  for  timed  intervals,  removed 
and  quenched,  read  in  the  spectrophotometer,  and  reimmersed  in  the 
bath  for  a  new  time  increment.  Blank  solutions  of  galvinoxyl  in 
chlorobenzene  were  completely  stable  over  the  length  of  the  runs. 
The  blank  galvinoxyl  solutions  in  aqueous  dioxane  showed  14% 
decomposition  over  the  eight  half-life  time  periods.  The  runs  in 
this  solvent  were  therefore  corrected,  point  by  point,  for  the  b^ 
havior  of  the  blank  solution.  All  of  the  rate  plots  were  linear  for 
more  than  three  half-lives.  The  zero-order  galvinoxyl  studies  were 
the  same  except  for  the  initial  perester  concentrations. 

Product  Studies.  The  gaseous  products  from  the  decompositioo 
were  collected  from  breakseal  flasks  into  a  calibrated  vacuum  line. 
The  total  gas  yield  was  thus  obtained.  The  compositioo  of  the 
gas  mixture  was  estimated  by  the  sensitivities  of  the  mass  spectrom- 
eter to  the  components  of  the  mixture.  The  /-butyl  alcohol  from 
the  decomposition  of  the  deuterated  perester  in  aqueous  dioxane 
was  separated  by  glpc  using  a  30  ft  X  Vs  in.  column  packed  with 
30%  SE-30  on  Chromosorb  W.  Its  mass  spectrum  was  identical 
with  that  of  authentic  /-butyl  alcohol. 
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Abstract:  In  previous  work  it  was  postulated  that  the  coupling  reactions  of  1-chlorocyclopentene  and  1-chloro- 
cyclohexene  with  phenyllithium  in  ether  at  150^,  which  yield  1-phenylcyclopentene  and  1-phenylcyclohexene,  pro- 
ceed via  an  elimination-addition  mechanism  involving  short-lived  cycloalkyne  intermediates.  An  alternative 
mechanism  utilizing  cycloallenic  intermediates  was  not  rigorously  ruled  out,  however.  In  the  present  study 
the  reactions  of  l-chloro-2-methylcyclopentene,  2-chloro-3-methylcyclopentenc,  l-chloro-2-methylcyclo- 
hexene,  2-chloro-3-methylcyclohexene,  1  -chlorocyclopentene-2,5,5-</i,  1  -chlorocyclohexene-2,6,6-</ji,  1  -chloro- 
cycloheptene,  and  l-chlorocycloheptene-2,7,7-Jt  with  phenyllithium  have  been  examined.  In  addition,  isotopic  rate 
constant  ratios,  knlfcD,  were  obtained  from  competition  experiments  employing  1-chlorocycloalkenes  and  1-chloro- 
cycloalkenes-2,/f,/f-£/3  (/i-membered  ring).  Rate  constant  ratios  for  the  five-,  six-,  and  seven-membered  rings  were 
3.36  d=  0.40,  5.34  db  0.40,  and  7.16  ±  0.40,  respectively.  The  resuhs  of  these  studies  provide  compelling  evidence 
that  the  coupling  reactions  of  1-chlorocyclopentene,  1-chlorocyclohexene,  and  1-chlorocycloheptene  with  phenyl- 
lithium take  place  predominantly,  if  not  exclusively,  by  way  of  an  elimination-addition  mechanism  involving 
cycloalkyne  intermediates. 


In  1944,  Wittig  and  Harborth*  reported  that  1-phenyl- 
cyclohexene  was  formed  in  5  %  yield  upon  heating 
1-chlorocyclohexene  and  phenyllithium  in  ether  at  100**. 
Later,  it  was  suggested^  that  this  reaction  might,  in  a 

(1)  Presented  in  part  at  the  149th  National  Meeting  of  the  American 
Chemical  Society,  Detroit,  Mich.,  April  1965;  Abstracts,  p  23N. 

(2)  National  Institutes  of  Health  Predoctoral  Fellow.  1964-1967. 

(3)  G.  Wittig  and  G.  Harborth,  Ber.,  77,  306  (1944). 

C4J  P.  Scardiglia  and  /.  D.  Roberts,  Tetrahedron,  1,  343  (1957). 


manner  analogous  to  the  coupling  reactions  of  aryl 
halides  with  aryllithium  reagents,^  proceed  via  an 
elimination-addition  mechanism  involving  a  cydo- 
hexyne  intermediate.    In  an  effort  to  delineate  the 

(5)  (a)  G.  Wittig.  G.  Pieper,  and  G.  Fuhrmann,  Ber.,  73,  1 193  (1940); 
(b)  G.  WitUg.  Angew.  Chem.,  69,  245  (1957);  (c)  R.  Huisgen  and  H. 
Rist,  Naturwissenschaften,  41,  358  (1954);  (d)  R.  Huisgen  and  H.  Rist. 
Ann.,  594, 1 37  (1955) ;  (e)  E.  Jenny  and  J.  D.  Roberts,  Helv.  Chim.  Acta, 
38, 1284  (1955). 
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mechanism  of  substitution,  Scardiglia  and  Roberts^** 
treated  a  1:1  mixture  of  l-chlorocyclohexene-6-**C  (1) 
and  l-chlorocyclohexcne-2-^*C  (2)  with  phenyllithium 
in  ether  at  150**.  The  1-phenylcyclohexene  which  was 
obtained  in  28%  yield  contained  23%  (relative  to 
the  total  ^*C  content)  of  the  **C  label  in  the  1  position  (8). 
The  fact  that  ^^C  was  found  in  the  1  position  demon- 
strates that  at  least  a  portion  of  the  substitution  product 
arose  from  a  mechanism  other  than  direct  nucleophilic 
displacement;  the  percentage  of  ^^C  in  the  1  position  is 
close  to  that  predicted  on  the  basis  of  a  cyclohexyne 
hypothesis  (Chart  I). 
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1-Chlorocyclopentene  also  reacts  with  phenyllithium 
at  elevated  temperatures/'^  In  a  tracer  study  of  this 
reaction,  l-chlorocyclopentcne-l-**C  gave  rise  to  1- 
phenylcyclopentene  in  which  the  starting  ^^C  label  was 
partitioned  among  the  1  (48.9%),  2  (36.2%),  and  5 
(14.9%)  positions.®  In  the  absence  of  competing  or 
consecutive  rearrangement  reactions,  the  ^^C  should 
have  been  distributed  equally  between  the  1  and  the  2 
positions  (10  and  11)  had  cyclopentyne-l-^*C  (9)  inter- 
vened in  the  substitution  process  (Chart  II).  It  has 
been  proposed®  that  a  portion  of  the  "C  in  the  2  posi- 
tion rearranged  to  the  5  position  by  way  of  base-induced 
(phenyllithium  or  lithium  ethoxide)  allylic  isomerization 
(10  -^  14,  Chart  II). 
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Whereas  aryl  halides  can  give  only  one  type  of  1,2- 
elimination  poduct,  arynes,  cyclic  vinyl  halides  can,  in 
principle,  give  either  a  cycloalkyne  or  a  cycloallene. 
The  patterns  of  ^^C-isotope  rearrangement  discussed 
above  fit  a  multistep  cycloallenic  substitution  sequence 
almost  as  well  as  they  do  a  cycloalkyne  mechanism. 
To  illustrate,  l,2-cyclopentadiene-2->*C  (15)  would 
yield  organolithium  intermediates  16  and  17  in  a  1 : 1 
ratio  if  one-half  of  the  phenyllithium  added  to  the 

{€)  L.  K.  Montgomery,  F.  Scardiglia,  and  J.  D.  Roberts, /.i4m.  Chem. 
Sac..  87»  1917(1965). 
(7)  L.  K.  Montgomery  and  J.  D.  Roberts,  ibid.,  S2,  4750  (1960). 


middle  and  one-half  to  the  ends  of  the  allenic  system  in 
15  (Chart  III).  Intermediate  16  would  ultimately 
produce  l-phenylcyclopentene-l-**C.  Protonation  of 
17  followed  by  prototropic  rearrangement  would  afford 
12,  which  could  continue  on  to  14.  This  mechanism 
cannot  be  criticized  too  severely  for  the  necessity  of  hav- 
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ing  to  rearrange  the  double  bond  of  17  into  conjugation 
with  the  phenyl  group  (17  -►  12),  since  the  cyclopentyne 
mechanism  requires  similar  transformations.  The  ^K2 
data  for  1-chlorocyclohexene  can  also  be  explained  in 
terms  of  a  cycloallenic  mechanism,  provided  that  the 
ratio  of  middle-to-end  addition  is  again  1:1. 

Roberts  and  co-workers*  have  stated  a  definite  pref- 
erence for  the  cycloalkyne  mechanism.  Two  arguments 
which  they  advanced  in  arriving  at  this  preference  were 
the  following.  The  cycloalkyne  hypothesis  readily 
accounts  for  the  primary  pattern  (excluding  the  proto- 
tropic rearrangement  of  10  to  14)  of  ^*C-isotope  re- 
arrangement, for  phenyllithium  should  add  with  equal 
probability  to  the  two  carbons  of  the  cycloalkyne  triple 
bonds  (kinetic  isotope  effects  and  minor  steric  differ- 
ences neglected).  It  is  less  obvious  why  cycloallenes 
should  react  with  phenyllithium  in  the  manner  required 
by  the  ^^C  data.  A  second  objection  to  cycloallenic 
intermediates  involves  a  selectivity  argument.  Were 
cycloallenic  intermediates  to  intervene,  they  would  have 
to  display  some  measure  of  selectivity,  for  a  nonsta- 
tistical  addition  of  phenyllithium  is  called  for  by  the 
results  of  the  **C  experiments.  In  view  of  this  selec- 
tivity, it  is  difficult  to  see  why  phenyllithium  should  add 
to  both  five-  and  six-membered  ring  allenic  intermedi- 
ates to  give  essentially  equal  portions  of  middle-to-end 
addition.  These  arguments,  though  satisfactory  from 
the  qualitative  point  of  view,  are  difficult  to  translate 
into  quantitative  terms.  For  example,  how  much 
more  selective  should  1,2-cyclohexadiene  be  than  1,2- 
cyclopentadiene?  Since  they  should  both  be  highly 
reactive,  might  not  the  selectivity  difference  be  un- 
detectable? 

A  number  of  observations  in  the  literature  bear  di- 
rectly or  indirectly  on  the  question  of  the  suitability  of 
cycloallenes  as  intermediates  in  the  nucleophilic  sub- 
stitution reactions  of  nonactivated  cyclic  olefinic  hal- 
ides. In  an  attempted  synthesis  of  cyclononyne,  Blom- 
quist*  found  that  1-chlorocyclononene  reacted  with 
alcoholic  potassium  hydroxide  to  give  a  mixture  of 
cyclononyne  and  1,2-cyclononadiene.  Moore  and 
Ward*  have  studied  acetylene-allene  equilibria  in 
C9-,  C10-,  and  Cii-cyclic  systems  and  found  that  the 
allene  became  progressively  more  stable  relative  to  the 
isomeric  alkynes  as  the  ring  size  was  decreased.  A  1,2- 
cyclononadiene  to  cyclononyne  equilibrium  ratio  of 

(8)  A.  T.  Blomquist,  L.  H.  Liu,  and  J.  C.  Bohrer,  /.  Am,  Chem.  Soe., 
74,3643(1932). 

(9)  W.  R.  Moorc  and  H.  R.  Ward,  ibid.^  85>  ^€C\<i«^. 
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about  13:1  (potassium  /-butoxide,  /-butyl  alcohol, 
100.3^)  was  obtained  by  these  authors.  Ball  and 
Landor^^  observed  that  l-chlorocyclononene  and  1- 
chlorocyclodecene  react  with  sodamide  in  liquid  am- 
monia to  give  the  corresponding  allenes,  contaminated 
with  about  15%  of  the  cyclic  acetylenes.  Under  sim- 
ilar reaction  conditions  1-chlorocycloheptene  and  1- 
chlorocyclooctene  yielded,  at  least  formally,  allene 
dimers  (20   and   21).    Bottini   and   Schear^^  treated 
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2-chloro-  and  2-bromo-3-(2-hydroxyethoxy)cyclohex- 
ene  (22)  with  potassium  /-butoxide  in  dimethyl  sulfoxide 
and  obtained  products  23  and  24.  These  authors 
argue  effectively  that  23  was  formed  via  an  elimination- 
addition  sequence  involving  a  cycloallenic  intermediate 
and,  further,  that  cycloalkynes  were  not  formed  at  all 
in  this  system.    Finally,  very  recently  Wittig"  has 
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trapped  1,2-cyclohexadiene,  generated  through  the 
action  of  potassium  /-butoxide  on  1-bromocyclohexene 
in  dimethyl  sulfoxide,  using  the  highly  reactive  diene 
l,3-diphenylbenzo[c]furan.  Taken  as  a  whole,  the 
above  observations  strongly  suggest  the  need  for  addi- 
tional research  on  the  mechanism  of  the  reactions  of 
1-chlorocyclohexene  and  1-chlorocyclopentene  with 
phenyllithium. 

In  the  present  investigation  two  experimental  ap- 
proaches have  been  employed  in  an  atempt  to  unam- 
biguously distinguish  between  the  cycloalkyne  and  the 
cycloallene  pathways.  The  first  approach  might  be 
termed  methyl-group  blocking  experiments.  2-Methyl- 
cycloalkanones,  when  treated  sequentially  with  phos- 
phorus pentachloride  and  base,  yield  mixtures  of  1- 
chlor  o-2-methylcycloalkenes  and  1  -chlor  o-/j-methyl- 
cycloalkenes  (/j-membered  ring).  The  former  halides 
cannot  give  rise  to  cycloalkynes,  while  the  latter  can. 
A  simple  mechanistic  test  is  thus  provided  by  examin- 
ing the  reactions,  or  lack  thereof,  of  the  two  types  of 
chlorides  with  phenyllithium.  Moreover,  the  methyl 
groups  of  the  l-chloro-n-methylcycloalkenes  serve  as 
structural  labels  for  the  observation  of  any  rearrange- 
ment which  accompanies  substitution.  The  methyl- 
group  blocking  experiments,  though  extremely  classical 
in  nature,  prove  to  be  an  effective  mechanistic  tool, 
particularly  in  view  of  the  relative  ease  with  which  they 
can  be  carried  out  experimentally.  In  a  second  ap- 
proach, deuterium-labeled  vinyl  chlorides  have  been 
used  to  detect  rearrangement  and  to  probe  the  timing 
of  the  bond-breaking  processes  that  lead  to  products. 

Results  and  Discussion 

General.  The  olefinic  chlorides  required  for  this 
study  were  prepared  from  appropriate  ketones  by  way 

(10)  (a)  W.  J.  Ball  and  S.  R.  Landor,  Proc.  Chem.  Soc.,  143  (1961); 
(b)  W.  J.  Ball  and  S.  R.  Landor.  /.  Chem.  Soc,  2298  (1962). 

(1 1)  A.  T.  Bottini  and  W.  Schear.  /.  Am.  Chem.  Soc.,  87,  5802  (1965). 
ri2)  G.  Wittig  and  P.  Fritzc,  Angew.  Chem.  Intern.  Ed.  Engl.,  5, 


of  a  two-step  sequence.  In  the  first,  a  simple  ketone, 
a  cycloalkanone-a,a,a',a'-i/4,  or  a  2-methylcycloalka- 
none  was  treated  with  phosphorus  pentachloride  in 
methylene  chloride,  affording  a  mixture  of  the  desired 
olefinic  chloride(s)  and  the  g^m-dichloride.  The  crude 
chloride  mixtures  were  treated  with  potassium  /-bu- 
toxide in  /-butyl  alcohol,  sodium  methylsulfinyl  carb- 
anion  in  dimethyl  sulfoxide,  or  potassium  /-butoxide  in 
dimethyl  sulfoxide  in  order  to  dehydrohalogenate  the 
gem-dichlorides.  The  deuterated  cycloalkanones  were 
prepared  from  cycloalkanones  by  base-catalyzed  pro- 
ton-deuteron  exchange  with  deuterium  oxide.  'Au- 
thentic samples  of  possible  olefinic  chloride-phenyl- 
lithium  substitution  products  were  synthesized  following 
standard  procedures. 

The  previously  reported  ^•••^  coupling  reactions  of  1- 
chlorocyclopentene  and  1-chlorocyclohexenc  with 
phenyllithium  afforded  1-phenylcyclopentene  and  1- 
phenylcyclohexene  in  25-35%  yields.  It  has  been 
found  that  1-chlorocycloheptene  reacts  with  phenyl- 
lithium under  similar  reaction  conditions  to  give  1- 
phenylcycloheptene ;  typical  yields  were  somewhat 
higher.  In  an  effort  to  determine  whether  these  sub- 
stitution reactions  are  a  general  reaction  of  olefinic 
chlorides,  /rfl/j5-3-chloro-2-pentene  and  phenyllithium 
were  subjected  to  the  standard  reaction  conditions. 
Analysis  of  the  reaction  products  revealed  that  55% 
of  the  starting  chloride  had  been  consumed,  but  that 
neither  couplng  products  (trans-  and  c/5-2-phenyl-2- 
pentene,  trans-  and  c/5-3-phenyl-2-pentene,  2-phenyl-l- 
pentene)  nor  acetylenic  elimination  products  (1-  and  2- 
pentyne)  were  present.  These  findings  could  be  rational- 
ized in  a  variety  of  ways;  an  extended  discussion  of  such 
possibilities  would  seem  of  doubtful  value.  c/5-3-ailo- 
ro-2-pentene  would  be  a  better  model  for  the  cyclic  chlo- 
rides, and  it  is  possible  that  an  examination  of  its  reac- 
tion with  phenyllithium  might  be  more  revealing.  Con- 
sidering the  equivocacy  of  the  trans  isomer  results, 
however,  additional  effort  was  not  expended  on  this 
aspect  of  the  coupling  reactions. 

The  C5  Ring  System.  An  ether  solution  which  was 
0.072  M  in  l-chloro-2-methylcyclopentene  and  0.76  M 
in  phenyllithium  was  sealed  in  a  stainless  steel  bomb 
and  heated  at  150°  for  1.3  hr.*'  The  cooled  reaction 
mixture  was  poured  into  water;  the  resulting  organic 
reaction  products  were  separated  and  quantitatively 
analyzed.  A  summary  of  products  of  interest  is  r^ 
ported  in  Table  I.  Little  or  no  (2%  or  less)  coupled 
products  were  observed,  indicating  that  an  olefinic  pro- 
ton is  required  to  achieve  substitution. 

Only  39%  of  the  initial  l-chloro-2-methylcyclopcn- 
tene  was  recovered.  Independent  of  what  the  process 
or  processes  were  that  destroyed  the  starting  material, 
it  is  interesting  to  note  that  a  minimum**  of  40%  of  the 
chlorine  in  the  starting  olefin  ended  up  as  chloride  ion 
in  the  aqueous  wash  solutions.  About  2 1  %  of  the  chlo- 
rine in  the  initial  l-chloro-2-methylcyclopentene  was  not 
accounted  for.  Presumably  nonvolatile,  chlorine-con- 
taining products,  perhaps  polymer,  were  also  formed. 

(13)  All  of  the  coupling  reactions  in  this  study  were  conducted  at 
(150  =b  10)"  for  a  period  of  1.3  hr.  The  concentrations  of  the  reactaots 
varied  somewhat  from  experiment  to  experiment. 

(14)  A  large  quantity  of  bromide  ion  which  came  from  the  phenyl- 
lithium preparation  was  also  present,  making  a  precise  chloride  ion 
analysis  difficult.  Control  experiments  indicated  that  the  chloride 
analyses  reported  here  are  low  by  several  per  cent  (8-12%  of  the  total 
chloride  ion). 
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Table  I.    Reaction  of  l-Chloro-2-inethylcyclopentene 
with  Phcnyllithium* 


Reactant, 

Product, 

Reactant  or  product 

mmoles 

mmoles 

l-ChIoro-2-inethylcyclopentene 

7.23 

2.80 

3-MethyI- 1  -phenylcyclopentene 

0» 

<0.16« 

and  3-methyl-2-phcnylcyclo- 

pentene 

1-Methylcyclopentene 

0* 

TYace 

Chloride  ion 

0* 

2.85 

•  Conducted  in  100  ml  of  anhydrous  ether  at  (150  ±  \0y  for  1.3 
hr.  *  No  analysis  was  made.  Presumed  to  be  absent.  *  Trace 
of  unidentified  component(s). 


One  final  product  of  interest  was  the  trace  amount  of  1- 
methylcyclopentene.  Since  it  was  not  in  the  l-chloro-2- 
methylcyclopentene,  it  most  likely  arose  by  way  of 
metal-halogen  intercon  version. 

When    2-chloro-3-methylcyclopentene    was    heated 
with  phenyllithium,  85  %  reaction  occurred  (Table  II). 


Table  n.    Reaction  of  2-Chloro-3-methylcyclopentene 
with  Phenyllithium 


Reactant, 

Product, 

Reactant  or  product 

mmoles 

mmoles 

2-Chloro-3-methylcyclopentene 

15.9 

2.4 

3-MethyI-2-phenylcyclopentene 

0» 

2.00 

3-Mcthyl- 1  -phenylcyclopentene 

0* 

2.09 

3-Methylcyclopentene 

0» 

Trace 

Chloride  ion 

0* 

10.54 

•  Conducted  in  140  ml  of  ether  at  (150  ±  10)°  for  1.3  hr.    *  No 
analysis  was  made.    Presumed  to  be  absent. 


Two  substitution  products  were  detected  and  isolated 
employing  glpc.  One  was  unequivocally  identified  as 
3-methyl-2-phenylcyclopentene.  The  chromatographic 
retention  time  behavior  of  the  other  product  was  iden- 
tical with  that  of  a  nonseparable  mixture  of  3-methyl-l- 
phenylcyclopentene  and  4-methyl-l-phenylcyclopentcne, 
which  was  prepared  independently  starting  from  3- 
methylcyclopentanone.  Moreover,  the  nmr  and  infra- 
red spectra  of  the  second  substitution  product  were 
similar,  though  not  identical,  with  those  of  the  olefin 
mixture.  One  noteworthy  spectral  difi'erence  was  that 
the  nmr  vinyl  proton  absorption  of  the  coupled  product 
was  a  crude  doublet,  while  the  same  absorption  region 
of  the  olefin  mixture  was  broader  and  more  complex.  It 
would  not  be  unreasonable  to  infer  from  this  that  the 
substitution  product  was  predominantly  one  isomer,  3- 
methyl-1 -phenylcyclopentene,  the  product  that  would 
be  expected  (25  -►  26  -►  27  +  28)  for  an  elimination- 
addition  substitution  mechanism  involving  a  3-methyl- 
cyclopentyne  intermediate  26.    The  fact  that  3-methyl- 
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2-phenylcyclopentene  and  3-methyl- 1  -phenylcyclo- 
pentene were  obtained  in  roughly  equal  quantities 
(Table  II)  lends  additional  upport  to  the  postulated 
intermediacy  of  3-methylcyclopentyne.    Slight  steric 
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differences  in  the  transition  states  for  the  formation  of 
organolithium  intermediates  27  and  28  are  probably 
responsible  for  the  slight  preferential  formation  of  3- 
methyl- 1  -phenylcyclopentene. 

One  aspect  of  the  2-chloro-3-methylcyclopentene 
study  that  is  somewhat  disturbing  is  that  no  allylic 
isomerization  of  the  substitution  products  was  noted. 
Although  limited  isomerization  of  3-methyl- 1 -phenyl- 
cyclopentene to  4-methyl-l -phenylcyclopentene  would 
not  have  been  discerned,  prototropic  rearrangement  of 
3-methyl-2-phenylcyclopentene  to  2-methyl- 1  -phenyl- 
cyclopentene would  have  been  easily  detected  by  glpc. 
It  could  be  argued  that  base-catalyzed  allylic  isomeriza- 
tion of  3-methyl-2-phenylcyclopentene  is  slow  owing 
to  the  fact  that  proton  removal  must  occur  at  a  tertiary 
carbon;  such  a  rationalization  is  not  entirely  satisfying. 
Accordingly,  the  mechanism  of  coupling  was  probed 
by  a  second  method. 

The  reaction  of  l-chlorocyclopentene-2,S,S-Ji  with 
phenyllithium  provided  coupled  product  in  only 
1 1  %  yield,  suggesting  that  a  kinetic  isotope  effect  was 
operative.  About  65%  of  the  starting  chloride  was 
recovered.  The  infrared  and  nmr  spectra  of  the  recov- 
ered olefin  were  identical  with  those  of  the  starting  mate- 
rial. Proton  nmr  analysis  of  the  substitution  product 
indicated  that  0.14  ±  0.03  deuterons  and  1.84  ±  0.20 
deuterons  resided  in  olefinic  and  saturated  ring  posi- 
tions, respectively.  In  order  to  gain  an  indication  as 
to  how  much  of  the  coupled  product  existed  as  some 
form  of  an  organolithium  species  at  the  end  of  the 
reaction,  1-chlorocyclopentene  was  treated  with  phenyl- 
lithium, and  the  resultant  products  were  treated  with 
deuterium  oxide.  An  average  of  0.20  ±  0.03  deuteron 
was  incorporated  into  the  olefinic  position ;  a  maximum 
of  0.2  deuteron  was  present  in  the  saturated  positions. 
Mass  spectral  analysis  of  the  benzene-benzene-^i 
showed  that  about  12%  of  the  initial  phenyllithium 
survived  the  reaction.    In  Table  III  the  experimental 


Table  m.    Reaction  of  l-ChlorocycIopentene-2,5,5-^a 
with  Phenyllithium* 


Observation  or 

Deuterium^  * 

hypothetical  model 

Olefinic 

Saturated 

Observed 

0.14  ±0.03* 

1.84±0.20« 

Cyclopentyne-3,3-i/s, 

0 

2.00 

no  isomerization 

Cyclopentyne-3,3-i/s, 

0.15 

1.55 

isomerization 

1 ,2-Cyclopentadiene-l  ,3-^s, 

0.50 

1.00 

limited  isomerization 

1 ,2^Cyclopentadiene- 1 ,3-^i. 

0.43 

0.93 

isomerization 

«  Conducted  in  ether  at  (150  ±  10)°  for  1.3  hr.  ^  Average  num- 
ber of  deuterons  per  position  per  molecule.  « Student's  distribu- 
tion, 99.5%  confidence  limit. 


deuterium  distribution  in  the  1-chIorocyclopentene- 
2,5,5-^1  coupled  product  is  compared  to  calculated 
distributions  based  on  four  alternative  mechanistic 
hypotheses:  cyclopentyne-3,3-i/s  intermediate,  no  allylic 
isomerization;  cyclopentyne-3,3-rfi  intermediate,  allylic 
isomerization  as  required  by  the  ^*C-tracer  study;* 
1,2-cyclopentadiene- 1,3-1/2  intermediate,  sufficient  isom- 
erization to  obtain  1 -phenylcyclopentene  (vide  supra); 
1,2-cyclopentadiene- 1,3-^2  intermediate,  allylic  isomer- 
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ization  as  required  by  the  **C-traccr  study/  Clearly, 
the  cyclopcntyne-3,3-rfj  isomerization  hypothesis  pro- 
vides the  best  fit  to  the  data.  The  glaring  inability  of 
the  1,2-cyclopentadiene- 1,3-1/2  hypotheses  to  accom- 
modate the  data  is  also  significant. 

The  kinetic  isotope  effect  was  examined  in  a  com- 
petition experiment  employing  1-chlorocyclopentene 
and  l-chlorocyclopentene-2,5,5-rf3  in  a  2.7:1  molar 
ratio.  So  little  deuterium  was  present  in  the  coupled 
product  that  an  isotope  effect  on  coupling  could  not  be 
reliably  determined  directly  from  product  composition. 
The  unreacted  chlorides  could  be  accurately  assayed, 
however.  From  the  initial  and  final  quantities  of  1- 
chlorocyclopentene  and  l-chlorocyclopentene-2,5,5-rfj, 
a  rate  constant  ratio,  kn/ku,  for  the  disappearance  of 
starting  material  of  3.36  ±  0.40  was  calculated  using  the 
standard  formula.  ^^  In  applying  this  formula,  the 
usual  assumptions^^  were  made,  namely  that  the  rate 
expressions  for  the  two  competing  reactions  were  first 
order  in  substrate  but  otherwise  differed  only  in  the 
values  of  the  specific  rate  constants  /ch  ^nd  kjy. 

The  value  of  /th/^d  is  quite  large,  considering  the 
temperature  at  which  the  competition  experiment  was 
conducted.  If  merely  the  zero-point  energies  of  the 
CH  and  CD  stretching  vibrations  were  lost  in  going  to 
the  coupling  reaction  transition  states,  the  maximum 
expected  rate  constant  ratio  at  150^  would  be  about 
3.8*«."  Even  if  /th/^d  for  substitution  was  lower  than 
the  measured  ratio,  it  is  obvious  that  it  was  sizeable  in 
view  of  the  modicum  of  deuterium  that  was  incorporated 
into  the  product.  Consequently,  the  competition 
experiment  provides  valuable  evidence  in  support  of  the 
proposed  elimination-addition  mechanism.  The  mag- 
nitude of  the  isotope  effect  and  the  fact  that  1-chloro- 
cyclopentene-2,S,S-i/3  was  recovered  unmodified  make 
it  clear  that  the  rate-determining  step  in  substitution  is 
an  irreversible  metallation  at  the  olefinic  proton  (deu- 
teron)  position  or,  alternatively,  concerted  elimination 
to  cyclopentyne  (cyclopentyne-3,3-rf2). 

The  Ce  Ring  System.  Preparative  glpc  could  not  be 
conveniently  employed  to  Separate  l-chloro-2-methyl- 
cyclohexene  and  2-chloro-3-methylcyclohexene.  A 
mixture  of  the  two  isomers  was  treated  with  phenyl- 
lithium.  In  Table  IV  a  summary  of  reactants  and 
products    is    displayed.     The    product    distribution 


Table  IV.    Reactions  of  l-Chloro-2-methylcyclohexene  and 
2-Chloro-3-methylcyclohexene  with  Phenyllithium" 


Reactant  or  product 


Reactant,       Product, 
mmoles         mtnoles 


l-Chloro-2-methylcyclohexene 
2-Chloro-  3-methylcyclohexene 
3-Methyl-2-phenylcyclohexene 
3-Methyl- 1  -phenylcyclohexene 
1-Methylcyclohexene 
3-Methylcyclohexene 
Chloride  ion 


28.4 

17.7 

17.7 

3.99 

0» 

4.00 

0^ 

4.35 

0^ 

Trace 

0^ 

Trace 

0» 

23.4 

«  Conducted  in  210  ml  of  ether  at  (150  ±  10°)  for  1.3  hr.    *  No 
analysis  made.    Presumed  to  be  absent. 


(15)  G.  A.  Russell  in  'Technique  of  Organic  Chemistry,"  Vol.  VIII. 
Part  I,  A.  Weissberger,  Ed.,  Interscience  Publishers,  Inc.,  New  York, 
N.  Y.,  1961,  p  343. 

(16)  L.  Melander,  *lsotope  Effects  on  Reaction  Rates,"  The  Ronald 
Press  Co.,  New  York,  N.  Y..  1960,  p  20. 

(17)  Calculation  based  on  CH  and  CD  stretching  frequencies  (in- 
frared data)  of  3077  and  2294  cm-». 


appears  to  be  very  much  the  same  as  with  the  methyl- 
labeled  chlorocyclopentenes.  About  38%  of  the  1- 
chloro-2-methylcyclohexene  reacted.  No  2-mcthyH- 
phenylcyclohexene  was  observed,  implying  that  sub- 
stitution products  were  not  formed  from  l-chloro-2- 
methylcyclohexene.  If  the  coupling  of  2-chloro-3- 
methylcyclohexene  with  phenyllithium  followed  a  route 
involving  3-methylcyclohexyne,  3-methyl-2-phenylcyclo- 
hexene  and  3-methyl-l -phenylcyclohexene  should  have 
been  produced  in  a  1 : 1  ratio.  A  ratio  close  to  this 
value  was  observed  experimentally.  As  was  the  case 
with  the  products  from  2-chloro-3-methylcyclopcntcnc, 
the  1 -phenyl  isomer  was  favored  slightly. 

l-Chlorocyclohexene-2,6,6-rf3  and  phenyllithium  gave 
a  deuterium-labeled  substitution  product  in  13%  yield. 
Unreacted  olefinic  chloride  was  recovered  and  was 
found  to  be  unchanged.  Analysis  of  the  deuterium 
distribution  in  the  coupled  product  showed,  as  antici- 
pated, that  an  average  of  1.93  ±  0.11  deuterons  was 
located  in  the  saturated  ring  positions.  Quite  un- 
expected, however,  was  the  finding  that  0.82  =fc  0.09 
deuteron  resided  in  the  olefinic  position.  Mass 
spectral  analysis  of  the  benzene  from  the  reaction  re- 
vealed that  only  7.0  mmoles  of  benzene-rfi  was  formed. 
About  20.2  mmoles  of  l-chlorocyclohexene-2,6,6-</j 
reacted.  A  plausible  explanation  of  these  results  would 
be  that  a  large  primary  kinetic  isotope  effect  retarded 
the  rate  of  the  elimination-addition  pathway  to  such  an 
extent  that  direct  nucleophilic  substitution  could  effec- 
tively compete  for  the  l-chlorocyclohexene-2,6,6-Jj. 
Isotope  rate  constant  measurements  indicate  that  this  is 
not  the  case. 

The  kinetic  isotope  effect  in  the  C%  system  was  ex- 
plored utilizing  the  competition  method.  A  3:1 
mixture  of  1-chlorocyclohexene  and  1-chlorocyclo- 
hexene-2,6,6-i/8  afforded  a  substitution  product  possess- 
ing nmr  and  infrared  spectra  which  were  virtually 
indistinguishable  from  nondeuterated  1-phen^cyclo- 
hexene.  A  &h/*d  of  5.34  ±  0.40  was  calculated,  based 
on  the  consumption  of  olefinic  chlorides.  It  is  clear 
from  these  observations  that  l-chlorocycIohexen^ 
2,6,6-i/s  does  not  react  with  phenyllithium  by  way  of 
direct  nucleophilic  displacement.  About  the  only  way 
to  bring  the  l-chlorocyclohexene-2,6,6-rf8  product  study 
and  the  /:h/*d  measurement  into  compatibility  is  to 
assume  that  coupling  takes  place  via  a  cydohexyne- 
3,3-1/2  (32)  intermediate  and  that  the  organolithiuiD 
compounds  which  result  from  phenyllithium  addition 
(29)  react  preferentially  with  the  substrate  (29  -f  30  -* 
31  +  32).   If  the  reaction  is  autocatalytic,  /ch/^d  cannot 


<C'iC 


>cc-6 


29 


30 


31 


32 


be  calculated  in  the  usual  manner.**  Nevertheless, 
qualitatively  it  is  clear  that  a  large  isotope  effect  op- 
crates  on  the  coupling  reaction. 

The  C7  Ring  System.  Methyl-group  blocking  ex- 
periments were  not  carried  out  on  a  C7  system.  In 
order  to  see  if  substitution  occurs  with  cycloheptenyl 
chlorides,  l-chlorocycloheptene-2,7,7-rfi  was  heated 
with  phenyllithium  under  the  standard  reaction  con- 
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ons.  Substitution  product  was  obtained  in  15% 
d,  which  is  somewhat  higher  than  with  the  Cs  and 
deuterated  chlorides.  Proton  nmr  analysis  of  the 
pled  product  indicated  the  presence  of  0.17  ± 
I  deuteron  per  molecule  in  the  olefinic  position  and 
)  db  0.12  deuterons  per  molecule  in  the  saturated 
I  positions.  Since  the  saturated  proton  region  of  the 
r  spectrum  of  1-phenylcycloheptene  consisted  of 
iplex  absorption  extending  continuously  from  1.1 
2.9  ppm  downfield  from  tetramethylsilane,  it  was 

possible  ^^  to  determine  the  position(s)  of  the  two 
terons  on  the  cycloheptene  ring,  llie  deuteron 
r  spectrum  of  the  substitution  product,  *•  however, 
^led  two  types  of  aliphatic  deuterons,  centered  at 
)  and  2.50  ppm.  The  areas  of  the  deuteron  absorp- 
i  peaks  were  approximately  equal,  the  downfield 
k  being  slightly  the  larger.  These  data  provide 
silent  evidence  that  substitution  takes  place  by  way 

cycloheptyne-3,3-rfi  (33)  intermediate. 


D, 


O 


^2       pu 

a 


+ 


33 


34 


he  fen/^D  for  competition  between  1-chlorocyclo- 
tene  and  l-chlorocycloheptene-2,7,7-rf8  was  7.16 
0.40.  As  in  the  Cs  and  Ce  systems,  the  product 
tained  little  deuterium.  At  least  two  factors  might 
ionably  be  responsible  for  the  unusually  large  mag- 
ide  of  the  rate  constant  ratio.  First,  it  has  been 
[)rted  that  tunneling  is  important  in  certain  bi- 
lecular  elimination  reactions  and  that  /:h/^d  is  in- 
ised  accordingly.^  Second,  a  variety  of  detailed 
lination  mechanisms  can  be  envisioned  which 
>lve  multicenter  transition  states.  With  such  mech- 
sms  the  CH  and  CD  stretching  and  bending  fre- 
ncies  might  both  be  important  in  determining  the 
^itude  of  the  isotope  effect.*^ 
lie  Question  of  Cycloallenic  Intermediates.  The 
erimental  results  presented  in  this  paper  in  consort 
h  the  earlier  ^^C-tracer  studies^  demonstrate  beyond 
sonable  doubt  that  the  coupling  reactions  of  1- 
)rocyclopentene,  1-chlorocyclohexene,  and  1-chloro- 
loheptene  with  phenyllithium  proceed  predomi- 
tly,  if  not  exclusively,  by  way  of  elimination-addition 
:hanisms  involving  cycloalkyne  intermediates.  It  is 
LT,  nonetheless,  that  the  olefinic  chlorides  enter  into 
:tions  other  than  substitution.  For  example,  in  no 
t  was  there  a  1 : 1  molar  correspondence  between 
>ride  consumed  and  coupled  product  formed.  1- 
oro-2-methylcyclopen tene  and  1  -chloro-2-methyl- 
lohexene  underwent  significant  reaction,  despite  the 
;  that  they  possessed  no  olefinic  protons.  It  is 
cult  to  say  whether  or  not  cycloallenic  intermediates 
Jit  be  involved  in  these  side  reactions. 
Leturning  to  the  findings  of  Wittig,**  Bottini,*^ 
Landor,^^  it  appears  that  1-halocycloalkenes  and 
»ngly  basic  nucleophiles  can  give  rise  to  either  cyclo- 

3)  This  was  also  true  in  the  case  of  the  coupling  products  from  1- 

'ocyclopentene-2,5,5-</i  and  l-chlorocycIohexene-2,6»6-</a. 

))  L.  K.  Montgomery,  A.  O.  Clouse,  A.  M.  Crelier,  and  L.  E. 

legate,  /.  Am.  Chem.  Soc,  in  press. 

))  V.  J.  Shiner,  Jr.,  and  M.  L.  Smith.  /.  Am.  Chem.  Soc.,  83,  593 

I). 

1)  Reference  16,  p  21. 


alkynes  or  cycloallenes,  depending  upon  the  particular 
halide,  base,  and  reaction  conditions  employed.  Fac- 
tors such  as  the  relative  rates  of  cycloalkyne  and  cyclo- 
allene  formation,  the  rate  of  cycloalkyne-cycloallene 
interconversion,  and  cycloalkyne-cycloallene  relative 
stability  are  probably  important  in  determining  which 
reaction  path  is  followed  in  a  given  system.  Unfortu- 
nately, little  is  known  concerning  the  above  factors.  In 
preliminary  results'^  from  a  study  of  the  quantitative 
conformational  analyses  of  Cg,  C9,  and  Cio  cyclo- 
alkynes  and  cycloallenes  (extended  Wiberg*'  scheme), 
we  have  found  that  the  energies  of  the  conformations  of 
minimum  energy  in  these  systems  are  complex  com- 
posites of  bond  angle,  torsional,  and  nonbonded  energy 
terms.  Accordingly,  it  is  doubtful  that  the  cycloalkyne- 
cycloallene  equilibrium  data  of  Moore  and  Ward' 
provide  reliable  insight  into  the  relative  stabilities  of 
cycloalkynes  and  cycloallenes  in  smaller  ring  systems. 
One  interesting  point  that  has  been  noted  concerns  the 
general  difiiculty  of  placing  a  triple  bond  in  the  lower 
members  of  the  medium-sized  rings.  For  simple  geo- 
metrical reasons  alone,  the  collinear,  four-atom  grouping 
of  a  strain-free  triple  bond  cannot  be  placed  in  a  carbo- 
cyclic  ring  containing  less  than  nine  carbon  atoms  with- 
out introducing  substantial  bond  angle  distortions  at  one 
or  more  positions.  Conformational  analysis  of  the 
Cr-Cio  cycloalkynes  have  made  it  evident  that  the  re- 
strictions that  the  linear  four-atom  acetylenic  array 
impose  on  a  cyclic  system  are  not  as  severe  as  might  be 
expected  on  the  basis  of  geometrical  considerations. 
This  is  true  owing  to  the  fact  that  C — C^C  bond  angles 
are  relatively  easy  to  distort;  the  bending  force  con- 
stants for  C — CfeC  bond  angles  are  about  one-third 
those  for  C — C — C  bond  angles.**  It  is  not  clear  how 
important  a  role  these  force  constant  differences  might 
play  in  determining  conformational  preferences  and 
relative  cycloalkyne  stabilities  in  the  smallest  cyclo- 
alkynes, for  it  is  known  that  highly  strained  systems 
cannot  be  satisfactorily  treated  using  the  usual  quan- 
titative conformational  analysis  schemes. 

Experimental  Section 

Boiling  points  are  uncorrected.  Nmr  and  infrared  spectra  were 
routinely  recorded  and  are  assumed  to  be  in  satisfactory  agreement 
with  authentic  or  predicted  spectra  when  they  are  not  explicitly 
discussed.  The  nmr  spectra  were  obtained  from  dilute  chloro- 
form-^i  solutions  using  a  Varian  Associates  A-60  spectrometer. 
Chemical  shifts  are  reported  as  parts  per  million  displacements  from 
tetramethylsilane  as  an  internal  standard.  Infrared  spectra  were 
generally  recorded  on  both  Perkin-Elmer  Model  137  and 
Model  137-G  (near-infrared)  Infracord  spectrometers.  Quantita- 
tive glpc  determinations  were  carried  out  on  an  F  &  M  Scientific 
Model  609  flame-ionization  gas  chromatograph  equipped  with  a 
Minncapolis-HoneyweU  recorder  (Model  Y 153-999)  fitted  with  a 
Disc  Instruments  integrator.  All  of  the  columns  used  with  the 
F  &  M  instrument  were  stainless  steel  and  8  ft  in  length  (0.25  in. 
o.d.).  The  columns  and  their  designations  are:  20%  silicone  gum 
GE  XE-60  on  60-80  mesh  Chromosorb  P  (XEA);  20%  Carbowax 
20M  on  60-80  mesh  Chromosorb  P  (20CWA);  10%  Carbowax  20M 
on  60-80  mesh  Diatoport  S(10CWA).  Preparative  glpc  was 
conducted  on  a  F  &  M  Model  720  gas  chromatograph  fitted  with 
8-ft  (0.375-in.  o.d.)  stainless  steel  columns.  The  columns  were: 
20%  silicone  gum  GE  XE-60  on  60-80  mesh  Chromosorb  P  (XEP); 
20%  Carbowax  20M  on  60-80  mesh  Chromosorb  P  (CWP).    Mass 


(22)  L.  K.  Montgomery,  D.  W.  Garrett,  and  G.  J.  Eubanks.  unpub- 
lished results. 

(23)  K.  B.  Wiberg.  /.  Am.  Chem.  Soc,  87,  1070  (1965). 

(24)  (a)  J.  H.  Schachtschneider  and  R.  G.  Synder,  Spectrochim.  Acta, 
19,  117  (1963);  (b)  J.  L.  Duncan,  ibid.,  20, 1197  (1964). 
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spectra  were  recorded  on  a  Consolidated  Electrodynamics  Corp 
Model  21-260  mass  spectrometer. 

Cycloliexaiioiie-2^,6,6-d!|.  A  solution  consisting  of  45  g  (0.46 
mole)  of  cyclohexanone,  80  g  (4.00  moles)  of  deuterium  oxide 
(99.8%),  10  ml  of  triethylamine,  and  400  ml  of  anhydrous  dioxane 
was  refluxed  for  48  hr.  Deuterium  oxide,  water,  triethylamine,  and 
dioxane  were  removed  by  distillation.  The  exchange  was  repeated 
four  more  times.  Final  distillation  afforded  27.1  g  (58  %)  of  cyclo- 
hexanone-2,2,6,6-</4.  bp  148-153°. 

Cyclopentaiione-2^3^-^4  was  prepared  by  Mr.  D.  Armstrong  in 
the  laboratories  of  V.  J.  Shiner,  Jr.,  following  a  procedure  similar 
to  the  one  outlined  above  for  cyclohexanone-2,2,6,6-</4.  We  wish 
to  thank  Professor  Shiner  for  lending  us  this  material. 

Oleflnic  Chlorides.  The  preparation  of  l-chloro-2-iiiethylcyclo- 
pentene  and  2-€hloro-3-iiiethylcyclopenteiie  illustrates  the  general 
procedure  which  was  employed  for  the  preparation  of  olefinic 
chlorides  from  ketones.  A  solution  of  39.2  g  (0.40  mole)  of  2- 
methylcyclopentanone  in  45  ml  of  methylene  chloride  was  added 
slowly  to  103  g  (0.50  mole)  of  phosphorus  pentachloride  in  530 
ml  of  methylene  chloride  (4-5  °).  The  solution  was  stirred  for  1  hr 
at  this  temperature,  allowed  to  warm  to  18°  over  a  1-hr  period,  and 
poured  onto  crushed  ice.  The  methylene  chloride  layer  was 
separated  and  washed  thoroughly  with  40%  sodium  hydroxide 
solution  and  water.  Removal  of  the  solvent  by  distillation  left  a 
26.4-g  mixture  of  l-chloro-2-methylcyclopentene,  2-chloro-3-methyl- 
cyclopentene,  and  l,l-dichloro-2-methylcyclopentane.  The  latter 
compound  was  dehydrohalogenated  following  method  1. 

Dehydrohalogemitioii  Metliod  1.  The  crude  chloride  mixture 
was  added  dropwide  over  a  5-min  period  to  a  0.34  A/  solution  of 
methylsulfinyl  carbanion  (4.0  g  of  sodium  hydride)  in  dimethyl 
sulfoxide  (500  ml).  The  rate  of  addition  was  such  that  the  tem- 
perature stayed  within  the  range  1^32°.  The  solution  was  stirred 
an  additional  5  min  at  24°  and  poured  into  water.  The  reaction 
products  were  taken  up  in  methylene  chloride;  the  extract  was 
washed  thoroughly  with  water.  Distillation  afforded  8.36  g  (18% 
based  on  ketone)  of  l-chloro-2-methyl-  and  2-chloro-3-methyl- 
cyclopentene  (45:55),  bp  120-123°.  The  two  chlorides  were  sep- 
arated employing  preparative  glpc  (XEP,  125°,  200  cc/min). 

In  general  the  olefinic  chlorides  were  purified  by  preparative  glpc, 
stored  in  sealed  ampoules  under  refrigeration,  and  redistilled  im- 
mediately prior  to  use.  Typical  purity  after  distillation  as  assessed 
by  glpc  was  99%  or  greater. 

l-Chloro-2-iiiethylcyciobexeiie  and  2-Chloro-3-iiiethylcycloliexeiie. 
2-Methylcyclohexanone  (44.0  g,  0.397  mole),  phosphorus  penta- 
chloride (103  g,  0.49  mole),  and  sodium  methylsulfinyl  carbanion 
(method  1 ;  7.2  g,  0.30  mole  of  sodium  hydride  in  3(X)  ml  of  di- 
methyl sulfoxide)  provided  7.3  g  (14%;  99%  purity  by  glpc;  20 
CWA,  100°,  33  cc/min)  of  the  two  olefinic  chlorides,  bp  58-63° 
(23  mm)  [lit."  bp  41-42°  (8  mm)].  A  65:35  mixture  of  isomers 
was  indicated  by  glpc.  A  65:35  mixture  was  also  inferred  from 
nmr.    The  predominant  isomer  was  l-chloro-2-methylcyclohexene. 

l-Chlorocydopentene.  Cyclopentanone  (44.0  g,  0.52  mole), 
phosphorus  pentachloride  (135  g,  0.65  mole),  and  potassium  t- 
butoxide  (method  2;*  12.4  g,  0.32  equiv  of  potassium  in  400  ml  of 
/-butyl  alcohol)  provided  16.3  g  of  crude  1-chlorocyclopentene, 
bp  99-108°,  93  %  purity  by  glpc  (29 %).  Chomatographed  material 
(CWP,  120°,  150  cc/min)  was  redistilled,  bp  102-103°  (lit.«  bp 
102-103°). 

l-Chlorocydobexene.  Cyclohexanone  (19.6  g,  0.200  mole), 
phosphorus  pentachloride  (49.5  g,  0.238  mole),  and  potassium 
/-butoxide  (method  2;*  6.2  g,  0.159  equiv  of  potassium  in  200  ml  of 
/-butyl  alcohol)  provided  7.9  g  of  crude  l<hlorocyclohexene,  bp 
1 39-141  °,  95  %  purity  by  glpc  (33  %).  Chromatographed  material 
(CWP,  145°,  150  cc/min)  was  redistiUed,  bp  140-141°  (Ut."  bp 
142-143°). 

l-Chlorocydoheptene.  Cycloheptanone  (44.8  g,  0,400  mole)  and 
phosphorus  pentachloride  (104  g,  0.500  mole)  gave  41.9  g  of  crude 
chlorides  which  was  treated  with  base  following  method  3. 

Dehydrohalogeiuition  method  3  was  very  similar  to  method  1,  the 
principal  difference  being  that  potassium  /-butoxide  (MSA  Re- 
search Corp.)  was  employed  as  the  base.  The  chlorides  from  cyclo- 
heptanone were  added  to  a  solution  of  15  g  of  potassium  /-butoxide 
in  190  ml  of  dimethyl  sulfoxide.  About  17  g  (80%  l<hlorocyclo- 
heptene;  24%)  of  dehydrohalogenation  products,  bp  150-176°, 
were   obtained.    The   chromatographed   material   (CWP,    140°, 


150  cc/min)  was  redistilled,  bp  55.0-55.5°  (12  mm)  Dit.»«  bp  54-58^* 
(14  mm)]. 

l-Chlorocyclopenteiie-2^^-^a.  Cyclopentanone-2,2,5,5-d4  (45.5 
g,  0.517  mole),  phosphorus  pentachloride  (135  g,  0.649  mole),  and 
potassium  /-butoxide  (niethod  2;*  45  g,  1.15  equiv  of  potassium  in 
875  ml  of  /-butyl  alcohol)  provided  17.9  g  of  olefinic  chloride  (93% 
purity;  31%),  bp  103-105°.  Chromatographed  (CWP.  120". 
150  cc/min)  and  redistilled,  bp  103-104°,  l-chlorocyclopenteDe- 
2,5,5-</,,  /i«»*D  1.4379,  contained  3.00  ±  0.06 deuterons/moleculc, 
as  assessed  by  proton  nmr  (benzene,  quantitative  internal  standard). 
There  was  no  visually  discernible  absorption  in  the  olefinic  proton 
region. 

l-Chlorocyclobexeiie-2,6,6-i/s.  Cyclohexanone-2,2,6,6-^  (26.6  g, 
0.261  mole),  phosphorus  pentachloride  (70.7  g,  0.340  mole),  and 
potassium  /-butoxide  (method  2;*  10  g,  0.26  equiv  of  potassium  in 
350  ml  of  /-butyl  alcohol)  provided  23.8  g  of  olefiinic  chloride 
(62%  purity;  46%),  bp  139-151  °.  Chromatographed  (CWP,  145^ 
150  cc/min)  and  redistilled,  bp  139-141°,  1-chlorocyclohexene- 
2,6,6-^8,  /i"*D  1.4797,  contained  3.00  =b  0.06  deuterons/moleculc, 
as  assessed  by  proton  nmr  (biphenyl,  quantitative  internal  stand- 
ard). There  was  no  visually  discernible  absorption  in  the  olefinic 
proton  region. 

l-Chlorocyclohepteiie-2,7,7^a  was  available  from  another  study.^ 
Chromatographed  (CWP,  140°,  150  cc/min)  and  redistilled,  bp 
52-53°  (11  mm),  l-chlorocycloheptene-2,7,7-</,,  «»«d  1.4859,  con- 
tained 2.89  ±  0.06  deuterons/molecule,  as  assessed  by  proton  nmr 
(biphenyl,  quantitative  internal  standard).  There  was  no  visually 
discernible  absorption  in  the  olefinic  proton  region. 

/m^j^3-Chloro-2-pentene.  3-Pentanone  (137.6  g,  1.60  moles) 
and  phosphorus  pentachloride  (416  g,  2.(X)  mole)  gave  about  100  g 
of  a  mixture  of  trans-  and  c/j-3-chloro-2-pentene  and  3,3-dichloro- 
pentane.  The  trans  isomer,  bp  92-93°  (lit."  bp  92-93°),  couW  be 
easily  obtained  in  high  purity  by  fractional  distillation  and  was  used 
in  the  attempted  coupling  experiment. 

Phenyllithium  Coupling  Reactions.  The  reactions  of  l-ddoio-I- 
methylcyclohexene  and  2-chloro-3-iiiethylcycloliexeiie  witb  phcayl- 
lithium  illustrate  the  general  procedure.  A  solution  consisting  of 
3.692  g  (0.0284  mole)  of  l-chloro-2-methylcyclohexene,  2.308  g 
(0.0177  mole)  of  2-chloro-3-methylcyclohexene,  and  0.221  mole 
of  phenyllithium **  in  210  ml  of  ether  was  placed  in  a  300-ml  stain- 
less steel  bomb,  sealed,  and  heated  at  150  =b  10°  for  1.3  hr.  The 
bomb  was  cooled  in  air  (20  min),  ice  water  (25  min),  and  Dry  Ice- 
acetone  (10  min),  vented,  and  allowed  to  warm  to  room  temperature. 
The  reaction  products  were  washed  out  of  the  bomb  with  water 
and  ether.  The  ether  layer  was  separated,  washed  with  two  lOO-tsl 
portions  of  water,  and  dried  twice  over  7-g  quantities  of  anhydrous 
calcium  chloride.  Most  of  the  ether  was  removed  by  distillatioo. 
and  the  reaction  products  were  analyzed  by  glpc.  Cyclohexanooc 
was  employed  as  an  internal  standard  for  low-boiling  components 
(20  CWA,  100°.  33  cc/min)  and  N,N-dimethylanlline  for  high- 
boiling  components  (20  CWA.  225°.  30  cc/min).  Detector  re- 
sponse conversion  factors  were  determined  for  most  compounds. 
The  responses  of  l-chloro-2-methylcyclohexene  and  2-chloro-3- 
methylcyclohexene  were  assumed  to  be  equal.  A  mixture  of  3- 
methyl- 1-phenylcyclohexene  and  4-methyl-2-phenylcyclohexene 
(cide  infra)  was  used  to  estimate  the  conversion  factor  for  3-methyt- 
1-phenylcyclohexene.  A  summary  of  the  analyses  for  key  reaction 
products  is  provided  in  Table  IV.  Benzene,  ethylbenzene,  and  bi- 
phenyl were  also  present.  The  substitution  products  were  isolated 
employing  glpc  (XEP,  205°,  200  cc/min).  3-Methyl-2-phenyi- 
cyclohexene  was  identified  by  comparing  its  nmr  and  infrared  spec- 
tra with  those  of  an  authentic  sample.  The  second  product,  judged 
to  be  3-methyM-phenylcyclohexene.  possessed  characteristic 
infrared  absorption  bands  at  1639, 1597,  and  1572  cnr^  (vide  iitfm). 
The  nmr  spectrum  consisted  of  complex  absorption  (5.0  protons, 
assigned)  from  7.5  to  6.8,  complex  absorption  (0.83  proton)  from  6.00 
to  5.92,  and  complex  absorption  (10.3  protons)  from  2.6  to  0.8  whkb 
included  a  well-defined  doublet  (6.5  cps)  at  1.04  (ridr  mfra).  Hk 
chloride  analysis  in  Table  IV  was  carried  out  following  a  procedure 
outlined  by  Kolthoff  and  Steoger.** 

l-Chloro-2-iiiethylcyclopeiiieM  and  Pboiyllhliiiifli.  l-Chloro-2- 
methylcydopentene  (0.8382  g,  0.00723  mole)  and  100  ml  of  0.76  M 


(25)  N.  A.  Domnin,  /.  Gen.  Chem.  USSR,  10,  1939  (1940);   C/rem. 
Abstr.,  35,  3979»  (1941). 

(26)  M.  Mousseron  and  R.  Jacquier,  Bull.  Soc.  Chim.  France,  648 
(1960). 


(27)  A.  L.  Henne  and  E.  G.  Dewitt,  /.  Am.  Chem.  Soc.,  70, 1541 
(1948). 

(28)  (a)  R.  G.  Jones  and  H.  Gilman,  Org.  Reactions^  6,  339  (1951); 
(b)  H.  Gilman.  Bull.  Soc.  Chim.  France,  1356(1963). 

(29)  I.  M.  Kolthoff  and  V.  A.  Stenger,  "Volumetric  Analysis,"  VoL 
II.  Intcridcncc  Publithcri.  Inc.,  New  York,  N.  Y..  1947.  p  27Z 
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thium  (0.076  mole)  in  ether  was  heated  at  150  d:  10 ""  for 
A  summary  of  the  reaction  products  is  provided  in  Table  I. 
Nro-34iiethylcyclopeiiteiie  and  PhenylUthium.  2-Chloro-3- 
iclopentene  (1.8476  g,  0.01593  mole)  and  140  ml  of  1.19  M 
thium  (0.167  mole)  in  ether  were  heated  at  150  db  lO"*  for 
A  summary  of  the  reaction  products  is  provided  in  Table  II 
K,  70°,  200°,  35  cc/min).  The  substitution  products  were 
by  glpc  (XEP,  125°,  200  cc/min).  The  product  identified 
:hyl-2-phenylcyclopentene  possessed  characteristic  infrared 
on  bands  at  1618,  1597,  and  1571  cm-^  (oide  infra).  The 
ctnim  consisted  of  complex  absorption  (5.0  protons,  as- 
rom  7.5  to  6.9,  complex  absorption  (0.85  proton)  from  6.10 
complex  absorption  (8.15  protons)  from  6.10  to  5.93,  and 
absorption  (8.15  protons)  from  2.9  to  1.5,  which  included 
t  (7  cps)  at  1.07  (vide  infra).  The  product  identified  as  3- 
-phenylcyclopentene  possessed  characteristic  infrared  ab- 
bands  at  1623,  1597,  and  1572  cm"*  {vide  infra).  The 
ctrum  consisted  of  complex  absorption  (5.0  protons,  as- 
It  7.5-6.9,  a  crude  doublet  (^^2  cps,  0.7  proton)  at  6.07,  com- 
orption  at  3.2-1.3  (8.2  protons),  and  a  doublet  (7  cps,  2.2 
atl.08(rMi^/n/hi). 

Nrocyclopeiitene-2^,5-i/a  and  PhenyllitUum.  1-Chlorocyclo- 
2.5,5-^a  (9.0048  g,  0.8538  mole)  and  210  ml  of  0.98  Af  phenyl- 
0.203  mole)  in  ether  were  heated  at  150  ±  10°  for  1.3  hr. 
lion  mixture  containing  5.88  g  (65.3%;  20  CWA,  70°,  35 
of  l-chloropyclopentene-2,5,5-Ja  and  1.31  g  (10.7%;  20 
25°,  35  cc/min)  of  deuterated  1-phenylcyclopentene.  Both 
ids  were  isolated  utilizing  preparative  glpc.  The  nmr  and 
spectra  of  the  recovered  chloride  were  virtually  identical 
se  of  the  starting  material.  Proton  nmr  analysis  of  the 
sd  1-phenylcyclopentene  indicated  the  presence  of  0.14  ±. 
teron  and  1.84  ±  0.20  deuterons  in  the  olefinic  and  sat- 
ng  positions,  respectively.  The  phenyl  protons  were  used 
ititative  internal  standard  for  the  analysis. 
uoCed  error  was  calculated  from  six  integrations  using  a 
s  t  distribution  analysis  and  employing  a  99.5  %  confidence 

-CUorocydopoitnie  and  Phenyllitiiiiiiii.    Deuterium  Oxide 

«.  1-Chlorocyclopentene  (8.179  g,  0.0798  mole)  and 
f  0.85  M  phenyllithium  (0.204  mole)  in  ether  were  heated  at 
l°forl.3hr.  Exactly  50.0  ml  of  deuterium  oxide  was  added 
action  products.  The  products  were  then  processed  in  the 
anner.  The  reaction  products  included  3.04  g  (37.5%; 
,  70°,  35  cc/min)  of  1-chlorocyclopentene  and  2.76  g  (23.7  % ; 
^  225°;  35  cc/min)  of  1-phenylcyclopentene.  Analysis 
)enzene  (glpc,  mass  spectrometry)  indicated  that  12.4% 
arting  phenyllithium  was  present  at  the  end  of  the  reaction, 
imr  analysis  of  glpc-collected  coupled  product  indicated 
ence  of  0.20  ±i  0.03  deutercm  and  no  greater  than  0.2 
I  in  the  olefinic  and  saturated  ring  positions,  respectively. 
rocyclolw|iCene-2,7,7w/i  and  Phenyllithiuni.  1-Chlorocyclo- 
2,7,7-i/,  (5.1308  g,  0.03840  mole)  and  110  ml  of  1.03  M 
hium  (0.113  mole)  in  ether  were  heated  at  150  d:  10°  for 
The  reacticm  products  included  1.83  g  (35.8%;  20  CWA, 
)  cc/min)  of   l-chlorocycloheptene-2,7,7-</3  and  0.97  g 

20  CWA,  170°,  35  cc/min)  of  deuterated  1-phenylcyclo- 

Both  compounds  were  isolated   utilizing  preparative 

he  nmr  and  infrared  spectra  of  the  recovered  chloride  were 

identical  with  those  of  the  starting  material.  Proton 
lysis  of  the  deuterated  1-phenylcycloheptene  indicated  the 
of  0.17  =4=  0.02  deuteron  and  1.96  ±  0.12  deuterons  in  the 
nd  saturated  ring  positions,  respectively. 
^-Cliloro-2-peiiteiie  and  Phenyllithium.  /m/r>3-Chloro-2- 
5.0482  g,  0.04828  mole)  and  125  ml  of  1.24  M phenyllithium 
ole)  in  ether  were  heated  at  150  =4=  10°  for  1.3  hr.  Ap- 
ely  one-half  (2.25  g,  44.8%)  of  the  starting  chloride 
wered  unreactcd  (10  CWA,  70°,  30  cc/min).    Neither 

products  {trans-  and  c/>3-phenyl-2-pentene,  trans-  and 
nyl-2-pentene,  2-phenyl-l-pentene)  nor  acctylenic  elimina- 
ducts  (1-  and  2-pcntyne)  were  observed  (10  CWA,  70°, 
x/min). 
rocydopentcoe,  l-Chlorocyclopentene-2^,5-</s,  and  Phenyl- 

A  solution  consisting  of  6.0738  g  (0.05926  mole)  of  1- 
:lopentene,  2.3089  g  (0.02188  mole)  of  l-chlorocyclopen- 
Wi,  and  220  ml  of  0.94  M  phenylUthium  (0.206  mole)  in 
\  heated  at  150  =b  10°  for  1.3  hr.  Analysis  of  the  products 
»  CWA,  70°,  225°,  35  cc/min)  showed  that  2.97  g  (35.3 %) 
rted  olefinic  chlorides  and  2.47  g  (21.2%)  of  substitution 
were  present  The  chlorides  were  collected  by  glpc. 
Jysis  (biphenyl  internal  quantitative  standard)  indicated 
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that  0.01428  mole  of  each  reactant  survived  reaction.  From  this 
result  a  kinetic  isotope  effect,  A:h/A:d,  of  3.36  ±.  0.40  was  calculated^* 
assuming  simple  competition.  The  nmr  and  infrared  spectra  of  the 
substitution  product  were  very  similar  to  those  for  1-phenylcyclo- 
pentene. 

l-CUorocydohexene,  l-ChkM'ocycioliexene-2,6,6-i/i,  and  Phenyl- 
Utfaium.  A  solution  consisting  of  6.0233  g  (0.05162  mole)  of  1- 
chlorocyclohexene,  2.0236  g  (0.01691  mole)  of  1-chlorocyclohexene- 
2,6,6-</,,  and  180  ml  of  1.00  Af  phenyllithium  (0.180  mole)  in  ether 
was  heated  at  150  ±.  10°  for  1.3  hr.  Analysis  of  the  products  by 
glpc  (XEA,  90°,  160°,  35  cc/min)  showed  that  3.01  g  (38.8%)  of  un- 
reacted  olefinic  chlorides  and  1.74  g  (15.9%)  of  substitution  product 
were  present.  The  chlorides  were  collected  by  glpc.  Nmr  analy- 
sis (biphenyl  internal  quantitative  standard)  indicated  that  0.01345 
mole  of  l<hlorocyclohexene  and  0.01313  mole  of  1-chlorocyclo- 
hexene-2,6,6-</a  survived  reaction.  A  A:h/A:d  of  5.34  =t  0.40  was 
calculated  1*  from  these  data.  The  nmr  and  infrared  spectra  of  the 
substitution  product  were  very  similar  to  those  for  1-phenylcyclo- 
hexene. 

l-Chlorocydoheiitene,  l-Clilorocydohepteiie-2,7,7-</s,  and  Phenyl- 
Utfaiom.  A  solution  consisting  of  7.0284  g  (0.05381  mole)  of  1- 
chlorocycloheptene,  2.6302  g  (0.01968  mole)  of  1-chlorocyclohep- 
tene-2,7,7-</,,  and  230  ml  of  0.74  M  phenyllithium  (0.170  mole)  in 
ether  was  heated  at  150  ±  10°  for  1.3  hr.  Analysis  of  the  products 
by  glpc  (20  CWA,  1 10°,  170°,  35  cc/min)  showed  that  3.26  g  (29.5  %) 
of  unreacted  olefinic  chlorides  and  2.73  g  (21.4%)  of  substitution 
product  were  present.  The  chlorides  were  collected  by  glpc.  Nmr 
analysis  (biphenyl  internal  standard)  indicated  that  0.00701  mole  of 
l-chlorocydoheptene  and  0.01468  mole  of  1-chlorocycloheptene- 
2,7,7-Ja  survived  reaction.  A  A:h/A:d  of  7. 1 6  d:  0.40  was  calculated  ^ 
fi-om  these  data.  The  nmr  and  infrared  spectra  of  the  substitution 
product  were  very  similar  to  those  for  1-phenylcycloheptene. 

Possible  Olefinic  Products.  A  number  of  phenyUsubstituted 
olefins  were  prepared  from  appropriate  ketones  by  way  of  a  two- 
step  sequence.  In  the  first,  a  tertiary  phenylcarbinol  was  synthesized 
from  the  ketone  (phenyllithium  or  phenylmagnesium  bromide). 
The  Grignard  route  was  preferable  owing  to  the  fact  that  biphenyl, 
which  was  usually  difficult  to  separate  from  the  final  product,  in- 
variably contaminated  the  phenyllithium  preparations.  When  it 
was  convenient,  the  phenylcarbinols  were  isolated  and  recrystal- 
lized.    The  second  step  consisted  of  formic  acid  dehydration.* 

2-Methyl-l-pbenylcydopeiiteiie  and  3-methyl-2-pbenylcydopen- 
tene^  were  prepared  from  2-n[)ethylcyclopentanone.  The  two 
olefins  could  not  be  conveniently  separated  by  preparative  glpc  and 
were  isolated  as  a  mixture  (XEP,  205°,  200  cc/min).  The  mixture 
possessed  important  infrared  absorption  bands  at  ^1650,  ^^1621, 
1597,  and  1571  cm"^  The  C==C  stretching  bands  overlapped  and 
were  difficult  to  assign  predsely.  The  nmr  spectrum  consisted  of 
complex  absorption  from  7.6  to  7.0  (5.0  protons,  assigned),  complex 
absorption  from  6.07  to  5.87  (0.29  proton),  complex  absorption  from 
2.9  to  1.5  (4.94  protons)  which  included  a  multiplet  associated  with 
the  methyl  groups  of  2-methyl-l-phenylcyclopentene  at  1.80,  and 
a  doublet  (7  cps,  0.089  proton)  at  1.07. 

3-MethyI-l-pbenyIcydopeiiteiie  and  4-methyl-l-pbenylcydopen- 
tene  were  prepared  from  3-methylcyclopentanone.  The  mixture 
of  olefins  (XEP,  205°,  200  cc/min)  possessed  important  infrared 
absorpticm  bands  at  1623, 1 597,  and  1 572  cm~ ^  The  nmr  spectrum 
of  the  mixture  consisted  of  complex  absorption  from  7.4  to  6.8 
(5.0  protons,  assigned),  complex  absorption  from  5.95  to  5.78 
(0.93  proton),  complex  absorption  fi-om  3.0  to  1.1  (4.9  protons), 
and  a  doublet  (6.5  cps)  at  1.05  (2.9  protons). 

2-Methyl-l-pbenylcydohexene  and  3-methyl-2-plienylcydobex- 
ene*^  were  prepared  from  2-methylcyclohexanone  and  separated 
employing  glpc  (XEP,  205  °,  200  ml/min). 

3-Methyl-l-pbenylcydohexene  and  4-methyI-2-plienylcydohex- 
ene**  were  prepared  from  3-methylcyclohexanone.  The  mixture  of 
of  isomers  possessed  important  infrared  absorption  bands  at 
^^1645,  1597,  and  1645  cm"*  The  nmr  spectrum  of  the  isomers 
consisted  of  complex  absorption  at  7.6-6.9  (5.0  protons, 
assigned),  complex  absorption  at  6.15-5.92  (1.00  proton),  and  com- 
plex absorption  at  2.6-0.9  (10.2  protons),  which  included  two  over- 
lapping doublets  (5-7  cps)  centered  near  1.05. 

l-Phenylcydopentene,  l-pbenykydobexene,  1-pbenylcydohep- 
tene,  trans-  and  ci>>3-pbenyl-2-pentene,  trans-  and  cf>2-plienyl-2« 
pentene,  and  2-phenyl-l-pentene  were  also  prepared  in  high  purity 
from  appropriate  ketones. 

(30)  T.  E.  Maggio  and  J.  English,  Jr.,  /.  Am.  Chem.  Soc,  83,  968 
(1961). 

(31)  R.  B.  Carlin  and  H.  R.  Landerl,  Ibid..  75,  3969  (1953). 

(32)  A.  Mailhe  and  J.  Murat,  Bull.  Soc.  Chim.  France.  1083  (1910). 
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l-QikM'ocycioliexeiie-2,6,6-i/3  and  PhenylUthiuiii.  1-Chlorocyclo- 
hcxciie-2,6,6-</a«  (4.5663  g,  0.03815  mole)  and  100  ml  of  1.00  M  phen- 
yllithium  (0.100  mole)  in  ether  were  heated  at  150  ±  10°  for  1.3  hr. 
The  reacticm  products  included  2.13  g  (46.6%;  XEA,  90"",  35  cc/ 
min)  of  l-chlorocyclohexene-2,6,6-</a  and  0.79  g  (12.5%)  of  deuter- 
ated  1-phenylcyclohexene.    Both  compounds  were  isolated  utilizing 


preparative  glpc.  The  nmr  and  infrared  spectra  of  the  recovered 
chloride  were  virtually  identical  with  those  of  the  starting  material. 
Proton  nmr  analysis  of  the  deuterated  l-phenylcyclohexeoe  indi- 
cated the  presence  of  0.82  =fc  0.09  deuteron  and  1.93  db  0.11  dcu- 
terons  in  the  oleiinic  and  saturated  ring  positions,  respec- 
tively. 


Proton  Transfers  in  Dipolar  Aprotic  Solvents.    HE.    Transfers 
from  Triphenylmethane  in  Dimethyl  Sulfoxide  Solution^*^ 

CalYin  D.  Ritchie  and  R.  E.  Uschold 
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Abstract:  The  reactions  of  triphenylmethane  with  r-butoxide,  n-propoxide,  and  dimsyl  ions  in  dimethyl  sulfoxide 
solution  have  been  studied.  Triphenylmethane  reacts  with  dimsyl  ion  and  /f-propoxide  ion  to  form  trityl  anion  with 
second-order  rate  constants  of  8  X  10'  and  6  X  10'  Af  ~^  sec'~\  respectively.  The  reaction  of  triphenylmethane  with 
r-butoxide  ion  is  too  slow  to  measure  under  our  reaction  conditions,  and  an  upper  limit  of  8  X  10'  Af  ~^  sec"^  is  set 
on  the  rate  constant  for  this  reaction.  Equilibrium  constants  for  the  reactions  of  triphenylmethane  with  dimsyl 
ion,  r-butoxide  ion,  and  /f-propoxide  ion  are  1.6  X  10^  0.5,  and  0.1,  respectively. 


As  part  of  a  continuing  study  of  solvent  effects  on  the 
x\  rates  of  proton  transfer  reactions,  we  have  mea- 
sured the  rates  and  equilibrium  constants  for  the  reactions 
of  triphenylmethane  with  dimsylcesium,  potassium 
/-butoxide,  and  potassium  /z-propoxide  in  dimethyl 
sulfoxide  solution.  Since  the  results  obtained  are  per- 
tinent to  a  number  of  recently  reported  studies  of  rates 
and  equilibria  of  carbon  acids,'  we  wish  to  report 
these  data  now.  Several  corrections  are  made  to  a 
preliminary  report  of  this  work.* 


Experimental  Section 

All  materials  were  purified,  stored,  and  handled  under  an  atmos- 
phere of  purified  argon.* 

Materials.  Dimethyl  sulfoxide  was  purified  by  the  method  pre- 
viously described,*  and  was  found  to  contain  less  than  5  X  10~^ 
M  acidic  and  basic  impurities,  and  less  than  20  ppm  of  water. 

Dimsylcesium  solutions  of  ra.  0.3  Af  were  prepared  from  cesium 
amide  as  previously  described.*  Less  concentrated  solutions  were 
prepared  by  dilution.  The  ultraviolet  spectrum  of  a  2.4  X  lO"* 
M  solution  of  cesium  dimsyl  in  a  O.l-mm  cell  showed  an  absorption 
shoulder  at  260  m/i  (c  1.5  X  10'  M"^  cm~Oi  and  no  peaks  or  shoul- 
ders at  longer  wavelengths.  The  60-Mc  nmr  spectrum  of  a  0.24 
M  solution  showed  a  single  sharp  peak  for  the  solvent  and  no 
other  visible  bands  within  800  cps  on  either  side  of  the  solvent  peak. 
Any  band  with  an  intensity  of  as  much  as  0.5  %  of  that  of  the  solvent 
would  have  been  seen.  The  infrared  spectrum  of  a  0.24  M  solu- 
tion of  dimsylcesium  cs.  pure  dimethyl  sulfoxide  showed  a  single 
band  at  840-850  cm-»  (c  ^  1.2  X  10«  M-»  cm"*)  which  we  believe 
to  be  due  to  the  S-O  stretch  of  the  dimsyl  ion. 


(1)  This  work  was  supported  by  Grant  No.  GM  12832  from  Public 
Health  Service,  National  Institutes  of  Health. 

(2)  For  previous  papers  in  this  series,  see :  CD.  Ritchie  and  R.  E. 
Uschold.  J.  Am.  Chem.  Soc.,  89,  1730  (1967);  86,  4488  (1964). 

(3)  See,  for  example:  (a)  G.  A.  Russell  and  A.  G.  Benriis,  ibid,,  88, 
5491  (1966);  (b)  J.  I.  Brauman  and  D.  F.  McMillen.  ibid.,  in  press; 
(c)  D.  J.  Cram,  '^Fundamentals  of  Carbanion  Chemistry,**  Academic 
Press  Inc..  New  York,  N.  Y..  1965. 

(4)  C.  D.  Ritchie  and  R.  E.  Uschold,  Abstiracts,  152nd  National 
Meeting  of  the  American  Chemical  Society,  New  York,  N.  Y.,  Sept 
1966,  p  1475. 

(5)  C.  D.  Ritchie  and  R.  E.  Uschold,  /.  Am,  Chem,  Soc„  89,  1721 
(1967). 


Potassium  /-butoxide  (MSA  Research  Corp.)  was  twice  subliiiied 
under  vacuiun  at  ca,  1(X)°  prior  to  use. 

Potassiiun  /t-propoxide  was  prepared  by  reaction  of  metiUic 
potassium  with  dry  deoxygenated  /^propyl  alcohol,  followed  fay 
removal  of  excess  /t-propyl  alcohol  under  vacuunL  The  lesultiiig 
product  was  dried  under  vacuum  at  ca.  lOO""  for  3  hr.  lltntioo  of 
a  weighed  sample  of  the  alkoxide  with  aqueous  standard  add  indi- 
cated a  purity  of  better  than  99.5  %. 

Triphenylmethane  was  recrystallized  from  ethanoi  and  dried 
under  vacuum  prior  to  use. 

A  sample  of  triphenylmethane-Ji  was  kindly  supplied  by  Pro- 
fessor P.  T.  Lansbury.  Infrared  analysis  of  the  nuUerial  showed 
greater  than  90%  isotopic  purity. 

Apparatus.  Equilibriiun  measurements  were  carried  out  on  a 
Cary  Model  14  spectrophotometer  fitted  with  the  mixing  cell  ap- 
paratus diagrammed  in  Figure  1,  and  further  described  bdow. 

Kinetic  measurements  were  carried  out  on  a  small-scale  stop- 
flow  apparatus  which  we  have  previously  described.' 

EquiUbriuin  Measurements.  Solutions  of  triphenylmethane  (the 
concentrations  of  triphenylmethane  in  the  various  measurements 
ranged  from  5  X  10~*  M  to  ca.  10~*  Af  in  each  determination)  were 
added  incrementally  by  means  of  a  micrometer  syringe,  whose  tip 
extended  into  the  bulb  of  the  apparatus  shown  in  Figure  1,  to  10.0 
ml  of  the  base  solutions  contained  in  the  mixing  celL  The  solu- 
tions were  mixed  after  each  addition  by  simply  tipping  the  cell 
back  and  forth  several  times.  Care  was  taken  that  the  solutions 
did  not  contact  the  rubber  serum  cap  through  which  the  syringe 
was  inserted. 

Plots  of  absorbance  at  495  m/x*  the  wavelength  of  maximum  ab- 
sorption of  the  trityl  anion,  175.  concentration  of  thphenylmethaoe 
added  gave  straight  lines  whose  slopes  are  the  apparent  extinction 
coefficients,  c'.  Several  experiments  utilizing  ca.  10^^  M  solutions 
of  dimsylcesium  gave  the  true  extinction  coefficient  of  the  trityl 
anion,  c,  as  3.12  X  10*  M~^  cm~^  At  lower  concentrations  of 
dimsyl  anion,  the  observed  apparent  extinction  coefficients  can  be 
used  to  calculate  the  ratio  of  trityl  anion  to  triphenylmethane  con- 
centrations in  the  solution  by  eq  1. 


(AraC-)/(AraCH)  =  «'/(€  -  €') 


(1) 


This  technique  of  measurement  is  necessary  because  of  small 
amounts  of  impurities  present  which  react  with  either  the  trityl 
anion  or  triphenylmethane.  The  fact  that  non-zero  intercepts  are 
obtained  in  the  plots  of  absorbance  vs.  concentration  show  the 
presence  of  such  impurities.    One  such  plot  is  shown  in  Figure  1 


(6)  C.  D.  Ritchie,  G.  A.  Skinner,  and  V.  G.  Badding.  UOd.,  89, 2063 
(1967). 
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t  1.  Mixing  cell  used  for  triphenylmethane  titrations:  A, 
m  i.d.  Pyrex  tubing;  B,  bulb,  ca.  l^ml  capacity;  Q  cylindri- 
lartz  window  cell,  1.0-cm  path. 


Dt  the  equilibrium  constant  for  the  reaction  of  triphenylmeth- 
ith  dinis)d  ion  has  been  obtained,  then  the  equilibrium  con- 

for  the  reactions  of  alcohols  with  dims)d  icm,  and  thus,  with 
nylmethane,  can  be  obtained.  Analogous  experiments  to 
described  above  in  which  triphenylmethane  is  added  to  solu- 
of  the  alkoxides  are  used  to  obtain  the  ratio  of  trityl  ion  to 
nylmethane  concentrations  at  given  alkoxide  concentrations. 

these  ratios  and  the  equilibrium  constant  for  the  dimsyl- 
aiylmethane  reaction,  the  concentration  of  dimsyl  ion  at  given 
ntrations  of  added  alkoxide  can  be  calculated,  and  from  this, 
sired  equilibrium  constants  are  evaluated. 
i  values  obtained  for  the  various  equilibrium  constants  are 
1  in  Table  I.  The  precision  and  accuracy  of  the  data  are 
ised  below. 


i  I.    Equilibrium  Constants  at  25  °  for  the  Reactions 
HA  +  CHjSOCH,-  =  A-  -h  CH,SOCH, 


Initial 

baseconcn 

HA 

X  10»,  M 

KX  10-< 

Triphenylmethane 

2.4 

1.8 

1.2 

1.3 

0.60 

2.1 

6.0 

1.4 

2.4 

1.2 

1.2 

1.5 

0.60 

1.5 

6.5 

2.7 

1.6 

1.5 

Av 

1.6=b0.4 

/-Butyl  alcohol 

74.0 

6.2 

1.8 

5.6 

7.0 

0.72 

4.2 

1.2 

2.1 

2.3 

1.1 

1.0 

Av 

3.0  ±2.0 

it-Propyl  alcohol 

5.1 

7.7 

2.6 

10.0 

1.2 

29.0 

0.61 

26.0 

5.2 

5.9 

6.2 

8.3 

4.3 

8.3 

8.0 

18.0 

Av 

14.0  db  7.0 

LJ 
O 


o 


1.0    2.0     3j0    4j0     5X>    &0     7.0 


(  0,CH)o  «    lO' 


Figure  Z    Absorbance  at  495  mn  vs,  concentration  of  triphen^ 
methane  in  1.64  X  10~*  Af  dimsykesium  in  DMSO. 


Kinetic  Meaaurementi.  Solutions  of  known  concentration  of 
base  and  of  triphenylmethane  were  prepared  under  an  argon  at- 
mosphere and  tiansferred  to  gas-tight  syringes  and  then  into  the  stop- 
flow  apparatus.  The  reactions  were  followed  by  the  appearance 
of  the  absorbance  of  the  trityl  anion  at  495  mn.  Details  of  the 
general  procedure  used  on  the  stop-flow  apparatus  have  been  given 
previously.' 

In  all  runs,  the  concentration  of  base  was  much  greater  than  the 
equilibrium  concentration  of  trityl  ion  and  the  kinetics  observed 
were  those  of  pseudo-first-order  reversible  reactions.  In  the  reac- 
tions with  dimsyl  ion,  treatment  of  the  data  was  straightforward 
using  eq2 

In  (Ca-  -  CJ  =  -MCo/Ca-)/  +  In  C."       (2) 

where  C  is  the  concentration  of  trityl  ion  at  equilibrium.  Cm 
is  the  concentration  of  trityl  ion  at  time  f ,  and  Co  is  the  initial  con- 
centration of  triphenylmi^hane.  The  second-order  rate  constant 
for  the  reaction  is  equal  to  the  pseudo-first-order  constant,  A:^, 
divided  by  the  concentration  of  base.  Some  typical  data  for  the 
reaction  of  dimsyl  ion  are  shown  in  Table  II. 


Table  IL    Reaction  of  Triphenylmethane  with 
Cesium  Dimsyl  at  25"^ 


Concnof 

cesium 

dimsyl  X 

kt  X  10-», 

10».  Af 

Slope* 

C.7Co» 

Af-i  sec-i 

2.42 

24.1 

0.750 

7.5 

2.42 

22.0 

0.665 

6.0 

1.21 

14.2 

0.525 

6.2 

1.21 

16.3 

0.551 

7.4 

0.61 

15.7 

0.464 

12.0 

0.61 

13.9 

0.392 

8.9 
8.0±  1.5 

knlfcD 

=  4.7±0.4 

•  Slope  of  the  plot  of  In  (C*  -  C.)  w.  time  (sec).  *  Ratio  of 
trityl  ion  concentration  at  equilibrium  to  initial  triphenylmethane 
concentration.  In  each  run,  the  initial  concentration  of  triphenyd- 
methane  was  ca.  3  X  10~*  Af  . 


The  reaction  of  triphenylmethane  with  solutions  of  the  alkoxides 
involves  simultaneous  reactions  with  dimsyl  ion  and  alkoxide  ion 
since  appreciable  amounts  of  dimsyl  ion  are  formed  by  reaction  of 
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the  alkoxide  with  solvent.  In  each  kinetic  run,  we  have  calculated 
the  concentration  of  dimsyl  ion  present  from  the  observed  ratio  of 
trityl  ion  to  triphenylmethane  concentrations  at  equilibrium  in  the 
reactions.  Knowing  the  concentration  of  dimsyl  ion  and  the  rate 
constant  for  reaction  of  dimsyl  ion,  the  observed  first-order  rate 
constants  in  alkoxide  solutions  can  be  corrected  for  the  reaction  of 
dimsyl  ion  and  the  second-order  rate  constants  for  reaction  of  the 
alkoxides  calculated.  This  calculation  involves  the  implicit  as- 
sumption that  the  concentration  of  dimsyl  ion  does  not  change 
during  the  run.  Since  a  dilution  is  involved  in  mixing  the  reactants 
in  the  stop  flow,  and  since  the  ratio  of  concentration  of  dimsyl 
ion  to  that  of  alkoxide  is  concentration  dependent,  the  assumption 
is  that  the  alkoxide-solvent  equilibrium  is  established  much  more 
rapidly  than  reaction  with  triphenylmethane.  The  constancy  of  the 
the  observed  rate  constants  with  varying  initial  concentration  of  base 
provides  support  for  this  assumption,  as  does  the  observed  linearity 
of  the  kinetic  plots.  The  data  obtained  for  the  reactions  of  the 
alkoxides  are  summarized  in  Table  III. 


Table  m.    Reactions  of  Triphenylmethane  with 
Potassium  Alkoxides  at  25'' 


Initial 

base 

concn 

kt*  X 

X 

Dimsyl 

io-» 

io», 

concn*                  A:.xpti,* 

'voor. 

Af-i 

M 

i^ 

X  10*    C.7Co     sec"i 

sec~^ 

sec"* 

Potassium  /-but oxide 

4.2 

1.86 

17.4      0.650      13.1 

-0.8 

0.0 

2.1 

0.91 

8.5      0.477        6.65 

0.15 

0.0 

1.1 

0.77 

7.2      0.436        5.85 
Potassium  /^propoxide 

0.10 

0.0 

5.1 

0.93 

8.8      0.442      28.4 

21.4 

5.1 

2.6 

0.57 

5.4      0.364      17.9 

13.6 

6.5 

1.2 

0.24 

2.2      0.192        7.58 

5.81 

5.8 

0.61 

0.17 

1.6      0.148        4.27 

2.98 

6.1 

Av  5.9  ±0.4 

«  Ratio  of  trityl  ion  to  triphenylmethane  concentration  at  equi- 
librium. The  initial  concentrations  of  triphenylmethane  were  from 
2-5  X  10~*  Af  .  *  Concentration  of  dimsyl  ion,  calculated  from  R, 
*  Pseudo-first-order  rate  constant  defined  by  eq  2.  ''  Pseudo-first- 
order  rate  constant  for  reaction  with  alkoxide  ion.  « Second-order 
rate  constant  for  reaction  with  alkoxide  ion. 


The  reaction  of  triphenylroethane-Ji  with  dimsyl  ion  was  also 
studied.  This  reaction  involves  formation  of  trityl  ion  simul- 
taneous with  hydrogen-deuterium  exchange,  and  the  rate  expression 
cannot  easily  be  put  into  the  form  of  a  plot.  The  integrated  rate 
expression  is  given  by  eq  3 

C.-  -  C.  =  C,{(ki  -  *x')/[*,(C./C.-)  -  ki']\e->"''  + 
{kiiC  -  C^-yiHColC^")  -  jfex']}e-*'t<^«/<^-")'    (3) 

where  k\  is  the  pseudo-first-order  rate  constant  for  reaction  with 
triphenylmethane,  ki*  is  the  analogous  constant  for  reaction  of  tri- 
phenylmethane-^i,  and  the  other  symbols  are  defined  as  in  eq  2. 

Rate  constants  were  calculated  by  means  of  the  method  of  steep- 
est descents  using  a  program  written  in  Fortran  IV  language  for  this 
particular  problem.  A  single  kinetic  run  gave  values  for  both 
ki  and  k\*  independent  of  the  value  previously  obtained  for  the  rate 
constant  for  the  undeuterated  compound.  An  average  value  of 
knlkn  »  4.7  was  obtained  at  25°.  Rate  contants  for  the  reaction 
of  the  hydrogen  compound  calculated  from  these  data  were  in  good 
agreement  with  the  independently  determined  value. 

Sooroes  of  Error  and  Accuracy  of  Data.  The  very  basic  carb- 
anion  solutions  dealt  with  in  the  present  work  are  extremely  sensi- 
tive to  small  amounts  of  impurities.  It  is  known  that  oxygen 
reacts  with  triphenylmethane  anion  to  produce  hydroperoxide 
anions'*  very  rapidly.  In  addition,  any  compound  which  could  act 
as  even  a  weak  acid  {^K  <  30)  would  react  with  dimsyl  ion  to  make 
our  solutions  less  basic  than  we  expect  on  the  basis  of  titrations  for 
dimsyl  ion. 

The  fact  that  the  plots  obtained  from  the  titrations  of  the  base 
solutions  with  triphenylmethane,  as  typically  shown  in  Figure  2, 
have  intercepts  at  ca.  l(t*  M  indicates  that  we  do  not  have  appre- 


ciable amounts  of  oxygen  in  the  solutions  used  there.  Since  equi- 
librium constants  calculated  fi'om  the  equilibrium  concentrations 
in  the  kinetic  runs  agree  with  those  determined  by  the  titration 
teebnique  fairly  well,  we  may  assume  that  appreciable  amounts  of 
oxygen  were  not  present  in  these  runs.  Titrations  of  the  solvent 
for  acidic  impurities'  would  have  shown  the  presence  of  any  acid 
with  a  ^K  up  to  ca,  25.  Standardization  of  the  dimsyl  solutions 
by  titration  of  formanilide  in  dimethyl  sulfoxide  and  by  titration 
with  standard  acid  in  water  ensures  that  no  acidic  species  with 
pJiTless  than  ca.  21  is  present. 

Sulfides,  sulfones,  and  water  probably  all  have  piTs  greater  than 
20  and  less  than  that  of  dimethyl  sulfoxide,  and  could  reasonably  go 
undetected  and  yet  cause  serious  errors  in  the  measurements  ^^ 
ported  here.  Although  water  would  have  been  detected  at  con- 
centrations greater  than  ca.  10~*  Af  (18  ppm),  there  could  be  enough 
present  to  cause  some  difficuhy.  We  have  observed,  however, 
that  the  addition  of  a  drop  of  water  to  a  5  X  10~*  M  solution  of 
dimsylcesium  causes  a  marked  cloudiness  of  the  solution.  It 
therefore  appears  that  cesium  hydroxide  is  probably  too  insoluble 
to  cause  difficulty  in  base  solutions  of  greater  than  ca.  10^'  A/. 
We  believe  that  the  most  likely  source  of  error  is  the  presence  of 
traces  of  dimethyl  sulfone.  It  would  be  interesting  to  know  the  p£ 
of  this  compound. 

Steiner^  has  reported  a  value  for  the  equilibrium  constant  of  the 
reaction  of  triphenylmethane  with  dimsyl  ion  as  3  X  10^  In  view 
of  the  difikulties  mentioned  above,  we  are  satisfied  with  the  agree- 
ment within  a  factor  of  2  of  our  value  with  this  one. 

If  Steiner*s  value  for  the  equilibrium  constant  of  the  reaction  of 
triphenylmethane  with  dimsyl  ion  is  used  in  place  of  the  value 
reported  in  this  paper,  the  equilibrium  constants  for  the  reactions 
with  the  alcohols  and  dimsyl  ion  would  be  increased  by  a  factor  of  2, 
as  would  the  rate  constant  for  the  reaction  of  dimsyl  ion  with  tri- 
phenylmethane. These  errors,  however,  would  have  little  effect 
on  the  reported  values  for  the  rate  and  equilibrium  constants  for  the 
reactions  of  the  alkoxides  with  triphenylmethane. 

In  any  case,  the  fair  agreement  of  our  values  for  the  equilibrium 
constants  with  those  reported  by  Steiiier  indicates  that  the  values 
reported  in  the  present  paper  are  accurate  to  within  a  factor  of 
r^l.  Considering  the  diflSculties  of  the  measurements,  and  for  the 
present  purposes,  we  are  content  with  this  accuracy. 

Discussion 

In  a  preliminary  report  of  this  work/  we  overlooked 
the  possibility  of  the  reactions  of  the  alkoxides  with 
solvent  to  form  appreciable  amounts  of  dimsyl  ion  in 
solution.^  The  rate  and  equilibrium  constants  reported 
there  are,  therefore,  completely  in  error.  The  two  most 
serious  errors  are  in  the  reported  values  for  the  reverse 
rate  constants  of  the  reactions  of  the  alkoxides  and 
in  the  value  for  the  rate  of  reaction  of  /-butoxide. 

The  fact  that  /-butoxide  contributes  virtually  nothing 
to  the  rate  of  formation  of  trityl  ion  in  solutions  of 
potassium  /-butoxide  is  quite  surprising  and  raises  the 
question  of  the  identity  of  the  active  base  in  other 
studies  of  proton  abstraction  in  solutions  of /-butoxide.' 
Since  /t-propoxide  reacts  with  triphenylmethane  quite 
rapidly,  even  though  it  is  a  weaker  base  than  /-butoxide, 
it  appears  that  the  slowness  of  reaction  of  /-butoxide 
must  be  due  to  a  steric  effect.  Examination  of  mo- 
lecular models  shows  that  this  is  a  reasonable  postulate, 
and,  in  fact,  Streitwieser  has  suggested  that  a  steric 
effect  may  be  responsible  for  the  slowness  of  reaction  of 
methoxide  ion  with  triphenylmethane  in  methanol 
solution.'  It  seems  possible,  also,  that  the  reactions  of 
both  /{-propoxide  and  dimsyl  ion  with  triphenylmethane 
are  subject  to  a  steric  effect  if  Streitwieser's  suggestion  is 
correct. 

(7)  E.  C.  Steiner,  preprint  of  paper  to  be  presented  in  Petroleun 
Chemistry  Section,  lS3rd  National  Meeting  of  the  American  Chcinicil 
Society,  Miami,  Fla.,  April  1967. 

(8)  This  possibility  was  pointed  out  to  us  by  Dr.  E.  C  Steiner.  We 
would  like  to  express  our  appreciation  to  him  for  this  suggestion,  vA 
for  many  later  discussions  and  suggestions. 

(9)  A.  Streitwieser,  Jr.,  Fn>gr.  Phys.  Org,  Ckem.^  3,  S8  (196^ 
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Data  have  been  reported'*"^  which  allow  the  calcu- 
lation of  a  second-order  rate  constant  of  ca.  10~*  M^^ 
secr^  for  the  reaction  of  triphenylmethane  with  meth- 
oxide  ion  in  methanol  at  45^.  We  can,  therefore, 
estimate  that  it-propoxide  in  dimethyl  sulfoxide  reacts 
at  least  10^^  times  faster  than  does  methoxide  in  meth- 
anol with  triphenylmethane.  This  tremendous  rate 
enhancement  must  be  attributed  to  a  solvent  effect  if  we 
reasonably  assume  that  methoxide  and  n-propoxide 
would  react  at  the  same  rate  in  a  given  solvent.  (Un- 
fortunately, the  solubility  of  potassium  methoxide  in 
pure  dimethyl  sulfoxide  is  too  low  to  allow  easy  mea- 
surement of  its  reactions.)  With  the  analogousa  ssump- 
tion  that  the  basicity  of  methoxide  and  n-propoxide 
would  be  nearly  the  same  in  a  given  solvent,  ^^  we  can 
estimate  that  the  change  of  solvent  from  methanol  to 
dimethyl  sulfoxide  increases  the  basicity  of  n-prop- 
oxide by  a  factor  of  not  more  than  10  ^^  If  one  uses 
Steiner*s  recently  reported'  value  of  26.9  for  the  pK 
of  methanol  in  DMSO  with  the  value  of  18.3  for  the  pK 

(10)  A.  Strietweiser,  Jr.,  J.  I.  Brauman,  J.  H.  Hammons,  and  A.  H. 
Pudjaatmaka,  /.  Am,  Chem,  Soc.,  87,  384  (1965). 

(11)  There  is  a  great  deal  of  evidence  that  the  basicities  of  the  simple 
aloohols  are  not  far  different  from  one  another  in  any  single  solvent; 
see:  R.  P.  Bell,  "The  Proton  in  Chemistry,"  Cornell  University  Press, 
Inc.,  Ithaca,  N.  Y.,  19S9,  p  45. 


of  methanol  in  methanol,*  the  increase  in  basicity  of 
methoxide  is  only  8.6.  We  therefore  conclude  that 
factors  other  than  solvation  of  the  alkoxide^  contribute 
to  the  enhanced  rates  of  proton  abstraction  on  going 
from  hydroxylic  to  nonhydroxylic  solvents. 

A  reasonable  explanation  of  the  origin  of  this  extra 
rate-enhancing  factor  is  the  postulate  of  the  necessity  of 
solvent  reorganization  which  we  have  recently  used 
to  explain  the  enhanced  rates  of  reactions  of  nucleo- 
philes  with  carbonium  ions  in  nonhydroxylic  solvents.* 
In  a  hydroxylic  solvent,  the  base  must  be  hydrogen 
bonded  to  solvent  molecules.  At  the  transition  state, 
this  solvation  is  lost  and  compensation  by  solvent- 
solvent  hydrogen  bonding  has  not  fully  occurred. 
Thus,  the  rate  of  reaction  is  slowed  in  both  directions. 
In  the  reverse  direction,  solvent  molecules  which  are  in 
the  initial  state  hydrogen  bonded  to  other  solvent  mole- 
cules must  break  away  and  start  to  reorganize  to  solvate 
the  products. 

As  we  have  pointed  out  previously,*  this  idea  is  a 
simple  extension  of  the  concepts  suggested  by  earlier 
workers.** 

(12)  E.  A.  Moelwyn-Hughes,  Proc.  Roy,  Soc.  (London),  A164,  295 
(1938);  A212,  260  (1952);  E.  F.  Caldin,  /.  Chem,  Soc„  3345  (1959); 
K.  T.  Leffek,  R.  E.  Robertson,  and  S.  Sugamori,  /.  Am,  Chem,  Soc^  87, 
2097  (1965);  and  other  references  cited  in  these  works. 
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Abstract:  Rates  of  exchange  of  NH  protons  of  triethylanmionium  ion  (BH*^)  with  HjO  and  DiO  have  been  mea- 
sured by  nuclear  magnetic  reasonance  techniques  in  acid  solutions  over  a  range  of  pH.  The  following  reactions 
and  rate  constants  (corrected  to  infinite  dilution)  were  foimd:  BH+  +  OH",  A:_b  =  (1.7  db  0.5)  X  10*®  sec"*  A/"*  at 
30**;  BH+  +  OHi  +  B  (symmetrical  exchange),  it,  «  (1.82  ±  0.08)  X  10»  see"*  A/"*  at  30^  B  +  H,0+,  Au.  -  2 
X  10"  see"*  A/-*  at  25^  B-HOD  +  D,0  -►  BDOD  +  HOD,  fo*  =  (3.1  ±  0.5)  X  10»  see"*.  Of  these  rate 
constants,  only  A:,  is  considerably  smaller  than  expected  from  data  for  methylamines,  probably  due  to  steric 
hindrance.  Acid  dissociation  constants  are  reported  for  BH"^  as  a  fimction  of  BHQ  concentration;  pKa^  »  10.81 
at  25°.    HsO-DiO  solvent  isotope  effects  on  ^a  are  discussed. 


We  wish  to  report  nuclear  magnetic  resonance  (nmr) 
measurements  of  the  rate  of  proton  exchange 
between  triethylammonium  ion  and  water  in  light 
and  heavy  water.  The  substrates,  triethylammonium 
ion  and  triethylamine  (which  are  in  equilibrium  at  the 
given  pH),  are  of  interest  because  the  site  at  which  N-H 
proton  transfer  takes  place  in  these  molecules  is  under 
steric  compression.  *  Both  chemical  evidence  and  space- 
filling molecular  models  suggest  that  the  volume  that 
would  normally  be  assigned  to  the  hydrogen  atom  or  the 
unshared  electron  pair  on  nitrogen  is  invaded  by  part 
of  an  ethyl  group.  * 

We  find  that  the  following  proton  transfer  reactions 
of  triethylammonium  ion  (BH+)  are  kinetically  sig- 
nificant in  the  pH  range  5-8:    (i)  symmetrical  proton 

(1)  Work  supported  by  the  National  Science  Foundation  under  Grant 
OP  3921. 

(2)  H.  C  Brown  and  S.  Sujishi,  /.  Am,  Chem,  Soc„  70,  2878  (1948). 


exchange  (eq  1),  and  (ii)  reaction  with  hydroxide  ion  (2a 
followed  rapidly  by  2b). 


H  ih  H 

B  -h  HO  +  HB+  — ►  BH+  +  OH  +  B 


BH+  -h  OH- 


*-b 


B  +  /fOH(aq) 
BH+  -h  OH- 


(1) 
(2a) 

(2b) 


B  +  HOH(aq) 

At  pH  <1,  acid  dissociation  produces  an  amine 
hydrate  (eq  3),  which  subsequently  exchanges  its  water 
molecule  (eq  4). 

BH+OH,  +  OH,  5I±:  B'HOH  +  HiO+  (3) 

B .  HOH  +  HOH(aq)  — ►  B  •  HOH  +  HOH(aq)        (4) 

On  comparing  the  new  data  with  previously  reported 
rate  constants  for  similar  reactions  of  ammonia  and  the 
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Figure  1.    pKx  for  triethylammonium  ion  as  a  function  of  triethyl- 
ammonium  chloride  concentration,  water,  25**. 


methylamines,**  we  find  that  k^  is  only  one-fifth  the 
value  that  we  would  have  predicted  if  there  were  no 
steric  hindrance,  while  /:_b,  k^,  and  k_^  are  "normal." 
ku  also  appears  to  be  "normal";  it  is  smaller  than  the 
values  reported  for  the  methylamines  and  smoothly 
continues  the  trend  for  k^  to  decrease  with  increasing 
number  and  size  of  alkyl  substituents  on  nitrogen.' 

Results 

In  the  pH  range  5-8,  the  rate  of  proton  exchange  be- 
tween triethylammonium  ion  and  water  was  measured 
by  nmr  line-broadening  techniques,  using  water  of 
normal  isotopic  composition.  In  the  pH  range  <1, 
the  rate  was  too  slow  for  those  techniques  and  isotopic 
exchange  between  BH+  and  DjO-DCl  was  measured 
instead.  Since  both  measurements  extended  up  to 
moderately  high  BH+  concentrations,  we  also  report 
/STa  for  BH+  as  a  function  of  concentration. 

Kj^  Measurements.  Acid  dissociation  constants  were 
measured  by  a  differential  potentiometric  method,^ 
using  triethylammonium  chloride  as  the  substrate. 
Kj^  is  defined  in  eq  S,  where  the  terms  in  brackets  denote 
molar  concentrations.    Results  are  shown  in  Figure  1. 


Kj,  =   [BIH+MBH+] 


(5) 


Extrapolation  to  infinite  dilution  yields  the  thermo- 
dynamic constant,  pK/^^  =  10.81  at  25°,  which  may  be 
compared  with  previously  reported  pKj^^  values  of 
10.75,'  10.87,«  and  10.67^  at  25°.  Kj,  values  at  30° 
(needed  in  the  kinetic  analysis)  were  obtained  from  the 
data  in  Figure  1  and  a  previously  reported*  value  of 

12.24  kcal  for  A^A°. 

Proton  Exchange,  pH  5-8.  In  the  measurements  re- 
ported in  this  section,  the  temperature  was  30°,  the 
solvent  was  H2O,  the  solute  was  0.05-0.2  M  triethyl- 
ammonium chloride,  and  the  pH  was  adjusted  by  adding 
NaOH  and  measured  with  a  pH  meter  Under  these 
conditions,  the  rate  law  for  NH-OH  proton  exchange 

(3)  (a)  For  a  recent  review,  see  E.  Grunwald  and  M.  Codvera,  D(i- 
cussions  Faraday  Soc.,  39,  105  (1965).  (b)  Further  analysis  of  k^  will 
be  presented  in  a  forthcoming  paper:  E.  Grunwald  and  E.  K.  Ralph, 
m,  J.  Am.  Chem.  Soc.,  in  press. 

(4)  A.  L.  Bacarella,  E.  Grunwald,  H.  P.  Marshall,  and  E.  L.  Purlee, 
/.  Org.  Chem.,  20,  747  (1955). 

(5)  W.  C.  Somerville,  /.  Phys.  Chem.,  35,  2412  (1931). 

(^  J.  E.  Ablard,  D.  S.  McKinney,  and  J.  C.  Warner,  /.  Am.  Chem. 
Soc.,  62,  2181  (1940). 
(7)  W.  S.  Fyfe,/.  Chem,  Soc„  1347  (1955). 


[bhI 

Figure  2.   Plot  of  kinetic  data  for  NH~OH  proton  exchange  accocd- 
ing  to  eq  8:   tnethylammonium  ion  in  H|0  at  30°. 


throughout  the  pH  range  S-8  was  found  to  be  given 
by  eq  6,  where  R  denotes  the  rate  of  exchange  (in  moles/L 


R  =  fe_b[BH+IOH-]  +  /yBH+IB] 


(6) 


sec).  To  allow  for  kinetic  salt  effects  in  the  calculation 
of  the  rate  constants,  it  is  convenient  to  introduce  eq  7 
in  which  k9  (or  K^)  denotes  the  respective  rate  (or 
equilibrium)  constant  at  infinite  dilution,  and  y  denotes 
the  molar  activity  coefficient  with  respect  to  the  in- 
finitely dilute  reference  state.    In  (7a)  and  (7b),  the 


k-u  = 


*-b®  >'BH+>'OH-/>'  *B  .  .  H .  .  OH   « 

k^^yBn*yon-tyB    (7a) 
ki  =  kJ^yBH^yBan^/y'^  «  kj^  (7b) 


[OH-]  =  KJ^I[H-^]yH^you' 


(7c) 
(7(i) 


equal  sign  introduces  formal  expressions  based  on 
Bronsted's  rate  equation^ ;  the  approximate  expressions 
that  follow  try  to  evaluate  y"^  for  the  transition-state 
complex  in  terms  of  measurable  activity  coefficients  for 
stable  model  substances.  In  (7c),  KJ^  is  the  autopro- 
tolysis  constant  of  water.  On  substituting  eq  S  and  7 
in  (6)  and  rearranging,  we  obtain  (8). 


[BH+]JS:a  [H+] 


(8) 


Equation  8  was  applied  as  follows:  (a)  [H+]  was 
computed  from  pH  and  >'h;  y^a^  was  taken  to  be  the 
same  as  y^  for  0.01  M  HCl  in  a  KCl  solution*  of  the 
same  ionic  strength  as  the  reaction  mixture,  (b)  Plots 
were  made  of  RKf^jKfimf]  vs.  [H+]-»  at  constant 
[BH+].  (c)  The  slopes  obtained  in  (b)  were  plotted 
vs,  [BH+]. 

The  result  is  shown  in  Figure  2,  where  the  straight 
line  is  based  on  a  weighted  least-squares  analysis  of  the 
data.  According  to  (8)  we  identify  the  intercept  as 
fc-.b°^w">  and  the  slope  as  k^^Kf^.  On  introducing  known 
values  for  K^^  and  Kf^^  we  finally  obtain  k^  ==  (1.7 
=fc  0.5)  X  10^0  secri  j^f-i  at  30*»  and  W  =  (1.82  i 
0.08)  X  108  sec-i  M-^  at  30^ 

Proton-Deuteron  Exchange,  pH  <1.  In  the  mea- 
surements reported  in  this  section,  the  temperature  was 
25°,  the  solvent  was  DjO-DCl,  and  the  solute  was  0.5- 

(8)  J.  M.  Brpnsted,  Z.  Physik,  Chem.,  102,  169  (1922). 

(9)  H.  S.  Hamed  and  B.  B.  Owen,  "The  Physical  Chemistry  of  Ekc- 
trolytic  Solutions,**  Reinhold  Publishing  Corp.,  New  York,  N.  Yn 
1943,  p  575. 
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1.8  M  triethylammonium  chloride.  Exchange  was 
followed  by  measuring  the  height,  A,  of  the  HOD 
proton  nmr  line  as  a  function  of  time  under  conditions 
where  h  is  proportional  to  [HOD].  Experimental 
plots  of  log  (h  —  ht)  vs.  time  were  linear,  within  the 
experimental  error,  with  slope  k^.  Since  the  deuterium 
isotope  was  present  in  large  excess,  the  conversion  of 
BH+  to  BD+  at  equilibrium  was  virtually  complete  and 
the  rate  of  the  back-reaction,  BD+  -►  BH+,  could  be 
neglected.  Thus  k^  is  the  pseudo-first-order  rate  con- 
stant for  the  forward  reaction,  BH-»-  -►  BD+,  as  in  (9), 
where  R*  is  the  rate  of  proton-deuteron  exchange  (in 
moles/1,  sec). 


fee  =  R*/[BH^] 


(9) 


Experimental  results  are  summarized  in  Table  L 
The  high  acidity  of  the  reaction  mixtures  reduces  the 
rate  of  reactions  1  and  2  to  less  than  5%  of  R*^  so  that 
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Figure  3.   Plot  of  kinetic  data  for  NH~OD  proton  exchange  acconl- 
ing  to  eq  14  and  15:    (C,H5)iNH+  in  D,0-Da  at  25°. 


Table  I.    Data  for  Protium-Deuterium  Exchange  of 
THethylammonium  Chloride  in  D«0-D0  at  25° 


[EtsNHa] 

[DO] 

10»  X  k. 

v*h*'^ 

Ka^IKx*""  * 

1.27 

0.349 

10.3=hl.2 

1.21 

0.476 

1.48 

0.463 

5.98db0.12 

1.28 

0.436 

1.05 

0.431 

11.3±1.1 

1.16 

0.464 

0.917 

0.437 

11.5±0.06 

1.13 

0.470 

0.506 

0.466 

10.9dbl.l 

1.07 

0.520 

1.64 

0.546 

5.76  =fc  0.23 

1.33 

0.397 

1.80 

0.798 

3.30±0.06 

1.42 

0.328 

1.56 

0.807 

4.54±0.90 

1.32 

0.330 

1.85 

0.965 

2.90±0.20 

1.45 

0.290 

1.45 

1.35 

1.33±0.07 

1.33 

0.223 

1.84 

1.37 

1.78=fc0.23 

1.43 

0.215 

•  The  viscosity  of  the  EtaNHQ-DCl  solution  in  DsO  relative  to 
that  of  pure  DfO.    ^  Computed  as  described  in  text;  see  eq  13. 


these  reactions  can  be  neglected.  The  dominant 
mechanism  for  exchange  consists  of  reactions  3  and  4, 
and  the  rate  law  is  given  accordingly  by  (10),  where 
starred  symbols  are  used  to  denote  that  the  N-H  com- 
pound is  in  DiO.    As  it  turned  out  that  kn*/k^*[iy^] 


K  -  ^.^fcHVCfc^no+l  +  *H*) 


(10) 


<  O.S  in  all  experiments,  it  was  convenient  to  rewrite 
(10)  in  the  form  (1 1),  where  K^,*  =  k^^/k^*.    According 

k,  =  Kj,*kn*l[D^Xl  +  fcHV*V[D+])      (11) 

to  (11),  at  high  acidities  k^  varies  as  [D+]~S  with  slope 
equal  to  K/^*k^*;  at  lower  acidities  there  is  negative 
curvature,  which  affords  the  value  of  k^^jk^.  How- 
ever, as  is  well  known,  there  are  substantial  deviations 
from  dilute-solution  behavior  at  acid  and  substrate 
concentrations  of  the  magnitude  we  are  using  (see 
Table  I).  We  allowed  for  these  deviations  as  follows: 
(a)  ka*lk^*  is  regarded  as  independent  of  concentration. 
This  assumption  is  not  crucial  since  fcHV^-JD"*"]  < 
O.S,  and  it  is  consistent  with  previous  measurements  on 
trimethylammonium  ion  in  aqueous  HCl.^^    (b)  The 

ku*   =  kn*'v*Vv*  (12) 

medium  effect  on  fen*  is  given  by  (12),  where  rj*  is  the 
bulk  viscosity  of  the  solution  and  the  superscript  zero 
denotes  the  value  of  the  property  at  zero  solute  con- 
centration, as  before.    Equation  12  has  been  verified 

(10)  E.  Gnmwald,/.  Pkys.  Chtm,,  67, 2211  (1963). 


for  Other  amines  in  H2O.  ^  ^  (c)  The  medium  effect  on 
/STa*  was  obtained  from  (13).  This  equation  assumes 
that  medium  effects  due  to  BHCl  and  HCl  are  additive 

log(Kj,*IKj,*o)  =  log(KjJKj,o)[j,nci]  + 

log(KJK^^)^ci]    (13) 

and  evaluates  the  additive  terms  in  H2O  rather  than 
D2O.  The  first  term  is  shown  as  a  function  of  [BHCl] 
in  Figure  1 .    The  second  term  was  evaluated  as 

logiKjJKj,^)^ci]  =  -0.32[HC1] 

on  the  basis  of  Arnett  and  Mach's  Ho'"  acidity  func- 
tion.^'   For  anilines  it  has  been  shown  that  medium 
effects  on  K^  due  to  HCl  in  HjO  and  DCl  in  DiO  are 
closely  similar.*' 
Let  us  define  a  parameter  kJ[cor)  according  to  (14). 


kJicoT)  =  kJCj,*o^*/Kj,*ri*o 


(14) 


It  then  follows  from  (a)  to  (c)  above  that  (11)  can  be 
recast  in  the  form 

kJicoT)  =  Kj,*ok^*^/[D^}il  +  knVk^*lD^d    (15) 

The  plot  of  ke(cor)  vs.  [D+]"*  based  on  the  experi- 
mental data  is  shown  in  Figure  3.  Kj^^^k^*^  is  evaluated 
from  the  limiting  slope  at  high  acidity  as  (1.4S  ±  0.2) 
X  10-*;  kifjk^  is  evaluated  from  the  curvature  as 
0.14  ±  0.07.  The  precision  measures  include  our 
estimate  of  determinate  errors  resulting  from  the  treat- 
ment of  medium  effects.  During  the  course  of  this 
work  we  tried  various  schemes  for  making  the  correc- 
tions, including  making  no  correction  at  all.  The  initial 
slope,  Kp^^^kn*^,  was  always  between  0.012  and  0.018. 
The  curvature,  and  therefore  k^^Jk^^  was  far  less 
well  defined  and  in  one  scheme  even  appeared  to  be  zero. 

Evaluation  of  Kj^^  and  the  Rate  Constants  Accord- 
ing to  the  theory  represented  above  Kf^^  is  the  "equi- 
librium constant"  for  reaction  16  in  dilute  solution. 


EtjNH+ODa  +  D,0 


JCa** 


EtjNHOD  +  DaO+       (16) 


We  now  wish  to  evaluate  K^*^  from  K,^  (eq  17)  and 
established  theories  of  the  H2O-D2O  solvent  isotope 

(11)  M.  T.  Emerson,  E.  Grunwald,  M.  L.  Kaplan,  and  R.  A.  Krom- 
hout.  y.  Am.  Chem.  Soc.,  S2,  6307  (I960). 

(12)  E.  M.  Arnett  and  G.  W.  Mach.  ibid.,  S6,  2671  (1964). 

(13)  E.  Hdgfeldt  and  J.  Bigeleiaen.  ibid.,  S2,  IS  (1960). 
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effect.^*""    To  solve  the  relevant  ratio  (18),  we  intro-       Discussion 


EtjNH+OHi  +  H,0 


JCa» 


EtjNHOH  -h  H,0+        (17) 


duce  the  parameter  L,  defined  in  (19),  which  has  been 
evaluated"  as  11.0  at  25**.    The  result  is  (20),  with  f» 

Kj^  ^  [B » HOD][D30-^][H20][BH+ » OH2]    .-«. 
Kj,^        [BHOH][H30+][D20][BH+OD2]    ^    ^ 

L  =  [H30+]2[D20]V[DaO+]2[H,0]»  (19) 

defined  in  (21).    Note  that  $  is  a  fractionation  factor 

Ka*VKa''  =  L"'^^  (20) 


[B  ■  H0D][D20]'/'[BH+  >  OH2] 
[B .  H0H][H20]*/»[BH+  •  OD2] 


(21) 


for  specific  water  isotopes  in  different  microscopic 
environments:  adjacent  to  B,  adjacent  to  BH+,  or  in 
bulk  solvent.  We  now  wish  to  show  that  $  is  ap- 
proximately unity. 

Within  the  framework  of  the  quoted  theories,**"*^ 
we  may  assume  that  hydrogen  isotope  fractionation 
factors  are  independent  of  the  macroscopic  solvent 
medium  and,  therefore,  of  the  microscopic  environment. 
Moreover,  for  water  isotopes  the  distribution  at  isotopic 
equilibrium  is  essentially  statistical."  Thus,  when 
each  molecule  exists  in  an  aqueous  environment,  K 
for  reaction  22  has  the  statistical  value  of  4. 


H^aq)  -h  D^aq) 


2HOD(aq) 


(22) 


On  the  same  basis,  when  each  molecule  is  adjacent 
to  B,  K'  for  the  analogous  reaction  23  has  the  statistical 
value    of   unity.    Moreover,  [BHOD]  =  [BDOH] 


BHOH  +  BDOD 


BHOD  -h  BDOH 


(23) 


and,  in  view  of  A^'  =  1,  both  are  equal  to  [BHOH]*/'- 
[B  •  DOD]  A    Thus  we  may  rewrite  (21)  in  the  form 


[B '  D0D]'/«[D20]^-^'[BH"^ » OH2I 
[B .  H0H]*/«[H20]*/'[BH+  •  OD2] 


(24) 


Each  of  the  three  factors  in  (24)  is  a  fractionation  factor 
involving  HsO  and  D2O  in  a  different  microscopic 
environment.  Thus,  if  fractionation  factors  are  indeed 
independent  of  the  environment  (as  suggested  by  the 
success  of  the  theory  *  *"  "),  $  =  1 . 

Applying  eq  20,  we  then  find  that  K^*^  =  Kf^L''^* 
=  4.7  X  10"**.  Using  this  value  and  results  given  in 
the  previous  section,  we  obtain  fen*"  =  (3.1  ±  0.5) 
X  10»  secri  at  25°  in  D2O  and  k^*^  =  2  X  10"  sec"^ 
M"^  at  25®  in  D2O.  Both  rate  constants  are  of  a 
magnitude  appropriate  to  diffusion-controlled  processes 
in  an  aqueous  medium  and  should  vary  approximately 
inversely  with  the  viscosity,  as  assumed  above  (eq  12). 
Thus,  to  obtain  k^^  and  k^  in  H2O,  we  multiply  the 
above  values  by  the  relative  viscosity  VdioIvhso  or  1.23 
at25^ 

(14)  W.  E.  Nelson  and  J.  A.  V.  Butler,  /.  Chem,  Soc,,  1361  (1936). 

(15)  E.  L.  Purlee,  /.  Am.  Chem.  Soc.,  81,  263  (1959). 

(16)  C.  G.  Swain  and  R.  F.  W.  Bader.  Tetrahedron,  10,  182  (1960); 
C.  G.  Swain,  R.  F.  W.  Badcr,  and  E.  R.  Thornton,  ibid.,  10, 200  (1960). 
We  are  indebted  to  Dr.  C.  G.  Swain  for  a  helpful  discussion  of  this 
problem. 

(17)  P.  Salomaa,  L.  L.  Schaleger,  and  F.  A.  Long,  /.  Phys,  Chem,,  68, 
410(1964). 


Kinetic  and  thermodynamic  constants  for  proton 
transfer  of  ammonia,  the  methylamines,  and  triethyl- 
amine  are  compared  in  Table  II.  For  ammonia  and 
the  methylamines,  feV  and  /:_»"  are  of  the  correct 
magnitude  for  diffusion-controlled  reactions.  *••"  The 
new  values  of  k^^^  and  k^^  for  triethylamine  fit 
smoothly  into  this  pattern.  The  fact  that  they  are 
slightly  smaller  than  those  for  the  substrates  of  lower 
molecular  weight  is  plausible  in  view  of  the  lowering  of 
molecular  mobility  and  "steric  factor"  for  reaction* 
that  accompanies  the  increase  in  alkyl  size.  Clearly, 
whatever  steric  hindrance  exists  in  triethylamine  or  its 
conjugate  ion  is  insufficient  to  alter  the  diffusion-con- 
trolled mechanism  of  the  respective  reactions  with  hy- 
drogen ion  or  hydroxide  ion. 

It  is  probable  that  the  reaction  measured  by  kt  in- 
volves one  water  molecule,  as  stated  in  eq  l.'***  For 
ammonia  and  the  methylamines,  the  rate  constant  kt 
varies  monotonically  with  base  strength  as  measured 
by  /STb,  as  shown  in  Table  11.^**    From  this  monotonic 


Table  n.    Data  for  Proton  Transfer  of  Ammonia,  Alkylamines, 
and  Their  Conjugate  Acids  in  Water 

10-».        10"».         io-«. 
Amine  IO^J^Tb**     ^-b«*(20       ^-.«*        ^,»*(25 

(B  in  eq  1-5)       (25°)         or  30°)         (25°)         or  30^) 


NH, 

0.18 

3.4'' 

4.3* 

0.9* 

CHjNHa 

4.1 

3.7- 

•   •  • 

5.3* 

(CH,),NH 

6.0 

3.H 

•  •   • 

9.0* 

(CH,),N 

0.64 

2.H 

3.0- 

3.4* 

(Et),N 

6.5/ 

1.7» 

2.7^/ 

1.8» 

«  ^B  -  [BH+KOH-]/[B];  data  based  on  Tabic  I,  rcf  3.  *  Units: 
sec-»  M-K  'Assume that  km^Vk^  =  itVV^V  =  ifUiOlrfihO 
»  1 .23.  '^  Data  at  20°;  see  ref  18.  •  Data  at  25°  based  on  Table 
I,  ref  3.    /  Present  work,  25 °.    »  Present  work,  30°. 


relationship  we  would  expect  that  a  base  of  the  strength 
of  triethylamine  reacts  with  A:«  «  9  X  !()•  sec"^  Af"* 
at  25°.  Since  the  actual  value  of  k%  for  triethylamine 
is  only  1.8  X  10*  sec"^  M^^  at  25*",  there  seems  to  be  a 
(possibly  steric)  retardation  of  k%  by  a  factor  of  on^ 
fifth.  As  a  matter  of  fact,  when  models  of  the  transi- 
tion-state complex  EtjN  •  H2O  •  HNEtg-*-  arc  constructed 
from  space-filling  atomic  models,  it  is  apparent  that 
there  is  significant  steric  hindrance,  both  in  formation 
and  solvation  of  the  transition-state  complex. 


Experimental  Section 

Materials.  Deuterium  chloride  was  prepared  by  the  additioo  of 
dichlorodimethylsilane  (Aldrich)  to  99.5  mole  %  D^"  (Mathesoo 
Coleman  and  Bell).    N^)  was  distilled  from  KOH  in  all-glass  ap* 


(18)  M.  Eigen,  W.  Kruse,  G.  Maass,  and  L.  De  Maeycr.  **IYogren 
in  Reaction  Kinetics,**  Vol.  2,  G.  Porter,  Ed.,  Pergamon  Press,  Inc. 
New  York,  N.  Y.,  1964,  p  308. 

(19)  M.  T.  Emerson,  E.  Grunwald,  and  R.  A.  Kromhout,  /.  Chem. 
Phys.,  33,  547  (1960);  E.  Grunwald,  /.  Phys.  Chem.,  67,  2208  (1963). 

(20)  M.  Eigen  and  K.  Kustin,  /.  Am.  Chem.  Soc.,  82,  5952(1960). 

(21)  (a)  Z.  Luz  and  S.  Meiboom,  /.  Chem.  Phys.,  39,  366  (1963).  (b) 
If  OH  bond  breaking  is  more  important  in  the  transition  state  than  B-H 
bond  breaking  (BH^  •  (OH~)  •  HB^  makes  an  important  contribution)  we 
expect  ki  to  increase  with  basicity,  as  found.  It  should  be  noted  also 
that  the  data  in  Table  II  have  not  been  corrected  for  statistical  ficton 
(for  example,  g  -  4  for  the  unsolvated  ammonium  ion).  The  relatioQ- 
ship  of  kt/g  DS.  Khg  is  not  monotonic  However,  there  is  some  questioo 
whether  the  statistical  factor  for  the  solvated  ion  is  the  same  as  g  for  the 
unsolvated  ion. 

(22)  W.  H.  Greive  and  K.  F.  Sporek,  /.  CM^m.  EOm^  43,  381  (196^)- 
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paratus.  Tnethylammonium  chloride  (Eastman)  was  recrystallized 
three  times  from  absolute  ethanol. 

pH  Measuremaitf.  A  Beckman  research  pH  meter  was  used. 
The  pH  of  the  reaction  mixtures  was  measured  in  a  small  glass 
reservoir  fused  directly  to  the  top  of  the  nmr  sample  tube.  A  glass- 
Ag  I  AgQ  combination  electrode  (Beckman  Model  39030)  was  used 
in  all  measurements. 

Protoo  Exchange  in  H^.  The  rate  of  NH~OH  proton  exchange 
between  tnethylammonium  ion  and  water  was  determined  from  nmr 
measurements  of  exchange  broadening  of  the  dominant  water  line. 
The  exchange  broadening  was  taken  as  Tt"'  —  TrK  Tt  and  Ti 
were  measured  by  spin-echo  techniques  and  rates  were  cak:ulated 
as  described  previously.'*  The  chemical  shift  between  NH  and 
OH  protons  was  found  to  be  4.32  ppm  in  moderately  dilute  aqueous 
solution  at  30^.  The  rate  cakulations  also  required  knowledge  of 
JwBt  the  ^^-H  spin-spin  coupling  constant,  and  of  F^,  the  relaxation 
time  of  the  ^*N  nucleus  in  triethylammonium  ion.  However,  the 
result  is  not  sensitive  to  these  variables  and  semiquantitative  esti- 


(23)  E.  Gninwald  and  E.  Price,  /.  Am.  Chem.  Soc„  86,  2965,  2970 
(1964). 


mates  are  sufficient  We  used  the  values,  /nh  »  55  Hz  and  7^ 
s  2.5  X  10^'  sec,  that  were  obtained  for  trimethylammonium  ion. 
(Actual  measurements  were  made  in  methanol;  the  T^  value  ob- 
tained in  methanol  was  then  corrected  for  the  change  in  solvent 
viscosity  to  yield  the  value  listed  above.) 

Proton-Deuteron  Exchange  in  DiO-DCI.  Production  of  HOD 
in  DfO-DCl  after  introduction  of  triethylammonium  chloride  was 
measured  by  repeated  scanning  of  the  HOD  proton  nmr  line  in 
quasi-slow  passage.  A  known  weight  of  BHCi  salt  was  introduced 
quickly  into  an  nmr  sample  tube  containing  a  known  amount  of 
DsO-DCl  at  room  temperature  (25°).  The  mixture  was  stirred  at 
once  to  dissolve  the  BHCI,  and  placed  in  the  sample  probe  of  the 
nmr  magnet.  Scanning  of  the  HOD  line  was  begun  immediately. 
Since  the  D^  initially  contained  ca.  0.5  MHOD,  the  plot  of  HOD 
signal  height  os.  time  consisted  of  two  distinct  regions :  (1)  an  initial, 
rapid,  increase  (with  time  constant  Ti)  as  the  HOD  protons  in  the 
sample  attain  equilibrium  with  the  magnetic  field;  (2)  a  subse- 
quent, slower,  increase  as  the  HOD  concentration  increases  due  to 
exchange  with  BH***.  This  second  portion  was  used  to  evaluate 
k:  Ti  for  the  HOD  protons  in  representative  reaction  mixtures 
was  found  to  be  5-7  sec. 
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Abstract:  The  high-resolution  ^"C  spectrum  of  benzene  has  been  analyzed.  The  long-range  carbon-proton 
coupling  constants, /ccH  «  +1.0Hz,/ccch  =*  +7.4  Hz,  and  /cccch  =»  — 1.1  Hz,  have  been  related  to  proton- 
proton  coupling  constants  in  selected  model  compounds. 


The  practical  use  of  ^'C  nuclear  magnetic  resonance 
has  been  hindered  by  low  natural  abundance  of  this 
nucleus  (1.1%),  low  inherent  sensitivity  to  nmr  de- 
tection (1.6%  relative  to  protons  at  constant  field),  and 
long  relaxation  times.  Various  methods  have  been 
used  to  overcome  these  difficulties  including  the  use  of 
enriched  materials,*  observation  of  the  spectrum  under 
rapid-passage  conditions  in  either  the  dispersion  or  ab- 
sorption mode'  (which  sacrifices  resolution  for  better 
signal-to-noise  ratios),  complete  proton  decoupling^ 
which  enhances  the  signal-to-noise  ratios  at  the  ex- 
pence  of  coupling  information,  internuclear  double 
resonance,'  and  flow  techniques.*  The  development  of 
field-frequency  stabilization  techniques^  has  made  time- 
averaging'  techniques  both  possible  and  practical. 

Previously  reported  ^'C  spectra  of  benzene  were  ob- 
tained either  under  rapid-passage  conditions'  and 
showed  only  a  broad  doublet  due  to  the  one-bond 
C-H  coupling,  or  with  proton  decoupling^  and  gave 
only  a  single  line.    Bernstein*  has  recently  studied  the 

(1)  (a)  Supported  in  part  by  Public  Health  Service  Research  Grant 
11072-04  from  the  Divisioii  of  General  Medical  Sciences  and  the 
National  Science  Foundation,  (b)  National  Science  Foundation  Pre- 
doctCNia  Fellow,  1965-1967. 

(2)  K.  Frci  and  H.  J.  Bernstein,  /.  Chem,  Phys,,  38, 1216  (1963). 

(3)  P.  C.  Lauterbur,  /.  Am.  Chem.  Soc.,  83,  1838  (1961). 

(4)  E.  O.  Paul  and  D.  M.  Grant,  ibUi.,  86,  2977  (1964). 

(5)  E.  B.  Baker,/.  Chem. Phys.,  37,  911  (1962). 

(^  S.  Forsen  and  A.  Rupprecht,  /.  Chem.  Phys.,  33, 1888  (1960). 
ii)  R.  V.  Pound  and  R.  Freeman,  Rev.  Set.  Iiutr.,  31,  103  (1960). 
(8)  M.  P.  Klein  and  O.  W.  Barton,  ibUi.,  34, 754  (1963). 
(^  ILL  Bcmstdn,  private  oommunication. 


proton  spectrum  of  2,3,4,5-tetradeuterio-l,2-"Crben- 
zene  and  has  determined  the  four  coupling  constants  in 
this  AA'XX'  system.  The  especially  interesting  result 
is  the  two-bond  coupling  Jccn  which  was  found  to  be 
+  1.0  Hz.  The  one-bond  coupling  Jch  has  been  de- 
termined by  several  workers  and  is  ^^  159  Hz.'*^ 

Experimental  Section 

The  benzene  sample  used  in  this  study  contained  10%  carbon 
disulfide  and  10%  tetramethylsilane  (v/v).  The  sample  was  de- 
gassed and  sealed  under  nitrogen  in  a  10-mm,  predsion-bore  sample 
tube." 

The  deuteriobenzenes  were  obtained  from  Merck  Sharpe  and 
Dohme  of  Canada. 

The  spectrometer  used  in  this  work  was  a  special  instrument 
developed  for  us  by  F.  Nelson  and  V.  Burger  of  Varian  Associates 
and  features  a  digital  frequency  sweep  for  >*€  at  15  MHz  provided 
by  a  Hewlett-Packard  5110-S1(X)A  frequency  synthesizer  controlled 
by  a  Varian  Associates  V-4355  digital  programmer.  The  probe  was 
double  tuned  to  15  and  60  MHz  with  the  60  MHz  for  field-frequency 
subilization  being  derived  from  the  stable  driver  frequency  of  the 
synthesizer.  The  field  was  locked  by  conventional  techniques  to 
the  proton  resonances  in  the  sample,  in  the  present  case  to  tetniF 
methylsilane.  Spectra  were  accumulated  on  a  Varian  C-1024 
computer  of  average  transients.  A  block  diagram  of  the  spectrom- 
eter system  is  shown  in  Figure  1 . 

Comparison  spectra  for  the  seven-spin  system  of  ^*C  and  six 
protons  were  calculated  using  the  Swalen-Reilly  nmrtt^*  program 


(10)  K.  Tori  and  T.  Nakagawa.  /.  Phys.  Chem.,  68.  3163  (1964),  and 
references  therein. 

(11)  Wilmad  Glass  Co.,  Buena,  N.  J. 

(12)  C.  A.  Reilly  and  J.  D.  Swalen,  /.  Chem.  Phys..  32, 1378  (I960). 
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Figure  1.    Digital  frequency  sweep  nmr  spectrometer. 


Figure  3.  Natural  abundance  spectnun  of  1^3,}>teiradeuteno- 
benzene  after  217  scam.  The  outer  four  lines  arise  from  iC-H 
while  the  middle  three  lines  arise  from  "C-D. 


|*-5Hz-*| 


Figure!,  (a)  Naturalabundancc  ■•Cspecinimofbenzeneshowing 
the  high-frequeacy  half,  taken  with  a  sweep  rate  of  0.23  H^sec  for  67 
scans  using  TMS  as  internal  reference  at  60,006,000  Hz.  The  left 
edge  of  this  spectrum  is  at  15,084,350  Hz  and  the  right  edge  is  at 
I3,0S4,S2S  Hz.  (b)  Calculated  spectrum  obtained  with  the  param- 
eten  in  TaUe  I. 


pling  to  the  other  proton  in  the  molecule.  Since  all 
proton-proton,  proton-deuterium,  and  carboD-deu- 
terium  couplings  in  this  particular  case  are  small  com- 
pared to  the  carbon-proton  couplings,  the  three-bond 
coupling  constant  ^ccch  wm  determined  to  be  ±7,4 
Hz  from  a  first-order  analysis  of  the  spectrum.  The 
magnitude  of  this  coupling  is  confirmed  by  the  observa- 
tion of  a  doublet  of  triplets  for  the  carbons  attached 
to  protons  in  1,3,5-trideuteriobenzene.  with  the  small 
coupling  constant  again  being  7.4  Hz. 

liie  "C  spectrum  of  benzene  was  calculated  u^ng 
the  proton-proton  coupling  constants  determined  from 
observation  of  the  "C  satellites  in  the  proton  spec- 
trum^*  or  interpolation  of  the  observed  variation  of 
proton-proton  coupling  constants  of  substituted  ben- 
zenes with  electronegativity,^'  two  long-range  coupling 
constants  determined  from  deuterated  benzenes,  and  t 
value  for  the  four-bond  coupling  constant  calculated 
from  the  difference  between  Jcccch  and  Jcca  ^^"^  ^ 
known  value  of  Jccn-  The  parameters  used  are  shorn) 
in  Table  I  and  the  calculated  spectrum  in  Figure  2b. 
The  agreement  is  excellent. 


with  an  IBM  7094  computer  and  the  resulting  spectra  were  plotted 
on  a  CalComp  plotter. 

Results  and  Discussion 

The  chemical  shift  of  benzene- "C  relative  to  internal 
carbon  disulfide  in  the  sample  used  in  this  work  was 
found  to  be  968.0  ±  0.3  Hz,  or  64.1  ppm  at  15.1 
MHz.  One-half  of  the  experimental  spectrum  of 
benzene  is  shown  in  Figure  2a.  Because  of  the  com- 
plexity of  this  spectrum,  it  was  found  helpful  to  study 
some  deuterated  benzenes  to  aid  in  the  interpretation. 
The  "C  spectrum  of  1,2,3,5-tetradeuteriobenzene,  which 
was  particularly  useful  in  this  respect,  is  shown  in  Figure 
3.  The  carbons  attached  to  deuterium  appear  as  a 
broad  triplet,  in  contrast  to  the  previous  observation" 
that  such  carbons  cannot  be  observed  at  all  because  of 
extremely  short  relaxation  times.  The  carbons  directly 
attached  to  a  proton  show  the  effect  of  long-range  cou- 
(13)  H.  Spicseckeand  W,  G.  Schneider.  7.  CA«>ni>fty>.,  35, 731  (1961), 
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98.3 
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1.4 
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CCCCH 

0.13 

-1,1 
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-1-7. 7,' 7. 7* 
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0,25 

-HI.  37,' 1,4* 
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0.63 

+0.59.' 0.6* 

•  Reference  9. 

Reference  IS.    • 

Reference  14. 

Recently  attempts  have  been  made  to  calculate  car- 
bon-proton coupling  constants'*  using  the  extended 
Hiickel-  theory  of  Hoffmann."    Calculations  of  tbii 

(14)  ].  M,  Read.  Jr.,  R.E.  Mayo,  and  J.  H.  Goldstein. /.Afo(.5p(rtrr. 
21,  235  (1966). 

(15)  S.  Castellano  and  C.  Sun.  J.  Am.  Chtm.  Soe.,  Sa.  4741  (1966)- 
(1^  R.  C.  Fahcy,  G.  C.  Graham,  and  R.  L.  Picdoni,  OM^  R,  193 

(1966). 
(17)  R.Hoainuui./,Cik(fli.i'A}'«.,».  1397(196% 
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type  have  been  performed  on  benzene  and  the  results 
are  shown  in  Table  I. 

The  agreement  between  observed  and  calculated  cou- 
pling constants  is  rather  poor.  The  discrepancies  seem 
general  for  ir-electronic  systems  and  have  been  accounted 
for  ^*  through  neglect  of  cr-ir  interaction,  coupling  through 
the  TT  system  which  is  not  taken  into  account,  and  other 
factors. 

Since  the  available  data  for  proton-proton  couplings 
are  much  more  extensive  than  for  carbon-proton  cou- 
pling, it  would  be  particularly  desirable  to  be  able  to 
relate  couplings  involving  ^'C  and  protons  to  those 
involving  only  protons.  A  theoretical  basis  for  this 
has  already  been  described,"  but  the  treatment  has 
only  been  applied  to  aliphatic  systems,  and  with  limited 
success.  Assuming  that  the  carbon  in  question  is  in 
the  same  steric  and  electronic  environment  as  a  certain 
proton  and  that  the  Fermi  contact  term  is  the  dominant 
coupling  mechanism,  the  two  coupling  constants  such 
as  /cccH  and  /hcch  can  be  related  by  a  single  parameter 
which  depends  only  on  the  hybridization  of  the  carbon 
in  question.  Assuming  a  specific  form  for  the  carbon 
2s  orbital  (a  Slater  orbital  with  exponent  3.25  was  used), 
the  constant  relating  the  two  couplings"  was  deter- 
mined as  0.40  for  an  sp*  carbon  giving  the  relationship 
•'cccH  —  0.4/hcch-  Previously  this  relationship  has  only 
been  applied  to  intramolecular  comparison  of  coupling 
constants,  ^*  but  with  the  correct  choice  of  model  com- 
pounds, there  seems  to  be  no  reason  why  it  should  not 
be  extended  to  intermolecular  comparisons.  Several 
compounds  (II-I V)  are  proposed  as  models  for  benzene 
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III 


IV 


(18)  G.  J.  Karabatios,  J.  D.  Graham,  and  F.  M.  Vane,  /.  Am,  Chem. 
See.,  84,  37  (19d2). 

(19)  The  poor  agreement  originally  found  by  Karabatsos  and  co- 
workers ^*  may  be  due  to  the  choice  of  model  compounds  and  neglect  of 
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(I).  The  predicted  benzene  coupling  constants  based  on 
the  relevant  coupling  constants  for  these  compounds  are 
given  in  Table  II. 

Table  II.    Relationship  of  CH  and  HH  Coupling  Constants 


JCCH 

/COCH 

Benzene  (obsd) 

+1.0 

+7.4 

Calcdfrom/HHin 

Ethylene* 

+10 

+7.6 

Butadiene^ 

+0.7 

+6.8 

Propene" 

+0.8 

+6.8 

*  R.  M.  Lynden-Bell  and  N.  Sbeppard,  Proc.  Roy,  Soc.  (London), 
A269,  385  (1962).  »  R.  T.  Hobgood  and  J.  H.  Goldstein,  /.  Mol. 
Spectry.,  12,  76  (1964).  «  P.  C.  Lauterbur  and  R.  J.  Kurland,  /. 
Am.  Chem.  Soc.,  84,  3405  (1962). 


The  choice  of  a  correct  model  compound  for  the  four- 
bond  coupling  is  difficult.  Although  the  analogy  is 
imperfect,  a  negative  sign  has  been  predicted  for  the 
four-bond,  proton-proton  coupling  constant  in  allene* 
which  is  7.1  Hz.*^  There  are  two  equivalent  paths 
possible  for  transmission  of  the  spin  information  in 
allene,  and  they  are  expected  to  give  an  additive  effect. 
On  this  basis  a  single  path  with  three  intervening  sp*- 
hybridized  carbon  atoms  should  lead  to  a  proton- 
proton  coupling  constant  of  —  3.S  Hz  which  with  Kara- 
batsos* formulation  leads  to  prediction  of  —1.4  Hz 
for  the  four-bond  coupling  constant  /cccch  in  benzene. 

The  general  agreement  is  excellent  and  it  appears 
profitable  to  investigate  further  the  relation  between  the 
magnitudes  of  the  two-  and  three-bond,  carbon-proton 
coupling  constants  with  those  in  analogously  constituted 
systems  involving  proton-proton  coupling. 
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(20)  M.  Karplus,  /.  Chem,  Phyi.,  33. 1842  (1960). 

(21)  E.  B.  Whipple,  J.  H.  Goldstein,  and  W.  B.  Stewart,  /.  Am. 
Chem.  Soc.,  81.  4761  (1959). 


Weigert^  Ao6ertt  (  Nmr  S\ud&«i  cS  1 


2970 


The  Proton  Magnetic  Resonance  Spectra  of  Arylcarfoonium  Ions. 
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Abstract:  The  nmr  spectra  of  a  number  of  arylcarbonium  ions  in  fluorosulfonic  acid  solution  are  analyzed  with 
the  aid  of  a  computer.  The  chemical  shift  parameters  obtained  are  compared  with  some  previously  reported.  They 
are  interpreted  with  the  aid  of  a  double  toroid  ring-current  model  for  the  anisotropy  of  neighboring  phenyls. 
They  are  then  discussed  with  reference  to  charge  distributions  as  determined  by  some  molecular  orbital  models. 


The  proton  nmr  spectra  of  arylcarbonium  ions  have 
been  the  subject  of  both  qualitative'  and  quantita- 
tive^ investigations  for  several  years.  Among  the 
earliest  attempts  at  quantitative  analysis  was  that  of 
O'Reilly  and  Leftin**  on  triphenylcarbonium  ion.  A 
considerable  dispute  over  the  assignment  of  chemical 
shifts  and  coupling  constants  in  triphenylcarbonium 
ion**'**  seemed  to  subside  with  the  publication  by 
Dehly  et  al.,^  of  deuterium-labeling  studies  and  a  com- 
puter-simulated spectrum.  It  seemed  to  us  that  the 
more  sophisticated  techniques  now  available  in  the 
rapidly  developing  field  of  nmr  spectroscopy  warranted 
a  reinvestigation  of  some  arylcarbonium  ions.  Im- 
petus was  also  provided  by  the  fact  that  early  attempts 
to  interpret  the  chemical  significance  of  the  chemical 
shifts  were  based  on  the  wrong  chemical  shift  assign- 
ments and  an  incomplete  model  for  the  ring-current 
effect.** 


ions  and  suggested  that  the  interpretation  previously 
reported  in  the  literature  required  some  modification.** 
We  here  report  a  detailed  analysis  of  the  nmr  spectra 
of  several  arylcarbonium  ions  at  60  MHz,  including  a 
reanalysis  of  triphenylcarbonium  ion  at  60  and  100 
MHz.  We  make  an  attempt  to  discuss  the  observed 
chemical  shifts  in  terms  of  realistic  models  for  the 
geometry,  ring-current  effect,  and  charge  distribution  in 
these  ions. 

Experimental  Section 

Materiab.  Chlorosulfonic  add  was  distilled  immediately  before 
use;  fluorosulfonic  acid  was  distilled  over  anhydrous  potassium 
fluoride,  placed  in  oven-dried,  glass-stoppered  bottles,  sealed  with 
paraffin,  and  stored  in  a  drybox.  All  transfers  of  fluorosulfonic 
acid  were  accomplished  in  the  drybox  by  pipet.  Carbonium  ioo 
precursors  were  the  carbinols  with  the  exception  of  compounds  1 
(phenylpropionic  add),  2  (benzoic  add),  3  (benzophenone),  4  (ace- 
tophenone),  and  7  (1,1-diphenylethylene)  in  TaUe  I.    Solid  pr«- 


Table  I.    Proton  Nmr  Parameters  for  Several  Arylcarbonium  Ions 


ling  constants,  Hz — 

Chemical  shifts, 

r  values 

aH 

Compd 

Carbonium  ion 

ortho 

meta 

para 

orCHi 

J(o,m) 

J{o,p) 

J{o.m') 

J{o/>') 

J(m^) 

7(m.mO 

1 

Cai.CH,CH,C^OH), 

2.80 

2.80 

2.80 

2 

CJH,C^OH)««.« 

1.73 

2.24 

1.94 

8.2 

1.2 

0.5 

1.2 

8.0 

1.7 

3 

(CJH.)«C^OH«.* 

1.88 

2.17 

1.85 

8.2 

1.2 

0.5 

1.2 

8.0 

1.7 

4 

Cai»C^OH)CH,«.' 

1.57 

2.22 

1.84 

6.69 

8.2 

1.2 

0.5 

1.2 

8.0 

1.7 

5 

(CJH.)»0.*  (60  MHz) 

2.31 

2.13 

1.76 

7.95 

1.40 

0.33 

1.21 

7.55 

0.89 

6 

(C,H,).O.*(100MHz) 

2.32 

2.14 

1.76 

8.13 

1.20 

0.43 

1.26 

7.54 

1.14 

7 

(C^OtCCHz' 

1.93 

2.10 

1.68 

6.30 

8.12 

1.05 

0.74 

1.30 

7.37 

1.39 

8 

(C,H»),C+H».* 

1.54 

2.02 

1.62 

0.19 

8.2 

1.2 

0.5 

1.2 

7.5 

1.7 

9 

C.HsC^CH.V-*' 

1.12 

1.99 

1.37 

6.43 

8.1 

1.0 

0.7 

1.3 

7,4 

1.4 

*  In  chlorosulfonic  add  solution.  ^  In  fluorosulfonic  acid  solution.  These  were  similar,  but  less  well  resolved,  in  chlorosulfonic  add.^ 
'^  Coupling  constants  for  these  systems,  particularly  the  small  ones,  can  only  be  regarded  as  approximate,  since  resolution  was  too  poor  to 
warrant  refinement  of  the  calculations.    *  Spectrum  determined  at  —40°. 


In  an  earlier  paper  we  presented  a  preliminary  analysis 
of  the  proton  nmr  spectra  of  a  number  of  arylcarbonium 
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versity, East  Lansing,  Michigan    48823. 

(3)  (a)  G.  A.  Olah,  M.  B.  Comisarow,  C.  A.  Cupas,  and  C.  U.  Pitt- 
man,  Jr.,  /.  Am.  Chem,  Soc.,  87,  2997  (196S);  (b)  G.  A.  Olah,  ibid,,  86, 
932  (1964);  (c)  R.  Dehl,  W.  R.  Vaughan,  and  R.  S.  Berry,  /.  Org.  Chem., 
24,  1616  (1959);  (d)  R.  B.  Moodie,  T.  M.  Connor,  and  R.  Stewart, 
Can.  J.  Chem.,  37,  1402  (1959);  (e)  C.  MacLean,  J.  H.  van  der  Waals, 
and  E.  L.  Mackor,  Mol.  Phys.,  1,  247  (1958). 

(4)  (a)  D.  G.  Famum,  /.  Am.  Chem.  Soc.,  86,  934  (1964);  (b)  T. 
Schaeffer  and  W.  G.  Schneider,  Can  J.  Chem.,  41,  966  (1963);  (c)  R.  S. 
Berry,  R.  Dehl,  and  W.  R.  Vaughan,  /.  Chem.  Phys.,  34,  1460  (1961); 
(d)  C.  MacLean  and  E.  L.  Mackor,  Mol.  Phys.,  4,  241  (1961);  (e)  D.  E. 
0*R€iUy  and  H.  P.  Leftin,  /.  Phyg.  Chem.,  64, 1555  (1960). 


cursors  were  commercial  samples  twice  recrystallized  and  dried 
under  vacuum  before  use.  Liquid  samples  were  dwHlkid  and  a 
middle  cut  was  taken.  Gas  chromatographic  analysis  in  all  cases 
resolved  only  one  component  in  greater  than  99%  purity.  Fbeoyl- 
diroethylcarbinol  was  obtained  as  a  crystalline  solid,  mp  32.5-33.5'', 
by  two  sublimations.  Nnrv  samples  were  made  up  to  1  to  10% 
concentration  by  the  addition  of  a  methylene  chloride  soludoo  of 
the  precursor  to  vigorously  stirred  add  at  —40''.  The  add  layer 
was  drawn  off  for  use. 

Determinatloii  of  the  Spectra.  The  proton  nmr  spectra  were  d^ 
termined  at  60  and  100  MHz  on  the  Varian  A-60  or  HA-100  in- 
struments. At  low  concentrations  (1  %)  the  Varian  CAT  was  em- 
ployed to  bring  out  the  spectrum.  It  was  demoostialed  that  the 
chemical  shifts  (relative  to  tetramethylammonium  fluoroboiate 
internal  standard  taken  as  r  6.87^)  and  general  appearanoe  of  the 
spectra  were  rdatively  insensitive  to  concentration  (firom  1  to  10% 
for  4,  7,  and  9  of  Table  I)  and  temperature  (from  —40  to  -H0*> 
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figure  I.  Ninrspectnini(60MHz)orbenz(ricBcidinchl<^osulfomc 


Nmr  spectrum  (tiO  MHz)  of  acetopbenone  in  chloro- 
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In  tbcM  caao  vhich  could  be  detatniDcd  in  both  adcU,  tbe  shifU 
wen  oeariy  the  tune,  but  the  spectra  in  flucH-mulfonic  add  were 
beUcr  resolved  (presumably  because  of  the  greater  fluidity).  The 
ttructuie*  of  tbe  carbonium  ims  were  assured  by  the  reprodudbly 
diaractmstic  mnr  patterns,  the  near  identity  of  (he  ultraviolet  spec- 
tn  ottbe  diluted  scdudons  or4  and  9(TaUe  I)  with  those  reported 
in  tbe  liUrUure,'  and  recoven*  of  the  parent  alctAcd  in  60%  yield 
or  better  tqp  quenching  in  iced  aqueous  base  in  the  cases  of  tri- 
idienylcarbinol  (5),  benzhydrol  (8),  benzopbesone  (3),  and  benzene 
add  (2).  The  spectrum  of  methyldiphenylcarbonium  ion  (7) 
has  appeared  in  tbe  literature.**  Our  spectrum  was  similar  in 
appearance,  but  better  resolved.  Spectra  were  determined  on  both 
300  Hz  and  230  Hz  nominal  scale  widths,  calibrated  with  known 
Mandaids  to  detennine  the  actual  scale  widths. 

AaalysiiaflhaSpeelm.  Nmr  spectra  were  analyzed  with  tbe  aid 
of  tbe  nmr  simulation  computer  program,  laocoon  n,  devised 
by  Bothnci-^.*  Spectra  were  computed  on  a  Control  Data  Corp. 
1(04  computer,  traced  on  a  curve-plotter,  and  compared  with  tbe 
dtunnined  spectra.  A  line-width  factor  of  0.8  (approximately 
equal  to  width  at  half-heisht  in  Hertz)  gave  computed  spectra  of 
3  the  ejiperimental  ones.    Iterations  to 


(9)  N.  C  Dmo,  I.  I.  JanudiU,  and  A.  Schriaheln].  /.  Am.  Cktm. 
fcc  77, 3044  (1933). 
-  *)  We  thank  Dr.  Bothncr-By  for  providing  us  with  tbe  program  deck 
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Figure  4.  Nmr  spectrum  (60  MHz)  of  triphenylcartnntd  in  fluoro- 
sulfonic  add  (upper  curve)  and  computer-simulated  spectrum  (lower 
curve)  using  parameter  values  given  in  TaUe  L 


determine  the  best  fit  were  performed  separately  at  60  and  100 
MHz  fw  tripbcnylcarbmuum  ion.  The  results  at  the  different 
frequencies  were  in  close  agreement  (within  0.3  Hz).  To  assist  in 
the  preliminary  choice  of  parameters  20  spectra  with  identical 
appronmate  coupling  constants  but  differing  chemical  shifts  were 
computed.  An  approximate  fit  to  cme  of  these  provided  the 
starting  point  for  the  interation  procedure.  In  the  cases  of  acettv 
pbenone  (phenylmethylhydroxycarbonium  ion),  benzoic  add 
(phenyldihydroxycarbooium  ion),  and  phenyldimethylcarbonium 
ion.  separation  of  tbe  peaks  was  suSkient  lo  assign  diemical  stufls 
by  inspection  after  the  initial  comparison.  Ftx  benzopheoona 
(diphenylhydroxycarbonium  ion)  the  poorer  resolution  did  not 
warrant  an  attempt  at  a  doser  assignment  than  that  obtained  by 
estimation  from  the  first  comparison.  Tbe  determined  and  laia- 
ulated  spectra  for  the  several  carbcmium  ions  are  compared  in 
Figures  1-8.  The  chemical  shifts  and  coupling  cmutants  are  given 
in  Table  I.  The  assignment  of  the  onho,  mela,  and  para  protons 
rests  firmly  on  the  large  (7-8  Hz)  coupling  of  the  oriho  proton  to 
one  mela  proton,  the  large  (7-8  Hz)  coupUng  of  the  mela  proton  to 
both  ortho  and  para  protons,  and  tbe  low  intensity  of  tbe  peaks 
]  tbe  sin^  fwn  proton. 
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Figure  S.  Nmr  spectnuii  (100  MHz)  of  triphenyfcartnnol  in  flucm)- 
sulfonic  add  (upper  curve)  and  computer-simulated  spectrum 
(lower  curve)  using  ponuneier  values  given  in  Table  I. 


Figure  6.  Nmr  spectrum  (tiO  MHz)  of  1,1-diphenylethylene  in 
fluorojuifonic  acid  (upper  curve)  and  computer-simulated  spectrum 
Gower  curve)  using  parameter  values  given  in  Table  I. 


There  is  some  variance  in  the  values  reported  lor  triphenylcar- 
bonium  ion  from  several  sources.  Tliese  values  are  compand  in 
TaUe  II.    The  chemical  shifts  obtained  in  this  work  are  in  reasoo- 


Rgurc  7.  Nmr  spectrum  (tiO  MHz)  of  dipbenylcarbinol  in  chlcro- 
sulfonic  acid  (upper  curve)  and  computer-simulated  spectrum 
(lower  curve)  using  parameter  values  givoi  in  Table  I. 


able  agreement  with  those  of  Schaeffer  and  Schneider*^  and  Berry, 
el  al.,*'  while  coupling  constants  are  quite  comparable  with  those 
obtained  by  the  latter  authors.  The  variations  probably  are  the 
result  of  different  solvents  atuj  reference  standards  as  well  as  the 
difficulty  of  analyzing  the  60-MHz  spectrum  withotit  the  aid  of  I 


TaUe  II.    Comparison  of  Nmr  Parameten  from  Several  Sources 
for  Triphenylcarbonium  Ions 


1 

2 

3 

4 

3 

^onho) 

2.38 

2.30(2.43*) 

2.29 

2.99 

2.32 

rimttd) 

2.13 

2.43(2. 3») 

2.12 

2.49 

2.14 

Tfpara) 

!.73 

1.93 

1.76 

2.24 

1.76 

J(o,my 

8.2 

8.13 

J(o.p) 

1.2 

1.30 

J(o.m') 

O.S 

0.4J 

J(o.o-) 

1.2 

1.26 

J(m.p) 

8.0 

7.54 

J(m^') 

1.7 

1.14 

■  Source  code  numbers  are  1,  ref  4b;  2,  rcf  4e:  3,  rcf  4c:  4,  ref 
3b;  3,  this  work.  '  Aliemate  assignments.  */  values  given  is 
Hertz. 


Discussion 

Several  general  features  emerge  from  the  data  from 
nmr  analysis  of  several  arylcarbonium  ions  as  given  io 
Table  I.  The  chemical  shift  value  for  the  phenjd 
protons  of  phenylpropionic  add  in  sulfuric  acid  striu- 
tion  (r  2.80)  is  given  as  a  reference  point.  As  expected, 
all  the  arylcarbonium  ion  chemit^  shifts  fall  below  this 
value,  and  the  /^-proton  resonance  moves  progressively 
downficld  as  the  electron-releasing  ability  of  the  suh- 
stituents  on  the  a-carbon  decreases.  This  qualitative 
correlation  of  the  position  of  the  ;r-proton  resonance 
with  the  electron  demands  placed  on  the  phenyl  by  the 
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I,  Nmr  spectrum  (60  MHz)  of  phenyldimethylcarbinol  in 
ilfonic  acid  at  —40°  (upper  curve)  and  computer-simulated 
n  (lower  curve)  using  parameter  values  given  in  Table  I. 


ium  ion  is  expected  and  has  been  noted  in  the 
ire.^  The  o-  and  m-  proton  resonances  are  much 
gular  and  are  apparently  significantly  perturbed 
sotropies  of  the  a  substituents.^  Thus  for  the 
diphenyl  (8),  hydroxydiphenyl  (3),  mcthyldi- 
(7),  and  triphenylcarbonium  ion  (6),  the  o- 
resonances  (r  1.54,  1.88,  1.93,  and  2.32)  fall 
ssively  upfield,  apparently  independently  of  the 
of  the  positive  charge  on  the  phenyl.  This  order, 
cr,  does  correlate  with  the  size  of  the  a  substit- 
and,  therefore,  with  the  angle  of  twist  of  the 
s  from  coplanarity.  Increased  twisting  from 
arity  (up  to  about  45°)  will  result  in  increased 
tg  of  the  o-protons  by  neighboring  phenyl 
opy  as  illustrated  in  Figure  9.  For  the  meta 
;al  shifts  (2.02,  2.17,  2.10,  and  2.14)  the  influence 
positive  charge  and  anisotropy  might  be  better 
ed;  thus  the  correlation  is  not  expected  to  be  as 
As  an  incidental  point,  all  the  coupling  con- 
fall  within  the  ranges  quoted  in  the  literature  for 
tic  compounds,^  in  spite  of  the  major  perturba- 
'  the  positive  charge. 

rder  to  examine  the  quantitative  validity  of  some 
ideas  suggested  in  the  previous  paragraph,  it  was 
iry  to  develop  a  quantitative  picture  of  the 
oring  phenyl  anisotropy  efiect  as  a  function  of 
gle  of  twist  of  the  phenyls.    A  model  for  this 
based  upon  a  modification   of  the  Johnson- 
-Waugh-Fessenden*    double-loop    ring-current 
has  been  described  in  another  publication*  and 
i  to  the  di-  and  triphenylcyclopropenium  ions. 
10  depicts  the  neighboring  ring-current  effect 
mction  of  the  angle  of  twist  for  triphenylcarbon- 
n  as  calculated  using  this  model  (a  double  dough- 
circulating  charge  of  radius  and  cross-sectional 
ter  equal  to  1.4  A).    The  calculation  determines 
ect  of  both  the  near  and  remote  neighbor  phenyls 
0-,  m-,  and  /7-proton,  assuming  that  all  phenyls 
rtsted  the  same  angle  from  coplanarity.*    The 
for  a  diphenylcarbonium  ion  should  be  one-half 
lues  in  Figure  10,  provided  only  that  interchange 

B.  Leane  and  R.  E.  Richards,  Trans,  Faraday  Soc.,  55,  707 

S.  Waugh  and  R.  W.  Fessenden,  /.  Am.  Chem.  Soc.,  79.  846 

80,  66:)7  (1958);   C.  E.  Johnson  and  F.  A.  Bovey,  /.  Chem. 

9.  1012  (1958). 

.  G.  Farnum  and  C.  F.  Wilcox,  /.  Am.  Chem,  Soc.,  submitted 

ication. 


Figure  9.  Neighboring  ring-current  effects  in  triphenylcarbonium 
ion:  0  »  twist  angle,  a  =  line  of  iso  shielding,  b  «  line  of  iso 
deshielding. 
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Figure  10.  Plot  of  chemical  shift  due  to  neighboring  ring-current 
effects  Ds.  twist  angle  for  triphenylcarbonium  ion:  a  «  ortho,  b  » 
meta,  c  *>  para  protons. 


of  the  two  mirror-image  propellor-like  rotamers  is  rapid 
on  an  nmr  time  scale.* 

Evaluation  of  the  ring-current  effect  requires  the 
actual  angle  of  twist  of  the  phenyls  in  triphenylcar- 
bonium ion  in  solution,  which  is  not  known.  Esti- 
mates range  from  23^^  (near  the  van  der  Waals  ap- 
proach of  the  o-hydrogens)  to  45  °,  ^®  with  X-ray  analy- 
sis of  the  solid  giving  35°.^^  In  the  absence  of  any 
convincing  evidence  to  the  contrary  we  have  chosen 


Table  BEL    Chemical  Shifts  of  Ring  Protons  of  Several 
Arylcarbonium  Ions  Corrected  for  Neighboring  Ring  Anisotropics 


Chemical  shift, 

rvalues 

Compd 

Carbonium  ion 

ortho 

meta 

para 

2 

CHsC^OH), 

1.73 

2.24 

1.94 

3 

(C»H5),C^OH  (30*'  twist) 

1.90 

2.22 

1.88 

4 

CJH.+C(OH)CH, 

1.57 

2.22 

1.84 

5 

(CJls),C+(45*»  twist) 

2.08 

2.14 

1.80 

7 

(CJl5),C+CH,(35° 
twist) 

1.87 

2.13 

1.71 

8 

(Cai5)iC+H  (25  *»  twist) 

1.69 

2.09 

1.66 

9 

CHsCnCH,), 

1.12 

1.99 

1.37 

(10)  N.  C.  Deno,  P.  T.  Graves,  and  O.  Saines.  ibid.,  81,  5790  (1959). 

(11)  A.  H.  Gomes  de  Mesquita,  C.  H.  MacGiUavry,  and  K.  Eriks, 
Acta  Cryst.,  18,  437  (1965). 
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Table  IV.    Comparison  of  the  Observed  Charge  Contribution  to  the  Chemical  Shift  of 
Phenylcarbonium  Ions  at  Several  Twist  Angles  with  That  Calculated  from  Molecular  Orbital  Models 


-  Charge  contribution  to  chemical  shift*  - 

CiVfAh 

- — HMC 

Abs 

V  f                                     fi  f 

.-SCFMG-.^— 
Abs           Rd 

Species  (angle,  deg  ) 

Proton 

*            \J\T 

Abs 

Rel 

Rel           Abs          Rel 

Phenyldimethylcarbonium  ion  (0) 

ortho 

1.60 

1.18 

2.67 

1.10         2.19         1.11 

2.36         0.64 

meta 

0.77 

0.57 

1.16 

0.48          1.45          0.74 

1.95          0.53 

para 

1.35 

1.0 

2.43 

1.00          1.97          1.00 

3.67          1.00 

Diphenylcarbonium  ion  (25) 

ortho 

1.07 

0.93 

1.63 

1.06 

meta 

0.70 

0.61 

0.84 

0.54 

para 

1.15 

1.00 

1.54 

1.00 

(35) 

ortho 

1.33 

1.14 

1.50 

1.14 

meta 

0.75 

0.65 

0.78 

0.59 

para 

1.17 

1.00 

1.32 

1.00 

(45) 

ortho 

1.38 

1.18 

1.33 

1.29 

meta 

0.78 

0.67 

0.71 

0.68 

para 

1.17 

1.00 

1.03 

1.00 

Triphenylcarbonium  ion  (25) 

ortho 

0.075 

0.08 

1.24 

0.98 

meta 

0.50 

0.52 

0.71 

0.56 

para 

0.97 

1.00 

1.27 

1.00 

(35) 

ortho 

0.60 

0.61 

1.22 

1.07 

meta 

0.60 

0.61 

0.69 

0.61 

para 

0.98 

1.00 

1.13 

1.00 

(45) 

ortho 

0.73 

0.73 

1.15 

1.23 

meta 

0.65 

0.65 

0.65 

0.69 

para 

1.00 

1.00 

0.94 

1.00 

">  Column  labeled  abs  gives  values  in  parts  per  million  downfield  from  the  phenyl  hydrogens  of  phenylpropionic  acid.  Column  labeled  rel 
gives  values  relative  to  para  chemical  shifts  -  1.00.  ^  Corrected  for  the  neighboring  ring-current  effect  at  the  angle  in  question.  '  Simple 
Hiickel  molecular  orbitals.  *  Modified  cu  technique.  ^  « Self-consistent-field  calculations.^*  /  Chemical  shifts  are  calculated  as  the  sum  of 
the  contributions  from  all  carbon  atoms  using  M usher's  equations.  ^* 


to  set  the  twist  angles  for  diphenyl-,  dihydroxydiphenyl-, 
methyldiphenyl-,  and  triphenylcarbonium  ions  at  25, 
30,  35,  and  45°,  respectively,  corrected  the  chemical 
shifts  for  the  determined  ring-current  effects,  and  re- 
examined the  thus-obtained  order  of  chemical  shifts. 
The  results  are  shown  in  Table  III.  Although  the 
m-  and  /7-protons  now  correlate,  and  the  o-protons 
are  more  nearly  in  line,  the  correction  is  not  sufficient 
to  bring  complete  order  to  the  o-proton  chemical 
shifts.  We  have  been  unable  to  find  alternative  reason- 
able choices  of  twist  angles  which  improve  the  order. 
It  is  possible  that  a  residual  effect  of  the  a-hydroxyl 
substituents  is  causing  a  downfield  shift  since  the  oxy- 
genated cations  (2,  3,  and  4)  appear  at  too  low  field, 
with  the  dioxygenated  case  2  being  particularly  low. 

With  the  chemical  shifts  corrected  for  neighboring 
ring-current  effects  in  hand,  it  was  possible  to  examine 
their  correlation  with  predicted  charge  distributions  in 
these  ions.  Two  refinements  of  earlier  work  in  this 
field ''^  were  attempted  in  this  investigation.  First, 
earlier  efforts  had  considered  only  the  effect  of  the 
positive  charge  of  the  directly  attached  carbon  atom. 
However,  Musher  has  claimed**  that  all  nearby  positive 
charges  have  a  significant  effect.  Therefore,  using 
Musher 's  equations,**  we  set  up  a  computer  program 
which  would  calculate  the  chemical  shifts  at  the  o-, 
m-  and  /7-protons  resulting  from  point  charges  of 
specified  values  at  all  the  carbon  atoms  in  the  mono-, 
di-,  and  triphenylcarbonium  ions.  Second,  earlier 
attempts^  have  determined  the  theoretical  charge 
distribution  in  di-  and  triphenylcarbonium  ions  based 
upon  planar  molecules  rather  than  realistically  twisted 
ions.  We  therefore  calculated  the  Hiickel  charge  den- 
sities for  these  ions  at  twist  angles  of  25,  35,  and  45°.*' 

(12)  J.  I.  Musher.  /.  C/rem.  Phys.,  37,  34  (1962). 

(13)  We  thank  Professor  C.  F.  Wilcox  for  maldiig  a  program  available 
to  us  for  these  calculations. 


The  results  of  these  combined  calculations  are  sum- 
marized in  Table  IV. 

Again  a  qualitative  picture  can  be  drawn.  Thus,  the 
larger  relative*^  downfield  chemical  shift  observed  for 
the  o-protons  of  phenyldimethylcarbonium  ion  is  cor- 
rectly reproduced  by  both  the  Hiickel  and  the  a>-tech- 
nique"  calculations,  but  not  by  the  SCF**  method. 
The  moderate  chemical  shift  of  the  m-proton  is  in  ac- 
cord with  all  the  calculations,  in  spite  of  the  absence  of 
charge  at  that  position  in  the  Hiickel  approximation. 
The  relative  chemical  shifts  for  a  35  °  twisted  diphenyl- 
carbonium ion  are  extraordinarily  well  reproduced  by 
the  Hiickel  model,  while  much  more  difficulty  is  en- 
countered with  triphenylcarbonium  ion,  which  shows 
more  dispersal  of  charge  to  the  para  position  than  ex- 
pected. Unfortunately,  calculations  by  the  ca-tech- 
nique  and  SCF  method  for  these  twisted  cations  are  not 
yet  available  for  comparison.  Since  several  approx- 
imate models  have  been  interposed  between  the  raw 
data  and  the  numbers  being  compared  in  Table  IV, 
it  seems  wise  to  be  cautious  in  attempting  any  more 
quantitative  analysis  of  the  results. 

An  incidental  observation  of  some  interest  was  made 
on  solutions  of  the  phenyldimethylcarbonium  ion  in 
fluorosulfonic  acid.  These  solutions  were  stable  only 
below  —20°,  as  evidenced  by  the  smooth,  reproducible, 
rapid  conversion  of  their  characteristic  nmr  spectrum 
above  that  temperature  to  a  new,  well-resolved,  and 
entirely  difierent  spectrum  illustrated  in  Figure  11. 
The  irreversible  conversion  was  accompanied  by  a 
barely  perceptible  lightening  of  the  lemon  yellow  color 

(14)  The  discrepancy  between  the  absolute  values  and  the  observed 
values  is  not  surprising,  since  the  Musher  equations  contain  no  oorreo- 
tion  for  the  solvent  dielectric  effect  on  the  charge. 

(15)  A.  Strdtwieser,  Jr.,  **Molecular  Orbital  Theory  for  Orgsoic 
Chemists,"  John  Wiley  and  Sons,  Inc.,  New  York.  N.  Y.,  1961. 

(16)  A.  Brickstock  and  J.  A.  Pople,  TWms.  Faraday  Soe^  50,9(0 
(1954). 
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of  the  solution.  The  new  species  was  identified  as  tlie 
dimeric  phenylmcthyl-(2-phcnylisobutyI)carboniuin  ion 
(10)  by  isolation  of  the  corresponding  olefin  (11)  in  good 
yield  by  quenching  the  solution  in  iced  aqueous  sodium 
hydroxide.  The  olefin  was  purified  by  gas  chroma- 
tography and  characterized  by  its  mass  spectrum  (parent 
peak,  mje  236)  and  nmr  spectrum  (r  2.0-2.9,  multiplet, 
area  =  10.0;  4.13,  quartet,  y  =  2  Hz,  area  *=  0.6; 
8.02,  doublet,  7  =  2  Hz,  area  =  2.6;  8.80,  singlet,  area 
=  6.0)  which  left  no  doubt  of  its  structure.  The  methyl 
and  methylene  resonances  of  the  carbonium  ion  ap- 
peared at  T  6.18  (broad,  area  ca.  2),  6.61  (broad,  area 
ca.  3),  and  8.47  (sharp,  area  ca.  6). 

CH,  CH,  CH.  CH,  CHi 

>-  CMi.CCH£CM*  — »-CJi,CCH='~ 


C.H.C* 


\ 


10 


\„ 


11 


coil 


The  nmr  spectrum  of  carbonium  ion  lOdeserves  notice. 
It  is  entirely  different  from  any  which  we  have  en- 
countered in  this  work  in  that  no  phenyl  resonance 
appears  at  the  low-field  position  usually  observed  for 
o-protons,  nor  is  there  a  clear  separation  between 
the  phenyl  conjugated  with  the  carbonium  ion  center 
and  that  attached  to  the  quarternary  carbon.  A  rapid 
equivalencing  of  the  phenyls  by  methyl  migration 
(10a  ^  10b)  cannot  account  for  the  results  because  the 


H,C, 


CH,  CH, 


^ 


methyl  resODance  signals  are  sharp  and  discrete,  nor 
can  they  be  the  result  of  dimeric  association,  since  the 
spectrum  is  the  same  at  concentrations  from  1  to  10%. 
We  suggest  that  the  unusual  nmr  spectrum  of  10  is 
accommodated  by  a  folded  geometry,  as  in  10c  (R 
=  CHt)>  in  which  the  noncationic  phenyl  is  associated 
with  the  cationic  phenyl  analogously  to  a  charge-trans- 
fer complex  or  a  solvation  association.  A  similar 
explanation,    named    a    "space-polarization    effect," 


has  been  offered  by  Williams  for  the  anomalous  ultra- 
violet spectrum  of  phcnyl-^-phenylethylcarbonium  ton 
(10c,  R  =  H).'^  The  required  folded  geometry  is 
readily  achieved  in  molecular  models. 

In  summary,  the  following  conclusions  seem  justi- 
fied on  the  basis  of  the  treatment  reported  in  this  paper. 
(1)  The  /)-proton  resonance  provides  a  reasonable 
qualitative  measure  of  the  extent  of  dispersion  of  posi- 
tive charge  onto  the  phenyl  group  of  a  phenylcarbo- 
nium  ion.  (2)  When  suitable  corrections  are  made  for 
neighboring  ring-current  effects  and  nonplanar  ge- 
ometries, the  positive  charges  calculated  by  the  simple 
Huckel  approximation  account  for  the  ring  chemical 
shifts  of  phenyldimethyl-  and  diphenylcarbonium  ion 
in  an  entirely  satifactory  way.  However,  triphenyl- 
carbonium  ion  exhibits  somewhat  more  dispersal  of 
charge  to  the  para  position  than  expected.  (3)  Taken 
togetho*,  the  results  suggest  that  the  twist  angles  of  the 
polyphenylcarbonium  ions  examined  are  greater  than 
25",  and  perhaps  as  high  as  45°  from  coplanarity. 
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Abstract:  Electron  spin  resonance  spectra  with  well-resolved  hyperfine  structure  have  been  obtained  by  reduction 
of  zinc  tetrabenzporphin  and  zinc  etioporphyrin  I  with  sodium  in  tetrahydrofuran  solution.  Hyperfine  structure 
has  also  been  observed  in  the  spectrum  obtained  from  etioporphyrin  I  under  the  same  conditions.  The  paramagnetic 
species  in  each  case  is  considered  to  be  either  a  trinegative  ion  of  the  porphyrin  or  a  phlorin  dianion  PH  "  in  which  a 
hydrogen  atom  is  attached  to  a  methine  carbon  atom  of  the  porphyrin  skeleton. 


Electron  addition  to  porphin  (P)  or  metal  porphin 
(MP)  molecules  leads  to  the  formation  of  a  series 
of  negative  ions  of  increasing  charge.  Closs  and 
Closs*  studied  the  reduction  of  zinc  a,j9,7,{-tetraphenyl- 
porphin  in  tetrahydrofuran  and  prepar^  salts  of  the 
mononegative  and  dinegative  ions,  corresponding  to 
uptake  of  one  and  two  electrons,  respectively.  Dodd 
and  Hush'  have  reported  the  formation  of  mono-  and 
dinegative  ions  of  complexes  of  a  variety  of  substituted 
porphins,  including  metal  derivatives  of  etioporphyrin, 
tetraphenylporphin,  tetraazaporphin,  tetrabenzpor- 
phin, and  phthalocyanine.  Evidence  of  two  further 
one-electron  steps,  corresponding  to  the  formation  of 
trinegative  and  tetranegative  ions,  has  been  obtained  by 
Clack  and  Hush.*  Felton  and  Linschitz*  have  also 
reported  polarographic  results  on  tetraphenylporphin 
and  etioporphyrin  complexes  which  are  in  agreement 
vrith  those  of  ref  3.  Recent  work  on  the  reduction  of 
metal  phthalocyanines*  shows  that  salts  of  negative 
ions  containing  from  one  to  four  additional  electrons 
can  be  isolated  from  solution. 

The  typical  molecular  symmetry  of  divalent  metal 
complexes  of  porphins  is  D4h.  In  some  complexes  the 
symmetry  is  lower,  usually  because  the  central  metal 
atom  lies  slightly  out  of  the  plane  of  the  ring.  How- 
ever, perturbations  of  this  type  are  small  and  in  either  case 
the  lowest  empty  ligand  orbital  has  e  symmetry.  This 
means  that  up  to  four  electrons  can  be  accommodated 
in  this  orbital,  in  agreement  with  the  experiment.  An 
interesting  feature  of  these  ions  is  that  the  energies  of 


2MP- 
2MP»- 

2MP»- 


MP  H-  MP*- 
MP-  +  MP»- 
MP»-  +  MP* 


(MP  »  metal  porphin) 

the  disproportionation  reactions  are  positive  and  re- 
markably constant  over  a  range  of  porphin  structures 
whose  M''  is  a  closed-shell  ion.  An  interpretation  of 
this  in  terms  of  electron  interaction  energies  has  been 
given  by  Hush.^  It  should  also  be  mentioned  that  for 
some  divalent  transition  metal  porphins^**  and  phthalo- 

(1)  (a)  Bristol  University,  Bristol,  England,  (b)  Southwest  Research 
Institute,  San  Antonio,  Texas. 

(2)  G.  L.  Qoss  and  L.  E.  Ooss,  /.  Am,  Chem.  Soc.,  85,  818  (1963). 

(3)  J.  W.  Dodd  and  N.  S.  Hush,  /.  Chem.  Soc.,  4607  (1964). 

(4)  D.  W.  Clack  and  N.  S.  Hush.  /.  Am.  Chem.  Soc.,  87,  4238  (1965). 

(5)  R.  W.  Felton  and  H.  Linschitz,  ibid.,  88,  1113  (1966). 
(e)  D.  W.  Clack  and  N.  S.  Hush,  upublished  data. 

if)  N.  S.  Hush,  Thtoret,  Chim,  Acta,  4,  108  (1966). 


cyanines''^  the  first  reduction  step  corresponds  to 
reduction  of  the  metal  to  the  +1  oxidation  state; 
in  subsequent  steps,  this  is  followed  by  electron  addi- 
tion to  the  ring,  forming  M'P*-  ions,  which  are  the 
analogs  of  the  M'^P"  ions  of  porphin  complex  of  closed- 
shell  metal  ions.  These  will  not  be  further  considered 
here,  as  they  present  special  problems  of  interpretation. 

The  purpose  of  this  communication  is  to  present 
some  results  of  measurements  of  the  electron  spin 
resonance  spectra  of  solutions  containing  reduced  por- 
phins. 

Closs  and  Closs*  established  that  salts  of  tetraphenyl- 
porphin" and  tetraphenylporphin*"  were  respectively 
paramagnetic  and  diamagnetic  in  tetrahydrofuran. 
Similar  results  have  been  found  in  the  phthalocyanine 
series,  both  for  phthalocyanine  itself  and  for  closed- 
shell  metal  complexes. 

The  electron  spin  resonance  spectra  of  a  number  of 
mononegative  ions  of  tetraphenylporphin  and  etio- 
porphyrin derivatives,  mostly  obtained  by  electrolytic 
reduction  in  dimethyl  sulfoxide  solution,  have  been 
reported  by  Felton  and  Linschitz.*  These  exhibit  no 
hyperfine  structure  and  have  g  values  which,  although 
close  to  the  free-spin  value,  deviate  by  small  but  sig- 
nificant amounts  in  a  number  of  complexes.  Similar 
results  have  been  obtained  for  metal  phthalocyanine 
negative  ions  in  dimethylformamide  solution,*  also  ob- 
tained by  electrolytic  reduction.  The  lack  of  hyperfine 
structure  in  these  spectra  has  been  explained  on  the  basis 
that  the  electron  is  in  a  doubly  degenerate  orbital  and 
that  the  separation  of  the  hyperfine  lines  in  the  monoan- 
ion  in  which  the  spin  density  is  averaged  by  "fast  switch- 
ing" perturbations  (internal  or  external)  to  reflect  the 
molecular  symmetry  is  predicted  to  be  smaller  than  in- 
dividual line  widths. 

We  have  observed  similar  single*line  electron  spin 
resonance  spectra  of  porphin  mononegative  ions  ob- 
tained by  reduction  with  sodium  metal  in  tetrahydrofuran 
solution.  The  solutions  (10-»-10"*  AQ  were  prq>ared 
by  a  technique  described  elsewhere.*  The  electron 
spin  resonance  measurements  were  made  at  room 
temperature  using  a  Varian  V-4500  X-band  spectrom- 
eter. Three  molecules  have  so  far  been  studied:  zinc 
tetrabenzporphin,  zinc  etioporphin  I,  and  etiopcnphin 
I  (Figure  1).  For  the  latter  molecule,  the  initial  reaction 
with  sodium  is  replacement  of  the  two  central  ring  hy- 

(8)  D.  H.  Whiffen,  Mol  Phys.,  6,  223  (1963). 

(9)  N.  S.  Hush  and  J.  R.  Rowlands,  ibid.,  6,  317  (1963). 
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(a)  Ziae  etiopotplvriii  I;  (b)  line  ictiabenzporphyrin. 


Hypcrfine  structure  of  reduced  zinc  tetrabauporpbyrin. 

atoms;*  reduction  of  the  disodium  complex 
>ceeds  in  successive  one-electron  steps. 

the  reduction  was  allowed  to  proceed  past  the 
gative  ion  stage  in  dilute  solution,  different 
vere  obtained.  In  this  case,  the  electron  spin 
:e  spectra  of  the  solution  began  to  exhibit  hyper- 
icture,  which  was  better  resolved  as  the  reduc- 
ceeded. 

ourse  of  the  reaction  was  qualitatively  followed 
rving  the  characteristic  color  changes.'  Thus, 
:  etioporphyrin,  hyperfine  structure  appeared 
.e  green  tnononegative  ion  was  almost  entirely 
id  to  the  crimson  dinegative  ion.  The  spectra 
1  for  zinc  tetrabenzporphin  and  zinc  etiopor- 
.olutions  are  shown  in  Figures  2  and  3,  respec- 

These  exhibit  similar  hyperfine  patterns. 
«trum  obtained  from  etioporphyrin  solutions 
4)  is  not  so  well  resolved  as  the  previous  two. 
irst  possibility  to  consider  is  that  these  spectra 
x  of  ions  produced  by  the  addition  of  three 
s  to  the  lowest  c,  antibonding  orbital.  It  is 
lediatcly  obvious,  however,  why  the  trinegative 
'*^  should  yield  an  electron  spin  resonance 
n  with  hypei^ne  structure  whereas  both  we  and 
orkers'  have  shown  that  the  mononegative  ion 
ingle-line  electron  spin  resonance  spectrum  with 
Tvabte  structure.  Furthermore,  the  observed 
e  is  not  compatible  with  that  predicted  for  a 
ia.  As  in  the  MP~  ion  (as  mentioned  above) 
e  electrons  in  the  trinegative  ion  MP*~  are  in  a 
degenerate  orbital,'  and  the  spin  density  distri- 
will  depend  on  the  type  of  external  or  internal 
ition  couphng  the  two  components.  The  aver- 
iration  of  the  lines  predicted'  for  a  system  frozen 
-  Cp  (or  e„)  configuration  for  an  average  con- 
m  (I/V2X«ii  +  ^tr).  or  fo""  "rapid  switching" 

the  two  components,  is  less  than  line  widths 
sbserved  for  ions  with  'E  ground  states.  Never- 
Dur  observed  spectra  for  zinc  tetrabenzporphin 
:  etioporphyrin  (Figures  S  and  6,  respectively) 


Figure}.   Hypofine  structure  of  reduced  zjnc  etioporphyrin. 


Figure  4.   Hypofine  structure  of  reduced  etioporphyrin  I. 

are  at  least  compatible  with  the  interaction  of  an  un- 
paired electron  with  four  equivalent  nitrogen  atoms 
and  four  equivalent  protons  with  coupling  constants  as 
in  Table  I,  if  some  allowance  is  made  for  some  minor 
inconsistencies  in  the  relative  intensity  distributions. 
These  discrepancies  could  well  arise  from  incomplete 
averaging  to  zero  of  both  the  anisotropic  hyperfine 
interactions  and  quadrupole  interactions.  The  poor 
agreement  between  the  computed  spin  density  distribu- 
tion and  the  observed  could  well  arise  from  the  fact  that 
no  attempt  has  been  made  to  allow  for  configuration 
interaction. 

1U4e  L    Observed  and  Calculated  Hypettine  Splittings* 

^-Calcd,  gaut^-^ 
Obsd,  gauss       t  -0     S  -  l.O 

ZitKUHntotaxpoiphyna 

Zinc  etioporpbyrin  I 

*  Calculated  values  were  talcen  from  ref  4. 

A.  second  possibility  to  be  considered  is  that  the  ion 
giving  rise  to  the  observed  structure  is  the  phlorin  di- 
negative ion.  It  is  known  from  previous  work''' 
that  the  dinegative  ions  are  relatively  easily  protonated, 
and  that  even  in  apparently  aprotic  solvents  it  is  difficult 
to  obtain  dilute  solutions  of  the  dinegative  ions  of 
ptH'phins  free  from  protonated  species.  Protonation 
of  tiie  dinegative  ion  of  zinc  a,^,7,5-tetrapheny]porphin 
in  tetrahydrofuan  leads  to  the  formation  of  a  salt  of  the 
phlorin  anion  ZnPH~,  where  the  hydrogen  has  added 
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Figure  5.    Synthesized  spectrum  using  coupling  constants  as  in 
Table  I. 
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Figure  7.  Charge  distribution  in  orbitals  13  (a)  and  14  (b)  of  the 
porphin  phlorin  anion  values  obtained  with  HOckd  parameters  av 
=  flo  +  0.66j8cc;  Pcv  "  j8cc. 
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Figure  6.    Synthesized  spectrum  using  coupling  constants  as  in 
Table  I. 


to  a  methine  carbon  atom.  The  same  product  is  ob- 
tained^ by  protonation  of  the  mononegative  ion,  which 
disproportionates  according  to 


2ZnP-  H-  H+ 


ZnP  H-  ZnPH- 


This  is  likely  to  be  a  general  reaction  for  porphin  anions. 
The  phlorin  salts  and  the  corresponding  dihydroporphin 
into  which  the  phlorin  anion  is  slowly  converted  on 
further  protonation  are  well  known.  The  anion 
MPH"  or  PH-,  which  has  C2v  symmetry,  is  itself  dia- 
magnetic.  However,  it  should  reduce  relatively  easily 
to  the  phlorin  dianion  MPH  2-  (or  PH^-)  by  uptake  of 
one  electron,  as  simple  Hiickel  calculations  show  that 
the  lowest  empty  orbital  has  binding  energy  —  0.2567j9, 
exactly  equal  to  that  of  the  lowest  empty  e,  level  of 
porphin  itself  (see  Figure  7  for  details  of  parameters). 

It  is  not  accidental  that  the  porphin  Cg  energy  level 
also  occurs  in  the  energy  spectrum  of  the  protonated 
species  within  the  framework  of  Hiickel  theory.  It  is 
easily  shown  that  doubly  degenerate  energy  levels  Ef 
of  an  Ai-center  system  A  will  each  occur  once  in  the 
(/I  —  l)-center  system  A'  derived  from  A  by  removal  of 
one  of  the  centers.  Furthermore,  where  the  wave  func- 
tions |e<>  of  A,  with  real  components  |ei,)  and  1^2,), 
are  written  as  linear  combination  of  one-center  func- 
tions \(f)j)y  i.e. 

\eu)  =  i:Ci</|0,) 
7-1 


A  B 

Figure  8.    Hiickel  ground  state  (A)  and  excited  state  (B)  for  the 
phlorin  dianion  (PH*~)  (highest  two  orbitals  only). 


the  orbital  |/(A0)  of  A'  with  energy  Ei  is  given  by 

kAO)  =  ;^7|=5{k)  +  X|e«)} 

where  X  =  —  Cuj  |C2<y. 

Explicit  calculations  show  that  this  is  also  the  lowest 
empty  level  of  the  phlorin  anion  PH~.  On  a  one- 
electron  approach,  therefore,  the  half-filled  orbital  of  the 
phlorin  dianion  PH^  will  be  a  particular  linear  com- 
bination of  the  components  of  the  lowest  empty  por- 
phin Cg  level.  The  charge  distribution  in  this  level, 
i.e.,  level  14,  is  shown  in  Figure  7b  for  the  phlorin  with  a 
porphin  skeleton. 

The  distribution  in  this  orbital  will  give  rise  to  a  com- 
plex hyperfine  pattern,  which  does  not  appear  to  be 
compatible  with  any  observed.  One  reason  for  this 
may  be  that  configuration  interaction  has  not  been 
taken  into  account.  It  is  known  that  the  formation  of 
porphin  dinegative  ions  P*"  or  MP*"  from  porphin  is 
not  satisfactorily  described  as  addition  of  two  electrons 
to  the  lowest  porphin  Cg  level.  If  this  were  so,  the 
ground  state  would  be  a  triplet,  and  the  fact  that  it  is, 
in  all  cases  so  far  examined,  a  singlet  state  shows  that 
configuration  interaction  with  excited  states  is  important 
in  determining  the  ground-state  properties.  It  is 
equally  likely  that  the  ground  state  of  PH*-  is  strongly 
influenced  by  configuration  interaction.  It  is  even 
possible  that  the  ground  state  may  be  the  Huckel 
excited  state  b  in  Figure  8  in  which  an  electron  has  been 
promoted  from  the  penultimate  doubly  filled  level 
The  Hiickel  energy  difi*erence  between  these  levels  is 
0.3131/9  for  the  phlorin  dianion  derived  from  porphin. 
However,  even  this  possibility  would  lead  to  a  calcu- 
lated hyperfine  spectrum  which  is  not  compatible  with  the 
observed  spectra.  Taking  the  values  Qh  "^  25  gauss, 
Cn  =  30  gauss,  CcHt'='3S  gauss,  the  hyperfine  constants 
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for  the  three  methine  hydrogen  atoms  (Ch)»  the  ni- 
trogen atom  iQu)j  and  the  methylene  group  (^cHt)  are 
An  =  2[65(2)],  5[29(1)],  A^,  =  2[61(2)],  and  ^ch.  = 
6[79(2)]  gauss,  respectively.  In  computing  the  methylene 
coupling  we  have  taken  the  spin  density  to  be  propor- 
tional to  the  square  of  the  sum  of  the  coefficients  of  the 
H  orbital  at  each  carbon  atom,  /.e.,  of  the  form  QiCi 
+  Ci)*  rather  than  C(Ci*  +  d^.*  These  couplings 
would  lead  to  a  spectrum  with  a  width  of  40  gauss 
which  is  far  in  excess  of  the  experimental  spectrum. 
Furthermore,  in  order  to  fit  the  total  number  of  lines 
observed,  further  hyperfine  interactions  with  peripheral 
methylene  groups  would  have  to  be  invoked,  which 
would  make  the  situation  worse. 

It  is  clear  on  the  basis  of  this  discussion  that  much 
further  experimental  work  on  a  range  of  substituted 
porphin  structures  must  be  carried  out  before  definitive 
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analysis  can  be  attempted.  It  is  also  clear  that  simple 
Hiickel  spin  density  calculations  are  not  sufficiently 
accurate  for  meaningful  theoretical  predictions  to  be 
made  of  the  nature  of  these  porphyrin  reduction  prod- 
ucts. 

We  note  in  conclusion  that  Mauzerall  and  Feher^^ 
have  obtained  a  transient  paramagnetic  radical  by 
irradiation  of  porphin-phlorin  mixtures  in  glycerine 
solution.  This  is  probably  the  neutral  phlorin  radical 
PH.  The  identification  of  intermediates  of  this  type  is 
essential  for  an  understanding  of  porphin  oxidation- 
reduction  reactions,  and  for  an  understanding  of  the 
electron  spin  resonance  signals  observed  in  photo- 
synthetic  materials.  ^  ^ 

(10)  D.  Mauzerall  and  O.  Feher,  Biochim,  Biophys,  Acta,  79,  430 
(1964). 

(11)  B.  Commoner,  J.  Townsend,  and  O.  E.  Pake,  Nature,  174,4432 
(1954). 
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Abstract:  The  photochemical  conversion  of  T-methoxycycloheptatriene  to  l-niethoxybicycIo[3.2.0]hepta-3,6-diene 
is  shown  to  involve  initial  photoisomerization  to  1-methoxycycloheptatriene  followed  by  photochemical  valence 
isomerization  to  the  bicyclic  product;  Irradiation  of  1-methoxycycloheptatriene  gives  7-methoxycyclo- 
heptathene  and  the  bicyclic  valence  tautomer.  The  sigmatropic  reactions  of  order  [1,7]  involved  in  the  inter- 
conversion  of  7-methoxycycloheptatriene  and  1-methoxycycloheptatriene  are  shown  to  arise  from  singlet  states. 
The  1,7-hydrogen  shift  by  which  1-methoxycycloheptatriene  is  converted  to  7-methoxycycloheptatriene  is  remark- 
ably specific.  No  2-methoxycycloheptatriene  could  be  detected.  The  photochemical  valence  tautomerization 
of  1-methoxycycloheptatriene  to  l-methoxybicyclo[3.2.0]hepta-3,6-diene  is  shown  to  arise  from  a  singlet  state  of  the 
triene. 


Photoisomerization  of  cycloheptadienes,  cyclohep- 
tatrienes,  and  tropolones  to  unsaturated  de- 
rivatives of  bicyclo[3.2.0]heptane  is  one  of  the  most 
generally  applicable  photochemical  reactions. '  Irradia- 
tion of  cycloheptatriene  gives  both  toluene  and  bicyclo- 
[3.2.01hcpta-2,6-dienc.''*  Toluene  is  the  major  product 
in  the  vapor  phase^  and  the  bicyclic  valence  tautomer 
in  solution.*    Irradiation  of  certain  substituted  cyclo- 


o 


Ai^. 


to 


heptatrienes  gives  isomeric  cycloheptatrienes  by  1,7- 
hydrogen  shifts.*^    Thermal  isomerization  of  cyclo- 

(1)  A  preliminary  report  of  portions  of  this  research  has  been  pub- 
lished :  O.  L.  Chapman  and  O.  W.  Borden,  Proc.  Chem.  Soc,,  111  (1963). 
Portions  of  this  work  were  abstracted  from  the  thesis  of  O.  W.  Borden, 
Iowa  State  University,  1963.    Photochemical  Transformations.    XDC. 

(2)  (a)  Predoctoral  Fellow,  National  Institutes  of  Health,  1961-1963; 
(b)  Postdoctoral  Fellow,  National  Institutes  of  Health,  1965-1966. 

(3)  For  a  review  see  O.  L.  Chapman,  Adoan,  Photochem,,  1,  323 
(1963). 

(4)  R.  Srinivasan,/.  Am.  Chem,  Soc„  84,  3432  (1962). 

(5)  W.  O.  Dauben  and  R.  L.  Cargill,  Tetrahedron,  12, 186  (1961). 


heptatrienes  gives  rise  to  l,S-hydrogen  shifts  which  lead 
to  isomeric  cycloheptatrienes  when  substituents  are 
present.*  More  complex  thermal  isomerizations  are 
observed  with  7,7-disubstitutcd  cycloheptatrienes.  *® 

We  now  wish  to  report  a  photoisomerization  reaction 
which  is  anomalous  both  in  solution  and  in  the  vapor 
phase  with  respect  to  the  behavior  of  cycloheptatriene. 
Irradiation  of  7-methoxycycloheptatriene  or  7-ethoxy- 
cycloheptatriene  in  ether  solution  gives  in  each  case  the 
l-alkoxybicyclo[3.2.0]hepta-3,6-dienc.  Yields  in  excess 
of  90  %  have  bc^n  obtained,  and  vpc  and  nmr  analysis 
of  the  crude  reaction  mixture  shows  that  the  reactions 
are  essentially  quantitative. 

(6)  W.  von  E.  Doering  and  P.  P.  Caspar,  /.  Am,  Chem.  Soc,,  85, 
3043  (1963). 

(7)  W.  R.  Roth,  Angew.  Chem.,  75,  921  (1963). 

(8)  A.  P.  ter  Boorg  and  H.  Kloosterziel,  Rec.  Trao.  Chim,,  84,  241 
(1965). 

(9)  (a)  O.  BUchi  and  E.  M.  Burgess,  /.  Am.  Chem.  Soc.,  84,  3104 
(1962);  (b)  A.  P.  ter  Boorg,  H.  Kloosterziel,  and  N.  van  Meurs,  Proc. 
Chem.  Soc.,  359  (1962);  (c)  A.  P.  ter  Boorg,  H.  Kloosterziel,  and  N.  van 
Meurs,  Rec.  Trac.  Chim.,  82,  717,  741, 1189,  (1963);  (d)  E.  Weth  and  A. 
S.  Drdding,  Proc.  Chem.  Soc.,  59  (1964);  (e)  A.  P.  ter  Boorg  and  H. 
Kloosterziel,  Rec.  Trac.  Chim.,  84,  245  (1965);  (0  H.  J.  Dauben,  private 
communication. 

(10)  J.  A.  Berson  and  M.  R.  WUlcott,  HI,  /.  Am.  Chem.  Soc.,  87,  275 1, 
2752  (1965);  88,  2494  (1966). 
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The  ultraviolet  spectra  of  the  photoproducts  show 
no  maxima  above  220  m/i,  which  suggests  bridging  of  the 
ring.  The  nmr  spectra  of  the  photoproducts  Ila  and 
b  show  in  each  case  four  olefinic  protons,  three  protons 
on  saturated  carbon,  and  methoxyl  (Ila)  or  ethoxyl 
(lib)  protons.  The  presence  of  the  cyclobutene  double 
bond  could  be  detected  by  the  characteristic  coupling 
constant  (Ila,  2.9  cps)**  and  field  position  (Ila,  t  3.80; 
lib,  T  3.77).  The  first  indication  that  the  photoproducts 
were  not  the  simple  valence  tautomers  Ilia  and  b  was 
the  absence  of  a  resonance  characteristic  of  the  >CHOR 
group  in  the  nmr  spectra  of  the  tctrahydro  derivatives 
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of  the  photoproducts.  This  must  mean  that  the  alkoxyl 
functions  are  at  the  bridgehead  in  the  tetrahydro  de- 
rivatives Va  and  b  and  consequently  that  the  photo- 
products are  either  Ila  and  b  or  IVa  and  b.  A  decision 
in  favor  of  the  l-alkoxybicyclo[3.2.0]hepta-3,6-diene 
structures  (Ila  and  b)  was  possible  on  the  basis  of  the 
thermal  transformations  of  the  photoproducts.  When 
Ila  and  b  were  dropped  through  a  pyrolysis  column  pre- 
heated to  340-350°  the  sole  products  were  1-mcthoxy- 
cyclohcptatriene  (Via)  and  1-ethoxycycloheptatrienc 
(VIb)  respectively.  A  control  experiment  showed  that 
the  7-alkoxycyclohcptatrienes  (la  and  b)  were  converted 
only  partially  to  the   1-alkoxycycloheptatrienes  (Via 
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(1 1)  O.  L.  Chapman.  /.  Am.  Chem.  Soc,  85,  2014  (1963);  P.  Laszlo 
and  P.  von  R.  Schleyer,  ibid.,  85,  2016  (1963);  G.  V.  Smith  and  H. 
Kriloff.  ibid.,  85,  2017  (1963). 


and  b)  under  identical  conditions.^*  Irradiation  of  the 
1-alkoxycycloheptatrienes  gave  the  valence  tautomers 
Ila  and  b.  Confirmation  of  the  assigned  structures 
was  obtained  by  the  sequence  of  reactions  described 
below.  In  the  reduction  of  the  photoproducts  it  had 
been  noted  that  the  two  double  bonds  were  reduced 
at  difierent  rates.  Addition  of  1  equi  v  of  hydrogen  gave 
the  dihydro  derivative  VII  in  which  the  cyclobutene 
double  bond  had  been  selectively  reduced.  The  nmr 
spectrum  of  VII  showed  a  multiplet  at  r  4.30  due  to  the 
cyclopentene  protons.  The  characteristic  absorption 
of  the  cyclobutene  protons  (r  3.80)  was  no  longer 
present.  Hydroboration  followed  by  chromic  acid 
oxidation"  gave  1,4-cycloheptanedione  (VIII).  Hy- 
droboration and  oxidation  of  VII  could  give  rise  to  two 
possible  ketones  IX  and  X.    No  evidence  for  the  pres- 
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ence  of  X  was  obtained.  Tctrahydrophoto-7-tropolonc 
methyl  ether  (TX)  is  known  to  be  transformed  rapidly 
to  1,4-cycloheptanedione  in  acid  solution.  ^^  The  al- 
ternate structure  IVa  for  the  photoproduct  cannot  ac- 
count for  the  formation  of  VIII  since  the  oxygen  func- 
tions after  partial  reduction,  hydroboration,  and  oxida- 
tion of  IV  must  be  either  1,2  or  1,3  with  respect  to  each 
other  rather  than  1,4  as  required  by  the  formation  of 
VIII. 

Irradiation  of  7-methoxycycloheptatriene  at  low 
pressure  in  the  vapor  phase  gave  a  mixture  which  con- 
sisted of  7-methoxycycloheptatriene  (14%),  I-methoxy- 
cycloheptatriene  (38%),  and  l-methoxybicyclo[3.2.0]- 
hepta-3,6-diene  (48%).  This  was  the  first  indication 
that  1-methoxycycloheptatriene  might  be  an  isolable 
intermediate  in  the  formation  of  Ila  and  suggested  that 
the  reaction  in  solution  should  be  monitored  care- 
fully. 

The  photochemical  transformation  of  7-methoxy- 
cycloheptatriene was  monitored  by  ultraviolet  and 
nmr  spectroscopy  and  by  vapor  phase  chromatog- 
raphy. ^^  The  ultraviolet  spectra  of  the  solution  during 
irradiation  show  disappearance  of  the  2SS-mM  max- 
imum of  7-methoxycycloheptatriene  and  appearance 
and  decay  of  a  maximum  at  about  280  m/i.  Both 
vapor  phase  chromatography  and  nmr  spectra  show 
the  formation  and  destruction  of  an  intermediate  (Fig- 
ures 1  and  2).  Isolation  of  the  intermediate  and  com- 
parison of  spectra  identified  it  as  1-methoxycyclohep- 
tatriene (Via).  Careful  monitoring  of  the  photo- 
chemical rearrangement  of  7-methoxycycloheptatriene 
(la)  in  the  early  phase  of  the  reaction  showed  that  1- 
methoxycycloheptatriene  (Via)  was  the  sole  primary 
product  since  the  concentration  vs.  time  plot  for  this 
substance  extrapolated  to  zero  at  zero  time  (Figure  3). 

(12)  The  thermal  isomerization  of  7-methoxycycloheptatriene  has 
been  studied  in  detail.  *<*•'  The  first  product  from  7-methoxycyclobep- 
tatriene  is  3-methoxycycloheptatriene  and  the  second  is  I'methoxy- 
cycloheptatriene.  More  extensive  rearrangement  would  have  beeo 
observed  at  the  temperatures  used  except  for  the  very  short  residence 
time  in  the  pyrolysis  colunm. 

(13)  H.  C.  Brown  and  C.  P.  Oarg,  /.  Am.  Chem.  Sac.,  83,  29S1  (1961). 

(14)  O.  L.  Chapman  and  D.  J.  Pasto.  ibid.,  82,  3642  (1960). 

(15)  Under  the  conditions  of  the  analysis,  7-meihoxycycloheptatrieoe 
isomerized  to  3-methoxycycloheptatriene.  Both  l-methoxycydo* 
heptatriene  and  l-methoxybicyclo[3.2.0]hepta-3,6-diene  were  stabk  to 
the  conditions. 
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lar  extrapolation  for  l-methoxybicydo[3.2.0]- 
i-3,&sliene  (II^)  <li<l  n(>t  P^s  through  the  origin 
ire  3).  The  bicyclic  product  (lla)  thus  is  a  sec- 
ry  product  formed  only  after  l-methoxycyclo- 
itriene  is  formed.  It  should  be  noted  that  the 
lie  photoproduct  is  formed  very  early  in  the  reac- 
when  a  relatively  small  fraction  of  the  light  is  being 
'bed  by  Via.  The  photoisomerization  of  Via  to 
hus  must  be  &.  reasonably  efficient  process  (see 
-es  4  and  5  for  nmr  spectra  of  Via  and  lla,  re- 
ively). 

t  evidence  for  any  intermediate  beside  l-methoxy- 
heptatriene  was  obtained.  A  sequence  of  two 
ydrogen  transfer  processes  (known  to  occur 
lally^''  could  convert  7-methoxycycloheptatriene 
methoxycycloheptatriene.  If  this  were  the  case, 
thoxycycloheptatriene  would  be  an  intermediate 
;en  7-methoxycycloheptatriene  and  1-methoxy- 
heptatriene.  With  this  in  mind,  3-methoxycyclo- 
itriene  was  irradiated.  The  reaction  mixture  was 
complex  in  contrast  to  the  clean  reactions  of  7- 
oxycycloheptatriene  and  1-methoxycyclohepta- 
:.  The  crude  product  was  separated  into  two 
ions.    The  first  fraction  was  shown  to  contain  at 

three  bicyclic  compounds.  One  was  separated 
identified  as  l-methoxybicycIo[3.2.0]hepta-3,6-di- 

Tbe  other  two  bicyclic  compounds  were  not 
-ated.  Hydrolysis  of  the  mixture  gave  rise  to  in- 
d  carbonyl  absorptions  characteristic  of  five- 
bered  and  four-membered  ring  ketones  suggesting 
iresence  of  enol  ethers.  Reduction  of  the  mixture 
after  work-up,  bicycIo[3.2,01heptan-6-one  (XI) 
ified  by  comparison  of  its  infrared  spectrum  with 
of  an  authentic  sample.'*  The  formation  of  XI 
5  that  XII  and/or  XIII  is  present  in  the  mixture, 
second  fraction  consisted  of  a  mixture  of  mcthoxy- 
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>beptatrienes. "  The  nature  of  the  photoproducts 
3-methoxycycloheptatriene  makes  it  very  clear 
it  is  not  an  intermediate  in  the  photochemical  re- 
igements  of  7-metfaoxycyctoheptatriene. 
adiation  of  t-methoxycycloheptatriene  for  short 
■ds  of  time  gave  l-mettioxybicyclo[3.2.0]hepta-3,6- 
:  (Ila)  and  7-methoxycycloheptatriene  (la). 
ya  irradiation  gave  only  the  bicyclic  valence  tau- 
T  Ila.  A  photostationary  state  is  thus  established 
een  7-medioxycycloheptatriene  and  1-methoxy- 
iheptatriene  which  is  displaced  by  conversion  of 
thoxycycloheptatriene  to  l-methoxybicyclo[3.2.0]- 
i-3,6-diene.  Two  points  of  substantial  interest 
when  one  considers  the  reactions  involved.  First, 
is  it  that  the  1,7-hydrogen  shift  in  VI  is  so  specific. 

The  mode  of  rotmation  of  XI  is  not  complelely  dear.  It  misht 
e  reduclive  cleavage  of  the  elhcr  or  more  likely  hydrolysit  of  a 
'O  derivative  of  XII  or  XIII  in  work-up.  The  authentic  *ample  of 
t  prepared  by  D.  L.  Ouin,  Ph.D.  Theui,  Iowa  Slate  Univeriity, 

It  can  be  argued  that  the  mixture  of  methoxycycloheptatriena 
arliTact  reiulting  from  the  work-up  procxdure.  The  mixture  of 
c  compoundi,  however,  must  have  been  formed  in  a  pholochemi- 
>ccss  and  clearly  shows  that  the  photochemical  transforms tioni  of 
loxycydoheptairiene  are  lest  specific  than  thoK  of  7-metboiy- 
eptatriene  and  l-nKthoxycydoheplatriene. 


2  4  6 

Time  (hours) 

Figure  1.  Hot  of  per  cent  7-inethoxycycIoheptatriene  (la,  A),  ]• 
methoxycyclobeptatrieoe  (Via,  d),  uid  l-methoxyt»cyclo[3.2.Q). 
beptft-3,6Hliaie  (IIh,  -f )  cs.  tinx  of  irradiation. 

i.e.,  why  is  no  2-methoxycycloheptatriene  formed? 
Second,  why  is  Isomerization  to  the  bicyclic  valence 
tautomer  so  much  more  efficient  when  a  methoxyl 

I  VI  n 

«,R-C% 

group  is  present  in  the  t  position?'*  The  specificity  of 
the  1,7-hydrogen  shift  in  Via  is  even  more  dramatic 
when  considered  in  the  light  of  the  lack  of  specificity 
in  the  reactions  of  3-methoxycycloheptatriene  and  other 
substituted  cyctoheptatrienes.*~' 

The  multiplicities  of  the  states  responsible  for  the 
reversible  1,7-hydrogcnshiftsand  the  photoisomerization 
to  the  bicyclic  system  are  of  some  interest.  The  photo- 
isomerization of  7-methoxycycloheptatriene  to  1-meth- 
oxycyclohcptatriene  was  not  sensitized  by  acetophe- 
none  (£%  -^  74  kcal/mole)'*  and  was  not  quenched  by 
oxygen.  Thephotosensitization  experiments  with  7-meth- 
oxycycloheptatriene  were  very  clean  because  the  absorp- 
tion of  7-methoxycycloheptatricne  above  3400  A  is  nefji- 
^ble.  The  filter  system  used  had  zero  transmission 
below  3400  A  and  65%  transmission  at  3600  A.  All 
of  the  light  was  absorbed  by  the  sensitizer,  and  no 
reaction  could  be  detected  by  vpc  analysis.  Aceto- 
phenone  (£^  '^  74  kcal/mole)  should  have  a  sufficiently 
hi^  triplet  energy  to  transfer  energy  to  the  triene. 
The  triplet  energy  of  cycloheptatrienes  is  not  known  but 
should  lie  between  that  of  simple  olefins  (ethylene, 
82  kcal/mole)"  and  planar  triencs  (/;•»«- 1,3,5-hexa- 

(IS)  PbotoisomeiizBtion  of  cycloheptalriene*  in  solution  requires 
several  days'  irradiation  while  photoisotnerization  of  l-tnethoxycydo- 
heptatriene  under  comparable  conditions  requires  only  a  few  hours'  ir- 


(19)  W.  O.  Herkitroeter.  A.  A.  Lamola.  and  O.  S. 
Cktm.  Soe^  K,  4337  (1964). 

(20)  D.  P.  Evan*,  /.  Chm.  Soe.,  1735  (1960). 
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F!gure2.   Upper  ten,  7-tnethoxycydohQ)tatriaie(lB)  before  imdiatioa.    Rescmaace  poaitions  are  gjvm  on  the  r  .. 

tetramethyliilBnc    Upperjright,  sunpte  after  irradiation  for  X  am.    Lower  left,  sample  after  ifradiation  for  120  min.    Lower  rigbt, 
lainplc  after  irradiation  ttx  270  miQ. 


Figure  3.  Plot  of  per  cent  7-niethoxycycloheptatriene  (la,  A),  1- 
methoxycycloheptatriene  (Via,  a),  and  l-inethoxytncyclo{3.2.0]- 
bcpta-3,6Hliaie  (Ila,  +)  eu.  time  for  the  first  20  min  oficradiatioa 
(vpc  analyais). 


trieoe,  47  kcal/mole)"'  and  is  probably  somewhat  closer 
to  the  latter.**  Neither  the  convo^ion  of  l-methosy- 
cycloheptatriene  to  7-inethoxycycloheptatriene  nor  tite 
conversion  to  l-methoxybicyclo[3.2.0Ibepta-3.6-dieoe 
was  affected  significantly  by  oxygen.  No  evideoce  for 
photoscnsitization  of  either  process  by  acetophenoDC 
was  obtained.  The  photoscnsitization  experiments 
were  somewhat  more  complicated  in  this  case  because 
1-methoxycycloheptatriene  (Xna.  290  m^i)  has  sig- 
nificant absorption  above  3400  A  (eiuo  4. 1)  and  because 
it  gives  two  products.  The  results,  however,  make  it 
clear  that  reaction  is  much  slower  when  most  of  the 
light  is  absorbed  by  sensitizer.  When  enough  sensi- 
tizer is  present  to  absorb  >S8%  of  the  incident  light, 
reaction  is  too  slow  to  be  detected  in  the  usual  irradia- 
tion period  (1  hr). 

(21)  The  nonplantu'  giound  state  of  cycloheptatricnea  makes  it  diffi- 
cult to  extrapolate  the  available  results.  Purtbermorc,  it  i*  clear  ihtt 
ring  size  alfecli  triplet  energy  (1,3-cyclopcnIadiene,  Et  ••  S8.4;  1,3- 
cycloheudienc,  Ei  >■  53.3  kcal/moU)."  If  T-meihoxycydolKpa- 
triene  is  HUumed  to  have  a  singlet  (Si>-lriplet  (Ti)  gap  of  ttte  same  encriT 
as  rri»u-l,3,5-hexatricne  (J9.8  kcal/mole)"  and  tbe  maxiinuni  (1150  A) 
of  the  So  -•  Si  absorption  band  ii  used  as  a  measure  of  the  St  -^  & 
transition  energy,  the  result  is  an  estimated  triplet  eaagy  <^  atwut  S 
kcal/mole,  which  is  in  a  reasonable  range. 


^t^  American  ChmlcalSodety  /  89:12  {  June  7, 19tf7 
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Nuclear  magnetic  resonance  spectrum  of  1-methoxy- 
atriene  (Via).  Calibration  is  on  the  r  scale  relative  to 
stramethylsilane. 


^M    4/» 


Figure  5.  Nuclear  magnetic  resonance  spectrum  of  1-methoxy- 
bicyclo[3.2.0]hepta-3,6-diene  (Ila).  CMbration  is  on  the  r  scale 
relative  to  internal  tetramethylsilane. 


:ms  reasonable  to  conclude  that  the  reversible 
lemical  1,7-hydrogen  shift  between  7-methoxy- 
ptatricne  and  l-mcthoxycycloheptatriene  in- 
i  singlet  state  regardless  of  which  compound 
absorbs  the  light.  This  conclusion  is  in  accord 
i  recognized  inefficiency  of  intersystem  crossing 
conjugated  olefins.  ^  There  remains  a  question 
her  the  reaction  occurs  via  an  electronic  excited 
r  a  vibrationally  excited  ground  state.  The 
t  thermal  isomerization  gives  products  derived 
5-hydrogen  atom  shifts  does  not  preclude  reac- 
3  a  vibrationally  excited  ground  state.  No 
lental  distinction  between  the  two  possibilities 
able,  although  it  seems  reasonable  that  vibra- 
leactivation  would  be  extremely  rapid  in  solu- 
!)rbital  symmetry  arguments  also  suggest  that 
Tconversion  of  I  and  VI  occurs  via  electronic 
states.**  We  conclude  that  the  photochemical 
1  version  of  7-methoxycycloheptatriene  and  1- 
ycycloheptatriene  probably  proceeds  via  the 
inglet  excited  state  of  the  triene  in  each  case, 
jpecificity  of  the  photochemical  interconversion 
lethoxycycloheptatriene  and  1  -methoxycyclo- 
iene  is  of  special  interest.  Orbital  synunetry 
nts  suggest  that  photochemical,  suprafacial, 
opic  reactions  of  order  [1,7]  are  allowed  in 
ptatrienes."  This  suggestion  is  consistent  with 
lental  observation.*"*  A  single  sigmatropic 
f  order  [1,7]  is  possible  for  7-methoxycyclo- 
iene  and  leads  to  1-methoxycycloheptatriene. 
ated  sigmatropic  shifts  are  possible  for  1-meth- 
oheptatriene  which  should  lead  to  7-methoxy- 
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ptatriene  and  2-methoxycycloheptatriene.    Ex- 
itally,  only  the  sigmatropic  shift  leading  to  7- 

.  B.  Woodward  and  R.  Hoffmann,  /.  Am,  Chem,  Soc,,  87,  2S11 


methoxycycloheptatriene  is  observed.  Orbital  sym- 
metry arguments  apply  only  to  processes  in  which  the 
transition  state  has  some  element  of  symmetry.  Pre- 
viously developed  orbital  symmetry  arguments  for 
hydrogen  transfer  reactions  have  been  applied  only  to 
transfers  between  the  terminals  of  systems  of  the  type 
>CH(C=C)«.**  In  these  cases  the  synunetry  of  the 
highest  occupied  molecular  orbital  is  the  controlling 
factor.  The  transition  state  for  the  conversion  of 
Via  to  la  is  asynunetric,  and  simple  orbital  symmetry 
arguments  cannot  be  applied.    It  is  interesting  to  note, 
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however,  that  the  highest  occupied  molecular  orbital 
(^6,  XIV)  for  the  electronically  excited  nine-electron, 
eight-atom  ir  system*'  is  such  that  suprafacial  hydrogen 
transfer  from  position  1  to  position  7  with  continuous 
overlap  is  feasible,**  while  suprafacial  transfer  from 
position  1  to  position  2  with  continuous  overlap  is  not 
feasible. 

Photochemical  valence  isomerization  of  conjugated 
dienes  to  cyclobutenes  involves  singlet  excited  states 
in  certain  cases  and  triplet  excited  states  in  others. 
Srinivasan  has  shown  that  a  singlet  excited  state  is  the 
reactive  species  in  the  valence  isomerization  of  cyclo- 
heptatriene  and  has  provided  other  examples  of  valence 

(23)  The  ether  oxygen  atom  with  two  electrons  is  included  in  the 
basic  T  system. 

(24)  In  general,  for  systems  in  which  two  or  more  sigmatropic  reac- 
tions of  order  [1  J]  are  possible,  the  reaction  with  the  highest  value  of  J  is 
favored.  This  may  be  a  consequence  of  the  greater  degree  of  conjuga- 
tion in  the  transition  state  for  the  process  with  the  highest  value  of  J,** 
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tautomerization  via  singlet  excited  states.****^  Schenck 
and  co-workers'*  have  noted  photosensitization  of  the 
valence  tautomerization  of  c/5,c/5- 1,3-cyclooctadiene, 
and  Dauben  and  co-workers"  have  demonstrated 
photosensitization  of  the  valence  tautomerization  of 
1,1-bicyclohexenyl  and  have  provided  additional  ex- 
amples which  proceeed  via  sin^et  excited  states.  Liu^ 
has  shown  that  the  photosensitized  isomerization  of 
c/5,c/5- 1,3-cyclooctadiene  first  gives  c/5,rra/25- 1,3-cyclo- 
octadiene which  undergoes  thermal  cyclization  to  bi- 
cyclo[4.2.0]oct-7-ene  in  the  manner  described  by  Fonken 
and  co-workers.'*  Liu'^  has  suggested  that  a  similar 
sequence  of  reactions  may  occur  in  l,l'-bicyclohex- 
enyl. 

In  the  photoisomerization  of  1-methoxycyclohepta- 
triene  to  l-methoxybicyclo[3.2.0]hepta-3,6-diene  it  is 
clear  that  the  reaction  is  not  quenched  by  oxygen. 
Addition  of  acetophenone  to  the  solution  slows  the 
reaction  because  of  light  absorption  by  the  sensitizer. 
No  photosensitization  is  observed.  It  thus  seems  likely 
that  the  triplet  excited  state  is  not  involved  in  formation 
of  the  valence  tautomer  Ila.  This  again  poses  the 
problem  of  electronic  vs.  vibrational  excitation.  For- 
mation of  l-methoxybicyclo[3.2.0]hepta-3,6-diene  is 
favored  in  solution  but  not  in  the  vapor  phase.  This 
observation  strongly  suggests  that  the  reaction  proceeds 
through  an  electronic  excited  state  rather  than  a  vi- 
brationally  excited  ground  state.  Molecular  orbital 
arguments  also  suggest  that  an  electronic  excited  state 
is  the  species  responsible  for  valence  isomerization.* 

Experimental  Section 

Analytical  Tedmiques.  Nuclear  magnetic  resonance  spectra 
were  recorded  at  60  Mc  on  either  a  Varian  Associates  A-60  ana- 
lytical nmr  spectrometer  or  upon  a  Varian  Associates  HR-60  nmr 
spectrometer.  Infrared  spectra  were  recorded  on  a  Perkin-Elmer 
Model  21  double-beam  infrared  spectrophotometer.  Ultraviolet 
spectra  were  recorded  on  a  Beckman  DK-2A  ratio  recording  spec- 
trophotometer. Gas  chromatographic  analyses  were  performed 
on  an  F  &  M  Model  500  programmed  temperature  gas  chromato- 
graph  or  a  Perkin-Elmer  vapor  fractometer  using  helium  as  a 
carrier  gas  at  flow  rates  from  40  to  100  cc/min.  Individual  columns 
and  conditions  of  chromatography  are  described  as  they  appear  in 
the  Experimental  Section. 

Sohents.  Benzene  (Matheson  Coleman  and  Bell)  was  purified 
just  prior  to  use  by  the  method  of  Fieser.**  Ethyl  ether  (Mallinc- 
krodt)  was  distilled  from  phosphorus  pentoxide  and  stored  over 
sodium  wire.  Oxygen  was  removed  by  bubbling  nitrogen  gas 
through  these  solvents  for  1  hr  just  prior  to  use. 

FOter  Solution.  The  filter  solution  used  in  this  work  was  prepared 
by  dissolving  0.600  g  of  2,7-dimethyl-3,6-diazacyclohepta-l,6-diene 
perchlorate"  and  25  g  of  potassium  hydrogen  phthalate  in  1  1. 
of  water.  This  solution  (1  ml),  diluted  to  10  ml  with  water,  gave 
65%  transmission  of  light  at  3660  A  and  no  transmission  below 
3400A(l-cmpath). 


(25)  R.  Srinivasan.  J.  Am.  Chem.  Soc.,  84,  4141  (1962);  85.  4045 
(1963). 

(26)  G.  O.  Schenck  and  R.  Steinmetz,  Bull.  Soc.  Chim.  Beiges,  71. 
781  (1962). 

(27)  W.  G.  Dauben,  R.  L.  Cargill,  R.  M.  Coates,  and  J.  Saltiel,  /. 
Am.  Chem.  Soc.,  88,  2742  (1966);  W.  G.  Dauben,  Pure  AppL  Chem.,  9, 
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(28)  R.  S.  H.  Liu,y.  Am.  Chem.  Soc.,  89,  112(1967). 

(29)  K.  M.  Shumate,  P.  N.  Ncuman,  and  G.  J.  Fonken,  ibid.,  87, 
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(30)  R.  B.  Woodward  and  R.  Hoffmann,  ibid.,  87,  395  (1965);  H.  C. 
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and  Co.,  Boston,  Mass.,  1955,  p  282. 
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Preparation  of  T-Methoxycydoheptatrieiie  (I).  TYopilidine 
chloride  prepared  by  the  method  of  Kursanon"  was  used  to  prepare 
7-methoxycycloheptatriene  according  to  the  procedure  of  Doering 
and  Knox.** 

Preparation  of  3-Metlioxycyclolie|itatriene.  This  material  was 
was  prepared  in  76%  yield  by  the  method  of  Weth  and  Dreiding,*' 
bp  74-75'' (25  mm). 

Preparation  of  1-Metiioxycyclolieptatriene  (Via).  This  material 
was  prepared  in  63%  yield  from  7-methoxycycloheptathene  ac- 
cording to  the  method  of  Weth  and  Drdding,*^  bp  77-80''  (30  mm). 

Irradiation  of  7-Metlioxycyciolieptatriene.  A  solution  of  8.0 
g  (0.065  mole)  of  7-methoxycycloheptatnene  in  2.0 1.  of  anhydrous, 
oxygen-free  ether  was  irradiated  with  a  quartz-jaclceted  Hanovia 
immersion  lamp  (Type  A)  for  8  hr.  After  evaporation  of  the 
solvent,  the  residue  was  distilled  through  a  short  column  to  give 

9.4  g  (92%)  of  l-methoxybicyclo[3.2.0)hcpta-3,6-dicnc  [bp  39' 
(20  mm)].  This  was  the  highest  yield  obtained.  Yidds  varied 
substantially  (25-92%)  and  seemed  to  depend  on  the  amount  of 
polymerization  during  distillation.  Vapor  phase  chromatography 
(using  internal  standards)  and  nmr  analysis  of  the  crude  product 
showed  an  essentially  quantitative  yield  of  l-methoxyfoipyclo- 
[3.2.0]hepta-3,6-diene. 

Anai,  Calcd  for  CHioO:  C  78.65;  H,  8.25,  Found  C, 
78.83;    H.  8.36. 

l-EtboxyMcyclo[3.2.0]he|ita-3,6-diene.  A  solution  of  7-etb- 
oxycycloheptatriene  (10  g)  in  absolute  ether  (2  ml)  was  irradiated 
8  hr  with  a  Hanovia  immersion  lamp  (Type  A)  encased  in  a  quartz 
immersion  well.  Distillation  of  the  ethereal  solution  through  a 
short  Vigreux  column  gave  l-ethoxybicyclo[3.2.0Ihepta-3,6-diene 
(9.1g,91%),bp47*»(21mm). 

Anal,  Calcd  for  CtHuO:  C,  79.37;  H,  8.88.  Found:  C, 
79.53;  H,8.83. 

Pyroiysis  of  l-EtiioxyMcyclo[3^0]iie|ita-3/Miene.  1-Ethoxy- 
bicyclo[3.2.0]hepta-3,6-diene  (2.0  g)  was  dropped  into  a  preheated 
(340 ")  vertically  mounted  pyroiysis  column  packed  with  Pyrex 
helices  and  swept  through  with  a  stream  of  dry  nitrogen.  The  exit 
from  the  pyroiysis  column  was  connected  to  a  trap  immersed  in  a 
Dry  Ice-acetone  bath.  The  infrared,  ultraviolet,  and  nmr  spectra 
of  the  material  collected  in  the  trap  were  identical  with  those  of  an 
authentic  sample  of  1-ethoxycycloheptatriene. 

A  control  experiment  in  which  7-ethoxycycloheptatriene  was 
put  through  the  same  pyroiysis  column  at  340**  gave  only  30%  1- 
ethoxycycloheptatriene.  At  410''  complete  conversion  to  1- 
ethoxycycloheptatriene  was  achieved.  The  product  in  this  case 
was  isolated  in  71  %  yield. 

Pyroiysis  of  l-Metiioxyiiicycio[3.2.0]hepta-3,6-dieae.  l-Methoxy- 
bicyclo[3.2.0]hepta-3,6-diene  was  pyrolyzed  in  the  manner  de- 
scribed above  with  the  column  preheated  at  352"*.  The  product 
was  identified  by  comparison  of  spectra  with  an  authentic  samf^ 
of  1-methoxycycloheptatriene. 

In  a  control  experiment  pyroiysis  of  7-methoxycycloheptatriene 
at  350*^  in  the  same  column  gave  less  than  40%  conversioa  to  1- 
methoxycydoheptatriene.  At  420"*  conversion  was  comi^ete  and 
1-methoxycycloheptatriene  was  isolated  in  74%  yield. 

1-Etiioxybicyclo[3.2.0]heptane.  Platinum  oxide  (20  nig)  in 
carbon  tetrachloride  (3  ml)  was  prereduced,  and  l-ethoxybicyck>- 
[3.2.0]hepta-3,6-diene  (73  mg)  was  added.  The  solution  absorbed 
2.08  equiv  of  hydrogen.  After  filtration,  the  product  was  iso- 
lated by  preparative-scale  vapor  phase  chromatography  on  a 
Vi  in.  X  6  ft  Ucon  LB  550X  on  Chromosorb  P  (1 :5)  column.  The 
nmr  spectrum  of  the  product  showed  only  protons  on  saturated 
carbon. 

Anal.  Calcd  for  C»Hi^:  C,  77.14;  H,  11.43.  Found:  Q 
76.86;  H,  11.14. 

1-Methoxybicydo[3.2.0]heptane.  Platinum  oxide  (20  nog)  in 
carbon  tetrachloride  (3  ml)  was  prereduced.  l-Methoxybicyclo- 
[3.2.0]hepta-3,6-diene  (97  mg)  was  added.    The  solution  absorbed 

2.05  equiv  of  hydrogen.  The  product  was  separated  by  prepara- 
tive-scale vpc  as  described  above.    The  nmr  spectrum  of  the  prod- 


(33)  This  preparation  was  first  reported  by  D.  N.  Kursanon  and  M.  E 
Volpin,  Dokl.  Akad.  Nauk  SSSR,  113,  339  (1957).  Since  that  time, 
other  workers *«  have  suggested  that,  while  this  preparation  yielded  a 
compound  whose  chemical  properties  were  essentially  the  tame  as  tro- 
pilidine  chloride,  in  actual  fact  a  chlorophosphorus  complex  vis 
formed  with  cycloheptatriene. 

(34)  D.  Bryce-Smith  and  N.  A.  Perkins,  J.  Chem.  Soc.,  1339  (1962). 

(35)  W.  von  E.  Doering  and  L.  H.  Knox,  J.  Am.  Chem.  Soc.,  76, 3203 
(1954). 
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'cd  only  protons  on  saturated  carbon  and  the  methoxyl 

Cakd  for  QHuO:    Q  76.19;    H,  11.11.    Found:    Q 

,11.16. 

Ptiase   IrradiatkMB   of  T-Methoxycydoheptatrieiie*    The 

s  used  consisted  of  a  vacuum  line  containing  two  cold 
nected  by  a  coil  made  from  a  12-ft  length  of  10  nun  (o.d.) 
bing.    The  coil  was  4  in.  high  and  3  in.  in  diameter.    A 

lamp  (Type  A)  was  mounted  in  the  center  of  the  coiL 
cycydoheptatriene  (1.2  g)  was  introduced  into  one  trap 
ed  in  Dry  ice-acetone.  The  system  was  then  evacuated 
nm.  The  Dry  Ice-acetone  bath  was  then  moved  to  the 
ip  and  the  7-methoxycycloheptatriene  slowly  distilled 
the  coil  to  the  other  trap.  This  distiUatioa  was  repeated 
id  the  condensed  liquid  was  recovered.  Vpc  analysis 
7-methoxycycloheptatriene  (14%),  1-methoxycyclohepta- 
1%),  and  l-methoxybicyclo[3.2.0)hepto-3,6-diene  (48%). 
ioxybicyclo[3^.0]hept-3-eiie.  A  solution  of  1-methoxy- 
.2.0]hepta-3,6-diene  (2.74  g)  in  carbon  tetrachloride  con- 
9%  platinum  on  charcoal  (50  mg)  was  permitted  to  absorb 
of  hydrogen.  Vpc  analysis  of  the  product  showed  one 
3mponent  (95%).  The  nmr  spectrum  of  the  product 
3nly  traces  of  residual  absorption  due  to  the  cyclobutene 
)ut  showed  a  strong  resonance  at  r  4.30  for  the  cyclopentene 

The  product  proved  to  be  rather  sensitive  and  was  used 
a  step  without  further  purification. 
■sioii  of  l-Medioxyblcyclo[3.2.0]hept-^-eiie  to  lyl-Cyclo- 
kNie.  A  mixture  of  sodium  borohydride  (0.55  g)  and 
js  zinc  chloride  (0.1  g)  in  anhydrous  ether  (20  ml)  was 
or  1.4  hr  under  a  nitrogen  atmosphere.  A  solution  of 
(ybicyclo[3.2.0]hept-3-ene  (6.2  g)  in  anhydrous  ether  (15 
added.**  Boron  trifluoride  etherate  (2.2  g)  in  anhydrous 
ml)  was  added  dropwise  during  1  hr.  After  stirring  for  2 
s  hydride  was  destroyed  with  water  (2  ml).  A  solution  of 
lichromate  (12.5  g)  in  sulfuric  acid  (4  ml  of  concentrated, 
3  25  ml  with  water)  was  added  over  a  15-min  period.  After 
inder  reflux  for  2  hr,  the  upper  layer  was  separated,  and  the 
queous)  layer  was  extracted  twice  with  ether  (10  ml), 
ibined  ether  solutions  were  dried  over  magnesium  sulfate 
fully  concentrated  to  20  ml.  Treatment  of  a  5-ml  portion 
olution  with  2,4-dinitrophenylhydrazine  in  ethanolic  add 
ter  recrystallization  from  nitrobenzene-ethanol,  orange 

mp  242-243**.  These  crystals  were  identified  as  1,4- 
tanedione  bis(2,4-dinitrophenylhydrazone)  by  mixture 
point  with  an  authentic  sample  and  comparison  of  infra- 
tra.  Analysis  of  the  renuunder  of  the  ether  solution  by  vpc 
only  ether  and  1,4-cycloheptanedione.  Vpc  analysis  using 
lal  standard  (/i-butyl  ether)  gave  an  estimated  yield  of  1,4- 
tanedione  of  21%  (based  l-methoxybicyclo[3.2.0]hepta- 

ition  of  3-Methoxycycloheptatrieiie.  A  solution  of  3- 
cycloheptatriene  (8.5  g)  in  ether  (2  1.)  was  irradiated  for 
.h  a  Hanovia  mercury  lamp  (Type  A)  in  a  quartz  immersion 
vaporation  of  the  ether  and  distillation  gave  an  oil  (4.74  g) 
['^  g).  The  oil  was  separated  into  two  fractions  by  prep- 
cale  vpc  (F  silicone  column),  A  (1.23  g)  and  B  (680  mg). 

(vpc)  of  fraction  A  showed  the  presence  of  three  com- 
Careful  separation  of  fraction  A  (1  g)  by  preparative- 
c  (diiscdecyl  phthalate  column)  gave  1-methoxybicyclo- 
pta-3,6-diene  (50  mg)  and  a  mixture  of  two  other  bicyclic 
ids  (530  mg).  Reduction  of  the  nuxture  of  bicyclic  com- 
(530  mg)  in  ethyl  acetate  (2.5  ml)  containing  5%  Pd-C, 
t,  and  removal  of  the  solvent  gave  a  colorless  oil  (500  mg). 
lysis  of  the  oil  showed  the  presence  of  at  least  three  com- 
Separation  of  the  oil  by  preparative-scale  vpc  (Ucon 
<  column)  gave  fractions  A-1  (50  mg),  A-2  (18  mg),  and 

mg).    Fraction  A-1  showed  only  saturated  protons  (in- 

CH30CH<  absorption).  A-2  also  showed  OCHi  ab- 
.  A-3  was  identified  as  bicydo[3.2.0]heptan-6-one  by 
son  of  its  infrared  spectrum  with  that  of  an  authentic 
*    The  ultraviolet  absorption  of  fraction  B  suggested  that 

mixture  of  isomeric  methoxycycloheptatrienes.  This  was 
xi  by  the  nmr  spectrum  of  the  mixture.  Comparison  of 
'  spectrum  of  the  mixture  with  the  spectra  of  authentic 

of  the  isomeric  methoxycydobeptatrienes  suggested  the 
i  of  1-,  2-,  and  3-methoxycycloheptatrienes. 


A  portion  of  A  (230  mg)  in  ethanol  (0.5  ml)  and  1 N  sulfuric  add 
(0.5  ml)  was  heateid  on  a  steam  bath  for  30  min.  Extraction,  dry- 
ing, and  removal  of  the  solvent  gave  an  oil  which  showed  infrared 
absorption  at  5.62, 5.78  (sh),  5.87,  and  6.04  /i. 

Monitored  Irradiatioiis  of  T-MethoxycydolieiitetricBe.  A.  A 
solution  of  7-methoxycycloheptatriene  (8.0  g)  in  oxygen-free  ether 
(1.75  1.)  was  irradiated  with  a  Hanovia  mercury  lamp  (Type  A) 
in  a  quartz  immersion  well.  Samples  (50  ml)  were  withdrawn 
every  30  min  and  analyzed  by  ultraviolet,  vpc,  and  nmr  methods. 
The  ultraviolet  analysis  showed  steady  decrease  of  the  255-n^ 
maximum  of  7-methoxycycloheptatriene,  buildup  of  a  broad  max- 
imum at  280  m/if  and  decay  of  the  280-nvi  maximum.  Vpc  analysis 
(F  silicone,  80°)  gave  the  plots  shown  in  Figure  1  which  show  the 
formation  and  destruction  of  an  intermediate.  The  nmr  analysis 
showed  steady  decrease  in  the  OCH«  signal  (r  6.63)  of  7-methoxy- 
cydoheptatriene,  rapid  formation  of  a  new  OCHt  signal  (r  6.47) 
at  lower  fidd  and  a  Ciit  signal  (r  7.55,  doublet,  y«pp  ->  7.4  cps)*^ 
due  to  l-methoxycydoheptatriene,  and  slower  formation  of  a  OCHi 
signal  (r  6.76)  and  CHt  signal  (r  7.62)  due  to  1-methoxybicyclo- 
[3.2.()Ihepta-3,6-diene.  As  the  reaction  progressed,  the  signals 
characteristic  of  7-methoxycycloheptatriene  disappeared  first,  then 
the  signals  characteristic  of  the  intermediate  (1-methoxycyclohepta* 
triene)  disappeared,  leaving  only  signals  due  to  1-methoxybicyclo- 
[3.2.0]hepta-3,6-diene. 

B.  A  solution  of  7-methoxycycloheptatriene  (8.0  g)  in  ether 
(1.75  1.)  was  irradiated  as  described  above.  Samples  were  with- 
drawn every  5  min  and  analyzed  by  vpc.  The  results  obtained 
are  plotted  in  Figure  2.  It  is  clear  that  l-methoxybicyclo[3.2.0]- 
hepta-3,6Kliene  is  not  formed  until  a  significant  amount  of  the  inter- 
mediate (1-methoxycycloheptatriene)  is  formed.  The  bicyclic 
product  thus  is  not  a  primary  photoproduct  of  7-methoxycyclo- 
lieptatriene. 

C.  A  solution  of  7-methoxycycloheptatriene  (8.0  g)  in  ether 
(1.75  1.)  was  irradiated  as  described  above  for  2  hr.  Evaporation 
of  the  ether  gave  the  crude  mixture  of  photoproducts.  llie  crude 
product  showed  three  components  (vpc).  Separation  of  1  g  of 
the  mixture  by  preparative-scale  vpc  gave  l-methoxybicyclo[3.2.0]- 
hepta-3,6-diene  (190  mg),  1-methoxycycloheptatriene  (100  mg), 
and  3-methoxycyGloheptatriene  (thermal  rearrangement  product  of 
7-methoxycycloheptatriene,  120  mg).  The  products  were  identified 
by  comparison  of  spectra  with  those  of  authentic  samples. 

Irradiation  of  l-Methoxycyddieptatriene.  A  solution  of  1.4 
g  (0.012  mole)  of  l-methoxycydoheptatriene  in  2  1.  of  anhydrous 
ether  was  irradiated  for  9  hr  with  a  quartz-jacketed  Hanovia  im- 
mersion lamp  (Type  A).  The  solution  was  concentrated  on  a 
rotary  evaporator  and  distilled,  giving  l-methoxybicyclo[3.2.0]- 
hepta-3,6-diene  (0.6  g  43%)  identified  by  comparison  of  nuclear 
magnetic  resonance  and  infrared  spectra  with  that  of  a  sample 
prepared  by  the  irradiation  of  7-methoxycycloheptatriene.  No 
attempt  to  maximize  the  yield  was  made. 

Short-Term  Irradiation  of  l-Methoxycydoheptatrieiie.  A  solu- 
tion of  1-methoxycycloheptatriene  (500  mg)  in  oxygen-free  benzene 
(250  ml)  was  irradiated  for  1  hr  using  a  Pyrex-jacketed  Hanovia 
immersion  lamp  (Type  A).  The  solvent  was  distilled  off,  and  the 
nmr  spectrum  of  the  crude  reaction  mixture  was  taken.  Three 
peaks  in  the  methoxy  region  were  observed  and  identified  as  bdng 
due  to  7-methoxycycloheptatriene,  l-methoxycydoheptatriene, 
and  l-methoxybicyclo[3.2.0]hepta-3,6Kliene.  Integration  of  these 
three  peaks  showed  that  the  7-methoxy  compound  composed  ap- 
proximately 20%  of  the  total  product  mixture.  Formation  of  7- 
methoxycydoheptatriene  could  also  be  followed  by  the  appearance 
of  its  characteristic  ultraviolet  absorption  at  255  mn. 

Irradiation  of  7-Metboxycydoheptatriene  in  the  Pretence  and 
Aboence  of  Oxygen.  A  solution  of  1 .0  g  (0.0082  mole)  of  7-meth- 
oxycydoheptatriene  in  240  ml  of  oxygen-free  benzene  was  irradiated 
with  a  Pyrex-jacketed  Hanovia  immersion  lamp  (Type  A)  for  3  hr. 
The  solvent  was  evaporated  from  a  50-ml  aliquot,  and  the  nmr 
spectrum  of  the  residue  was  taken.  The  amount  of  reaction  was 
estimated  by  comparing  the  integral  ratios  of  the  peaks  due  to  the 
methoxy  groups  of  I,  II,  and  III.  This  integration  gave  the  values 
la  (38  %),  Via  (1 7  %),  and  Ila  (45  %). 

The  experiment  was  repeated  using  oxygen-saturated  benzene 
and  bubbling  oxygen  through  the  mixture  during  the  reaction. 
The  nmr  spectrum  of  the  crude  product  showed  la  (22%),  Via 
(14%),  and  Ila  (64%).  Errors  in  the  integration  are  relatively  large 
(:klO%),  but  it  is  clear  that  continuous  saturation  of  the  solution 
with  oxygen  does  not  quench  the  reaction. 


he  procedure  used  was  adapted  from  that  of  Brown  and 


(37)  The  apparent  splitting  probably  is  not  a  true  coupling  constant 


Borden^  Chapman^  Swindell,  Tezuka  /  Photochemical  Coitoersion  of  l-Mei\iox>^vfAc^ 
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Irradiation  of  l-Metiioxycyclobeptatrieiie  in  the  Prefence  and 
AlMenoe  of  Oxygen.  A  solution  of  1-methoxycycloheptatriene 
(500  mg)  in  oxygen-free  benzene  (250  ml)  was  irradiated  with  a 
Pyrex-jacketed  Hanovia  immersion  lamp  (Type  A)  for  1  hr.  A 
50-ml  aliquot  of  this  solution  was  taken,  and  the  solvent  was  re- 
moved. Examination  of  the  residual  oil  by  nmr  showed  la  (21  %), 
Via  (55%),  and  Ila  (24%). 

The  same  scale  experiment  was  repeated  using  oxygen-saturated 
benzene  (oxygen  was  bubbled  through  the  solution  throughout  the 
period  of  irradiation).  After  1-hr  irradiation,  nmr  analysis  showed 
la  (19  %),  Via  (59  %),  and  Ila  (22  %). 

Irradiation  of  7-Methoxycycioheptatrieiie  in  the  Presence  and 
Absence  of  Acetophenone.  A  solution  of  100  mg  (0.0082  mole)  of 
7-methoxycycloheptatriene  in  5  ml  of  oxygen-free  benzene  was 
prepared.  This  solution  (1  ml)  was  placed  in  each  of  two  Pyrex 
nmr  tubes.  To  one  of  the  tubes  30  mg  of  acetophenone  was  added, 
then  both  were  sealed.  The  tubes  were  irradiated  with  a  Pyrex- 
jacketed  Hanovia  immersion  lamp  (Type  A)  through  a  2-mm-thick 
layer  of  filter  solution  (described  above).  At  appropriate  intervals 
the  tubes  were  removed,  and  the  nmr  spectra  were  run.  After 
12-hr  irradiation  no  significant  reaction  had  occurred  in  either 
tube. 


Irradiation  of  l-Methoxycycloheptatriene  in  the 
Abaence  of  Sensitizers.  These  irradiations  were  carried  out  using 
nmr  tubes  as  described  above.  However,  in  this  case,  after  1-hr 
irradiation  ca,  50%  of  the  1-methoxycycloheptatriene  had  re- 
arranged to  a  mixture  of  7-methoxycycloheptatriene  and  l-methoxy- 
bicyclo[3.2.0]hepta-3,6-diene.  Addition  of  1  molar  equiv  of 
acetophenone  definitely  slowed  down  the  rearrangement  while  i 
10  molar  equiv  excess  of  acetophenone  effectively  halted  the  re- 
arrangement as  did  1  equiv  of  benzophenone.  At  the  concentra- 
tions used  (0.16  M  in  substrate  and  sensitizer)  l-methoxycydobep- 
tatriene  (cikm  4.1)  had  a  slightly  higher  absorbaace  (0.65  at  3600  A) 
than  acetophenone  [cikm  3.1 ;  ^4  (0.16  Af)  =  0.49].  Using  0.16  M 
l-methoxycycloheptatriene  and  1.6  Af  acetophenone,  the  respective 
absorbances  were  0.65  and  4.90.  In  this  case  >88  %  of  the  incident 
light  is  absorbed  by  the  acetophenone.  No  reaction  could  be  de- 
tected after  1-hr  irradiation.  Benzene  absorption  is  not  a  problem 
(€1400  4.44  X  10-*;  ckoo  «  0). 
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Abstract :  The  mechanism  of  the  facile  isotope  exchange  between  aryhnercuric  compounds  in  solution  and  metallic 
mercury  was  examined.  All  reasonable  mechanisms  except  a  true  isotopic  exchange  at  the  surface  of  the  liquid  are 
eliminated.  The  reaction  rate  is  not  significantly  limited  by  mass  transport  in  either  phase.  The  reaction  shows  a 
real  but  small  solvent  dependence  which  is  not  correlated  with  the  solubility  of  the  substrate  or  any  common  solvent 
parameter.  This  and  the  value  of  AS=*=  favor  a  rate-determining  chemisorbtion  step.  The  efficiency  of  sub- 
strate collisions  with  the  metal  is  much  higher  than  that  of  collisions  with  the  H^  atoms  in  solution  for  bringing 
about  exchange,  suggesting  a  rate-determining  electron  transfer.  Reactivity  seems  to  be  in  the  order  RHgl  > 
RHgBr  >  RHgCl  >  RHgOAc  »  RHgR.    An  over-all  mechanism  is  proposed. 


Several  years  ago  Reutov  and  Ostapchuk'  reported 
that  the  isotope  exchange  shown  in  eq  1,  rather 
surprisingly,  proceeded  under  mild  conditions  in  a 
variety  of  solvents.    Halogen  atoms,  aryl  groups,  and 

RiHgR,  +  »»Hgo  ^i^  Ri*"HgR,  -f  Hg«  (1) 

certain  special  alkyl  groups  can  be  used  as  Ri  and  Ra.*~* 
The  original  report  has  been  confirmed  and  extended  in 
a  series  of  papers  by  Reutov  and  his  co-workers,'  and  by 
Pollard  and  Westwood.**^  The  most  important  find- 
ings of  these  workers  have  been  that  the  reaction  could 
be  carried  out  under  conditions  where  its  rate  was  not 
transport  controlled,  and  that  it  was  totally  unac- 
companied by  chemical  changes.    In  the  case  that  Ri 

(1)  (a)  Supported,  in  part,  by  the  Petroleum  Research  Foundation 
through  Grant  PRF  1912-A3.4;  (b)  Sloan  Foundation  Fellow,  1960- 
1964;  (c)  Du  Pont  Teaching  Assistant  Awardee,  1963-1964;  American 
Oil  Foundation  Fellow,  1964-1965;  Shell  Oil  Co.  Summer  Fellow,  1963; 
National  Science  Foimdation  Summer  Fellow,  1964;  Du  Pont  Summer 
FeUow,  1966. 

(2)  O.  A.  Reutov  and  G.  M.  Ostapchuk,  Doki  Akad,  Nauk  SSSR, 
117,826(1957). 

(3)  O.  A.  Reutov,  Angew,  Chem.,  72,  198  (1960);  other  papers  by 
Reutov  and  his  co-workers  are  referred  to  here. 

(4)  D.  R.  Pollard  and  J.  V.  Westwood,  J.  Am.  Chem.  Soc.,  87,  2809 
(1965). 

(5)  D.  R.  Pollard  and  J.  V.  Westwood,  ibid..  88. 1404  (1966). 


or  Ra  is  optically  active  there  is  not  even  a  loss  of  optical 
activity  accompanying  the  exchange.*  From  these 
observations,  and  others,  a  mechanism  involving  a  four- 
center  transition  state  was  deduced. 

The  present  paper  describes  the  exchange  between 
/^methoxyphenylmercurials,  RHgX»  and  elemental 
mercury.  In  contrast  with  previous  work  the  rate  of 
encounter  of  the  substrate  with  the  surface  can  be  cli- 
mated. The  surface  area  and  conditions  were  more 
closely  controllable  than  those  of  previous  invcti- 
gators.  A  much  wider  range  of  substrate  concentra- 
tions was  conveniently  studied  by  labeling  the  organo- 
mercurial  rather  than  the  elemental  mercury.  The 
effect  of  solvent  on  reactivity  and  the  solubility  of  the 
substrate  in  the  same  solvents  were  extensively  studied. 
The  effect  of  varying  X,  through  the  halogens  and  ace- 
tate, was  studied.  An  upper  limit  was  placed  on  the 
rate  of  the  analogous  reaction  in  homogeneous  solu- 
tion. The  findings  that  the  exchange  is  intofacial, 
largely  unlimited  by  mass  transport,  and  unaccompa- 
nied by  chemical  reactions  were  confirmed.  Surface 
encounters  are  at  least  several  orders  of  magnitude 
more  effective  than  encounters  with  mercury  atoms  in 
solution  for  producing  exchange.    This  finding,  com- 
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Figure  1.  A  typical  plot  of  log  (Ct  —  C.)  as  a  function  of  /  for  a 
homogeneous  reaction;  (RHgBr)  was  1.38  X  10-*  M.  and  (Hg») 
was  0.99  X  10-»  M. 


bined  with  the  other  findings,  suggests  that  electron 
transfer  from  the  substrate  to  the  metal  is  rate  deter- 
mining for  the  exchange. 

Results 

It  can  be  shown*  that  an  isotopic  exchange  reaction 
in  which  a  given  element  is  exchanged  between  two  dif- 
ferent chemical  environments  follows  the  rate  law 
shown  in  eq  2  within  any  given  experiment  regardless 
of  the  mechanism  of  the  exchange.    In  eq  2  /:  is  the 


fc  = 


ab     2.303 


a  +  bt  —  u 


log 


/Co  -  Cc\ 
\Ct  -  Cj 


(2) 


constant  rate  of  exchange  of  labeled  atoms  between  the 
two  environments,  with  units  of  M  sec~^;  a  and  b  are 
the  concentrations  of  labeled  substances  in  the  two 
environments;  /o  is  the  time  at  which  exchange  was 
begun ;  /,  the  time  at  which  it  was  interrupted ;  d  is 
the  counting  rate  at  time  /.  Equation  2  is  applicable 
to  heterogeneous  as  well  as  homogeneous  exchange 
reactions  as  long  as  the  labeled  atom  does  not  accumu- 
late significantly  in  the  interfacial  region.  The  disap- 
pearance of  radioactivity  from  the  labeled  starting 
material  was  accurately  described  by  eq  2,  within  the 
precision  of  the  measurements,  except  where  otherwise 
noted.  Rate  constants,  fc,  were  obtained  by  inspection 
from  linear  plots  of  log  {Ct  —  C„)  as  a  function  of  time. 
Typical  examples  of  such  plots,  for  homogeneous  and 
heterogeneous  reactions,  are  shown  in  Figures  1  and  2. 

Equation  2  is  limited  to  exchange  reactions  which  are 
unaccompanied  by  any  net  chemical  change.  The 
absence  of  such  change  was  verified,  in  the  present 
system,  for  a  5.4  X  10~*^  M  solution  of  RHgBr  in 
methanol,  exchanging  with  a  2S-g  sample  of  liquid 
mercury  (2.0-cm'  surface  area).  The  ultraviolet  spec- 
trum of  the  RHgBr  solution  was  not  detectably  di- 
minished during  ten  half-lives  of  exchange.  About 
2%  diminution  would  have  been  clearly  detectable. 

Homogeneous  Solution.  Four  rates  were  measured 
at  25^  in  homogeneous  benzene  solution,  with  initially 
labeled  RHgBr,  using  analytical  reagent  grade  ben- 
zene. (The  solubility  of  mercury  in  benzene  is  1.2  X 
10-»  M  at  25*^.0    The  half-lives  were  about  2  days. 

(6)  O.  Meyers  and  R.  J.  Prestwood  in  "Radioactivity  Applied  to 
Chemistry/'  A.  C.  Wahl  and  N.  A.  Bonner.  Ed.,  John  Wiley  and  Sons, 
Inc.  New  York.  N.  Y.,  1951,  pp  9  and  34. 
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Figure  2.  A  typical  plot  of  log  (d  —  CoJ  as  a  function  of  /  for  a 
heterogeneous  reaction;  (RHgBr)  was  4.35  X  10~*  Af,  and  25.0  g 
of  H^  was  used,  giving  a  surface  area  of  2.0  cm.  *  The  temperature 
was25^ 


The  resultant  k  values  are  shown  in  Table  I.  The  data 
are  too  scanty  and  imprecise  to  permit  the  establish- 
ment of  a  kinetic  order  with  respect  to  either  reagent, 
but  if  the  reaction  is  assumed  to  be  first  order  in  each 
reagent  the  second-order  rate  constants,  k^,  shown  in 
Table  I  are  obtained.  Their  average  is  0.25  ±  0.05 
Af-^sec-^ 

Table  I.    Rate  of  Exchange  in  Homogeneous  Benzene  Solution 


lO'it, 

^t. 

(RHgBr), 

(H8«), 

Af-i 

Af-i 

10»Af 

10*  Af 

sec"* 

sec""* 

0.69 

0.69 

1.3 

0.27 

0.69 

0.82 

0.8 

0.15 

1.03 

0.82 

2.2 

0.27 

1.38 

0.99 

4.4 

0.33 

Some  of  the  scatter  may  be  due  to  catalysis  by  im- 
purities. When  the  same  reaction  was  carried  out  in 
a  poorer  grade  of  solvent  k  was  larger  by  a  factor  of 
about  5  at  comparable  concentrations.  If  the  kinetic 
order  is  incorrect,  then  the  true,  bimolecular,  rate  con- 
stant would  be  smaller  yet.  For  these  reasons,  the 
value  of  kt  given  is  more  likely  too  large  than  too  small. 

Work  on  homogeneous  solutions  was  not  carried 
further  because  of  the  long  half-lives  and  experimental 
difficulties  involved. 

Heterogeneous  Exchange.  Heterogeneous  exchange 
experiments  were  carried  out  in  a  round-bottomed  flask 
with  a  mechanical  stirrer  and  openings  for  the  addition 
and  withdrawal  of  materials.  It  is  identical  with  that 
previously  described,^  except  that  it  had  an  indentation 
in  the  bottom  of  the  flask  to  help  stabilize  the  mercury 
sample  and  a  piece  of  speedometer  cable  between  the 
stirring  motor  and  the  stirrer  to  reduce  vibration  of 
the  flask.  This  apparatus  does  not  break  up  the 
mercury  sample  at  the  stirrer  speeds  used. 

In  the  heterogeneous  experiments  the  concentration 
of  mercury  in  liquid  mercury  (68  g-atoms  1.-^  is  higher 
by  a  factor  of  10^  than  the  highest  solution  concentra- 
tion used,  and  the  quantity  of  mercury  in  the  liquid  is 

(7)  E.  H.  Klehr,  Ph.D.  Thesis,  Iowa  State  University,  1959. 

(8)  P.  Warrick,  Jr.,  E.  M.  Wewerka,  and  M.  M.  Kreevoy,  7.  Am, 
Chem.  Soe„  85, 1909  (1963). 
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Figure  3.  Typical  curved  plot  of  log  (Q  —  C^)  as  a  function  of  /  at 
low  (RHgBr).  The  (RHgBr)  was  6.93  X  lO"*  Af  in  benzene ;  25  g  of 
Hg<^  was  used  (2.0-cm>  surface  area)  at  600  rpm  and  25 ''.  The  solid 
line  corresponds  to  a  A:i  of  1.8  X  10~*  sec~^ 


higher  by  a  factor  of  10'  than  that  in  solution,  so  eq  2 
reduces  to  eq  3,  in  which  a  is  the  concentration  of 


k/a  =  2.303/(/  -  /o)  log  (Co/C|) 


(3) 


RHgX. 

Order  With  Respect  to  RHgBr.  A  series  of  experi- 
ments was  carried  out  with  varying  concentrations  of 
RHgBr  in  benzene,  2S.0-g  samples  of  Hgf^  (giving  a 
2.0-cm*  surface  area)  at  25**  and  a  stirring  rate  of  600 
rpm.  These  were  designed  to  test  the  reproducibility 
of  the  results  and  determine  the  order  with  respect  to 
RHgBr.  The  results  are  shown  in  Table  II.  On 
repetition  of  an  experiment  without  altering  the  ap- 
paratus reproducibility  of  better  than  10%  could 
usually  be  obtained.  However,  if  the  apparatus  was 
disassembled  and  reassembled  on  another  day,  a  dis- 
crepancy of  almost  a  factor  of  2  could  sometimes  be 
observed.  This  is  exemplified  by  the  results  at  3.31  X 
10-^  M  RHgBr  and  3.82  X  10-^  M  RHgBr.  Vibration 
of  the  apparatus  is  probably  the  cause  of  this  variability. 
Reaction  was  notably  faster  when  the  apparatus  was 
visibly  vibrating.  Within  these  limits  the  results  in 
Table  II  are  consistent  with  first-order  behavior,  and 
with  no  other  simple  order.  The  first-order  rate  con- 
stants, ku  given  by  /c/a,  may  show  a  slight,  systematic, 
trend  toward  higher  values  at  lower  (RHgBr).  Dis- 
regarding any  drift,  the  average  value  of  ki  was  1.6  X 
10~^  sec"^  with  an  average  deviation  from  the  mean 
of  0.4  X  10-^  sec- ^ 

At  (RHgBr)  <  2  X  10~^  M  curvature  was  increasingly 
apparent  in  plots  of  log  (C|  —  C.)  as  a  function  of  /. 
Such  a  plot  is  shown  in  Figure  3.  The  origin  of  the 
curvature  is  not  known,  but  it  is  probably  associated 
with  the  loss  of  a  small  quantity  of  RHgBr  from  solu- 
tion, significant  by  comparison  with  the  very  small 
quantities  initially  involved.  The  terminal  slope  of  such 
plots  gave  ki  values  consistent  with  those  obtained  at 
higher  (RHgBr).  The  beginning  of  such  curvature, 
unnoticeable  at  slightly  higher  (RHgBr),  is  probably 
responsible  for  the  slight  drift  to  higher  values  of  fci 
at  lower  (RHgBr)  in  Table  II. 


Table  n.    Exchange  of  RHgBr  in  Benzene 
Solution  with  25  g  of  Hg^o  at  25'' 


(RHgBr). 
10»Af 


Af-isec-» 


Wk/a, 
sec~» 


kla\ 
Af-»sec-i 


1.7 

3.4 

2.0 

1.2 

2.0 

3.8 

1.9 

0.95 

2,T 

4.3- 

1.6- 

0.59- 

4.2* 

9.7* 

2.3* 

0.55 

4.4 

10.1 

2.3 

0.52 

3.1 

7.6 

1.5 

0.29 

9.3 

13.0 

1.4 

0.15 

10.9 

14.2 

1.3 

0.12 

15.6 

15.6 

1.0 

0.06 

18.6 

20 

1.1 

0.06 

26.2 

26 

1.0 

0.04 

33.1 

46 

1.4 

0.04 

38.2 

31 

0.8 

0.02 

66.1 

93 

1.4 

0.02 

•  Four  experiments 

,  with  average 

deviation  from  the  mean,  2%. 

*  Three  experiments,  with  average  deviation  from  the 

\  mean,  10%. 

State  of  Aggregation  of  RHgBr.  The  method  of  dif- 
ferential vapor  pressures*  was  used"*  to  determine  a 
van't  Hoflf  /  of  1.0  for  RHgBr. 

Mercury  Surface  Area.  The  rate  was  studied  as  a 
function  of  surface  area,  A^  with  RHgBr  in  benzene 
solution  at  25**,  at  a  stirring  rate  of  600  rpm.  Except 
where  noted,  (RHgBr)  was  4  X  lO-*^  M.  The  sur- 
face area  was  varied  by  varying  the  size  of  the  mercury 
sample,  and  determined  by  measurement  with  calipers. 
In  this  way  the  surface  area  could  be  increased  by  a 
factor  of  more  than  6.  As  shown  in  Table  HI,  k^A 
is  constant  within  the  precision  of  the  measurements. 
Variation  of  the  sample  size  also  changed  the  vertical 
distance  between  the  stirrer  and  the  mercury  surface. 
It  was  independently  shown  that  fci  was  invariant  under 
comparable  changes  in  the  distance  between  the  surface 
and  the  stirrer  at  constant  mercury  sample  size  and 
surface  area.  The  25-g  sample,  with  2.0-cm*  surface 
area,  was  adopted  as  standard  and  used  throughout  the 
rest  of  this  work.  Rate  constants  per  unit  area  can  be 
obtained  by  dividing  those  reported  by  2.0. 

Table  BO.    Variation  of  ki  with  Surface  Area 


IWcyJA, 


A, 
cm* 


2.0 

6.2 

8.6 

10.7 

13.2 


8.0» 

5.6 

8.4 

8.8 

6.4 


•  Average  of  20  determinations,  taken  from  Table  IL 

Stirring  Rate.  The  variation  of  ki  with  stirring  rate 
was  studied  for  RHgBr  in  several  solvents  at  25**  with 
2S-g  mercury  samples  and  substrate  concentrations 
around  4  X  10"^  M.  The  results  are  shown  in  Table 
IV  for  benzene.  They  were  similar  for  isooctane  (2,2,4- 
trimethylpentane)  and  nitrobenzene.  There  is  no 
significant  variation  of  reaction  rate  with  stirring  rate  at 
or  above  400  rpm. 

(9)  S.  Bruckenstein  and  A.  Saito,  /.  Am,  Chem,  Soc,,  87,  6M  (1965). 

(10)  These  measurements  were  kindly  made  for  us  by  Mr.  D.  F. 
Untereker  in  consultation  with  Professor  BruGkeostem. 
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\  IV.    Variation  of  ki  for  RHgBr  with 
og  Rate  in  Benzene  at  25** 


Stirring 
rate, 
rpm 


10»A:i, 
sec~i 


100 
200 
400 
600 
800 


0.6 

0.8 

1.6 

1.6- 

1.7 


average  of  20  determinations*  taken  from  Table  II. 

[ediiim  and  Ligand  Effects.    The  variation  in  ki 

solvent  and  with  X,  in  RHgX,  was  studied  at  25®, 

2S-g  mercury  samples.    In  most  systems  several 

trate  concentrations  were  used,  and   first-order 

Lvior  verified.    The  results  are  shown  in  Table  V. 

)  V.    Variation  in  Rate  with  Solvent  and  Ligand  at  25  ** 


-Substrate,  1 

rui-.    cjw^i 

LvfiCl,  sec    ■"" 

Solvent 

RHgOAc 

RHgQ 

RHgBr 

RHgl 

:H,),N]a»o 

0.21 

0.24 

0.21 

0.24 

HJ^Qi 

0.8 

HftOCHi 

1.0 

H, 

0.16 

0.41 

1.6- 

6.0 

HiCH, 

1.7 

Htyco 

1.9 

itOH 

1.5 

2.9 

O 

3.7 

4.4 

34 

7.7 

>octane 

6.4 

9.8 

10.5 

iverage  of  20  determinations,  taken  from  Table  IL 

Feet  of  Temperature.  In  order  to  determine  the 
nodynamic  parameters  of  activation,  ki  was  mea- 
i  for  RHgBr  in  toluene,  using  a  2S-g  mercury  sample 
a  600  rpm  stirring  rate,  at  four  temperatures  be- 
n  1  and  40^.  A  total  of  seven  determinations  of 
sre  made.  The  logarithm  of  ki/T  was  a  linear  func- 
of  1/r  within  the  precision  of  the  measurements, 
dard  equations^ ^  were  used  to  get  the  enthalpy  of 
ation,  A/T*,  by  the  method  of  least  squares.^*  It 
the  value,  8.1  kcal  mole"S  with  50%  confidence 
s  of  0.2  kcal  mole"^  and  90%  confidence  limits  of 
cal  moler-i. 

le  value  of  the  entropy  of  activation,  AS*  depends 
tie  standard  state  chosen  for  the  starting  state  and 
he  transition  state.  For  ease  of  interpretation  a  1 
leal  solution  in  toluene  has  been  chosen  for  the 
ing  state  and  1  mole  cnr^  for  the  transition  state. 
smoothed  value  of  ki  at  25'',  1.75  X  10"*^  sec-^ 
:  then  be  multiplied  by  the  solution  volume,  0.15 
id  divided  by  the  reactive  surface  area,  2  cm*,  be- 
AF"*",  the  free  energy  of  activation,  can  be  obtained 
.  eq  4."    In  eq  4  /Cr  is  the  rate  constant  described 


AF*   =    -jRT  hi  (k^/kT) 


(4) 


e,  with  a  value  of  1.3  X  10-«  1.  sec-*  cm"*  at  25** 
^luene,  and  the  other  quantities  are  the  usual 
ical  constants.    This  leads  to  a  value  of  25.5  kcal 


M.  M.  Kreevoy  in  "Investigation  of  Rates  and  Mechanisms  of 
ons,**  S.  L.  Friess,  E.  S.  Lewis,  and  A.  Weissberger,  Ed.,  Inter- 
e  PubUshcrs,  Inc.,  New  York,  N.  Y.,  1963.  p  1392. 

C.  A.  Bennett  and  N.  L.  Franklin,  "Sutistical  Analysis  in 
stry  and  the  Chemical  Industry,'*  John  Wiley  and  Sons»  Inc.,  New 
N.  Y..  1954,  pp  36-4a 
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moler^  for  AF"^,  and,  via  the  usual  thermodynamic 
equalities,^^  to  a  value  of  —58.4  cal  mole-i  deg-*  for 
AS*,  with  50%  confidence  limits  of  0.7  cal  mole^* 
deg-^ 

Inhibition  and  Catalysis.  A  number  of  substances 
were  tested  for  catalytic  or  inhibitory  effects.  For  the 
most  part  these  were  substances  known  to  or  expected 
to  adsorb  on  a  mercury  surface,  or  to  complex  the 
substrate.  These  experiments  were  carried  out  with 
RHgBr  as  the  substrate,  a  600-rpm  stirring  rate,  and  a 
25-g  mercury  sample.  In  methanol  as  a  solvent, 
4  X  10-1  ji/  sodium  bromide  and  1.4  X  10-*  M  hydro- 
quinone  were  without  measureable  effect.  In  benzene 
as  a  solvent,  silicone  grease  and  6  X  10"*  Af /?-bromo- 
anisole  were  without  effect.  However,  4  X  10"*  M 
stearic  acid  retarded  the  rate  in  benzene  by  a  factor 
of  about  2;  1.4  X  10-«  Af  HgBrj  and  also  2.6  X  10-« 
M  HgBrs  accelerated  it  by  about  the  same  factor,  both 
by  comparison  with  a  standard  ki  of  1.6  X  10"*  sec-^ 
Tliese  changes  appear  to  be  outside  of  the  scatter  shown 
in  Table  II,  although  not  far  outside. 

Reaction  of  HgBrs  with  Mercury.  Mercuric  bromide 
in  solution  reacts  with  liquid  mercury,  giving  solid 
HgiBrs.  In  isooctane,  the  ultraviolet  spectrum  of 
residual  HgBrs  can  be  detected,  but  no  evidence  of 
HgsBrs  can  be  found  in  solution,  so  the  equiUbrium 
can  be  formulated  as  shown  in  eq  5.    Using  ^'Hg  as  a 


HgBr,(80hi)  -f  HgoO)  :^=^  Hg»Br,(s) 


(5) 


tracer,  and  assuming  that  all  the  mercury  in  solution 
was  in  the  form  of  HgBrs,  the  equilibrium  constant  K% 
was  measured  for  benzene  solutions.  Five  determina- 
tions were  made:  two  starting  with  solutions  of  HgBrs, 
liquid  mercury,  and  no  HgsBrs,  and  three  starting  with 
liquid  mercury,  freshly  precipitated  HgsBrs,  solvent,  and 
no  HgBrs.  The  average  value  of  Ks  was  2.5  X  10* 
Af-\  witii  an  average  deviation  from  the  mean  of 
0.5  X  10*  M~\  and  no  systematic  difference  between 
those  run  forward  and  those  run  backward. 

The  experiments  to  test  the  catalytic  effectiveness  of 
HgBrs  were  carried  out  at  concentrations  well  below  the 
equilibrium  concentration  of  HgBrs,  4  X  lO"'  Af,  so 
that  no  HgsBrs  should  have  been  present  at  equilibrium. 
Nevertheless,  a  few  minutes  after  the  reaction  was  be- 
gun, a  precipitate  of  HgsBrs  appeared  at  the  metallic 
surface.  After  about  1  hr,  the  precipitate  redissolved, 
so  that,  at  equilibrium^  the  conditions  of  equilibrium 
were  satisfied.  The  exchange  reaction  (eq  1)  was  pro- 
ceeding all  during  the  precipitation  and  resolution,  but 
its  rate  was  not  detectably  affected  by  these  phenomena. 
This  whole  group  of  observations  undoubtedly  de- 
serves, and  will  receive,  further  attention. 

Disproportionation.  An  attempt  was  made  to  deter- 
mine the  equilibrium  constant  Kt  for  the  reaction 
shown  in  eq  6.    It  was  determined  (by  spectrophotom- 


2RHgBr 


R,Hg  +  HgBrt 


(6) 


etry  in  the  presence  of  0.1  M  Nal)  that  water  in  equilib- 
rium with  8.2  X  10"*  M  RHgBr  contained  less  than 
10~*  Af  of  HgBrs.  Since  the  distribution  constant 
of  HgBrs  between  water  and  benzene  is  0.90  (favoring 
benzene)"  an  upper  limit  of  1.8  X  10~*  can  be  set  for 

(13)  M.  S.  Sherrill,  Z.  PkyHk.  Chtm.,  43, 705  (1903). 
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Solubility.  The  solubility,  5,  of  RHgBr  in  all  the 
solvents  used  for  rate  measurements  was  determined  at 
25°.  Each  measurement  was  made  at  least  once  from 
each  direction,  i.e.,  by  saturating  an  initially  unsaturated 
solution  with  excess  solid,  and  by  allowing  an  initially 
supersaturated  solution  to  equilibrate  with  the  solid. 
The  concentration  of  the  equilibrated  solutions  was 
determined  spectrophotometrically  in  methanol,  by 
means  of  their  radioactivity,  using  labeled  RHgBr  in 
the  other  solvents.  Both  methods  were  used  for  iso- 
octane,  and  were  in  good  agreement.  The  results  are 
shown  in  Table  VI. 

Table  VI.    SolubUity  of  RHgBr  at  25 "" 


Solvent 

5,  M 

Water 

1.4X10-* 

Isooctane 

5.lXlO-»« 

Isooctane 

5.2XlO-»^ 

Methanol 

2.3XlO-» 

Toluene 

3.5X10-* 

Benzene 

5.6X10-* 

Hexamethylphosphoramide 

6.2X10-* 

Anisole 

8.9X10-* 

Nitrobenzene 

1.8X10-* 

Acetone 

1.9X10-* 

•  Measured  spectrophotometrically.    ^  Measured  by  means  of 
radioactivity. 


In  addition,  12  determinations  of  S  in  toluene  were 
made  at  a  series  of  temperatures  between  0  and  SS^. 
A  plot  of  log  5  as  a  function  of  l/T  was  linear,  within 
the  scatter  of  the  measurements.  From  these  data,  using 
the  van't  Hoflf  equation^*  and  the  method  of  least 
squares,^*  the  standard  enthalpy  of  solution,  A/f**,  is 
4.9  kcal  mole-^  with  50%  confidence  limits  of  ±0.15 
kcal  mole-^  Properly,  this  pertains  to  the  midpoint 
of  the  temperature  range  studied,  27.5**.  Using  the 
standard  equations,  the  entropy  of  solution,  A5^,  is 
5.1  ±  0.5  cal  mole"*,  deg-*  if  an  ideal,  1  Af,  solution  is 
chosen  as  standard  state  for  RHgBr(soln)  and  the  solid 
itself  is  the  standard  state  for  RHgBr(s). 

Discussion 

The  present  work  supports  the  earlier  conclusion*"* 
that  the  rate  of  the  exchange  reaction,  eq  1,  is  not, 
generally,  mass  transport  controlled.  For  the  fastest 
exchanging  compounds,  in  the  most  activating  solvents, 
however,  mass  transport  in  the  solution  phase  may  play 
a  role.  For  example,  RHgl  in  isooctane  exchanges  with 
a  rate  constant  almost  half  that  for  mercury  reprecipita- 
tion  under  similar  conditions*  after  correction  for  the 
difference  in  surface  area.  The  latter  reaction  is 
thought  to  be  mass  transport  controlled,*  and  it  has 
been  shown  that  the  diffusion  coefficient  of  atomic 
mercury  in  isooctane  is  not  strikingly  different  from 
those  of  other  species.**  Most  of  the  other  exchange 
reactions  were  substantially  slower  than  that  of  RHgl 
in  isooctane,  however,  so  the  mass  transport  process 
must  be  relatively  unimportant  in  determining  their 
rates.  This  conclusion  is  supported  by  the  substantial 
variation  in  exchange  rate  with  substrate  structure  and 
by  the  invariance  of  the  exchange  rate  with  the  stirring 

(14)  G.  N.  Lewis  and  M.  Randall.  "Thermodynamics",  2nd  ed, 
McGraw-Hill  Book  Co..  Inc..  New  York,  N.  Y.,  1961,  p  173. 

(15)  M.  M.  Kreevoy  and H.  B.  Scher,/. Phys.  Chem., 69,  3814(1965). 


rate.  In  addition,  A/f  *  for  exchange  in  toluene  is  M 
kcal  mole~^  larger  than  would  be  expected  for  a  trans- 
port-controlled reaction.  *• 

The  diffusion  of  radioactive  mercury  away  from  the 
interface  seems  totally  unimportant  in  determining  the 
exchange  rate.  This  is  shown  by  the  linear  plots  of 
log  Ct  as  a  function  of  /,^  by  the  variation  of  rate  as  a 
function  of  X  and  solvent,  and  by  a  calculation  of  the 
concentration  of  labeled  mercury  at  the  interface  during 
an  exchange.  In  this  calculation  it  was  assumed  that 
a  concentration  of  labeled  mercury  atoms,  Cngs  was 
continuously  maintained  by  the  exchange  at  the  surface 
of  a  cylindrical  well  of  mercury.  (This  is  the  condition 
that  would  prevail  if  the  exchange  rate  were  controlled 
by  diffusion  in  the  mercury.)  Standard  equations'' 
and  the  known  self-diffusion  coefficient  of  mercury" 
were  then  used  to  calculate  the  concentration  of  labeled 
mercury,  Cng,  as  a  function  of  Cug*  and  the  distance 
from  the  surface,  at  a  time  comparable  to  a  half-life 
for  exchange.  The  area  under  this  curve  was  equated 
to  the  quantity  of  labeled  mercury  deposited  from  the 
most  concentrated  reaction  mixture  in  a  half-life.  This 
gave  a  value  for  the  only  variable,  Ch««.  It  was  3  X 
10-*  M,  which  can  be  compared  with  a  total  mercury 
concentration  of  68  M  in  Hg®(l). 

An  exchange  mechanism  involving  HgXs,  shown  in 
eq  7  and  8,  has  been  discounted  by  Reutov.  *    The  pres- 


2RHgX 


HgX,  +  R^g 


HgX,  -f  Hg«(l) 


HgiX, 


(7) 
(8) 


ent  results  on  disproportionation  rigorously  disallow 
it  as  the  major  exchange  path.  These  set  an  upper  limit 
of  lO"'  Af  on  the  concentration  of  HgBr2  in  equilibrium 
with  8.2  X  10-*  M  RHgBr  in  benzene  at  25**.  Assum- 
ing the  mercury  reprecipitation  and  the  reaction  shown 
in  eq  8  are  mass  transport  limited  they  would  both  have 
first-order  rate  constants  of  3.2  X  10-*  sccrK^  This 
leads  to  an  exchange  rate  of  3.2  X  10-^*>  g-atom  sccr\ 
and  an  apparent  first-order  rate  constant  for  RHgBr 
exchange  of  4  X  10"^  sec-^  This  is  only  2.5  %  of  the 
observed  rate  constant  under  these  conditions,  1.6  X 
10-^  sec-^  Even  when  the  HgBra  concentration  is 
increased  by  deliberate  addition,  the  reactions  shown 
in  eq  7  and  8  cannot  account  for  as  much  as  10%  of  the 
observed  fci,  so  they  cannot  even  account  for  the  ap- 
parent catalysis  by  added  HgBra  Entirely  similar 
reasoning  excludes  significant  contributions  to  the  over- 
all exchange  from  the  reactions  shown  in  eq  9  and  10. 


Hgo(soln) 
RHg*Br  -f  Hg«>(sohi) 


Hg^l)  (?) 

RHgBr  +  Ha«^(soln)       (10) 


The  foregoing  excludes  all  of  the  reasonable  mecha- 
nisms for  exchange  except  those  involving  the  direct 
interaction  of  RHgX  with  the  surface.  A  generalized 
scheme  for  a  surface  mechanism  is  shown  in  eq  11-13. 

RHg*X(soln)  ^=^  RHg*X(surf.)  (11) 

RHg*X(surf.)  +  Hg«(l)  ^=i  RHg^X-Hg  (12) 

RHg^X  Hg  :^=±  RHgXHg*  (13) 

In  those  equations,  RHg*X  (surf.)  represents  unreacted 

(16)  L.  L.  Bircumshaw  and  A.  C.  Riddiford,  Quart.  Rev.  (LondooX 
6,  157  (1952). 

(17)  J.  Crank,  "The  Mathematics  of  DifTusioii,**  Oxford  at  the 
Clarendon  Press,  London,  1956,  p  18. 

(18)  D.  S.  Brown  and  D.  G.  Tuck,  Trans.  Faraday  Soc,  tt.  1230 
(1964). 
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ate  in  contact  with  the  surface  and  RHg*X*Hg 
ents  chemisorbed  but  unexchanged  substrate. 
13  represents  the  rate-determining  step,  ki  is  given 

X  Ku  X  Kiu  where  fc  is  a  rate  constant,  K  is  an 
3rium  constant,  and  the  subscript  gives  the  equa- 
3  which  the  constant  pertains.  There  should  be 
;olvent  specificity  for  Ku  and  not  very  much  for 
nee  it  pertains  to  a  reaction  of  a  chemisorbed 
s,  rather  than  one  in  solution.  On  the  other  hand, 
lould  approximate  inverse  proportionality  with 
X  it  pertains  to  a  process  that  removes  RHgBr 
solution.  This  suggests  that  ki  should  show  an 
ximate  inverse  proportionality  with  S.  Com- 
n  of  Tables  V  and  VI  reveals  little  correlation 
en  ki  and  S.  Reutov  and  Ostapchuk^  have  indi- 
that  the  rate  is  independent  of  solvent.  While 
xiation  in  ki  with  solvent  is  unquestionably  real, 
considerably  smaller  than  the  variation  in  S. 

observations  make  it  unlikely  that  the  reaction 
I  in  eq  13  is  rate  determining.  It  has  already  been 
[  that  mass  transport,  eq  11,  is  not  rate  deter min- 
This  leaves  only  the  chemisorbtion  step,  eq  12, 

attractive  rate-determining  step.  The  present 
previous'""*  results  are  entirely  compatible  with 
ypothesis  provided  that  the  transition  state  re- 
es  the  starting  state. 

!  substituent  effects  on  reactivity  reported  by  Pol- 
ind  Westwood^  indicate  that  the  aromatic  frag- 

becomes  somewhat  electron  deficient  in  the 
Lion  state,  but  the  effects  are  small.  Pollard  and 
/ood  report  a  Hammett  p  of  —  1  for  substitution 
h  aryl  groups.  Values  between  2  and  3  are  com- 
'  observed  for  generation  of  unit  charge  on  an 
directly  attached  to  the  ring,  ^'  and  since  there  are 
ubstituted  benzene  rings  in  the  present  case,  an 
arger  effect  might  be  expected  if  unit  charge  were 
ed.  The  present  results  could  be  taken  to  indi- 
ic  development  of  an  electron  deficiency  on  mer- 
n  the  transition  state,  as  the  rate  increases  steadily 
decreasing  electronegativity.  However,  such  a 
Eition  would  imply  that  di-/7-anisylmercury 
R)  should  react  faster  than  RHgl.    In  fact  it  has 

constant  which  extrapolates  to  3.6  X  10~^®  1. 
sec-^  at  25**  in  benzene.*^  This  is  slower  by  some 
►wers  of  10  than  RHgOAc  and  slower  by  a  factor 
»  than  RHgl.  The  observation  that  RHgR  ex- 
es more  slowly  than  RHgCl  also  seems  to  con- 
t  the  postulate^  that  the  rate-determining  step  for 
ige  resembles  that  for  electrophilic  substitution, 
ophilic  substitution  by  H+  is  much  faster  with 
lylmcrcury  than  with  phenylmcrcuric  chloride, 
it  the  latter  is  the  product  of  the  reaction  of  di- 
Imercury  with  dilute  methanolic  HCl.*^ 

uery  small  changes  accompanying  changes  in 
.  and  the  slow  reactions  in  hexamethylphos- 
mide  suggest  complete  ionization  in  that  solvent, 
bly  with  the  formation  of  ion  pairs,  RHg- 
nt)+X-. 

ic  A5*  values  reported  by  Pollard  and  Wcstwood* 
calculated  for  standard  states  of  an  ideal,  1  Af  solu- 
6r  the  starting  state  and  1  mole  cm"'  for  the 
tion  state  they  give  values  (except  for  dibenzyl- 

G.  B.  Barlin  and  D.  D.  Ptrrin,  Quart,  Rev,  (London),  20,  75 


mercury)  quite  close  to  that  reported  here.  Diphenyl- 
mercury,  for  example,  gives  —57  cal  mole~^  deg~^ 
(The  original  values  appear  to  refer  to  a  standard  state 
of  1  mole/20  ml  for  the  starting  state  and  1  mole/ 1000 
cm'  for  the  transition  state.)  Thus  the  diflferences  in 
reactivity  commented  on  above  are  probably  due,  in 
largest  part,  to  changes  in  A/f  "*". 

If  the  changes  in  the  entropy  of  solvation  and  the 
entropy  of  the  metal  accompanying  the  activation 
process  can  be  neglected,  the  observed  AS"*"  values  are 
consistent  with  a  transition  state  in  which  one  trans- 
lational  degree  of  freedom  has  become  the  reaction  co- 
ordinate. With  standard  states  of  1  mole  cm~'  for 
the  starting  state  and  1  mole  cm~~'  for  the  transition 
state,  the  loss  of  one  degree  of  translational  freedom 
in  the  latter  leads  to  the  entropy  shown  in  eq  14  for  a 


AS*  =  -i^  In  (lirmkTey^'lh 


(14) 


gas. '  ^  The  symbols  have  their  usual  significance.  The 
value  of  AS*  computed  is  —41.6  cal  mole~^  deg-\ 
The  use  of  1  M  as  the  standard  state  for  the  starting 
material  adds  another  —/{In  10',  so  that  the  final  cal- 
culated value  is  —55.3  cal  mole-^  deg"^  The  very 
good  numerical  agreement  between  this  and  the  experi- 
mental value  (—58.4  ±  0.7  cal  moler^  deg-^)  is  fortui- 
tous. The  calculated  value  would  probably  be  1-5 
cal  mole-*  deg-*  smaller  if  a  proper  calculation  could 
be  made  for  the  solution."  Nevertheless  the  agree- 
ment does  strongly  suggest  that  considerable  trans- 
lational freedom  parallel  to  the  surface  is  retained  by  the 
transition  state.  If  this  were  lost,  a  much  more  negative 
value  would  be  obtained  (<  — 100  cal  mole-*  deg-*).** 
Previous  workers'-*^  have  favored  a  four-center,  over- 
all transition  state,  1,  for  this  reaction,  without  specify- 

R  X 


\  / 

N  / 

^  / 


H.  Zt 


and  S.  Makower,  Naturwissensckaften,  23,  551 


Hg 
1 

ing  whether  this  stage  is  reached  during  the  chemisorb- 
tion or  subsequent  steps.  It  now  seems  unlikely  that 
1  could  be  the  over-all  transition  state  for  the  reaction. 
The  strongest  argument  against  it  is  the  relative  effi- 
ciency of  the  surface  reaction  as  compared  to  the  homo- 
geneous solution  reaction.  The  simplest  models" 
for  collisions  in  solutions  give  collision  rate  constants 

(21)  S.  Glasstone,  K.  J.  Laidler,  and  H.  Eyring,  "The  Theory  of  Rate 
Processes,"  McGraw-Hill  Book  Co..  Inc.,  New  York,  N.  Y..  1951,  p 
398. 

(22)  The  translational  entropy  in  solution  is  less  than  that  in  the  gas 
phase  by  about  3  cal  mole'^  deg~^  for  a  molecule  of  about  this  molecular 
weight  which  does  not  interact  specifically  with  the  solvent.  For 
example,  the  entropy  of  solution  of  It  vapor  in  isooctane  is  —  3.2  cal 
mole~>  deg"^  [J.  H.  Hildebrand  and  D.  N.  Clew,  J.  Phys.  Chem.,  60, 
618  (195Q].  Thus,  the  loss  of  one  degree  of  translational  freedom  for 
such  a  molecule  would  lead  to  an  entropy  contribution  about  1  cal  mole"' 
deg~^  less  negative  than  a  similar  loss  from  the  gas  phase.  However, 
the  entropy  of  solution  of  RHgBr  vapor  in  toluene  would  be  more  nega- 
tive than  that  of  It  in  isooctane  because  its  entropy  of  solution  from  the 
solid,  S  cal  mole~>  deg'S  is  less  positive  than  the  entropy  of  solution  of 
solids  which  give  noninteracting  solutions.  For  example,  naphthalene, 
biphenyl,  and  diphenylamine  all  give  entropies  of  solution  in  benzene 
of  17-18  cal  mole-»  deg-»  [H.  Stephen  and  T.  Stephen.  "Solubilities  of 
Inorganic  and  Organic  Compounds,"  The  Macmillan  Co.,  New  York, 
N.  Y.,  1963,  pp  1434,  1436.  and  1552;  K.  Suzuki  and  S.  Seki,  Bull. 
Chem.  Soc.  Japan,  28,  417  (1955);  G.  Gehlhoff.  Z.  Physik,  Chem., 
98,  252  ( 1921)].  The  exact  effect  of  this  on  A5  4=  is  impossible  to  evaluate 
but  5  cal  mole~^  deg~>  seems  like  a  reasonable  upper  limit 

(23)  E.  A.  Moelwyn-Hughes,  "The  Kinetics  of  Reactions  in  Solution," 
Oj^ord  at  the  Clarendon  Presi,  London,  1947,  pp  8-9. 
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of  33  1.  sec""^  cm~2  for  a  surface  and  ^^10^^  M"^  see"* 
for  bimolecular  collisions  in  solution.  The  pertinent 
observed  rate  constants  in  benzene  are  1.2  X  !()-•  1. 
sec-*  cm""*  for  the  surface  reaction  and  0.25  M'^  see"* 
in  solution,  so  the  fraction  of  successful  conversions  in 
the  former  case  is  4  X  10-%  and,  in  the  latter,  3  X  10-*». 
More  sophisticated  treatment  of  the  collision  frequen- 
cies*^ may  substantially  alter  these  numerical  values,  but 
the  conclusion  that  the  surface  reaction  is  much  more 
efficient  is  not  altered  unless  the  substrate  is  attracted 
to  the  surface  in  strong  preference  to  the  solvent.  Con- 
sidering the  solvent  structures  represented  in  Table  V, 
this  seems  quite  unlikely.  It  is  hard  to  see  why  a  transi- 
tion state  like  1  should  be  more  easily  formed  from 
liquid  mercury  than  from  a  mercury  atom  in  solution. 
The  former  would  seem  to  require  most  of  the  energy 
necessary  to  abstract  a  mercury  atom  from  the  liquid 
(8  kcal  mole'O  in  addition  to  most  of  the  energy  re- 
quired by  the  latter. 

It  is  also  hard  to  see  how  1  could  be  compatible  with 
the  requirement  that  the  transition  state  retains  its 
mobility  parallel  to  the  surface,  as  suggested  by  AS"*". 

A  rate-determining  step  that  is  consistent  with  all 
the  evidence  is  electron  transfer  from  the  substrate  to 
the  mercury.  This  would  account  for  the  particular 
effectiveness  of  the  metal,  since  its  electron  affinity  must 
be  essentially  the  same  as  its  work  function,  105  kcal 
mole"  \  2^  while  that  of  atomic  mercury  is  30-40  kcal 
mole"*.'*  There  is  no  definitive  experimental  evidence 
excluding  1  as  a  transition  state  for  a  fast  exchange 
step  following  the  chemisorbtion  step,  but  there  is  also 
no  evidence  strongly  supporting  it.  We  prefer  the 
mechanism  shown  in  eq  15-18  because  of  its  analogy 
with  the  reversible  formation  of  the  mercurous  halides 
at  a  mercury  surface.    A  definitive  conclusion  will 


Blow 


RHg*X(soln)  +  Hg»(l)  :^=±:  Hgr.Hg*RX+(surf.) 


Hg-Hg*RX+(surf.) 


fast 


RHgHg*X(surf.) 


RHgHg*X(surf.) 


fast 


XRHg+.Hg*-(surf.) 


slow 


XRHg+.Hg*-(surf.)  :;;=±  RHgX(soln)  +  Hg*'  0) 

have  to  depend  on  further  experimental  results. 


(15) 
(16) 
(17) 
(18) 


Experimental  Section 

Materials.    The  general  scheme  by  which  the  various  radioactive 
mercury  compounds  were  prepared  is  shown. 

THF 

RBr  +  Mg  — >  RMgBr 


i 


1.  (C4H«0)iB 

2.  HCl-HiO 


Hg*Bn 

RJBOH ►  RHg^Br 


RHg*I 


KI 


i 


Hg*Cli 


AgOAc 

RHg*a ►  RHg*OAc 


Bis(/>-methoxyphenyl)borinic  acid  was  prepared  in  27%  yield  by 
the  method  of  Hawthorne."    It  had  mp  102-105°  (lit."  107°). 


(24)  A.  M.  North,  *The  Collision  Theory  of  Chemical  Reactions  in 
Liquids.**  Methuen  and  Co.,  Ltd.,  London,  1964,  Chapter  3. 

(25)  W.  B.  Hales.  Phys.  Rec,  32,  950  (1928). 

(26)  F.  H.  Field  and  J.  L.  Franklin,  **Electron  Impact  Phenomena  and 
the  Properties  of  Gaseous  Ions,'*  Academic  Press  Inc.,  New  York,  N.  Y., 
1957,  p  149. 

(27J  M.  R  Hawthorne,  J.  Am.  Chem.  Soc,,  80,  4293  (1958). 


The  two  /nmethoxyphenylmercuric  halides  were  pr^>ared  by  the 
method  of  Torssell^  from  the  borinic  acid  and  the  appropriite 
mercuric  halide.  The  latter  were  labeled  simply  by  mixing  them  in 
solution  with  small  amounts  of  labeled  Hg(NOs)i  in  aqueous  HNOi, 
which  is  the  form  in  which  the  '"^Hg  was  obtained.  The  labeled 
chloride  was  obtained  in  95%  yield  and  had  mp  251.0-251.5^ 
in  a  sealed,  evacuated  capillary  (lit.  ^  24^250  °).  The  bromide  was 
obtained  in  44%  yield  and  had  mp  255-256°,  in  a  sealed,  evacuated 
capillary  (lit. »  255-256°). 

To  obtain  p-methoxyphenylmercuric  acetate  0.31  g  (9  X  10~* 
mole)  of  the  labeled  chloride  in  60  ml  of  hot  benzene  was  treated 
with  0.14  g  (8.5  X  10-«  mole)  of  silver  acetate  in  80  ml  of  ethanol 
(containing  just  enough  water  to  give  a  clear  solution).  A  p^^ 
cipitate  formed  immediately.  The  reaction  mixture  was  rcfluxed 
gently  for  15  min  to  coagulate  the  precipitate,  which  was  then 
filtered.  The  solvent  was  removed  from  the  filtrate  under  vacuum. 
The  residual  solid  was  recrystallized  from  ethyl  acetate  to  give 
0.18  g  of  produrt  (4.9  X  10"*  mole,  54%  yield),  mp  179.5-180J', 
in  a  sealed,  evacuated  capillary  (lit.**  178-179''). 

To  obtain  the  iodide,  0.52  g  (1.5  X  lO"*  mole)  of  the  radioactive 
chloride  was  dissolved  in  200  ml  of  benzene  and  shaken  with  four 
25-ml  portions  of  a  50%  (by  weight)  solution  of  potassium  iodide 
in  water.  The  benzene  layer  was  then  separated  and  dried  over 
magnesium  sulfate.  The  solvent  was  removed  under  vacutm 
and  the  product  recrystallized  from  30  ml  of  ethyl  acetate  to  give 
0.30  g  (0.7  mole,  45%  yield)  of  labeled  p-methoxyphenylmercuric 
iodide,  mp  237-238''  in  a  sealed,  evacuated  capillary  (lit.*  237.g- 
238.1  **). 

The  benzene,  carbon  tetrachloride,  and  isooctane  used  in  kinetic 
and  solubility  studies  were  of  spectrograde  quality.  The  first  two 
were  obtain^  from  Mallinckrcdt  Chemical  Works,  Inc.,  the  latter 
from  Phillips  Petroleum  Co.  Hexamethylphosphoramide  vras 
obtained  from  Aldrich  Chemical  Co.,  and  was  their  best  grade. 
All  of  these  were  used  without  further  purification.  Methanol  was 
obtained  from  E.  I.  duPont  de  Nemours,  A  Co.,  Inc.,  anisole  firom 
Aldrich  Chemical  Co.,  nitrobenzene,  acetone,  and  toluene  firom 
Eastman  Kodak  Co.,  and  all  were  purified  by  distillation.  Triply 
distilled  mercury  was  used. 

Kinetic  Procedorea.  The  homogeneous  kinetic  experiments  were 
initiated  by  adding  a  small  quantity  of  a  stock  solution  of  RHg^Br 
to  a  solution  of  Hg>.  The  mixture  was  held  at  constant  temperature 
in  a  thermostat  and  10-ml  aliquots  were  removed  periodically. 
Nitrogen  gas  was  bubbled  through  these  vigorously  for  5  min,  tbea 
vapor  was  passed  through  a  sulfur  tower  and  then  into  a  fume 
hood.  This  treatment  codistill^  about  half  of  the  solvent  and  all 
of  the  mercury.  In  a  control  experiment,  this  was  several  times  the 
length  of  time  necessary  to  remove  all  the  Hgf  from  a  saturated 
solution  in  isooctane,  as  judged  by  the  ultraviolet  spectnun.  The 
volume  of  the  demercurated  aliquot  was  then  restored  to  10  ml, 
and  the  radioactivity  in  half  of  it  was  determined  with  a  Nuclear- 
Chicago  DS  5-5  well-type  scintillation  counter  with  a  thallium- 
activated  sodium  iodide  crystal  detector.  A  Nuclear-Chicago 
Model  186  scalar  equipped  with  an  automatic  timer  was  used  to 
accumulate  a  total  of  at  least  10,000  counts.  No  experiments  were 
carried  out  in  which  the  initial  radioactivity  was  less  than  ten 
times  background. 

The  technique  for  measuring  heterogeneous  rates  was  very  similar 
to  that  used  to  measure  the  rate  of  reaction  of  mercury  with  iodine, 
except  that  the  radioactivity  of  the  samples  was  determined,  as 
described  above,  instead  of  analyzing  them  spectrophotometrically. 

Solubility  Measurements.  For  solvents  transparent  in  the  ultra- 
violet, a  subsaturated  solution  of  known  concentration  was  prepared 
and  its  spectrum  determined.  This  was  compared  with  the  spec- 
trum of  the  saturated  solutions  to  determine  their  concentration. 
The  saturated  solutions  were  diluted  as  necessary.  For  opaque 
solvents  the  radioactivity  of  a  solution  of  known  concentratioD 
was  determined,  then  the  radioactivity  of  a  saturated  solutioo. 
In  each  solvent  and  at  each  temperature,  saturation  was  approached 
from  both  sides;  both  pure  solvent  and  supersaturated  solutiom 
were  equilibrated  with  the  crystals.  Supersaturated  solitfioos 
were  obtained  at  higher  temperatures.  The  equilibration  was 
achieved  by  magnetically  stirring  a  closed  flask  containing  the  solu- 
tion and  the  crystals  at  constant  temperature  until  no  further  cfaaoge 
took  place. 


(28)  K.  Torssell,  Acta  Chem.  Scand.,  13,  115  (1959). 

(29)  R.  Criegee,  P.  Dimroth,  and  R.  SchempT,  Chem.  Ber^  90^  1337 
(1957). 

(30)  J.  C.  Sipos,  H.  Sawatzky,  and  O.  F.  Wright,  /.  Am,  Ckm.  Soc^ 
77.  2759  (1955). 
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tract:  Several  primary  alkoxy-  and  alkoxyhalocarbonium  ions  were  directly  observed  by  nmr  spectroscopy  in  the 
^nt  system  antimony  pentafluoride-sulfur  dioxide.  Methoxychloro-  and  methoxyfluorocarbonium  ions  were 
nd  to  exist  in  isomeric  forms  indicating  a  rotational  barrier  around  the  O-O  bond.  In  the  nmr  spectra  of  meth- 
-  and  chloromethoxycarbonium  ions  nonequivalence  of  the  methylene  protons  was  not  observed.  Chloro- 
;hoxycarbonium  ion  exhibited  a  temperature-dependent  spectrum  because  of  intermolecular  exchange. 


ary  and  tertiary  alkoxycarbonium  ions  were 
prepared  by  Meerwein,  et  al.,^  by  alkylation  of 
esters,  and  lactones  with  trimethyloxonium  or 
Lonium  tetrafluoroborate  or  by  abstraction  of 
ion  from  acetals  and  orthoesters.  Recent 
y  Ramsey  and  Taft,'  Hart  and  Tomalia/ 
and  Heinrich/  and  Kabuss*  reported  on  the 
nervation  (nmr)  or  isolation  of  a  series  of  addi- 
ondary  and  tertiary  alkoxycarbonium  ions. 
»uld  like  to  report  now  our  results  relating  to 
rvation  of  stable  primary  alkoxy-  and  halo- 
rbonium  ions.  No  primary  alkoxycarbonium 
5  known  from  the  literature.  The  only  other 
ig-lived  primary  carbonium  ions  reported  are 
tions.^ 


nd  Discussion 

chloromethyl  methyl  ether  is  dissolved  in 
r  pentaJSuoridc  diluted  with  sulfur  dioxide,  a 
ar  solution  is  obtained.  The  pmr  spectrum  of 
tion  at  —60**  (Figure  1)  clearly  indicates  the 
a  of  the  methoxycarbonium  ion  (I). 


SbFr-SOs 

)CH,a >  CHiOCH,^ 

-w*      sbF»a- 


CHi&=CHs 
SbF,a- 


n  nature  of  I  was  deduced  from  the  following 
ons.  (1)  The  pmr  spectrum  shows  sub- 
leshielding  of  both  the  methylene  (5  «  —9.94 
I  methoxy  (5  =  —  5.66  ppm)  protons.  (2)  The 
$e  coupling,  giving  rise  to  a  triplet  and  a 
indicates  formation  of  an  sp^  center.  (3) 
lysis  of  the  solution  of  I  gave  a  high  yield  of 
:ymethane. 


:M,0CH,+  +  CH,OH 
SbFrf3- 


CHiOCHiOCH, 


irt  XXXII:  J.  M.  Bollinger,  C.  A.  Cupas,  K.  J.  Friday.  M.  L. 
d  O.  A.  Olah,  J.  Am,  Chem.  Soc.,  89.  156  (1967).  (b) 
Idence   Foundation   Postdoctoral    Research    Investigator* 

[eerwein,  K.  Bodenbenner,  P.  Borner,  F.  Kunert,  and  K. 
.  Ann.,  632,  38  (1960);  H.  Meerwein,  V.  Hederich,  H.  Mor- 
C.  WundcrUch,  ibid,,  635,  1  (1960). 
Ramsay  and  R.  W.  Taft,  Jr.,  J.  Am,  Chem,  Soc,,  88,  3058 

art  and  D.  Tomalia,  Tetrahedron  Letters,  3383.  3389  (1966). 
imroth  and  P.  Heinrich.  Angew,  Chem,,  78,  714  (196Q. 
ibuss,  ibid.,  78,  714  (1966). 

Cupas,  M.  B.  Comisarow,  and  O.  A.  Olah,  J,  Am,  Chem, 
A  (I960. 


Ion  I  could  also  be  observed  to  arise  from  the  decar- 
boxylation of  the  methoxyacetyl  cation  [methoxymethyl- 
oxocarbonium  ion  (II)]  which  is  formed  when  methoxy- 
acetyl chloride  (fluoride)  is  treated  with  antimony  pen- 
tafluoride  in  sulfur  dioxide  solution. 


CHgOCHiCXXn  +  SbF, 


CHaOCHjCO+SbF.a- 
U 


i 


CH,OCH,+  +  CO 

SbFrf3- 

I 

If  a  solution  of  II  is  maintained  at  —60^  decarbonyla- 
tion  is  very  slow  and  the  pmr  spectrum  of  the  oxocar- 
bonium  ion  is  observed.  Near  —20^  decarbonylation 
is  very  fast  and  ion  I  is  quantitatively  generated. 

We  had  anticipated  that  in  ion  I  the  positive  charge 
will  be  substantially  located  on  oxygen  and  therefore  a 
high  rotational  (inversional)  barrier  would  exist  about 
the  methylene-oxygen  bond  (la).    Ramsey  and  Taft* 


la 

reported  an  activation  energy  of  nearly  11  kcal/mole 
for  the  coalescence  of  the  two  nonequivalent  methoxyl 
groups  in  the  dimethoxymethylcarbonium  ion,  (CHtO)i- 
C+CH3.  However,  the  same  authors  found  only  line 
broadening  but  not  separation,  indicative  of  an  ob- 
servable rotational  barrier,  in  the  triethoxy-,  dimeth- 
oxy-,  and  diethoxycarbonium  ions. 

The  multiplicity  of  the  absorptions  observed  for  the 
methoxycarbonium  ion,  i.e.,  a  quartet  and  a  triplet, 
would  seem  to  indicate  that  this  ion  is  freely  rotating. 
This  appears  unreasonable  in  view  of  the  1 1-kcal  activa- 
tion energy  measured  by  Taft  and  Ramsey'  for  coales- 
cence of  the  two  nonequivalent  methoxy  groups  in 
dimethoxymethylcarbonium  ion  and  the  cis-trans 
isomerism  observed  by  us  for  the  halomethoxycar- 
bonium  ions  (subsequent  discussion).  One  would 
anticipate  a  considerably  larger  activation  energy  for 
rotation  in  a  primary  alkoxycarbonium  ion  than  in  a 
tertiary  one.  We  therefore  suggest  that  the  spectrum 
observed  for  the  methoxycarbonium  ion  corresponds  to 
an  AA'Xi  spectrum  which  is  deceptively  simple  and 
that  the  observed  coupling  is  an  avera%e  oC  t]s^  cS& 
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Figure  2. 


and  /raii5  allylic  couplings.  This  interpretation  re- 
quires that  the  methyl  group  and  the  lone  electron  pair 
(see  la)  have  the  same  effect  on  their  respective  nearest 


protons  causing  the  same  chemical  shift  for  these  two 
methylene  protons. 

Similar  considerations  also  apply  to  chloromethoxy- 
carbonium  ion.  Bis(chloromethyl)  ether  in  SbFr-SOs 
solution  is  ionized  to  form  the  chloromethoxycarbonium 
ion  III.    The  pmr  spectrum  of  III  (Figure  4)  at  —80° 


aCH^OCHsCl 


8bFr-80s 


aCH,OCH,+ 
SbFiQ- 


SbFiO- 


III 


consists  of  two  triplets  at  —9.82  and  —6.76  ppm^/H-fl 
s  1.2  Hz.  This  ion  is  very  sensitive  to  the  manner  of 
preparation,  and  a  temperature-dependent  spectrum 
can  readily  be  obtained.  This  effect  is  illustrated  in 
Figure  5  showing  the  coalescence  of  the  CHsCl  and 
CHs  peaks  on  raising  the  temperature.  Coalescence 
was  also  observed  simply  by  adding  a  small  amount  of 
additional  bis(chloromethyl)  ether.  This  indicates 
that  in  ion  III  intermolecular  exchange  may  take  place 
(between  ion  III  and  un-ionized  bis[chloromethyl]  ether). 
Our  data  do  not,  however,  rule  out  intramolecular  ex- 
change. 

^  CH,+OCHia 


CH,aOCH,+ 


CH,aocH,a  +  +CH,ocH,a 


+cH,ocH*a  +  acHiOCHfa 


It  should  be  mentioned,  as  in  the  case  of  ion  I,  that 
there  is  no  noticeable  nonequivalence  of  the  methylene 
protons  of  ion  III.  Thus  there  is  not  an  observable 
barrier  to  rotation  in  the  oxonium  form  of  III  and  IV, 
although  again  we  believe  this  to  be  a  result  of  coinci- 
dental chemical  shifts  and  deceptive  simplicity. 

When    a,a-dichloromethyl    ether    is    dissolved   in 
SbFs-SOs  at  -  60  ''y  the  pmr  spectrum  (Figure  2)  indicates 
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Figure  5. 


e  formation  of  the  methoxychlorocarbonium  ion 
^  This  ion  exists  in  two  conformational  forms 
'a  and  b,  of  which  81  %  is  IVa  and  19%  is  IVb  (mea- 

SbFi-SOa  + 

►  CHjOCHa  <— ►  CH/3+=<:Ha 

-W       SbF,a-  SbF.a- 

IV 


CHaOCHO] 


red  by  integration  of  the  pmr  spectrum).  This  as- 
^ment  is  made  on  the  basis  of  the  larger  coupling 
pected  for  a  cis  allylic  coupling."    (We  found  J 

1.2  Hz  for  the  cis  aUylic  coupling  in  IVa  and  /  » 
7  Hz  for  the  trans  allylic  coupling  in  IVb).    No  change 

the  relative  amounts  of  the  two  species  was  found 
tween  -40  and  -90^ 


cr^H 


IVa 


IVb 


Va 


Vb 


This  interpretation  is  supported  by  observation  of  the 
ethoxyfluorocarbonium  ion  V  prepared  by  ioniza- 
>n  of  a»a-difluoromethyl  methyl  ether*  in  antimony 
sntafluoride-sulfur  dioxide  solution. 


SbFr-80a  + 

CHiOCHFt ►  CHiOCHF 

--w        SbFr 


CHK)^fe=CHF 
SbFr 


Thc  pmr  spectrum  of  V  at  —40**  (the  ion  was  poorly 
luble  at  lower  temperatures;  near  —20^  it  decom- 
Mcd  with  gas  evolution),  shown  in  Figure  3,   is 

[8)  S.  Sternbdl,  Rtv,  Pvt§  Appl  Chem.,  14, 15  (1964). 

19}  J.  Hiiw  and  J.  J.  Porter,  /.  Am.  C/um.  Soe.,  79,  5493  (1957). 


again  a  composite  of  70%  Va  and  30%  Vb  (by  inte- 
gration of  both  the  proton  and  the  fluorine  spectra). 
Again,  on  the  basis  of  the  larger  coupling  found  in  Va, 
this  species  is  assigned  the  cis  allylic  proton  conforma- 
tion. It  is  of  interest  that  the  fluorine  atom  does  not 
show  detectable  coupling  with  the  methoxy  group  in 
Va.  However,  the  methoxy  group  of  Vb  on  expanded 
sweep  width  can  be  seen  to  be  a  triplet  with  0.7-Hz 
separations.  In  this  conformation  the  fluorine  atom 
couples  with  the  methoxy  group  with  the  same  value 
as  the  hydrogen  atom.  The  geminal  H-F  coupling 
in  both  conformations  is  98  Hz  and  provides  support 
for  the  sp^  nature  of  the  carbon  atom,^^'  as  do  the  large 
downfield  shifts  of  the  fluorine  atoms  observed  for  both 
species  (CFjHOCHi  appears  as  a  doublet,  Jh-p  =  75 
Hz,  at  +89.7  ppm;  Va  appears  as  a  doublet,  /J?,  = 
98  Hz,  at  —  49.9  ppm  and  Vb  appears  as  a  doublet  fur- 
ther split  into  quartets,  .Cf  =  98  Hz,  J^Hj  =  0.7 
Hz,  at  -41.8  ppm,  all  from  external  FCCU  at  -40^). 

Observations  of  cis-trans  isomerism  in  the  halometh- 
oxycarbonium  ion  shows  that  structures  such  as  la, 
IVa  and  b,  Va  and  b,  etc.,  are  obviously  the  important 
contributing  resonance  structure  of  alkoxy  ions.  On 
the  other  hand,  the  very  substantial  deshielding  of  the 
methylene  protons  in  the  methoxy-  and  chloromethoxy- 
carbonium  ions  indicates  that  substantial  charge  is 
localized  on  the  methylene  carbon  atom,  and  I  and  III 
can  be  considered  as  stable  primary  carbonium  ions. 

(10)  H.  M.  McConnel,  C.  A.  Reilly,  and  A.  D.  McLean,  7.  Chem, 
Phyi.,  24,  479  (1956),  find/H-r  -  81  Hz  in  1,1-dichlorofluoroethylene. 
O.  A.  Olah  and  E.  B.  Baker  (in  **Friedel-CrafU  and  Related  Reactions," 
VoL  m,  O.  A.  01ah«  Ed.,  Intendence  Division  of  John  Wiley  and  Sons, 
Inc.  New  York.  N.  Y..  1964.  pp  1182-1183)  found  182.5  Hz  for  /h-p 
in  formyl  fluoride. 
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Table  I.    Nmr  Data  of  Alkoxycarbonium  Ions* 


-Starting  material  in  CCU,  internal  TMS- 


Ion  in  SbFi-SOt  (-60°),  external  TMS  in  IXXli 


CHtOGHsQ 

•acH,ocH,a 

CHtOCHas 


CH^OCHF, 


3.47  (s),  CH/3 
5.42(s),CH, 
5.58(s),  CH, 

3.67(s),CH/3 
7.33(s),CH 


3.54(s),CH, 
6.14(t),CH 


Jn-T  =  75  Hz 


I,  5.66(t),CHiO 
9.94(q),CH, 
m,  6.76(t),CH, 
9.82(t),CH, 
IVa,  5.60(d),  CH/3 

10.90(q),CH 
IVb,  5.72(d),  CH/3 

10.66(q),CH 
Va.^  5.46(d). CH,0 
9.76(2q),CH 
Vb.»  5.64(t),CHiO 
9.86(2q),  CH 


y»  1.0  Hz 
y=  i.iHz 

y-  1.2Hz 

y=«0.7Hz 

/h-p  -98  Hz 
/h-h-  1.2Hz 
yH-p=98Hz 
/h-h  =  0.7  Hz 
^'iV  =  0.7  Hz 


«  (s),  singlet;  (d),  doublet;  (t),  triplet;  (q)  quadruplet.    ^  At  -40*". 


The  pmr  data  of  ions  I,  III,  IV,  and  V  are  summa- 
rized in  Table  I.  All  integrations  were  in  accord  with 
assigned  structures. 

Experimental  Section 

All  of  the  halo  ethers  except  a,a-difluoromethyl  methyl  ether  were 
commercially  available  and  used  as  obtained.  a,a-Difluoro- 
methyl  methyl  ether  was  prepared  by  the  method  of  Hine.* 

Solutions  of  the  carbonium  ions  were  obtained  in  the  following 
way.  A  saturated  solution  of  antimony  pentafluoride  in  sulfur 
dioxide  was  prepared  (at  — 10*^).  Portions  (2  ml)  of  this  solution 
were  cooled  to  —78'',  causing  some  antimony  pentafluoride  to 
crystallize  from  solution.  To  this  suspension  was  added  dropwise 
with  stirring  approximately  0.3  g  of  the  appropriate  halo  ether. 
Slight  warming  was  required  to  complete  the  ionization,  whereupon 
a  homogeneous  solution  resulted  with  only  slight  traces  of  cdor. 
Ion  concentrations  were  approximately  10%.  These  operations 
were  carried  out  in  the  laboratory  atmosphere.    This  procedure 


provides  a  simply  way  to  generate  carbonium  ions  in  a  highly  re- 
producible manner. 

Spectra  were  recorded  either  on  a  Varian  Model  A56-60A  spec- 
trometer with  external  TMS  in  deuteriochlorofonn  as  reference 
(0.5  ppm  has  been  added  to  these  chemical  shifts  to  correct  them  to 
TMS  in  a  capillary  as  reference)  or  on  a  Varian  Model  HA-60 
spectrometer  with  TMS  in  a  capillary  as  reference. 

Methanolysis  of  the  carbonium  ions  was  accomplished  by  adding 
slowly  the  solution  of  the  carbonium  ion  in  sulfur  dioxide  to  t  sus- 
pension of  methanol  and  potassium  carbonate  at  —78**.  Product 
isolation  was  accomplished  by  drowning  the  resulting  suspensioo  in 
water  and  extracting  with  pentane.  Identification  of  in'oducts  was 
made  by  glpc  comparison  of  retention  times  with  authentic  sampks 
and  by  nmr  and  infrared  spectroscopy.  None  of  the  dihalo  etben 
retained  halogen  in  the  quenching  experiments. 

Acknowledgment.  Generous  support  of  the  work  by 
grants  of  the  National  Science  Foundation  and  the 
National  Institutes  of  Health  is  gratefully  acknowledged. 
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Abstract :  A  series  of  protonated  aliphatic  thiols  and  sulfides  have  been  studied  in  HSO»F-SbFf-SOi  solution.  S- 
protonation  was  observed  at  —60^  by  nmr  spectroscopy  with  negligible  exchange  rates.  At  higher  temperatures, 
protonated  thiols  cleave  to  carbonium  ions.  Protonated  sulfides,  except  for  tertiary  alkyl  ones,  are  resistant  to  cleav- 
age up  to  +70°. 


We  have  previously  reported  the  nmr  observation 
of  protonated  alcohols*'  and  ethers.*  We  wish 
now  to  report  the  observation  of  S-protonated  thiols 
and  sulfides  in  the  extremely  strong  acid,  FSO|H- 
SbFs,  at  —60**  and  their  cleavage  to  carbonium  ions. 


(1)  (a)  Part  XXXIX :  G.  A.  Olah  and  J.  Lukas,  /.  Am,  Chem.  Soc.,  89, 
2227  (1967).  (b)  National  Science  Foundation,  Postdoctoral  Research 
Investigator,  1966-1967.  (c)  National  Science  Foundation,  Postdoctoral 
Research  Investigator,  196S. 

(2)  G.  A.  Olah  and  E.  Namanworth,  /.  Am,  Chem,  Soc,,  88,  5327 
(1966). 

(3)  G.  A.  Olah,  J.  Sommer,  and  E.  Namanworth,  ibid,,  in  press. 
(4)  a  A.  Olah  and  D.  H,  O'Brien,  ibid,,  89, 1725  (1967). 


RSH 


-60* 


They  show  well-resolved  nmr  spectra  with  very  slow 
exchange  rates.  Protonated  hydrogen  sulfide  itself 
shows  a  sharp  singlet  at  —6.60  ppm.  Protonated 
methyl  thiol  (Figure  1)  shows  the  methyl  triplet  at 
—2.95  ppm  and  a  SHj+  quartet  at  —6.45  ppm  (/h-h 
»  8.0  cps).    Protonated  ethyl  thiol  (Figure  2)  diows 


Results  and  Discussion  ' 

Protonated  Thiols.    Aliphatic  thiols  are  quantitatively 
protonated  in  FSOjH-SbFs  diluted  with  SO,  at  -60°. 

FS0sH-SbF«-80> 

— ►  RSHt+  SbPr-FSOr 
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Table  I.    Nmr  Chemical  Shifts  and  Coupling  Constants  of  Protonated  Thiols  at  -  60*"  in  HSOiF-SbFr-SOfe 


Thiol 


Hi 


H, 


-6,  ppni*- 
H, 


H^ 


SH,+ 


yH-H+, 

cps 


HSH 
1 
CHiSH 

2  1 
CHiCHiSH 

3  2     1 
CH,CH,CHiSH 

^•>CHSH 

4  3     2     1 
CH,CH,CH,CH,SH 

3 


2    1 
>CHCHiSH 


CHi 
CH,' 

3     2b    1 
CHsCHsCHSH 

I 
CHi 

2a 

(CHi)sCSH 

CHi 

3      2b    I 

CHiCH«CSH 

I 

CHt 

2a 


-2.95  (3)» 

-3.37(d) 

-3.40(cm) 

-3.98  (cm) 

-3.47(d) 
-3.32(cm) 

-4.08(d) 


-1.48(3) 
-1.98(cm) 

-1.73(2) 


rsj 


-1.70(cm) 


rsj 


-2. 25  (cm) 


a -1.82(2) 
b-2.10(cm) 


-1.75(1) 

a -1.75(1) 
b -1.97  (cm) 


-1.00(3) 


-1.70(cm) 


-1.03  (cm) 


-1.15(3) 


-1.07(3) 


-0.90(3) 


6.60(1) 

. .  • 

6.45(4) 

8.0 

6. 22  (cm) 

8.0 

6. 37  (cm) 

8.0 

-5.93(2) 


-6.45(3) 


-6.40(3) 


-6.35(2) 


-6.42(1) 


-6.32(1) 


7.5 


7.6 


8.0 


7.0 


From  external  capillary  of  TMS.    ^  Multiplicity  of  peaks  shown  in  brackets;  (cm)  »  complex  multiplet. 


the  methyl  triplet  at  —1.48  ppm,  a  methylene  sextet 
at  —3.37  ppm,  and  a  SHa+  triplet  having  a  complex 
central  peak  at  —6.22  ppm  (/h-h=  8.0  cps).  Assign- 
ments of  derived  chemical  shifts  and  coupling  con- 
stants of  the  protonated  thiols  studied:  methyl,  ethyl, 
n-propyl,  isopropyl,  n-butyl,  isobutyl,  seobutyl,  r-butyl, 
and  r-amyl,  are  sunmnarized  in  Table  I. 


c»^ht 


CH, 


SHJl* 


-J 


vWm\# 


imMm*t^t^if^mm 


JL 


•6X) 


PPM 


-^0 


Figure  1. 


The  protonated  thiols  are  surprisingly  stable  to  in- 
crease in  temperature  when  compared  to  the  corre- 
sponding protonated  alcohols.'  However,  the  mode 
of  sample  preparation  is  critical.  If  the  sample  is 
prepared  by  the  addition  of  the  diluted,  cooled  acid  to 
the  thiol,  simple  protonated  species  are  not  observed. 
The  nmr  spectra  indicate  that  protonated  thiols  react 
readily  with  the  excess  thiol  still  present  in  the  solution. 


However,  when  prepared  by  the  addition  of  thiol  to 
acid,  even  protonated  /-butyl  thiol  shows  no  appreci- 
able decomposition  at  —60**.  The  small  peak  at  —4.0 
ppm  in  the  spectrum  of  protonated  /-butyl  thiol  (Figure 
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Figure  2. 
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3)  can  be  attributed  to  trimethylcarbonium  ion  and  is 
probably  due  to  cleavage  as  a  consequence  of  local  heat- 
ing during  sample  preparation.  The  intensity  of  this 
peak  did  not  increase  with  time  at  —60^.  In  contrast,  all 
attempts  to  prepare  protonated  /-butyl  alcohol  results 
in  complete  formation  of  trimethylcarbonium  ion  even 
at-70^ 
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Figure  4. 


Protonated  /-butyl  thiol  slowly  cleaves  to  trimethyl- 


(CH,),CSH,+ 


-30* 


(CH,),C+  +  H,S+ 


carbonium  ion  and  protonated  hydrogen  sulfide  when 
the  temperature  is  increased  to  —30**  (/i/,  »  15  min). 
Protonated  /-amyl  thiol  (Figure  4)  also  cleaves  at  this 
temperature  to  dimethylethylcarbonium  ion.  The  spec- 
trum of  this  carbonium  ion  can  clearly  be  seen  in  Figure 

Protonated  secondary  thiols  are  stable  at  higher 
temperatures.  Protonated  isopropyl  thiol  cleaves 
slowly  at  0^  in  FSOaH-SbFs  (1 : 1)  solution.  No  well- 
identified  carbonium  ion  was  found  in  the  nmr  spectra 
under  these  conditions,  obviously  due  to  the  relative 
instability  of  the  isopropyl  cation  at  higher  tempera- 
ture giving  a  complex  reaction  mixture.  Protonated 
5ec-butyl  thiol  cleaves  to  trimethylcarbonium  ion  at 
this  temperature. 


CH,CH,CHSH,+ 

CH, 


(CH,CH,CH+CH,) 


(CH,),C+ 


(5)  O.  A.  Olah,  E.  B.  Baker,  J.  C.  Evans,  W.  S  Tolgyesi,  J.  S.  Mo- 
Int}Te,  andl.  J,  Bastien^  J,  Am.  Chem.  Soc,,  86,  1360  (1964). 
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Figure  6. 


Protonated  primary  thiols  are  stable  at  much  higher 
temperatures.  When  prepared  at  0**  in  FSOjH-SbFs 
(1:1),  protonated  /i-butyl  thiol  shows  slight  decomposi- 
tion to  trimethylcarbonium  ion  attributable  to  local 
heating  during  sample  preparation.  The  intensity  of 
the  trimethylcarbonium  ion  peak  did  not  increase  with 
time  at  this  temperature.  Protonated  n-butyl  thiol 
slowly  cleaves  to  trimethylcarbonium  ion  only  at  +25^. 


+26* 

CH,CH«CH«CH^H,+  — ►  (CH,CH,CHiCHi+) 


(CHd^C* 


Protonated  Sulfides.    Alkyl  sulfides  are  quantitatively 
protonated  in  FSCH-SbFs  diluted  with  SO,  at  -60^ 

H 

FBOiH-SbFr-80«  I 

►RSR 


RSR 


-60* 


SbFJFSOr 


They  show  well-resolved  nmr  spectra.  Protonated 
dimethyl  sulfide  (Figure  6)  shows  the  methyl  doublet 
at  —3.08  ppm  and  the  SH+  septuplet  at  —6.52  ppm 
(•'h-h  =  8.0  cps).  Protonated  diethyl  sulfide  (Figure 
7)  shows  the  metibyl  triplet  at  — 1.67  ppm,  a  complex 
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Table  n.    Nmr  Chemical  Shifts  and  Coupling  Constants  of  Protonated  Sulfides  at  -60''  in  HSOiF-SbFi-SOs 


(CH,C-),S 

I 
CHi 

CH, 

I       1 
(CH,C-)SCHi 


-1.83(1) 


-5.83(1) 


-2.87(2) 


-1.67(1) 


-6.00(4) 


CHi 

2b 

I    1        ^ 
CH,CSCH<^» 


-4.05  (cm) 


a-1.62(2) 
b- 1.73(1) 


-6.25(2) 


CH, 


2999 


/h-sh"*". 
cpa 

Sulfide 

Hi 

H, 

H, 

H4 

SH+ 

1 
(CH,),S 

2  1 
(CH,CH,),S 

3  2     1 
(CHiCH,CH,),S 

(S>ch)^ 

2b 

-3.08  (2)» 

-6.52(7) 

8.0 

-3.57(cm) 
-3. 33  (cm) 

-3.98(6) 

-1.67 

-2.00(cm) 

a  -1.62(2) 
b  -1.57(2) 

-1.07(3) 

-6.23(5) 
-6.18(5) 

-5.80(3) 

8.0 
8.1 

7.5 

™«>CHSCH, 

4      3     2      1 
(CH,CH,CH,CHOiS 
3    2a    1 

(CHiCH,CH).S 

1 

a-3.89(cm) 
b -2.90(2) 

-3. 33  (cm) 

-3.70(cm) 

-1.63(2) 

'^— 1.70(cm) 
a  -2.00(cm) 
b  -1.71  (cm) 

'^— 1.70(cm) 
-1.10(3) 

-1.00(cm) 

-6.07  (cm) 

-6.13(5) 
-5.73(cm) 

8.0 

8.0 
7.7 

1 
CH. 

2b 

2 

CH, 

8.0 


7.0 


•  From  external  capillary  of  TMS.    ^  Multiplicity  of  peaks  shown  in  brackets;  (cm)  «  complex  multiple!. 


multiplet  for  the  methylene  hydrogens  at  —3.57  ppm, 
and  the  SH+  quintet  at  —6.23  ppm  (Jh-h  =  8.0  cps). 
Assignments  of  derived  shifts  and  coupling  constants 
are  summarized  in  Table  II. 

The  proton  on  sulfur  in  the  protonated  thiols  and 
sulfides  is  at  considerably  higher  field  (-6.52  to  —  S.80 
ppm)  than  the  corresponding  proton  on  oxygen  in 
protonated  alcohols  and  ethers  (—9.21  to  —7.88 
ppm).*'*'*  It  is  worthy  of  note  that  protonated  hy- 
drogen sulfide  appears  as  a  sharp  singlet  with  a  similar 
chemical  shift,  —  6.60  ppm,  indicating  that  the  positive 
charge  on  protonated  sulfur  is  delocalized  and  little 
influenced  by  alkyl  substitution. 

Protonated  isopropyl  sulfide  (Figure  8)  gave  an  un- 
expectedly complex  pattern  for  the  methyl  hydrogens. 
It  showed  a  pair  of  overlapping  doublets  separated  by 
3.5  cps  at  —60®.  It  is  hig^y  unUkely  that  a  preferred 
conformation  can  explain  this  multiplicity  since  the 
pair  of  doublets  is  still  present  at  +70®  in  a  solution  of 
HSO|F-SbFt  (1:1).  A  more  plausible  explanation  is 
the  existence  of  intrinsic  asymmetry  in  the  -HS+-R 
group  comparable  to  that  found  in  ethyl  isopropyl 
sulfoxide,  diethyl  sulfoxide/  ethyl  benzenesulfonate, 
diethyl  acetal,'  diethyl  sulfite,"  and  ethyl  perfluoro- 

(O  T.  D.  Coyle  and  F.  O.  A.  Stone,  /.  Am,  Chem,  Soc,,  S3,  4138 
(1961). 
(7)  J.  S.  Wauih  and  F.  A.  Cotton,  /.  Phys.  Chem,,  65,  362  (1961). 


isopropanesulfinate.*  This  asymmetry  results  in  non- 
equivalent  methylene  hydrogens  in  the  ethyl  groups  of 
the  first  five  listed  compounds  and   nonequivalent 
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(8)  H.  Finefold,  Proe.  Chtm.  Soe.,  283  (I960):  F.  Kaplan  and  J.  D. 
Roberts,  /.  Am.  Chtm.  Soe,,  83, 4666  (1961). 

(9)  R.  M.  Rosenberg  and  B.  L.  Muetterties,  Inorg.  Chtm.,  1, 7S6 
(1962). 
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perfluoromethyl  groups  in  the  F^^  spectrum  of  ethyl 
perfluoroisopropanesulfinate.  The  nmr  spectrum  of 
diisopropyl  sulfoxide  (Figure  9)  displays  a  nonequiva- 
lent,  overlapping  methyl  doublets  separated  by  2.S  cps 
when  dissolved  in  SO2  at  —60°. 

It  is  particularly  noteworthy  that  nonequivalent 
methylene  hydrogens  were  observed  in  the  boron  hy- 
dride addition  complex  of  diethyl  sulfide,  (CHsCH2)2S  • 
BHs/  This  would  indicate  that  the  bonding  at  sulfur 
in  this  compound  and  in  the  protonated  sulfides  is 
qualitatively  similar.  The  existence  of  this  asymmetry 
further  confirms  the  fact  that  the  exchange  of  the  proton 
is  extremely  slow. 

In  other  protonated  sulfides  where  such  multiplicity 
might  be  observed,  protonated  methyl  isopropyl  sulfide 
gave  only  one  isopropyl  methyl  doublet;  protonated 
/-butyl  isopropyl  sulfide  gave  only  slight  broadening 
of  the  isopropyl  methyl  doublet ;  and  protonated  diethyl 
sulfide  gave  a  complex  methylene  peak  because  of  the 
further  splitting  by  the  proton  on  sulfur. 

The  protonated  sulfides  are  more  stable  to  cleavage 
than  the  corresponding  protonated  ethers'  and  also 
more  stable  than  the  protonated  thiols.  Protonated 
methyl  /-butyl  ether  is  completely  cleaved  to  trimethyl- 
carbonium  ion  and  protonated  methanol  upon  sample 
preparation  even  at  —70°.    Protonated  methyl  /-butyl 
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sulfide  is  stable  at  -60°  (Figure  10).  The  initial 
spectrum  shows  slight  decomposition  to  trimethyl- 
carbonium  ion  and  protonated  methyl  thiol  probably 
caused  by  local  heating  during  sample  preparation. 
No  change  in  peak  intensities  with  time  was  noted  at 
—60°.  When  the  temperature  is  increased  to  —15°, 
protonated  methyl  /-butyl  sulfide  very  slowly  cleaves  to 
trimethylcarbonium  ion  and  protonated  methyl  thiol. 


H 

(CH,),CSCHt 


-16» 


(CH,),C+  +  CHtSH,^ 


Protonated  di-/-butyl  sulfide  shows  very  little  cleavage 
at  -60°  (Figure  11).  At  -35°  it  cleaves  slowly  (/v. 
»  1  hr)  to  trimethylcarbonium  ion  and  protonated 
hydrogen  sulfide 
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Protonated  secondary  sulfides  show  extraordinary 
stability  toward  the  strongly  acidic  medium.  Proton- 
ated isopropyl  sulfide  shows  no  appreciable  cleavage 
up  to  +70°  in  a  solution  of  FSOjH-SbFs  (1:1).  At 
this  temperature  it  slowly  decomposed.  No  nmr  identi- 
fiable products  were  noted  at  this  elevated  temperature. 

Experimental  Section 

Materials.  Thiols,  symmetrical  dialkyl  sulfides,  isopropyl 
methyl  sulfide,  and  /-butyl  methyl  sulfide  were  reagent  grade  mate- 
rials and  were  used  without  further  purification. 

sec-Butyl  isopropyl  sulfide  was  prepared  according  to  the  method 
of  Vecera"*  by  the  reaction  of  sec-butylthiol  in  ethoxide-ethanol 
solution  with  isopropyl  bromide.  The  product  was  purified  by 
distillation.    The  fraction  between  1 39  and  140 °  was  used. 

i-Butyl  isopropyl  sulfide  was  prepared  according  to  the  method 
of  McAllan"  by  the  reaction  of  /-butyl  alcohol  in  25%  aqueous 
sulfuric  acid  with  isopropylthiol.  The  product  was  purified  by 
distillation.    The  fraction  between  1 30  and  1 32 "*  was  used. 

Isopropyl  sulfoxide  was  prepared  by  the  method  oi  Addison^* 
by  the  reaction  of  isopropyl  sulfide  with  dinitrogen  tetroxide. 


(10)  M.  Vecera,  J.  Gasparic,  D.  Snobl,  and  M.  Jurecek,  Chem,  Usty, 
so,  770  (1956);  Chem.  Abstr.,  50,  15412a  (1956). 

(11)  D.  T.  McAllan,  T.  V.  CuUum,  R.  A.  Dean,  and  F.  A.  Fidler,  /. 
Am.  Chem.  Soc.,  75,  3627  (1951). 

(12)  C.  C.  Addison  and  J.  C  Sheldon,  /.  Chem.  Soc.,  2705  (1956). 


The  product  was  purified  by  vacuum  distillation.  The  fraction 
between  91  and  92°  (12  mm)  was  used.  The  nmr  spectra  of  the 
sulfoxide  dissolved  in  sulfur  dioxide  at  —  60°  is  shown  in  Figure  9. 

Nmr  Spectra.  Varian  Associates  Model  A-56-60A  and  HA 
60-IL  nmr  spectrometers  with  variable  temperature  probes  were 
used  for  all  spectra.  Samples  of  S-protonated  thiols  and  sulfides 
were  prepared  by  dissolving  approximately  1.5  ml  of  HSO|F-SbFf 
(1 : 1  Af  solution)  in  an  equal  volume  of  sulfur  dioxide  and  cooling 
to  —76°.  The  thiol  or  sulfide  (approximately  0.2  ml)  was  dis- 
solved in  1  ml  of  sulfur  dioxide,  cooled  to  —76°,  and  with  vigorous 
agitation  slowly  added  to  the  acid  solution.  Samples  prepared 
in  this  manner  gave  nmr  spectra  which  showed  no  appreciable  chem- 
ical shift  differences  with  temperature  or  small  concentration  varia- 
tions. The  acid  was  always  in  excess  of  the  sulfide  or  thiol  as 
indicated  by  the  large  acid  peak  at  —10.2  ppm.  Samples  un- 
diluted with  sulfur  dioxide  were  prepared  by  cooling  the  1 : 1  Af 
acid  to  0°  and  adding,  with  vigorous  agitation,  the  neat,  cooled 
sulfide  or  thiol.  The  nmr  spectra  of  such  samples  showed  a  down- 
field  solvent  shift  of  about  0.3  ppm  for  all  peaks  because  of  the 
absence  of  sulfur  dioxide. 

Protonated  hydrogen  sulfide  was  prepared  by  passing  gaseous 
hydrogen  sulfide  for  a  short  time  through  a  stirred  solution  of  2  ml 
of  1 : 1  FSOaH-SbFt  diluted  with  2  ml  of  sulfur  dioxide  and  cooled  to 
-76°. 
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Abstract:  The  rates  of  formation  of  cyclic  acid  anhydrides  in  aqueous  solutions  of  methyl-substituted  succinic 
acids  are  shown  to  increase  as  expected  with  the  degree  of  substitution.  For  the  unsubstituted  and  mono-  and  di- 
substituted  acids,  at  least,  the  estimated  equilibrium  concentration  of  the  anhydride  in  the  acid  solution  ranges  from 
1  to  50  ppm  and  appears  to  be  largely  determined  by  the  rate  of  formation  than  by  its  hydrolysis.  The  aniline 
method  was  not  found  to  be  applicable  to  the  tri-  and  tetrasubstituted  acids  because  of  the  rapid  formation  of  the 
corresponding  imides. 


Recent  experimental  evidence  points  to  the  existence 
^  of  rather  sluggish  equilibria  in  water  between 
certain  sterically  favored  polycarboxylic  acids  and  their 
corresponding  cyclic  internal  anhydride.'  Although 
such  a  process  may  be  expected  to  be  favored  by,  for 
example,  alkyl  substitution^  in  succinic  acid,  quanti- 
tative evaluation  of  such  an  effect  had  not  been  widely 
attempted,  particularly  on  systems  in  which  the  relative 
concentration  of  the  anhydride  species  would  be  ex- 
pected to  be  low.  The  present  report  is  concerned  with 
results  of  an  attempt  to  determine  the  rates  of  formation 
and  the  relative  concentrations  of  these  active  species 

(1)  Supported  in  part  by  a  grant  from  the  National  Institutes  of 
Health,  Bethesda,  Md.,  under  GM-05830. 

(2)  Author  to  whom  reprint  requests  should  be  directed. 

(3)  T.  Higuchi,  T.  Miki,  A.  C.  Shah,  and  A.  Herd,  /.  Am.  Chem.  Soc., 
85.  3655  (1963). 

(4)  Recent  studies  in  the  glutaric  series  reflecting  effects  of  this  nature 
have  been  reported  by  T.  C.  firuice  and  W.  C.  Bradbury,  ibid.,  87,  4838 
(1969. 


in  aqueous  solutions  of  methyl-substituted  succinates 
at  several  temperatures. 

Direct  spectrophotometric  determination  of  the  for- 
ward rate  of  reaction  1  as  carried  out  recently*  was 
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not  possible  in  these  systems  since  the  relative  concen- 
trations of  the  anhydrides  are  always  much  too  low  to 
permit  convenient  determination.  For  the  present 
purpose,  the  aniline  method  developed  earlier  for  studies 

(5)  L.  Ebenon,  Acta  Chem.  Scand.,  18. 1276(1964). 
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Figure  1.  Semilogarithmic  plot  of  aniline  concentration  as  a  func- 
tion of  time  in  several  methyl-substituted  succinic  acid  buffers  at 
pH  4.0  and  60''.    All  buffers  were  0.06  A/. 


on  the  unsubstituted  succinate  system'  was  applied. 
The  method  is  based  on  the  observation  that  the  forma- 
tion of  anilic  acid  in  aqueous  solutions  of  these  dicar- 
boxylic  acids  and  aniline  is  mediated  entirely  through 
intermediate  production  of  the  corresponding  cyclic 
anhydride,  measurement  of  the  rate  of  formation  of  the 
amide  thus  affording  estimation  of  both  the  rate  of 
formation  of  the  anhydride  and  the  equilibrium  con- 
stant for  the  cyclization  reaction. 

Results  and  Obsenrations 

General  Behayior  of  Aniline-Succinate  Systems.    In 

Figure  1  the  observed  residual  concentration  of  aniline 
in  the  presence  of  six  methyl-substituted  succinate 
buffers,  0.06  M  at  pH  4.0,  is  shown  as  a  function  of  time 
at  60^.  The  initial  concentration  of  the  amine  in  each 
instance  was  0.001  M.  As  is  evident  from  the  plots, 
the  terminal  phase  of  each  reaction  exhibited  pseudo- 
first-order  reaction  kinetics.  Since  in  the  trimethyl  and 
tetramethyl  systems  crystalline  precipitates  of  the  cor- 
responding anils  were  observed,  the  over-all  reaction 
appears  to  be 


aniline 
Jfci  kt 

dicarboxylic  acid  ==:^  acid  anhydride  :^=^  anilic  acid 

.1  Jfc-t 

—  aniline 


anil 


on  the  basis  of  previously  established  chemistry  of  the 
succinate  system.  The  initial  nonlinearity  observed 
with  the  mono-  and  dimethyl  systems  is  presumably  due 
to  buildup  of  the  corresponding  anilic  acid. 

If  the  above  rationalization  is  correct,  the  indicated 
equilibrium  between  the  dicarboxylic  acid  and  the 
anilic  acid  occurs  with  increasing  facility  as  the  degree 
of  substitution  is  increased.  It  is  evident  in  the  case  of 
tri-  and  tetramethyl  systems  that  the  initial  equilibria 
are  established  too  quickly  to  permit  convenient  mea- 
surement of  the  unidirectional  rate,  at  least  at  60^. 
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Figure  2.  Reciprocal  plot  of  the  initial  rate  of  disappearance  of 
aniline  in  pH  3.90  methylsucdnate  buffer  (0.6  Af)  at  60"*  as  a  functioa 
of  the  reciprocal  initial  aniline  concentration. 
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Figure  3.  Reciprocal  plot  of  the  initial  rate  of  disappearance  of 
aniline  in  pH  2.75,  2,2-dimethylsuccinate  buffer  (0.5  AfX  at  60""  as 
a  function  of  the  reciprocal  initial  aniline  concentration. 


It  appeared  possible,  however,  in  the  remaining  four 
systems  to  determine  the  initial  rates  of  loss  of  aniline 
in  the  manner  previously  described  for  estimating 
the  ki  values  for  these  acids. 

Estiniation  of  ki.  The  absolute  rate  of  formation  of 
the  postulated  acid  anhydride  species  for  monomethyl- 
and  two  dimethyl-substituted  succinic  acids  was  esti- 
mated by  determining  the  limiting  initial  rate  of  reaction 
with  excess  aniline  in  these  systems.  The  reciprocal  of 
initial  rates  was  plotted  vs.  the  reciprocal  of  initial 
aniline  concentrations  to  give  plots  such  as  those  repre- 
sented by  Figures  2  and  3  for  the  methylsuccinate  and 
2,2-dimethylsuccinate  buffer  systems,  respectively.  The 
limiting  initial  rate  represented  by  the  intercept  of  such 
plots  can  be  used  to  calculate  ku  The  values  of  ki 
obtained  in  this  manner  are  shown  in  Figure  4  plotted 
in  the  usual  Arrhenius  manner  against  1/T,  the  actual 
range  of  temperature  being  40-70®  for  the  mono- 
methylsuccinic  system  and  50-80®  for  two  dimethyl- 
succinic  systems.  Measurement  was  not  attempted 
in  the  case  of  the  me5o-dimethylsuccinate  system 
because  of  the  low  solubility  of  the  acid  and  because  of 
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Figure  4.   Arrhenius  plots  of  ku  the  anhydride  formation  constant 
for  four  anhydrides. 


its  limited  availability.  Data  for  the  unsubstituted 
succinic  acid  obtained  earlier'  are  also  included  for 
comparison  purposes.  In  Table  I  numerical  values  ob- 
tained at  60°  are  given,  together  with  J^^,  the  energies  of 
activation  estimated  from  the  Arrhenius  plots.  Ey- 
ring's  A^*  would  differ  from  these  by  0.66  kcal/mole. 
Entropies  of  activation  have  been  calculated  for  ki 
at  60°  and  are  also  included  in  Table  I. 

Table  I.    Rate  of  Cyclic  Anhydride  Formation  in  Water  at  60'' 


ki  X 

^.. 

W 

kcal/ 

-A5=t=, 

Add 

scc-> 

mole 

eu 

Succinic 

1.5 

22.2 

25.2 

Methylsuodnic 

9.9 

21.7 

22.9 

2,2-Dimethylsuocinic 

18.2 

21.1 

23.4 

2,3-£tf-Dimethylsuocinic 

52.5 

19.6 

25.7 

Estimatloii  of  Ki  (^kilk-{).  The  equilibrium  con- 
stants for  the  cyclization  step  can  be  readily  estimated 
from  the  ki  values  since  the  reverse  reactions  have  been 
studied  by  Eberson.*  In  Table  II  the  constants,  or 
equivalenUy  the  fraction  of  these  acids  present  at  these 
temperatures  in  their  respective  anhydride  forms  at 
equilibrium^  are  listed. 

Table  n.    Equilibrium  Constant  for  Anhydride  Formation 


Succinic 

—  jr.,  XI 

Methyl- 
succinic 

(^(leJIe    .\ 

Temp, 
^'C 

2.2- 

Dimethyl- 

succinic 

2,3-d?. 

Dimethyl- 

sucdmc 

95 
75 
50 
25 

21 
10 
4- 

130 
60 
19.5 
5.5« 

340 
165 
56 
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Extrapolated  values. 


(6)  L.  Ebcrion,  Acta.  Chem.  Scand.  18.  534(1964). 


Figure  5.    Equilibrium  constant  for  formation  of  cyclic  anhydride 
in  water  plotted  against  l/F. 


The  values  shown  in  the  table  for  succinic  acid  re- 
quire some  explanation  since  the  extrapolated  constant 
at  25  *"  of  1  X  10-*  differs  significantly  with  that  of  0.2 
X  10"'  reported  earlier.*  In  making  the  earlier  esti- 
mate, the  rate  constants  (/ci)  obtained  experimentally 
at  95,  85,  75,  and  65°  for  succinic  acid  were  considered 
to  form  a  curved  rather  than  a  linear  Arrhenius  plot, 
the  nonlinear  extrapolation  yielding  a  rather  rough 
estimate  for  i^eq  of  2  X  10-^  at  25°.  The  slight  de- 
parture from  linearity  is  evident  for  the  point  shown  in 
Figure  4.  If,  however,  we  assume  that  the  line  is  more 
or  less  linear  as  are  others  of  the  series,  the  equilibrium 
constant  at  25°  for  succinic  comes  out  to  be  approx- 
imately 1  X  lO"*.  The  magnitude  of  the  uncertainty 
introduced  by  extrapolation  reflects  the  relatively  high 
activation  energy  for  the  reaction.  The  higher  equi- 
librium value  for  succinic  anhydride  would  reduce  the 
free  energy  of  its  hydrolysis  from  —9250  cal/mole 
recently  calculated  from  our  earlier  data  by  Jencks, 
et  fl/.,^  to  -8310  cal/mole. 

The  equilibrium  constants  given  in  Table  II  are  shown 
plotted  in  Figure  5  against  1/r.  The  enthalpic  changes 
for  cyclization  of  the  four  acids  shown  do  not  appear  to 
differ  significantly,  the  mean  indicated  heat  of  the 
reaction  being  of  the  order  of  9  kcal/mole.«  The  plot 
for  succinic  acid  appears  to  support  the  higher  ex- 
trapolated value  of  the  equilibrium  value  at  25°  since 
it  falls  essentially  on  the  line. 

Evaluation  of  kt.  Determinations  of  kt,  the  rate  con- 
stant for  reaction  between  free  aniline  and  anhydride, 

(7)  W.  p.  Jencks,  F.  Barley,  R.  Barnett,  and  M.  Gilchrist,  /.  Am. 
Chem,  Soc.,  8S,  4464  (1966). 

(8)  The  observed  lack  of  dependence  on  methyl  substitution  it  at 
variance  with  the  conclusion  drawn  from  calorimetric  measurements  (J. 
B.  Conn,  G.  B.  Kistiakowsky,  R.  M.  Roberts,  and  E.  A.  Smith,  ibid.^ 
64,  1747  (1942)).  These  were,  however,  carried  out  on  solid  anhydrides 
and  involved  guesses  as  to  heats  of  fusion.  The  mean  value  of  9  kcal  if 
in  reasonable  agreement  with  the  mean  of  the  calorimetric  estimates. 
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Figure  6.    Plot  of  rates  of  hydrolysis  of  succinanilic  acids  against 
rates  of  anhydride  formation  from  corresponding  acids. 


were  performed  for  five  methyl-substituted  succinic 
anhydrides.  These  determinations  were  made  at  20, 
25,  and  30*^  at  pH  4.65  using  a  0.05  M  buffer  composed 
of  an  acid-salt  system  corresponding  to  the  anhydride 
studied.  The  values  of  /c2  obtained  at  25°,  based  on 
free  aniline  concentration  at  the  chosen  pH,  are  shown 
in  Table  III.  Check  runs  on  methylsuccinic  anhydride 
and  aniline  at  pH  3.30  and  3.90  at  25°  yielded  results 
which  agreed  with  that  obtained  at  higher  pH.  The 
apparent  heat  of  activation,  E^^  for  the  formation  of 
all  the  anilic  acids  was  found  to  be  essentially  the  same, 
about  4.6  ±  0.3  kcal/mole. 


Table  m.    Comparison  of  Rate  of  Reaction  with  Aniline,  kt, 
with  Rate  of  Hydrolysis,  k-u  at  25° 


^1.  M'' 

An  X 

Add  anhydride 

sec-* 

10»,  sec-» 

Succinic 

19.3 

2.64 

Methylsuccimc 

15.3 

3.65 

2,2-Dimethylsuccinic 

5.3 

2.84 

<i/-2,3-Dimethyisuccinic 

9.2 

3.95 

mf5a-2,3-Dimethyisuccinic 

13.4 

5.73 

General  Discussion 

It  is  apparent  from  the  data  presented  that  substitu- 
tion of  methyl  groupings  for  methylene  hydrogens  in 
succinic  acid  markedly  increases  the  cyclization  ten- 
dency as  expected.  The  order  and  magnitude  of  the 
observed  rate  enhancement  essentially  parallel  that 
recently  reported  for  formation  of  the  same  anhydrides 
from  the  corresponding  succinanilic  acids,'  as  is  evident 
from  the  log-log  plot  of  the  specific  rate  constants  as 
shown  in  Figure  6.  Since  the  reverse  hydrolytic  reac- 
tion rates  represented  by  k-i  in  Table  III  are  relatively 
unaffected  by  methyl  substitution,  the  equilibrium  points 
appear  to  be  largely  determined  by  the  formation  rate. 

Experimental  Section 

Equipment  and  Reagents.  Mineral  oil  baths  regulated  to  0.05° 
were  used  for  the  kinetic  runs  to  determine  ki.  All  final  determina- 
tions of  residual  aniline  were  carried  out  spectrophotometrically 


(9)  T.  Higuchi,  L.  Eberson,  and  A.  K.  Herd,  /.  Am,  Chem.  Soc.,  88, 
3805  (1966). 


on  a  Gary  Model  11  MS  spectrophotometer.  The  adjustment  and 
determinations  of  pH  were  made  with  a  Beckman  pH  meter  with  an 
expanded  scale. 

Aniline  was  freshly  distilled  and  kept  under  nitrogen.  The 
methyl-substituted  succinic  acids  used  have  been  previously  de* 
scribed.'  The  anhydrides  were  prepared  by  treating  the  corT^ 
spending  acids  with  excess  acetyl  chloride  and  recrystallizing  from 
anhydrous  diethyl  ether  or  diethyl  ether-petroleum  ether  (bp  ^O-dO") 
mixtures.  All  other  chemicals  used  were  reagent  or  analytical 
grade. 

Procedure  for  Kinetic  Rons  to  Detennine  ku  The  several  OJ 
or  0.06  M  buffers  at  the  desired  pH  also  contained  aniline  in  various 
concentrations.  The  ionic  strength  was  adjusted  to  1 .0  with  sodium 
chloride.  These  solutions  were  filled  into  glass  ampoules  of  ap- 
propriate capacity,  sealed  under  nitrogen,  and  then  immersed  in  a 
thermostated  mineral  oil  bath  at  the  desired  temperature.  Am- 
poules were  periodically  withdrawn  as  samples  and  chiUed  to  quench 
the  reaction,  after  which  a  measured  volume  was  withdrawn,  made 
strongly  alkaline  with  concentrated  sodium  hydroxide  solution,  and 
extracted  with  three  portions  of  chloforom  to  remove  residual 
aniline.  The  aniline  concentration  in  the  chloroform  extract 
was  determined  spectrophotometrically  at  287  mpu  This  pro- 
cedure is  essentially  that  reported  earlier'  except  that  sanq)ling 
times  were  generally  more  frequent  with  the  methyl-substituted 
succinic  acids  than  with  succinic  acid  since  the  former  reacted  moie 
rapidly  with  aniline. 

The  dissociation  constants  employed  in  calculating  ki  values  were 
obtained  potentiometncally  in  systems  at  70®  and  in  acid  concen- 
tration conditions  identical  with  those  used  in  the  rate  studies. 
The  values  obtained  are  given  as  compound  (molarity),  pAi,  pJG; 
succinic  acid  (0.5),  4.4,  4.8;  methylsuccinic  acid  (0.6),  3.75,  5.15; 
2,2-dimethylsuccinic  acid  (0.5),  3.80,  6.0;  <i/-2,3-dimethylsucdmc 
acid  (0.5),  3.75,  5.65. 

Procedure  for  Determination  of  kt.  These  rate  constants  were 
determined  in  a  conventional  manner  in  a  thermostated  Gary 
Model  11  spectrophotometer.  The  reactions  carried  out  directly 
in  the  photometer  cell  were  made  pseudo  first  order  with  respect  to 
anhydride  by  using  anhydride  in  40-fold  excess  over  the  aniline 
concentration,  with  the  latter  having  a  zero-time  concentration  of 
about  2.5  X  10~*  A/.  The  anhydride  was  first  introduced  into  the 
reaction  cell  in  varying  anK)unts  of  dioxane  such  that  the  final 
dioxane  concentration  ranged  from  3.2  to  19.2%  on  a  volume  basis. 
The  aniline  was  next  introduced  in  a  0.05  M  buffer  composed  of  the 
acid-salt  system  corresponding  to  the  anhydride  being  studied  in  the 
reaction.  The  composition  of  the  solution  in  the  reference  cell  was 
identical  except  for  the  omission  of  anhydride.  The  increase 
in  absorbance  at  235  m/x  was  used  to  follow  the  reaction  rate.  Semi- 
logarithmic  plots  of  the  equilibrium  value  of  the  absorbance  minus 
the  value  of  the  absorbance  at  time  /,  i4«  —  Au  gave  good  first- 
order  plots  over  several  half-lifes,  and  the  resulting  rate  coosumts 
were  then  extrapolated  to  zero  dioxane  concentration.  The  second- 
order  constants  were  calculated  from  these  rate  values  on  the  basis 
of  the  anhydride  concentration  employed  and  the  estimated  value 
of /s,  the  fraction  of  unprotonated  aniline  in  the  solution  at  the  pH 
and  temperature  of  the  reaction. 

The  dissociation  constant  of  aniline  was  determined  spectro- 
photometrically at  20,  25,  and  30""  in  the  presence  of  buffers  of  the 
same  concentration  as  used  in  the  studies  to  detennine  kt.  The 
pK.*  of  aniline  determined  in  this  maimer  was  4.81,  4.74^  and  4.69, 
respectively,  at  20, 25,  and  30**. 

In  these  studies,  a  buffer  effect  was  noted  on  both  kt  and,  when 
determining  the  pK^'  of  aniline,  the  fraction  of  total  aniline 
present  as  the  free  amine.  Increasing  buffer  concentration  caused 
a  decrease  in  both  the  value  of  ki  and  in  the  fraction  of  free  amine 
present,  the  magnitude  of  the  effect  being  comparable  in  both  cases. 
Since  it  is  the  free  amine  form  that  is  postulated  as  the  reactive 
species  with  the  acid  anhydrides,  the  decrease  of  the  concentration 
of  this  form  would  be  expected  to  reflect  itself  in  a  corresponding 
decrease  in  kt.  However,  at  concentrations  of  0.05  Af  buffer, 
the  values  of  kt  obtained  differ  by  about  only  2%  or  less  firom 
buffer-free  values,  and  the  values  in  Table  III  for  k^  ace  uncorrected 
for  buffer  effects. 
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Abstract:  A*'^^-Octalin  and  dinitrogen  tetroxide  in  ethyl  ether  in  the  presence  of  oxygen  yield  /rafii-9,10-dinitro- 
decalin  (II)  and  lO-nitro-9-decalyl  nitrate  (III).  Norbomene  and  dinitrogen  tetroxide  give,  after  hydrolysis  and 
chromatography,  exo,ciS'  (IX,  major)  and  trans-  (X,  minor)  2,3-dinitrobicyclo[2.2.1]heptanes  and  2-hydroxy-3- 
nitrobicyclo[2.2.1]heptane  (stereochemistry  unestablished).  Cyclooctatetraene  and  dinitrogen  tetroxide  result  in 
the  formation  of  5,8-dinitro-l,3,6-cyclooctatriene  (XXII)  of  probable  trans  stereochemistry.  The  mechanisms  of 
these  reactions  are  consistent  with  homolytic  addition  of  dinitrogen  tetroxide  or  nitrogen  dioxide  to  the  olefinic  cen- 
ters to  give  vicinal  nitrocycloalkyl  radicals  which  then  react  selectively  with  the  nitrating  agent(s)  from  the  more 
sterically  accessible  direction.  Reaction  of  6,6-diphenylfulvene  and  dinitrogen  tetroxide  leads  to  4-benzhydryli- 
dene-c/j-3,5-dinitrocyclopentene  (XXIX),  2-nitro-6,6-diphenylfulvene  (XXX),  and  2,5-dinitro-6,6-diphenylfulvene 
(XXXI).  Indene  and  dinitrogen  tetroxide  and  subsequent  aqueous  hydrolysis  yield  c/5-2-nitro-l-indano]  (XXXVI). 
The  cis  stereochemistry  of  the  products  derived  from  addition  of  dinitrogen  tetroxide  to  6,6-diphenylfulvene  and 
to  indene  may  indicate  that  with  rigid  planar  cycloolefins  (charge  transfer)  coordination  with  dinitrogen  tetroxide, 
and  subsequent  collapse  to  cis  adducts,  becomes  an  important  reaction  mechanism. 


|initrogen  tetroxide  reacts  with  olefins  (eq  1)  in 

"  ether  or  ester-type  solvents  and  in  the  presence  of 

gen  to  give  vicinal  dinitro  compounds,  nitro  nitrites, 

nitro  nitrates.'    These  reactions  involve  coordina- 


N,o*  RiC CR,      R,C 

— ^     I        I       +     I 

Ot        NO,  NO,  NO 


-(JK,       RsCT (JK, 

+1      1     (1) 

NO        NOi    ONO> 


.i 


.  of  dinitrogen  tetroxide  with  the  electron-donor 
ents  and  subsequent  homolytic  addition  of  the 
ating  agent(s)  to  the  olefins.'  Dinitrogen  tetroxide 
s  stereoselectively  to  a  number  of  olefins  and  cyclo- 
ins.    Cyclohexene  and  cyclopentenc  give  both  cis 

trans  products.'  1-Methylcyclohexene  yields  1- 
hyl-rra«5-2-nitrocyclohexyl  nitrite  exclusively.*    cis 

/ra/i5-stilbenes  and  dinitrogen  tetroxide  give 
tures  of  the  dl-  and  meso'diniiro  adducts  in  a  3:2 
o  and  the  threo  and  erythro  nitro  nitrites  in  a  2:1 
o.^  It  has  been  suggested  that  the  major  stereo- 
mical  adducts  are  formed  more  rapidly  because  the 
icture  of  the  transition  state  for  homolytic  reaction 
an  intermediate  nitroalkyl  radical  (R2(^-CRsNOi) 

the  nitrating  agent  (NOs,  NsOO  resembles  the  re- 
mts  and  thus  attack  occurs  at  the  greater  rate  from 
more  accessible  direction.''**"* 

)  (a)  The  studies  of  reactions  of  dinitrogen  tetroxide  with  A*'^<>- 
lin  and  norbomene  have  been  abstracted  in  part  from  the  Ph.D. 
Ttation  of  J.  J.  Gardikes,  The  Ohio  State  University,  Columbus, 
>,  1960.  This  research  was  supported  by  the  Office  of  Naval 
arch,  (b)  The  investigations  of  dinitrogen  tetroxide  with  cyclo- 
tctraene,  6,6-diphcnylfulvene,  and  indene  were  effected  by  T.  S. 
trcll,  Ph.D.  Dissertation.  The  Ohio  State  University,  Columbus, 
>,  1964.  (c)  National  Science  Foundation  Cooperative  Fellow, 
-1962  and  1963-1964,  and  National  Science  Foundation  Graduate 
>w,  1962-1963.  (d)  The  nuclear  magnetic  resonance  spectra  of 
cii-  and  ejro,rra/ij-2,3-dinitrobicyclo[2.2.1]heptanes  and  exo,cis-  and 
/ra/ii-2,3-diacetamidobicyclo[2.2.1]heptanes  were  studied  by  G.  V.  D. 
i  of  the  Minnesota  Mining  and  Manufacturing  Co.,  St.  Paul,  Minn. 
)  H.  Shechtcr,  Record  Chem,  Progr,  25,  55  (1964). 
)  J.  C.  D.  Brand  and  1.  D.  R.  Stevens,  7.  Chem.  Soc.,  629  (1958). 
)  (a)  H.  Shechter  and  J.  J.  Gardikes,  /.  Am,  Chem,  Soc„  81,  5420 
9);  (b)  T.  Stevens,  ibid.,  81,  3593  (1959). 


In  the  present  study  the  stereochemistry  of  addition 
of  dinitrogen  tetroxide  to  A'-^'^-octalin,  bicyclo[2.2.1]- 
heptene-2,  cyclooctatetraene,  6,6-diphenylfulvene,  and 
indene  has  been  investigated.  The  principal  objectives 
of  this  research  are  to  evaluate  possible  charge-transfer 
and  steric  effects  in  reactions  of  dinitrogen  tetroxide 
with  the  particular  olefins.  The  chemistry  of  the  prod- 
ucts of  these  reactions  has  also  been  determined. 

Discussion 

A»«>.Octalin.  Addition  of  A»«^-octalin  (I)  in  ethyl 
ether  to  dinitrogen  tetroxide  in  ethyl  ether  at  —20*^ 
in  the  presence  of  oxygen  (eq  2)  yields  rra«5-9,10-dini- 
trodecalin  (II,  76%  conversion  of  I)  as  the  principal 
product;  small  amounts  of  lO-nitro-9-decalyl  nitrate 
(III,  eq  2;  stereochemistry  unknown)  were  isolated  (sec 
Experimental  Section)  in  certain  experiments.  Upon 
inverting  the  order  of  addition  of  reactants  at  0^  in  the 


(2) 


I 


n 


ON02 
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absence  of  oxygen,  /rfl/i5-9,10-dinitrodecalin  (II,  74%) 
is  also  obtained.  •  The  order  of  addition  of  reagents 
does  not  significantly  affect  the  types  and  stereochem- 
istry of  the  products  formed.  When  oxygen  is  passed 
rapidly  through  the  reaction  mixture,  there  is  a  sig- 
nificant change  in  the  course  of  addition  and  10-nitro- 
9-decalyl  nitrate  (III)  is  a  major  product. 

The  stereochemistry  of  rraw5-9,10-dinitrodccalin  (II) 
was  assigned  upon  its  hydrogenation  (eq  3)  over  Raney 

(5)  Reaction  of  /rani-stilbene  with  dinitrogen  tetroxide  to  give  <//-l,2- 
dinitro-l,2-diphenylethaneand  /Areo-l-(2-nitro-l,2-diphenylethyl)  nitrite 
as  the  principal  products  may  be  formally  classi6ed  as  that  in  which  ciM 
addition  is  preferred.^ 
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nickel  to  /ra/i5-9,10-diammodecalin  (IV,  97%  yield) 
and  subsequent  conversion  to  /ran5-9,10-diacetamido- 
decalin  and  /ran5-9,10-diaminodecalin  dipicrate.  The 
assignment  of  structure  of  /ran5-9,10-diaminodecalin 
(IV)  was  made  after  synthesis  of  c/5-9,10-diaminodec- 
alin  (VI)  and  c/5-99l0-diacetamidodecalin  by  reaction 
of  ci>decalin-9,10-dicarboxylic  anhydride  (V)  with 
hydrazoic  acid*  and  sulfuric  acid  (eq  4)  and  subsequent 
acetylation  of  the  product.    The  stereochemical  assign- 
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ments  of  structure  of  II,  IV,  and  VI  are  in  agreement 
with  previous  intuitive  assignments  for  these  products 
as  obtained  from  (1)  nitration  of  cis-  and  /ron^-dec- 
alins'  and  /ran.f-9-nitrodecalin^^  (eq  S)  and  (2)  reduction 
of  1,6-cyclodecanedione  dioxime  with  sodium  and 
ethyl  alcohol"  (eq  6). 
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The  formation  of  /rfln5-9,10-dinitrodecaUn  (II)  from 
A''^-octalin  indicates  that  dinitrogen  tetroxide  adds 
to  the  unsaturated  center  by  a  trans  process.  The 
stereochemical  results  thus  exclude  a  concerted  or  bi- 
molecular  reaction  involving  coordinative  cis  attack  of 
dinitrogen  tetroxide  on  the  carbon-carbon  double  bond. 
Synthesis  of  trans-  (II)  rather  than  ci5-9,10-dinitro- 
decalin  may  be  interpreted  in  terms  of  a  homolytic 
addition  process  involving  initial  formation  of  the  10- 
nitro-9-decalyl  radical  (VII)  and  subsequent  exchange 
with  dinitrogen  tetroxide  or  electron  pairing  with 
nitrogen  dioxide.  On  the  basis  that  radical  pairing  or 
exchange  processes  involve  small  activation  energies 
and  are  usually  exothermic,  it  is  anticipated  that  the 
structure  of  the  transition  state  for  reaction  of  the  10- 

(6)  Schmidt  reactions  of  hydrazoic  add  with  carboxylic  adds  give 
amines  with  retention  of  configuration:  H.  Wolff,  Org.  Reactions^  3, 
307(1946). 

(7)  (a)  S.  Nametldn  and  O.  Madaeff-Ssitscheff,  Ber.,  59,  370  (1926); 
(b)  W.  Huckd  and  M.  Blohm,  Ann,,  502,  114  (1933);  (c)  H.  Shechter 
and  D.  Brain,  /.  Am.  Chem,  Soc.,  85,  1806  (1963). 

(8)  P.  A.  Plattner  and  J.  Halstkamp,  Helo.  Chim.  Acta,  27. 200  (1944). 


nitro-9-decalyl  radical  (VII)  with  the  nitrating  agent  is 
close  to  reactants  and  will  reflect  the  trigonal  (sp*) 
character  of  the  tertiary  radical  which  results  in  partial 
flattening  of  each  of  the  fused  cyclohexane  rings  from 
their  chair  forms.  In  the  reaction  of  the  lO-nitro-9- 
decalyl  radical  (VII)  to  give  the  trans  adduct  (II,  eq  1\ 
a  maximum  of  four  partial  1,3  interactions  with  tbe 


NQt 


NsO^ 
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nitrating  agent  will  be  involved,  whereas  for 
of  the  c/.f-dinitro  adduct,  there  will  be  three  more 
prohibitive  1,2  interactions,  one  of  which  is  with  t 
bulky  nitro  group.*  It  is  also  of  note  that  the  genera- 
tion and  fate  of  VII  in  the  present  system  are  identical 
with  that  proposed  for  liquid-phase  nitration  of  transS' 
nitrodecaUn  to  II  .''^ 

lO-Nitro-9-decalyl  nitrate  (III)  can  be  made  a  minor 
or  major  reaction  product  by  the  amount  of  oxygen 
introduced  during  addition.  Its  structure  was  assigned 
from  its  quantitative  and  infrared  analyses  and  upon 
consideration  of  its  probable  origin.  lO-Nitro-9- 
decalyl  nitrate  (III)  may  possibly  arise  (eq  8)  from 
addition  of  oxygen  to  the  lO-nitro-9-decalyI  radical 
(VII),  reaction  of  the  lO-nitro-9-decalylperoxyI  radical 
with  dinitrogen  tetroxide  or  nitrogen  dioxide,  homolytic 
decomposition  of  lO-nitro-9-decalyl  pemitrate,  and 
exchange  or  electron  pairing  of  the  resulting  10-nitro- 
9-decalyloxy  radicals  with  the  nitrating  agent(s).* 
An  ad(Utional  or  alternate  source  of  III  may  be  reaction 
of  VII  with  nitrogen  trioxide  ( •'NOs).  * 
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Norbomene.  Reaction  of  norbomene  (VIII)  with 
dinitrogen  tetroxide  in  ethyl  ether  at  0^,  rapid  aqueous 
hydrolysis  of  the  initial  adducts,  and  chromatography 
of  the  products  on  silica  gel  (eq  9)  results  in  formation  of 
ejco,ci>2,3-dinitrobicyclo[2.2.1]heptane  (IX,  22%  con- 
version of  VIII;  mp  108^),  /rans-2,3HlinitroUcydo- 
[2.2.1]heptane  (X,  12%;  mp  127**),  and  2-hydroxy-3- 
nitrobicyclo[2.2.1]heptane  (XI,  33%;  stereochemistry 
unestablished).  There  is  net  isomerization  of  DC  to  X 
on  chromatography;  however,  imder  conditions  of 
near-kinetic  control  involving  rapid  chromatography 
and  minimal  handling  of  the  products,  the  principal 


(9)  (a)  The  relative  thermodynamic  stabilities  of  cU'  and 
dinitrodecalins  are  not  known.    froaf-DecaUn  is  2.1  kcal 
than  is  cif-decalin;**>  however,  cif-9-methyldecalin  derivatives 
more  stable  than  are  rraiw-9-methyldecalin  derivatives.** 
alylcarboxylic  add  is  also  thermodynamicaUy  more  stable 
trans  isomer. '^^   (b)  G.  F.  Davies  and  E.  C.  Gilbert,  /.  Am. 
63,  1585  (1941);  (c)  A.  Ross,  P.  A.  S.  Smith,  and  A.  S.  Drcidiiiti 
Chem,,  20. 905  (1955);  (d)  R.  E.  Pinoock.  E.  Origat,  and  P.  D 
/.  Am.  Chem.  Soe.,  81,  6332  (1959). 


.10- 
stable 
dighttsr 


Sse, 
/.Off. 


Joumai  of  the  Anmr* 


^Ucal  Society  /  89:12  /  June  7, 1967 


^ 


1.  NA 

2.  HA 


vni 


IX 


(9) 


XI 


dinitro  adduct  was  of  exo^cis  (IX)  rather  than  of  trans 
(X)  stereochemistry.  e/irfo,m-2,3-Dinitrobicyclo[2.2.1]- 
heptane(XII)  was  not  found. 

The  gross  structures  of  IX  and  X  were  indicated  from 
their  analyses  and  infrared  properties ;  that  the  adducts 
are  related  stereochemically  was  established  by  isomer- 
ization  of  X  to  IX  ^  (eq  10a)  on  chromatography  or  by 
the  action  of  catalytic  quantities  of  piperidine,  cyclo- 
hexylamine,  sodium  methoxide,  and  potassium  r- 
butoxide.    The  fact  that  addition  of  dinitrogen  tetroxide 
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to  VIII  occurs  without  carbon-skeleton  rearrangement^^ 
is  demonstrated  by  oxidation  of  IX  and  X  with  alkaline 
potassium  permanganate  to  c/>ly3-cyclopentanedi- 
carboxylic  acid  in  excellent  yields.  Behavior  of  IX  as 
a  vicinal  dinitro  compound  which  will  undergo  base- 
catalyzed  elimination  of  nitrous  acid  (eq  10b)  is  indi- 
cated by  its  reaction  with  equivalent  amounts  of  sodium 
ethoxide  to  give  2-ethoxy-3-nitrobicyclo[2.2.11heptane 
(XV,  stereochemistry  unknown). 

The  stereochemistries  of  IX  and  X  are  assigned  on  the 
basis  of  their  chromatography  properties  and  their 
dipole  moments.  The  nuclear  magnetic  resonance  of 
IX  and  X  and  of  their  derivatives  in  which  there  has 
been  no  stereochemical  alteration  about  the  functional 

(10)  This  appears  to  be  the  first  recorded  example  of  base-catalyzed 
iaomerization  of  a  vicinal  dinitro  compound.  Such  dinitro  compounds 
are  usually  converted  to  conjugated  nitroolefins  by  bases.  In  the  present 
system  isomcrization  of  the  vicinal  dinitro  compound  may  be  allowed 
because  collapse  of  XIII  to  XIV  is  a  relatively  ^ow  process  because  of 
the  strain  involved. 

(11)  Possibly  anticipated  if  addition  of  dinitrogen  tetroxide  occurred 
by  an  eiectrophilic  process. 
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centers  corroborate  the  structural  assignments.^*  The 
evidence  for  the  structures  of  IX  and  X  is  as  follows. 

It  has  been  previously  observed  that  rigid  cyclic 
compounds  having  dinitro  groups  in  cis  positions  are 
much  more  strongly  adsorbed^'  than  are  their  corre- 
sponding trans  isomers.  The  enhanced  adsorptive 
properties  of  such  cis  derivatives  have  been  attributed 
to  their  greater  dipole  moments  and  to  the  relatively 
favorable  steric  circumstances  for  interaction  of  the 
polar  nitro  groups  with  the  adsorbent.^'  Chroma- 
tography of  the  vicinal  dinitro  products  of  the  present 
research  revealed  quickly  that  the  adduct  melting  at 
108°  is  more  strongly  adsorbed  on  silica  gel  than  is  the 
isomer  of  1 27  °  melting  point.  The  assignments  initially 
made  are  that  the  isomers  melting  at  108  and  127°  are 
the  exOyCis  (IX)  and  the  trans  (X)  adducts,  respectively. 
The  stereochemical  designations  are  compatible  with 
the  dipole  moments  subsequently  determined  for  IX 
(6.1D.)andX(3.4D.).i* 

The  structures  of  IX  and  X  also  agree  with  their 
nuclear  magnetic  resonance  properties.  The  spectrum 
of  the  isomer  melting  at  108°  (IX)  shows,  inter  alia, 
a  doublet  of  area  2  at  r  5.09  (J  ^  2  cps)  attributable 
only  to  the  hydrogens  on  the  carbon  atoms  C-2  and  C-3 
containing  the  nitro  groups.  The  observed  equiva- 
lence of  these  hydrogens  indicates  that  IX  is  either  the 
exOfCis  or  endo,cis  isomer.  The  corresponding  hydro- 
gens in  the  isomer  melting  at  127°  (X)  exhibit  sig- 
nificantly different  chemical  shifts,  appearing  at  r 
4.52  (pair  of  doublets,  J  ^^  A  cps)  and  r  4.93  (pair  of 
doublets,  J  ~  3.9  cps,  J  ~  1.4  cps);"  X,  therefore, 
possesses  the  trans  stereochemistry. 

The  hydrogen  signals  at  C-7  provide  evidence  for  the 
assignment  of  the  cis  nitro  groups  of  IX  as  exo  rather 
than  endo.  The  apical  hydrogens  (C-7)  of  X  occur  as 
a  complex  multiplet  overlapping  the  signals  of  the  C-5 
and  C-6  methylenes  at  r  8-8.5.  In  the  spectrum  of  IX, 
on  the  other  hand,  one  apical  hydrogen  is  half  of  a 
broadened  AB  quartet  at  r  7.45;  the  other  half  is 
partially  masked  by  the  C-S  and  C-6  methylenes  at  r 
8.4  but  appears  to  occur  at  ca,  r  8.56.  The  low-field 
position  of  one  hydrogen  at  C-7  in  IX  is  consistent  with 
its  location  as  syn  to  the  two  exo  nitro  groups.  Models 
reveal  that  the  nitro  groups  of  IX  are  probably  parallel 
to  each  other  and  perpendicular  to  the  C-2-C-3  bond; 
the  syn  C-7  hydrogen  is  thus  in  the  deshielding  region. 
An  effect  of  the  magnitude  found  in  IX  would  not  be 
expected  from  proximity  to  only  one  nitro  group  (as 
in  the  trans  isomer)  or  for  the  endo^cis-ixmito  adduct. 

rra/i5-2,3-Diacetamido[2.2.1]heptane,  mp  272-274°, 
has  been  previously  prepared."    A  chemical  proof  of 

(12)  Efforts  to  resolve  either  of  the  2,3-dinitrobicyclo[2.2.1]heptanes 
by  reaction  of  insufficient  brucine,  a-phenethylamine,  and  potassium 
menthylate  were  unsuccessful. 

(13)  D.  B.  Miller,  Ph.D.  Dissertation,  The  Ohio  State  University* 
1957. 

(14)  The  theoretical  moments  of  IX  and  X  as  calculated  using  simple 
trigonometric  methods  involving  vector  addition  of  group  moments  are 
6.3  and  2.2  D.,  respectively.  It  is  not  yet  clear  why  the  observed  value 
for  X  is  somewhat  greater  than  that  calculated.  The  enhanced  dipole 
moment  obtained  for  X  does  not  affect  the  stereochemical  assignments 
given  to  IX  and  X. 

(15)  The  coupling  constants  are  consistent  with  those  previously  ob- 
served in  norbornane  systems;  see  P.  Laszlo  and  P.  von  R.  ScMeyer,  /. 
Am.  Chem.  Soc.,  86,  1171  (1964);  E.  I.  Snyder  and  B.  F^anzus,  ibid^ 
86,1166(1964). 

(16)  (a)  From  rranf-2,3-bicyclo[2.2.1]heptanedicarboxylic  acid  and 
from  dimethyl  em/o,cii-2,3-bicyclo[2.Zl]heptanedicarboxylate.  (b)  K. 
Alder  and  G.  Stein.  Arm.,  514,  211  (1934).  (c)  C.  S.  Inglessis,  Ph.D. 
Dissertation,  Clark  University,  1959. 
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the  stereochemistry  of  compounds  IX  and  X  was 
initiated.  Hydrogenation  of  IX  and  X  over  platinum 
in  glacial  acetic  acid^^  gives  the  corresponding  diamines 
as  isolated  in  near-quantitative  yields  as  dibasic  acetates 
(XVI  and  XVIII,  eq  11  and  12).  Reactions  of  XVI 
and  XVIII  with  acetic  anhydride  (eq  11  and  12)  yield 
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the  corresponding  diacetylated  derivatives,  exo^cis- 
2,3-diacetamidobicyclo[2.2.1]heptane  (XVII,  mp  272*^ 
uncor;  83%  yield)  and  rra«5-2,3-diacetamidobicyclo- 
[2.2.1]heptane  (XIX,  mp  280°  uncor;  84%  yield). 
A  mixture  of  XVII  and  XIX  results  in  melting  point 
depression. 

Since  there  are  only  small  differences  in  melting 
points  for  the  diacetamido  derivatives  prepared  pre- 
viously** and  presently,  it  is  not  possible  to  make  struc- 
tural assignments  on  such  evidence.^  The  nuclear 
magnetic  resonance  for  XVII  and  XIX  are  decisive, 
however,  and  corroborate  the  stereochemical  assign- 
ments given  IX  and  X.  In  the  spectrum  of  XVII  (in 
trifluoroacetic  acid)  the  equivalent  hydrogens  at  C-2 
and  C-3  appear  as  a  broadened  doublet  at  r  S.64;  in  the 
spectrum  of  XIX  the  hydrogens  at  C-2  and  C-3  are 
nonequivalent  and  occur  as  separate  unresolved  mul- 
tiplets  at  r  5.81  and  6.23.  Thus  XIX  is  assigned  the 
trans  structure  and  XVIII  the  cis  for  reasons  analogous 
to  that  discussed  for  the  nuclear  magnetic  resonance  of 
IX  and  X. 

Isolation  of  IX  as  the  major  dinitro  adduct  from  di- 
nitrogen  tetroxide  and  VIII  indicates  that  the  principal 
stereochemical  path  involves  exo-cis  addition,  exo-cis 
processes  involving  free-radical  mechanisms  have  been 
observed  in  reactions  of  /?-thiocresol,*®*  ethyl  bromo- 
acetate,*®**  and  bromotrichloromethane,***^  respectively, 
with  VIII,  and  in  homolytic  reaction  of  hydrogen 
bromide  and  2-bromo-2-norbornene.****  The  major 
stereochemical  path  in  the  present  system  thus  may  be 

(17)  The  acidic  solvent  is  necessary  to  prevent  isomerization  during 
the  reductions. 

(18)  Authentic  XIX  was  no  longer  available  from  ref  16c  and  its 
synthesis  is  laborious. 

(19)  (a)  S.  J.  Cristol  and  G.  D.  Brindcl,  /.  Am.  Chem.  Soc.,  76,  5699 
(1954);  (b)  J.  Weinstock,  Abstracts,  128th  National  Meeting  of  the 
American  Chemical  Society,  Nfinneapolis,  Minn.,  1955,  p  190;  (c)  V.  A. 
Rollen.  Dissertation  Abstr.,  19,  960  (1958);  (d)  N.  A.  LeBel,  /.  Am. 
Chem.  Soc.,  82,  623(1960). 


interpreted  in  terms  of  a  homolytic  process  involving 
sterically  preferred  exo  attack  on  VIII  by  the  nitrating 
agent  to  give  the  exo-3-nitro-2-norbomyl  radical  (XX, 
eq  13),  and  subsequent  exchange  with  dinitrogen 
tetroxide  or  electron  pairing  with  nitrogen  dioxide 
from  the  more  accessible  directions  (eq  13).  An  alter- 
nate possibility  is  that  a  portion  of  the  exo-cis  product 
(IX)  is  formed  via  coordination  of  the  olefinic  center  of 
VIII  with  dinitrogen  tetroxide  from  the  lesser  hindered 
direction  (exo)  and  subsequent  cis  addition.  Systems 
in  which  this  latter  mechanism  appears  to  be  impor- 
tant have  been  found  and  will  be  discussed  in  this  paper. 
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The  2-hydroxy-3-nitrobicyclo[2.2.1]heptane  (XI)  ob- 
tained from  VIII  and  dinitrogen  tetroxide  is  presumably 
derived  from  hydrolysis  of  2-(3-nitrobicyclo(2,2,ll- 
heptyl)  nitrites.  The  structure  of  XI  is  confirmed  by 
its  analysis  and  infrared  absorption  (see  Experimental 
Section),  its  oxidation  by  basic  potassium  permanganate 
to  CI5- 1,3-cyclopentanedicarboxylic  acid,  and  its  con- 
version by  acetic  anhydride  to  2-acetoxy-3-nitrobicyclo- 
[2.2.1]heptane»  in  70%  yield.  The  stereochemistry 
and  isomeric  composition  of  XI  were  not  determined. 
It  is  probable  that  XI  is  a  mixture  of  exo,ci5-2-hydroxy- 
3-nitro  and  en£fo-2-hydroxy-exo-3-nitro  isomers. 

Cyclooctatetraene.  Dinitrogen  tetroxide  and  cydo- 
octatetraene  (XXI)  in  ethyl  ether  at  —  TO*"  give  5,8- 
dinitro-l,3,6-cyclooctatriene  (XXII,  eq  14)  in  >34% 
yield;  other  products  formed  decompose  rapidly  at 
room  temperature  and  cannot  be  handled  readily." 


O 
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Use  of  inverse  addition  techniques  or  excess  XXI  does 
not  improve  the  yield  of  XXII  or  result  in  other  tractable 
products.  XXII  decomposes  rapidly  and  often  vio- 
lently in  1-2  hr;  its  abiUty  to  be  handled  is  generally 
improved  when  it  is  purified. 

From  its  analysis  and  spectral  properties  the  product 
of  reaction  of  XXI  and  dinitrogen  tetroxide  must  be  a 
1:1  dinitro  adduct.  Its  probable  structure  includes 
XXII,  l,2-dinitro-3,5,7-cyclooctatriene  (XXIII),  1,8- 
dinitro-l,3,5,7-octatetraene  (XXIV),  derivatives  of  bi- 


(20)  (a)  Ethanolic  solutions  of  2-acetoxy-3-iiitrobicyclo{2.2.1]beptaDe 
and  of  IX  in  excess  base  give  ultraviolet  absorption  with  m^«ma  at  245 
m/i;  the  extinction  coefficients  (max)  are  1 1,310  and  1 1.428,  re^ectively. 
Since  salts  of  primary  and  secondary  nitro  compounds  usually  absorb 
at  229-235  m/i  with  Xaiax  '^l  1.000,  it  is  believed  that  the  bathocfaromic 
shifts  in  absorption  of  the  present  bicyclic  nitronates  result  from  the 
diminished  r-bond  order  of  the  C-N  bonds  in  these  strained  ground 
states  in  excitation  processes  involving  further  dimunition  of  the  ir  order, 
(b)  F.  T.  Williams.  P.  W.  K.  Flanagan,  W.  J.  Taylor,  and  R  Sbechter. 
/.  Org.  Chem.,30,  2674(1965). 

(21)  Adducts  such  as  l,2-dinitro>3,5,7-cyclooctatriene  (XXm)  and  1- 
nitrito-2-nitro-3,5,7-cyclooctatriene  are  expected  to  isomeriie  to 
unstable  products  such  as  l,8-dinitro-l,3,5,7-octatetraeiie  (XXIV)  and 
l-nitnto-8-nitro-l,3,5,7-octatetraene.  Multiple  addition  of  dinitrogai 
tetroxide  to  these  rearrangement  products  and  to  XXI  also  probably 
occurs. 
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[4.2.0]octadiene  (XXV  and  XXVI),  and  those 
lining  phenyl  or  cycloheptatriene  groups.**    The 
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^olet  spectrum  of  the  present  adduct  exhibits  no 
maximum  but  only  a  shoulder  at  240-245  m/i 
itrong  end  absorption ;  its  infrared  spectrum  indi- 

strong  bands  for  nitro  groups  (6.46  and  7.48  /i) 
turated  carbon  but  none  for  aromatic  nuclei  or 
igated  nitroolefins.  The  spectral  properties  of  the 
-o  compound  strongly  suggest  that  it  is  a  l»3y6- 
octatriene.*'  Its  ultraviolet  spectrum  is  very  sim- 
o  that  of  5,8-bis(2-cyano-2-propyl)-l,3,6-cyclooc- 
:ne,  the  product  of  1,4-homolytic  addition  of  2- 
>2-propyl  radicals  and  XXI.** 
e  nuclear  magnetic  resonance  of  the  adduct  clearly 
des  benzenoid,  cycloheptatriene,  and  bicyclo- 
l]octadiene  structures.  The  absence  of  aryl  hy- 
m  signals  at  r  2.5-3.0  eliminates  any  benzene  de- 
ve;  the  lack  of  resonance  in  the  r  5.0-6.5  region 
ates  the  absence  of  tertiary  hydrogen  on  carbon 
s  which  do  not  bear  nitro  groups,  thus  ruling 
any  bicyclooctadiene  or  cycloheptatriene  stnic- 

possibilities.  The  complex  absorption  in  the  r 
.7  region  is  consistent  with  the  structure  assigned 
«I. 

>  direct  experimental  evidence  is  available  on  the 
Dchemistry  of  XXII ;  its  instability  precludes  de- 
nation  of  its  dipole  moment.  ci>Bimolecular 
k  of  dinitrogen  tetroxide  on  XXI  appears  unlikely 
jse  of  steric  features  of  the  cyclooctatetraene  ring, 
stereochemistry  of  XXII  is  probably  trans  because 
4-nitro-2,5,7-cyclooctatrien-l-yl  radical  (XXVII, 
i),  a  presumed  intermediate,  will  strongly  reflect  a 
>rmation  in  which  the  nitro  group  is  quasi-equa- 
[  rather  than  quasi-axial,  and  subsequent  reaction 

the  nitrating  agent  can  proceed  most  readily 

the  quasi-equatorial  direction.*' 
HDiphenylfidvene.    Addition  of  dinitrogen  tetrox- 
:o  6,6-diphenylfulvene  (XXVIII)  in  ethyl  ether 

in  the  absence  of  oxygen  and  subsequent  hydrolysis 
e  initial  products  (eq  16)  give  4-benzhydrylidene- 

For  a  summary  of  the  types  of  structures  derivable  by  addition  to 
ctatetraene,  see  R.  A.  Raphael  in  **Nonbenzenoid  Aromatic 
Dunds,**  D.  Ginsburg,  Ed.,  Intersdence  Publishers,  Inc.,  New 
N.  Y.,  1959,  Chapter  10. 

1,3,5-Cyclooctatriene,  bicyclo[4.2.0]octadiene,  and  cydohepta- 
cfaromophores  possess  strong  absorption  maxima  in  the  265-275- 
pon;  see  M.  Kamlet  and  H.  Ungnade,  Ed.,  **Organic  Electronic 
Ed  Data,'*  VoL  I  and  II,  Intersdence  Publishers,  New  York,  N.  Y., 

J.  L.  Kice  and  T.  S.  Cantrell,/.  Am,  Chem.  Soc„  85,  2298  (1963). 

When  the  nitro  group  is  quasi-equatorial  in  XXVII  or  if  the 
ct  is  of  ciff  stereochemistry  (one  of  the  nitro  groups  must  take  a 
ixial  position),  models  reveal  that  severe  steric  interference  will 
ctween  the  quaii-equatorial  nitro  group  and  the  carbon  atoms 
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cw-3,5-dinitrocyclopentene  (XXIX,  22-28%),  2-nitro- 
6,6-diphenylfulvene  (XXX,  2-4  J^,  and  2,5-dinitro- 
6,6-diphenylfulvene  (XXXI,  9-12%).  Inverse  addi- 
tion of  the  reagents  in  the  absence  of  oxygen  at  0^ 
yields  the  same  product  but  in  different  proportions: 
XXIX  (14-16%),  XXX  (1-2%),  and  XXXI  (15-16%). 
There  is  considerable  oxidation  and  polymerization  of 
XXVIII  by  dinitrogen  tetroxide.  Direct  addition  using 
10-15%  excess  XXVIII  leads  to  the  highest  yields  of 
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tractable  products:    XXIX  (45-52%),  XXX  (3-4%), 
and  no  XXXI. 

The  elemental  analysis,  molecular  weight,  and  absorp- 
tion spectra  of  4-benzhydrylidene-cw-3,5-dinitrocyclo- 
pentene  (XXIX),  a  white  solid,  are  consistent  with  its 
structure.  The  infrared  absorption  bands  of  XXIX 
at  6.42  and  7.31  /i  are  characteristic  of  saturated  sec- 
ondary nitro  groups.  Its  ultraviolet  spectrum  exhibits 
a  shallow  maximum  at  250  m/i  (c  10,200)^^  and  is  sim- 
ilar to  that  of  1,1-diphenylethylene  [Xs^x  251  m/i  (c 
12,000)];  its  absorption  is  quite  different  from  that  of 
3-benzhydrylidenecyclopentene  [Xmax  290  m/i  (e 
1 9,000)].^^  It  is  thus  apparent  that  XXIX  possesses  the 
1,1-diphenylethylene  chromophore  and  is  the  product 
of  1,4  addition  of  dinitrogen  tetroxide  across  the  five- 
membered  ring  of  XXVIII.  The  stereochemistry  of 
XXIX  is  assigned  on  the  basis  of  its  dipole  moment. 
The  calculated  moments  for  the  cis  and  trans  isomers  of 
4-benzhydrylidene-3,5-dinitrocyclopentene  are  5.60  and 
0.98  D.,  respectively.  The  moment  determined  experi- 
mentally is  5.71  D.,  nearly  identical  with  that  antici- 
pated for  XXIX.  Products  obtained  under  relatively 
mild  conditions  were  searched  for  4-benzhydrylidene- 
/ra/i.y-3,5-dinitrocyclopentene,  but  none  was  found. 
Some  may  have  been  formed  initially  and  subsequently 
transformed  to  XXX  and  XXXI.  Even  if  such  an 
unlikely  circumstance  leads  exclusively  to  the  XXX 
and  XXXI  isolated,  these  products  are  formed  in  such 
minor  amounts  that  it  can  be  concluded  that  addition  of 
dinitrogen  tetroxide  to  XXVIII  occurs  primarily  by  a 
cis  reaction  path. 

(26)  (a)  E.  A.  Braude  and  W.  F.  Forbes,  /.  Chem,  5oc.,  2014  (1950); 
(b)  J.  L.  Kioe  and  F.  M.  Parham,  7.  Am.  Chem.  Soc.,  80,  3792  (1958). 
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2-Nitro-6,6-diphcnylfulvene  (XXX)  is  a  brick  red 
solid.  Its  infrared  spectum  shows  bands  for  a  conju- 
gated nitro  group  at  6.61  and  7.40  /i.  Its  ultraviolet 
spectrum  exhibits  maxima  at  374,  290,  and  254  m/i 
(€  23,500,  11,100,  and  12,000)  and  is  similar  in  shape  to 
that  of  XXVII  with  a  bathochromic  shift  of  ca.  50  m/i. 
Further  evidence  for  the  structure  of  XXX  is  that  it  is 
obtained  in  63  %  yield  by  treating  XXIX  with  triethyl- 
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amine  in  benzene  (eq  17).  When  triethylamine  is 
added  to  a  reaction  mixture  of  XXVIII  and  dinitrogen 
tetroxide  (without  hydrolysis),  XXX  is  isolated  in 
55%  yield. 

2,5-Dinitro-6,6-diphenylfulvene  (XXXI),  an  orange 
solid,  has  infrared  absorption  for  conjugated  nitro 
groups  at  6.69  and  7.53  /i.  Its  ultraviolet  absorption 
maxima  at  399  and  308  m/i  (c  29,000  and  12,700)  are 
shifted  bathochromically  as  anticipated  upon  com- 
parison with  that  of  XXX.  The  structure  of  XXXI  is 
established  chemically  upon  effecting  its  synthesis  from 
XXIX  by  chlorination  in  warm  chloroform  (eq  18). 
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The  result  of  particular  interest  in  the  present  system 
is  that  the  major  (or  sole)  initial  product  of  reaction  of 
XXVIII  and  dinitrogen  tetroxide  is  derived  from  cis 
rather  than  trans  1,4  addition.  The  stereochemistry  is 
unexpected  on  the  basis  of  stepwise  homolytic  addition 
of  nitrogen  dioxide  and  subsequent  stereochemical 
control  since  attack  of  the  nitrating  agent  from  the 
lesser  hindered  side  of  the  intermediate  nitrocycloalkenyl 
radical  XXXII  will  yield  the  trans  adduct  XXIII  (eq  19). 
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It  is  possible  that  the  c/5-dinitro  compound  XXIX  is 
formed  via  a  process  in  which  the  dinitrogen  tetroxide 
first  forms  a  charge-transfer  or  addition  complex  with 
the   diene   system   of  XXVIII   (eq   20).    Dinitrogen 
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ene,  and  nitrobenzene  which  are  believed  to  be  derived 
from  orbital  overlap*'  of  the  x-electron  systems  of  the 
compounds  with  dinitrogen  tetroxide.  Coordination 
of  dinitrogen  tetroxide  and  XXVIII  as  indicated  (q 
20)  may  indeed  occur  since  the  cyclopentadienylidene 
moiety  is  a  rigid  and  electron-rich  planar  tt  system. 
Formation  and  collapse  via  XXXIV  and  XXXV  may 
thus  possibly  be  favored  because  the  process  allows 
maximum  overlap  and  minimal  steric  restriction  of  the 
reactants. 

Indene.  Addition  of  dinitrogen  tetroxide  in  ethyl 
ether  to  indene  (XXXVI)  in  ethyl  ether  at  0^  and  sub- 
sequent hydrolysis  of  the  initial  products  gives  cis- 
2-nitro-l-indanol  (XXXVII,  eq  21)  as  the  only  well- 
defined  product.    Major  reactions  result  in  amorphous 
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tetroxide  does  give  1 : 1  adducts  with  benzene,  mesityl- 


products  and  black  resins'^  containing  nitro  groups. 
Inverse  addition  enhances  formation  of  intractables^ 
and  decreases  the  nitroindanol  XXXVII.  Attempts  to 
convert  the  primary  products  advantageously  to  2- 
nitroindene  (XXXIX)  by  treatment  of  the  reaction 
mixture  with  triethylamine  were  unsuccessful. 

The  gross  structure  of  2-nitro-l-indanoI  (XXX VII) 
is  derived  from  its  analytical  and  spectral  properties 
(infrared  bands  at  6.S0  and  2.98  /i  for  nitro  and  hy- 
droxyl  groups)  and  its  conversion  (eq  21)  to  cisA- 
acetoxy-2-nitroindane  (XXXVIII)  and  to  2-nitroindcnc 
(XXXIX),  a  previously  established  structure,"  by 
reaction  with  acetic  anhydride  and  subsequent  eUmina- 
tion  by  sodium  acetate. 

The  stereochemistry  of  XXXVIII,  and  consequently 
of  XXXVII,  is  assigned  on  the  basis  of  the  nuclear 
magnetic  resonance  properties  of  the  hydrogen  atoms 
at  C-3.  The  nuclear  magnetic  resonance  of  a  number 
of  1,2-disubstituted  indanes  of  known  stereochemistry 
has  been  recently  determined.*  For  the  trans  com- 
pounds containing  either  electronegative  or  electro- 
positive substituents,  the  signals  due  to  the  hydrogens 
at  C-3  occur  as  quartets  with  differences  of  chemical 
shifts  of  23-44  cps ;  the  methylene  hydrogens,  however, 
of  the  corresponding  cis  isomers  absorb  as  doublets 
at  very  nearly  the  same  field,  the  difference  in  chemical 
shifts  being  only  0-3  cps  for  the  compounds  studied. 
In  the  spectrum  of  XXXVIII,  the  methylene  hydrogens 
absorb  as  doublets  centered  at  r  6.37  (J  «  7.4  cps)  and 
6.40  (J  =  7.0  cps)  with  a  difference  of  2  cps.  On  the 
basis  of  the  generalization  reported, "^  the  stereochem- 
istries of  XXXVII  and  XXXVIII  are  assigned  as  cis. 

That  the  sole  tractable  product  of  reaction  of  indene 
(XXVI)  and  dinitrogen  tetroxide  is  derived  from  cis 
addition  is  not  in  agreement  with  a  stepwise  homolytic 

(27)  C.  C.  Addison  and  J.  C.  Sheldon.  7.  Chem.  Soc,,  1941  (1956). 

(28)  (a)  Indene  is  polymerized  by  free-radical  or  electrophiltc  rea- 
gents."^ (b)  "Encyclopaedia  of  Organic  Chemistry,'*  Vol  12A, 
Elsevier  PubUshing  Co..  Inc..  New  York.  N.  Y..  194S,  p  101. 

(29)  O.  Wallach  and  E.  Beschke.  Ann,,  336,  2  (1904). 

(30)  W.  E.  Rosen.  L.  Dorfman.  and  M.  Linfield,  /.  Org,  Ckem,,  2f. 
1723  (1964). 
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process ;  attack  of  the  nitrating  agent  from  the  preferred 
direction  by  such  a  mechanism  would  give  the  trans 
adduct.  As  has  been  suggested  for  reaction  of  XXVIII 
and  dinitrogen  tetroxide,  the  cis  stereochemistry  of 
XXXVII  may  result  from  initial  coordination  of  di- 
nitrogen tetroxide  with  XXXVI,  a  nearly  flat  rigid 
cycloolefin  having  considerable  t  electron  activity, 
and  subsequent  intramolecular  collapse  with  minimum 
reorganization.  It  is  of  note  that  the  cis  stereochem- 
istry of  reaction  of  dinitrogen  tetroxide  and  indene 
(XXXVI)  is  analogous  to  that  observed  for  addition  of 
performic  acid*®  and  of  deuterium  bromide*  Uo  XXXVI. 
It  has  been  suggested  that  the  latter  reaction  occurs 
by  a  classical  carbonium  ion  process  involving  ion 
pairs.  It  is  conceivable  that  reaction  of  dinitrogen 
tetroxide  with  XXXVII  (and  with  XXVIII)  involves 
collapse  of  an  initial  ir  adduct  via  an  intimate  ion  pair 
process  or  via  transition  states  having  considerable 
cationic  rather  than  homolytic  character. 

c/5-l-Acetoxy-2-nitroindane  (XXXVIII)  is  also  of 
interest  in  that  it  is  converted  by  potassium  carbonate  to 
l-(2-nitro-l-indenyl)-2-nitroindane  (XXXII,  eq  22), 
the  product  of  self-Michael  addition  of  2-nitroindene 
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(XXXIX).  Analytical,  molecular  weight,  and  spectral 
data  allow  the  structural  assignment  of  XXXXII.  The 
infrared  spectrum  of  XXXXII  has  strong  bands  at  6.47 
and  6.66  /i  indicating  the  presence  of  both  conjugated 
and  unconjugated  nitro  groups.  Maximum  ultraviolet 
absorption  of  XXXXII  occurs  at  the  same  wavelength 
as  does  2-nitroindene  (XXXIX;  338  m/i)  but  of  only 
one-half  the  intensity.  The  adduct  is  assigned  structure 
XXXXII  rather  than  as  the  isomer  XXXXIII  on  the 
basis  that  the  nmr  spectrum  showed  only  one  methylene 
signal  of  intensity  2. 

Experiineotal  Section 

Resdioii  of  A'^^^-OctaUn  (I)  whli  Dinitrogen  Tetroxide.    Infcne 
Addition.    A».>*-Octalin  mixture"  (68  g.  0.277  mole  of  I,  n»D  1.4938) 


(31)  M.  J.  S.  Dewar  and  R.  C.  Fahey,  J,  Am,  Ckem.  Soc.,  85,  2248 
(1963). 

(32)  (a)  The  I  used  was  a  mixture  of  A*'^-octalin  (1, 55.4  %),  A^'*-octa- 
lin  (28%),  and  decalin  (16.6%)  prepared  by  reduction  of  naphthalene 
with  lithium  in  ethylamine.  '**>  The  presence  of  A  ^  ''-octaUn  complicated 
separation  and  idoitification  of  the  products  of  reaction  with  dinitrogen 
tetroxide  but  did  sot  affect  the  principal  stereochemical  objectives  of 


in  ethyl  ether  (250  ml)  was  added  dropwise  to  dinitrogen  tetroxide 
(138  g,  l.S  moles)  in  ethyl  ether  (750  ml)  at  -20^  Oxygen  was 
passed  through  the  reaction  mixture  only  while  the  octalin  was 
added.  The  mixture  was  then  kept  between  — 10  and  20  ®  for  45  hr. 
A  bluish  crystalline  solid  was  filtered  which,  after  having  been 
washed  with  a  small  quantity  of  cold  ethyl  ether  and  air  dried,  was 
identified  as  //mr-9,10-dinitrodecalin  (II,  33.4  g),  mp  150-159^ 
After  the  reaction  solution  had  been  poured  on  ice,  washed  with 
water,  10%  aqueous  sodium  bicarbonate,  and  water,  dried  over 
magnesium  sulfate,  and  concentrated,  additional  11  (16.0  g)  was 
obtained,  mp  149-1 59 ''.  The  total  II  isolated  was  49.4  g  (0.217 
mole).  Recrystallization  of  II  from  hot  ethanol  gave  47.7  g  of 
pure  material  (76%  conversion  of  I  to  II,  mp  168°  cor,  lit.^  164''). 

Complete  evaporation  of  the  ethereal  filtrate  left  a  yellow  oil 
(50.6  g)  from  which  no  solid  could  be  crystallized.  Distillation  of 
an  aliquot  of  the  material  allowed  separation  of  decalin,*'  n^ 
1.4695,  equivalent  to  11.3  g  (0.083  mole)  in  the  evaporated  filtrate. 
The  remaining  material  exhibited  absorption  for  olefin,  nitro  (6.47 
m),  and  nitrate  (6.13  m)  groups;  its  various  components  could  not 
be  adequately  resolved  (see  subsequent  Experimental  Section) 
because  of  their  drastic  decomposition  upon  chromatography  on 
silica  gel  or  on  vacuum  distillation. 

In  a  similar  experiment  in  which  oxygen  was  bubbled  throu^ 
the  mixture  for  the  entire  reaction  period,  a  solid  of  different  com- 
position was  obtained.  From  this  solid,  after  several  recrystalliza- 
tions  from  alcohol,  was  isolated  II,  mp  161-164°,  and  an  analytically 
pure  product,  9-nitrato-lO-nitrodecalin  (III),  mp  122-124°,  of 
unknown  stereochemistry  (probably  irons).  The  infrared  spec- 
trum of  III  exhibits  absorptions  for  a  nitro  group  at  6.45  fi  and  for 
nitrate  at  6.13  and  7.8  m* 

Ami.  Calcd  for  CioHi«NsOi:  C,  49.17;  H,  6.60;  N,  11.45. 
Found:    C,  49.31 ;  H,  6.41 ;  N,  1 1.45. 

Direct  Addition.  Dinitrogen  tetroxide  (13.8  g,  0.15  mole)  in 
ethyl  ether  (75  ml)  was  added  in  1  hr  at  0°  to  A*>>^-octalin  reagent*^ 
(13.6  g,  0.055  mole  of  I)  in  ethyl  ether.  After  8  hr,  II  precipitated 
(6.1  g),  mp  155-160°,  and  was  filtered.  The  filtrate  was  handled 
as  described  previously  to  give  additional  II  (3.7  g),  decalin,  and 
nitro  derivatives.'^ 

Reduction  of  /mra^9,10-Dinitrodecalin  (II).  /nvtj-9,10-DiaBdno- 
decalin  dV),  /nvtj-9,10-Diacetaniidodecalin,  and  /fwti-9,10-DI- 
aminodeodin  Dipicrate.  r/wfi-9,10-Dinitrodecalin  (II,  2.0  g, 
0.0088  mole)  in  15%  absolute  ethanol  in  benzene  (50  ml)  was  hy- 
drogenated  over  Raney  nickel  (45  psi)  at  room  temperature  for  6 
hr.  Filtration  of  the  catalyst  and  evaporation  of  the  solvents  gave 
crude  irtvfj-9,10-diaminodecalin  (IV,  1.435  g,  0.0085  mole),  mp 
65-67°,  96.6%  conversion  of  II.  Pure  IV  was  obtained  as  white 
needles  upon  one  recrystallization  from  cold  ethyl  ether,  mp  70% 
lit.^  70°.  rmra5^9,10-Diacetamidodecalin  (white  crystals)  prepared 
from  reaction  of  IV  with  acetk  anhydride  and  10%  sodium  hydrox- 
ide melted  above  360°;  the  /rtvfj-9,10-diaminodecalin  dipicrate 
prepared  melted  at  262-264°,  Ut.'  262-264°. 

SyntlMsis  of  c£^9,10-Dianiinodecalin  (VI)  and  c/>9,10-I>lnce(- 
amidodecalin.  Sodium  azide  (1.95  g,  0.03  mole)  in  concentrated 
sulfuric  acid  (25  ml)  was  added  dropwise  to  a  stirred  mixture  of 
decalin-9,10-dicarboxylic  anhydride  (2.08  g,  0.01  mole,  mp  89-91°, 
lit."  mp  95-96°)  and  fuming  sulfuric  acid  at  56-60°.  After  7  hr, 
evolution  of  gas  had  ceased,  and  the  reaction  mixture  was  cooled 
and  poured  on  ice.  The  solution  was  made  basic  and  then  extracted 
several  times  with  ethyl  ether.  The  ether  extract  was  dried  over 
magnesium  sulfate  and  evaporated  to  give  crystafline  cif-9,10- 
diaminodecalin  (VI,  0.4  g,  0.0024  mole),  mp  41°,  lit.'  41°,  24.0% 


this  study,  (b)  R.  A.  Benkeser,  R.  E.  Robinson,  D.  M.  Sauvc,  and  O. 
H.  Thomas,  /.  Am.  Chem.  Soc„  TJ,  3230  (1955);  W.  G.  Dauben.  E.  C 
Martin,  and  G.  J.  Fonken,/.  Org,  Chem.,  23,  1205  (1958);  A.  S.  Hussey, 
J.  F.  Sauvage,  and  R.  H.  Baker,  ibid.,  26,  256  (1961);  see  R.  A.  Benke- 
ser and  E.  M.  Kaiser,  ibid.,  29,  955  (1964). 

(33)  Its  infrared  spectrum  and  rdfractive  index  are  essentially  identical 
with  that  of  authentic  decalin. 

(34)  A  considerable  portion  of  the  noncrystalline  product,  as 
separated  by  chromatography  on  silica  gel,  is  soluble  in  excess  sodium 
hydroxide.  The  ultraviolet  absorption  of  an  alkaline  solution  of  this 
material  in  ethanol  shows  a  minimum  at  234  m/i  and  a  maximum  at  283 
m/i  (Xmax  9700)  analogous  to  that  of  conjugated  nitroanates.'^  The 
ultraviolet  absorption  and  the  nuclear  magnetic  resonance  of  this 
material  indicate  the  presence  of  a  carbon-carbon  double  bond  and  a 
CHNOs  function.  It  is  probable  that  a  constituent  of  the  reaction 
product  is  l-nitro-A'^^^-octalin.  For  further  experiments  on  the  prod- 
ucts, see  rcf  la. 

(35)  K.  Alder  and  K.  H.  Backendorf,  Ber,,  71. 2199  (1938). 
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conversion  of  decalin-9,]0-dicarboxylic  anhydride.  Reaction  of 
VI  with  acetic  anhydride  and  10%  sodium  hydroxide  yielded  cis- 
9,10-diacetamidodecalin,  mp  243'',  lit.*  242"*. 

Reaction  of  Norbornene  (Vm)  with  Dinitrogen  Tetroxide.  Dini- 
trogen  tetroxide  (4.6  g,  0.6  mole)  in  ethyl  ether  (200  ml)  was  added 
in  2  hr  at  0-5''  to  norbornene  (VIII,  37.6  g,  0.4  mole)  in  ethyl 
ether  (500  ml).  After  4  hr  the  mixture  was  poured  into  water 
(500  ml),  stirred  for  0.5  hr,  and  washed  quickly  with  5%  aqueous 
sodium  bicarbonate  (400  ml),**  dilute  hydrochloric  acid,  and  water. 
After  the  ether  solution  was  evaporated,  the  oily  residue  was  stirred 
several  hours  with  water  (three  400-ml  portions).  The  water- 
insoluble  oil  was  redissolved  in  ether,  dried  over  magnesium  sulfate, 
evaporated  to  about  200  ml,  and  cooled  with  ice.  The  white  solid 
which  separated  was  filtered,  washed  with  a  small  quantity  of  cold 
ether,  air  dried,  and  then  identified  as  fjro,c/j-2,3-dinitrobicyclo- 
[2.2.l]heptane  (IX,  7.7  g),  mp  108°,  infrared  absorption  for  an  ali- 
phatic nitro  group  at  6.45  n. 

Anal.  Calcd  for  QHioNjOi:  C,  45.16;  H,  5.41;  N,  15.04. 
Found:    C,  45.47;  H,  5.46;  N.  15.09. 

The  remaining  ethereal  filtrate  was  evaporated  and  the  yellow 
residue  (28.8  g)  chromatographed  on  silica  gel  (G.  F.  Smith  Co., 
3.5  X  21  cm)  prewashed  with  1 : 1  Skellysolve  B-methylene  chloride 
(200  ml).  The  following  eluents  were  used:  1:1  Skellysolve  B- 
methylene  chloride  (1200  ml),  methylene  chloride  (1000  ml),  and 
4:1  methylene  chloride-ethyl  acetate  (500  ml).  Seven  equal  frac- 
tions (about  400  ml)  were  collected.  Fractions  1  (16.7  g)  and  2 
(2.3  g)  show  identical  spectra  for  a  mixture  of  IX  and  X.  Fractions 
3  (0.5  g).  4  (1.0  g),  5  (2.4  g),  6  (1.7  g),  and  7  (3.5  g),  though  different, 
show  bands  for  hydroxy  1,  nitro,  and  carbonyl  (5.8  m)  groups;  their 
principal    component    is    2-hydroxy-3-nitrobicyclo[2.2.]]heptane 

(XI). 

Fraction  1  (1.0-g  aliquot)  was  rechromatographed  on  silica  gel 
(K»o  »=  160  ml)  prewashed  with  Skellysolve  B  (200  ml).*^  The 
following  solvents  were  used:  Skellysolve  B  (150  ml),  4:1  Skelly- 
solve B-methylene  chloride  (150  ml),  3:2  Skellysolve  B-methylene 
chloride  (150  ml),  3:2  methylene  chloride-Skellysolve  B  (150  ml), 
and  methylene  chloride  (100  ml).  Ten  fractions  (1  '-10')  of  ap- 
proximately 70  ml  each  were  collected.  Fractions  1'  and  V 
contained  only  a  small  amount  of  product  (0.03  g);  this  material 
exhibited  bands  for  nitro  (6.48  m)  and  possibly  nitrate  (6.12  m) 
groups.  Fractions  3 '-5'  yielded  a  white  solid,  //itmj-2,3-dinitro- 
bicyclo[2.2.11heptane  (X,  0.46  g),  mp  127-130^ 

Ami  Calcd  for  OHioNsOi:  C,  45.16;  H,  5.41;  N,  15.04. 
Found:    C,  45.03;  H,  5.43;  N,  15.21. 

The  total  amount  of  X  in  fractions  1  and  2  is  8.73  g,  0.047  mole, 
11.8%  conversion  of  VIII.  Fractions  6'-10'  yielded  exo^cis- 
2,3-dinitrobicyclo[2.2.1]heptane  (IX,  0.46  g),  mp  108-110'';  the 
amount  of  IX  calculated  in  fractions  1  and  2  is  8.7  g.  The  total 
amount  of  IX  isolated  from  the  reaction  is  16.4  g,  0.008  mole, 
22%  conversion  of  VIII. 

From  the  aqueous  washes  of  the  initial  reaction  product  after 
addition  of  sodium  chloride,  extraction  with  ether,  drying  of  the 
ether  extracts  over  magnesium  sulfate,  and  vacuum  evaporation 
of  the  ether,  was  isolated  crude  2-hydroxy-3-nitrobicyclo[2.2.1}- 
hcptane  (XI,  20.6  g,  0.131  mole,  33%  conversion  of  VIII).**  Dis- 
tillation of  VIII  at  greatly  reduced  pressures  resulted  in  its  extensive 
decomposition.  The  proof  of  structure  of  XI  is  described  in  sub- 
sequent experiments. 

Oxidation  of  IX,  X,  and  XI  to  Cydopeiitane-c/>l,3-di€arboxylic 
Acid  with  Potassiiiin  Permanganate.  To  a  solution  of  potassium 
permanganate  (3.16  g,  0.02  mole)  in  water  (50  ml)  was  added  exo^cis- 
2,3-dinitrobicyclo[2.2.1]heptane  (IX,  1.86  g,  0.01  mole).  The 
mixture  was  warmed  on  a  steam  bath  for  2  hr  and  then  kept  at 
25-30°  for  4  hr.    The  manganese  dioxide  was  filtered,  the  solu- 


(36)  Prolonged  treatment  (24  hr)  of  IX  and  X  in  ethyl  ether  with  5% 
aqueous  sodium  bicarbonate  gave  oils  which  exhibit  absorption  for 
hydroxyl  and  nitro  groups. 

(37)  When  large  amounts  of  IX  (4.7  g)  are  chromatographed  on  silica 
gel  (3.5  X  20  cm)  with  Skellysolve  B,  there  is  some  isomerization  to  X; 
this  isomerization  is  not  observed  when  a  small  amount  (1.0  g)  of  IX 
is  chromatographed  on  a  similar  column.  Solutions  of  IX  and  X  in 
ethyl  ether  and  in  methylene  chloride  upon  standing  for  long  periods 
turn  yellow.  The  infrared  spectra  of  the  yellow  solids  isolated  upon 
evaporation  of  the  solvents,  however,  show  no  change  of  IX  and  X. 
There  is  depression  in  melting  point  upon  mixing  IX  with  X. 

(38)  The  XI  in  fractions  3-7  is  not  included  in  the  per  cent  conversion 
reported;  the  value  thus  quoted  is  believed  to  be  minimal.  In  other 
experiments  in  which  the  initial  reaction  mixture  was  extracted  thor- 
oughly with  water,  the  conversion  of  VIII  to  XI  is  considerably  greater 
than  40%. 


tion  was  acidified,  further  traces  of  manganese  dioxide  were  filtered, 
and  finally  the  solution  was  extracted  several  times  with  ether. 
The  ether  solution  was  dried  over  magnesium  sulfate  and  evap- 
orated; the  white  solid  (mp  118'')  obtained  was  washed  with  a 
small  quantity  of  cold  Skellysolve  F-ether,  air  dried,  and  then 
identified  as  cyclopentane-c/5-l,3-dicarboxylic  acid  (1.01  g,  0.0064 
mole),  mp  120"*,  no  depression  by  an  authentk:  sample,  64%  con- 
version of  IX. 

By  procedures  essentially  identical  with  that  described,  X  and  XI 
were  each  oxidized  by  potassium  permanganate  to  cydopentane- 
c£f-l,3-dicarboxyUc  acid,  mp  118°,  no  depression  by  an  authentic 
sample. 

2-AceCoxy-3-iiitroUcyclo[2^.1]he|itaiie.  Concentrated  sulfuric 
acid  (five  drops)  was  added  to  XI  (8.4  g,  0  J3  mole)  in  acetic  an- 
hydride (25  ml).  The  reaction  mixture  became  hot  and  was  heated 
(about  50'')  further  for  1.5  hr,  and  then  stored  at  25-30''  for  24  hr. 
The  resulting  black  solution  was  poured  into  water  (100  ml),  and 
the  mixture  stirred  for  0.5  hr.  After  the  mixture  had  been  extracted 
with  ether,  the  combined  ether  extracts  were  washed  with  5% 
aqueous  sodium  bicarbonate,  water,  dilute  aqueous  hydrochloric 
acid,  and  water,  dried  over  magnesium  sulfate,  and  evaporated. 
The  yellow  oil  obtained  was  distilled  at  reduced  pressure  to  give 
2-acetoxy-3-nitrobicyclo[2.2.1]heptane  (7.4  g,  0.37  mole),  bp  92-93 • 
(0.3  mm),  /f  "••d  1.4807, 70%  conversion. 

Anal.  Cakd  for  CHuNO*:  C,  54.24;  H,  6.58;  N,  7.04. 
Found:    C,  54.01;  H,6.51;  N,7.19. 

fsomerization  of  ejro,c/>23-Dinitrobicycio[2.2.1]he|it«ie  (EK) 
with  Piperidine.  fxo,c/>2,3-Dinitrobicyclo[2.2.1]heptane  (DC,  1.86 
g,  0.01  mole)  in  ethyl  ether  (160  ml)  was  treated  with  piperidine  (OJl 
g,  0.0025  mole)  in  ether  (20  ml).  A  solid  formed  immediately 
upon  addition  of  piperidine.  After  5  min  the  mixture  was  filtered; 
the  ether  solution  was  washed  with  water,  excess  aqueous  hydro- 
chloride acid,  and  water,  and  dried  over  magnesium  sulfate  and  the 
solvent  evaporated.  The  white  solid  isolated  upon  recrystallizatioo 
firom  Skellysolve  B  was  ira^u-2,3-dinitrobk:yclo-[2.2.ipieptaDe(X, 
1.20  g,  0.00645  mole),  mp  127**,  64.5  %  conversion  of  DC. 

Attempted  laomerizatioo  of  ejro,c/>23-DiBitnibicyclo[2J.l}- 
beptane  (IX)  with  Pyridine.  fxo,cf>2,3-Dinitrobicyclo[2.2.1]hep- 
tane  (IX,  0.93  g,  0.005  mole,  in  ethyl  ether  (80  ml)  was  treated  with 
pyridine  (0.2  g,  0.0025  mole).  There  was  no  precipitation.  After 
5  min  the  ether  solution  was  washed  with  water,  excess  aqueous 
hydrochloric  acid,  and  water,  dried  over  magnesium  sulfate,  and 
evaporated.  All  of  the  starting  material  was  recovered,  mp  108^ 
its  infrared  absorption  spectrum  was  identical  with  that  of  au- 
thentic IX. 

Attempted  Thermal  Iiomerization  of  ejco,cif-23-PinitroMcyclO' 
[2.2.1]heptane  OX).  fjco,c/>-2,3-Dinitrobicyclo[2.2.1]heptane  (DC, 
0.5  g),  mp  108'',  was  heated  slowly  to  160''  (20  min)  and  then  al- 
lowed to  cool  to  room  temperature.  Upon  heating  DC  slowly 
turned  red  and  sublimed.  Both  the  sublimed  and  recovered  solids 
gave  the  same  melting  point,  106'';  their  infrared  spectra  were 
identical  with  the  starting  material. 

Reaction  of  exo,c<>2^I>initrobicycio[2.2.1]lie|itaiie  (DO  fM 
Sodium  Ethoxide.  Sodium  methoxide  (1.62  g,  0.03  mole)  was 
added  portionwise  to  ejco,c£^2,3-dinitrobicyclo[2.2.1]heptane  (DC, 
5.58  g,  0X)3  mole)  in  absolute  ethanol  (50  ml)  and  stored  for  OJ 
hr.  The  resulting  yellow  mixture  was  poured  in  water  (200  ml) 
and  extracted  with  ether.  After  the  extract  had  been  washed  with 
water,  dilute  add,  and  water,  dried  over  magnesium  sulfate,  and 
evaporated,  the  remaining  oil  was  distilled.  A  ccdorless  fraictioD 
(1.5  g,  27%  yield)  which  analyzed  for  2-ethoxy-3-nitronort)GniaDe 
was  obtained,  bp  63-64''  (0.3  mm),  /i>*D  1.4748,  infrared  absorption 
bands  for  nitro  (6.49  m)  and  possibly  ether  (9.16  n)  groups;  there 
was  no  absorption  for  a  carbon-carbon  douUe  bond. 

Anal.  Calcd  for  C»HuNOi:  C,  58.35;  H,  8.16;  N.  7J6. 
Found:    C,  58.37;  H,8.35;  N.7.77. 

Redaction  of  fxo,c/>-23-DinitroUcyclo[2a.l]lie|ilaM  (DO. 
exo,c/>-2,3-£>initrobicyclo[2.2.1]heptane  (IX,  1.86  g,  0.01  mok)  in 
glacial  acetic  acid  (50  ml)  was  hydrogenated  over  platinum  (45 
psi)  at  room  temperature  for  24  hr.  After  the  catalyst  had  been 
filtered,  the  mixture  was  frozen,  and  the  solvent  sublimed  umkr 
reduced  pressure.  A  white  ether-insoluble,  water-soluble  solid  was 
obtained  which  begins  melting  at  1 10".  After  having  been  washed 
with  ether  and  air  dried,  the  total  solid  weighed  2.36  g,  96%  con- 
version of  IX,  based  on  the  diacetate  salt  of  exo,cii-2,3-diaiimiobi- 
cyclo[2.2.1]heptane  (XVI).  Treatment  of  the  salt  with  picric  add 
in  ethanol  gave  the  dipicrate  of  fjr(?,ci:f-2,3-diaminobicyclo[22.1]- 
hcptane,  mp  245'*. 

Anal.  Calcd  for  dAoOuN,:  C,  39.05;  H,  3.45;  N,  19.17. 
Found:    C,  39.59;  H,  3.43;  N,  18.50. 
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lis  of  fxo,c/>2,3-Diacetaiiiidobicyclo[2^1]lieptaiie  (XVII). 

e  of  the  diacetate  salt  of  fj:0,c/>2,3-diaininobicyclo[2.2.I]- 
XVI)  (0.74  g,  0.003  mole)  and  acetic  anhydride  (5  ml) 
d  overnight.'*  The  solution  was  cooled,  the  white  solid 
xipitated  was  filtered,  the  solvents  were  evaporated,  and 
lal  solid  was  washed  with  cold  acetone.  The  combined 
)n  recrystallization  from  hot  acetone  yielded  pure  exo^ciS' 
amidobicyclo[2.2.1]heptane«  (XVII,  0.56,  g,  2.48  X 
:)» mp  272°,  82.6%  conversion. 

Calcd  for  diHisNsOa:  C,  62.81;  H,  8.63;  N,  13.32. 
C,  62.66;  H,8.79;  N.  13.17. 

Ion  of  //ia/?5-23-Diiiitrobicyclo[2.2.1]lieptaiie  (X).  trans- 
'obicyclo[2.2.l]heptane  (X,  1.86  g,  0.01  mole)  in  glacial 
d  (50  ml)  was  hydrogenated  over  platinum  (45  psi)  at 
iperature  for  24  hr.  After  filtering  the  catalyst  and  freez- 
subliming  the  solvent  under  reduced  pressure,  a  white 
(luble,  water-soluble  solid  was  obtained  which  began  to 
18''.  After  the  solid  had  been  washed  with  ether  and  air 
weight  was  2.30  g,  94%  conversion  of  X  assuming  the 

0  be  the  diacetate  salt  of  /ra/f^2,3-diaminobicyclo[2.2.1]- 
KVllI). 

da  of  /ra/r5^23-Diacetaiiiidobicyclo[2^1]lieptaiie  (XIX). 
re  of  diacetate  salt  of  /raff5-2,3-diaminobicyclo[2.2.1]- 
XVIII,  0.74  g,  0.003  mole)  and  acetic  anhydride  (5  ml) 
k1  overnight.^  The  mixture  was  cooled,  the  white  solid 
cipitated  was  filtered,  the  solvents  were  evaporated,  and  the 
olid  was  washed  with  cold  acetone.  The  combined  solids 
rystallization  from  hot  acetone  yielded  pure  /fu/t5-2,3- 
dobicycloI2.2.l]hcptane  (XIX,  0.57  g,  2.52  X  lO"*  mole), 
84%  conversion. 

Calcd  for  CnHisNsOi:  C,  62.81;  H,  8.63;  N,  13.32. 
C,  62.72;  H,8.52;  N,  13.27. 

HI  of  Cydooctatetraene  (XXI)  and  Dinhrogea  Tetroxide. 
;n  tetroxide  (9.2  g,  0.100  mole)  in  ethyl  ether  (25  ml)  was 

1  hr  to  stirred  cydooctatetraene  (XXI,  10.4  g,  0.1(X)  mole) 
ther  (150  ml)  at  -70  to  -78°  under  nitrogen.  The  solu- 
allowed  to  warm  to  —20°  and  then  stirred  at  this  tempera- 
l  hr.  The  now  orange  solution  was  filtered  to  give  crude 
o-l,3,6-cyclooctatriene  (XXII,  6.4  g,  0.33  mole,  33%) 
w  solid  which  was  washed  twice  with  cold  ether.  Darken- 
:  crude  material  occurred  rapidly  and  the  compound  was 
ized  by  the  following  procedure,  working  as  rapidly 
)le.  The  crude  XXII  was  dissolved  in  ca.  six  parts  of 
1  oxygen-free  ethyl  acetate,  and  ethyl  ether  was  added 
mixture  was  faintly  turbid.  The  solution  was  then  cooled, 
15°,  then  at  —  78  °.  Two  recrystallizations  in  this  manner 
:  XXII  (3.22  g,  0.0164  mole,  16.4%)  as  white  prisms,  mp 
ec,  which  turned  yellow  on  standing  at  room  temperature 
rt  while,  and  whkh  decomposed  violently  after  standing 
ds  ranging  from  1  hr  to  overnight.    The  compound  could 

overnight  at  —20°  with  little  visible  change,  but  some  de- 
ion  had  nevertheless  occurred  and  spectral  and  analytical 
( performed  immediately  on  freshly  crystallized  material. 

Cakd  for  OHgNjO*:    C,  48.97;    H,  4.08;    N,  14.27. 

C,  48.66;  H,4.22;  N,  14.11. 
frared  spectrum  of  XXII  shows  strong  bands  at  6.45,  7.47, 

/i.    Its  ultraviolet  spectrum  displays  no  true  maximum, 

strong  end  absorption,  with  a  shoulder  at  240-245  m/i 

The  nmr  spectrum  of  XXII  consists  of  a  doublet  centered 
(area  2,  hydrogens  on  C-2  and  C-3,  J  =  7.4  cps)  overlap- 
iglet  at  r  3.74  (area  2,  hydrogens  on  C-6  and  C-7),  a  broad- 
iblet  at  r  4.16  (area  2,  hydrogens  on  C-5  and  C-8),  and  an 
id  multiplet  at  r  4.3-4.5  (area  2,  H  on  Ci  and  C4). 
hereal  filtrate  from  the  reaction  was  evaporated  at  10°  to 
irk  red  oil  which  fumed  and  turned  to  a  black  tar  when 
to  stand  at  0°.  Use  of  the  inverse  addition  technique  or 
XI  gave  no  other  tractable  product,  nor  was  the  yield  of 
proved. 
on  of  6,6-DiplienylfalTene  (XXVUI)  with  Dinitrogen  Tet- 

Nomud  Addition,  Equimolar  Quantities  of  Reactants. 
en  tetroxide  (0.92  g,  0.010  mole)  in  ethyl  ether  (10  ml) 
ed  in  1  hr  to  a  stirred  solution  of  6,6'diphenylfulvene 
,  2.30  g,  0.010  mole,  freshly  crystallized)  in  ethyl  ether  (60 
'  under  nitrogen;  the  solution  of  XXVIII  in  ethyl  ether  had 


>nnatton  of  the  product  appeared  to  have  taken  place  during 
sw  minutes  after  mixing. 

lere  was  depression  in  melting  point  upon  mixing  with  trans- 
aniidobicyclo[2.2.1]heptane  (XIX).  The  infrared  spectra  of 
low  tome  differences  in  absorption  in  the  fingerprint  region. 


previously  been  flushed  thoroughly  with  nitrogen.  The  mixture 
was  stirred  at  0°  for  1  hr.  The  pale  yellow  solid  formed  was  filtered, 
washed  with  cold  ether,  and  air  dried.  The  crude  4-benzhydryli- 
dene-c<>3,5-dinitrocyclopentene  (XXIX,  0.33  g,  0.0010  mole, 
mp  158  ^  dec)  was  recrystallized  from  benzene  or  chloroform.  Pure 
XXIX  was  obtained  as  white  prisms,  mp  165  °  dec. 

Anal.  Cakd  for  dsHuNsOi:  C,  67.07;  H,  4.35;  N,  8.70. 
Found:    C,  66.82;  H.4.41;  N,8.63. 

Compound  XXIX  possesses  an  ultraviolet  absorption  maximum 
at  250  nvi  (c  10,200).  Its  nuclear  magnetic  resonance  spectrum 
shows  a  singlet  at  r  2.79  (area  10,  aromatic  hydrogens)  and  a  pair 
of  narrow  doublets  at  r  3.21  and  3.44  (/  =  1.2  cps)  representing  the 
olefimc  and  methine  hydrogens,  respectively.  It  displays  strong 
infrared  absorption  at  6.42,  7.29,  11.86,  12.52,  13.09,  13.31,  and 
14.12  m. 

The  ethereal  filtrate  was  washed  with  water,  5  %  aqueous  sodium 
bkarbonate,  5%  hydrochloric  acid,  and  water  and  then  dried. 
Cooling  the  solution  at  5°  gave  2,5-dinitro-6,6-diphenylfulvene 
(XXXI)  as  a  red  solid  (0.36  g,  0.0011  mole),  mp  225°  dec.  Re- 
crystallization  from  ethyl  acetate  yielded  pure  XXXI  as  brilliant 
orange  needles,  mp  228°  dec,  which  shows  strong  infrared  bands  at 
6.37,  6.69,  7.52,  10.49,  13.17,  and  14.18  m*  Its  ultraviolet  spec- 
trum exhibits  maxima  at  374  and  308  m^  («  29,000  and  12,700). 

Anal.  Calcd  for  CisHisNsOi:  C,  67.50;  H,  3.74;  N,  8.75. 
Found:    C,  67.24;  H,  3.83;  N,  8.48. 

The  ether  was  evaporated  from  the  filtrate.  The  residue  was 
chromatographed  on  silica  gel  (24  X  260  mm)  and  eluted  with 
hexane  (1(X)  ml),  9:1  hexane-methylene  chloride  (200  ml),  4:1 
hexane-methylene  chloride  (200  ml),  2:1  hexane-methylene  chlo- 
ride (200  ml),  1 :1  hexane-methylene  chloride  (150  ml),  methylene 
chloride  (200  ml),  8 : 1  methylene  chloride-ethyl  acetate  (200  ml), 
and  2:1  methylene  chloride-ethyl  acetate  (300  ml).  Twoity-four 
fractions  were  collected  and  evaporated.  Fractions  1-5  contained 
a  dark  red  oil  which  crystallized  on  standing  in  the  cold  or  on  seed- 
ing. Recrystallization  from  10%  benzene-hexane  gave  2-nitro- 
6,6-diphenylfulvene  (XXX)  as  tiny  brick  red  prisms,  mp  111-113° 
dec  (0.08  g,  0.0003  mole). 

Anal.  Cakd  for  QsHisNOt:  C,  78.61;  H,  4.73;  N,  5.10. 
Found:    C,  78.46;  H,  4.98;  N,  5.36. 

XXX  has  strong  infrared  bands  at  6.32,  6.40,  6.69,  7.40,  7.58, 
12.80,  13.16,  and  14.23  fi.  Its  ultraviolet  absorption  maxima  are 
at  374, 290,  and  254  m^  (c  23,500, 1 1,100,  and  12,000). 

Fractions  6-17  contained  XXIX  contaminated  with  XXXI.  Re- 
crystallization from  benzene  gave  purer  XXIX  as  off-white  prisms 
(0.40  g,  total  0.73  g,  0.00230  mole).  Fractions  18-24  contained  a 
red-black  tar  (1.86  g)  which  resisted  crystallization  and  which  ex- 
hibited infrared  bands  at  2.9  (broad),  6.41,  6.59,  and  7.40  m*  Re- 
action of  6,6-diphenylfulvene  (XXVIII)  with  dinitrogen  tetroxide 
in  ethyl  ether  thus  yielded  XXIX  (0.0023  mole,  23%  yield),  XXX 
(0.0003  mole,  3  %  yield),  and  XXXI  (0.001 1  mole,  1 1  %  yield).  Two 
additional  experiments  perfomned  in  the  manner  described  gave 
similar  results;  XXIX  (26  and  28%),  XXX  (2  and  4%),  and  XXXI 
(8.5  and  10%)  were  formed  in  the  indicated  yields. 

Inverse  Addition.  A  solution  of  XXVIII  (2.30  g,  0.010  mole)  in 
ethyl  ether  (50  ml,  flushed  with  nitrogen)  was  added  at  0°  to  stirred 
dinitrogen  tetroxide  (0.92  g,  0.010  mole)  in  ethyl  ether  (40  ml).  The 
addition  required  30  min,  after  which  the  solution  was  stirred  for 
1  hr.  Filtration  gave  XXIX  (0.27  g,  0.0084  mole)  which  was 
washed  with  cold  ether.  The  combined  ethereal  filtrate  and  washings 
were  washed  with  5  %  sodium  bicarbonate,  5  %  hydrochloric  acid, 
and  water,  dried,  and  cooled  to  5  °.  There  was  thus  obtained  XXXI 
(0.22  g,  0.00069  mole)  identified  by  its  melting  point  and  its  infrared 
spectrum.  The  solution  was  concentrated  to  ca.  40  ml  and  then 
cooled;  additional  XXXI  (0.29  g,  total  XXXI:  0.51  g,  0.0016  mole, 
16  %  yield)  was  obtained. 

The  mother  liquors  were  evaporated  and  the  residue  was  chro- 
matographed on  silica  gel  (British  Drug  House,  Ltd.,  24  X  250 
mm).  The  column  was  eluted  with  200  ml  each  of  hexane,  9:1 
hexane-methylene  chloride,  6:1  hexane-methylene  chloride,  3:1 
hexane-methylene  chloride,  2:1  hexane-methylene  chloride,  and 
imethylene  chloride.  The  9 : 1  hexane-methylene  chloride  fractions 
gave  XXX  ('^1%).  The  3:1  and  2:1  hexane-methylene  chloride 
fractions  yielded,  on  evaporation,  additional  XXIX  (0.24  g,  total 
XXIX:  0.51  g,  0.0016  mole,  16%  yield).  The  reaction  of  XXVIII 
with  dinitrogen  tetroxide  in  ethyl  ether,  adding  the  fulvene  to  the 
dinitrogen  tetroxide,  thus  gave  XXIX  ( 1 6  %  yield).  A  second  exper- 
iment conducted  in  the  described  manner  gave  XXIX  (14%),  XXX 
(1  %),  and  XXXI  (15  %);  the  results  are  similar  to  that  of  the  first 
experiment. 
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Normal  Addftion,  Excen  XXVm.  Dinitrogen  tetroxide  (12.4 
g,  0.135  mole)  in  ethyl  ether  (35  ml)  was  added  in  1  hr  under  nitrogen 
to  a  stirred  solution  of  XXVIII  (34.5  g,  0.150  mole)  in  ethyl  ether 
(700  ml)  at  0°.  The  mixture  was  stirred  at  0°  for  1.5  hr  and  then 
filtered.  The  crude  XXIX  (3.41  g)  was  washed  twice  with  cold 
ether  and  air  dried.  The  combined  ethereal  washings  and  filtrate 
were  washed  with  water,  dried,  and  concentrated  to  ca.  400  ml. 
Cooling  to  5°  gave  additional  crude  XXIX  (7.47  g).  The  mother 
liquor  was  concentrated  to  ca.  1 25  ml  and  cooled  again.  There  was 
obtained  a  total  of  11.87  g  of  an  orange  solid  which  was  mainly 
XXIX  contaminated  with  a  little  XXX.  Further  concentration  and 
cooling  of  the  mother  liquors  gave  only  red  tar.  The  final  crop  of 
orange  solid  obtained  above  was  ground  and  triturated  with  4:1 
hexane-benzene.  The  yellow  residue,  crude  XXIX  (11.03  g,  total 
crude XXIX:  21.91  g,  0.0682  mole,  50%  yield),  was  combined  with 
the  two  crops  obtained  earlier  and  the  whole  recrystallized  from 
chloroform-ethyl  acetate  (charcoal)  to  give  pure  XXIX,  mp  165° 
dec.  The  total  yield  of  pure  XXIX  was  20.0  g  (0.062  mole,  46% 
based  on  dinitrogen  tetroxide). 

The  benzene-hexane  washings  from  the  trituration  of  the  third 
•  crop  of  XXIX  were  evaporated  to  give  XXX  (0.66  g,  0.0024  mole, 
1.4%  based  on  dinitrogen  tetroxide).  The  reaction  of  dinitrogen 
tetroxide  with  excess  XXVIII  in  ethyl  ether  at  0°  thus  gave  XXIX 
(46%  yield)  and  XXX  (1.4%  yield).  Two  additional  experiments 
repeated  as  indicated  gave  analogous  results:  XXIX  (45  and  52%) 
and  XXX  (land  3.5%). 

Reaction  of  4-Benzhydrylidene-c^-3^-dinitrocyclopcnteiie  (XXIX) 
with  Triethylamine.  A  solution  of  4-benzhydrylidene-ri>3,5-di- 
nitrocyclopentene  (XXIX,  0.50  g,  0.00155  mole)  and  triethylamine 
(0.20  g,  0.0020  mole)  in  benzene  (15  ml)  was  refluxed  under  nitrogen 
for  15  min.  The  dark  red  solution  was  evaporated  to  dryness 
under  reduced  pressure.  The  residue  was  taken  up  in  a  small  amount 
of  benzene  and  chromatographed  on  neutral  alumina  (20  X  200  mm, 
activity  II).  The  column  was  eluted  with  hexane  (100  ml)  and  6 : 1 
hexane-benzene  (300  ml).  A  broad  red  band  which  moved  down 
the  column  with  the  benzene-hexane  was  collected  and  evaporated 
to  dryness.  The  residue  was  dissolved  in  warm  10%  benzene- 
hexane  (3  ml).  On  cooling  the  solution  at  —15°,  2-nitro-6,6- 
diphenylfulvene  (XXX)  crystallized  as  tiny  dark  red  prisms,  mp  111- 
1 1 3  °  dec ;  a  total  of  0.27  g  (0.00098  mole,  63  %  yield)  was  obtained. 

Coni^ersioa  of  4-Benzhydrylidene-ri>3^-dinitrocyclopentene 
(XXDO  to  2^-Din!tro-6,6-diphenylfiilTene  (XXXI).  4-Benzhy- 
drylidene-ci>3,5-dinitrocyclopentene  (XXIX,  0.62  g,  0.00193  mole) 
was  dissolved  in  boiling  chloroform  (25  ml)  and  a  stream  of  chlorine 
was  passed  through  the  refluxing  solution  for  2  hr.  The  solvent 
was  then  evaporated  and  the  red  semicrystalline  residue  was  chro- 
matographed on  silica  gel  (20  X  220  mm).  Elution  with  2:1 
hexane-methylene  chloride  gave  an  orange  solid  identified  as  2,5- 
dinitro-6,6-diphenylfulvene  (XXXI,  0.19  g,  0.00058  mole,  31  %)  by 
its  infrared  spectrum. 

Reaction  of  6,6-Diphenylfiiivene  (XXVm)  and  Dinitrogen  Tetrox- 
ide and  Subaeqiient  Treatment  with  Trietliylamine.  A  solution  of 
6,6-diphenylfulvene  (XXVIII,  4.60  g,  0.020  mole)  in  ethyl  ether 
(150  ml)  was  flushed  with  nitrogen,  and  dinitrogen  tetroxide  (1.70 
g,  0.0185  mole)  in  ethyl  ether  (10  ml)  was  added  at  0°  under  nitrogen. 
The  addition  required  40  min,  after  which  the  mixture  was  stirred 
for  20  min;  triethylamine  (2.2  g,  0.022  mole)  was  then  added, 
and  the  mixture  was  stirred  at  0°  for  0.5  hr  and  at  room  temperature 
for2hr. 

After  the  mixture  had  been  evaporated  to  ca,  10  ml,  it  was  chro- 
matographed on  neutral  alumina  (30  X  300  mm,  activity  II).  Elu- 
tion with  20%  ether-hexane  (400  ml)  developed  a  deep  r^  zone, 
leaving  a  dark  brown  zone  at  the  top  of  the  column.  The  red  zone 
was  eluted  with  20%  ether-hexane  and  the  solvent  evaporated. 
The  residue  was  recrystallized  from  20%  benzene-hexane  at  —15° 


to  give  2-nitro-6,6-diphenylfulvene  (XXX,  2.91  g,  1.04  moles,  52%), 
mp  111°  dec. 

Reaction  of  Dinitrogen  Tetroxide  with  Indene  (XXXVD-  Dini- 
trogen tetroxide  (18.4  g,  0.02  mole)  in  ethyl  ether  (40  ml)  was  added 
in  1  hr  to  a  stirred  solution  of  indene  (XXXVI,  24.0  g,  0.21  mole)  in 
ethyl  ether  (200  ml)  at  0°  in  the  absence  of  oxygen.  The  solution 
was  stirred  for  1.5  hr  and  filtered.  The  polymeric  white  solid 
formed  (0.81  g)  was  washed  with  cold  ether  and  air  dried.  The 
substance  melted  with  decomposition  over  a  broad  range,  exhibited 
the  behavior  of  polymers,  and  was  not  further  studied. 

The  filtrate  was  washed  with  water,  dried,  and  concentrated  to 
ca.  50  ml.  Cooling  to  5°  and  trituration  with  hexane  resulted 
in  partial  crystallization.  The  solid,  after  having  been  washed  with 
cold  1:2  ether-hexane,  weighed  6.5  g.  The  mother  liquor  was 
combined  with  the  wash  liquid,  reconcentrated,  and  cooled  to  — 15^ 
A  second  crop  of  2-nitro-l-indanol  (XXXVII,  mp  115-117°)  was 
obtained  which  weighed  1.7  g;  total  yield,  8.2  g  (0.046  mole,  23%). 
Two  recrystallizations  from  ethyl  acetate  gave  pure  XXXVII  as 
white  silky  needles,  mp  117-1 18°. 

Anai.  Calcd  for  CaHgNO,:  C.  60.51;  H.  5.02;  N,  7.84. 
Found:    C,  60.88;  H,5.15;  N,7.82. 

Chromatography  of  the  mother  liquor  on  silica  gel  and  dutioD 
with  various  solvents  gave  only  brown  gums.  Use  of  the  invene 
addition  technique  gave  increased  amounts  of  the  polymer  and 
greatly  decreased  yields  of  nitro  alcohol. 

Acetylation  of  2-Nttro-l-indanol  (XXXVH).  Sulfuric  add  (three 
drops)  was  added  to  2-nitro-l-indanol  (XXXVII,  4.00  g,  0.022  mole) 
in  acetic  anhydride  (75  ml).  The  solution  was  stored  at  room 
temperature  overnight  and  then  poured  into  ice  water  (300  ml). 
The  suspension  was  stirred  for  1  hr  and  extracted  with  ettier.  The 
combined  ethereal  extracts  were  washed  with  5%  sodium  bicar- 
bonate and  water,  dried,  and  evaporated  to  dryness.  The  residue 
crystallized  on  scratching  and  was  recrystallized  twice  from  ethand 
(charcoal)  to  give  l-acetoxy-2-nitroindane  (XXXVIII,  4.34  g, 
0.0194  mole,  87%)  as  large  colorless  prisms,  mp  62-63''. 

Anal.  Calcd  for  QiHuNOi:  C,  59.75;  H,  4.98.  Found: 
C,  60.22;  H,4.91. 

Conversion  of  l-Acetoxy-2-nitroindane  (XXXVill)  to  2-^6tro- 
indene  (XXXIX).  A  solution  of  l-acetoxy-2-nitroindane  (XXX- 
VIII,  2.00  g,  0.009  mole)  in  ethyl  ether  (AO  ml)  was  refluxed  over 
sodium  acetate  (0.3  g)  for  35  hr.  The  solution  was  filtered, 
washed  twice  with  water,  dried,  and  evaporated  to  give  a  yellow 
solid  residue.  Recrystallization  from  benzene  gave  2-nitrQindene 
(XXXIX,  1.04  g,  0.0066  mole,  73%)  as  stout  yellow  needles,  mp 
139-140°.  The  ultraviolet  spectrum  of  XXXIX  showed  X2r 
336  and  241  m/i  (c  26,000  and  35,000).  The  nmr  spectrum  showed, 
in  addition  to  the  aromatic  hydrogen  signals  at  r  2.4-2.8,  a  triplet 
of  area  1  at  r  2.11  (vinyl  hydrogen),  and  a  doublet  of  area  2  at 
r  6.08  (methylene  hydrogens);  7=  '~1.4cps. 

Preparation  of  l-<2-Nitro-l-indenyl)-2-nitroiiidaiie  (XXXxiii) 
from  l-Acetoxy-2-aitroindane  (XXXVIII).  A  solution  of  1-aoetoxy- 
2pnitroindane  (XXXVIII,  0.90  g,  4.1  mmoles)  in  ethyl  ether  (20  ml) 
was  refluxed  over  potassium  carbonate  (0.70  g,  7.8  mmoles)  for  3  hr. 
The  dark  brown  solution  was  Altered  while  still  warm.  The  residue 
was  extracted  twice  with  ether,  and  the  extracts  were  combined  with 
the  filtrate.  The  combined  ether  solution  was  treated  with  char- 
coal, filtered,  and  evaporated  to  give  a  brown  oil  which  partially 
solidified  on  trituration  with  1:1  benzene-hexane.  Recrystal- 
lization of  the  solid  from  1 : 1  benzene-hexane  gave  l-(2-nitro-l- 
indenyl>.2-nitroindane  (XXXIII,  0.16  g,  0.51  mmole,  22%))  as 
tiny,  dull  yellow  prisms,  mp  193-194°  dec.  The  compoimd  ex- 
hibited strong  infrared  bands  at  6.47  and  6.66  fi;  the  ultraviolet 
spectrum  shows  Xmax  338  m/i  (€  1 1,000). 

Anai.  Calcd  for  CisHuNiOi:  C,  67.92;  H,  4.41.  Found: 
C,  68.16;  H,4.31. 
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Kenneth  B.  Wiberg  and  B.  Andes  Hess,  Jr.* 

Contribution  from  the  Department  of  Chemistry,  Yale  University, 
New  Haven,  Connecticut.    Received  February  2, 1967 


Abstract :  The  acetolysis  and  ethanolysis  of  exo-  and  e/idS9-6-bicycIo[3. 1 . 1  Jheptyl  tosylates  have  been  studied.  The 
tosyl  group  must  occupy  the  pesudo  equatorial  position  on  a  cyclobutane  ring  in  order  to  permit  a  high  degree  of 
participation.  The  endoiexo  ratio  was  about  10*.  Using  the  rate  of  borohydride  reduction  of  the  corresponding 
ketone  as  a  model,  both  epimers  appeared  to  react  at  an  accelerated  rate,  llie  products  of  the  reactions  have  been 
determined;  the  endo  isomer  gives  mainly  the  2-norcaranyl  acetates,  whereas  the  exo  isomer  gives  a  variety  of 
products.    The  ratio  of  the  products  is  not  significantly  solvent  dependent. 


We  have  previously  shown  that  e/tJo-S-bicyclo- 
[2.1.1]hexyl  tosylate  undergoes  acetolysis  at  a 
rate  10*  faster  than  the  exo  isomer.'  The  remarkably 
high  endoiexo  ratio  has  prompted  us  to  investigate  two 
series  of  isomeric  cyclopropylcarbinyl,  cyclobutyl,  and 
allylcarbinyl  derivatives.*  We  now  wish  to  report 
on  the  part  of  this  investigation  which  deals  with  the 
bicyclo[3.1.1]heptanes.  The  syntheses  of  the  com- 
pounds to  be  discussed  are  reported  elsewhere.* 

The  rates  of  solvolysis  of  e/2^29-6-bicyclo[3.1.1]heptyl 
tosylate  (I)  and  of  the  exo  isomer  II  were  determined  in 
glacial  acetic  acid  and  in  two  ethanol-water  mixtures. 
In  all  cases,  the  reactions  proceeded  to  completion; 
no  internal  return  was  noted.  The  data  are  sum- 
marized in  Table  I. 


Table  L    Rates  of  Solvolysis  of  6-Bicyclo[3.1.1]hepCyl  Tosjdates 


A^=*=, 

Temp, 

kcaV 

A5=*=, 

Tosylate 

Solvent 

X 

ik,  sec-» 

mole 

eu 

endo 

HOAc 

17.0 
32.0 
25.0 

1.70X10-' 
9.90X10-' 
4.44X10-'- 

20.1 

+2 

80%EtOH 

25.0 

2.40  X  10-« 

95%EtOH 

25.0 

4.61  X  10-» 

97.7%  EtOH 

25.0 

2.92XlO-»» 

exo 

HOAc 

115.0 

130.0 

120.0 

25.0 

8.84X10-* 
3.61  X  10-« 
1.43XlO-«- 

i.oixio-»» 

28.5 

+4 

80%  EtOH 

120.0 

2.47  X  10-* 

97.7%  EtOH 

120.0 

2.73X10-* 

•  Extrapolated  values. 

The  products  of  the  solvolyses  were  determined  by 
isolation  of  the  product  mixtures  followed  by  vpc  sep- 
aration and  identification  of  individual  components  by 
comparison  of  the  nmr  and  infrared  spectra  with  those 
of  authentic  samples.  The  result,  in  the  case  of  the 
endo  isomer,  was  fairly  simple  (see  Scheme  I). 
In  the  ethanolysis  experiment,  the  alcohols  were  identi- 
fied by  treatment  of  the  reaction  mixture  with  acetyl 
chloride  followed  by  separation  of  the  acetates.    The 

(1)  This  investigation  was  supported  by  the  Army  Research  Office, 
Durham,  and  forms  part  of  the  Ph.D.  Thesis  of  B.  A.  H.,  1966. 

(2)  National  Institutes  of  Health,  Predoctoral  Fellow,  1963-1966. 

(3)  K.  B.  Wiberg  and  R.  FcnogUo,  Tetrahedron  Letters,  1273  (1963). 

(4)  Some  of  the  results  of  this  investigation  are  given  in  K.  B.  Wiberg 
and  B.  R.  Lowry,  /.  Am,  Chem.  Soc.,  85,  3188  (1963);  K.  B.  Wiberg 
and  A.  J.  Ashe,  III,  Tetrahedron  Letters,  1SS3, 4243  (1965). 

(5)  K.  B.  Wiberg  and  B.  A.  Hess,  Jr.,  /.  Org.  Chtm,,  31, 2250  (I960. 
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OH  OH 
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ethers  were  not  separated  and  identified  as  such,  but 
the  vpc  curve  for  the  ether  mixture  was  quite  similar  to 
that  for  the  acetate  mixture  (except  at  shorter  retention 
times)  suggesting  that  the  ethers  were  formed  in  about 
the  same  ratio.  The  ether :  alcohol  ratio  was  88:12. 
The  solvolyses  of  the  exo  isomer  led  to  more  complex 
product  mixtures.  The  data  are  summarized  in  Table 
II.  Since  the  reaction  conditions  for  acetolysis  (5 
hr,  130^)  might  lead  to  further  reactions  of  the  products 
initially  formed,  the  stability  of  the  products  was  in- 
vestigated. A  mixture  of  cis-  and  rran5-2-norcaranyl 
acetates  was  found  to  isomerize  to  4-cycloheptenyl  ace- 
tate. exo-Bicyclo[3.1.0]hexanc-6-methyl  acetate  (VII) 
was  found  to  be  partially  converted  to  rran5-2-vinyl- 
cyclopentyl  acetate  under  the  reaction  conditions. 


OAc 


H 


6hr 


1596 

In  the  solvolysis  in  80%  ethanol,  the  ratio  of  ethers  to 
alcohols  was  30 :70.  In  the  absence  of  base,  the  2-nor- 
caranols    were   converted    to   4-cycloheptenol,    and 
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Table  IL    ProducU  of  the  Solvdysis  of 
«xi>-Bicyclo[3.1.1]heptyl  Toyslate 


Product 


Obsd  product 
compositions,*  % 
80% 
HOAc  80%  EtOH  Cor  composi- 
OAc-  EtOH  HO-     tions,-  % 
(R  -  (R  -  (R  =  80% 

Ac)     H)       H)     HOAc  EtOH 


OR 


<^ 


17        36        14        15        15 


VI 


H 


14 


23        16        25 


vn 


H 


9        11 


7        12 


vm 


51        37 


8 


RO^ 


7       10 


8 


XI 


8 


20        37        21 


•  Ccfrected  for  isomerization  under  the  reaction  conditions  and 
for  the  Sn2  reaction. 


bicyclo[3.1.0]hexane-6-methanol  was  completely  con- 
verted to  rrfln5-2-vinylcyclopentanol.  The  compounds 
were,  however,  stable  under  the  reaction  conditions 
when  a  slight  excess  of  base  was  added  to  the  solvent. 
When  this  was  done,  the  Sn2  product,  e/M/o-6-bicyclo- 
[3.1.1]heptanol,  increased  in  amount. 

It  is  possible  to  correct  the  observed  data  to  take  into 
account  the  isomerization  reactions,  making  only  the 
assumption  that  most  of  the  cycloheptenyl  acetate 
found  in  the  acetolysis  experiments  arose  from  the 
norcaranyl  acetates.  This  does  not  appear  unreason- 
able in  view  of  the  results  of  the  ethanolysis  experi- 
ments.   The  corrected  data  are  included  in  Table  II. 

Having  presented  the  experimental  data,  we  may  now 
consider  their  significance.  The  endo  isomer  I  is  over  a 
million  times  as  reactive  as  the  exo  isomer  II,  indicating 


that  the  rate  acceleration  characteristic  c^  cyclobutyi 
derivatives  requires  that  the  leaving  group  occupy  the 
pseudo  equatorial  position.*  This  conclusion  had  also 
been  reached  in  our  previous  study  of  the  S-bicyclo- 
[2. 1 .  IJhexyl  tosylates. ' 

A  comparison  of  the  kinetic  data  for  acetic  acid  and 
for  aqueous  ethanol  permits  an  estimation  of  the 
Winstein  m  and  N  values.^  The  Y  value  for  97.7% 
ethanol  corresponds  to  that  for  glacial  acetic  acid. 
For  the  solvolysis  of  I,  m  was  0.56  and  N  was  0.66; 
whereas  for  II,  m  was  0.59  and  N  was  0.19.  The  last 
value  is  based  on  Y  values  determined  at  25^  whereas 
the  rates  of  reaction  were  measured  at  120®.  The  un- 
usually low  value  of  N  is  probably  a  result  of  not  using 
Y  values  for  120**.  The  low  values  of  N  demonstrate 
that  the  reactions  are  limiting  solvolyses,  and  the  values 
of  m  are  of  a  reasonable  magnitude  for  such  a  process. 

It  is  of  interest  to  try  to  relate  the  rates  of  solvolysis 
with  those  of  other  compounds.  At  first,  it  appeared 
to  us  that  7-norbornyl  derivatives  would  provide  an 
adequate  model  in  view  of  the  similarity  in  structure. 


OTs 


OTs 


(OTs) 


(OTs) 


It  is  generally  recognized  that  there  is  a  correlation 
between  the  C~C-C  bond  angle  at  the  reaction  site  and 
the  rate  of  solvolysis.'  The  angle  fcM"  T-oOTbcMnyl 
derivatives  is  94*','  whereas  that  for  bicyclo[3.1.1]hep^ 
derivatives  must  be  less  than  88  ^.^^  Thus,  on  this 
basis  one  might  expect  the  latter  to  react  more  slowly 
than  7-norbornyl. 

However,  Brown  has  suggested  that  7-nOTbomyl 
derivatives  may  for  some  reason  be  abnormal,  since  the 
rate  of  solvolysis  of  the  tosylate  is  less  than  that  of  any 
other  tosylate  which  has  been  studied,  and  since  the 
rate  of  borohydride  reduction  of  7-norbornanone  b 
greater  than  that  of  any  other  ketone  which  has  been 
studied.  ^^  We  may  ask  if  there  should  be  any  struc- 
tural factor  which  would  lead  to  anomalous  rates  of 
reaction. 

The  important  factor  in  these  reactions  is  the  differ' 
ence  in  destabilization  due  to  bond  angjc  defcx'mation 
between  the  tetrahedral  and  trigonal  structures.  Here, 
7-norbornyl  derivatives  would  be  anticipated  to  be 
significantly  different  from  monocyclic  compounds. 
With  cyclobutyi  derivatives,  for  example,  the  tetrahedral 
structure  has  a  bond  angle*  of  about  87.8%  whereas  the 
trigonal  structure  (cyclobutanone)^^  has  an  angje  of 

(6)  Cydobutane  deviates  from  planarity  by  35*  (P.  N.  Skanke»  Tbeait 
Oslo,  1960)  leading  to  positions  for  substituents  which  are  analotous  to 
axial  and  equatorial  positions  of  a  cydohexane  ring. 

(7)  E.  Grunwald  and  S.  Winstein,  7.  Am.  Chem.  Soe.^  70,  846  (1949); 
S.  Winstein,  E.  Grunwald,  and  H.  W.  Jones,  ibid,.  73.  2700  (19S1). 

(8)  H.  C.  Brown  and  M.  Gerstein.  ibid.,  72,  2926  (1950);  P.  von  R. 
Schleyer  and  R.  D.  Nicholas,  ibid,,  83, 182  (1961);  cA  C  S.  Foote.  MC 
86,  1853  (1964);  P.  von  R.  Schleyer.  ibid,,  86,  1854  (1964X  where  ilie 
correlation  was  made  with  the  infrared  carbonyl  frequeodes  rather  thio 
bond  angles. 

(9)  Dr.  G.  Dallinga,  private  conununication. 

(10)  The  C-C-C  bond  angle  in  cydobutane  is  87.8"^  and  that  id 
bicydo[2.1.1]hexane  is  84.5^* 

(11)  H.  C.  Brown  and  J.  Muzzio,/.  Am.  Ckem.  Soe..  88»  2811  (I960. 

(12)  A.  Bauder,  F.  Tank,  and  H.  H.  Giinthard.  Heh.  Ckim.  AelM,4li, 
1453  (1963). 
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Figure  1.  Relationship  between  rates  of  solvolysis  and  rates  of 
x>rohydride  reduction  of  the  corresponding  ketones.  The  solid  line 
oins  cyclopentyl  with  7-norbornyl;  the  dashed  line  indicates  the 
"esults  with  the  cyclobutyl  derivatives. 


M.S^.  Thus,  the  angle  has  increased  significantly  on 
going  to  the  ketone,  relieving  some  of  the  strain  associ- 
ited  with  the  formation  of  a  trigonal  center.  With 
lorbornyl  derivatives,  however,  the  angle  at  the  methyl- 
ene bridge  is  constrained  by  the  two-carbon  wings  and 
;>robably  cannot  change  significantly  on  going  from  the 
ilcohol  to  the  ketone.  Thus,  despite  the  larger  angles 
in  7-norbornanol  and  7-norbornanone  as  compared  to 
:ycIobutanol  and  cyclobutanone,  the  increase  in  strain 
IS  probably  greater  for  the  former  than  for  the  latter. 

The  bicyclo[/i.l.l]alkane  derivatives  would  be  ex- 
pected to  be  intermediate  in  strain  increase  between 
:yclobutyl  and  7-norbornyl  compounds.  This  post- 
ulate could  be  tested  if  the  heats  of  hydrogenation  of 
the  ketones  to  the  alcohols  were  known.  Unfortu- 
nately, these  values  are  not  as  yet  available.  As  a 
result,  we  have  adopted  the  suggestion  of  Brown  and 
Muzzio^^  that  the  rates  of  borohydride  reduction  of  the 
ketones  provide  a  model  for  the  efiect  of  converting 
%  tetrahedral  center  to  trigonal.  The  rate  of  reduction 
of  bicyclo[3.1.1]heptanone-6  was  determined  giving 
a  rate  constant  of  1.4  X  10"^  sec"^  at  0**.  As  expected, 
the  rate  is  between  those  for  cyclobutanone  and  7- 
Qorbornanone.  The  reaction  led  to  97.5%  of  endo- 
S-bicyclo[3.1.1]heptanol  and  2.5%  of  exo-6-bicyclo- 
3.1.1]heptanoI,  giving  the  partial  rate  factors  for  endo 
uid  exo  attack  of  3.5  X  10-»  and  1.5  X  10-^  see"*, 
respectively.  The  data  required  for  a  correlation  with 
rates  of  solvolysis  are  summarized  in  Table  III. 

The  rates  of  acetolysis  are  compared  with  the  rates 
of  borohydride  reduction  in  Figure  1.  Brown  and 
Muzzio^^  have  suggested  that  a  line  drawn  through  7- 
norbornyl  and  cyclopentyl  ''would  provide  a  reason- 
ably satisfactory  locus"  for  most  of  the  compounds  they 
examined.  Such  a  line  is  drawn  in  the  figure;  the 
deviations  (^^2  log  units)  for  cyclohexyl  and  cycloheptyl 


Solvolysis 

Reduction* 

Ring 

it,25» 

knl 

ik,0^ 

Cyclobutyl 

3.oxia-» 

27* 

1.33X10-** 

Bicyclo[3.1.1]heptyl 

exa-6 

1.0X10-* 

0.021 

1.5X10-1 

endo-6 

4.44X10-' 

91,000 

3.5X10-' 

Norbomyl-7 

10-' • 

7.5X10-1/ 

Cyclohexyl 

4.88X10-* 

1.00- 

8.1X10-" 

Cyclopentyl 

1.58X10-* 

32.4' 

3.5XlO-«« 

•  Partial  rate  factors.  *  J.  D.  Roberts  and  V.  C  Chambers,  J, 
Am.  Chem,  Soc,,  73,  5034  (1951);  H.  C.  Brown  and  G.  Ham,  ibid., 
78,  2735  (1956).  «  S.  Winstein,  M.  Shatavsky,  C.  Norton,  and  R.  B. 
Woodward,  ibid,,  77,  4183  (1955).  '  S.  Winstein,  B.  K.  Morse,  E. 
Grunwald,  H.  W.  Jones,  J.  Corse,  D.  Trifan,  and  H.  Marshall,  ibid., 
74, 1 127  (1952).  •  H.  C.  Brown  and  K.  Ichikawa,  Tetrahedron,  1, 
221  (1957).  /  H.  C  Brown  and  J.  Muzzio,  7.  Am.  Chem.  Soc.,  88, 
2811(1966). 

derivatives  perhaps  suggest  the  uncertainty  inherent 
in  the  correlation. 

The  three  species  of  present  interest,  e/tJo-6-bicyclo- 
[3.1.1]heptyl,  cyclobutyl,  and  exo-6-bicyclo[3.1.1]heptyl 
have  acetolysis  rates  which  are  greater  than  expected 
by  6.0, 4.3,  and  3.3  log  units,  respectively.  Thus,  using 
Brown's  criterion,  all  appear  to  undergo  solvolysis  at 
accelerated  rates. 

The  magnitude  of  the  rate  acceleration  for  cyclobutyl 
is  in  accord  with  other  data.  It  has  been  found  that  the 
replacement  of  the  a-hydrogen  by  methyl  in  secondary 
alcohol  derivatives  normally  produces  a  rate  increase 
by  a  factor  of  about  5  X  10*.  *•  In  the  case  of  cyclo- 
butyl, methyl  substitution  increases  the  rate  by  only  a 
factor  of  about  10*.  ^  *  If  there  were  no  special  stabiliza- 
tion of  the  tertiary  derivatives,  the  rate  acceleration  for 
cyclobutyl  itself  would  be  ^^5  X  10*.  This,  of  course, 
is  a  minimum  value  since  1-methylcyclobutyl  deriva- 
tives may  also  react  at  a  somewhat  increased  rate.  ^* 

The  very  large  rate  acceleration  observed  with  endo- 
6-bicyclo[3.1.1]heptyl  tosylate  indicates  a  bridged  acti- 
vated complex.  One  may  write  the  structure  XIII 
and  ask  whether  this  represents  the  activated  complex 
for  a  rearrangement  to  a  more  stable  ion  XIV,  or 
whether  it  is  an  intermediate  in  the  reaction  and  is 
stabilized  by  virtue  of  electron  delocalization. 


OTs 


xin 


XIV 


The  2-norcaranyl  derivatives  are  very  reactive  in 
solvolytic  reactions  suggesting  that  the  ion  XIV  is 
probably  well  stabilized  in  the  fashion  of  cyclopropyl- 
carbinyl  cations.^*    The  stabilization   is  particularly 

(13)  H.  C.  Brown  and  M.-H.  Rei,  /.  Am,  Chem,  Soc„  86,  5008  (1964). 

(14)  H.  C  Brown  and  M.  Borkowski,  ibid,,  74,  1894  (1952);  J.  D. 
Roberts  and  V.  C.  Chambers,  ibid.,  73,  5034  (1951). 

(15)  The  correlation  of  acetolysis  rates  with  carbonyl  frequencies** 
does  not  appear  to  be  particularly  useful  with  cydobutyl  derivatives 
because  of  the  lack  of  correlation  of  vibrational  frequency  with  bond 
angle.  Thus:  cyclobutanone,  1791  cm'^;  6-methylbicyclo(3.2.Q|- 
beptan-6-one,  1776  cm-»;  bicyclo(3.1.1]heptan-6-one,  1775  cm-». 

(16)  (a)  Cyclopropylcarbinyl  intermediates:  Wiberg  and  Ashe,  see 
ref  4;  P.  von  R.  Schleyer  and  O.  van  Dine,  J,  Am.  Chem,  Soc.,  88, 
2321  (1966).  (b)  Stable  cyclopropylcarbinyl  ions:  N.  Deno  H.  O.  Richey, 
Jr.,  i.  S.  Liu.  J.  D.  Hodge,  J.  J.  Houser.  and  M.  J.  Wisotsky,  ibid.,  84, 
2016  (1962);  C.  V.  Pittman  and  O.  OUh,  ibid.,  87,  2998  (1965);  N.  C. 
Deno,  J.  S.  Liu,  J.  O.  Turner,  O.  N.  Lincoln,  and  R.  E.  Fruit,  ibid.,  87, 
3000(1965). 
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favorable  since  XIV  is  both  cyclopropylcarbinyl  and 
secondary.  Since  little  thermochemical  evidence  is 
available  concerning  the  relative  energies  of  the  classical 
cyclobutyl  and  the  cyclopropylcarbinyl  cations,  it  is  not 
possible  to  estimate  if  the  observed  effect  can  be  ra- 
tionalized in  terms  of  such  a  driving  force.  If  the  rate 
acceleration  for  eAiJo-6-bicyclo[3.1.1]heptyl  tosylate  is 
taken  as  10^,  this  corresponds  to  a  stabilization  of  the 
activated  complex  by  about  8.3  kcal/mole.  The  driving 
force  would  have  to  be  greater  than  this  amount  since 
the  driving  force  cannot  be  fully  realized  in  the  acti- 
vated complex. 

One  possible  way  in  which  to  obtain  evidence  dealing 
with  the  above  question  is  to  examine  the  possibility  of 
trapping  an  intermediate  using  an  ion  in  solution.  In 
some  cases,  this  has  been  accomplished  using  halide 
ion,^'  azide  ion,^  and  methoxide  ion.^'  An  attempt 
was  made  to  capture  an  intermediate  ion  using  azide 
ion  in  acetic  acid,  and  chloride  ion  in  acetone.  No 
chloride  or  azide  corresponding  to  I  was  obtained** 
and  olefin  was  the  major  product  in  acetone  solution. 
Thus,  the  question  remains  unresolved  at  the  present 
time.  We  shall,  however,  return  to  this  question  at  a 
later  time. 

The  solvolytic  behavior  of  the  exo-tosylate  II  is  also 
of  some  interest  in  view  of  its  apparent  higher  than 
expected  reactivity.  The  products  of  the  reaction  may 
be  derived  via  a  series  of  carbonium  ion  reactions. 
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The  carbon  participation  path,  a,  might  be  expected 
to  give  a  modest  rate  acceleration  since  a  1,3-bridged 
cyclobutane  is  probably  somewhat  destabilized  in 
comparison  to  a  1,2-bridged  cyclobutane.'^  In  the 
absence  of  thermochemical  data,  it  is  difficult  to  esti- 
mate the  magnitude  of  the  possible  rate  factor. 

(17)  S.  Winstein,  A.  Ledwith,  and  M.  Ho  jo.  Tetrahedron  Letters,  341 
(1961). 

(18)  H.  L.  Ooering  and  J.  F.  Levy,  /.  Am.  Chem.  Soc,  86,  120  (1964). 

(19)  H.  Tanida,  T.  Teruji,  and  T.  Irie,  ibid.,  88,  864  (1966). 

(20)  See,  however,  thereacdon  of  em/o-S-bicyclo[2.1.1]hexyl  tosylate 
with  chloride  ion^  in  which  unrearranged  em/o-chloride  was  the  major 
product. 

(21)  This  conclusion  is  not  at  all  certain  and  is  in  the  process  of 
beuig  tested.  If  the  conclusion  is  incorrect,  there  would  be  no  apparent 
driving  force  for  rearrangement  to  XV. 


The  products  of  the  reaction  are,  however,  not  in 
accord  with  the  above  formulation.  First,  the  acetoly- 
ses  of  exO'  and  eAiJo-bicyclo[3.2.0]heptyI-6  tosylates 
have  been  investigated  *'  and  neither  gives  bicyclo- 
[3.2.0]heptyl-6  acetate  or  7-norbornyl  acetate  as  a 
product.  However,  both  are  formed  in  the  present 
case.  It  seems  likely  that  they  are  not  formed  via 
the  6-bicyclo[3.2.0]heptyl  cation.  Second,  it  is  difficult 
to  see  why  the  product  composition  should  be  essen- 
tially unchanged  on  going  from  acetic  acid  to  aqueous 
ethanol  as  solvent  if  the  reaction  involves  a  series  of 
rearrangement  steps.  In  these  cases,  one  usually 
intercepts  the  ions  at  an  earlier  stage  with  the  more 
nucleophilic  aqueous  ethanol  as  compared  to  acetic 
acid. 

The  simplest  explanation  for  the  rate  acceleration  and 
for  the  solvolysis  products  suggests  that  the  products 
are  derived  from  one  principal  intermediate  which  is 
stabilized  in  part  by  electron  delocalization  and  in  part 
by  some  strain  relief  resulting  from  the  longer  bonds  in 
the  "nonclassical"  intermediate.  The  reactions  may  be 
formulated  as  in  Scheme  II.  It  can  be  seen  that  this 
intermediate  provides  a  reasonable  path  for  the  forma- 
tion of  both  bicyclo[3.2.0]heptyl-6  and  7-norbornyl 
derivatives.  We  do  not  consider  that  the  data  are  such 
that  they  force  one  to  accept  a  "nonclassical"  inter- 
mediate. However,  such  an  intermediate  provides  a 
simple,  economical  explanation  for  all  of  the  data. 


Experimental  Section 

Acetolysig  of  £/r£/a-Bicyclo[3.1.1]lieptyl-6  Tosylate.  Into  a  set 
of  about  15  test  tubes  was  accurately  measured  increasing  amounts 
of  standard  sodium  acetate  in  acetic  acid.  The  final  volume  in 
each  was  adjusted  to  10  ml  with  anhydrous  acetic  acid.  Several 
drops  of  brom  phenol  blue  in  acetic  acid  was  added  to  each  tube 
as  an  indicator.  The  test  tubes  were  stoppered,  placed  in  a  constant 
temperature  bath,  and  allowed  to  equilibrate  for  15  min.  endo- 
Bicyclo[3.1.1]heptane-6  tosylate  (300  mg)  was  dissolved  in  approx- 
imately 3  ml  of  carbon  tetrachloride.  A  200-m1  portion  of  this  solu- 
tion was  transferred  with  stirring  to  a  test  tube  using  a  Hamihoo 
250-m1  syringe.  Zero  time  was  taken  at  the  completion  of  addition, 
and  the  time  for  the  indicator  change  was  recorded.  The  process 
was  repeated  for  each  test  tube,  covering  a  range  of  10-90%  reac- 
tion. This  method  eliminated  the  problem  of  the  time  required  to 
dissolve  the  tosylate  in  the  reaction  solvent,  and  permitted  reactions 
with  a  half-life  as  short  as  30  sec  to  be  studied. 

Ethanolysis  of  e/f£/o-Bicyclo[3.1.1]heptyl-6  Tosylate.  Two  ctb- 
anol-water  mixtures  were  prepared  having  79.95  and  95j00% 
ethanol  by  volume  (the  former  had  a  density  of  0.84930  at  25.0°, 
and  the  latter  had  0.80321).  The  experiments  were  carried  out  as 
described  above  except  that  the  base  solution  was  prepared  by 
dissolving  sodium  in  the  alcohol-water  mixture  and  standardizing 
against  hydrochloric  acid  solution  by  titration. 

Acetolysis  of  £A:o-Bicyclo[3.1.1]heptyl-6  Tosylate.  Solutions  of 
the  tosylate  were  prepared  by  weighing  the  tosylate  into  a  vdu* 
metric  flask  and  diluting  to  50  ml  with  glacial  acetic  add  containing 
approximately  1  %  acetic  anhydride  and  sufficient  sodium  acetate 
to  neutralize  the  /^toluenesulfonic  acid  formed.  Portions  (3.3  ml) 
of  the  solution  were  placed  in  ampoules,  and  the  ampoules  were 
sealed.  The  ampoules  were  placed  in  a  constant  temperature 
water  bath  and  were  allowed  to  equilibrate.  They  were  removed  il 
known  times,  cooled  rapidly  to  room  temperature,  and  broken  open; 
3  ml  of  the  solution  was  removed  for  titration  with  standard  sodium 
acetate  in  glacial  acetic  acid.  Brom  phenol  blue  was  used  as  tbe 
indicator. 

Ethanolysis  of  £xo-Bicyclo[3.1.1]iieptyl-6  Tosylate.  The  eth- 
anolysis was  carried  out  in  the  same  manner  as  the  acetob-sis  runs 
using  79.95  and  97.75%  ethanol.  The  latter  had  a  density  of 
0.79371  at  25°. 


(22)  F.  F.  Nelson,  Ph.D.  Thesis,  University  of  Wisconsin.  196a 
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■ct  Studies,    a.    tf/r<^Bicydo[3.1.1]lieptyl-6  Tosylate.    A 

1  of  0.5  g  of  the  tosylate  (containing  20-30%  of  the  exo 

in  acetic  acid  containing  a  small  excess  of  sodium  acetate 
3wed  to  stand  for  15  min  at  room  temperature.  The  mix- 
s  diluted  with  an  equal  volume  of  water  and  extracted  with 
^rtions  of  pentane.  The  pentane  solution  was  washed  with 
with  2.5%  sodium  bicarbonate  solution,  and  again  with 

After  drying,  distillation  gave  150  mg  of  a  clear  liquid,  and 
esidue.  The  latter  was  shown  by  nmr  to  be  e^rcT-bicyclo- 
eptyl-6  tosylate.  The  distillate  was  examined  by  vpc  using 
owax  column  at  148^.  The  first  component  (19.5  min) 
icetoxycycloheptene,  and  the  second  component  (21.5  min 
shoulder  at  22.5  min)  was  a  4 : 1  mixture  of  endo-  and  exo- 
iranyl  acetates.    Both  components  were  identified  by  com- 

with  authentic  samples. 

n  the  acetolysis  was  carried  out  in  the  absence  of  acetate  ion, 
Dunt  of  acetoxycycloheptene  increased  at  the  expense  of  the 
myl  acetates. 

Sthandysis  of  «mi^Bicydo[3.1.1]lieptyl-6  Tosylate.  A  solu- 
0.6  g  of  the  tosylate  in  50  ml  of  80%  ethanol  containing  120 
lodium  was  allowed  to  stand  for  8  min  at  room  temperature, 
iction  mixture  was  worked  up  as  described  above,  and  the 
I  of  ethers  and  alcohols  was  dissolved  in  pyridine  and  cooled 

To  this  solution  was  added  2.0  g  of  acetyl  chloride.  After 
ninutes,  6  ml  of  water  was  added,  and  the  mixture  was  ex* 

with  two  20-ml.  portions  of  pentane.  The  pentane  solu- 
BS  M^ashed  with  two  portions  of  dilute  hydrochloric  acid, 
rtions  of  water,  and  two  portions  of  5  %  sodium  bicarbonate 
n.  After  drying,  the  pentane  was  removed,  and  distillation 
residue  gave  0.2  g  of  a  mixture  of  ethers  and  acetates.  Vpc 
s  indicated  that  the  acetate  products  were  the  same  as  from 
tolysis.  The  ether : acetate  ratio  was  88 : 1 2. 
fAro-Bicydo[3.1.1]lieptyl-6  Tosylate.  A  solution  of  2.0  g  of 
ylate  in  160  ml  of  anhydrous  acetic  acid  containing  0.027 
»f  sodium  acetate  was  heated  in  a  sealed  flask  at  120'^  for 
.  It  was  cooled,  diluted  with  200  ml  of  water,  and  extracted 
>ur  175-ml  portions  of  pentane.  The  pentane  solution  was 
I  with  three  250-ml  portions  of  2.5%  sodium  bicarbonate 
n  and  with  water.    After  drying,  distillation  of  the  solvent 


VI,  vn 


gave  1 .0  g  of  products.  Vpc  analysis  using  a  Carbowax  column  at 
1 40  ^  indicated  four  components.  The  first  component  (8  min,  17%) 
was  /mraj^2-vinylcyclopentyl  acetate;**  the  second  (10  min,  7%)  was 
7-norbomyl  acetate;  the  third  (11  min,  11%)  was  a  mixture  of 
ex(7-bicyclo[3.2.0]heptyl-6  acetate  and  exo-norbomyl  acetate;  and 
the  fourth  (14  min,  65%)  was  a  mixture  of  4-acetoxycycloheptene** 
and  ex(7-bicyclo[3.1.0]hexane-6-methyl  acetate.**  The  last  mixture 
could  be  separated  using  an  XF-1150  column.  All  components 
were  identified  by  comparison  with  authentic  samples. 

d.  Ethanolysis  of  ex0-Bicyclo[3.1.1]heptyl-6  Tosylate.  The 
reaction  was  carried  out  essentially  as  described  above,  and  the 
products  were  converted  to  acetates  using  acetyl  chloride  in  pyridine. 
The  ratio  of  ethers  to  acetates  was  30:70.  The  acetates  were  the 
same  as  found  in  the  acetolysis,  but  in  a  different  ratio. 

Bicydo[3.1.1]he|itaiioiie-6.  A  solution  of  5  g  of  exo-bicyclo- 
[3.1.1]heptanol-6,  11.2  g  of  aluminum  r-butoxide,  and  19.1  g  of 
benzoquinone  in  570  ml  of  anhydrous  ether  v^as  heated  to  reflux  for 
12.5  hr.  The  ether  was  removed  by  distillation,  and  the  volatile 
material  was  collected  at  0.3  mm.  The  latter  was  separated  by  vpc 
using  a  Vs  in-  DECS  column  at  140°.  The  ketone  with  a  retention 
time  of  8  min  was  collected  giving  1 .3  g  (26  %).  It  had  an  infrared 
carbonyl  band  at  1775  cm"*. 

RedactkNi  of  Bicydo[3.1.1]lie|itanoiie-6.  The  rate  of  reduction 
by  sodium  borohydride  was  determined  at  0°  in  isopropyl  alcohol 
solution  as  described  by  Brown  and  Muzzio.*'  The  concentration 
of  ketone  was  0.00506  Af  ,  and  of  borohydride  0.00190  Af  .  Assum- 
ing a  1 :4  stoichiometry,  good  second-order  kinetics  were  observed 
with  A:  =  1.4  X  10-»sec. 

The  product  of  the  reduction  was  converted  to  acetates  using 
pyridine  and  acetyl  chloride.  The  acetates  were  isolated  by  vpc 
using  a  DECS  column  at  140°  (retention  time  7.5  min).  The  nmr 
spectrum  of  the  mixture  indicated  a  strong  triplet  r  5.31  for  the 
~C//OAc  proton  of  the  endo  isomer  and  a  weak  doublet  at  r 
5.69  for  the  corresponding  proton  of  the  exo  isomer.*  The  ratio 
of  the  areas  of  the  two  bands  indicated  97.5  %  endo  and  2.5  %  exo 
acetates. 


(23)  An  authentic  sample  was  kindly  supplied  by  Dr.  A.  J.  Ashe. 
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Abstract:  The  kinetics  of  aminolysis  of  11  phenyl  esters  by  various  amines  have  been  studied  spectrophoto- 
metrically  under  pseudo-first-order  conditions  in  anhydrous  p-dioxant.  The  following  relationships  were  found: 
A:ob«i  "=  ^s(amine)  +  k^aminty  for  the  reaction  of  phenyl  dichloroacetate  with  /f-butylamine  and  3-methoxy-/f- 
propylamine,  and  for  the  reaction  of  phenyl  difluoroacetate  with  /t-butylamine;  kob^d  =*  k^aimnt)  for  the  reaction 
of  phenyl  dichloroacetate  with  N-methyl-/i-butylamine,  piperidine,  N,N-dimethyl-l,3-propanediamine,  and  N,N,N'- 
trimethyl-l,3-propanediamine,  and  for  the  reaction  of  phenyl  difluoroacetate  with  piperidine  and  N-methyi-n- 
butylamine;  A:ob.d  =  k^amint)  +  AraCamine)  +  A:8'(amineXEtjN)  for  the  reaction  of  phenyl  dichloroacetate  and 
/t-butylamine  where  catalytic  amounts  of  triethamine  were  added.  A  series  of  reactions  in  cyclohexane  was  per- 
formed, and  only  third-order  kinetics  were  detected.  Rate  constants  for  the  reaction  of  ten  different  aliphatic  esters 
with  /i-butylamine  were  correlated  by  the  Taft  equation,  log  (kjko)  =  p*a*  +  SE,. 


Although  much  information  is  available  in  the  lit- 
x\  erature  concerning  the  aminolysis  and  ammonolysis 
of  esters,  essentially  none  exists  in  aprotic  solvent 
systems.  Reactions  of  this  type  have  been  extensively 
investigated  in  aqueous  solution.^  Organic  solvents 
have  been  used  by  other  investigators,  but  these  have 
been  either  alcohols/  glycols,  dioxane- water,  or 
dioxane-alcohol.  • 

The  present  study  undertakes  kinetic  studies  of  this 
reaction  in  anhydrous  dioxane,  in  order  to  establish  the 
order  of  reaction  in  this  solvent,  and  to  determine 
whether  the  same  observation  of  general  base  catalysis 
with  primary  amines,  such  as  has  been  well  established 
in  aqueous  solution,^*  is  obtained.  It  was  also  desired 
to  examine  the  effect  of  structure  of  the  acyl  portion 
of  the  ester,  in  the  hope  of  shedding  more  light  on  the 
mechanism  of  this  reaction  in  aprotic  solvents. 

Experimental  Section 

Materiab.  />-Dioxane  was  Matheson  Coleman  and  Bell  Spec- 
troquality  reagent  grade  solvent.  Its  purity  was  checked  by  in- 
frared, ultraviolet,  and  vapor  phase  chromatographic  analyses. 

Difluoroacetic  acid  was  purchased  from  K  and  K  Laboratories; 
distillation  at  atmospheric  pressure  gave  a  distillate  of  boiling  range 
125-134°.  This  corresponds  to  the  boiling  point  of  a  10%  water- 
acid  azeotrope.^ 

Sodium  phenolate  was  prepared  by  reaction  of  phenol  (Fisher 
Scientific  Co.,  purified  by  distillation)  with  sodium  in  anhydrous 
benzene. 

Amines.  /i-Butylamine,  N-methyl-zi-butylamine,  3-methoxy-/t- 
propylamine,  and  N,N-dimethyl-l,3-propanediaminc  were  pur- 
chased from  Matheson  Coleman  and  Bell.  Piperidine  and  tri- 
ethylamine  were  obtained  from  Eastman  Organic  Chemical  Co. 
The  amines  were  purified  by  storing  overnight  over  sodium  hy- 


(1)  (a)  This  work  was  supported  in  part  by  the  Lowell  Technological 
Research  Foundation,  (b)  Taken  in  part  from  the  Ph.D.  Thesis  of  A. 
S.  A.  S.  Shawali. 

(2)  United  Arab  Republic  Government  Fellow  for  1960-1965. 

(3)  To  whom  requests  for  reprints  should  be  sent 

(4)  See,  for  example,  (a)  W.  P.  Jencks  and  M.  Gilchrist,  /.  Am,  Chem. 
Soc.,  88.  104  (1966);  (b)  L.  R.  Fedor,  T.  C.  Bruice,  K.  L.  Kirk,  and  J 
Meinwald,  ibid.,  88,  108  (1966),  and  references  listed  therein. 

(5)  (a)  W.  H.  Watanabc  and  D.  L.  DeFonso,  ibid.,  78,  4542  (1956) 
(b)  J.  F.  Bunnett  and  G.  T.  Davis,  ibid.,  82.  665  (1960). 

(6)  (a)  M.  Gordon.  J.  G.  Miller,  and  A.  R.  Day.  ibid.,  71,  1245  (1949) 

(b)  E.  McC.  Arnett,  J.  G.  Miller,  and  A.  R.  Day,  ibid.,  73,  5393  (1951) 

(c)  A.  L.  Henne,  T.  Aldersun.  and  M.  S.  Newman,  ibid.,  67,  918  (1945) 

(7)  "Tables  for  Identification  of  Organic  Compounds,**  2nd  ed, 
supplement  to  "Handbook  of  Chemistry  and  Physics,'*  The  Chemical 
Rubber  Publishing  Co.,  Cleveland,  Ohio,  1964. 


droxide  pellets  and  then  distilling  at  atmospheric  pressure  from  fresh 
sodium  hydroxide  pellets  using  a  15-in.  Vigreux  column.  The  frac- 
tion having  a  constant  boiling  point  was  collected  and  stored  in  an 
amber  glass  bottle  over  fresh  sodium  hydroxide  pellets. 

N,N,N'-Trimethyl-l,3-propanediamine  was  prepared  from  3- 
chloro-N.N-dimethyl-;r-propylamine  hydrochloride  (Matbesoo 
Coleman  and  Bell),  20  g  (0.11  mole),  vfYach  was  dissolved  in  100 
ml  of  distilled  water.  A  solution  of  40%  aqueous  methylamiiie 
(Matheson  Coleman  and  Bell).  77.5  g  (ca.  1.1  moles),  was  added, 
and  the  mixture  was  refluxed  gently  for  6  hr.  The  cooled  reaction 
mixture  was  treated  with  solid  potassium  hydroxide  until  some  solid 
renuuned  undissolved.  The  amine  layer  which  separated  was 
removed,  the  aqueous  layer  was  extracted  several  times  with  ether, 
and  the  ether  extracts  were  added  to  the  diamine.  The  etber 
solution  was  washed  with  saturated  sodium  hydroxide  solutioo, 
dried  over  anhydrous  sodium  sulfate,  and  the  ether  removed  on  a 
water  bath.  The  residue  was  distilled  through  a  10-in.  Vigreux 
column  to  give  7.0  g  (55  %  yield)  of  colorless  liquid  product 

The  degree  of  purity  of  each  amine  was  determined  by  add-faase 
titration  and  was  checked  by  vapor  phase  chromatographic  analysis. 
In  the  former  method,  a  known  weight  of  the  amine  dissolved  in  a 
known  excess  of  standard  hydrochloric  acid  was  titrated  against  a 
standard  solution  of  sodium  hydroxide  using  methyl  red  (pH  4.4- 
6.2)  as  an  indicator.  In  the  latter  method,  an  F  &  M  Model  720 
gas  chromatograph  with  a  Mt  Carbowax  colunm  was  used.  For 
all  amines,  a  clean  single  peak  was  obtained,  indicating  alniostl 
100%  purity. 

Refractive  indices,  boiling  points,  and  infrared  spectra  were  also 
determined  for  the  amines.  A  common  absorption  band  between 
2900  and  3000  cm~^  corresponding  to  methyl  and  methylene  stretch 
was  observed.  The  physical  constants  and  degree  of  purity  of  the 
individual  amines  are  listed  as  follows:  /t-butylamine,  bp  77- 
77.5°,  /f«D  1.3976,  99.9%  pure  (Ut.^  bp  77°;  «»d  1.4010);  h- 
methyl-«-butylamine,  bp  90-91°,  /i**d  1.3997,  100.0%  pure  Oit^ 
bp  90-99°,  /ii»D  1.4018);  3-methoxy-ii-propylamine»  bp  11^ 
118°,  /f»D  1.4315,  100.0%  pure  (lit*  bp  118°,  /i»d  1.4182);  N.N- 
dimcthyl-l,3-propanediamine,  bp  132-133°,  /i»d  1.4315,  99.8% 
Oit.»  bp  130-133°);  piperidine,  bp  104-105.5°,  «"d  1.4500, 99.9% 
pure  (lit.'  bp  106°,  /i»d  1.4530);  triethylamine,  bp  88-89°,  a"D 
1.4003,  99.9%  pure  (lit.w  bp  89-90°  ii»D  1.4003);  and  N,N,N'- 
trimethyl-l,3-propanediamine,  bp  140-143°,  «»d  1.4275,  99.«% 
pure(lit."bp  140-142°). 

Esters.  Phenyl  Dichloroacetate.  Dichloroacetyl  chloride  (pre- 
pared from  Matheson  Coleman  and  Bell  dichloroaoetic  add  by  the 
method  of  Brown ^*),  14.4  g  (0.098  mole),  and  7.8  g  (0063 
mole)  of  phenol  were  placed  in  a  150-ml,  ground-joint,  rouod- 


(8)  W.  P.  Utermchlen,  Jr.,  /.  Am.  Chem.  Soc.,  67,  1505  (1945). 

(9)  I.  N.  Nazarov  and  S.  Makin,  Zh.  Obsch.  Khim.,  21.  499  (1966). 

(10)  *'The  Merck  Index  of  Chemicals  and  Drugs,**  7th  ed,  Merck  and 
Co..  Inc.  Rahway,  N.  J.,  1960. 

(11)  J.  Krapche,  C.  F.  Turk,  and  E.  J.  Pribyl,  /.  Am,  Chem,  Soc^  77, 
3632(1955). 

(12)  H.  C  Brown,  ibid,,  60, 1325  (1938). 
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bottomed  flask  with  a  water  condenser,  and  the  mixture  was  re- 
fluxed  until  evolution  of  HCl  gas  ceased  (about  5  hr).  The  mixture 
was  dissolved  in  excess  hot  petroleum  ether  and  filtered.  The  white 
solid  ester  which  crystallized  on  cooling  the  filtrate  was  recrystal- 
lized  from  petroleum  ether  to  give  13.4  g  (80%  yield)  of  the  crys- 
talline solid,  melting  at  48-49  *»  (lit.»»  mp  38.5-49.5**).  The  in- 
frared spectrum  of  an  emulsion  of  this  solid  in  Nujol  showed  ad- 
sorption bands  at  1775  (C=0  stretch),  1600  (C=C  stretch),  1497 
(aromatic  H— C==C  stretch),  and  1 2O0r » cm"  ^  (C— C==C  stretch). 

Phenyl  Dilluoroacctate.  Into  a  200-ml,  three-necked,  round- 
bottomed  flask  fitted  with  condenser,  dropping  funnel,  and  ther- 
mometer, was  introduced  8  g  (0.07  mole)  of  sodium  phenolate. 
To  this,  7.3  g  of  the  water-acid  azeotrope  (0.067  mole  of  difluoro- 
acetic  acid)  was  added.  The  mixture  was  stirred  with  a  magnetic 
stirrer  while  cooling  to  10°  in  a  crushed  ice-salt  bath.  From  the 
dropping  funnel,  5.5  g  (0.036  mole)  of  phosphorus  oxychloride  was 
added  portionwise  to  maintain  the  temperature  at  10°  (the  excess 
POCla  was  used  to  consume  the  water  present  in  the  azeotrope). 
After  the  addition  was  complete,  the  reaction  mixture  was  allowed 
to  warm  to  room  temperature  and  heat  was  gently  applied  while 
stirring  until  evolution  of  HCl  gas  ceased.  After  2  hr,  the  flask 
was  cooled,  and  the  reaction  mixture  was  extracted  with  ether. 
After  removal  of  ether  with  a  water  aspirator,  the  liquid  residue 
was  distilled  (23  mm),  and  the  fraction  having  bp  88-92°  was  col- 
lected and  refractionated  twice  to  give  7.0  g  of  a  colorless  liquid, 
bp  90-91°  (23  mm),  /i»d  1.4617,  d*^-^  1.262  g/cc.  Anal.  Calcd 
for  CgHtFjOi:  C,  55.81.  Found:  C,  55.6.  The  infrared  spec- 
trum of  a  liquid  sample  showed  absorption  bands  at  1790  (C==0 
stretch),  1600  (C=C  stretch),  1500  (aromatic  H— C=C  stretch), 
1215  (O— C=C  stretch),  and  1 1 15  ctrr^  (F|C-)  (not  reported  in  the 
literature). 

Phenyl  Tricfaloroacetate.  Into  a  1  -1.  three-necked  flask  fitted  with 
a  stirrer,  condenser,  and  dropping  funnel,  was  placed  23  g  (0,2 
mole)  of  sodium  phenolate  and  3O0  ml  of  dry  benzene.  From  the 
separatory  funnel,  37  g  (0.2  mole)  of  freshly  prepared  trichloro- 
acetyl  chloride  (prepared  by  the  method  of  Brown  ^*)  was  added 
with  stirring.  After  the  addition  was  complete,  the  reaction  mixture 
was  stirred  for  45  min.  The  sodium  chloride  which  separated 
was  removed  by  filtration  and  the  solvent  removed  on  a  rotary 
evaporator.  The  residue  was  distilled  (1.0  mm)  and  the  fraction 
boiling  at  98-101  °  was  collected  and  redistilled.  The  final  product 
was  obtained  at  100-101°  (1.0  mm)  [Ut.i»  122°  (14  mm),  /i»d 
1.5232].    The  yield  was  1 3.5  g  (28.7  %). 

Phenyl  CUoroacetate.  This  was  prepared  in  the  same  manner  as 
phenyl  trichloroacetate.  The  solid  obtained  had  mp  40-41° 
[Ut. "  bp  140-141  °  (31  mm)]. 

Phenyl  Metboxyacetate.  This  was  prepared  by  the  same  method 
as  phenyl  trichloroacetate,  except  that  phenol  was  used  instead  of 
sodium  phenolate.  The  ester,  11.6  g  (71%),  had  bp  127-128® 
(13  mm),  /i*»D  1.5000,  </«»•'  1.11  g/cc.  Anal,  Calcd  for  C»HioOr. 
C,  65.0.  Found:  C,  65.3.  This  compound  was  not  reported  in 
the  literature. 

Phenyl  Formate.    This  was  prepared  by  the  method  of  Buzas, 
Engell,  and  Freon.^*    The  final  product  was  obtained  in  6.9-g 
(57%)  yield  and  had  bp  62-64°  (8  mm),  /i«»d  1.5055  [lit."  bp  178- 
178.5°(8mm),iii»D  1.5094]. 

Phenyl  CyanonceCate.  This  was  prepared  by  the  method  of 
Ziegler  and  co-workers"  except  that  sodium  phenolate  was  used 
instead  of  phenol.  The  white  crystalline  product  was  obtained  in 
5-g  (31  %)  yield  and  had  mp  39-40°  (lit. "  mp  41  °). 

Phenyl  Phenylacetate.  This  was  prepared  according  to  the 
Schotten-Baumann  reaction."  The  ester,  4.5  g  (60%  yield),  was 
obtained  as  white  needle-like  crystals,  mp  39.5-40.5°  (lit."  39- 
40*'). 

Phenyl  Acetate.  This  was  prepared  by  the  method  of  Chattawy" 
lirofii  acetic  anhydride  and  phenol.  The  product  was  a  colorless 
liquid,  bp  72-74°  (11  mm),  /i"d  1.5020  [lit."  bp  78°  (10  mm),  /i»d 
1.5030]. 

Phenyl  Propionate.  Into  a  100-ml,  round-bottomed  flask  was 
placed  0.1  moie  of  phenol  in  35  ml  of  dry  benzene.    To  this,  0.12 


(13)  I.  Rosen  and  J.  P.  Stallings,  7.  Org,  Chem,,  24,  1523  (1959). 

(14)  A.  Buzas,  E.  E.  Engell,  and  P.  FTeon,  Compt,  Rend.,  256,  1804 
(1963). 

(15)  K.  D.  Petrov.,  J.  Gen.  Chem.  USSR,  17,  1099  (1947);   Chem. 
Abstr.,  42,  1557A(1948). 

(16)  E.  Ziegler,  G.  Wildtgnibe,  and  M.  Junek,  Monatsh.  Chem,,  83, 
164  (1957). 

(17)  N.  O.  V.  Sonntag,  Chem.  Rev.,  52,  237  (1953). 

(18)  A.  Spassow,  Ber.,  752,  779  (1942). 

(19)  F.  W.  Chattawy*/.  Chem,  Soc.,  2495  (1931). 


mole  of  propionyl  chloride  (prepared  by  the  method  of  Brown^*) 
and  1.2  g  of  magnesium  metal  were  added.  A  condenser  was 
added  and  the  mixture  refluxed  on  a  water  batch  until  evolution 
of  hydrogen  chloride  ceased.  The  flask  was  cooled ;  25  ml  of  ether 
was  added,  and  the  mixture  filtered.  The  filtrate  was  extracted 
once  with  5  %  aqueous  sodium  hydroxide  and  three  times  with  50-ml 
portions  of  cold  water.  After  drying  over  sodium  sulfate,  and  re- 
moval of  solvent  with  a  rotary  evaporator,  the  residue  was  dis- 
tilled under  reduced  pressure.  The  fraction  boiling  at  82-85° 
(2  mm)  was  collected  and  redistilled.  The  final  product  was  ob- 
tained in  9.g  (60%)  yield  and  had  bp  82-83°,  /i«»d  1.4952  [Ut.»  bp 
98-99°  (8  mm),  /i"d  1.5003]. 

Phenyl  Plvalate.  This  was  prepared  by  the  same  method  as 
phenyl  propionate.  The  clear  liquid  product  was  obtained  in  20- 
g  (70%)  yield  and  had  bp  109-111°  (21  mm),  /i»d  1.4761  [lit.» 
bp  118-1 19°  (35  mm)]. 

Kinetics.  A  Bausch  and  Lomb  Spectronic  505  ultraviolet  spec- 
trophotometer with  jacketed  cell  compartment  was  used  for  the 
kinetic  measurements.  Water  at  25.5  d=  0.1°  was  circulated 
through  the  cell  compartment  by  means  of  a  constant-temperature 
bath  unit,  Haake  Circulator  Series  F.  The  reactions  were  carried 
out  in  1-cm,  ground-glass-stoppered,  fused  silica  absorption  cells. 

The  reactions  were  followed  by  rate  of  appearance  of  the  phenol 
peak  at  274  m/i.  The  corresponding  amides  and  esters  showed  no 
absorption  in  the  230-290-m/i  region.  Complete  spectra  taken  for 
several  mixtures  of  amide  and  phenol  in  p-dioxane  corresponded 
to  the  spectra  of  pure  phenol  solutions  having  the  same  concen- 
tration of  phenol.  Also,  complete  spectra  taken  at  the  end  of  each 
kinetic  run  corresponded  to  the  spectra  of  phenol  solutions  of  the 
same  concentration.  Beer*s  law  v^as  found  to  be  obeyed  within  the 
concentration  and  wavelength  range  employed. 

Stock  solutions  of  esters,  usually  about  10~*  M,  were  prepared 
and  the  concentrations  checked  by  comparing  the  optical  density 
with  that  calculated  from  the  Beer's  law  relationship  at  274  hom- 
Stock  amine  solutions  were  prepared  and  the  concentration  de- 
termined by  acid-base  titration.  Appropriate  concentrations  of 
amine  and  ester  were  prepared  by  dilution  of  the  stock  solutions 
with  p-dioxane.    All  ester  concentrations  were  5.(X)  X  XQr^M. 

Reactions  were  followed  to  90-99%  completion,  with  at  least 
15  readings  taken.  For  kinetic  runs  which  could  be  completed 
in  a  day  or  less,  the  reactions  were  carried  out  in  the  absorption 
cells.  For  slower  runs,  the  reactions  were  begun  in  25-ml  volu- 
metric flasks.  A  sample  was  removed  and  placed  in  the  cell  in  the 
instrument,  and  the  cell  was  returned  to  the  constant-temperature 
bath.  The  cell  was  allowed  to  remain  in  the  instrument  for  the 
first  day,  frequent  readings  being  taken.  The  solution  in  the  cell 
was  discarded  and  aliquots  were  removed  from  the  flask  for  all 
subsequent  readings. 

The  reference  solution  was  that  of  dioxane  containing  an  equal 
amine  concentration  to  that  being  used  in  the  particular  run. 

Comparison  of  the  spectra  of  a  completed  reaction  and  a  mock 
solution  consisting  of  the  phenol,  amine,  and  amide  in  /^-dioxane 
in  the  expected  concentrations  showed  a  consistency  within  1-2 
%  transmittance  units.  In  all  runs,  at  least  a  tenfold  excess  of 
amine  over  ester  was  used  in  order  to  obtain  pseudo-first-order 
kinetics.  Duplicate  or  triplicate  runs  were  performed  for  each 
concentration,  and  readings  taken  in  any  single  kinetic  run  covered  a 
rate  of  85  %  transmittance  units. 

Stoichiometry  and  Isolation  of  Products.  Authentic  samples  of 
N-/f-butyldichloroacetamide  and  of  1-difluoroacetylpiperidine  were 
prepared  by  independent  methods.  Laboratory  quantities  of  cwo 
reactions  were  carried  out:  (1)  phenyl  dichloroacetate  with  /t- 
butylamine,  (2)  phenyl  difluoroacetate  with  piperidine.  The  ex- 
pected amides  were  obtained  in  about  70%  yield  and  were  identical 
in  physical  properties  with  the  authentic  samples. 

Results.  Pseudo-first-order  kinetics  were  obtained  for  all  runs. 
Reactions  were  followed  to  90-99%  completion  with  at  least  15 
points  being  taken,  and  good  first-order  plots  of  log  (/>  —  /><) 
against  time  were  obtained  as  shown  in  Figure  1.  In  all  kinetic 
runs  the  ester  concentration  was  5.0  X  10~*  Af.  The  average  de- 
viation from  the  mean  value  of  the  rate  constant  in  duplicate  or 
triplkate  experiments  was  d:5  %  or  less. 

For  the  reactions  of  primary  amines  with  all  esters  except  phenyl 
metboxyacetate,  the  following  rate  equation  was  obtained 

/:i/(ainine)  ==/:«  +  /:i(amine) 

This  is  illustrated  in  Figure  2,  where  a  plot  of  A:i/(amine)  against 
amine  concentration  gives  a  straight  line. 


(20)  S.  L.  Friess,  /.  Am.  Chem.  Soc.,  71«  257  (1949). 
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Figure  1.  Typical  first-order  plot  for  aminolysis  of  phenyl  esters. 
Reaction  of  0.180  Af  N-nriethyl-/f-butylamine  with  phenyl  dichloro- 
acetate. 
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Figure  3.  Simple  second-order  plot  for  the  reactioo  of  phenyl  di- 
chloroacetate  with  N,N,N'-trimethyl-l,3-propaiiedianiiiie  in  p- 
dioxane  at  25.5^. 
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Figure  2.  Plot  of  A:i/(amine)  against  amine  concentration  for  the 
reaction  of  phenyl  dichloroacetate  with  /t-butylamine  in  p-dioxane 
at  25.5  ^ 


Simple  second-order  kinetics  were  found  for  the  reactions  of 
secondary  amines  and  diamines  with  all  esters,  and  for  the  reaction 
of  phenyl  methoxyacetate  with  n-butylamine,  as  shown  in  Figure  3, 
where  a  plot  of  ki  against  amine  concentration  gives  a  linear  rela- 
tionship.   That  is 

ki  =  /:s(ainme) 

For  the  reaction  between  /t-butylamine  and  phenyl  dichloro- 
acetate, with  triethylamine  added  as  a  catalyst,  ihe  following  rekh 
tionship  was  found 

ki  =  /:2(amine)  +  k^aminty  +  /:s(EttNXstniine) 

Since  in  this  series  both  the  ester  and  n-butylamine  concentrations 
were  held  constant  and  the  triethylamine  concentration  varied, 
plots  of  ki  against  triethylamine  concentration  were  linear  as  shown 
in  Figure  4.    The  calculated  intercept  of  this  plot,  equal  to  kt* 


o« 


0.0 


T 

OJ 


Oil 


1^ 

04 


(EtsN)     mh/UHtf 


Figure  4.  Plot  of  ki  against  triethylamine  conoentration  for  l^butyl- 
aminolysis  of  phenyl  dichloroacetate  in  ^ioxane  at  28.0"*;  ff- 
BuNHi  concentration  is  held  constant  (O.CXZl  A#). 


(amine)  -h  A:i(amine)*  agrees  within  experimental  precision  with  the 
experimentally  determined  pseudo-first-order  rate  constant  for 
aminolysis  of  phenyl  dichloroacetate  by  /t-butylamiiie  in  the  ab- 
sence of  triethylamine  under  the  same  conditions  of  tcnvcratofc 
and  ff-butylamine  concentration. 

Values  of  A:t,  ku  and  kt'  were  calculated  by  the  method  of  kist 
squares  and  are  summarized  in  Tables  I,  II,  and  III. 

In  a  series  of  experiments  carried  out  in  cyclohexane  on  the 
reaction  of  /i-butylamine  with  phenyl  dichloroacetate,  only  third- 
order  kinetics  were  obtained,  as  shown  in  Figure  5,  where  no  into'- 
cept  was  obtained  from  a  plot  ofkiHawint)  against 
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Table  L    Kinetic  Expressions  and  Associated  Rate  Constants  Determined  with  a  Series  of  Nitrogen  Bases  in  p-Dioxane,  at  25.5  * 


Amine  (Af) 


Reaction  kinetics 


No.  of 
A:detns 


kt 


kt 


kt' 


l^Butylamine 

(0.006-9.00) 
Piperidine 

(0.121-1.21) 
N-Methy^l^butyl- 

amine  (0.0240-^3. 3) 
3-Metlioxy-«-pro- 

pylamine  (1.70-8.51) 
N,N-Dimcthyl-1,3- 

propanediamine 

(0.281-0.702) 
N,N,N'-Trimethyl- 

1 ,3-propanediamine 

(0.576-5.18) 
ff-Butylamine  (0.01); 

triethylamine 

(2.78-28.5) 

/t-Butylamine 

(0.70-2.16) 
Piperidine 

(0.288-7.71) 
N-Methyl-/i-butyl- 

amine  (0.954-8. 59) 


Phenyl  Dichloroacetate 
«E)(A)-hiki(EXA)» 


«EXA) 


«EXA) 

«EXA)-hWEXA)« 

«EXA) 


«EXA) 


/:i(EXA)  -h  «EXA)» 
+  A:,(EXAXEt,N) 


17 

0.0143 

10 

0.0478 

13 

0.0245 

12 

0.0347 

15 

2.70 

12 


12 


Phenyl  Difluoroacetate 
kJPjiA)  -h  *f(EXA)« 


«EXA) 
«EXA) 


0.199 


22 

0.01 

14 

0.246 

21 

0.124 

1.65 


1.15 


22.8 


0.264 


Tabic  n.    Kinetic  Expressions  and  Associated  Rate  Constants  for  the  Reactions  of  a 
Series  of  Phenyl  Esters,  RCOOPh,  with  /t-Butylamine  in  p-Dioxane,  at  25.5  "^ 


Amine 

kt^M'^ 

kt.M'* 

No. 

concn 

R 

sec-* 

sec-* 

of  A:  detns 

ktlk^ 

range,  Af 

a,c 

0.107 

41.2 

20 

286 

0.007-0.025 

F.CH 

0.100 

22.8 

22 

228 

0.70-2.16 

a«cH 

0.0143 

1.65 

17 

115 

0.006-9.00 

NCCH. 

6.59X10-' 

4.16X10-* 

13 

6.42 

0.044-0.486 

acH, 

1.73X10-' 

2.12X10-' 

13 

12.2 

0.121-0.883 

CHsOCHt 

8.31X10-* 

... 

18 

•  •  • 

0.101-0.901 

H 

7.86X10-' 

5.44X10-* 

14 

6.90 

0.070-0.490 

PhCH, 

9.83X10-* 

4.01  X  10-» 

12 

4.08 

0.221-2.40 

CHa 

8.09  X  10-* 

5.95  X  10-* 

17 

0.74 

0.080-2.63 

CHtCHs 

4.85  X  10-* 

1.82X10-» 

12 

3.76 

1.64-4.38 

(CHOtC 

1.17  X  10-' 

1.06  XIO-' 

8 

0.91 

1.02-4.76 

Tabic  ill.    Phenyl  MethoxyaceUte 

The  polar  and  steric  susceptibility  parameters  for  this  series  were 

as  follows 

Reaction        No. 

Amine  (Af) 

kinetics       k  detns 

kt 

kt 

+3.03 

a 

if-Butylamine 

WEXA)          18 

8.31  X10-* 

+1.08 

(0.10-0.901) 

kt 

+2.14 

+1.03 

N-Methyl-^ 

«EXA)            8 

6.30X1O-* 

butylamine 

Discussion 

The  kinetic  data  for  the  series  of  esters  excluding  phenyl  meth- 
oxyacetate  was  found  to  be  correlated  by  the  Taft  equation  of  the 
type 

log  (ife/ifeo)  -  cr*p*  +  J£,*^ 

Both  second-  and  third-order  constants  were  correlated  by  this 
equation,  as  shown  in  Figures  6  and  7.  Figure  8  shows  the  scatter 
obtained  when  a  correlation  of  the  type  log  (A:/A:o)  »  c*p*  was  at- 
tempted; similar  scatter  was  obtained  from  plots  of  log  (kjk^ 
against  £^,  log  relative  rate  constants  for  alkaline  specification  of 
etten,  and  add  dissociation  constants  (Hammett-type  plot). 


(21)  R.  W.  Taft,  Jr.,  in  **Steric  Effects  in  Organic  Chemistry,**  M.  S. 
Newman,  Ed.,  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1956, 
Chapter  13. 


Mechanism  of  Base  Catalysis.  The  disappearance  of 
the  second-order  rate  constant  when  cyclohexane  is 
used  as  solvent  seems  to  indicate  that  the  second-order 
term  obtained  in  the  reaction  of  phenyl  esters  with 
/i-butylamine  represents  a  solvent-catalyzed  term,  rather 
than  an  uncatalyzed  term.  This  suggests  that  the 
reaction  of  phenyl  esters  with  secondary  amines  may 
proceed  via  a  different  mechanism  than  that  with  pri- 
mary amines.  In  this  paper,  only  the  mechanism  in« 
volving  general  base  catalysis  will  be  discussed. 

Consistent  with  the  observations  are  eq  1  and  2. 
In  the  first  step,  the  intermediate  II  is  pictured  as  form- 
ing by  nucleophilic  attack  of  nitrogen  with  simul- 
taneous protonation  of  the  carbonyl,  in  order  to  avoid 
the  use  of  ionic  intermediates,  which  are  considered  here 
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Figure  5.  Plot  of  A:i/(amine)  against  amine  concentration  for  the 
reaction  of  phenyl  dichloroacetate  with  n-butylamine  in  cydo- 
hexane  at  25.5  "*. 


as  having  little  importance  since  the  reaction  takes  place 
in  a  solvent  of  low  dielectric  constant.  Construction 
of  Godfrey  models  has  shown  that  this  simultaneous 
bond  formation  is  sterically  and  geometrically  feasible. 
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In  the  second  step,  the  intermediate  is  shown  as  losing 
phenol  by  protonation  of  phenoxy  group  by  amine 
nitrogen,  assisted  by  the  base  catalyst  B.  In  this  study, 
B  could  be  another  molecule  of  attacking  amine,  tri- 
ethylamine,  or  the  solvent,  dioxane. 

This  stepwise  scheme  is,  of  course,  kinetically  in- 
distinguishable from  a  concerted  mechanism,  as  follows 


•^•.0- 


♦4.0- 


w 
UJ 
CM 
O 

y 


'M4t.0-i 

i 

0.0  H 


-1.0- 


-t.0 


Figure  6. 
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Our  data  do  not  permit  a  distinction  between  tl 
two  alternatives  at  the  present  time;  however^  our 
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servations  are  consistent  with  the  protonation  of  the 
phenoxy  group  by  the  amine  hydrogen,  rather  than 
by  the  base  catalyst.  Catalysis  by  triethylamine,  a 
tertiary  amine,  and  the  observation  that  base  catalysis 
does  not  occur  with  secondary  attacking  amines,  seem 
to  substantiate  this.  Althou^  the  mechanism  in  aque- 
ous solution  may  not  be  the  same  as  that  in  dioxane,  it 
is  interesting  that  much  of  the  Uterature  data  for  aque^ 
ous  solutions  is  consistent  with  this  explanation.  For 
example,  in  aminolysis  of  phenyl  acetate,  Jencks  and 
co-workers  found  general  base  catalysis  for  the  primary  • 
amines  n-butylamine,  hydroxylamine,  glycine,  and 
glycylglycine,^^  methylamine,  ethylamine,  and  n- 
propylamine,*'  but  not  for  the  secondary  amines  piperi- 
dine  and  morpholine.'^  Bruice  and  co-workers^' 
obtained  no  general  base  catalysis  for  three  cyclic  sec- 
ondary amines.  One  notable  exception  is  the  ob- 
servation of  Jencks  and  Carriuolo^^  that  general  base 
catalysis  does  occur  for  the  reaction  of  dimethylamine 
with  phenyl  acetate.  This  amine  will  be  investigated 
in  dioxane  solution  in  this  laboratory. 

Intramolecular  Catalysis.  The  observation  of  sec- 
ond-order kinetics  without  general  base  catalysis  in  the 
reactions  of  two  diamines  with  phenyl  esters  in  dioxane 
is  in  agreement  with  the  results  of  Bruice  and  Willis^^ 
who  found  no  general  base  catalysis  for  a  series  of  di- 
amines in  aqueous  solution.  One  may  suggest  an 
explanation  in  terms  of  intramolecular  catalysis,  as 
shown  below 


r 

R— C— OPh 

1^— CH, 

CH, 
/ 

VI 


r 

R— C -pPh 

N— rf 

vn 


A  reaction  involving  the  intermediate  VI  might  be 
expected  to  proceed  more  slowly  than  that  involving 
VII  since  the  pictured  catalytic  effect  cannot  operate  in 
VI.  In  fact,  the  observation  was  made  that  the  reaction 
of  N,N-dimethyl-l,3-propanediamine  with  phenyl  di- 
chloroacetate  had  a  rate  constant  13  times  as  large 
as  that  for  the  reaction  of  N,N,N'-trimethyl-l,3- 
propanediamine  with  the  same  ester,  as  can  be  seen 
from  the  data  in  Table  I. 

An  analogous  explanation  may  be  given  to  explain 
the  lack  of  external  base  catalysis  for  phenyl  methoxy- 
acetate,  where  the  methoxy  group  might  act  as  the  base, 
B,  in  the  proposed  mechanism.  If  one  accepts  the 
idea  that  dioxane  may  act  as  a  base  catalyst  in  this 
reaction,  extrapolation  to  include  the  methoxy  group  is 
not  too  difficult.  Again,  a  difference  in  rate  constants 
by  a  factor  of  13  (Table  III)  between  the  two  amines, 
n-butylamine  (the  faster)  and  N-methyl-/i-butylamine, 
is  consistent  with  this,  since  in  the  latter  the  catalytic 
effect  is  not  expected  to  operate. 

The  Effect  of  Structure.  The  probability  of  a  coinci- 
dental fit  to  the  Taft  equation  log  k/ko  «  p*(r*  +  SE^ 

(22)  W.  p.  Jencks  and  J.  Carriuolo,  J.  Am.  Chem,  Soc„  82,  675  (1960). 

(23)  L.  R.  Fedor,  T.  C.  Bruice,  K.  L.  Kirk,  and  J.  Meinwald,  Ibid., 
88,  I  OS  (196Q. 

(24)  T.  C  Bruice  and  R.  O.  Willis,  Ibid.,  87,  331  (1965). 
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is  very  small,  since  the  lack  of  generality  of  this  equation 
is  well  established;  indeed,  only  two  other  reaction 
series  have  been  found  to  be  correlated  by  this  equa- 
tion, viz.,  the  methanolysis  of  1-menthyl  esters**  and 
the  alkylation  of  amino  acids  by  acetonitrile.**  In  the 
present  study,  a  range  of  eight  powers  of  10  in  the  rate 
constants  was  covered,  increasing  the  unlikelihood  of  a 
coincidental  fit  to  the  equation. 

Comparison  of  the  reaction  parameters  of  the  sol- 
vent-catalyzed reaction  and  the  amine-catalyzed  reac- 
tion shows  that  the  reaction  with  the  stronger  base  is 
much  more  susceptible  to  polar  requirements  than  is 
the  solvent-catalyzed  reaction.  On  the  other  hand,  the 
steric  requirements  appear  to  be  independent  of  the 
nature  of  the  catalyzing  base.  This  can  also  be  seen 
by  examination  of  the  rate  constant  ratios,  kt/kt,  shown 
in  Table  I.  The  ratios  are  large  for  those  substituents 
having  large  electron-withdrawing  properties,  and 
decrease  to  around  one  for  the  alkyl  substituents. 

These  observations  may  be  reconciled  with  the  pro- 
posed mechanism  as  follows.  If  the  decomposition  of 
the  intermediate  is  considered  to  be  rate  determining, 
then  this  will  be  made  more  difficult  with  increased 
polar  requirements  of  the  acyl  substituent.  The  base- 
catalyzed  decomposition  of  the  intermediate,  then,  could 
be  considered  to  require  a  much  stronger  base  to  remove 
the  phenol  than  would  be  needed  for  compounds  having 
substituents  of  lesser  polarity.  The  first  step,  on  the 
other  hand,  would  be  facilitated  by  electron-with- 
drawing substituents,  and  the  larger  over-all  rate  for 
these  compounds  may  be  considered  to  be  due  to  a 
greater  ''piling  up"  of  the  intermediate  than  occurs 
with  compounds  having  substituents  of  lesser  polarity. 

Work  is  now  in  progress  to  investigate  the  efiect  of 
difierent  donor  groups  in  the  acyl  portion  of  the  ester, 
both  to  seek  a  Bronsted  relationship  if  this  be  base 
catalysis,  and  to  determine  the  efi'ect  of  proximity  to  the 
reaction  center  by  addition  of  methylene  groups  between 

(25)  W.  A.  PavcUch  and  R.  W.  Taft,  Jr.,  ibid.,  79,  4935  (1957). 

(26)  M.  FHedman  and  J.  S.  Wall,  ibid.,  86,  3735  (1964). 
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the  carbonyl  and  the  donor  group.  Entropies  of  ac- 
tivation will  also  be  obtained,  and  the  mechanism  of  the 
uncatalyzed  reaction  will  be  investigated  more  fully. 
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Abstract:  2,2,2-Triniethoxy-4,5-dimethyl-l,3,2-dioxaphospholene,  made  from  trimethyl  phosphite  and  biacetyl, 
reacted  with  ketene,  CH2=C=0,  and  gave  2,2,2-trimethoxy-4-methylene-5-acetyl-5-methyl-l,3,2-dioxaphospholane 
in  over  90%  yield.  This  phospholane  was  quantitatively  converted  by  hydrogen  chloride  into  the  dimethyl  phos- 
phate ester  of  3-methylpentan-3-ol-2,4-dione  (diacetylmethylcarbinol).  The  phosphorus-free  hydroxydiketone  was 
made  from  the  phospholane  or  the  phosphate  in  boiling  aqueous  benzene.  Bromination  of  the  phospholane  gave 
the  dimethyl  phosphate  ester  of  l-bromo-3-methylpentan-3-ol-2,4-dione. 


The  formation  of  a  carbon-carbon  single  bond  by  the 
nucleophilic  addition  of  a  2,2,2-trialkoxy- 1,3,2- 
dioxaphospholene'  (I)  to  a  carbonyl  function  II  was 
first  reported  in  1961.'  This  condensation  reaction 
made  available  the  new  2,2,2-trialkoxy-l,3,2-dioxa- 
phospholanes^  (III). 


R       R' 
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vs.  H3PO4 


A 


^0 


0 


I 
C CR''' 

CHaO'^l'^OCHa 
OCHj 


5P»«-.+50to-h65ppm 


The  phospholanes  III  could  be  transformed  into 
cyclic  and  open-chain  phosphate  esters,  and  into  phos- 
phorus-free poly  oxygenated  functions.^  Some  of  the 
phospholanes  were  also  capable  of  undergoing  molec- 
ular rearrangements  when  heated  in  methanol  solu- 
tion.** 

This  paper  describes  the  condensation  of  a  phospho- 
lene  I  with  ketene,^  and  discloses  a  new  approach  to  the 

(1)  This  investigation  was  supported  by  Public  Health  Service  Grant 
No.  CA-04769-08  from  the  National  Cancer  Institute,  and  by  the 
National  Science  Foundation,  Grant  GP-6690-Y. 

(2)  For  a  review,  see  F.  Ramirez,  Pure  Appl.  Chem,,  9,  337  (1964). 

(3)  (a)  F.  Ramirez  and  N.  Ramanathan,  J,  Org.  Chem.,  26,  3041 
(1961);  (b)  F.  Ramirez,  N.  Ramanathan,  and  N.  B.  Desai,  /.  Am,  Chem, 
Sac.,  S4,  1317  (1962);  (c)  F.  Ramirez,  N.  B.  Desai,  and  N.  Ramanathan, 
Tetrahedron  Letters,  323  (1963). 

(4)  For  a  review,  see  F.  Ramirez,  Bull.  Soc.  Chim.  France,  2443  (1966). 

(5)  (a)  F.  Ramirez,  A.  V.  Patwardhan,  N.  B.  Desai,  and  S.  R.  Heller, 
/.  Am,  Chem.  Soc.,  87,  349  (1965);  (b)  F.  Ramirez,  N.  Ramanathan, 
and  N.  B.  Desai,  ibid.,  85,  3465  (1963);  (c)  F.  Ramirez,  S.  B.  Bhatia,  and 
C.  P.  Smith,  Tetrahedron,  in  press. 

{€)  F.  Ramirez,  H.  J.  Kugler,  and  C.  P.  Smith,  Tetrahedron  Letters, 
261  (1965). 


synthesis   of  a-hydroxy-j8-diketones   and   7-bromo-a- 
hydroxy-j8-diketones  and  their  phosphate  esters. 

Results 

Reaction  of  Ketene  with  the  Trimethyl  Biacetylpbos- 
phite  1:1  Adduct  IV.  The  reaction  of  ketene  V  with 
2,2,2-trimethoxy-4,5-dimethyl-l,3,2-dioxaphospholciic 
(IV)  took  place  at  0°  in  methylene  chloride  solution. 
The  product  was  2,2,2-trimethoxy-4-methylene-5-acctyl- 
5-methyl-l,3,2-dioxaphospholane  (VI)  isolated  in  90% 
yield. 
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The  phospholane  VI  probably  arose  in  a  concerted 
nucleophiUc  addition  of  the  phospholene  IV  to  the 
ketene  V  without  the  formation  of  an  intermediate 
dipolar  ion  like  VII.*  However,  the  transient  forma- 
tion of  undetectably  small  amounts  of  VII  cannot  be 
excluded. 

The  pentaoxyphosphorane  VI  was  distinguished  from 
the  isomeric  tetraoxyalkylphosphorane  VIII  on  the 
basis  of  the  following  spectral  data. 

(7)  While  this  work  was  in  progress,  A.  J.  Kirby  {Tetrahedron,  22, 
3(X)1  (1966)]  published  experiments  involving  the  phospholene  IV  and 
carbon  disulfide.  Our  studies  of  the  reactions  of  IV,  and  of  related 
phospholenes,  with  a  number  of  systems  having  cumulated  doabk 
bonds  will  be  published  in  a  separate  communication. 

(8)  (a)  F.  Ramirez,  A.  V.  Patwardhan,  and  C  P.  Smith,  /.  Off.  Ckeim 
30,  2S7S  (1965);  (b)  ibid,,  31,  474  (196Q. 
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)  The  P»^  nmr  shift,  8P»S  of  VI  was  very  close  to 

found  for  other  related  pentaoxyphosphoranes*-' 

:ype  III.    On  the  other  hand,  the  tetraoxyalkyl- 

sphorane  IX  gave  a  signal  at  a  much  lower  mag- 
c  field.  10 
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I)  The  H^  nmr  spectrum  of  VI,  examined  at  60  and 

Mc/sec,  had  one-proton  signals  at  r  5.80  and  6.21. 

h  signals  consisted  of  doublets  of  doublets.    The 

pling  between  the  two  vinyl  protons  was  Jhk^"  1«9 

One  of  the  hydrogen-phosphorus  couplings  was 

^^1.9  cps  and,  therefore,  the  signal  looked  like  a 

orted  triplet.    The  other  /hp  value  was  approxi- 

:ely  1.4  cps.    These  values  were  in  agreement  with 

icture  VI  but  not  VIII.    The  three  indistinguishable 

;hoxy  groups  gave  one  doublet  at  r  6.40,  Jjif=  1 3  cps. 

i  acetyl  and  the  methyl  protons  were  at  r  7.82  and 

),  respectively. 

3)  The  infrared  spectrum  of  VI  had  the  expected 
ids  at  5.80  and  6.00  /m  due  to  the  acetyl  and  the  enol 
>sphorane,  respectively.^^ 

teaction  of  the  Phospholane  VI  with  Hydrogen  Chlo- 
^  This  reaction  afforded  the  dimethyl  phosphate 
jr  of  3-methylpentan-3-ol-2,4-dione  (XI)  in  quan- 
tive  yield.  Probably,  a  tetraalkoxyphosphonium 
3ride  X  was  an  intermediate. 
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lie  reaction  can  be  considered  as  an  alkylation  of 
Irogen  chloride  by  the  unsaturated  phosphok/ie 

)  For  open-chain  pentaoxyphosphoranes,  see  D.  B.  Denney  and  S. 
K  Cough,  J,  Am.  Chem.  Soc.,  87,  138  (1965),  and  references  therein. 

0)  P.  Ramirez,  O.  P.  Madan,  and  S.  R.  Heller,  ibid,,  87, 731  (1965). 

1)  The  spectrum  of  VI  had  a  strong  band  at  12.0  m,  which  could  be 
to  the  hydrogen  out-of-plane  deformations  of  the  vinyl  group;  see 
.  Bellamy,  **The  Infrared  Spectra  of  Complex  Molecules,'*  John 
;y  and  Sons,  Inc.,  New  York,  N.  Y.,  1958,  p  51. 


VI.  A  similar  alkylation  by  the  phosphol^/i^  IV 
was  previously  reported^'  and  is  shown  in  formulas 
XII  -►  XIII. 
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Reaction  of  the  Phospholane  VI  with  Bromine.  This 
reaction  was  carried  out  in  CCU  solution  at  0°  and  gave 
a-bromo-a-hydroxy-/3-diketone  XV  in  quantitative 
yield. 
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A  possible  mechanism  is  shown  in  formula  XIV.  It 
should  be  noted  that  the  bromination  of  the  phospho- 
lene  IV  gave  a-bromo-a-ketol  phosphate**  XVII, 
probably  by  a  similar  path. 
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Hydrolysis  of  the  a-Hydroxy-jS-diketone  Phospho- 
triester  XL  The  phosphotriester  XI  was  converted 
into  3-methylpcntan-3-ol-2,4-dione  or  diacetylmethyl- 
carbinoP*'**  (XVIII)   by   aqueous   benzene   at  80**. 


XI 
or 

VI 


W. 


benzene 


I 


Ha     CHa     CHa 

xvm 


+     (RO),PO 


(12)  p.  Ramirez  and  N.  B.  Desai,  /.  Am,  Chem,  Sac,,  82,  2652  (1960). 

(13)  "Water  solutions*'  of  diaoetylmethylcarbinol  have  been  describ^ 
(c/.  ref  14).    The  pure  alcohol  was  not  isolated,  and,  consequently, 

analytical  data  were  not  provided.  The  bis(2,4-dinitrophenylhydra- 
zone)  was  said  to  melt  at  234-238*.  The  water  solutions  of  the  alcohol 
were  made  by  add  hydrolysis  of  its  acetate,  which  was  prepared  from 
o-methyl-a-acetylacetone  and  lead  tetraacetate. 

(14)  (a)  E.  Juni  and  G.  Heym,  Arch,  Btochem,  Biophys,,  67,410(1957); 
(b)  B.  Juni  and  O.  Heym,  J.  Biol  Chem.,  218,  365  (1956). 
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This  is  a  remarkably  facile  hydrolysis ;  trimethyl  phos- 
phate, or  even  dimethylphosphoacetoin  (XIII),  was  not 
affected  by  water  in  boiling  benzene,  under  comparable 
conditions.  We  have  shown  ^*  that  the  second-order 
rate  constant  for  the  hydroxide  ion  catalyzed  conwtTsion 
of  dimethylphosphoacetoin  (XIII)  into  acetoin  and 
dimethyl  hydrogen  phosphate  was  kt  =  360  1.  mole~^ 
sec"S  at  25**,  in  water  at  pH  7.7-8.3.  This  was  at 
least  2  X  10^  times  faster  than  the  corresponding  value 
for  trimethyl  phosphate.  Two  possible  explanations 
were  proposed  for  this  rate  difference.  (1)  The  ac- 
celeration could  be  due  to  the  unsaturated  nature  of  the 
leaving  group  and  to  hydrogen-bonding  assistance 
(formula  XIX).  (2)  The  effect  might  result  from 
carbonyl  participation  and  oxyphosphorane  formation 
during  the  hydrolysis  (formula  XX).  Subsequently,  a 
third  explanation  involving  a  hydroxyepoxide  inter- 
mediate was  proposed^*  (formula  XXI). 


HOCy^^^— CH 

XX  XXI 

Rate  data  for  the  hydroxide  ion  catalyzed  hydrolysis 
of  the  hydroxydiketone  phosphate  XI  are  not  available 
yet.  However,  it  seems  at  least  possible,  that  the 
extraordinarily  rapid  hydrolysis  in  aqueous  benzene 
might  involve  the  oxyphosphorane  intermediate  XXII. 
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Hydrolysis  of  the  Phospholane  VI.  The  phospholane 
VI  was  readily  converted  into  diacetylmethylcarbinol 
(XVIII)  by  an  excess  of  water  in  benzene  solution  at 
80°. 

When  1  molar  equiv  of  water,  or  of  DjO,  was  added 
to  a  solution  of  the  phospholane  VI  in  benzene,  or  in 
deuteriochloroform,  four  substances  were  produced 
almost  instantaneously  at  20°,  or  even  at  0°.  These 
were  trimethyl  phosphate,  the  hydroxydiketone  XVIII, 
the  dimethyl  phosphate  ester  XI  derived  from  this  al- 
cohol, and  methanol.  There  was  no  evidence  for  the 
formation  of  the  cyclic  phosphotriester  XXV.  These 
conclusions  were  reached  by  an  examination  of  the 
P'^  and  the  H^  nmr  data  of  the  solutions  at  various 
times.  These  results  are  explained  in  terms  of  the 
intermediates  XXIII  and  XXIV. 

Support  for  the  formation  of  intermediates  like 
XXIII  and  XXIV  has  been  adduced  previously.  ""^' 

(15)  F.  Ramirez,  B.  Hansen,  and  N.  B.  Desai, 7.  Am,  Chem.  Soc,,  94, 
4388  (1962). 

(16)  (a)  H.  Witzel,  A.  Botta,  and  K.  Dimroth.  Ber„  98, 146S  (196S): 
(b)  T.  C.  Bruice  and  S.  J.  Benkovic,  "Biorganic  Mechanisms,'*  Vol.  2, 
W.  A.  Benjamin,  Inc.,  New  York,  N.  Y.,  1966,  p  104,  have  recentiy  dis- 
cussed this  problem. 

(17)  F.  Ramirez,  O.  P.  Madan,  and  C.  P.  Smith,  /.  Am,  Chem.  Soc,, 
87,  670  (1965). 
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In  particular,  it  should  be  noted  that  the  hydrolysis  of 
the  phospholene  IV  gave  trimethyl  phosphate,  acetoin, 
dimethylphosphoacetoin  (XIII),  acetoinenediol  cyclo- 
phosphate  (XXVI),  and  methanol.  The  relative  pro- 
portion of  these  products  could  be  greatly  altered  by 
changes  in  temperature  and  other  experimental  con- 
ditions. ^^ 
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Discussion 

The  condensation  of  a-dicarbonyl  compounds  with 
ketenes  by  means  of  trialkyl  phosphites  opens  a  new 
route  to  a  variety  of  poly  oxygenated  functions  related  to 
the  carbohydrates.  The  phosphate  esters  of  these  sugar- 
like materials  can  also  be  obtained  in  this  manner  (cq  \\ 

The  various  steps  in  these  transformations  can  be 
carried  out  rapidly  and  under  exceptionaUy  mild 
conditions.  The  final  products  can  be  isolated  easily 
and  in  high  yields.  Experiments  are  now  under  way  to 
delimit  the  scope  of  these  reactions  in  terms  of  (1) 
variations  in  the  structure  of  the  carbonyl  compounds 
and  the  ketenes;   (2)  further  transformations  of  the 

(18)  (a)  F.  Ramirez,  N.  B.  Desai,  and  N.  RamanaUian,  IMtf.,  SS, 
1874  (1963);  (b)  F.  Ramirez,  O.  P.  Madan.  N.  B.  Desai.  S.  Meycnoo. 
and  E.  M.  Banas,  ibid.,  85,  2681  (1963). 

(19)  The  formation  of  an  intermediate  (rather  than  a  transition  suie) 
with  quintuply  connected  phosphorus,  which  we  have  advocated  to  ex- 
plain our  observations  on  the  hydrolsrsis  of  pentaoxyphosphonmes  and 
of  five-membered  cyclic  phosphotriesters  (see  ref  17  and  18),  has  beta 
recently  proposed  also  by  Westheimer  and  co-workers  to  account  for 
their  observations  during  a  comprehensive  study  of  the  hydroysis  of 
cyclic  phosphates,  phosphonates,  and  phosphinates;  see  E,  A.  Dennis 
and  F.  H.  Westheimer,  ibid,,  88.  3431,  3432  (1966).  and  previous  refa- 
ences  given  there. 
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carbonylketene  phosphite  adducts  to  polyfunctional 
phosphorus-free  materials ;  (3)  synthesis  of  new  types 
of  polyfunctional  phosphate  esters  and  further  trans- 
formations of  them. 

It  should  be  noted  that  the  combination  of  the  oxy- 
phosphorane  condensation  with  a  hydrolytic  step  ac- 
complishes the  following  objective^ 


(CHiO)JP    +    Hfi 

CH,=C=0     +    2[h] 
CH3COCOCH3    +    2[h] 


+    2[H] 


(CH30)3PO 
CH3CHO     or 
CH3COCH(OH)CH8 


Formally,  the  reductive  phosphorylation  of  the  a-dicar- 
bonyl  compound  by  a  phosphite  ester  in  the  presence  of 
ketene  amounts  to  a  condensation  between  biacetyl 
and  acetaldehyde,  or  its  equivalent,  acetoin  and  ketene. 
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Diacetylmethylcarbinol  (XVIII)  and  acetoin  were 
reported  to  be  formed  simultaneously  when  biacetyl 
was  used  as  the  substrate  for  the  enzyme  pyruvic 
oxidase.^*'** 

Experimental  Section 

The  analyses  were  performed  by  the  Schwarzkopf  Microanalytical 
Laboratory,  Woodside,  N.  Y.  The  instrumentation  was  described 
previously.^  All  P*^  nmr  shifts  are  given  in  parts  per  million  from 
85%  HtPOi  as  zero;  they  were  determined  at  40.5  Mc/sec.  All 
H'  mnr  shifts  are  given  in  parts  per  million  from  TMS  as  10  (r 
values);  they  were  determined  at  60  or  at  100  Mc/sec,  as  indicated. 

RcactfcNi  of  Ketene  with  2^,2-Trlinethoxy-43-diiiietfayM3>2-di- 
maplMifpbolne  (IV).  Ketene  was  bubbled  through  a  stirred  solu- 
tion of  the  phospholene  IV  (95  g)  in  methylene  chloride  (75  ml)  kept 
in  an  ice  bath.  H^  nmr  analysis  showed  the  complete  disappear- 
ance of  IV  within  1.5  hr.  The  solvent  and  some  of  the  acetone 
introduced  with  the  ketene  were  removed  at  20°,  first  at  20  mm, 
then  at  1  mm.  The  residue  was  distilled  through  a  6-in.  Vigreux 
column.  Fraction  1  (19  g)  was  collected  below  55  "*  (0.3  mm) 
and  consisted  of  the  adduct  VI  contaminated  with  some  trimethyl 
phosphate.  Fraction  2  (85  g)  was  2,2,2-trimethoxy-4-methylene-5- 
acetyl-5-methyl-l,3,2-dioxaphospholane  (VI),  bp  56-57°  (0.1  mm). 
The  spectral  characteristics  of  this  material  did  not  change  after 
redistillation.    A  sample  fractionated  through  a  24-in.  spinning- 


(20)  (a)  F.  Ramirez  and  S.  Dershowitz,  /.  Org,  Chem,,  23, 778  (1958); 

(b)  F.  Ramirez  and  S.  Dershowitz,  /.  Am,  Chem,  Soc.,  81,  587  (1959); 

(c)  F.  Ramirez,  £.  H.  Chen,  and  S.  Dershowitz,  ibid,,  81,  4338  (1959). 

(21)  R.  P.  HulUn  and  R  Hassall,  Biochem,  J.,  83,  298  (1962). 


band  colunm  had  bp  62*^  (0.2  nun);  prolonged  heating  may  lead  to 
partial  decomposition. 

Anal.  CalcdforCoHiTOeP:  C,  42.9;  H,  6.7;  P,  12.3;  mol  wt, 
252.    Found:    C,  42.5;  H,  6.8;  P,  12.1;  mol  wt,  247. 

The  P*^  nmr  spectrum  (neat  liquid)  had  a  multiplet  at  +51.4 
ppm  vs,  H3PO4.  The  H^  nmr  spectrum  in  CDCU  had  a  1  H^  doub- 
let of  doublets  at  r  5.80, /hh  ~  1.9^cps,yHP  »  1.9  cps,  and  a  second 
1  H^  doublet  ofdoublets  at  r  6.21, /hh  »  1.9  cps, /hp  «  1.4 cps;  the 
separation  between  the  centers  of  these  two  multiplets  was  23  cps 
at  60  Mc/sec  and  39  cps  at  100  Mc/sec.  The  spectrum  had  also  a 
9  H^  doublet  at  r  6.40,  Jbf  »  13  cps,  and  3  H^  singlets  at  r  7.82 
and  8.50,  respectively.  Better  resolution  was  achieved  in  benzene, 
where  the  signals  were  at  r  5.80,  6.20,  6.45,  7.88,  and  8.52,  respec- 
tively. The  low-field  vinyl  phosphorane  protons  had  the  appear- 
ance of  a  distorted  triplet  in  all  solvents. 

The  infrared  spectrum  (CHsCls)  had  bands  (ji)  at  3.43  (w),  3.55 
(w),  5.80  (5)  (C=0),  6.00  (m)  (C=CO),  6.90  (w),  7.30  (w),  7.40  (w), 
7.75  (m),  8.50  (m),  8.60  (m),  9.20  (w)  (POCHtX  10.00  (vs),  10.45 
(w),  11.42  (m),  12.00  (j)  (probably  H  out-of-plane  deformation  of 
00=CHj,  with  shoulder  at  1 1.85),  and  12.90  (ms). 

Redistillation  of  fraction  1  using  a  1 2-in.  spinning-band  column 
gave  an  additional  amount  of  adduct  VI,  which  was  formed  in  about 
90%  yield.  The  H^  nmr  of  the  original  distillation  residue  showed 
the  presence  in  it  of  more  adduct  VI. 

Reaction  of  the  Phospholane  VI  with  Hydrogen  Chloride.  An- 
hydrous hydrogen  chloride  was  passed  through  a  solution  of  the 
dioxaphospholane  VI  (19  g)  in  methylene  choride  (50  ml)  at  0°  until 
saturation  was  achieved.  The  solvent  was  removed  at  20*^  (20 
mm);  the  W  nmr  spectrum  of  the  crude  residue  showed  the  pres- 
ence of  nearly  pure  diketo  phosphate  XI.  Short-path  distillation 
gave  pure  3-methylpentan-3-ol-2,4-dione  dimethyl  phosphate  (XI), 
bp  87°  (0.1  mm),  yield  17  g  (90%),  /f»D  1.4358;  6P"  (in  CDQ,) 
=  4-2.9  ppm,  a  septet. 

Anal.  CalcdforCgHi&OtP:  C,40.3;  H,6.30;  P,  13.0.  Found: 
C,40.8;  H,6.5;  P,  12.6. 

The  HI  nmr  spectrum  in  COai  had  a  6  H»  doublet  at  r  6.18, 
/ra.  =  11  cps  (CHaO),  a  6  HI  singlet  at  r  7.75  (acetyl),  and  a  3  H* 
singlet  at  t  8.25  (methyl).  No  major  differences  were  observed 
in  benzene  solution.  The  infrared  spectrum  (CHsQs)  had  bands 
at  3.45  (w),  5.80  (5),  5.85  (s)  (20=0),  6.95  (w),  7.42  (m),  7.85  (s), 
(PO),  8.45  (w),  9.58  (vs)  (POCH,),  9.85  (s),  1 1 .70  (s)  m- 

Reaction  of  tiie  Phosphohuie  VI  with  Bromine.  A  solution  of 
bromine  (1 1 .4  g,  71  mmoles)  in  CCU  (25  ml)  was  added  over  a  period 
of  1  hr  to  a  stirred  solution  of  the  phospholane  VI  (18  g,  71  mmoles) 
in  ecu  (50  ml)  at  0°.  The  colorless  solution  was  evaporated  at  20* 
(20  mm).  The  residue  gave  only  one  P'^  nmr  signal  at  =b2.6  ppm 
(in  CHsQs);  the  H^  nmr  spectrum  was  very  similar  to  that  of  the 
distilled  bromoketo  phosphate  XV.  The  analytical  sample  of 
l-bromo-3-methylpentan-3-ol-2,4-dione  dimethyl  phosphate  (XV) 
was  obtained  as  a  pale  yellow  oil,  n*^  1.4697,  after  short-path 
distillation;  the  approximate  boiling  point  was  106-108°.  XV 
was  obtained  in  nearly  quantitative  yield.  The  material  slowly 
turns  pink  and  then  reddish  brown  on  prolonged  standing  at  20**, 
6P»»  (CDQi)  =  4-2.9  ppm,  septet. 

Anal.  Calcd  for  QHuO.BrP:  C,  30.3;  H,  4.4;  Br,  25.3;  P, 
9.7.    Found:    C,29.9;  H,4.5;  Br,  24.6;  P,9.3. 

The  H^  nmr  spectrum  in  CDCla  had  a  2  H^  singlet  at  r  5.58 
(CH,Br);  a  3  H^  doublet  at  r  6.16,  /hp  =  11.5  cps  (CHjOP),  and 
a  second  3  W  doublet  with  about  the  same  coupling  constant 
displaced  0.6  cps  to  higher  field  (CHsOP);  a  3  H^  singlet  at  r  7.67 
(acetyl);  and  a  3  H^  singlet  at  r  8.15  (methyl).  The  infrared  spec- 
trum (CH,at)  had  bands  at  5.70  (s),  5.80  (s)  (20=0),  6.90  (m), 
7.30  (m),  7.40  (m),  7.80  (s)  (PO),  8.40  (m),  8.80  (m),  9.4-9.6  (vs) 
(P(X:Ha),  and  1 1.65  (s). 

Hydrolysis  of  3-Methylpentan-3-ol-2,4-dione  Dimethyl  Phoa- 
phate  (XI).  Water  (20  ml,  1 5  molar  equiv)  was  added  to  a  solution 
of  the  phosphate  ester  XI  (19  g)  in  benzene  (70  ml).  The  mixture 
was  kept  6  hr  at  reflux.  The  water  layer  was  separated  and  ex- 
tracted with  two  40-ml  portions  of  benzene.  The  benzene  extracts 
and  the  original  benzene  layer  were  combined,  dried  over  MgSOi, 
and  distilled  through  a  6-in.  Vigreux  column  to  remove  benzene 
(care  should  be  exercised  to  avoid  loss  of  product  XVIII).  The 
spectral  analysis  of  the  crude  oil  showed  only  one  component,  the 
hydroxydiketone  XVII I.  The  analytical  sample  of  3-methylpentan- 
3-ol-2,4-dione  or  diacetylmethylcarbinoP*  (XVIII)  had  bp  43* 
(4.5  mm),  «»d  1 .4272.    XVIII  was  obtained  in  67  %  yield. 

Anal.  Calcd  for  C,HioOi:  C,  55.3;  H,  7.8.  Found:  C, 
55.7;  H,7.9. 

The  H^  nmr  spectrum  in  CDQi  had  a  1  H»  singlet  at  r  5.14  (OH), 
a  6  H^  singlet  at  r  7.76  (acetyl),  and  a  3H^  singlet  at  r  8.48  (methyl). 
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The  infrared  spectrum  in  CH2CI2  had  bands  at  (jjl)  2.92  (OH), 
5.85  (CO),  7.40. 8.35,  and  8.70. 

Reaction  of  the  Phospbolaiie  VI  with  an  Excess  of  Water.  Water 
(8  mi,  462  mmoles)  was  added  to  a  solution  of  the  phospholane  VI 
(15  g,  58  mmoles)  in  benzene  (50  ml).  The  mixture  was  kept  4  hr  at 
reflux.  The  water  layer  was  extracted  with  benzene.  The  com- 
bined benzene  extracts  and  original  solution  were  fractionated  as 
before.    Diacetylmethylcarbinol  (XVIII)  was  isolated  in  75  %  yield. 

Reaction  of  the  Phospholane  VI  with  1  Molar  EquiT  of  Water. 
a.  In  CDOt  Solution.  Water  (1  molar  equiv)  was  added  to  a 
solution  of  the  phospholane  VI  in  CDCU  at  20  °.  After  the  vigorous 
exothermic  reaction  had  subsided,  the  solution  was  analyzed  by  P*^ 
nmr  spectrometry  at  40.5  Mc/sec.   Only  the  signals  due  to  trimethyl 


phosphate  and  to  diacetylmethylcarbinol  dimethyl  phosphate  (XI) 
were  observed.  The  experiment  was  repeated  using  DxO  and  a  6 
M  solution  of  the  phospholane  VI  in  CDCU;  the  H^  nmr  after  S 
min  had  the  signals  due  to  trimethyl  phosphate,  the  deuteriodiace- 
tylmethylcarbinol  (XVIII)i  the  open  phosphotriester  XI,  and  deo- 
teriomethanol. 

b.  In  Benzene  Solutions.  Water  (1  molar  equiv)  was  added  to  a 
2  M  solution  of  phospholane  VI  in  benzene  at  0^.  The  solvent 
was  removed  after  ca.  1  min  at  0°  (3  min).  The  residue  was  dis- 
solved in  CDCI3.  The  P*>  and  H^  nmr  spectra  showed  the  signals 
of  the  species  mentioned  above  plus  those  of  some  unreacted  phos- 
pholane VI.  There  was  no  evidence  for  the  formation  of  the  cyclic 
phosphate  ester  XXV. 
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Abstract:  A  new  reaction  leading  to  5-acylhydantoins,  the  precursors  of  i9-keto-a-amino  acids,  is  described.  In 
this  reaction,  a  trialkyl  phosphite  induces  the  condensation  of  one  molecule  of  an  a-diketone  with  two  molecules  of 
an  aryl  isocyanate  with  formation  of  the  5-acylhydantoin  and  a  trialkyl  phosphate.  Three  steps  are  involved,  and 
the  intermediates  can,  but  need  not,  be  isolated.  The  intermediates  are  organic  compounds  with  pentacovalent 
phosphorus  as  shown  by  P*^  nmr  spectroscopy. 
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he  hydantoins  I  are  one  of  the  classical  synthetic 
precursors  of  the  a-amino  acids*  II. 
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This  type  of  heterocycle  is  associated  with  powerful 
anticonvulsant  action;  for  example,  5,5-diphenyl- 
hydantoin  (Dilantin)  is  widely  used  in  the  control  of 
epilepsy.*  Consequently,  many  alkyl-  and  arylhy- 
dantoins  have  been  prepared.*  On  the  other  hand,  the 
5-acylhydantoins,  which  are  the  precursors  of  j8- 
keto-a-amino  acids,  have  not  received  much  attention.*^ 
Modifications  of  the  carbonyl  function  of  the  5-acetyl- 
hydantoins  prior  to  hydrolysis  would  make  available  a 
variety  of  )3-substituted  a-amino  acids. 

This  paper  describes  a  new  approach  to  5-acyl- 
hydantoins VI  based  on  the  condensation  of  an  a- 
dicarbonyl  compound  III  with  an  isocyanate'  IV 
under  the  influence  of  a  trialkyl  phosphite*'^  V. 

(1)  This  investigation  was  supported  by  Public  Health  Service  Grant 
No.  CA-04769-08  from  the  National  Cancer  Institute,  and  by  the 
National  Science  Foundation,  Grant  CP-6690-Y. 

(2)  For  reviews  of  hydantoin  chemistry  see :  (a)  E.  Ware,  Chem,  Rev,, 
46,403  (1950);  (b)  E.  S.  Schipper  and  A.  R.  Day  in  "Heterocyclic 
Compounds,*'  Vol.  5,  R.  C.  Elderfield,  Ed.,  John  Wiley  and  Sons,  Inc., 
New  York,  N.  Y.,  1957;  (c)  H.  Finkbeiner.  /.  Org.  Chem,,  30,  3414 
(1965). 

(3)  For  reviews  on  isocyanates  see :  (a)  R.  G.  Arnold,  J.  A.  Nelson, 
and  J.  J.  Verbanc,  Chem.  Rev.,  57,  47  (1957);  (b)  C.  V.  Wilson,  Org. 
Chem,  Bull.,  35,  1  (1963);   (c)  P.  A.  S.  Smith,  '*The  Chemistry  of 
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Results 

The  2,2,2-trialkoxy-l,3,2-dioxaphospholene«  (VIII), 
prepared  from  biacetyl  and  trimethyl  phosphite, 
reacted  with  phenyl  isocyanate  (IX)  at  30^.  The 
course  of  the  reaction  was  followed  by  means  of  infrared 
and  H*  and  P'^  nmr  spectroscopy.  Two  distinct 
steps  were  observed.  The  first  step  was  the  nucleophilic 
addition  of  a  carbon  atom  of  the  phospholene  VIU 
to  the  carbonyl  carbon  of  the  isocyanate.  The  prod- 
uct was  2,2,2-trimethoxy-4-phenylimino-5-acetyl-5- 
methyl- 1 ,3,2-dioxaphospholane  (X). 

Open-Chain  Organic  Nitrogen  Compounds,**  W.  A.  Benjamin,  Inc. 
New  York,  N.  Y.,  1965,  Chapter  6. 

(4)  The  deoxygenadon  of  alkyl  isocyanates  by  trialkyl  phosphites  it 
elevated  temperatures  (180-190'')  has  been  reported:  ^.  T.  Mukaiyama. 
H.  Nambu,  and  M.  Okamoto,  /.  Org.  Chem.,  27,  3651  (1962). 

(5)  The  formation  of  certain  2-iminooxazolidines  and  2-imidazoli- 
dones  from  the  reaction  of  aryl  isocyanates  with  ethyl  bis(/3-aminoethyi>- 
phosphite  has  been  described:  cf.  O.  Mitsunobo,  T.  Ohaahi,  and  T. 
Mukaiyama,  Bull.  Chem.  Soc.  Japan,  39,  708  (1966). 

(6)  The  literature  has  been  reviewed  by  F.  Ramirez,  Ptav  A^L  Chem., 
9,337(1964). 
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The  phospholane  X  may  arise  in  one  concerted  step 
which  requires  little  or  no  charge  separation.^  There 
was  no  experimental  indication  of  the  presence  of  open 
dipolar  structures^  such  as  XI  and  XII. 

Furthermore,  a  structural  isomer  of  the  pentaoxy- 
phosphorane  X,  namely,  the  aminotetraoxyphosphorane 
XIII,  could  not  be  detected.  This  is  consistent  with  our 
previous  observations  on  the  relative  stabilities  of  these 
ring  systems.*'* 
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The  phospholane  X  reacted  with  a  second  molecule 
of  phenyl  isocyanate.  The  products  were  trimethyl 
phosphate  (VII)  and  l,3-diphenyl-5-acetyl-5-methyl- 
hydantoin  (XV). 
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XV 

No  intermediate  could  be  detected  in  this  reaction, 
but  we  assume  that  the  nitrogen  of  the  phospholane  X 
first  performed  a  nucleophilic  addition  to  the  carbon 
of  the  isocyanate  to  form  a  dipolar  intermediate  XIV. 

(7)  (a)  F.  Ramirez,  A.  V.  Patwardhan,  and  C.  P.  Smith,  /.  Org, 
Chem.,  30.  2575  (1965);  (b)  ibid,,  31,  474  (1966);  (c)  ibid,,  31,  3159 
(1966). 

(8)  (a)  F.  Ramirez,  A.  V.  Patwardhan,  and  C.  P.  Smith,  /.  Am,  Chem. 
Soc.,  87»  4973  (1965);  (b)  F.  Ramirez,  A.  V.  Patwardhan,  H.  J.  Kugler, 
and  C.  P.  Smith,  Tetrahedron  Letters,  3053  (1966). 

(9)  F.  Ramirez,  iBif//.  SocCAIm.  France,  2443  (196Q. 
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The  latter  then  cyclized  to  a  five-membered  hydantoin 
ring  with  ejection  of  phosphate  ester,  instead  of  form- 
ing a  seven-membered  cyclic  phosphorane. 

A  structural  isomer  of  the  hydantoin,  which  would  be 
derived  from  an  attack  by  oxygen  on  carbon  in  the 
intermediate  XIV,  could  not  be  isolated. 

It  was  shown  that  the  isocyanate  dimer  XVI,  prepared 
by  addition  of  traces  of  tri-/i-butylphosphine  to  the 
isocyanate,  *®  did  not  react  with  the  phospholene  VIII. 


O 

II 


0-0-0 


II 
0 

XVI 


The  rates  of  the  reactions  of  phenyl  isocyanate  with 
the  phosphole/ie  VIII  and  with  the  phospholo/ie  X  were 
very  similar.  Therefore,  the  best  procedure  to  make 
phospholane  X  involved  a  slow  addition  of  isocyanate 
to  an  excess  of  phospholene  VIII. 

The  preparation  of  hydantoin  XV  was  very  simple. 
Isocyanate  (2  moles)  and  phospholene  VIII  (1  mole) 
were  allowed  to  react  in  boiling  methylene  chloride 
solution.  Compound  XV  was  isolated  in  75%  yield. 
Small  amounts  of  a  second  substance,  not  investigated 
further,  were  found  in  the  residues. 

It  was  possible  to  condense  biacetyl  with  2  moles  of 
phenyl  isocyanate  and  1  mole  of  trimethyl  phosphite 
in  situ,  without  isolation  of  intermediates,  as  shown 
in  the  scheme  III  +  I V  +  V  -►  VI  +  VII. 

The  following  data  established  the  structure  of  the 
phospholane  X.  (1)  The  ?«»  nmr  shift,  «P«»  =  +  57.8 
ppm  vs.  H8P04,  showed  that  five  oxygen  atoms  were 
bound  to  the  phosphorus.'**' ^  ^  The  shift  of  the  amino- 
tetraoxyphosphorane XIII  should  fall  in  the  range  30- 
40  ppm.* 

(2)  The  H^  nmr  spectrum  of  X  had  a  3  H^  singlet  at 
T  7.71  and  another  at  r  8.36,  which  correspond  to  the 
acetyl  and  the  methyl  groups,  respectively.*'*  The  9 
H  ^  of  the  three  methoxy  groups  gave  rise  to  one  doublet, 
/hp  =13  cps,  at  T  6.41 .  As  was  the  case  with  a  number 
of  related  compounds,  the  three  methoxy  groups  were 
magnetically  indistinguishable  at  20°,  probably  due  to 
rapid  positional  exchange  in  the  trigonal  bipyramid.*** 

(3)  The  infrared  spectrum  of  X  had  strong  bands 
at  5.98  and  5.78  m»  which  are  attributed  to  the  C=N 
and  the  C=0  groups,  respectively. 

The  hydantoin  XV  had  infrared  bands  at  5.62  and 
5.83  /i  attributed  to  the  carbonyl  groups  at  the  4  and  2 
positions,  respectively."  The  band  due  to  the  acetyl 
carbonyl  was  at  5.78  /i.  The  H^  nmr  spectrum  of  XV 
had  the  expected  10  H^  aromatic  multiplet  and  the  3 
H^  singlets  at  r  7.68  and  8.28  due  to  the  acetyl  and  the 
methyl  groups,  respectively. 

p-Cyanophenyl  isocyanate  (XVII)  reacted  faster 
than  the  unsubstituted  isocyanate  IX  with  the  phos- 
pholene VIII.  The  N-(p-cyanophenyl)hydantoin 
(XVIII)  was  isolated  in  75  %  yield. 

(10)  R.  B.  Buckles  and  L.  A.  McGrew,  /.  Am,  Chem,  Soc,,  8$,  3582 
(1966). 

(11)  W.  C.  Hamilton,  S.  J.  LaPlaca,  and  F.  Ramirez,  ibid,,  87,  127 
(1965). 

(12)  L.  J.  Bellamy,  "The  Infrared  Spectra  of  Complex  Moleciikt," 
John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1954,  p  221. 
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Discusdoii 

The  formation  of  a  2,2,2-trialkoxy-l,3,2-dioxaphos- 
pholane  (XX)  from  the  reaction  of  the  a-dicarbonyl 
compound  XIX  with  the  trialkyl  phosphite  V  was  first 
reported  in  1961.  ^'  The  exact  nature  of  the  precursor, 
'XXI  or  XXII,  of  the  phospholane  XX  could  not  be 
established,  since  this  precursor  reacted  very  rapidly 
with  a  second  molecule  of  the  carbonyl  compound. 


0     0 
XIX 


(CH,0)aP 


CH/yT'OCHi 
OCH3 
XX 

«P"-+48.0ppin 


or 


XXI 


not  isolated 


Shortly  thereafter,  it  was  demonstrated  that  isolable 
2,2,2-trialkoxy-l,3,2-dioxaphospholenes  (XXIII)  under- 
went nucleophilic  additions  to  carbonyl  functions 
XXIV  with  formation  of  analogous  phospholanes^^ 
XXV. 


M  - 1— t' 

CHaCn\)CH,  ^^ 

OCHi 


B     B' 


>ff     ryttt 


r 


O     0\p^     0 

CH3O' 


IVm, 


xxm 

|P«  -  +48.9  ppm 


OCH3 
XXV 

|P"- +54.8  ppm 


(13)  F.  Ramirez  and  N.  Ramanathan,  /.  Org,  Chem.,  26,  3041  (1961). 

(14)  F.  Ramirez,  N.  Ramanathan,  and  N.  B.  Desai,  /.  Am,  Chem. 
Soc.,  84. 1317  (1962). 


Subsequently,  the  mechanism  and  the  synthetic  scope 
of  this  new  reaction  were  investigated  in  detail.**^** 

More  recently,  it  was  found  that  the  phosphdaie 
VIII  condensed  very  readily  with  ketene  XXVI  to  give 
4-methylene-2,2,2-trialkoxy-l,3,2-dioxaphospholanc" 
(XXVII). 


CHac/hoC 


%/« 


CX^Hj 

cx:Hj 
vm 


c 

XXW 


CHi    CHji  ^CH 

C C C 

CKpH) 


II 
O 


xxvn 


The  exo-methylenephospholane  XXVII  proved  to  be 
a  valuable  reaction  intermediate.  It  was  readily 
converted  into  the  phosphate  esters  of  a-hydroxy-i9- 
diketones  and  of  7-bromo-a-hydroxy-/S-dikctonc8" 
XXVIII  and  XXIX. 


CJH3  CJH3    Y"j 
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The  present  paper  emphasizes  the  generality  of  this 
new  method  of  making  carbon-carbon  single  bonds 
by  means  of  triply  and  quintuply  connected  phosphorus 
compounds.  ^^  Evidently,  the  method  seems  adaptable 
to  the  syntheses  of  a-amino  acids  and  of  carbohydrates. 
These  studies  are  now  in  progress. 


Experimental  Section 

The  analyses  were  performed  by  the  Schwarzkopf  Nficroanalytical 
Laboratory,  Woodside,  N.  Y.  The  instrumentation  was  described 
previously/'^  All  P*^  nmr  shifts  are  given  in  parts  per  millioa 
from  85  %  H1PO4  as  zero;  they  were  measured  at  40.5  Mc/sec. 

Reaction  of  2,2,2-Triiiiethoxy-4,5-diniethyl-1392-diDxapliQspkD- 
lene  (VIII)  with  1  Molar  Eqaiv  of  Phenyl  laocyanate.  The  phos- 
pholeneV  VI  fl  (11.8  g,  56  mmoles)  and  the  isocyanate  IX  (5.9  g, 
50  mmoles)  were  mixed  at  20"*  in  the  absence  of  solvent  and  with 
protection  against  moisture.  There  was  no  visible  reaction,  but  the 
infrared  and  H^  nmr  spectra  showed  evidence  of  reaction  within  1 
hr.  After  20  hr  at  20''  under  stirring,  all  the  isocyanate  had  been 
consumed  and  there  were  new  infrared  bands  at  5.62,  5.78,  5.82, 
and  5.93  /i*  The  H^  nmr  spectrum  in  CDOi  showed  some  un- 
reacted  dioxaphospholene  VIII,  some  trimethyl  phosphate 
(doublet  at  r  6.32,  /ph  =  11  cps),  the  dioxaphospholane  X,  and  the 
hydantoin  XV.  Better  resolution  was  achieved  in  CHsCIs.  The 
P*^  nmr  spectrum  in  CHsCls  confirmed  the  presence  of  the  phos- 
pholene  (5P»»  =  +48.9  ppm),  the  phospholane  (6P»»  «  -1-57.8 
ppm),  and  trimethyl  phosphate  (6P»^  =  —2^  ppm). 


(15)  F.  Ramirez,  S.  B.  Bhatia,  and  C.  P.  Smith,  ibid.,  99.  3026(19^ 

(IS)  While  this  work  was  in  progress,  A.  J.  Kirby  {Tetrahedron,  22, 

3001  (1966)]  described  the  reaction  of  the  dioxaphospholene  VID  with 

carbon  disulfide.    Our  studies  of  the  reaction  of  VIII  with  a  number  of 

systems  having  cumulated  double  bonds  will  be  published  soon. 
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mixture  was  freed  from  the  phospholene  VIII  and  trimethyl 
hate  by  short-path  distillation  at  0.3  mm.  The  residue 
ssolved  in  ether  (40  ml)  and  kept  at  —20°  to  effect  crystalliza- 
f  the  hydantoin  XV.  The  latter  (2.0  g,  28  %  yield)  was  col- 
and  was  recrystallized  from  benzene-hexane.  1,3-Diphenyl- 
yl-5-methylhydantoin  (XV)  had  mp  134-1 35  ^ 
f/.  Calcd  for  CHuOiNs:  C,  70.1;  H,  5.2;  N,  9.1;  mol 
«.  Found:  C,  70.2;  H,  5.3;  N,  9.3;  mol  wt,  300  (cryo- 
:  in  benzene). 
:  H^  nmr  spectrum  (r  values  in  parts  per  million  from  TMS 

in  CDClt)  had  signals  at  2.58  (four  aromatic  protons),  2.71 
omatic  protons),  7.68  (three  acetyl  protons),  and  8.28  (three 

1  protons).    The  infrared  spectrum  (in  CHsCU)  had  bands 

2  (m),  5.78  (s),  5.82  (s),  6.23  (w),  6.67  (m),  7.13  (ms).  7.42  (m) 
45  (m)  M. 

;  ether  filtrate  was  evaporated.  The  residue  was  shown  to 
n  more  hydantoin  and  small  amounts  of  trimethyl  phosphate; 
ain  component  was  the  dioxaphospholane  X.  llie  latter  is 
repared  as  described  below. 

ictkm  of  the  Dioxapboaiiholeiie  Vm  with  2  Molar  Eqiihr  of 
1  laocyamite.  Optimum  C6nditioii8  for  the  Synthesis  of 
otoin  XV.  The  phospholene  VIII  (9.8  g,  46.7  mmoles)  and 
tieny]  isocyanate  (11.1  g,  93.5  mmoles)  were  dissolved  in  25 

methylene  chloride.  The  solution  was  kept  24  hr  at  reflux 
xature,  and  then  the  solvent  was  removed  at  20**  (20  mm), 
esidue  was  kept  several  hours  at  —20°  under  ether,  and  the 
•jop  (8  g)  of  nearly  pure  hydantoin  XV  was  filtered.  The 
e  was  evaporated  to  remove  first  ether  and  then  trimethyl 
»hate  (0.1  mm,  bath  at  80"*).    The  residue  was  kept  several 

at  20°  under  ethanol  giving  a  second  crop  (2.1  g)  of  hydan- 
<V;  combined  yield  70%.  The  material  balance  consisted 
3re  hydantoin  (estimated  10-15%)  and  a  second  substance 
I  structure  was  not  investigated  further. 
ect  Synthesis  of  S-Acyl-S-aftylhydantoin  (XV)  from  o-Dilce- 
Isocyamite,  and  Phospiiite  widioiit  Isolation  of  Intennediates. 
tyl  (8.6  g,  100  mmoles)  and  phenyl  isocyanate  (24  g,  200 
es)  were  dissolved  in  20  ml  of  methylene  chloride.  The 
on  was  cooled  to  0°  and  was  treated  with  trimethyl  phosphite 
g,  100  mmoles).  The  solution  was  stirred  1  hr  at  0°  and  0.5 
20°.  It  was  then  kept  at  reflux  for  7  hr;  the  infrared  spectrum 
^  little  unreacted  isocyanate.  The  reaction  mixture  was 
^  up  as  described  above,  after  an  additional  8-10-hr  reflux 
1.  The  hydantoin  was  isolated  in  70  %  yield. 
latioD  of  2,2»2-Trimethoxy-4-phenylimino-5-acetyl-5-methyl- 
dioxaphosphoiane  (X).  Phenyl  isocyanate  (9.7  g,  82  mmoles) 
ntroduced  into  the  stirred  dioxaphospholene  VIII  (34.3  g, 
imoles)  over  a  12-hr  period,  at  20°.  The  mixture  was  stirred 
1  additional  12-hr  period.  The  excess  of  phospholene  and  a 
amount  of  trimethyl  phosphate  were  removed  at  0.1  mm  and  a 
temperature  of  80°.  The  residue  (22  g)  was  the  viscous,  non- 
illine  dioxaphospholane  X.  The  latter  had  the  following 
-al  characteristics:  5P»»  =  +57.8  ppm  (CHiClj);  r  (CDCli) 
(doublet),  /hp  =13  cps,  7.72  (singlet),  8.35  (singlet);  r 
::i2)  6.50,  /hp  -13  cps,  7.75  and  8.40;  r  (benzene)  6.60, 
» 13  cps,  7.80  and  8.40;  infrared  bands  (CHsCls)  at  5.78  (s), 
s).  6.27  (ml),  6.70  (ms),  6.92  (m),  7.20  (ms),  7.40  (m),  8.50  (m), 


8.70  (m),  9.30-9.40  (vs  and  broad),  9.86  (m),  11.72  (ms),  and  12.15 

(ms)M* 

Reaction  of  the  Trimethyl  Biacetyl(plienyl  isocyamite)phosphite 
Adducl  X  with  Phenyl  Isocyanate.  The  phospholane  X  obtained 
above  was  converted  into  the  hydantoin  XV  by  1  molar  equiv  of 
phenyl  isocyanate  in  methylene  chloride  at  reflux  temperature. 

Effect  of  Temperature  and  of  Solvent  on  the  Yield  of  Hydantoin 
XV.  (a)  In  1,2-Dicfaloroetfaane.  The  phospholene  VIII  and  2 
molar  equiv  of  phenyl  isocyanate  were  dissolved  in  1,2-dichloro- 
ethane,  and  the  solution  was  kept  at  various  temperatures  for 
various  periods  of  time.  The  hydantoin  XV  was  isolated  in  the 
following  yields:  65%  after  10  hr  at  55°,  59%  after  8  hr  at  65°, 
63%  after  17  hr  at  65°.  A  second  substance  was  also  isolated 
from  these  experiments  in  about  10%  yield. 

(b)  In  Ether.  Significant  amounts  of  phenyl  isocyanate  re- 
mained after  24  hr  at  reflux  temperature. 

(c)  In  the  Absence  of  Sohrent.  The  hydantoin  XV  was  isolated 
in  ca,  40%  yield  after  24  hr  at  20°.  At  higher  temperatures  the 
reaction  was  erratic  and,  at  times,  violent.  In  one  case,  48  %  of 
hydantoin  was  isolated  after  4  hr  at  60°. 

Reaction  of  5-Acylhydantoin  XV  with  2^Dfaiitrophenylhy- 
drazine.  The  hydantoin  XV  (800  mg)  in  ethanol  (30  ml)  was 
treated  with  a  solution  made  from  2,4-dinitrophenylhydrazine 
(1.2  g),  HtSOi  (1.5  ml,  concentrated),  and  methanol  (30  ml).  The 
red  solution  was  kept  2  hr  at  reflux,  cooled,  and  filtered  yielding 
the  yellow  2,4-dinitrophenylhydrazone,  mp  195-196°  (benzene). 

Anal,    Calcd  for  CtiHsoOeNe:    N,    17.2.    Found:    N,    17.1. 

The  infrared  spectrum  (CHsCU)  had  bands  at  3.15  (w),  5.62  (nO, 
5.80  (s),  6.18  (s),  6.27  (s),  6.67  (s),  7.15  (s),  7.46  (s),  and  7.62  (m) 
/x,  among  others. 

Reaction  of  the  Dioxaphospholene  Vm  with  2  Molar  Equiv  of 
/y-Cyanophcnyl  Isocyanate  (XVII).  The  phospholene  VIII  (9.1  g, 
43.1  mmoles)  was  added  to  a  suspension  of  p-cyanophenyl  iso- 
cyanate (12.5  g,  86.4  nunoles)  in  1,2-dichloroethane  at  20°.  The 
mixture  was  stirred  at  20°  for  12  hr.  The  first  crop  of  the  cyano- 
hydantoin  XVIII  (8.8  g)  was  filtered.  The  filtrate  was  evaporated, 
and  the  residue  was  kept  several  hours  at  20°  under  ether  to  give  a 
second  crop  of  hydantoin  (1.1  g),  combined  yield  70%.  The 
analytical  sample  of  l,3-di-(p-cyanophenyl>-5-acetyl-5-methyl- 
hydantoin  (XVIII)  had  mp  234-235°  (from  CH,C1  CHja). 

Anal.  Cakd  for  CioHi40,N4:  C,  67.1;  H,  3.9;  N,  15.6. 
Found :    C,  67.2 ;  H,  4. 1 ;  N,  1 5.7. 

The  H^  nmr  in  AsQt  had  the  following  signals  (in  r):  aromatic 
multiplet  at  2.1-2.6,  acetyl  protons  at  7.53,  and  methyl  protons  at 
8.09.  The  infrared  spectrum  (in  CKsCls)  had  bands  at  4.50  (m) 
(CN),  5.62  (ms)  (CO).  5.78  (s)  (CO),  5.82  (s)  (CO),  6.23  (ms),  6.65 
(ms),  7.20  (sX  and  7.48  (ms)  m- 

Attempted  Reaction  of  the  Dioxaphospholene  Vm  with  the  Phenyl 
Isocyanate  Dimer'^  XIV.  The  phenyl  isocyanate  dimer  XIV 
was  formed  immediately  when  a  few  drops  of  tri-/^butylphosphine 
was  added  to  the  isocyante.  ^  The  dimer  was  filtered,  washed  with 
ethanol,  and  recrystallized  from  boiling  toluene;  it  had  mp  174- 
175°  and  showed  infrared  bands  at  5.60  (s),  6.23  (w),  6.67  (s),  and 
7.23  (s)  M  in  CHsCls  in  which  it  was  slightly  soluble. 

The  dimer  failed  to  react  with  the  dioxaphospholene  VIII,  with 
or  without  solvents,  at  20°  for  several  days. 
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Abstract:  The  pyracylosemiquinone  anion  was  generated  from  the  quinone  under  a  variety  of  conditions  and 
compared  to  the  related  semiquinones  from  acenaphthaquinone  and  1,2-diketopyracene.  The  hyperfine  splitting 
constants  were  found  to  be  dependent  upon  the  method  of  generation,  one  set  of  values  obtained  by  chemical 
reduction  in  the  presence  of  base  and  the  other  by  electrochemical  generation.  The  differences  are  attributed  to  the 
presence  of  the  **free"  ion  under  the  base  conditions  and  chelates  or  tight  ion  pairs  under  the  electrochemical  condi- 
tions. The  correlation  of  these  spectra  with  molecular  orbital  theory  is  discussed.  Stone's  theory  of  g  factors  is 
modified  to  allow  one  to  calculate  spin  density  at  a  heteroatom,  oxygen,  from  two  experimental  quantities,  ^factors, 
and  half-wave  potentials.  Thus,  pyracyclosemiquinone  is  found  to  have  approximately  one-fifth  the  spin  density 
at  oxygen  compared  to  other  semiquinones.  This  fact  plus  the  large  hyperfine  splitting  constants  suggest  that  this 
semiquinone  anion  is  more  akin  to  hydrocarbon  radical  anions  than  normal  semiquinone  anions,  in  excellent  agree- 
ment with  theory.  Protonation  of  the  dianion  of  pyracycloquinone,  generated  electrochemically,  under  thermo- 
dynamic conditions  occurred  at  carbon  to  produce  diketopyracene.  Strain  energy  and  not  resonance  eneigy 
appears  to  be  the  determining  factor  in  the  equilibrium^  between  diketopyracene  and  dihydroxypyracyclene. 


The  question  of  aromaticity  is  of  fundamental  the- 
oretical and  practical  concern  and  has  occupied  the 
attention  of  many  investigators.  A  particularly  in- 
teresting compound  having  4/i  +  2  tt  electrons  and 
fulfilling  Craig's  rules  of  aromaticity  is  pyracylene  (I).  * 
Calculations  predict  a  resonance  energy  of  5.42/3, ••* 
whereas  the  strain  of  bridging  both  peri  positions  with 
sp*  carbons  is  estimated  to  destabUize  I  by  48  kcal/ 
mole.*  The  unique  feature  of  the  electronic  structure 
of  this  molecule  is  the  prediction  that  it  will  have  an 
empty  nonbonding  molecular  orbital,  the  simplest 
aromatic  hydrocarbon  predicted  to  have  this  electronic 
configuration.  In  order  to  investigate  the  properties 
of  the  pyracylene  system,  we  synthesized  the  quinone 
II  related  to  the  parent  hydrocarbon.^***'  Reduction 
of  this  quinone  would  produce  a  substituted  pyracylene. 
Since  no  identifiable  products  could  be  isolated  by 
standard  reduction  procedures,^  we  explored  the  one 
electron  reduction  product  (II,  pyracylosemiquinone) 
by  the  esr  technique.    This  study  and  some  comments 


in 
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(1)  (a)  For  part  II,  see  B.  M.  Trost  and  S.  F.  Nelsen,  /.  Am.  Chem. 
Soc.t  88  2876  (1966).  This  paper  contained  a  preliminary  report  of  a 
portion  of  this  work,  (b)  For  part  I,  see  B.  M.  Trost,  ibid.,  88,  853 
(1966).  (c)  For  part  IV,  see  B.  M.  Trost  and  D.  R.  Brittelli,  Tetrahe- 
dron Letters,  No.  2,  114  (1967). 

(2)  See  A.  Streitwieser,  Jr.,  "Molecular  Orbital  Theory  for  Organic 
Chemists,**  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1962,  pp 
256-304. 

(3)  R.  D.  Brown,/.  Chem.  Soc.,  2391  (1951). 

(4)  (a)  B.  M.  Trost,  unpublished  calculations;  (b)  C.  A.  Coulson  and 
A.  Streitwieser,  Jr.,  "Dictionary  of  Electron  Calculations,*'  W.  H.  Free- 
man and  Co.,  San  Francisco,  Calif.,  1965. 

(5)  H.  J.  Dauben  and  A.  G.  Osborne,  Abstracts,  130th  National  Meet- 
ing of  the  American  Chemical  Society,  Atlantic  City,  N.  J.,  1956,  p  370; 
we  wish  to  thank  one  of  the  referees  for  pointing  out  this  revised  estimate 
of  strain  energy. 

(6)  Dibenzpyracylene  has  been  reported.  See  H.  W.  D.  Stubbs  and 
S.  H.  Tucker,/.  Chem.  Soc,  2936(1951). 

(7)  B.  M.  Trost,  to  be  published* 


regarding  correlations  between  esr  spectra  and  MO 
calculations  form  the  subject  of  this  paper. 

Esr  Spectra 

To  see  if  unusual  electronic  distribution  attributaUe 
to  the  pyracylyl  system  in  pyracylosemiqiunone  (II) 
is  realized,  the  esr  spectra  of  II,  III,  and  IV  were  com- 
pared. Esr  data  for  these  semiquinones,  prepared  by 
reaction  of  the  quinone  with  potassium  /-butoxide  in 
DMSO,*  appears  in  Table  I. 

Table  I.    Esr  Spectral  Data  (KO/-Bu  Reduction  in  DMSO) 


Compd 

a« 

Ob 

Oe 

g 

11 

III 

IV 

1.41  db  0.02 

1.18 

1.15 

2.45 
0.27 
0.21 

2.12 
1.28 
1.38 

2.0030- 
2.0044* 
2.0043* 

•  Error 

in 

g  is  estimated  to  be  ±0,0001,    »  Error 

in  ^  is  esti- 

mated  to  be  dbO.OOOl. 

The  splitting  constants  of  acenaphthasemiquinone 
(III)  are  close  to  those  reported*  for  the  same  species 
generated  electrochemically.  Placing  a  saturated  two- 
carbon  bridge  across  the  peri  positions  of  III  to  give  IV 
slightly  reduces  the  ring  hydrogen  splittings  (and  hence 
the  ring  spin  density),  which  is  expected.  Because  of 
the  slightly  electron-releasing  character  of  alkyl  com- 
pared to  hydrogen,  electronic  density  is  shifted  away 
from  the  alkyl  group.  Unsaturating  the  peri  two- 
carbon  bridge  (giving  II)  has  a  striking  effect  in  that  all 
of  the  proton  splitting  constants  are  raised,  which 
shows  that  significantly  more  spin  density  is  on  the 
ring  carbons  in  II  than  in  III  or  IV.  The  largest  change 
is  at  the  b  position,  which  has  a  tenfold  increase  in  spin 
density,  giving  it  the  highest  spin  density,  although  the 
corresponding  position  of  III  and  IV  has  the  lowest 
This  is  not  predictable  by  simple  resonance  structure 
reasoning,  for  structures  with  spin  at  b  cannot  have  the 
benefit  of  both  benzene  resonance  and    placing  the 

(8)  G.  R.  Talaty  and  G.  A.  Russell,  /.  Am.  Chem,  Soe^  t7, 48^ 
(1965). 

(9)  R.  Dehl  and  G.  K.  Fraenkel,  /.  Chem.  Phys.,  39, 1793  (1963X 
give  1.17,  0.27,  and  1.27  g,  respectively. 
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tive  charge  on  oxygen,  the  most  electronegative 
1.  The  g  value  of  II,  2.0030,  is  quite  different  from 
nd  IV,  and  indeed  from  that  of  all  other  hydrocar- 
senuquinones,  ">  which  have  g  factors  which  fall  in 
larrow  range  of  2.0040-2.0048.  Both  the  splitting 
tants  and  g  factor  of  pyracylosemiquinone  (II)  are 

to  be  quite  unusual;  these  facts  must  be  a  result 
lusual  electronic  distribution  in  this  system, 
ice  calculations  of  electronic  distribution  are  for 
Tturbed,  vapor  phase  species,  it  was  desirable  to 
rate  II  under  a  variety  of  experimental  conditions 
se  if  specific  medium  effects  are  important  in 
mining  the  spin  distribution.  It  was  found  that 
3uld  be  formed  with  the  weaker  bases  NaOH, 
I,  and  Ba(0H)f2H)0  if  a  DMSO  solution  of  the 
one  was  agitated  in  the  presence  of  the  solid  base, 
as  even  formed  when  a  DMSO  solution  of  pyra- 
juinone  was  mixed  with  tetramethylammonium 
oxide.  The  need  for  base  being  present  was 
nated  by  carrying  out  the  reduction  at  a  mercury 
3de  using  various  supporting  electrolytes  (Figure 
DMSO  solutions  0.1  M  in  tetraalk>1ammonium 
ilorates,  sodium  perchlorate,  lithium  chloride,  and 
.m  bromide  were  all  successful.  Using  DMF 
h  was  0.1  M  in  tetrabutylammonium  perchlorate 

no  difference  in  splitting  constants  for  II  from 
;  observed  in  DMSO.    The  electrolytic  reduction 

to  give  workable  radical  concentrations  in  DME 
rHF  with  alkali  metal  supporting  electrolytes, 
surable  amounts  of  II  arc  not  formed  if  a  DME 
ion  of  pyracyloquinone  is  stirred  with  sodium 
oxide  (in  contrast  to  the  results  in  DMSO),  but 
violet  irradiation  (X  366  m/i)  of  such  a  mixture" 
ts  in  formation  of  II.  Although  sodium  hydroxide 
)t  visibly  soluble  in  DME,  the  presence  of  base  is 
isaiy,  for  solutions  in  pure  DME  or  0.1  Af  sodium 
ilorate  in  DME  fail  to  give  radical  upon  irradia- 
Splitting  constants  observed  under  these  condi- 
.  are  summarized  in  Table  I(.    For  the  alkaU  hy- 

n.    FyracylosemiquinoiM  (II)  Esr  Splitting  Connants,  ra 
—Method  of  generatitai/solvait 


Imufi- 

Btion/  Electrolysis'/ 

0.1  M      NaOH-  ai  M        0.1  M 

KO-i-Bu/       sal.  M+-         R,N+-      MOH*/ 

ioa    DMSO        DME  DMSO      DMSO*     DMSO 

1.41  1.14  0.93  0.90  1.37 

2.4S  2.69  2.83  2.88        ~2.37 

2.12  2.31  2.55  2.57        ~2.37 

lOH  =■  NaOH.  KOH,  Ba(OH),  2H,0.  *  Supporting  elec- 
es  NaaC,  UO,  CsBr.  •  With  EtjNaO*.  Bu.NaO,.  aDd 
'ithout  electrolysis,  just  using  MetNOH  in  DMSO. 


ide/DMSO  spectrum  (last  column  of  Table  11)  a 
rence  in  splitting  constant  between  the  b  and  c 
ions  could  not  be  resolved.  Observed  hne  widths 
ca.  300  mg  in  these  spectra,  compared  to  120  to 
ng  for  the  electrolysis  and  irradiation  spectra,  and 

(a)  M.  Adams,  M.  S.  filoit,  and  R.  H.  Sandi,  /.  Chem.  Pkyi^  U. 
iSS);  W)  M.  S.  Bloii,  H.  W.  Brown,  J.  S.  Hyde,  and  J.  E.  Mating, 
Sel.  (Geneva),  13,  Spec  No.  243-u  (1960);  Cliem.  Ab*tr.,  57, 
(1961);  (c)  B,  G.  Segal,  M.  Kaplan,  and  G.  K.  FratnkelJ.  Oum. 
43,4191(1965). 

Irradiatioo  of  buic  quinone  Mlulions  to  give  die  KDiii 
niprocess:  E.CLuckM.^.CA«<n.5o«.,4234(l96«. 


Figure  1.  (A)  The  observed  (top)  and  the  calculated  (boitoai) 
ifiectrum  of  pyracyloscmiquiooiK  anion  generated  by  treatment 
oftbcquioone  with  potassium  r-butoxide  in  DMSO.  (B)  Theob- 
Mtved  (lop)  and  the  calculated  (bottom)  spectrmn  of  pyrecylose- 
miquiDooe  anion  genenUed  by  electrolysis  in  DMSO  employing  te- 
tra-n-butylammonium  pcnhlorate  at  lupporting  electrolyte. 


240  mg  for  the  potassium  f-butoxJde  spectrum.  Posi- 
Uon  assignments  for  the  splitting  constants  which  agree 
with  MO  predictions  (pide  infra)  were  proved  by 
deuteration,  the  middle-sized  splitting  being  changed  as 
predicted  [observed  splitting  constants  2.93  (2  H),  0.93 
(2  H),  and  0.44  (2  D)]  when  pyTacyloquinone-c,c-<^ 
was  elcctr<Jyzed. 

There  is  a  large  "base  effect"  on  the  spectrum  of  II. 
Significantly  higher  spin  density  at  the  b  and  c  positions 
of  II  is  observed  in  the  electrolytic  spectra  than  in  the 
/-butoxide  spectrum.  Since  the  "electrolytic"  spec- 
trum was  observed  with  tetramethylammonium  hy- 
droxide, a  stronger  base  than  this  is  necessary  to  change 
the  splittings.  The  irradiation  spectrum  is  truly  inter- 
mediate, the  splitting  constant  observed  being  exactly 
(within  experimented  error)  the  average  of  the  two  ex- 
treme spectra.  Changing  cations  does  not  affect  the 
electrolytic  spectrum  much;  there  is  a  significant  dif- 
ference between  tetraalkylammonium  and  alkali  metal, 
but  differences  between  alkali  metals  were  not  meas- 
urable. 


NeUm,  Tivst,  Eoau  /  Radical  Ai^ma  Ui  the  Pyraci 


"T?r" 


"IT" 


I^gureZ.  Variatiooof AanditinHackelcakulalionsforpyracylo- 
quinoiie.  The  heavy  line  passes  (hrough  A  and  k  values  for  which 
£a  -  E».  To  the  right  £a  <  En  (experiment  shows  this  is  fact), 
white  to  the  left  fa  <  Ea  ("crossed"  region).  Lines  A  and  B  give 
A  and  k  values  for  best  fit  to  the  r-butoxide  and  electrolytic  spectra, 
respectively.  For  the  rormer,  it  was  assumed  the  odd  elearon  is 
in  ^A  in  spite  of  the  energy  crossing. 


We  assign  the  differences  in  splitting  constants  ob- 
served to  having  "free"  ions  (II  plus  cation)  and  che- 
lated ion  pairs  (V).    We  attribute  the  base  effect  to 


preferential  coordination  of  the  alkoxide  with  the  cation 
thus  liberating  the  free  radical  anion  II.  Thus  the 
electrolytic  spectrum  represents  that  of  the  chelate 
V.  Metal  splittings  might  be  expected  for  V*  in  ether 
sdvenis;  however,  we  have  been  unable  to  obtain  high 
enough  radical  concentration  for  csr  spectra  by  elec- 
trolytic reduction  in  ethers.  In  agreement  with  this 
interpretation  is  the  observed  spectrum  when  the  radi- 
cal was  generated  by  irradiation  ofa  solution  of  quinone 
in  DME  saturated  with  sodium  hydroxide.  Rapid 
equilibrium  of  chelate  and  free  forms  (lifetime  less 
than  ca.  10-^  sec)  would  lead  to  the  averaged  splitting 
constants  observed.  Since  the  hydroxide  concentration 
is  extremely  low,  the  semiquinone  anion  is  an  effective 
competitor  for  chelation  (or  tight  ion-pair  formation). 
When  pyracyloquinone  is  electrolytically  reduced 
at  potentials  on  the  second  polarographic  wave  (pide 
infra),  II  disappears  and  the  dianion  VI  is  presumably 
formed.  If  the  applied  potential  is  dropped  to  zero, 
a  negative  current  is  observed  and  II  appears;  the 
reduction  is  reversed."  In  unpurified  spectro  grade 
DMF,  however.  III,  not  II,  appears  after  high-potential 

(12)  Although  the  very  stable  tetracyanoetbylene  radical  anion  does 
not  live  metal  iplillingi  (M.C.R,  Symmons,  Michigan  Slate  University, 
ESR  Synpoiium,  Aug  1-3,  1966)  II  is  considerably  stabler  than  other 
lemiquinones,  which  do  show  metal  splittings,  even  in  Ihe  presence  of 

(13)  Breaking  the  circuit  causes  appearance  of  II  at  a  slower  rale; 
presumably  quinone  difTuses  into  Ihe  region  where  tbe  dianion  is  and 
disproportion  ation  occurs. 


reduction  is  ceased.  A  reasonable  interpretation  it 
votves  protonation  (from  solvent  impuritiei?)  of  tk 
dianion.  Although  kinetic  protonation  thould  occv 
at  oxygen,  if  the  large  strain  energy*  ovenides  the 
resonance  energy*'*  associated  with  the  pyracylene 
system,  tautomerization  would  occur  to  the  more  stabk 
1,2-diketopyraceoe.  Further  reduction  of  diketopyn- 
cene  generates  its  radical  anion,  which  is  obscrvei 
This  sequence  is  summarized  below. 


The  formal  reverse  process,  enolization  of  III  to  form 
VI,  could  have  occurred  in  potassium  r-butoxidc- 
DMSO,  but  does  not;  VI  would  have  oxidized  to  form 
II  under  our  conditions  and  no  11  was  observed.  We 
have  been  unable  to  demonstrate  that  diketopyracene 
can  tautomerize  to  dihydroxypyracylene. 

Molecnlar  OrMtal  Calcnlatioiis 

HMO  calculations  of  the  spin  densities  of  11  were 
performed  to  examine  the  agreement  of  predicti(»u 
with  experiment.  Although  simple  HMO  theory  doa 
not  work  particularly  well  for  nonaltemate  systems 
(such  as  IV),*  II  is  a  special  case,  in  this  as  in  so  many 
other  respects.  The  odd-electron  MO,  the  only  one 
which  normally  is  considered  for  esr  spectra,  has  zero 
electron  density  at  carbons  13  and  14.  Thus,  for  the 
purposes  of  esr,  this  molecule  can  be  considered  an 
alternant  system. 

Values  for  the  Coulomb  integral  at  oxygen  and  the 
C-O  resonance  integral  are  required.  By  convention,'* 
these  are  expressed  as  ao  =■  oc  +  Ao^bc>  0co  = 
^co0cc>  respectively.  Various  h  and  k  parameten 
have  been  used;  values  of  A  =■  1.2,  k  ^  1.6  gave  tbe 
best  fit  in  McLachlan  calculations  on  ;><iuinone8,*  while 
A  =  0.8,  A  =  1.0  fit  several  properties  of  tinsaturatcd 
ketones  best."  For  11  there  is  another  critericm  for 
choosing  h  and  k  besides  best  fit  to  coupling  constants. 
As  h  and  k  are  varied,  the  energy  levels  of  the  first  two 
empty  molecular  orbitals  cross.  With  h  =  0.8,  k  = 
1.0,  the  ninth  MO  (antisymmetric  with  respect  to  the 
Cit-Cu  axis,  ^a)  is  0.0050  lower  in  energy  than  the 
tenth  (symmetric,  fa),  but  with  A  =  1.9,  fc  =  1.0,  ^s 
is  0.0300  lower  than  f  a-  While  V'a  gives  reasonable 
spin  densities  for  any  reasonable  h  and  k,  ^g  does  not 
(^s  has  almost  zero  spin  density  at  position  b  and  mucb 
higher  spin  density  at  oxygen.  At  constant  k,  increas- 
ing A  lowers  ^s  much  more  than  ^a>  causing  the  cross- 
ing). The  observed  a  and  g  values  show  the  odd  elec- 
tron is  in  ^A-    Figure  2  illustrates  the  energy  kvd 
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ues  of  h  and  k  were  varied  to  find  values  for  best 
the  observed  splitting  constants.  If  the  electron 
placed  in  £a  regardless  of  the  energy  crossing,  a 
1  the  A  vs.  k  plot  for  best  fit  (v^hich  is  very  good, 
)3  deviation  from  experiments  for  all  densities) 
itirely  in  the  crossed  region  (Figure  2).    Table  III 

01.    Calculated  Spin  Densities  for  Pyracylosemiquinone  (II) 


Exptl      h 
(G-24)   k 


Base  spectrum 

-  Hiickel »  ^-  McLachlan  ^ 

0.8,  h  =  1.2,  h  »  0.8.  h  =  1.2, 
1.0    k  ^  1,2  k  -0.74^ife  =  0.78- 


SCF 


0.059 
0.102 
0.088 


0.048 
0.106 
0.086 


0.049 
0.108 
0.088 


0.048 
0.113 
0.088 


0.059 
0.103 
0.091 


0.053 
0.110 
0.089 


Exptl 
(G  =  24) 


Electrolytic  spectrum 

' Huckel ^      ^— 

h  =  0.8,     h  =  1.2,     h 
k  ^\A      k  ^  1.7     k 


-McLachlen * 

0.8,     h  =  1.2, 
0.85-    k  =  1.0 


0.038 
0.120 
0.107 


0.038 
0.120 
0.091 


0.038 
0.120 
0.093 


0.035 
0.121 
0.090 


0.040 
0.126 
0.090 


ickd  energies  crossed.    Calculation  at  crossing  of  Hiickel 
levels  gives  pi  far  too  low,  ps  far  too  high;  pi  is  quite  insen- 
o  h  and  k. 


ins  values  near  the  crossing  points,  the  best  ^'un- 
sd"  values.  A  similar  line  may  be  calculated  for 
lectrolytic  spectrum.  Here  the  best  fit  line  lies 
;  "uncrossed  region."  McLachlan  calculations^* 
1  allow  for  electron  correlation  do  not  improve  the 
experiment.  All  of  the  energy  levels,  not  just 
ire  involved  in  these  calculations,  so  this  could 
been  expected.  Best  fit  lines  can  be  drav^n  for  the 
ichlan  calculations  as  well;  both  he  in  the  crossed 
el  energy  level  area  of  the  h,k  plot, 
lally,  a  closed  shell  SCF  calculation"  (which  gives 
rkable  agreement  with  the  ultraviolet  spectrum^) 
spin  densities  slightly  closer  to  experiment  than 
est  ''uncrossed**  Hiickel  calculations  for  the  base 
rum,  which  we  assign  to  the  "free"  anion, 
e  above  discussion  assumes  constant  Q's  at  all 
ions  to  get  the  "experimental"  spin  densities. 
ikeP**  and  Higuchi"*'  have  calculated  that  Q^ 
iscs  if  the  C-CH-C  angle  is  decreased.  Recent 
"  has  shown  that  for  pyracylene  anion  (VIII) 
,  gb  =  22.6,  g,  =  30.0»  are  required  to  fit  the 
rum  using  Hiickel  spin  densities.  Since  bond 
s  at  position  a  of  VIII  and  c  of  II  should  be  similar. 


1© 
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A.  D.  McLachlan,  Mol  Phys.  3,  233  (1960).  We  thank  Pro- 
Holme  for  the  use  of  his  computer  program  for  McLachlan  cal- 
ns. 

We  are  deeply  indebted  to  Dr.  Howard  E.  Simmons  for  this  cal- 
n.    This  calculation  shows  that  ^a  is  of  lower  energy  than  ^s. 
(a)  I.  BeruaU  D.  H.  Riegcr,  and  G.  K.  Fracnkel,  /.  Chem.  Phys,, 
t9  (1962);  (b)  J.  Higuchi,  ibid.,  39,  3455  (1963). 

B.  M.  Trost,  S.  F.  Nclsen,  and  D.  Brittelli,  to  be  published. 
This  angle  is  estimated  to  be  approximately  106''.    FraenkeFs 

ition  gives  a  Q  of  about  3S  for  this  angle. 
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S  ==  30  for  position  c  of  II  might  be  expected.  This 
would  make  Pc  »  0.07 1  for  the  base  spectrum  and  0.086 
for  the  electrolytic  spectrum,  which  improves  agree- 
ment with  the  latter,  but  makes  it  worse  for  the  former. 
Since  pi  is  very  insensitive  to  h  and  k  variations,  chang- 
ing h  and  k  does  not  account  for  using  a  larger  Q  at 
position  c  than  positions  a  and  b.  The  value  of  Q  is 
claimed  to  be  dependent  upon  charge  density  as  well  as 
bond  angle.  The  Colpa  and  Bolton'^  modification  of 
the  McConnell  equation,  Oi  =  (g'  +  k€{)pi^  where  €] 
is  the  excess  charge  at  position  i,  does  not  improve  the 
fit,  nor  justify  use  of  a  larger  Q'  at  position  c  than  posi- 
tions a  or  b.  The  Giacometti  modification,^'  a^  ^ 
QuH  —  fii  I  ^2j^iCj  I  where  j  are  atoms  bonded  to  i,  does 
not  produce  significant  changes  from  the  regular  Mc- 
Connell equation ;  to  obtain  as  good  a  fit,  Qi  must  be 
about  24  instead  of  the  31.5  which  fits  best. 

Thus  the  excellent  agreement  of  simple  Hiickel  theory 
with  experiment  using  constant  Q's  seems  to  be  for- 
tuitous, since  Qc  ought  to  be  larger  than  Qt,  and  Q^. 

The  esr  spectrum  of  III  was  calculated  using  the 
method  of  Levy"  to  predict  the  methylene  splitting 
constants.  Table  IV  gives  results  for  the  extreme  Aq 
and  kco  values  used  for  II ;  agreement  is  considerably 
less  favorable  for  the  ring  protons  of  III  than  II,  as  is 
expected.*  The  methylene  splitting  constants  agree 
about  as  well  as  other  examples. 

Table  IV.    Calculated  Spectrum  for  Diketopyracene  Anion  (IH) 


Exptl 


HMO, 
e  -  24 
h  »  0.8, 
k  =  1.0 


HMO, 
e  -24 
h  -  1.2, 
k  =  1.6 


McLachlan 


0.  1.15         0.49 

Ob  0.21         0.00 

Oe  (methylene)         1.38         0 .  92« 


0.60 
0.00 
1.22« 


0.60 
0.38 
1.29- 


o  Calculated  by  the  method  of  Levy." 

Neither  III  nor  IV  shows  the  "base  effect"  on  the 
splitting  constants  which  is  so  prominent  in  the  spec- 
trum of  II,  although  geometry  at  the  carbonyls  must 
be  very  similar.  We  suggest  that  the  greater  resonance 
energy  and  lower  oxygen  charge  density  of  II  could  allow 
free  II  to  be  formed  in  base,  but  not  in  III  and  IV,  which 
would  have  stronger  chelates  (or  tighter  ion  pairs)  and 
thus  are  not  as  easily  broken  up. 

In  addition  to  the  correlation  of  splitting  constants 
with  molecular  orbital  theory,  Stone**  developed  a  cor- 
relation of  hyperfine  splitting  factors  (g  factors)  with 
molecular  orbital  theory.  For  semiquinone  anions, 
he  found  this  relationship  could  be  expressed  by  eq  1.** 


Ag  =  6  +  Xc  +  po7o 


(1) 


Since  the  half-wave  potential  of  the  quinone  also  is  re- 
lated to  the  energy  coefficient  (X)  of  the  lowest  unoc- 
cupied molecular  orbital,  this  equation  can  be  modified 
so  that  the  g  factor  shift  is  expressed  as  a  function  of  the 

(21)  J.  p.  Colpa  and  J.  R.  Bolton,  Mol,  Phys.,  6,  273  (1963). 

(22)  G.  Giacometti,  P.  L.  Nurdio,  and  M.  V.  Pavan,  Theoret,  Chim, 
/<c/a,  1.404(1963). 

(23)  D.  H.  Levy,  Mol,  Phys.,  10,  233  (1966). 

(24)  A.  J  Stone,  ibid.,  6,  S09  (1962) 

(25)  In  this  equation,  Ag  is  the  difference  between  the  observed  g 
factor  and  that  for  a  free  electron,  2.00232;  X  rdfers  to  the  energy  of  the 
odd  electron  orbital  of  the  semiquinone;  70  is  a  function  of  X;  po  is  the 
spin  density  at  oxygen;  6,  c,  and  7*  are  experimental  constants. 
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Figure  3.  A  plot  of  7o»  which  is  a  function  of  the  energy  of  the  first 
unoccupied  molecular  orbital  (X),  vs,  the  half-wave  potentials  of 
the  same  quinones  employed  by  Stone. '^ 


half-wave  potential  and  the  oxygen  spin  density. 
Such  a  modification  allows  one  to  calculate  the  spin 
density  at  a  heteroatom,  oxygen,  from  two  experimental 
quantities,  g  factors  and  half-wave  potentials. 

To  examine  this  possibility,  we  undertook  a  study 
of  the  half-wave  potentials  of  the  same  quinones  chosen 
by  Stone  for  his  correlations.**  For  our  polarographic 
studies,  we  employed  DMSO  as  solvent  since  we  had 
employed  this  solvent  for  our  esr  studies  and  since  it 
gave  the  best  polarographic  results.  The  half-wave 
potentials  (l/vJ  are  summarized  in  Table  V.  For  the 
molecular  orbital  calculations,  we  chose  the  oxygen 
parameters  suggested  by  Fraenkel  as  those  giving 
best  fit  for  esr  spectra,  A  =  1.2  and  k  =  1.6.  Plotting 
X  vs.  l/i/,  for  the  first  wave  gives  two  straight  lines,  one 
for  o-quinones  (eq  2)  and  one  for  p-quinones  (eq  3)." 


X  =  0.626  f/,/,  +  0.115 
X  =  0.5801/,/, +  0.187 

Table  V.    Half- Wave  Potentials  of  Selected  Quinones* 


(2) 
(3) 


Quinone 

Wave  1.  V 

Wave  2.  v 

1 ,4-Benzoquinone 

-0.376 

-1.174 

1 ,4-Naphthoquinone 

-0.550 

-1.289 

9, 1 0- Anthraq  uinone 

-0.784 

-1.454 

1 ,2-Benzoquinone^ 

-0.220 

■  •  • 

1 ,2-Naphthoquinone 

-0.463 

-0.772 

9, 1 0-Phenanthroquinone 

-0.545 

-1.277 

o  Values  reported  are  vs.  a  standard  calomel  electrode.  *  Assum- 
ing AUi/t  on  changing  from  DMF  to  DMSO  is  similar  to  that  for 
the  other  quinones. 


Since  Stone's  constant  70  is  a  function  of  X,  we  re- 
plotted  7o  in  terms  of  half-v^ave  potentials  to  obtain 
the  two  lines  in  Figure  3.  Substituting  these  values  into 
Stone's  equations  leads  to  eq  4  for  o-quinones  and  eq  5 

Ag  =  22.5  X  10-«  -  12.1  X  10-»l/i/,  +  po7o    (4) 
Ag  =  21.1  X  10-*  -  11.2  X  10-*t/./,  +  po7o    (5) 

(26)  For  a  similar  correlation  under  a  different  set  of  conditions  and 
employing  different  parameters  of  A  and  k  for  oxygen  for  molecular  orbi- 
tal calculations,  see  M.  E.  Peover,  /.  Chem.  Soc.,  4S40  (1962). 

(27)  Equations  are  for  the  best  least-squares  lines. 


for  /^-quinones.  The  success  of  the  method  can  be 
illustrated  by  the  striking  agreement  between  the  spin 
densities  obtained  from  eq  S  and  Hiickel  spin  densities 
for  a  series  of  p-quinones  in  Table  VI.  For  the  latter, 
best  fit  was  not  attempted;  the  oxygen  parameters  arc 
those  used  in  developing  the  equations  (Fraenkd's 
best  fit  values)  and  the  methyl  group  parameters  are 
those  suggested  by  Coulson  and  Crawford.  ^ 

Table  VI.    Spin  Densities  at  Oxygen 


Quinone 


Eq5« 


HOckel 


2-Methylbenzoquinone 
2-Methyl-l,4-naphtho- 

quinone 
Duroquinone 


0.33  db  0.03 
0.28  =b  0.03 

0.38  ii=  0.03 


0.346 
0.228 

0.332 


o  Obtained  employing  the  literature  values  for  g  factors  and  half- 
wave  potentials,**  the  latter  adjusted  for  change  in  solvent  Hk 
error  is  principally  due  to  the  uncertainty  in  the  g  factor. 


Table  VII  summarizes  the  polarographic  data  and 
spin  density  calculations  for  the  quinones  of  interest 
in  this  study.  These  data  confirm  the  previous  conclu- 
sion that  the  oxygens  of  pyracylosemiquinone  anion 
bear  extremely  low  spin  density,  approximately  one- 
fifth  that  for  normal  semiquinone  anions.  Sina 
presently  we  are  unable  to  measure  g  factors  more 
accurately,  a  large  error  exists  in  the  spin  densities  cal- 
culated from  eq  4.'*  Nevertheless,  the  quantitative 
agreement  within  our  experimental  error  is  excellent 
These  results  in  conjunction  with  the  abnormally  large 
hyperfine  splitting  constants  of  II  indicate  the  unique 
nature  of  the  pyracylene  system  and  suggest  its  semi- 
quinone anion  is  more  akin  to  a  hydrocarbon  radical 
anion  rather  than  a  quinone  radical  anion.  Theory 
and  experiment  and  the  excellent  correlation  between 
them  attest  to  this  conclusion. 

Experimental  Section 

Materials.  The  quinones,  pyracyloquinone  and  1,2-diketopyn- 
cene,  were  prepared  as  previously  described.**^  Acenaphthaquinone, 
p^benzoquinone,  9,10-phenanthraquinone,  and  9,10-anthraquiiK>ne 
were  obtained  from  Aldrich  Chemical  Co.  1 ,2-Naphthaquinooe  and 
1,4-naphthaquinone  were  obtained  from  Eastman  Kodak  Co. 
Pyracyloquinone-5,6-^t  was  prepared  as  described  for  the  undeutcr- 
ated  compound^ '7  except  acenaphthene-</4  was  employed  in  the 
initial  step.  Mass  spectral  analysis'^  indicated  the  deutented 
compound  was  97%  dt  and  3%  du  Dimethyl  sulfoxide  and  di- 
methoxyethane  were  dried  by  distillation  from  cabium  hydride. 
Tetra-/^butylammonium  perchlorate  was  dried  in  oacuo  at  68°. 
Tetra-/^butylammonium  iodide  was  dried  in  vacuo  at  room  tem- 
perature. 

Esr  Determinatioiis.  Esr  spectra  were  recorded  using  a  Varian 
V4502  instrument  with  a  9-in.  magnet.  Fremy*s  salt  in  saturated 
sodium  carbonate  was  used  as  a  calibration  standard  {g  «  2.0055, 
On  '■^  13.0  gauss)  with  dual  cavity.  The  Varian  electrolytic  cell 
was  used  for  in  situ  reductions.  Solutions  were  deoxygenated  by 
bubbling  nitrogen  through  them  and  sample  tubes  were  either  l-nun 
Pyrex  capillaries  or  the  Varian  electrolytic  cell.  Ultraviolet  ir- 
radiation was  carried  out  using  a  Bausch  and  Lomb  "high  intensity** 
monochromater  with  Osram  HBO-200W  superpressure  source. 


(28)  C.  A.  Coulson  and  V.  A.  Crawford,  /.  Chem.  Soe.,  2052  (1953  > 

(29)  It  is  important  to  point  out  that  methods  for  more  aoconte  f 
factor  determinations  are  becoming  available.  The  main  source  of  error 
to  the  spin  densities  calculated  by  eq  4  and  S  is  the  uncertainty  in  this 
value. 

(30)  Mass  spectral  determinations  were  performed  by  Mortan- 
Schaeffer  Corp.,  Montreal,  Quebec,  and  by  Professors  Larry  A.  Sinftf 
and  Joseph  CiabattonL  We  are  deeply  indebted  to  them  for  these  deter- 
minations. 


^ 
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Table  Vn.    Half- Wave  Potentials*  and  Oxygen  Spin  Densities  of  Semiquinones 


First 
wave 

Second 
wave 

Oxygen  Spin  Densities  - 
HOckel 

Quinone 

Eq4* 

McLachlen 

Pyracyloquinone 

Diketopyracene 

Acenaphthaquinone 

-0.738 
-0.908 
-0.807 

-1.305 
-1.726 
-1.656 

0.06db0.02 
0.29  db  0.03 
0.30  ±0.03 

0.0478 

0.388 

0.356 

0.0554 

0.414 

0.352 

Vs.  a  standard  calomel  electrode.    ^  The  error  derives  mainly  from  the  uncertainty  in  our  measurement  of  the  g  factor. 


Half-Wa^e  Potentials.  A  Sargent  Model  XV  polarograph  was 
converted  to  a  three-electrode,  controlled  potential  instrument  by 
utilizing  the  output  of  its  motor-driven  slide-wire  potentiometer  as 
the  control  potential  input  of  a  battery-operated,  solid-state  po- 
tentiostat  based  on  operational  amplifier  circuitry.'^  The  polaro- 
graphic  current  was  passed  through  the  load  resistor  network  of  the 
Sargent  XV  and  was  recorded  on  its  2.5-mv  strip-chart  recorder. 

The  polarographic  cell  was  a  water-jacketed,  all  glass  assembly 
with  a  10-cc  sample  compartment.  The  anode  was  a  platinum 
spiral.  The  reference  electrode  capillary  tip  was  within  1  cm  of  the 
mercury  drop.  The  reference  electrode  bridge  was  filled  with 
supporting  electrolyte  and  was  separated  from  the  aqueous  see 
compartment  by  a  fine  porosity  sintered-glass  disk,  a  renewable 
electrolyte  bridge  containing  0.1  Af  tetrabutylammonium  iodide  in 
DMSO,  and  a  second  sintered-glass  disk. 


(31)  W.  M.  Schwarz  and  I.  Shain,  Anal.  Chem.,  35,  1770  (1963). 


The  sample  solution  was  deaerated  with  high-purity  nitrogea 
(Linde).  Measurements  were  made  at  25.0  ±  0.1**.  Half-wave 
potentials  were  reproducible  to  at  least  d=5  mv.  Reported  half- 
wave  potentials  are  averages  of  cathodic  and  anodic  scans.  The 
potential  of  the  dropping  mercury  electrode  vs,  the  see  was  measured 
at  the  ceil  terminals  with  a  Rubicon  portable  potentiometer  at  the 
beginning  and  end  of  each  scan.  The  reported  half-wave  potentials 
include  the  liquid  junction  potential  between  the  aqueous  and 
DMSO  solutions. 
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Abstract:  Poly  Asp(OCHi)-Ser(H)-Gly  and  poly  Asp(OH)-Ser(Ac)-Gly  have  been  prepared  from  the  cor- 
responding tripeptide  />-mtrophenyl  ester  hydrobromides  with  molecular  weights  from  3000  to  11,000.  The 
sequence  Asp-Ser-Gly  occurs  at  the  active  site  of  several  hydrolytic  enzymes  and  the  acetylated  polymer  is  a  model 
of  the  acylated  enzymes  which  are  intermediates  in  the  hydrolysis  process.  The  rate  of  hydrolysis  of  the  acetyl 
group  is,  however,  comparable  to  that  of  certain  simple  serine  derivatives,  and  much  slower  than  that  of  the  acylated 
enzymes.    Poly  Asp(OH>Ser(H)-Gly  and  poly  Gly-Ser(H)-Gly  have  been  studied  briefly. 


Sequence  peptides  which  repeat  a  portion  of  the  active 
site  of  an  enzyme  are  of  particular  interest  for  the 
light  they  may  shed  on  the  catalytic  process.  The 
present  work  is  concerned  with  poly  Asp(OCHi)- 
Scr(H)-Gly  and  with  related  polymers.*-* 

Several  quite  different  lines  were  explored  for  the 
synthesis.*  The  preferred  route  involves  the  prepara- 
tion and  polymerization  of  the  nitrophenyl  ester  (7) 
as  shown  in  eq  l-SJ  Yields  of  purified  product  were 
60-80%  for  each  step. 

(1)  This  work  was  supported  by  the  unsolicited  Petroleum  Research 
Fund  Grant  33C  and  by  the  Public  Health  Service  under  Grant  RG» 
7S2S.  It  was  also  supported  in  part  by  Contract  No.  AT-(40-l)-2690 
under  the  Division  of  Biology  and  Medicine,  U.  S.  Atomic  Energy  Com- 
misiion. 

(2)  Much  of  this  work  is  taken  from  the  Ph.D.  Thesis  of  Fulton  F. 
Rogers,  Jr.,  Florida  State  University,  1963. 

(3)  Public  Health  Fellow  1962-1964. 

(4)  Part  I:  D.  F.  DeTar  M.  Gouge,  W.  Honsberg,  and  V.  Honsberg, 
/.  Am,  Chem.  Soc„  89,  988  (1967). 

(5)  D.  F.  DeTar  and  N.  F.  Estrin,  Tetrahedron  Utters,  5985  (1966). 
(^  Some  of  these  are  discussed  in  ref  4. 


ZpSer(H>OH  +  HBr-H-Gly-ONP  +  DCC  +  TEA 

2 

Z-Ser(H>Gly^NP    (1) 

5 

CHiNOfl 

5  +  HBr ►  HBr.H-Ser(H>Gly^NP  (2) 

4 

Z-Asp(OCH,>-OH  +  4  +  DCC  +  TEA  — ► 

ZpAsp(C)CH,>-Ser(H>Gly^NP    (3) 

8 

CHiNOs 

8  +  HBr ►  HBr.H.Asp(OCH,>-Ser(H>Gly^NP    (4) 

(cf.T) 

(tosylate)  +  base  — ►  poly  Asp(OCHi>-Ser(H>Gly       (5) 
7 
Z-Asp(OBl>.Ser(H>Gly-ONP  +  AcOH  +  AcO  +  HBr — ► 

12 

HBr.H-Asp(OH>Ser(Ac)-Gly-ONP    (Q 

11 

(7)  The  abbreviations  are  mostly  standard,  and  are  described  in  detail 
in  footnote  4  of  rdf  4.  Numbers  identifying  peptides  are  keyed  to  the 
Experimental  Section  for  convenience  of  cross  reference. 


DeTar^  Rogers^  Bock  (  SerVne-Coi^oMsN^ 


3040 

Table  L    Rotations  of  Serine  Derivatives* 


No.  of 

Compd 

Molwt 

Solvent* 

samples' 

flX  10-«' 

XcDIm' 

589  mM« 

546  nvi* 

Error/ 

Z-Asp(OBl)-OH 

357.3 

7-10 

HOAc 

3.3 

g 

g 

42.8 

50.0 

2.5 

Z-Ser(H)-OH 

239.2 

0.3-1  aOAc 

8»8 

15.873  ±  0.6 

219.76  ±9 

53.2 

63.5 

1.0 

Z-Scr(H)-OH 

239.2 

4-6 

HOAc 

3.3 

3.9005  ±0.2 

224.30±13 

13.2 

15.7 

2.5 

Z-Scr(H)-OH 

239.2 

2 

DMF 

4.4 

A,/ 

-8.7 

-10.1 

10.0 

Z-Ser(H)-OH 

239.2 

0.6 

H,0 

3.3 

-3.5398±1.0< 

152.95  ±  IW 

-10.9 

-12.9 

10.0 

H-Ser(H)-OH 

105.1 

2-5 

SNUa 

5,5 

3.7429  ±0.2/ 

267, n  ±9 

13.6/ 

16. 5» 

1.8 

Z-Scr(H)-Gly^NP*.' 

417.4 

2-4 

l%HOAc 
99%  DMF 

3,3 

-5.4642  ±0.3- 

181.53  ±30 

-17.4 

-20.6 

1.8 

HBr-H-Scr(H)-Gly-ONP 

364.1 

2 

CHsOH 

6,7 

13.976  ±  0.4- 

246.49  ±9 

48.8 

58.9 

0.8 

HBr.H-Sci<H)-Gly-ONP 

364.1 

2 

HsO 

1,1 

17.804  ±  0.2- 

230. 36  ±4 

60.6 

72.7 

•  ■  • 

HBr-H-Sci<H)-Gly-ONP 

364.1 

4 

l%HOAc 
99%  DMF 

1.1 

20.235  ±  0.2- 

229.21  ±4 

68.7 

82.4 

•  •  • 

TosOH-H-Asp(OCH,). 

584.5 

2 

HsO 

1,1 

-15.530  ±  0.3 

255.85  ±6 

-55.2 

-66.7 

•  •  • 

Ser(H)-Gly-ONP» 

• 

Z.Asp(OCH,).Scr(H> 

546.5 

2 

DMSO 

1»1 

-2. 1555  ±  0.4- 

335.45  ±24 

-9.2 

-11.6 

«  •  • 

Gly-ONP» 

Z-Asp(OBl).Scr(H> 

622.6 

4 

10%  HOAc 

5,5 

-4.9746  ±0. 3- 

298. 84  ±14 

-19.3 

-23.8 

1.1 

Gly-ONP» 

90%  DMF 

HBr.H-Asp(OH)-Scr(Ac)- 

521.3 

2 

HsO 

1»1 

-9.9813  ±0.5- 

259. 34  ±10 

-36 

-43 

•  ■  • 

Gly-ONP 

HBr-H-Gly-Ser(H)-Gly- 
ONP 

Z-Gly-Ser(H)-Gly^NP 

421.2 

2 

DCA 

1,1 

-40.571 

254.86 

-144.0 

-174.0 

•  •  • 

474.4 

2 

DCA 

1.1 

-33.267 

258.12 

-119.0 

-144.0 

•  •  • 

Poly  Asp(OCH,)-Ser(H). 

Gly* 
PolyAsp(OH)-Ser(Ac)- 

Gly 
Poly  Gly-Ser(H)-Gly» 

273.2 

2 

DCA 

1,1 

-21.974 

272.60 

-81.0 

-98.0 

•  •  • 

301.2 

2 

DCA 

1,1 

-13.115 

301.37 

-51.0 

-63.0 

•  •  • 

201.2 

2 

DCA 

1,1 

-12.308 

269.07 

-45.0 

-54.0 

•  ■  • 

•  See  ref  4  for  description  of  procedures  and  for  definition  of  terms.  All  amino  adds  are  of  the  l  configuration.  Within  the  limits  of  the 
technique  all  compounds  shown  in  this  table  are  optically  pure.  The  molecular  weight  of  the  polymer  is  the  residue  weight.  *  The  first 
number  is  the  concentration  in  weight  per  cent.  DMF  is  dimethylfonnamide.  DMSO  is  dimethyl  sulfoxide.  DCA  is  dichloroacetic  add. 
<  The  first  number  is  the  number  of  independent  samples;  the  second  is  the  total  number  of  rotations  run.  '  Drude  parameters.  With 
these  parameters  it  is  a  simple  matter  to  run  off  the  rotations  at  any  wavelength  within  589-365  m/i  by  use  of  a  deck  calcidator.  The  results 
so  obtained  may  be  considered  to  be  averages  of  our  measurements  and  have  precisions  of  the  order  of  0. 1  %  and  accurades  as  spedfied  in  the 
last  column.  Also  note  that  this  is  the  per  cent  error,  not  the  absolute  error.  The  molecular  weight  is  given  to  facilitate  calculation  of 
specific  rotations.  The  large  error  limits  of  a  and  Xo  are  the  result  of  their  correlation.  «  Molar  rotations.  ^  Estimated  per  cent  standanl 
deviation  of  the  calculated  molar  rotations  «  lOOj/Af/r;  j  is  the  standard  deviation  of  the  observed  values;  /r,  number  of  rotations  run. 
Rotations  run  from  589  to  365  m/i  unless  noted.  »  Does  not  fit  Drude;  Moflfitt  (the  Moffitt  equation  is  used  here  merdy  as  an  empirical  three- 
term  Drude  expression)  parameters:  ao  »  354.49,  6o  »  —227.77,  X«  —  200.00  (chosen  arbitrarily).  Any  value  of  X«  firom  1(X)  to  240  m^ is 
almost  as  good  providing  the  correct  corresponding  values  of  a^  and  b%  are  used.  *  Does  not  follow  Drude.  Moffitt  (the  Moflfitt  equation 
is  used  here  merely  as  an  empirical  three-term  Drude  expression)  ±  a«  «  -47.748  105,  bo  »  32.491  ±  159,  X«  »  246.51  ±  200.  *  The  large 
standard  deviations  indicate  that  a  wide  selection  of  parameters  work  equally  well.  The  cited  values  reproduce  the  calculated  values  to  within 
about  0. 1  %,  and  these  calculated  values  taken  as  averages  of  the  observed  values  have  a  standard  deviation  of  10%.  The  large  error  is  due 
to  the  fact  that  the  observed  a  values  were  small.  / 105  %  of  the  \^ues  obtained  on  hydrolysis  of  Z-Ser(H)-OH.  See  text.  *  Optical  purity 
by  hydrolysis  with  5  N  HQ,  100°,  15  hr;  roUtion  in  5  AT  HQ  (c  2).    '  100.9%  (av  of  2).    «  589-435  m^.    •  For  optical  purity  see  Table  U. 


The  use  of  the  p-nitrophenyl  group  as  a  carboxyl- 
blocking  group  required  an  extensive  study  of  factors 
which  affect  the  yield  of  product.*-®  One  preparative 
detail  that  should  be  mentioned  is  an  unconventional 
order  of  mixing  reagents:  a  solution  of  the  acid  and 
triethylamine  is  added  to  a  suspension  of  the  hydro- 
bromide  in  a  solution  of  the  carbodiimide.  Required 
rates  of  addition  depend  on  the  choice  of  solvent  and 
are  related  to  the  rate  of  solution  of  the  salt.  It  may 
also  be  noted  that  diisopropylcarbodiimide  can  often 
be  used  to  advantage  v^here  the  peptide  product  is 
difficult  to  separate  from  the  very  insoluble  dicyclo- 
hexylurea. 

The  removal  of  the  benzyloxycarbonyl  group  was 
carried  out  with  hydrogen  bromide  in  nitromethane  or 
in  dioxane  solution  since  with  acetic  acid  the  serine 
was  partly  esterified.  The  tripeptide  hydrobromide  is 
difficult  to  purify  but  is  readily  converted  to  the  />- 
toluenesulfonate  7  by  mixing  it  with  triethylammonium 
/^-toluenesulfonate  in  methanolic  solution. 

(8)  D.  F.  DeTar,  R.  Silverstein,  and  F.  F.  Rogers,  Jr.,  /.  Am.  Chem, 
5oc.,  88, 1Q24  (1966). 


Polymerization  was  carried  out  in  dimethyl  sulfoxide 
or  in  dimethylformamide  using  the  equivalent  amount  of 
triethylamine  or  of  sodium /^-nitrophenoxide  as  the  base. 
The  polymer  was  precipitated  with  chloroform  or  with 
methanol  and  was  extracted  with  chloroform  and  with 
methanol.    Some  samples  were  dialyzed  against  water. 

The  optical  purity  of  the  intermediates  and  of  the 
polymers  was  subjected  to  a  careful  study.  For  the 
peptides  two  criteria  were  used,  the  repeatability  of  the 
observed  rotations  for  samples  prepared  by  different 
techniques  (summarized  in  Table  I)  and  the  rotations 
obtained  after  complete  acid  hydrolysis  under  carefully 
defined  conditions.  The  hydrolysis  technique  has  a 
repeatability  of  about  2  %,  and  Uiere  is  a  further  un- 
certainty of  2  %  in  the  rotation  values  assigned  to  L- 
serine.  L-Z-Ser-OH  provided  a  definitive  serine  stand- 
ard subject  to  the  assumption  that  loss  of  optical  ac- 
tivity upon  hydrolysis  was  the  same  as  for  serine  itsdf 
(S  %).  It  was  possible  to  show  that  small  amounts  of 
DL-Z-Ser-OH  can  be  removed  from  L-Z-Scr-OH  by 
recrystallization  from  ethyl  acetate. 

The  use  of  hydrolysis  to  estimate  the  optical  purity  of 
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31.8 

33.2 

37.9 

66.7 

13.0 

13.6 

15.7 

30.3 

44.8 

46.8 

53.6 

97.0 

45.2* 

47.2 

54.0 

97.0 

45.3/ 

47.5 

54.6 

97.1 

46.1* 

48.2 

55.3 

97 

46. 8* 

48.8 

55.7 

100.8 

46.3 

48.4 

55.6 

100.4 

24.8 

26.2 

29.9 

52.6 

47.1 

50.3 

56.6 

101.2 

45.3 

48.0 

55.0 

99.8 

tides  containing  both  serine  and  aspartic  acid  is 
^ssarily  less  accurate,  but  the  results  were  still  ex- 
mt.  In  Table  II  are  given  the  expected  molar  ro- 
>ns  of  aspartic  acid  and  of  serine  appropriate  to  the 
rolysis  conditions  along  with  the  rotations  found 
the  tripeptides.  Agreement  is  within  the.  3-4% 
is  specified. 


e  IL    Optical  Purity  of  Peptides  and  of  Polymers 

Molar  rotation  in  5  ^  HQ 

(c  2)  at  X,  m/i 
589       578      546       435 

-Asp(OH)-OH» 
-Ser(H)-OH- 
jm:  for  comparison  with 
peptides 

osOH.H-Asp(OCH,)-Ser(H)- 
Gly-ONP 

-Asp(OCH,).Scr(H)-Gly-ONP 
-Asp(OBl)-Ser(H)-Gly^NP 
oly  Asp(OCH,).Scr(H)-Gly* 
Dly  Asp(OCH,)-Ser(H>Gly« 
3ly  Asp(lm)-Ser(H)-Gly'« 
oly  Asp(OH)-Ser(Ac)-Glyir 

oly  Asp(OH>Ser(H)-Gly* 

These  values  are  lower  than  the  respective  values  reported  for 
:  aspartic  acid  and  for  pure  serine  since  they  refer  to  hydroly- 
s  obtained  after  heating  at  100"*  for  15  hr  in  5  TV  hydrochloric 
.  This  treatment  leads  to  about  3%  loss  of  activity  in  the  as- 
ic  add  and  5%  in  the  serine.  ^  Based  on  polymer  purity  of 
%  estimated  from  elemental  analysis.  *  Based  on  polymer 
ty  of  92.8%  estimated  from  elemental  analysis.  'Based  on 
mer  purity  of  89  %  estimated  from  elemental  analysis.  Assum- 
hat  the  serine  is  100%  l,  the  aspartic  acid  has  been  racemized  by 
iriethylamine  treatment  and  is  35  %  l  and  65  %  dl.  *  Averages 
vo  independent  samples.  ^  Average  of  five  independent  sam- 
.    '  Purity  90.6%.    *  Purity  92.0. 


valuation  of  the  optical  purity  of  the  polymers  is 
re  difficult  for  they  absorb  such  solvents  as  water 

chloroform  tenaciously,  and  do  not  lose  solvent 
ipletely  even  on  prolonged  drying  at  100°  and  0.1 
The  reported  molar  rotations  (Table  I)  are  based 
the  peptide  content  as  estimated  from  elemental 
lysis.  The  error  limits  are  estimated  to  be  about 
0%  for  the  polymers.  Conversion  of  Tos-OH-H- 
)(OCH,)-Ser(H)-Gly-ONP  to  polymeric  imide  by 
of  excess  triethylamine  (third  from  last  line  in  Table 
led  to  a  low  rotation;  racemization  is  presumably 
ited  to  the  aspartyl  residue. 

lie  fact  that  the  polymer  is  only  partly  racemic 
ws  that  imide  formation  is  faster  than  racemization. 
s  in  turn  permits  the  absence  of  racemization  in  the 
er  polymer  samples  to  be  taken  as  a  demonstration 
he  absence  of  such  a  process  as  reversible  conversion 
ester  to  imide.  Such  conversion,  if  it  occurred, 
lid  lead  to  a  mixture  of  a-  and  j9-aspartyl  linkages, 
noval  of  the  methyl  ester  of  poly  Asp(OCHi)- 
[H)-Gly  by  hydrolysis  leads  to  imide  formation, 

the  imide  hydrolyzes  to  a  mixture  of  a-  and  /3- 
artyl  linkages.^'*  An  attempt  was  therefore  made 
emove  the  ester  group  by  heating  at  85°  for  15  hr 
i  lithium  iodide  in  pyridine.^    The  resulting  poly- 

)  S.  A.  Bemhard,  A.  Berger.  J.  H.  Carter,  E.  Katchalski,  M.  Sela, 

Y.  Shalitin,  /.  Am,  Chem.  Soc.,  84,  2421  (1962). 

3)  F.  Elsinger,  J.  Schreiber,  and  A.  Eschenmoser,  Heh,   Chim. 

,43,113(1960). 
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mer  was  dark  in  color  and  had  about  half  of  the  ester 
groups  removed. 

Proton  magnetic  resonance  of  trifiuoroacetic  acid 
solutions  of  peptides  and  polymers  proved  most  useful 
in  structure  verification.  Important  peak  positions 
are  summarized  in  Table  III.  Integrated  areas  agreed 
well  with  those  expected. 

Molecular  weights  were  determined  by  end-group 
labeling  and  by  the  ultracentrifuge  using  the  Archibald 
method.  The  determination  of  amino  end  groups  by 
dinitrophenylation  using  the  general  procedure  of 
Sanger  requires  a  hydrolysis  step  and  chromatographic 
isolation  of  the  DNP  amino  acid.  This  was  carried 
through  on  one  sample  of  poly  Asp(OCH|)-Ser(H)- 
Gly  and  it  was  found,  as  expected,  that  the  only  N- 
terminal  residue  is  aspartic  acid.  However  for  esti- 
mating molecular  weights,  this  procedure  is  tedious, 
involves  hydrolytic  loss  of  over  half  of  the  DNP-Asp- 
(OH)-OH,  and  requires  relatively  large  samples.  A 
shorter  procedure  was  therefore  developed  which  in- 
volves spectrophotometric  measurements  directly  on 
the  DNP  polymer.  Details  are  given  in  the  Experi- 
mental Section.  Properties  of  the  polymers  are  sum- 
marized in  Table  IV.  The  observed  relationship  be- 
tween M^  and  intrinsic  viscosity  [ri]  is  given  by  the  ex- 
pression log  [17]  =  0.367  log  M^  —  2.061  with  a  varia- 
tion in  [17]  from  0.15  to  0.28  and  of  M^  from  2500  to 
12,000.  For  condensation  polymerization  of  the  type 
used  here  the  M^/Mn  is  expected  to  be  about  2.  *  ^  Low 
values  are  believed  to  reflect  in  part  the  presence  of 
cyclic  material,  a  known  by-product  in  these  reactions.  ^ 

The  rates  of  hydrolysis  of  the  methyl  ester  and  of  the 
imide  were  investigated  briefly  at  constant  pH  in  the  pH- 
Stat.  Results  were  calculated  for  the  rate  expression 
— d[ester]/d/  =  /cJesterlOH""]  and  are  only  approxi- 
mate since  the  reaction  was  somewhat  less  than  pseudo 
first  order  in  ester.  Since  the  imide  gave  parallel 
results,  the  rate-limiting  step  is  hydrolysis  of  the  imide. 
At  pH  9  in  0.4  M  sodium  chloride  the  initial  rate  con- 
stant for  both  ester  and  imide  is  about  200  1.  mole~^ 
sec~  ^  at  25  ^.  This  value  is  comparable  to  that  reported 
for  Z-Asp(OBl)-Ser(H)-NH2  (BENCASA),*  and  the 
polymeric  structure  seems  to  be  providing  no  large 
special  effect.  It  might  be  expected  that  there  would  be 
a  retarding  electrostatic  effect  of  the  neighboring  car- 
boxylate  groups  on  the  rate,^'  but  this  aspect  has  not 
been  investigated. 

The  polymers  were  titrated  quantitatively  both  be- 
fore and  after  a  very  brief  hydrolysis  with  O.l  N  sodium 
hydroxide  and  gave  satisfactory  agreement  with  theory. 
Values  were  corrected  for  polymer  contents  of  80-95% 
based  on  elemental  analysis.  The  results  are  sum- 
marized in  Table  V. 

The  rate  of  hydrolysis  of  the  acetate  group  of  poly 
Asp(OH)-Ser(Ac)-Gly  is  of  interest  because  of  its 
close  relationship  to  the  acetylated  form  of  chymotryp- 
sin,  trypsin,  and  other  hydrolytic  enzymes.*'  The 
second-order  rate  constant  at  pH  11.9  was  found  to  be 
0.1 1.  mole~*  sec-*.    This  may  be  compared  with  0.07 


(11)  p.  J.  Flory,  "Principles  of  Polymer  Chemistry,**  Cornell  Univer- 
sity Press,  Ithaca,  N.  Y.,  19S3,  p  325. 

(12)  (a)  See  Table  I  of  ref  9;  (b)  A.  Katchalsky  and  J.  Feitelson,  /. 
Polymer  5c/.,  13,  385  (1954). 

(13)  Reviewed  by  T.  Wieland  and  H.  Determan,  Aim,  Rev.  Biochem,, 
35,676(1966). 
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Table  m.    Proton  Magnetic  Resonance  Absorption  in  Peptide  Intermediates  and  Polymers' 


^M^^awai^Aa  ^^«a 

CH, 

-CH ^ 

NH 

Asp 

Ser 

Gly 

Asp 

Ser 

Other 

Poly  Ser(H)-Gly 

488« 

258* 

258* 

293* 

Poly  Asp(Im)-Gly-Gly 

478* 

196* 

(278)- 

259* 

295* 

Poly  Asp(Im)-Ser(H)-Gly 

490« 

200* 

264* 

264* 

318* 

318« 

€ 

Poly  Asp(OH)-Ser(Ac)-Gly 

488« 

194* 

280» 

261* 

310* 

310* 

136/ 

Poly  Asp(OCH,)-Gly-Gly 

482*' 

190* 

262* 

313* 

233* 

Poly  Asp(OCH,)-Ser(H)-Gly 

492* 

190* 

260* 

260* 

313* 

297* 

233* 

Poly  Gly-Ser(H)-Gly 

486« 

261* 

261* 

297* 

Z-Ser(H)-OH 

259  (4)* 

285* 

Z-Ser(H)-Gly-ONP 

488 

260(4)* 

273(5)* 

290* 

Z-Asp(OCH,)-Ser(H)-Gly-ONP 

485* 

189(6)* 

258* 

273(5)* 

302* 

302* 

230* 

HBr-H-Asp(OH)-Ser(Ac). 

486* 

209(6)* 

284(4)* 

275(5)' 

308* 

308* 

136/ 

Gly-ONP 

520* 

TosOH-H.Asp(OCH,)-Ser(H> 

488* 

206(6)* 

262(4)* 

276(5)* 

305^ 

305* 

236i 

Gly^NP 

521* 

Z-Asp(OBl)-Ser(H)-Gly^NP 

485* 

193(6)* 

250* 

269(5)* 

298* 

298* 

«  Values  reported  are  cycles  per  second  from  tetramethylsilane  reference.  The  solvent  was  trifluoroacetic  add ;  a  Varian  A-6D  spectrom- 
eter was  used.  *  Broad  simple  peak.  *  Complex  broad  peak;  approximate  center.  *  CHs  of  the  internal  glycine.  '  No  methoxyl  peak 
detectable.    /Sharp  singlet  of  CHiCO.    '  Sharp  singlet  of  OCHi.    *  Doublet  (/value  in  parentheses). 

Table  IV.    Summary  of  Molecular  Weight  Data  on  Polymers 


Sample 


Polymer 


%N- 


Jl/„* 


AT, 


W 


AfWi/>« 


47 

Asp(OCH,)-Ser(H)-Gly 

13.58 

4700/ 

11,000 

0.266 

2.3 

81 

Asp(OCH,)-Ser(H)-Gly 

14.46 

8900/ ►* 

10,000 

0.251 

1.1 

70 

Asp(OCH,)-Ser(H)-Gly 

13.50 

4400/ 

6,800 

0.225 

1.5 

50 

Asp(OCH,)-Ser(H)-Gly 

13.46 

4000/ 

7.500 

0.234 

1.9 

137 

Asp(OCH,)-Ser(H)-Gly 

13.00 

4000* 

7,600 

0.218 

1.9 

92 

Asp(OCH,)-Ser(H)-Gly 

12.79 

1800^ 

3,700 

0.165 

2.1 

102A 

Asp(OCH,)-Ser(H).Gly 

12.45 

5800* 

7,600 

0.244 

1.3 

102B 

Asp(OCH,)-Ser(H)-Gly 

11.70 

3400* 

2,500 

0.154 

0.7 

61 

Asp(OCH,)-Ser(H)-Gly 

13.38 

5700* 

4,900 

0.208 

0.9 

112 

Asp(Im)-Ser(H)^ly 

15.31* 

3200* 

5,000 

0.163 

124 

Asp(OH)-Ser(Ac)-Gly 

12.15' 

3800 

6,300 

0.168 

181 

Asp(OH).Ser(Ac)-Gly 

12.52' 

•  •  • 

5,300 

•  •  ■ 

•  «  • 

185 

Asp(OH)-Ser(H)-Gly 

15.67* 

•  •  • 

3,900 

•  •  • 

«  •  • 

147 

Asp(0. 5Im)-Ser(H)-Gly« 

14.82« 

8100 

4,900 

0.184 

95 

Gly-Ser(H)-Gly 

18.221' 

4700- 

... 

0.286 

115 

Gly-Ser(H).Gly 

18.95'» 

3200^- 

• . . 

0.183 

141 

Ser(H)-Gly 

16.76« 

1800^ 

0.145 

o  Theoretical  15.38.  Lower  values  are  believed  due  to  presence  of  solvent,  and  this  has  been  demonstrated  in  some  cases.  *  Qy  dinitro- 
phenylation,  corrected  for  amount  of  polymer  present  in  a  given  sample  as  based  on  %  N.  *  By  Archibald  technique,  ultraoentrifuge.  '  b 
dichloroacetic  acid  at  30°.  *  Based  on  20%  standard  deviation  of  J?w  and  20%  for  Afo,  expected  error  is  0.55.  Average  of  first  seven  if 
1.73  with  standard  deviation  of  0.54  per  value  or  0.2  for  the  average.  Average  of  all  nine  is  1.52  with  standard  deviation  of  0. 57  per  value 
or  0.2  for  the  average.  /  Using  sodium  p-nitrophenoxide.  «  Dialyzed.  *  Using  triethylamine.  *  Using  triethylamine  plus  6.7  M  urea. 
i  Collected  from  miscellaneous  preparations.  *  Theory  17.42,  '  Theory  13.95.  ••  From  attempted  pyridine-Lil  hydrolysis.  •  Theory 
16.21.    •  Theory  16.81.    »» Theory  20.89.    «  Theory  19.44.    '  Small  insoluble  residue  present  in  DNP  run. 


Table  V.    Titration  of  Polymers* 


Polymer 


Moles  of  OH'/mole  of  residue 
Before  After 

hydrolysis  hydrolysis 


Poly  Asp(OH)-Ser(Ac>Gly 
Poly  Asp(Im)-Scr(H)-Gly 
Poly  Asp(OCH,)-Ser(H)-Gly 
Poly  Asp(OCH,)-Gly-Gly 
Poly  Asp(OH)-Ser(H)-Gly 


0.96,0.99,0.95 

0.061.0.062 

0.07,0.04,0.05 

b 
0.78 


2.00 

1.01,0.99 
1.10.0.99 
1.07 


o  Values  are  based  on  polymer  content  based  on  elemental  analy- 
sis. Titrations  before  hydrolysis  used  as  end  point  pH  7.4.  Values 
after  hydrolysis  were  obtained  by  treatment  with  a  known  excess  of 
0.1  yv  sodium  hydroxide  at  50°  for  5  min  and  back  titration  with 
0.2  N  hydrochloric  acid.    *  Insufficiently  soluble. 


for  benzyl  acetate  and  0.006  for  ethyl  acetate,  in  solvents 
containing  some  alcohol.  ^^ 

(14)  'Tables  of  Chemical  Kinetics,**  National  Bureau  of  Standards 
Circular  510,  U.  S.  Government  Printing  Office,  Washington,  D.  C, 
1951.  p  101. 


Experimental  Section^'~^ 

1.  Z-A8p(OBI)-OH.**  The  following  preparation  has  been 
repeated  many  times.  A  mixture  of  70  g  of  Z-Asp(OH>OH,  350 
ml  of  benzene,  10  g  of  TosOH-HsO,  and  100  ml  of  beniy  1  afcohd 
was  refluxed  until  no  more  water  was  collected  in  a  trap.  The 
cooled  mixture  was  shaken  with  10  g  of  magnesium  oxide  for  10 
min  and  filtered.  Benzene  and  most  of  the  benzyl  alcohol  were 
removed  in  vacuo.  Trituration  of  the  resulting  oil  with  200  ml  of 
hexane  gave  112  g  of  crystalline  Z-Asp(OBl)-OBl,  mp  61-63*'. 

The  dibenzyl  ester  (1 12  g)  was  dissolved  in  a  mixture  of  1200  ml  of 
dioxane  and  500  ml  of  water  and  to  this  was  added  a  mixture  of  120  ml 
of  IN  sodium  hydroxide  solution,  700  ml  of  water,  and  1200  ml  of 
dioxane.  After  24  hr  at  room  temperature  the  pH  was  brought  to 
5.5  by  adding  a  few  drops  of  concentrated  hydrochloric  add.  Sol- 
vents were  removed  on  the  rotary  evaporator,  and  the  residiie  was 


(15)  Nitrogen  analyses  and  rotations  by  Mrs.  Lillian  Ron. 

(16)  We  are  indebted  to  Carla  Howard  for  the  ultraoentrifuge  runs. 

(17)  Peptides  are  in  indexing  order,  amino  adds  first,  then  dipcptideii 
tripepUdes,  polymers,  alphabetic  order  from  amino  add. 

(18)  For  assays  and  general  procedures  see  ref  4. 

(19)  This  preparation  was  carried  out  by  Drs.  W.  Honsberg  and 
Frank  Gilmore. 
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up  in  240  ml  of  1  ^  aqueous  sodium  bicarbonate  and  extracted 
^her  to  remove  unreacted  diester.    Acidification  gave  an  oil 

crystallized,  66  g  (74%).  Recrystallization  from  benzene 
50  g  (67%)  of  product,  mp  102-103°.  Further  recrystalliza- 
vith  60%  recovery  gave  material  with  mp  106-108°  (lit.»." 
.  The  infrared  spectrum  (137,  oil)  showed  bands  at:  1740» 
1705. 1695, 1645,  and  1530cm-». 

Z-Ser(H)-OH.*''*'    This  product  has  been  prepared  using 

methods  for  maintaining  basicity:  sodium  bicarbonate, 
al  addition  of  sodium  hydroxide,  and  magnesium  oxide, 
ise  of  magnesium  oxide  is  best  for  large-scale  runs, 
nixture  of  125  g  of  magnesium  oxide,  2000  ml  of  water,  and 
of  serine  was  stirred  and  cooled  to  5  °,  and  800  ml  of  ether  was 
i.  Then  264  g  of  benzyl  chlorocarbonate  was  added,  one- 
1  immediately,  one-half  over  10  min,  and  one^fourth  over  20 

The  temperature  was  maintained  at  5°  throughout  and  for 
ditional  2.5  hr.  Filtration  required  a  filter  aid  (Celite  535,  a 
[naceous  earth).  The  ether  layer  of  the  filtrate  was  separated 
lie  aqueous  layer  extracted  with  three  600-ml  portions  of  ether 
[len  slowly  added  to  110  ml  of  cold  concentrated  hydrochloric 

The  product  separated  as  fine  white  crystals,  191  g,  mp  98- 
Extraction  of  the  filtrate  gave  another  21  g,  mp  103-105°. 
e  product  was  further  purified  by  recrystallization  from  550  ml 
lyl  acetate  and  then  from  500  ml  of  water  to  give  eventually 
{  of  product,  mp  114-116°.  Ethyl  acetate  is  a  convenient 
[It  for  estimating  optical  purity  (see  Table  I). 

Z-A8p(OCH«)-SeKAc)-OH.  A  mixture  of  8.04  g  of  Z- 
X:Ha)-ONP,  3.67  g  of  Ha-H-Ser(Ac)-OH,  and  6.06  g  of 
ylamine  in  50  ml  of  acetone  was  allowed  to  stand  for  18  hr  at 

The  solvent  was  evaporated;  the  residue  was  taken  up  in 
,  and  the  solution  acidified  with  hydrochloric  acid  and  ex- 
^  with  ethyl  acetate  six  times.  The  ethyl  acetate  was  dried, 
ed  in  volume  to  60  ml,  and  diluted  with  120  ml  of  hexane  to 
^  1  g  (87  %)  of  white  crystals,  mp  1 32-1 34°.  Recrystallization 
the  same  solvent  gave  mp  141-142°. 

a/.  Calcd  for  CigH^NiOo:  C,  52.68;  H,  5.40;  N,  6.83; 
wt,  410.4.  Found:  C,  52.6;  H,  5.60;  N,  7.00;  mol  wt 
ir  phase  osmometer,  ethanol),  389,  395. 

HBr-H-Ser(H)-Gly-ONP.  In  1 500  ml  of  methylene  chloride 
ily  distilled  from  phosphorus  pentoxide)  was  suspended  84.4  g 
Ser(H>-Gly-ONP.  Dry  hydrogen  bromide  was  introduced  at 
id  rate.  Within  3  min  the  suspension  thickened  and  stirring 
ne  difficult.  After  15  min  evolution  of  carbon  dioxide  began, 
lydrogen  bromide  was  introduced  for  another  1.5  hr,  during 
1  time  the  thick  mixture  transformed  into  an  easily  stirred 
nsion.  Reaction  was  judged  complete  when  no  material  less 
1  than  methylene  chloride  was  present.  Dry  air  was  then 
d  through  for  0.5  hr  and  then  the  product  was  filtered  and 
k1  with  several  200-ml  portions  of  acetonitrile;  yield  66.0  g 
,),  mp  170.5-171.5°.  The  product  can  be  recrystallized  by 
ion  in  a  minimum  quantity  of  hot  DMF  followed  by  a  tenfold 
s  of  hot  acetonitrile,  mp  173-173.5°.  Only  one  spot  was  found 
thin  layer  chromatography  on  acidic  silica  gel  using  20% 
anol  in  methylene  chloride. 

aL  Calcd  for  CiiHuNsCBr:  C,  36.30;  H,  3.88;  N,  11.55; 
5.38;  Br,  21.90;  ONP,  37.94.  Found:  C,  36.28;  H,  3.87; 
1.53,11.57;  0, 26.65;  Br,  22.11;  ONP,  37.6,  38.0. 

Z-Ser(H)-Gly-ONP.  A  detailed  study  of  this  reaction  has 
reported  by  Rogers.*  To  a  solution  of  49.5  g  (0.24  mole)  of 
lohexylcarbodiimide  in  600  ml  of  acetonitrile  cooled  to  5° 
idded  66.6  g  (0.24  mole)  of  HBr-H-Gly-ONP.  The  suspension 
igorously  stirred  and  immediate  addition  begun  of  a  solution  of 
g  (0.25  mole)  of  Z-SerOH  and  31.8  ml  (0.23  mole)  of  triethyl- 
e  in  200  ml  of  acetonitrile.  The  rate  of  addition  was  adjusted 
quire  8  min.  The  mixture  was  stirred  at  ice-bath  temperature 
hr  with  addition  of  400  ml  of  acetonitrile  to  facilitate  stirring. 
'  2  hr  more  at  room  temperature,  the  mixture  was  filtered, 
olid  was  stirred  with  a  250-ml  portion  of  warm  (40°)  dimethyl- 
amide,  and  the  insoluble  portion  was  extracted  with  another 
nl  portion.  The  DMF  solutions  were  allowed  to  stand  for 
al  minutes  at  room  temperature  to  allow  precipitation  of 
I  of  DCU.  Upon  addition  of  300  ml  of  cold  0.01  N  HCl 
fitd  by  200  ml  of  water,  the  product  precipitated  and  was 
:ted  after  about  30  min,  68  g,  mp  161-162°.  The  acetonitrile 
te  yielded  a  second  crop  upon  evaporation  to  dryness  and  tri- 


)  M.  Frankel  and  A.  Berger,  /.  Org.  Chem.,  16,  1513  (1951). 
)  A.  Berger  and  E.  Katchalski.  /.  Am.  Chem.  Soc,  73,  4084  (1951). 
)  £.  Baer  and  J.  Maurukas,  /.  Biol  Chem.,  212,  25  (1955). 
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turation  of  the  residue  with  1(X)  ml  of  methanol,  7.5  g,  mp  157- 
1 58  °.  The  total  crude  yield  was  75  %.  Recrystallization  from  350 
ml  of  1 :3  DMF-methanol  gave  62.3  g  (83%  recovery)  of  colorless 
material,  mp  170-171  °. 

Thin  layer  chromatography  on  acidic  silica  gel  with  4%  methanol 
in  methylene  chloride  gave  a  single  yellow  spot  when  sprayed  with 
dilute  alkali. 

Anal.  Cak:dforCi9Hi9N,08:  C,  54.67;  H;  4.60;  N,  10.07;  O. 
30.65;  ONP,  33.09.  Found  (2  samples):  C,  54.30,  54.48;  H, 
4.67,4.53;  N,  1012, 10.58;  0,30.65,30.24;  ONP  33.2,  32.7. 

6.  HBr-H-A8p(OH)-SeKAc)-Gly-ONP.  A  freshly  prepared  3.8 
A/ solution  of  hydrogen  bromide  in  acetic  acid  (50  ml)  plus  2.5  ml  of 
acetic  anhydride  was  placed  in  a  pressure-equalized  addition  funnel 
and  added  rapidly  with  stirring  to  6.25  g  of  Z-Asp(OBl)-Ser(H)- 
Gly-ONP.  The  material  dissolved  and  during  the  next  15  min  gas 
evolution  (CX)s)  was  observed.  After  a  total  reaction  time  of  4 
hr,  100  ml  of  ether  was  added.  This  caused  precipitation  of  a  gum. 
The  solvent  was  decanted  and  100  ml  more  ether  was  added.  The 
solvent  was  decanted  from  the  partly  crystalline  material.  This 
was  dissolved  in  30  ml  of  acetonitrile  and  ether  added  to  precipitate 
a  sticky  product.  The  residue  was  again  dissolved  in  30  ml  of  warm 
acetonitrile  and  then  began  to  crystallize;  yield  2.4  g  of  nonhydro- 
scopic  white  powder,  mp  141-142°.  Extraction  with  40  ml  of  hot 
acetonitrile  gave  2.2  g  of  material,  mp  143-144.5°. 

Anal.  Calcd  for  C„H,iN40ioBr:  C,  39.17;  H,4.06;  N,  10.75; 
0,30.69;  Br,  15.33;  ONP,  26.50.  Found:  C,  38.72;  H,4.11; 
N,  1061;    O,  30.58;    Br,  15.37;    ONP,  25.9. 

7.  T08OH.H.AsiKOCH[,)-Scr(H>Gly-ONP.  Z-Asp(OCH,)-Ser- 
(H>-GIy-ONP  (20  g)  was  placed  in  a  1-1.  flask  fitted  for  introduc- 
tion of  hydrogen  bromide  and  400  ml  of  reagent  grade  methylene 
chloride  was  added.  During  1 .5  hr,  a  stream  of  hydrogen  bromide 
was  introduced.  A  thick  suspension  formed  and  this  changed  to  a 
fine  suspension.  The  product  was  filtered  (hygroscopic)  and 
washed  with  two  portions  of  methylene  chloride  and  then  with  two 
portions  of  ether.  It  was  then  dissolved  in  200  ml  of  methanol  and 
precipitated  with  15(X)  ml  of  ether.  The  material  solidified  upon 
standing  overnight  at  0°,  15.9  g  of  material  with  an  ill-defined 
melting  point.    Attempts  to  get  better  material  were  not  successful. 

ft  was  found  practical  to  form  the  toluenesulfonate.  The  above 
product  was  dissolved  in  75  ml  of  methanol  and  30  g  of  triethyl- 
ammonium  p-toluenesulfonate  was  added.  Removal  of  solvent 
on  the  rotary  evaporator  gave  an  oil.  This  was  dissolved  in  200  ml 
of  acetonitrile;  the  solvent  was  removed  and  redissolved  in  150 
ml  of  acetonitrile.  Upon  scratching  with  a  glass  rod  crystals 
separated;  yield  13.8  g,  mp  145-147°.  The  salt  was  dissolved  in  a 
mixture  of  10  ml  of  hot  dimethylformamide  plus  10  ml  of  acetoni- 
trile. Addition  of  100  ml  of  hot  acetonitrile  gave  an  immediate 
separation  of  crystals,  12.4  g  (58%),  mp  150-151°.  Chroma- 
tography (thin  layer)  on  acidic  silica  gel  G  using  20%  methanol  in 
methylene  chloride  showed  a  single  spot  with  alkaline  spray. 

Anal.  Calcd  for  CsiH»N40i}S:  C,  47.25;  H,  4.83;  N,  9.58; 
O,  32.84;  S,  5.49;  OCH,,  5.31;  ONP,  23.6.  Found:  C,  46.91; 
H,  5.03;  N,  9.44;  O,  32.69;  S,  5.45;  OCH,  5.64;  ONP,  23.3. 
Three  other  samples  gave  N,  9. 30, 9. 30, 9. 36;  ONP,  24.0, 23.3,  23.2. 

8.  Z-AsiKOCHi>.Ser(H)-Gly-ONP.  (This  preparation  was  car- 
ried out  more  than  20  times.)*  This  is  a  modification  of  the  prep- 
aration of  Z-Ser(H)-Gly-ONP.  To  a  stirred  solution  of  22.4  g 
(0.108  mole)  of  DCC  in  600  ml  of  acetonitrile,  cooled  in  an  ice 
bath,  was  added  37.4  g  (0.103  mole)  of  HBr-H-Ser(H)-Gly-ONP 
and  then  there  was  added  a  solution  of  33.3  g  (0.118  mole)  of  Z- 
Asp(OCH,)-OH  and  14.4  ml  (0.103  mole)  of  triethylamine  in  200 
ml  of  acetonitrile  at  a  uniform  rate  over  a  period  of  1  hr.  The 
proportions  of  reagents,  their  purity,  and  the  rate  of  addition  all 
affect  the  yield  of  product. 

The  resulting  thick  suspension  was  filtered,  and  the  solid  was 
extracted  with  two  100-ml  portions  of  dimethylformamide  contain- 
ing 1  ml  of  0.2  N  HCl.  The  combined  filtrates  were  concentrated 
to  300  ml  in  the  rotary  evaporator  (flask  temperature  40°).  This 
was  stirred  while  300  ml  of  a  slurry  of  ice  in  0.01  N  HCl  was  added 
slowly.  This  gave  a  moderately  rapid  precipitation  of  a  white 
product.  Then  500  ml  of  ice  water  was  added  and  the  material 
collected,  33.4  g,  mp  176-179°. 

The  urea  was  extracted  with  an  additional  100  ml  of  dimethyl- 
formamide and  the  product  precipitated  with  200  ml  of  ice  water. 
The  product  was  converted  to  a  manageable  solid  by  addition  of  100 
ml  of  methanol,  yield  16.3  g,  mp  183-185°,  total  yield  88%.  The 
combined  crops  were  stirred  with  250  ml  of  hot  methanol  for  30 
min  and  filtered,  46.5  g  (78%),  mp  186-188°.  For  analysis  the 
material  was  recrystallized  from  ethyl  acetate  to  give  a  product,  mp 
187-188°.    This  gave  a  single  spot  (alkaline  spray)  upon  thin  layer 
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chromatography  on  acid  silica  gel  G  with  5  %  methanol  in  methyl- 
ene chloride. 

Anal,  Calcd  for  CuHseNfOu:  C,  52.75;  H,  4.80,  N.  10.26; 
O,  32.22;  OCH,,  5.68;  ONP,  25.3.  Found  (2  samples):  52.77, 
52.69;  H,  4.86;  4.96;  N,  10.24,  10.23;  O,  32.45.  34.20;  OCHi, 
6.00,  5.90;  ONP,  24.8,  25.2. 

9.  Z-A8p(OCHi)-Ser(Ac)-Gly-OBl.  A  mixture  of  3.7  g  of 
Z-Asp(OCH,)-Ser(Ac)-OH.  3.04  g  of  TosOH-H-Gly-OBl,  3.81  g 
of  CMC,  1.25  ml  of  triethylamine,  and  50  ml  of  chloroform  was 
stirred  for  3  hr  at  20°.  The  solvent  was  evaporated;  the  residue 
was  extracted  with  acetone  and  the  insoluble  urea  removed  by 
filtration.  The  acetone  was  removed,  and  the  residue  was  taken 
up  in  ethyl  acetate,  washed  with  water,  1  N  sodium  bicarbonate, 
3  %  hydrochloric  acid,  and  water,  and  dried  over  magnesium  sulfate. 
Addition  of  hexane  caused  precipitation  of  2.5  g  (50%)  of  product, 
mp  122-125*".  Recrystallization  from  ethyl  acetate-hexane  gave 
mp  135-136°. 

AnaL  Calcd  for  CnH,iN|Oio:  C,  58.16;  H,  5.60;  N,  7.54; 
mol  wt,  557.5.  Found:  C,  58.1;  H,  5.41;  N,  7.08,  7.50,  7.60; 
mol  wt  (osmometer,  ethanol),  530, 561. 

10.  Z-Gly-Ser(H)-Gly-ONP.  This  preparation  was  similar  to 
that  of  Z-Asp(OCH,>Scr(H)-Gly-ONP:  to  7.15  g  of  DCC  in  150 
ml  of  acetonitrile  was  added  12.2  g  of  HBr-H-Ser(H>-Gly-ONP, 
cooled  to  ice  temperature,  then  a  solution  of  7.83  g  of  Z-Gly-OH 
and  4.62  ml  of  triethylamine  in  60  ml  of  acetonitrile  was  added  over 
1  hr.  The  infrared  curve  indicated  8%  remaining  DCC  and  an- 
hydride peaks  at  1 830  cm"  >.  After  another  30  min  only  2  %  of  DCC 
remained,  and  the  anhydride  peaks  remained.  One  milliliter 
of  1  A^  HCl  was  added;  the  urea  was  removed  by  filtration  and 
washed  with  25  ml,  and  twice  the  volume  of  iced  methanol  (pH  1) 
was  added  to  give  4.25  g  of  product,  mp  178-180°.  Another  7.4 
g  was  obtained  from  the  urea  by  extraction  with  25  ml  of  DMF 
and  precipitation  by  addition  of  50  ml  of  iced  methanol,  total 
yield  67%.  The  former  fraction  was  taken  up  in  8  ml  of  hot  DMF 
and  precipitated  with  40  ml  of  hot  acetonitrile  to  give  3.1  g  of  mate- 
rial, mp  195  °.    The  latter  had  mp  195-196  °  as  isolated. 

Anal,  Calcd  for  CtiH»N409:  C,  53.16;  H,  4.68;  N,  11.81; 
O,  30.35;  ONP,  29.1.  Found:  C,  53.33;  H,  4.80;  N,  .11.92; 
0,30.91;  ONP,  29.1. 

11.  Z-A8p(OBl)-Ser(H)-Gly-ONP.  This  preparation  was  car- 
ried out  similarly  to  the  preparation  of  Z-Asp(OCHi>-Ser(H)-Gly- 
ONP.  To  13.6  g  of  DCC  (0.065  mole  assuming  98.5  %  purity)  in 
200  ml  of  acetonitrile  was  added  23.6  g  (0.065  mole)  of  HBr-H- 
Ser(H)-Gly-ONP  and  then  a  solution  of  26.6  g  (0.074  mole)  of  Z- 
Asp(OBl>OH  and  9.8  ml  (0.065  mole)  of  triethylamine  in  50  ml  of 
acetonitrile  over  75  min.  Addition  of  150  ml  of  acetonitrile  was 
necessary  to  permit  stirring.  The  reaction  was  allowed  to  proceed 
for  1  hr  with  removal  of  the  ice  bath  after  the  addition  Was  com- 
plete. An  infrared  curve  of  the  supernatant  liquid  showed  that 
98%  of  the  DCC  had  disappeared,  and  there  was  still  a  small 
absorption  at  1830  cm~^.  The  work-up  was  also  similar  to  that  for 
the  methyl  ester:  100  ml  and  then  30  ml  of  DMF  containing  1  ml 
of  0.1  N  HCl  per  100  ml  was  used  to  extract  the  filter  cake.  The 
crude  product  was  dissolved  in  80  ml  of  hot  50:50  dimethylform- 
amide-methanol,  filtered  to  remove  a  small  amount  of  solid,  300  ml 
of  hot  methanol  added,  and  the  suspension  allowed  to  cool,  yield- 
ing 25.2  g  of  soft  needles,  mp  161-162°.  Recrystallization  from  a 
DMF-acetonitrile  mixture  gave  a  product  which  melted  at  148° 
and  then  resolidified  and  melted  again  at  1 62  °.  Both  forms  have  the 
same  rotation  in  DMF.  The  product  gave  a  single  spot  (alkaline 
spray)  when  chromatographed  (tic)  on  acidic  silica  gel  G  with  5% 
methanol-methylene  chloride. 

Anal,  Calcd  for  CaoHaoN40ii  (two  samples  for  N  and  ONP): 
C,  57.87;  H,  4.86;  N.  9.00;  O,  28.27;  ONP,  22.2.  Found:  C, 
58.27;  H,4.95;  N.  9.18, 9.10;  0, 27.83;  ONP,  22.2, 21.5. 

Polymerizatioii  of  H-A8p(OCHi)-SeKAc)-Gly-OH.  To  a  solu- 
tion of  0.2-0.3  g  of  the  tripeptide  acid  in  5  ml  of  dimethylformamide, 
DCC  (1-2  equiv)  was  added.  Evaporation  of  the  solvent  and  ex- 
traction with  water  gave  low  molecular  weight  material  (about 
750,  equivalent  to  2.5  tripeptide  units).  This  line  was  not  pursued 
for  reasons  indicated  in  the  discussion. 

Poly  A8p(OCHi)-Ser(H)-Gly.  a.  Use  of  Trietfaylamine  and 
Dimethyl  Sulfoxide.  A  solution  of  7.8  g  of  TosOH-H-Asp- 
(OCH,)-Ser(H)-Gly-ONP  was  prepared  in  10  ml  of  dimethyl  sulfox- 
ide (DMSO)  by  slight  warming.  This  was  cooled  to  room  tempera- 
ture and  stirred  while  1.87  ml  of  triethylamine  was  added  over  a 
period  of  2  min.  During  the  next  10  min  an  unstirrable  gel  formed. 
This  was  stored  for  4  hr,  and  addition  of  10  ml  of  DMSO  redissolved 
the  gel.  The  mixture  was  stored  in  the  dark  for  4  days  and  the 
polymer  precipitated  by  slow  addition  of  100  ml  of  chloroform. 


The  polymer  was  extracted  with  chloroform,  methanol,  and  ether. 
It  was  dried  at  50°,  then  over  P^i  at  95°  (0.3  m)  <or  16  hr  to  give 
3.07  g  of  polymer  (84  %). 

This  material  was  subjected  to  further  purification  by  suspension 
in  DMSO  (gel)  whkh  was  centrifuged  at  10,000  rpm;  this  was  re- 
peatedly suspended  in  chloroform  and  centrifuged.  After  drying, 
it  was  extracted  with  chloroform  in  a  Soxhlet  extractor  and  dried 
for  24  hr  at  100°  and  0.1  mm  against  PsO*. 

Anal,  Calcd  for  doHuNiOe:  C,  43.95;  H.  5.53;  N,  15.3«. 
0, 35.13;  OCH,.  11.36.  Cakd for CioH„NiOf plus 8.2%of CHGi 
and  1.8%  of  inorganic  residue:  C,  40.3;  H,  5.04;  N,  13.83,  0, 
31.6,  OCHi.  10.22;  CI,  7.3;  residue,  1.8.  Found:  C,  39.9; 
H,5.07;  N,13.7;  O.  32.4;  OCHi,  10.2:  0,7.3;  residue,  1.8. 

b.  Use  of  Sodiom  p-Nitroplienozide.  To  a  solution  of  0.346 
g  of  dried  sodium  p-nitrophenoxide  (in  oven  at  110°)  in  2  ml  of 
DMSO  was  added  1.26  g  of  TosOH-H-Asp(OCH.>-Sef(H><jly. 
ONP.  Within  30  min  the  mixture  gelled.  After  50  far  at  room 
temperature,  the  polymer  was  precipitated  by  addition  of  25  ml  of 
methanol.  It  was  washed  with  methanol  and  acetonitrile  and  dried 
at  70°  over  PjOs  to  give  0.44  g  of  polymer.  Several  samples  were 
combined  and  dialyzed  against  water.  After  drying,  the  analysis 
was:  C,43.7;  H,6.14;  N,  14.13;  0, 35.99;  OCH»,9.4. 

Rotation  of  L-Serine.  Literature  values  of  the  rotation  of 
serine  are  insufficiently  precise  to  permit  a  definitive  assay  of  opti- 
cal purity.  Different  lots  of  commercial  serine  (Nutritional  Bio- 
chemicals)  showed  rotations  of  80-97%  of  the  values  of  pure  l- 
serine  as  determined  below  and  even  lower  purities  were  suggested 
by  comparison  with  certain  literature  values.  Since  nitrogen 
assays  were  theoretical  (13.32  found  vs,  13.33  theory),  the  prcsoce 
of  considerable  oL-serine  was  indicated. 

Fortunately  it  was  discovered  that  fairly  pure  LrZ-Ser(H>OH 
can  be  recrystallized  from  ethyl  acetate  to  give  optically  pure  mate- 
rial. Among  several  samples  which  gave  rotations  dose  to  those 
summarized  in  Table  I,  one  had  mp  118-119°  when  the  capillary 
was  placed  in  the  bath  at  100°  and  with  the  temperature  rising  VI 
min.  A  dl  sample  under  these  conditions  showed  mp  124-125^ 
A  series  of  mixtures  was  made  up  containing  5, 10,  and  20%  of  dl- 
Z-Ser(H>-OH,  the  remainder  being  the  purest  sample  of  l  isomer 
available.  The  first  crops  obtained  upon  recrystallization  from 
ethyl  acetate  showed  melting  points  of  116-117,  115-117.  and  113- 
116°  and  rotations,  100, 98,  and  89%  of  the  best  values. 

Other  reference  compounds  containing  serine  were  available  for 
comparison;  HBr-H-Ser(H)-Gly-ONP,  e.g,,  prepared  by  three 
different  workers  in  our  laboratories  had  rotations  within  1  %  of  the 
average  value.  The  concordance  of  rotations  of  such  samples 
prepared  at  difi'erent  times  is  good  evidence  that  all  are  optically 
pure. 

The  rotation  of  pure  L-serine  was  estimated  by  controlled  hy- 
drolysis of  various  serine  derivatives  with  5  N  HQ  (15  hr  at  100'). 
This  procedure  gives  values  with  some  scatter,  about  5%  from  the 
average,  but  with  a  common  average.  Similar  treatment  of  serine 
itself  gave  a  2%  scatter  and  a  5%  loss  of  activity.  The  reported 
values  for  pure  serine  in  Table  I  are  based  on  the  averages  of  several 
different  types  of  samples  and  on  the  assumption  that  the  average 
of  the  hydrolyzed  samples  is  to  be  increased  by  5%  to  compensate 
for  loss.  These  resulting  rotation  values  are  appreciably  lower  than 
those  tabulated  by  Greenstein  and  Winitz."  We  believe  the  re- 
ported values  to  be  too  high;  they  correspond  fairly  well  with  our 
measurements  in  1  ^  HCl. 

Identification  of  End  Groups  by  Dinitroplienylation.  The  modifi- 
cation by  Porter  of  Sanger's  method  of  identifying  end  groups 
was  used  as  a  basis  for  examining  one  polymer  (RC-50-A)  both  for 
molecular  weight  and  for  identity  of  the  end  group.  Poly  Asp- 
(OCH,)-Ser(H)-Gly  (29.2  nig)  and  50  mg  of  sodium  bkarbooate 
were  dissolved  in  2  ml  of  distilled  water  by  warming  to  50°.  The 
solution  was  cooled  to  room  temperature,  and  a  solution  of  6.5  mg 
of  dinitrofluorobenzene  in  2  ml  of  ethanol  was  added.  After  3 
hr,  0.1  ml  of  concentrated  aqueous  ammonia  was  added  and  15 
min  later  the  solvent  removed.  The  residue  was  refluxed  for  12 
hr  with  10  ml  of  6  ^  hydrochloric  acid,  diluted  to  25  ml  with  dis- 
tilled water,  and  a  10-ml  aliquot  taken  for  assay. 

The  DNP-aspartic  add  and  other  producta  were  extracted  with 
ethyl  acetate,  and  the  residue  from  the  ethyl  acetate  was  taken  up  in 
chloroform  and  chromatographed  on  a  2  X  0.5  in.  column  of  silica 
gel  which  had  been  treated  with  a  15%  by  weig^  acetk:  add- 
sodium  acetate  buffer.    The  first  yellow  band  consisted  of  dinitro- 


(24)  J.  P.  Greenstein  and  M.  Winitz,  "Chemistry  of  the  Amino  Adds." 
John  Wiley  and  Sons,  Inc.,  New  York.  N.  Y.,  196U  p  116. 
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aniline  as  determined  by  thin  layer  chromatography  on  silica  gel  G, 
buffered  with  acetic  add-sodium  acetate,  and  with  ethanol-0.22 
M  anunonia  (89:11)  as  eluent,  Rt  0.T7.  The  second  yellow  band 
was  duted  from  the  column  with  ethernnethanol-acetic  acid  (49: 
49:2.5),  and  on  thin  layer  chromatography  as  above  had  Rt  0.12. 
This  is  the  value  found  for  DNP-aspartic  acid.  There  were  no 
traces  of  DNP-serine  (Rt  0.36),  nor  of  DNP-glydne  (Rt  0.55)  in  any 
fraction. 

The  DNP-aspartic  add  WuS  taken  up  in  25  ml  of  a  sodium  borate 
buffer  and  absorbance  read  at  361  m/i.  When  the  above  procedure 
starting  with  the  hydrochloric  add  hydrolysis  was  carried  out  on 
pure  DNP-aspartic  add,  it  was  found  that  recovery  was  only  48%. 
Losses  have  been  noted  before  during  the  hydrolysis  steps. 

The  calculated  number-average  molecular  wdght,  correcting  for 
the  loss,  was  7200. 

Nimiber-Avenige  Molecnlar  Weights  by  Dinttrophenylatioii.  An 
appropriate  wdght  of  sample  (1-6  mg)  was  dissolved  in  2  ml  of  2% 
sodium  bicarbonate,  warming  if  necessary  to  effect  solution.  To 
this  was  added  2  ml  of  a  freshly  prepared  1-3  %  solution  of  2,4- 
dinitrofluorobenzene  in  ethanol.  After  2  hr  at  room  temperature 
the  solution  was  transferred  quantitatively  to  a  separatory  funnd 
using  6  ml  of  3  A^  hydrochloric  add  for  rinsing.  The  solution 
was  extracted  with  two  10-ml  portions  of  carbon  tetrachloride  and 
the  aqueous  layer  filtered  through  wet  filter  paper  into  a  25-ml 
volumetric  flask  and  diluted  to  volume  with  3  N  hydrochloric  add. 
Absorbance  was  read  at  353  m/i.  A  blank  run  was  used  to  correct 
for  absorbance  owing  to  dissolved  carbon  tetrachloride  or  other 
substances.  Sample  size  was  chosen  to  give  an  absorbance  of  about 
0.8,  and  an  extinction  coefficient  of  1.59  X  10*  1.  mole~^  cm~^  was 
used.  The  rationale  is  that  the  extinction  coefficient  of  the  DNP 
derivatives  may  be  expected  to  be  relatively  insensitive  to  the  amino 
add  or  the  peptide  to  which  the  DNP  is  attached.  In  support  of 
this  it  was  found  that  five  samples  of  DNP-Asp(OH)-OH  in  2% 
sodium  bicarbonate  and  in  hydrochloric  acid  ranging  from  1.2  to 
6  N  all  had  an  extinction  coeffident  at  353  m/i  of  1.59  X  10*  with  a 
standard  deviation  of  0.022  per  run  or  0.01  for  the  average.  The 
value  for  DNP-Gly-Gly-Gly-OH  was  1.60.  Values  reported  at 
350  DOM  for  DNP-Gly-OH  (1.55),  DNP-Phe-OH  (1.57),  DNP- 
Gly-Gly-OH  (1.58),  DNP-Phe-Val-OH  (1.55),  and  for  H-Lys- 
(DNF>OH  (1.49)  are  close.**  (All  values  are  to  be  multiplied  by 
10^)    Properties  of  the  polymers  are  summarized  in  Table  IV. 


Mn  »  mg  of  sample  X 


1.59  X  10V(i<«mp  -  i^biankXvolumc  in  mimiitcrs) 


Weight- Average  Molecular  Weights  from  Ultracentriftige  Meanra- 
ments.  The  data  in  this  paper  are  based  on  the  Archibald  method 
using  the  Beckman-Spinco  Modd  E  ultracentrifuge.^  Runs  were 
made  in  aqueous  solution  (mostly  in  0.01  Af  KQ,  but  sometimes  in 
water  alone  with  comparable  results)  and  at  a  concentration  of 
0.5-1  %,  usually  using  a  Schlieren  angle  of  70*"  (50-85  **)  and  a  speed 
of  12,590,  20,410,  or  24,630  rpm  with  photographs  at  intervals 
ranging  from  10  to  100  min.  In  most  cases  only  the  meniscus  values 
were  used. 

The  prindpal  source  of  error  is  the  estimation  of  the  intercept  at 
the  meniscus,  and  the  error  arises  both  from  the  problem  of  ac- 
curately identifying  the  meniscus  and  from  the  fading  of  the  pattern. 
In  the  present  series  the  meniscus  was  taken  as  the  boundary  as  it 
appeared  on  the  photographic  plate,  and  extrapolation  procedures 
were  used  to  get  the  (dc/djc)o  value  at  this  point.  Plots  of  several 
sets  of  data  showed  that  the  arbitrary  function  log  (dc/dx)  gave 
good  agreement  with  the  visual  estimated  of  (dc/dx)o  and  that  para- 
bolic extrapobition  was  less  satisfactory.  Errors  arising  from 
(dc/djc)f  estimates  are  the  major  source  of  the  roughly  10%  stand- 
ard deviation  per  exposure.  Data  were  ix'ocessed  by  the  computer 
program  archbd. 

The  calculated  molecular  wdght  is  sensitive  to  the  assumed 
density  of  the  polymer,  or  of  its  redprocal,  the  partial  specific 
volume  r.  Estimates  of  solution  densities  at  concentrations  of  1  % 
with  a  precision  of  1  part  in  5000  lead  to  a  25%  error  in  V.  We 
therefore  used  a  calculated  value  for  T  of  0.61  for  poly  Asp(OCHt)- 
Ser(H)-Gly.''  The  wdght-average  molecular  wdghts  in  this  paper 
have  an  estimated  accuracy  of  about  20%.  All  data  have  been  proc- 
essed in  a  uniform  fashion  so  that  comparisons  between  samples 
involve  only  the  standard  deviation  of  the  scatter  which  is  10%. 
Control  runs  on  ribonuclease  gave  much  sharper  curves  and  satis- 
factory agreement  with  published  results. 


(25)  F.  Sanger,  Biochem.  /.,  39, 507  (1945);    R.  R.  Porter,  Methods 
Enzymol,  4,  221  (1957). 


(26)  H.   K.  Schachman,    "Ultraoentrifugation    in    Biochemistry* 
Academic  Press  Inc.,  New  York,  N.  Y.,  1959;    Methods  EniymoL 
4  32  (1957). 
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Abftract:  Chlorine  nmr  spectroscopy  is  used  to  verify  that  the  unreactive  sulfhydryl  groups  of  hemoglobin  are 
inci^able  of  forming  structures  of  the  type  protein-S-HgCl  even  when  the  protein  is  dissociated  in  media  of  high  ionic 
strength  or  low  pH.  However,  dissociation  of  hemoglobin  into  fragments  appears  to  be  accompanied  by  conforma- 
tional changes  that  restrict  the  motion  of  chlorine  ions  bound  to  mercury  atoms  complexed  at  the  sites  of  the  reac- 
tive sulfhydryl  groups.    The  changes  in  structure  and  chemical  reactivity  of  hemoglobin  in  urea  solution  are  complex. 


In  recent  years  there  has  been  a  great  deal  of  interest 
in  the  application  of  nmr  techniques  to  systems  of 
biological  importance.'  Since  the  direct  application 
of  nmr  to  proteins  in  solution  is  seldom  fruitful,  several 
indirect  methods  involving  relaxation  effects  have  been 

(1)  On  leave  from  the  Department  of  Chemistry,  University  of  Maai- 
achosetts,  Amherst,  Mass. 

(2)  (a)  A.  Kowalaky  and  M.  Cohn,  Ann,  Rev.  Biochem,,  33,481 
(1964);  (b)  O.  Jardetzky,  Adoan.  Chem.  Phys.,  7, 499  (1964). 


developed.'*^  Recently  Stengle  and  BaldeschwidcH 
reported  a  novel  technique  which  involves  the  use  of  a 
haUde  ion  (usually  chloride)  as  a  probe  for  the  study  of 
mercury  complexes  of  proteins.    In  this  paper,  this 

(3)  A.  S.  Mildvan  and  M.  Cohn,  Biochemistry,  2, 910  (1963). 

(4)  O.  Jardetzky,  N.  O.  Wade,  and  J.  J.  Fisher,  Nature.  197, 183 
(1963). 

(5)  T.  R.  Stengle  and  J.  D.  Baldeschwieler,  Proc.  Nail  Acad.  Sci. 
C/.  5.,  55, 1020(1969. 
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method  is  applied  to  a  specific  protein,  hemoglobin, 
with  the  aim  of  developipg  some  information  on  the 
behavior  of  the  sulfhydryl  groups. 

An  interesting  property  of  the  hemoglobin  molecule 
is  its  ability  to  dissociate  into  halves  when  dissolved  in 
certain  media.  This  phenomenon  has  been  extensively 
investigated  since  it  serves  as  a  model  for  a  variety  of 
protein  reactions/  From  the  nature  of  the  media  ca- 
pable of  causing  dissociation  it  seems  that  the  forces 
holding  the  halves  together  are  primarily  electrostatic, 
whereas  further  dissociation  or  unfolding,  often  leading 
to  denaturation,  must  also  involve  the  rupture  of  hydro- 
phobic bonds.^'*  The  problem  of  the  function  of  the 
unreactive  sulfhydryl  groups  has  been  intimately  con- 
nected with  this  aspect  of  the  tertiary  structure.  There 
is  some  evidence  to  indicate  that  the  unreactive  sulf- 
hydryl groups  are  directly  involved  in  the  interchain 
linkage,*  although  other  work  has  not  substantiated 
this  contention.^  This  question  can  be  resolved  by  a 
study  of  the  SH  groups  of  the  dissociated  molecule. 
If  dissociation  exposes  originally  unreactive  SH  groups 
to  the  solvent,  hence  activating  them,  the  inference  is 
that  they  are  involved  in  the  interchain  binding.  How- 
ever, if  the  unreactive  SH  groups  remain  unreactive 
when  the  protein  is  cleaved,  they  must  not  be  involved 
in  interchain  binding.  Cecil  and  Thomas^  studied  the 
unreactive  SH  groups  in  a  mixed  water-alcohol  solvent 
which  was  designed  to  rupture  hydrophobic  bonds  with- 
out causing  dissociation  of  the  hemoglobin  molecule. 
They  found  that  the  addition  of  alcohol  to  the  solvent 
did  cause  an  enhancement  of  the  SH  reactivity,  indi- 
cating that  the  SH  groups  were  involved  in  hydrophobic 
bonding  and,  hence,  in  intrachain  structure. 

Since  the  halide  ion  nmr  technique  can  be  specific  for 
SH  groups,  it  can  be  used  to  verify  and  extend  the 
earlier  results.  The  nmr  method  is  particularly  ap- 
propriate since  it  examines  reactive  SH  groups,  whereas 
Cecil  and  Thomas^  worked  with  the  unreactive  ones. 

Theory 

For  a  nucleus  of  spin  greater  than  V«  (e.g.,  "CI, 
'•Br,  ^"I)  the  interaction  of  the  nuclear  electric  quad- 
rupole  moment,  Q,  with  the  fluctuating  field  gradient, 
g,  at  the  nucleus  can  provide  a  simple  and  dominant 
relaxation  mechanism.  In  the  extreme  narrowing 
approximation,  the  contribution  to  the  nuclear  res- 
onance line  width  from  quadrupole  relaxation  is 


Ap  =  Kie^gQyr, 


(1) 


where  Av  is  the  full  line  width  at  half-height  in  cycles 
per  second,  e^Q  is  the  quadrupole  coupling  constant 
in  cycles  per  second,  Tc  is  the  correlation  time  for  mo- 
lecular rotation  in  seconds,  and  K  equals  27r/S  for  a 
nucleus  of  spin  '/>  if  the  asymmetry  parameter  is 
neglected.  A  large  range  of  line  widths  is  possible  de- 
pending on  the  values  of  these  quantities.  For  ex- 
ample, for  a  chloride  ion  in  dilute  aqueous  solution, 
the  solvation  of  the  ion  is  essentially  symmetric,  and 
the  electric  field  gradient  at  the  nucleus  is  nearly  zero. 
This  results  in  a  line  width  of  15-20  cps  for  the  '^Cl 

(6)  A.  Rossi-Fanelli,  E.  Antonini,  and  A.  Caputo,  Advtm,  Protein 
CAfm.,  19,  73  (1964). 

(7)  K.  Kawahara,  A.  O.  Kirshner,  and  C.  Tanford,  Biochemistry^  4, 
1203  (1965). 

(8)  R.  Cecil  and  M.  A.  W.  Thomas,  Nature,  206, 1317  (196S). 

(9)  Y.  Enoki  and  S.  Tomita,  /.  Mol  Biol,  11, 144  (1965). 


signal  in  aqueous  solutions  of  NaCl.  However,  when 
the  chlorine  atom  is  involved  in  covalent  binding,  the 
value  of  e^^Q  is  quite  large;  the  line  width  for  CCI4 
is  14.5  kc/sec.  Even  greater  line  widths  are  expected  for 
molecules  larger  than  CCI4  with  longer  r^. 

If  a  quadrupolar  nucleus  can  be  located  at  difi'erent 
kinds  of  sites  in  solution,  the  resulting  line  shape  de- 
pends on  the  relative  concentrations  of  the  various  sites, 
the  values  of  e^qQ  and  r^  at  each  site,  and  the  rate  of 
exchange  of  chlorine  among  the  various  sites.  If  there 
are  two  possible  sites,  and  the  exchange  of  chlorine 
between  them  is  very  rapid,  the  spectrum  will  be  a 
single  composite  signal  of  line  width 


Lv  =  LvJ"^  +  LviJP^ 


(2) 


where  Lv^  and  Avb  are  the  line  widths  at  sites  a  and  b, 
and  Pa  ^iid  Pb  ^re  the  probabilities  that  the  nucleus  is 
at  sites  a  and  b.  It  is  apparent  from  eq  2  that  if  A^b 
is  very  large,  a  very  small  value  of  Pb  niay  produce  an 
observable  effect  on  the  line  width  Av.  Hence  the 
chloride  ion  can  be  used  as  a  probe  for  interesting 
sites  in  low  concentrations,  and  the  exchange  process 
functions  as  a  chemical  amplifier.  For  small  values  of 
Pbsi'.^land 

Av  -  Ava  ^  AvbPb  (3) 

The  conditions  for  the  binding  and  exchange  process 
are  reasonably  restrictive.  The  chloride  ion  must  be 
able  to  enter  the  first  coordination  sphere  of  the  site 
and  form  a  sufficiently  strong  bond  to  give  a  large  value 
of  q,  the  electric  field  gradient  at  the  nucleus.  Further- 
more, the  ion  must  remain  bound  for  a  time  long  com- 
pared with  Tc,  while  exchange  with  ions  in  the  bulk  sol- 
vent must  occur  in  a  time  short  compared  with  1/xAiv 
The  binding  of  chloride  to  mercuric  ion  appears  to 
satisfy  these  requirements.* 

It  is  possible  to  label  specific  sites  in  proteins  with 
mercury,  and  thus  use  the  chloride  ion  as  a  probe  to 
examine  these  sites.  Reaction  of  HgCU  directly  with 
SH  groups  on  protein  molecules  can  produce  sites  of  the 
type  P-S-Hg-Cl.  In  a  typical  experiment  the  chlorine 
nmr  line  width  of  a  0.5  M  NaCl  solution  is  16  cps. 
Addition  of  1.4  X  10~*  Af  hemoglobin  causes  the  line 
to  broaden  slightly  to  17  cps.  When  the  solution  is 
made  2.8  X  10~*  M  in  HgCk,  the  line  width  changes  to 
55  cps. 

The  efiect  of  mercury  on  the  chlorine  line  width  in  the 
presence  of  hemoglobin  is  very  large.  This  is  due  to 
the  long  efi'ective  correlation  time  of  '^Cl  bound  to  the 
protein-mercury  complex.  If  it  is  assumed  that  the 
mercuric  ions  react  to  completion  with  the  two  ac- 
cessible SH  groups,  and  that  q  has  about  the  same  vahie 
in  P-S-Hg-Cl  as  in  HgClr*,  then  the  cflfcctive  r. 
for  the  Hg-hemoglobin  site  must  be  about  100  times 
as  long  as  that  for  the  small  HgCU^""  complex.  The 
correlation  times  observed  in  this  work  are  frequently 
one  or  two  orders  of  magnitude  shorter  than  the  time  g^ 
rotation  of  the  protein  molecule  as  a  whole.  ^  In 
eq  1,  Tc  refers  to  the  correlation  time  for  the  change  in 
angle  between  the  electric  field  gradient  at  the  chlorine 
nucleus,  q,  and  the  external  magnetic  field,  H^  This 
angle  is  affected  by  motions  within  the  protein-mercury 
complex  as  well  as  by  rotations  of  the  entire  molecule. 
Hence  the  efi'ective  correlation  times  will  be  a  com- 

(10)  R.  F.  Steiner  and  H.  Edelhoch,  Chem.  Rev^  C2,  4S7  (1962). 
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1.  Titration  of  equine  methemoglobin  os.  HgQt  at  various 
oncentrations.  All  solutions  were  adjusted  to  pH  7  with 
phosphate  buffer:  A,  NaQ  «  0.5  Af,  Hb(E)  »  1.4  X 
:  B,  NaQ  -  2.0  Af,  Hb(E)  =  7.0  X  lO"*  M;  C,  NaQ  - 
Hb(E)  -  7.0  X  10-»  Af. 

of  these  two  factors.  Thus  r^  provides  a  measure 
rigidity  of  the  structure  at  the  cysteine  site,  as 
s  the  rotational  correlation  time  of  the  entire 
n,  and  should  be  quite  sensitive  to  any  unfolding 
molecule. 

[mental  Section 

rials.  Twice-recrystallized  horse  methemoglobin,  Hb(E)» 
tained  from  Fentex,  Inc.  The  human  hemoglobin,  Hb(A), 
1  by  the  Department  of  Biochemistry,  Stanford  Medical 
was  freshly  prepared  from  normal  adult  human  blood  and 
nthecold.  It  was  used  in  the  oxy  form,  and  was  never  kqit 
t  than  1  week.  All  other  chemicals  were  analytical  reap 
ide.  When  hemoglobin  was  dissolved  in  dissociating  media, 
:tral  measurements  were  made  on  the  same  day.  Some  of 
itions  were  quite  unstable;  in  these  cases  spectra  were  ob- 
vithin  a  few  minutes  after  the  solutions  were  prepared. 
KfcasuiemeBts.  The  **C1  spectra  were  obtained  at  4.33 
using  a  Varian  V-4311  fixed-frequency  radiofrequenqy 
Base-line  stabilization  was  achieved  by  field  modulation 
ase-sensitive  detection  using  a  PAR  Model  JB-4  lock-in 
9-.  Calibration  of  the  spectra  was  effected  by  the  usual  side- 
chnique.  All  spectra  were  obtained  at  room  temperature. 
x)rted  line  widths  are  the  average  of  at  least  five  spectra, 
n  the  case  of  very  unstable  samples  where  only  the  first  few 
uld  be  trusted. 


experimental   measurements    are    most   con- 
tly  carried  out  in  the  form  of  a  titration.    Hemo- 
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Figure  2.  Titration  of  human  oxyhemoglobin  vs.  HgQt  at  various 
NaQ  concentrations.  All  solutions  were  a4justed  to  pH  7  with 
0.05  M  phosphate  buffer:  A,  NaQ  »  1.0  Af,  Hb(A)  »  2.6  X 
10-»  Af;  B,  NaQ  -  4.0  Af,  Hb(A)  »  5.1  X  lO"*  Af. 


globin  was  dissolved  in  the  selected  medium  containing 
0.5  M  NaCl,  enough  NaCl  so  that  the  '^Cl  resonance  is 
readily  observable.  The  nmr  line  width  was  followed 
as  increasing  amounts  of  HgCU  were  added.  In  the 
early  stage  of  the  titration,  when  reactive  SH  groups  are 
present,  each  addition  of  HgCU  causes  the  formation  of 
P-S-Hg-Cl  groups  which  results  in  a  large  increase 
in  the  "CI  line  width.  When  all  the  avaUable  SH 
groups  have  reacted,  further  addition  of  HgCU  has 
little  effect  on  the  spectrum.  A  typical  curve  for  horse 
methemoglobin  is  shown  in  Figure  lA.  In  this  solu- 
tion the  dissociation  of  the  protein  is  minimized  by  the 
low  ionic  strength  and  neutral  pH.  The  end  point  at 
[HgCls]/[Hg]  »  2  is  well  defined  showing  that  there  are 
only  two  reactive  SH  groups  per  molecule.  From 
eq  2  it  is  apparent  that 


Av  -  Av.  =  ^(MHbl/[Cl-]Xe^0*r, 


(4) 


where  M  is  the  number  of  Cl~  binding  sites  per  labeled 
hemoglobin  molecule,  [Hb]  is  the  concentration  of 
labeled  hemoglobin  molecules,  and  [Ch]  is  the  chloride 
ion  concentration.  If  e*qQ  is  assumed  to  be  the  same 
for  all  these  solutions,  then  for  given  hemoglobin  and 
chloride  ion  concentrations  the  slopes  of  the  titration 
curves  are  simply  proportional  to  Tc.  It  is  known  that 
hemoglobin  will  dissociate  in  solutions  of  high  ionic 
strength.  ^^  At  an  NaCl  concentration  of  4  Af  the 
dissociation  should  be  essentially  complete.  The  titra- 
tion curves  in  2.0  and  4.0  Af  NaCl  are  presented  in 
Figures  IB  and  C,  respectively.  These  curves  clearly 
show  that  only  two  SH  groups  are  reactive.  The  un- 
reactive  SH  groups  are  not  exposed  to  the  solvent,  even 
when  the  molecule  is  completely  dissociated  into  halves. 
Similar  curves  for  human  oxyhemoglobin  in  1.0  and 
4.0  M  NaCl  are  shown  in  Figures  2A  and  B.  The  re- 
el i)  A.  Rossi-Fanelli,  E.  Antomni,  and  A.  Caputo,  /.  Biol,  Chem.^ 
236.  391  (1961). 
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Figure  3.  Utration  of  equine  and  human  hemoglobin  vs,  HgCls 
under  add  conditions.  All  solutions  were  adjusted  to  pH  5.1 
with  0.1  M  acetate  buffer:  A,  NaQ  »  1.0  Af,  Hb(E)  -  2.8  X 
10-»  Af ;  B.  NaQ  =  2.0  Af,  Hb(A)  =  Z6  X  lO"*  M. 


suits  demonstrate  that  all  but  two  of  the  SH  groups  are 
masked  even  in  4  Af  NaCl.  Several  of  the  titration 
curves  show  an  anomaly  at  the  point  corresponding  to 
[HgCls]/[Hb]  —  1 ;  this  solution  shows  less  line  broad- 
ening than  expected.  This  is  probably  due  to  incom- 
plete reaction  between  the  HgCls  and  the  active  SH 
groups ;  the  high  chloride  ion  concentration  may  tend 
to  hold  a  small  fraction  of  the  metal  in  the  form  of 
HgCl4«-. 

The  relative  values  of  the  effective  correlation  times 
calculated  for  these  solutions  are  given  in  Table  I. 
The  correlation  times  measured  by  this  method  appear 
to  increase  under  dissociating  conditions.  This  be- 
havior indicates  that  in  the  dissociated  protein  the  mo- 
tions of  the  '^CI  nucleus  are  more  restricted  than  in  the 
whole  molecule.  For  a  molecule  of  the  size  of  hemo- 
globin, one  would  expect  a  rotational  correlation  time 
on  the  order  of  100  nsec  from  the  model  of  a  sphere 
turning  in  a  viscous  liquid.  Using  eq  1  to  calculate  a 
value  of  Tc  from  this  work  we  obtain  an  order  of  mag- 
nitude of  1  nsec,  under  the  assumption  that  e^qQ  for 
the  protein-Hg-Cl  complex  is  the  same  as  for  solid 
HgClt.  Hence  Tc  must  be  determined  by  motions 
faster  than  the  rotation  of  the  molecule  as  a  whole, 
probably  motions  within  the  protein  chains.  Since 
Tc  increases  in  dissociating  media,  it  appears  that  dis- 
sociation into  fragments  may  be  accompanied  by  a 
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change  in  conformation  of  each  fragment  so  as  to  r^ 
strict  the  motion  of  the  bound  chloride  ions. 

Since  hemoglobin  is  known  to  dissociate  in  an  acid 
medium,^  a  series  of  measurements  was  attempted  on 
both  the  equine  and  human  samples  at  a  pH  of  4.S. 
In  this  medium,  protein  denaturation  occurred  im- 
mediately after  addition  of  the  HgCU,  and  no  mean- 
ingful data  could  be  obtained.  It  is  interesting  how- 
ever that  the  precipitation  of  the  protein  could  be  fol- 
lowed by  a  fall  in  the  '^Cl  line  width  with  time.  At  a 
pH  of  5.1  the  denaturation  was  slowed  to  the  point 
where  the  solutions  were  stable  for  a  few  minutes.  By 
taking  the  spectrum  immediately  afler  the  addition  c^ 
HgCIs,  the  curves  shown  in  Figures  3A  and  B  were  ob- 
tained for  equine  and  human  hemoglobin  at  1  and  2  M 
NaCl.  Here  again,  only  two  active  SH  groups  were 
found.  Thus  there  is  no  difference  in  dissociation 
brought  about  by  high  ionic  strength  and  that  caused 
by  a  low  pH  insofar  as  events  about  the  SH  groups  are 
concerned.  Again  the  effective  values  of  Tc  appear  to 
increase  as  shown  in  Table  I. 

The  effect  of  urea  on  hemoglobin  has  been  the  subject 
of  some  confusion  in  the  past.  Steinhardt^'  showed 
that  urea  causes  dissociation  of  equine  CO-hemoglobin, 
whereas  Gutter,  et  al.^^*  reported  that  human  CX>- 
hemoglobin  is  unfolded  by  urea  without  appredabk 
dissociation.  Recently  Kawahara,  et  aL^  showed  that 
human  CO-hemoglobin  is  indeed  dissociated  by  urea, 
but  they  also  reported  a  series  of  experiments  indicating 
that  simultaneous  unfolding  does  not  occur.  Chlorine 
nmr  titrations  on  both  human  and  equine  hemoglobin 
in  4  and  6  M  urea  solutions  are  shown  in  Figures  4  and  S. 
These  results  are  quite  different  from  the  other  titra- 
tion curves.  Although  vestiges  of  the  end  points  are 
evident  for  the  titrations  in  4  Af  urea,  the  results  for  6 
M  urea  show  no  sign  of  a  break  at  [HgCls]/[Hb]  =  1 
Furthermore,  for  a  given  concentration  of  hemoglobin 
and  HgCls,  the  line-broadening  effect  in  the  presence 
of  urea  and  hence  the  effective  r^  is  less  than  is  other- 
wise produced,  as  shown  in  Table  I.  This  behavic^ 
cannot  be  due  to  an  interaction  of  HgCli  with  urea; 
when  the  experiment  is  performed  in  the  absence  of 
hemoglobin,  such  effects  are  not  observed.  Urea 
seems  to  be  unique  in  other  respects  as  well.    For  cx- 

(12)  J.  Steinhardt,/.  Biol.  Chem.,  123»  543  (1938). 

(13)  F.  J.  Gutter,  H.  A.  Sober,  and  E.  A.  Petenon,  Areh.  Biodiem. 
BUfphyM.,  62, 427  (19S6). 
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(lire  4.  Titration  of  equine  methemoglobin  vs.  HgCls  at  various 
A  concentrations.  All  solutions  were  a4justed  to  pH  7  with 
5  M  phosphate  buffer:  A,  NaQ  »  1.0  Af,  Hb(E)  «  2.8  X 
•  Af,  urea  =  4.0  M;  B,  NaQ  -  1.0  Af.  Hb(E)  -  2.8  X  10-»  Af, 
a  -  6.0  Af  . 


iple,  the  protein  solutions  were  extremely  stable 
the  presence  of  urea;  no  precipitation  was  ever  ob- 
rved  in  this  medium.  Unfortunately  it  was  not 
»ssible  to  study  solutions  more  concentrated  in  urea 
an  6  My  since  at  higher  molarity  of  amide  the  solubility 
NaCl  was  too  low  to  obtain  a  good  nmr  signal. 

Iscussion 

The  most  interesting  result  of  this  work  is  the  lack 
activity  of  the  unreactive  SH  groups  even  when  the 
moglobin  molecule  is  dissociated  into  halves.  This 
iicates  that  the  unreactive  SH  groups  are  incapable  of 
rming  structures  of  the  type  P-S-Hg-Cl  which  are 
posed  to  the  solvent.  Such  behavior  could  be  due  to 
y  one  of  several  causes.  The  mercuric  chloride 
uld  react  with  the  SH  groups  producing  P-S-Hg-S-P 
ikages.  These  groups  would  probably  produce  no 
ect  on  the  "CI  nmr  line  width  as  shown  by  an  earlier 
idy  of  Hg(SCHiCOOH),.»  Such  a  result  is  unlikely. 
Qce  the  reactive  SH  groups  do  not  form  such  bridges, 
is  improbable  that  the  unreactive  ones  would, 
lothcr  process  consistent  with  the  experimental 
ta  is  the  formation  of  P-S-Hg-Cl  groups  at  the 
es  of  the  unreactive  sulfhydryls,  with  the  subsequent 
reening  of  these  from  the  solvent  by  virtue  of  their 
nation  in  unaccessible  regions  of  the  protein.  A  third 
ssibility  is  that  there  is  simply  no  reaction  between 
f/CU  and  the  unreactive  SH  groups.  In  either  of  the 
ter  two  cases,  the  inference  is  the  same;  the  behavior 
the  unreactive  SH  groups  is  essentially  unaffected  by 
»ociation  of  the  molecule.  This  result  is  consistent 
th  the  conclusion  of  Cecil  and  co-workers'^^*  that 
s  unreactive  SH  groups  are  involved  in  intrachain 
riding  and  would  be  affected  by  an  unfolding  of  the 
jividual  chains,  but  not  by  a  simple  dissociation  of 

14)  R.  Cedl  and  N.  W.  Snow,  Biochem.  /.,  82.  255  (1962). 


h 
< 


60 

y 

^ 

> 

> 

^r- 

1 

A 

30 

/ 

90 

- 

^ 

< 

A- 

^ 

60 

- 

5^ 

>- 

Jr" 

30  - 

x^^ 

B 

-J 

_i 

1 

1 

l_ 

_L_ 

1       1  , 

3        4         5         6 
CHgCltl/CHbl 


8 


Figure  5.  Titration  of  human  oxyhemoglobin  ns,  HgCls  at  various 
urea  concentrations.  All  solutions  were  a4justed  to  pH  7  with 
0.0S  M  phosphate  buffer:  A,  NaO  »  1.0  M,  Hb(A)  -  2.6  X 
10-*  M.  urea  -  4.0  M;  B,  NaQ  =  1.0  Af,  Hb(A)  -  2.6  X  lO"*  M, 
urea  -■  6.0  Af . 


the  hemoglobin  molecule.  This  result  is  also  consistent 
with  the  observation  that  the  unreactive  SH  groups  fail 
to  react  with  iodoacetamide  in  2  Af  NaCl.  ^' 

There  appears  to  be  no  simple  explanation  for  the 
behavior  of  the  urea-hemoglobin  systems.  This  is 
not  surprising  since  these  solutions  contain  two  sub- 
stances capable  of  affecting  the  protein.  Urea  solu- 
bilizes  amide,  peptide,  and  hydrophobic  groups,  while 
sodium  chloride  decreases  the  free  energy  of  ionic 
groups  in  contact  with  the  solvent.  It  is  not  clear  what 
effect  a  combination  of  the  two  will  have,  but  one  would 
expect  the  mixture  to  be  exceptionally  active  by  analogy 
with  guanidine  hydrochloride  which  also  contains  an 
amide-like  and  an  ionic  component. 

In  complex  systems  it  is  not  always  possible  to  derive 
an  unequivocal  explanation  of  the  experimental  results 
from  the  nmr  data  alone.  The  line  width  depends  on 
the  product  of  two  variables,  Pb  &nd  r^;  there  is  no 
simple  way  of  separating  the  effect  of  each  one.  It  is 
highly  probable  that  the  flexibility  of  the  hemoglobin 
molecule  is  enhanced  in  urea  solution,  thus  lowering 
Tc.  The  absence  of  an  end  point  in  the  titrations  in  6  Af 
urea  shows  that  Fy,  has  also  been  affected.  The  absence 
of  an  end  point  even  at  mole  ratios  of  [HgCls]/[Hb] 
in  excess  of  six  indicates  that  sites  in  addition  to  the 
sulfhydryl  group  for  the  formation  of  mercury  com- 
plexes with  the  protein  may  be  available  in  concentrated 
urea  solutions  or  the  equilibria  involving  the  mercury 
atom  are  more  complex.  Speculation  on  the  changes 
in  gross  structure,  conformation,  and  chemical  reac- 
tivity of  hemoglobin  in  urea  solution  requires  informa- 
tion such  as  molecular  weights  in  addition  to  these  nmr 
results. 

(15)  R.  E.  Benesch  and  R.  Benesch,  Biochemistry^  1, 735  (1962). 
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Communications  to  the  Editor 


Rearrangement  of  the  Allylcarbinyl  Radical^ 

Sir: 

Extensive  carbon  skeletal  rearrangement  accompanies 
the  solvolyses  of  allylcarbinyl  derivatives.  These 
fascinating  rearrangements  have  been  the  subject  of  a 
number  of  studies.^  Vicinal  vinyl  group  migrations 
occur  with  facility  in  allylcarbinylmagnesium  halides 
and  diphenylallylcarbinyl  radicals.'  In  this  communi- 
cation we  wish  to  report  two  types  of  intramolecular 
structural  transformations  that  allylcarbinyl  radicals 
undergo,  as  well  as  several  observations  which  are 
germane  to  the  detailed  mechanism  of  these  changes. 

In  preliminary  experiments  it  was  determined  that 
4-pentenal  decarbonylates  by  way  of  a  radical  chain 
process  (di-/-butyl  peroxide,  chlorobenzene,  130®), 
yielding  1-butene  as  the  virtually  exclusive  hydrocarbon 
product.  In  order  to  seek  out  conceivable  carbon 
skeletal  rearrangements  that  might  take  place  during 
this  reaction,  the  decarbonylation  products  of  4- 
pentenal-2,2-£/2  were  examined.  A  l.O  M  solution  of 
4-pentenal-2,2-dj  afforded  l-butene-4,4-rfi  and  1-butene- 
3,3-£fs  in  roughly  equal  quantities  (mass  spectral  analy- 
sis). Recovered,  unreacted  4-pentenal-2,2-£/s  was  not 
rearranged.  Following  a  procedure  developed  pre- 
viously in  studies  of  the  decarbonylations  of  2-  and  3- 
methyl-4-pentenals  and  2-  and  3-methyl-//'fl/i5-4-hex- 
enals^  which  facilitates  quantitative  interpretation  of 
the  rearrangement  data,  a  series  of  4-pentenal-2,2-£fa 
solutions,  varying  in  concentration  from  O.SO  to  6.0  Af^ 
was  prepared  and  allowed  to  react  to  only  a  few  per 
cent  conversion.  l-Butene-4,4-</2 :  l-butene-3,3-£f2  ratios 
were  determined  for  each  solution.  Ratios  for  the 
0.50-1.5  M  solutions  were  all  close  to  1.0:1.0  There 
was,  however,  a  small  but  clearly  discernible  monotonic 
increase  in  the  ratios  (10-20%)  in  going  from  the  solu- 
tions in  the  concentration  range  0.50-1.5  Af  to  the 
6.0  M  solution.^  The  magnitude  of  this  increase  is  in 
reasonable  agreement  with  that  which  would  be  pre- 

(1)  Acknowledgment  is  made  to  the  donors  of  the  Petroleum  Research 
Fund,  administered  by  the  American  Chemical  Society,  for  partial 
support  of  this  work  (Grant  2190-A4). 

(2)  K.  L.  Servis  and  J.  D.  Roberts,  /.  Am,  Chem.  Soc,,  87,  1331 
(196S),  and  pertinent  references  cited  therein. 

(3)  (a)  M.  S.  Silver,  P.  R.  Shafer,  J.  E.  Nordlander,  C.  RUchardt,  and 
J.  D.  Roberts,  ibid.,  82, 2646  (I960):  (b)  D.  J.  Patel,  C.  L.  Hamilton,  and 
J.  D.  Roberts,  ibid.,  87,  5144  (1965);  (c)  T.  A.  Halgren,  M.  E.  H.  How- 
den,  M.  E.  Medof,  and  J.  D.  Roberts,  ibid.,  89, 3051  (1967). 

(4)  (a)  L.  K.  Montgomery,  J.  W.  Matt,  and  J.  R.  Webster,  ibid., 
89,  923  (1967);  (b)  L.  K.  Montgomery  and  J.  W.  Matt,  ibid.,  89,  934 
(1967). 

(5)  The  presence  of  minor  contaminants  prohibited  precise  measure- 
ment of  the  l-butene-4,4-^s:l-butenc-2,2-cb  ratios.  The  ratios  are 
presently  being  redetermined  using  chromatographed  (glpc)  1-butene- 
x,X'ds  samples.  Preliminary  experiments  using  this  technique  support 
the  qualitative  trend  cited  here. 


dieted  from  the  decarbonylation  studies  on  2-methyl- 
and  3-methyl-4-pentenals.*'  The  variation  in  ratios 
demonstrates  that  a  minimum  of  two  radical  inter- 
mediates gives  rise  to  the  observed  olefinic  produdi 
Classical^''^  radicals  1  and  2,  which  are  interconvertible 
by  vicinal  vinyl  group  migration,  suffice  nicely  as  the 
required  intermediates.    Homoallylic  radicals  1  and 

► 


CH,==CHCH,CD,.  ^ 

1  2 

2  must  interconvert  moderately  fast  to  be  compatible 
with  the  data.  In  terms  of  the  proposed  mechanistic 
scheme,  the  decrease  in  the  extent  of  rearrangement 
with  increasing  aldehyde  concentration  results  from 
increased  trapping  of  1,  which  is  formed  initially  from 
4-pentenal-2,2-di. 

If  the  interconversion  of  1  and  2  is  intramolecular,  a 
reasonable  assumption,  a  half-migrated  entity  of 
cyclopropylcarbinyl  structure  must  be  implicated  in  the 
very  least  as  a  transition  state  in  the  rearrangement 
sequence.  The  question  arises  as  to  whether  a  cyclo- 
propylcarbinyl intermediate  is  also  involved.  In  an 
effort  to  probe  this  point,  ci5-4-pentenal-5-rfi  (95  %  cis  as 
inferred  by  proton  nmr  analysis)  was  synthesized  and  its 
decarbonylation  products  were  examined.  Radical 
chain  decomposition  of  c/5-4-pentenal-S-</i  should 
generate  homoallylic  radical  3  initially.  If  half- 
migrated  structure  4  is  merely  a  transition  state  {(X 
carbon  skeletal  rearrangement,  bond  a  should  be  formed 
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H       D 

V 

I 

CaHl-CH 


Cfil, 


and  bond  b  broken  without  a  loss  of  geometrical  identity 
about  bond  c,  for  transition-state  lifetimes  are  gener- 
ally considered  to  be  short'  relative  to  internal  rota- 
tional lifetimes.^  Decarbonylation  of  a  1.0  jif  sdutioo 
of  c/5-4-pentenal-5-rfi  gave  cwr-l-butene-l-di  and  trans- 
1-butene- Wi  in  a  1.03:1.00  ratio  (nmr).  Recovered 
starting  material  had  not  rearranged.  A  straight- 
forward explanation  of  these  results  is  that  a  cyclo- 
propylcarbinyl radical  like  4  is  a  reaction  intermediate 
and  that  the  double  bond  geometry  of  the  starting 
aldehyde  is  lost  in  intermediate  4  through  rotation 

(6)  R.  W.  Fessenden  and  R.  H.  Schuler,  /.  Chem.  Phys^  31.  2147 
(1963). 

(7)  S.  Olasstone,  K.  J.  Laidler,  and  H.  Eyring,  **Tlie  Theory  of  Rak 
Processes,*'  McGraw-HiU  Book  Co.,  Inc.  New  York,  N.  Y..  1941,  P 
189. 
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bond  c.  Finally,  neat  (6.4  AQ  ciJ-4-pentenal- 
as  subjected  to  decarbonylation.  The  observed 
utene-l-£/i :  rrflW5-l-butcne-l-rfi  ratio  was  142 : 1.00, 
ing  that  3  can  be  trapped  in  a  manner  analogous 
trapping  of  1.  This  lends  additional  support  to 
oposed  rearrangement  scheme,  particularly  the 
tion  that  4  lies  along  the  rearrangement  reaction 
tiate. 

itlonal  Institutes  of  Health  Predoctoral  Fellow,  1964-1967. 
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(Cai5)2CH-<] 


vn 


vm 


The  relative  amounts  of  V  and  VII  formed  in  1,4- 
cyclohexadiene-cyclohexane  mixtures  as  a  function  of 
the  reaction  temperature  and  of  the  cyclohexadiene 
concentration  suggest  that  the  ortho  ring  cyclization  is 


ce  for  Rapid  and  Reversible  Equilibration 
^97-Diphenylallylcarbinyl  and 
lylcyclopropylcarbinyl  Free  Radicals^ 


wish  to  report  an  example  of  an  unusually  facile 
;versible  free-radical  rearrangement  in  which  a 
uted  allylcarbinyl  free  radical  is  interconverted 
he  corresponding  cyclopropylcarbinyl  radical.' 
ivestigation  of  the  radical  rearrangement  com- 
Its  previous  studies  on  analogous  carbanion' 
imilar  carbonium  ion^  systems.  Specifically, 
ive  found  that  the  7,7-diphenylallylcarbinyl 
1  (I)  and  the  cyclopropyldiphenylcarbinyl  radical 
terconvert  rapidly  at  125®  with  respect  to  hy- 


Table  I.    Yields  of  Cit-Hydrocarbon  Products  in  the  Thermal 
Decomposition  of  r-Butyl  (7,7-DiphenylaIlyl)peracetate  and 
/-Butyl  Diphenylcyclopropylperacetate  in  Various  Solvents 


(QH6)rf^=CH^^/CHa 


(C6H5)2C-<3 


I  abstraction  by  cither  from  triethyltin  hydride, 
yrltin  hydrides  are  known  to  be  efficient  hydrogen 
donors.  For  example,  decarbonylation  of  the 
lylacetyl  radical  is  competitive  with  hydrogen 
:tion  from  tri-/i-butyltin  hydride  only  at  low 
e  concentrations.' 

lie  present  work,  the  radicals  were  generated 
jrmolysis  of  either  /-butyl  (7,7-diphenylallyl> 
tate  (III)  or  /-butyl  cyclopropyldiphenylper- 
5  (IV).  The  amounts  of  tiie  principal  de- 
:arbon  products  formed  in  the  presence  of  several 
nt  hydrogen  donors  are  listed  in  Table  I.  Of 
1,1-diphenyl-l-butene  (V)  and  cyclopropyldi- 
methane  (VI)'  are  assumed  for  our  purposes 

0  arise  from  the  radicals  I  and  II,  respectively, 
l-phenyl-3,4-dihydronaphthalene  (VII)  is  con- 

1  to  arise  from  an  ortho  ring  cycUzation'  of  I 
[,  followed  by  loss  of  a  hydrogen  atom. 


ipported  by  the  National  Science  Foundation.  A  preliminary 
of  the  decomposition  of  f-butyl  (7,7-diphenylallyi)peracetate 
theoretical  problems  posed  thereby  was  presented  at  the  Sym- 
on  Small-Ring  Compounds  at  the  142nd  National  Meeting  of 
nican  Chemical  Society,  Washington,  D.  C,  March  22,  1962. 
>r  recent  studies  on  related  systems,  see  D.  I.  Schuster,  Ph.D. 
California  Institute  of  Technology,  1961,  and  A.  J.  Rosen, 
hcsis,  California  Institute  of  Technology,  1964. 
.  Maercker  and  J.  D.  Roberts,  /.  Am,  Chem,  Sac,,  88,  1742 

.  L.  Servis  and  J.  D.  Roberts,  ibid,,  87, 1331  (1965). 

.  G.  Kuivila  and  E.  J.  Walsh,  Jr.,  ibid.,  88, 571  (1966). 

le  formation  of  VI  is  reasonable  on  the  basis  of  the  stabilization 

idical  I  by  the  phenyl  groups.    In  the  absence  of  these  groups, 

ipropanes  may  be  formed;  ef,  L.  K.  Montgomery  and  J.  W. 

b/.,  •9, 3050(1967). 


Yi>1H    ^ 

Solvent 

Perester« 

V 

iieia,  /q 
VI 

VII 

Triethyltin  hydride. 

0.14  Af  in  ^octane  IIP 

23.5 

1.63 

10.0 

1 ,4-Cyclohexadiene 

III' 

30.0 

0.3/ 

11.9 

Indene 

III« 

10.7 

0.02/ 

16.0 

Cyclohexane 

III- 

1.0 

0.1/ 

26.5 

Ether 

III- 

1.1 

0.6/ 

31.5 

Tetrahydrofuran 

III- 

1.0 

0.05/ 

15.6 

Cumeoe 

III- 

1.3 

0.2/ 

e 

1 ,4-Cydohexadiene 

IV« 

45.0 

14.6 

11.0 

Cyclohexane 

IV« 

1.1 

7.5/ 

23.5 

Ether 

IV 

2.0 

9.5/ 

28.5 

Benzene 

IV 

1.1 

11.4 

18.5 

«  The  decomposition  temperatures  were  125-131 ""  for  III  and  35^ 
for  IV.  > 0.002  Af.  '0.05  M,  -0.30  M,  'Not  determined. 
/  As  identification  has  been  made  by  gas  chromatographic  retention 
time  alone,  this  figure  is  an  upper  limit  to  the  amount  formed. 


irreversible  and  that  VIII  disappears  mainly  through 
disproportionation  or  dimerization,  or  through  loss  of  a 
hydrogen  atom  to,  or  coupling  with,  a  cyclohexadienyl 
radical.  The  conversion  of  VIII  to  VII  appears  to  be 
fairly  efficient,  and  one  may  write  approximately 


d(V)/d(VII)  =  fc.(IXZH)/*XI) 


so  that 


kJK  =  (V)/(VIIXZH), 


av 


where  k^  is  the  rate  constant  for  hydrogen  abstraction 
by  I  from  the  hydrogen  donor,  ZH,  and  k^  is  the  rate 
constant  for  the  isomerization  of  I  to  VIII.  Values 
ofkjkr  estimated  for  triethyltin  hydride,  1,4-cyclohexa- 
diene,  and  indene  at  125-131^  are  about  17,  0.4,  and 
0.1,  respectively.®  All  of  the  other  solvents  are  much 
less  active  as  hydrogen  donors;  in  fact,  the  similarity 
in  the  yields  of  V  for  decomposition  of  III  or  IV  in 
cyclohexane,  ether,  tetrahydrofuran,  and  cumene  sug- 
gests that  the  active  hydrogen  donor  in  these  cases  is 

(7)  For  a  previously  reported  example  of  a  rearrangement  of  this 
type,  tee  S.  Winstdn,  R.  Heck,  S.  Lapporte,  and  R.  Baird,  Experientia, 
12,  138  (19S6). 

(8)  (a)  The  concentration  of  hydrogen  donor  was  taken  to  be  8.7  A/ 
for  i,4-cyclohexadiene  and  7.4  M  for  indene.  (b)  The  values  of  kjkt 
may  not  be  strictly  comparable  because  recent  rate  studies  have  shown 
that  the  perester  III  mainly  undergoes  induced  decomposition  in  the 
presence  of  triethyltin  hydride.  Formation  of  large  amounts  of  tri- 
ethyltin 7,7-diphenylallylacetate  {ca,  30%)  and  of  hydrocarbon  prod- 
ucts (V,  VI,  etc.)  under  a  variety  of  conditions  can  be  rationalized  in 
terms  of  attack  of  triethyltin  radicals  at  either  of  the  peroxy  oxygens  of 
m.  The  nature  of  the  induced  decomposition  will  be  discussed  more 
fully  in  a  later  publication. 
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Figure  1.  Distribution  of  the  deuterium  label  as  inferred  by  nmr 
spectroscopy  in  products  from  the  decomposition  of  deuterium- 
labeled  /-butyl  (7,7-diphenylallyl)peracetate  in  (a)  cyclohexane  at 
125^  and  (b)  1.34  M  triethyltin  hydride  in  /i-octane  at  125''. 


actually  VII  or  a  tetrahydronaphthalene  believed  to 
correspond  to  an  as  yet  uncharacterized  reaction 
product. 

A  detailed  product  analysis  to  be  reported  later 
indicates  that  relative  yields  of  diphenylcyclopropyl- 
methane  and  diphenylbutene  formed  from  either 
perester  in  1,4-cyclohexadiene  as  a  function  of  initial 
perester  and  cyclohexadiene  concentrations  are  com- 
patible with  VI  being  formed  mainly  through  donation 
of  hydrogen  to  II  by  cyclohexadienyl  radicals  while  V 
arises  similarly  from  I  and  1,4-cyclohexadiene.  In  the 
solvents  which  are  poor  hydrogen  donors,  VI  can  be 
formed  by  hydrogen  abstraction  from  VIII.* 

For  the  decomposition  of  III  in  triethyltin  hydride-/i- 
octane  mixtures,  the  ratio  VI  :V  is  independent  of  the 
tin  hydride  concentration.  This  observation  indicates 
that  the  rearrangement  of  I  to  II  is  fast  with  respect  to 
hydrogen  abstraction  by  I  from  the  hydride,  or  that 
there  is  a  single  "nonclassical"  radical  of  intermediate 
structure  which  gives  rise  to  both  hydrocarbons.  Thus, 
the  degree  of  equivalence  attained  by  the  methylene 
groups  in  I  before  conversion  to  product  is  of  special 
interest.  To  determine  this,  perester  III  was  prepared 
with  1.40  g-atoms  of  deuterium  in  the  a  position. 
Following  decomposition  in  cyclohexane  at  125°,  the 
distribution  of  the  deuterium  label  in  VII,  the  major 
reaction  product,  was  determined  by  nmr  spectros- 
copy.   The  results  are  summarized  in  Figure  la. 

It  is  clear  that  the  rearrangement  of  I  to  II  must  be 
fast  with  respect  to  that  of  I  to  VIII.  Here,  the  time 
during  which  the  rearrangement  may  take  place  is 
limited  only  by  the  relatively  slow  rate  at  which  the 
oriho  ring  cyclization  occurs.  Decomposition  of  III 
in  the  presence  of  1.34  M  triethyltin  hydride  made  it 
possible  to  reduce  this  time  by  approximately  a  factor 
of  23,  according  to  the  value  of  kjk^  estimated  for  the 
tin  hydride.  Nonetheless,  nmr  analysis  of  the  1,1- 
diphenyl-1-butene  (V)  formed  showed  equilibration  of 

(9)  The  major  difference  in  the  amount  of  VI  formed  in  the  decom- 
position of  the  two  peresters  in  cyclohexadiene  (see  Table  I)  can  be 
understood  essentially  as  follows.  The  half-life  for  decomposition  of 
ring-opened  perester,  III,  at  1 31  °  is  about  the  same  as  that  for  IV  at  35"*, 
The  steady-state  cyclohexadienyl  radical  concentration  goes  roughly 
as  the  square  root  of  the  decomposition  rate.  Therefore,  the  cyclo- 
hexadienyl radical  concentration  will  be  about  the  same  in  the  two  cases. 
However,  the  steady-state  concentration  of  the  ring-closed  radical,  II, 
will  be  quite  different.  If,  as  we  believe,  II  is  energetically  more  stable 
than  I,  the  ratio  I: II  will  be  greater  at  the  higher  temperature.  The 
rates  of  hydrogen  abstraction  to  give  V  and  of  conversion  to  ring- 
cyclizcd  radical  VIII  will  then  be  much  faster  at  131°  due  both  to  the 
temperature  effect  on  k^  and  on  kt  and  to  the  greater  relative  amount  of 
I.  As  a  result,  the  steady-state  concentration  of  II  will  be  much  smaller 
at  131  **  than  at  35°,  and  the  amount  of  VI  formed  will  be  correspond- 
ingly less. 


the  methylene  groups  to  have  occurred  even  in  the 
presence  of  this  active  hydrogen  donor  (Fig;ure  lb). 
Thus,  the  half-time  for  the  isomerization  of  I  to  II 
must  be  short  compared  to  that  for  the  reaction  of  the 
former  with  the  tin  hydride. 

At  present  there  is  no  reason  to  postulate  the  existence 
of  a  '*nonclassical"  radical  species  to  account  for  the 
experimental  results  and,  on  the  whole,  the  radical 
system  behaves  more  like  the  analogous  carbanion 
system'  than  like  similar  carbonium  ion  systems.* 
Possible  answers  to  the  intriguing  question  ^  as  to  the 
magnitude  of  the  equilibrium  constant  between  I  and 
II  will  be  considered  in  detail  later. 

(10)  D.  Patel,  C.  H.  Hamilton,  and  J.  D.  Roberts,  /.  Am.  Ckem.  Soe., 
87,  5144  (1965). 
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M.  Edward  Medof,  Jobi  D.  Roborti 
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pH-Dependent  Proton  Absorption  in  Chymotrypsin 
Binding.    Evidence  for  a  pH-Dependent  ConformatioB 
Change  of  the  Enzyme^ 

Sir: 

The  second- order  rate  constant  (^catZ-'^mCapp))  of 
chymotrypsin-catalyzed  reactions  has  long  been  known 
to  decrease  above  pH  8,  with  an  apparent  dependence 
on  a  single  ionizable  group  of  pK  ^9.*  Recenfly 
this  phenomenon  has  been  identified  as  a  pH-dependent 
binding  by  chymotrypsin,  even  for  neutral  substrates 
and  inhibitors.*"*  A  pH-dependent  binding  of  a  neu- 
tral molecule  implies  that  a  pH-dependent  proton  change 
of  the  enzyme  occurs  on  binding.  In  fact,  a  pH- 
dependent  absorption  of  one  proton  per  mole  of  enzyme 
has  been  observed  upon  acylation  of  chymotrypsin^ 
Is  this  proton  phenomenon  at  high  pH  associated  with 
the  noncovalent  binding  of  substrate  to  enzyme  (X.)  or 
with  the  subsequent  covalent  acylation  step  {k^l 
Recent  results  with  competitive  inhibitors  of  chymo- 
trypsin* and  with  derivatized  chymotrypsins^  favor  the 
former  possibility. 

The  binding  of  the  competitive  inhibitor,  benzyl 
alcohol,  to  a-chymotrypsin  was  first  investigated. 
This  substance  is  particularly  advantageous  since  it  is 
endowed  with  both  high  solubility  and  partial  re- 
semblance to  a  natural  chymotrypsin  substrate;  solu- 
tions with  [I]o/i^i  =  20  can  easily  be  prepared,  leading 
to  essentially  complete  saturation  of  the  enzyme  by  the 
inhibitor  even  at  high  pH.  The  results  of  a  series  of 
experiments  determining  proton  uptake  by  the  enzyme 
upon  binding  of  excess  benzyl  alcohol  are  shown  in 

(1)  This  research  was  supported  by  grants  from  the  National  Insti- 
tutes of  Health. 

(2)  H.  Neurath  and  G.  W.  Schwert,  Chem,  Rev.^  46,  69  (195Q). 

(3)  A.  Himoe  and  O.  P.  Hess,  Biockem.  Biophys,  Res,  Commm^  23, 
234  (1966). 

(4)  M.  L.  Bender,  M.  J.  Gibian,  and  D.  J.  Whelan,  Proc.  NaiL  AssL 
Sci,  U.  S.,  56,  833  (1966). 

(5)  Earlier  erroneous  reports  associated  this  phenomenoo  with  a 
subsequent  rate  step.* 

(6)  M.  L.  Bender,  G.  E.  Qement,  F.  J.  K6zdy,  and  H.  d*A.  HA 
J.  Am.  Chem.  Soc.,  86.  3680  (1964). 

(7)  J.  Keizer  and  S.  A.  Berahard,  Biochemistry^  5.  4127  (196Q, 
and  references  therein. 

(8)  H.  L.  Oppenheimer,  B.  Labouesse,  and  G.  P.  Hess»/.  BhL  Cham 
241.  2720  (1966). 
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re  1.  At  pH  7,  no  protons  are  absorbed  by  the 
ne  on  binding  while  at  pH's  near  10  almost  one 
talent  of  proton  per  mole  of  enzyme  is  absorbed. 
pH  dependence  of  the  proton  uptake  follows  a 
etical  curve  (solid  line)  based  on  a  single  pJ^of  8.8, 
similar  to  the  pK  controlling  the  pH-dependent 
ng  of  the  enzyme  in  this  region.^  Thus,  the  shapes 
le  l/Ki  (or  IJK^)  ds.  pH  curves  and  the  proton 
Ice  vs.  pH  curves  are  essentially  identical  with  one 
ier.  Likewise,  plots  of  proton  absorption  vs. 
AtOT  concentration  show  saturation  curves  similar 
^rmal  (F  vs.  [S])  saturation  binding  curves.  The 
results  are  obtained  with  acetonitrile,  a  nonspecific 
dtor,  and  N-acetyl-D-tryptophanamide,  a  specific 
Hot. 

pH  8.8  the  addition  of  benzyl  alcohol  ([BzOH] » 
:aused  O.S  proton  per  mole  of  enzyme  to  be  ab- 
^d,  and  the  further  addition  of  acetonitrile,  also  in 
ating  concentration,  caused  no  further  changes 
e  state  of  protonation  of  the  enzyme.  Thus  the 
t  of  added  inhibitor,  especially  acetonitrile,  is  due 
specific  enzyme-small  molecule  interaction  and  not 
tered  solution  properties. 

lese  results  suggest  that  the  proton  uptake  seen  in 
Dver-all  acylation  {ktjK^  actually  occurs  in  the 
ing  step  (jK,)  preceding  acylation  (fci).  In  the  acyla- 
step  per  se  no  further  proton  uptake  can  occur, 
it  is  all  accounted  for  in  the  binding, 
lese  results  further  indicate  that  a  set  of  coupled 
ibria  involving  binding  and  protonation  of  the 
me  must  occur.  A  set  of  coupled  equilibria  was 
ago  used  to  explain  the  pH-dependent  binding  and 
>n  release  on  binding  of  oxygen  to  hemoglobin,  the 
lUed  Bohr  effect.**^  The  simplest  expression  of 
:oupling  in  the  chymotrypsin  system  is 


IT.  I 

E  +  H+  z;i=i:  EH+  ;;=i  EHI+ 


(1) 


^ing  that  EH+,  but  not  E,  can  bind  inhibitor  (or 
rate)  and  that  EH+,  but  not  EHI+  (EHS+),  can  lose 
>ton.  This  set  of  equations,  related  to  the  hemo- 
n  equations,*  successfully  describes  the  sigmoid 
^  of  Figure  1  and  the  corresponding  sigmoid 
5  of  l/Ki  f^s.  pH.  However,  eq  1  suffers  from  two 
:ts:  (1)  it  gives  no  mechanistic  explanation  for  the 
ng  of  a  neutral  inhibitor  to  a  protonated  enzyme, 
,  but  not  to  a  neutral  enzyme,  E ;  and  (2)  it  does 
Lccount  for  the  change  in  state  of  the  enzyme  seen 
imetrically  around  pH  9.*^  In  order  to  meet 
requirements,  eq  1  has  been  expanded  to  eq  2. 


Xth  I 

E*H+  :^=2^  EH+  z;=^  EHI+ 

£♦    :;=^   E     z;p±  EI 

Ki 


(2) 


scheme,  which  postulates  two  states  of  the  enzyme, 
nalizes  the  pH  dependence  of  both  binding  and 
)n  uptake.  Provided  that  J^th  (=[EH]/[E*HD  ^ 
and  that  [H+]  »  K^  ^  10-",»»"  sigmoidal  pH 

J.  Wyman,  Adam.  Protein  Chem.,  4, 407  (1948). 

R.  A.  Alberty.  /.  Am,  Chem.  Soc„  TI.  4522  (19S5). 

B.  H.  Havsteen,  /.  Biol  Chem.,  242, 769  (1967). 

The  attumpUon  Uiat  JTth  ^  100  is  borne  out  by  the  data  on  the 
tion  of  the  enzyme  alone.  ^  ^ 

Equation  2  represents  two  sides  of  a  cubic  array.  The  other 
t  of  the  cube,  E*HI'*'  and  E^I,  have  been  omitted,  implying  that 


-1 — 

1— 

f-     -nr  — 

r- 

0.0 

■- 

a 

■t-as 

- 

o 

\ 

V 

- 

-1.0 

1 I I-.. 

>i 

( ( 

i 

-1 

» 

• 

7.5 


ao 


as 

pH 


t.0 


M 


Figure  1.  The  pH  dQ>endence  of  proton  absorption  by  a-chymo- 
trypsin  upon  binding  of  inhibitors:  O,  benzyl  alcohol  (pH  7.9: 
Ki  s  10  mAf,  competitive  inhibition;  10  mAf,  proton  absorption; 
pH  9.0:  Ki  B  17  mM,  competitive  inhibition;  21  mAf,  proton 
absorption;  pH  9.7:  JfTi  «  50  mAf,  competitive  inhibition;  51 
mA/,  proton  absorption);  A,  acetonitrile  {Ki  -■  830  mAf,  pH  7.9); 
D,  N-acetyl-D-tryptophanamide  (Ki  «  2.3  mAf,  pH  7.9).  [E]©  ■■ 
0.86  X  10-*  Af;  [llo  always  5  X  >  Kuoi»d  at  each  pH;  25.0°,  0.1 
M  KCl.  Observations  of  proton  absorption  by  o-chymotrypsin 
were  made  using  a  recording  pH  meter :  ordinary  glass  and  calomel 
electrodes  in  a  Faraday  cage  with  a  Radiometer  TTTIc  pH-Stat 
r^ulator  unit  used  to  drive  a  Sargent  SR  recorder,  for  which  full 
scale  could  be  varied  from  1.0  to  0.01  pH  unit.  Inhibitor  was 
added  with  a  Gilson  micrometer  buret  piia  a  Teflon  needle.  Chymo- 
trypsinogen  was  used  as  a  **blank**  reaction  to  correct  for  small 
((V-25  %)  pH  changes  due  only  to  addition  of  inhibitor.  The  value 
of  the  pH  change  on  addition  of  inhibitor  to  o-chymotrypsin  was 
compared  to  that  produced  artificially  by  addition  of  1  equiv  of 
hydroxide  ion/mole  of  enzyme  to  obtain  the  fraction  of  one  proton 
absorbed  by  the  enzyme  per  noole  at  the  given  pH.  ApH  values 
from  0.05  to  0. 16  were  observed. 


dependence  of  both  processes  is  predicted.  Thus  E  is 
the  major  form  of  the  enzyme  when  protonated,  and 
E'^  is  the  major  form  when  unprotonated. 

The  symbol  n  is  defined  as  the  number  of  protons 
per  mole  of  enzyme  which  are  released  as  the  result  of 
forming  the  enzyme-inhibitor  complex  (cf.  ref  7  for  a 
similar  definition).  Using  the  scheme  of  eq  2,  one  may 
then  derive  eq  3  and  4.   Equation  4  predicts  that  a  plot 
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of  n  vs.  [I]  at  a  given  pH  will  produce  the  usual  hyper- 
bolic saturation  curve  (as  seen  for  V  vs.  [S]),  leading  to 
the  same  Ai.obwi  ^s  that  obtained  by  competitive  inhibi- 
tion experiments.  Indeed  this  is  observed  and  proven 
in  experiments  carried  out  at  pH  7.8,  8.8,  and  9.6. 

the  dissociation  constants  of  these  species  are  infinite.  Havsteen^' 
hat  produced  kinetic  evidence  for  the  top  of  the  cube  (E^H'*',  EH'*', 
EHI'*',  and  E^HI'*')  by  observing  at  high  pH  one  relaxation  of  the 
enzyme  itself,  and  two  relaxations  of  the  enzyme  in  the  presence  of 
the  inhibitor  proflavin.  We  find  that  proflavin  is  a  special  case:  its 
binding  is  decreased  only  twofold  at  pH  10  where  the  binding  of  many 
other  inhibitors  is  decreased  ca.  tenfold,  implying  that  proflavin  can 
bind  not  only  at  the  active  site  where  the  change  of  state  occurs,  but 
possibly  at  some  second  site  also. 


Coininuidcaitows  \o  i^ 
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The  change  in  state  between  E  and  E*  in  the  native 
enzyme  may  be  described  as  a  change  in  hydration  or, 
more  probably,  a  conformational  change  of  the  native 
enzyme.  Although  the  binding  and  proton  absorption 
data  require  that  E  be  the  major  form  when  protonated 
and  E*  be  the  major  form  when  unprotonated,  the 
introduction  of  inhibitor  (or  substrate)  into  the  system 
transforms  all  of  the  enzyme  to  EHI+  (or  EHS+),  which 
explains  the  pH-independent  catalytic  steps  (^2  and  kz) 
in  the  high  pH  region.  The  conformation  change  thus 
is  related  to  the  binding  of  small  molecules  at  the 
enzyme  active  site  but  not  to  the  catalytic  process 
per  se.  A  pH-dependent  intramolecular  competitive 
inhibition  of  the  active  site  will  explain  the  data  on 
the  transformation  given  both  here  and  elsewhere.* 
Although  this  (conformational)  change  drastically 
affects  the  activity  of  chymotrypsin  through  an  inhibi- 
tion of  binding,  it  does  so  only  in  a  negative  way. 

(14)  National  Institutes  of  Health  Predoctoral  Fellow. 

(15)  The  authors  thank  Professor  F.  J.  K6zdy  for  assistance  with  the 
mathematical  formulation. 
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On  the  Mechanism  of  Aromatic  Arylation 
with  Nitrosoacetanilide 

Sir: 

Nitrosoacetanilide  (1)  has  long  been  known  as  a 
source  of  phenyl  radicals^  and  has  found  particular 
application  in  studies  of  homolytic  phenylation  of 
aromatic  compounds.  ^'^  It  has  been  established  that 
the  rate-determining  step  in  these  reactions  is  the 
first-order  isomerization  (eq  1)  leading  to  benzene- 
diazo  acetate.^  However,  the  detail  of  subsequent 
processes  has  been  less  clear.  Two  major  difficulties 
challenged  early  mechanistic  ideas.  First,  early 
schemes  show  the  high  yields  of  acetic  acid  arising  by 
way  of  the  acetyloxy  radical,  in  spite  of  the  known 
instability  of  this  intermediate.^  Second,  the  initial 
adduct  of  phenyl  radicals  to  benzene  (/.e.,  the  phenyl- 
cyclohexadienyl  radical,  2)  is  cleanly  oxidized  to  bi- 
phenyl,  while  in  other  systems  disproportionation  and 
dimerization  lead,  in  addition,  to  hydroaromatic  prod- 
ucts.® 

The  difiiculties  referred  to  have  led  to  suggestions  of 
concerted  *•'  or  cage®  processes.  However,  a  more 
satisfactory  mechanistic  interpretation,  which  has  re- 
ceived  general   acclaim,*  was  advanced  recently  by 

(1)  W.  S.  M.  Grieve  and  D.  H.  Hey,  /.  Chem,  Soc.,  1797  (1934). 

(2)  See,  for  example,  G.  H.  Williams  **Homolytic  Aromatic  Substi- 
tutions," Pergamon  Press,  Oxford,  1960,  Chapter  4. 

(3)  R.  Ito,  T.  Migita,  N.  Morikawa,  and  O.  Simamura,  Tetrahedron^ 
21,  955  (1965). 

(4)  R.  Huisgen  and  G.  Horeld,  Ann.  Chem.,  562, 137  (1949). 

(5)  See,  for  example,  C.  Walling,  **Free  Radicals  in  Solution,** 
John  Wiley  and  Sons.  Inc..  New  York,  N.  Y.,  1957,  p  493. 

(6)  D.  F.  DeTar  and  R.  A.  J.  Long,  /.  Am.  Chem.  Soc.,  80,  4742 
(1958);  E.  L.  Eliel,  S.  Meyerson  Z.  Welvart.  and  S.  H.  Wilen,  ibid.,  82, 
2936  (1960);  D.  H.  Hey.  M.  J.  Perkins,  and  G.  H.  Williams,  /.  Chem. 
Soc.,  5604  (1963);  3412  (1964);  D.  I.  Davies,  D.  H.  Hey,  and  M.  Tiecco, 
ibid.,  7062  (1966). 

(7)  R.  Huisgen  and  G.  Sorge,  Ann.  Chem.,  566, 162  (1950). 

(8)  E.  L.  Eliel,  M.  Eberhardt,  O.  Simamura,  and  S.  Meyerson,  Tetra- 
hedron Letters,  749  (1962). 

(9)  E.  L.  Eliel.  J.  G.  Saha.  and  S.  Meyerson.  /.  Org.  Chem.,  30,  2451 
(1965);  B.  Capon,  M.  J.  Perkins,  and  C.  W.  Rees,  "Organic  Reaction 
Mechanisms  1965,**  John  Wiley  and  Sons.  Inc.,  New  York,  N.  Y.,  1966. 


Riichardt  and  his  collaborators^  and  was  succcssfaliy 
extended  to  the  Gomberg  reaction.  ^^  In  this  new 
scheme,  outUned  below  for  the  phenylation  of  beozeoe, 
the  acetic  acid  is  formed  in  a  nonradical  process  invdv- 
ing  the  ion-pair  form^'  of  the  diazoacetate.  Further- 
more, rapid  oxidation  of  radical  2  by  a  high  stationary- 
state   concentration    of  the   phenyldiazotate   radical 


N=0 

PhNCOCHa    - 
1 

PhN=NOCCX^Hs 
Initiation 


PhN=NOCXX% 


0) 


iCOCH^  (2) 


1  +  [RiNj-^-OCOCHa]    —^    AcaO    +  PhN=NON=NPhffl 
Major  product-forming  sequence 


PhN=NON=NPh 


Ph-     +     PhH 


PhN=NO-    +    N,    +    Ph-    (4) 

Ph 

(5) 


2    +   PhN=NO-    — *^    Ph,    +   PhN=NOH  (6) 

PhN=NOH    +  [PhNz'^'OOOCI^    —^ 

AcOH    +   PhN=NON=NPh  (7) 

(PhN^NO  • )  accounts  for  the  failure  to  observe  dis- 
proportionation or  dimerization  products  from  I 
This  mechanism  received  added  support  when  a  stable 
radical  was  detected  in  the  reaction  by  electron  spin 
resonance  (esr),^'  and  its  spectrum  was  interpreted  in 
terms  of  the  phenyldiazotate  structure  (a^  =  1.67, 
11.61;  Ah  =  0-,  -2.60;  m-,  0.89;  p-,  -2.73).  The 
larger  nitrogen  splitting  has  subsequently  been  assigned 
to  the  nitrogen  atom  bonded  to  oxygen,  by  means  of 
"N  labeling  experiments.^* 

Our  interest  ^^  in  the  scavenging  of  phenyl  radicals  by 
C-nitroso  compounds  (to  give  nitroxide  radicals)  led  us 
to  propose  that  the  radical  detected  by  Riichardt  and 
Binsch^'  might,  in  fact,  have  structure  3.  Any  hyper- 
fine  splitting  by  the  protons  in  ring  B  may  have  beoi 
too  small  to  have  been  resolved. 


Ph-   +    1 


/BV-NCOCHa 
3 


W 


We  have  redetermined  the  esr  spectrum  of  the  stable 
radical  from  the  decomposition  of  nitrosoacetanilide 
in  benzene  (Figure  1)  and  have  now  been  able  to  obtain 

p  1S4.  A  related  mechanism  has  been  advanced,  with  Uttle  sopportinf 
evidence,  for  homolytic  phenylation  by  N-phenyl-N'-tosyloJcydiiiiBde 
N-oxide:  E.  A.  Dorko  and  T.  E.  Stevens,  Chem,  CommmL,  171 
(1966). 

(10)  C.  Riichardt  and  B.  Freudenberg,  Tetrahedron  Letters,  363 
(1964). 

(11)  C.  RUchardt  and  E.  Merz,  ibid.,  2431  (1964). 

(12)  P.  Miles  and  H.  Suchitzky,  Tetrahedron,  1$,  1369  (1962). 

(13)  G.  Binsch  and  C.  RUchardt,  /.  Am.  Chem.  Sac..  88, 173  (1966). 

(14)  G.  Binsch,  E.  Merz,  and  C.  RUchardt,  Chem.  Ber.^  108.  247 
(1967). 

(15)  G.  R.  Chalfont,  D.  H.  Hey,  K.  S.  Y.  Liana,  and  M.  J.  Nridos, 
Chem,  Commun.,  367  (1967). 
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essentially  the  same  spectrum  by  mixing  benzene  solu- 
tions of  nitrosobenzene  and  N-bromoacetaniUde  (Figure 
2).  We  consider  that  the  most  probable  structure  for 
the  radical  responsible  for  this  spectrum  is  therefore 
3;  in  the  second  reaction  this  is  considered  to  arise  by 
addition  or  the  nitrogen-centered  radical  4  to  nitroso- 
benzene (eq  9)."  The  "N  experiments  already  cited'* 
once  more  allow  assignment  of  the  larger  nitrogen 
coupling  in  radical  3  to  the  nitrogen  atom  bonded  to 
oxygen.    The  value  of  11.7  gauss  seems  very  reason- 


PhNCOCH,  +  PhN— O  - 


(9) 


able  for  nitrogen  in  this  environment,  by  analogy  with 
other  data  on  nitroxide  radicals. " 

Reaction  of  N-bromo-^-chloroacetanilide  with  ni- 
trosobenzene gives  a  radical  whose  esr  spectrum  is 
indistinguishable  from  that  of  3,  consistent  with  the 
hypothesis  of  negligible  splitting  by  the  ring  B  protons. 
Reactions  of  N-bromoacetanilide  with  ^-chloronitroso- 
benzene,  j^nitrosotoluene,  and  2-methyl-2-nitrosopro- 
pane  also  give  stable  radical  species,  the  esr  spectra  of 
which  have  been  resolved  into  SO,  42,  and  9  lines,  respec- 
tively. I*  These  reactions  appear  to  constitute  the 
first  examples  of  addition  of  organic  nitrogen-centered 
radicals  to  the  nitroso  group,  though  there  are  now 
numerous  reports  of  additions  by  carbon-  '*  and  oxygen- 
centered"  radicals. 

Assuming  that  structure  3  correctly  represents  the 
structure  of  the  stable  radical  in  the  oitrosoacetanilide 
reaction,  this  species  could  then  adopt  the  role  of 
oxidant  in  a  modified  mechanism  such  as  that  outlined 
bdow.  This  finds  close  analogy  with  the  mechanism 
proposed  for  the  decomposition  of  benzoyl  peroxide  in 
the  presence  of  diphenyl  nitroxide. " 

Initiation 

PhN-=NOCOCH,  — »■  Ph-  +  N,  +    OCOCH,       (10) 
Ph-  -hi — V3  (8) 


(16)  The  e«r  ipectrum  developed  on  mixing  the  reagent),  though 
pbotolyiii  of  the  bromo  amide  by  itiay  laboratory  light  may  have  been 
Emtminenial  in  radical  production.  At  room  temperalure.  the  presence 
of  tilver  powder  did  not  increaie  the  radical  concentration.  In  a  con- 
trol experiment,  no  radical  spectrum  wa«  formed  from  nitrosobenzene 
■nd  molecular  bromine.  Spectra  were  recorded  on  a  modified  Varian 
V4302  ipectrometer  generoutly  placed  at  our  disposal  by  Dr.  G.  R. 
Wilidnion  of  the  Phytia  Department  of  thii  college.  We  are  also 
indebted  to  Dr.  Yvonne  Recs  for  a  helpful  appraisal  of  various  sources 
of  phenylacetamido  radical!. 

(17)  For  example,  compound  i  has  4h  -  16-3  gauts  in  methylene 
diloride:  ;.  W.  Lown,  J.  Chtm.  Soc.,  Seel.  B.  441  (1966).  This  value 
i^sbt  be  expected  to  be  reduced  slightly  in  3  by  delocajizalion  of  the 
unpaired  electron  over  the  aromatic  ring  (c/.  ref  18). 


Main  product-forming  sequence 

Ki-  -hPhH — *■! 
2-1-3  — *-  Ph,  -t-  PhNOH 

PhNCOCHi 
PhN— NOCX)CH,  +  PhNOH  — ► 
PhNCOCH, 


(5) 
(11) 

(12) 
3  +  Ph.  +  N.  +  AcOH 

Reaction  12  may  represent  more  than  one  discrete 
step.  The  reduced  yield  of  biphcnyl  with  high  initial 
concentrations  of  nitrosoamide  mif^t  be  explained  in 
terms  of  increased  removal  of  phenyl  radicals  in  reaction 
8,  leading  to  unidentified  by-products. 

Other  examples  of  phenylation  reactions  in  which 
product  formation  is  dominated  by  the  presence  of 
relatively  stable  radical  intermediates  have  also  been 
documented.**  In  the  light  of  the  present  work,  the 
identity  of  any  such  species  in  the  Gomberg  reaction" 
merits  reinvestigation. 

Acknowledgment.  We  thank  the  Science  Research 
Council  for  financial  support  (to  G.  R.  C),  and  Pro- 
fessor D.  H.  Hey  for  valuable  discussions. 


(IS)  Tbe  Ian  of  these  (nine  lines)  appeared  a*  a  triplet  of  triplets 
^a  -  CO.  16  and  1.5  gauu)  and  is  ascribed  to  (-BuN(0')N(Ph)COCHi. 
Thu  radical  has  not  yet  been  obtained  free  from  di-f-butyl  nitroxide, 
deapile  attempts  to  avoid  direct  photolysis  of  the  nilrosobutane  (see 
ref  19).  The  spectrum  in  Figure  1  has  been  analysed  in  detaiP'." 
•nd  involves  considerable  coincidence  of  lines.  There  must  also  be 
coincidences  In  the  spectra  of  (he  chloro- and  methyl-subitituted  radicals 
mnd  analysis  of  the  spectra  of  these  and  related  nitroxides  will  be  given 
in  ibe  full  paper. 

<19}  A.  Madcor.  Th.  A,  J.  W.  Wa)er,  Tb.  I.  de  Boer,  aod  J.  D.  W.  van 
Voont,  TttrahtdrOH  Linen,  2115  (1966),  and  references  tbereia. 

(20)  A.  Mackor,  Th.  A.  J.  W.  Wa>er,  Th.  J.  de  Boer,  and  I.  D.  W.  van 
Voont.  au^  US  (1967). 
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A  New  Venatile  Ketone  Spin  Ubel 
Sir: 

The  study  of  molecular  systems  by  esr  spectroscopy 
is  contingent  on  the  presence  within  tbe  system  of  un- 
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Table  I.    Physical  and  Spectral  Data 


Nitroxide 


flNi*  =t0.1  g  value, 

Mp  or  bp  (mm),  X        gauss  :k0.0002 


Xmx,  O^U  (c) 


%yicW 


175-176 
(methanol- 
ether) 


14.3 


2.0058 


57-58  (pen- 
tane) 


14.3 


2.0058 


443  (7.2) 
(ether) 


420(7.4) 
(ethanol) 


TV 


42' 


ns^ 


70  (0.08) 


14.4 


2.0058 


422  (7.0) 
(ethanol) 


26*.- 


«  X-band  esr  spectra  were  measured  in  ethyl  acetate  solution  (ca.  5  X  10~<  Af)  and  consisted  of  the  usual  three-line  nitroxide 
All  three  nitroxides  were  found  to  have  1.0  db  0.2  spins  per  molecule.  ^  This  represents  pure  crystalline  material.  « Yields  we 
mined  by  visible  absorption  spectroscopy.    *  The  analytical  specimen  was  obtained  by  preparative  vapor  phase  chromatography. 


were  deter- 


paired  electron  spins.  Elegant  methods  have  recently 
been  developed  for  the  chemical  attachment  of  rela- 
tively stable  nitroxide  free  radicals  to  diamagnetic 
biomolecules,  permitting  study  of  the  latter  by  esr 
techniques.  Several  workers  have  applied  this  spin- 
labeling  method  with  notable  success  to  the  study  of 
proteins  such  as  bovine  serum  albumin.  ^ 

The  continuing  successful  development  of  this  tech- 
nique depends  to  a  large  measure  on  the  availability  of 
a  wide  variety  of  spin-label  molecules.  We  wish  to 
report  the  first  general  method  for  converting  ketones 
to  stable  nitroxide  free  radicals.  The  reaction  sequence 
from  the  ketone  to  the  nitroxide  is  outlined  below. 


L-OH 


H 


-^l 


0 
H 
COOH 


0 


For  example,  refluxing  a  toluene  solution  of  cholestan- 
3-one  containing  an  excess  of  2-amino-2-methylpro- 
pan-l-ol^  and  a  trace  of /^-toluenesulfonic  acid  mono- 
hydrate  for  several  hours  with  continuous  water  re- 
moval by  means  of  a  Dean-Stark  trap  led  to  the  cor- 
responding oxazoUdine,  one  epimer  of  which  had  mp 
124-125°.*  The  known*  oxazolidines  derived  from 
cyclohexanone  and  heptan-2-one  were  similarly  pre- 
pared. 

In  each  instance  oxidation  of  the  oxazolidine  to  the 
corresponding  nitroxide  was  effected  by  dropwise 
addition  over  20  min  of  an  ether  solution  of  1.50  equiv 
of  m-chloroperbenzoic  acid  to  an  ice-cold,  stirred  ether 

(1)  T.  J.  Stone,  T.  Buckman,  P.  L.  Nordio,  and  H.  M.  McConnell, 
Proc.  Natl.  Acad.  Set.  U.  S.,  54,  1010  (1965);  O.  H.  Griffith  and  H.  M. 
McConnell.  ibid.,  55,  8  (1966);  L.  Stryer  and  O.  H.  Griffith,  ibid.,  54, 
1785  (1965). 

(2)  Available  from  Aldrich  Chemical  Co. 

(3)  All  new  compounds  gave  carbon,  hydrogen,  and  nitrogen  ele- 
mental analyses  within  0.3  %  of  the  theoretical  values. 

(4)  E.  M.  Hancock  and  A.  C.  Cope,  /.  Am.  Chem.  Soc.,  66,  1738 
(1944). 


solution  of  oxazolidine.  The  resulting  solution  wis 
allowed  to  stand  at  25^  for  24  hr.  The  ether  layer  was 
washed  with  cold  5  %  sodium  bicarbonate  solution  and 
dried  over  magnesium  sulfate,  and  the  solvent  was  ^^ 
moved  under  vacuum,  affording  the  nitroxide.  TaUe  I 
summarizes  pertinent  physical  and  spectral  data  for 
the  three  representative  nitroxides  1,  2,  and  3. 

The  conformationally  rather  rigid  nature  of  the 
oxazolidine  ring  system  in  these  new  spin  labels  should 
markedly  facilitate  the  interpretation  of  rotational  cor- 
relation times  in  terms  of  the  local  environment  of  the 
spin  label. 
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Grifiith  for  determination  of  the  esr  spectral  data  and 
the  National  Science  Foundation  (Grant  GPS805) 
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the  Graduate  School  of  the  University  of  Oregon  for 
financial  support  of  this  work. 
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Concerning  the  Anion  and  Cation 
Radicals  of  Corannulene 

Sir: 

The  consideration  of  valence  bond  structures  such  as 
2  for  the  recently  synthesized  strained,  nonaltemate 
benzoid  hydrocarbon,  corannulene  (1),^  intimated  the 
theoretical  accessibility  of  the  corresponding  radical 
anion  and  radical  cation  derivatives.  The  unusual 
polar  form  2  impUes  that  the  radical  cation  and  anion 
correspondingly  will  have  large  contributions  of  struc- 
tures such  as  3  and  4  to  the  resonance  hybrid.  Because 
of  the  importance  of  these  species  to  more  sophisti- 
cated computations  on  the  corannulene  molecule,  as 

(1)  W.  E.  Barth  and  R.  G.  Lawton.  /.  Am,  Chem.  Sce.^  St.  3S0  (196^ 
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>  general  interest  in  its  chemistry,  we  were 
to  search  for  these  derivatives. 


graphic  reduction  of  1  X  10"'Af  corannulene- 
(Utylammonium  perchlorate  solution  in  aceto- 
ing  either  a  stationary  platinum  microelec- 
Iropping  mercury  electrode  afforded  two  well- 
waves  with  half-wave  potentials,  £i/,,  of 
id  —2.36  V  vs.  the  Ag-AgCl  aqueous  refer- 
Lrode.  That  the  first  wave  on  both  electrodes 
ed  a  reversible,  one-electron  reduction  was 

by  wave  log  analysis  and  controlled  potential 
ry.  The  corannulene  radical  anion  product 
it  reduction  wave  was  characterized  by  spectro- 
tric    and    esr   techniques    in   the   following 

Controlled  potential  electrolysis  on  a  macro- 
i  mercury  pool  electrode  and  at  a  potential  of 
ising  a  specially  constructed  flow  cell*  which 
rted  in  a  Cary  Model  14  spectrophotometer 
in  the  formation  of  a  dark  emerald  green 
having  maxima  in  the  visible  at  450  and  650 
lire  1,  curve  1).  However,  the  ratio  of  in- 
f  the  peaks  at  450  and  650  m/i  varied  over 
xperiments,  suggesting  that  these  are  possibly 
t  of  more  than  a  single  species.    Upon  ex- 

0  oxygen  the  green  solution  became  yellow 
visible  spectrum  of  this  solution  exhibited  a 
ak  at  450  m/i.  Thus,  it  is  believed,  the  green 
is  a  result  of  the  summation  of  the  radical 
>0-mM  maximum  and  a  decay  product  450- 
imum  caused  by  trace  amounts  of  oxygen  in 
m. 

T  green  solutions  were  observed  upon  reduc- 
X  10~^  Af  solutions  of  corannulene  in  tetra- 
*an  by  potassium  or  sodium  metal.  At  room 
ture  these  solutions  exhibited  esr  spectra 
d  of  11  equally  spaced  lines  (Figure  IB),  the 
ermost  being  observed  only  under  conditions 
gain  and  resolution.    The  spectrum  and  its 

1  intensity  distribution  is  exactly  that  expected 
dical  with  one  set  of  ten  equivalent  protons, 
ation  that  the  chemically  and  electrolyticiEdly  pre- 
)ecies  were  identical  was  obtained  by  electro- 
uction  in  the  esr  cavity  of  a  10~'  Af  solution 
nulene  in  dimethylformamide  at  a  potential  of 
s.  a  Ag-AgCl  reference  electrode,  giving  an  iden- 
r  spectrum  with  that  obtained  chemically, 
lerfine  splitting  constant  for  the  radical  anion 
lethoxyethane  was  a^  =>  1.560  ±  0.005  gauss, 

oata  and  H.  B.  Mark,  Jr.,  to  be  puUiibed. 
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Figure  1.  (A)  Visible  spectrum  of  electrolysis  products  produced 
at  —2.0  (curve  1)  and  —2.5  v  (curve  2)  vs.  a  Ag-AgCl  reference 
electrode.    (B)  Esr  spectrum  of  corannulene  anion  radical. 


and  the  g  value  was  2.00270  :b  0.00001.  The  spUtting 
constant  in  dimethylformamide  is  identical  within 
experimental  error. 

Controlled  potential  electrolysis  at  —2.5  v  vs.  Ag- 
AgCl  (diffusion  plateau  of  second  wave)  produced  a 
bright  red  species  having  a  single  absorbance  maximum 
at  5(X)  m/i.  This  same  red  substance  could  also  be 
observed  when  corannulene  solutions  were  subjected 
to  long  contact  with  alkali  metals.  The  red  species, 
which  is  not  paramagnetic,  is  not  believed  to  be  the 
dianion,  but  rather  some  decay  product  of  it.  Further 
studies  of  this  reaction  are  in  progress. 

Attempts  to  observe  the  radical  cation  (4)  were  uni- 
formly unsuccessful;  using  a  slow  anodic  sweep  of  a 
platinum  electrode,  a  poorly  defined  oxidation  wave 
was  obtained  with  a  half-wave  potential  of  about  1 .46  v 
vs.  Ag-AgCl.  The  wave  is  actually  peaked  in  shape. 
Apparently  the  oxidation  product  of  corannulene 
undergoes  rapid  chemical  reaction,  producing  a  poly- 
meric product  which  coats  the  electrode  surface  and 
blocks  further  oxidation.  The  passivation  prevented 
any  anodic  coulometric  study.  Further,  an  attempt 
to  observe  an  esr  signal  under  similar  conditions  was 
also  unsuccessful. 

The  neutral  corannulene  molecule  is  highly  strained, 
and  one  would  not  expect  it  to  be  planar.  A  possible 
bowl-shaped  configuration  which  preserves  the  five- 
fold symmetry  of  the  planar  structure  was  suggested 
by  Barth  and  Lawton.  ^  If  the  simple  Huckel  method 
is  used  to  treat  the  tt  system,  one  possible  model  in 
which  deviations  from  planarity  can  be  approximately 
treated  is  by  a  reduction  in  the  fto  for  the  five  bonds 
between  the  inner  and  outer  rings.  The  difierence  in 
T  energy  between  planar  and  nonplanar  forms  for  the 
radical  is  less  than  this  difference  for  the  neutral 
molecule.  This  indicates  that  no  added  stability  for 
the  planar  configuration  is  obtained  on  going  from  the 
neutral  species  to  the  radical  anion  and  hence,  if  the 
neutral  molecule  is  nonplanar,  the  anion  radical  is 
likely  to  be  also.' 

A  bowl-shaped  configuration  for  the  anion  radical  is 
consistent  with  the  esr  observation  of  ten  equivalent 
protons.    In  any  structure  maintaining  fivefold  sym- 

(3)  Dr.  Gerald  J.  GIdcher  has  carried  out  extensive  SCFMO  strain 
calculations,  which  are  to  be  published. 


CommuRlcadoiia  1 


S058 

metry,  the  unpaired  electron  occupies  a  degenerate 
orbital.  Averaging  over  the  ten  hydrogen-bonded 
positions  one  can  obtain  average  Hiickel  spin  densities, 
(0,  and  excess  charge  densities  (e).  For  the  radical 
anion,  (()  is  0.0630  in  the  planar  configuration  (/3io  = 
1.00),  decreases  slightly  to  a  minimum  value  of 
0.0616  for  fto  =  0.72,  and  is  0.0667  for  fto  zero. 

For  corannulene,  one  is  not  sure  of  the  a  framework 
for  the  carbon  atoms  with  bonded  hydrogen,  but  if  we 
use  the  McConnell  and  Colpa-Bolton  relationships, 
fl^  =  27f  and  a^^  =  -  27f  +  12.8€,  as  discussed  by 
Snyder  and  Amos,*  we  find  for  the  planar  configuration 
flM  ^  _i  70  and  a^^  =  -1.66;  if  jSio  =  0.72, 
fl^  =  —1.66  and  a^^  =  —1.63.  The  calculation  for 
the  nonplanar  configuration  including  the  excess  charge 
efiect  gives  the  best  agreement  with  the  experimental 
value  \a\  =  1.56.  The  agreement  between  the  calcu- 
lated and  experimental  values  is  somewhat  surprising 
considering  the  nature  of  the  approximations  that  have 
been  made.  However,  in  the  case  of  coronene  anion 
radical,  which  is  alternate  and  planar,  the  calculated 
splitting  using  average  Hiickel  spin  and  charge  densi- 
ties is  —1.49,  compared  with  an  experimental  value  of 
-1.47.* 

Segal,  et  aLy^  have  found,  in  agreement  with  Stone's 
theory,'  that  the  g  values  of  hydrocarbon  radicals  can 
be  fitted  very  well  by  Ag  =  g  -  go  =  (31.9  -  16.6X)  X 
10"*.  Here  go  is  the  free-electron  value  and  X  is  the 
Hiickel  energy  level  coefiicient  of  the  unpaired  electron 
orbital.  Segal  found  that  the  g  value  of  radicals  such 
as  coronene  with  the  unpaired  electron  in  a  degenerate 
orbital  do  not  conform  to  this  relationship,  but  coran- 
nulene does.  For  corannulene  the  experimental  value 
of  Ag  is  38  X  10~*  and  the  calculated  values  for  planar 
(jSio  =  1.00)  and  nonplanar  (fto  =  0.72)  are  40  X  10"* 
and  38  X  10"*,  respectively. 
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On  the  Dissociation  and  Reassociation  of  the  Polypeptide 
Chains  of  Tropomyosin  and  Paramyosin^ 

Sir: 

The  molecules  of  tropomyosin  and  paramyosin  are 
similar.  In  benign  media,  both  consist  of  two  a- 
helices  arranged  side  by  side  and  twisted  slightly  about 
one  another.  2~*  Thus,  although  they  differ  significantly 
in  amino  acid  composition,  the  only  gross  difference  in 
molecular  form  is  in  the  over-all  molecular  length. 

(1)  This  investigation  was  supported  by  Research  Grant  RG-54S8 
from  the  Division  of  General  Medical  Sciences,  Public  Health  Service. 

(2)  S.  Lowey,  J.  Kucera,  and  A.  Holtzer,  /.  Mol,  Biol.,  7,  234  (1963). 

(3)  A.  Holtzer,  R.  Clark,  and  S.  Lowey,  Biochemistry,  4, 2401  (1965). 

(4)  C  Cohen  and  K.  C.  Hohnes,  /.  Mol  Biol,  6, 423  (1963). 


Further  questions  immediatedly  arise.  Amcmg 
these  are:  (1)  How  many  individual  polypeptide  chains 
make  up  each  moleciile?  Is  there  one  long  chain  with 
a  hairpin  turn  between  long  heUcal  segments,  or  two 
completely  helical  chains  held  side  by  side,  etc.?  (2) 
Are  there  any  covalent  cross-linkages  (in  particular, 
disulfide  bonds)  between  the  two  helical  segments? 
(3)  Are  the  covalent  cross-linkages,  if  any,  necessary  to 
maintain  the  native  conformation? 

Two  of  these  questions  have  already  been  answered 
for  tropomyosin.*'*  We  report  here  experimental 
results  which  answer  all  three  for  both  proteins.  Ex- 
cept where  otherwise  noted,  preparative  methods  and 
physical  techniques  were  as  reported  earlier.  **• 

Tropomyosin.  A  molecule  of  tropomyosin  has  a 
mass  of  74,000  amu. '  In  a  denaturing  medium  in  which 
the  helix  content  (measured  by  optical  rotatory  dispa- 
sion)  is  zero,  the  same  mass  is  observed,  and  the  other 
solution  properties  are  not  those  of  a  linear,  random 
coil  of  that  mass. '  Clearly,  then,  this  molecule  has  one 
or  more  covalent  cross-Unkages.  This  agrees  with 
chemical  studies,  which  indicate  one  disulfide  bond/ 
molecule.^  In  a  medium  that  would  reduce  disulfide 
linkages,  the  molecular  mass  is  about  one-half  the  value 
given  above.*  Thus,  there  are  two  polypeptide  chains 
in  tropomyosin,  as  it  is  usually  prepared,  held  together 
by  at  least  one  disulfide  linkage. 

To  investigate  further,  we  prepared  tropomyosin  sam- 
ples that  had  all  the  disulfide  linkages  reduced  to  sulf- 
hydryl,  and  then  all  sulfhydryls  were  masked  with 
acetyl  groups.  This  was  accomplished  by  dissolution 
of  native  tropomyosin  in  a  denaturing  medium  (S  M 
guanidine  hydrochloride),  reduction  with  /3-mercapto- 
ethanol,  acetylation  with  iodoacetic  acid,  dialysis,  and 
lyophilization.  This  lyophilized  material  (''modified" 
tropomyosin)  was  dissolved  in  both  benign  and  de- 
naturing aqueous  media,  and  several  macromolecular 
properties  of  these  solutions  were  determined.  Spedfi- 
cally,  measurements  were  made  of  intrinsic  viscosity, 
intrinsic  sedimentation  coefiicient,  and  (light  scattering) 
molecular  weight.  In  parallel,  measurements  of  in- 
trinsic viscosity  and  sedimentation  coefficient  were 
made  on  solutions  of  unmodified  tropomyosin.  Results 
for  both  kinds  of  material  are  summarized  in  Table  I 
(rows  labeled  TM). 

The  data  in  Table  I  confirm  our  earlier  experiments 
on  unmodified  tropomyosin  in  both  media.  We  have 
also  confirmed  that  the  molecular  weight  of  unmodified 
tropomyosin,  in  a  medium  that  is  both  reducing  and 
denaturing,  is  one-half  that  value.  It  is  also  plain  from 
the  table  that  the  properties  of  modified  and  unmodified 
tropomyosin  are  quite  different  from  one  another  in 
the  denaturing  medium,  but  are  indistinguishaUe  in 
the  benign  medium. 

Most  striking  is  the  drop  in  molecular  weight  (by  a 
factor  of  two)  suffered  by  the  modified  protein  when 
transferred  from  the  benign  to  the  denaturing  medium 
and  its  complete  recovery  upon  transfer  back  to  the 
benign  medium. 

Paramyosin.  A  paramyosin  molecule  has  a  mass  of 
220,000  amu.^  The  molecule  is  extraordinarily  stable; 
optical  rotatory  dispersion  experiments  show  appreci- 

(5)  E.  F.  Woods.  Nature,  207,  82  (1965). 

{€)  A.  G.  Szent-Gy5rsyi,  R.  E.  Benesch,  and  R.  Benesch  in  **Siilphir 
in  Proteins,**  R.  E.  Benesch  and  R.  Benesch,  Ed.,  Academic  Press  InCt 
New  York.  N.  Y.,  1959,  p  291. 
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Data  for  Modified  and  Unmodified  Tropo-  and  Paramyosin  in  Various  Media* 
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ns  whose  headings  contain  superscript  m  (u)  refer  to  the  property  obtained  when  the  modified  (unmodified)  protein  is  dissolved  in 
n  given.  Intrinsic  viscosities  are  in  cc/g;  [5k«.w]  in  secr^  *  To  designate  aqueous  solvent  media,  the  chemical  formula  for  each 
(other  than  water)  is  given  with  its  molarity  as  a  subscript,  followed  by  parenthetical  specification  of  the  pH  (ref  3).  •  Reference  3. 
5  2.  *  From  the  empirical  relation:  [17]  »  0Jl6rfi-^  as  given  in  C.  Tanford,  K.  Kawahara,  and  S.  Lapai\je,  7.  Am,  Chem.  Soc., 
67).    /  From  the  Scheraga-Mandelkem  equation  with  fi'  »  2.5  X  10*,  as  given  in  H.  A.  Scheraga  and  L.  Mandelkem,  ibid,,  75* 


i  content,  at  25^,  up  to  a  guanidine  concentra- 
^0  M,'''^  Chemical  studies  have  revealed  no 
bonds/ 

estigate  the  polypeptide  chain  make-up  of  this 
we  prepared  modified  paramyosin  in  the  same 
ropomyosin,  the  only  difference  being  that  the 
e  concentration  of  the  paramyosin  solvent  was 
^S  Af).  Measurements  of  the  same  macro- 
T  properties  were  made  (Table  I,  rows  labeled 
wo  differences  in  technique  used  in  the  para- 
^udy  are  noteworthy:  (1)  molecular  weights 
nign  medium  were  measured  by  the  Archibald 
e;  (2)  since  it  is  very  difiicult  to  determine  the 
T  weight  in  7.5  Af  guanidine  by  absolute 
nents  (because  of  strong  nonideality),  we  have 

to  use  of  the  intrinsic  viscosity-molecular 
elationship  for  proteins*  and  have  confirmed 
s  by  use  of  the  sedimentation-viscosity  relation- 
random  coils.  ^® 

suits  for  paramyosin  are  analogous  to  those  for 
osin.  Modified  and  unmodified  paramyosins 
r  example,  markedly  different  intrinsic  viscosi- 
le  denaturing  solvent,  that  of  the  unmodified 
being  larger.  Since  destruction  of  cross- 
in  a  single-chain  random  coil  would  produce 
»site  effect,*  this  observation  suggests  some  dis- 
i  of  chains  in  the  modified  protein.  The  molec- 
ghts  confirm  this:  the  mass  of  the  modified 
molecule  in  guanidine  is  one-half  that  of  the 
rotein.  That  this  chain  separation  is  reversible 
ent  from  comparison   of  the  data  for  the 

and  unmodified  proteins  in  benign  media; 
indistinguishable. 

1  conclusions  can  be  drawn  from  the  experi- 
esults:  (1)  the  molecules  of  both  tropomyosin 
amyosin  contain  two  individual  polypeptide 
(2)  in  both  proteins,  at  least  as  they  are  usually 
1,  the  chains  are  joined  by  at  least  one  disulfide 
(which  has  not  been  detected  chemically  in 
«in*);   and  (3)  the  disulfide  cross-bridging  is, 

cases,  unnecessary  for  maintenance  of  the 
mformation — even  after  all  disulfides  have  been 
and  the  resulting  sulfhydryls  acetylated,  the 
e-helix  is  recovered  in  benign  media. 
St  of  the  three  conclusions  noted  above  should 
tated  without  some  equivocation.    There  is  a 

bhen  and  A.  O.  Szent-Oyttrgyi,  /.  Am.  Chem.  Soc.,  79,  248 

Moelken,  Ph.D.  Thesis,  Washington  University,  St  Louis, 

Table  I,  footnote  e. 
Table  I,  footnote  /. 


chance  that  the  two  chains  are  unanimously  parallel, 
or  unanimously  antiparallel,  in  the  unmodified  double- 
helical  molecules,  but  that  after  modification  and  re- 
dissolution  in  benign  medium  a  mixture  of  double 
helical  molecules  results,  some  having  parallel  chains 
and  some  antiparallel.  The  measurements  reported 
here  are  responsive  only  to  comparatively  gross  changes 
in  molecular  shape  and  cannot  resolve  this  ambiguity. 
However,  if  a  coiled  coil  owes  its  stability  to  knobs- 
into-holes  packing,  as  has  been  suggested,  ^^  it  seems 
quite  unlikely  that  any  side-to-side  packing  other  than 
that  characteristic  of  the  native  protein  would  be  very 
stable. 

Needless  to  say,  several  questions  remain;  among 
these  is  whether  the  two  chains  within  an  individual 
molecule  are  identical  or  different,  and,  if  the  latter, 
whether  they  can  be  chemically  separated.  If  so,  it 
would  be  particularly  interesting,  for  the  fundamental 
theory  of  stability  of  protein  conformations,  to  see  if  a 
system  containing  only  one  of  the  chains  would  form  an 
a-helix  in  a  benign  medium.  Thus  far,  no  instance  of  a 
single  protein  a-helix  has  been  reported. 

(11)  F.  H.  C.  Crick,  Acta  CryMt,,  6,  6S9  (1933). 

Jitka  Ofamdcr,  Marflyn  F.  EoMnoo,  Alfred  Holtasr 

Department  cf  Chemistry,  Washington  University 

St.  Louis,  Missouri 

Received  April  7, 1967 


Rettef  by  Modification  of  Carboxylate  Groups  of 
tte  Caldum  Requirement  for  the 
Activation  of  Trypsinogen 

The  activation  of  bovine  trypsinogen  involves  the 
removal  of  a  highly  anionic  hexapeptide  from  the  N- 
terminal  region  of  the  molecule.  ^'^  MacDonald  and 
Kunitz*  had  shown  earlier  that  this  process  is  greatly 
enhanced  by  divalent  cations  such  as  calcium.  These 
ions  seem  to  exert  a  directing  influence  by  both  promot- 
ing the  formation  of  active  trypsin  from  trypsinogen 
and  precluding  the  formation  of  an  'inert  protein.'* 
Thus  in  the  presence  of  calcium  ions  proteolysis  is 
restricted  to  the  single  peptide  bond  between  lysine- 6 
and  isoleucine-7,  all  other  lysyl  and  arginyl  bonds  being 
resistant  to  tryptic  cleavage.  In  the  absence  of  calcium 
ions  proteolysis  is  retarded  and  becomes  relatively 

(1)  E.  W.  Davie  and  H.  Neurath,  /.  Btoi,  Chem.,  212,  SIS  (19SS). 

(2)  P.  DesnueUe  and  C.  Fabre,  Biochim,  Biophys.  Acta,  IS,  29  (19SS). 

(3)  M.  R.  MacDonald  and  M.  Kunitz,  /.  Gen.  PhysioL,  25,  53 
(1941). 


Comnumhatiata  i' 


3060 


KX)      120 


Time  (minutes ) 


leo     180    200 


Figure  1.  The  course  of  activation  in  0. 1  Af  Tris-Cl,  pH  8. 1,  at  O'' 
of  native  (squares)  and  modified  (circles)  trypsinogen  (3.5  mg/ml) 
in  the  presence  (filled  symbols)  and  absence  (open  symbols)  of 
0.05AfCaClt. 


nonspecific.^  It  is  not  clear  how  calcium  confers  speci- 
ficity on  the  limited  proteolysis. 

A  possible  site  of  interaction  of  calcium  with  trypsino- 
gen is  suggested  by  the  amino  acid  sequence  of  the 
activation  peptide,  which  contains  a  cluster  of  four  /3- 
carboxylates  in  a  tetrapeptide  sequence^  adjacent  to  the 
bond  being  cleaved.  The  present  experiments  were 
designed  to  examine  the  effect  on  the  activation  process 
of  modification  of  these  free  carboxylate  groups  with 
amines  under  the  influence  of  water-soluble  carbodi- 
imides.  In  recent  years^^  such  treatments  at  acid  pH 
have  proven  to  be  specific  for  other  protein  carboxylates. 

Preliminary  experiments  showed  that  trypsin  (0.2 
mM)  retained  68%  of  its  activity  during  a  IS-min 
treatment  at  pH  4.5, 25  **,  with  a  25-fold  molar  excess  of  1- 
ethyl-3-(3-dimethylaminopropyl)carbodiimide  in  1.0  M 
glycine  ethyl  ester.*  The  reaction  was  stopped  by  the 
addition  of  1.0  M  acetate,  pH  3.6,  and  the  reagent  was 
removed  by  dialysis  against  10-»  M  HCl  at  0**. 

Similar  treatment  of  trypsinogen  resulted  in  a  deriva- 
tive which  could  be  64%  activated  relative  to  the  un- 
modified control  (Figure  1).  Significantly,  even  in  the 
absence  of  CaCU,  the  modified  protein  could  be  ac- 
tivated to  the  extent  of  about  46%,  whereas  with 
unmodified  trypsinogen  in  the  absence  of  CaCU 
activation  did  not  exceed  15%.  The  number  of  active 
sites  estimated  by  measuring  the  '^P  incorporation 
during  inactivation  with  '^P-labeled  diisopropyl  phos- 
phorofluoridate  corresponded  to  the  activity  determined 
by  rate  assay  with  benzoyl-L-arginine  ethyl  ester  as 
substrate. 

A  series  of  anionic  peptides  was  isolated  from  the 
activation  mixture  containing  glycine  ranging  from  0.6 
to  2.5  g  residues  per  mole  in  addition  to  valine,  aspartic 

(4)  C.  Gabeloteau  and  P.  DesnueUe,  Arch.  Biochem,  Biophys.,  69, 
475  (1957). 

(5)  J.  C.  Sheehan  and  J.  J.  Hlavka,  /.  Am.  Chem.  Soc.,  79,  4528 
(1957). 

(6)  J.  P.  Riehm  and  H.  A.  Scheraga,  Biochemistry,  5, 99  (1966). 

(7)  D.  O.  Hoare  and  D.  E.  Koshland,  Jr.,  /.  Am.  Chem.  Soc.,  88, 
2037  (1966). 

(8)  A  similar  modification  of  trypsin  had  been  previously  described 
by  Hoare  and  Koshland.' 


acid,  and  lysine  (Table  I).  In  contrast,  activation  of 
unmodified  trypsinogen  yielded  a  single  acidic  peptide 
of  the  expected  composition  (Val,  Asp4,  Lys).  The 
anionic  peptides  in  Table  I  represent  a  60%  yidd  of 
the  N-terminal  peptides  from  the  modified  tiypsinogen. 
This  is  greater  than  the  amount  predicted  from  its 
activability  (42%),  suggesting  that  not  every  tryptic 
cleavage  between  lsysine-6  and  isoleucine-7  was  produc- 
tive. This  observation  is  in  accord  with  the  end  group 
analyses  (Table  II)  which  invariably  exceeded  the  ex- 
pected yield  of  DNP-isoleucine.  However,  in  the 
latter  case  autolysis  could  account  for  high  values  for 
these  N-terminal  residues. 


Table  I.    Peptides  Derived  from  the  Activation 
of  Modified  Trypsinogen* 


Peptide 


g  residues  of 
glycine  found 


Yield  of  pep- 
tide, iimoks 


Yield,  % 


A 

Bl 
B2 
C 
D 

Total 


0.6 
1.7 
1.3 
2.3 
2.5 


0.106 
0.140 
0.194 
0.166 
0.150 
0.756 


14 
18 
26 
22 
20 
100 


«  The  modified  protein  (13.4  mg/ml)  was  activated  for  1.5  hr  atO" 
in  the  absence  of  CaQt  in  mixtures  containing  trypsin  (0.67  mg/mD 
and  0.05  M  N-ethylmorpholine  acetate,  pH  8.1.  Peptides  wot 
separated  from  the  protein  on  Sephadex  G-25  and  purified  by  paper 
electrophoresis  at  pH  6.5  and  chromatography  in  l-butand-acctic 
acid-water,  3:1:1.  Acid  hydrolysis  of  the  anionic  peptides  yielded 
valine,  aspartic  add,  and  lysine  in  the  ratio  1:4:1  in  all  cases,  in 
addition  to  the  indicated  amounts  of  glycine.  Peptides  Bl  and  B2 
were  not  completely  separated  from  each  other.  The  stoichio- 
metric yield  of  activation  peptide  (assuming  100%  activation),  after 
correcting  for  analytical  losses  during  the  isolation  procedures, 
would  be  1.31  iiinoles. 


TaUe  n.    Protein  N-Terminal  Residues  in  Activation  Nfixtures* 

Moles  of  DNP-amino  acid/mole  of  protein 

Modified 
Trypsino-   Trypsino-   trypsino- 
gen +        gen  -f        gen  + 
Trypsino-    Ca""  -h      trypsin,       trypsin, 
gen         trypsin      no  Ca*+      no  Ca** 


Val 

Ue  +  Leu 

Ser 


0.78 


0.07 
0.67 


0.77 
0.26 
0.08 


0.39 
0.68 
0.32 


•  Trypsinogen  or  modified  trypsinogen  was  activated  with  trypsin 
(3.5  nig/ml)  with  or  without  CaQt  as  in  Table  I  for  2  hr.  The 
protein  component  was  precipitated  with  trichloroacetic  add  and 
end-group  ainalysis  was  carried  out  with  FDNB  (H.  Fraenkd- 
Conrat,  J.  I.  Harris,  and  A.  L.  Levy,  Methods  Biochenu  Antd.,  2, 
359  (1955))  in  8  Af  urea. 


The  number  of  peptides  found  indicates  that  the 
extent  of  substitution  with  glycine  ethyl  ester  varied. 
Further  fractionation  is  required  to  determine  whether 
the  peptide  fractions  on  the  electropherogram  are 
molecularly  homogeneous.  The  nonintegral  values  of 
glycine  may  be  due  to  molecular  heterogeneity  resulting 
from  multiple  substitution,  partial  ester  hydrolysis,  or 
side  reactions  of  undetermined  character. 

The  activability  of  carboxylate-modified  tiypsinogen 
in  the  absence  of  CaCU  suggests  that  the  directive 
influence  of  calcium  on  the  normal  activation  may  be 
by  an  interaction  with  carboxylate  groups  of  the  native 
zymogen.    The   present  data  show  that  carboxylate 
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3f  the  activation  peptide  have  been  amidated 
ane  ethyl  ester  aad  suggest  that  calcium  binding 
-boxylate  modification  can  be  functionally 
in  the  activation  process. 
nrledgneat.  This  work  has  been  supported  id 
the  National  Institutes  of  Health  (GM-04617, 
154)  and  the  National  Science  Foundation 
•0). 
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>phytine'  was  first  isolated  by  Snyder  and  his 
ers,  who  carried  out  an  extensive  investigation 
chemistry.'  It  is  obtained  as  the  principal 
from  Haplophylon  cimicidum  (Apocynaceae).  *'  * 
resolution  mass  spectrometry*  required  the 
of  its  formula  to  CnHieNiOj  (calcxl  mol  wt, 
W;  found,  m/e  652.29148).*  Acid  cleavage 
crystalline  compound  (76%),  CnHiiNtOt 
nol  wt,  382;  found:  m/e  382),  mp  201-203°, 
1  structure  I  on  the  basis  of  its  nmr  spectrum 
or  j  values)  and  the  following  data.  Its  in- 
pectruro  (CHCU)  shows  a  strong  C=0  band 
■t  (j^,  cimicine,*  cimicidine,*  and  dichotamineO, 


/-s 


OH  or  NH  bands.  Its  ultraviolet  spectrum 
22  m;i  («  28,700),  256  (5900),  and  304  (2400)]  is 
rd  with  an  indoline  chromopbore.  Its  mass 
n  shows  a  strong  peak  at  mje  M  —  44,  cbaracter- 

A  of  the  earlier  work  on  haplophytine  hoi  been  summariMd 
utod.  AUuloldi.  I.  673  (196S). 

'.  Roien,  H.  R.  byder,  and  R.  F.  F'ltetta.J.  Am.  Chem.  Soe., 
1932);   H.  R.  Snyder,  R.  F.  Fiicher,  J.  F.  Wdket,  H.  E.  El*. 
Niutberger,  IbU.,  76, 2819. 4(01  (1954);  H.  R.  Snyder,  H.  F. 
:r.  and  R.  A.  Mooney,  OM.,  SO,  3708  (1938). 
P.  Cava,  S.  K.  TaUpatra,  K.  Nomura,  I.  A.  WeutMch,  B. 
ind  E.  C  Shoop,  Cliem.  Iml.  (London),  1242  (1963). 
P.  Cava,  S.  K.  Talapatra,  P.  Yalea.  M.  Roienberger,  A.  O. 
Dougla*,  R.  F.  Raffauf,  E.  C  Shoop,  and  i.  A.  Weiibach, 
i  (1963). 
thank  Mr.  L.  Weiler,  Harvard  Univernty,  for  the  mau  ipec- 
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istic  of  lactonic  alkaloids  of  the  aspidoalbine  skeletal 
type.'-*  Hydrogenation  of  the  cleavage  product  gave 
a  zwitterionic  tetrahydro  derivative,  mp  265°  dec, 
formed  by  saturation  of  the  ethylenic  double  bond  ac- 
companied by  hydrogenolysis  of  the  lactone  (cf. 
dihydrodmicine  and  dihydrocimicidine*).  Esterifica- 
tion  with  diazomethane  gave  a  glass,  CtiHitNiOt, 
whose  mass  spectrum  showed  the  molecular  ion  peak 
mfe  400  (base  peak)  and  a  single  prominent  fragment 
ion  at  m/e  168,  a  pattern  very  characteristic  of  noo- 
lactonic  alkaloids  of  the  aspidospermine  type.*  Re- 
duction of  the  cleavage  product  with  sodium  borohy- 
dride  gave  a  zwitterionic  product  the  spectra  of  whose 
methyl  ester  demonstrated  that  reductive  cleavage  of 
the  lactone  alone  bad  occurred.  The  mass  spectrum 
of  this  ester  showed  a  molecular  ion  at  m/e  398,  con- 
firming the  extent  of  reduction;  the  absence  of  signifi- 
cant fragment  ions  at  m/e  166  and  179  excluded  a  form- 
ulation in  which  the  ethylenic  double  bond  of  I  is 
placed  at  C-6-7.*  The  position  assigned  to  the  double 
bond  is  also  in  better  accord  with  the  chemical  shift 
of  the  C-2  proton  and  the  fine  splitting  of  the  olefinic 
proton  signals  in  the  nmr  spectrum  of  I. 

The  many  common  features  of  the  spectra  of  I  and 
those  of  haplophytine  [S^"  220  m/i  (e  48,500),  265 
(14.300),  and  305  (4500);  X^""  5.72  and  6.05  m 
8*^''  (ppm)  2.40  (-^3  H),  3.00  (3  H),  3.17  (3  H), 
3.65  (3  H),  3.72  (1  H),  5.55  (1  H.  doublet.  /  =  10  cps), 
5.85  (1  H,  doublet.  /  =  10  cps),  6.27  (1  H.  doublet 
of  doublets,  y  =  7  and  2.5  cps),  6.9-7.2  (3  H,  mul- 
tiplet),  9.04  (1  H,  absent  after  DtO  wash)]  showed  that 
the  structure  of  haplophytine  is  related  to  that  of  I  by 
replacement  of  a  hydrogen  atom  in  the  latter  by  a 
moiety  CuHitNiOt.  That  the  linkage  is  at  C-15  as 
in  II  is  indicated  by  the  absence  of  a  doublet  (J  =  S 
cps)  in  the  nmr  spectrum  of  haplophytine  corre- 
sponding to  the  C-13  proton  signal  in  the  spectrum  of 
I.  Catalytic  hydrogenation  of  haplophytine  gave 
tetrabydrohaplophytine,  CnHuNiO?,  accompanied  by 
spectral  changes  analogous  to  those  occurring  when  I 
was  converted  to  tetrahydro-1 ;  acid  cleavage  of  the 
methyl  ester  of  O-methyltetrahydrohapIophytine,  Ctr 
H«N,Oj,  gave  tctrahydro-I. 

The  intensities  of  the  ultraviolet  maxima  of  haplo> 
phytine  indicated  that  the  CuHuNiOi  moiety  also 
possesses  an  indoline  system.  This  can  be  expanded 
to  a  7-hydroxy-l-acylindoline  system  on  the  basis  of 
the  relationship  between  the  infrared  and  nmr  spectra 
of  haplophytine  and  the  spectra  of  its  O-substituted 
derivatives,  as  earlier  deduced  by  Snyder.'-"  The 
nmr  signal  at  6.27  ppm,  which  can  be  assigned  to  an 
aromatic  proton  coupled  with  oriho  and  mela  protons, 
requires  that  the  7-hydroxy-l-acylindoline  system  be 
unsubstituted  at  the  C-4.  -5,  and  -6  positions.  The 
signal  at  2.40  ppm  indicated  the  presence  of  an  ali- 
phatic N-CH,  in  the  dtHuNtOt  moiety,  while  the  in- 
frared spectrum  showed  that  the  third  oxygen  atom  can 
only  be  present  in  an  ether  linkage. 

(S)  K.  S.  Brown,  Jr.,  W.  E.  Sanchez  L..  A.  de  A.  Figueiredo,  and 
I.  M.  Ferreira  Filho,  J.  Am.  Cliem.  Soc.,  M,  4984  (1966). 

(9)  H.  Budzikiewicz,  C.  DJeraui,  and  D.  H.  WilUanu,  "Structure 
Elucidation  of  Natural  Products  by  Mass  Spectrometry,"  VoL  1,  Hol- 
den-Day,  Inc.  San  FrandKO,  Calif.,  1964.  Chapter  7. 

(10)  The  presence  of  this  second  aromatic  ring  it  coiuidered  to  ac- 
count for  the  unusual  shielding  of  the  protons  of  one  of  the  methoxyl 
group*  in  haplophytinei  in  I,  where  this  second  ring  is  absent,  the 
dtmiical  tUfl)  of  the  protMU  of  both  methoxyl  group*  aro  DomnL 
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Figure  1. 


A  single-crystal  X-ray  difTraction  study  of  haplo- 
phytine  dihydrobromide  revealed  the  structure  shown 
in  III  (see  Figure  1).    The  following  crystal  data  were 


2Br" 


obtained  for  the  dihydrobromide  with  Cu  Ka  radia- 
tion: monoclinic,  space  group  C2,  with  a  =  25.535, 
b  =  7.490,  c  =  18.861  A,  /3  =  lOP  19',  V  =  3537.2 
A\Z  =  4,  Z),  =  1.530,  Z)„  =  1.528  g/cm». 

Three-dimensional  diffraction  intensity  data  were 
recorded  at  room  temperature  on  a  Picker  four-circle 
automatic  diffractometer  for  2001  independent  re- 
flections. The  positions  of  the  bromine  atoms  in  the 
unit  cell  were  deduced  from  a  three-dimensional 
Patterson  synthesis.  After  fixing  the  origin  of  the  unit 
cell  by  setting  the  y  coordinate  of  one  of  the  bromine 
atoms  at  zero,  the  positions  of  these  heavy  atoms  were 
used  to  calculate  the  phases  of  the  observed  structure 
amplitudes.  Successive  three-dimensional  Fourier  syn- 
theses and  structure  factor  calculations  progressively 
disclosed  the  electron-density  distribution  of  the  mole- 
cule. The  R  factor  (2||Fo|  -  |Fe||)/|Fo|,  is  8.4% 
with  anisotropic  temperature  factors  for  the  bromine 
atoms  and  isotropic  for  the  light  atoms  excluding  hy- 
drogen. The  bond  distances  and  angles  are  within  the 
range  of  accepted  values. 

There  are  two  intramolecular  hydrogen  bonds  in  the 
molecule,  as  indicated  by  oxygen-oxygen  distances  of 
2.6  A.  One  of  these  is  in  the  7-hydroxy-l-acylindole 
system,  and  the  other  is  between  the  tertiary  alcoholic 
hydroxyl  group  and  the  oxygen  atom  of  the  most 
proximal  methoxyl  group.  The  effect  of  the  latter 
bond  is  to  fix  the  orientation  of  the  two  large  moieties 
with  respect  to  one  another  in  the  crystal  lattice.  The 
absolute  configuration  of  the  molecule  was  determined 
by  the  anomalous  dispersion  method  and  is  as  shown  in 
III  and  in  the  accompanying  perspective  diagram,  in 
which  the  positive  y  direction  extends  out  of  the  page 
toward  the  viewer  (i.e.,  conventional  right-handed  co- 


ordinate system).    Further  refinements  of  the  structure 
will  be  reported  in  detail  in  due  course. 

Consideration  of  structure  III  in  relation  to  the 
chemical  and  spectroscopic  properties  of  haplophytiiie 
and  the  observation  that  the  dihydrobromide  is  ^^ 
converted  to  the  latter  at  pH  8  lead  to  the  assignment 
of  structure  IV  to  haplophytine.  This  structure  abo 
permits  the  assignment  of  structures  to  the  transfonna- 
tion  products  of  haplophytine  described  earlier.* 
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Trimethylenemethaney  C(CH2)t 

Sir: 

Theoretical  treatments'*^  of  trimethylenemethane 
(II)  predict  a  triplet  ground  state  and  a  high  delocaliza- 
tion  energy  relative  to  the  classical  structure  of  one 
double  bond  and  two  localized  electrons.  Trimethyl- 
enemethane, stable  in  low-temperature  matrixes,  has 
recently  been  prepared  by  the  photolysis  of  4-methyiene- 
1-pyrazoline'*  or  3-methylenecyclobutanone,***  and  the 
esr  spectrum  confirmed  a  triplet  ground  state.  Tri- 
methylenemethane and  its  derivatives  have  been  postu- 
lated to  explain  the  formation  of  ''rearranged**  methyi- 
enecyclopropanes  in  the  pyrolyses^  or  photolyses'  of 
4-alkylidene-l-pyrazolines  and  in  the  thermal  isomeriza- 
tion  of  methylenecyclopropanes.* 

We  have  examined  the  gas-phase  reaction  oi  2- 
iodomethyl-3-iodopropene  (Tf  with  alkali  metal  vapor 

(1)  A.  Streitwieser,  Jr.,  **Molecular  Orbital  Theory  for  Organic 
Chemists,**  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1961,  p  43. 

(2)  D.  P.  Chong  and  J.  W.  Linnett,  /.  Chem,  Soe.,  1798  (196S). 

(3)  (a)  P.  Dowd,  /.  Am.  Chem,  Sac.,  88,  2387  (1966);  (b)  P.  Dovd 
and  K.  Sachdev,  ibid.,  89,  715  (1967). 

(4)  R.  J.  Crawford  and  D.  M.  Cameron,  Ibid.,  88.  2589  (1966). 

(5)  (a)  A.  C.  Day  and  M.  C.  Whiting,  /.  Chem.  Soc.,  Sect.  C,  464 
(1966);  (b)  S.  D.  Andrews  and  A.  C.  Day,  Chem.  Comnum.,  667  (196(). 

(6)  (a)  J.  K.  Crandall  and  D.  R.  Paulson,  /.  Am.  Chem.  Soc,  Hi 
4302(1966);  (b)  J.  P.  Chesick,  a>i</.,  85, 2720  (1963);  (c)  E.  F.  UOmaii. 
ibid.,  82,  505  (1960). 

(7)  2-Iodomethyl-3-iodopropene  (mp  32-33^  bp  83-8S**  (10  nun)) was 
prepared  by  the  reaction  of  KI  in  acetone  on  2-chk>roiiietliyl-3-€hloco' 
propene  (see  ref  8). 
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as  a  possible  method  of  generating  trimethylenemethane 
(II).  The  diiodide  I  was  vaporized  and  carried  in  a 
heUum  stream,  which  was  then  saturated  with  alkali 
metal  vapor  by  passage  through  a  fine  spray  of  sodium- 
potassium  alloy  (<  10  sec  in  the  spray  zone)  at  228-267^. 
The  products  consisted  of  1,4-dimethylenecyclohexane 
(III),*  p-xylene,  isobutene  (IV),  1-butene,  cis-  and 
iran5-2-butenes,  and  methylenecyclopropane.* 

The  sum  of  the  yields  of  III  and  p-xylene  remained 
constant  from  one  reaction  to  another,  totaling  about 
35%.      However,    their    ratio    varied    considerably,' 
suggesting  that  III  is  converted  to  p-xylene. 

The  C4  products,  formed  in  yields  of  about  30%, 
were  consistently  about  one-half  isobutene.  Methylene- 
cyclopropane  is  partially  converted  to  the  straight- 
chain  butenes  under  the  reaction  conditions. 

The  high  yields  of  1,4-dimethylenecyclohexane  and 
isobutene  suggest  the  intermediacy  of  triplet-state 
trimethylenemethane.  1,4-Dimethylenecyclohexane  is 
the  expected  product  from  the  dimerization  of  two 
molecules  of  trimethylenemethane  having  opposite 
spins.  Isobutene  is  also  expected,  being  formed  by 
abstraction  of  two  hydrogen  atoms  from  hydrocarbon 
or  potassium  hydride. 
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Methylenecyclopropane  could  result  from  (1)  initial 
production  of  singlet  trimethylenemethane  or  (2)  ring 
closure  of  the  triplet  species  with  spin  relaxation  by 
contact  with  an  alkali  metal  atom  or  a  surface. 

In  contrast  to  the  behavior  of  trimethylenemethane, 
the  corresponding  saturated  diradical  VI,  formed  from 
the  reaction  of  l,3-diiodo-2-methylpropane  (V)  with 
alkali  metal  vapor  at  227-228'',  gives  methylcyclo- 
propane,  isobutene,  and  isobutane  in  yields  of  76.7, 
3.3,  and  0.2%,  respectively.  1,4-Dimethylcyclohexane 
or  other  products  due  to  dimerization  were  not  detected. 

(8)  The  same  products  were  obtained  from  2-€hloroinethyl-3-€hloro- 
propene,  but  in  lower  yield.  The  dichloride  was  prepared  by  the 
method  of  B.  C.  Anderson*  /.  On-  Chem,,  27,  2720  (1962),  and  J.  T. 
Onifson,  K.  W.  Oreeolee,  J.  M.  Derfer,  and  C.  E.  Boord,  /.  Am,  Chem, 
Soe..  7S,  3344  (19S3). 

(9)  1,4-Diniethyleiiecyclohexane  was  identified  by  comparison  of 
the  Infirared  spectrum  and  the  melting  point  of  its  tetrabromide  with 
those  given  in  the  literature  [F.  Lautenschlaeger  and  G.  F.  Wright,  Can, 
/.  Chtm^  41,  1972  (1963)).  The  nmr  spectrum  had  two  singlets  at  Z20 
and  4b64  ppm  In  a  reqMctive  ratio  of  2 : 1. 
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Extensive  studies*®'**  of  1,2-,  1,3-,  1,4-,  and  1,5- 
diradicals  testify  to  the  insignificance  of  bimolecular 
reactions,  such  as  dimerization  and  disproportionations, 
in  competition  with  unimolecular  ring  closure  and 
rearrangement. 

Although  the  reaction  of  2-iodomethyl-3-iodopropene 
with  alkali  metal  vapor  is  a  two-step  process,  formation 
of  1,4-dimethylenecyclohexane  cannot  be  due  to  the 
coupling  of  two  monoiodo  radicals.  If  this  were  the 
case,  the  saturated  diiodide  would  also  give  dimeric 
material.*^  Hence,  the  preference  for  the  bimolecular 
formation  of  1,4-dimethylenecyclohexane  and  isobutene 
rather  than  the  unimolecular  formation  of  methylene- 
cyclopropane is  due  to  the  greater  stability,  the  greater 
reluctance  to  internal  cyclization,  and  the  long^  life- 
time of  triplet  trimethylenemethane  relative  to  the 
saturated  1,3-diradical. 

The  failure  to  isolate  the  trimethylenemethane  dimers 
by  the  pyrolysis*  or  photolysis*  of  4-alkylidene-l- 
pyrazolines,  or  the  pyrolysis  of  methylenecyclopro- 
panes,*  indicates  that  either  the  concentration  of  triplet 
trimethylenemethane  was  too  low  for  bimolecular 
coupling  to  be  observed  or  that  triplet  trimethylene- 
methane was  not  an  intermediate  in  these  reactions. 
Dimerization  would  be  the  expected  reaction  of  the 
triplet  molecule,  formation  of  methylenecyclopropanes 
for  the  singlet.  Theoretical  considerations  support 
these  conclusions.*' 

Triplet  tetramethylcyclobutadiene  (VII)  has  been 
proposed  as  an  intermediate  in  the  reaction  of  c£s-3,4- 
dichlorotetramethylcyclobutene  and  alkali  metal 
vapor.  *^  It  would  thus  be  expected  that  reaction  of  a 
mixture  of  this  dichloride  and  2-iodomethyl-3-iodo- 
propene  with  alkali  metal  vapor  would  lead  to  the 
simultaneous  production  of  triplet  tetramethylcyclo- 
butadiene (VII)  and  trimethylenemethane  (II),  which 
could  then  couple  to  produce  3-methylene- 1,5,6,7- 
tetramcthylbicyclo[3.2.0]heptene  (VIII).**  The  experi- 
ment yielded,  in  addition  to  the  expected  products  from 
the  individual  reactions  of  II  and  VII,  a  single  cross- 
coupling  product  VIII,  in  7%  yield  based  on  either 
reactant.  This  result  suggests  that  both  trimethylene- 
methane and  tetramethylcyclobutadiene  had  the  same 
electronic   state,    triplet.     Had    trimethylenemethane 

(10)  E.  J.  Goldstein,  Ph.D.  Thesis,  The  Pennsylvania  State  Uni- 
versity, 1964;  R.  J.  Petersen,  Ph.D.  Thesis,  The  Pennsylvania  State 
University,  1964. 

(11)  R.  J.  Crawford  and  A.  Mishra,  /.  Am.  Chem,  Soc„  88,  3963 
(1966). 

(12)  lodoalkanes  react  at  nearly  every  collision  with  atomic  sodium 
[E.  Warhurst,  Quart,  Rev,  (London),  5.  44  (1951)].  Since  the  iodine 
atoms  in  the  precursor  to  trimethylenemethane  are  both  allylic,  they 
should  react  as  fast  or  slightly  faster  than  those  in  the  saturated  dfr* 
iodide.  Consequently,  the  rate  of  formation  of  trimethylenemethane 
is  as  great  as  or  greater  than  the  rate  of  formation  of  the  saturated  di- 
radical. 

(13)  W.  T.  Borden,  Tetrahedron  Letters,  259  (1967). 

(14)  P.  S.  Skell  and  R.  J.  Petersen,  /.  Am.  Chem,  Soc.,  86,  2330 
(1964). 

( 1 5)  The  cross-coupling  product  VIII  was  identified  on  the  basis  of  the 
following  evidence:  the  mass  spectrum  had  a  parent  peak  at  m/e  162 
corresponding  to  the  formula  CuHu;  the  infrared  spectrum  showed 
absorbances  at  5.91  (cyclobutene  double  bond),  7.28  (methyl  group), 
3.30,  6.00,  and  11.35/1  (terminal  methylene  group);  the  nmr  spectrum 
consisted  of  singlets  at  1.02  and  1.41  ppm  and  multiplets  centered 
at  ZOO  and  4.64  ppm  in  ratio  of  3 :3 :2 : 1,  respectively. 
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added  to  a  singlet  tetramethylcyclobutadiene,  the  re- 
sulting triplet  adduct  would  not  have  been  expected  to 
give  only  a  single  cross-coupling  product,  but  rather  a 
number  of  monocyclic  compounds  via  reduction,  or 
internal  or  external  disproportionation.  Therefore 
the  cross-coupling  product  VIII  was  formed  in  a  one- 
step  process  involving  the  simultaneous  formation  of 
both  bonds.  The  analogous  bicyclic  product^*  was 
obtained  using  c/5-3,4-dichlorocyclobutene^^  and  2- 
chloromethyl-3-chloropropene,  thus  implicating  a  triplet 
cyclobutadiene  intermediate. 

The  combined  observations  indicate  that  trimethyl- 
enemethane  was  produced  and  that  is  exists  in  a  rela- 
tively stable  triplet  state,  as  predicted  by  theoretical 
calculations  and  in  agreement  with  the  esr  results. 

(16)  3-Methylenebicyclo[3.2.0]hept-6-ene  was  identified  on  the  basis 
of  the  following  spectral  evidence:  the  mass  spectrum  had  a  parent 
peak  at  m/e  106  corresponding  to  the  formula  CJlio;  the  infrared 
spectrum  showed  absorption  bands  at  3.29  (vinyl  hydrogen),  5.93 
(cyclobutene  double  bond),  6.00,  and  11.15  /i  (terminal  methylene 
group);  the  nmr  spectrum  consisted  of  a  singlet  at  5.91  ppm  and  multi- 
plets  at  4.83,  3.20,  and  2.12  ppm  in  a  ratio  of  1 : 1 : 1 :2,  respectively. 

(17)  A  generous  sample  of  cii- 3,4-dichlorocyclobutene  was  furnished 
by  Professor  C.  D.  Nenitzescu. 

(18)  This  work  was  supported  by  the  National  Science  Foundation. 

R.  G.  Doerr,  P.  S.  SkeD^^ 

The  Pennsylvania  State  University 
University  Park,  Pennsylvania    16802 
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A  Simple  Floating  Localized  Orbital  Model  of 
Molecular  Structure 

Sir: 

Most  molecules  have  an  even  number  of  electrons 
which  are  generally  paired  off  to  create  a  ground  state 
which  is  a  spectroscopic  singlet.  For  such  molecules 
and  states  the  following  quantum  mechanical  model  is 
proposed. 

Let  there  be  a  minimal  set  of  n  floating  localized 
orbitals  ^<  which  are,  in  general,  nonorthogonal  and 
real,  and  let  each  one  be  occupied  by  a  pair  of  electrons 
with  opposing  spin.  The  2n-electron  wave  function 
can  then  be  written  as  a  single  normalized  Slater  de- 
terminant 

^  =  |^i(l)?i(2)^3)^4). .  .^.(2/1  -  1)^.(2/1)1 

[\I{V(M\  det  5)] 

where  the  bars  over  certain  orbitals  indicate  /3  spin  as 
opposed  to  a  for  the  others,  and  det  S  is  the  determinant 
of  the  orbital  overlap  matrix  S  with  elements 


Given  the  set  of  orbitals  and  the  appropriate  nonrda- 
tivistic  Hamiltonian  operator  H^  the  mean  energy  £ 
is  calculated  according  to  a  formula  adapted  from  one 
derived  by  Lowdin^ 


tj 


i:(ylfciX2Tjr,i  -  r,  j^ 


where 


('//)  =  /  <Pi*h(Pj  dv 


Sij  =f<Pi*<PfdD 


are  the  kinetic  and  potential  energy  integrals  with  the 
one-electron  operator  /r,  and 

(ijikl)  =  /^.♦(l)^Xl)^*n2)^i(2Xl/r«)  di<l)di<2) 

are  the  electron  repulsion  energy  integrals.  Tf/s  are 
elements  of  the  reciprocal  orbital  overlap  matrix 

For  a  given  set  of  nuclear  coordinates  E  is  minimized, 
according  to  the  variation  method,  by  a  variation  in 
parameters  defining  the  orbitals.  This  will  generate  a 
potential  energy  surface.  If  a  ''full  minimization*'  of 
E  with  respect  to  nuclear  coordinates  as  well  as  orbital 
parameters  is  carried  out,  then  the  equilibrium  con- 
figurations of  the  molecule  will  be  predicted.  The 
calculation  is  strictly  ab  initio  with  no  semiempirical 
parameters. 

In  this  simple  model  the  orbitals  are  taken  to  be 
floating  spherical  Gaussian  functions^ 

<p,  =  (2/irp,»)'/*  exp[-(r^p,)T 

where  r^  is  the  radial  distance  from  the  center  of  the 
orbital  and  p<  is  an  ''orbital  radius"  parameter  whidi 
defines  a  sphere  which  includes  about  74  %  of  the  or- 
bital charge  density.  For  each  orbital  the  coordinates 
of  the  center  as  well  as  the  orbital  radius  are  parameters 
to  be  varied. 

Minimization  of  E  with  respect  to  all  parameters  will 
automatically  lead  to  a  result  which  wdU  satisfy  both 
the  virial  theorem  and  the  Hellmann-Feynman 
theorem.' 

Table  I  presents  typical  results  for  a  series  of  diatomic 
and  polyatomic  molecules  by  the  full  minimization 
procedure. 

The  calculated  energies  are,  of  course,  wdl  above 
experimental  values  since  no  electron  correlation  i%  in- 
cluded other  than  that  between  electrons  of  like  spin 
due  to  the  antisymmetrization  inherent  in  the  detenni- 
nantal  wave  function.  Also  the  energies  must  be  higher 
than  those  of  Hartree-Fock  calculations  since  the  latter 
are  by  definition  the  values  obtained  by  all  possiUc 
variations  of  the  orbitals  in  a  single  determinantal 
wave  function.  Because  the  total  energies  are  crude, 
it  would  be  expected  that  dissociation  en^gies  would 
be  unsatisfactory  and  no  attempt  has  been  made  to 
calculate  them. 

(1)  P.-O.  Lbwdin.  /.  Chem,  Phys.,  18. 365  (1950). 

(2)  S.  F.  Boys,  Proc.  Roy,  Soc,  (London),  A200, 542  (1950),  introduc- 
tion of  gaussian  orbitals;  H.  Preuss,  Z.  Natur/orsek..  11a,  823  (1959; 
19a,  1335  (1964);  20a,  18,  21,  1290  (1965);  J.  L.  WhiUeo,  /.  Cktm. 
Phys.,  39,  349  (1963);  44,  359  (1966);  J.  L.  Whitlea  and  L.  C  AOen. 
ibid,,  43,  S170  (1965),  use  of  off-center  spherical  Gauaaan  ''pure*'  or 
'*lobe**  functions  to  simulate  nonspherical  atomic  orbitali. 

(3)  A.  C.  Hurley,  Proc,  Roy.  Soc,  (London).  A226,  17%  176^  193 
(1954). 
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TaUe  L    Calculated  Energies  and  Bond  Lengths 
According  to  the  Floating  Localized  Orbital  Model 
Spherical  Gaussian  Functi(ms 


Negative  total  energy 

(hartrees) 

Bond  length,  A 

Molecules 

This  work 

Hartree-Fock 

Calcd 

Obsd* 

H> 

0.956 

1.1336- 

0.780 

0.741 

UH 

6.572 

7.9851* 

1.712 

1.595 

u. 

12.282 

14.8718* 

2.807 

2.672 

HP 

84.635 

100.0580' 
(min  at 
R  -  0.920  A) 

0.779 

0.917 

BeH, 

linear 

13.214 

1.412 

BHs 

planar  Dth 

22.297 

26.2358*  (min  at 
R  -  1.16  A) 

1.245 

1.19 
(av) 

CH4 

tetrahedral 

33.992 

39.8660/ 
(min  at 
R  -  1.10  A) 

1.115 

1.093 

NHi 

pyramidal  Civ 

47.568 

55.9748/ 
(min.  at 
R  »  1.04  A) 

1.008 

1.012 

planar  Dih 

47.141 

1.489 

•  •  • 

Hrf) 

angular  CtT 

64.290 

75.9224/ 
(min  at 
R  -  0.963  A) 

0.880 

0.957 

linear 

64.203 

1.621 

•  •  • 

QH, 

(C^C 

1.210 

1.205 

linear,  sym 

64.684 

76.7916K 

lC>=H 

1.073 

1.059 

C^4 

/C=C 

1.350 

1.337 

planar,  Dth 

65.836 

78.0012»-( 

IC— H 

1.104 

1.085 

•  W.  Kolos  and  C.  C.  J.  Roothaan,  Rev,  Mod,  Phys.,  32,  205 
(1960).  » D.  D.  Ebbing,  J,  Chem.  Phys.,  36,  1361  (1962).  « P.  E. 
Cade  and  A.  C.  Wahl,  quoted  by  G.  Das,  ibid,,  46,  1568  (1967). 
'  a  dementi,  ibid.,  36, 33  (1962).  *  B.  D.  Joshi,  ibid,,  46, 875  (1967). 
/  R.  Mocda,  ibid.,  37,  910  (1962);  40,  2164,  2176,  2186  (1964). 
«  R.  J.  Buenker,  S.  D.  Peyerimhoff,  and  J.  L.  Whitten,  ibid,,  46, 2029 
(1967).  *  Observed  values  are  taken  from  L.  E.  Sutton,  Ed., 
'^Interatomic  Distances,"  Special  Publication  No.  18,  The  Chemical 
Society,  London,  1965. 

The  calculated  bond  lengths  are  surprisingly  close  to 
the  experimental  values,  on  the  average  within  4.4%. 
Considering  the  cnideness  of  the  model  no  such  direct 
quantitative  similarity  would  be  expected.  However, 
the  model  should  give  general  trends  which  certainly 
are  present. 

Bond  angles  are  not  as  successfully  calculated  al- 
though NH3  and  H2O  are  properly  predicted  to  be 
pyramidal  and  bent,  respectively.  The  angles  are: 
H-N-H,  88.0^  (obsd  106.6°);  and  H-O-H,  89.5° 
(obsd  104.5°). 

Dipole  moments  (Debyes)  are  calculated  to  be: 
UH,  6.56  (obsd  5.882);  HF,  1.66  (obsd  1.98);  H,0, 
1.92  (obsd  1.84);  and  NH,,  1.71  (obsd  1.46). 

LiH  is  a  simple  example  which  shows  how  the  or- 
bital parameters  behave.  One  orbital  turns  out  to  have 
a  small  ^Vadius,*'  p,  equal  to  0.707  bohr  and  is  located 
0.0076  bohr  from  the  Li  nucleus  on  the  side  opposite 
from  the  proton.  This  can  be  considered  an  inner- 
shell  Li  orbital.  The  other  orbital  has  a  radius  of  2.44 
bohrs  and  is  located  about  89  %  of  the  way  from  Li  to 
H.  The  bond  could  therefore  be  interpreted  to  be 
predominantly  ionic. 

This  model  has  a  simpler  relation  to  the  original 
electron  pairing  and  shared  pair  concepts  of  Lewis^ 
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than  does  the  quantum  mechanical  valence  bond  method 
since  the  present  model  uses  only  one  orbital  per  elec- 
tron pair  bond  instead  of  two.  It  is  also  related  to 
molecular  orbital  theory  through  the  use  of  a  single 
determinantal  wave  function.  Localized  molecular 
orbitals  have  been  discussed  particularly  by  Lennard- 
Jones  and  co-workers*  and  by  Edmiston  and  Rueden- 
berg.' 

This  model  constitutes  an  extension  of  the  Kimball- 
Neumark^  spherical  Gaussian  orbital  model  which  was 
applied  by  Neumark  to  the  simple  systems  He  and  Hs. 
The  ''charge  cloud"  model  of  Kimball^  which  con- 
ceives of  uniformly  charged  spheres  for  electron  pairs 
resembles  the  present  model  but  does  not  allow  for 
overlap  of  the  spheres  and  is  only  pseudo-quantum 
mechanical.  Likewise  the  tangent-sphere  model  of 
Bent^  and  related  ideas  of  King,*  although  giving 
considerable  qualitative  insight  into  molecular  struc- 
ture, are  not  sufficient  for  quantitative  calculations. 
Details  of  the  calculations  and  additional  results  will 
be  published  elsewhere. 
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(4)  O.  N.  Lewis,  /.  Am,  Chem,  Soc,,  3S,  762  (191Q;  "Vaknoe  and 
the  Structure  of  Atoms  and  Molecules,"  Chemical  Catalog  Co.,  New 
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The  Coordination  Number  of  Alaiiiinaiii(in) 
In  Liquid  Annnonia^ 

Sir: 

Various  nmr  techniques*"*  have  been  used  to  de- 
termine hydration  numbers  of  ions  in  aqueous  solu- 
tions. We  have  attempted  to  extend  these  methods 
to  liquid  ammonia  and  wish  to  report  the  results  for 
A1(III)  solutions.  The  method  used  was  to  determine 
the  area  under  the  ^*N  nmr  absorption  line  in  the 
species  Al(NHi)x*+  after  broadening  the  solvent  line 
beyond  detection  by  addition  of  Cu(II).  The  exchange 
of  bound  ammonia  in  the  Cu(II)  complex  is  very 
rapid.^  The  area  measurements  were  calibrated  using 
various  known  species. 

(1)  Report  No.  RLO-1031-6  of  work  supported  by  the  U.  S.  Atomic 
Energy  Commission. 

(2)  J.  A.  Jackson,  J.  F.  Lemons,  and  H.  Taube,  /.  Chem,  Phys.,  33» 
553  (1960). 

(3)  R.  E.  Connick  and  D.  N.  Fiat,  ibid.,  38, 1349  (1963). 

(4)  D.  N.  Fiat  and  R.  E.  Connick,  /.  Am.  Chem.  Soc.,  88,  4754 
(1966). 

(5)  J.  P.  Hunt,  H.  W.  Dodgen,  and  F.  Klanberg,  Inorg.  Chem,,  2, 478 
(1963). 
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Anhydrous  aluminum  iodide  was  prepared  by 
standard  methods  and  dissolved  in  anhydrous  am- 
monia which  was  also  prepared  and  handled  by  standard 
techniques.  The  A1(III)  concentration  was  ca.  1.35  M. 
In  other  experiments  it  had  been  found  that  addition 
of  Cu(NHi)4(NOi)»  to  the  extent  of  ca.  0.2  Af  broad- 
ened the  solvent  ammonia  line  beyond  detection  (the 
bound  ammonia  line  and  solvent  line  occur  at  essen- 
tially the  same  frequency)  and  that  Cu(II)  and  I" 
were  stable  in  ammonia.  Addition  of  the  Cu(II) 
nitrate  salt  caused  precipitation  of  some  Al(III)  the 
amount  of  which  was  determined,  and  an  appropriate 
correction  was  made.  The  ^^N  nmr  absorption  line 
for  the  bound  ammonia  (and  references)  was  measured 
at  ca.  9300  gauss  using  equipment  previously  described.* 
The  areas  under  the  curves  were  measured  in  various 
ways  and  compared  with  areas  obtained  for  standard 
aqueous  NaNOi,  Co(NH3)6*^  in  ammonia,  Co(NHi)5- 
HsO  in  water,  and  others.  The  known  solutions  gave 
internally  consistent  results  and  were  chosen  to  give 
line  widths  and  intensities  comparable  to  that  found 
for  the  A1(III)  species.  This  was  done  so  that  all  the 
nmr  measurements  could  be  made  under  essentially 
identical  conditions  of  radiofrequency  level,  modula- 
tion amplitude,  etc.  The  full  width  at  half-maximum 
absorption  for  the  bound  ammonia  line  was  1.35  ± 
0. 14  gauss  at  27^.  The  coordination  number  of  A1(III) 
was  found  to  be  6.03  ±  0.45  (as  an  average  of  four 
signals). 

We  were  unable  to  shift  the  solvent  line  sufficiently 
to  be  useful  using  either  Cu(II)  (which  produces  rela- 
tively small  shifts)  or  Co(II)  without  causing  excessively 
large  amounts  of  broadening.  Dysprosium  nitrate 
was  found  to  be  too  insoluble  in  ammonia  to  be  useful 
for  shifting  the  solvent  line. 

The  results  imply  a  relatively  long  lifetime  for  the 
A1(NH|)6'+  species  in  ammonia  consistent  with  the 
results  of  Sutter  and  Hunt^  using  ^^N  tracer  techniques. 
A  coordination  number  of  six  was  also  found  for  the 
hydrated  species.  *  The  precision  of  the  measiu-ements 
was  limited  because  of  the  broad,  weak  signals  involved. 
Attempts  to  measure  solvation  number  for  Be(II) 
and  Ga(III)  have  failed  so  far  because  of  solubility 
problems.  The  use  of  ^^N  and  improved  nmr  equip- 
ment may  make  it  possible  to  study  other  species  in 
the  future. 

(Q  H.  H.  Glaeser,  G.  A.  Lo,  H.  W.  Dodgen,  and  J.  P.  Hunt,  Inorg, 
Chtm.,  4.  206  (1965). 
(7)  J.  R.  Sutter  and  J.  P.  Hunt,  /.  Am.  Chem.  Soc,  82,  6420  (1960). 

H.  H.  GlMser,  H.  W.  Dodgen,  J.  P.  Hunt 

Department  of  Chemistry^  Washington  State  University 

Pullman,  Washington    99163 

Receit)ed  March  22, 1967 


Oxidation  of  Coordinated  Ligands. 
Sulfato  and  Nitrato  Complexes  of  Platinum 

Sir: 

During  the  recent  upsurge  in  interest  in  the  behavior 
of  d*®  and  d*  complexes,  a  variety  of  working  models 
have  been  suggested  in  an  attempt  to  rationalize  and 
predict  the  chemistry  of  these  species.*'*    Recently 

(1)  C.  D.  Cook  and  G.  S.  Jauhal,  Inorg,  NucL  Chem,  Letters,  3,  31 
(1967). 

(2)  J.  P.  CoUman  and  J.  W.  Kang,  /.  Am.  Chem.  Soc.,  88, 3459  (1966). 


we  have  inclined  strongly  to  the  view  that  the  behavior 
in  solution  of  the  zerovalent  complexes  M(PFlu)4 
(M  »  Ni,  Pd,  Pt)  is  essentially  that  of  sidvated  metal 
atoms.  The  characteristics^  of  the  oxygen  and  ethyl- 
ene complexes,  (PPhi)sPtOs  and  (PPh8)BPt(CiH4),  hdped 
to  reinforce  this  concept  and  prompted  an  investiga- 
tion under  homogeneous  conditions'  of  those  reactions 
m  which  platinum  has  traditionally  served  as  a  beta- 
ogeneous  catalyst ;  e.g.,  the  contact  process. 

Passage  of  SOs  into  a  solution  of  (PPhs)iPtOi  at  room 
temperature  results  in  the  rapid  formation  of  an  air- 
stable  complex  which  we  believe  to  be  the  sulfato  comidez 
I.  Anal.  CalcdforC,«Hio04PsSPt:  C,  53.00;  H,  3.68; 
molwt,815.    Found:    C,  52.92;  H,  3.66;  niolwt,79S. 


L         O 

\  /  \ 

Pt  SOt 

L-"   V 


L  ONOi 

L  ONOi 


U 


L  -  PPhs 


The  infrared  spectrum  (Nujol)  shows  four  strong  band 
with  some  splitting  at  1279,  1165  and  1150,  880  and 
871,  and  650  cm~~S  which  is  in  accord  with  the  sym- 
metry of  the  SO4  group  acting  as  a  bidentate  li^nd 
(Csv)  and  is  in  reasonable  agreement  with  the  spectrum 
reported  by  Barraclough  and  Tobe^  for  the  complex 
[Co(en)2S04]Br,  one  of  the  few  monomeric  complexes 
known  to  contain  bidentate  sulfate.  The  possibility 
of  a  sulfur-bonded  sulfito  complex*  cannot  be  ruled  out 
in  terms  of  the  number  of  bands  observed,  but  is,  we 
feel,  unlikely  in  view  of  the  high  frequency  of  the  band 
which  we  assign  to  the  asymmetric  S-O  stretch  (1279 
cm~~0*  Reaction  between  SOs  and  a  solution  of  the 
ethylene  adduct,  (PPhi)sPt(CsH4),  results  in  diqdace- 
ment  of  ethylene  and  formation  of  a  brown  crystalline 
complex*  which  loses  SOs  readily  on  warming  (50^) 
to  yield  the  au--stable,  green  complex  (PPht)iPt(SO0. 
Anal.  Calcd  for  CeHwOiPiSPt:  C,  55.17;  H, 
3.83;  S,  4.09.  Found:  C,  54.92;  H,  3.94;  S,  4.68. 
Two  strong  infrared  bands  (Nujol)  are  found  at  1182 
and  1149  and  1035  cm~S  resulting  from  asymmetric 
and  symmetric  S~0  stretching  vibrations.  The  spec- 
trum is  strongly  indicative  of  a  sulfur-bonded  SOi 
adduct,  and  the  complex  is  presumably  of  a  similar 
type  to  (SOj)IrCl(COXPPh8)»  recentiy  reported  by 
Vaska.^  Passage  of  oxygen  through  a  solution  of  the 
green  SOs  adduct,  or  heating  the  complex  in  air  (110®), 
results  in  the  formation  of  the  sulfato  complex  already 
described. 

Similar  results  are  obtained  when  the  oxygen  ad- 
duct is  treated  with  NOs,  the  dinitrato  comfdex  (ID 
being  obtained  pure  and, in  high  yield.  Anal.  Calod 
for  C,eH,oN,0«P,Pt:  C,  51.25;  H,  3.56;  N,  3.31 
Found:    C,  51.43;  H,  3.65;  N,  3.16.    The  complex 


(3)  It  has  recently  been  shown  by  O.  "WiXkt,  H.  Schott,  and  P. 
bach,  Angew.  Chem.  Intern.  Ed.  Engl.,  6,  92  (19^7),  that  a  aotodon  of 
complex  (PPhi)tNiOi  functions  as  a  catalyst  for  the  ondatioii  of  tn- 
phenylphosphine. 

(4)  C.  G.  Barraclough  and  M.  L.  Tobe,  /.  Chem.  Soc,  1993  {WD- 

(5)  G.  Newman  and  D.  B.  Powell,  Speetrocklm.  Adm,  19, 213  (190). 
{€)  We  have  learned  of  closely  related  experimentt  by  1. 1.  Lavisoa 

and  S.  D.  Robinson,  Chem.  Commim.,  198  (1967>,  foOowiiic  lubiniirfni 
of  this   paper.    They  report  the  preparatioii  of  the  brown,  19* 
parently  four-coordinated  adduct,  (PPhi)tPtSOi,  and  its  leady  oiidi- 
tion  to  the  sulfato  complex,  (PPh0iPtSO4,  described  herein. 
(7)  L.  Vaska  and  S.  S.  Bath.  /.  Am.  Chem.  Soc,  It,  1333  i\9^ 
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absorbs  strongly  at  1502  and  1491,  1272  and  1263, 
974,  and  787  cm"*  in  the  infrared  (Nujol)  and  is  evi- 
dently comparable  to  a  series  of  four-coordinate  dini- 
trato  complexes  reported  by  Bannister  and  Cotton.^ 

The  dinitrato  complex  is  decomposed  rapidly  by 
boiling  water  with  the  liberation  of  nitrate  ion;  the 
sulfato  complex  is  considerably  more  resistant  to 
hydrolysis,  but  reaction  with  cyanide  ion  results  in 
displacement  of  the  coordinated  sulfate  group  and 
formation  of  a  cyano  complex  of  Pt(II)  (infrared  band 

at  2132  cm-^. 

The  mechanistic  aspects  of  some  of  these  reactions 
are  ciu-rently  receiving  attention. 

Acknowledgment.  We  thank  the  National  Research 
Council  of  Canada  and  Engelhard  Industries  (Canada) 
Ltd.  for  their  support. 

(8)  E.  Bannister  and  F.  A.  Cotton,  /.  Chem,  Soc.,  2276  (1960). 

C.  D.  Cook,  G.  S.  Jauhal 
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Delocalizatioii  of  the  7r-Electron  System  in 
1  ^Dihy  drophosphaC  V)py  razines 

Sir: 

The  nature  of  x-electron  delocalization  in  the  phos- 
phonitrilic  system  has  been  the  subject  of  some  con- 
troversy.*'* The  few  cyclic  phosphorus-carbon  six- 
T-electron  systems  capable  of  3d-2p  x  delocalization 
thus  far  synthesized  have  been  rather  unstable.''^ 

We  wish  to  report  the  synthesis  of  a  stable  1,4-dihy- 
drophospha(V)pyrazine  in  which  there  appears  to  be 
delocalization  of  the  four  tt  electrons  over  the  phos- 
phorus atoms. 

We  have  isolated  l,l,2,4,4,5-hcxaphenyl-l,4-diphos- 
phoniacyclohexadiene-2,S  dibromide  (la)  in  over  60% 
yield  from  the  lOO-hr  reaction  of  phenylethynyldiphenyl- 
phosphine*  (II)  with  hydrogen  bromide  in  glacial  acetic 
acid  at  room  temperature  (eq  1).    The  orange  solid 


2CACsCP(C«),    ^ 

n 


la 


2Br-'    (1) 


la  melted  at  286-290^  (from  ethyl  acetate-methanol). 
Anal.  Calcd  for  C4oH«P2Br2H20:  C,  63.83;  H, 
4.52;  P,  8.24;  Br,  21.28.  Found:  C,  63.85;  H, 
4.49;  P,8.30;  Br,  21.05. 

The  water  solubility,  the  infrared  spectrum,  and  the 
fact  that  it  gives  an  inmiediate  yellow  precipitate  (lb) 

(1)  D.  P.  Craig  and  N.  L.  Paddock,  Nature,  ISl.  1052  (1938);  /. 
C/beifi.5oc.,  4118(1962). 

(2)  NL  J.  S.  Dewar,  E.  A.  C.  Lucken,  and  M.  A.  Whitehead,  ibid., 
2423  (1960). 

(3)  O.  Markl,  Antew.  Chem,,  15, 168  (1963);  75, 669  (1963);  Z.  Na- 
turfoTMch,,  18b,  1136(1963). 

(4)  E.  A.  Cookion  and  P.  C.  Crofts,  /.  Chem,  Sac,,  Sect,  C,  2003 

(1966). 

(5)  W.  Cbodkiewicz,  P.  Cadiot,  and  A.  WiUemant,  Compt.  Rend,, 
250,  866  (1960);  K.  Issleib  and  G.  Harzfdd,  Chem,  Ber.,  95,  268 
(1962). 


when  treated  with  aqueous  sodium  picrate  show  that 
la  is  a  phosphonium  salt. 

Elemental  analysis  establishes  la  as  a  1:1  adduct  of 
II  and  HBr,  i.e.,  [(C«H5)iPCsCCeHBHBrl„  whUe 
the  lack  of  covalently  bound  bromine  in  the  adduct  is 
deduced  from  the  analysis  of  the  picrate  lb,  mp  245- 
248^  (from  acetonitrile).  Anal.  Calcd  for  CnHw- 
NeOwPj:  C,  60.58;  H,  3.50;  N,  8.16;  Br,  0.00. 
Found:    C,  60.50;  H,  3.37;  N,  8.14;  Br,  0.00. 

TaUel- 
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Compd     Protons  Multiplicity    Jf-h,  cps   ppm 


Area 
ratio 


la 


Ilia 


IV 


Vinyl 

Phenyl-P 

Phcnyl-C 

CM 

Phenyl 

CHs 

Vinyl 

Phcnyl-P 
CHs 


I 


1 


Broad  complex 
ll 

Complex 

1 

Complex 

Complex 

Complex 

1 

Broad  complex 
U 

Complex 

2  (broad) 


i 


8.0 


0.60) 

1.04> 

1 

1.5  ) 

2.0 

10 

2.38 

5 

<-'4.6 

1 

^2.2 

15 

r^5.6 

2 

1.00) 

1.42> 

1 

1.847 

2.15 

10 

6.11 

2 

«  Proton  nmr  at  60  Mc/sec  employing  tetramethylsilane  as 
internal  standard  and  trifluoroacetic  acid  as  solvent. 


The  proton  nmr  spectrum  of  a  trifluoroacetic  add 
solution  of  la  at  60  Mc  (Table  I)  shows  two  sharp 
peaks  at  r  0.6  and  1.5  with  a  shallow  broad  complex 
centered  between  them.  This  is  similar  to  the  proton 
nmr  spectrum  of  l,l,4,4-tetraphenyl-l,4-diphosphonia- 
cyclohexene-2  dibromide  (lYf  (Table  I).    These  data 


vv 


H 


1+ 


2Br' 


1        JU-H 

IV 

fit  a  polymeric  vinylenebis(diphenylphosphonium)  bro- 
mide. 

+P(C«H,),CH=aC«H,H-,-+    nBr- 

Furthermore,  the  melting  point  and  complete  ab- 
sence of  covalently  bound  bromine  strongly  suggest  a 
cyclic  structiu'e  in  which  n  is  not  very  large. 

Osmotic  pressure  depression  of  methanol  solutions 
of  la  over  a  range  of  concentrations  (Table  II)  showed 
that  association  occurs  at  higher  concentrations  and 
that  the  effective  molecular  weight,  obtained  by  extrap- 
olation, approaches  the  value  of  245  (where  n  »  2). 


TaUe  n.    Molecular  Weight  Determination  of  la  in  Methanol 
Solution  by  Osmometric  Method 


mg/ml 


-Concentration- 


Af 


Molwt 


9.470 
5.995 
3.280 


0.0320 
0.0212 
0.0123 


296 
283 
267 


(Q  A.  M.  Aguiar  and  H.  J.  Aguiar,  /.  Am.  Chem.  Soc,,  88,  4090 
(196Q. 
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Hydrogenation  of  la  employing  5%  rhodium  on 
alumina  at  45  psi  in  methanol  gave  colorless  1,1,2,4,4,5- 
hexaphenyl- 1 ,4-diphosphoniacyclohexane  dibromide 
(Ilia),  mp  269-272**  (from  acetonitrile-methanol). 
Anal.  Calcd  for  C4oH,eBr2P2HjO:  C,  63.49;  H, 
5.03;  Br,  21.16;  P,  8.70.  Found:  C,  63.33;  H, 
4.89;  Br,  20.40;  P,  8.77. 


a+ 


2Br 


«      H,(45p«i). 


Rh-AIA 


»+ 


2Br~    (2) 


ma 

Compound  Ilia  was  also  produced  by  the  reaction 
of  CIS'  or  /ran5-/3-styryldiphenylphosphines^  (V)  with 
hydrogen  bromide  in  facial  acetic  acid  (eq  3).    As  in 


HBr 

2CtHiCH=CHP(C«Ht),  — ►  Ilia 

V  HAo 


(3) 


the  case  of  la,  the  structure  of  Ilia  was  established 
through  elemental  analysis,  solubility,  infrared  spec- 
trum, formation  and  analysis  of  a  picrate  (Illb),  and 
proton  nmr  spectra  (Table  I). 

Compound  Illb  had  mp  230-233**  (from  acetonitrile). 
Anal.  Calcd  for  C62H40N6O14P2:  N,  8.12;  Br,  0.00. 
Found:  N,  8.00;  Br,  0.00.  Absorption  in  the  visible 
region  by  la  is  not  understandable  in  terms  of  the 
delocalization  present  in  a  /9-styryldiphenylphospho- 
nium  salt  since  the  benzyl  bromide  salts  of  cis-  and 
/ran5-/3-styryldiphenylphosphine  (VI)  are  colorless. 

Table  III  lists  the  ultraviolet  absorbances  of  la  and 
Ilia,  along  with  those  of  cis-  and  trans-W  for  com- 
parison. Only  a  shoulder  from  the  ultraviolet  region 
was  found  in  the  visible  spectrum  of  la. 

TaUe  in.    Ultraviolet  Absorptions  of  Methanol  Solutions 


Compd 

X,  m/i 

e 

la 

267  (peak  emerging  from 
large  shoulder) 

18,600 

Ilia 

269  (shoulder  covering 
the  218  region) 

4,600 

C/5.VI 

270 

1,100 

218 

2,400 

trans-W 

278 

2,500 

217 

3,000 

Support  for  extensive  delocalization  of  the  x  cloud 
is  obtained  from  the  **P  nmr  data  listed  in  Table  IV. 

TaUelV- 


Compd 


Shift 


la 
Ilia 
IV 
cw-VI 


+3.5 
-20.4 

-2.8 
-13.0 


«  At  40.5  Mc/sec;  "P  nmr  shifts  in  parts  per  million  of  methanol 
solutions  relative  to  an  external  standard  of  85%  HiPOi. 


(7)  A.  M.  Aguiar  and  T.  G.  Archibald,  Tetrahedron  Letters.  45,  5541 
(1966). 


It  is  seen  that  the  shielding  of  the  phosphorus  nudeos 
is  substantially  greater  in  la  than  in  any  other  modd 
compounds.  In  fact,  la  represents  the  first  rq>ort  of  a 
phosphonium  salt  with  a  positive  *^P  nmr  shift.  Most 
simple  phosphonium  salts  display  *^P  shifts  in  the 
—20-  to  —  30-cps  region.*** 

The  above  data  are  most  easily  accommodated  by 
assuming  delocalization  of  the  T-electronic  diarge 
over  the  phosphorus  atoms. 


2Br" 
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Heayy-Atom  Solvent  EflTect  on  flie 
Photodimerization  of  Acenaphtkyleiie 

Sir: 

Owing  to  their  ability  to  enhance  spin-orbit  coupling, 
heavy-atom  solvents  have  been  used  extensively  in  the 
study  of  singlet-triplet  absorption  and  emission 
spectra.^  In  addition  to  an  effect  on  the  radiative 
processes,  it  is  known  that  these  solvents  often  promote 
nonradiative  singlet-to-triplet  intersystem  crossing.^ 
Two  recent  studies  have  attempted  to  make  use  of  this 
external  heavy*  atom  effect  to  affect  increased  inter- 
system crossing  in  photochemical  reactions.  How- 
ever, no  change  was  observed  when  heavy-atom 
solvents  were  used  in  a  study  of  the  type  II  photo- 
elimination  reactions  of  aliphatic  ketones, '  nor  was  an 
effect  observed  in  the  photodimerization  of  coumarin.* 
Both  of  these  systems  contain  n-x*  excited  states. 
El-Sayed^  has  pointed  out  that  in  carbonyl  compounds 
the  spin-orbit  pertiu-bation  due  to  the  carbonyl  group 
is  comparable  to  or  larger  than  an  internal  heavy-atom 
pertiu-bation  due  to  halogen  substitution  on  the  car- 
bonyl-containing  molecule.  In  addition,  the  internal 
heavy-atom  perturbation  is  expected  to  be  much  larger 
than  the  external  perturbation  due  to  a  heavy-atom 
solvent. 

In  this  note  we  wish  first  to  present  evidence  to  docu- 
ment the  heavy-atom  solvent  effect  on  the  photo- 
dimerization of  a  system  not  containing  n-v*  states 
and  second  to  show  that  in  the  two  cases  easily  com- 

(1)  D.  S.  McQure,  /.  Chem.  Phyt..  17, 90S  (1949);  M.  Kaduk  fMU 
20,  71  (1952);  S.  P.  McOlynn,  T.  Azumi,  and  M.  Kasha,  ifrUL,  40, 507 
(1964);  R.  F.  Borlunan  and  D.  R.  Kearni,  Chem.  Commmt,  446  (196^ 

(2)  A.  R.  Horrocks,  T.  Medinger,  and  F.  wmdnaon,  Pkotockm. 
Photobiol,  6,  21  (1967);  S.  P.  McOlynn,  J.  Daigre,  and  F.  J.  Smith, 
J,  Chem.  Phys,,  39,  675  (1963);  S.  Siegel  and  H.  S.  Joddkis,  ML. 
42,  3060  (1965). 

(3)  P.  J.  Wagner,  ibid,,  45, 2335  (196Q. 

(4)  H.  Morrison,  H.  Curtis,  and  T.  McDowell,  /.  Am.  Chem.  See., 
8S,  5415  (1966). 

(5)  M.  A.  El-Sayed,  ibid.,  41. 2462  (1964). 
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pared  that  the  effect  is  proportional  to  the  square  of 
the  spin-orbit  coupling  factor  (f  *). 

It  has  been  shown****  that  the  cis  and  trans  dimers 
from  the  photolysis  of  acenaphthylene  arise  from  two 
distinct  excited  states.  The  cis  dimer  is  formed  pre- 
dominantly via  an  excited  singlet  state  or  more  probably 
from  a  singlet  excimer,  while  the  trans  dimer  is  formed 
Dta  the  triplet  state.  Since  the  probability  of  a  singlet- 
triplet  transition  resulting  from  spin-orbit  coupling 
depends  inversely  upon  the  square  of  the  energy  separa- 
tion between  the  two  states,  one  would  expect  a  greater 
probability  of  crossing  from  a  perturbed  excited  singlet 
to  the  triplet  state  than  from  the  triplet  to  the  ground 
state.  Therefore,  in  the  acenaphthylene  system  an 
increased  triplet  yield  should  result  in  an  increased 
conversion  to  the  trans  isomer.  The  results  of  our 
experients  are  shown  in  Table  I.  All  photolyses  were 
carried  out  using  the  apparatus  and  analytical  procedure 
previously  described.*  As  can  be  seen  in  Table  I, 
both  the  total  conversion  to  products  and  the  relative 
amount  of  the  trans  dimer  produced  are  markedly 
affected  by  the  presence  of  a  heavy  atom  in  the  solvent. 
For  example,  a  change  from  pure  cyclohexane  to  cyclo- 
hexane  containing  10  mole  %  ethyl  iodide  increased, 
by  a  factor  of  2,  the  total  conversion  and  produced  an 
11 -fold  increase  in  the  amount  of  trans  dimer  formed.^ 
The  amount  of  trans  produced  in  propyl  bromide 
solvents  was  found  to  be  linearly  dependent  upon  the 
mole  per  cent  of  propyl  bromide  for  percentages  where 
the  total  amount  of  conversion  did  not  appreciably 
affect  the  probability  of  bimolecular  reaction. 


TaUe  L    Heavy-Atom  Solvent  Effect  on 
Photodifnerization  of  Acenaphthylene 


Ace- 

Total 

naphthyl- 

amount 

ene 

of  dimer 

re- 

formed, 

covered, 

trans, 

cis. 

Solvent* 

8 

g 

8 

8 

cyclohexane 

6.51 

8.40 

1.09 

5.42 

Benzene 

9.62 

5.27 

2.82 

6.80 

n-Butyl  chloride 

7.14 

7.76 

2.12 

5.02 

if-Propyl  bromide  in 

cyclohexane 

10  mole  % 

5.98 

9.05 

3.45 

2.53 

25  mole  % 

8.03 

7.01 

5.03 

3.00 

so  mole  % 

10.99 

4.05 

7.49 

3.50 

100  mole  % 

14.07 

0.84 

10.01 

4.06 

10%  Ethyl  iodide  in 

cyclohexane 

13.74 

1.14 

10.96 

2.78 

•  All  determinations  were  made  with  15.2  g  of  acenaphthylene  in 
150  ml  of  solvent;  irradiation  time  15  hr. 

The  probability  of  a  radiationless  transition  is  pro- 
portional to  the  square  of  the  perturbing  operator  in 
an  expectation  value  equation  involving  the  two  states 
between  which  the  transition  is  occurring.  For  transi- 
tions between  states  of  different  multiplicity,  vibronic 
and/or  spin-orbit  perturbation  operators  are  important. 

(Q  D.  O.  Cowan  and  R.  L.  Drisko,  Tetrahedron  Letters,  1255  (1967); 
D.  O.  Cowan,  "Photochemistry:  Recent  Developments  and  Appli- 
cations,'* Symposium,  Houston,  Texas,  Feb  17,  1967;  R.  Livingston 
and  K.  S.  Wd,  /.  Phys.  Chem.,  71,  541  (1967). 

(6a)  Note  Added  in  Proof.  All  solvents  were  essentially  trans- 
parent at  the  wavelengths  used  (>3300  A). 

(7)  A  discussion  of  the  cU  dimer  production  is  deferred  until  publi- 
cation of  the  full  paper  since  we  have  shown  that  the  cis  dimer  arises 
from  more  than  one  excited  state. 


However,  if  there  is  strong  electronic  coupling  of  the 
excited  states  with  the  heavy-atom  solvent  states,  the 
most  important  operator  may  generally  be  the  spin- 
orbit  operator.* 

The  probability  then  of  an  intersystem  crossing  from 
a  singlet  to  a  triplet  state  may  be  directly  related  to  the 
square  of  the  spin-orbit  coupling  factor  f ,  the  values  of 
which  are  known  for  atoms.  Since  the  coupling  is 
related  to  the  atomic  number  of  the  perturbing  nucleus, 
the  relative  magnitude  of  coupling  may  be  approxi- 
mated by  using  the  coupling  factor  for  the  heaviest 
atom  in  the  solvent.  Thus,  to  a  first  approximation, 
the  relative  probability  of  intersystem  crossing  in 
proceeding  from  n-PrBr  to  EtI  would  be  given  by 
(fi/fsr)*.  Using  the  values  fi  =  5060  and  f^  =■ 
2460,*  this  ratio  becomes  equal  to  4.2.  Using  the  data 
for  the  formation  of  trans  dimer  in  Table  I  (10%  /i-Pr- 
Br,  EtI)  and  correcting  for  the  amount  of  trans  formed 
in  pure  cyclohexane,  the  ratio  trans^tiltrans^^^  is 
equal  to  4. 1 8.  The  agreement  between  these  two  ratios 
is  excellent.  Investigations  of  the  effect  of  other  heavy- 
atom  solvents  as  well  as  a  comparison  of  external  and 
internal  heavy-atom  effects  on  the  photodimerization 
are  currently  in  progress. 
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Formation  of  Spirononatriene  and  Heptafulvalene 
from  an  Attempt  to  Generate  Cycloheptatrienylideiie 

Sir: 

If  the  normal  electrophilicity^  of  a  singlet  carbene  is 
sufficiently  suppressed  by  delocalization  of  electrons 
into  its  vacant  p  orbital,  its  behavior  should  resemble 
that  of  a  nucleophile  as  a  result  of  the  nonbonded  pair 
of  electrons  on  the  carbene  carbon.  In  a  number  of 
cases^  where  adjacent  heteroatoms  (oxygen,  nitrogen) 

(1)  C/.  J.  Hine,  "Divalent  Carbon.'*  The  Ronald  Press,  New  York, 
N.  Y.,  1964,  p  43;  W.  Kirmse,  "Carbene  Chemutry,**  Academic  Press 
Inc.,  New  York,  N.  Y.,  1964,  p  164. 

(2)  Although  the  question  of  the  actual  intermediacy  of  nudeophilic 
carbenes  in  many  cases  has  been  clouded  by  the  fact  that  the  carbene 
dimers  (e.g.,  tetraaminoethylenes)  give  the  same  products  with  electro- 
philes*  as  would  be  expected  from  the  carbene  itself,  there  are  still  a 
number  of  cases  that  probably  do  indeed  involve  intermediate  carbene 
formation  (including,  in  fact,  reactions  of  the  dimer  with  electrophiles*). 
For  examples  of  these  as  well  as  lead  references  to  earlier  work,  see: 
D.  M.  Lemal,  E.  P.  Gosselink,  and  S.  D.  McGregor,  /.  Am.  Chem.  Sac., 
88,  582  (1966);  R.  W.  Hoffmann  and  H.  Hauser,  Tetrahedron,  21, 1891 
(1965);  H.  Quast  and  S.  Hunig,  Chem.  Ber.,  99,  2017  (1966);  Angew, 
Chem.  Intern.  Ed.  Engl.,  3,  %00i\96i);  H.Balli,U»/<f.,3,809(1964);  R 
Quast  and  E.  Frankenfeld,  ibid.,  4,  691  (1965);  H.  W.  WanzUck  and  A. 
Hanns,  Chem.  Ber.,  99, 1580  (1966);  H.  W.  Wanzlick  and  H.  J.  Kleiner, 
Angew.  Chem.  Intern.  Ed.  Engl,  3,  65  (1964).  For  an  excellent  review 
of  earUer  work  in  this  area,  see  H.  W.  Wanzlick.  ibid.,  1.  73  (1962). 
For  the  first  example  of  an  intermediate  of  this  type,  see  R.  Breslow, 
J.  Am.  Chem.  Soc.,  80,  3719  (1958). 

(3)  D.  M.  Umal,  R.  A.  Lovald,  and  K.  I.  Kawano,  ibid.,  86,  2518 
(1964);  H.  E.  Winberg,  J.  E.  Camahan,  D.  D.  Coffman,  and  M.  Brown, 
ibid.,  87,  2035  (1963);  N.  Wiberg  and  J.  W.  Buchler,  Chem.  Ber.,  96, 
3000  (1963). 
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have  served  as  the  electron-donating  groups  this 
anticipated  effect  has  manifested  itself  in  an  inertness 
to  typical  alkenes  but  reactivity  with  a  wide  variety  of 
electrophiles. 

A  second  mechanism  for  delocalizing  electrons  into 
the  vacant  p  orbital  of  a  singlet  carbene  and  thereby 
accentuating  its  nucleophilicity  is  its  incorporation  into 
a  conjugated  ring  in  such  a  way  as  to  make  the  vacant 
orbital  an  integral  part  of  an  aromatic  system.  The 
simplest  example  of  this  type  of  system,  the  two-ir- 
electron  cyclopropenylidene  (1),  has  defied  standard 
techniques  for  generating  carbenes^'^  but  has  been  sug- 
gested as  a  possible  intermediate  in  the  reaction  of  a 
substituted  cyclopropenyl  carbamate  with  base.  The 
evidence  for  this  as  an  intermediate  consists  simply  of 
the  fact  that  it  gives  spiropentenes  with  electrophilic 
olefins*  and  no  reaction  with  simple  alkenes.^ 


0 


bate 


> 


dimethyl  ^ 
fumarate 


1 


At  this  time  we  wish  to  report  the  results  of  our 
attempts  to  generate  a  potentially  nucleophilic  carbene 
in  which  the  vacant  p  orbital  is  an  integral  part  of  a 
six-TT-electron  aromatic  system — cycloheptatrienyli- 
dene^  (3). 


As  a  potential  precursor  to  this  species,  tropone 
tosylhydrazone  was  synthesized  in  high  yield  from 
tropone  via  7,7-dichlorocycloheptatriene.  The  tosyl- 
hydrazone was  converted  to  its  sodium  salt  (a  muddy 
brown  solid)  with  sodium  hydride  in  tetrahydrofuran. 
Photolysis  of  the  salt  in  tetrahydrofuran  in  the  presence 
of  typical  alkenes  gave  the  salt  of  p-toluenesulfinic 
acid  and  up  to  SO  %  of  a  photoly tically  unstable,  almost 
black  crystalline  solid,  but  no  indication  of  the  spiro- 
nonatriene  adduct  that  would  result  from  carbene  addi- 
tion to  the  alkene  double  bond.  The  dark  solid  was 
identified  as  heptafulvalene  (5)  by  comparison  of  its 
properties  with  those  reported  for  an  authentic  sample.* 

(4)  Unpublished  results  from  these  laboratories. 

(5)  R.  Breslow  and  L.  J.  Altman  (/.  Am,  Chem.  Soc.,  88,  504(1966)) 
have  pointed  out  that  perhaps  one  factor  contributing  to  the  acidity  of 
the  ring  hydrogen  of  n-propylcyclopropenone  is  contribution  of  a  cyclo- 
propenylidene resonance  form. 
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(6)  W.  M.  Jones  and  M.  E.  Stowe,  Tetrahedron  Letters,  3459  (1964). 

(7)  Generation  of  di-  and  triannelated  cycloheptatrienylidenes  has 
been  recently  reported  by  Murahashi,  Moritam*,  and  Nishino.*  In 
view  of  the  involvement  of  the  aromatic  rings  in  the  conjugated  systems 
of  these  intermediates,  it  is  not  surprising  that  their  chemical  properties 
resemble  typical  aryl-substituted  alkylidenes. 

(8)  Cf,  S.  Murahashi,  I.  Moritani,  and  M.  Nishino,  /.  Am.  Chem, 
Soc„  89, 1257  (1967). 
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Even  in  the  presence  of  electron-rich  alkenes  (e^., 
enamines)  there  was  observed  none  of  the  spire  adduct 
but,  again,  only  the  dimer  and  sodium  p-toluenc- 
sulfinate.  However,  when  the  photolysis  was  carried 
out  in  the  presence  of  the  electrophilic  olefin,  dimethyl 
fumarate,  there  was  isolated,  in  addition  to  the  sulfinate 
salt  and  the  dimer,  a  47  %  yield  of  the  spirononatriene  7 
which,  formally,  would  arise  from  addition  of  cyclo- 
heptatrienylidene  to  the  fumarate  double  bond. 


CUAC  H 

oq^CH, 


IK 


UeOfi 


OOJ^ 


+   5+6 


47% 


Both  analyses  ^^  and  spectra  support  the  interesting 
structure  assigned  to  7.  In  the  infrared  it  showed  a 
single  carbonyl  absorption  at  1720  crxr\  in  the  ultra- 
violet it  showed  a  single  maximum  at  262  m/i  (e  2800), 
and  in  the  nmr  it  showed  single  peaks  at  r  7.6S  (cyclo- 
propyl  hydrogens)  and  6.32  (methyl  hydrogens), 
a  doublet  at  r  4.59  (ortho  ring  hydrogens),  and  a  multi- 
plet  at  r  3.52  (remaining  cycloheptatriene  ring  hydro- 
gens), with  areas  in  the  ratio  2:6:2:4,  respectivdy. 
Additional  support  for  the  assigned  structure  resides 
in  its  facile  conversion  under  acidic  conditions  to  the 
corresponding  heptafulvene  8.    For  example,  1  %  HO 

MeOiC-CH,      ^OOtMe 


H+. 


8 


MeQiQ-CH,^^/OQ.Me 


H*-. 


A 


9 


(9)  W.  von  E.  Doering  in  'Theoretical  Organic  Chemistry.   Vift 
Kekule  Symposium,**  Academic  Press  Inc.,  New  York,  N.  Y.,  19S9,  p4i 

(10)  All  new  compounds  gave  acceptable  analyiet. 
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in  ethanol  effects  complete  conversion  in  30  min,  acid 
alumina  causes  rapid  isomerization,  etc.  Both  analy- 
ses and  spectra  confirm  the  assigned  structure.  This 
reaction  finds  analogy  in  the  highly  facile  acid-induced 
ring  opening  of  the  spiropentene  2  to  the  triafulvene  9.* 
The  nature  of  the  intermediate(s)  that  leads  to  hepta- 
fulvalene  and  spirononatriene  is,  of  course,  question- 
able.^^ However,  whatever  its  structure,  the  products 
that  it  gives  rise  to  are  those  anticipated  for  a  carbene 
(dimer  formation)  of  low  electrophilicity  (no  reaction 
with  alkenes)  and  relatively  high  nucleophilicity  (reac- 
tion with  electrophilic  double  bonds). 

Acknowledgment.  The  authors  gratefully  acknowl- 
edge the  support  of  this  research  by  the  U.  S.  Army 
Research  Office,  Durham. 

(1 1)  Reaction  of  heptafulvalene  with  dimethyl  fumarate  In  a  reaction 
analogous  to  that  proposed  by  Lemal*  to  explain  the  products  of  re- 
action of  electrophiles  with  tetraaminoethylenes  was  independently 
excluded  as  the  source  of  the  spirononatriene. 

(12)  (a)  Alfred  P.  Sloan  FeUow,  1963-1967.  (b)  Oulf  Oil  Fellow, 
1966-1967. 
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Reyersible  Combiiiation  of  Molecular  Nitrogen  witt  a 
Cobalt  Complex.    Exchange  Reactions  of 
Nitrogen-Tris(triphenylphosphine)cobalt  with 
Hydrogen,  Ettylene,  and  Ammonia 

Sir: 

Previously  we  reported  that  molecular  nitrogen 
combines  with  a  cobalt  complex  in  the  reaction  of  cobalt 
acetylacetonate,  diethylaluminum  monoethoxide,  and 
triphenylphosphine  carried  out  in  an  atmosphere  of 
nitrogen.^  We  wish  to  report  now  on  some  exchange 
reactions  of  the  isolated  complex,  nitrogen-tris(tri- 
phenylphosphine)cobalt  (I),  with  molecular  hydrogen, 
ethylene,  and  ammonia.  Recently,  ruthenium*''  and 
iridium^  complexes,  which  are  combined  with  molecular 
nitrogen,  have  been  reported,  but  no  report  has  been 
made,  as  far  as  we  know,  on  the  reaction  of  a  nitrogen- 
coordinated  complex  with  these  gases. 

When  a  benzene  solution  of  nitrogen-tris(triphenyl- 
phosphine)cobalt  (I)  is  swept  or  shaken  mth  purified 
hydrogen  gas,  the  original  red  color  changes  to  yellow 
with  a  loss  of  molecular  nitrogen  from  the  complex,  as 
proved  by  infrared  and  mass  spectrometry.  The  sharp 
strong  band  at  2088  cm"^  assigned  to  the  stretching 
vibration  of  the  coordinated  nitrogen  molecule  disap- 
pears rapidly  with  the  appearance  of  new  bands  at  about 
1940  and  1760  cm~^  Sweeping  the  benzene  solution  of 
I  with  argon  gas  does  not  affect  the  original  spectrum  at 
all.  On  concentrating  the  yellow  benzene  solution, 
light  yellow  crystals  are  isolated  which  can  be  recrystal- 
lized  from  toluene.  Anal.  Calcd  for  CsiHfrPtCo  (II): 
C,  76.50;  H,  5.59.  Found:  C,  76.72;  H,  6.00;  N,  0. 
Thermal  decomposition  of  the  yellow  complex  II  re- 
leases hydrogen  and  benzene.    On  sweeping  the  yellow 

(1)  A.  Yamamoto,  S.  Kitazume,  L.  S.  Pu,  and  S.  Uceda,  Chem.  Cam- 
man.,  79  (1967). 

(2)  A.  D.  AUen  and  C.  V.  Senoff,  ibid.,  621  (1965). 

(3)  A.  E.  Shilov»  A.  K.  Shilova,  and  Yu.  O.  Borodko,  Kinetika  i 
Katalix,  ?•  768  (1966). 

(4)  J.  P.  Coliman  and  J.  W.  Kang»  /.  Am.  Chem.  Soe.,  SS,  3459 
(1966);  ».  169  (1967);  89. 844  (1967). 
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solution  of  II  with  nitrogen,  the  i^ni  band  at  2088  cmr^ 
resumes  the  original  intensity  and  the  solution  regains 
its  initial  red  color.  The  cycle  can  be  repeated  many 
times,  showing  a  reversible  equilibrium. 


[(c:rfl,),Pl,Co.N,  +  H, 
I 


[(CrflOiPIiCoH,  +  N,      (1) 

n 


On  sweeping  the  benzene  solution  of  I  with  deuterium, 
a  band  is  observed  at  1260  cm~^  which  may  be  assigned 
to  a  Co-D  stretching  vibration  which  is  shifted  from  the 
band  of  Co-H  stretching  vibration  at  1760  cm"*  by  a 
factor  of  1.4.  The  band  at  1940  cm~*  was  not  observed 
in  the  spectrum  of  the  benzene  solution  swept  with 
deuterium,  but  no  corresponding  new  band  due  to 
deuterium  substitution  appeared.  The  origin  of  the 
band  at  1940  cm~*  is  not  clear  at  the  moment. 

When  a  benzene  solution  of  I  is  swept  with  purified 
ethylene,  the  original  red  color  darkens  with  the  loss 
of  the  coordinated  nitrogen  molecule.  The  i^Nt  band 
at  2088  cm*-*  disappears  and  new  bands,  which  may  be 
assigned  to  the  C-H  stretching  vibration  of  the  co- 
ordinated ethylene  molecule,  appear  at  about  29S0  and 
28S0  cm~^  Similar  bands  are  observed  in  the  spectrum 
of  [(C6H6)tP]sNiCsH4  prepared  according  to  Wilke  and 
Hermann.*  On  passing  nitrogen  through  the  solution, 
these  bands  disappear  and  the  i^Nt  band  resumes  the 
original  intensity,  suggesting  a  reversible  exchange  re- 
action of  the  type 


[(C«H,),Pl,Co.N,  -h  CJti^ 
I 


[(C«H,)aTCo.CiH4  +  N,  (2) 

m 


Tris(triphenylphosphine)cobalt  coordinated  with  ethyl- 
ene (III)  can  be  isolated  by  the  reaction  of  cobalt 
acetylacetonate,  triphenylphosphine,  and  diethylalu- 
minum monoethoxide  in  an  argon  atmosphere.*  Com- 
bination of  nitrogen  with  cobalt  also  takes  place  in  the 
reaction  of  tris(triphenyIphosphine)methylcobalt*  with 
nitrogen  gas. 

Analogous  reversible  reaction  of  the  nitrogen-cobalt 
complex  is  observed  with  ammonia  as  indicated  by 
the  reversible  change  of  the  i^Nt  band.  The  complex 
reacts  irreversibly,  however,  with  carbon  monoxide  and 
carbon  dioxide.    The  details  will  be  reported  later. 

(5)  G.  Wilke  and  G.  Hermann,  Angew.  Chem.,  74, 693  (1962). 
(^  Unpublished  results. 

Akio  Yamamoto,  Lyong  Son  Pn,  Sboji  Kitamme,  Salndi  Dnda 
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Reaction  of  Benzyne  witt  Benzene.    Effect  of  Sllf er  Ion 

Sir: 

The  decomposition  of  suspensions  of  benzenedi- 
azonium-2-carboxylate  (1)  in  excess  benzene  at  43^ 
is  reported^  to  yield  benzobarrelene  (2),  benzocydo- 
octatetraene  (3),  and  biphenyl  (4)  (cf.  run  8,  Table  I). 
The  products  were  postulated  to  occur  by  1,4  addition,^ 
1,2  addition  (followed  by  valence  bond  isomerism),^ 
and  insertion^  reactions  of  benzyne  (from  1)  on 
benzene,  respectively.    These  are  the  "accepted"  prod- 

(1)  R.  G.  Miller  and  M.  StOet,  /.  Am.  Chem.  Sdc,  tS,  179S  (1963). 
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ucts  and  reaction  paths.*  However,  if  benzenedi- 
azonium-2-carboxylate  {l'\  prepared  directly  from 
anthranilic  acid  and  amyl  nitrite,'  is  similarly  de- 
composed, the  reaction  products^  are  2  and  biphenylene 
(5),  accompanied  with  only  trace  amounts  of  3  and  4 
(run  1).  These  results  are  all  the  more  unusual  inas- 
much as  it  has  been  shown^  that  benzyne  generated 
from  several  different  sources  appears  to  behave  the 
same. 

The  essential  difference  between  1  and  1'  is  that  1 
is  prepared  in  a  silver  ion  environment^  and  V  is  not.' 
The  apparent  dependence  of  product  distribution  on  the 
method  of  synthesis  of  benzenediazonium-2-carboxylate 
is  a  result  of  silver  ion  contamination.  This  was  ade- 
quately demonstrated  (Table  I)  by  decomposing  V 
in  benzene,  at  45^,  containing  known  amounts  of 
added  Ag^  as  the  oxide,  trifluoroacetate,  and  perchlo- 
rate.*  The  effect  of  Ag+  is  clearly  evident  by  observ- 
ing the  change  in  product  composition  in  the  absence  of 
added  Ag^  (run  1)  to  that  when  the  Ag^:l'  is  ^^10"* 
(run  2).  By  increasing  the  Ag^:l'  to  ~10"*  the 
amount  of  2  formed  is  reduced  to  3.7  %.' 

The  results  from  reaction  of  benzyne  with  benzene  in 
the  presence  of  Ag^  are  best  explained  by  proposing 
a  benzyne-silver  complex  (6)*  which  woiUd  be  more 
electrophilic  than  benzyne.  The  complex  could  attack 
benzene  to  give  7  which,  by  intra-  or  intermolecular  H+ 
transfer  and  ejection  of  Ag^,  gives  biphenyl  (4)  or, 

(2)  E.g.:  (a)  E.  K.  Fields  and  S.  Meyerson,  Chem.  Commun.,  474 
(1965);  (b)  S.  F.  Dyke,  A.  R.  Marshall,  and  J.  P.  Watson,  Tetrahedron, 
22,  2515  (1966). 

(3)  Amyl  nitrite  (5  ml)  was  added  to  a  solution  of  anthranilic  add 
(3.0  g)  and  trifluoro-  or  trichloroacetic  add  (0.03  g)  in  THF  (30  ml). 
After  1-1.3  hr  the  mixture  is  cooled  to  ^^10%  and  the  off-white  to  pale 
yellow  solid  is  collected  and  washed  with  THF  until  washings  are  color- 
less,  and  then  with  benzene.  The  yield  of  V  varies  between  92  and 
93%.  Dry  1'  is  exceedingly  hazardous.  Solvent  (benzene)  moist 
material  (much  less  hazardous)  was  used  in  this  study. 

(4)  Several  other  hydrocarbons  are  formed  in  this  reaction.  A  major 
product,  CuHu,  mp  154-155''  (6-10%  yield),  was  identified  (on  the 
basis  of  its  nmr  spectrum)  as  hexacydo[8.7.1.0*''.0**>'.0^>*>*]octadeca- 
2,4,6, 11,1 3, 15-hexaene  (i).    From  reaction  of  1'  with  2  in  refluxing 


ethylene  chloride  i  was  prepared  in  >80%  yield.  This  compound  was 
also  discovered  in  Professor  Stiles*  laboratory  (M.  Stiles,  U.  Burck- 
hardt,  and  G.  Freund,  /.  Org.  Chem.,  in  press).  The  structure  of  i  was 
confirmed  by  an  X-ray  crystallographic  study:  J.  W.  Schilling  and 
C.  E.  Nordman,  American  Crystallographic  Association  Meeting, 
Atlanta,  Ga.,  Jan  1967,  Abstracts,  p  22. 

(5)  R.  Huisgen  and  R.  Knorr,  Tetrahedron  Letters,  1017  (1963). 

(^  The  ratio  of  3 :4  is  somewhat  dependent  of  the  anion,  but  not 
that  of  2:(3  +  4).  Compare  3:4  =  0.9  from  run  8  which  appears  to 
be  contaminated  with  about  0.1  %  Ag  ^  as  AgCl  and/or  AgsO  with  that 
of  'M).6  from  runs  2-7  containing  AgQ04.  This  will  be  discussed  in 
detail  in  the  full  paper. 

(7)  (a)  2,  3,  4,  and  5  are  not  interconverted  nor  destroyed  by  the  ac- 
tion of  Ag-^.  (b)  1,4  Addition  seems  to  be  the  usual  reaction  path  of 
arynes  with  arenes.  Cf.  Reaction  of  tetrachlorobenzyne  (from  the 
Grignard  reagent)  and  mesitylene  (H.  Heany  and  J.  M.  Jablonski, 
Tetrahedron  Letters,  4529  (1966));  formation  of  dibenzobarralene  in 
30%  yield  from  1'  and  2  equiv  of  naphthalene  (this  study)  or  from  1 
and  excess  naphthalene  in  7%  yield; ^  ring  A  adducts  (1,4)  from  ben- 
zyne and  anthracenes  (G.  H.  Klanderman,  /.  Am.  Chem.  Soc.,  87,  4649 
(i965)).    4-Me-l '  behaves  similarly. 

(8)  Structures  can  be  drawn  which  involve  overlap  of  d  orbitals  of 
Ag"^  with  the  sp'  orbitals  and/or  with  the  benzene  v  systems.  For 
examples  of  silver  olefin  and  silver  dialkylacetylene  complexes  see 
F.  R.  Hapner,  K.  N.  Trueblood,  and  H.  J.  Lucas,  ibid.,  74, 1333  (1952); 
A.  E.  Comyns  and  H.  J.  Lucas,  ibid.,  79,  4339,  4341  (1957),  and  refer- 
ences contained  therein. 


(6.7  mmoles)  in  Benzene  (200  ml)* 
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'^  fwntw— 

n  #«««*•  sk.C 

AgQ04, 

mmoles 

2 

Run'    X  8.5 

(3+4) 

1            0 

88 

0.4 

1.1                11 

59 

2          10-« 

67 

7.9 

13            12 

3.2 

3          10-« 

55 

13 

22           10 

1.6 

4          10-« 

46 

17 

29             8.4 

1.0 

5          10-* 

17 

31 

52             0.7 

0.2 

6          10-» 

6.8 

35 

58             0 

0.07 

7          10-« 

3.7 

35 

61             0 

0.04 

8* 

7.4 

44 

49             0 

0.06 

•Reaction  temperature  45"".  » Yield  of  Qs  hydrocarbons  ii 
ca.  20%.  « Hydrocarbons  separated  on  10  ft  X  0^  in.  o^  20% 
SE  30  on  Cliromosorb  W  60-80  mesh,  colunm  135*".  Rdative 
retention  time:  2, 0.75;  3, 0.89;  4, 1.00;  5, 1.37;  acenaphtheae, 
1.60  (internal  standard).  'Typical  data.  •  Benzenediazoiiiuni-2- 
carboxylate  prepared  as  described  in  ref  1. 


by  ring  closure  followed  by  valence  bond  isomerism, 
yields  benzocyclooctatetraene  (3).  Thus,  the  ratio 
2  :(3  +  4)  is  a  measure  of  the  two  competitive  processes: 
(1)  1,4  addition  of  benzyne  to  benzene,  and  (2)  benzyne- 
silver  complex  (6)  formation  and  subsequent  reaction 
with  benzene*  (Scheme  I).    The  magnitude  of  the  effect 
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of  trace  amounts  of  Ag^  is  indicative  of  the  extraor- 
dinary catalytic  ability  of  Ag^  to  "trap'*  benzyne  and 
of  the  reactivity  of  6. 

In  the  ''complete"  absence  of  Ag^,  benzyne  reacts 
with  benzene  to  give  benzobarrelene  by  1,4  addition.  * 

(9)  The  distribution  of  the  isomeric  methylbiphenyls  formed  from  1' 
and  toluene  in  the  presence  of  Ag'^  should  either  sopport  or  vitiate  the 
proposed  mechanism. 

(10)  (a)  Pyrolysis  of  phthalic  anhydride  in  benzene-^ft  at  690*  pve 
a  mixture  of  Cu  hydrocarbons  in  48%  yield  {based  on  mueuivcicd 
phthalic  anhydride)  which  consisted  of  biphenyl-tft  (from  benzyne  and 
benzene  I)  (^^.4%),  naphthaleoeH/i  (^^81%),  aceoaphthykoe  Utr^ 
(^^6%),   and  acenaphthene  {dr-dt^  (^^5%).    In  addltioii 
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iphenylene  (5)  is  a  result  of  benzyne  dimerization 
ismtd  since  5  obtained  by  decomposing  V  in 
benzene-i/e  was  found  to  be  deuterium  free, 
2,  C-D  stretch  absent  in  the  infrared, 
e  of  the  other  metal  ions  (T1+,  Cu+,  Cu*+, 
Hgs+^ii  screened  thus  far  altered  the  course  of 
;nzyne-benzene  reaction.  The  study  is  being 
ed  however,  to  transition  metals  and  their  com- 
in  anticipation  that  an  isolable  benzyne  cotn- 
ay  result." 

of  biphenyl-iA«  were  formed  via  benzeiie-</t  thermal  dimeriza- 

biphenyl-^t:biphenylH/i«  'M).!.  Biphenylene  was  not  de- 
Acenaphthylene  and  acenaphthene  are  formed  only  by  thermal 
sment  of  3.  Based  on  Isolated  and  characterized  hydrocarbon 
,  it  can  be  concluded  that  at  690  **  the  major  reaction  of  benzyne 
izene  is  1,4  addition  (^^75%)  to  give  2,  followed  by  loss  of 
i  to  give  thermally  stable  naphthalene.  The  balance  is  electro- 
iick  (vide  supra)  to  give 4  (<^10%)  and  3  (<^15%)  (which  re- 

(60%)  to  form  acenaphthene,  which  in  turn  is  partially  de- 
lated to  acenaphthylene)  and  pyrolysis  (40%)  to  naphthalene, 
suits  are   somewhat   different   from  earlier  reports*^  (D.  F. 

unpublished  data),     (b)  C/.  O.  M.  Badger,  Progr,  Phys.  Org. 

•  1  (1966). 

he  absence  of  any  effect  is  a  strong  argument  against  benzyne 

I  a  benzene-metal  complex. 

he  assistance  of  L.  R.  Rice  and  D.  F.  Lindow  in  carrying  out 

the  initial  experiments  is  gratdfully  acknowledged. 
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Hropenone 


ies  of  various  cyclopropenones,  including  di- 
cyclopropenone,^  the  earUest  example,  and  the 
recent  monoalkylcyclopropenones,'  have  fully 
>hed  the  unusual  stability  of  this  strained  system, 
chemical  properties  of  importance  have  also 
nvestigated  on  these  derivatives.*"*  However, 
^  the  parent  ketone  III  is  clearly  of  interest,  it 
isted  our  synthetic  attempts  to  prepare  it  by  the 
Is  used  to  make  substituted  derivatives.  We 
now  succeeded  in  synthesizing  unsubstituted 
ropenone. 

:tion  of  tetrachlorocyclopropene*  (I)  with  2 
3f  tri-/i-butyltin  hydride  at  room  temperature  in 
1  oil  produced  a  volatile  mixture^  of  chloro- 
ropenes  containing  3,3-dichlorocyclopropene  (II) 
S  8.0),  1,3-dichlorocyclopropene  (8  7.2,  4.5, 
2  cps),  and  mono-  and  trichlorocyclopropene 
s.  The  distilled  mixture  was  taken  up  in  CCI4 
utiously  hydrolyzed  with  cold  water  (or  DiO). 
]ueous  phase  contained  as  the  only  detectable 
(the  solvent  peak  could  be  moved  by  adding 
um  phosphate  or  removed  by  using  D2O)  a 

Breslow,  R.  Haynie,  and  J.  Mirra,  /.  Am.  Chem.  Soc.,  81, 
9);  M.  E.  VoPpin.  Y.  D.  Koreshkov,  and  D.  N.  Kursanov, 
uid.  Nauk  SSSR,  506  (1959);  R.  Breslow,  T.  Richer,  A.  Krebs, 
ion,  and  J.  Posner,  /.  Am.  Chem.  Soc.,  87,  1320  (1965). 

Breslow  and  L.  J.  Altman,  ibid.,  88,  504  (1966). 

Krebs,  Angew.  Chem.  Intern.  Ed.  Engl,  4,  10  (1965). 
Tob^  and  R.  West,  /.  Am.  Chem.  Soc.,  88, 2481  (1966). 
though  the  allyllc  chlorines  must  be  most  reactive,  the  resulting 
ed  cydopropenyl  radical  may  pick  up  hydrogen  on  any  ring 
and  the  cydopropenyl  chlorides  undergo  rapid  allylic  isomeri- 
Under  appropriate  conditions  the  essentially  pure  mixture  of 
Ies  can  be  prepared.    On  treatment  with  AgBFi  in  a  variety  of 

Mr.  John  Oroves  has  found  that  this  affords  chlorocyclopro- 
on»  with  an  nmr  singlet  at  6  9.6  (/>>o-h  *  242  CPV  ^h-h  *  2 


a  a 


I  n  m 

sharp  singlet  at  S  9.0  which  we  assign  to  the  protons 
of  cydopropenone  (III). 

Tlie  nmr  spectrum  unambiguously  establishes  this 
structure.  Thus  the  singlet  shows  ^'C  satellites  with 
the  very  large  coupling  (yiic-H  =  230  cps)  character- 
istic of  a  cyclopropene*  or  acetylene.  The  latter  is, 
of  course,  excluded  by  the  chemical  shift  of  S  9.0; 
this  also  excludes  nonketonic  cyclopropene  structures 
since  1,3,3-trimethylcyclopropene  has  its  vinyl  proton 
at  S  6.7  and  the  3,3-dichlorocyclopropene  signal  is  at 
S  8.0,  while  methylcyclopropenone  is  at  S  8.7.  The 
^'C  satellites  of  III  appear,  as  expected,  as  a  doublet 
(•/h-h  -  3  cps). 

The  aqueous  solution  of  III  shows  broad  infrared 
absorption  centered  at  1850  cm''^  On  standing  it 
slowly  (/i/,  at  25**  >1  week)  is  hydrolyzed  to  acrylic 
add.*  Treatment  with  alkali  produces  a  dark  poly- 
mer, but  the  compound  is  stable  to  a  variety  of  strong 
mineral  adds.  Although  III  is  very  polar,  it  can  be 
extracted  from  the  water  solution  with  methylene 
chloride  or  ethylene  chloride  by  salting  out.  The 
protons  in  III  are  still  at  S  8.9-9.0,  there  are  no  other 
signals  in  the  nmr,  and  the  infrared  spectrum  shows 
a  strong  cydopropenone  doublet*  at  1835  and  1870 
cm~*  and  no  absorption  in  the  O-H  region.  Thus  III 
is  apparently  present  as  the  free  ketone,  rather  than  a 
gem-diol,  even  in  aqueous  solution. 

Attempts  to  isolate  III  by  removal  of  solvent,  dis- 
tillation, or  vapor  phase  chromatography  under  a 
variety  of  conditions  have  so  far  failed,  leading  to  at 
least  partial  polymerization  of  the  compound;  the 
parent  ketone  is  apparently  more  sensitive  than  its 
derivatives.  However,  the  low  reactivity  of  III  com- 
pared with  cyclopropanone,^^  and  in  particular  its 
retention  of  the  unhydrated  carbonyl  group  in  water 
solution,  confirm  our  previous  conclusion  that  the 
cydopropenone  system  has  considerable  conjugative 
stabilization. 

Acknowledgment.  We  gratefully  acknowledge  sup- 
port of  this  work  by  the  National  Institutes  of  Health, 
and  thank  Mr.  John  Groves  for  several  experimental 
contributions. 

(6)  Methylcyclopropenone*  hafl/i«c-H  -  213  cps  and  U3,3-trimethyl- 
cydopropene^  has  J^*o-n  -  218  q>s. 

(7)  O.  L.  Closs,  Proc.  Chem.  Soc.,  152  (1962). 

(8)  Identified  by  comparison  of  vpc»  nmr,  and  mass  spectra  with  those 
of  an  authentic  sample. 

(9)  The  spectra  in  aqueous  and  nonaqueous  solution  mirror  those  for 
alkylcydopropenones*  and  indicate  that  the  carbonyl  group  is  still 
present  in  water,  albeit  hydrogen  bonded. 

(10)  N.  J.  Turro  and  W.  B.  Hammond,  /.  Am.  Chem.  Soc.,  88,  3672 
(1966). 
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Singlet  Oxygen  Reactions  from  Photoperoxides 

Sir: 

It  has  been  known  for  some  time  that  aromatic 
hydrocarbons  such  as  anthracene,  rubrene,  and  tetra* 
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Chart  I.    Oxidation  of  Singlet  Oxygen  Acceptors  by 
9,10-Diphenylanthracene  Peroxide 
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cene  undergo  photosensitized  autoxidation  to  form 
transannular  peroxides,^  and  a  number  of  recent  re- 
ports have  provided  strong  evidence  indicating  that 
singlet  oxygen  is  involved  in  the  formation  of  these 
"photopcroxides."*  It  is  also  well  known  that  many  of 
these  peroxides  undergo  dissociation  on  heating  to 
regenerate  oxygen  and  the  parent  hydrocarbon.  The 
ease  of  oxygen  release  from  these  systems  depends  on 
the  polycyclic  aromatic  system  and  the  nature  of  the 
substituents  in  the  meso  positions.' 

We  now  report  that  9,10-diphenylanthracene  per- 
oxide (II)  may  be  used  to  bring  about  typical  singlet 
oxygen  reactions  when  it  is  allowed  to  decompose^'^ 

(1)  The  first  example  of  an  aromatic  transamiular  peroxide,  nibrene 
peroxide,  was  reported  by  C.  Moreau,  C.  Dufraisse,  and  P.  M.  Dean, 
Compt.  Rend.,  182,  1440,  1584  (1926).  For  a  recent  review,  see  Y.  A. 
Arbuzov,  Russ,  Chem.  Rev,,  34,  558  (1965). 

(2)  C.  S.  Foote  and  S.  Wexler,  J.  Am,  Chem.  Soc.,  86,  3879,  3880 
(1964);  C.  S.  Foote,  S.  Wexler,  and  W.  Ando,  Tetrahedron  Letters,  46, 
4111  (1965);  E.  J.  Corey  and  W.  C.  Taylor,  J.  Am.  Chem.  Soc,  86, 
3881  (1964);  T.  Wilson,  tbtd.,  88, 2898  (1966);  E.  McKeown  and  W.  A. 
Waters,/.  Chem.  Soc.,  Sect.  B,  1040(1966). 

(3)  For  a  review,  see  W.  Bergmann  and  M.  J.  McLean,  Chem.  Rev., 
28,  367  (1941). 

(4)  C.  Dufraisse  and  L.  Enderlin,  Compt.  Rend.,  191,  1321  (1930); 
C.  Dufraisse  and  J.  LeBras,  Bull.  Soc.  Chim.  France,  4, 349  (1937). 

(5)  Preliminary  kinetic  studies  on  the  thermal  decomposition  of  9,10- 
diphenylanthracene  peroxide  in  methylene  chloride  at  90**  indicate  a 
first-order  rate  constant  for  oxygen  release  of  2.5  X  10~*  sec~i  (rvs  8 
hr).  This  value  is  considerably  faster  than  the  rate  of  decomposition  of 
tertiary  peroxides  such  as  r-butyl  or  trit^  (which,  furthermore,  de- 
composes by  peroxide  bond  cleavage)  and  suggests  that  9,10-diphenyl- 


in  the  presence  of  a  variety  of  known  singlet  oxygpi 
acceptors. 

Examples  of  the  oxidations  studied  are  given  in 
Chart  I.  In  each  case  the  reaction  was  carried  out  by 
heating  a  mixture  of  peroxide  and  acceptor  (ratio  2:1) 
in  benzene  or  chloroform  for  2-4  days.  The  products 
isolated  were  identical  with  those  formed  in  paralld 
dye-photosensitized  autoxidation  reactions  and  were 
characterized  by  comparison  (mixture  melting  point 
or  vpc  retention  time,  infrared  and  nmr  spectra)  with 
authentic  samples.  Thus,  2,S-diphenyl-4-methyloxazole 
(I)  was  converted  to  N-acctyldibenzamide  (III)*  (82%) 
along  with  10%  of  dibenzamide.  1,3-Diphenyliso- 
benzofuran  (V)  was  oxidized  to  o-dibenzoylbenzene 
(Viy  in  95  %  yield,  while  treatment  of  tetracyclone  Vll 
with  II  afforded  cw-dibenzoylstilbenc  (VIII)  in  50% 
yield.*  The  intermediate  hydroperoxide  X  from  the 
tetramethylethylene  oxidation  was  not  isolated,  but 
was  reduced  with  triphenylphosphine  to  form  the  un- 
saturated alcohol  XI .  No  attempt  was  made  to  optimize 
yields  in  these  initial  runs.  Control  reactions  using 
9,10-diphenylanthracene  (IV)  in  place  of  the  photo- 
peroxide  II  resulted  in  essentially  quantitative  recovery 
of  starting  materials  either  in  air  or  under  nitrogen. 

The  oxidation  of  2,5-diphenyl-4-methyloxazole  (I)* 
by  the  peroxide  II  is  outlined  as  a  typical  procedure. 
A  solution  of  0.724  g  (0.002  mole)  of  9,10-diphenyl- 
anthracene peroxide^®  and  0.235  g  (0.001  mole)  of  2,5- 
diphenyl-4-methyloxazole^^  in  50  ml  of  aiUiydrous 
benzene  was  stirred  at  reflux  temperature  in  the  dark 
for  94  hr  under  a  positive  pressure  of  nitrogen.  Benzene 
was  removed  in  vacuo^  yieding  a  solid  residue,  0.960  g, 
which,  after  chromatography  on  deactivated  silica  gd 
using  ether-hexane  as  eluent,  could  be  separated  into 
a  mixture  of  N-acetyldibenzamide"  (0.17  g),  mp  64-^5  ^ 
dibenzamide  (0.062  g),  mp  147-149**,*'  as  well  as  9,10- 
diphenylanthracene   (0.538    g)    and    unreacted   9,10- 

anthracene  peroxide  undergoes  a  concerted  oxygen  release  (E.  Hedsyi, 
private  communication). 

(Q  H.  H.  Wasserman  and  M.  B.  Floyd,  Tttrahednm  SwfpL,  7, 
441  (196Q. 

(7)  A.  Ouyot  and  J.  Catel,  Bull  Soc,  Chtm.  Franct^  3S.  1124  (190S); 
C.  Dufraisse  and  S.  Ecary,  Compt.  Rend.,  223,  735  (194^. 

(8)  C.  F.  Wilcox.  Jr.,  and  M.  P.  Stevens,  /.  Am,  Ckem,  Sce^  U, 
1258  (1962);  O.  O.  Schenck,  Z.  EUktrochem.,  56,  855  (195^ 

(9)  Earlier  studies*  on  dye-photosensitized  autozidations  have  sbows 
that  oxazoles  are  remarkably  sensitive  to  the  action  of  singlel  oxygen. 
Formation  of  the  triamide  in  this  process  appears  to  involve  ^eim]lf^ 
ment  of  the  intermediates  Xn  and  Xm. 
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(10)  C.  Dufraisse  and  A.  Etienne,  Compt.  Rend,.  201, 2aO  (1935). 

(11)  O.  H.  Cleland  and  C.  Niemann,  /.  Am.  Chem,  Sae^  71,  S41 
(1949). 

(12)  Identical  (mixture  melting  point,  infrared  and  nmr  spectn) 
with  the  product  formed  in  the  dye-photosenaitiaed  autozidation  of  L 

(13)  Q.  E.  Thompson,  J.  Am.  Chem.  Soc.,  73,  5841  (1951).  DibeB^ 
amide  apparently  results  from  hydrolysis  of  the  triamide  during  chro- 
matography since  this  diamide  could  not  be  detected  (infrared  specin— ) 
in  the  crude  reaction  mixture  before  work-op. 
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diphenylanthracene  peroxide  (0.08  g).     The  over-all 
yield  of  di-  and  triamide  was  92  %. 

We  are  investigating  mechanistic  aspects  of  the  pro- 
cess by  which  oxygen  is  transferred  from  photoperoxide 
to  acceptor,  as  well  as  the  possibility  that  other  types 
of  cyclic  peroxides  may  provide  sources  of  singlet 
oxygen. 

Aeknowledgmeiit.  This  work  was  supported  in  part 
by  Grant  GM-138S4  from  the  National  Institutes  of 
Health. 

(14)  National  Institutes  of  Health  Postdoctoral  Fellow,  1966-1967. 

Harry  H.  Waawrman,  John  R.  Scheffcr^^ 

Department  of  Chemistry ^  Yale  University 
New  Haven,  Connecticut    06520 

Received  April  6, 1967 

The  Isolation  and  Structural  Elucidation  of 
Thalidasiiie,  a  Novel  BisbenzylisoquinoUne  Alkaloid 
Tumor  Inhibitor  from  Thalictrum  dasycarpum^'* 

Sir: 

The  genus  Thalictrum  has  served  as  a  uniquely  pro- 
fuse source  of  new  and  novel  benzylisoquinoline  and 
aporphine  alkaloids.  ^^  We  report  herewith  the  isola- 
tion and  elucidation  of  the  structure  (la)  of  thalidasine, 
a  new  alkaloid  tumor  inhibitor^  from  T.  dasycarpum. 
Thalidasine  appears  to  be  the  first  bisbenzylisoquino- 
line  recognized  to  contain  a  diphenyl  ether  terminus  at 
C-5  and  the  first  unsymmetrical  bisbenzylisoquinoline 
recognized  to  contain  a  20-membered  ring.^  Further- 
more, the  alkaloid  thalfoetidine,  from  T.  foetida,^ 
is  shown  to  possess  structure  lb  on  the  basis  of  evidence 
which  includes  interrelation  with  thalidasine. 

Thalidasine  (la),  Cs9H44N2C)7,  mol  wt  (mass  spec- 
troscopy) *•  652,  is  an  amorphous  solid,  mp  105-107°, 
[al"D  -70°  (c  0.89,  MeOH),  XS2=  275  m^  (€  4560), 
282  mpL  (€  4530),  and  nmr  signals  (in  CDCU)  at  r  7.38, 
7.75  (6  H,  two  NCH,),  6.09,  6.13,  6.25,  6.50,  6.73  (15  H, 
five  OCRs),  and  2.46-3.70  (9  H,  aromatic  H).  The 
alkaloid  was  characterized  as  the  (Oxalate,  mp  160- 

(1)  Tumor  Inhibitors.  XXIV.  Part  XXUI:  S.  M.  Kupchan, 
A.  H.  Gray,  and  M.  D.  Grove,  7.  Med,  Chem,,  10,  337  (196'^. 

(2)  Supported  by  grants  from  the  National  Heart  Institute  (HE- 
02952)  and  the  National  Cancer  Institute  (CA-04500). 

(3)  (a)  S.  M.  Kupchan,  K.  K.  Chakravarti,  and  N.  Yokoyama, 
/.  Pharm,  Set.,  52,  985  (1963);  (b)  M.  Tomita,  H.  Furukawa,  S.-T.  Lu, 
and  S.  M.  Kupchan,  Tetrahedron  Letters,  4309  (1965). 

(4)  (a)  E.  Fujita  and  T.  Tomimatsu,  J,  Pharm,  Soc,  Japan,  79,  1082 
(1959);  (b)  S.  Kubota,  T.  Masui,  E.  Fujita,  and  S.  M.  Kupchan, 
/.  Org.  Chem,,  31,  516  (196Q. 

(5)  (a)  J.  Padilla  and  J.  Herran,  Tetrahedron,  18,  427  (1962);  (b) 
M.  Shamma,  B.  S.  Dudock,  M.  P.  Cava,  K.  V.  Rao,  D.  R.  Dalton, 

D.  C.  DeJongh,  and  S.  R.  Shrader,  Chem,  Commun,,  7  (196Q. 

(6)  (a)  S.  M.  Kupchan,  Symposium  on  Selected  Recent  Advances 
in  Natural  Products  Chemistry,  149th  National  Meeting  of  the  Ameri- 
can Chemical  Society,  Detroit,  Mich.,  April  1965,  Abstracts,  p  31P; 
(b)  H.  B.  Dutschewska  and  N.  M.  Mollov,  Chem,  Ind.  (London),  770 
(1966). 

(7)  Thalidasine  showed  significant  inhibitory  activity  against  Walker 
intramuscular  cardnosarooma  256  in  rats  at  2(X)  mg/kg.  Tumor  in- 
hibitory activity  was  assayed,  under  the  auspices  of  the  Cancer  Chemo- 
therapy National  Service  Center,  National  Cancer  Institute,  National 

stitutes  of  Health,  by  the  procedures  described  in  Cancer  Chenuh 
therapy  Kept,,  25,  1  (1962). 

(8)  Ossampareine  was  the  first  symmetrical  bisbenzylisoquinoline 
recognized  to  contain  a  20-membered  ring  (S.  M.  Kupchan,  S.Kubota, 

E.  Fujita,  S.  Kobayashi,  J.  R  Block,  and  S.  A.  Telang,  J,  Am,  Chem. 
5oe„  St.  4212  (1966)). 

(9)  N.  M.  MoUov  and  V.  St  Gieorgiev,  Chem.  Ind.  (London),  1178 
(196^ 

(10)  The  authors  thank  Professor  A.  L.  Burlingame  and  Dr.  H.  K. 
ffclwiftri,  Univerdty  of  California,  Berkeley,  for  the  mass  spectral  data 
md  betplbi  discmaUmt. 


162%  picrate,  mp  175-177*^,  and  mcthiodidc,  mp  182- 
183^.  Permanganate  oxidation  of  la  yielded  2- 
methoxydiphenyl  ether  4',S-dicarboxylic  add  (V), 
characterized  by  mixture  melting  point  and  infraroi 
comparison  with  an  authentic  sample.  ^^  Sodium  in 
liquid  ammonia  reduction  of  la  afforded,  as  principal 
products,  L-O-methylarmepavine  (Ila),  mp  61-62% 
[aP^D  +99^  (c  1.10,  CHCU),  and  a  dihydroxydimc- 
thoxybenzylisoquinoline  (A),  CisHssNOi,  mp  194-196% 
Ia]»D  +5r  (c  0.50,  MeOH),  X2S=  279  m^  <€  2750), 
nmr  signals  at  t  7.48  (3  H,  NCH,),  6.13,  6.45  (6  H, 
two  OCH,),  4.33  (1  H,  C-8  H),  3.92  (2  H,  two  OH), 
3.08,  3.35  (4  H,  two  doublets,  /  »  8.5  cps).  Methyla- 
tion  of  phenol  A  with  diazomethane  gave  l-(4-me- 
thoxybenzyl)-2-methyl-5,6,7-trimethoxy- 1 ,2,3,4  -tetrahy- 
droisoquinoline  (Ilia),  characterized  by  infrared  and 
nmr  comparison  with  the  dl  compound.^  Nmr 
spectral  characteristics  and  reactivity  toward  Gibbs 
reagent^*  led  to  consideration  of  4',6-diphenol  (Illb) 
and  4',5-diphenol  (IIIc)  structures  as  most  likely  for 


CH3— : 


Ia,R-CH, 
b,.R-H 


Ha,  R-H 
b,  R-OH 


ma,  R'-OCH,;  R»-R»-CH, 

b,  R»-0CH8;R*-R'-H 

c,  R»-OH;R»-CHa;R»-H 

d,  R»-OCH,;  R»-R»-CH,Ph 

e,  R»-H;R»-CHiR»-H 


CH,-^N 


N^CH, 


IV 


HOOC 


phenol  A.  However,  the  infrared  spectrum  of  syn- 
thetic [via  the  dibenzyl  ether  Illd,  mp  83-86%  nmr 
signals  at  t  7.49  (3  H,  NCH,),  6.19,  6.55  (6  H,  two 
OCH,),  4.97,  5.02  (4  H,  two  OCHJPhl  3.02,  3.13 
(4  H,  two  doublets,  /  =  8.5  cps,  disubstituted  aromatic 

(11)  The  authors  thank  Professor  M.  Tomita  cordially  for  the 
authoitic  sample  of  2-methoxydiphenyl  ether  4',S-dicarboxylic  add. 

(12)  M.  Tomita  and  Y.  Kondo,  /.  Pharm.  Soc.  Japan,  71,  1019 
(1957);  H.  Inouye,  Y.  Kanaya,  and  Y.Murata,  Chem.  Pharm,  BidL 
(Tokyo),  7,  573  (1959). 
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ring),  2.63  (10  H,  monosubstituted  aromatic  ring)]  dl- 
Illb  [mp  136-140^  \^^  281  ihm  <€  3200),  nmr  sig- 
nals at  T  7.43  (3  H,  NCH,),  6.15, 6.47  (6  H,  two  OCH,), 
5.18  (2  H,  two  OH),  4.23  (1  H,  C-8  H),  3.11,  3.29  (4  H, 
two  doublets,  /  «  8.5  cps)]  differed  from  that  of  phenol 
A.  Hence  phenol  A  was  assumed  to  have  the  4',5- 
diphenol  structure  IIIc,  and  thalidasine,  an  unprece- 
dented diphenyl  ether  terminus  at  C-5.  Evidence  for 
both  structures  was  adduced  from  the  experimental 
results  which  follow. 

Characterization  of  the  minor  phenolic  products  of  re- 
duction with  sodium  in  liquid  ammonia  and  mass 
spectroscopic  evidence  ^^  strongly  support  assignment 
of  structure  la  for  thalidasine.  One  minor  phenolic 
cleavage  product  was  L-armepavine  (Ille),  [a]^D 
+99°  (c  0.14,  CHCli),  infrared  and  nmr  spectra  super- 
imposable  with  those  of  authentic  sample.  ^'  A  second 
minor  phenolic  product  was  L-l-(4-methoxybenzyl)-2- 
methyl-6,7-dimethoxy  -  8  -  hydroxy  - 1,2,3,4  -  tetrahydro- 
isoquinoline  (lib),  [a]«D  +32°  (c  0.40,  CHCl,),  infra- 
red and  nmr  spectra  superimposable  with  those  of  a 
sample  of  dl  compound.  ^^  The  most  intense  peak  in 
the  mass  spectrum  of  thalidasine  is  a  doubly  charged 
ion  (IV)  of  m/e  213  (C24H80N8O5).  This  type  of  frag- 
mentation has  been  shown  to  be  characteristic  of 
alkaloids  of  the  unsymmetrical  bisbenzylisoquinoline 
type.***'"  Fragments  with  compositions  C?7H29N04, 
C16H14O2,  CiiHuOi,  CwHuNOi,  and  CwHi«N02,  are 
readily  explicable  on  the  basis  of  structure  la. 

Thalfoetidine's  chemistry  supports  the  structural 
features  assumed  earlier,*  apart  from  the  termini  of  the 
diphenyl  ether  linkage.  Methylation  of  thalfoetidine 
with  diazomethane  yielded  O-methylthalfoetidine,***' 
and  direct  comparison  (infrared,  nmr)  has  established 
the  identity  of  the  methylation  product  with  thalidasine. 
Hence  thalfoetidine  possesses  structure  lb. 

(13)  S.  M.  Kupchan,  B.  Dasgupta,  E.  Fujita,  and  M.  L.  King, 
Tetrahedron,  19.  227  (1963). 

(14)  A.  Brossi  and  S.  Teitel,  Heh.  Chim,  Acta,  49,  1757  (1966). 
We  thank  Dr.  Brossi  cordially  for  a  sample  of  dl'Ub, 

(15)  M.  Tomita,  T.  Kikuchi.  K.  Fujitani.  H.  Kato.  H.  Furukawa, 
Y.  Aoyagi,  M.  Kitano.  and  T.  Ibuka,  Tetrahedron  Letters,  857  (196Q; 
D.  C.  DeJongh,  S.  R.  Shrader,  and  M.  P.  Cava,  J.  Am,  Chem,  Soc.,  88, 
1052  (1966). 

(16)  We  thank  Dr.  N.  Mollov  cordially  for  a  sample  of  thalfoetidine. 

S.  Morris  Kupchan,  T.-H.  Yang,  George  S.  VasUikiotls 

Michael  H.  Barnes,  M.  L.  King 

Department  of  Pharmaceutical  Chemistry 
University  cf  Wisconsin,  Madison,  Wisconsin    53706 

Received  March  16, 1967 


Photochemical  and  Base-Catalyzed  Rearrangements 
of  Isoxazolidines 

Sir: 

Intra- ^  and  intermolecular'  cycloadditions  of  nitrones 
and  olefins  have  provided  a  new  method  for  the  forma- 
tion of  carbon-carbon  bonds.  Adaptation  of  this 
reaction  as  a  synthetic  method  of  broadest  possible 
scope  has  stimulated  investigations  of  the  chemistry  of 
the  product  isoxazolidine  ring  system.  It  is  the  purpose 
of  this  report  to  disclose  our  discovery  of  a  rearrange- 
ment of  N-alkylisoxazolidines  to  tetrahydro-l,3-oxa- 

(1)  N.  A.  LeBel,  M.  E.  Post,  and  J.  J.  Whang,  /.  Am,  Chem,  Soc,,  86, 
3759  (1964). 

(2)  R.  Huisgen,  Angew,  Chem,  Intern,  Ed,  Engl,,  2,  565  (1963),  and 
references  cited  therein. 


zines,  an  isomerization  that  can  be  effected  both  by 
ultraviolet  irradiation  and  by  strong  base. 

Irradiation  of  the  fused  bicyclic  isoxazolidine  It 
(XSS^-  213  mM  (€  1940))  in  hexane  solution  (0.027  If) 
with  2S37-A  light'  afforded  a  product  mixture  from 
which  the  bicyclic  tetrahydro-l,3-oxaziiie  2a  could  be 
isolated.  Minor  amounts  of  the  amide  3  were  also 
obtained,  and  the  identity  of  3  was  estaUished  by  syn- 
thesis from  dtronellic  acid.  The  photochemical  con- 
version of  la  to  2a  could  be  efficiently  photosensitized 
by  the  use  of  benzophenone  and  fluorenone  (anthracene, 
£r  /^  42  kcal/mole,  proved  to  be  a  poor  sensitizer). 
Under  these  conditions,  the  yields  of  2a  were  43  and 
54  %,  respectively,  and  no  amide  3  was  detected.  Simi- 
larly, isoxazolidine  lb  was  photoisomerized  to  2b. 
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a,  Ri-R,-H;  b,  Ri-H,Rt-CHi;  c,  Ri-Rt-CS^ 

The  structures  of  2a  and  2b  were  supported  by  their 
nmr  spectra,  which  for  the  former  showed  an  AB 
quartet  at  4.25  ppm  (2  H,  Jab  =  10.5  cps),  whereas 
2b  showed  a  regular  quartet  at  4.35  ppm  (1  H,  /  »  5.6 
cps).  Reduction  of  each  with  lithium  aluminum  hy- 
dride produced  the  known  ^  secondary  amino  alcohols 
4,  R  =  CH»,  and  4,  R  =  QHs,  respectively. 

When  la  and  lb  were  heated  with  0.5  equiv  of  potas- 
sium /-butoxide  in  DMSO  for  5  hr  at  '^SO*',  the  tctra- 
hydro-l,3-oxazines  were  again  obtained  in  good  yidd. 

We  propose  that  these  reactions  are  mechanistically 
similar  in  that  the  iniino  alcohol  5  is  a  common  inter- 
mediate. Cyclization  of  7-hydroxy  imines  to  tetra- 
hydro- 1 ,3-oxazines  is  well  established.  ^  For  the  {dioto- 
chemical  transformation,  energy  transfer  from  trifdet 

(3)  A.  Srinivasan-Oriffin  "Rayonet**  reactor  was  employed,  with  a 
quartz  vessel  for  the  direct  photolysis;  3000-  and  3S0O-A  foarcet  uA 
a  Pyrex  vessel  were  used  for  the  sensitized  runs. 

(4)  R.  C.  Elderfield,  "Heterocyclic  Compoundi.**  VoL  ^  John  Wiqr 
and  Sons,  Inc.,  New  York,  N.  Y.,  1957,  p  S41. 
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sensitizer  to  give  the  excited  triplet  of  1  followed  by 
bond  cleavage  would  result  in  the  diradical  6.  Intra- 
molecular hydrogen  transfer  via  a  seven-membered 
transition  state  leads  directly  to  5.  Because  6  is  a  /- 
alkoxy  radical,  competing  fragmentation  could  occur. 
In  support  of  this  postulated  mechanism,  we  have  suc- 
ceeded in  trapping  acetone  (as  the  2,4-DNP)  by  sweep- 
ing the  reaction  mixture  with  nitrogen.  The  newly 
generated  diradical  7  would  be  expected  to  rearrange 
to  an  imine  (8),  and  3-methylcyclohexanone  was  char- 
acterized after  work-up  with  aqueous  acid.' 

Production  of  5  in  the  base-promoted  rearrange- 
ments can  take  place  via  /3  elimination.  Direct  evidence 
for  the  occurrence  of  this  pathway  in  the  reaction  of 
Ic  and  /-butoxide  has  been  obtained  by  isolation  of 
imino  alcohol  5c.  When  the  reaction  mixture  was 
quenched  by  pouring  into  water,  the  primary  amino 
alcohol  4  (R  »  H)  was  obtained;  however,  if  sufficient 
acid  was  present  to  neutralize  the  base,  both  4  (R  = 
H)  and  5c  were  detected.  The  isopropylidendmine  5c 
was  synthesized  by  condensation  of  4  (R  =  H)  with 
acetone.  Presumably  5c  does  not  cyclize  readily  to  a 
tetrahydro-l,3-oxazine  because  of  steric  hindrance. 

Other  polycyclic  isoxazolidines  have  been  subjected 
to  these  rearrangement  conditions,  and  studies  to  define 
the  limitations  of  such  reactions  are  in  progress 

Acknowledgment.  This  work  was  supported  by  a 
grant  from  the  National  Science  Foundation. 

(5)  An  alternate  pathway  to  acetone  and  8  is  also  possible:  intra- 
molecular hydrogen  transfer  involving  a  five-membered  ring  to  give  i 
which  could  undergo  a  retroaldol  reaction. 
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A  Novel  Photoinduced  Ring  Expansion  of 
1  -r-Boty  l-2-phenyl-3-l)enzoy  lazetidine  ^ 

Sir: 

As  part  of  our  broad  interest  in  the  ground-state  and 
electronically  excited-state  behavior  of  small-membered 
rings,'  we  have  investigated  the  photochemical  be- 
havior of  cw-l-/-butyl-2-phenyl-3-benzoylazetidine'  (I) 
and  wish  to  describe  an  unusual  photoinduced  ring 
expansion  of  the  four-membered  azetidine  ring.  To 
our  knowledge  this  represents  the  first  example  of  a 
photochemical  migration  of  an  alkyl  group  from  the  a 
position  to  the  carbonyl  carbon  of  an  n-T*  excited 
state. 

The  initial  experiments  were  carried  out  in  a  nitrogen 
atmosphere  using  an  internal  water-cooled  mercury  arc 

(1)  Photochemical  Transformations  of  Small  Ring  Carbonyl  Com- 
pounds»  |>art  XV.  For  part  XIV,  see  A.  Padwa,  D.  Crumrine,  R. 
Hartman,  and  R.  Layton,  J,  Am,  Chem,  Sac.,  in  press. 

(2)  A.  Padwa  in  "Organic  Photochemistry,"  Vol.  I,  O.  L.  Chapman 
Ed.,  Marcel  Dekker,  Inc.,  New  York,  N.  Y..  1967,  p  91. 

(3)  Before  the  completion  of  our  investigation  a  report  appeared 
describing  the  synthesu  of  azetidine  I.  *  Our  spectral  data  are  in  good 
agreement  with  those  reported. 

(4)  J.  L.  Imbach.  E.  Doomes,  R.  P.  Rebman,  and  N.  H.  Cromwell, 
/.  Org'  Chetn..  32, 78  (1967). 
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lamp  (Hanovia  Type  L,  450  w)  with  a  Pyrex  filter  to 
eliminate  wavelengths  below  300  m^.  In  a  typical  case 
a  solution  of  0.5  g  of  I  in  150  ml  of  95%  ethanol  was 
flushed  with  nitrogen  and  irradiated  for  3  hr.  Conven- 
tional isolation  procedures  afi*orded  0.46  g  of  a  solid 
(95%),  mp  102-103°,  whose  structure  is  assigned  as 
l-/-butyl-2,4-diphenylpyrrole  (II)  on  the  basis  of  the 
chemical  and  physical  data  cited.    The  infrared  spec- 
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trum  of  II  was  characterized  by  a  series  of  sharp  bands 
at  6.24,  8.21,  12.47,  13.08,  13.50,  14.25,  and  14.40  m- 
The  ultraviolet  spectrum  Q<„^  (95%  alcohol)  235  m^ 
(6  15,800)  and  276  m^  (e  16,200))  of  II  shows  an  absorp- 
tion curve  very  similar  to  2,4-diphenylfuran,  with  peaks 
occurring  at  approximately  the  same  wavelengths  (Xmaz 
(95  %  alcohol)  242  m^  (€  19,400)  and  277  m^  (€  20,000)).* 
The  nmr  spectrum  in  deuteriochloroform  exhibits  a 
singlet  at  r  8.60,  a  pair  of  doublets  at  r  3.80  and  2.96 
(/  =  1.9  cps),  and  a  multiplet  centered  at  r  2.62.  The 
peak  areas  are  in  the  ratio  of  9 : 1 : 1 :  10.  The  doublet 
pattern  of  the  3-  and  5-protons  is  to  be  expected,  as  it 
has  been  shown  that  the  cross-ring  or  meta  coupling 
constant  {Ji^^  in  the  pyrrole  system  has  a  value  of 
approximately  2  cps.*  The  elemental  analysis  of  this 
component  {Anal  Calcd  for  CjoHmN:  C,  87.22;  H, 
7.69;  N,  5.09.  Found:  C,  87.20;  H,  7.85;  N,  5.09) 
is  also  consistent  with  structure  II.  Chemical  confirma- 
tion was  obtained  by  pyrolysis  of  II  at  225  °.  The  prod- 
uct obtained  in  better  than  97  %  yield  was  identical  with 
an  authentic  sample  of  2,4-diphenylpyrrole  (III)  syn- 
thesized by  the  method  of  Allen  and  Wilson.^  Structure 
II  was  further  confirmed  by  its  unequivocal  synthesis 
from  l,3-diphenyl-4-bromobuten-2-one-l  (IV)  and  /- 
butylamine. 
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(5)  S.  M.  King,  C.  R.  Bauer,  and  R.  E.  Lutz,  J,  Am,  Chem,  Sac.,  73, 
2253  (1951). 

(6)  R.  J.  Abraham  and  H.  J.  Bernstein,  Can.  J,  Chem,,  37,  1056 
(1959). 

(7)  C.  F.  H.  Allen  and  C.  V.  Wilson,  "Organic  Syntheses,**  Coll.  VoL 
m.  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1955,  p  348. 
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The  mechanism  by  which  I  undergoes  rearrangement 
and  the  identification  of  the  excited  state(s)  responsible 
for  the  reaction  were  deemed  of  considerable  interest. 
That  the  n-^r*  singlet  configuration  is  first  populated 
and  is  the  lowest  energy  state  of  this  multiplicity  seems 
to  be  a  valid  assumption  since  the  absorption  spectrum 
of  I  showed  the  n-^*  band  at  320  m/i,  whereas  the  t-t* 
transition  is  at  246  m/i.'-*  The  nature  of  the  lowest 
lying  triplet  configuration  remains  somewhat  question- 
able at  this  time,  although  in  the  present  instance  the 
benzoyl  group  is  involved,  and  the  lowest  triplet  con- 
figuration of  such  a  moiety  is  n-ir*.  The  quantum 
yield  for  formation  of  II  in  95%  ethanol  is  0.046  at 
3660  A.  ^^  In  an  attempt  to  determine  the  rate  constant 
for  the  unimolecular  rearrangement  of  the  excited 
state,  we  have  studied  the  variation  of  quantum  yield 
vs.  quencher  concentration.  Surprisingly,  the  photoly- 
sis of  I  could  not  be  quenched  by  a  moderate  concentra- 
tion (0.3  mole)  of  piperylene,  1,3-cyclohexadiene, 
naphthalene,  or  ferric  dipivaloylmethide.  The  failure  to 
quench  could  mean  that  the  rearrangement  of  the  n-^r* 
triplet  is  too  rapid  for  diffusion  of  the  excited  state  to 
quencher  molecules  or  that  most  of  the  reaction  proceeds 
from  the  singlet  manifold. 

With  acetophenone  present  in  a  concentration  so  as 
to  absorb  99%  of  the  light  a  twofold  increase  in  quan- 
tum yield  resulted,  despite  the  negligible  direct  excita- 
tion of  azetidine  I.  The  observation  that  the  same  prod- 
uct was  obtained  in  the  sensitized  photolysis  as  in  the 
direct  irradiation  provides  proof  that  the  azetidine  triplet 
can  rearrange  to  pyrrole  II.  Since  the  quantum  yield 
of  II  increases  by  sensitization,  we  can  conclude  that 
either  the  intersystem  crossing  efficiency  of  the  n-^* 
singlet  is  low  or  the  rate  of  crossing  in  this  case 
may  be  much  slower  than  in  benzophenone  or  aceto- 
phenone, thereby  allowing  for  a  competing  unimolecular 
rearrangement.^^  The  increased  quantum  yield  can 
also  be  equally  well  explained  by  reaction  via  singlets  in 
the  direct  irradiation  which  is  less  efficient  than  reaction 
via  triplets  in  the  sensitized  reaction,  both  configurations 
leading  to  the  same  product. 

These  results  are  consistent  with  a  picture  involving 
reaction  of  the  n-^*  state  as  depicted  in  terms  of  the 
ensuing  mechanism. 

A  possible  explanation  for  the  exclusive  formation 
of  the  2,4  isomer  may  be  related  to  the  preferred 
migratory  aptitude  of  methyl  vs.  benzyl  toward  an 
electron-deficient  center.  **  In  view  of  the  uncertainties 
in  the  electronic  nature  of  the  carbonyl  carbon  atom, 
we  prefer  to  postpone  further  discussion  of  the  reaction 
mechanism  until  a  more  thorough  study  can  be  under- 
taken. 

(8)  Pyrex  filters  were  used  in  all  irradiations  to  remove  all  light 
below  300  m/A. 

(9)  Irradiation  of  alcohol  solutions  of  I  with  2S37-A  light  so  as  to 
populate  the  ir-r*  manifold  produced  2,4-diphenylpyrrole.  The  effect 
of  different  wavelengths  of  light  on  I  and  the  photochemistry  of  the 
trans  isomer  will  be  the  subject  of  a  future  publication. 

(10)  Quantum  yield  measurements  were  carried  out  on  a  rotating 
photochemical  assembly  in  sealed  degassed  Pyrex  ampoules.  Ir- 
radiation from  a  450-w  Hanovia  lamp  was  filtered  through  Corning 
7-51  filters.    All  the  light  is  taken  up  by  I  under  these  conditions. 

(11)  A  similar  situation  has  been  noted  in  the  photochemistry  of 
dibenzoylethylene,  although  in  that  case  reaction  proceeded  predomi- 
nantly by  way  of  a  n-r*  singlet  "•»» 

(12)  O.  Griffin  and  E.  J.  0*Connell,  J,  Am,  Chem.  Soc„  84,  4148 
(1962). 

(13)  H.  E.  Zimmerman,  H.  Durr,  R.  S.  Givens,  and  R.  G.  Lewis, 
ibid..  89.  1863  (1967). 

(14)  J.  R.  Owen  and  W.  H.  Saunders,  Jr.,  Ibid,,  88. 5809  (196Q. 
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Racemization,  Ring  Opening,  and  Ring  Expansion  of  the 
[2.2]Paracyclophane  Nucleus  through  a 
Diradical  Intermediate^ 

Sir: 

The  smallest  of  the  [m./i]paracyclophanes  in  which 
m  =  /I  =  2  (I)  exhibits  a  strain  energy  of  31.3  kcal/ 
mole^  which  is  reflected  in  the  highly  deformed  crystal 
structure  of  the  molecule.***  The  photochemical  ring 
opening  of  [2.2]paracyclophane  by  both  heterolytic  and 
homolytic  cleavage  of  the  benzyl-benzyl  bond  results 
in  release  of  this  compression  energy.'  The  thermal 
ring  opening  of  the  substance  at  400°  to  give  p^- 
dimethylbibenzyl  and  />,/>'-dimethylstilbenc*  and  at 
600°  to  give  />-xylylene*  (II)  also  reflect  the  innate  in- 
stability of  the  system.  Octamethyl[2.2]paracyclophane 
is  much  more  thermally  unstable,  a  property  attributed 
to  diradical  formation  followed  by  polymerization.' 

We  wish  to  report  the  results  of  three  types  of  ex- 
periments, all  of  which  point  to  thermal  cleavage  of 
[2.2]paracyclophane  to  the/>,/>'-dimethylenebibcnzyl  di- 
radical (III)  whose  fate  depends  on  the  medium. 
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When  40  mg  of  (— )-4-carbomethoxy[2.2]paracyclo- 
phane^  (IV),  mp  174-175°,  [ayUn  -583°  (c  1,  chloro- 

(1)  The  authors  wish  to  thank  the  National  Sdenoe  Foundation  for 
a  grant  ixsed  in  support  of  this  research. 

(2)  (a)  R.  H.  Boyd.  Tetrahedron,  22,  119  (1966);  (b)  P.  K.  Gantzel 
and  K.  N.  Trueblood,  Acta  Cryst.,  18, 958  (1965). 

(3)  R.  C.  Helgeson  and  D.  J.  Cram,  /.  Am,  Chem,  Sec.,  88, 509  (1966). 

(4)  J.  R.  Schaefgcn,  J.  Polymer  Sci.,  15,  203  (1955). 

(5)  W.  F.  Gorham,  ibid.,  4  (A-1),  3027  (1966). 

{€)  D.  T.  Longone  and  L.  H.  Simanyi,  /.  Org,  Chem.,  29,  324S 
(1964). 

(7)  (a)  Elemental  analyses,  nmr,  and  infrared  spectra  of  all  nev 
compounds  were  in  accord  with  the  assigned  structures,  (b)  Opticany 
pure  (— )-4-carboxy[2.2]paracyclophane  [D.  J.  Oam  and  N.  L.  Affiofff* 
/.  Am.  Chem.  Soc,,  T7, 6289  (195^]  was  previous  reported. 
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form  here  and  elsewhere),  was  heated  in  0.96  g  of  di- 
methyl sulfone  for  13.3  hr  at  200"",  33  mg  of  ester  with 
[a]"4»6  —77.5°  (13%  optically  pure)  was  isolated  after 
purification  by  column  chromatography  and  sublima- 
tion. A  reaction  conducted  under  identical  conditions 
in  /i-tridecane  gave  33  mg  of  material,  [a]**4S6  —32.5° 
(5.6%  optically  pure).  The  ratio  of  one-point  first- 
order  rate  constants  calculated  from  these  data  is  kj^ 
k^jy  B  0.7.  The  constrictions  of  the  ring  system  of  IV 
preclude  racemization  as  occurring  by  a  path  which  does 
not  involve  ring  cleavage.  The  insensitivity  of  the  rate 
to  solvent  polarity  suggests  either  the  derived /?-xylylene 
(carbomethoxy  derivative  of  II)  or  diradical'  (carbo- 
methoxy  derivative  V)  rather  than  a  zwitterion  as  a 
reaction  intermediate  in  the  racemization. 

When  1.0  g  of  [2.2]paracyclophane  (I)  was  heated 
at  250°  in  30  ml  of /Mliisopropylbenzene,  21 1  mg  (21  % 
yield)  of/y,/y'-dimethylbibenzyl  (mp  81-82°,  undepressed 
by  admixture  with  an  authentic  sample  0  was  isolated 
by  column  chromatography.  This  product  suggested 
that  diradical  III  intervened  as  the  intermediate  in  this 
reduction,  and  that  V  was  the  intermediate  in  the 
above  racemization  reaction. 
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Dimethyl  maleate  and  dimethyl  fumarate  esters 
exhibit  particularly  favorable  tendencies  to  form 
ABAB  copolymers  in  styrene  radical  polymerization 
under  conditions  that  produce  little  homopolymeriza- 
tion.'  Thus,  it  seemed  possible  that  if  diradical  III 
were  an  intermediate  in  the  thermolysis  of  I,  then  I 
might  ring  expand  to  a  diester  of  [2.4]paracyclophane 
(VI)  or  VII)  when  heated  with  either  of  the  two  esters. 
Accordingly,  3.0  g  of  I  was  heated  in  8.0  g  of  dimethyl 
fumarate  in  the  absence  of  air  at  200°  for  40  hr.  The 
product  was  subjected  to  silica  gel  chromatography  and 
fractional  crystallization ;  0.902  g  of  starting  material 
(I)  was  recovered,  and  0.867  g  of  VI  (mp  202.5-203.5°)^* 
and  0.800  g  of  VII  (mp  88-89°)^*  were  isolated.  A 
parallel  experiment  conducted  in  dimethyl  maleate 
gave  similar  results. 
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(9)  (a)  C  WaUing,  "Free  Radicals  in  Solution,**  John  Wiley  and 
Soni,  Inc..  New  York,  N.  Y.,  1957,  p  132;  (b)  F.  R.  Mayo  and  C. 
Waiting,  Chem.  Rev.,  46,  191  (1950). 

(9)  Theie  yields  were  determined  by  a  combination  of  gravimetric 


The  nmr  spectra  of  VI  and  VII  exhibit  high-field 
aromatic  absorption  bands  (above  r  3.3)  characteristic 
of  the  smaller  [/ii./i]paracyclophanes.  ^  The  ultraviolet 
spectra  of  VI  and  VII  are  similar  to  that  of  [2.4]para- 
cyclophane  but  distinctly  different  from  other  [/11./1]- 
paracyclophanes  and  open-chain  materials.  ^  ^  Both  VI 
and  VII  have  carbonyl  absorptions  at  5.79  m  in  their 
infrared  spectra.  Unambiguous  proof  that  VI  and  VII 
possess  the  indicated  ring  structure  is  provided  by 
degradation  experiments.  The  diacid  VHF*  derived 
from  either  VI  or  VII  by  alkaline  hydrolysis  was  de- 
carboxylated^'  with  lead  tetraacetate  and  lithium 
chloride  in  pyridine  to  give  a  1S-3S  %  yield  of  dichloride 
IX,^*  mp  147-148°.  Treatment  of  IX  with  lithium  in 
refluxing  /-butyl  alcohol-tetrahydrofuran "  gave  a  57% 
yield  of  [2.4]paracyclophane  (X),  identical  with  authentic 
material^*  (melting  point,  mixture  melting  point,  and 
nmr  comparisons). 
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The  assignment  of  the  trans  structure  to  VI  and  the 
cis  structure  to  VII  was  made  as  follows.  Treatment  of 
VII  with  sodium  methoxide  in  refluxing  methanol- 
dimethoxyethane  gave  a  high  yield  of  VI  (less  than  0.5  % 
of  VII  by  nmr  analysis  remained).  Thus,  VI  is  more 
thermodynamically  stable  than  VII  by  at  least  3.5 
kcal/mole.  Molecular  models  indicate  unambiguously 
that  the  cis  structure  is  highly  compressed  compared 
to  the  trans.  The  rigid  geometry  of  the  ring  system 
forces  one  of  the  carbomethoxy  groups  between  the  two 
benzene  rings  in  the  cis  isomer. 

Alkaline  hydrolysis  of  either  VI  or  VII  gave  the  same 
diacid,  VIII,  which  when  reesterified  gave  only  VI. 
Apparently  VII  isomerized  diuing  hydrolysis.  Diacid 
VIII,  when  heated  in  acetic  anhydride,  readily  formed 
the  stable  cyclic  anhydride  XI,^*  87  %  yield,  mp  234.5- 
235.5°,  carbonyl  frequencies  at  5.37  and  5.62  fx  in  the 
infrared.  A  sample  of  XI  was  hydrolyzed  25  %  in  ben- 
zene with  brucine  hydrate  at  80°  for  20  min.  The  re- 
covered anhydride  gave  [a]**j66  0.67°  (c  8,  dichloro- 
methane).  The  diacid  formed  was  reconverted  to 
anhydride,  which  had  [a]**»«6  —2.68°  (c  8,  dichloro- 
methane).  These  experiments  demonstrate  unambig- 
uously that  XI,  VIII,  and  VI  possess  the  trans  structures 
and  are  racemates,  and  that  VII  has  the  cis  structure  and 
is  a  meso  form. 

(10)  (a)  L.  A.  Singer  and  D.  J.  Cram,  J.  Am.  Chem,  Soc,,  8S,  1080 
(1963);  (b)  D.  J.  Cram  and  R.  C.  Helgeson,  ibid,,  88,  3515  (1966). 

(11)  (a)  D.  J.  Cram  and  H.  Steinberg,  ibid.,  73,  5691  (1951):  (b) 
D.  J.  Qiun,  Record  Chem.  Progr.,  20,  71  (1959). 

(12)  J.  K.  Kochi,  J.  Am.  Chem.  Soe.,  87, 2500  (1965). 

(13)  P.  Bruck,  D.  Thompson,  and  S.  Winstein,  Chem.  Ind,  (London), 
405  (1960). 
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The  olefin  insertion  reaction  undoubtedly  involves 
production  of  the  diradical  III,  one  benzyl  carbon  atom 
of  which  adds  to  olefin  to  produce  a  second  diradical, 
XII,  which  in  turn  ring  closes  to  give  VI  and  VII. 
Intermediate  XII  must  have  a  sufficient  lifetime  to 
destroy  the  stereochemical  memory  of  the  adding 
olefin  before  ring  closure.  The  lack  of  stereospecificity  ^  ^ 
of  the  insertion  reaction  precludes  any  concerted  addi- 
tion to  the  diradical  III  or  to  [2.2]paracyclophane  itself. 
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(14)  Appropriate  control  experiments  demonstrated  that  dimethyl 
maleate,  dimethyl  fumarate,  and  VII  are  essentially  configurationally 
stable  under  the  reaction  conditions. 

Hans  J.  Reich,  Donald  J.  Cram 

Contribution  No,  2083,  Department  cf  Chemistry 
University  cf  California,  Los  Angeles,  Los  Angeles,  California    90024 

Received  April  7, 1967 


Stereospedfic  Rearrangements  in  the  Homocubyl  Cation 

Sir: 

Of  the  fluctional  molecules  now  known,  bullvalene 
remains  the  most  remarkable  in  that  via  a  series  of 
Cope  rearrangements  the  system  can  undergo  de- 
generate valence  tautomerism  which  ultimately  leads 
to  complete  scrambling  of  the  carbon  atoms  in  the 
framework.^  Among  other  systems  which  can,  in 
principle,  behave  similarly  is  the  9-homocubyl  cation 
I;  in  this  case,  a  succession  of  Wagner-Meerwein 
rearrangements  continually  regenerates  the  9-homocubyl 


cation  and  results  in  scrambling  of  the  nine  methine 
units. 

In  a  recent  communication,  Schleyer  and  co-workers' 
have  reported  preliminary  studies  dealing  with  the 
synthesis  and  rearrangement  of  the  homocubyl  cation. 

(1)  W.  von  E.  Doering  and  W.  Roth,  Tetrahedron,  19,  715  (1963); 
G.  Schroder,  J.  F.  M .  Oth,  and  R.  Merenyi.  Angew.  Chem,  Intern.  Ed, 
Engl,,  4,  752  (1965). 

(2)  P.  von  R.  Schleyer,  J.  J.  Harper,  G.  L.  Dunn,  V.  J.  Di  Pasquo.  and 
J.  R.  E.  Hoover,  J,  Am,  Chem,  Sac,,  89»  698  (1967). 


We  have  independently  been  investigating  this  same 
problem  and  wish  to  report  our  initial  results  at  tiui 
time.  These  results,  based  upon  both  a  different  syn- 
thesis and  method  of  rearrangement  detection,  are  in 
agreement  with  those  of  Schleyer,  et  a/.,*  in  showing 
that  the  homocubyl  cation  when  generated  in  acetk 
acid  does  undergo  several  degenerate  rearrangements 
before  forming  the  acetate.  In  addition,  evidence 
indicates  the  reaction  to  be  stereospecific  and  that  much 
of  the  scrambling  proceeds  via  internal  return  of  the 
tosylate  employed. 

9-Homocubyl  tosylate  was  prepared  by  two  related 
pathways.  Oxidative  decomposition  of  cyclobuta- 
dieneiron  tricarbonyl  with  lead  tetraacetate  in  pyridine 
in  the  presence  of  cyclopentadienone  diethyl  ketal' 
afforded  the  adduct  11.^  In  path  a  irradiation  of  U 
in  acetone  gave  9,9-diethoxyhomocubane  which  upon 
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hydrolysis  yielded  homocubanone  III.  Reduction  of 
III  with  sodium  borohydride  produced  9-homocubanol 
which  was  converted  to  the  tosylate  in  the  usual  manner. 
The  tosylate  (mp  73-73.5*)  displayed  absorptions  in 
the  nmr  at  r  2.42  (area  4),  5.12  (1),  6.33-7.00  (8), 
and  7.56  (3).«  In  path  b,  hydrolysis  of  the  ketal  II 
followed  by  reduction  with  NaBH4  afforded  predomi- 
nantly the  alcohol  IV  in  which  the  stereochemistry  of 
the  hydroxyl  group  is  as  indicated.^  Irradiation  of  IV 
gave  homocubanol. 

(3)  P.  E.  Eaton  and  R.  A.  Hudson,  tbid,,  91,  2769  (1963). 

(4)  Decomposition  with  eerie  ion*  was  unsatisfactory  in  that  the  ketal 
was  rapidly  hydrolyzed  and  dimerized  to  dicydopentadienone. 

(5)  J.  C.  Barborak,  L.  Watts,  and  R.  Pettit,  /.  Am,  Chem,  Soe,,  St, 
1328  (196Q. 

(6)  The  physical  properties  of  9'honiocubanol  and  its  acetate  tad 
tosylate  were  identical  with  those  reported  by  Schleyer  and  co-worken.' 

(7)  This  isomer  is  formed  in  better  than  90%  yield.  The  stereo- 
chemistry is  indicated  by  the  nmr  pattern  of  the  7,8-olefinic  proioos 
(triplet)  characteristic  of  7-antisubstituted  norbomenes  (see  E.  L  Snyder 
and  B.  Franzus,  /.  Am,  Chem,  Soc„  86,  1166  (1964)].  In  additioD.  id 
the  mixture  of  tetradeuterated  9'homocubyl  tosylates  made  da  pathway 
a  (see  text)  there  exists  two  distinct  regions  of  absorptions  for  the  ring 
protons  other  than  Cf ;  these  occur  in  the  regions  r  6.4-6.6  and  66-7.0 
of  areas  1 :3,  respectively.  The  lower  field  set  (r  6.4-6.6)  must  ther^ 
fore  be  associated  with  those  protons  situated  beneath  the  tosylate  youp 
rather  than  those  /9  to  the  tosylate  group.  In  the  <f « tosylale  made  A 
path  b  there  is  no  absorption  in  the  region  r  6.4-6.6  but  aU  four  proioos 
appear  at  r  6.65-6.9;  therefore,  the  tosylate  must  be  syn  to  two  deal^ 
rium  atoms,  which  requires  the  stereo<^emtstry  Aomn  in  IV. 
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In  order  to  follow  the  extent  of  possible  rearrange- 
ment of  the  homocubyl  ion  accompanying  solvolysis, 
the  tetradeuterio  derivative  of  homocubanol  was  pre- 
pared in  an  analogous  manner  starting  with  perdeuterio- 
cyclobutadieneiron  tricarbonyl.*  Path  a  afforded  an 
equal  mixture  of  the  two  tosylates  V  and  VI,  while 
path  b  afforded  the  single  isomer  V. 


ai^i 


IM 


V  VI 

A  sample  of  V  and  another  consisting  of  an  equal 
mixture  of  V  +  VI  was  solvolyzed  in  acetic  acid  at  120^ 
for  30  hr,  and  the  acetates  and  unreacted  tosylates 
were  recovered.^*  The  unique  chemical  shift  of  the 
Cg  proton  in  both  the  acetate  and  the  tosylate  allows 
a  direct  measure  of  the  extent  of  rearrangement; 
however,  the  amount  of  deuterium  appearing  at  Ct 
will  also  depend  on  the  stereospecifidty  of  the  process. 
In  a  stereospecific  process  involving  repeated  migration 
of  the  carbon  atom  trans  to  the  leaving  group,  the 
sample  of  V  should  show  twice  as  much  deuterium 
at  C9  as  that  of  the  mixture  V  +  VI  since  VI  in  such 
a  process  cannot  generate  deuterium  at  Ct .  However, 
in  a  nonstereospecific  process,  the  two  samples  should 
produce  the  same  amount  of  deuterium  at  C9. 

The  acetate  produced  from  V  showed  26.1  ±  3% 
deuterium  at  C9,  while  that  from  V  +  VI  showed 
12.3  =b  3%.  The  scrambling  process  under  these 
conditions  is  clearly  stereoselective  if  not  entirely 
stereospecific.  The  relationship  between  the  number  of 
rearrangements  which  occur  and  the  amount  of  deuter- 
ium they  generate  at  C9  for  the  stereospecific  process  is 
shown  in  Table  I.  ^  ^ 


Table  L    Percentage  of  D  at  C«  Accompanying  1,2  Shifts  of  V 

No.  of  U  shifts    0    12         3         4         5         6        » 
%DatC«  0    0    12.5    21.9    28.1    32.2    35.0    40.0 


On  the  average  close  to  four  Wagner-Meerwein 
shifts  had  therefore  occurred  in  the  over-all  solvolysis. 
The  recovered  tosylates  also  contained  deuterium  at 
Ct  and  to  a  larger  degree  than  that  observed  for  the 
acetates;^'  again  approximately  twice  as  much  deu- 
terium appeared  at  C9  in  the  reaction  of  V  as  with  the 
mixture  V  +  VI.  This  indicated  stereospecific  rear- 
rangement via  internal  return  of  the  tosylate  ion  pair.^' 
The  results   of  Schleyer   and  co-workers,   however, 

(8)  Prepared  by  repeated  treatment  of  cydobutadieneiron  trkarbonyl 
with  CFiCOOD.*  Analysis  by  nmr  methods  indicated  the  starting 
perdeoterio  complex  contained  at  least  98  %  deuterium. 

(9)  J.  D.  Rtzpatrick,  L.  Watts,  G.  F.  Emerson,  and  R.  Pettit,  J,  Am. 
Ckgm.  Soe.,  •?.  3254  (196S). 

(10)  Under  these  conditions  approximately  80%  of  the  tosylate  had 
reacted.  The  acetates  were  purified  by  repeated  crystallization  from 
pentane  (mp  10-12*'). 

(11)  This  table  ignores  the  isotope  effect 

(12)  Greater  than  five  shifts  are  indicated. 

(1^  Concerning  the  question  of  possible  bridged  ion  intermediates,  it 
it  of  interest  to  note  the  stereospecifidty  of  these  rearrangements  to- 
ftther  with  the  enhanced  rate  of  acetolysis  found  by  Schleyer  and  co- 
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clearly  indicate  that  in  formolysis,  at  least,  stereo- 
chemical leakage  can  occur.* 
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Cycloaddition  Reaction  of  a  Triafulvene  with  Enamines. 
Intermediacy  of  a  5-Methyleiiebicyclo[2.1.0]peiitaiie 

Sir: 

Our  recent  study  of  the  reaction  of  diphenylcyclo- 
propenone  with  enamines^**  prompted  our  investiga- 
tion of  the  electronically  similar  triafulvene  I. 


Addition  of  1.03  mmoles  of  freshly  distilled  1-di- 
ethylamino-l,3-butadiene  (II)*  in  3  ml  of  anhydrous 
benzene  to  0.928  mmole  of  l,2-diphenyl-3-dicyano- 
methylenecyclopropene  (I)^  in  7  ml  of  benzene  under 
a  nitrogen  atmosphere  followed  by  heating  at  50-60^ 
for  2  hr  produced  a  deep  red  color.  Dilution  with 
methylene  chloride,  extraction  with  aqueous  5%  hy- 
drochloric add  and  saturated  sodium  chloride,  re- 
moval of  solvent,  and  recrystallization  from  benzene- 
hexane  afforded  brilliant  orange  needles  in  82%  yield, 
mp  200.5-201.0^.  Structure  lY  is  assigned  on  the 
basis  of  the  foUowing  data:    v^^''  (cm-^  2215  (s). 


I 


NEt, 

n 


NEt, 


m 


NC.    .CN 


IV 

1610  (s).  1555  (m),  1450  (s),  1415  (s),  1350  (m);  X2?^" 
(m/i)  493  (€  92,500),  247  (13,100),  ^290  (5520);  nmr 
(CDCl,)  (ppm  from  TMS)  1.05  (6  H,  triplet,  7-7 

(1)  J.  Qabattoni  and  G.  A.  Berchtold,  J,  Am,  Chem.  5oc..  87,  1404 
(196S). 

(2)  J.  Qabattoni  and  O.  A.  Berchtold,  J.  Org,  Chem.,  31, 1336  (1966). 

(3)  S.  HUnig  and  H.  Kahanek,  Chem,  Ber„  90, 238  (1957). 

(4)  (a)  S.  Andreades.  J,  Am.  Chem,  Soc„  87,  3941  (1965);  (b)  E.  D. 
Bergmann  and  I.  Agranat,  ibid,,  86,  3587  (1964);  (c)  Y.  Kitahara  and 
M.  Funamizu,  Bull.  Chem.  Soc,  Japan,  37, 1897  (1964). 
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cps),  3.11  (4  H,  quartet,  7  =  7  cps),  4.97  (Hb,  triplet, 
J  KB  =  •^BC  =  12  cps),  5.43  (Hd  or  He,  singlet,  /db  = 
0),  6.00  (He  or  Hd,  singlet,  /bd  =  0),  6.76  (He,  doublet, 
JcB  =  12  cps),  7.13-7.60  (11  H,  complex  multiplet, 
aromatics  and  Ha).*  Anal,  Calcd  for  QeHssNs: 
C,  82.29;  H,  6.64;  N,  11.07;  mol  wt,  379.  Found: 
C,  82.41;  H,  6.87;  N,  11.04;  (mass  spectrum)  mje 
379. 

Tetraene  IV*  must  arise  from  an  initial  1,2  cyclo- 
addition  of  the  3,4-double  bond  of  IP  to  the  endo- 
cyclic  double  bond  of  V  and  subsequent  ring  opening 
of  the  bicyclic  intermediate  III.* 

Reaction  of  0.723  mmole  of  l-(N-pyrrolidino)-2- 
methylpropene  (VI)  with  0.618  mmole  of  I  in  benzene 
under  similar  conditions  produced  triene  VIII  as  yellow 
plates  in  92  %  yield  after  similar  work-up  and  recrystal- 
Uzation  from  benzene-hexane:  mp  188-189*";  i'^^*' 
(cm-0  2210  (s),  1585  (s),  1455  (s),  1390  (s),  1310  (s); 


H,  -CHiCHr-,  multiplet),  1.88  (3  H,  CHr-,  singlet), 
1.98  (3  H,  CHr-,  singlet),  2.7-3.3  (4  H,  -CHJ^CHr, 
broad  singlet),  7.05-7.40  (10  H,  multiplet,  aromatics), 
7.56  (vinyl  H,  singlet).  Anal.  Calcd  for  CteHuNi: 
C,  82.29;  H,  6.64;  N,  11.07;  mol  wt,  379.  Found: 
C,  82.29;  H,  6.86;  N,  11.09;  (mass  spectrum)  m/e 
379. 

The  production  of  compounds  IV  and  VIII  necessi- 
tates the  intermediacy  of  the  substituted  5-methylene- 
bicyclo[2. 1 .0]pentane  derivatives  III  and  VII,**  re- 
spectively. Whether  the  formation  as  well  as  the  ring 
opening  of  intermediates  III  and  VII  proceeds  by  a  con- 
certed or  stepwise  process  is  questionable. 

Further  investigations  of  these  reactions  employing 
other  enamines  as  well  as  triafulvenes  are  in  progress. 

Acknowledgment.  We  thank  the  National  Institutes 
of  Health  (Grant  No.  GM  14579-01)  for  generous  sup- 
port of  this  work. 
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(10)  The  reaction  of  l»2-diphenyl-3-carbethoxyixiethyleiiecyclopro- 
pene  with  tetracyanoethylene  reportedly  proceeds  across  the  exocydic 
double  bond  of  the  triafulvene  to  give  a  spirohexene  derivative  [M.  A. 
Battiste,  /.  Am.  Chem,  Soc,,  86,  942  (1964)].  On  the  other  hand,  1> 
di-n-propyl-3-dicyanomethylenecyclopropene  fails  to  react  widi  tetra- 
cyanoethylene under  similar  conditions  [A.  S.  Kende  and  P.  T.  laa, 
ibid..  86,  3587  (1964)]. 

Joiepb  Oabattoni,  Edward  C.  Natfam,  m 
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CHsCiHa    l^        Catalysis  of  Hydrogen  Exdiange  in  m-Dinitr( 


I    I  ^    V  >  ^ 


vm 


XSS^''^  (m/i)  403  (€  43,300),  236  (15,200),  290  (sh) 
(3600);    nmr  (CDCl,)  (ppm  from  TMS)   1.5-1.8  (4 

(5)  The  nmr  spectra  were  recorded  with  a  Varian  A-60-A  spectrom- 
eter. Mass  spectral  data  were  recorded  on  a  Hitachi  RMU-6D  spec- 
trometer. The  infrared  and  ultraviolet  data  were  taken  on  a  Perldn- 
Elmer  Model  337  grating  spectrophotometer  and  a  Gary  Model  14 
spectrophotometer,  respectively.  The  A-60-A  and  RMU-6D  spec- 
trometers were  purchased  through  a  National  Science  Foundation  major 
equipment  grant  to  Brown  University. 

(6)  Examination  of  Dreiding  models  reveals  that  the  tetraene  prob- 
ably possesses  the  more  favorable  trans,trans  geometry. 

(7)  The  cycloaddition  of  sulfene  (CHif=SOs)  proceeds  by  initial 
attack  at  the  3,4-double  bond  of  l-dialkylamino-l,3-butadienes  [O. 
Opitz  and  F.  Schweinsberg,  Angew,  Chem.,  TJ,  811  (1965);  Leo  A. 
Paquette,  private  conununication].  Ketene,  on  the  other  hand,  under- 
goes cycloaddition  to  the  1,2-double  bond  of  l-(2-ethyl-4-meUiyl-l,3- 
pentadien-l-yl)piperidine  [R.  H.  Hasek,  P.  O.  Oott,  and  J.  C.  Martin, 
J.  Org,  Chem.,  31. 1931  (1966)]. 

(8)  The  adctition  of  l-diethylamino-l,3-butadiene  to  a  dibenzocalicene 
derivative  proceeds  in  1,4  manner  [H.  Prinzbach,  U.  Fischer,  and  R. 
Cruse,  Angew.  Chem.,  78,  268  (196Q]. 

(9)  The  simplicity  of  the  nmr  spectrum  precludes  the  alternative 
possibility  of  an  initial  cycloaddition  of  I  to  the  1,2-double  bond  of  II  to 
give  ultimately,  after  ring  opening,  tetraene  V. 
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Sir: 

In  the  interaction  of  aromatic  nitro  compounds  with 
bases,  nuclear  hydrogen  abstraction  is  the  least  weO 
characterized  process;  the  formation  of  charge- 
transfer  complexes,'*  of  radical  anions,*^  and  latterly 
of  Meisenheimer  adducts'  is  well  substantiated.  Due 
to  the  contradictory  reports*""  as  to  the  feasibilitjf 
and  significance  of  such  proton  abstraction  we  have 
undertaken  a  systematic  study  of  the  process.  Further, 
it  was  hoped  that  these  studies  would  also  provide 
information  on  the  nature  of  the  catalysis  of  aromatic 
hydrogen  abstraction.  Whereas  general-base  cataly- 
sis of  proton  abstraction  from  aliphatic  carbon  (eq 
1)  is  well  documented,^*  corresponding  evidence  for 

(1)  Hydrogen  Exchange  Studies.    IV. 

(2)  (a)  O.  Briegleb,  "Electronen-Donator-Acceptor-Kompleze," 
Springer- Verlag,  Berlin,  1961;  (b)  O.  A.  Russell.  B.  O.  Janaen,  and 
E.  T.  Strom,  /.  Am.  Chem.  Soc.,  96, 1807  (1964). 

(3)  M.  R.  Crampton  and  V.  Gold,  Chem.  Commim.,  549  (1965);  R- 
Foster  and  C.  A.  Fyfe.  Tetrahedron,  22,  1831  (196Q;  K.  L.  Serra, 
J,  Am.  Chem.  Soc.,  89, 1508  (1967);  J.  R  Fendler,  et  al., /.  Org.  Chem^ 
in  press. 

(4)  J.  A.  A.  Ketelaar,  A.  Bier,  and  H.  T.  Vlaar,  Rec.  Tra»,  CUm^  73, 
37  (1954). 

(5)  V.  isaliah  and  V.  Ramakrishnan.  ibid.,  78.  783  (1959);  79, 1150 
(1960). 

(6)  R.  E.  Miller  and  W.  F.  K.  Wynne-Jones,  /.  Chem.  Soe.,  2375 
(1959);    4886  (1961). 

(7)  R.  J.  PoUitt  and  B.  C.  Saunders,  Proc.  Chem.  Soc.,  176  (1962). 

(8)  R.  Foster  and  R.  K.  Mackie.  Tetrahedron,  19,  691  (1963). 

(9)  M.  R.  Crampton  and  V.  Gold,  J.  Chem.  Soc.,  Phys.  Org.,  4M 
(1966). 

(10)  Part  in  of  series:  E.  Buncel  and  E.  A.  Symons,  Can.  /.  Ckm^ 
44, 771  (1966). 

(1 1)  R.  P.  Bell,  *The  Proton  in  Chemistry,*'  Com^  Univeraty  fnm, 
Ithaca,  N.  Y..  1959:    (a)  Chapters  9  and  10;  (b)  Chapter  4. 
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aromatic  hydrogen  has  not  yet  been  available.  The 
reason  is  clearly  that  abstraction  of  aromatic  hydrogen, 
conveniently  measured  by  isotopic  exchange,  typically 


:— C— H  -h  Y-  — ►  X— Cr  -h 


YH 


I 


I 


(1) 


Y~  =  a  Br0i]sted  base 

X  =  -CO-,  -NOt.  -CF,,  etc. 


requires  very  strongly  basic  systems  such  as  potassium 
amide  in  liquid  ammonia^'  or  lithium  cyclohexylamide 
in  cyclohexylamine;^'  these  systems  have  afforded 
valuable  information  on  relative  acidities  of  hydrogens 
in  different  environments  but  have  left  unanswered 
the  question  whether  Brpnsted  bases  such  as  azide 
ion,  amines,  etc.,  can  partake  in  aromatic  hydrogen 
abstraction. 

The  compound  chosen  for  study  was  1,3-dinitro- 
benzene  since  this  was  reported^  to  exchange  the  2- 
hydrogen  under  the  unusually  mild  conditions  of  so- 
dium deuterioxide  in  DMF-D2O.  We  now  report 
some  results  of  the  effect  of  a  number  of  Brpnsted 
bases,  and  also  of  reaction  medium,  on  this  hydrogen- 
exchange  process.  The  media  examined  were  di- 
methylformamide,  dimethyl  sulfoxide,  and  dimethoxy- 
ethane,  containing  deuterium  oxide.  Exchange  was 
allowed  to  proceed  at  30°  for  the  more  reactive  bases 
and  at  100°  for  the  less  reactive  ones.  The  extent  of 
exchange  under  standard  conditions  is  taken  to  be  a 
measure  of  the  relative  proton  abstracting  abilities  of 
the  bases  in  the  particular  media. 

The  results  (Table  I)  indicate  a  dependence  of  reac- 
tivity on  medium  and  base.  The  effect  of  medium  is 
seen  with  reference  to  deuterioxide,^^  acetate,  and 
azide  ions.  The  DMF  and  DMSO  media  are  about 
equally  facile  in  base  catalysis  and  are  much  more 
effective  than  DME.  In  considering  a  reactivity 
order  with  respect  to  base  the  anionic  and  neutral 
bases  must  be  treated  separately  to  allow  for  the 
markedly  different  medium  effects  on  base  strength 
expected  for  bases  of  different  charge  type;^*  the  ba- 
sicity of  the  anionic  bases  will  be  greatly  enhanced  by  a 
change  to  a  dipolar  aprotic  medium,  but  the  basicity 
of  the  neutral  bases  will  remain  relatively  unaffected.^* 
Among  the  anionic  bases  the  reactivity  order,  for  DMF 
medium,  is  DO"  >  PhO-  >  SiOi»-  «  AcO"  >  N,- 
which  approximates  a  decreasing  order  of  base  strength 
as  given  by  the  pK^'s  of  the  conjugate  acids.  ^^    The 

(12)  G.  E.  Hall,  R.  Piccolini,  and  J.  D.  Roberts,  J.  Am.  Chem.  Soc., 
Tf.  4540  (1955):  A.  I.  Shatenshtein.  Tetrahedron,  18,  95  (1962);  J.  A. 
Zoltewicz  and  J.  F.  Bunnett,  /.  Am.  Chem.  Soc.,  87, 2640  (1965). 

(13)  A.  Streitwieser,  Jr.,  J.  R.  Caldwell,  R.  G.  Lawler,  and  G.  R. 
Ziegler,  ibid.,  87, 5399  (1965). 

(14)  DMSO  medium  was  not  used  in  the  case  of  deuterioxide  since 
DMSO  itself  undergoes  a  facile  deuterioxide-catalyzed  hydrogen  ex- 
change. "  No  evidence  was  found  for  hydrogen  exchange  of  DMSO 
in  presence  of  azide  or  acetate  ions. 

(15)  E.  Buncel,  E.  A.  Symons,  and  A.  W.  Zabel,  Chem.  Commim,,  173 
(1965). 

(16)  A.  J.  Parker,  Quart.  Rev.  (London),  16, 163  (1962);  B.  W.  Clare, 
D.  Cook,  E.  C.  F.  Ko,  Y.  C.  Mac,  and  A.  J.  Parker,  J.  Am.  Chem.  Soc., 
88,  1911  (1966);  R.  O.  Pearson,  ibid.,  85.  3533  (1963);  R.  Gompper. 
Angew.  Chem.  Intern.  Ed.  Engl,  3,  560  (1964). 

(17)  The  pKa,  values  quoted  are  for  HsO;  they  will  be  affected  by  a 
change  to  DkO  and  also  to  the  largely  nonaqueous  media.  Considera- 
tions of  the  pK  dependence  of  hydrogen  exchange  will  be  valid  as  long 
as  the  relative  order  of  the  pJTs  remains  unaffected  by  the  medium 
i*«"g**     There  is  good  ground  for  the  general  validity  of  this  assump- 
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data  for  the  amines  do  not  fall  into  a  definite  order, 
consistent  with  the  known"'''^  medium  dependence 
of  relative  base  strengths  of  primary,  secondary,  and 
tertiary  amines.    Pyridine  is  seen  to  be  unreactive. 


Tabk  L    Exchange  of  the  2-Hydrogen  in  l,3-Dinitrobeiizene« 


%dcii- 

Y-^(pK^ 

Medium' 

Temp,  *»€ 

teration* 

OD-  (15.7) 

DMF 

30 

92 

DME 

30 

29 

PhO-  (9.9) 

DMF 

30 

42 

SO,»-  (7.1) 

DMF 

100 

83 

AcO-(4.7) 

DMF 

100 

85 

DMSO 

100 

86 

DME 

100 

0 

Nr  (4.0) 

DMF 

100 

74 

DMSO 

100 

79 

DME 

100 

0 

Piperidiiie(11.2) 

DMF 

100 

45 

Triethylamine  (10.6) 

DMF 

100 

24 

it-Hexylamine  (10.4) 

DMF 

100 

40 

1,4-Diazabicyclo- 

[2.2.2]octane  (8.6) 

DMF 

100 

34 

Pyridine  (5.4) 

DMF 

100 

0 

•  Reaction  time  was  1 6  hr  throughout.  *  The  anions  were  present 
as  sodium  salts.  Concentrations  were:  [Y"]  «  0.05  Af;  [dini- 
trobenzene]  »  0.5  M.  In  the  case  of  the  phenoxide  exchange  0.05 
M  phenol  was  also  present,  to  repress  the  deuterioxide  ion  concen- 
tration. 'The  pK^  values  refer  to  water.  'Contains  10%  M> 
by  volume.  '  Exchange  was  measured  by  infrared  and  nmr;  no 
evidence  was  found  for  exchange  of  the  other  hydrogens  of  the 
substrate.  Maximum  theoretical  deuteration  with  the  experimental 
D:H  ratio  was  95%. 


A  number  of  factors  are  pertinent  in  consideration 
of  the  above  results.  (1)  The  apparent  parallelism 
betv^een  the  extent  of  exchange  and  pJ^  is  not  alone 
conclusive  evidence  of  Brpnsted  base  catalysis,  since 
lyate  ion  catalysis  as  the  main  cause  of  exchange  is  not 
ruled  out  thereby.  In  this  respect  the  significantly 
lov^er  reactivity  of  triethylamine,  particularly  in  com- 
parison with  the  unhindered  tertiary  amine  1,4-diaza- 
bicyclo[2.2.2]octane,  which  can  be  ascribed  to  steric 
hindrance  to  proton  transfer,  ^*  argues  against  lyate  ion 
catalysis  as  the  predominant  factor.  (2)  Evidence  has 
been  presented"'  that,  as  a  result  of  hydrogen  bonding, 
internal  return  in  the  solvated  carbanions  may  form 
part  of  the  rate-determining  step  in  certain  reaction 
media.  In  this  connection  it  is  noted  that  the  DMF- 
D2O  medium  was  used  in  a  similar  study '^  of  kinetic 
acidities  of  some  carbon  acids  and  that  the  derived 
pAa  scale  was  in  good  accord  with  data  obtained  from 
other  studies. '*  Hence  the  common  mechanism  for 
these  exchange  processes  is  taken  to  be  rate-determin- 

tion  for  bases  of  a  given  charge  type.^i'^*    (Sulfite  ion  should,  strictly, 
not  be  included  in  the  series  for  this  reason.) 

(18)  R.  G.  Pearson  and  D.  C.  Vogelsong,  /.  Am.  Chem.  Soe.,  80, 
1038  (1958). 

(19)  V.  Gold,  Progr.  Stereoehem.,  3. 169  (1962);  J.  A.  Feather  and  V. 
Gold,  Proc.  Chem.  Soc.,  306  (1963);  F.  Covitz  and  F.  H.  Westheimer, 
J.  Am.  Chem.  Soc.,  85.  1773  (1963). 

(20)  J.  E.  Hofmann,  A.  Schriesheim,  and  R.  E.  Nickols,  Tetrahedron 
Utters,  1745  (1965);  W.  T.  Ford.  E.  W.  Graham,  and  D.  J.  Cram, 
/.  Am.  Chem.  Soc.,  89, 690  (1967). 

(21)  R.  E.  Dessy,  Y.  Okuzumi.  and  A.  Chen,  ibid.,  84, 2899  (1962). 

(22)  Summarized  in  D.  J.  Cram,  *TundamentaU  of  Carbanion 
Chemistry,"  Academic  Pren  Inc.  New  York,  N.  Y.,  1965.  p  19. 
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ing  abstraction  of  hydrogen  by  the  Brpnsted  base, 
followed  by  fast  protonation  by  solvent  of  the  resulting 
carbanion  (eq  2--4).    (3)    Since  the  reaction  medium 


NOj 
NO, 


Y-  -i!^  Qr^^    +    YH     (2) 
NO, 


Dfi 


fast 


YH    +    OD 


or* 

NO, 

Y"    +    HOD 


0D~     (3) 


(4) 


in  some  of  these  exchange  processes  (Y"  =  OD~, 
PhO",  SiOi*~)  was  strongly  colored  (deep  red  or  purple) 
it  is  possible  that  the  anion  was  partly  tied  up  in  the 
form  of  Meisenheimer  adducts ;  on  the  other  hand  the 
colors  may  only  be  indicative  of  charge-transfer  com- 
plexing.  Detailed  equilibrium  studies  with  respect 
to  complex  formation,  coupled  with  kinetic  studies  on 
the  exchange  process,  wiU  be  required  to  separate 
these  efifects.  The  studies  relevant  to  these  factors 
are  under  active  consideration. 
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Epoxyamines.    A  New  Functional  Group  in 
Organic  Chemistry 

Sir: 

We  wish  to  report  the  preparation  and  rearrange- 
ment of  a  new  class  of  organic  compounds,  the  epoxy- 
amines. Although  the  concept  of  this  unusual  func- 
tional group  has  been  invoked  as  an  intermediate  in 
several  instances,  ^""'  isolation  and  complete  characteri- 
zation of  an  example  previously  had  not  been  accom- 
pUshed.^  The  apparent  inaccessibility  of  these  com- 
pounds had  been  attributed  to  their  high  reactivity  and 
to  the  possibiUty  of  facile  rearrangements.  ^'' 

We  have  now  isolated  a  stable  crystalline  epoxy- 
amine,  2-(  1  -aziridinyl)-2-phenyl- 1  -oxaspiro[2.  S]octane 
(2),  by  the  action  of  the  lithium  salt  of  ethylenimine' 

(1)  C.  L.  Stevens,  P.  Blumbergs,  and  M.  Munk,  J.  Org.  Chem.,  28, 
331  (1963),  and  references  cited  therein. 

(2)  A.  Kirmann  and  H.  I.  Joschek,  Bull.  Soc.  Chim.  France,  3483 
(1963). 

(3)  A.  Hassner  and  P.  Catsolacos,  /.  Org.  Chem.,  32,  549  (1967). 

(4)  M.  Mousseron,  J.  Jullien,  and  Y.  Jolchine,  Bull.  Soc.  Chim.  France, 
757  (1952),  reported  the  formation  of  an  epoxyamine  as  a  by-product  in 
the  reaction  of  2-chlorocydohexanone  with  aqueous  dimethyiamine, 
but  they  did  not  fully  characterize  or  establish  the  structure  of  the 
material. 

(5)  The  fact  that  ethylenimine  fonns  stable  addition  products  with 


on  a-bromocyclohexyl  phenyl  ketone*  (1)  in  ether  at 
room  temperature.  Evaporative  distillation  (bath  tem- 
perature 90-100*^  (0.01  mm))  of  the  crude  product  gave 
70-75%  of  2,  bp  90-95°  (0.001  mm),  /i**D  1.5870, 
which  could  be  crystallized  from  pentane;  mp  20- 
22°.  The  infrared  spectrum  was  devoid  of  any  hy- 
droxyl  and  carbonyl  absorptions  but  had  strong  peaks 
at  1025  and  1045  cm-^  The  mnr  spectrum  (CDCU) 
was  consistent  with  structure  2,  showing  aromatic 
protons  from  r  2.45  to  2.85  and  aliphatic  protons  from 
T  7.8  to  9.0  in  the  ratio  5 :  14. 


--^r^o 


NaBH4 


X 


Hr-eat. 


0  S 

0K~^  I    OH 


T 


^-J9 


A 


I 

CA 


(HO) 


LBtNH, 
ZN.BH, 


J 


Hydrolysis  with  2  N  hydrochloric  acid  converted  2 
into  the  known  a-hydroxycyclohexyl  phenyl  ketone* 
(3)  in  90%  yield.  Reduction  of  2  with  sodiimi  boro- 
hydride  in  methanol  gave  l-[a-(l-aziridinyl)benzyl> 
cyclohexanol  (4)  (60%),  mp  113-114*.  Hydrogena- 
tion  of  4  in  ethanol  at  atmospheric  pressure  using  10% 
palladium  on  carbon  as  catalyst  yielded  l-(a-N-ethyI- 
aminobenzyl)cyclohexanol  (5),  characterized  as  its 
hydrochloride  (85%),  mp  223-224  "^  dec.  This  amino 
alcohol  5  was  also  formed  in  80%  yield  by  direct 
hydrogenation  of  2  in  methanol  using  the  same  cata- 
lyst. The  structure  of  5  was  confirmed  by  its  forma- 
tion from  the  sodium  borohydride  reduction  of  a- 
hydroxycyclohexyl  phenyl  ketone  N-ethyliminc,  which 
in  turn  was  made  from  ethylamine  and  3  in  the  presence 
of  potassium  carbonate. 

When  heated  to  the  reflux  temperature  in  o-di- 
chlorobenzene  for  15  hr  under  a  nitrogen  atmosphere, 
2  rearranged  with  ring  expansion  to  give  2-(l-aziridinyl> 
2-phenylcycloheptanone  (6)  in  35-38%  yield,  the  re- 
mainder of  the  material  being  an  intractable  resin. 
This  rearrangement  was  particularly  interesting,  since 
according  to  a  previous  postulate^  o^<l-aziridinyI)- 
cyclohexyl  phenyl  ketone  (7)  would  have  been  the  ex- 
pected product.  To  show  that  7  was  not  an  inter- 
mediate in  the  transformation  of  2  to  6,  7  was  prepared 
by  the  general  method'  involving  the  action  of  ethyl- 


aldehydes  and  ketones  suggested  that  it  mi^t  impart  stability  to  this 
class  of  compounds.  Cf.  A.  Domow  and  W.  Scfaadit,  Chem.  Ber.,  tZ, 
464  (1949). 

(6)  C.  L.  Stevens  and  E.  Farkas.  /.  Am.  Chem.  Soc.,  74, 618  (1952). 

(7)  A.  Kirmann,  R.  Muths,  and  J-J  Riehl,  Bull  Soc.  Chim  fhonct. 
1469  (1958). 

(8)  C.  L.  Stevens  and  C.  R  Chang,  /.  Org.  Chem,.  27, 4W2  (1962). 
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l^NHCAOHCD 
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NOH 

Xjtmcflt 
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QflsOCCHACNHj 
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le  on  an  cpoxy  ether,  2-methoxy-2-phenyH- 
iro[2.5]octane,«  in  84%  yield  (bp  102-105° 
mm),  /i**D,  1.5502).  After  7  was  subjected  to 
me  rearrangement  conditions,  most  of  the  starting 
ial  (55  %)  was  recovered  unchanged  and  an  exami- 
L  of  the  infrared  spectrum  of  the  crude  reaction 
re  provided  evidence  that  no  detectable  amount 
as  formed. 
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Upon  hydrogenation  in  ethyl  acetate  at  atmospheric 
pressure  in  the  presence  of  10%  palladium  on  carbon, 
6  was  selectively  reduced  to  2-N-ethylamino-2-phenyl- 
cycloheptanone  (8),  characterized  as  its  hydrochloride 
(85%),  mp  233-235°  dec,  pKJ  =  7.70(50%  methanol). 
Ketone  8  was  converted  to  the  corresponding  oxime 
9  (64%),  mp  105-106°,  pKJ  =  8.75  (50%  methanol). 
Synthesis  of  9  was  also  achieved  by  the  action  of  ethyl- 
amine  on  the  known  2-chloro-2-phenylcycloheptanone 
oxime*  (12).  Structure  9  was  further  confirmed  by 
the  formation  of  6-benzoylhexanamide  (10)  (60%), 
mp  107-108°,  when  the  oxime  was  subjected  to  Beck- 
mann  degradation  conditions  using  polyphosphoric 
acid.  On  treatment  with  aqueous  alcoholic  sodium 
hydroxide  10  was  hydrolyzed  to  the  known  6-benzoyl- 
hexanoic  acid  (11)  (90%),  mp  82-83°.  The  identity  of 
11  was  estabUshed  by  mixture  melting  point  determi- 
nation with  an  authentic  sample. 

All  new  numbered  compounds  have  analyses  and 
spectral  data  consistent  with  their  structures. 

Acknowledgment.  The  authors  are  grateful  to  Dr. 
K.  Grant  Taylor  for  helpful  suggestions. 

(9)  D.  Ginsberg  and  R.  Pappo,  J.  Am,  Chem,  Soc,,  75, 1098  (1953). 
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Additions  and  Corrections 


^flds  of  a-Hydrogen  Exchange.  I.  The  Reaction 
olratynildehyde-2-£/  with  Tertiary  Amines  and 
»  Bases  [J.  Am.  Chem.  Soc,  87,  SOSO  (1965)]. 
CK  HiNE,  James  G.  Houston,  James  H.  Jensen, 
UUEN  Mulders,  School  of  Chemistry,  Georgia 
ite  of  Technology,  Atlanta,  Georgia. 

his  paper  an  incorrect  value  for  the  van  der  Waals 
\  of  argon  was  used.    The  distance  2.45  A,  at 

the  energy  of  repulsion  is  11.2  kcal/mole,  is 
of  2  times  1.91  A,  the  atomic  radius  for  argon 

by  G.  Pannetier,  "Noveau  Traits  de  Chimie 
•ale,"  P.  Pascal,  Ed.,  Vol.  1,  Masson  et  Cie., 
1956,  p  941.    With  this  change,  eq  2  becomes 


Er  =  0.\\2{^Y  -  0.175(^'y  +  0.06        (2) 


nergies  of  repulsion  (calculated  without  allowance 
idecular  distortion)  are  only  'iiy^  2a  large  as 


those  calculated  originally,  but  they  are  still  considerably 
larger  than  the  experimental  values.  None  of  the 
qualitative  conclusions  is  affected  by  this  change. 

A  Molecidar  Orbital  Theory  of  Optical  Rotatory 
Strengths  of  Molecules  {J.  Am.  Chem.  Soc,  88,  4157 
(1966)].  By  YoH-Han  Pao  and  D.  P.  Santry,  Bell  Tele- 
phone Laboratories,  Inc.,  Murray  Hill,  New  Jersey,  and 
Carnegie  Institute  of  Technology,  Pittsburgh,  Penn- 
sylvania. 


On  page  4158,  eq  1^  should  read 


^<  =  ExpQi 


(1.2) 


On  page  4159,  line  10  of  colunm  1  should  read  M  is 
the  magnetic  moment  operator.  Equation  2.9  should 
read 


Addxtum&QOMiCA 
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(CsAjCpAi  "~    C^AjCsAi)y  +  (CaAjCgAi  "~ 

CiAjCtA^Z]        X       Ra^SP         +     (CyAjCtAi     —      CgAjCy\i)X    + 

(CfAiCxAl  "~    CxAjCtjii)y  +  (CjcAiCyAi  -" 

C,AiC,Ai)zl    (2.9) 

On  page  4161,  second  column,  the  first  sentence  should 
read :  The  equatorial  proton  of  carbon  atom  2  lies  in  a 
negative  octant,  and  almost  in  the  plane  B.  The 
octant  rule  predicts  a  small  negative  rotation  for  H?  in 
methylcyclohexanone.  On  page  4162,  line  5  of  column 
1,  delete  the  words  "shown  in  Figure  3." 

Stereochemical  Consequences  of  Methoxyl  Participa- 
tion. The  Stereochemistry  of  the  Cyclization  of  5- 
Methoxy-2-pentyl  Brosylate  to  2-Methyltetrahydro- 
furan  [J,  Am.  Chem.  Soc,  89,  73  (1967)].  By  Ernest 
R.  Novak  and  D.  Stanley  Tarbell,  Department  of 
Chemistry,  University  of  Rochester,  Rochester  New 
York     14627. 


Add  the  following  sentence  to  the  last  paragraph  in 
the  second  column  on  page  74:  If  this  assignment  of 
configuration  is  correct,  the  [+]-2-chloro-5-incthoxy- 
pentane  is  formed  from  the  (/?)-brosylate  3b  by  a  proc- 
ess involving  one  inversion.  On  page  76,  revise  the 
last  sentence  of  the  first  paragraph  under  Discussion  of 
Results  to  read  as  follows:  Attack  of  chloride  ion  at 
C-5  of  the  methoxonium  ion  yields  the  5-chloro-2- 
methoxypentane,  the  latter  with  (R)  configuration,  be- 
cause removal  of  the  chlorine  yields  (/{)-2-metboxy- 
pentane. 

A  New  and  Convenient  Alkylation  and  Acylatioii  of  Pyri- 
dine N-Oxides  [J.  Am.  Chem.  Soc,  89, 1 537  ( 1 967)].  By 
R.  A.  ABRAMOvrrcH,  Mattreyi  Saha,  and  Elizabeth  M. 
Smith,  University  of  Saskatchewan,  Saskatoon,  Sas- 
katchewan, Canada,  and  R.  T.  Coutts,  University  of 
Alberta,  Edmonton,  Alberta,  Canada. 

On  page  1538,  the  structures  just  above  the  Acknowl- 
edgment  should  be  numbered  VII. 


Book  Reviews 


The  Chemistry  of  Tedmetiuni  and  Rhenimii.  By  R.  D.  Peacock, 
Professor  of  Inorganic  Chemistry,  The  University  of  Leicester, 
Great  Britain.  American  Elsevier  Publishing  Co.,  Inc.,  52  Vander- 
bilt  Ave.,  New  York,  N.  Y.     1966.     137  pp.     14  X  22  cm.    $10.00. 

Although  one  book  and  six  review  articles  on  one  or  the  other  of 
the  elements  technetium  and  rhenium  have  appeared  during  the 
period  1957-1964,  a  critical  discussion  and  comparison  of  the  chem- 
istry of  these  two  metals,  last  published  in  one  volume  10  years  ago 
(in  French),  is  now  most  welcome.  £)espite  the  rarity  of  these  two 
elements  (technetium  has  only  recently  become  available  in  weigh- 
able  quantities  at  a  price  of  about  $2(X)/g),  there  have  been  over  500 
citations  in  the  literature  about  them  and  interest  is  increasing. 
This  no  doubt  is  due  in  part  to  the  chemical  novelties  discovered 
through  this  group  such  as  the  first  demonstration  of  Lewis  base 
properties  for  a  transition  metal  in  its  complexes  (in  the  reaction 
(C6H6)2ReH  -f  H+  —  (C6H6),ReH,+),  the  unique  ions  TcH,«- 
and  ReHf'~  containing  only  transition  metal  to  hydrogen  bonds, 
the  polynuclear  halogenometalate  ResCU'*  whose  diamagnetism  can 
best  be  explained  by  a  quadruple  bond  between  rhenium  atoms,  and 
the  first  polynuclear  carbonyl  hydrides,  HiTca(CO)i2,  H«Ret(CO)is, 
and  HRe3(CO)i4.  (The  latter  was  characterized  too  recently  to  be 
included  in  this  monograph;  another  recent  discovery  in  this  group 
is  the  rare  trigonal  prismatic  coordination  for  Re(S2C2Ph2)i,  the  first 
known  molecular  complex  to  display  this  geometry.) 

In  the  present  monograph  the  literature  is  well  covered  through 
1963  with  some  references  to  later  work  appearing  in  scattered  por- 
tions of  the  text  A  general  bibliography  and  further  references 
(through  June  1965)  are  presented  in  two  appendices  which  will  be 
useful  to  the  reader.  The  first  two  chapters  in  the  text  deal  with  the 
discovery,  isolation,  and  general  properties  of  the  two  elements. 
A  systematic  survey  is  presented  in  the  next  eight  chapters,  under 
the  following  headings:  Oxides;  Oxoacids  and  Oxosalts;  Halides 
and  Oxide  Halides;  Complex  Halides,  Complex  Oxide  Halides  and 
Complex  Hydrides;  Chalcogenides  and  Compounds  with  Non- 
metals  and  Metalloids,  Alloys;  Complex  Cyanides  and  Related 
Compounds;  Carbonyls  and  Organometallic  Derivatives;  Com- 
pounds with  Group  V  and  Group  VI  Ligands.  Seven  figures  are 
scattered  throughout  these  chapters  summarizing  related  chemical 


reactions  in  a  schematic  way;  these  will  also  be  a  help  to  the  reader. 
A  chapter  on  analytical  methods  and  three  appendices  (two  men- 
tioned above  and  one  containing  notes  on  the  laboratory  handling 
of  technetium)  conclude  the  text.  A  subject  but  no  author  index 
is  available. 

In  the  area  of  organometallic  chemistry  and  polynuclear  carbon>1 
hydrides,  the  coverage  of  the  literature  was  incomplete,  and  the  cited 
references  suffered  from  more  than  the  average  typographical  errors. 
Furthermore  this  reviewer  takes  issue  with  the  heading  '^M-O^,'* 
first  column  of  infrared  frequencies  in  Table  28  (p  105).  These  are 
alleged  to  have  been  assigned  by  the  original  workers  to  the  M-H 
frequency.  In  the  first  place,  no  such  assignment  was  proposed  by 
those  authors,  but  even  so  the  substitute  chosen  for  it  is  littte  better. 
In  all  likelihood  the  absorptions  in  question  are  mixtures  of  the 
several  characteristic  modes,  the  M-CO  and  M-H  deformatioo  » 
well  as  the  M-C  stretching  vibrations,  which  fall  in  this  nuige  of 
energy. 

The  discussions  of  many  subjects  are  extremely  brief,  and  only  a 
moderate  number  of  tables  of  data  are  supplied  I  do  not  bebevc  i 
specialist  would  find  this  book  useful  as  a  desk  copy.  However, 
for  others  it  should  be  valuable  as  an  introduction  to  the  literatue. 
In  this  respect  it  is  only  somewhat  more  up  to  date  than  a  mono- 
graph on  precisely  the  same  subject  matter  (by  R.  Coltoo)  which  m 
published  a  short  time  before  (in  a  competing  series  on  inofBaaic 
chemistry  from  Interscience).  Such  duplication  is  wasteful  and  of 
no  advantage  to  the  scientific  community.  The  present  divided  and 
competing  efforts  are  even  more  r^rettable  since  they  come  froo 
two  former  coauthors  (R.  Colton  and  R.  D.  Ptacock,  'Tlie  Chan- 
istry  of  Technetium,"  Quart.  Rev.  (London),  16, 31 1  (1969X  Itae 
ought  to  be  some  mechanism  either  between  publishers  ch*  betweeo 
authors  to  combine  such  efforts  for  the  bencdfit  of  the  readers  and 
produce  one  work  of  greater  scope  and  usefulness;  for  the  pitseot, 
at  least  one  of  these  two  monographs  should  find  a  place  in  any 
library  specializing  in  chemistry. 

I  Mi  but  D«  Katfi 

Department  of  Chemistry,  University  ofCai^onat 

Los  Angeles,  Cattfifn^   MM 
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WB  of  Cbgmicili  oo  DIfidiiig  Celli.  By  Benot  A.  Kihlman, 
dr.  Swedish  Natural  Sdenoe  Research  Council,  Research  Pro« 
If  of  Biochemical  Cytogenetics,  Institute  of  Physiological  Bot- 
UppMla,  Sweden.  Prentice-Hall,  Inc.,  Englewood  Cliffs, 
.    1966.    xi  + 260pp.    16  X  23cm.    $10.00. 

be  molecular  mechanisms  by  which  genes  mutate  have  come  to 
Idrly  well  understood  in  recent  years,  ^nce  many  of  the 
Dcal  and  chemical  agents  that  induce  gene  mutation  also  cause 
imosome  breakage  and  rearrangement,  there  has  been  reason 
ope  that  our  knowledge  of  these  latter  phenomena  would  ad- 
»  rapidly.  Moreover,  in  understanding  what  it. takes  to 
k  and  reorganize  chromosomes,  one  could  also  expect  to  learn 
xxi  deal  about  chromosome  structure  and  replication.  Un- 
imatdy,  however,  as  this  bock  makes  abundantly  clear,  the 
)lems  of  chromosome  organization  and  breakage  have  not 
led  to  analysis  as  swiftly  as  have  the  analogous  ones  of  gene 
:ture  and  mutagenesis.  Although  a  satisfactory  explanation 
iie  effects  of  chemical  agents  on  chromosomes  is  not  yet  avail- 
,  Professor  Kihlman  has  performed  a  great  service  in  condensing 
arranging  all  of  the  relevant  facts.  His  book  will  certainly  be 
1  with  profit  by  students  of  the  chromosome  for  many  years  to 
e. 

rofessor  Kihlman  has  not  been  afraid  to  confront  experimental 
,  that  are  contradictory  or  diflScult  to  reconcile  or  out  of  line 

attractively  plausible  hypotheses.  While  many  knotty  ques- 
I  are  left  open,  the  author  manages  to  keep  our  attention  and  to 
d  confusion.  The  first  part  of  the  book  is  a  brief  review  of  the 
nistry  and  physiology  of  the  interphase  cell,  of  DNA  synthesis, 
«no8ome  replication,  and  mitosis.  This  review  serves  as  a 
ful  background  for  the  second  part,  which  is  devoted  to  the 
txtion  of  mitosis  and  the  production  of  chromosomal  aberra- 
!  by  chemical  agents.  A  critical  assessment  of  the  experimental 
ings  leaves  us  with  little  doubt  that  most  of  these  agents  affect 
ar  the  structure  or  synthesis  of  DNA,  but  a  clear  relation  between 
primary  action  of  a  chemical  agent  and  a  specific  aberration 
lot  be  unequivocally  discerned.  Nevertheless,  we  may  hope 
1  Professor  Kihlman  that  "once  fundamental  chromosome 
:ture  is  understood,  the  damaging  dSfect  of  chemicals  will  be 
e  readily  comprehensible,  and  all  of  the  pieces  of  the  puzzle 

then  fall  into  place.'*  In  the  meantime,  this  book  provides  a 
ul  summary  of  what  we  know  and  what  we  need  to  know. 

Arnold  W.  Ravla 

Department  ofBMogy^  University  of  Rochester 

Rochester t  New  York 


iMIe  MoMlaycn  at  Llquld-GM  IirtarfiMes.  By  George  L. 
NES,  Jr.,  Research  Laboratory,  General  Electric  Co.,  Schenec- 
<,  N.  Y.  InterKience  Division  of  John  Wiley  and  Sons,  Inc., 
Third  Ave.,  New  York,  N.  Y.  1966.  viii  -h  386  pp.  15.5 
3  cm.    $14.00. 

.  half-century  ago  Irving  Langmuir,  one  of  the  true  geniuses  in 
erkan  chemistry,  invented  the  surface  balance  and  initiated 
ntitative  investigations  on  the  properties  of  insoluble  films  on 
eous  sub-solutions.  Not  only  did  he  confirm  the  speculation 
jtxd  Rayleigh  and  Agnes  Pockels  that  these  films  were  truly 
nolecular,  but  he  also  discovered  that  the  molecules  in  them 
t  oriented  with  their  polar  groups  immersed  in  the  water  and 
r  long,  nonpolar  chains  directed  nearly  vertically  up  from  the 
loe.  During  the  first  25  years  after  Langmuir*s  first  publica- 
1,  there  was  much  activity  in  the  United  States  and  else- 
s€,  and  the  discipline  of  surface  chemistry  became  firmly  estab- 
ed.  In  the  period  following  World  War  II,  however,  there 
eared  to  be  a  slackening  of  interest  until  quite  recently  when  the 
vanoe  of  monolayers  to  the  control  of  evaporation  from  water 
rvoirs  and  to  the  understanding  of  the  structures  of  membranes 
iving  systems  was  recognized.  This  renaissance  of  research 
vity  on  insoluble  monolayers  is  accurately  reflected  by  this 
ortant  new  monograph;  its  appearance  is  timely  and  it  is  likely 
ttm^i^*^*  further  the  realization  of  the  elegance  of  the  expen- 
ital  method  and  its  promise  for  understanding  intermolecular 


experimental  methods  and  data  with  a  minimum  of  interpretation. 
The  coverage  of  laboratory  procedures  and  techniques  is  compre- 
hensive, and  detailed  accounts  are  given  of  the  methods  for  meas- 
uring surface  pressures,  areas,  contact  potentials,  and  viscosities. 
The  applications  of  optical  and  related  methods,  of  radioactive 
tracers,  and  of  measurements  of  gas  transport  and  evaporation  in 
the  elucidation  of  monolayer  behavior  are  also  treated. 

The  organization  and  scope  of  the  treatment  is  revealed  by  the 
thoughtfully  chosen  titles  of  the  nine  chapters  of  the  book:  His- 
torical Introduction,  The  Properties  of  Liquid  Surfaces,  Experi- 
mental Methods:  Properties  of  Liquid  Surfaces,  Experimental 
Methods:  Properties  of  Monolayer  Films,  The  Properties  of  Vari- 
ous Substances  in  Mono-molecular  Films,  Mixed  Monolayers,  Re- 
actions in  Monolayers,  Transfer  of  Monolayers  to  SoUds,  and 
Scientific  and  Technological  Applications.  The  usefulness  of  the 
work  is  augmented  by  its  subject  and  author  indexes  and  particularly 
by  its  index  of  film-forming  compounds.  The  style  of  writing  is 
graceful,  clear,  and  concise  when  appropriate.  The  author,  him- 
self an  active  research  worker  on  monolayers,  is  to  be  congrat- 
ulated for  his  scholarly  efibrt  in  getting  out  this  highly  useful, 
up-to-date  summary. 

Because  of  the  detailed,  almost  handbook  character  of  the  long 
discussion  (105  pages)  on  experimental  methods,  it  was  surprising 
that  nothing  seems  to  be  said  about  methods  for  purifying  the  film- 
forming  compounds  themselves  or  about  criteria  for  their  purity. 
Dramatic  examples  of  the  importance  of  this  factor  may  be  found 
in  the  discrepancies  reported  in  the  literature  between  experienced 
investigators.  Gas  chromatographic  techniques  in  their  prepara- 
tive and  analytical  applications  should  do  much  to  ensure  that  highly 
accurate  measurements  will  not  be  performed  on  impure  com- 
pounds. Yet,  this  apparent  omission  is  surely  minor  compared 
to  the  over-aill  usefulness  of  the  book,  which  is  recommended 
strongly  for  the  beginner  as  well  as  for  the  experienced  investigator. 

G.  E.  Boyd 

Oak  Ridge  National  Laboratory 
Oak  Rtdge^  Tennessee    37830 


he  monograph  has  been  written  primarily  for  the  research 
ker  who  wishes  to  study  unimolecular  films  either  for  their 
I  sake  or  to  gain  an  understanding  of  natural  phenomena  in- 
ing  liquid  interfaces  and  oriented  molecules.  The  tone  of  the 
k  is  esMOtially  des^ptive  and  critical  with  emphasis  on  modem 


Recent  DevelopmaitB  in  the  Cbemistry  of  Natural  Carbon  Com- 
pounds. Vohmie  L  By  G.  Fodor,  D.Sc.,  Member  of  the  Hungarian 
Academy  of  Sciences,  Stereochemical  Research  Laboratory,  Hun- 
garian Academy  of  Sciences,  K.  Nador,  D.Sc.,  Institute  for  Ex- 
perimental Medicine,  Hungarian  Academy  of  Sciences,  and  I.  V. 
ToROOV,  D.Sc.,  Institute  of  Organic  Natural  Compounds,  Aca- 
demy of  Sciences  of  the  USSR.  Akad6miai  Kiad6,  Publishing 
House  of  the  Hungarian  Academy  of  Sciences,  Budapest,  Hungary. 
1965.    319  pp.    17X24cnL    $16.50. 

This  book  is  Volume  1  in  a  series,  "Recent  Developments  in  the 
Chemistry  of  Natural  Carbon  Compounds,'*  the  individual  feature 
of  whkh  will  be  to  collect  "for  the  first  time  the  relevant  work  of 
Hungarian  chemists  which  so  far  has  been  available  only  scattered 
throughout  the  pages  of  various  journals.** 

This  first  volume  contains  three  sections,  the  first  two  of  which  are 
clearly  directed  toward  the  goal  of  making  the  results  of  Hungarian 
chemkal  research  more  readily  available.  G.  Fodor,  late  of  the 
Stereochemical  Research  Laboratory  of  the  Hungarian  Academy  of 
Sciences  and  presently  of  Laval  University,  Quebec,  Canada,  writes 
on  "New  Methods  and  Recent  Developments  of  the  Stereochemistry 
of  Ephedrine,  Pyrrolizidine,  Granatane  and  Tropane  Alkaloids,'* 
with  particular  emphasis  on  work  done  in  Hungary,  though  the 
entire  field  is  very  extensively  reviewed.  Most  of  the  Hungarian 
work  has  used  chemical  interrelations  between  appropriate  sub- 
stances; modem  physical  techniques  have  not  played  a  major  role. 
A  significant  amount  of  work  on  biosynthesis  of  these  alkaloids  is 
also  reviewed. 

The  second  section,  on  "Relationships  between  the  Structure  and 
Pharmacological  Activity  of  Tropeines**  by  K.  Nador  of  the  In- 
stitute of  Experimental  Medicine,  also  of  the  Hungarian  Academy 
of  Sdenoes,  is  an  appropriate  companion  to  the  first.  Nador,  like- 
wise, stresses  the  work  in  Hungary  on  this  problem,  particularly  his 
own  work  and  hypotheses.  A  large  number  of  tables  sununarize 
the  semiquantitative  aspects  of  work  in  this  area. 

I.  V.  Torgov,  of  the  Institute  of  Natural  Organic  Compounds  of 
the  Academy  of  Sciences  of  the  USSR,  has  contributed  the  third 
section  on  "Achievements  in  the  Total  Synthesis  of  Natural  Ster- 
oids,** which,  in  a  very  different  vein  from  the  first  two  sections,  re- 
views very  concisely  the  work  from  the  early  synthesis  of  equilenin 
by  Bachman,  Cole,  and  Wilds  in  1939-1940  to  the  synthesis  of  the 
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cardiac  aglycone,  digitoxigaiin,  sod  the  ■tcroidal  alkaloid,  con- 
ctasine,  in  1962.  In  the  84  pagn  of  this  lection,  Torgov  has  ef- 
fectively outlined  the  many  milestones  in  steroid  synthesis.  Because 
the  literature  is  not  reviewed  beyond  1962,  neither  Barton's  retrac- 
tion of  his  first  r^Kirt  on  the  synthesis  of  conessine  nor  Stork's 
synthesis  of  this  substance  are  mentioned.  Much  of  the  material 
in  this  section  is  available  aheady  in  L.  F.  Fieser's  "Steroids," 
though  the  conciseness  of  Torgov's  treatment  and  the  importance 
of  the  subject  make  this  the  most  generally  interesting  section  of  the 
book. 

The  text  contains  many  instances  of  grammatical  constnictiocu 
unknown  to  Fowler,  though  the  meaning  is  seldom,  for  this  reason, 
unclear.  The  preaoit  volume  can  be  recommended  for  those  in- 
terested in  the  Hungarian  work  on  stereochemistry  and  pharma- 
cological activity  of  a  family  of  alkaloids  or  in  a  concise  review  of 
steroid  synthesis.  The  boi*  suffen,  badly,  however,  from  the 
absence  of  either  a  subject  or  an  author  index. 

X  ILRkhanb 

Conlributlon  No.  349S,  Gaits  euid  Crtllln  Laboraiortes  ofChtmisiry 

California  Instituie  of  Technology,  Pasadena,  Callfimita    91109 
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via  Vapor  Pliase 

Irradiations 


In  liquids  and  solutions  excited  electronic 
states  of  molecules  invariably  get  deactivated 
to  their  zeroth  vibrational  level  before  any 
chemical  reaction  is  observed.  To  accomplish 
any  significant  decomposition  from  higher  vi- 
brational levels  of  the  excited  electronic  state, 
the  irradiation  has  to  be  carried  out  in  the 
vapor  phase.  A  further,  advantage  in  vapor 
phase  photoreactions  is  that  unimolecular  re- 
actions of  the  excited  molecule  can  compete 
successfully  with  bimolecular  processes  such 
as  dimerization,  abstraction  and  addition. 
Nevertheless,  this  procedure  has  held  little 
appeal  to  organic  chemists  in  view  of  the  special 
equipment  that  is  usually  used  in  such  experi- 
ments and  also  the  small  quantity  of  material 
that  can  be  handled. 

The  RPR-208  reactor  when  used  as  shown  in 
the  adjoining  figure  allows  a  simple  solution  to 
the  problem.  The  vertical  cylinder  is  the  irradia- 
tion cell  which  is  placed  at  the  center  of  the 
bank  of  8  high-energy  ultraviolet  lamps.  The 
flask  contains  the  reactant  which  can  be  used 
as  either  a  pure  liquid  if  its  b.p.  is  <180°  or  as  a 
solution  in  a  solvent  (that  does  not  absorb  the 
light)  for  higher  boiling  materials.  The  material 
should  have  a  vapor  pressure  >1  mm  at  the 
b.p.  of  the  solvent.  Any  material  that  bolls  be- 
low 200°  at  15  mm  is  a  suitable  reactant.  The 
condenser  returns  the  vapor  to  the  flask  and 
cycles  the  material.  The  heat  from  the  lamp  is 
usually  sufficient  to  prevent  condensation  of 
the  vapors  on  the  wall  of  the  cell.  Many  reac- 


tions which  are  known  only  in  the  gas  phase 
are  easy  to  carry  out  in  this  way. 

The  intense  photon  energy  of  the  new  Rayon- 
et  RPR-208  reactor  makes  it  possible  to  liandle 
quantities  of  material  which  would  interest 
the  synthetic  organic  chemist.  The  availability 
of  three  sets  of  light  sources  for  the  reactor 
extends  this  method  to  the  whole  near  ultra- 
violet range  from  200-4S0mM. 

For  more  inlormatlon  about  the  Rayonet  RPR-ZOa  or  the  RPR-IW  Raactor  and  Intarchangeable  light  Murcas,  writ*  to: 


The  Southern  New  England  Ultraviolet  Co. 

Oapt  J2IH  •  954  Nawflald  StrM< 
Mlddlttown,  ConiiKtlcut  (K4S7  U.SJ(. 
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This  series  demonstrates  some  of  the  analytical 
capabilities  of  Varlan's  M-66  Mass  Spectrometer 
— an  advanced,  medium  resolution,  double- 
focusing  cycloldal  Instrument. 

In  mass  spectrometry  it  is  very  desirabie  to  be 
able  to  trade  off  resolution  for  sensitivity  and  vice 
versa.  Usuaiiy  one  wants  maximum  sensitivity 
with  resolution  adequate  to  resolve  adjacent 
mass  peaks.  This  condition  permits  detection  of 
very  small  samples  and  also  permits  the  opera- 
tor to  use  the  lowest  possible  temperatures  to 
volatilize  sensitive  compounds.  On  the  other 
hand,  improved  resolution  is  often  required  in 
order  to  resolve  mass  doublets  or  to  make  ac- 
curate mass  measurements.  Several  peaks  in  the 
spectrum  of  bromoform  are  shown  above  at  a 
resolution  of  about  1400  and  again  at  4600. 


This  tradeoff  between  resolution  and  sensitivity 
by  using  variable  slits  is  accomplished  in  the 
M-66  with  a  unique  slit  adjusting  mechanism. 
Two  controls  on  the  operator  console  are  for 
changing  independently  the  source  and  colleclor 
slit  widths  and  permit  convenient,  reproducible 
adjustment.  The  range  of  resolution  available  is 
approximately  1000  to  5000  (M/AMi/t«J. 

Other  subjects  in  this  series  will  cover  relation 
of  instrument  parameters  to  the  data  obtained, 
and  instrument  features  which  make  the  M-tt 
Mass  Spectrometer  a  useful  tool  for  chemical 
studies.  Please  address  your  comments  or  ques- 
tions to:  Varian,  Mass  Spectrometer  Product 
Manager,  Analytical  Instrument  Division,  611-C 
Hansen  Way,  Palo  Alto,  California. 


@ 


varian 

analytical  instrument  division 

pak)  alto/califomia  94303 
zug/switzerland  •  sydney/austrafii 
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Abstract:  In  a  recent  series  of  papers'  it  was  shown  that  the  heats  of  formation  of  conjugated  molecules  can  be 
calculated  with  surprising  accuracy  by  the  Pople  SCF  MO  method,  the  a  bonds  being  treated  as  localized.  Here 
we  describe  an  extension  of  the  method  to  include  all  the  valence  electrons  in  a  molecule,  using  procedures  similar 
to  those  suggested  by  Pople,  Santry,  and  Segal^  and  by  Klopman.*^  Preliminary  calculations  for  a  number  of  hydro- 
carbons are  reported;  the  agreement  between  the  calculated  and  observed  heats  of  formation  is  already  very  satis- 
factory, implying  that  this  approach  should  ultimately  give  results  of  sufficient  accuracy  to  be  of  value  in  pre- 
dicting the  structures  and  reactivities  of  molecules. 


In  a  recent  series  of  papers'  it  was  shown  that  the 
heats  of  formation  from  atoms  of  conjugated  mole- 
cules can  be  calculated  with  quite  unexpected  accuracy 
(:^0.1%),  using  the  localized  bond  model  for  the  <r 
bonds  and  calculating  the  ir  binding  energy  by  the  Pople 
method.  However,  although  this  approach  represents 
a  very  considerable  advance  over  anything  previously 
reported,  it  is  still  of  limited  chemical  value;  it  cannot 
be  applied  to  reactions  even  of  conjugated  molecules 
since  transition  states  do  not  normally  have  the  sym- 
metry necessary  for  the  tt  approximation  to  be  appli- 
cable, nor  can  it  be  applied  to  many  problems  concern- 
ing the  behavior  of  unconjugated  molecules,  e.g.,  con- 
formational equilibria  and  steric  hindrance. 

However,  in  view  of  the  unexpected  success  of  the 
T  calculations,  it  seems  reasonable  to  hope  that  an 

(1)  This  work  was  supported  by  the  Air  Force  Office  of  Scientific 
Research  through  Grant  No.  AF-AFOSR- 1050-67. 

(2)  Robert  A.  Welch  Postdoctoral  Fellow. 

(3)  A.  L.  H.  Chung  and  M.  J.  S.  Dewar,  J,  Chem.  Phys.,  42,  756 
(1965);  M.  J.  S.  Dewar  and  G.  J.  Gleicher,  /.  Am.  Chem.  Soc.,  87,  685, 
692.  3255  (1965);  /.  Chem.  Phys.,  44.  759  (1966);  Tetrahedron,  21, 
1817.  3423  (1965);  Tetrahedron  Utters,  SO,  4503  (1965);  M.  J.  S.  Dewar 
and  C.  C.  Thompson,  Jr.,  /.  Am.  Chem.  Soc.,  87,  4414,  (1965);  M.  J.  S. 
Dewar,  G.  J.  Gleicher,  and  C.  C.  Thompson,  Jr.,  Ibid.,  88, 1349  (1966). 

(4)  J.  A.  Pople,  D.  P.  Santry,  and  G.  A.  Segal,  /.  Chem.  Phys.,  43, 
S129  (1965);  J.  A.  Pople  and  G.  A.  Segal,  ibid.,  43,  S136  (1965);  44, 
3289  (1966). 

iS)  O.  Ktopman,/.  Am.  Chem.  Soc.,  86,  4550(1964);  87,  3300(1965). 


analogous  treatment  of  <r  bonds  might  prove  equally 
successful;  if  so,  we  would  have  a  complete  solution 
of  the  basic  problems  of  chemistry.  Preliminary  cal- 
culations of  this  kind  for  diatomic  molecules  have  in- 
deed proved  very  promising,^  and  Pople,  Santry,  and 
SegaH  have  reported  preliminary  calculations  for  larger 
molecules.  Here  we  describe  our  own  initial  efforts 
in  this  direction,  which  already  seem  to  have  achieved 
a  degree  of  accuracy  almost  in  the  ''chemical'*  zone. 

Theoretical  Approadi 

The  Pople  SCF  MO  method  is  now  familiar,  and  the 
problems  involved  in  its  extension  to  <r-bonded  systems 
have  been  discussed  in  a  formal  manner  by  Pople» 
Santry,  and  Segal.  The  following  pictorial  representa- 
tion has  the  advantage  of  clarifying  these  problems  and 
will  also  help  to  illustrate  our  own  approach. 

In  the  original  Pople  treatment  of  conjugated  systems, 
the  IT  MOs  ^^  are  written  as  linear  combinations'of  p  AO's 
<f>i  of  the  participating  atoms  (eq  1).    The  choice  of 


^M    =    l^^M^I 


(1) 


basis  set  functions  0i  is  unambiguous,  since  the  ori- 
entation of  each  0|  is  determined  by  the  geometry  of 
the  IT  system.  In  calculations  for  a  three-dimensional, 
<r-bonded  system,  the  situation  is  more  complicated. 


3090 


Figure  1.    Illustrating  the  interactions  between  an  electron  in  an  s 
AO  W  of  atom  N,  and  an  electron  in  a  p  AO  (0)  of  atom  M. 


Each  atom  other  than  hydrogen  will  contribute  at  least 
three  p  AO's;  the  orientation  of  these  orbitals  is 
arbitrary,  since  there  will  normally  be  no  reference 
frame  to  fix  the  choice  of  coordinate  axes.  Since  the 
choice  of  axes  is  arbitrary,  the  results  of  the  calculation 
must  be  independent  of  it.  While  this  condition  is 
automatically  met  in  a  complete  Roothaan  SCF  MO 
treatment,  the  same  is  not  necessarily  the  case  in  the 
simplified  version  of  Pople.  The  following  example 
illustrates  the  difficulty. 

Consider  the  interactions  between  two  electrons,  one 
occupying  an  s  AO  (<f>)  of  atom  M,  and  the  other,  a  p 
AO  (^)  of  atom  N,  ^  having  its  axis  along  the  line  join- 
ing the  two  nuclei  (Figure  la).  In  a  coordinate  system 
where  this  line  is  one  of  the  coordinate  axes,  ^  will  be 
represented  as  a  single  p  AO.  The  terms  in  the  total 
energy  that  represent  the  interactions  between  the  two 
electrons  are  of  two  kinds;  first  there  will  be  a  one- 
electron  resonance  integral  j3,  given  by 


P  =  /^H^^dr 


(2) 


where  H^  is  the  core  operator;  secondly  there  will  be 
an  electron  repulsion  term  7,  given  by 

7  =  fUKD-  ^V)  dndrt  =  iH>M)         (3) 

in  the  usual  notation  for  such  integrals. 

Suppose  now  that  we  calculate  these  interactions  in 
a  coordinate  system  rotated  through  45^  about  the  z 
axis  (Figure  lb).  The  AO  0  must  now  be  written  as  a 
linear  combination  of  the  p^  AO  ({)  and  the  p,  AO  (1;); 


I.e. 


*  =  :7l(f  +  ") 


(4) 


The  corresponding  one-  and  two-electron  interaction 
terms,  0'  and  y',  are  then  given  by  eq  S  and  6.    If  our 

/3'  =  /0hC^  dr  =  i^CffH^^  dr  -|-  M^^  dr)    (5) 


7'  =  fUVr-  ^\2)  dndr,  = 

fa 


1 


1 


M\\)-4>V)  dndr,  -I-  '^SSriHX)-i>K2)  dndr,  + 
/«(l>Kl)r^'(2)  dndr,  =  \mM)  +  inriM)  + 

ru  2 

2(^7,^^)]    (6) 

calculation  is  to  be  independent  of  the  choice  of  co- 
ordinate axes,  it  is  necessary  that 

18  =  18'  (7) 

7^7'  (8) 


Equation  7  will  be  automatically  satisfied  if  we  make 
the  usual  assumption  that  one-electron  resonance  in- 
tegrals are  proportional  to  overlap  integrals.  The 
second  condition  will  be  met  in  a  full  Roothaan  treat- 
ment where  all  electron  repulsion  integrals  are  in- 
cluded; however,  in  the  standard  Pople  treatment, 
where  integrals  involving  overlap  between  different 
AO's  are  neglected,  complications  will  arise,  since  the 
final  integral  in  eq  6  will  be  set  equal  to  zero.  Since  the 
remaining  integrals  in  eq  6  arc  equal,  from  symmetry, 
eq  8  will  be  satisfied  only  if 


{H>.n)  =  iHH.H)  =  (1717,^^) 


(9) 


Since  these  integrals  represent  the  mutual  repulsions 
of  two  clouds  of  charge,  one  representing  the  distribu- 
tion of  an  electron  occupying  a  p  AO,  the  other  the 
distribution  of  an  electron  occupying  an  s  AO,  the  con- 
dition implied  in  eq  8  is  equivalent  to  the  assumption 
that  such  clouds  of  charge  are  spherically  symmetrical. 
This  is  the  CNDO  approximation  of  Pople,  et  a/.* 
(complete  neglect  of  differential  overlap).  In  it  one 
assumes  that  electron  repulsion  integrals  of  the  type 
(xx»^^)  depend  on  the  nature  of  the  orbitals  x  &nd  u 
and  on  their  distance  apart,  but  not  on  their  orienta- 
tion. 

Our  experience  indicates,  however,  that  this  approxi- 
mation is  too  severe.  In  spite  of  very  extensive  trials, 
we  have  been  unable  to  devise  any  satisfactory  scheme 
for  calculating  heats  of  formation  of  molecules  based 
on  the  CNDO  approximation.  This  is  not  surprising, 
for  the  directivity  of  valence  probably  depends  at  least 
partly  on  the  variation  with  orbital  orientation  of  re- 
pulsion integrals  involving  p  AO*s.  If  so,  one  would 
not  expect  to  be  able  to  calculate  heats  of  formatioa 
accurately,  using  an  approximation  in  which  these 
variations  are  neglected. 

If  such  variations  in  the  repulsion  integrals  are  to  be 
included  in  our  treatment,  we  must  then  include  thre^ 
and  four-orbital  repulsion  integrals,  involving  overiap 
of  orbitals  on  a  common  center.  In  other  words,  off 
two-center  repulsion  integrals  must  be  included.  We 
can  still,  of  course,  neglect  three-  and  four-center  inte- 
grals, involving  overlap  between  AO*s  of  different 
atoms,  for  neglect  of  these  does  not  affect  the  invariance 
of  our  calculations  to  choice  of  coordinate  axes.  Thus 
in  the  notation  of  Figure  1,  and  with  x  representing  an 
AO  of  a  third  atom,  we  can  set 

(x<t>M)  =  ixH^U)  =  ixn.H)  «  0        (10) 

without  affecting  the  invariance  to  rotation,  for  the 
contribution  of  such  integrals  will  be  zero  no  matter 
what  axes  we  choose. 

This  is  the  NDDO  approximation  of  Pople,  et  al.* 
(neglect  of  diatomic  differential  overlap);    it  involves 
obvious  technical  difficulties,  and  no  calculations  have 
as  yet  been  reported  in  which  the  full  NDDO  scheme 
has  been  adopted.    Not  only  are  there  a  large  number 
of  additional  integrals  to  be  evaluated,  but  it  is  also 
difficult  to  estimate  them  by  the  kind  of  semiempirical 
approach  we  have  used  for  the  two-orbital  integrals. '-' 
While  the  NDDO  approximation  may  prove  essential, 
and  while  we  are  at  present  developing  an  appropriate 
program  for  applying  it,  we  decided  first  to  try  the  fol- 
lowing intermediate  approximation  in  the  hope  that 
it  might  combine  simplicity  with  adequate  accuracy. 
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)nsider  the  integrals  (kmjn)  between  AO's  of  two 
IS  M  and  N.  First  we  transform  the  AO's  of  the 
IS  into  the  coordinate  system  of  Figure  2.  The 
Ision  integrals  between  the  original  AO's  can  at 

be  expressed  in  terms  of  corresponding  integrals 
een  the  transformed  AO's.  In  this  new  system, 
hree-orbital  integrals  involving  overlap  between 
;  of  p  AO's  vanish  through  symmetry,  as  also  do 

of  the  corresponding  four-orbital  integrals.  We 
assume  that  the  remaining  three-  and  four-orbital 
rals  can  be  neglected.  The  neglect  of  integrals 
Iving  overlap  between  an  s  AO  and  p  AO  of  a  given 
;r  can  be  shown  to  have  no  effect  on  the  invariance 
le  calculations  to  choice  of  coordinate  axes.  The 
jct  of  integrals  involving  four  distinct  p  AO's  can 
rinciple  affect  this  invariance;  however,  various 
ments  indicate  that  such  effects  are  negligible  (see 
n).  With  these  assumptions  our  problem  is 
:ly  simplified,  for  the  remaining  two-center  integrals 
low  of  the  standard  two-orbital  type,  i.e.,  (jkkjl). 
approach  might  be  termed  the  PNDDO  approxi- 
on  (partial  neglect  of  diatomic  differential  overlap), 
lere  are  ten  distinct  integrals  of  this  kind  to  be  con- 
ed for  the  orbitals  indicated  in  Figure  2,  viz. 

-SO-N,  SO-M-PO-N*  P<^M-S<rN,  PO^M-P^^N*  SiTM-p^N* 
-SO-N,   P^M-P^N>  P<^M"P^N>  P^M-P<^N>  P^M"P^N* 

(11) 

last  integral,  pttm-pttn*,  is  one  between  the  py  AO 
'.  and  the  p,  AO  of  N,  or  conversely.  For  n  atoms, 
;  are  therefore  5n{n  —  1)  different  integrals;  in  our 
3Uter  program,  each  set  of  integrals  is  stored  in 
lialf  of  an  /I  X  n  matrix,  five  such  matrices  being 
ired. 

ir  treatment  also  involves  repulsion  integrals  be- 
n  orbitals  of  a  single  center;  here  the  three-  and 
•orbital  integrals  vanish  through  symmetry,  only 
orbital  integrals  of  the  type  (kk^mm)  and  (km  Jem) 
lining.  Integrals  of  the  latter  type  must  be  retained 
;  otherwise  we  could  not  distinguish  between  singlet 
triplet  states  of  atoms ;  thus  the  difference  in  energy 
een  the  singlet  and  triplet  configurations  (Is)*- 
[2p)*  of  carbon  arises  from  an  integral  of  this  type 
e  ff>u  and  0m  are  different  2p  AO's. 
e  neglect  inner  electrons,  e.g.,  the  Is  electrons  in 
Dn;  we  treat  the  valence  electrons  as  moving  in  the 
of  a  set  of  cores,  each  composed  of  a  nucleus  and 
of  occupied  inner  AO's.  Thus  the  core  of  carbon 
ion  C^,  consisting  of  the  nucleus  and  a  pair  of 
5ctrons. 

le  one-center  repulsion  integrals  (kk^mm)  and  {km^ 
are  estimated  from  spectroscopic  data  for  the  corre- 
ding  atom  by  a  procedure  considered  in  detail 
¥.  In  this  it  is  assumed  that  the  repulsion  between 
ir  of  electrons  in  the  valence  shell  of  a  given  atom 
I  value  independent  of  the  orbitals  occupied  by  the 
rons  and  depending  only  on  their  relative  spins, 

ulsion  between  electrons  of  like  spin  —  Ay^^  (12) 
ision  between  electrons  of  opposite  spin  —  A^r  (13) 
repulsion  integrals  can  be  expressed  in  terms  of 


Figure  2.    niustrating  calculation  of  electron  repulsion  integrals. 

these  quantities  as 

(jkk/nm)  =  A^/T       (jk  —  movk  9^  m)       (14) 
{km,km)  =  ^m"  -  Am^       (k  9^  m)        (15) 

In  order  to  make  the  treatment  as  general  as  possible, 
we  derived  an  expression  for  the  total  electronic  energy 
(JFei)  for  an  open-shell  SCF  MO  treatment.  Here 
9i^9  9/  are  respectively  the  densities  of  a-spin  and  j9-spin 
electrons  in  the  AO's  0i  and  0^  given  by 

qr  =  E«M%<*  9/  =  UnU^'^         (16) 

where  n^  and  nf  are  the  numbers  of  electrons  (zero 
or  unity)  occupying  the  corresponding  MO's  ^^'^  and 
^/.  Likewise  pif"  and  /?</  are  the  corresponding  bond 
orders,  defined  by  eq  17.    In  the  case  of  a  closed-shell 


Pit  =  E  V^Mtfl. 


M 


Pi?  —  J2n/a,t<i,j 


(17) 


molecule,  the  net  charge  densities  qt  and  bond  orders 
Pif  are  given  by 

qt  =  29<"  =  2qi^    Pa  =  -2!p<i"  =  2p</        (18) 
The  expression  for  E^  is  shown  in  eq  19.    Here 

(M)  /  (M)  /        r 

^d  =  E((9k-  +  qyr>W,  +   E<  E     k^zVk^^  + 

(k/n, + /c^.)F»n'1(p*»"  +  P»M^  +  ^U"?-"  -  (/>*»")*  + 

(M)  (^D  /  r  -\\ 

E  ,§\2(p»,-  +  p^HkJ^^u'  +  (V.  +  U)/3».'J|  + 

(M)  (N)  / 

E    S  {iPkm'Pm'  +  pJ'Pln'  +  Ptm'Pm^  +  PlJpin    - 
m      n    \ 

kJjnjn^jTYkr  +  kjn^/i^  +  l^n^hkr  +  {k/n^  + 
k/n,)l^,yj,r  +  {k/nM,  +  /:.w./^,)7itr'*j|    (19) 

0it  and  0m  are  AO's  of  one  atom  M,  while  0i  and  0^  are 
AO's  of  some  other  atom  N;  the  summations  are 
labeled  accordingly  to  avoid  confusion. 

The  integral  W^  represents  a  sum  of  the  kinetic  energy 
of  an  electron  occupying  the  AO  0;^  and  its  potential 
energy  due  to  attractions  by  the  core  of  the  correspond- 
ing atom  (M).  The  integrals  V^if  and  Vki{'  represent 
respectively  the  attractions  between  an  electron  in  a 
ir-^pc  AO  (s  or  p<r)  or  a  ir-typc  AO,  ^»,  and  the  core  of 
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atom  N.  The  quantities  .4+  and  A"  have  already  been 
defined  (eq  14  and  IS).  The  remaining  one-electron 
integrals  Pt'  and  ffki"  are  resonance  integrals  between 
AO's  of  atoms  M  and  N  in  the  local  coordinate  system 
of  Figure  2.  There  are  five  nonvanishing  combina- 
tions of  this  type,  i.e. 


s<r-s<r,  s<r-p<r,  p<r-s<r,  pir-pir,  p<r-p<r 


(20) 


where  the  first  symbol  designates  the  orbital  0jb»  the 
second  0|. 

The  quantities  y^  are  two-orbital  repulsion  integrals 
for  orbitals  of  atoms  M  and  N,  again  in  the  local  co- 
ordinate system  of  Figure  2 ;  i.e. 


7,,  =  (kkjl) 


(21) 


The  integrals  are  labeled  with  superscripts  to  indicate 
the  types  of  orbital  involved ;  the  distinction  between 
so-  and  pa  types  follows  automatically  from  the  nature 
of  the  AO's.  Thus  if  0*  and  0i»  are  p  AO's,  the  integral 
7»i"  is  of  the  pcr-px  type,  while  if  k  =  m  and  4>t  is  a 
a  AO,  the  integral  is  of  the  scr-pir  type.  (Note  that  in 
our  scheme  7*1"  vanishes  if  4>k  is  an  s  AO  and  k  9^  m^ 
since  three-  and  four-orbital  integrals  involving  s-p 
overlap  are  neglected.) 

The  quantities  fcx,  kp, .  .n,  are  involved  in  the  trans- 
formation of  the  original  basis  set  of  AO's  into  the 
locally  oriented  sets  of  Figure  2.  They  are  defined  in 
(22),  where  /  =  ky  /,  m,  or  /i,  and  other  terms  are  defined 


^Type  of  orbital  «^< — 

s 

Pr                     P» 

P. 

• 

1 

X                  Y 

Z 

i»  = 

0 

-rY/R            rX/R 

0 

• 

If  = 

0 

-rXZ/R        -rYZ/R 

Rfr 

(22) 

z=  \Xm-  x^\/r:Y:=  |yM-  l^Nl/^•z=  |Zm - 

Zn l/r;  r  =  (T«  +  y»  +  Z*)/';  R  ^  (X*  +  n*/«    (23) 

in  eq  23.  X^,  Yp,  and  Zp  are  the  coordinates  of  atom 
P  in  the  original  coordinate  system  used  to  specify  the 
positions  of  the  atoms  in  the  molecule. 

The  elements  of  the  F  matrix  for  the  a-spin  electrons 
are  given  in  eq  24-26.    Equation  25  refers  to  off- 


rrtf^k 


mm 

TLiPin'' +  Pi/)(kkjn)    (24) 

/     n 


F*«<^^  =     E    lk^.V,^'  +  (k/n,  +  k/n,)V,,,n  - 

mm 
PtnTA^^^  +  ZUpirT  +  Pm^lmjn)    (25) 

/     n 

F*/^'^^  =  kMu'  +  ik,I,  +  kj,)p,r  - 

\pn,n{kmjn)    (26) 

m   n 

diagonal  matrix  elements  between  AO's  ipt  and  0^  of 
the  same  atom  M,  while  eq  26  refers  to  corresponding 
elements  between  AO's  of  two  diiferent  atoms  M  and 
N.    Here  the  electron  repulsion  integrals  have  been 


left  in  their  original  form,  over  AO's  set  up  in  the 
original  coordinate  system;  in  order  to  evaluate  them, 
the  AO's  4>jtf  4>h  4>m9  and  4>n  for  each  pair  of  atoms  M 
and  N  are  transformed  into  the  local  coordinate  system 
of  Figure  2. 

The  calculations  were  carried  out  at  the  ComputatioD 
Center  of  The  University  of  Texas,  using  first  a  CDC 
1604  digital  computer,  and  later  a  CDC  6600.  The 
program,  while  somewhat  complex,  followed  a  fairly 
conventional  path.  The  integrals  fitm  and  y^mt  and  the 
quantities  kx  etc.  of  eq  22,  are  first  computed  and  stored. 
An  initial  F  matrix  is  then  set  up,  using  assumed  values 
for  the  ^'s  and  p*s;  in  the  case  of  hydrocarbons,  we  set 
the  charge  density  (q)  equal  to  unity  for  each  valence 
orbital,  and  each  bond  order  (p)  equal  to  zero.  The 
F  matrix  is  then  diagonalized,  new  ^'s  and  /I's  are  com- 
puted, and  the  process  is  continued  until  the  sum  of  the 
energies  of  the  occupied  orbitals  converges  to  within  a 
predetermined  limit.  The  total  electronic  energy  is 
then  computed  (eq  19)  and  the  total  bonding  energy 
found  from  it  by  adding  the  core  repulsion  and  sub- 
tracting the  total  energy  of  the  isolated  atoms.  The 
following  section  indicates  the  procedure  we  have  fol- 
lowed in  estimating  the  various  integrals  and  other 
quantities  appearing  in  the  treatment. 

Calculations  of  Integrals  Etc. 

The  quantities  appearing  in  this  treatment  are  of 
five  types:  (a)  valence-shell  ionization  potentials, 
^»;  (b)  one-center  repulsion  integrals,  (kk/nm)  and 
{kmjcm)\  (c)  one-electron  resonance  integrals,  j3»i; 
(d)  two-center  repulsion  integrals,  7*1;  (c)  the  core  r^ 
pulsion  and  core-electron  attraction.  For  reasons  indi- 
cated above,  we  are  prepared  if  necessary  to  treat  any 
or  all  of  these  quantities  as  parameters,  our  sole  pur- 
pose being  to  develop  a  reliable  and  general  method  for 
calculating  heats  of  formation  of  molecules  of  all  kinds 
(including  transition  states)  with  ""chemical"  accuracy. 
However,  one  must  obviously  try  to  minimize  the 
number  of  arbitrary  parameters  in  a  treatment  such  as 
this;  we  have  accordingly  adopted  the  course  of  intro- 
ducing parametric  functions  for  the  calculation  of  the 
various  quantities,  these  functions  containing  the  mini- 
mum number  of  parameters  and  being  chosen  on  the 
basis  of  physical  intuition.  In  this  connection,  em- 
pirical data  for  atoms  can  be  regarded  as  free  informa- 
tion, for  we  are  concerned  only  with  the  heats  of  forma- 
tion of  molecules,  not  with  their  total  binding  energies. 
The  true  parameters  in  our  treatment  are  those  whose 
values  must  be  fixed  by  reference  to  properties  of 
specific  molecules;  the  number  of  such  ""molecular*' 
parameters  must  be  kept  as  small  as  possible  if  the 
method  is  to  be  useful  and  convincing.  The  procedure 
we  followed  in  the  calculations  reported  here  was  as 
follows. 

(a  and  b)  Valence-Shell  Ionization  Potentials  aid 
One-Center  Repulsion  Integrals.  These  were  estimated 
for  carbon  from  spectroscopic  data  by  the  following^ 
procedure.  We  represent  the  core  of  tne  carbon  atom 
as  the  ion  C^,  consisting  of  the  nucleus  and  two  Is 
electrons.  The  quantities  W^  or  W^  should  then 
represent  the  energy  of  a  2s  or  2p  electron,  respectively, 
moving  in  the  field  of  this  core,  and  one  might  tber^ 
fore  try  to  equate  them  to  the  appropriate  fourth 
ionization  potentials  of  carbon,  i.e. 
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C»+(ls)«(2s)  -^  C*+(ls)*    AH  =  fV^ 
C»+(ls)«(2p)-»^CH(ls)«    Atf=»^p  (27) 

ever,  the  orbitals  in  €*+  are  smaller  than  those  in 
ral  carbon  and  their  binding  energies  correspond- 
greater;  the  quantities  W^  and  W^  were  therefore 
en  to  give  a  best  fit  to  the  energies  of  various  states 
iutral  and  singly  ionized  carbon, 
e  assume  that  the  repulsion  between  two  valence- 
electrons  has  the  same  value,  regardless  of  the 
als  occupied  by  the  electrons;  for  electrons  of 
Uel  spin,  the  repulsion  is  A-^^  and  for  electrons  of 
)site  spin,  A-^.  Thus  the  energy  (£*  or  £•)  of  a 
on  atom  in  the  singlet  or  triplet  states  (ls)^2s)'- 
',  represented  by  single  determinants  with  Sg  = 
dth,  respectively,  are  given  in  eq  28  and  29.    The 

aglet  (lsXTsX2sX2s)(2pX2^) 

E'  =  2»;  +  2»Fp  +  2^+  +  4y<- 

iplet  (lsXliX2sX2^X2p,X2p.) 

£»  «  2Wg  +  IW^  +  3y<+  +  iA" 


(28) 


(29) 


itities  i4[+  and  A"  are  related  to  the  one-center  re- 
ion  integrals  by  eq  14  and  IS. 
order  to  estimate  A'^  and  A"  it  is  necessary  to  deter- 
;  E^  and  £'  from  spectroscopic  data.  The  single 
'minants  in  eq  28  and  29  do  not  of  course  corre- 
d  to  true  states  of  carbon.  There  are  IS  possible 
gurations,  corresponding  to  the  possible  partitions 
/o  electrons  between  the  three  2p  AO's;  these  are 
ated  in  (30)  and  (31).    In  our  approximation,  all 

ates  with  5g  =  0 


(30) 


(H--)  (f  i-i  (^-^  (^-f -^  (i~4) 

ates  with  Sg  =  =tS 

tH~)  ^-"-t^  ^f -fi  H-4~)  (i~i>  ^-^^  (^1) 

'singlet"  configurations  of  (30)  have  the  same  energy 
vhile  all  those  of  (31)  have  energy  £*.  In  practice 
;  IS  configurations  correspond  to  the  following  IS 
states  of  carbon. 

3ne  state 

ive  substates  (M  =  2, 1, 0,  - 1,  -  2) 

line  substates  (M  =  1, 0,  - 1 ;  5  =  1, 0,  - 1)     (32) 

order  to  obtain  correct  representations  of  these 
s,  we  should  construct  appropriate  linear  combina- 
;  of  the  configurations  indicated  in  (30)  and  (31). 
I  configurations  of  difierent  multiplicity  do  not 
the  six  triplet  states  of  (31)  lead  only  to  six  sub- 
s  of  'P  (those  with  5g  =  S  or  —  S).  Since  these 
tates  have  the  same  energy  (that  of  the  state  *P), 
Sin  equate  this  energy  to  A^.  The  remaining  states 
he  ^S  and  ^D  states,  and  the  three  substates  of  'P 
Sg  s  0.  These  are  represented  by  a  set  of  nine 
agonal  linear  combinations  of  the  configurations 
0)  and  (31).  Now  it  is  easily  shown  that  the  total 
jy  of  such  a  set  of  linear  combinations  is  the  same 
le  sum  of  the  individual  energies  of  the  original 
gurations;  the  total  energy  of  the  nine  configura- 
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tions  is  of  course  9£S  while  that  of  the  nine  real  states 
and  substates  is  [(*S)  +  S(iD)  +  3(»P)1  where  (^S), 
(^D),  and  ('P)  are  the  energies  of  the  corresponding 
states.    Hence 


1 


£^  =  jK^S)  +  S(^D)  +  3CP)] 


(33) 


The  configuration  thus  appears  as  a  weighted  mean  or 
barycentei*  of  the  appropriate  states.  The  energies 
of  barycenters  can  thus  be  calculated  from  spectroscopic 
data,  and  the  results  can  then  be  used  to  determine  the 
various  one-center  integrals  ^4+,  A^^  W^,,  and  H^p. 

This  treatment  of  atoms  may  seem  rather  primitive, 
but  it  is  fully  justified  by  its  practical  success.*  The 
number  of  appropriate  barycenters  for  a  given  atom  is 
usually  greater  than  the  number  of  parameters;  the 
energies  of  all  the  barycenters  are  given  well  by  this  ap- 
proach for  a  wide  variety  of  different  atoms. 

In  calculating  the  binding  energy  of  a  molecule,  we 
naturally  compare  its  calculated  total  energy  with  a 
sum  of  the  energies  of  ground-state  barycenters  of  the 
component  atoms,  for,  since  we  use  a  single  Slater 
determinant  to  describe  the  molecule,  it  would  be  in- 
consistent not  to  use  a  similar  description  for  its  com- 
ponent atoms. 

(c)  The  one-electron  resonance  integral  Pmi  can  be 
interpreted  physically  as  the  energy  of  an  electron  oc- 
cupying the  overlap  cloud  between  the  AO's  4>m  and 
4>u  and  moving  in  the  field  of  the  core  and  remaining 
electrons.  We  would  therefore  expect  Pti  to  be  pro- 
portional (a)  to  the  magnitude  of  the  overlap  cloud. 
I.e.,  to  the  overlap  integral  Sjti:  (b)  to  some  mean  of  the 
binding  energies  of  the  AO*8  4>k  and  0i;  (c)  and  to  the 
distance  between  the  overlap  cloud  and  the  nuclei  of 
the  atoms  of  which  ipt  and  0{  are  AO's.  The  last  two 
conditions  follow  since  the  potential  field  in  the  overlap 
region  arises  mainly  from  the  two  atoms.  We  there- 
fore adopted  the  following  expression  for  fith 

Ai  =  C8*i)o5»^A  +  /,Xr»,«  +  (p*  +  p,)r*/«    (34) 

Here  It  and  /|  are  the  valence-state  ionization  potentials 
of  the  AO's  4>it  and  4>h  calculated  for  the  appropriate 
barycenters  by  the  method  of  ref  S;  ni  is  the  inter- 
nuclear  distance  between  the  atoms  of  which  0jt»  4>i  are 
AO's;  pt  and  pi  are  quantities  appearing  in  the  expres- 
sions for  two-center  repulsion  integrals  (see  below); 
(fikdo  is  a  parameter  to  be  determined  empirically,  being 
the  same  for  all  valence  orbitals  of  a  given  atom.  The 
overlap  integrals  Sjtt  were  calculated  in  the  usual  way 
using  Slater-Zener  orbitals  (Z  ^  3.2S  for  carbon).  In 
order  to  reduce  the  number  of  parameters  in  the  treat- 
ment, we  assumed  that  /3o  has  a  conmion  value  fig^  for 
orbitals  of  two  atoms  x  and  y,  regardless  of  the  type 
of  orbitals  (s  or  p)  and  mode  of  overlap  (<r  or  t),  and 
that 


/3„  =  Vp^  (3S) 

Equation  34  is  more  complicated  than  the  correspond- 
ing expressions  used  by  other  authors;  we  have  tried 
a  number  of  such  simpler  expressions,  but  with  less 
success.  Thus  omission  of  the  terms  It  and  /|  leads  to 
results  for  unsaturated  molecules  such  as  ethylene  in 
which  the  orbitals  appear  in  the  v/rong  order  of  energy ; 
it  is  essential  to  use  different  values  of  /3  for  s  and  p 
AO's.    Again,  omission  of  the  term  in  r  gave  heats 
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of  formation  for  acetylene  that  were  much  too  low; 
it  is  apparently  necessary  to  use  for  jS  an  expression 
that  increases  more  rapidly  with  decreasing  bond  length 
than  does  the  corresponding  overlap  integral. 

(d)  The  two-center  integrals  (</m^,^^)  were  estimated 
in  two  different  ways,  one  for  the  CNDO  calculations 
and  one  for  the  PNDDO  approximation.  The  integral 
(</^>^^)  must  in  each  case  obey  two  boundary  condi- 
tions. As  the  internuclear  distance  r  tends  to  zero,  the 
integral  should  approximate  to  a  one-center  repulsion 
integral,  while,  when  r  -►  <» ,  the  integral  should  ap- 
proximate to  e^\r. 

In  the  CNDO  calculations,  we  adopted  expression 
36,  one  which  has  been  used  successfully  in  previous 
work.''^     Here  p^  and  pi  are  constants  characteristic 


Class  I 


7*1  =  e\r^^  +  (P*  +  Pi)T*/' 


(36) 


of  the  two  atoms,  chosen  to  make  y^i  approach  the 
corresponding  one-center  integral  as  r*,  -►  0;  i.e. 


2p*  =  eV^r        2p,  =  eV^r 


(37) 


In  the  second  approach,  different  values  were  assumed 
for  the  integral  y^u  depending  on  the  nature  of  the 
orbitals  involved  and  their  mode  of  overlap.  Two 
arguments  guided  us  in  choosing  a  suitable  expression 
for  the  integrals.  First,  an  analysis  of  the  role  of  elec- 
tron correlation,  using  a  modeP  similar  to  that  invoked 
in  the  SPO  approach,^  suggested  that  the  integrals 
should  fall  into  three  distinct  groups,  /.e.,  (38)-(40). 


I.  correlation  large:  so- : so- ;  pxrpx;  scripx 

II.  correlation  medium:  s<r:p<r;  p<r:p?r 
III.  correlation  small:  p<r:p<r 


(38) 
(39) 
(40) 


Secondly,  this  subdivision  of  the  integrals  also  appears 
in  the  values  estimated  theoretically,  using  Slater- 
Zener  orbitals;^  these  are  shown  in  Table  I. 


TaMe  I.    Values  for  Carbon-Carbon 
Two-Center  Repulsion  Integrals 


Value  of  integral,  ev 

Calcd 

using 

Calcd 

Slater- 

from 

Qass 

Type 

Zener  AO*s 

(41H43) 

1 

so*:  SO- 

9.28 

SO"  :pT 

9.12 

7.13 

Pt:pt 

8.98 

p»(x):pT(>') 

8.98 

2 

so':po' 

9.61 

7.81 

prrpo" 

9.41 

3 

po^rpo^ 

9.99 

8.45 

Our  object  was  to  duplicate  this  pattern,  subject  to 
the  condition  that  the  integral  {iijkk)  between  orbitals 
of  two  identical  atoms  should  converge  to  the  corre- 
sponding one-center  integral  (//,//)  at  zero  internuclear 
separation.  The  expressions  we  adopted  are  given  fn 
eq  41-43,  where  in  class  II,  the  orbital  0*  is  the  one  of 

(6)  See  M.  J.  S.  Dewar  and  N.  L.  Sabelli,  /.  Phys,  Chem.,  66,  2310 
(1962). 

(7)  We  are  grateful  to  Dr.  F.  A.  M atsen  for  these  values. 


Class  II 


(iUkk)  =  e%ra'  +  iPi  +  P*)T-'^" 


(UM)  =  e^ra'  +  (p,  +  p*ra)T-'/" 


(41) 


(42) 


Class  III 


UUkk)  =  e%ra'  +  (PiTa  +  pJTayr'^'        (43) 


the  pu  type,  and  where 

J'     —  ^-r«/l(p<+A») 


(44) 


The  values  calculated  in  this  way  for  carbon  atoms  at 
an  internuclear  distance  of  l.SS  A  are  listed  in  the  last 
column  of  Table  I. 

(e)  Core  Repulsion.  Having  calculated  the  total 
electronic  energy  (E^i^y  we  can  then  find  the  total  energy 
of  a  molecule  by  adding  to  this  the  core  repulsion. 
Our  last  problem  is  to  decide  how  to  calculate  this. 

In  the  T  calculations,  the  repulsion  between  two  cores 
M  and  N  was  set  equal  to  the  corresponding  two-centa 
repulsion  integral;  however,  if  we  try  to  do  this  in  the 
present  case,  we  find  that  the  molecule  collapses  to  a 
point.  The  repulsion  between  point  charges  (/.e,, 
the  nuclear  repulsion)  is  much  greater  at  short  dis- 
tances than  is  the  corresponding  repulsion  between 
clouds  of  charge  representing  occupied  orbitals;  this 
enhanced  repulsion  is  one  of  the  factors  that  keeps  the 
atoms  in  a  molecule  at  bond's  length.  In  the  t  cal- 
culations, this  difficulty  did  not  arise  since  we  assumed 
Morse  functions  for  the  <r  components  of  bonds;  here 
our  calculations  include  all  the  valence  electrons,  so 
there  is  no  escape. 

Nor  is  it  satisfactory  to  set  the  core  repulsion  equal 
to  a  point  charge  potential,  i.e.,  to  Z^ZueyR,  where 
Zm  and  Z^  are  the  nuclear  charges,  for  in  this  case  the 
calculated  binding  energy  is  too  small.  The  reason 
for  this  is  implied  in  the  literature.  Consider  for  ex- 
ample H2.  The  potential  field  in  which  the  electrons 
move  is  greater  than  that  in  an  isolated  hydrogen  atom; 
consequently,  the  orbitals  of  Hs  are  more  compact  than 
one  would  expect  for  a  combination  of  ordinary  Is 
hydrogen  AG's.  Indeed,  if  we  carry  out  an  orbital 
treatment,  regarding  the  nuclear  charges  (Z)  as  variation 
parameters,  we  find  the  best  agreement  with  experiment 
given  by  a  value  of  Z  considerably  greater  than  unity. 
In  our  treatment,  where  the  ""atomic**  parameters  are 
fixed  from  spectroscopic  data  for  isolated  atoms,  we 
assume  in  effect  that  the  effective  nuclear  charge  is  the 
same  for  each  atom  in  isolation  as  it  is  when  the  atom 
forms  part  of  a  molecule.  In  order  to  get  realistic 
binding  energies,  either  we  must  abandon  this  assump- 
tion or  we  must  make  some  allowance  for  it  by  com- 
pensating changes  in  the  other  parameters.  In  this 
case  the  changes  are  best  made  in  Uie  nuclear  repulsion, 
because  this  does  not  affect  calculations  of  the  electron 
distribution  or  orbital  energies. 

We  therefore  calculated  the  core  repulsion  from  an 
appropriate  parametric  function.  The  function  chosen 
must  satisfy  two  boundary  conditions.  For  large 
r^jt,  it  must  approach  the  corresponding  interelectronic 
repulsion  between  neutral  atoms  in  order  that  the  net 
potential  due  to  a  neutral  atom  should  vanish  at  large 
distances,  while  for  small  r^  it  must  have  a  value  b^ 
tween  this  and  that  calculated  for  point  charges.    We 
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ried  a  large  number  of  possible  one-parameter 
)ns  of  this  type;  the  most  successful  was  that  of 


^  =  ^MN  +  [^m^n^V^'mn  ""  ^mn]^ 


— aMNrMN 


(45) 


Here  Cmn  is  the  core  repulsion  between  atoms 
1  N;  £mn  is  the  corresponding  electronic  repul- 
etween  neutral  atoms  M  and  N  (i.e.,  (kk,mm) 
id  over  the  valence  orbitals);  Zm  and  Zn  are  the 
.  core  charges  in  units  of  e  (i.e.,  the  number  of 
e  electrons)  of  the  two  atoms;  aMN  is  a  parameter. 
ler  to  reduce  the  number  of  parameters  in  the 
lent,  we  assumed  (cf,  eq  35)  that  the  value  of  otmn 
0  dissimilar  atoms  M  and  N  is  given  in  terms  of 
rameters  ckmm  and  cknn  for  pairs  of  similar  atoms 


«MN 


=  v^ 


«MM«NN 


(46) 


treatment  contains  very  few  "molecular"  param- 
i.e.,  parameters  whose  value  has  to  be  deter- 
from  data  for  molecules  rather  than  atoms, 
are  just  two  molecular  parameters  for  each  kind 
m  X,  i.e.,  the  parameter  jSxx  that  appears  in  the 
sion  for  one-electron  resonance  integrals  involv- 
bitals  of  X,  and  the  parameter  axx  that  appears 
expressions  for  corresponding  core  repulsion, 
attraction  between  an  electron  in  an  AO  i  of  one 
M  and  the  core  of  atom  N,  was  set  equal  to 
the  sum  of  repulsions  between  the  electron  and 
lence  electron  of  N  (cf.  the  corresponding  ap- 
lation  in  the  w  treatment*). 

ration  to  Hydrocarbons 

method  outlined  above  has  been  applied  to  a 
f  of  hydrocarbons.  The  general  procedure  was 
3ws:  (a)  the  parameters  /3hh  and  ajm  were  chosen 

the  correct  internuclear  distance  and  bond  energy 
(b)  assuming  various  values  for  /3cc>  «cc  was 
I  to  give  the  correct  heat  of  formation  for  CH4 ; 
^ats  of  formation  were  then  calculated  for 
me,  ethane,  and  propane,  using  the  values  of 
id  aHH  from  step  a,  and  with  the  various  pairs  of 

for  jScc  and  ace  froni  step  b ;   (d)  having  thus 
shed  optimum  values  for  the  parameters,  calcula- 
vere  carried  out  for  a  number  of  other  saturated 
^saturated  hydrocarbons. 
>rder  to  apply  this  treatment,  it  is  necessary  to 

the  Cartesian  coordinates  of  the  atoms  in  a 
lie;  these  must  be  calculated  from  the  known 
sumed)  bond  lengths  and  bond  angles.  In  our 
be  positions  of  the  atoms  are  specified  by  the 
lengths,  bond  angles,  and  dihedral  angles  of  the 

in  the  molecule;  we  have  written  a  program 
jy  the  coordinates  of  the  atoms  are  calculated 
:hese  data.  In  the  calculations  reported  below, 
»umed  tetrahedral  geometry  for  sp'  carbon  and 
il  geometry  for  sp'  carbon  (bond  angles,  120®). 
ssumed  bond  lengths  are  shown  in  Table  II. 

values  for  the  parameters  in  the  treatment  are 
in  Table  III,  while  Table  IV  compares  calculated 
i>served  heats  of  formation  for  the  various  com- 
s.  Except  when  otherwise  stated,  saturated  Q 
vere  assumed  to  have  the  conformation  observed 
:>pene  (i.e.,  one  sp*  CH  bond  eclipsing  the  C=C 
Other  calculated  quantities  will  be  found  below 
iscussion). 


Table  II.    Bond  Lengths  for  CX:  and  CH  Bonds 


Bond 


Hybridization 


Length,  nm 


c— c 

sp»-sp» 

0. 1534 

sp*-sp* 

0.1520 

sp«-sp 

0. 1459 

sp*-sp* 

0.1483 

OiiC 

(Aromatic) 

0.1397 

c=c 

•  •  • 

0.1337 

CfeC 

•  •  • 

0.1205 

C— H 

sp» 

0.1093 

sp* 

0.1083 

(Benzene) 

0.1084 

sp 

0.1059 

Table  III.    Parameters  for  Carbon  and  Hydrogen 

Atom 

Pxxt                               axxt 
pm                             nm~* 

C 
H 

45.84                             47.08 
27.87                             14.8 

Table  IV.    Comparison  of  Calculated  and  Observed  Heats  of 
Formation  (AHi)  of  Hydrocarbons  from  Atoms  in  the  Gas 
Phase  at  25'' 


-A  ¥fm    lr/*Ql  /m/>lA_ 

iAMlff  ILdtl/IIlOlC^ 

Compound 

Obsd- 

Calcd 

SAH^ 

Ethane 

674.6 

677.3 

2.7 

Ethane  (eclipsed) 

671. 7« 

676.5 

4.8 

Propane 

954.3 

957.3 

3.0 

/f-Butane 

1234.7 

1237.5 

2.8 

/f-Pentane 

1514.7 

1517.6 

2.9 

Isobutane 

1236.7 

1236.8 

0.1 

Isopentane 

1516.6 

1516.3 

-0.3 

Cyclopropane*' 

812.6 

809.1 

-3.5 

Cyclohexane  (chair) 

1680.0 

1680.2 

0.2 

Cyclohexane  (boat) 

1678.0' 

1674.9 

3.1 

Ethylene 

537.7 

540.1 

2.4 

Propene 

820.4 

822.6 

2.2 

ci.f-2-Butene 

1102.0 

1101.4 

-0.6 

rmn^2-Butene 

1103.0 

1103.4 

0.4 

irons- 1 ,3-Butadiene 

969.8 

971.6 

1.8 

ci>  1,3-Butadiene 

967.5/ 

971.3 

3.8 

Benzene 

1318.1 

1314.0 

-4.1 

Allene 

675.2 

697.2 

22.0 

Acetylene 

391.8 

414.0 

22.2 

Methylacetylene 

676.8 

704.4 

27.6 

«  The  thermochemical  data  are  taken  from  Rossini  except  where 
otherwise  stated.  ^  Difference  between  calculated  and  observed 
heats  of  formation  in  kcal/mole.  «  Calculated  from  the  value  for 
staggered  ethane,  using  the  experimentally  determined  height  (2.9 
kcal/mole)  of  the  rotational  barrier;  see  D.  R.  Ude,  /.  Chem.  Phys., 
29, 1426  (1958).  *  Heat  of  formation  calculated  for  structure  with 
Dih  symmetry;  see  H.  A.  Skinner  and  G.  Pilcher,  Quart.  Rev. 
(London),  20,  264  (1966).  •  Calculated  from  the  value  for  chair 
conformation,  using  the  experimental  value  (5.2  kcal/mole)  for  the 
heat  of  conversion  to  the  boat  conformation;  see  E.  L.  Elid, 
"Stereochemistry  of  Carbon  Compounds,**  McGraw-Hill  Book  Co., 
Inc.,  New  York,  N.  Y.,  1962.  /  Calculated  from  the  observed  dif- 
ference in  energy  between  the  cis  and  trans  isomers ;  see  Table  V. 


Inyariance  to  Rotation 

I 

As  has  been  pointed  out,  the  treatment  used  here  is 
not  strictly  invariant  to  choice  of  coordinate  axes,  due 
to  the  neglect  of  repulsion  integrals  involving  four 
p  AO's  of  two  different  atoms.  Four  lines  of  argument 
suggested,  however,  that  variations  of  this  kind  should 
be  small.  Firstly,  integrals  of  this  type  represent 
quadrupole-quadrupole  repulsions  and  are  conse- 
quently much  smaller  than  the  charge-charge  repulsions 
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corresponding  to  "normal"  repulsion  integrals;  even 
in  the  case  of  adjacent  carbon  atoms,  the  integrals  have 
values^  of  only  about  0.1  ev.  Secondly,  the  effect  of 
changing  the  coordinate  axes  appears  only  as  secondary 
changes  in  the  values  of  these  integrals,  and  the  net 
effect  in  the  sum  of  the  integrals  between  a  given  pair 
of  atoms  should  consequently  be  small.  Thirdly,  the 
integrals  between  a  given  pair  of  atoms  do  not  all  have 
the  same  sign;  the  resulting  cancellations  will  further 
reduce  their  net  contribution  to  the  total  energy  and  so 
likewise  to  its  variation  with  choice  of  axes.  And 
finally,  the  integrals  in  question,  representing  as  they  do 
higher  multipole  repulsions,  decrease  very  rapidly  with 
distance;  integrals  between  nonadjacent  atoms  are 
essentially  negligible. 

Obviously,  however,  these  arguments  needed  to  be 
checked  experimentally.  We  therefore  repeated  the 
calculations  for  a  number  of  molecules  in  various  ori- 
entations relative  to  the  coordinate  axes;  in  each  case 
the  eigenvalues,  total  energies,  charge  densities,  and 
bond  orders  were  identical  with  the  accuracy  with 
which  they  are  printed  (seven  significant  figures  in  the 
total  energy,  four  in  the  other  quantities).  As  a  further 
check,  we  carried  out  calculations  for  carbon  monoxide 
and  hydrogen  cyanide  in  various  orientations;  here 
again  the  results  were  quite  unaffected  by  choice  of  co- 
ordinate axes,  although  these  molecules  contain  hetero- 
atoms  and  the  neglected  quadrupole-quadrupole  inte- 
grals should  be  greatest  for  triple  bonds  since  these 
are  so  short.  It  seems  clear  from  these  results  that  our 
procedure  is  for  all  practical  purposes  invariant  to 
rotation  of  the  coordinate  axes,  any  variations  being 
entirely  negligible. 

Discussion 

The  agreement  between  the  calculated  and  observed 
heats  of  formation  in  Table  IV  is  rather  remarkable,  the 
differences  in  most  cases  being  less  than  4  kcal/mole 
(0.15  ev).  The  only  serious  discrepancies  ('^l  ev) 
occur  in  the  case  of  allene  and  the  acetylenes;  these 
are  probably  due  to  our  use  of  a  nuclear  potential  which 
does  not  increase  sufficiently  rapidly  at  short  distances. 
Thus  our  method  correctly  predicts  the  heat  of  forma- 
tion (and  so  by  implication  the  strain  energy)  of  cyclo- 
propane, in  which  the  bonds  are  single;  on  the  other 
hand,  attempts  to  calculate  bond  lengths,  by  minimizing 
the  total  energy  of  a  molecule  with  respect  to  them,  have 
given  values  which  are  much  too  small. 

Several  other  qualitative  checks  also  seem  satisfac- 
tory. Thus  ethane  is  correctly  predicted  to  be  most 
stable  in  the  staggered  conformation,  cyclohexane  in 
the  chair  conformation,  and  2-butene  and  1,3-butadiene 
in  trans  configurations;  previous  SCF  MO  calculations 
for  1,3-butadiene  had  incorrectly  predicted  the  cis  form 
to  be  more  stable.* 

Admittedly  the  differences  in  energy  are  not  pre- 
dicted exactly;  this  is  clear  from  the  data  listed  in  Table 
V.  In  one  case  our  procedure  even  leads  to  a  quali- 
tatively incorrect  prediction,  i.e.,  that  normal  paraffins 
should  be  more  stable  than  their  branched  isomers, 
while  the  predicted  barrier  to  rotation  in  ethane  is  too 
small.  Nevertheless,  the  over-all  picture  is  very  en- 
couraging, given  that  the  work  described  here  represents 
only  a  preliminary  approach  to  the  problem  and  given 

(8)  R.  G.  Parr  and  R.  S.  M uIHken,  /.  Chem.  Phys.,  18. 1338  (1950). 


that  the  errors  in  the  calculated  heats  of  formation  are 
less  by  two  orders  of  magnitude  than  those  derived 
from  other  recent  SCF  MO  calculations.  *•• 


Table  V.    Comparisons  of  Energies  of  Isomeric  Hydrocarbons 


Reaction 

Energy  change, 

kcal/mole 
C:^lcd            Obsd 

Ethane  (staggered  -»•  eclipsed) 
1,3-Butadiene  (trans  -►  cis) 
2-Butene  (trans  -►  cis) 
(Tyclohexane  (chair  -►  boat) 
/f-Butane  -^  isobutane 
/f-Pentane  -^  isopentane 

0.8             2.9 
0.3             2.2- 
2.0             1.0 
2.0             5.3 
-2.0             0.7 
-1.9              1.3 

•  J.  G.  Aston,  Discussions  Faraday  Soc.,  10,  73  (1951). 

The  objective  of  these  calculations  was  admittedly 
different  from  ours.  Both  Pople  and  Segal  ^  and  Lips- 
comb, et  al.,^  were  trying  to  devise  some  simple  semi- 
empirical  MO  procedure  that  would  reproduce  the 
results  to  be  expected  from  an  a  priori  Roothaan-typc 
approach.  The  parameters  were  therefore  chosen  in 
such  a  way  as  to  make  the  results  of  the  two  calculations 
agree  for  small  molecules  where  a  priori  calculations 
have,  or  could,  be  made.  This  procedure  of  course 
ensured  that  the  semiempirical  treatments  would  give 
poor  estimates  of  heats  of  formation,  seeing  that  heats 
of  formation  calculated  by  the  Hartree-Fock  method 
are  known  to  be  very  inaccurate. 

Another  check  on  our  work  is  provided  by  the  photo- 
ionization  potentials  measured  for  various  hydrocarbons 
by  Al-Joboury  and  Turner.  *°  The  ionization  potentials 
of  a  molecule  should,  according  to  Koopman*s  theorem, 
be  approximately  equal  to  the  calculated  orbital  ener- 
gies; Table  VI  shows  that  this  parallel  exists  in  a  re- 
markable way  for  a  variety  of  hydrocarbons  and  for  all 
measured  ionization  potentials  up  to  about  19  ev. 
The  photoionization  spectra  show  numerous  peaks  in 
this  region,  due  to  the  possibility  of  producing  ions  in 
vibrationaUy  excited  states;  our  calculations  suggest 
that  in  several  cases  Turner,  ei  al.,^^  may  have  mistaken 
multiple  peaks  as  being  due  to  different  vibrational 
states  of  a  single  ion,  rather  than  to  two  or  more  dif- 
ferent ions  of  similar  energy.  Similar  difficulties  arise 
in  attempts  to  correlate  observed  electronic  spectra  of 
molecules  with  calculated  excitation  energies. 

The  last  column  of  Table  VI  shows  orbital  energies 
calculated  by  Palke  and  Lipscomb***  by  an  a  priori 
SCF  LCAO  MO  method,  using  the  poly  atom  program. 
It  will  be  seen  that  their  orbital  energies  run  parallel 
to  ours  but  are  in  general  greater;  the  correlation  with 
measured  photoionization  potentials  is  clearly  poor. 
Another  comparison  of  this  kind  is  provided  by  the 
population  analyses  shown  in  Table  VII;  here  again 
our  values  run  parallel  to  those  given  by  the  a  priori 
procedure  and  also  to  those  reported  by  Poplc  and 
Segal. 

Our  method  predicts  small  dipole  moments  for  sevo^ 
of  the  compounds  studied;  values  are  listed  in  Table 
VIII.    The  available  experimental  evidence  Qast  column 

(9)  M.  D.  Newton.  F.  P.  Boer,  and  W.  N.  Lipscomb,  /.  Am,  Oem. 
Soc.,  88,  2353,  2361,  2367  (1966);  (b)  W.  E.  Palke  and  W.  N.  Upscooh. 
Ibid.,  88,  2384  (1966). 

(10)  M.  I.  Al-Joboury  and  D.  W.  Turner,  /.  Chem,  Soc,  5141  {\9(S)\ 
4434(1964);  616(1965). 
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iMe  VL    Comparisons  of  Ionization  Potentials 
th  Orbital  Energies 


Table  VIL    Population  Analyses  for  Hydrocarbons 


Compound 


Methane 
Ethane 


Ethylene 


Acetylene 


Propane 


if-Butane 


Isobutane 


Cydohexane 


Benzene 


1. 


itrans) 


Ionization 

potential, 

ev 


12.99 
11.49 

14.74 
19.18 
10.48 

12.50 
14.39 
15.63 
19.13 
11.36 
16.27 
18.33 
11.07 


13.17 

15.17 
15.70 
18.57 
10.50 

12.36 


14.13 

15.69 
10.78 

12.54 
14.51 

18.63 

9.79 

11.33 

12.22 

14.37 

9.25 
11.49 
12.19 

13.67 
14.44 
16.73 
18.75 
9.08 

11.25 

12.14 

13.23 

18.78 


Orbital  energy,  ev 
This  Ref 

paper  9b 


13.88 
12.51 
13.04 
14.98 
20.80 
10.86 
12.76 
12.94 
15.25 

19.18 
11.06 
13.63 
18.08 
12.01 
12.49 
12.85 
13.73 
13.90 
14.68 
15.46 
19.67 
11.63 
12.39 
12.78 
13.07 
13.21 
14.13 
14.36 
14.47 
15.79 
11.88 
12.54 
13.48 
13.79 
14.59 
15.40 
18.68 
11.51 
12.23 
12.59 
12.69 
13.48 
15.10 
15.51 
10.15 
11.54 
12.72 
12.86 
13.45 
15.67 
16.07 
18.98 
10.16 

11.70 
11.83 
12.58 
13.09 
14.39 
14.71 
17.99 
19.24 


14.74 
13.08 
13.38 
16.15 
22.51 
10.09 
13.77 
15.28 
17.51 

21.28 
11.03 
17.85 
20.44 


Table  Vm)  suggests  that  the  calculated  moments  are 
the  right  order  of  magnitude. 

nmiiary 

While  the  results  reported  here  are  preliminary  in 
iture,^^  they  are  sufficient  to  suggest  that  this  kind  of 


Compound         Orbital 


' Population 

This  Ref  Ref 

paper  9b  3 


Methane 


Ethane 


Ethylene 


Acetylene 


H 
C2s 

C2p 

H 

C2s 

Clpc 

C2pT 

H 

C2s 

C2p<r 

C2pT 

C2pT*(a) 

H 

C2s 

Clpc 

C2pT 


1.077 
1.136 
0.852 
1.064 
1.199 
0.872 
0.865 
1.033 
1.243 
0.844 
0.845 
1.000 
0.941 
1.263 
0.797 
1.000 


0.876 
1.274 
1.088 
0.876 
1.248 
0.981 
1.074 
0.860 
1.197 
1.013 
1.072 
1.000 
0.812 
1.105 
1.086 
1.000 


0.965 
1.081 
1.020 
0.967 
1.042 
1.007 
1.044 
0.954 


0.893 


Table  Vm.    Calculated  and  Observed  Dipole 
Moments  of  Hydrocarbons 


Compound 

' Dipole  moment,  D. * 

Calcd                    Obsd 

Propane 
Isobutane 
c£9-2-Butene 
Propyne 
cij^l,3-Buta- 
diene 

0.03                     0.08« 

0.05                     0.13» 

0.08 

0.24                     0.75* 

0.04 

•  D.  R.  Ude,  /  Chem.  Phys.,  33, 1879  (1960).  *  A.  A.  Maryott 
and  G.  Birabaum,  ibid.,  24, 1022  (1956);  D.  R.  Lide  and  D.  E. 
Mann,  ibid.,  29, 914  (1958).  «  F.  J.  Krieger  and  H.  H.  Wenzdc, 
/.  Am.  Chem.  Soc.,  60,  2115  (1938). 


approach  has  exciting  possibilities.  It  seems  very 
likely  that  it  may  be  improved  to  a  point  where  heats  of 
formation,  etc.,  of  molecules  of  all  kinds  may  be  pre- 
dicted with  an  accuracy  comparable  with  that  already 
achieved  for  conjugated  hydrocarbons,  using  the 
Hiickel  approximation.  If  so,  the  impact  on  chemistry 
would  be  considerable,  for  not  only  would  one  be  able 
to  calculate  heats  of  formation  and  reaction  with 
'"chemical"  accuracy,  but  it  would  also  be  possible  to 
predict  reaction  mechanisms  and  rates  of  reaction. 

Our  results  represent  a  considerable  improvement 
over  those  of  previously  reported  investigations.  The 
main  factors  responsible  for  this  seem  to  be  the  follow- 
ing: (a)  our  treatment  of  the  internuclear  repulsion  as 
a  parameter  to  allow  for  the  eifects  of  orbital  contract 
tion  (if  the  repulsion  is  treated  as  one  between  point 
charges,  the  calculated  heats  of  formation  must  in- 
evitably be  too  small);  (b)  our  use  of  different  integrals 
for  s  and  p  AO's  of  a  given  center,  together  with  a 
sufficient  inclusion  of  integrals  involving  one-center 
differential  overlap  to  make  the  calculations  effectively 
invariant  to  choice  of  coordinate  axes;  (c)  our  use  of 
thermochemical  data  to  fix  the  parameters  in  our  treat- 
ment, rather  than  the  results  of  a  priori  calculations. 

There  are  several  obvious  ways  in  which  this  general 
approach  could  be  modified  and  extended,  in  particular 
the  use  of  Hartree-Fock  AO's  in  the  calculation  of  over- 


(11)  For  this  reason  we  have  not  reported  the  results  (e.^.,  eigenvalues, 
eigenvectors,  bond  orders,  etc.)  in  detail;  we  will  be  happy  to  communi* 
cate  them  to  anyone  interested. 
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lap  integrals  and  the  use  of  separate  parameters  for 
diiferent  types  of  bonds  in  place  of  the  approximations  of 
eq  35  and  46.  We  are  studying  these  and  other 
analogous  possibilities,  and  we  are  also  extending  our 


treatment  to  include  all  integrals  involving  one-center 
differential  overlap  (NDDO  approximation^  in  case 
this  should  prove  necessary  in  treating  molecules  con- 
taining heteroatoms. 
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Abstract:  The  hydrocarbon  l,2-bis(9-anthryl)ethane  (I)  is  photoisomerized  efficiently  and  reversibly.  The  iso- 
meric product  (II)  does  not  absorb  appreciably  at  wavelengths  longer  than  260  m/x.  The  quantum  yields  of  the 
forward  and  back  reactions  (0.19  and  0.42,  respectively)  are  independent  of  the  concentration  of  the  reactant.  Com- 
pound I  is  strongly  fluorescent  with  maxima  at  408, 436,  and  460  m/x,  and  a  fluorescent  quantum  yield  of  about  0.37. 
Flash  illumination  of  its  deoxygenated  solutions  produces  an  absorption  transient,  similar  to  but  not  identical  with 
the  lowest  triplet  of  anthracene.  No  attempt  was  made  to  observe  the  fluorescence  or  triplet  formation  of  the 
isomer  (II). 


The  hydrocarbon  l,2-bis(9-anthryl)ethane  (I)  is  ef- 
ficiently and  reversibly  photoisomerized.*    The  de- 
tailed structure  of  the  photoproduct  (II)  has  not  been 


u 


established  definitely.  However,  as  was  clearly  stated 
by  Roitt  and  Waters,**  its  ultraviolet  absorption  spec- 
trum is  in  general  similar  to  that  of  dianthracene,^ 
demonstrating  that  in  II  the  conjugation  of  the  anthra- 
cene rings  is  interrupted.  It  was  postulated'*  that  II 
is  a  dimer  of  I,  but  molecular  weight  determinations 
(with  a  Mechrolab  osmometer*^)  prove  that  it  is  an  iso- 
mer rather  than  a  dimer  of  I.  Our  present  finding, 
that  the  quantum  yields  of  the  photochemical  reac- 
tions are  independent  of  the  concentrations  of  the  re- 
actants,  confirms  this  conclusion  unambiguously. 
Physical  evidence  (nmr,  infrared,  and  mass  spectro- 
graphic  measurements^)  is  consistent  with  formula  II. 

Compound  II  is  stable  at  room  temperature  (in  the 
absence  of  ultraviolet  radiation)  but  isomerizes  at  its 
melting  point,  re-forming  I. 

Since  the  product  II  does  not  absorb  appreciably  at 
wavelengths  longer  than  260  m/x,  the  quantum  yield  of 
the  forward  reaction  was  measured  directly,  using  light 

(1)  This  work  was  sponsored  by  the  U.  S.  Army  Research  Office 
(Durham).  K.  S.  Wei  wishes  also  to  express  his  gratitude  for  a  fellow- 
ship from  E.  I.  du  Pont  de  Nemours  &  Co. 

(2)  Author  to  whom  inquiries  should  be  sent 

(3)  (a)  I.  Roitt  and  W.  Waters.  /.  Chem.  Soc,  2695  (1952);  (b)  W. 
Henderson,  Doctoral  Thesis,  University  of  Minnesota,  1962. 

(4)  (a)  C.  Coulsen,  L.  Orgel,  W.  Taylor,  and  J.  Weiss,  /.  Chem.  Soc,, 
2961  (1955);  (b)  K.  S.  Wei  and  R.  Livingston,  Photochem.  PhotMoL, 
in  press. 

(5)  S.  Fenton,  private  communication. 


of  365  m/i.  The  quantum  yield  of  the  reverse  reaction 
was  estimated  from  the  extinction  coefficients,  the  quan- 
tum yield  of  the  forward  reaction,  and  the  composition 
of  a  steady-state  mixture,  prepared  by  prolonged  ex- 
posure to  254  m/i. 

Experimental  Section 

Methods  and  Materials.  Materials.  The  l,2-bis(9-aiithryl> 
ethane  was  furnished  by  Dr.  S.  Fenton  (University  of  Minnesota). 
It  was  recrystallized  from  /i-hexane  before  use.  The  cydobexane 
was  Fisher  Spectre  Grade  and  was  used  without  further  purificatioD. 

Determination  of  Quantum  Yields.  The  intensity  of  the  ab- 
sorbed light  was  determined  by  the  use  of  a  ferrioxalate  actinometer, 
following  the  procedure  outlined  by  Parker.*  The  absorption  of 
the  incident  light  was  practically  complete,  except  for  those  ex- 
periments made  with  the  most  dilute  solutions;  for  these,  the  per 
cent  absorption  was  calculated  from  the  extinction  coc^kients. 
Light  of  the  required  wavelengths  was  isolated  from  the  radiatioo 
of  a  Hanovia  S-100  mercury  arc,  using  combinaticHis  of  glass, 
solution,  and  Cli  gas  filters.^ 

Optical  Measurements.  The  absorption  spectra  were  measured 
with  a  Gary  15  spectrophotometer.  The  fluorescence  spectrum 
was  measured  by  T.  Bednar  of  this  department,  using  a  deaerated, 
5  X  10~*  M  solution  of  I  in  cyclohexane  and  exciting  light  of  370  miL 
The  fluorescence  was  observed  at  right  angles  to  the  exciting  beam. 
The  spectral  resolution  of  the  fluorimeter  was  estimated  to  be 
10  A.  The  spectrum  was  corrected  for  variation  of  the  sensitivity 
of  the  apparatus  with  wavelength  but  not  for  reabsorption,  which 
probably  seriously  distorted  the  curve  at  wavelengths  shorter 
than  400  m/i.  Qualitatively  similar  results  were  obtained  by 
K.  S.  W.,  using  a  manually  operated  spectrofluorimeter.^ 

Results 

The  absorption  and  fluorescence  spectra  of  I  are 
shown  on  Figure  1 ;  the  absorption  spectrum  of  its 
isomer  (II)  is  shown  on  Figure  2.  The  quantum  yield 
of  fluorescence  of  I  was  estimated  to  be  0.37,  by  com- 
paring its  total  emission  to  that  from  anthracene,  for 
which  the  fluorescence  yield  (measured  under  similar 
conditions)  is  0.31.* 

Carefully  deoxygenated,  10~*  M  solutions  of  I  ex- 
hibited large  transient  changes  in  absorption,  when 

(6)  I.  C.  A.  Parker,  Proc.  Roy.  Soc.  (London),  A220,  104  (19S3X 

(7)  K.  S.  Wei,  Doctoral  Thesis,  University  of  Minnesota,  1966l 

(8)  J.  Berlman  and  T.  Walter,  /.  Chem.  Phyi.,  37, 1888  (19G). 
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igure  1.  Absorption  and  emission  spectra  of  l,2-bis(9-anthryl> 
hane  in  cyclohexane.  The  scale  for  absorption  between  220  and 
70  m/i  is  reduced  by  a  factor  of  10.  The  emission  spectrum  is 
lotted  as  intensity  in  arbitrary  units.  It  is  corrected  for  variation 
f  instrumental  sensitivity  with  wavelength  but  not  for  reabsorption, 
hich  seriously  distorts  the  curve  at  wavelengths  shorter  than  400 
1^.  Absorption  is  indicated  by  a  solid  line,  emission  by  a  dash  line. 


ubjected  to  flash  illumination,  under  conditions  which 
ave  been  described  elsewhere.*  The  maximum  of  this 
ransient  occurred  at  445  m/x,  about  IS  m/x  longer  than 
he  wavelength  of  the  maximum  of  the  anthracene 
riplet.  The  half-life  of  the  transient  was  approxi- 
lately  1.5  X  10"'  sec.  An  anthracene  solution,  prc- 
•ared  in  a  similar  way,  showed  a  half-life  of  3.0  X  lO"' 
ec.  These  half-lives  are  minimum  values  and  are 
irobably  much  shorter  than  the  values  which  corre- 
pond  to  the  spontaneous  unimolecular  decay  of  the 
riplet  state.  ^  The  observed  difference  between  the 
alues  of  the  half-lives  for  anthracene  and  I  is  probably 
iue  to  differences  in  the  residual  oxygen  concentration 
n  the  two  solutions. 

Quantum  yields  of  isomerization  of  I,  in  cyclohexane, 
xe  sunmiarized  in  Table  I.    Generally  similar  results 


'able  I.    Quantum  Yields  of  Isomerization  of 
;2-Bis(9-anthr>d)ethane' 


[AIM 


[Od,Af 


Temp, 


<P 


5.0X10-* 

1.0X10- 

2.0X10- 

6.0X10- 

1.0X10- 

1.0X10- 

1.0X10- 

1.0X10- 

1 .0  X  10- 

1.0X10- 


2.0  X  10-* 
2.0  X  10-* 
2.0  X  10-* 
2.0  X  10-* 
2.0  X  10-* 
2.0  X  10-* 
2.0  X  10-* 
2.0  X  10-* 

<io-« 

1.0X10-* 


25 
25 
25 
25 
25 
10 
35 
70 
25 
25 


0.18 
0.18 
0.21 
0.19 
0.19 
0.18 
0.19 
0.21 
0.26 
0.17 


Solvent,  cyclohexane,  X  365  m^t. 


(9)  G.  Jackfon,  R.  Livingston,  and  A.  Pugh,  Trans,  Faraday  Sac.,  56, 
635(1960). 

(10)  R.  Uvingston  and  W.  Ware.  /.  Chem.  Phys,,  39»  2593  (1963). 
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Figure  2.    Absorption  spectrum  of  the  isomer  (II)  of  l,2-bis(9- 
anthryl)ethane  in  n-hexane. 


were  obtained  using  benzene  as  the  solvent.  Over  a 
20-fold  range  the  yield  is  independent  of  the  concen- 
tration of  the  reactant.  The  apparent  dependence  on 
temperature  is  of  doubtful  significance  but,  if  real, 
corresponds  to  an  energy  of  activation  of  about  400 
cal/mole.  Oxygen  has  a  small  but  definite  inhibiting 
effect.  This  efiect  cannot  be  explained  as  due  to  per- 
oxide formation,  since  its  occurrence  would  increase 
the  apparent  quantum  yield  of  dimerization. 

Quantum  yields  for  the  back  reaction,  which  are 
listed  in  Table  II,  were  calculated  from  the  steady-state 
compositions;  they  depend  on  the  measured  values  of 
the  extinction  coefficients,  the  quantum  yield  of  the 
forward  reaction,  and  the  assumption  that  this  yield 
is  the  same  for  365  and  254  m/i.  Light  of  254  mn  was 
used  to  produce  the  steady  state.  Effects  of  the  re- 
actant concentration,  oxygen,  and  temperature  are 
similar  to  those  observed  for  the  forward  reaction. 


Table  IL    Steady-State  Composition  and  Quantum 
Yields  of  the  Reverse  Isomerization' 


Steady- 

state 

Temp, 

mole  %    Quantum 

[Ar.Af 

[Od,Af 

X 

of  I          yield 

1.0X10-* 
5.0X10-* 
1.0X10-* 
1.0X10-* 
1.0X10-* 
1.0X10-* 
1.0X10-* 


2.0X10-* 
2.0X10-* 
2.0X10-* 
2.0  X  10-* 
2.0X10-* 
2.0  X  10-* 

<io-« 


25 
25 
25 
10 
35 
70 
25 


4.5 
4.1 
4.5 
4.8 
4.8 
5.3 
5.4 


0.42 
0.37 
0.41 
0.44 
0.45 
0.49 
0.51 


'  Solvent,  cyclohexane;  X  254  nvi. 


Discussion 


The  observation  that  the  quantum  yield  of  isomeriza- 
tion is  not  aifected  by  a  20-fold  change  in  the  concen- 
tration of  the  reactant  indicates  that  the  reaction  is  a 
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unimolecular  rearrangement  of  the  electronically  ex- 
cited molecule.  This  unimolecular  reaction  must 
compete  with  the  spontaneous  (radiative  and  nonradia- 
tive)  decay  of  the  excited  state  and  with  its  quenching 
by  oxygen.  Measurements,  made  by  M.  Walker  of 
this  department  with  a  phase  shift  apparatus  ^^  using  a 
deaerated  5  X  10~^  M  solution  of  I  in  cyclohexane, 
indicate  a  mean  lifetime  of  fluorescence  of  2.5  X  10"* 
sec.  The  rate  constants  for  the  spontaneous  decay  of 
the  triplet  and  for  the  oxygen  quenching  of  the  first 
excited  singlet  and  the  lowest  triplet  have  not  been 
determined  for  I.  It  is  plausible  that  they  are  in  general 
similar  to  the  corresponding  values  for  anthracene, 
which  are  as  follows:  first-order  decay  of  the  triplet, 
30  sec"^;"  second-order  (oxygen)  quenching  of  the  ex- 
cited singlet,'  2.3  X  10^®  l./mole  sec;  second-order 
quenching  of  the  triplet,"  2.3    X    10*  l./mole  sec. 

(11)  A.  MUUer,  R.  Lumry,  and  H.  Kokubun,  Rev,  ScL  Instr.,  36, 
1214  (1965). 

(12)  R.  Livingston,  "Flash  Photolytic  Studies'*  in  "Actions  Chimiques 
et  Biologiques  des  Radiations,**  Masson  et  Cie,  Paris,  1966. 


Values  of  these  orders  of  magnitude  preclude  the  pos- 
sibility that  the  active  intermediate  for  isomerization  is 
exclusively  the  triplet  state.  The  postulate  that  the 
observed  reaction  is  the  result  of  a  spontaneous  rear- 
rangement of  the  fluorescent  state  is  consistent  with  the 
observed  values  for  air-  and  oxygen-saturated  solutions. 
However,  the  relatively  high  value  obtained  for  deoxy- 
genated  solutions  is  incompatible  with  this  mecha- 
nism. This  value,  if  correct,  suggests  that  both  the 
excited  singlet  and  the  triplet  states  can  isomerize,  but 
that  the  triplet  state  contributes  significantly  to  the  re- 
action only  in  deoxygenated  solutions. 
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Abstract:  Esr  spectra  from  semiquinone  anion  radicals  produced  by  alkali  metal  reduction  of  parent  quinones  in 
ether  solvents  have  been  investigated.  The  results  reveal  large  changes  in  the  spin  density  distribution  in  the  semi- 
quinone rings  as  a  consequence  of  association  of  the  anion  with  alkali  metal  cations.  Ion  pairs  with  different 
amounts  of  solvation  have  been  detected,  and  the  results  have  been  interpreted  in  terms  of  an  ion-pair  equilibrium 
model.  Alternating  line-width  effects  have  also  been  observed  in  the  semiquinone-alkali  metal  system.  This 
arises  from  the  time-dependent  modulations  of  the  isotropic  ring  proton  splitting  constants  resulting  from  an 
equilibrium  between  '*solvated"  and  **intimate**  ion  pairs  in  which  the  metal  cation  does  not  drift  away  from  the 
radical  anion. 


There  has  been  considerable  interest  in  the  experi- 
mental and  theoretical  investigations  of  the  electron 
spin  resonance  (esr)  of  semiquinones  in  the  recent  past. 
The  semiquinones  form  a  convenient  system  for  such 
investigations  for  various  reasons,  like  ease  of  producing 
radicals  using  different  methods  and  the  simplicity  of 
their  esr  spectra.  /?-Benzosemiquinone  (PBSQ),  which 
forms  the  simplest  member  of  the  semiquinone  type  of 
radicals,  has  been  investigated  extensively,  and  accurate 
data  are  available  for  hyperfine  splittings  from  pro- 
tons^'" and  carbon-lS^*"^  and  oxygen-l?*^*"  nuclei. 
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From  these  data  a  good  deal  of  information  is  avail- 
aygi4,i9,jo,22  as  regards  the  unpaired  electron  density 
distribution  in  the  molecule  and  the  solvent-induced 
perturbations  on  the  distribution  of  the  t  density. 

In  the  past,  semiquinone  ion  radicals  have  been  pro- 
duced by  air  oxidation  of  the  hydr(xiuinone  in  alkaline 
solvents, ^-^^•^'""  by  electrolytic  methods^*"**  and  by 
ultraviolet  irradiation  methods.*'    However,  a  very 
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Na- 

K 

Aspeaes^ 

—B  species 

A  species^ 

. B 

species^ s 

flH 

ai« 

«»« 

aVm 

flH 

fli^ 

ajH 

•  ■  • 

•      •     • 

•     •     • 

•    •   • 

2. 35  ±0.03 

•  •  • 

•  •  • 

2.40=t0.02 

2.06±0.02 

2.74±0.02 

1.09 

2.41  ±0.01 

«  •  • 

•  •  • 

2.36d=0.02 

2.05  ±0.04 

2.66±0.04 

1.07 

. .  • 

•  ■  • 

•  •  • 

2.42  db  0.01 

•  ■  • 

•  •  • 

•  •  • 

2.38  ±0.01 

•  •  • 

•  ■  • 

2. 32  ±0.09 

•  •  • 

•  •  • 

■  •  • 

•  •  • 

2. 16  ±0.01 

2.66±0.01 

ext  for  definition  of  "A**  and  '*B**  species.    ^  No  metal  splitting  observed  in  the  spectra. 


Tul  technique  in  producing  aromatic  radicals  has 
e  reduction  of  the  parent  material  in  a  polyether 
Llkali  metals;  the  method  has  been  described 
isly  14-S7  ^  variety  of  interesting  results  have 
stained  on  the  alkali  metal-aromatic  radical  ion 
btained  in  this  manner.  The  interest  centered 
around  the  structure  of  ion  pairs, *•"'•  the  differ- 
»es  of  ionic  equilibria  existing  in  the  radical- 
netal  system, *•*>•••-*•  and  the  eifect  of  intra- 
lar  and  intermolecular  interactions  on  the  esr 
3o.i4,j»-4i    jjjg  observation  of  an  alternation 

broadening  in  the  esr  spectra  resulting  from  an 

)lecular  exchange  of  a  cation  first  observed  by 

;r  and    Mackor*^*"  and  supported  by  later 

^iz,zi  has  been  of  particular  interest. 

present  work  was  undertaken  with  a  view  to  in- 

:e  the  ion-pairing  phenomenon  in  the  seml- 

e-alkali  metal  system  in  detail  using  the  alkali 

reduction  technique  in  ether  solvents.    From 

experimental  observations  ^^"•^*~*^*'  one  ex- 

arge  perturbations  in   the  unpaired  electron 

in  the  semiquinone  ring  systems  as  a  conse- 

of  ion  pairing.    The  expectations  have  been 

itiated  by  esr  results.    The  results  obtained  on 

uquinones  with  different  alkali  metals  using  1,2- 

oxyethane  (DME)  and  tetrahydrofuran  (THF) 

ents  together  with  the  temperature  dependence 

splittings  are  reported  in  section  III.    These 

and  the  mechanism  of  the  alternation  in  line 

ning  that  we  have  observed  in  the  present  system 
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are  discussed  on  the  basis  of  an  ion-pair  equilibrium 
model  in  section  V. 

n.    Experimental  Section 

p-Benzoquinone  was  prepared  from  hydroquinone  (May  & 
Baker  Ltd.)  according  to  the  method  of  Oilman  and  Blatt**  and 
was  purified  by  sublimation  (mp  116®).  Duroquinone  was  syn- 
thesized starting  from  durene  (Fluka,  Switzerland)  using  known 
methods.^  The  product  was  crystallized  from  ethanol  and  puri- 
fied by  vacuum  sublimation  (mp  111 *^).  2,6-Dichloroquinone  was 
obtained  from  Eastman  Organic  Chemicals  and  was  purified  by 
vacuum  sublimation  before  use.  DME  and  THF  were  obtained 
commercially.  The  solvents  were  purified  according  to  methods 
described  previously.  ^  •  *• 

The  semiquinone  radicals  were  made  in  vacuo  by  reducing  the 
ccnresponding  quinones  with  alkali  metals  using  known  tech- 
niques.**"*' 

The  X-band  esr  spectrometer  used  has  been  described  pre- 
viously.^* The  temperature  studies  were  made  using  a  Varian 
V-4540  temperature-control  unit.  The  details  of  field  calibration 
have  been  described  elsewhere.*' 

m.    Experimental  Results 

/7-Benzosemiquinone  Ion  (PBSQ).  The  results  ob- 
tained on  PBSQ  with  sodium  and  potassium  as  gegen- 
ions  using  DME  as  solvent  are  given  in  Table  I. 

The  PBSQ-K  sample  in  DME  was  bluish  green  in  color 
and  was  stable  for  36-48  hr.  Afterwards  the  radicals 
gradually  decayed.  At  room  temperature  the  esr 
spectrum  from  this  sample  was  qualitatively  similar  to 
those  observed  for  PBSQ  by  air  oxidation  of  hydro- 
quinone or  by  the  electrolytic  reduction  of  /h-benzo- 
quinone,  and  the  hyperfine  splitting  arises  from  the 
interaction  of  the  unpaired  electron  with  four  equivalent 
protons.  However,  on  cooling  the  sample,  the  spec- 
trum gradually  changed  its  shape.  At  —20^,  lines  with 
total  z  component  of  the  proton  nuclear  spin  angular 
momentum  Mh  =  =t  1  were  broadened  and  were  com- 
parable in  intensity  to  lines  with  Mh  =  ±2.  At  —60®, 
a  nine-line  esr  spectrum  was  observed,  and  it  has  been 
reported  in  a  preliminary  conmiunication.^'  This 
spectrum  has  been  attributed  to  a  radical  species  which 
has  two  sets  of  two  equivalent  protons. 

In  Table  I,  the  radical  species  in  which  the  four  ring 
protons  are  equivalent  is  referred  to  as  the  "'A'*  species, 
and  the  one  in  which  they  form  two  sets  of  equivalent 
groups  is  referred  to  as  the  "B"  species.  TTie  same 
terminology  will  be  used  in  discussing  the  results  from 
durosemiquinone  (2,3,S,6-tetramethyl-p-benzosemiqui- 
none)  also.    Radical  species  in  which  all  the  four 

(44)  H.  Gihnan  and  A.  M.  Blatt,  "Organic  Syntheses,"  Coll.  Vol.  I, 
John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1941,  p  482. 

(45)  L.  I.  Smith  and  R.  O.  Denyes,  /.  Am.  Chem.  Soc.,  58,  304  (1936); 
L.  I.  Smith  and  F.  J.  Dobrovolny,  ibid.,  48,  1420  (1926). 

(46)  P.  H.  Rieger,  I.  Bernal,  W.  H.  Reinmuth,  and  O.  K.  Fraenkel, 
ibid.,  85,  683  (1963). 

(47)  M.  R.  Das,  A.  V.  Patankar,  and  B.  Venkataraman,  Proc.  Indian 
Acad.  Sci.,  A53.  273  (1961). 
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methyl  groups  are  equivalent  will  be  designated  as  the 
"A"  species,  and  the  one  in  which  they  fall  into  two 
groups  of  equivalent  protons  will  be  referred  to  as  the 
"B"  species. 

The  PBSQ-Na  sample  in  DME  was  also  bluish  green 
io  color,  but  it  was  less  stable,  and  it  was  necessary  to 
complete  the  esr  measurements  within  10-12  hr  after 
the  sample  was  prepared.  The  room-temperature 
spectrum  was  a  superposition  of  two  spectra,  one  from 
the  A  species  with  one  proton  splitting  constant  and 
another  from  the  B  species  with  two  proton  splitting 
constants.  The  spectrum  from  the  B  species  shows 
additional  structure  due  to  *'Na  (7  =  ■/,)  hyperflne 
interaction  (see  Table  I).  However,  the  relative  con- 
centration of  the  two  species  could  not  be  correctly 
determined  as  a  result  of  the  highly  overlapped  nature 
of  the  experimental  spectrum.  At  —20°  the  lines  were 
considerably  broadened,  and  it  was  not  possible  to  ob- 
tain accurate  data  from  the  spectrum.  The  sample 
showed  the  same  behavior  even  on  further  cooling. 

Attempts  to  record  esr  spectra  from  PBSQ-Li  in 
DME  and  PBSQ-M  (M  =  Li.  Na,  K)  in  THF  were  not 
successful  as  the  radicals  were  found  to  be  unstable. 

Durosemiquinone  Ion  (DSQ).  Unlike  PBSQ,  samples 
of  DSQ  withlithium,  sodium,  and  potassium  as  counter- 
ions  were  quite  stable  in  both  DME  and  THF.  The 
results  obtained  from  these  samples  are  reported  in 
Tables  II  and  III. 

DSQ-K  Samples.  When  the  radical  was  prepared 
with  potassium  metal  in  DME,  the  sample  exhibited 
esr  spectra  with  equally  spaced  components  at  room 
temperature  and  at  60°.    These  could  readily  be  in- 


terpreted as  arising  from  12  equivalent  methyl  protons 
(A  species).  However,  the  room-temperature  spec- 
trum showed  dormant  alternating  line>width  effects. 
At  —  20"  the  alternating  line-width  effect  was  consider- 
ably enhanced  (Figure  1),  and  as  the  temperature  was 
further  lowered  lines  arising  from  the  B  species  started 
appearing.  At  —80°,  the  spectrum  could  be  inter- 
preted in  terms  of  two  groups  of  equivalent  protons, 
each  consisting  of  six  protons  and  arising  from  pure 
B  species.  A  sample  of  DSQ-K  in  THF  solution  be- 
haved essentially  in  the  same  maimer.  However,  at 
room  temperature  there  was  larger  alternation  in  the 
width  of  the  lines  in  the  esr  spectrum  from  this  sample 
as  compared  to  the  spectrum  from  DSQ-K  in  DME. 
No  potassium  splittings  were  observed  in  either  case. 

DSQ-Nb  Samples.  The  spectra  from  this  sample  in 
DME  at  different  temperatures  are  shown  in  Figure  2. 
Except  at  —80°,  at  all  other  temperatures  reported  in 
Table  II,  the  individual  figures  arise  from  both  A  and  B 
species  of  DSQ.  Both  species  show  hypcrffne  splitttogs 
arising  from  "Na  hypcrfine  interaction  (see  assignments 
of  splitting  constants  below).  A  different  extent  of 
alternation  in  the  line  broadening  at  different  tempera- 
tures is  also  evident  in  Figure  2. 

In  interpreting  the  spectra  from  DSQ-Na  samples,  the 
equally  spaced  four-line  pattern  arising  from  the  A 
species  could  be  easily  picked  out.  The  proUem  wis 
then  reduced  to  assigning  the  rest  of  the  lines  to  B 
species.    In  order  to  do  this,  spectra  were  reconstnKted 
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Table  II.    Hyperfine  Splitting  Constants  (gauss)  in  Durosemiquinone  Anion  in  DME' 


U" . 

5ecies* > 

Na 

K 

Temp, 

. ^Bsi 

' A  species s 

R  cnM^iPC 

A  species* 

. B  species  * ^ 

~    D  a^/vvlwd 

*^C 

fliH 

fljH 

flH 

aSm 

fli« 

fllH 

flNs 

flH 

fli^ 

fl.H 

80 

•  t  « 

•     a     ■ 

1.920  db 
0.004 

0.504  di 
0.011 

•  •  • 

•        •        • 

•    •    • 

•  •  • 

•  •  • 

•  ■  • 

60 

0.768  =h 
0.094 

3.125db 
0.009 

•  •  • 

•  •  • 

■  •  • 

•        •       • 

•    •    • 

1.901  d: 

0.005 

•  ■  • 

■  ■  • 

25 

0.863  =h 
0.005 

2.981  =h 
0.004 

1.926  di 
0.003 

0.387=h 
0.008 

•  •  • 

•        •        ■ 

■    •    • 

1.916d: 

0.008 

a     •     • 

•  •  • 

-20 

0.964  =h 

2.887  =h 

1.898  d= 

0.299  =h 

1.280  d: 

2.565  d: 

2.331  d: 

•  •  • 

•    «     • 

•  •  • 

0.003 

0.003 

0.006 

0.014 

0.007 

0.006 

0.008 

-50 

1.017  =h 
0.005 

2.825  =h 
0.005 

•  •  • 

•  •  ■ 

•  •  • 

•  ■  • 

•  •  • 

1.915  d: 

0.002 

1.415  d: 

0.008 

2.413  d: 

0.006 

-60 

•  •  • 

•  •  • 

1.940  di 
0.007 

0.264  d: 
0.015 

1.280d: 

0.002 

2.562  d: 
0.003 

1.789  d: 

0.003 

•  •  • 

•  •  • 

•  •  ■ 

-70 

1.033  db 
0.012 

2.796  db 
0.013 

•  ■  • 

•  •  • 

•  •  • 

•  •  • 

•  ■  • 

•  •  • 

1.434  d= 
0.009 

2.407  d: 
0.009 

-80 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  ■  • 

•     a     • 

•  •  • 

•  •  • 

1.434  d= 
0.009 

2.402  d: 
0.012 

"  See  text  for  definition  of  **  A**  and  **B**  species.    *  No  metal  splitting  observed  in  the  spectra.    '^  No  A  species  observed  for  the  sample. 
Table  III.    Hyperfine  Splitting  Constants  (gauss)  in  Durosemiquinone  Anion  in  THF« 


speci( 

ISIn' 

tr 

Temp, 

n  j 

»'^ 

A  species* 

» B  species* * 

*■    ~                      D   i 

X 

fli= 

ajH 

fli^ 

a^ 

a^m 

flH 

fllH 

a,H 

25 

0.815  d= 

3.039  d= 

1.056  d: 

2.739  d= 

0.346  d= 

1.913d: 

•    ■    • 

■  •  • 

0.004 

0.003 

0.017 

0.006 

0.007 

0.003 

-20 

0.860d: 

2.955  d: 

1.198  d: 

2.653  d: 

0.257  d: 

a     •    • 

1.313  d= 

2.534  d: 

0.007 

0.008 

0.002 

0.001 

0.002 

0.014 

0.010 

-40 

0.892d= 

2.952  d: 

1.208  d: 

2.623  d: 

0.208  d= 

a     •     • 

1.312  d: 

2.485  d: 

0.009 

0.008 

0.002 

0.001 

0.002 

0.006 

0.004 

-60 

0.955  d= 
0.016 

2.936  d: 
0.013 

•  •  • 

•  •  • 

■  •  • 

a     •    • 

1.350  d: 

0.004 

2.458  d: 
0.002 

-80 

•  •  • 

... 

•  •  • 

•  •  • 

a     •     • 

•     •    ■ 

1.381  d: 

0.004 

2.505d: 
0.002 

See  text  for  definition  of  **  A**  and  "B**  species.    *  No  metal  splitting  observed  in  the  spectra.    ^  No  A  species  observed  for  the  sample. 


and  compared  with  the  experimental  one.  In  doing  so, 
it  was  assumed  that  the  sum  of  the  two  proton  splitting 
constants,  a^  and  os^,  for  the  B  species  is  twice  the 
proton  splitting  constant,  a^,  for  the  A  species.  This 
is  justifiable  as  it  holds  true  for  all  other  spectra  from 
B  species.  Consequently,  the  individual  values  of 
a^  and  a^  were  varied  keeping  their  sum  constant. 
Different  values  of  a^*  were  then  used  for  computing 
each  spectrum. 

Taking  the  —60®  case  as  a  typical  representative  of 
the  group,  stick  plots  were  constructed  and  were  com- 
pared with  the  experimental  spectrum.  After  success- 
fully interpreting  the  —60®  spectrum,  it  was  possible  to 
pick  out  typical  patterns  arising  from  the  B  species  in 
the  overlapped  spectra  at  other  temperatures,  and  an 
intelligent  guess  regarding  the  splitting  constants  from 
the  B  species  could  be  made.  Stick  diagrams  were  then 
reconstructed  which  explained  all  the  observed  lines 
in  the  experimental  spectrum. 

The  splitting  constants  for  the  B  species  at  80®  and  at 
room  temperature  could  not  be  calculated  because  of 
the  broadening  of  the  Unes  in  the  region  where  lines 
from  the  B  species  were  expected.  Consequently,  no 
assignments  of  proton  splitting  constants  for  the  B 
species  could  be  made  at  these  temperatures.  The 
values  of  the  splitting  constants  in  DME  are  reported 
in  Table  II. 

The  DSQ-Na  sample  in  THF  behaved  in  a  slightly 
different  fashion.    At  all  the  temperatures  at  which 


investigations  were  carried  out,  only  the  B-type  of  spec- 
tra were  observed.  They  exhibited  "Na  hyperfine 
splittings.  No  alternation  in  the  widths  of  hyperfine 
components  were  observed  in  this  case.  The  splitting 
constants  are  reported  in  Table  III. 

DSQ-Li  Samples.  Samples  of  DSQ-Li  in  both  DME 
and  THF  behaved  essentially  in  the  same  manner. 
The  spectra  at  different  temperatures  could  be  explained 
in  terms  of  B  species  spectra  with  two  splitting  constants, 
each  arising  from  six  equivalent  protons.  There  was 
no  observable  Li  metal  splitting  unlike  the  experiments 
in  /-pentyl  alcohol,  2*  and  no  alternating  line-width 
effects  were  present.  A  typical  spectrum  from  the 
DSQ-Li  sample  is  given  in  Figure  3.  The  splitting 
constants  are  reported  in  Tables  II  and  III. 

In  all  instances  where  the  presence  of  a  B  species  with 
two  splitting  constants  could  be  detected,  the  larger 
splitting  constant,  ^2^,  increases  with  temperature  and 
the  smaller  one,  oi^,  decreases  with  temperature.  The 
variation  depends  on  the  solvent  and  the  counterion 
used,  and  this  will  be  discussed  later.  The  proton 
splitting  constant,  a^,  for  the  A  species  does  not  show 
any  measurable  temperature  variation,  although  the 
^*Na  splittings  in  both  the  A  and  B  species  increase 
with  temperature  (Tables  II  and  III). 

2,6-Dichloroseiiiiquinone  Ion  (2,6-DCSQ).  Solu- 
tions of  2,6-DCSQ  in  DME  and  THF  were  green  in 
color.  The  radicals  were  unstable  and  they  decayed 
completely  in  1-1.5  hr.    The  expected*  three-line  spec- 
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Figure  3.    First  derivative  of  the  esr  spectrum  from  durosemi- 
quinone  ion  in  DME  with  lithium  as  counterion. 
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Figure  4.    /vBenzosemiquinone  anion. 


trum,  with  approximate  intensity  distribution  1:2:1, 
arising  from  two  equivalent  protons  was  observed  from 
all  the  samples  from  which  signals  could  be  recorded. 
However,  except  for  2,6-DCSQ-K  in  DME,  all  the 
other  samples  in  DME  as  well  as  in  THF  gave  spurious 
esr  signals  which  could  not  be  attributed  to  any  simple 
radical  species  arising  from  2,6-dichloroquinone.  The 
correct  lines  from  2,6-DCSQ  could  be  easily  identified 
from  intensity  considerations  and  spacings  of  the  hyper- 
fine  components.  There  was  no  change  in  the  number 
of  lines  with  temperature,  and  no  alkali  metal  splittings 
were  present  either.  Consequently,  little  information 
could  be  obtained  by  making  extensive  temperature 
studies.  The  results  obtained  at  room  temperature 
and  at  —  75  ®  are  given  in  Table  IV.  For  all  the  samples, 
careful  measurements  have  shown  a  difference  in  the 
proton  hyperfine  splitting  with  temperature,  contrary 
to  a  preliminary  report.^*  The  proton  splitting  con- 
stant increases  with  temperature  for  all  samples,  and 
at  the  same  temperature  the  DME  samples  show  a 
larger  splitting  as  compared  to  THF  samples. 


Table  IV.    Proton  Splitting  Constants  (gauss) 
for  2,6-Dichloro8emiquinone  Anion 


Temp, 


Na 


DME« 


-THF 


U 


25 
-75 


2.869 
2.139 


2.989 
2.943 


1.471 


3.124 


'  No  metal  splitting  observed  in  the  spectra. 


IV.    Assignments  of  Splitting  Constants 

1.    Assignments  of  Proton  Splittings  in  B  Species. 

There  is  no  ambiguity  in  the  assignment  of  proton 
splittings  for  the  A  species  radicals.  Once  the  proton 
splittings  are  assigned,  it  is  not  difficult  to  make  assign- 
ments for  the  alkali  metal  splittings  also.  However,  the 
spectra  from  the  B  species  result  from  two  equivalent 
groups  of  protons  as  a  consequence  of  ion-pair  associa- 
tion. The  positions  2,  3,  5,  and  6  (see  Figure  4)  in  a 
p-benzosemiquinone  ring  can  be  divided  into  two  equiva- 
lent groups  in  any  one  of  three  ways,  (a)  2,5  and  3,6; 
(b)  2,3  and  5,6;  or  (c)  2,6  and  3,5.  However,  it  is 
possible  to  make  a  satisfactory  choice  in  the  fol- 
lowing manner.  Previous  experimental  investiga- 
tions*^*'* **~*  on  the  semiquinone  radicals  indicate 
that  most  interactions  with  the  surroundings  take  place 
through  the  oxygen  atoms  in  the  semiquinone  ring. 
Consequently,  the  most  probable  position  of  the  alkali 
metal  counterion  also  is  near  one  of  the  oxygens  which 
has  maximum  charge  density.^    If  this  assumption  is 


made,  the  best  possible  division  will  be  to  have  the  2 
and  6  positions  in  one  group  and  the  3  and  5  positions 
in  the  other.  There  is  experimental  evidence  to  support 
this  view.  For  2,6-DCSQ  one  expects  association  with 
the  counterion  at  least  to  the  same  extent  as  in  the  case 
of  either  PBSQ  or  DSQ  owing  to  the  presence  of  two 
electronegative  chlorine  atoms  in  the  ring.  When 
there  is  strong  association,  one  expects  a  four-line 
spectrum  from  2,6-DCSQ  if  either  of  the  groupings  a 
or  b  were  correct.  On  the  other  hand,  the  spectra 
from  2,6-DCSQ  showed  only  three  hyperfine  com- 
ponents at  all  conditions,  irrespective  of  the  difference 
in  the  temperature  of  the  experiment,  the  metal  cations, 
and  the  solvents  used,  although  the  magnitude  of  the 
splittings  changed  considerably  under  different  experi- 
mental conditions. 

2.  Position  of  Counterion  and  Magnitude  of  Ring 
Proton  Splittings.  From  the  experimental  data  alone 
it  is  difficult  to  assign  the  splittings,  a^  and  Os^,  in 
PBSQ  and  DSQ  to  specific  positions  in  the  molecule. 
The  problem  arises,  in  the  case  of  the  B  species,  whether 
the  larger  splitting  constant,  Os^,  should  be  assigned  to 
the  group  of  protons  that  are  nearer  to  the  oxygen  atom 
complexed  with  the  alkali  metal  or  to  those  farther 
away  from  it.  A  satisfactory  assignment  is,  however, 
possible  by  comparing  the  temperature  dependence  of 
the  splittings  in  PBSQ  and  DSQ  with  that  of  2,6-DCSQ 
(see  section  V2). 

It  is  reasonable  to  assume  that  in  the  "intimate" 
species  of  2,6-DCSQ  the  metal  cation  is  near  the  oxygen 
atom  having  two  chlorine  atoms  as  neighbors  because 
of  the  higher  electronegativity  of  the  chlorines  as  com- 
pared to  protons.  ^  It  is  experimentally  observed  that 
the  proton  splitting  constant  for  2,6-DCSQ  increases 
with  temperature.  It  may  therefore  be  assumed  that 
the  splitting  from  protons  away  from  the  metal  cation 
increases  with  temperature.  On  this  basis  the  larger 
splitting  constant,  os^,  in  p-benzo-  and  durosemiqui- 
nones,  which  shows  a  positive  temperature  coefficient, 
can  be  assigned  to  protons  farther  away  from  the  metal 
cation  and  the  smaller  splitting  constant,  which  de- 
creases with  temperature,  to  protons  nearer  to  the  metal 
cation.  It  may  also  be  noticed  that  the  effect  of  associa- 
tion at  an  oxygen  site  in  the  semiquinone  is  to  increase 
the  electronegativity  of  the  oxygen  atom,  which  results 
in  the  use  of  a  larger  numerical  value  for  the  Coulomb 
integral    parameter    for    the    complexed     oxygen." 

(48)  It  may  be  noticed  that  LUcken  >  ^  has  reported  the  existeooe  of  two 
types  of  "intimate**  ion  pairs  for  2,6-DCSQ  in  anhydrous  r-butyl  alcohol, 
the  major  fraction  having  the  alkali  metal  complexed  to  the  oxyfcn 
atom  flanked  by  the  chlorine  atoms  and  a  small  fraction  with  the  alkali 
metal  complexed  to  the  oxygen  flanked  by  protons.  It  has  also  boa 
observed  that  simple  MO  theory  predicts  larger  association  at  the 
oxygen  flanked  by  chlorine  atoms. 
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Liicken^^  has  shown  that  simple  MO  theory  predicts  an 
increase  in  the  splitting  constant  of  one  pair  of  protons 
with  a  simultaneous  decrease  in  the  splitting  constant 
of  the  other  pair  as  a  result  of  complex  formation  in- 
volving one  of  the  oxygen  atoms.  Liicken^^  has  no- 
ticed further  that  the  pair  ortho  to  the  complexed  oxygen 
atom  has  a  lower  coupling  constant. 

V.    Discussion 

1.  The  Ion-Pair  Equilibrium  Model.  The  additional 
hyperfine  structure  arising  from  *'Na  nuclei  in  the  esr 
spectra  from  PBSQ-Na  and  DSQ-Na  in  DME  and 
THF  suggests  the  formation  of  ion  pairs  in  these  sys- 
tems. Even  in  the  absence  of  alkali  metal  hyperfine 
splitting,  the  observation  of  esr  spectra  from  the  B 
species,  when  potassium  and  lithium  are  used  as  counter- 
ions,  supports  ion-pair  formation.  Further,  experi- 
mental evidence  from  both  PBSQ  and  DSQ  reveals  the 
presence  of  more  than  one  type  of  ion  pair  which  are 
interconvertible.  The  best  evidence  for  the  simul- 
taneous existence  of  two  types  of  ion  pairs  is  obtained 
from  DSQ-Na  in  DME.  Esr  lines  from  both  A  and 
B  types  of  radical  with  different  *'Na  splittings  have 
been  observed  in  this  case.  Presumably,  the  ion  pairs 
differ  from  each  other  in  their  different  extents  of  solva- 
tion. The  formation  of  ion  pairs  with  different  amounts 
of  solvation  has  been  observed  by  other  workers 
also.  •••*•-**  Hirota'*  has  observed  different  distinct 
solvated  species  in  the  naphthalene  negative  ion,  where 
the  radical  species  have  diiferent  ''Na  splittings,  al- 
though the  magnitude  of  the  proton  splittings  remains 
unchanged.  In  the  present  instance,  as  a  consequence 
of  stronger  association  between  the  alkali  metal  and 
the  radical,  we  do  observe  changes  in  both  proton 
splittings  and  alkali  metal  splittings  in  species  that  are 
solvated  to  different  extents.  In  fact,  the  results  re- 
ported in  section  IV  can  be  satisfactorily  explained  on 
the  basis  of  an  ion-pair  equilibrium  model  in  which  an 
"intimate"  or  "contact"  ion  pair  is  in  equilibrium  with 
a  "loose"  or  "solvated"  ion  pair.  The  diiferent  pos- 
sible equilibria  for  a  species  with  a  given  nuclear  spin 
state  are  indicated  below  (Figure  5).  Species  of  the 
type  M+||R-  represent  the  solvated  ion  pair,  and  the 
ones  of  the  type  M+R~  represent  the  intimate  pairs. 

In  the  intimate  pairs,  the  alkali  metal  cation  is  close 
to  one  of  the  oxygens,  and  this  perturbs  the  unpaired 
electron  distribution  in  the  semiquinone  ring.  Two  sets 
of  equivalent  ring  positions  are  formed  resulting  in  the 
B  type  of  radical  exhibiting  two  proton  splitting  con- 
stants, ai"  and  a^.  In  the  solvated  pair,  which  corre- 
sponds to  the  A  type  of  radicals,  the  equivalence  of  the 
four  ring  proton  positions  is  retained  as  the  alkali 
metal  is  farther  separated  from  the  oxygen  atom  by  the 
solvent  layer. 

If  the  metal  ion  does  not  leave  the  vicinity  of  the 
radical  anion,  equilibria  1  and  2  (Figure  5)  can  be  con- 
sidered to  be  intramolecular  processes  insofar  as  the 
preservation  of  the  spin  state  of  the  metal  nucleus  during 
the  conversion  is  concerned.  Equilibria  3  and  4  are 
intermolecular  processes  in  which  the  metal  cation 

(49)  E.  Grunwald,  Anal.  Chem.,  26,  1696  (19S4). 

(50)  S.  Winstdn  and  G.  C.  Robinson.  /.  Am.  Chem.  Soc.,  80,  169 
(1958). 

(51)  D.  J.  Cram  et  at.,  ibid.,  81.  5774  (19S9). 

(52)  T.  R.  Griffiths  and  M.  C.  R.  Symons,  Moi.  Phys.,  3,  90  (1960). 

(53)  N.  Hirota  and  R.  KreiUck.  /.  Am.  Chem.  Soc.,  88,  614  (1966). 

(54)  T.  E.  Hogen-Esch  and  J.  Smid,  ibid.,  87.  669  (1965). 
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Figure  5.    Different  possible  ion-pair  equilibria  for  p-benzosend- 
quinone  ion  with  a  given  nuclear  spin  state. 


from  the  oxygen  at  one  end  of  the  molecule  gets  de- 
tached from  the  anion,  and  another  cation  from  the  sur- 
roundings gets  associated  with  the  anion  at  the  other 
end.  However,  owing  to  the  presence  of  sharp  alkali 
metal  lines  even  in  spectra  exhibiting  alternating  line 
widths,  it  may  be  argued^'  that  intermolecular  processes 
are  absent  in  the  system.  The  preservation  of  the  spin 
state  of  the  alkali  nucleus  during  the  exchange  process, 
which  is  fulfilled  by  the  intramolecular  processes  1  and 
2,  can  then  explain  all  the  observed  effects  satisfactorily. 
Thus  equilibria  1  and  2  which  can  be  simply  represented 
by 

R-||M+  ^;=±  R-M+  (5) 

need  only  be  considered.  This  assumes  that  each 
alkali  metal,  to  begin  with,  is  associated  with  a  radical 
ion  in  the  form  of  either  a  solvated  or  an  intimate  ion  pair. 
2.  Temperature  Dependence  of  Splitting  Constants 
and  Structure  of  Ion  Pairs,  de  Boer^  has  noticed  that, 
although  two  splitting  constants  are  observed  for  the 
aliphatic  protons  (which  are  equivalent  in  the  absence 
of  association)  in  pyracene  anion,  their  values  remain 
unchanged  with  any  variation  in  temperature.  How- 
ever, in  the  durosemiquinone-alkli  metal  system  (Tables 
n  and  III),  it  has  been  observed  that  the  smaller  splitting 
constant,  aj^,  decreases  with  temperature  and  the  larger 
splitting,  fli^,  increases  with  temperature.  Table  V 
gives  the  difference  in  the  two  splitting  constants 
(fli^   —   fli^)  at  various  temperatures  for  durosemi- 

(55)  E.  de  Boer,  Rec.  Trav.  Chlm.,  84,  609  (1965). 
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quinone  with  different  counterions  in  DME  and  THF. 
Table  V  shows  several  interesting  features.  The  values 
of  (fla^  —  fli^)  increase  as  the  temperature  of  a  given 
sample  is  increased.  The  increase  is  more  for  a  THF 
solution  as  compared  to  a  DME  sample  at  a  given  tem- 
perature, and  for  different  alkali  metals  the  value  in- 
creases in  the  order  Li  >  Na  >  K,  From  Tables  II 
and  III  it  is  also  clear  that  just  like  (a%^  —  oi^),  the 
sodium  splitting,  a^\  also  has  a  positive  temperature 
coefficient. 


Table  V.    Temperature  Variation  of  (a^  —  ai^)  in  B  Species  of 
Durosemiquinone  Anion  (gauss) 


Temp, 

. Li 

i       s 

Na  . 

K 

N 

X 

DME 

THF 

DME 

THF 

DME 

THF 

60 

2.351 

•     •     m 

•  •  • 

•     •     a 

a     a     a 

25 

2.118 

2.224 

•  •  • 

1.683 

a     a     a 

a     •     • 

-20 

1.923 

2.095 

1.285 

1.455 

•       t      9 

1.221 

-40 

t  •  • 

2.060 

•  •  • 

1.415 

a     a     a 

1.173 

-50 

1.808 

•  •  • 

a     •     • 

a      a     a 

0.998 

•      •     a 

-60 

•  •  • 

1.981 

1.282 

•     a     • 

a      •     a 

1.108 

-70 

1.763 

•  ■  • 

•  •  • 

•     •     • 

0.973 

9  •  • 

-80 

•  •  • 

•  •  • 

a     •     • 

•     •    a 

0.968 

1.124 

These  results  are  understandable  if  we  assume  the 
position  of  the  alkali  metal  ion  to  be  near  one  of  the 
oxygen  atoms  in  the  semiquinone  and  close  to  the 
plane  containing  the  atoms  in  the  ring,  which  forms  a 
nodal  plane  for  the  ?r  molecular  orbital  containing  the 
unpaired  electron. '^'^^'^^  The  alkali  metal  may  further 
be  assumed  to  undergo  oscillations^^  in  a  potential 
well  at  this  position.  In  such  a  model,  the  effect  of 
increasing  the  temperature  or  of  decreasing  the  mass  of 
the  counterion  will  be  to  enhance  the  amplitude  of  the 
oscillations.  Enhanced  oscillation  should  result  in  the 
counterions  spending  more  time  away  from  the  nodal 
plane,  causing  larger  perturbation  in  the  t  molecular 
orbital.  As  the  difference  in  ring  proton  splittings  is 
caused  by  the  perturbation  induced  by  the  counterion 
situated  near  one  of  the  oxygen  atoms,  it  is  reasonable  to 
expect  the  value  of  (a^^  —  ai^)  to  increase  with  a  larger 
amount  of  perturbation  (see  also  section  I V2). 

A  change  in  (^2^  —  oi^)  can  also  arise  from  a  change 
in  equilibrium  constants.^*  However,  in  cases  where 
only  the  B-type  radical  is  present  at  all  the  temperatures, 
as  in  the  case  of  Li-DSQ  in  DME  and  THF  and  Na- 
DSQ  in  THF,  the  variation  in  (ot^  —  ai")  may  be 
arising  from  the  oscillational  mechanism. 

3.  Alternating  Line  Widths  in  Semiquinone  Anions. 
Several  instances  of  alternation  in  line  broadening  in 
the  esr  spectra  of  free  radicals  have  been  reported  in  the 
literature,  "•'*''''**'*^""     and     this     phenomenon     is 

(56)  We  are  thankful  to  the  reviewer  for  pointins  this  out 


understood  in  a  satisfactory  fashion.  However,  it  has 
been  shown  by  de  Boer  and  Mackor*****  that  a  novel 
mechanism,  viz.^  an  intramolecular  migration  of  the 
alkali  metal  cation  between  two  equivalent  sites  in  a 
radical,  can  give  rise  to  alternation  in  line  broadening. 
The  alternation  in  the  width  of  hyperfine  components 
in  the  esr  spectra  from  pyrazine**  and  durosemiquinone 
anions^'  has  also  been  explained  on  the  basis  of  this 
phenomenon.  The  alternating  line-width  effects  ob- 
served in  the  present  case  can  be  satisfactorily  explained 
on  the  basis  of  the  ion-pair  equilibrium  model  discussed 
in  section  VI.  When  either  the  lifetime  ta  of  the  A 
species  or  tb  of  the  B  species  is  large  compared  to  the 
other,  an  esr  spectrum  corresponding  to  the  species  with 
the  larger  lifetime  is  observed,  and  in  cases  where  both 
Ta  and  tb  are  large  compared  to  l/yiot^  —  aj^),  where 
7  is  the  gyromagnetic  ratio  of  the  electron,  distinct  lines 
from  the  two  different  species  can  be  observed.  In 
situation  corresponding  to  ta  '^  tb  =  1/7(02"  —  oi^) 
alternation  in  the  widths  of  the  lines  can  be  observed." 
Figures  1-3  show  spectra  corresponding  to  all  these  con- 
ditions. It  is,  in  fact,  possible  to  calculate  the  line 
shapes  using  this  model,  and  this  can  be  compared  with 
experimental  spectra.  The  result  in  kinetic  data  ob- 
tained on  the  system  in  this  manner  will  be  published 
later.^* 

Although  most  of  our  results  also  could  be  inter- 
preted in  terms  of  a  jumping  model,  we  favor  the  ion- 
pair  equilibrium  model  in  the  present  system.  In  the 
semiquinone  system  any  intramolecular  exchange  of  the 
cation  should  be  less  favored  compared  to  hydrocarbon 
anions  owing  to  the  strong  electrostatic  attraction  be- 
tween the  oxygen  atom  and  the  counterion.  Further, 
our  results  show  that  the  association  between  the  ion 
pairs  decreases  in  the  order  Li  >  Na  >  K  for  different 
cations.  However,  on  the  basis  of  an  intramolecular 
exchange  model,  one  should  expect  the  association  to 
be  minimum  for  the  lighter  Li  ion,  and  the  association 
should  increase  in  the  order  Li  <  Na  <  K.  But  it  is 
not  possible  to  lay  too  much  emphasis  on  this  argument 
to  rule  out  the  possibility  of  the  jumping  model  as  a 
decrease  in  ionic  radius  in  going  from  K  to  Li  favors 
association. 
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Abstract:  Glycyl  methylene  splitting  due  to  chemical  shift  nonequivalence  occurs  in  the  proton  magnetic  reso- 
nance spectra  of  a  dozen  amino  acid-glycyl  dipeptides.  The  magnitude  of  the  splitting  does  not  appear  to  be  cor- 
related with  any  single  structural  element  and  is  reduced  by  the  addition  of  salt  or  urea  and  by  an  increase  in  tem- 
perature. The  chemical  shift  of  the  high-field  glycyl  methylene  hydrogen  in  phenylalanylglycine  actually  moves 
downfield  upon  loss  of  a  proton  from  the  ammonium  group.  Glycyl  methylene  splitting  also  occurs  in  the  central 
glycyl  residue  of  aminoacylglycylglycines,  but  not  in  aminoacylglycinamides.  Despite  the  almost  exclusive  appear- 
ance of  chemical  shift  nonequivalence  in  the  dipolar  ion  form  of  di-  and  tripeptides,  it  is  argued  that  head-to-tail 
folding  is  not  implied  but  rather  that  the  oppositely  charged  termini  of  the  molcules  provide  a  field  gradient  which 
acts  upon  nonequivalent  atoms  or  groups  of  atoms.  Nonbonded  interactions  of  the  amino  acid  side  chains  with 
atoms  of  planar,  trans  amide  bonds  restrict  the  number  of  allowed  rotamers  about  single  bonds  in  the  peptide 
backbone,  reducing  the  averaging  effect  and  resulting  in  possible  augmentation  of  field  gradients  at  nonequivalent 
atoms.  Examples  of  chemical  shift  nonequivalence  of  methyl  group  resonances  in  some  derivatives  of  valine  are 
also  reported. 


A  recent  survey  of  proton  magnetic  resonance  spec- 
tra of  amino  acids  and  peptides  reported  splitting 
of  the  methylene  hydrogens  in  leucylglycine  and  in  the 
middle  residue  of  leucylglycylglycine.*  This  splitting 
was  ascribed  to  preferences  for  certain  unspecified  ro- 
tamers. Because  of  the  importance  of  this  conclusion 
for  protein  conformation  and  the  efficacy  of  proton 
magnetic  resonance  spectroscopy  in  describing  these 
apparent  rotamers,  we  undertook  a  pmr  study  of  amino 
acid-glycine  dipeptides  for  19  of  the  20  (all  except 
asparaginyl)  amino  acid  residues  commonly  occurring 
in  proteins  and  for  others  as  well.  We  find  methylene 
splitting  in  at  least  12  dipeptides  and  also  confirm  its 
existence  in  tripeptides. 

Experimental  Section 

The  peptides  used  in  this  study  were  the  best  grade  commercially 
available  from  Cycle  Chemical  Corp.,  Mann  Research  Laboratories, 
and  Calbiochem  Corp.  N-Benzylbutyramide  was  synthesized  from 
It-butyric  anhydride  and  benzylamine  following  the  standard  pro- 
cedure, mp  49-49.5°,  lit.'  41-44°.  The  infrared  and  pmr  spectra 
are  consistent  for  the  product.  D-Phenylalanyl-L-valine  was 
synthesized  from  N-carbobenzoxy-o-phenylalanine  and  L-valine 
methyl  ester  hydrochloride,  purchased  from  Cyclo  Chemical  Corp. 
The  synthesis  was  carried  out  in  the  usual  way  with  N,N-dicy- 
clohexylcarbodiimide.  *  N-Carbobenzoxy-D-phenylalanyl-L-valine 
methyl  ester  was  prepared  in  methylene  chloride,*  followed  by 
basic  hydrolysis*  at  room  temperature  and  hydrogenolysis  in  a 
Parr  hydrogenation  apparatus.  The  infrared  and  pmr  spectra 
are  consistent  with  the  products  of  each  step.  Carbon,  hydrogen, 
and  nitrogen  analyses  are  in  excellent  agreement  with  the  inter- 
mediate and  final  products. 

Proton  magnetic  resonance  spectra  were  recorded  on  a  Varian 
A-60  nmr  spectrometer  equipped  with  variable-temperature  probe. 
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All  spectra  were  run  at  room  temperature  (about  25°)  except  where 
noted  for  leucylglycine.  Chemical  shifts  were  generally  calculated 
from  the  spectra  recorded  on  the  50-cycle  sweep  width.  Sweep 
widths  were  frequently  calibrated  with  the  Model  200  CD  wide- 
range  oscillator  and  5512  A  electronic  counter  manufactured  by  the 
Hewlett-Packard  Co. 

In  general,  0.3  to  0.5  mmole  of  the  compound  was  dissolved  in 
0.5  ml  of  DsO.  In  cases  where  the  compound  failed  to  dissolve 
completely,  NaOD  was  added  dropwise  until  the  sample  was 
completely  dissolved.  The  pH  was  measured  with  a  Beckman 
Model  G  pH  meter  equipped  with  a  Beckman  No.  40316  one-drop 
glass  electrode.  Observed  pH  meter  readings  are  reported.  After 
the  spectrum  was  recorded  at  this  pH,  either  NaOD  or  DO, 
depending  on  the  initial  pH,  was  added.  The  pH  was  again  meas- 
ured and  the  spectrum  recorded.  In  all  dipeptides,  spectra  were 
recorded  at  high  and  low  pH  and  at  or  near  to  the  isoelectric  pH. 
Where  possible  excess  acid  or  base  was  added  to  suppress  ioniza- 
tions. Some  peptide  spectra  were  recorded  at  intermediate  pH 
values.  The  pH  dependence  of  the  chemical  shifts  of  phenyl- 
alanylglycine was  determined  by  titrating  a  0.9  M,  pH  0.5  solution 
with  3.2  M  NaOD  and  a  0.8  M,  pH  11.5  solution  with  3.3  M 
DQ  using  a  Manostat  microburet.  All  chemical  shifts  are  re- 
ported in  ppm  downfield  from  sodium  3-(trimethylsilyl)-l-propane- 
sulfonate  (DSS)  as  an  internal  standard. 

Results 

In  acidic  or  basic  solutions,  the  glycyl  methylene  ab- 
sorption appears  as  a  single  resonance  line  for  most  of 
the  aminoacylglycines  studied  in  this  research.  Fre- 
quently this  resonance  peak  is  broadened  or  split 
into  an  AB  quartet  in  the  dipolar  ion  form  of  the  di- 
peptide.  In  the  last  case  a  Ai'  and  /ab  ni^y  be  cal- 
culated from  the  spectrum.  For  these  dipeptides  the 
high-field,  pb,  and  low-field,  vj^  chemical  shifts  in  ppm 
downfield  from  DSS  as  an  internal  standard  are  re- 
corded in  Table  I.  The  dipeptides  are  listed  in  approxi- 
mate order  of  increasing  Av.  Values  of  /ab  vary  only 
slightly  from  17.0  to  17.6  cps  with  a  tendency  for  the 
greater  values  to  appear  in  more  acidic  solutions.  The 
pH  values  for  the  solutions  recorded  in  Table  I  were 
carefully  regulated  so  that  a  single  charged  species 
predominated.  Charges  are  indicated  by  beginning 
with  the  N  terminal  ammonium  group  and  ending  with 
the  carboxylic  acid  charge  of  the  glycyl  residue.  For 
example,  the  three  charge  signs  for  a-glutamylglycine 
refer  successively  to  the  N  terminal  ammonium  group. 
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the  7-carboxylic  add  group,  and  the  glycyl  carboxylic 
add  group.  In  the  leucylglydne  spectra  of  the  earlier 
study,'  one  of  the  peaks  designated  as  an  impurity 
resonance  is  actually  the  highest  field  component  of  an 
AB  quartet,  while  the  lowest  field  component  occurs 
at  the  same  field  strength  as  the  CH  triplet. 


Table  I.    Chemical  Shifts  (ppm)  of  Glycyl  Methylene 
Protons  in  L-Aminoacylglycines' 


i^Amino- 

acylglycine 

VA 

1^ 

Glutaminyl 

+0 

4.10 

+  - 

3.85 

3.76 

0- 

3.78 

o-Glutamyl 

-fOO 

3.99» 

+ — 

3.88 

3.73 

0 

3.76 

o-Aspartyl 

+00 

4.08 

+ — 

3.84 

3.71 

0 

3.78 

Histidyl 

+  +0 

4.09 

-f-f- 

3.98 

3.83 

-fO- 

3.82« 

00- 

3.73 

Norvalyl 

+0 

4.04 

+- 

3.88 

3.71 

0- 

3.75 

Valyl 

+0 

4.08 

+- 

3.90 

3.71 

0- 

3.76 

Norleucyl 

+0 

3.99* 

+- 

3.88 

3.71 

0- 

3.75 

Leucyl 

+0 

4.06 

+- 

3.89 

3.70 

0- 

3.74 

Isoleucyl 

+0 

4.07 

+- 

3.90 

3.70 

0- 

3.76 

Xyrosyl 

+00 

4.02 

+0- 

3.95 

3.75 

00- 

3.82 

3.71 

0-- 

3.70 

Phenylalanyl 

+0 

4.00 

+- 

3.89 

3.60 

0- 

3.80 

3.67 

Tryptophanyl 

+0 

4.00 

+- 

3.97 

3.64 

0- 

3.79 

<*  In  ppm  downfield  from  DSS  as  internal  standard  in  DiO. 

*  Solution  insufficiently  acid  so  that  this  value  is  a  minimum  one. 

*  Indication  of  splitting. 


Using  a  peak  width  at  a  half-height  of  2  cps  or  less 
on  the  50-sweep  width  as  the  criterion,  as  well  as  no  in- 
dication of  the  low-intensity  outer  components  of  the 
AB  pattern,  we  observed  no  splitting  of  methylene 
hydrogens  in  neutral  solutions  of  the  following  dipep- 
tides  and  related  compounds:  glycylglycine,  d,l- 
alanylglydne,  j8-alanylglycine,  L-serylglydne,  L-threon- 
ylglycine,  L-prolylglycine,  hydroxy-L-prolylglycine,  l- 
arginylglycine,  L-methionylglycine,  L-cystinyl-bisglycine, 
glutathione,  acetylglycine,  benzoylglycine  (basic  solu- 
tion), N-benzylbutyramide  (in  CDCU  where  it  exhibited 
a  cis-trans  mixture),  sarcosylglycine,  glycylsarcosine 
(exhibits  a  cis-trans  mixture),  glycyl-L-tyrosine,  glycyl- 
L-leucine,  L-valylglydnamide,  and  L-tyrosylglycinamide. 
L-Lysylglycine  exhibited  a  peak  width  of  2.5  cps  which 
was  unresolvable.  Chemical  shift  differences  of  less 
than  about  0.1  ppm  would  be  detected  only  with  dif- 
ficulty  on   our  instrument.    Consideration   of  these 


results  and  those  reported  in  Table  I  indicates  that  no 
simple  single  factor,  such  as  electronegativity  or  the 
number  of  substituents  on  the  j3-carbon  atom,  appears 
to  account  for  the  magnitude  of  splitting. 

The  magnitude  of  the  methylene  splitting  in  dipolar 
ion  leucylglydne  was  observed  under  a  variety  of  solu- 
tion conditions.  The  increment  of  splitting  with  a  de- 
crease in  concentration  is  about  0.017  ppm/mole.  Solu- 
tions of  this  dipeptide  in  8  A/  urea  or  2.S  M  KCl  ex- 
hibited a  decrease  in  Ai'  of  about  0.04  ppm  or  20%. 
Increasing  concentrations  of  MgCU  are  more  effective 
on  a  molar  basis  than  KCl  in  causing  decreases  in  Ai^. 
A  solution  of  dipolar  ion  leucylglydne  in  DsO  at  100 
or  120^  exhibits  a  decrease  in  ^v  of  0.04  ppm  compared 
to  the  same  solution  at  room  temperature. 

Several  miscellaneous  features  of  the  spectra  of  the 
dipeptides  recorded  in  Table  I  are  worth  mentioning. 
SpUtting  of  the  glycyl  methylene  hydrogens  in  trypto- 
phanylglycine  persists  into  quite  add  solutions  but 
finally  becomes  unanalyzable  on  our  instrument  with 
a  peak  width  at  half-height  of  4  cps  near  zero  pH. 
The  phenylalanyl  part  of  phenylalanylglydnc  exhibits 
an  ABX  spectrum  in  basic  solutions  with  7ax  =  5.1, 
•/bx  =  8.4  cps,  and  Aj'ab  =  0.125  ppm.  In  neutral  and 
add  solutions  only  an  AsX  type  spectrum  is  obtained. 
The  results  are  similar  to  those  reported  for  phenyl- 
alanine^ and  other  amino  adds.**'  Upon  ionization 
of  the  phenolic  group  in  tyrosylglydne,  the  high-field 
hydrogens  of  the  A2B2  system  of  the  aromatic  ring 
undergo  an  upfield  shift  greater  than  do  the  low- 
field  hydrogens,  confirming  the  assignment  of  the  high- 
field  pair  as  those  ortho  to  the  hydroxyl  group.  ^® 

The  interesting  case  of  phenylalanylglycine,  where 
the  methylene  resonance  is  split  even  in  basic  solu- 
tions, was  carefully  studied  over  a  range  of  pH.  In- 
dividual variations  of  the  low-  and  high-field  proton 
resonances,  A  and  B,  respectively,  are  shown  in  Figure 
1.  A  sufficient  number  of  pH  values  were  studied  in 
order  to  establish  that  the  curves  in  Figure  1  do  not 
cross.  Plateaus  occur  where  one  kind  of  charged  spedes 
predominates.  Upon  removal  of  protons  from  the 
carboxylic  add  or  ammonium  groups,  the  resonance 
frequency  changes  in  a  manner  typical  of  a  titration 
curve.  The  midpoint  of  the  change  in  basic  solution 
where  the  ammonium  group  is  undergoing  deprotona- 
tion  occurs  at  an  observed  pH  in  DjO  of  7.8  for  both  A 
and  B  hydrogens.  A  similar  analysis  is  not  possible 
for  the  region  of  carboxylic  add  ionization  because 
the  spectra  collapse  into  a  single  average  line  before 
the  extreme  acid  limit  frequencies  of  the  A  and  B 
protons  may  be  established.  The  average  value  of 
the  chemical  shifts  of  A  and  B  protons  moves  upfield 
markedly  with  deprotonation  of  the  carboxylic  add 
group  and  slightly  with  deprotonation  of  the  ammonium 
group.  These  average  shifts  are  similar  to  those  ob- 
served for  the  other  dipeptides  and  for  the  single  peak 
of  the   C   terminal   residue   of  glycylglydne**  upon 
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(10)  R.  B.  Martin  and  V.  J.  Morlino,  Science,  150,  493  (1965). 

(11)  R.  Mathur  and  R.  B.  Martin.  /.  Phys.  Chem.,  «9,  668  (1965). 
The  chemical  shift  in  this  reference  for  the  C  tenninal  residue  of  dipoUr 
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equivalent  ionizations.  In  all  dipeptides  where  split- 
ting is  observed,  the  greatest  value  ofAv  occurs  in  solu- 
tions of  the  dipolar  ion. 

Unequal  chemical  shift  changes  are  exhibited  by  the 
A  and  B  protons  as  the  observed  pH  is  varied  in  Figure 
1.  Even  more  noteworthy  is  the  downfield  shift  of 
the  high-field  B  hydrogen  on  loss  of  a  proton  from  the 
ammonium  group  leaving  a  negatively  charged  mole- 
cule. This  downfield  shift  of  the  B  hydrogen  is  just 
compensated  by  an  upfield  shift  of  the  A  hydrogen  so 
that  the  average  shift  of  both  hydrogens  taken  together 
is  slightly  upfield  by  0.01  ppm  on  ammonium  ioni- 
zation. 

The  pronounced  difference  in  behavior  between  the 
A  and  B  protons  of  phenylalanylglycine  upon  ammon- 
ium ionization,  along  with  their  continued  separate 
resonances  in  basic  solutions,  suggested  that  a  com- 
parison of  the  resonances  of  L-phenylalanyl-L-valine 
with  its  diastereomeric  l,d  or  d,l  dipeptide  would  be 
informative.  Valine  was  chosen  for  the  carboxyl 
terminal  residue  because  there  is  only  one  asymmetric 
carbon  atom,  and  its  a-CH  hydrogen  resonance  is 
only  a  doublet  and  is  not  split  more  extensively.  Un- 
fortunately after  synthesizing  the  d,l  compound,  we 
found  the  dipolar  ion  form  insufficiently  soluble  in 
water.    The  results  arc  presented  in  Table  II. 

Table  11.    Valyl  Resonances  of  Phenylalanylvalines' 


' ^L,L 

Charge    a-CH        Methyls 


a-CH 


-D,L- 


Methyls 


-M)         4.23        0.97,0.88  4.18  0.78,0.67 

-h-        4.05       0.97,0.95,  Insoluble 

0.86,0.84 

0-  4.03        0.91,0.79  3.97  0.71,0.59 

In  ppm  downfield  from  DSS  as  an  internal  standard  in  DiO. 


In  the  cationic  and  anionic  forms,  the  valyl  methyl 
groups  of  phenylalanylvaline  appear  as  a  doublet  split 
by  the  j8-CH  hydrogen  with  coupling  constants  of  about 
6.8  cps.  In  the  dipolar  ion  form  four  peaks  appear  in 
the  methyl  region:  j3-CH  splitting  yields  a  similar  cou- 
pling constant,  and  there  is  a  second  splitting  of  0.018 
ppm  due  to  chemical  shift  nonequivalence.  The  double 
doublet  for  methyl  resonances  also  occurs  in  all  three 
ionic  forms  of  the  amino  acid  valine.'  The  splittings 
due  to  chemical  shift  nonequivalence  are  0.017,  0.053, 
and  0.072  ppm  for  the  cationic,  dipolar  ion,  and  anionic 
forms,  respectively,  with  the  high-field  methyl  group 
undergoing  the  largest  shift  with  pH.  With  no  j3-CH 
hydrogen  present,  the  appearance  of  two  peaks  in  the 
methyl  region  of  penicillamine  (j3-mercaptovaline) 
must  be  due  to  chemical  shift  nonequivalence.  The 
chemical  shift  differences  are  0.06,  0.08,  0.25,  and  0.24 
ppm  for  the  +1,  0,  —1,  and  —2  charged  forms,  re- 
spectively. Again  the  high-field  methyl  peak  under- 
goes the  greater  shift  with  pH.  Unlike  the  dipeptides, 
where  the  greatest  chemical  shift  nonequivalence  for 
either  methyl  group  or  hydrogen  splitting  occurs  in  the 
dipolar  ion  form,  the  splitting  due  to  this  cause  is 
greater  in  the  most  negatively  charged  species  of  amino 
acids.*  The  tripeptide  valylglycylglycine  exhibits  a 
double  doublet  for  the  methyl  groups  only  in  basic 
solution  with  a  splitting  due  to  chemical  shift  nonequiv- 
alence of  about  0.02  ppm. 


Figure  1.  Chemical  shift  in  ppm  downfield  from  DSS  as  internal 
standard  vs.  observed  pH  meter  readings  for  glycyl  methylene 
protons  A  and  B  of  0.75  M  phenylalanylglycine  in  DsO.  Bullseyes 
represent  two  points.  Solid  points  in  most  acid  solutions  are 
average  values  for  unresolved  peaks. 


A  select  sample  of  aminoacylglycylglycine  tripeptides 
was  also  examined  for  glycyl  methylene  splitting  in 
neutral  solutions.  Consistent  with  the  behavior  of  the 
corresponding  dipeptides,  no  splitting  was  observed  in 
alanylglycylglycine  and  prolylglycylglycine.  A  small 
splitting  in  the  central  glycyl  residue  was  observed  in 
valylglycylglycine.  SuflScient  splitting  of  the  methyl- 
ene hydrogens  in  the  central  glycyl  residue  to  permit 
analysis  was  observed  in  leucylglycylglycine  and  phe- 
nylalanylglycylglycine.  Though  no  splitting  of  the 
terminal  glycine  appeared,  the  methylene  hydrogens  of 
the  central  glycyl  residue  exhibited  an  AB  quartet 
in  leucylglycylglycine  (vj^  =  4.06,  vb  =  3.98  ppm) 
and  phenylalanylglycylglycine  (v^  =  3.98,  vb  =  3.88 
ppm).  No  splitting  was  observed  in  either  glycyl 
residue  of  glycyl-L-leucylglycine. 

Discussion 

In  order  to  exhibit  chemical  shift  nonequivalence  in 
nuclear  magnetic  resonance  spectra,  two  conditions 
must  be  met.  To  be  chemical  shift  nonequivalent, 
atoms  or  groups  may  not  be  related  by  a  symmetry 
operation  taking  into  consideration  internal  motions 
that  are  rapid  compared  to  the  time  scale  of  an  nmr 
experiment.  Secondly,  there  must  exist  a  sufficient 
field  gradient  so  that  the  nonequivalent  atoms  or  groups 
exhibit  chemical  shifts  resolvable  on  the  instrument 
employed. 

For  the  L-amino  acid-glycine  dipeptides  of  this  study, 
no  symmetry  element  exists  along  the  N-CH2  bond  axis. 
Even  if  rotation  about  the  planar  and  trans  amide  bond 
were  rapid,  the  methylene  hydrogens  would  still  be  non- 
equivalent  in  these  optically  active  dipeptides  and 
their  racemic  mixtures.  Only  if  inversion  at  the  asym- 
metric carbon  atom  were  rapid  compared  to  the  nmr 
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chemical  shift  would  a  plane  of  symmetry  include  the 
N-CH2  bond  axis.  This  explanation  for  chemical 
shift  nonequivalence  arising  from  molecular  dissym- 
metry does  not  invoke  rotamer  preferences  about  the 
N-CH2  or  C-CO  bonds.  If  such  favored  rotamers  do 
exist,  they  might  serve  to  enhance  dissymmetry  and 
hence  nonequivalence.  The  main  question  posed  by 
the  results  reported  here  is,  "To  what  extent  are  the  ob- 
served chemical  shift  differences  in  glycyl  methylene 
hydrogens  augmented  or  due  solely  to  rotamer  prefer- 
ences?" 

Since  rotations  about  all  single  bonds  except  the  C-N 
bond  in  the  peptide  backbone  are  rapid,  proton  mag- 
netic resonance  spectra  represent  weighted  average 
spectra  over  all  rotamers  present.  Each  kind  of 
rotamer  gives  rise  in  general  to  unique  shielding  at 
each  hydrogen  or  other  atom.  If  rotamers  are  equally 
represented  about  the  whole  360°,  then  parts  of  their 
individual  contributions  probably  cancel  and  observed 
chemical  shifts  represent  highly  averaged  values.  In 
this  case  contributions  to  chemical  shifts  from  rotamer 
preferences  are  considered  insignificant,  and  any 
splitting  is  ascribed  to  field  eff'ects  operating  on  an 
asymmetric  environment. 

One  of  the  problems  in  assessing  the  importance  of 
rotamer  preferences  is  that  potential  barriers  about 
Ca-N  and  Ca-CO  single  bonds  in  the  peptide  backbone 
are  not  well  defined,  but  appear  to  be  very  low,  with 
the  result  that  large  numbers  of  rotamers  may  be  sig- 
nificant. Primarily  because  of  the  tram  conformation 
of  the  planar  amide  group,  rotations  about  single  bonds 
within  a  given  amino  acid  residue  are  nearly  indepen- 
dent of  rotations  about  neighboring  residues  in  the 
peptide  chain.  ^^  However,  nonbonded  interactions 
of  the  amino  acid  side  chains  with  atoms  of  trans^ 
planar  amide  bonds  restrict  the  number  of  allowed 
rotamers  even  in  the  case  of  glycine  and  markedly 
more  so  for  larger  side  chains.^'  In  the  aminoacyl- 
glycines  certain  rotamers  are  disadvantaged  because  of 
nonbonded  interactions,  but  there  remains  a  consider- 
able arc  over  which  rotamers  can  occur,  especially 
about  the  N-CH2  single  bond.  There  does  not  seem 
to  be  a  good  correlation  between  the  extent  of  methyl- 
ene splitting  and  the  permissible  arc  over  which  rotamers 
can  occur.  Though  large  groups  with  restricted  rota- 
mers show  chemical  shift  nonequivalence  and  appear 
in  Table  I,  side-chain  groups  with  equally  restricted 
rotamers  appear  in  the  list  where  any  splitting  was  too 
small  to  be  observed. 

Several  studies  of  the  physical  properties  of  di-, 
tri-,  tetra-,  and  pentapeptides  have  been  interpreted  to 
indicate  a  lesser  end-to-end  distance  in  those  peptides 
that  contain  some  d  amino  acid  residues  than  in  those 
that  contain  only  L  residues.  This  conclusion  has 
been  drawn  from  comparisons  of  acid  ionization  con- 
stants,^* transition  metal  ion  interactions,^^  dielectric 
increments, ^''^^  rates  of  ring  closure, *^*^  and  proton 

(12)  D.  A.  Brant  and  P.  J.  Flory,  /.  Am.  Chem.  Soc,  87,  2788.  2791 
(1965). 

(13)  S.  J.  Leach,  G.  Ndmethy,  and  H.  A.  Scheraga,  Biopolymers,  4, 
369  (1966). 

(14)  E.  EUcnbogen.  /.  Am.  Chem.  Soc.,  74,  5198  (1952);  78,  369 
(1956);  /.  Cellular  Comp.  Physiol,  47,  151  (1956);  N.  C.  Li.  G.  W. 
Miller.  N.  Solony.  and  B.  T.  Gillis,/.  Am.  Chem.  Soc,  82,  3737(1960). 

(15)  G.  W.  Miller.  B.  T.  GiUis,  and  N.  C.  Li,  /.  BioLChem.,  235,  2840 
(1960). 

(16)  J.  Beacham.  V.  T.  Ivanov,  G.  W.  Kenner,  and  R.  C.  Sheppard. 
Chem.  Commun.,  386  (1963). 


magnetic  resonance  spectra.  ^'  Not  all  of  these  ex- 
periments were  performed  on  the  dipolar  ion  form  of 
the  peptide;  in  the  last  two  kinds  of  measurements 
the  cafboxylic  acid  groups  were  uncharged. 

Examination  of  nonbonded  interactions  by  use  of 
Courtauld's  molecular  models  indicates  that  the  amino 
and  carboxylic  acid  groups  are  brought  closer  together 
in  L,D  than  in  l,l  dipeptides.  This  result  is  inde- 
pendent of  pH  or  charge  on  the  terminal  groups;  the 
conclusion  is  forced  by  consideration  of  nonbonded 
interactions  alone.  Thus  the  results  referred  to  in  the 
previous  paragraph  receive  a  natural  explanation  so 
that  it  is  not  necessary  or  desirable  to  invoke  interac- 
tions between  opposite  charges  inducing  preferred 
rotamers.  Nearly  the  same  rotamer  preferences  exist 
in  the  presence  and  absence  of  the  dipolar  ion  charge 
distribution.  No  special  folded  conformation  is  pro- 
duced by  attraction  of  oppositely  charged  ends  of  the 
molecule.  In  an  independent  study,  the  chemical 
shifts  produced  upon  proton  ionization  in  glycine, 
alanine,  and  their  di-  and  tripeptides  are  correlated 
with  the  separation  along  the  chain  of  the  measured 
hydrogen  from  the  protonic  center,  indicating  that 
head-to-tail  folding  does  not  occur  to  an  observable 
extent  in  these  compounds.^ 

The  same  nonbonded  interactions  that  force  the 
amino  and  carboxylate  groups  to  be  closer  together  in 
the  D,L  dipeptide  also  force  the  side  chains  to  be  closer 
together  than  in  the  l,l  diastereomer.  When  one  of 
the  side  chains  is  aromatic,  the  other  appears  in  its 
shielding  cone  in  the  d,l  dipeptide  with  the  result  that 
all  valyl  resonances  in  Table  II  for  phenylalanylvalines 
appear  at  higher  field  in  this  diastereomer  than  in  the 
l,l  compound.  An  identical  explanation  accounts  for 
the  observed  higher  field  resonances  in  the  nonaromatic 
side  chain  of  the  d,l  diastereomers  of  leucyltyrosine^' 
and  alanyltyrosine^^  compared  to  the  l,l  dipeptides. 

Counting  separately  individual  charged  forms,  nearly 
100  compounds  were  examined  in  this  study  of  chemical 
shift  nonequivalence,  yet  methylene  hydrogen  or  methyl 
group  nonequivalence  was  observed  only  in  dipolar  ion 
forms  or  with  aromatic  amino  acid  residues.  The 
lack  of  correlation  between  the  magnitude  of  non- 
equivalence  and  the  allowed  rotamers  as  derived  from 
peptide  maps,  along  with  the  dependence  of  rotamer 
preferences  on  nonbonded  interactions  and  their  in- 
dependence of  charge  distribution,  suggests  that 
rotamer  preferences  are  not  the  primary  cause  for 
nonequivalence  in  the  di-  and  tripeptides  of  this  study. 
Rather  the  asymmetric  carbon  provides  the  potential 
for  chemical  shift  nonequivalence  which  is  realized 
by  the  field  gradients  produced  in  dipolar  ion  forms  and 
by  aromatic  groups.  Any  rotamer  preferences  that 
occur  as  a  result  of  nonbonded  interactions  might 
serve  to  heighten  nonequivalence. 

Methylene  splitting  also  occurs  in  the  central  glycyl 
residues  of  the  dipolar  ion  forms  of  the  tripeptides 
leucylglycylglycine  and  phenylalanylglycylglycine  where 
the  charge  separation  is  almost  50%  greater  than  in 

(17)  p.  M.  Hardy,  G.  W.  Kenner,  and  R.  C.  Sheppard,  Tetrahednm, 
19,  95  (1963). 

(18)  G.  W.  Kenner,  P.  J.  Thomson,  and  J.  M.  Turner.  J.  Chem.  Soc., 
4148(1958). 

(19)  F.  A,  Bovey  and  G.  V.  D.  Tiers,  /.  Am.  Chem.  Soc.,  81,2«70 
(1959). 

(20)  M.  van  Gorkom,  Tetrahedron  Letters,  44,  S433  (1966). 

(21)  T.  Wieland  and  H.  Bende,  Chem.  Ber.,  98,  504(1965). 
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dipeptides.  The  splitting  in  these  two  tripeptides 
is  about  40  %  of  that  observed  in  the  corresponding  di- 
peptides. Lack  of  observed  methylene  splitting  in  the 
terminal  glycyl  residues  of  tripeptides  and  either 
glycyl  residue  in  glycyl-L-leucylglycine  is  evidently  due  to 
their  being  out  of  a  region  of  sufficient  field  gradient. 

Temperature  dependence  of  the  extent  of  methylene 
splitting  may  in  principle  distinguish  field  from  rotamer 
effects  since  all  rotamers  should  be  nearly  equally 
populated  at  high  temperatures,  leaving  only  the 
averaged  field  effect  to  contribute  to  chemical  shift 
nonequivalence.  In  the  case  of  leucylglycine  an  in- 
crease in  temperature  from  25  to  120®  reduced  the 
methylene  splitting  by  about  20%.  Not  even  this 
degree  of  splitting  may  be  ascribed  to  rotamer  prefer- 
ences about  C-C  single  bonds  because  collapse  of  amide 
spectra  has  been  observed  at  less  than  100®  owing  to 
the  onset  of  rapid  rotation  about  the  C-N  bond. 
Because  of  the  small  energy  differences  between  po- 
tential minima,  a  very  wide  temperature  range  would 
have  to  be  studied  in  order  to  assess  quantitatively 
the  importance  of  rotamers  about  C-C  single  bonds. 
It  does  not  seem  possible  to  separate  rotamer  from  field 
effects  on  the  basis  of  the  ionic  strength  dependence  of 
Av.  We  are  unable  to  determine  precisely  the  extent 
to  which  rotamer  preferences  due  to  nonbonded  inter- 
actions contribute  to  chemical  shift  nonequivalence, 
which  is  due  primarily  to  field  effects  in  the  compounds 
reported  in  this  study. 

Methylene  or  methyl  group  splitting  has  also  been 
observed  in  many  compounds  that  contain  no  charged 
groups.  Chemical  shift  nonequivalence  has  been  ob- 
served in  the  nitrogen  substituents  of  uncharged  amides 
with  an  asymmetric  center  in  the  carbonyl  substituent.'* 

(22)  T.  H.  SiddaU.  7.  Phys.  Chem,,  70,  2249  (1966).    Consider,  for 
instance,  the  methyl  groups  in  compound  11. 
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The  presence  of  an  AB  quartet  of  the  methylene  hy- 
drogens of  neopentyl  O-methylmandelate*'  demon- 
strates that  nonequivalence  may  occur  across  ester  as 
well  as  amide  bonds.  Methyl  group  nonequivalence 
has  been  observed  in  several  isopropyl  esters.**  In 
these  compounds  polar  and  aromatic  groups  may  pro- 
duce field  gradients  and  nonequivalence  as  do  charged 
and  aromatic  groups  in  peptides.  The  important  role 
of  solvent  in  contributing  to  the  magnitude  of  chemical 
shift  nonequivalence  of  solutes  has  been  stressed  In 
cases  where  rotamer  preferences  appear  unable  to 
account  for  the  results,  greater  magnitudes  of  methyl- 
ene splitting  are  observed  in  media  of  lower  dielectric 
constants.*' 

Two  arguments  suggest  that  the  high-field  resonance 
in  the  aminoacylglycine  dipeptides  is  the  one  that  would 
remain  if  the  glycyl  residue  were  stereoselectively  deu- 
terated  so  that  the  deuterium  atom  appears  in  the  posi- 
tion of  the  side  chain  in  an  l,d  or  d,l  dipeptide.  Table 
II  shows  that  the  high-field  a-CH  hydrogen  resonance  of 
phenylalanylvalines  occurs  in  the  d,l  diastereomer. 
In  addition,  selective  deuteration  of  the  methylene 
group  in  neopentyl  O-methylmandelate  such  that  the 
product  might  be  considered  analogous  to  a  d,l  com- 
poimd  results  in  retention  of  the  high-field  resonance.** 
Since  both  of  these  examples  contain  phenyl  groups, 
the  conclusion  is  valid  for  the  compounds  with  non- 
aromatic  side  chains  in  Table  I  only  if  the  additional 
effect  of  an  aromatic  group  is  simply  to  augment  and 
not  to  reverse  the  sign  of  the  chemical  shift  difference 
found  with  aliphatic  groups. 
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Abstract:  Piatt's  model  for  diatomic  hydrides  has  been  reevaluated  using  dementi's  Roothaan-Hartree-Fock 
atomic  wave  functions.  The  diatomic  hydrides  from  Ht  through  HBr  have  been  treated.  The  calculated  equi- 
librium intemuclear  distances  are  in  excellent  agreement  with  experimental  values  for  the  united-atom  model,  (Z  + 
ly  -►  (ZHy,  but  are  too  large  for  the  separated-ion  model,  (Z)-,  H+  -►  (ZH)p.  The  calculated  force  constants 
are  also  in  better  agreement  with  experiment  for  the  united-atom  model. 


The  united-atom  model  for  diatomic  hydrides  has 
been  the  subject  of  a  considerable  literature  since 
the  initial  formulation  by  Piatt  in  1950.  »-w    In  the 

(1)  This  research  was  supported  by  a  grant  from  the  National  Science 
Foundation. 
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R.cscflrch  Fellow 

(3)  J.  R.  Platti  /.  Chem.  Phys.,  18,  932  (1950). 
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Springer- Vo-lag,  Berlin,  1961,  p  240. 

(5)  W.  L.  Clinton,/.  Chem,  Phys,,  33,  1603 (1960). 


model  one  begins  with  a  neutral  atom  of  atomic  number 
Z  +  1.  The  wave  function  is  assumed  to  have  aver- 
aged spherical  symmetry.  A  proton  is  removed  from 
the  nucleus  and  allowed  to  move  out  through  the  fixed 

(6)  S.  Bratoz,  R.  Daudel,  M.  Roux,  and  M.  Allavena,  Rev.  Mod. 
Phys.,  32,  412  (1960). 
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(9)  T.  F.  Moran  and  L.  Friedman,  ibid.,  40,  860  (1964). 

(10)  A.-S.  A.  Wu  and  F.  O.  Ellison,  Theoret.  Chim.  Acta,  4,  460 
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Figure  1.  Comparison  of  experimental  intemuclear  distances  (1) 
with  those  calculated  by  the  united-atom  model  (2)  and  by  the 
separated-ion  model  (3). 


electron  distribution.    At  any  distance  r  from  the 
nucleus  it  experiences  a  force 


Fn  = 


I 


-Z  +       ***r*  dr 


(1) 


where  ^  is  the  normalized  radial  function  for  the  initial 
neutral  atom  of  atomic  number  Z  +  1.  Zero  force  is 
achieved  when  the  numerator  on  the  right-hand  side  is 
zero.  Thus  r^^  the  equilibrium  internuclear  distance, 
is  determined  by  the  relation 


'£ 


***r2  dr 


(2) 


Differentiation  of  eq  1  gives 

(3) 

This  derivative  at  the  equilibrium  distance  r  =  r^ 
gives  the  force  constant  k  for  M-H  stretching.  At  r  = 
Te,  the  first  term  on  the  right  is  zero,  so 


Thus,  both  the  equilibrium  internuclear  distance  and 
stretching  force  constant  are  obtainable  from  a  knowl- 
edge of  the  united-atom  wave  function.  Alternatively, 
one  might  begin  with  the  separated-ion  wave  function 
for  M~  and  bring  the  proton  in  through  the  fixed  wave 
function  until  a  point  of  zero  force  is  reached.  Since 
the  model  itself  is  not  exact,  the  two  procedures  will 
not  in  general  lead  to  the  same  values  for  r^  and  fc,  even 
if  the  exact  united-atom  and  separated-ion  wave  func- 
tions were  employed. 

It  has  been  pointed  out  that  Piatt's  model  violates  the 
quantum  mechanical  virial  theorem,  by  requiring 
d^*^/dr  to  be  zcro.^ 

This  deficiency  can  be  remedied^  by  an  appropriate 
scaling  factor  t/o,  given  by 


^0 


-■-U" 


***r  dr 


where  U  is  the  united-atom  potential  energy,  and  po 
is  determined  by  the  condition 


J»po 
0^ 


***r*  dr 


(6) 
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Figure  2.  Comparison  of  experimental  force  constants  (1)  with 
those  calculated  by  the  united-atom  model  (2)  and  by  the  separated- 
ion  model  (3). 


The  equilibrium  internuclear  distance  is  then  given  by 
re  =  polvo'  The  scaled  force  constant  is  given  by  the 
relationship 

k  =  i;o****(i;o  -  Po»***/t0"'  0) 

In  this  expression  it  is  assumed  that  the  united-atom 
wave  function  satisfies  the  atomic  virial  theorem,  which 
is  in  fact  the  case  in  the  results  presented  here.  Equa- 
tion 7  approaches  Piatt's  expression  (eq  4)  as  170  -♦  1- 
Equation  5  requires  amendment  for  the  separated-ion 
model;  the  correct  expressions  are  given  by  Hall  and 
Rees.^ 

Despite  a  perennial  interest  in  Platt*s  model,  and 
numerous  considerations  of  its  significance  and  limita- 
tions, it  has  not  as  yet  been  thoroughly  tested  in  terms 
of  an  extensive  set  of  accurate  atomic  and  ionic  wave 
functions.  The  recent  appearance  of  such  wave  func- 
tions makes  adequate  testing  feasible.  We  present 
herein  the  application  of  Piatt's  model  for  both  united- 
atom  and  separated-ion  wave  functions  to  the  exten- 
sive set  of  atomic  and  ionic  wave  functions  of  Qc- 
menti"  for  the  elements  He  through  Kr,  both  with  and 
without  scaling.  In  the  following  paper,**  the  model  is 
extended  to  a  consideration  of  the  transition  metal 
carbonyl  hydrides. 

Computation 

The  atomic  and  ionic  wave  functions  employed  in  our 
calculations  are  the  analytical  Hartree-Fock  functions 
developed  by  Clementi.^*  The  total  wave  functions 
are  expressed  as  sums  of  several  Slater  determinants 
which  are  in  turn  antisymmetrized  products  of  one- 
electron  spin  orbitals.  The  orbital  functions  arc  ob- 
tained by  solving  the  Roothaan-Hartree-Fock  equa- 
tions.^' The  orbitals  which  make  up  the  Slater  deter- 
minants are  of  the  form 


(5)       in  which  X  is  a  symmetry  index  (quantum  number  0 


(11)  (a)  E.  Clementi,  /.  Chem.  Phys.,  41,  303  (1964),  and  previous 
papers  referenced  therein;  (b)  E.  Clementi,  IBM  J,  Res.  Develop,  SmpP^* 
9,2(1965). 
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Chem.  5oc..  89,  3114(1967). 

(13)  C.  C.  J.  Roothaan,  Reo.  Mod.  Phys.,  32,  179  (1960),  and  refer- 
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Table  I.    Observed  Data  for  Diatomic  Hydrides  and  Calculated  Values  Using  the  United- Atom  and  Separated-Ion  Approximations 


* Separated-ion ^ 

-  United-atom  approximation 

approximation 

k. 

Te, 

Scale 

ife*(calcd 

k^  (calcd 

Te*  (calcd 

ik* 

r.* 

Z« 

exptl* 

exptl* 

factor 

unsealed) 

scaled) 

scaled) 

(calcd) 

(calcd) 

HH 

2 

5.71 

0.74* 

0.761 

36.3 

24.8 

0.56 

HeH 

3 

•  •  • 

•  •  ft 

0.805 

1.36 

0.73 

1.01 

LiH 

4 

1.03 

1.60 

0.853 

1.91 

1.22 

1.52 

0.18 

2.66 

BeH 

5 

2.26 

1.30* 

0.881 

3.06 

2.16 

1.37 

BH(»P) 

6 

3.04 

1.23* 

0.900 

4.75 

3.56 

1.22 

0.93 

1.75 

BH(»D) 

0.900 

4.54 

3.37 

1.23 

0.72 

1.82 

BH(»S) 

0.899 

4.05 

3.00 

1.26 

0.91 

1.77 

CH(*S) 

7 

4.37 

1.12* 

0.913 

7.03 

5.44 

1.09 

2.04 

1.43 

CH(«D) 

0.913 

6.55 

5.07 

1.11 

1.70 

1.48 

CH(»P) 

0.913 

6.25 

4.84 

1.12 

1.50 

1.52 

NH(»P) 

8 

5.98* 

1.04* 

0.923 

9.05 

7.23 

1.03 

2.92 

1.28 

NH(»D) 

0.923 

8.80 

7.0 

1.01 

2.73 

1.30 

NH(»S) 

0.923 

8.28 

6.62 

1.02 

2.35 

1.33 

OH 

9 

7.76 

0.97* 

0.931 

11.6 

9.50 

0.93 

4.27 

1.15 

FH 

10 

9.66 

0.92« 

0.937 

14.6 

12.1 

0.86 

5.97 

1.04 

NeH 

11 

•  •  • 

•  •  • 

0.943 

1.29 

1.08 

1.21 

NaH 

12 

0.78 

1.89* 

0.947 

1.09 

0.93 

1.70 

MgH 

13 

1.27 

1.73* 

0.952 

1.24 

1.07 

1.77 

A1H(»P) 

14 

1.61 

1.65» 

0.946 

1.70 

1.45 

1.69 

0.40 

2.35 

AlH(iS) 

1.42 

1.25 

1.74 

0.16 

2.75 

SiH 

15 

2.46* 

1.52* 

0.958 

2.34 

2.08 

1.56 

0.80 

2.03 

PH 

16 

3.26* 

1.44* 

0.961 

2.89 

2.59 

1.48 

1.12 

1.85 

SH 

17 

1 .  Z5*'* 

0.963 

3.34 

3.00 

1.40 

1.57 

1.69 

CIH 

18 

5.15 

1.27- 

0.965 

4.57 

4.13 

1.31 

2.16 

1.56 

KH 

20 

0.56 

2.24* 

0.969 

0.27 

0.24 

2.18 

0.09 

3.47 

TiH 

23 

•  •  • 

•  •  • 

0.973 

0.85 

0.79 

1.89 

0.19 

2.75 

VH 

24 

•  •  • 

■  •  • 

0.974 

0.96 

0.89 

1.82 

CrH 

25 

•  ■  • 

•  •  • 

0.975 

1.05 

0.98 

1.75 

0.22 

2.59 

MnH 

26 

1.38 

1.73* 

0.976 

1.19 

1.09 

1.70 

0.25 

2.48 

FeH 

27 

•  •  • 

1.59-*.^ 

0.977 

1.34 

1.26 

1.62 

0.27 

2.41 

CoH 

28 

2.09* 

1.54-* 

0.977 

1.42 

1.33 

1.59 

0.28 

2.38 

NiH(4s*3d») 

29 

2.17* 

1.47* 

0.978 

1.52 

1.43 

1.55 

NiH(48»3dM) 

0,978 

2.24 

2.11 

1.33 

1.2 

1.46 

CuH 

30 

2.18 

1.46* 

0,979 

1.74 

1.64 

1.49 

0.36 

2.17 

ZnH 

31 

1.50 

1.59* 

0.980 

1.44 

1.36 

1.65 

GaH 

32 

•  •  • 

1.66/ 

0.980 

1.49 

1.41 

1.70 

0.39 

2.33 

GeH 

33 

•  •  • 

1.59* 

0.981 

2.07 

1.97 

1.62 

BrH 

36 

4.12 

1.41* 

0.982 

3.25 

3.09 

1.47 

1.64 

1.72 

«  Atomic  number  of  corresponding  united  atom.  ^  In  imits  of  10*  dynes/cm.  k  is  calculated  from  &>«  values'  (/.«.,  it  is  corrected  for  anhar- 
monicity)  except  where  noted.  '  In  angstroms.  *  The  equilibrium  values  given  here  are  ro  as  defined  in  footnote  g.  The  ro  values  differ 
very  little  from  the  r.  values.  For  example,  r^  for  NiH  is  1.47  A,  whereas  ro  is  1 .49  A.  *  Data  taken  from  Tables  de  Constantes  et  Donnte 
Numeriques,  Vol.  4,  B.  Rosen,  Ed.,  Hermann  &  Cie,  Depositaires,  Paris,  1951 .  /  Value  estimated  by  J.  L.  Margrave,  /.  Phys.  Chem.,  58, 258 
(1954).  '  G.  Herzberg,  ^'Molecular  Spectra  and  Molecular  Structure.  1.  Spectra  of  Diatomic  Molecules,"  D.  Van  Nostrand  Co.,  Inc., 
Princeton,  N.  J.,  1950.  *  B.  Kleman  and  £.  Werhagen,  Arkio  Fysik,  6,  359  (1953).  •  Calculated  from  AGi/i  values  as  defined  in  footnote  g. 
These  values  are  uncorrected  for  anharmonicity  in  the  vibrations.  The  correction  is  usually  small  and  results  in  a  2%  error  at  most  in  k, 
i  There  are  two  observed  states.    In  the  other,  ro  =>  1 .48  A.    *  The  force  constants  are  calculated  from  We  values  which  are  not  well  known. 


and  a  is  the  subspecies  index  which  labels  the  individual 
members  of  the  degenerate  set  transforming  according 
to  the  X  representation.  The  subscript  p  refers  to  the 
pih  basis  function  of  symmetry  X.  TTie  x's  are  Slater- 
type  orbitals  with  integral  quantum  numbers 

We  are  concerned  with  the  radial  part  of  the  orbitals 

Rxp  =  [(2/ix^)!r*/'(2rx,rx.  +  V«r-x,-exp(-fx^)    (8) 

The  size  of  the  basis  set  employed  in  obtaining  each 
f^ixa  varies.  In  all  cases,  however,  the  resulting  atomic 
wave  functions  are  very  good  approximations  to  the 
Hartree-Fock  limit  and  represent  the  most  accurate 
extensive  set  of  wave  functions  presently  available. 

The  solutions  to  eq  2  or  6  and  5  are  found  by  numeri- 
cal integration  of  the  appropriate  expansions  at  various 
values  for  r.  The  values  for  fc,  from  eq  2  or  7,  are  readily 
computed  once  970,  po»  and  r^  are  known  ({/is  given  by 
Clementi).    The  results  for  the  binary  hydrides  are 


given  in  Table  I  for  the  united-atom  and  separated-ion 
models.  (Scaling  was  not  included  in  the  separated-ion 
caculations  because  the  scale  factor  is  essentially  unity 
in  all  cases.) 

The  internuclear  M-H  distances  calculated  by  the 
two  methods  are  compared  with  the  experimental  results 
in  Figure  1. 

Discussion 

It  is  quite  evident  from  Table  I  and  Figure  1  that  the 
united-atom  model  yields  very  good  values  for  the 
internuclear  distance.  Discounting  the  results  for  the 
first  two  or  three  elements,  to  which  the  model  can 
hardly  be  expected  to  apply,  the  error  seldom  exceeds 
5%.  This  is  a  particularly  pleasing  result,  since  Piatt 
was  unable  to  obtain  satisfactory  values  for  r^  with  the 
atomic  wave  functions  available  to  him.  It  is  also 
noteworthy  that  the  united-atom  model  gives  much 
better  results  for  r^  than  the  separated-ion  model.  It 
has  not  been  obvious  until  now  that  this  would  prove 
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to  be  the  case,  and,  in  fact,  arguments  have  been  ad- 
vanced' for  the  superiority  of  the  latter  model.  The 
united^atom  model  is  also  clearly  more  successful  in 
calculating  the  force  constants  (Figure  2).  The  general 
trend  of  force  constant  within  each  horizontal  row  is 
reproduced  quite  well.  The  errors  in  the  calculated 
vaJues  for  this  observable  are  relatively  much  larger 
than  for  the  internuclear  distance.  The  reasons  for  this 
are  perhaps  most  evident  when  the  problem  is  viewed 
in  terms  of  the  Hellmann-Feynman  theorem.  The  ex- 
pectation value  for  internuclear  distance  is  dependent 
on  the  equilibrium  wave  function,  for  which  the  Har- 
tree-Fock  atomic  wave  function  for  the  neutral  atom  of 
Z  +  1  nuclear  charge  is  apparently  a  good  approxima- 
tion. The  stretching-force  constant,  however,  involves 
an  expression  of  the  f orm^ 


2Z      r 


Sff*^ 


d*V, 


ne 


dr' 


dT  + 


f 


d(***)  dK, 


ne 


dr        dr 


dr 


(9) 


where  K^e  is  the  nuclear-electronic  attraction  operator, 
^ne  =  2a  —  l/faH,  whcrc  thc  sum  is  over  all  electrons. 
The  last  term  in  this  equation  is  a  measure  of  relaxa- 
tion in  the  electron  distribution  accompanying  nuclear 
motion.  In  the  Piatt  model  this  term  is  assumed  to  be 
zero.  Only  a  fortunate  cancellation  with  another  large 
term  of  opposite  sign  can  yield  a  satisfactory  value  for  A:. 
Such  a  cancellation  does  apparently  exist,  but  k  is 
nevertheless  not  as  accurately  predicted  as  r^. 

Acknowledgment.    Calculations  were  performed  at 
the  University  of  Illinois  Digital  Computer  Laboratory. 
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Abstract:  Piatt's  united-atom  model  for  diatomic  hydrides  is  extended  to  metal  carbonyl  hydrides.  The  equa- 
tions are  the  same  as  for  the  diatomic  case,  except  that  a  classical  approximation  is  employed  to  take  account  of 
net  charge  which  may  be  present  on  the  CO  groups.  The  model  provides  a  simple  picture  for  metal-hydrogen  bond- 
ing and  accounts  nicely  for  the  similarity  in  M-H  stretching  frequency  with  the  corresponding  diatomic  metal 
hydride.  The  following  values  are  estimated  for  equilibrium  M-H  distances :  Mn(CO)6H,  1 .60  A ;  Co(CO)4H,  1 .40 
A ;  Fe(CO)4H -  1 .40  A ;  Cr(CO)5H-,  1 .50  A. 


The  transition  metal  carbonyl  hydrides  are  an  inter- 
esting and  varied  group  of  compounds.  *••  The 
purpose  of  the  present  contribution  is  to  consider  the 
metal-hydrogen  bond  in  terms  of  an  extension  of  Piatt's 
model  for  diatomic  hydrides.**^ 

The  metal  carbonyl  hydrides  can  be  considered  to 
derive  in  principle  from  a  parent  metal  carbonyl  mole- 
cule or  ion  by  abstraction  of  a  proton  from  the  nucleus 
of  the  central  metal  atom.*  The  abstracted  proton  is 
allowed  to  move  out  through  an  electronic  environ- 
ment which  is  forced  to  remain  unchanged,  except  for 
relatively  minor  C-M-C  bond  angle  changes.  When  the 
nuclear-electronic  attractive  forces  on  the  proton  equal 
the  proton-nuclear  repulsive  forces,  the  proton  comes 
to  rest.    Some  examples  of  the  process  envisaged  are 


Fe(CO)» 

Mn(CO)5- 
Ni(CO)« 
Co(CO)4- 


Mn(CO)&H 
Cr(CO)iH- 

Co(CO)4H 
Fe(CO)4H- 


(1)  The  research  is  supported  by  a  grant  from  the  National  Science 
Foundation,  NSF  OP  6369X. 

(2)  R.  B.  King,  Advan.  Organometal,  Chem.,  2,  157  (1964). 

(3)  J.  A.  Ibers,  Ann.  Rev.  Phys.  Chem.,  16,  389  (1965). 

(4)  J.  R.  Piatt.  J.  Chem.  Phys.,  18,  932  (1950). 

(5)  W.  O.  McDugle,  Jr.,  and  T.  L.  Brown,  7.  Am.  Chem.  5oc.,  89, 
3111  (1967). 

(6)  A  related  idea  was  expressed  25  years  ago  by  W.  Hieber,  Die 
Chemie.  55,  24  (1942). 


If  it  is  assumed  that  the  proton  exerts  a  slight  net 
repulsive  effect  on  the  CO  groups,  it  may  then  be  ex- 
pected to  occupy  somewhat  less  space  than  the  sur- 
rounding CO  groups.  Thus  in  Mn(CO)5H  the  axial- 
radial  C-Mn-C  angle  is  97 '*;^  the  average  CO-CO  dis- 
tance is  only  slightly  less  than  in  the  parent  Fe(CO)$. 

The  carbonyl  hydride  formation  described  above  is  an 
isoelectronic  process  and  may  be  considered  in  terms 
of  the  Hellmann-Feynman  theorem.  Employing  the 
integral  form  of  this  theorem,^  we  label  the  parent  car- 
bonyl compounds  as  the  X  state  and  the  carbonyl  hy- 
dride in  its  equilibrium  configuration  as  the  Y  state. 
Then  the  difference  in  energy,  AFF,  exclusive  of  the 
change  in  nuclear  energy,  is  given  by 


W  =  AK^  + 


|J*x^'(l)*, 


dr 


W  =  AK„„  + 


fJAxY(l)^'(l)dr(l) 


(1) 


The  first  term  on  the  right  represents  the  difference  in 
the  classical  nuclear-nuclear  potential,  S^i^Z^t/ot* 
where  Z^  and  Z*  are  the  charges  on  nuclei  y  and  k,  and  r^t 
is  the  internuclear  distance.    The  normalized  transi- 

(7)  S.  J.  LaPIaca,  W.  C.  Hamilton,  and  J.  A.  Ibers,  Inorz.  Chenu,  3. 
1491  (1964). 

(8)  H.  J.  Kim  and  R.  O.  Parr,  /.  Chem,  Phyg.,  41,  2892  (1964). 
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tion  density  pxv  (1)  is  given  by 

Pxy(1)  =  f  j*x(l)*Y(l)dT(2)dr(3). .  ,dr(N) 

S  =  /*x(l,  2,  . . .,  iV)*y(l,  2,  . . .,  iV)  dr(l). .  ,dr(N) 
The  perturbation  Hamiltonian  -ff '  is  given  by 

The  elucidation  of  these  expressions  is  greatly  sim- 
plified if  it  is  assumed  that  all  interactions  of  the  CO 
groups  with  one  another  and  with  the  central  metal  are 
unchanged  in  the  process  X  -►  Y.  This  means  that 
only  the  term  SZ/h/Oh  remains  in  AFnn,  and  that  -^'(1) 
=  2a(—  1/rHa),  where  a  runs  over  all  electrons.  Al- 
though this  assumption  may  seem  a  bit  drastic,  it  is 
quite  reasonable  in  terms  of  what  data  are  available. 
The  CO  stretching  frequencies  in  the  infrared-active 
modes,  for  example,  are  not  changed  drastically,  as  the 
comparisons  in  Table  I  show.  The  CO  frequencies  in 
the  hydride  are  very  little  different  from  those  in  the 
parent  carbonyl,  whereas  they  are  much  lower  in  the 
anion  corresponding  to  complete  removal  of  the  proton. 

Table  I.    Comparative  CO  Stretching  Frequencies  of 
Metal  Carbonyl  Derivatives 


Compound 


Infrared  CO 
frequencies, 


cm' 


-1 


Ref 


Ni(CO)4 
Co(CO)4H 

Co(co)r 

Fe(CO)s 
Mn(CO)fH 

Mn(CO)r 

Co(CO)«- 

Fe(CO)4H- 

Fe(CO)r* 


2057 

2062,2043 

1886 

2034, 2014 
2007.2014,2117 
1898, 1863 

1886 

1897, 1937 
1786 


a 
a 
a 

a 
b 
a 

a 
a 
a 


•  W.  F.  Edgell,  J.  Huff,  J.  Thomas,  H.  Lehman,  C  Angell,  and 
G.  Asato,  y.  Am,  Chem.  Soc,,  82,  1254  (1960).  ^  P.  S.  Braterman, 
R.  W.  Harrill,  and  H.  D.  Kaesz,  submitted  for  publication. 

From  this  point  it  is  possible  to  make  still  further 
simplifying  assumptions.  The  common  view  of  the 
neutral  metal  carbonyls  is  that  the  central  metal  atom 
carries  essentially  zero  charge.  Although  it  is  difficult 
to  gather  definitive  evidence  on  this  point,  the  isomer 
shift  in  the  Mossbauer  spectrum*  of  Fe(CO)6  and  re- 
lated compoimds  is  consistent  with  near-zero  charge 
on  the  metal.  The  appearance  potentials  of  neutral  as 
well  as  positively  charged  metal  carbonyl  fragments 
parallel  the  ionization  potentials  of  the  metal  atoms  or 
ions  of  corresponding  charge  remarkably  well,^^  a 
further  indication  that  the  over-all  charge  of  the  metal 
carbonyl  moiety  is  a  measure  of  the  metal  atom  charge. 
It  is  possible  then  to  consider  that  the  nuclear-nuclear 
and  nuclear-electronic  components  of  AW  which 
involve  the  C  and  O  nuclei  and  electron  density  localized 
in  the  CO  regions  cancel  for  the  proton.  There  remains 
just  the  interaction  with  the  central  nucleus  and  transi- 
tion density  centered  thereon 

A»^  =  ^  -  f  jpxY^l);dr(l)  (2) 

(9)  R.  H.  Herber,  R.  B.  King,  and  O.  K.  Wertheim,  Inorg,  Chem.,  3, 
101  (1964). 

(10)  R.  E.  Winters  and  R.  W.  KiMr,  /.  Phys,  Chem,.  70, 1680  (196Q. 
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If  that  part  of  ^  centered  on  M  is  assumed  to  be  invari- 
ant to  the  X  -►  Y  process,  then  pxv  becomes  simply  the 
one-electron  charge  density  on  M,  pm(1) 


AFF  = 


'*MH 


-  /pM(l)-^dr(l) 


(3) 


We  desire  dA  W/drMK  =  0  at  the  equilibrium  CO  dis- 
tance, which  gives 


r7  =  Jo  "7^  ^"^^^ 


(4) 


If  pm  is  spherically  symmetric,  this  is  just  Piatt's  model 
for  a  diatomic  hydride.  The  force  constant  follows  in 
the  usual  way.  Although  the  net  charge  in  the  metal 
carbonyl  may  be  zero  as  assumed,  it  is  of  interest  to  ex- 
plore the  consequences  of  the  assumption  that  it  is  not. 
We  assume  again  that  the  CO-CO  and  CO-M  inter- 
actions are  the  same  in  the  X  and  Y  states.  Further, 
the  proton-electron  and  proton-nuclear  interactions 
with  the  CO  groups  are  assumed  to  yield  a  net  potential 
energy,  S<5</r<H,  where  St  is  the  net  charge  on  the  ith  CO 
group,  and  TiH  is  the  distance  from  the  proton  to  the 
center  of  the  rth  CO  bond.  Thus,  if  the  metal  is  as- 
sumed to  have  a  net  charge  of  —  1  in  Mn(CO)6H,  +0.20 
unit  of  charge  may  be  assigned  to  each  CO  group.  Al- 
ternatively, it  might  be  assumed  that  the  axial  CO  group 
has  a  different  net  charge  than  the  radial,  etc.  The  com- 
ponents of  AW  relating  to  the  central  atom  and  elec- 
tron density  centered  there  remain  unchanged.    Then 


AW  = 


'*MHH 


bAW 


dr 


MH 


cos  0 


m 


rm* 


(5) 


(6) 


The  charge  density  pm  in  eq  6  is  that  appropriate  to  the 
metal  atom  in  a  zero  or  nonzero  charge  state,  depend- 
ing on  2)5<  and  the  total  net  charge  on  the  parent  car- 
bonyl. Aside  from  assignment  of  charge  state,  there 
is  the  problem  of  choosing  the  appropriate  configura- 
tion, which  may  be  different  from  that  in  the  free  metal 
of  the  same  charge.  An  attempt  has  been  made  to 
evaluate  the  sensitivity  of  the  results  to  this  variable. 
It  should  be  pointed  out  that  the  scaUng  procedure  ap- 
plied to  diatomic  M-H  systems*' ^^  has  been  employed 
in  the  same  manner  as  before. 

A  few  qualitative  conclusions  can  be  drawn  inunedi- 
ately  from  the  proposed  model.  If  the  charge  on  the 
metal  in  the  parent  carbonyl  is  near  zero,  then  it  fol- 
lows that  the  metal-hydrogen  bond  should  possess 
about  the  same  stretching  force  constant  and  equi- 
librium nuclear  distance  as  in  the  corresponding  di- 
atomic hydride.  The  evidence  regarding  distances  is 
somewhat  tenuous  at  present  (vide  infra),  but  the  force 
constant  results  are  qualitatively  as  expected,  as  evi- 
denced by  the  comparisons  of  observed  metal-hydrogen 
stretching  frequencies  given  in  Table  II. 

Results 

Calculations  were  performed  as  described  in  the 
previous  paper,  using  Clementi's  wave  functions.  **■"*• 

(1 1)  G.  G.  Hall  and  D.  Rees,  Mol,  Phys.,  5, 279  (1962). 

(12)  E.  Clementi,/.  Chem,  Phys,,  41,  303  (1964),  and  previous  papers 
refo'enced  tho'ein. 

(13)  E.  Qementi,  IBM  J,  Res.  Develop.  Suppl,  9, 2  (1965), 
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Figure  1 .  Calculated  equilibrium  distance  and  stretching  frequency 
for  the  Mn-H  bond  in  HMn(CO)e,  as  a  function  of  metal  charge. 


METAL  CHARGE 

Figure  2.  Calculated  equilibrium  distance  and  stretching  frequency 
for  the  Co-H  bond  in  HCo(CO)«,  as  a  function  of  metal  charge. 


Mn(CO)(H.  Calculations  were  carried  out  for 
Mn(CO)6H  assuming  a  +1,  0,  and  —1  charge  on  the 
Fe  in  the  united  molecule.  Wave  functions  for  the 
configurations  4s  ^Bd**  are  available  for  these  three 
charges.    When  the  charge  on  the  metal  is  different 


Table  n 

cm-> 

J'M-H, 

cm-^ 

Mn(CO)»H« 

Co(CO)«H* 

Fe(CO)4H- 

1775 
1934 
1900 

Mn-H 

CoH 

FeH- 

1548 
1890 

•  •  • 

•  Reference  10.    *  W.  F.  Edgell  and  R.  Sununitt,  /.  Am,  Chem. 
Soc„  83, 1772  (1961). 


from  zero,  it  has  been  assumed  that  the  charge  of 
opposite  sign  is  distributed  equally  among  the  five  CO 
groups.  The  results  were  not  affected  by  assuming 
that  the  axial  CO  group  carries  a  slightly  difierent 
charge  than  the  radial.  The  bond  angles  and  distances 
observed  in  solid  HMn(CO)6'  were  employed  in  the 
calculation.  The  resulting  equilibrium  Mn-H  dis- 
tance as  a  function  of  metal  charge  is  shown  as  the 
solid  line  in  Figure  1.  There  is  only  one  other  con- 
figuration available  for  testing,  namely  4s®3d^  for  Fe+, 
for  which  the  calculated  equilibrium  Mn-H  distance 
is  shown  as  the  single  point  on  the  figure.  This  con- 
figuration represents  an  unlikely  extreme  in  terms  of  s 
character.  It  is  generally  assumed  from  theoretical 
considerations  that  the  first-row  transition  metals  do 
employ  considerable  4s  orbital  character  in  metal  car- 
bonyl  compounds.  The  solid  curve  in  Figure  1  is 
therefore  probably  satisfactory  from  the  standpoint 
of  s  orbital  character.  The  effect  of  4p  character  on  the 
equilibrium  Mn-H  distance  is  an  important  question, 
which  we  cannot  test  for  a  lack  of  the  appropriate 
atomic  wave  functions.  Although  4p  orbital  functions 
of  high  accuracy  are  not  available  for  the  first-row 
transition  elements,  it  is  quite  clear  that  the  4p  charge 
densities  lie  outside  the  3d.  Richardson  and  co-work- 
ers^* report  that  in  the  neutral  atoms  the  3d  distribution 
completely  screens  nuclear  charge  from  the  4p,  to 

(14)  J.  W.  Richardson,  R.  R.  Powell,  and  W.  C.  Nieuwpoort,/.  Chem. 
Phys,.  38,  796  (1963). 


within  1  %.  We  may  state  with  confidence,  therefore, 
that  the  assumed  4s*3d"  configuration  will  lead  to  a  lower 
bound  estimate  of  the  Mn-H  distance  for  the  model 
chosen.  Part  of  the  error  resulting  from  failure  to 
include  4p  occupation  is  cancelled  by  the  assumption 
of  a  full  two-electron  occupation  of  the  4s. "  The  4s 
and  4p  have  similar  radial  charge-density  dependences. 

The  dotted  line  shows  the  calculated  Mn-H  stretching 
frequency,  in  the  harmonic  oscillator  approximation, 
as  a  function  of  metal  charge,  for  the  assumed  4s*3d" 
configurations.  As  the  metal  charge  becomes  more 
negative,  there  is  an  asymptotic  approach  to  a  fre- 
quency of  about  1500  cm~S  somewhat  below  the  ob- 
served frequency  of  1775  cm"^  Frequency  decreases 
quite  rapidly  with  increase  in  charge  above  zero.  The 
model  is  in  best  accord,  therefore,  with  a  metal  charge 
of  about  —0.5;  the  predicted  Mn-H  stretching  fre- 
quency is  in  the  range  1350  to  1450  cm-^  and  the 
predicted  Mn-H  bond  distance  is  1.60  db  0.07  A. 

Co(CO)4H.  The  procedure  described  above  was 
followed  also  for  Co(CO)4H.  Unfortunately,  the  only 
configuration  of  Ni"  for  which  the  wave  function  is 
available  is  4s  ^3d^^;  this  was  used  along  with  the  wave 
function  of  the  4s*3d*  and  4s*3d^  configurations  for 
Ni  and  Ni+,  respectively.  The  results  are  graphed  in 
Figure  2.  For  Ni+  the  configuration  4sP3d'  is  also  avail- 
able. The  result  of  using  the  wave  function  for  this 
configuration  is  shown  as  the  single  point.  We  take 
half  the  difi'erence  between  this  point  and  the  point 
corresponding  to  the  4s*3d'  configuration  as  a  correc- 
tion to  the  4s  ^3d^  point  at  —1  charge,  to  make  it 
correspond  approximately  to  a  4s*3d'  configuration. 
This  point  is  used  in  constructing  the  solid  line  in 
Figure  2. 

The  calculated  equilibrium  Co-H  distance  was  found 
to  be  quite  insensitive  to  the  assumed  C-Co-C  angles. 
The  data  are  shown  for  tetrahedral  disposition  of  the 
CO  groups.  Variation  of  up  to  10®  in  the  H-Co-C 
angles  produced  a  change  of  less  than  0.02  A  in  the 
calculated  Co-H  distance,  even  when  the  charge  on  the 
metal  is  assumed  to  be  -fl  or  —  1. 

(IS)  An  extensive  approximate  Roothaan  SCF  MO  calculation  on 
Ni(CO)4,  using  approximate  SCF  metal  atomic  orbitals^^  in  the  bass 
set,  has  been  carried  out  by  W.  C.  Nieuwpoort,  Philips  Res.  Kept.  SuppL 
6,  1  (1965).  He  obtains  a  net  metal  charge,  based  on  a  conventional 
population  analysis,  of  —  1.  The  total  Ni  orbital  populations  ire 
4s«Mp»»3d»». 
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Figure  4.  Calculated  equilibrium  distance  and  stretching  frequency 
for  the  Cr-H  bond  in  HCr(CO)»~,  as  a  function  of  metal  charge. 


le  variation  in  Co-H  stretching  frequency  as  a  func- 
of  assumed  metal  charge,  for  the  4s '3d''  configura- 
is  shown  as  the  dashed  line  in  Figure  2.  The  value 
-1  charge  is  only  approximate,  since  the  4s*3d* 
i  function  is  not  available.  The  observed  fre- 
cy  intersects  the  line  at  a  metal  charge  of  about 
').  For  this  charge  the  equilibrium  Co-H  bond 
nee  is  calculated  to  be  about  1 .40  db  0. 1  A. 
(CO)4H-.  Wave  functions  for  4s*3d''  configura- 
;  of  Co-,  Co*^,  and  Co+  are  available.  The  results 
le  calculations  are  as  shown  in  Figure  3.  The  ob- 
^d  Fe-H  stretching  frequency  is  approached  in  the 
ilations  for  a  rather  negative  charge  on  the  metal, 
e  range  from  —0.5  to  —1.  The  calculated  Fe-H 
nee  based  on  this  range  of  charge  is  1.40  =b  0.05  A. 
Cr(CO)6  and  HCr2(CO)io-.  The  calculations  for 
(CO)6-  were  carried  out  as  described  above  for  the 
r  cases,  using  Mn  wave  functions  for  4s'3d''  con- 
ations (Figure  4).  For  a  metal  change  of  about 
^5,  the  Cr-H  frequency  is  calculated  as  1600  cm'S 
:r-H  distance  as  1.50  ±  0.05  A. 
;rtain  aspects  of  the  structure  of  HCrj(CO)io- 
recently  been  described."  The  hydrogen  is  pre- 
ibly  located  along  the  Cr-Cr  axis  and  separates 
Cr(CO)(  units.  If  we  assume  that  each  unit  car- 
si  —0.5  charge,  the  charge  on  the  Cr  in  HCrjCCO)!©" 
Id  be  slightly  less  negative,  by  perhaps  0,25  e,  than 
Cr(CO)5''.  Assuming  that  the  charge  on  the  Cr  in 
*(CO)io~  is  —0.5,  a  Cr-H  distance  of  1.54  A  isesti- 
d  from  Figure  4.  This  leads  to  a  predicted  Cr-Cr 
nee  of  about  3.1  A,  as  compared  with  the  experi- 
tal  value  of  3.41  A."  The  comparison  is  rather 
ous,  but  the  agreement  is  encouraging. 

ussion 

lere  is  an  unfortunate  paucity  of  data  regarding 
1-hydrogen  distances  in  metal  carbonyl  hydrides. 

I  L.  B.  Handy,  P.  M.  Treichel,  L.  F.  Dahl,  and  R.  O.  Hayter,  /. 
:h0m.  Soc,»  88,  366  (1966). 


The  results  obtained  here  are  in  good  agreement  with 
expectations  based  on  somewhat  empirical  covalent 
radii."  Thus  a  value  of  about  1.65  is  expected  for  the 
M n-H  distance,  as  compared  with  oiu*  calculated  value 
of  1.60  db  0.07  A. 

The  only  experimental  data  which  relate  directly 
to  the  M-H  distances  are  the  broad-line  proton  nmr 
studies  of  Farrar,  Davison,  et  al^''  These  authors 
conclude  that  the  Mn-H  distance  in  HMn(CO)6  is 
1.28  A.  The  Co-H  distance  in  HCo(CO)4  is  estimated 
on  the  basis  of  line-shape  data  as  1.2  db  0.1  A.  ^ 

Both  these  results  are  shorter  than  the  estimates  from 
the  present  calculations.  No  reasonable  modification 
which  retains  the  simplicity  of  the  model  could  appreci- 
ably shorten  the  calculated  M-H  distances.  Indeed, 
the  calculated  values  are  probably  lower  bounds,  in 
view  of  oiu"  neglect  of  the  4p  orbital  occupations. 

Even  if  the  estimates  of  metal-hydrogen  distances 
from  the  nmr  studies  are  subsequently  corroborated  by 
neutron  diffraction  or  other  data,  the  results  obtained 
are  quite  good  for  such  a  simple  model.  The  ap- 
proach is  of  value  in  suggesting  how  the  transition 
metal  hydride  structures  relate  to  known  organometallic 
structures. *'^*  It  provides  a  nice  rationale  for  the  ob- 
servation that  the  M-H  stretching  frequencies  are  close 
to  those  for  the  corresponding  diatomic  metal  hydrides. 
Extension  to  calculation  of  other  expectation  values, 
notably  chemical  shift^  and  electric  field  gradient,*^ 
would  not  be  difficult. 
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Abstract :  The  "F  nuclear  magnetic  resonance  (nmr)  spectra  of  liquid  F2,  OF2,  O2F2,  and  O1F2  are  presented.  The 
shifts  of  02F2  and  OtF2  are  the  furthest  downfield  of  any  simple  fluorine  compound  yet  reported.  The  structural 
implications  of  these  shifts  are  discussed.  A  model  for  OsF2  is  postulated  in  which  this  species  is  made  up  of  02F2 
and  "interstitial"  O2. 


The  nuclear  magnetic  resonance  (nmr)  spectra  of  the 
series  Fi,  OF2,  O2F2,  and  OJP%  have  been  observed. 
The  shifts  observed  for  O2F2  and  O3F2  represent  the 
least  shielded  of  any  fluorine  compounds  yet  reported. 
The  vast  difference  in  chemical  shift  of  O2F2  and  OJPt 
indicates  that  the  fluorine  nuclei  (hence  fluorine-oxygen 
bonding)  are  considerably  different  in  O2F2  and  OjFj 
as  compared  to  OF2.  A  summary  of  chemical  shifts  is 
presented  in  Table  I.  The  OsF2  is  given  in  quotations, 
since  there  is  some  uncertainty  about  the  reality  of  the 
compound.  This  uncertainty  will  be  discussed  in  some 
detail  later. 


Table  I.    "F  Nmr  Shifts  for  Liquid  Fi,  OFi,  OiFi,  and 
OtFj  (CFClt  reference) 


Compound 


Shift,  ppm 


F,(77°K) 
OF,(77°K) 
0,F,(145°K) 
"0,F,"«145°K) 


~422=bl 
-249  zbl 
-865  ±  1 
-877  ±5 


The  nnu"  spectra  of  liquid  F2  and  OFj  have  been  re- 
ported by  Ncbgen,  Rose,  and  Metz.**  Recently 
Lawrence,  Ogden,  and  Turner'**  have  reported  the 
^»F  nmr  spectrum  of  O2F2  in  CFgCl  to  be  at  -825  ± 
10  ppm  with  respect  to  a  Frcon  11  (CFClg)  reference. 
This  signal  is  about  40  ppm  higher  than  our  observation 
in  the  neat  liquid.  No  open  literature  reports  of  the 
"F  nnu*  signal  in  OJF2  arc  available;  however,  Solomon 
and  co-workers  have  observed  the  "O  and  "F  nnu* 
signals  from  O8F2.'  Their  observations  on  the  "F  nmr 
spectrum  of  O8F2  at  temperatures  near  145  ®K  are  identi- 
cal with  ours.  Solomon,  et  aL,  had  better  means  of 
temperature  control  than  we,  and  hence  could  study  the 
chemical  shift  of  O8F2  as  a  function  of  temperature. 
They  found  that  the  shift  was  very  far  downfield 
(- 1900  ppm  at  85  ""K)  and  moved  upfield  to  -868  ppm 
at  145  ^K.  The  -  868-ppm  peak  is  that  of  O2F,.  This 
upfield  shift  with  temperature  is  the  same  as  we  ob- 
served in  O  8F2. 

(1)  Presented  at  the  lS2nd  National  Meeting  of  the  American  Chemi- 
cal Society,  New  York,  N.  Y.,  Sept  12-16, 1966. 

(2)  (a)  J.  W.  Nebgen,  W.  B.  Rose,  and  F.  I.  Metz,  /.  Mol  Spectry.,  20, 
72  (1966);  (b)  N.  J.  Lawrence,  J.  S.  Ogden,  and  J.  J.  Turner,  Chem. 
Commun.,  102,  (1966). 

(3)  I.  J.  Solomon,  J.  K.  Raney,  A.  J.  Kacmarek,  R.  G.  Nfaguire,  and 
O.  A.  Noble,  private  communication. 


Experimental  Section 

Commercially  available  Ft  (The  Matheson  Co.,  Inc.)  and  OFs 
(General  Chemical  Division,  Allied  Chemical  Corp.)  were  used  in 
the  studies.  Prior  to  sampling,  each  of  the  compounds  was  passed 
through  a  hydrogen  fluoride  trap.  The  OFs  contained  additiontl 
impurities  (primarily  oxygen)  not  removed  by  the  FIF  trap  and  was 
further  puriified  by  gas  chromatography. 

The  (DsFs  and  OsFs  were  prepared  using  the  usual  discharge  tedh 
niques.  The  reaction  vessel  is  similar  to  that  used  by  Streog,* 
with  the  exception  that  the  whole  vessel  is  made  of  Pyrex.  A 
standard  taper  male  connection  is  placed  at  the  bottom  of  the  le- 
actor  to  attach  sample  tubes.  The  sample  tubes  were  2-nim  capil- 
laries for  use  in  a  constant-temperature  nmr  dewar.* 

The  nmr  spectra  of  the  liquid  Ft  and  OFt  samples  were  recorded 
at  77  °K  on  a  Varian  Associates  HA- 100  nmr  spirometer  open!- 
ing  at  a  frequency  of  94.075  Mc.  That  of  O3F1  was  recorded  at 
145 ''K  using  liquid  CF4  as  a  cryogenic.  The  nmr  signals  wot 
externally  referenced  to  the  ^*F  signal  from  CFQs-  Referencing 
was  accomplished  by  carefully  removing  the  sample  from  the 
magnet  probe  and  replacing  it  with  the  reference  materiaL  Vm 
transfer  occurred  while  the  magnetic  field  was  being  swept  at  a 
constant  rate.  No  significant  variations  in  the  field  sweep  rate 
were  observed  in  the  transfer  operation.  Each  sample  was  scanned 
several  times,  and  the  transfer  done  at  different  intervals  during  the 
field  sweep. 

The  spectrum  of  OiFi  required  a  different  technique.  AfUr 
scanning  several  samples  of  OiFi,  it  became  apparent  that  the  le- 
corded  signal  was  due  to  OjFt  which  is  the  migor  decompositioo 
product.  In  other  words,  OsFi  is  not  sufficiently  stable  to  permit 
scanning  over  the  period  of  time  required  for  a  recorder  trace. 
To  circumvent  this  stability  problem,  the  oscilloscope  display  of  the 
nmr  signals  was  used. 

The  signal  from  pure  OsFt  was  centered  on  the  scope  of  the  HA- 
100.  The  OsFt  ''reference**  was  removed  and  replaced  with  a 
sample  of  OsFt  at  77°K.  The  liquid  nitrogen  in  the  nmr  dewar  was 
then  replaced  with  liquid  CF4  and  the  scope  signal  monitored  with 
time.  After  1  min,  the  sample  began  to  melt  and  a  weak  signal 
appeared  on  the  scope  downfield  from  the  0»Fi  "reference." 
Within  2  min,  this  signal  was  fairly  well  defined.  During  the  third 
minute  the  signal  shifted,  and  at  3  min  reappeared  at  the  same 
spot  where  the  OsFi  "reference**  signal  was  located.  The  experi- 
ment was  reproduced  several  times,  and  we  feel  confident  that  the 
signals  observed  in  the  first  2  min  represent  the  nmr  peak  for 
OsFs  which  then  rapidly  decomposes  to  OiFt  and  Oi.  The  time 
sequence  of  spectra,  taken  from  Polaroid  photographs  of  the  events, 
is  shown  in  Figure  1. 

Discussion 

The  nmr  spectra  of  F«,  OF,,  OiFi,  and  OJPt  clearly 
indicate  that  the  ^»F  nuclei  in  the  latter  two  are  very 
different  from  those  in  the  former  two  Thus  some 
fundamental  structural  considerations  are  in  order. 

Linnett*  has  discussed  a  novel  approach  to  elec- 
tronic structure  of  molecules  using  the  concept  of  two 

(4)  A.  G.  Su-eng.  Can.  /.  Chem.,  44,  1476  (1966). 

(5)  W.  B.  Rose,  J.  W.  Nebgen,  and  F.  I.  Metz,  Rev.  ScL  Instr^  37, 
238  (1966). 

(6)  J.  W.  Linnett,  "The  Electronic  Structure  of  Molecules,**  John 
Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1964. 
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Figure  2.    linnett  structures  for  Ft,  OFt,  and  OsFt. 


bur  electrons  around  a  nucleus  rather  than  the 
Lewis  structures  of  four  sets  of  two  electrons, 
postulated  structures  for  F2,  OF«,  and  OJFt. 
tructures  are  presented  in  Figure  2.    In  these 
ic  structures,  a  heavy  line  indicates  two  elec- 
Lving  opposite  spins  occupying  the  same  spatial 
a  light  line  indicates  two  electrons  on  the  same 
r  between  the  same  pair  of  atoms)  having  op- 
pins  but  not  occupying  the  same  orbital;   and 
;ses  and  circles  represent  electrons  of  differing 
I  a  particular  region.    Recently  Spratley  and 
:P  have  proposed  a  molecular  orbital  treatment 
&n-fluorine  bonding  which  results  in  essentially 
e  structure  for  O1F2. 

structures  of  F2,  OFj,  and  O1F2  can  be  well 
prized,  and  hence  their  ^*F  nmr  signals  can  be 
ted  in  accordance  with  their  structures.  The 
^tron"  bond  model  in  O2F2  would  result  in  a 
eus  which  has  a  very  low  shielding  constant  and 
consistent  with  the  ^'F  nmr  spectrum.  The 
[  theory  of  "F  nmr  shifts  as  proposed  by  Saika 
;hter^  is  inadequate  to  explain  the  shift  in  O2F2. 
idequacy  lies  in  the  fact  that  the  theory  is  con- 
with  "normal"  fluorine  bonds  and  does  not 
r  the  "one-electron*'  fluorine  bonds  as  postu- 
Linnett. 

itly,  Baker,  Anderson,  and  Ramsey*  have  dis- 
nuclear  magnetic  antishielding  of  "F  nuclei, 
ilculation  of  antishielding  is  based  on  the  com- 
\  of  molecular  beam  data  on  spin-rotational 
ions  in  molecules  with  chemical  shift  data, 
mbination  is  used  to  calculate  the  paramagnetic 
the  nuclear  shielding  constant  in  the  Ramsey 


n. 


10 


observations  of  the  "F  nmr  signal  from  O2F2 
indicate  that  considerable  antishielding  exists 
molecule.  Furthermore,  we  suggest  that  the 
Iding  is  associated  with  the  long  O-F  bond  in 
[1.58  A  for  O2F2  compared  to  1.41  A  for  OF2). 
ggestion  then  leads  to  the  possibility  that  anti- 

D.  spratley  and  G.  C.  Pimentel,  J.  Am.  Chem.  Soc.,  88,  2394 

>aika  and  C.  P.  SUchter.  /.  Chem.  Phys.,  11,  26  (1954). 
R.  Baker,  C.  A.  Anderson,  and  N.  F.  Ramsey,  Phys.  Rev., 
13  (1964). 
F.  Ramsey,  ibid.,  78,  699  (1950);   85,  540  (1951);   86,  243 

H.  Jackson,  /.  Chem.  Soc.,  4585  (1962). 


shielding  may  be  related  in  some  way  to  the  overlap  of 
the  fluorine  atom  p  orbital  with  the  antibonding  orbitals 
in  the  oxygen  molecule  as  postulated  by  Spratley  and 
Pimental.^ 

Structural  considerations  for  O sF2  are  not  as  straight- 
forward, since  supporting  data  from  infrared  and  micro- 
wave are  not  available  as  they  are  for  O2F2."  In  order 
to  interpret  the  nmr  shifts  observed,  three  assumptions 
about  the  OsF2  molecule  must  be  made.  The  first 
assumption  is  that  OsF2  is  structurally  similar  to  O2F2; 
that  is  to  say  that  the  fluorine-oxygen  bond  is  essentially 
a  "one-electron"  bond.  Secondly,  the  fluorine  nuclei 
in  OsF2  are  equivalent.  This  assumption  is  based  on 
the  observation  that  the  intensity  which  is  observed 
in  the  OsF2  signal  is  about  the  same  as  that  observed  in 
the  O2F2  decomposition  product  indicating  that  the 
same  number  of  fluorine  nuclei  are  giving  rise  to  both 
signals.  The  third  assumption  is  that  O8F2  should  have 
a  ready  route  back  to  an  O2F2  decomposition  product. 
This  assumption  explains  the  ready  decomposition  of 
0»F2  to  O2F2  and  the  lack  of  OF2  and  F2  as  decomposi- 
tion products. 

Using  these  assumptions  and  following  Linnett's 
rules,  several  structures  for  0»F2  can  be  postulated. 
The  classical  model  of  three  catenated  oxygens  termi- 
nated by  two  fluorines  (Figure  3a)  is  not  satisfactory 
since  a  formal  charge  of  + 1  exists  on  the  middle  oxygen. 
If  other  structures  are  drawn  using  this  same  nuclear 
distribution,  they  can  be  rejected  because  of  excessive 
charge  on  the  oxygen  nuclei  and  because  the  fluorine 
nuclei  are  nonequivalent.  However,  the  principal 
reason  for  rejecting  this  model  (and  others  involving 
catenated  oxygen  atoms)  is  that  there  is  no  simple  way 
to  get  only  O2F2  and  O2  as  decomposition  products. 

Another  possible  structure  involves  a  cyclic  configura- 
tion of  three  oxygen  atoms  with  fluorine  attached  to  two 
of  them  (Figure  3b).  This  model  can  readily  release 
oxygen  forming  O2F2  as  a  decomposition  product; 
however,  the  two  "O2F2"  oxygens  each  have  a  formal 
charge  of  +1,  and  the  "out-of-line"  oxygen  has  a 
charge  of  —1.  On  the  basis  of  charge  distribution, 
this  model  is  rejected. 

A  third  structure  in  which  OJF2  is  described  as  a 
dimer  (Figure  3c)  can  be  postulated.  This  structure 
suffers  the  same  shortcomings  as  the  monomer  (Figure 

(12)  A.  O.  Streng,  Chem.  Rev.,  63,  607  (1963). 
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Figure  3.    Linnett  structures  for  "0«Fi"  assumiog  its  existence  as 
a  molecular  entity. 


3b)  in  that  excessive  formal  charge  is  placed  upon  the 
oxygen  nuclei. 

Thus  one  is  drawn  to  the  conclusion  based  upon 
structural  considerations  and  upon  electronic  distribu- 
tion considerations  that  OiF*  does  not  exist  as  discreet 
molecular  units.  This  conclusion  supports  that  drawn 
by  Solomon  and  co-workers*  on  their  nmr  studies  and 
is  consistent  with  the  observation  of  Malone  and 
McGee**  that  the  mass  spectral  cracking  pattern  of 
OiFt  does  not  arise  from  a  single  molecular  species. 

What  then  is  the  nature  of  material  with  composition 
OtFi?  Two  possibilities  exist.  The  first  possibility 
is  that  OjFj  is  a  1:1  mixture  of  0»Fj  and  O^Fj.  The 
structure  of  O^Fj  has  recently  been  postulated  as 
(OOF),,**  indicating  that  this  compound  is  a  polymer 
of  the  radical  OOF.  Linnett  structures  for  the  OOF 
radical  can  readily  be  drawn  and  are  presented  in  Figure 
4.  In  this  case,  "one-electron"  bonds  are  favored  over 
the  normal  fluorine-oxygen  covalent  bonds.  The  ap- 
pearance of  only  one  signal  for  "OjFs"  suggests  that 
the  model  of  discreet  OjFj  and  OOF  species  from  O4F1 
is  not  correct.  If  it  were,  then  two  **F  signals  should 
be  observed,  one  for  each  fluorine  in  the  two  species. 

The  second  possibility,  and  the  one  which  is  pre- 
ferred by  the  authors,  is  a  model  of  OjFi  containing 
"interstitial"  oxygen  molecules.  This  "interstitial" 
oxygen  is  held  in  the  OjFj  by  forces  too  strong  for  it 
to  be  considered  dissolved,  but  too  weak  for  it  to  be 
considered  bonded,  even  with  "one-electron"  bonds. 
However,  the  oxygen  is  bound  strongly  enough  to  alter 
significantly  the  >»F  nmr  shift  for  0»F,. 

This  model  is  consistent  with  several  observations  on 
the  system.  First,  although  repeated  analyses  yielded 
an  average  stoichiometry  of  0,.oFj,  individual  analyses 


(13)  T.  J.  Malone  and  H.  A.  McGee,  Jr.,  /.  Phys.  Chem.,  69,  4338 
(1965). 

(14)  R.  D.  Spratley,  J.  J.  Turner,  and  O.  C.  Pimentel.  J.  Chem.  Phys., 
44.  2063  (1966). 
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Figure  4.    Linnett  structures  for  OOF  radical. 


ranged  from  Os.sFs  to  Os.iFs.  Although  small  amounts 
of  OJFt  and  O^Fs  can  be  formed  during  the  preparatioD 
of  O3F1,  procedures  were  developed  to  remove  both 
impurities  prior  to  sampling.  In  addition,  a  much 
wider  stoichiometric  range  (Os.jFi  to  Oi.sFi)  is  found 
in  the  analyses  if  O4F1  and  OjFj  are  intentionally  pre- 
pared with  OiFt.  Secondly,  the  recorded  behavior 
of  OgFs  with  temperature  is  indicative  of  unusual  bond- 
ing. At  77 ®K,  OgFt  is  a  dark  brownish  red  solid; 
at  83-84®K,  the  material  melts  to  a  dark  red  Uquid; 
in  the  temperature  interval  85  to  105  ®K  (where  OJFi  is 
said  to  decompose*),  the  color  becomes  orange-red  and 
nucleation  of  OsFs  (yellow  crystals)  can  be  seen  on  the 
sides  of  sample  tubes.  The  decomposition  of  the  red 
liquid  proceeds  rapidly  at  109  ®K  and  above.  The 
color  changes  are  accompanied  by  changes  in  the  chemi- 
cal shift  of  OsF2.  However,  temperature  was  found  to 
have  little  effect  on  the  chemical  shift  of  pure  OiFj. 
The  shift  of  pure  OjFj  varied  only  about  2  ppm  in  the 
range  of  11(>-145®K.  Third,  the  only  decomposition 
products  of  OsFa  are  O2F2  and  Oj.  There  is  no  evidence 
of  other  decomposition  products  such  as  F«  or  OFj. 
Finally,  epr  spectra  of  samples  of  OgFi  at  77  ®K  showed 
the  same  anisotropic  pattern  present  in  spectra  of  OjFi 
samples  at  temperatures  below  1 16**K.  OsFi  is  said  to 
melt  at  84  ®K  and  to  decompose  quantitatively  at 
1 1 5  °K. "  Epr  spectra  of  OsFa  at  temperatures  between 
88  and  115°K  do  not  show  the  isotropic  doublet  ex- 
pected from  OJF  in  liquid  OgFj,  but  rather  the  same 
anisotropic  pattern  observed  in  the  spectrum  of  OiF 
in  solid  OiF2;  a  doublet  is  observed  at  temperatures 
above  llO^K,  the  melting  point  of  OiFs.  From  the 
behavior  of  the  color  changes  described  above  and  from 
the  epr  observations,  it  is  concluded  that  samples  of 
O sF2  contain  significant  amounts  of  OJFt,  and  it  is  the 
epr  spectrum  of  •  O2F  in  the  latter  compound  which  is 
observed  from  88  to  115'*K." 

The  conclusions  which  we  have  reached  are  somewhat 
different  from  those  reported  by  Solomon,  et  d} 
These  authors  reported  two  incompletely  resolved 
signals,  whereas  we  observed  only  one  broad  signal 
which  became  more  narrow  with  increasing  tempera- 
ture. Because  of  their  observation  of  two  ^•F  nmr 
signals,  Solomon,  et  al,  concluded  that  the  two  signah 
were  due  to  O2F2  and  (OOF),.  However,  we  obsorvcd 
no  significant  shift  of  the  ^T  nnu*  signal  from  pure 
O2F2  in  the  range  of  110  to  145 ""K.  Solomon,  et  al., 
report  a  considerable  shift  (-1900  ppm  at  85**K)  in 
both  signals  which  they  report.  It  is  the  opinion  of  the 
authors  of  this  paper  that  if  the  Solomon  model  of 
OaF2  as  a  mixture  of  O2F2  and  (OOF),  is  correct,  tuc 

(15)  A.  D.  Kirshenbaum  and  A.  V.  Grosse.  7.  Am,  Chem.  Soc,  tl 
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(16)  F.  E.  Welsh,  private  communication. 
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OiFs  signal  should  remain  in  its  usual  region  while  the 
{OOF)n  signal  would  migrate  with  temperature  until 
it  coalesces  with  that  of  OsFs.  Our  results  would  indi- 
cate, and  we  beUeve  that  the  temperature  studies  of 
Solomon,  et  al.^  indicate  also,  that  ''OsFs"  cannot  be  as 
simply  described  as  a  mixture  of  OsF2  and  (OOF),|. 

The  ease  with  which  0|Fs  reverts  to  OJPi,  together 
with  the  fact  that  no  really  adequate  structure  can  be 
drawn  for  OjFj,  suggests  a  model  of  "0»F«"  in  which 
"interstitial"  oxygen  is  being  held  by  OJ^s  molecules. 
Such  a  model  fits  the  observations  most  fully.  This 
model  is  further  substantiated  by  mass  spectral  studies^* 
which  show  that  ''OsF2'*  can  be  described  as  OsFt  plus 
O,. 

If  one  extends  the  model  one  step  further  and  con- 
siders a  1 : 1  ratio  of  OsFs  and  Os,  it  becomes  apparent 
that  the  most  reasonable  structure  in  this  instance  is 
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(POF)n9  or  the  model  for  O4FS  as  suggested  by  infrared 
studies.  ^^ 

An  unequivocal  interpretation  of  the  ^*F  nmr  signal 
from  OsFs  cannot  be  made  at  this  time.  It  would  ap- 
pear that  the  key  lies  in  the  determination  of  ^*F  nmr 
shifts  in  the  O4FS  or  in  the  OOF  species.  Our  attempts 
to  determine  chemical  shifts  for  O4F2  were  not  success- 
ful, since  the  instability  of  this  species  is  very  much 
greater  than  that  associated  with  OJFt  or  even  "^OsFs.** 
With  the  development  of  more  refined  low-temperature 
nmr  techniques,  however,  such  information  should  be 
made  available. 
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Abstract:  The  crystal  structure  of  trimethylaluminum  has  been  redetermined  by  three-dimensional,  single-crystal 
X-ray  diffraction  techniques  from  photographic  data  obtained  at  —  50  °.  Hydrogen  as  well  as  aluminum  and  carbon 
atoms  were  located.  The  structure  consists  of  Ali(CHs)e  molecules  with  symmetrical  Al-OAl  bridges.  An  At-C- 
Al  bridge  angle  of  74.7  db  0.4""  and  an  Al-C  bridge  distance  of  2.14  zk  0.01  A  were  found.  The  nonbridged  Al-C 
distance  is  1.97  ±  0.01  A.  An  Al-Al  distance  of  2.600  db  0.004  A  was  found,  M).l  A  longer  than  previous  results 
indicated.  A  significant  molecular  distortion  involving  the  terminal  carbon  atoms  makes  the  nuclear  framewoiic 
(excluding  hydrogen)  belong  to  point  group  dh  instead  of  the  idealized  Dsh.  There  exists  no  experimental  evidence 
to  indicate  that  the  bridge  is  not  correctly  described  with  a  carbon  spt  orbital  participating  in  a  four-center,  four- 
electron,  electron-deficient  bridge  bond. 


The  original  example  of  electron-deficient  methyl 
bridge  bonding  was  tetramethylplatinum,*  which  is 
now  generally  recognized  as  nonexistent.^  Trimethyl- 
gallium  has  been  shown  to  be  monomeric  down  to  very 
low  temperatures^  in  benzene  solution  and  in  the  pure 
liquid  at  room  temperature.*  Trimethylindium^**  is, 
at  best,  only  very  weakly  bonded  into  a  higher  polymer. 
Hence,  there  exist  at  this  time  only  three  examples  of 
'^five-coordinate  carbon"  or  electron-deficient  methyl 
bridge  bonds:  dimethylberyllium,*  dimethylmagne- 
uum^  (powder  data  only),  and  trimethylaluminum.^^ 
Previously,  Amma^'  had  attempted  a  refinement  of  the 
three-dimensional  data  of  trimethylaluminum  collected 
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in  the  original  two-dimensional  structure  determina- 
tion,^^ but  the  refinement  failed  to  converge  properly. 
Similar  results  have  been  obtained  for  the  refinement 
of  the  photographic  data  of  dimethylberyllium.^* 
The  failure  of  these  refinements  is  probably  due  to  the 
quality  of  the  original  diffraction  data.  With  the 
availability  of  better  vacuum-line^^  and  low-tempera- 
ture^* techniques,  we  decided  to  reinvestigate  this  crystal 
structure  because  this  compound  is  the  prototype  of 
methyl  bridge  electron-deficient  bridging  bonding  and 
is  important  not  only  to  the  understanding  of  metal- 
alkyl  bonds  but  also  to  the  nature  of  intermediates  in 
many  organic  reactions. 

Experimental  Section 

Trimethylaluminum  was  purchased  from  the  Ethyl  Corp.  in  a 
small  cylinder,  and  a  sample  from  this  was  removed  into  a  storage 
tube  in  a  vacuum  line.  Tlie  sample  was  sublimed  several  times  and 
then  sublimed  directly  into  very  thin-walled  Pyrex  capillaries.^* 
The  capillaries  were  then  cut  off  under  liquid  nitrogen,  and  the 
melting  point  of  the  sample  in  each  capillary  was  checked.  Crystals 
were  grown  in  a  cold  room  at  0^  and  annealed  with  a  small  electric 
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Table  L    Podtiooal  and  Temperature  Parameters  and  Errors  (a'  ^  aX  100 


Atom" 


x/a 


<f'(x/a) 


ylb 


c'(ylb) 


z/c 


ir\z/c) 


Al 

0.4708 

3 

0.5747 

3 

0.4073 

2 

Q 

0.6221 

11 

0.3814 

13 

0.5084 

8 

Ci 

0.3518 

12 

0.4325 

16 

0.2701 

8 

C, 

0.5520 

11 

0.8152 

13 

0.4098 

8 

Hia 

0.133 

0.183 

^                    0.083 

Hici 

0.133 

0.183 

'                 -0.050 

Htci 

0.217 

0.067 

^                     0.058 

Hict 

0.260 

0.466 

^                    0.234 

Hict 

0.366 

0.300 

^                    0.300 

Htci 

0.384 

0.517 

^                    0.234 

Hict 

0.133 

0.300 

^                    0.416 

Hsct 

0.017 

0.400 

^                    0.434 

Htct 

0.00 

0.383 

0.350 

•   •   • 

Thermal  Parameters  and  Standard  Deviations 
Anisotropic  Temperature  Factors  of  the  Form  exp[-03uA"  -f  Pnk*  -f  M*  +  2fiithk  -f  2ftiA/  -f  2fiki)];  <r'  -  <r  X  10* 


Atom 

fin 

<r' 

^ 

<r' 

^t. 

<r' 

fti 

<r' 

At 

<r' 

»u 

<r' 

Al 

0.0025 

4 

0.0142 

4 

0.0039 

1 

-0.0015 

3 

0.0026 

2 

-0.0007 

2 

Q 

0.0067 

15 

0.0211 

21 

0.0086 

8 

0.0035 

13 

0.0055 

9 

0.0010 

10 

Ci 

0.0084 

17 

0.0301 

27 

0.0072 

8 

-0.0051 

16 

0.0051 

9 

-0.0032 

11 

c, 

0.0072 

15 

0.0189 

21 

0.0089 

8 

-0.0018 

12 

0.0044 

9 

0.0015 

10 

i 

, —  Hydrogen  atom  isotropic . 

temperature  factors 

Scale 

Atom 

B,A« 

Layer 

factor* 

9 

Hici 
Hici 
Hici 
Hic« 
Hjcj 
Htct 
Hict 
Hict 
Hict 


3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 


\kl 
2kl 
3ki 
Akl 
Ski 
eki 
Iki 
Ski 


1.002 
1.005 
0.985 
1.009 
1.009 
1.011 
0.999 
0.999 
1.007 


0.034 
0.015 
0.024 
0.026 
0.022 
0.031 
0.022 
0.036 
0.036 


«  The  notation  Hici  refers  to  Hi  on  carbon  atom  Q.  ^  Hydrogen  coordinates  and  temperature  factors  not  varied  in  least  squares  and  no 
estimate  of  coordinate  or  temperature  factor  errors  given.  *  The  ratio  of  these  scale  factors  was  fixed  by  the  isotropic  refinement.  Tlie  absdnte 
value  was  fixed  by  the  anisotropic  refinement  using  one  scale  factor.  However,  the  change  in  going  from  the  isotropic  to  the  anisocropic 
refinement  was  small. 


light  bulb.  Crystals  were  checked  for  perfection  in  the  cold  room 
under  a  polarizing  microscope  and  then  transferred  via  a  dewar  to  a 
Weissenberg  camera  completely  enclosed  in  a  double-walled  Plexi- 
glass housing,'*  cooled  to  —50°  by  sublimation  of  Dry  Ice. 

X-Ray  Data.  The  crystals  were  found  to  be  monoclinic  with 
unit  cell  constants  determined  by  back-reflection  techniques  with 
Cu  Ka  (X  -  1.5405),  Ka,(X  =  1.5443):  a  =  12.74  ±  0.02  A,  6  - 
6.96  ±  0.01  A,  c  =  14.63  ±  0.02  A,  and  /3  =  123°  40'  ±  15'.  The 
observed  systematic  extinctions  (hkl^  /r  +  A:  -  2n  -f  1 ;  /rfV,  h  - 
2n4-l,/  =  2n-fl)  limited  the  possible  space  groups  to  Cc  or 
C2/c.  The  X-ray  analysis  indicate  the  correct  space  to  be  C2/c 
(vide  infra).  With  eight  molecules  per  unit  cell  the  density  was 
calculated  as  0.887  g  cm~*,  in  favorable  agreement  with  the  density 
of  liquid  trimethylaluminum  of  0.752  g  cm~  *.  Crystals  used  for  the 
collection  of  intensity  data  were  0.2  X  0.2  X  0.3  nun  or  less  in  size. 
The  linear  absorption  coefficient  (ji)  with  Cu  Ka  radiation  is  17 
cm~'  and  with  crystals  of  the  size  indicated  above,  nr  is  sufikiently 
small  that  absorption  corrections  could  be  neglected. 

It  was  found  that  crystals  could  be  grovm  with  any  of  the  three 
crystallographic  directions  parallel  to  the  capillary  axis.  Standard 
equi-inclination  multiple-film  intensity  data  were  obtained  using 
nickel-filtered  Cu  Ka  radiation  with  the  [100]  and  [010]  directions 
as  rotation  axis.  These  data  were  visually  estimated,  correlated, 
and  merged  to  yield  575  independent  hkl  intensities.  The  usual 
Lorentz  polarization  corrections  were  made. 

Structure  Refinement 

A  three-dimensional  Patterson  and  electron  density 
function  were  computed  to  check  the  previous  structure 
determination.^^  A  least-squares  refinement  was  car- 
ried out  by  minimizing  the  function  2h<Fo  —  ^c)*  using 

(16)  Patterson  and  electron-density  calculations  made  with  the  Sly- 
Shoemaker-van  den  Hende  program,  ERF-2. 


the  Busing  and  Levy  program  ^^  on  the  IBM  7090. 
The  Hughes^*  weighting  scheme  was  used  with  4FaiiB  » 
10.0.  Scattering  factors  were  from  standard  sources.** 
The  variables  for  the  isotropic  refinement  were  the 
atomic  coordinates,  individual  atom  isotropic  tempera- 
ture factors  for  aluminum  carbon,  and  the  scale  factors. 
The  scale  factors  were  allowed  to  vary  at  this  stage, 
solely  to  check  the  accuracy  of  our  data  merging.  As 
can  be  seen  from  Table  I,  the  interlayer  scaling  is  quite 
satisfactory.  The  anisotropic  refinement  had  the 
atomic  coordinates,  six  fi^  for  each  atom  and  one  scale 
factor  as  variables. 

Hydrogen  atom  positions  were  located  from  three- 
dimensional  difierence  maps  after  the  completion  of  tbe 
anisotropic  refinement  of  the  nonhydrogen  atomi 
These  difference  maps  were  computed  with  arbitral; 
sin  0  cutoffs  and  inclusion  of  /^calcd)  terms  for  un- 
observed reflections.  The  best  hydrogen  atom  resdo- 
tion  was  obtained  with  a  sin  0  cutoff  of  0.6.  Attempt! 
to  refine  the  hydrogen  positions  by  least  squares  were 
unsuccessful. 

The  shifts  in  atomic  coordinates  for  the  last  least- 
squares  cycle  were  less  than  5  X  1(H  of  a  cell  edge. 
The  final  disagreement  index  (/{),^  the  weighted  R, 

(17)  W.  R.  Busing  and  H.  A.  Levy,  OR  FLS  Program  ORNL-TM- 
305. 

(18)  E.  W.  Hughes,  /.  Am.  Chem.  Soe.,  63. 1737  (1941). 

(19)  Scattering  factors  for  neutral  AU  C,  and  H  from  the  oompilatioo 
of  J.  A.  Ibers,  "International  Tables  for  X-Ray  Grystaliography.**  Vol 
m,  Kynoch  Press,  Birmingham,  England,  1962,  p  202, 
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lUe  n.    Interatomic  Distances  (A)  and  Angles  (deg)< 


Bridge 

Al-Ci 

Al-Ci' 
Teiminal 

Al-C 

Al-C, 

Al-Al' 
Bridge,  C-H 

Ci-Hi 

Ci-H, 

Ci-H, 
Terminal  C-H 

Q-Hi 

Q-H, 

Q-H, 

Cm-Hi 

Cr-Ht 

Cr-H, 


Bonded 

2.134^:0.010 
2.153^:0.012 


C-Al-C     123.1  ±0.4 
Cr-Al-Ci'     107.2  ±0.5 


t.983±  0.010 
1.958  ±0.011 
2.600±0.004 

1.05 
1.12 
1.04 

1.02 
1.03 
1.00 
0.99 
0.92 
0.93 


Ci'-Al-C, 

Ci-Al-Ci' 

Cr-Al-Ci 

Cr-Al-Ci 

Hi-Ci-Hi 

Hi-Ci-Hi 

Hr-Ci-Hi 

Hi-Cj-Hi 

Hi-Cr-Hi 

Hr-Cf-Hi 

Hi-Cf-Hj 

Hi-Cr-Hi 

Hj-Cr-Hj 

Al-Ci-Al' 

Al'-Al-C, 

Al'-Al-Ci 


108.7  ±0.5 
105.3  ±0.4 
105.1  ±0.5 
106.1  ±0.5 

90 

96 
120 
109 

86 
100 
101 

85 

88 

74.7±0.4 
118.2±0.3 
118.7±0.3 


Q-Ci' 

C,-C, 

Ci-C, 

Q-C, 

C,-C,' 

Ci-Q' 


Nonbonded,  Intramolecular 

(bridge-bridge)  3 .  409  ±  0 .  022 

(bridge-terminal)  3 .  251  ±  0 .  01 3 

(bridge-terminal)  3.290  ±  0.016 

(terminal-terminal)  3 .  464  ±  0 .  014 

(bridge-terminal)  3 .  342  ±  0 .  01 7 

(bridge-terminal)  3. 331  ±  0.015 


Nonbonded,  Intermolecular 

All  intermolecular  distance  greater  than  3.9  A 
ihedral  angle  between  normals  to  planes  defined  by  Cy-Al-Ct  and 

Ci'-Al-Ci,  89.2  ±  0.5 
iuation  of  plane  defined  by  Al,  Cs,  Ci  of  the  form 

AX-^BY+CZ-  D  =  0 
A  «  0.8501.  B  =  0.5169.  C  =  -0.1010,  D  «  +0.7240 
Displacement  of  Al',  C^',  and  d'  from  this  plane  »  —0.120  A 
jaglc  between  Al-Al'  vector  and  AHCr-Cj  bisector)  2.6  ±  0.3** 

*  Prime  refers  to  atom  related  by  the  center  of  synunetry  at  the 
olecular  center;  e,g.,  Q'  refers  to  Q  transformed  by  1  at  center  of 
olecule. 


nd  the  standard  error  were  found  to  be  0.117,  0.14S, 
nd  2.00,  respectively.  Without  the  hydrogen  contribu- 
on,  the  disagreement  index  was  0.128.  Attempts  at 
;finement  of  the  structure  in  the  lower  symmetry  space 
roup,  Cc,  led  to  large  correlations  ^^0.9  for  atoms  that 
'ere  symmetry  related  in  C2/c.  Refining  one  set  while 
olding  the  other  set  fixed  led  to  the  centrosymmetric 
iructure  to  within  less  than  a  standard  deviation, 
[ence,  the  correct  space  group  is  the  centric  C2/c. 
It  is  of  considerable  importance  (vide  infra)  to  as- 
ertain  if  the  bridging  carbon  (Ci)  can  be  equally  well 
escribed  as  disordered  along  a  line  parallel  to  the  Al-Al 
ector.  We  split  Q  into  two  carbon  half-atoms  and  dis- 
laced  them  symmetrically  about  the  Ci  position  indi- 
ated  in  Table  I.  It  was  found  that  the  atomic  co- 
o-dinates  of  these  half-atoms  were  strongly  correlated 
>0.9)  and  could  not  be  refined  even  with  isotropic 
emperature  factors.  Attempts  at  refinement  by  fixing 
be  coordinates  of  the  carbon  half-atoms  and  varying 
be  coordinates  of  the  other  carbon  half-atoms  were 
qually  unsuccessful.  We  conclude  that  within  the 
imits  of  our  experimental  data  the  structure  is  best  de- 
cribed  by  an  ordered  model  with  the  thermal  parameters 
ndicated  in  Table  III. 

(20)  R"  Z\\Fo\  -  |Fe||/2:|Fo|;  weighted /?«  2h<|Fo|- |Fe|)V 
)wPo*;  standard  error  -  [Z{Fo  -  Fc)V(NO  -  NV)lVa(NO  -  number 
f  observations  »  575;  NV  «-  number  of  variables  «  37). 


Table  m.    Rms  Component  of  Thermal  Displacement  along  the 
Principal  Axes  of  the  Thermal  Ellipsoid  (1, 2, 3)  and  Angles 
between  These  Principle  Axes  and  the  Cartesian  Coordinate 

System  Defined  byjl)  (Al— Al'), «;  (2)  [(Al— AT)  X  (O^Ol, 
/3;  and  (3)  [(1)  X  (2)).  y  ([(T)  X  (2)]  esscntiaUy  O^'  direcUon) 


Rms 
Atom        component,  A 


a. 
deg 


deg 


7» 
deg 


Al 


C, 


(1)  0.074  ±0.017 

111.7 

120.3 

38.7 

(2)  0.166  ±0.003 

129.3 

41.3 

79.2 

(3)  0.193  ±0.003 

132.7 

115.1 

126.7 

(1)  0.142  ±0.032 

95.4 

94.2 

6.87 

(2)  0.236  ±0.013 

143,3 

125.7 

96.8 

(3)  0.257  ±0.012 

53.9 

143.8 

90.2 

(1)0. 186  ±0.027 

110.3 

133.4 

50.3 

(2)  0.218  ±0.012 

134.8 

50.1 

72.1 

(3)  0.293  ±0.013 

128.3 

110.0 

134.9 

(1)  0.177  ±0.020 

112.7 

147.5 

68.1 

(2)  0.223  ±0.014 

127.9 

93.7 

141.8 

(3)  0.274  ±0.013 

46.5 

122.2 

119.6 

The  observed  and  calculated  structure  factors  are 
listed  elsewhere.'^  Table  I  contains  the  final  param- 
eters and  errors  for  the  same  refinement.  Table  II 
gives  the  interatomic  distances,  angles,  and  errors.  ^^ 

Descriptioii  of  Structure 

The  crystal  structure  of  trimethylaluminum  consists 
of  two  monomers  related  by  a  center  of  symmetry  to 
form  a  dimer  with  bridging  methyl  groups.  These  dim- 
ers  are  then  separated  by  ordinary  van  der  Waals*  dis- 
tances (Table  II)  to  form  a  molecular  crystal.  Although 
these  results  are  in  general  agreement  with  the  features 
of  the  previous  structure  determination,^^  significant 
differences  were  found.  In  particular  (1)  the  Al-Al  dis- 
tance is  2.6(K)  ±  0.005  A,  M).l  A  longer;  (2)  the  Al- 
C-Al  angle  is  now  74.7  ±  0.4**  compared  to  70**;  (3) 
the  Al-C  bridging  distance  is  2.14  ±  0.01  A  instead  of 
2.22  A.  However,  our  Al-C  terminal  distance  is  well 
within  error  of  the  earlier  results.  This  terminal  dis- 
tance is  in  good  agreement  with  the  2.00  A  observed 
in  KF.2Al(CjH6),"  and  in  (C8H6)jAl"  as  well  as  the 
2.02  A  in  LiAl(C2H6)4."  In  the  latter,  some  elongation 
is  to  be  expected  on  chemical  grounds.  Our  QrAl-Cs 
angje  of  123.  P  is  to  be  compared  with  112.1  and  lOS"" 
in  LiAl(C2H5)4.  Although  previously  unreported,  the 
short  bridge  methyl-carbon  to  terminal  methyl-carbon 
distance  of  3.3  A  is  to  be  noted.  The  methyl-methyl 
nonbonded  distances  calculated  from  the  sum  of  the 
van  der  Waals  radii  is  4.0  A.  All  the  intermolecular 
distances  remain  more  or  less  normal,  i.e.,  >3.9  A  (c/. 
Figures  1  and  2). 

The  most  pronounced  difference  between  our  struc- 
ture determination  and  earlier  results  is  that  we  find  a 
nonnegligible  molecular  distortion  (Table  II).  The 
aluminum  and  terminal  atoms  of  one  dimer  are  not 

(21)  This  tabulation  and  a  more  detailed  foitn  of  this  paper  (or  ex- 
tended version,  or  material  supplementary  to  this  article)  has  been 
deposited  as  Document  No.  9373  with  the  ADI  Auxiliary  Publicationi 
Project,  Photoduplication  Service,  Library  of  Congress,  Washington  23, 
D.  C.  A  copy  may  be  secured  by  citing  the  document  number  and  by 
remitting  $1.25  for  photoprints,  or  $1.25  for  35-mm  microfilm.  Ad- 
vance payment  is  required.  Make  checks  or  money  orders  payable  to: 
Chief,  Photoduplication  Service,  Library  of  Congress. 

(22)  All  distances,  angles,  and  errors  were  computed  with  a  Busini^- 
Levy  OR  FFE,  ORNL-TM-306. 

(23)  G.  AUegra  and  G.  Perego,  Acta  Cryst,,  16,  18S  (1963). 

(24)  H.  M cBride,  private  communication. 

(25)  R.  L.  Gerteis,  R.  E.  Dickerson,  and  T.  L.  Brown,  Inorg,  Chem., 
3,872(1964). 
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Figure  I.  Geometry,  bond  distances,  and  bond  angles  in  the  di- 
meric  trimethylaliuninuni  molecule.  Methyl  distances  refer  lo  car- 
bon distances.  Hydrogen  atoms  are  not  shown  for  reasons  of  sitn- 
ididty. 


coplanar.  A  separation  of  0.12  A  is  found  between 
the  parallel  planes  defined  by  A1C,C»  and  Al'Ci'Ci'. 
This  distortion  can  also  be  seen  from  the  anf^e  of 
2.6  ±  0.3°  between  the  Al-Al'  line  and  the  line  defined 
as  Al-(bisector  of  Ci-Ci).  Since  the  dihedral  angle 
between  the  planes  defined  by  C,,  Al,  Ct  and  Ci'.  Al, 
Ci  is  89.2  ±  0.5°,  the  molecular  symmetry  (exclusive 
of  hydrogen)  is  Cjh  with  the  twofold  rotation  axis  bisect- 
ing the  Al-Al'  line  and  perpendicular  to  the  Al-Ci- 
Al'Cli'  plane.  The  origin  of  this  distortion  is  not  clear 
at  this  time. 

Although  we  report  hydrogen  atom  positions,  the 
enors  in  these  atomic  coordinates  are  probably  suf- 
ficiently large  so  that  no  physical  significance  should  be 
attached  to  the  differences  in  C-H  bond  distances  and 
H-C-H  bond  angles. 

Discussion 

Since  it  is  now  clear  that  only  the  aluminum  alkyls 
of  the  group  III  metal  alkyls  are  dimerized  with  rela- 
tively strong  Al-C-Al  bridge  bonds,  the  nature  of 
this  bridge  is  of  particular  importance.  The  alumi- 
num alkyls  have  been  extensively  studied  by  infrared, 
Raman,**  and  nmr*'  spectroscopy,  and  it  seems  worth- 
while at  this  point  to  relate  our  structure  results  to 
these  other  measurements. 

The  nmr  spectrum  of  trimethylaluminum  at  room 
temperature  consists  of  a  sharp  singlet  in  contrast  to 
the  two  expected  for  the  bridging  and  terminal  groups. 
This  indicates  that  the  two  species  are  either  mag- 
netically equivalent  or  are  involved  in  a  rapid  exchange 
process,"  At  —75°  the  spectrum"'  consists  of  two 
resonances  with  an  area  ratio  of  2:1,  indicating  a  rapid 
exchange  process  at  room  temperature.  At  this  time 
it  is  not  possible  to  distinguish  t^tween  two  mechanisms 
for  this  exchange:  (I)  the  breaking  of  one  AI-C  bridge 
bond  which  may  re-form  with  a  different  methyl  group 

(26)  (a)  K.  Pitzer  and  H.  Gulowsky,  /.  Am.  Chem.  Soc.,  68, 2204 
(1946);  (b)  C.  P.  Van  dcr  Kelen  and  M.  A.  Herman.  Bull.  Soe.  CMm. 
Btlges,  65. 162  (1956);  (c)  E.  O.  HorTraan,  Z.  Eleclrochtm..  64,  616 
(1960);  (d)  E.  G.  Hoffman  and  G.  Schomburg,  Ibid.,  61,  1101  (1957);  (e) 
A.  P.  Gray,  Can.  J.  Chim..  41,  1511  (1963). 

(27)  (a)  N.  Mullcr  and  D.  E.  Prilchard,  /.  Am.  Chem.  Soc.,  t2, 248 
(I960):  (b)  K.  C.  Ramey.  J.  F.  O'Brien,  1.  Huegawa,  and  A.  E.  Bot- 
ehauJ.Phys.  CAem.,  69,  3418(1963);  (c)  C.  P.  Poole,  Jr.,  H.  E.  Swift, 
and  J.  F.  luel,  Jr.,  Ibid.,  69.  3663  (1965). 

(28)  J.  A.  Pople,  W.  G.  Schneider,  and  H.  I.  Bernstein,  "Hiab  Resolu- 
tion Nuclear  MaEnedc  Reionance,"  McGraw-Hill  Book  Co.,  Inc., 
New  York.  N.  Y..  I9S9.  p  218. 


in  the  bridge  and  (2)  a  deformation  of  the  molecule  in 
which  no  bonds  are  broken,  leading  to  an  intermediate 
with  four  bridging  methyl  groups.  These  processa 
are  shown  in  Scheme  I.*"* 


:>^c 


>ai-o-amb; 


Neither  the  nmr  spectra,  the  infrared  solution,  not 
vapor  phase  spectra  down  to  300  cm~^  can  distinguid 
between  the  symmetrically  bridged  structures  I  and  IV 
(Dth  symmetry)  or  the  asymmetric  bridge  (C^  ff^ 
metry)  structure  V.    This  has  led  to  speculation  tlul 


trimethylaluminum  actually  exists  in  dynamic  equilib- 
riura  between  the  two  asymmetrically  bridged  ■truC' 
tures  (VI).  An  equilibrium  of  this  type  would  fadlt- 
tate  a  bridge  opening  such  as  II  and  help  to  explain  Ac 
rapid  exchange  process.  Because  of  the  limitatiooi 
in  the  earlier  diffraction  data  as  well  as  the  lack  of  coat- 
puting  facilities  in  that  era  of  crystallography,  ndtbff 
structure  V  nor  the  dynamic  equilibrium  could  be  fnOy 
ruled  out.    The  Al-C  distances  had  an  estimated  stud- 
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ttion  of  ±0.02  A,  but  a  more  realistic  appraisal 
ivc  been  ±0.04-0.05  A." 


H, 
H, 


H, 


\ 


CH, 


VI 


;1  that  our  structure  determination  rules  out 
imetric  bridge  features  of  structure  V,  but  the 
r  symmetry  of  the  dimer  is,  nevertheless,  dh 
le  fact  that  the  aluminum  and  terminal  carbon 
s  not  coplanar. 

bridge  distortion  as  in  structure  V  was  sig- 
it  should  manifest  itself  in  one  or  more  of  the 
I  ways.  One  is  a  significant  asymmetry  in 
d  Al^-C  bridge  distances.  This  is  not  ob- 
The  Al-C-Al'  bridge  is  symmetric  well  within 
I  error  (Table  III).  Another  is  a  statistical 
ng  of  the  molecules  corresponding  to  two  ori- 
<  related  by  a  twofold  rotation  about  an  axis 
cular  to  the  Al-Al'  line  lying  in  the  Al-Ci- 
lane.  Hence,  the  bridging  atoms  could  be 
I  by  two  half  carbon  atoms  synmietrically  dis- 
ong  the  Al-Al'  direction.  This  model  would 
ire  the  d  and  Ct  atoms  to  be  disordered  above 
•w  a  plane  passing  through  Al  and  Al'  per- 
ir  to  the  Al-Ci-Al'Ci'  bridge  plane.  There 
dence  for  any  disorder  of  the  terminal  carbon 
No  satisfactory  refinement  could  be  achieved 

data  on  a  disordered  bridging  carbon  half- 
xlel  (see  above).  Further,  this  model  would 
at  least  a  pronounced  Q  thermal  motion 
to  the  Al-Al'  line.  This  is  not  observed 
II).  Although  we  make  no  claims  for  ac- 
f  hydrogen  positions,  any  disordering  of  car- 
is  would  make  the  location  of  hydrogen  atoms 
impossible. 

dynamic  equilibrium  VI  existed  in  the  solid 
tn  the  disorder  or  thermal  motion  behavior 
d  above  should  again  be  observed.  These 
;ady  been  ruled  out.  Therefore,  we  conclude 
ethylaluminum  does  not  exist  as  the  dynamic 
am  VI.  The  correct  description  of  the  geom- 
rimethylaluminum  is  a  dimer  with  symmetric 
Tidge  bonds  and  of  point  symmetry  Qh  cx- 
•f  hydrogen.  The  true  over-all  symmetry  of 
:ulc  would  be  1  (Ci). 

;  forth  earlier  by  Rundle,^^  the  bridge  bonding 
liylaluminum  can  be  described  either  as  a  com- 

of  tetrahedral  orbitals  from  aluminum  and 
)r  as  a  "methylated  double  bond,**  the  dif- 
cing  mostly  a  matter  of  taste.  In  the  former 
>n  two  bonding  four-center  MO's  can  be  con- 
from  the  carbon  and  aluminum  tetrahedral 
)f  symmetry  aig  and  b|^,  respectively  (assuming 
metry).  The  four  electrons  (one  from  each 
n  and  carbon)  then  completely  fill  these  two 

molecular  orbitals  to  give  the  closed-shell 
:  structure.  The  b,^  MO  has  a  nodal  plane 
through  the  aluminum  and  terminal  carbon 
nd  consequently  this  is  a  distorted  x  orbital. 


With  some  overlap  of  the  aluminum  tetrahedral  orbitals 
a  metal-metal  bent  <r  bond  may  be  considered  present 
as  well.  This  formulation^*  bears  a  one-to-one  cor- 
respondence to  the  description  of  diborane.*^ 

Rundle^^  proposed  that  four  principal  factors  govern 
the  stability  of  dimers  held  together  by  alkyl  bridges. 
Association  is  favored  by  (1)  a  large  difference  in  elec- 
tronegativity between  the  metal  and  carbon ;  (2)  a  low 
value  for  the  energy  required  to  promote  an  electron 
from  an  s  to  a  p  orbital  in  the  valence  shell  of  the  metal; 
(3)  a  large  bond  energy  for  a  normal  single  bond  be- 
tween the  metal  and  carbon ;  (4)  a  minimal  amount  of 
inner  shell  repulsion  between  the  two  metal  atoms 
separated  by  internuclear  distances  demanded  by  the 
geometry  of  the  dimer.  The  first  two  make  dimeriza- 
tion  difficult  for  trimethylboron,  and  the  last  two 
probably  act  against  formation  of  dimers  by  Ga,  In, 
and  Tl.  If  one  examines  the  angles  about  Al,  it  is  found 
that  the  Cr-Al-Q  angle  is  123.  P,  the  Cr-Al-Al'  angle 
is  118.7^  and  the  d-Al-Al'  angle  is  118.2^  These 
are  strikingly  close  to  the  ideal  120^  for  sp^  hybridiza- 
tion. We  would  like  to  suggest,  in  addition  to  the 
above  four  factors  (these  are  really  not  four  independent 
variables),  that  overlap  of  metal-metal  orbitals  or 
metal-metal  bonding  is  also  important  in  the  dimeriza- 
tion  of  the  aluminum  alkyls.  Since  the  metal-metal 
bonding,  in  general,  decreases  in  going  down  the  peri- 
odic table  (particularly  after  the  3rd  row  metals,  e.g„ 
Si,  Ge,  Sn,  Pb),  this  also  tends  to  destabilize  the  dimer 
for  the  group  Illb  metal  alkyls  after  aluminum. 

If  factor  1  above  is  important,  then  it  is  not  clear 
why  dimethylberyllium*  and  dimethylmagnesium^  are 
polymeric  with  methyl  bridges  but  dimethylzinc'^  is 
monomeric — particularly  since  Be  and  Zn  have  es- 
sentially the  same  electronegativity  (l.S,  1.6)*^  and  the 
tetrahedral  covalent  radius  of  Zn  (1.31)  is  less  than  that 
of  Mg  (1.40).'**'  However,  when  viewed  in  terms  of 
metal-metal  bonding,  the  fact  that  dimethylzinc  is 
monomeric  is  not  surprising.  Alternatively,  this  trend 
is  also  understandable  in  terms  of  factor  3. 

An  examination  of  the  tabulated  s  -^  p  excitation 
energies**  shows  that  factor  2  cannot  be  the  important 
factor  for  the  lack  of  dimerization  of  trimethylboron. 
(B  2s  -►  2p  ~  29,000  cm-»  ~  Al  3s  -►  3p).  The  most 
likely  reason  for  the  lack  of  dimerization  of  trimethyl- 
boron is  probably  a  simple  steric  effect.  An  examina- 
tion of  the  methyl-methyl  nonbonding  intramolecular 
distances  in  trimethylaluminum  (Table  II,  Figure  1) 
shows  that  the  methyl  groups  are  already  tigjbtly  packed 
and  a  substantial  reduction  in  the  size  of  the  metal 
atom  would  create  a  good  deal  of  van  der  Waals  repul- 
sion (covalent  radii  (A):  Al  »  1.26,  B  »  0.88,  but 
Be  «  1.06).  Therefore,  with  the  additional  data  now 
available,  factors  3  and  4  seem  to  be  the  most  important. 
However,  metal-metal  bonding  as  well  as  steric  repul- 
sions are  not  to  be  neglected. 

(29)  E.  L.  Amma,  Abstracts,  149th  National  Meeting  of  the  Ameri- 
can Chemical  Society.  Detroit,  Mich.,  April  1965,  p  31M. 

(30)  W.  N.  Lipscomb,  "Boron  Hydrides,*'  W.  A.  Benjamin,  Inc., 
New  York,  N.  Y..  1963.  pp  2, 197. 

(31)  R.  E.  Rundle.  H.  Olsen.  G.  D.  Stucky,  and  G.  R.  Engebretson, 
Abstracts,  Sixth  International  Congress  and  Symposia,  Rome,  Italy, 
Sept  9-18.  1963.  paper  6-20;  Acta  Cryst.,  16,  (1963). 

(32)  L.  Pauling,  "Nature  of  the  C:hemical  Bond,**  3rd  ed.  The  Cornell 
University  Press,  Ithaca,  N.  Y.,  1960:  (a)  p  93;  (b)  p  246. 

(33)  C.  E.  Moore.  **Atomic  Energy  Levels,"  National  Bureau  of 
Standards  Circular  467,  Vol.  I-III,  U.  S.  Government  Printing  Office, 
Washington  23,  D.  C,  1949. 
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In  order  to  eliminate  confusion,'^  it  should  be  pointed 
out  that  a  recent  complete  matrix  least-squares  aniso- 
tropic temperature  factor  refinement  of  trimethyl- 
indum'*  gave  In-C  distances  of  In-Ci,  -Cj,  -Cj  of 
2.24  ±  0.06,  2.25  ±  0.06,  and  2.16  ±  0.04  A  and  C- 
In-C  angles  of  Cr-In-d  120.5  ±  1.8^,  d-In-Cs 
117.3  ±  1.3%  and  C-In-d  122.2  ±  1.8^  These 
distances  and  angles  are  not  statistically  different  from 

(34)  F.  A.  Cotton  and  G.  Wilkinson,  "Advanced  Inorganic  Chemis- 
try,** 2nd  ed,  Interscience  Publishers,  John  Wiley  and  Sons,  Inc.,  New 
York,  N.  Y.,  1966,  p  318. 

(35)  O.  G.  M essmer  and  E.  L.  Amma,  unpublished  research. 


the  earlier  results,^  but  the  estimates  of  error  are  prob- 
ably more  realistic.  It  is  to  be  noted  that  In(CHs)8  is 
still  planar  well  within  statistical  error,  and  the  **pseudo- 
tetramer''  should  be  viewed  as  very  weakly  bonded  to- 
gether, if  at  all.  Where  weak  chemical  bonds  begin 
and  end  is  by  no  means  a  clear-cut,  unambiguous  deci- 
sion. 
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AMract:  The  rate  constants  for  the  formation  and  dissociation  of  nickel(II)  and  cobalt(II)  complexes  with  or 
and  |3-aminobutyric  acids  have  been  determined  by  the  temperature-jump  method.  Although  rate  constants  for 
formation  of  higher  order  as  well  as  monosubstituted  complexes  were  measured,  the  most  significant  results  with 
respect  to  a  comparison  between  the  two  different  metal  ions  concern  the  rate  constants  (A:i)  for  the  first  substi- 
tution. It  was  determined  that  substitution  for  both  nickel(II)  and  cobalt(n)  is  faster  with  a-aminobutync  acid  than 
with  the  fi  acid.  That  is,  at  20^  an  ionic  strength  -  0.1  Af  for  nickelCQ)  with  o-aminobutyrate,  A:i  =  1.0  X  10^ 
M"^  sec"*;  with  jS-aminobutyrate,  ki  =  4.0  X  10'  Af"*  sec~*.  Under  the  same  conditions,  for  cobalt(n)  with 
a-aminobutyrate,  ki  =»  2.5  X  10*  Af  ~*  see"* ;  with  |3-aminobutyrate,  ki  =  2.0  X  10*  Af  ~*  scc~*.  The  relative  error  for 
these  rate  constants  is  d:20  %.  The  rate  constants  determined  for  a-aminobutyric  acid  are  consistent  with  a  mech- 
anism in  which  release  of  a  water  molecule  from  the  metal  ion*s  inner  coordination  sphere  is  rate  determining.  In 
reaching  this  conclusion,  it  is  shown  that  an  empirical  factor  of  Vi>  to  account  for  the  partial  absence  of  spherical  sym- 
metry in  these  chelating  agents,  must  be  used  when  comparing  these  (and  the  ff)  values  with  rate  constants  previously 
determined  for  other  ligands.  The  slower  reactions  with  |3-aminobutyric  acid  are  explained  by  the  kinetic  chelate 
effect,  in  which  chelate  ring  closure  is  the  rate-determining  step.  The  steric  effect  is  appreciably  greater  for  cobelt(II) 
than  for  nickel(II)  because  of  the  inherently  greater  lability  of  the  former  ion. 


Studies  of  fast  metal  complex  substitution  reactions 
can  be  explained  by  a  previously  proposed  mecha- 
nism for  the  formation  of  complexes  between  divalent 
ions  and  simple  anionic  ligands. ''^  The  initial  proc- 
ess is  the  diffusion-controlled,  ion-pair  formation  be- 
tween the  aquated  metal  ion  and  ligand.  For  most 
monodentate  and  certain  polydentate  ligands,  the  rate- 
determining  step  is  the  loss  of  a  water  molecule  with 
concomitant  substitution  of  the  reactant  ligand  into 
the  inner  coordination  shell.  Since  the  rate-deter- 
mining step  is  controlled  by  the  rate  of  release  of  a  water 
molecule  from  the  inner  coordination  sphere,  it  is  there- 
fore a  characteristic  of  the  metal  ion. 
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Research  Grant  OM-08893-05  from  the  National  Institute  of  General 
Medical  Sciences,  Public  Health  Service,  and  wish  to  thank  the  National 
Science  Foundation  for  College  Faculty  Summer  Participation  Grant 
GY-687  to  A.  K.  and  R.  F.  P. 

(2)  Departments  of  Chemistry:  (a)  Lowell  Institute  of  Technology, 
Lowell,  Mass.;  (b)  Ithaca  College,  Ithaca,  N.  Y.;  (c)  Polytechnic 
Institute  of  Brooklyn,  Brooklyn,  N.  Y. 

(3)  (a)  M.  Eigen,  Z.  Eiektrochem.,  64,  115  (1960);  (b)  M.  Eigen  and 
K.  Tamm,  ibid.,  66,  93  (1962);  (c)  ibid,,  66,  107  (1962). 

(4)  G.  G.  Hammes  and  J.  I.  Steinfeld,  /.  Am,  Chem,  Soc.,  84, 4639 
(1962). 

(5)  G.  G.  Hammes,  Ann,  Rev.  Phys.  Chem,,  15,  13  (1964). 

(6)  K.  Kustin,  R.  F.  Pastemack,  and  E.  M.  Weinstock,  /.  Am,  Chem, 
5oc.,  88,  4610(1966). 


For  metal  complexes  with  multidentate  ligands,  the 
stability  of  the  metal  chelate  is,  in  part,  governed  by 
the  chelate  structured  The  thermodynamic  data  for 
divalent  metal  ions  with  amino  adds  show  that  a  fiv^ 
membered  ring  is  more  stable,  unless  a  linear  complex  is 
formed.  For  example,  the  stability  constants  for  a- 
and  j9-aminobutyric  acids  differ  by  over  a  factor  of  10 
(see  Table  I). 

Recently,  evidence  has  been  reported  that  there  is 
also  a  kinetic  chelate  effect.*  Studies  of  divalent  meal 
chelates  with  a-  and  /3-alanine  show  that  there  is  a  d^ 
crease  in  rate  when  changing  the  ligand  from  cr-alanioe 
to  j9-alanine.  This  decrease  in  rate  is  explained  by  the 
difficulty  in  forming  a  six-membered,  as  opposed  to  t 
five-membered,  ring  with  an  aminocarboxylic  add 
ligand.  The  mechanism  is  the  same  as  that  originaDy 
proposed,  but  the  rate-determining  step  is  believed  to  be 
closing  of  the  chelate  ring  rather  than  the  rdease  of  a 
water  molecule  from  the  inner  coordination  sphere  of 
the  metal  ion. 

The  kinetics  for  the  formation  of  nickel(II)  and  co- 
balt(II)  chelates  with  a-  and  j9-aminobutyTic  acid  (a- 

(7)  H.  Irving,  R.  J.  P.  Williams,  D.  J.  Ferrett,  and  A.  E.  WUbmi^  /• 
Chem,  Soc,,  3494  (1954). 
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e  L    Stoichiometric  Equilibrium  Constants*  at  20  ^  and  Ionic  Strength  0.1  M 


Ligand 

Metal  ion 

A!hl»  M 

^HsLt  ^ 

J«4,Af-» 

Jfi.  Af-» 

Kt^M'^ 

a-Aminobutyric  add 
/3-Aminobutyric  acid 

Indicator 
Phenolphthalein 
Phenol  red 

Ni*-*- 
Co«+ 
Ni»+ 
Co«+ 

6.57  X  10-" 
6.57  X  10-" 
2.39  X  10-" 
2.39  X  10-" 

2.51X10-W* 
1.26X10-«« 

2.25  X  10-* 
2.25  X  10-* 
3.01  X  10-* 
3.01  X  10-* 

3.16X10* 
2.27X10* 
5.72X10* 
7.63X10* 

3.02  X  10* 
2.79X10* 
4.86X10* 
6.8   X10« 

1.55X10* 
2.63X10" 
5.36X10" 
2.6   X10« 

Cbo.  -  [HIHLMHtL]; 

&L  =  [H][L]/[HL];  Kn  -  [ML J/[ML«  -  JL],  n  = 

1, 2, 3;  Kin  »  [H]/[In]/[HIn].    » A.  Thid  and  G.  Coch.,  Z. 

g.  Allgem.  Chem.,  211,  353  (1934).    « I.  M.  Kolthoff,  7.  Phys,  Chem,,  34, 1466  (1930). 


I  !!.<■    Results  for  Nickel(II)  with  or-  and  ^-Aminobutyric  Adds 


Tczptl 

Tealod 

[Ni]o 

[Abu]o 

[Hlnlo 

pH 

X  10* 

XIO* 

A. 

Nickd  (11)  with  a-Ammobutyric  Add 

1.00  X  10-* 

4.04  X  10-* 

i.ooxio-** 

8.5 

ri  =  ll 
n,  =  2.5 

ri  =  15 
Ti-2.3 

1.01  X  10-* 

8.08  X  10-* 

1.00X10-** 

8.5 

18 

12 

1.01  X  10-* 

2.02  X  10-* 

i.ooxio-** 

8.5 

10 

10 

2.00  X  10-* 

4.04  X  10-* 

1.00X10-** 

8.5 

8.6 

6.1 

2.00  X  10-* 

6.07  X  10-* 

1.00X10-** 

8.5 

ri-8.9 
r,-1.7 

ri-8.6 
r,  =  1.7 

2.00  X  10-* 

8.08  X  10-* 

1.00X10-** 

8.6 

r,-12 
ri-1.3 

ri-12 
71  »  1.6 

1.00  X  10-* 

2.50  X  10-* 

8.00XlO-*« 

9.0 

19 

16 

B. 

Nickd(Il)  with  ^-Aminobutyric  Acid 

2.00  X  10-* 

4.00  X  10-* 

4,00  X  10-*- 

9.2 

14 

16 

2.00  X  10-* 

1.30X10-" 

1.00X10-** 

8.4 

31 

26 

2.00  X  10-* 

4.00  X  10-* 

4.00  X  10-*« 

9.0 

8 

12 

2.00  X  10-* 

2.00  X  10-* 

9.80XlO-«* 

8.5 

10 

16 

1.00  X  10-* 

2.00  X  10-* 

9.80X10-** 

8.5 

17 

16 

rhe  subscript  zero  refers  to  total  stoichiometric  concentration.    All  concentrations  are  molar  and  at  all  times  are  in  seconds.    *  HIn 
ol  red.    « HIn  »  phenolphthaldn. 


1  and  /3-Abu,  respectively)  have  been  examined  to 
^stigate  further  the  possibility  of  a  kinetic  chelate  ef- 
.  The  stability  constants  for  all  the  aminobutyric 
l-metal  complex  systems  have  not  been  previously 
^rted.  The  stability  constants  that  have  been  used 
e  measured  in  this  laboratory  by  a  potentiometric 
bod.  The  details  for  the  determination  of  these 
stants  will  be  published  separately.*  The  results  of 
thermodynamic  investigation,  as  well  as  other  per- 
nt  equilibrium  constants,  are  given  in  Table  I. 

lerimeiital  Sectioo 

sher  reagent  grade  KNOt,  Ni(NOs)i-6HA  and  Co(NOi)i- 
>  were  used  without  further  purification,  as  were  all  other  re- 
its.  The  o-aminobutyric  add  and  ^-aminobutyric  add  were 
itional  Biochemical  Co.  products.  Phenolphthaldn  (Baker 
BDt  grade)  and  phenol  red  (Aldrich  reagent  grade)  were  used 
dicators. 

ock  solutions  of  the  metal  nitrate,  acid  ligand,  and  indkator 
i  prepared.  The  solutions  to  be  studied  were  made  up  by  mix- 
ihe  desired  aipounts  of  stock  solutions  into  100-ml  volumetric 
a  and  diluting  to  the  mark.  The  pH  was  adjusted  by  dropwise 
tion  of  solutions  of  NaOH  and/or  HNOt.  The  final  pH  value 
measured  by  a  pH  meter  (Radiometer,  Copenhagen),  within 
pHunit. 

le  tonic  strength  of  all  solutions  was  0.1  M.  The  temperature 
lis  study  was  20  ds  1  ^  for  all  experiments.  The  details  of  the 
)erature-jump  instrumentation  have  been  described  elsewhere.' 


K.  Kustin  and  R.  Davidow,  submitted  for  publication.  C/.  L.  G. 
1  and  A.  E.  M artdl,  **Stability  Constants  of  Metal-Ion  Complexes,** 
Caiemical  Sodety,  London,  1964,  Table  249,  in  which  the  first-  and 
id-step  stability  constants  for  cobalt(II)  and  a-aminobutyric  add 
iven  as  iCi  -  1.9  X  \0\  iCs  -  2.1  X  10*  M'^  at  ionic  strength  0.1  M 


Blank  experiments  with  solutions  containing  only  the  metal  and 
indicator,  or  the  add  ligand  and  the  indicator  (both  solutions  at 
ionic  strength  0.1  Af),  did  not  show  any  rdaxation  effect  in  the 
time  range  of  the  instrument. 

Results 

The  relaxation  times  for  the  various  solutions  were 
computed  and  averaged  from  at  least  three  (generally, 
five)  photographs  of  the  oscilloscopic  traces.  The  aver- 
ages of  the  relaxation  times  are  reported  in  Tables  II 
and  III  together  with  the  pH  and  total  concentrations 
of  metal  and  ligand.  The  relaxation  times  thus  evalu- 
ated have  errors  of  ±  20  %  with  respect  to  the  reported 
averages.  It  should  also  be  noted  that  the  pH  range  of 
this  study  is  from  pH  8.0  to  9.2.  The  calculated  re- 
laxation times  in  Tables  II  and  III  were  obtained  (Dtde 
infra)  by  use  of  the  best  set  of  rate  constants  without  the 
introduction  of  any  pH-dependent  terms. 

A  pH  dependence  of  the  rate  constant  would  result 
from  side  reactions  involving  the  neutral  ligand,  HL, 
or  any  hypothetical  species  MOH+,  where  M  =  Ni*+ 
or  Co*+.  The  lack  of  a  dependence  of  the  rate  con- 
stants on  pH  makes  these  steps  insignificant  under  the 
conditions  of  this  investigation.  A  more  extensive 
variation  of  pH  was  precluded  at  the  upper  end  by  the 
precipitation  of  the  metal  (as  metal  hydroxide,  pre- 
sumably) and,  at  the  lower  end,  by  diminution  of  the 
amplitude  of  the  relaxation  effect.  Indeed,  by  lowering 
the  pH,  the  free  L"  concentration  decreases  with  respect 

(9)  p.  HurwiU  and  K.  Kustin,  Inorg.  Chem.,  3,  823  (1964). 
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Table  IIL«  Results  for  CobalKII)  with  or- and /S-Aminobutyric  Adds 


Tcxptl 

Toal«d 

X 

X 

[Co]o 

[Abulo 

[HIn]o 

pH 

10* 

10* 

A. 

Cobalt(II)  with  a-Aminobutyric  Acid 

1.00X10-* 

2.00X10-* 

i.ooxio-** 

8.5 

0.74 

0.66 

1.00X10-* 

2.50X10-* 

i.ooxio-** 

8.5 

0.64 

0.61 

1.00X10-* 

2.50X10-* 

4.00  X  10-** 

9.0 

0.71 

0.79 

1.00X10-* 

6.00X10-* 

4.00  X  10-*« 

9.0 

0.60 

0.69 

i.ooxio-' 

8.00X10-* 

4.00  X  10-*« 

9.1 

0.56 

0.64 

B. 

Cobalt(ID  with  ^-Aminobutyric  Add 

2.00X10-* 

4.00X10-* 

i.ooxio-** 

8.5 

4.5 

6.7 

1.00X10-' 

5.00X10-* 

9.8X10-** 

8.6 

10 

7.9 

1.00X10-* 

10.0X10-* 

9.8X10-** 

8.6 

7.7 

7.3 

i.ooxio-' 

20.0X10-* 

1.00X10-** 

8.6 

8.0 

6.6 

1.00X10-* 

15.0X10-* 

1.00X10-** 

8.6 

7.2 

6.7 

1.00X10-' 

10.0X10-* 

4.00X10-*" 

8.9 

6.4 

6.6 

1.00X10-* 

io.oxio-» 

1.00X10-** 

8.0 

7.3 

8.7 

2.00X10-* 

1.00X10-* 

2.00X10-** 

8.5 

7.0 

9.1 

*  The  subscript  zero  refers  to  total  stoichiometric  concentration. 
All  concentrations  are  molar  and  all  times  are  in  seconds.  *  HIn 
B  phenol  red.    '  HIn  =  phenolphthaldn. 


to  the  relatively  inert  HL,  thus  depriving  the  solution 
of  reacting  ligand. 

The  equilibrium  concentrations  for  the  species  M, 
ML,  ML2,  MLs,  L,  HL,  and  H2L  for  the  various  solu- 
tions were  calculated  using  the  constants  in  Table  I, 
with  the  help  of  a  computer  program  run  on  an  IBM 
1620. 

The  relaxation  processes  observed  were  interpreted 
in  terms  of  reactions  of  the  type 


MU-,  H-L 


ML, 


kjk.^ 


(1) 


where  /i  =  1,  2,  or  3.  The  symbol  L  refers  to  the  an- 
ionic form  of  the  Uganda  which  is  responsible  for  com- 
plexation  of  the  metal  ion.  (Charges  have  been  neg- 
lected in  this  and  all  other  equations.)  The  general 
treatment  given  by  Hammes  and  Steinfeld^  for  a  system 
of  two  coupled  reactions  has  been  used  in  calculating 
the  relaxation  times.    The  relation 

r-*  -  t-\an  +  an)  +  (fliifl«  -  fluflji)  =  0      (2) 
derived  from  the  solution  of  the  secular  determinant 


an  -  1/r 
an 


au 

an  -  1/r 


=  0 


(3) 


where  1/r  is  the  eigenvalue,  was  used  to  find  the  rate 
constants  when  two  reactions  of  type  1  were  present. 
In  (3),  the  at/s  are  related  to  (1)  the  concentrations  of 
the  appropriate  reactants,  (2)  the  rate  constants,  and  (3) 
the  equilibrium  constants  for  the  coupled  fast  (relative 
to  the  metal  complexation)  reactions 

H  -f  L  :^:^  HL 
H  H-  In  :^=±:  HIn 

where  the  symbol  In  represents  the  indicator  anion 
form.* 

Calculation  of  r  by  trial-and-error  methods  em- 
ploying appropriately  varying  values  of  the  kn  for  the 
two  processes  where  /i  «  1  and  2  were  performed.  In 
some  cases  the  concentration  of  MLs  was  sufficiently  high 
to  enable  the  determination  of  all  three  rate  constants, 
Dia  solutions  of  (2)  in  which  /i  =  2  and  3.    The  rate 


Table  IV.    Rate  Constants  of  Metal  Complexatioo  at 
20''andM»0.1Af 


Metal 


n 


a-Abu 


P-Aba 


Co«^ 


Ni«+ 


Co«+ 


Ni»+ 


'■"■  ■'     knt   M 

'»  scc-»  ^ 

1 

2 
3 
1 
2 
3 

2.5  X  10* 
1.9X10* 

2.0  X  10* 
7.0  X  10* 

1.0X10* 
1.5X10* 
3.0X10* 

4.0X10' 
8.0  X  10» 
3.0  X  10» 

'               A:-«, 

see"*  » 

1 
2 
3 
1 
2 
3 

11.0 
6.8X10* 

2.6 
1.0X10« 

3.2Xl0-« 
0.5X10-* 
19 

7.0X10-* 

1.6 

5.6 

constants  used  to  calculate  the  relaxation  times  ^^ 
ported  in  Tables  II  and  III  are  given  in  Table  IV. 

Discussion 

General  Mechanism.  The  mechanism  for  metal 
chelate  substitution  reactions  may  be  written  as  shown 
in  eq  a-c,  where  Wi  and  Wa  represent  the  two  water 

M.«4-A-B.a^W,MWi^-B     «.  -  ^^^OT^J^   (a) 


npid 


W,MWuA-B  :;j=i:  W,M-A-B -f  HtO    ATb 


[M]  [A-Bl 


[W,M-A~B1     ^^ 


*•'    Av  rM<t)  1 

W,M-A-B:;p±M<    )iK,-fI«)    JK.  «   L        B^J 
*-«'         W  [W,M-A-W 


(0 


molecules  in  the  inner  coordination  sphere  which  are 
eventually  replaced  by  the  bidentate  ligand.  The  two 
binding  sites  of  the  ligand  are  represented  as  A  and  E 
Reaction  a  is  the  formation  of  tiie  ion  pair,  WsMWh 
A-B  with  Ar«  the  ion-pair  formation  constant. 

If  we  restrict  our  attention  to  the  first  substitutioB 
only,  and  use  the  assumptions  made  in  part  I,*  we  can 
relate  the  observed  rate  constants  to  the  above  mecha- 
nism by  eq  4a  and  b.    This  mechanism  shows  two  limit- 


k\  =  AtoAi 


(      ^^'       \ 


(4a) 


(4b) 


ing  types  of  behavior,  depending  upon  the  relative 
magnitudes  of  the  two  rate  constants  k^  and  k%. 
These  cases  are  summarized  below  as  normal  sub- 
stitution, fco'  »  *-o,  ki  =  kfiK^  (Af-*  sec->)»  *-i  * 
Ar.o/^  (sec~0;  and  sterically  controlled  substitution, 
fc-o  »  *o\  ki  =  fco'Aa^b  {M'^  sec-O,  ifc-a    «   *-•' 

(sec-*). 
Tf  the  complex  formation  is  a  "normal"  substitution, 

then  by  using  a  calculated  value  for  the  ion-pair  con- 
stant, Ar«,  one  obtains  a  value  for  k^  the  rate  constant 
for  the  elimination  of  water  from  the  first  coordination 
sphere.  Swift  and  Connick*<^  have  determined  k% 
by  the  use  of  nmr  line-broadening  measuremeots. 
Their  values  are  3  X  10*  and  1  X  10«  sec-»  for  niclcd- 

(10)  T.  J.  Swift  and  R.  E.  Coiini<^  /.  Ckem.  Pkys.,  37.  307  (I9fi): 
41,  2553  (1964). 
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nd  cobalt(II),  respectively.  The  results  for  gly- 
and  a-alanine*  are  in  good  agreement  with  the 
;  values.  The  results  for  ki  (^koK,)  reported 
for  Ni*"*"  and  Co*"*"  with  a-aminobutyric  acid  are 
:  10*  and  2.5  X  10*  3f-^  sec^S  respectively,  which 
agree  qualitatively  with  the  nmr  data,  and  with 
ata  obtained  with  other  ligands. 
more  evidence  on  the  nature  of  metal  complex 
itution  reactions  accumulates,  resort  is  being  made 
vestigations  with  increasin^y  larger  and  more 
lex  ligands.  It  would  be  worthwhile  to  reex- 
t  the  applicability  of  ion-pair  formation  constant 
lations  in  this  regard.  The  constant  for  ion-pair 
ition  between  two  ions  leading  to  a  solvated  species 
L  can  be  calculated  with  the  function  derived 
endently  by  Fuoss^  ^  on  statistical  and  by  Eigen^*  on 
c  grounds,  namely 

K.  =  5^exp(6)exp[-6iai/(l  +  ica)]A/-^      (5) 

e  above  expression,  N  is  Avogadro*s  number; 
-bKa/(l  +  Ka)]  =  7dbS  which  is  the  square  of  the 
e-Hiickel  mean  activity  coefficient;  a  is  the  mini- 
approach  distance  between  the  charged  particles; 
the  Bjerrum  ratio  between  potential  and  kinetic 
y  (*  =  I  2mZl  \eo*laDkT)  where  2m  and  Zl  are  the 
charges,  eo  is  the  elementary  charge,  k  is  the  Boltz- 
i  constant,  D  is  the  dielectric  constant,  and  T  is  the 
ute  temperature);  the  parameter  k  is  the  recipro- 
'  the  distance  between  the  central  ion  and  the  ionic 
sphere  at  the  maximum  of  its  charge  density  ac- 
ng  to  the  Debye-Hiickel  theory, 
uation  S  has  been  based  on  models  in  which  the 
nt  is  assumed  to  be  a  continuum  and  the  ions  are 
dered  to  be  rigid  spheres  of  radii  a/2.  It  is  evi- 
that  for  the  anions  discussed  in  this  study  this 
;1  does  not  fit,  even  to  a  first  approximation,  the 
:ular  structures  of  these  amino  acids.  The  ex- 
ion  is,  moreover,  strongly  dependent  on  the  dis- 
a.  Choosing  a  =  S  A,  as  has  been  done,*  leads 
alue  of  A!»  =  2  M"  ^  While  this  procedure  yields 
nable  results,  in  some  cases,  we  feel  that  to  expect 
agreement  with  the  theory  for  ligands  of  different 
etry  is  impractical.  On  the  other  hand,  attempts 
lapt  the  model — and,  hence,  the  theory — to  the 
nt  situation,  would  involve  efforts  out  of  keeping 
a  kinetic  study.  We  are  mainly  interested  in  a 
ve  comparison  of  the  observed  ki  between  a- 
/3-aminobutyric  acid  complexes  with  cobalt(II) 
lickel(II).  Therefore,  even  if  the  absolute  value  of 
unknown,  some  of  its  characteristics  with  respect 
t  two  ligands  may  be  inferred,  and  we  may  draw 
valid  conclusions  about  the  mechanism, 
e  ki  value  for  nickel  with  a-aminobutyric  acid  is 
what  lower  than  the  corresponding  value  for 
)d  ligands  (e.g.,  glycine,  a-alanine,  diglycine). 
^,  the  same  is  true  for  the  cobalt  values,  and,  as 
later  be  shown,  the  rate  constants  for  ^-amino- 
ic  acid,  as  well.  To  find  the  reason  for  this  de- 
e,  we  start  by  examining  eq  S.  This  expression 
sts  of  two  parts.  The  preexponential  factor  is 
pic  in  nature.  It  increases  with  increasing  ionic 
s,  reflecting  the  enhanced  probability  of  pairing 

R.  M.  Fuoss.  /.  Am.  Chem.  Soc.,  80,  5059  (1958). 

M.  Eifcn,  Z.  PhyM,  Chem.  (Frankfurt),  1. 176  (1954). 
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as  the  reaction  cross  section  increases.  The  exponen- 
tial factor  is  the  energy  part  and  is  controlled  mainly 
by  the  electrostatic  interaction.  This  factor  decreases 
with  increasing  ionic  size.  Calculations  indicate  that, 
at  this  temperature  and  ionic  strength,  the  function  is 
at  this  minimum  point,  being  almost  insensitive  to  size 
for  3  <  a  <  8  (A).  Moreover,  the  electrostatic  (ex- 
ponential) term  begins  to  show  inappreciable  change 
with  ionic  size  as  a  increases  beyond  S  or  6  A.  It 
would  thus  appear  that,  in  this  range,  larger  ligand  size 
makes  the  electrostatic  interactions  less  significant, 
while  increasing  K,,^  which  would  also  increase  the  ob- 
served rate  constants,  rather  than  decrease  them. 

However,  an  increase  in  ligand  size  has  been  achieved 
in  this  case  at  the  expense  of  spherical  symmetry.  This 
efiect  would  be  directly  manifested  in  the  rate  constant 
for  formation  of  the  ion  pair  (as  shown  by  Eigen, 
et  al.,^*),  thereby  reducing  K^  in  magnitude.  Essen- 
tially then,  we  assume  that  the  important  efiect  on  J^ 
is  given  by  the  diminished  accessibility  of  ion-pairing 
sites  on  the  ligand.  To  adjust  for  this  reduction  in  the 
solid  angle  corresponding  to  reactive  encounters,  we 
shall  introduce  an  empirical  factor  of  approximately 
Vx  into  eq  S.^^  The  basis  for  introducing  this  factor 
will  be  explained  more  fully  as  we  discuss  each  ion  in 
detail. 

NickelCD).  The  observed  value  of  ki  for  Ni*+  and 
a-aminobutyrate  is  1.0  X  10*  M'^  sec~*.  The  value  for 
a-alanine,  also  determined  in  this  laboratory,  is  2.0  X  10* 
M'^  secr\  from  which  the  previously  discussed  empirical 
factor  of  Vx  has  been  obtained  by  taking  the  ratio  of 
these  rate  constants.  The  increased  rates  of  formation 
of  the  higher  order  complexes  is  explained  by  a  loosen- 
ing in  the  binding  between  the  metal  ion  and  the  re- 
maining coordinated  waters.*  The  results  for  the  a- 
aminobutyric  acid,  in  comparison  to  a-alanine,  lead 
to  the  conclusion  that  the  mechanism  of  substitution  is 
''normal" ;  that  is,  the  rate-determining  step  is  given  by 
reaction  b. 

The  value  of  ki  for  Ni*"*"  and  j8-aminobutyrate  is  less 
than  that  reported  for  the  a  complex,  riz.,  4  X  10*  M'^ 
sec~^  as  compared  to  1  X  10*  Af-^  seer*.  This  differ- 
ence is  most  interesting  when  one  considers  that  a 
similar  result  was  observed  for  a-  and  j9-alanine,  the 
value  of  the  latter  being  one-half  as  large  as  the  a- 
Ala  ki  (where  Ala  =  alanine).  If  the  reduction  in  the 
j9-aminobutyric  acid  rate  constant  is  assumed  to  indicate 
partial  steric  control,  then  one-half  the  ki  for  a-amino- 
butyric acid  (where  Va  =  fci(/3-Ala)//ri(a-Ala)),  or  5  X 
10*  M"^  scc-\  should  be  the  approximate  value  for  ki 
when  j9-aminobutyric  acid  is  the  ligand.  The  measured 
value  of  4  X  10'  Af-^  seer*  is  in  good  agreement  with 
this  hypothesis. 

Cobalt(II).  The  rate  constants  for  formation  of  the 
first  and  second  a  complexes,  as  given  in  Table  IV,  are  ki 
=  2.5  X  10*  and  fe  =  1.9  X  10^  A/-»  sccr\  while  fc, 
could  not  be  determined.  The  fact  that  kt  is  larger 
than  ki  corresponds  to  the  loosening  of  the  waters  in 
the  first  coordination  sphere,  as  in  the  nickel  case. 
This  effect  is  larger  than  for  nickel(II),  however,  and 
may  reflect  the  greater  crystal-field  stabilization  of  a  d' 
ion.    As  noted  before,  the  value  of  ki  is  somewhat  less 


(13)  M.  Eigen,  W.  Kruse,  G.  Maass,  and  L.  DeMaeyer,  Progr.  ReaC' 
Hon  Kinetics,  2,  287  (1964). 

(14)  R.  A.  Alberty and  G.  G.  Hammes, /. Phys,  Chem.,  62, 154(1938). 
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than  anticipated  for  normal  substitution.  The  empirical 
factor  can  be  calculated  from  the  ratio  of  rate 
constants  as  /:i(a-Abu)/fci(a-Ala)  =  2.5/6  =  0.42  and 
kiia'Ahu)lki  (Gly)  =  0.54  (Gly  =  glycine).  The  aver- 
age value  is,  again,  approximately  Vs*  l^is  result 
compares  favorably  with  the  procedure  adopted  for  the 
Ni^  complexes.  Thus,  this  relatively  small  difference 
in  the  value  of  ki  can  be  explained,  and  the  substitution 
classified  as  normal. 

For  /3-aminobutyric  acid,  values  of  fci  =  2  X  10* 
and  fa  =  7  X  10*  A/-^  sec-*  were  found.  Although  fa 
is  larger  than  fa,  the  effect  is  not  nearly  as  pronounced 
as  for  a-aminobutyric  acid.  Moreover,  the  value  of  fa 
is  significantly  lower  than  the  corresponding  value  for 
a-aminobutyric  acid  or  glycine,  being  reduced,  pri- 
marily, by  the  factor  (1  +  fc-o/fa')^^  Here,  a  stcric 
effect  due  to  the  difficulty  of  closing  the  six-membered 
ring  in  the  chelate  complex  can  be  postulated,  as  in  the 
case  of  j9-alanine,"  where  it  was  also  indicated  that  the 


limiting  case  (k^  y>  ko')  was  not  reached.  It  is  thus 
possible  to  predict  the  value  of  fa  for  the  /3  complex  by  a 
semiempirical  calculation  as  follows. 

Let  us  assume  that  the  steric  effect  appearing  in  Co*^- 
/3-alanine  reactions  is  roughly  equal  to  the  steric  effect 
with  /3-aminobutyric  acid.  Then  the  rate  constant  for 
Co2+  +  /3-aminobutyrate  is  fa(/J-Abu)  =  A:i(a-Abu)- 
[fa(/3.Ala)/fa(a-Ala)]  =  2.5  X  lO'KT.S/M)  =  3.1  X 
10*  Af-^  sec-^  Tlic  same  calculation  can  be  per- 
formed in  an  alternate  way.  Suppose  that  the  ratio 
(7.5/60)  expresses  the  steric  control  contribution  to  tbe 
closing  of  the  six-membered  ring  with  respect  to  the 
five-membered  ring.  Then,  the  /3  rate  constant  can  be 
calculated  from  fa(Gly)  by  the  introduction  of  the  statis- 
tical collision  factor  P  ^  Vs*  ^o  adjust  for  the  decreased 
active  "surface  of  reaction."  Therefore,  kiCfi-Abu)  = 
^fa(GlyXfa(/3-Ala)/fa(a-Ala)]  =  ^I^A.6  X  lO»X7.5/60) 
=  2.9  X  10*  M-^  secr\  while  the  experimental  value  it 
fa  =  2.0  X  10*M-isec-^ 
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Abstract:  The  kinetics  of  the  displacement  of  chloride  from  the  [AuCU]"  anion  by  pyridine,  NOj~,  Ni"",  Br",  I", 
and  SCN~  in  methanol  have  been  studied  over  a  range  of  temperature  and  reagent  concentration.  The  usual 
two-term  rate  law  is  observed,  and  the  rate  constants  and  Arrhenius  parameters  are  reported  and  compared  with  the 
data  for  the  analogous  [PtCU]'"  anion.  The  discriminating  power  of  the  Au(m)  reaction  center  is  found  to  be  very 
much  greater  than  that  of  Pt(II)  in  a  similar  ligand  environment,  and  an  explanation  is  offered  in  terms  of  the  ex- 
tent to  which  the  mechanism  moves  from  an  associative  toward  a  synchronous  bimolecular  process. 


Although  kinetic  studies  of  nucleophilic  displacement 
Jt\  of  ligands  from  square  complexes  of  d^  transition 
metal  ions  have,  in  the  past,  been  limited  mainly  to 
those  of  platinum(II),^  sufficient  information  about 
the  behavior  of  corresponding  gold(III)  complexes 
has  now  become  available  for  it  to  be  possible  to  at- 
tempt to  make  a  preliminary  general  comparison  of  the 
kinetic  behavior  of  Pt(II)  and  Au(III)  substrates. 

In  part  I,*  the  factors  which  determine  the  reactivity 
of  nucleophiles  toward  Pt(II)  complexes  were  dis- 
cussed. It  was  shown  that,  apart  from  biphilic  reagents, 
such  as  N02"",  ScCN"*  and  thiourea,  the  sequence  of 
relative  reactivity  followed  a  linear  free-energy  rela- 
tionship with  the  index,  /ipt,'  defined  by  n^  =  log  (kt/k^), 
where  ki  and  k^  are  the  second-order  rate  constant 
for  the  entry  of  the  nucleophile  in  question  and  the 

(1)  For  a  review  on  this  subject,  see  C.  H.  Langford  and  H.  B.  Gray, 
"Ligand  Substitution  Processes,*'  W.  A.  Benjamin,  Inc.,  New  York, 
N.  Y.,  1965.  Chapter  2  and  references  therein. 

(2)  L.  Cattalini,  A.  Orio,  and  M.  Nicolini,  /.  Am.  Chem,  Soc.,  SS, 
5734  (1966). 

(3)  U.  Belluco,  L.  Cattalini,  F.  Basolo,  R.  G.  Pearson,  and  A.  Turco, 
WU.,  87,  241  (1965). 


first-order  rate  constant  for  the  solvolysis  by  methanol, 
respectively,  of  the  reference  substrate  trans^[Pt(py)r 
CI2].  This  was  taken  to  be  a  measure  of  the  *'sofl- 
ness"  or  micropolarizability  of  the  entering  nudeo- 
phile  since  its  basicity  appeared  to  have  only  a  minor 
effect  upon  its  reactivity. 

In  order  to  make  the  comparison  between  Pt(Il) 
and  Au(III)  complexes,  it  was  necessary  to  augment  tbe 
available  data  relative  to  nucleophilic  displacement  ^^ 
actions  of  the  gold(III)  derivatives.  Apart  from  the 
isotopic  exchange^  of  chloride  ion  with  [AuCI^]'  and 
from  the  reactions'  of  some  nucleophiles  on  the  caticmic 
complex  [Au(dien-H)Cl}^,  the  processes  studied  untfl 
now  were  mainly  limited  to  the  use  of  pyridine  derivs- 
tives,  either  as  entering**^  or  leaving***  groups.  We 
have  therefore  studied  the  reactions  of  [AuCl^}"  with 


(4)  R.  L.  Rich  and  H.  Taube,  J.  Phys.  Chem.,  58. 1  (19S4). 

(5)  W.  H.  Baddley  and  F.  Basolo,  Inorg.  Chem.,  3, 1087  (1964). 

(6)  L.  CattaUni,  M.  NicoUni,  and  A.  Orio.  ibUi.,  5.  1«74  (I960. 

(7)  L.  CattaUni,  A.  Doni,  and  A.  Orio,  ibid.,  6.  280  (1967). 

(8)  L.  CattaUni  and  M.  L.  Tobe,  ibid.,  5. 1145  (1966). 

(9)  L.  Cattalini,  A.  Orio,  and  M.  L.  Tobe.  Ibid.,  6, 73  (1967). 
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[ne  and  with  the  anionic  nucleophiles  NOs', 
Br*,  I-,  and  SCN"  in  methanol.  This  has  not 
provided  a  new  set  of  data  and  a  sequence  of  nu- 
liilicity  toward  an  anionic  Au(III)  substrate,  but 
I  also  made  it  possible  to  make  a  direct  com- 
m  of  the  behavior  of  the  isoelectronic  and  iso- 
ural  [AuCliJ-  and  [PtClJ*-.  This  second  point 
ite  important,  since  the  kinetic  behavior  of  both 

and  Au(III)  substrates  appears  to  depend  as 

upon  the  nature  of  the  ligands  coordinated  to 
letal  as  it  does  upon  the  total  charge  of  the  com- 

For  example,  it  has  been  shown  <  that,  in  Pt(II) 
itives,  the  nucleophilic  discrimination  factor,*  5, 

by  eq  1,  changes  from  0.8  to  1.6  in  a  series  of 


log  kt  =  5(/fpt)  +  log  fc. 


(1) 


al  complexes,  whereas  it  is  0.312  for  [PtClJ*". 
irly,  the  Brpnsted  coefficient,  a,  in  eq  2,  which 


log  ki  =  a(pAa)  +  constant 


(2) 


pts  to  relate  the  basicity  of  the  substituted  pyri- 
with  the  free  energy  of  activation  of  their  reaction 
gold(III)  substrates,  changes  from  0.21  to  0.89 
ieries  of  monopositive  complex  cations,'  whereas 
.  15  for  [AuCUI"  ^  substrate. 

rimentai  Section 

nrials.  Chloroauric  acid  was  recrystaliized  and  its  purity 
shed  by  analysis  and  comparison  of  its  ultraviolet  spectrum 
mblished  values.  ^'^^  The  other  chemicals  used  were  all 
allized  reagent  grade  materials.  The  methanol  was  dried 
uxing  over  Mg(CHsO)i,  and  the  distilled  product  was  stored 
anhydrous  conditions.  There  was  no  indication  that  rigor- 
irification  of  the  materials  was  necessary  in  order  to  obtain 
udbility." 

dcs.    The  reactions  were  studied  spectrophotometrically 
procedure  described  in  part  P  in  which  the  changes  of  optical 
f  at  a  selected  wavelength  in  the  ultraviolet  region  were 
cd  over  a  period  of  time  by  means  of  an  Opdcal-CF4  double- 
recording  spectrophotometer,  with  the  appropriate  attach- 
to  maintain  the  cells  at  constant  temperature  (zkO.l^). 
actions  were  started  by  mixing  known  volumes  of  standard 
»ns  of  the  reagents  in  the  spectrophotometer  cell  which  also 
as  the  reaction  vessel.    Constant  ionic  strength  was  main- 
by  the  addition  of  lithium  perchlorate  solution.    Freshly 
ed  solutions  of  HAuQi  were  used  for  each  experiment  in 
;o  avoid  the  formation  of  significant  quantities  of  the  solvento 
sx.    The  entering  reagent  was  always  present  in  sufficient 
to  provide  pseudo-first-order  conditions  and  to  avoid  compli- 
i  from  the  reverse  reactions.    The  pseudo-first-order  rate 
nts,  A:obMi,  were  calculated  from  the  slope  of  the  plot  of  log 
Dd  against  time,  where  Dt  and  D„  are  the  optical  densities 
reaction  mixture  at  time  /  and  at  the  end  of  the  reaction, 
tively. 

Its 

e  problems  of  following  the  kinetics  of  nucleo- 
',  ligand  displacements  from  [AuCU]"  are,  in  prin- 

similar  to  those  encountered  in  the  study  of  the 
ions  of  [PtClJ*"  since,  in  both  the  substrates, 

are  four  replaceable  groups.  However,  the 
cr  reactivity  of  the  gold(III)  substrate  and  the 
bility  of  complication  by  redox  processes  can 
;  extra  difficulty.  Owing  to  the  relatively  high 
ivity  of  [AuC34l^,  we  have  had  to  limit  our  study 
le   nucleophiles  pyridine,   NOj",   Ns",   Br",   I~, 

A.  K.  Gangopadhayay  and  A.  Chakravorty,  /.  Chem.  Phys,,  35, 
1961). 

F.  H.  Fry,  G.  A.  Hamilton,  and  J.  Turkevich,  inorg,  Chem.,  5, 
1966). 
R.  L.  Rich  and  H.  Taube,  /.  Phys.  Chem.,  58, 6  (1954). 


SCN",  and  CHsOH.  Fortunately,  as  was  previously 
reported  for  the  nucleophilic  substitutions  of  neutral 
complexes  of  the  type  [AuCUam],"  the  reduction  of 
Au(III)  to  Au(I),  or  even  to  metallic  gold,  either  did 
not  occur  or  else  was  relatively  slow  in  comparison  to 
the  ligand  displacement  reaction.  No  evidence  was 
found  for  any  irreproducible  redox-catalyzed  sub- 
stitution of  the  type  observed  by  Rich  and  Taube^'  in 
their  studies  of  the  chloride  exchange. 

All  the  reaction  rates  reported  in  this  paper  are  con- 
cerned with  the  replacement  of  the  first  of  the  four 
chloride  ligands  bonded  to  the  gold.  As  far  as  the 
reagents  NOj",  Ns",  and  Br-  are  concerned,  the  iden- 
tification of  the  reaction  steps  and  the  products  is 
based  upon  the  same  arguments  that  were  previously 
used  for  the  reactions  of  [AuCUam]."  In  each  case, 
two  reaction  steps  can  be  observed,  and  the  isosbiestic 
points  for  the  second  step  occur  at  least  at  one  wave^ 
length  where  there  is  a  large  enough  change  in  optical 
density  corresponding  to  the  first  step.  These  isos- 
biestic points  are  identical  with  those  observed  in  the 
appropriate  stages  of  the  analogous  reactions  with  the 
[AuCUam]  substrate,***  and  the  kinetics  of  the  first 
stage  were  studied  at  these  wavelengths.  In  these 
cases  it  is  also  found  that  the  general  kinetic  behavior, 
after  the  first  stage  of  the  reaction,  also  corresponds 
to  that  observed  for  the  substrates  of  the  type  [Au- 
CUam],  and  the  final  spectra  are  also  in  agreement 
with  those  previously  observed.  Consequently,  the 
reactions  can  be  described  as 


[AuQ  J-  +  Y- 


Blow 


[AuQiYr  -f  a- 


fMt 


[AuQiYT  +  Y-  — ►  [AuQiYJ-  +  O" 

followed  by  the  second  identifiable  step 

Blow 


[AuQiYJ-  -f  Y- 
[AuOYJ-  -f  Y" 


fMt 


[AuQYJ-  +  a- 
[AuY  J-  +  Cl- 


The  rates  of  the  second  reaction  step  are  not  reported 
here. 

The  reactions  with  NOj~  were  carried  out  in  the  pres- 
ence of  a  small  quantity  of  CHsO~  in  order  to  avoid  the 
formation  of  HNO».  Some  preliminary  experiments 
showed  that  this  species  can  exert  a  catalytic  effect 
similar  to  that  observed  for  the  reactions  of  some 
platinum(II)  complexes.^'  It  should  be  pointed  out 
that  a  similar  effect  was  not  observed  in  the  reactions 
of  [AuCUam],  and  further  studies  of  this  phenomenon 
are  now  in  progress. 

With  pyridine  and  methanol  as  entering  groups,  the 
reaction  appears  to  stop  when  only  one  chloride  is 
replaced.  The  reaction  with  pyridine  at  25°  has  been 
reported  previously.*  The  rate  constant  for  the  reac- 
tion with  the  solvent  methanol  is  the  ki  value  from  the 
two-term  rate  law. 

The  reactions  with  I-  and  SCN~  appear  to  occur  in 
a  single  stage.  The  initial  spectrum  corresponds  to 
that  of  the  [AuCl4]~'  starting  material,  and  so  the  rate- 
determining  step  is  the  replacement  of  the  first  chloride. 
The  final  spectrum  for  the  reaction  with  I~  corresponds 
exactly  to  that  of  [Aul4l".^*  An  attempt  was  made  to 
follow  the  reaction  with  thiourea  at  6°.    The  reaction 

(13)  U.  Belluco,  L.  Cattalini,  F.  Basolo,  R.  G.  Pearson,  and  A.  Turoo, 
inorg,  Chem,,  4, 923  (196S). 
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Table  I.    Pseudo-First-Order  Rate  Constants,  ArobMi,  for  the  Displacement  of  the  First  Chloride  in  [AuCU]  ~  in  Methanol* 


Entering 

Temp, 

A:ob«i» 

Entering 

Temp, 

A^obMl* 

group,  Y 

m,M 

•c 

sec-* 

group,  Y 

[Y].Af 

•c 

scc-» 

Pyridine* 

0.195 

6.0 

0.086 

Br- 

0.0500 

15.0 

0.0032 

0.0975 

0.043 

0.0250 

0.0014 

0.0487 

0.021 

0.100 

25.0 

0.0164 

0.0650 

15.0 

0.055 

0.0750 

0.0132 

0.0487 

0.040 

0.0500 

0.0084 

0.0284 

0.024 

0.0250 

0.0054 

0.00975 

0.0078 

0.0100 

0.0035 

NO,-* 

0.100 

15.0 

0.00175 

I- 

0.0015 

6.0 

0.031 

0.0800 

0.00150 

0.0010 

0.023 

0.0400 

0.00088 

0.0010 

0.021 

0.0200 

0.00048 

0.00050 

0.0111 

0.100 

25.0 

0.0031 

0.00050 

0.0102 

0.0750 

0.0025 

0.00025 

0.0053 

0.0400 

0.0017 

0.0010 

15.0 

0.045 

0.0200 

0.0010 

0.00075 

0.033 

0.100 

35.0 

0.0058 

0.00050 

0.021 

0.0800 

0.0050 

0.00030 

0.013 

0.0400 

0.0031 

0.00075 

25.0 

0.061 

0.0200 

0.0019 

0.00060 

0.046 

0.0100 

0.0015 

0.00050 

0.042 

Nr 

0.100 

6.0 

0.0152 

0.00040 

0.032 

0.0750 

0.0112 

0.00025 

0.021 

0.0500 

0.0074 

0.00010 

0.0088 

0.0250 

0.0030 

SCN- 

0.0100 

6.0 

0.0186 

0.100 

15.0 

0.0215 

0.0075 

0.0145 

0.0750 

0.0164 

0.0050 

0.0060 

0.0500 

0.0118 

0.0025 

0.0044 

0.0250 

0.0055 

0.0075 

15.0 

0.026 

0.100 

25.0 

0.039 

0.0050 

0.0176 

0.0750 

0.031 

0.0025 

0.0088 

0.0500 

0.022 

0.0010 

0.0038 

0.0250 

0.0126 

0.0100 

25.0 

0.070 

Br- 

0.100 

6.0 

0.0036 

0.0075 

0.056 

0.0750 

0.0026 

0.0050 

0.042 

0.0500 

0.00156 

0.0025 

0.0182 

0.0250 

0.00077 

0.0010 

0.0072 

0.100 

15.0 

0.0068 

Thiourea 

0.0001 
0.0001 

6.0 

0.038 
0.038 

•  With  the  anionic  entering  groups  the  ionic  strength  was  held  constant  at  0.10  by  adding  the  appropriate  amount  of  lithium  po^ 
chlorate.  *  The  data  for  pyridine  at  25.0"^  are  reported  in  ref  6.  *  In  reactions  involving  the  nitrite  ion,  the  solutions  also  conttin 
0.0002  M  NaOCHt. 


Table  n.    Specific  Rate  Constants  for  the  Displacement  of  One 
Chloride  from  [AuCU]  ~  in  Methanol  Solution  (Ionic  Strength  -  0.1) 


AS+, 

Rate 

AH*, 

cal 

constant* 

Entering   Temp, 

Rate 

kcal/ 

deg-i 

for 

group        "^C 

constant 

mole 

mole"* 

[Ptaj"- 

CHiOH 


NO," 


Nr 


I- 


SCN- 


Pyridine 


\0*k^ 

15 

2 

25 

5 

35 

10 

k* 

15 

0.0155 

25 

0.028 

35 

0.042 

6 

0.16 

15 

0.21 

25 

0.35 

6 

0.034 

15 

0.065 

25 

0.140 

6 

21.5 

15 

44 

25 

84 

6 

1.85 

15 

3.6 

25 

7.4 

6 

0.45 

15 

0.84 

25 

1.6* 

8.3        -33 


6.5        -39 


12.3        -22 


10*;^" 
0.4 

0.0009 


12.0 


-9 


12.0        -14 


10.6        -22 


0.0018 


0.0065 


0.0021 


*  Data  for  aqueous  solution  from  ref  2.    *  Data  from  ref  6. 
« In  sec-*.    *  M-^  sec.~* 


was  very  fast,  even  at  low  concentrations  of  this  rea- 
gent,  and  it  is  possible  only  to  say  that  the  second- 
order  rate  constant  Art  is  approximately  400  1.  molr^ 
secT^ 

The  pseudo-first-order  rate  constants  (/^oimi)  obtained 
in  these  studies  are  listed  in  Table  L  All  the  reactions 
follow  the  usual  two-term  rate  law,  viz.,  rate  =  (ki  + 
/:a[Y~]Xcomplex],  where  Y  is  the  entering  nucleophile. 
The  values  of  ki  and  k^  were  obtained  as  the  intercepts 
and  slopes,  respectively,  of  linear  plots  of  k^bad  against 
[Y].  The  values  of  ki  and  kt  are  collected  in  TaUe  II 
together  with  the  derived  activation  parameters. 

Discussion 

On  comparing  the  rate  constants  for  the  entry  of  the 
various  nucleophiles  into  the  [AuCl4]~  anion  with  those 
for  the  analogous  reactions  of  [PtClO*"*  which  are  also 
given  in  Table  II,  it  is  apparent  that,  in  all  cases,  the 
Au(III)  complex  reacts  considerably  faster  than  does 
that  of  Pt(II).^^    This  cannot  be  explained  simply  by 


(14)  The  data  for  [PtCli]*"  in  Table  II  have  been  cofrected  for  ionic 
strength  effects  and  therefore  refer  to  a  standard  state  of  pure  water. 
No  attempt  has  been  made  to  treat  the  data  for  [Aua4]^  in  a  amflir 
fashion  because  of  the  unreliability  of  an  extrapolation  from  an  ionic 
strength  of  0.1  when  methanol  (witii  its  tmaUer  dielecxric  coostsDt)  ii 


JaoT^ 
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;  that  the  Pt(II)  data  refer  to  aqueous  solution  or 
lie  lower  charge  of  the  [AuCU}"  anion  causes  less 
)static  repulsion  between  the  approaching  rea- 
because  this  observation  is  more  general.  For 
)le,  the  exchange  of  isotopically  labeled  chloride 
AuChl"  has  a  kt  value  of  0.147  M"^  sccr^  in  water 
°,*  whereas  with  [PtClJ*"  the  bimolecular  ex- 
e  of  chloride  is  not  experimentally  detectable  and 
action  occurs  entirely  by  way  of  the  solvolytic 
ith. "  The  rate  of  hydrolysis  increases  by  a  factor 
5  on  going  from  [PtClJ*-  to  [AuClJ-."*"  The 
i  of  kt  for  the  replacement  of  the  coordinated 
de  by  bromide  in  [Au(dien)Cl]*+  and  [Pt(dien)- 
ire  380  and  5.3  X  10-»  Af~^  secr\  respectively, 
ter  at  25'**"'^«  and  190  Af-^  seer*  in  the  mono- 
lic  [Au(dien.H)ClJ*-  *  (dien-H  =  di(2-aminoethyl> 
;  that  has  lost  one  proton).  Furthermore,  the 
ons  of  [Au(bipy)Cls}^  with  amines  are  faster  than 
of  [Pt(bipy)Clj],''"  even  though  a  strict  compari- 
annot  be  made  because  the  reactions  have  not 
studied  in  the  same  solvent, 
ne  considers  the  factors  that  determine  the  nucleo- 
ity  of  the  reagents  toward  the  planar  substrates 
micropolarizability,  x  interactions,  and  basicity), 
an  observe,  from  the  data  in  Table  II,  that  all  of 
factors  become  more  important  on  going  from  the 

to  the  Au(III)  substrate.  As  far  as  Br~  and  I' 
oncemed,  the  micropolarizability  has  probably 
verwhelming  influence  upon  the  nucleophilicity 
I'  is  some  600  times  more  reactive  than  Br~ 
d  [AuCU]*",  whereas  the  ratio  of  k^l")  :  kr 
is  only  3.6  in  the  reactions  with  [PtCU]*".  Thus, 
nly  does  Au(III)  act  as  a  ''soft"  reaction  center 
[~  is  a  better  reagent  than  Br~),  but  it  has  a  greater 
minating  abiUty  than  Pt(II).  The  same  is  true 
we  compare  thiocyanate  and  bromide  since  kr 
-)//r»(Br-)  is  53  and  1.18,  respectively,  for  reac- 

with  [AuCUI"  and  [PtCU]*",  although  in  this 
t  is  not  possible  to  know  whether  the  thiocyanate 
md  by  the  same  end  in  both  the  transition  states, 
far  as  x  interactions  are  concerned,  it  should  be 
zd  out  that  the  azide  ion  has  no  biphilic  proper- 
^hen  it  reacts  with  a  Pt(II)  substrate,'  whereas  its 
ic  properties  are  quite  important  in  its  reactions 
Au(III)  substrates.**  It  also  appears  that  the 
ic  reagents,  Nj-  and  NOj-,  are  characterized, 
5  reactions  listed  in  Table  II,  by  a  low  value  of 
and  a  large  negative  AS  *.  This  may  be  due  to  the 
stringent  stereochemical  requirements  of  the  tran- 
states. 

5  effect  of  the  basicity  of  the  reagent  upon  its 
ophilicity  can  be  shown  to  be  greater  for  the  Au- 
complexes  by  applying  eq  2  to  corresponding 

and  Au(III)  derivatives.*'  The  Brpnsted  co- 
nt,  a,  which  is  very  small  when  the  coordinated 
ide  in  [Pt(bipy)ClJ  is  displaced  (0.06),"  becomes 
IT  for  [AuClJ"  (0.15)'  and  even  greater  for  cationic 
[II)  complexes  of  the  type  [Au(phen)Cl2j*"  (0.21), 

vesii.    The  errors  introduced  by  not  comparing  the  data  under 

il  conditions  of  ionic  strength  are  small  compared  to  those  intro- 

by  not  comparing  them  in  the  same  solvent,  and  even  these  are 

3le  when  compared  to  the  magnitudes  of  the  differences  we  are 

ing. 

L.  F.  Grantham,  T.  S.  EUeman,  and  D.  S.  Martin,  Jr.,  J.  Am. 

Soe„  TJ,  2965  (1955). 

H.  B.  Gray,  ibtd.,  84,  1548  (1962). 

L.  Cattalini.  A.  Orio,  and  A.  Doni,  Inorg,  Chem.,  5,  1S17  (1966). 


[Au(bipy)ClJ+  (0.46).  and  [Au(5-N0rphen)Cl,J*-  (0.89).^ 
It  should  also  be  noted  that,  on  going  from  [AuCUam] 
to  r/wi5^[Au(CN)xCl(am)],  the  cis  effect  of  the  cyanide 
ligands  is  ascribed  to  a  positive  inductive  effect  that 
increases  the  amount  of  negative  charge  at  the  reac- 
tion center.  •  The  anomalously  high  reactivity  of 
pyridine  and  even  CHaOH  toward  [AuCUJ"  might  also 
be  ascribed  to  this  effect  and  to  the  greater  importance 
of  electrostatic  effects  in  general. 

All  of  these  results  agree  well  with  the  original  proposal 
of  Baddley  and  Basolo^  that  the  extent  to  which  bond 
formation  develops  in  the  rate-determining  transition 
state  is  more  important  in  the  case  of  Au(III)  than  it 
is  in  Pt(II).  However,  it  is  also  clear,  mainly  from 
the  studies  of  heterocyclic  amines  as  leaving  groups,'** 
that  the  extent  of  bond  breaking  is  also  more  important 
for  Au(III)  than  it  is  for  Pt(II).  It  has  now  been  ob- 
served in  a  number  of  studies  that,  although  the  nature 
of  the  leaving  group  affects  the  rate  of  reaction  of  a  Pt(II) 
complex,  it  has  no  effect  upon  the  nucleophilic  discrimi- 
nation factor.  For  example,  it  has  been  shown  that,  in 
a  series  of  complexes  of  the  types  [Pt(dien)XJ*'  ^  (X  =  CI, 
Br,  I,  or  N,)  trans^Pt(C,UnN)2N02Xr''  and  [Pt(bipy). 
NCWq^*  (X  =  CI,  Br,  I,  NOj,  or  N,),  when  ligand  X  is 
replaced  by  a  series  of  nucleophiles,  a  change  of  X  does 
not  lead  to  any  change  in  the  nucleophilic  discrimina- 
tion factor  as  measured  by  ^  in  eq  1  but  only  affects 
the  intrinsic  reactivity  (log  fc,  in  eq  1).  In  other  words, 
plots  of  log  ki  against  /ipt  produce  a  series  of  parallel 
straight  lines  for  the  different  leaving  groups  in  any  one 
series  of  complexes.  This  behavior  has  been  inter- 
preted as  evidence  for  a  relative  independence  of  the 
bond-making  and  the  bond-breaking  aspects  of  the 
substitution.  In  so  far  as  data  are  available,  it  is  clear 
that  no  such  simple  relationship  exists  in  the  case  of  the 
Au(III)  complexes,  and  it  has  already  been  pointed  out, 
in  the  reactions  of  [AuCUam],  where  the  heterocyclic 
amine  (am)  is  the  leaving  group,  that  not  only  is  the 
nucleophilic  discrimination  power  of  the  Au(III)  de- 
pendent upon  the  nature  of  the  leaving  group  but  the 
order  of  relative  nucleophilicity  can  also  be  changed." 
This  indicates  a  much  closer  interdependence  of  the 
bond-making  and  bond-breaking  aspects  of  substitu- 
tion. The  observation  that  the  reaction  rates  of  the 
Au(III)  complexes  appear  to  be  more  sensitive  than 
those  of  Pt(II)  to  both  the  nature  of  the  entering  group 
and  that  of  the  leaving  group  is  in  no  way  a  paradox. 
The  fact  that  bond  making  is  more  important  does  not, 
in  any  way,  require  that  bond  breaking  is  less  important, 
or  vice  versa.  It  might  be  possible  to  approach  such 
a  situation,  but  certainly  not  reach  it,  in  an  associative 
mechanism  when  the  stabiUty  of  the  five-coordinate 
intermediate  increases  sufficiently.  In  Figure  1  there 
is  a  collection  of  diagrammatic  free-energy  profiles 
for  a  bimolecular  reaction  showing  how  the  truly 
synchronous  process,  with  no  intermediate,  which 
represents  one  extreme  (A),  can  develop  into  one  where 
an  intermediate  of  higher  coordination  number  can 
form  (B)  and  live  long  enough  to  come  to  thermal 
equilibrium  with  its  environment.  The  increasing 
stability  of  this  intermediate  is  represented  by  a  deepen- 
ing of  the  trough  (C),  and  a  situation  can  be  envisaged 

(18)  (a)  U.  Belluco.  R.  Ettore,  F.  Basolo,  R.  G.  Pearson,  and  A.  Turco, 
ibid.,  5,  591  (1966);  (b)  U.  Belluco,  M.  Graziani  M.  NicoUni,  and  P. 
Rigo,  ibid.,  6,  721  (1967). 

(19)  L.  Cattalini  and  M.  Martelli,  Gazz.  Chim.  ital,,  in  press. 
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Figure  I.  Diagrammatic  representation  of  the  free-energy  jN'ofiles 
for  a  series  of  bimolecular  substitutions  where  the  stability  of  the 
trigonal  bipyramidal  intennediate  increases  with  respect  to  the  rate- 
determining  transition  state  from  A  (no  intennediate)  to  E  (stable 
intermediate). 


where  the  intennediate  is  more  stable  than  the  mixture 
of  the  reagents  but  less  stable  than  the  products  (D). 
Finally  a  situation  can  be  reached  where  the  five-co- 
ordinate intermediate  is  more  stable  than  either  form 
of  the  four-coordinate  system  (£)  and  is  not  realistically 
referred  to  as  a  substitution  reaction.  Case  A  is  typical 
of  an  Sn2  process  involving  substitution  at  a  tetra- 
hedral  carbon  atom.  Case  D  represents  a  situation 
recently  reported***  where  the  addition  of  amines  to 
[CgHioRhClSbO^-tolyl),]  results  in  the  rapid  formation 
of  a  five-coordinate  intermediate  which  then  slowly 
loses  the  stibine  ligand  in  the  rate-determining  step  to 
give  pianar  [CgH,oRhCl(am)].  The  behavior  of  Pt- 
(II)  and  Au(III)  complexes  is  represented  by  a  situation 
between  A  and  D. 

We  would  like  to  suggest  that  the  progressive  stabili- 
zation of  the  five-coordinate  intermediate  on  going 
from  A  to  E  in  Figure  1  (provided  that  this  is  trigonal 


bipyramidal  in  form)  represents  the  iscrea»ng  coval- 
ency  of  all  five  metal-hgand  bonds  which,  in  valence- 
bond  terms,  could  be  expressed  as  the  increasing  utili- 
zation of  the  fifth  orbital  in  the  d  -f-  s  +  p*  set  of  the 
metal.  As  this  intermediate  becomes  more  stable,  the 
process  of  bond  making  becomes  more  and  more  di- 
vorced from  that  of  bond  breaking.  In  the  limit,  the 
addition  of  the  incoming  group  to  the  complex  is 
affected  by  the  leaving  group  only  in  so  far  as  this  is 
one  of  the  four  Ugands  already  present  in  the  complcL 
The  process  of  bond  breaking  would  be  affected  in  the 
same  way  by  the  now  entered  fifth  ligand.  In  this  way 
both  must  have  some  effect  upon  the  reaction  rates. 
However,  if  the  rate-determining  transition  state  is 
developed  before  the  intermediate,"  it  would  be  reason- 
able to  expect  that  the  factors  leading  to  the  formation 
of  the  bond  with  the  incoming  group  would  have  a 
much  greater  effect  upon  the  rate  of  reaction  than 
those  leading  to  the  subsequent  breaking  of  the  bond 
with  the  leaving  group.  If  this  transition  state  de- 
veloped after  the  intermediate  was  formed,  the  reverse 
situation  would  obtain.  As  the  intermediate  becomes 
less  stable  and  the  mechanism  approaches  a  synchro- 
nous process,  it  no  longer  becomes  possible  to  divorce 
bond  making  from  bond  breaking  and,  in  the  rale- 
determining  transition  state,  the  bond  with  the  incoming 
group  is  not  fully  developed  and  that  with  the  leaving 
group  is  partly  broken.  It  is  therefore  possible  to 
explain  the  gross  differences  between  Pt(ll)  and  Au- 
(III)  reaction  centers  by  saying  that  the  five-coordinate 
intermediate  developed  in  the  reaction  of  a  gold(lll) 
substrate  is  less  stable,  with  respect  to  the  rate-de- 
termining transition  state,  than  tint  appearing  in  the 
reactions  of  platinum(II).  Both  of  these  are  less  stabk 
than  the  intermediate  formed  in  the  substitution  reac- 
tions of  planar  Rh(I)  where,  in  one  case  at  least,  die 
species  can  be  observed  without  difficulty.  This  is  in 
accord  with  the  concept  that  the  utilization  of  all  five 
orbitals  for  covalent  bonding  becomes  progressively 
more  difficult  as  the  effective  nuclear  charge  of  tbe 
central  atom  increases,  i.e.,  Rb(I)  >  Pt(II)  >  Au- 
di!)." 

(21)  Reference  1,  p  47. 

(22)  R.  S.  Nybolffl,  fnw.  Ckcm.  5k.,  173(1961):  R.  S.  Nyholmud 
M.  L.  Tobe,  Exptrlmenila  Siippl..9. 112(1965). 
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Abstract :  The  magnetic  and  spectral  properties  of  1 : 1  and  1 : 2  copper(II)  halide  complexes  with  substituted  quino- 
line N-oxides  have  been  investigated.  The  condensed  complexes  may  be  divided  into  three  types  based  on  these 
properties  and  dependent  upon  the  donor  characteristics  of  the  ligands,  as  measured  by  their  p  AT.  values.  Members 
of  the  first  class,  containing  ligands  of  relatively  high  pJC»*s,  display  the  subnormal  magnetic  moments  typical  of  the 
pyridine  N-oxide-copper(II)  halide  systems.  Complexes  derived  from  ligands  of  low  pA^  values  constitute  the 
second  class,  and  the  third  is  formed  by  species  of  empirical  formula  (CuCkXnLn,  where  1  <  mjn  <  2,  containing 
ligands  of  intermediate  pK^*s.  Both  of  these  types  exhibit  normal  magnetic  moments.  The  differences  in  mag- 
netic behavior  are  correlated  with  a  change  in  structure  from  oxygen-bridged  to  halogen-bridged  entities,  a  conclusion 
which  is  supported  by  far-infrared  spectral  evidence  for  the  chlorides.  The  1:2  complexes  all  display  normal 
magnetic  moments  wl^ch  are  temperature  independent. 


Recently  there  has  been  considerable  interest  in  the 
W.copper(II)  halide  complexes  of  substituted  pyr- 
ne  N-oxides. 2'  From  the  observed  antiferromag- 
ic  behavior  of  the  1:1  complex  of  pyridine  N-oxide 
:h  copper(II)  chloride,  the  presence  of  a  di-  or  poly- 
ric  species  was  inferred.  This  was  later  substan- 
ted  by  an  X-ray  crystallographic  examination,*  where 
vas  shown  that  the  dimeric  molecule  consists  of  two 
torted  tetrahedra  sharing  an  edge  with  the  oxygen 
»ms  of  the  pyridine  N-oxide  ligands  acting  as  bridg- 
;  units.  The  temperature  dependence  of  the  mag- 
ic susceptibility  of  this  and  other  1 : 1  complexes  with 
)Stituted  pyridine  N-oxides  has  been  interpreted  in 
ms  of  a  spin-spin  coupling  occurring  via  a  super- 
:hange  mechanism  through  the  orbitals  of  the  bridg- 
;  oxygen  atoms.  The  observed  copper-copper 
ernuclear  distance  of  3.23  A  for  the  pyridine  N-oxide 
Bplex  is  consistent  with  the  super-exchange  mecha- 
m.  These  studies  have  now  been  extended  to  in- 
de  the  magnetic  and  spectral  properties  of  copper(II) 
ide  complexes  with  substituted  quinoline  N-oxides, 
ne  of  which  show  extremely  interesting  and  unusual 
gnetic  behavior,  not  observed  with  the  pyridine  N- 
de  complexes.  A  previous  communication  indi- 
ed  the  preliminary  results  of  our  investigations,^  and 
ise  are  now  reported  in  full. 

perimental  Section 

^reparation  of  tlie  Substituted  Quinoline  N-Oxidea.  Quinoline 
ncide,  the  4-substituted  quinoline  N-oxides,  and  6-niethylquin- 
le  N-oxide  were  prepared  by  the  method  of  Ochiai.*  Other 
rature  methods  were  employed  for  the  preparation  of  4-chloro- 


1)  Part  III :  W.  E.  Hatfield,  C.  S.  Fountain,  and  R.  Whyman,  Inorg. 
m.,  5,  1855  (1966). 

2)  Part  II:  W.  E.  Hatfield  and  J.  C.  Morrison,  ibid,,  5,  1390  (1966). 
S)  (a)  W.  E.  Hatfield  and  J.  S.  Paschal,  /.  Am,  Chem,  Soc.,  96,  3888 
S4);  (b)  W.  E.  Hatfield,  Y.  Muto,  H.  B.  Jonassen,  and  J.  S.  Paschal, 
rg,  Chem.,  4,  97  (1965);  (c)  Y.  Muto  and  H.  B.  Jonassen,  Bull.  Chem. 
.  Japan,  39,  58  (1966). 

I)  H.  L.  Schafer,  J.  C.  Morrow,  and  H.  M.  Smith,  J.  Chem.  Phys,, 

504(1965). 

S)  W.  £.  Hatfield,  D.  B.  Copley,  and  R.  Whyman,  Inorg,  Nucl  Chem. 

ers,  2,  373  (1966). 

S)  E.  Ochiai,  J.  Org.  Chem.,  18,  548  (1953). 


6-methylquinoline  N-oxide,^  4-nitro-6-roethylquinoline  N-oxide,' 
and  3-mtro-6-niethylquinoline  N-oxide.*  The  melting  points  of  aU 
the  ligands  were  consistent  with  reported  values. 

Preparation  of  tlie  Complexes.  Method  A.  In  general,  the 
complexes  were  prepared  by  mixing  a  solution  of  CuOf2HsO  or 
CuBTt  in  warm  ethanol,  2-propanol,  or  1-butanol  with  a  stoichio- 
metric amount  of  the  ligand  in  the  same  solvent.  The  products 
either  crystallized  immediately  or  after  standing  for  a  short  time  and 
were  filtered,  washed  well  with  the  solvent,  and  dried  in  the  air. 

MetlMd  B.  In  some  cases  the  use  of  stoichiometric  quantities  for 
the  preparation  of  1:1  complexes  resulted  in  the  isolation  of  1:2 
species.  The  condensed  complex  was  then  prepared  using  a  ten- 
fold excess  of  the  copper(II)  halide  in  hot  1-butanol  as  solvent. 

Analytical  Data.  Microanalyses  for  carbon,  hydrogen,  and 
nitrogen  were  performed  by  Galbraith  Laboratories,  Inc.,  Knox- 
ville,  Tenn.  Copper  analyses  were  determined  by  EDTA  titration 
using  Snazox  as  indicator.*  The  analytical  data  are  presented  in 
Table  I  together  with  the  method  of  preparation  of  the  complexes. 

pKt,  Determinations.  The  pi^  values  of  the  ligands  were  deter- 
mined spectrophotometrically^  using  the  ultraviolet  absorption 
spectra  of  the  free  and  protonated  bases  in  solutions  of  known  pH. 
Since  the  pH  values  involved  were  too  low  to  be  accurately  measured 
with  a  pH  meter,  values  of  the  acidity  functions  Hq  were  employed.  ^^ 
The  spiectra  of  the  two  species  were  compared  and  significant  dif- 
ferences in  peak  maxima  noted.  In  general,  for  the  neutral,  and 
presumably  unprotonated  solution  of  the  ligand,  one  peak  was 
found  to  increase  markedly  in  intensity  from  that  present  in  the 
strongly  acidic,  protonated  solution.  The  wavelength  of  this  peak 
was  noted.  A  series  of  solutions,  of  pH  approximately  equal  to 
the  estimated  pX»  of  the  ligand,  and  differing  from  each  other  by  0.2 
pH  unit,  was  prepared.  The  optical  densities  of  these  solutions 
were  measured  at  the  wavelength  of  the  above  peak,  and  by  com- 
parison with  the  spectra  of  protonated  and  unprotonated  species 
the  extent  of  protonation  could  be  determined.  Thus,  for  each 
solution  a  value  of  the  pA»  of  the  ligand  was  obtained  and  the  mean 
of  these  results  gave  the  accurate  pA;^  value. 

Magnetic  Susceptibility  Determinations.  Magnetic  susceptibili- 
ties were  determined  as  a  function  of  temperature  by  the  Faraday 
method,  using  equipment  and  procedures  which  have  been  described 


(7)  E.  Profft,  G.  Buchmann,  and  N.  Wackrow,  Wiss.  Z.  Tech. 
HochMch,  Chem.  Leuna-Aferseburg,  2, 93  (1959);  Chem.  Abstr.,  55,  I6l6d 
(1961). 

(8)  E.  Ochiai  and  C.  Kaneko,  Chem.  Pharm,  Bull.  (Tokyo),  7, 197 
(1959). 

(9)  G.  Guerrin,  M.  V.  Sheldon,  and  C  N.  Reilley,  Chemist-Analyst, 
49,  36(1960). 

(10)  A.  Albert  and  E.  P.  Serjeant,  'Ionization  Constants  of  Adds 
and  Bases,**  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1962,  Chap- 
ter 4. 

(11)  M.  A.  Paul  and  F.  A.  Long,  Chem.  Reo.,  57, 1  (1957). 
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Table  L    Analytical  Data 

Method  Ligand: 

of 

salt 

—  c. 

% ' 

H. 

% ' 

' N. 

% ' 

. Cu.% . 

Ligand 

HaUde 

prepn 

ratio 

Found 

C^lod 

Found 

Calcd 

Found 

Calcd 

Found 

Calcd 

4-Methylquinoline 

CuQi 

A 

1:1 

41.03 

40.85 

2.89 

3.07 

4.77 

4.77 

21.40 

21.65 

N-oxide 

CuBri 

A 

1:1 

31.60 

31.37 

2.48 

2.35 

3.49 

3.66 

16.42 

16.62 

6-Methylquinoline 

CuQi 

B 

1:1 

40.86 

40.85 

3.12 

3.07 

4.58 

4.77 

21.79 

21.65 

N-oxide 

CuBti 

B 

1:1 

31.20 

31.37 

2.40 

2.35 

3.89 

3.66 

16.50 

16.62 

Quinoline  N-oxide 

CuQi 

B 

1:1 

38.94 

38.67 

2.57 

2.52 

5.20 

5.01 

22.73 

22.72 

CuBri 

A 

1:1 

29.10 

29.33 

1.87 

1.92 

3.90 

3.80 

16.82 

17.24 

4-Chloro-6-iiiethyl- 

CuQi 

B 

2:3 

30.32 

30.38 

2.38 

2.04 

3.53 

3.54 

23.84 

24.11 

quinoline  N-oxide 

CuQi 

A 

2:1 

45.42 

46.04 

2.44 

3.10 

5.25 

5.36 

12.16 

12.18 

CuBri 

B 

1:1 

28.80 

28.80 

1.87 

1.93 

3.30 

3.36 

15.00 

15.24 

CuBri 

A 

2:1 

40.15 

39.34 

2.72 

2.64 

4.59 

4.59 

10.16 

10.41 

4-Chloroquinoline 

CuQi 

B 

2:3 

28.24 

28.32 

1.53 

1.57 

3.20 

3.67 

25.45 

25.00 

N-oxide 

CuQi 

A 

2:1 

43.52 

43.78 

2.46 

2.43 

5.68 

5.44 

12.88 

12.87 

CuBti 

A 

1:1 

26.89 

26.80 

1.52 

1.49 

3.53 

3.47 

15.73 

15.77 

CuBfi 

A 

2:1 

37.32 

37.09 

2.29 

2.06 

4.60 

4.81 

10.56 

10.91 

3-Nitro-6-mcthyl- 

CuOi 

B 

3:4 

31.11 

31.32 

2.17 

2.10 

•  •  • 

7.31 

22.30 

22.10 

quinoline  N-oxide 

CuOi 

A 

2:1 

44.47 

44.26 

3.19 

2.97 

10.31 

10.32 

11.56 

11.71 

OiBri 

B 

1:1 

28.25 

28.09 

2.03 

1.89 

6.31 

6.55 

14.52 

14.86 

CuBr, 

A 

2:1 

37.73 

38.03 

2.81 

2.55 

8.55 

8.87 

10.20 

10.06 

4-Nitro-6-roethyl- 

CuQi 

B 

1:1 

35.87 

35.47 

2.35 

2.38 

7.68 

8.27 

18.81 

18.76 

quinoline  N-oxide 

CuQi 

A 

2:1 

44.04 

44.26 

2.97 

2.97 

10.18 

10.32 

11.78 

11.71 

CuBri 

A 

2:1 

38.61 

38.03 

2.94 

2.55 

8.41 

8.87 

9.95 

10.06 

4-Nitroquinoline 

CuQi 

B 

1:1 

33.40 

33.30 

1.78 

1.86 

8.43 

8.63 

19.50 

19.57 

N-oxide 

CuQi 

A 

2:1 

42.07 

41.99 

2.50 

2.35 

10.74 

10.88 

12.20 

12.34 

CuBrt 

A 

2:1 

36.52 

35.81 

2.16 

2.00 

9.17 

9.28 

10.46 

10.53 

4-Nitropyridine 

CuQi 

B 

1:1 

21.99 

21.85 

1.66 

1.46 

10.05 

10.20 

23.09 

23.14 

N-oxide 

previously.^  Mercury  tetrathiocyanatocobaltate(IO  was  used  as 
magnetic  susceptibility  standard,^'  and  diamagnetic  corrections 
were  estimated  from  Pascal's  constants.^* 

Spectral  MeasaremeiitB.  For  the  pIU  measurements  ultraviolet 
absorption  spectra  were  recorded  with  a  Beckman  DU  spectro- 
photometer. Diffuse  reflectance  spectra  of  solid  samples  were 
measured  using  the  standard  reflectance  attachment  and  employing 
a  block  of  magnesium  carbonate  as  standard.  Infrared  spectra  in 
the  range  1300-250  cm~*  were  recorded  with  a  Perkin-Elmer  521 
double- beam  spectrometer. 


Results 

The  Complexes.  As  the  data  in  Table  I  show,  not 
all  possible  complexes  were  obtained.  Thus  2:1 
complexes  of  the  ligands  6-methyl-,  4-methyI-,  and 
quinoline  N-oxide  with  both  CuCU  and  CuBr2  did  not 
form,  and  4-nitro-6-methyl-  and  4-nitroquinoiine  N- 
oxide  yielded  1 : 1  adducts  only  with  CuCh.  The  use  of 
both  methods  A  and  B  for  the  preparation  of  1 : 1  cop- 
per(II)  chloride  complexes  with  several  ligands  did  not 
yield  the  expected  products  but  species  of  a  polymeric 
nature,  as  indicated  by  elemental  analyses.  Thus 
both  4-chloro-6-methyl-  and  4-chloroquinoline  N- 
oxide  afforded  compounds  of  empirical  formula  (Cu- 
Ch)}!^  and  3-nitro-6-methylquinoline  N-oxide  yielded  a 
species  which  analyzed  as  (CuCl2)4Ls. 

Magnetic  Data.  Magnetic  susceptibilities  were  de- 
termined at  300,  196,  and  77  ®K  only,  since  these  meas- 
urements sufficed  to  distinguish  between  different 
types  of  magnetic  behavior.  A  considerable  body  of 
data  already  exists  for  the  full  temperature  variation 
(350-77  ®K)  of  the  magnetic  susceptibility  of  substituted 
pyridine  N-oxide-copper(II)  halidc  complexes,  ^'^  and 
it  was  considered  unnecessary  to  repeat  these  detailed 
measurements  for  the  quinoline  N-oxide  derivatives. 
The  magnetic  data,  together  with  the  observed  pK^ 

(12)  B.  N.  Figgis  and  R.  S.  Nyholm.  J,  Chem.  Soc.,  4190  (1958). 

(13)  J.  Lewis  and  R.  G.  Wilkins,  **Modern  Coordination  Chemis- 
try/' Intersdence  Publishers,  Inc.,  New  York,  N.  Y.,  1960,  p  403. 


values  of  the  ligands,  are  presented  in  Table  II.  The 
molar  magnetic  susceptibilities  were  calculated  on  the 
basis  of  a  molecular  weight  per  copper(II)  ion  in  all 
cases,  and  magnetic  moments  were  obtained  from  the 
expression  Meff  =  2.84(xm~^*'^'-  It  is  immediately 
apparent  that  the  complexes  fall  into  two  princip^ 
classes.  The  first  class  includes  the  condensed  com- 
plexes, the  majority  of  which  display  the  low  magnetic 
moments  indicative  of  the  binuclear  oxygen-bridged 
unit  which  has  been  established  for  the  pyridine  N- 
oxide-copper(II)  chloride  complex.*  The  second  class 
contains  the  complexes  with  a  ligand :  salt  ratio  of  2, 
which  all  exhibit  normal  magnetic  moments,  i.e.,  a 
moment  greater  than  or  equal  to  1.73  BM  per  copper(lI) 
ion,  and  which  are  virtually  independent  of  tempera- 
ture. The  condensed  complexes  may  be  further  sub- 
divided into  those  displaying  low  magnetic  moments, 
the  1:1  species  with  normal  magnetic  moments,  and 
thirdly,  the  compounds  of  polymeric  nature  which  also 
show  magnetically  normal  behavior.  With  the  excep- 
tion of  the  3-nitro-6-methylquinoline  N-oxide  deriva- 
tive, all  the  condensed  copper(II)  bromide  complexes 
exhibit  low  magnetic  moments.  It  may  be  significant 
that  no  polymeric  species  are  formed  when  the  salt  is 
copper  bromide. 

pK^  Data.  The  pK^  values  of  the  ligands  lie  in  the 
anticipated  order,  both  by  comparison  with  their  pyri- 
dine N-oxide  analogs  and  on  the  basis  of  simple  elec- 
tronic effects.  The  previously  reported  value  of  —0.8 
for  the  pKt,  of  4-nitroquinoline  N-oxide^  does  not 
agree  with  our  experimental  results.  However,  the  value 
of  — 1.39  observed  here  is  more  consistent  with  the  pK^ 
of  — 1.7  ±  0.15  reported  for  4-nitropyridinc  N-oxidc." 

Far-Infrared  Spectra.  Table  III  records  the  maxima 
observed  in  the  spectra  of  the  ligands  and  their  copper- 
(II)  chloride  complexes  in  the  region  400-250  cm"*. 

(14)  H.  H.  Jaff^,  and  G.  O.  Doak,  /.  Am.  Chem.  Soe.^  77.  4441  (19S5). 
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Ue  n.    Magnetic  and  pIU  Data 


,____  a.  ..   RKif  nAfl* 

CuODion- 

—  f*9tu  DDfi  per 

Condensed  complex * 

-2:1  complex - 

Ligand 

pK^ 

300* 

196* 

77* 

300* 

196* 

77* 

CoppeKn)  Chloride  Complexes 

4-Methylqiiinoline  N-oxide 

1.44 

0.S6 

0.43 

0.38 

6-Methylquinoline  N-oxide 

1.01 

0.41 

0.30 

0.24 

Quinoline  N-oxide 

0.86 

0.37 

0.30 

0.23 

4-Chloro-6-niethylquinoline  N-oxide 

0.61 

1.69 

1.66 

1.55-.* 

1.97 

1.93 

1.85 

4-Chloroquinoline  N-oxide 

0.47 

2.07 

2.04 

1.89-.» 

1.88 

1.85 

1.83 

3-Nitro-6-methylquinoline  N-oxide 

-0.69 

1.91 

1.91 

1.90-^ 

1.81 

1.87 

1.82 

4-Nitro-6-n]ethylquinoline  N-oxide 

-1.20 

1.92 

2.01 

1.96 

1.87 

1.89 

1.92 

4-Nitroquinoline  N-oxide 

-1.39 

2.13 

2.12 

2.14 

1.86 

1.89 

1.85 

CoppeKII)  Bromide  Complexes 

4-Methylqiiinoline  N-oxide 

1.44 

0.40 

0.43 

0.34 

6-Methylquinoline  N-oxide 

1.01 

0.60 

0.31 

0.24 

Quinoline  N-oxide 

0.86 

0.36 

0.32 

0.21 

4-Chloro-6-n]ethylquinoline  N-oxide 

0.61 

0.38 

0.28 

0.28 

1.82 

1.87 

1.87 

4-Chloroquinoline  N-oxide 

0.47 

0.39 

0.34 

0.30 

1.83 

1.90 

1.82 

3-Nitro-6-methylqiHnoline  N-oxide 

-0.69 

1.72 

1.75 

1.75 

1.98 

1.90 

1.95 

4-Nitro-6-n]ethylquino1ine  N-oxide 

-1.20 

1.85 

1.88 

1.84 

4-Nitroqiiinoline  N-oxide 

-1.39 

1.83 

1.88 

1.81 

1 : 1  complexes  not  formed  here.    ^  Empirical  formula  (CuClf)iLt.    *  Empirical  formula  (CuClt)4Lf . 


Me  m.    Far-Infrared  Spectra  in  the  Region  400-250  cm  "^  • 


Pyridine  N-oxide 

CuClf-L 

397  m 

iiOw,sh 

i//V8 

CuClf-Li 

385  m 

310  s 

286  s 

4-Methylquinoline  N-oxide 

3638 

CuClf-L 

357  m 

334ys 

i25s,sh 

6-Methylquinoline  N-oxide 

359  m 

CuQr-L 

362m 

S40m,sh 

328  s 

Quinoline  N-oxide 

390  vw 

372  w 

327w,8h 

313  m 

296w,sh 

CuQf-L 

393w,sh 

344% 

332 1 

4-Chloro-6-methylquino- 

392  m 

355  w 

336  m 

302  w,  sh 

298  m 

line  N-oxide 

(CuaOr-Li 

345w 

i07m,8h 

280  s 

CuClr-Li 

396  w 

336w,8h 

320  m 

290s 

4-Chloroquinoline  N-oxide 

350  w 

335  m 

326w,sh 

(Cua,)r-Li 

388  m 

347m 

317w,8h 

308s 

290s 

Cuar-Li 

392  w 

335  m 

310  s 

300  s,s\i 

3-Nitro-6-methylquino- 

355  m 

329  w 

285  w 

line  N-oxide 

(Cuai)4-Li 

335  w 

i05m,8h 

2^s,8h 

Cuar-Li 

390m 

352w,8h 

342t 

4-Nitro-6-methylquinoline 

380  m 

315  w 

300w 

280m 

N-oxide 

CuClr-L 

342w 

308  s,sh 

2^V8 

CuQi-Li 

395  m 

380  w,  sh 

334w,sh 

316  vs 

4-Nitroquinoline  N-oxide 

350  w 

326  m 

305m,sh 

CuQr-L 

342w 

307  ys 

290s 

CuQr-Lt 

397  m 

385  w 

335  w,  sh 

318  s 

*  Maxima  which  are  italicized  are  assigned  as  copper-chlorine  stretching  frequencies. 
/;  V  B  very  and  sh  »  shoulder. 


w  B  weak,  m  «  medium,  and  s  »  strong  inten- 


le  spectra  of  the  1:1  and  2 : 1  adducts  of  pyridine  N- 
dde  with  copper(II)  chloride  are  also  included.  Pre- 
ous  far-infrared  spectral  studies  on  complexes  con- 
ining  metal-halogen  bonds  indicate  that  metal- 
lorine  stretching  frequencies  occur  in  the  range  250- 
0  cm~^  and  metal-bromine  frequencies  from  below 
10  to  250  cm^^^'  Thus  for  the  complexes  discussed 
Te  the  observation  of  infrared-active  metal-chlorine 
retching  frequencies  may  be  anticipated,  whereas 
is  likely  that  the  corresponding  metal-bromine  vibra- 
>n8  will  lie  outside  the  range  of  the  instrument,  the 
wer  limit  of  which  occurs  at  ca.  245  cm~^  Several 
'  the  ligands  show  no  absorptions  in  the  range  250- 
0  cm^S  and  consequently  the  metal-chlorine  vibra- 
ms  may  be  assigned  without  difficulty.    Although 

[15)  R.  J.  H.  Clark,  Spectrochim.  Acta,  21, 95S  (1965). 


maxima  were  observed  with  some  ligands  in  this  region 
of  the  spectrum,  the  bands  present  in  the  complexes 
were  considerably  more  intense  and  may  be  assigned  as 
infrared-active  metal-chlorine  stretching  frequencies 
with  a  reasonable  degree  of  certainty.  Those  peaks 
which  are  italicized  in  Table  III  are  assigned  as  metal- 
chlorine  stretching  vibrations.  For  die  copper(II) 
bromide  complexes,  as  anticipated,  the  situation  is  con- 
siderably less  clear.  The  region  290-350  cm""^  is  fre- 
quently free  of  absorptions,  further  substantiating  the 
assignment  of  the  metal-chlorine  stretching  frequencies. 
Below  290  cm"^  spectra  of  all  the  bromides  display  an 
area  of  increasing  absorption  and  several  show  maxima 
at  ca.  250  cm"^  However,  the  bands  were  very  broad 
and  indistinct  at  this  wavelength  and  are  not  recorded 
here. 
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Table  IV.    Diffuse  Reflectance  Spectra* 


Ligand 

\if  ovifina 

Condensed  CuQs  Complexes 

4-Methylquinoliiie  N-oxide 

390 

420  sh 

500  sh 

610 

730 

875  sh 

6-Methylquinoline  N-oxide 

375 

420 

510  sh 

620  sh 

755 

860  sh 

Quinoline  N-oxide 

380 

430 

510  sh 

610  sh 

720 

850  sh 

4-Chloro-6-n]ethylqiiinoline  N-oxide 

385 

530  sh 

835 

900  sh 

4-Chloroqiiinoliiie  N-oxide 

385 

450  8h 

520  sh 

570  sh 

840 

900  sh 

3-Nitro-6-n]ethylquinoline  N-oxide 

345 

390  8h 

520  sh 

830 

900  sh 

4-Nitro-6-n]ethylquinoline  N-oxide 

410  sh 

550  sh 

840 

4-Nitroqiiinoline  N-oxide 

350 

530  sh 

840 

930  sh 

Condensed  CuBrs  Complexes 

\ 

4-Methylquinoline  N-oxide 

400 

440  sh 

475  sh 

560  sh 

730 

900  sh 

6-Methylquinoline  N-oxide 

420 

480  sh 

510  sh 

735 

Quinoline  N-oxide 

400 

430  sh 

500  sh 

730 

880  sh 

4-Chloro-6-methylquinoline  N-oxide 

400 

490  sh 

540  sh 

735 

900  sh 

4-Chloroquinoline  N-oxide 

400 

510 

740 

900  sh 

3-Nitro-6-niethylquinoline  N-oxide 

365, 410  sh 

2:1  Cua 

1  Complexes 

790 

900  sh 

4-Chloro-6-methylquinoline  N-oxide 

420  sh 

520  sh 

680  sh 

810 

4-Chloroquinoline  N-oxide 

370 

420  sh 

510  sh 

680  sh 

815 

3-Nitro-6-methylquinoline  N-oxide 

380 

520  sh 

760 

820  sh 

4-Nitro-6-methylquinoline  N-oxide 

350 

420  sh 

450  sh 

570  sh 

620 

785 

4-Nitroquinoline  N-oxide 

390  sh 

460  sh 

550 

890 

960  sh 

«  sh  »  shoulder. 


Visible  Spectra.  The  diffuse  reflectance  spectra  of 
the  complexes  are  summarized  in  Table  IV  and  repre- 
sentative spectra  of  the  condensed  complexes  exhibited 
in  Figures  1  and  2.    Since  the  complexes  were  foimd  to 
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1100 


Figure  1 .   Diffuse  reflectance  spectra  of  three  representative  con- 
densed copper(II)  chloride  complexes:    -  •  -  -,  CuCls-4-methyl- 

quinoline  N-oxide; ,  (CuCli)r-(4-chloro-6-methylquinoline 

N-oxide)i;  ,  CuClr-4-nitroquinoline  N-oxide. 


bromide  are  not  reported  here.  Figure  1  includes  rep- 
resentative spectra  of  the  three  classes  of  condensed 
copper(II)  chloride  complexes.  The  main  feature  of 
interest  is  the  shift  in  position  of  the  band  occurring  at 
700-900  mfjL  dependent  upon  the  class  of  complex 
formed.    For  the  compounds  displaying  low  magnetic 


M 
> 


soo 


I  too 


700 
WAVCLCNtTN  m/k 

Figure  2.    Diffuse  reflectance  spectra  of  two  reprcMntative 

coppeKII)  bromide  complexes: ,  CuBrr-^iuinc^iie 

,  CuBrr-3-nitro-6-methylquinolixie  N-oxide. 


1:1 


decompose  in  solution,  no  solution  spectra  are  re- 
corded. The  copper(II)  bromide  complexes  were  all 
rather  dark  in  color  and  several  of  the  2 : 1  compounds 
black.  It  was  necessary  to  dilute  the  black  compounds 
with  magnesium  carbonate  in  order  to  obtain  a  measur- 
able spectrum,  and  even  then  only  indistinct  broad 
bands  were  observed.  ConsequenUy,  the  reflectance 
spectra  of  the  2 : 1  adducts  of  the  ligands  with  copper(II) 


moments,  the  maximum  occurs  at  ca.  7S0  m/iy  with  a 
shoulder  at  ca.  875  m/Li,  and  these  are  shifted  to  850  and 
900  m/L(,  respectively,  in  the  magnetically  noitnal  com- 
plexes. In  addition,  a  shoulder  at  ca.  570  m/i  occors 
in  the  spectra  of  the  polymeric  compounds  but  is  ab- 
sent for  the  other  two  classes.  With  the  exception  of 
3-nitro-6-methylquinoline  N-oxide,  spectra  of  the  1:1 
complexes  of  the  ligands  with  coppcnr(II)  bromide  are 
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extremely  similar.  Figure  2  shows  a  comparison  of  the 
spectrum  of  the  copper(II)  bromide  complex  of  quino- 
line  N-oxide  with  that  of  3-nitro-6-methylquinoline  N- 
oxide. 

Discussion 

Magnetic  Data.  Based  on  the  similarity  of  the  mag- 
netic behavior  of  the  complexes  displaying  low  mag- 
netic moments  with  that  of  the  copper(n)  halide- 
pyridine  N-oxide  series,  the  presence  of  a  similar  struc- 
ture may  be  inferred,  i.e.,  a  dimeric  molecule  composed 
of  two  copper  atoms  bridged  by  the  oxygen  atoms  of 
the  N-oxide  system.  Because  of  the  extremely  small 
forces  measured  for  these  complexes  with  low  magnetic 
susceptibilities,  the  values  of  fi^t  are  only  accurate  to 
within  0.1  BM.  Thus  it  is  not  possible  to  make  any 
comments  concerning  the  trend  of  these  values.  The 
previously  reported  1 : 1  complexes  of  this  type  all  ex- 
hibit low  magnetic  moments,  with  the  exception  of  the 
copper(II)  chloride  4-nitroquinoline  N-oxide  deriva- 
tive, which  is  reinvestigated  here.  This  complex  has  a 
room-temperature  magnetic  moment  of  2.13  BM,  which 
is  temperature  independent.  The  hitherto  unreported 
1:1  complex  of  copper(II)  chloride  with  4-nitropyr- 
idine  N-oxide  was  prepared  by  mixing  a  hot  1-butanol 
solution  of  the  ligand  with  a  large  excess  of  CuCU- 
2H2O  dissolved  in  hot  1-butanol.  The  product  crystal- 
lizes as  yellow-orange  plates  and  has  been  character- 
ized by  elemental  analysis.  It  shows  a  room-tempera- 
ture magnetic  moment  of  1.01  BM  which  decreases  to 
0.33BMat77°K. 

The  normal  magnetic  moment  of  Cu(4-nitroquinoline 
N-oxide)Cl2  has  been  interpreted  in  terms  of  the  elec- 
tronic effects  incurred  by  the  introduction  of  the  nitro 
group  to  the  4  position  of  the  quinoUne  ring.'*  Muto 
and  Jonassen  postulate  that  an  electron-attracting  en- 
tity such  as  the  nitro  group  will  tend  to  reduce  the  elec- 
tron density  in  the  N-O  bond  (of  the  quinoline  N-oxide 
system)  and  consequently  the  electron  density  in  the  tt 
orbitals  of  the  bridging  oxygen  atom.  The  interaction 
between  the  unpaired  electrons  in  the  t  orbitals  of  the 
copper  ions  and  oxygen  t  electrons  is  thus  lessened, 
and  the  observed  magnetic  moment  will  be  greater 
than  that  of  the  unsubstituted  quinoline  N-oxide  com- 
plex. By  this  argument  the  energy  difference  between 
the  singlet  and  triplet  states  is  expected  to  be  much 
greater  for  the  copper(II)  chloride  complex  of  4-nitro- 
quinoline N-oxide  than  with  the  quinoline  N-oxide 
derivative  itself.  The  observed  magnetic  moments 
indicate  that  this  is  the  case.  However,  if  the  elec- 
tronic effects  of  the  substituents  are  the  only  factors 
influencing  the  variation  of  singlet-triplet  splitting 
energies,  then  these  values  for  the  condensed  4-nitro- 
quinoline N-oxide  and  4-nitropyridine  N-oxide-copper- 
(II)  chloride  complexes  should  be  of  comparable  magni- 
tude. The  observed  room-temperature  magnetic  mo- 
ments of  2.13  and  1.01  BM,  respectively,  indicate  that 
this  is  not  so  and  that  the  "electronic"  effect  of  4-nitro- 
quinoline N-oxide  is  considerably  greater.  Thus  it 
becomes  apparent  that  additional  factors  should  be 
taken  into  consideration. 

An  alternative  approach  is  to  consider  the  increased 
steric  requirements  of  the  quinoline  N-oxide  system 
when  compared  with  pyridine  N-oxide.  It  is  possible 
that  the  decreased  donor  strength  of  4-nitroquinoline  N- 
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oxide  with  respect  to  the  unsubstituted  quinoline  N- 
oxide,  coupled  with  the  steric  factors,  cause  a  change 
in  the  structural  properties  of  the  molecule.  It  has 
been  shown  that  binuclear  species  formed  by  bridging 
copper  ions  with  chloride  ions  do  not  tend  to  be  dia- 
magnetic,^*  and  thus  a  structure  containing  chloride 
bridges  rather  than  oxygen  bridges  would  account  for 
the  observed  magnetic  properties. 

Thus  for  the  condensed  copper(II)  chloride  com- 
plexes, ligands  with  relatively  low  donor  strengths. 
I.e.,  very  low  p^^  values,  would  give  rise  to  chloride- 
bridged  species,  whereas  ligands  with  high  donor 
strengths  afford  the  usual  oxygen-bridged  species.  For 
ligands  of  intermediate  donor  strengths  a  third  class  of 
compound  is  formed,  members  of  which  display  a  high 
magnetic  moment  and  possess  polymeric,  halogen- 
bridged  structures. 

All  the  1:1  copper(II)  bromide  complexes  prepared 
in  this  study,  with  the  exception  of  the  3-nitro-6-methyl- 
quinoline  N-oxide  derivative,  exhibited  low  magnetic 
moments.  The  one  exception  possibly  contains  bro- 
mide bridges.  No  compounds  of  polymeric  nature  are 
formed  with  copper(II)  bromide,  and  this  may  be  due  to 
the  reduced  tendency  of  the  bromide  ion,  as  compared 
with  the  chloride  ion,  to  act  as  a  bridging  group. 

The  magnetic  properties  of  the  4-nitropyridine  N- 
oxide-copper(II)  chloride  complex  may  be  explained 
solely  in  terms  of  the  electronic  effects  of  the  substitu- 
ent,  and  no  change  in  structure  from  the  oxygen-bridged 
parent  compound  of  the  series  need  be  invoked. 

Both  copper(II)  chloride  and  copper(II)  bromide 
complexes  with  two  molecules  of  the  substituted  quino- 
line N-oxide  exhibit  normal  magnetic  moments  which 
are  virtually  independent  of  temperature. 

Far-Infrared  Spectra.  The  far-infrared  spectral  data 
provide  support  for  the  suggestion  that  there  is  a  struc- 
tural difference  between  the  classes  of  condensed  com- 
plexes. In  this  discussion  it  should  be  recognized  that 
the  terms  "terminal"  and  "bridging"  are  used  only  in  a 
relative  sense.  It  is  probable  that  a  chloride  ion  bonded 
directly  to  one  copper  ion  will  interact  to  some  extent 
with  neighboring  copper  ions  and  in  such  a  sense  could 
then  be  termed  as  bridging.  However,  for  our  purposes 
a  terminal  chlorine  atom  is  defined  as  one  which  is 
bonded  to  a  copper  ion  when  the  binuclear  oxygen- 
bridged  species  is  known  to  be  present,  and  a  bridging 
chloride  ion  as  one  which  is  bridging  two  copper  ions  to 
form  a  dimeric  or  polymeric  molecule.  Two  distinct 
types  of  bridging  chlorine  atoms  may  be  envisaged: 
firstly,  those  which  are  symmetrically  disposed  between 
the  two  copper  atoms  giving  equal  bond  lengths  and, 
secondly,  those  which  are  unsymmetric  giving  rise  to 
one  short  and  one  long  copper-chlorine  bond  distance. 

Although  the  literature  contains  numerous  refer- 
ences to  metal-chlorine  vibrations  of  bridging  chlorine 
atoms  in  copper(II)  chloride  complexes,  the  evidence 
for  terminal  copper-chlorine  stretching  frequencies  is 
rather  meager,  presumably  owing  to  the  lack  of  suitable 
compounds.  Thus  the  complex  Cu(pyridine)iCls  is 
polymeric  in  the  solid  state  and  its  structure  composed  of 
distorted  octahedra  connected  by  bridging  chlorine 
atoms.  ^^    In  each  octahedron  there  are  two  long  (3.0S 

(16)  P.  H.  Vossos,  L.  D.  Jennings,  and  R.  B.  Rundle,  /.  Chem,  Phys,, 
32,  1S90  (1960);  R.  D.  Willett.  C  Dwiggins,  Jr.,  R.  Kruh,  and  R.  B. 
Rundle,  ibid.,  38,  2429  (1963). 

(17)  J.  D.  Dunitz,  Acta  Cryst,,  10,  307  (1957). 
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A)  and  two  short  (2.28  A)  copper-chlorine  bonds. 
In  the  far-infrared  spectrum  of  this  compound,  ab- 
sorptions attributed  to  copper-chlorine  stretching  vibra- 
tions occur  at  228  and  287  cm~~S  and  these  probably 
represent  the  vibrations  of  the  long  and  short  bonds, 
respectively.  ^'^^  Conversely,  for  steric  reasons,  the 
complex  Cu(quinoline)sCl2  cannot  contain  two  bridg- 
ing chlorine  atoms  of  the  above  type  since  the  pres- 
ence of  the  quinoline  ring  results  in  a  copper-chlorine 
"long"  bond  distance  too  great  to  give  rise  to  a  stretch- 
ing frequency.^  Thus  the  assignment  of  a  copper- 
chlorine  stretching  mode  at  330  cm~^  should  represent 
the  vibration  of  the  copper-chlorine  "short"  bond, 
which  is  also  bridging  in  character.  The  addition  of 
substituents  adjacent  to  the  nitrogen  atom  in  pyridine 
complexes  of  this  type  has  a  pronounced  effect  on  the 
metal-halogen  stretching  frequency;^**  on  substitut- 
ing the  2  and  S  positions  with  various  groups,  the  max- 
ima are  found  to  occur  in  the  range  323-309  cnr\ 
whereas,  for  substituents  in  the  3  and  4  positions, 
corresponding  peaks  occur  at  294-27  8  cm"  \  Recently  a 
report  of  the  far-infrared  spectra  of  some  substituted 
quinoxaline  derivatives  of  copper(II)  halides  indicates 
that  for  these  compounds  terminal  metal-chlorine 
bonds  show  absorptions  at  368-337  cm~S  and  bridging 
bonds  occur  at  ca.  320  cm"^*^ 

Considering  the  available  evidence,  it  becomes  ap- 
parent that  the  values  of  metal-chlorine  stretching  fre- 
quencies are  very  dependent  upon  the  ligand  used, 
even  when  the  structures  of  the  complexes  are  thought 
to  be  the  same.  However,  as  a  rough  guide,  the  divid- 
ing line  between  bridging  and  terminal  metal  chlorine 
stretching  frequencies  may  be  considered  to  lie  at  ca. 
330-340  cm-^ 

The  structure  of  the  1 : 1  complex  of  pyridine  N-oxide 
is  known  to  contain  copper-chlorine  bonds  which  do 
not  interact  with  any  neighboring  copper  atoms,  ^  and 
thus  these  are  terminal  in  character.  The  far-infrared 
spectrum  of  this  complex  shows  maxima  at  311  (vs) 
and  330  cm~  ^  (w,  sh)  which  may  be  attributed  to  copper- 
chlorine  stretching  frequencies.  Thus  for  the  quino- 
line N-oxide  complexes,  we  may  infer  that  the  observa- 
tion of  metal-chlorine  stretching  vibrations  at  frequen- 
cies higher  than,  say,  320  cm~^  indicates  the  presence  of 
terminal  metal-chlorine  bonds  and  hence  oxygen- 
bridged  structures. 

For  clarity,  maxima  assigned  as  metal-chlorine 
stretching  vibrations  in  the  condensed  copper(II)  chlo- 
ride-quinoline  N-oxide  complexes  are  summarized  in 
Table  V.  In  the  compounds  with  low  magnetic  mo- 
ments and  presumably  oxygen-bridged  structures, 
maxima  observed  at  ca.  330  and  340  cm~^  are  assigned 
as  terminal  metal-chlorine  stretching  frequencies. 
These  bands  are  absent  in  the  spectra  of  complexes  with 
normal  magnetic  moments  and  here  two  peaks  at  ca. 
280  and  300  cm~^  are  observed  in  all  cases.  This  sig- 
nificant shift  to  lower  wavelength,  which  correlates 
with  the  change  in  magnetic  properties,  is  considered 
to  reflect  the  difference  between  structures  containing 
terminal  and  bridging  metal-chlorine  bonds.  In  sup- 
port of  this  conclusion  the  magnitude  of  the  shift,  ca. 

(18)  M.  Goldstein,  E.  F.  Mooney,  A.  Anderson,  and  H.  A.  Gebbie, 
Spectrochim.  Acta,  21,  105  (1965). 

(19)  R.  J.  H.  Clark  and  C.  S.  Williams,  Inorg.Chem.,  4,  350  (1965). 

(20)  C.  W.  Frank  and  L.  B.  Rogers,  ibid.,  5,  615  (1966). 

(21)  D.  E.  Billing,  A.  E.  Underbill,  D.  M.  Adams,  and  D.  M.  Morris, 
y.  Chem,  Soc„  Sect,  A,  902  (1966). 


Table  V.    Summary  of  M etal-Halcjgen  Stretching  Vibradoos 
for  the  Condensed  Copper(II)  Chloride  Complexes* 


Ligand 


cm 


-1 


4-Methylquinoline  334  vs       325  s,  sh 

N-oxide 
6-Methylquinoline  340m,sh  328  s 

N-oxide 
Quinoline  N-oxide  344  s         332  8 

4-Chloro-6-methyl- 

quinoline  N-oxide 
4-Chloroquinoline 

N-oxide 
3-Nitro-6-methylquino- 

line  N-oxide 
4-Nitro-6-nicthylquino- 

line  N-oxide 
4-Nitroquinoline 

N-oxide 
Pyridine  N-oxide  330w,sh  311  vs 


307iii,sh  280s 
308s         290s 
306ni,sh  290s,sb 
308s,sh    280  vs 
307  vs       290s 


«  w  =  weak,  m  «  medium,  s  «  strong  intensity;  v  »  very  and 
sh  =  shoulder 


35-45  cTtr\  is  of  a  similar  order  to  that  observed  with 
the  quinoxaline  complexes  mentioned  above.  ^^ 

X-Ray  crystallographic  evidence  for  the  2 : 1  complex 
of  pyridine  N-oxide  with  copper(II)  chloride  shows  the 
presence  of  the  same  basic  structure  as  in  the  corre- 
sponding 1:1  species.  ^^  In  the  far-infrared  spectrum 
of  the  former  complex,  two  metal-chlorine  stretching 
frequencies  are  observed  at  310  and  286  cm~~^  Al- 
though the  oxygen  bridged  unit  is  still  present,  the 
inclusion  of  an  extra  pyridine  N-oxide  ligand  into  the 
coordination  sphere  of  each  copper  ion  presumably 
has  the  effect  of  weakening  the  metal-chlorine  bonds, 
thus  causing  a  reduction  in  the  metal-halogen  stretching 
frequencies. 

Since  this  compound  displays  a  subnormal  magnetic 
moment,  whereas  all  the  2:1  quinoline  N-oxide  com- 
plexes show  normal  magnetic  properties,  it  is  not  pos- 
sible to  effect  comparisons.  However,  in  view  of  the 
magnetic  results  and  the  relatively  low  metal-halogen 
stretching  frequencies,  it  seems  likely  that  the  latter 
compounds  possess  polymeric  halogen-bridged  struc- 
tures. 

Spectra  of  the  2 : 1  derivatives  with  ligands  containing 
nitro  groups  show  only  one  band  attributable  to  a  metal- 
chlorine  stretching  vibration,  and  these  occur  at  slighdy 
higher  frequencies  than  the  mean  value  of  300  cm"* 
for  complexes  not  containing  nitro  substituents.  In 
particular,  the  3-nitro-6-methylquinoline  N-oxide  com- 
plex shows  a  maximum  at  342  cm~^  The  explanation 
of  this  is  not  clear. 

Visible  Spectra.  The  spectra  of  the  condensed 
copper(II)  chloride  complexes  may  be  divided  into  two 
main  band  systems,  the  first  occurring  at  350-450 
m/Lt  and  the  second  at  700-850  m/Lt,  of  which  the  rela- 
tive intensity  of  the  latter  is  considerably  less.  The 
first  band  system  is  probably  associated  with  chargp- 
transfer  transitions,  and  the  second  may  be  attributed 
to  transitions  within  the  d  shell.  Most  of  the  bands 
are  obviously  multiple  in  character,  and  an  indistinct 
shoulder  is  observed  in  all  cases  at  about  900  m/i  on 
the  side  of  the  lower  energy  band.  The  shift  in  position 
of  the  maximum  associated  with  the  d-d  transition, 
which  correlates  with  the  difierences  in  magnetic  proper- 

(22)  J.  C.  Morrow,  private  communication. 
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ties  of  the  complexes,  probably  reflects  the  differing 
environments  of  the  copper  ion  in  the  two  cases. 

Except  for  the  appearance  of  an  intense  band  at  ca. 
500  m/Li,  spectra  of  the  1:1  coppcr(II)  bromide  deriva- 
tives are  essentially  similar  to  those  of  the  chlorides 
displayinglow  magnetic  moments.  Also,  the  shoulder  at 
900  m/L(  is  more  pronounced  in  the  case  of  the  bromides. 
The  origin  of  the  SOO-m/m  band  is  uncertain,  although 
as  seen  in  Figure  1  spectra  of  the  chlorides  do  show 
shoulders  of  much  weaker  relative  intensity  in  this 
region.  As  with  the  condensed  chloride  complexes 
with  high  magnetic  moments,  the  spectrum  of  the 
1:1  copper(II)  bromide-3-nitro-6-methylquinoline  N- 
oxide  derivative  is  significantly  different  from  those  of 
the  corresponding  complexes  displaying  low  magnetic 
moments.  As  indicated  in  Table  IV,  the  d-d  band  is 
shifted  from  ca,  730  m/Lt  down  to  790  m/it  in  the  bromide- 
bridged  species.  This  again  is  probably  an  indication 
of  the  different  environments  of  the  copper  ion  in  the 
oxygen-bridged  and  bromide-bridged  species. 

The  spectra  of  the  2:1  complexes  with  copper(II) 
chlorides  show  similar  features  to  those  of  the  con- 
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densed  complexes.  The  maxima  due  to  transitions 
within  the  d  shell  are  shifted  to  slightly  higher  energy 
in  the  2 : 1  derivatives. 


Conclusion 

The  spectral  and  magnetic  properties  of  the  condensed 
copper(II)  halide  complexes  of  substituted  quinoline 
N-oxides  indicate  that  either  oxygen-bridged  or  halogen- 
bridged  derivatives  may  be  formed.  The  experimental 
evidence  indicates  that  there  must  be  a  critical  relation- 
ship between  such  factors  as  the  donor  properties  and 
steric  requirements  of  the  ligands  and  the  lattice  ener- 
gies of  the  various  compounds  in  favoring  the  formation 
of  one  species  over  another. 
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Abstract:  The  rates  of  formation  of  the  complex  ions,  Co(NHs)iX''''',  are  discussed  with  special  attention  to  the 
rate  of  reaction  in  the  outer-sphere  complex  (or  ion  pair)  Co(NHi)jOHi'+.  •  .X^'"">".  (New  data  are  presented  for 
entry  of  chloride  and  thiocyanate  ions  at  45°  and  unit  ionic  strength.)  It  is  observed  that  the  rates  are  similar  for 
all  anions  studied  so  far  and  are  a  nearly  constant  fraction  (0.2)  of  the  water  exchange  rate  for  Co(NHs)iOHs''''. 
These  results  may  be  understood  in  terms  of  an  activation  process  which  is  dissociative,  leading  to  a  transition  state 
in  which  entering  and  leaving  ligands  are  at  most  weakly  bound  but  in  which  no  intermediate  of  significant  lifetime  is 
formed.  The  similarity  of  rates  of  entry  implies  weak  binding  in  the  transition  state.  The  anion  entry  rates  appear 
to  be  related  to  the  water  exchange  rate  through  a  statistical  factor  connected  with  the  probability  that  an  anion  is 
to  be  found  in  an  outer  coordination  sphere  site  when  a  cobalt-water  dissociation  event  occurs. 


This  paper  is  concerned  with  the  kinetics  and  equi- 
librium of  reaction  1,  where  X  is  a  univalent  anionic 
ligand  or  sulfate  and  /t  is  2  or  1,  respectively.    Two 

Co(NH,)5X»+  +  H,0  :;=±:  Co(NH,)50H,»+  4-  X        (1) 

mechanistic  pathways  for  this  process  have  often  been 
discussed,  and  neither  seems  to  give  an  entirely  felici- 
tous account  of  the  details.  In  one  case,^  the  process 
has  been  regarded  as  a  simple  nucleophilic  attack  of  the 
entering  group  on  the  complex,  leading  to  a  concerted 
substitution  which  is  bimolecular  and  adequately  repre- 
sented by  eq  1.    The  alternative  account'  suggests 

(1)  This  work  was  supported  by  Grant  2329- A  5  from  the  Petroleum 
Reswch  Fund  of  the  American  Chemical  Society.  Some  preliminary 
work  was  done  during  the  spring  of  1964  when  C.  H.  L.  was  a  visiting 
mcniber  of  the  Chemistry  Department  of  Columbia  University.  Thanks 
are  extended  to  that  department  for  its  hospitality  and  especially  to 
Professor  Harry  B.  Gray  for  many  valuable  discussions. 

(2)  (a)  S.  C.  Chan,  J.  Chem.  Soc.,  2375  (1964);  (b)  S.  C.  Chan  and  J. 
MiUer,  Rev.  Pure  Appl  Chem.,  15,  1 1  (1965). 

(3)  A.  Haim  and  H.  Taube,  Inorg.  Chem.,  2, 1199  (1963). 


the  participation  of  five-coordinate  intermediate  of  the 
pathway  represented  by 

Co(NH,)5X»+  :;=i  Co(NH,)6»+  +  X 

(2) 
Co(NH,)6»+  +  H,0  ^z±:  Co(NH,)60H,»+ 

The  kinetics  of  eq  2  require  the  prediction  that  X  and 
HsO  compete  for  the  intermediate.  Strong  evidence 
against  eq  2  was  presented  by  Pearson  and  M oore^ 
who  were  able  to  show  for  the  case  of  X  =  Br"  or  NOt"" 
that  addition  of  SCN"  to  the  solution  did  not  lead  to 
any  detectable  direct  production  of  Co(NH8)6NCS*"*". 
The  experiment  is  conclusive  because  sufficient  kinetic 
and  equilibrium  data  are  available  to  predict'  the  rate  of 
capture  of  the  intermediate  by  SCN~  if  the  reaction 
were  going  by  mechanism  2. 

The  alternative  account  which  f(x:uses  attention  on  the 
bimolecularity  of  the  substitution  is  unsatisfactory  in  the 

(4)  R.  G.  Pearson  and  J.  W.  Moore,  ibid.,  3, 1334  (1964). 
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sense  that  studies  of  structure  variation  (e.g.,  a  linear 
free-energy  relationship  between  rates  and  equilibria 
as  the  leaving  group  is  varied^  strongly  imply  a  transi- 
tion state  for  the  reaction  with  at  most  very  weak  bonds 
to  the  participating  ligands. 

Here,  we  wish  to  explore  the  applicability  of  a 
mechanistic  scheme  which  assumes  that  the  transition 
state  is  reached  dissociatively  but  assumes  no  interme- 
diate along  the  reaction  pathway  of  sufficient  stability  to 
be  selective  in  its  reactions.  We  assume  that  the  transi- 
tion state  must  incorporate  a  ligand  from  its  immediate 
solvation  shell  (outer  coordination  sphere)  so  that 
although  activation  is  dissociative  the  reaction  is  "acci- 
dentally bimolecular."  The  entering  group  must  be 
present  in  advance  of  the  transition  state.  Such  a 
scheme  is  designated  "dissociative  interchange"®  (/d), 
dissociative  to  denote  the  activation  process  and  inter- 
change to  indicate  that  the  substitution  process  is  a 
rearrangement  between  inner  and  outer  coordination 
spheres  (a  process  first  discussed  by  Alfred  Werner). 
The  /d  mechanism  is  shown  in  eq  3  for  the  complex  for- 
mation reaction. 


Table  I.    Some  Features  oi  Visible  Spectra  of  Complexes  Used  in 
This  Study  (Absorption  Nfaxima  and  Wavelengths  Used  in 
Reaction  Studies) 


Co(NH,)50H,»+  +  X- 


Co(NH,)60Ha»+.     X- 


Co(NH,)60H,»+...X- 


Co(NH,)6X«+  .  OHj 


(3) 


Note  that  the  degree  of  ion  association  character- 
ized by  the  association  constant  K^  is  quite  important 
and,  if  the  activation  process  is  genuinely  dissociative, 
the  rate  constant,  /c,  should  be  independent  of  the  nature 
of  the  entering  group.  There  is  an  additional  important 
prediction  from  this  scheme.  In  a  simple  1:1  outer- 
sphere  complex  (ion  pair),  5  —  1  of  the  outer-sphere 
sites  will  be  occupied  by  solvent  (water)  molecules  if  s 
is  the  solvation  number  of  the  complex.  If  the  anionic 
partner  occupies  outer-sphere  sites  randomly,  dissocia- 
tion of  the  coordinated  water  will  not  normally  occur 
adjacent  to  the  anion;  {s  —  l)/5  dissociative  events  will 
lead  to  water  exchange  and  only  a  fraction,  1/^,  will 
lead  to  anation.  Thus,  the  I^  mechanism  predicts  that 
anations  occur  at  very  nearly  the  same  rate  in  1 : 1  outer- 
sphere  complexes  as  the  nucleophilicity  of  the  enter- 
ing group  is  varied  but  that  all  anations  occur  at  ap- 
proximately l/s  times  the  rate  of  solvent  exchange. 

Experimental  Section 

Materials.  The  complexes  [Co(NH«)»Cl](a04)i,  [Co(NH,)i- 
NCSKC104)s,  and  [Co(NHs)ftOHsKC104)s  were  prepared  by  well- 
known  methods^  and  characterized  spectrophotometrically.  Ex- 
tinction coefficients  at  wavelengths  important  to  this  study  are 
collected  in  Table  I.  Reagent  grade  sodium  chloride  and  sodium 
thiocyanate  were  used  without  further  purification.  Sodium  per- 
chlorate  solutions  for  ionic  strength  control  were  prepared  by  titra- 
tion of  standardized  concentrated  sodium  hydroxide  solutions  with 
perchloric  acid  and  dilution  to  the  required  volume.  Stock  solu- 
tions of  sodium  chloride,  sodium  perchlorate,  and  water  used  in 
preparing  reaction  mixtures  were  adjusted  to  pH  3  by  addition  of 
perchloric  acid  to  repress  acid  dissociation  of  CoCNHOtOHs*-^ 
(in  experiments  with  thiocyanate,  the  pH  was  adjusted  to  5). 

EqidUbriimi  Studies.  The  equilibrium  between  [Co(NHt)»a]*+ 
and  [Co(NHs)60HJ*^  was  studied  at  45.0''  as  a  function  of  NaO 


(5)  C.  H.  Langford,  Inorg,  Chem.,  4,  265  (1965). 

{€)  (a)  C.  H.  Langford  and  H.  B.  Gray,  **Ligand  Substitution  Proc- 
esses/* W.  A.  Benjamin,  Inc.,  New  York,  N.  Y..  1966.  Chapter  1.  (b) 
The  term  interchange  was  introduced  by  H.  Taube  and  F.  A.  Posey, 
y.  Am.  Chem.  Soc.,  75,  1463  (1953). 

(7)  (a)  F.  Basolo  and  R.  K.  Murmann,  Inorg,  Syn,,  4,  171  (1953); 
(b)  A.  Werner  and  E.  R  MUller,  Z.  Anorg.  Chem,,  22,  101  (1900). 


X„^, 

€buz9 

X, 

«• 

Complex 

tDfJL 

Af-» 

m/x 

Af-» 

Ref 

Co(NH,)»a»+ 

532 

50.7 

555 

44.0 

This  work 

532 

51.0 

•  •  • 

•  •  • 

6b,  10 

Co(NH,)ftOH,»+ 

491 

48.6 

555 

18.2 

This  work 

491 

47.5 

•  •  • 

•  •  • 

6b,  10 

Co(NH,)jNCS«+ 

500 

177 

500 

177 

This  work 

500 

174 

•  •  • 

•  •  • 
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concentration  in  a  medium  maintained  at  an  ionic  strength  of 
1.00  with  NaClOi  (pH  3)  and  in  a  medium  of  variable  ionic  strength 
(no  NaQOi,  pH  3).  Solutions  maintained  in  constant-temperature 
baths  for  more  than  seven  half-lives  of  the  approach  to  equilibrium 
reaction  were  quenched  to  25**  and  examined  spectrophotometri- 
cally in  5.(X)-cm  cells  on  a  Beckman  DU  equipped  with  a  Gilford 
photometer  unit  or  in  l.(X)-cm  cells  on  a  Cairy  Model  14  equipped 
with  a  0.0-O.2-absorbance  unit  slidewire.  Total  cobalt  complex 
concentrations  were  chosen  in  the  range  from  5  X  10"**  to  1.5  X 
10~*  Af.  Sodium  chloride  concentrations  were  varied  from  0.03  to 
0.7  Af.    The  wavelengths  examined  were  555  and  530  m/i- 

Kinetic  Studies.  The  rate  at  which  reaction  1  approaches  equi- 
librium was  examined  in  the  case  that  X  -  0~  in  the  same  media 
as  those  employed  in  the  equilibrium  studies.  The  experiments 
were  carried  out  at  45.0°  in  the  thermostated  cell  chamber  of  a 
Cary  14  spectrophotometer  using  l.(X)-cm  cells  and  a  0.0-0.2- 
absorbance  unit  slidewire.  Good  pseudo-first-order  rate  plots 
were  obtained  over  more  than  two  half-lives  of  the  reaction. 
Rates  of  the  reaction  of  [Co(NHt)60HJ*'^  with  thiocyanate  (which 
goes  to  ''completion*')  were  examined  under  similar  conditions 
except  that  the  pH  was  5,  the  spectrophotometer  was  a  Beckman 
DU,  and  the  wavelength  used  was  490  m/x. 

Ion-Association  Study.  The  extent  of  association  between 
Co(NHs)tOHs''*'  and  CI"  was  explored  by  analysis  of  the  enhance- 
ment of  ultraviolet  absorption  by  the  complex  at  230  m/i  at  25** 
(pH  3,  M  =  1*00).  Data  were  analyzed  by  the  method  of  Newton 
and  Arcand  as  employed  by  Evans  and  Nancollas.'  The  concen- 
tration of  the  cobalt  complex  was  1  X  10~<  Af,  and  the  chloride 
concentration  was  varied  from  0.003  to  0.5  Af. 

Results 

The  first  column  of  Table  II  presents  the  equilibrium 
concentration  ratio  [Co(NHa)60Hi»+]/[Co(NH,)sCl*^']  as 
a  function  of  chloride  concentration.  Rates  of  ap- 
proach to  equilibrium  are  also  collected  in  Table  II. 


Table  IL    Equilibrium  Concentration  Ratios  and  Rates  of 
Approach  to  Equilibrium  as  a  Function  of  Chloride  Concentration 


.-[Ra]/[ROHJ-- 

[C1-], 

M  van- 

M  = 

' A:,  sec' 

-1 A 

Af 

able 

1.00 

n  variable 

M  =  1.00 

0.05 

0.26 

0.14 

2.8X10-* 

o.7xia-« 

0.1 

0.44 

0.25 

3.2X10-* 

l,7X10-» 

0.2 

0.68 

0.42 

3.7X10-* 

2.7  X  10-* 

0.3 

0.84 

0.52 

4. 1  X  10-» 

3.2X10-* 

0.4 

0.92 

0.57 

4.4  X  10-» 

3.6X10-* 

0.5 

0.98 

0.62 

•  •  • 

3.8xia-» 

0.6 

•  •  • 

0.67 

•  •  • 

3.9  X  10-* 

«  Rate  of  approach  to  equilibrium. 

Since  chloride  is  in  excess,  these  rates  are  resolved  into 
pseudo-first-order  forward  (acid  hydrolysis)  and  re- 
verse (anation)  rates  with  the  aid  of  the  equilibrium 
data  and  the  formalism  for  opposed  first-order  reac* 
tions.*    The  acid  hydrolysis  rates  are  shown  in  Figure 

(8)  M.  G.  Evans  and  G.  H.  Nanoollas,  Tra/u.  Faraday  Soe„  49, 30 
(1953). 

(9)  A.  A.  Frost  and  R.  G.  Pearson,  "Kinetics  and  Mechanism,**  2iid 
ed,  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1961,  p  186. 
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1 1 .  Rates  of  acid  hydrolysis  of  the  chlor(^3entaaiiiininecobalt- 
on  as  a  function  of  chloride  concentration :  (A)  constant  ionic 
ph,  (B)  variable  ionic  strength  (no  perchlorate  added). 
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Figure  3.  Rates  of  formation  of  the  thiocyanatopentaammine- 
cobalt(III)  ion  from  the  corresponding  aquo  complex  as  a  function 
of  thiocyanate  concentration  at  constant  ionic  strength. 
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"e  2.  Rates  of  formation  of  the  chloropentaamminecobalt- 
ion  from  the  corresponding  aquo  complex  as  a  function  of 
ide  concentration:  (A)  constant  ionic  strength,  (B)  variable 
strength  (no  perchlorate  added). 
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Figure  4.  Determination  of  the  outer-sphere  association  constant 
of  chloride  with  the  aqu(^3entaamminecobalt(ni)  ion  by  the  method 
of  ref  8.  The  enhanoement  of  absorbance  at  230  m/i  (i4  —  Ai^  is 
studied  as  a  function  of  chloride  concentration  (25.0°,  ^  =  1*00, 
and  pH  3). 


d  the  anation  rates  in  Figure  2.  Since  anation  by 
thiocyanate  ion  goes  to  completion,  only  anation 
\  are  given.  They  appear  in  Figure  3. 
ccording  to  the  dissociative  interchange  mechanism 
ribed  in  eq  3,  the  chloride  or  thiocyanate  depend- 
(X~  dependence)  of  the  observed  pseudo-first- 
X  rate  constants,  /c^  is  given  by  eq  4,  which  employs 


/k'  = 


1  +  ^JX-] 


(4) 


dotation  of  (3).  The  distinct  curvature  in  Figures  2 
3  indicate  that  the  term  ^JX"]  is  not  small. 
trial-and-error  analysis  based  on  a  least-squares 
don  was  employed  to  find  best  choices  of  the 
imeters  ^^  and  k^  the  outer-sphere  association  con- 
t,  and  rate  constant  for  interchange,  respectively, 
values  of  the  parameters  with  the  associated  stand- 
deviations  are  given  in  Table  III  along  with  inter- 
ige  rate  constants  from  the  work  of  Taube  and  his 
iborators.***'^® 

he  value  of  K^  for  association  of  chloride  with  Co- 
[8)60H2^  was  not  checked  independently  at  45^ 

)  (a)  W.  Schmidt  and  H.  Taube,  Inorg.  Chem,,  2,  698  (1963);  (b) 
.  Hunt  and  H.  Taube,  J.  Am,  Chem.  Soc.,  80,  2642  (1958). 


because  of  the  relatively  rapid  formation  reaction. 
However,  it  was  measured  at  25^  utilizing  the  efiect  of 
chloride  on  the  absorption  spectrum  of  Co(NH8)6- 
OHi»+  at  230  m/Lt.    A  plot  of  the  function  (A  -  Ao)l 


Table  IBL  Conditional  Equilibrium  Constants  for  Formation  of 
Outer-Sphere  Complexes  (lU)  and  Rate  Constants  for  Formation 
of  Inner-Sphere  Complexes  from  Outer-Sphere  Complexes' 


k/k  (wa- 

&. 

ter  ex- 

X 

Af-» 

it,sec-i 

Std  dev      change)      Ref 

S04»- 

•  •  • 

2.4  X  10-* 

0.24    6b 

a- 

3.1 

2.1  X10-» 

0.078  XlO-»     0.21    Thiswork 

SCN- 

0.43 

1.6X10-* 

0.016X10-*     0.16    Thisworic 

Hjpor 

•  •  • 

0.77X10-«» 

0.13    10a 

HsO 

•  •  • 

1.0  X  10-* 

...      10b 

5.8X10-«» 

10b 

•  At  45  *»  except  where  noted.    *  At  25  **. 

[CI"]  against  A,  where  A  is  the  absorbance  at  a  given 
[CI"]  and  Ao  is  the  absorbance  in  the  absence  of  chlo- 
ride, should  be  linear  with  the  slope  equal  to  —  A'^  and 
the  intercept  equal  to  K^^Au  where  Ai  is  the  absorbance 
of  the  ion  pair.'    This  plot  is  shown  in  Figure  4.    The 
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slope  yields  a  value  of  K^,  =  3.2  ±.  0.3  in  good  agree- 
ment with  the  value  from  analysis  of  kinetic  data  and 
with  values  obtained  at  other  wavelengths.  Note  that 
the  results  of  Evans  and  Nancollas^  suggest  that  the  re- 
sult should  be  insensitive  to  temperature,  a  view  which 
receives  direct  support  from  equilibrium  studies  of  the 
Co(NH8)60Hi'+-chloride  system  reported  elsewhere.^* 

Discussion 

1.  The  Importance  of  Ion  Association.  Since  the 
extent  of  ion  association  between  triply  charged  cobalt 
ammine  complexes  and  simple  anions  has  been  a 
subject  of  some  controversy,^'  we  note  that  substantial 
specific  ion  effects  are  seen  in  all  of  the  equilibrium  and 
kinetic  curves.  This  would  seem  to  justify  the  ap- 
proach adopted  here.  Additional  support  is  derived 
from  independent  spectrophotometric  measurement  of 
outer-sphere  association  between  Co(NH8)60Hi'+  and 
Cl~  which  gives  a  value  of  ^^  =  3.2  at  25°  and  unit  ionic 
strength  in  reasonable  agreement  with  the  value  in 
Table  III.  However,  it  must  be  emphasized  that  the 
**constants**  reported  are  in  no  sense  thermodynamic 
equilibrium  constants.  They  simply  provide  a  conveni- 
ent measure  of  the  extent  of  ion  association  in  these 
media  and  indicate  anion  concentrations  at  which  the 
equilibrium  is  '^saturated"  and  a  limiting  rate  for  com- 
plex formation  is  reached. 

2.  The  Values  of  ''Limiting"  Complex  Formation 
Rates.  Compare  the  first-order  rate  constants  in 
Table  II.  The  limiting  rates  for  complex  formation  for 
the  outer-sphere  complexes  Co(NH8)60Hi*+- •  804^- 
and  Co(NH8)60H2«+  -ftPOr  are  reasonably  ac- 
curately known  since  the  association  constants,  ^a, 
proved  large  enough  to  permit  fairly  unambiguous  deter- 
minations. They  are  seen  to  differ  by  a  factor  of  about 
2,  being  respectively  0.24  and  0.13  times  the  water 
exchange  rate.  In  order  to  assess  the  role  of  the  enter- 
ing group  in  the  transition  state  for  complex  formation, 
it  was  desirable  to  obtain  similar  rate  constants  for 
significantly  different  entering  groups.  The  values 
have  proved  more  difficult  to  obtain  because  of  smaller 
Aft  values  and  are  presumably  less  accurately  determined. 
But,  the  values  for  Co(NH8)50Hi»+- •  Ch  and  Co- 

(11)  C.  H.  Langford  and  W.  R.  Muir,  Abstracts,  lS3rd  National 
Meeting  of  the  American  Chemical  Society,  Miami  Beach,  Fla.,  April 
9-14,  1967. 

(12)  E.  L.  King,  J.  H.  Espenson,  and  R.  E.  Viseo,  J,  Phys,  Chgm,,  63, 
755  (1959). 


(NH8)60Hi»+-  •  -NCS-  are  estimated  to  be  0.21  and  0.16 
times  the  water  exchange  rate.  Thus,  the  variation  in 
these  first-order  rate  constants  is  less  than  a  factor  of  2 
for  formation  of  a  series  of  complexes  differing  in 
stability  by  about  two  powers  of  ten.  That  is,  with 
nucleophiles  of  charge  —  2  or  —  1  and  donor  atoms 
varying  on  CI,  O,  and  N,  only  very  small  rate  differ- 
ences are  detected.  These  results  lend  substantial 
support  to  the  view  that  the  absence  of  a  five-coordinate 
intermediate  in  these  reactions  does  not  imply  assist- 
ance from  an  entering  nucleophile  in  the  activation  proc- 
ess.   Activation  is  apparently  dissociative  (d). 

3.  Comparison  to  Water  Exchange  Rate.  The  most 
striking  feature  of  the  results  is  that  all  complex  for- 
mation rates  are  less  than  the  water  exchange  rate  by  a 
factor  near  S.  Since  anion  entry  rates  are  so  similar,  this 
might  be  considered  surprising,  but  it  is  easily  rational- 
ized under  the  idea  of  dissociative  interchange  (/J. 
If  the  transition  state  is  reached  by  very  substantial 
weakening  of  the  bond  to  the  leaving  group  but  the 
system  does  not  have  access  to  any  reasonably  stable 
five-coordinate  state,  it  must  stabilize  by  adding  the 
immediately  available  ligand.  Since  the  majority  of 
outer-sphere  sites  are  still  occupied  by  water  molecules 
in  the  1:1  outer-sphere  complex  (ion  pair)  between  Co- 
(NH8)50H2''*'  and  an  anion,  the  most  probable  fate  of 
an  activated  complex  is  recombination  with  an  outer- 
sphere  water  molecule.  Except  in  the  study  of  water 
exchange  (when  all  outer-sphere  sites  are  occupied  by 
water),  water  exchange  is  an  undetectable,  fruitless 
process.  Thus,  anion  entry  (complex  formation)  is 
expected  to  proceed  at  a  rate  less  than  water  exchange 
and  governed  by  the  probability  that  the  anion  in  the 
1 : 1  outer-sphere  complex  occupies  the  site  adjacent  to 
the  leaving  inner-sphere  water  molecule.  The  factor  of 
S  seems  reasonable. 

Finally,  it  is  important  to  note  that  the  relationship 
between  interchange  complex  formation  rates  and  sol- 
vent exchange  rates  discussed  for  the  Co(NHt)sOH2'^ 
system  is  not  an  isolated  example.  Murray  and  Barra- 
clough  observed  a  sulfate  entry  rate  0.25  times  the 
water  exchange  rate  for  formation  of  ci5-Co(en)i0Hr 
S04,^'  and  Earley  and  Duffy  ^^  observed  entry  rates  for 
chloride  and  thiocyanate  of  about  S  %  of  the  water  ex- 
change rate  in  studies  of  formation  of  Cr(NH8)iX'^ 
(X  =  C1-,  SCN-). 

(13)  R.  Murray  and  C.  Barraclough,  /.  Chem,  Soe.,  7047  (1965). 

(14)  J.  E.  Earley  and  N.  V.  Duffy,  /.  Am.  Chem.  Soe.,  99. 272  (1967). 
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Abstract:  Salts  of  bis(pyridine)boronium  ion  have  been  synthesized  in  pyridine  by  four  routes:  from  trimethyl- 
amine  borane  and  iodine,  from  trimethylamine  borane  and  bis(pyridine)mercury(II)  chloride,  from  sodium  boro- 
hydride  and  iodine,  and  from  trimethylamine  chloroborane.  In  addition,  the  B-deuterated  ion  has  been  pre- 
pared. The  reaction  between  trimethylamine  borane  and  iodine  exhibits  a  deuterium  isotope  effect,  which  was 
established  from  competitive  rates  and  from  the  reaction  rates  of  the  hydrogen  and  deuterium  compounds  (Ath/Atd  » 
2.0).    A  reaction  mechanism  is  discussed. 


Boronium  salts,  where  two  tertiary  amines  are  co- 
ordinated to  a  BHs+  group,  have  been  reported  by 
Muetterties.  ^  The  basic  structure  was  produced  from 
an  amine  borane  by  reaction  with  an  ammonium  salt 
or,  alternately,  with  diborane  or  BuHu*"  salts.  Either 
method  requires  relatively  high  temperatures  and  the 
use  of  high  pressure.  In  our  hands,  the  first  method 
proved  to  be  quite  sensitive  to  reaction  conditions,  pro- 
ducing yield-reducing  side  reactions.  The  second 
method  suffers  from  relatively  low  yields  (^^25  %)  and 
from  the  convenience  of  handling  a  reactive  gas  or  pre- 
paring the  intermediate  borane  anion. 

We  wish  to  report  several  new  synthetic  approaches 
to  boronium  salts,  exempUfied  by  the  bis(ipyridine)- 
boronium  ion,  which  allow  synthesis  from  readily 
obtained  starting  materials,  under  mild  and  convenient 
conditions,  and  in  high  yield. 

Experimental  Section 

Materials.  Trimethylamine  borane  was  used  as  obtained  from 
Gallery  Chemical  Co.  Some  lots  were  purified  by  sublimation. 
Sodium  borohydride  and  sodium  borodeuteride  were  supplied  in 
good  purity  by  Metal  Hydrides,  Inc.  All  other  compounds  weiie 
reagent-grade  materials  and  were  used  without  further  purification. 
Trimethylamine  monochloroborane  was  prepared  in  50%  yield 
from  trimethylamine  borane  and  concentrated  aqueous  HO  mixed 
with  benzene.*'*  It  was  recrystallized  from  CCI4  by  slow  addition 
of  hexane:  mp  82-84*',  lit.«  85''.  Alternately,  the  material  could 
be  prepared  by  passing  anhydrous  HCl  into  a  trimethylamine  bor- 
ane solution  in  benzene. 

Diborane-Jt  was  prepared  on  the  vacuum  line  from  1  g  of  sodium 
borodeuteride  and  boron  trifluoride  in  diglyme  solution.*  The 
gas  was  allowed  to  react  with  excess  trimethylamine  to  afford 
deuterated  trimethylamine  borane.  After  vacuum  sublimation 
it  melted  sharply  at  91  °.  The  infrared  spectrum  agreed  well  with 
the  published  data.*  The  relative  proportions  of  B-H  and  B-D 
bonds  were  established  by  comparison  of  the  absorbancies  at  2370 
and  1790  cm"^  after  calibration  with  a  known  mixture.  The 
compound  was  93%  deuterated. 

Preparation  of  Bi8(pyridine)boroiiiimi  Ion.  Fhm  lYimethyl- 
amine  Borane  and  Iodine.  Trimethylamine  borane,  3.64  g  (50.0 
mmoles),  was  dissolved  in  30  ml  of  pyridine,  and  solid  iodine,  12.7 
g  (50.2  mmoles),  was  added  in  small  portions  over  a  15-min  period. 
An  exothermic  reaction  started  immediately  and  was  finished  after 
1  hr  while  warming  the  mixture  gradually  to  a  final  temperature  of 
70''.  After  cooling,  the  precipitate  of  trimethylammonium  iodide 
was  filtered  off,  and  the  filtrate  was  evaporated  at  room  temperature, 


(1)  (a)  N.  E.  Miller  and  E.  L.  Muetterties,  J,  Am.  Chtm,  Soc„  86, 
1033  (1964);  (b)  E.  L.  Muetterties.  Pure  Appl  Chem,,  10,  53  (1965). 

(2)  K.  Borer  and  J.  Deuring,  British  Patent  881,376  (Nov  1, 1961). 

(3)  J.  W.  Wiggins,  Ph.D.  Dissertation,  University  of  Florida,  1966. 

(4)  H.  Noeth  and  H.  Beyer,  Chem,  Ber.,  93,  2251  (1960). 

(5)  Vapor  pressure,  239  mm  at  - 1 12**;   lit  238.5  mm  [A.  B.  Burg,  /. 
Am,  Chem.  Sac.,  74,  1340  (1952)]. 

(6)  B.  Rice,  R.  J.  Galiano,  and  W.  J.  Lehmann,  J.  Phys,  Chem,,  61, 
1222  (1957). 


affording  14.7  g  of  his(pyridine)boronium  iodide  (99%  yield). 
The  ammonium  salt  after  washing  with  benzene  and  a  small 
amount  of  ether  weighed  8.75  g  (94%  yield).  The  identity  of  the 
ammonium  salt  was  established  by  its  infrared  spectrum  and  its 
iodide  analysis.  Reaction  had  thus  proceeded  according  to  the 
equation 


N(CHi)»BH.  +  Is  +  2C»H|N 


(CH,),NH+I-  + 

(CaW^BH,+I-    (1) 


2.  Fhm  Tdmetfaylandne  Borane  and  Bis(pyridlne)iuciiaay(II) 
CUorfde.  Trimethylamine  borane,  3.76  g  (56  mmoles),  and  mer- 
cury(II)  chloride,  13.06  g  (48.1  mmoles),  were  heated  with  50  ml  of 
pyridine  to  light  reflux  for  5  hr.  During  this  period  the  solution 
turned  cloudy  and  eventually  deposited  liquid  mercury.  After 
filtering  off  the  metallic  mercury  (9.266  g,  96%  recovery),  20  ml  of 
benzene  and  20  ml  of  carbon  tetrachloride  were  added  to  the  filtrate, 
yielding  14.42  g  of  light  yellow  solid  as  a  precipitate.  On  adding 
excess  potassium  hexafluorophosphate  to  a  water  solution  of  this 
solid  there  was  recovered,  after  washing  with  water  and  ether, 
5.40  g  (26.2  mmoles)  of  (C|H»N)sBHiPFt  for  a  55  %  yield  of  boron- 
ium salt.  The  compound  was  identical  in  spectrum  and  melting 
point  with  preparations  from  the  iodide  salt. 

3.  Fnm  Sodfaun  Borohydride  and  Iodine,  (a)  Sodium  boro- 
hydride (94%  hydride  purity),  1.80  g  (44.8  mmoles),  was  slurried 
with  25  ml  of  pyridine.  While  this  solution  was  stirred  in  an  ice 
bath,  an  0.00984  M  iodine  solution  was  very  slowly  added.  The 
iodine  color  was  discharged  immediately  while  a  gas,  presumably 
hydrogen,  evolved.  After  22.5  ml  (22.2  mmoles)  of  iodkie  solution 
had  been  added,  the  reaction  rate  of  iodine  decreased  abruptly 
and  gas  evolution  ceased.  The  solution  was  now  heated  while 
more  iodine  was  added;  a  persistent  iodine  color  was  obtained 
after  an  additional  44.5  ml  (43.7  mmoles)  of  iodine  solution  had 
been  added.  The  amounts  of  iodine  used  correspond  closely  to 
the  quantities  calculated  from  the  equations  representing  two  suc- 
cessive and  separated  reactions  steps. 


2BHr  +  2C»H»N  +  I, 
CiHtNBHt  +  Ii  +  2C|H»N 


2Cai»NBHt  +  21-  +  H,    (2) 
(CJH[,N),BH,+  +  C,HiNH+  + 

21-    (3) 


(b)  Accordingly,  in  a  similar  experiment,  the  reaction  was 
stopped  after  the  first  stage,  the  excess  pyridine  was  evaporated,  and 
the  resulting  residue  of  white  solid  and  yellow  liquid  was  extracted 
with  carbon  tetrachloride.  After  evaporation  of  the  solvent  there 
was  obtained  a  99%  yield  of  pyridine  borane,  identical  in  infrared 
spectrum  with  an  authentic  sample.  The  solid,  insoluble  in  carbon 
tetrachloride,  was  sodium  iodide  contaminated  with  water  and 
pyridine. 

Ks(pyridine)boronium  iodide  was  isolated  from  reaction  3  by 
precipitating  it  with  carbon  tetrachloride.  Preparations  by  this 
procedure  always  contained  varying  amounts  of  carbon  tetra- 
chloride which  could  not  be  removed  by  pumping. 

4.  From  Tdmetfaylandne-Monochlorobonuie.  Trimethylamine 
monochloroborane,  0.551  g  (5.19  mmoles),  was  refluxed  with  15 
ml  of  pyridine  for  45  min.  The  mixture  was  evaporated  to  dryness 
and  the  water-soluble  residue  (0.954  g)  was  converted  to  the  hexa- 
fluorophosphate salt  by  precipitation  with  excess  NH4PFt  in  15  ml 
of  water  (crude  yield,  0.936  g).  A  portion  of  this  was  recrystallized 
from  water  to  give  pure  (C|H»N)sBH2PFi,  mp  114.5-1 15^  in  41% 


Ryschkewitsch  /  ^/5(pyH<finft\boroTaMo 


3146 

Table  I.    Analyses  (%) 


C 

H 

N 

B 

Por  As 

lorF 

Mp, ''C 

CioH„N,BI 

Calcd 

40.31 

4.06 

9.40 

3.63 

42.60 

Found 

40.08 

4.28 

9.13 

3.49 

41.76 

120-125 

C,«Hi,N,BPF, 

Calcd 

38.01 

3.82 

8.87 

3.42 

9.80 

36.05 

Found 

37.92 

3.84 

8.92 

3.66 

9.52 

35.80 

116 

Ci«Hi,N,BAsF, 

Calcd 

33.37 

3.36 

7.78 

3.01 

20.87 

31.67 

Found 

33.60 

3.48 

7.61 

3.20 

20.97 

31.47 

110.5-111 

recovery.  The  maximum  yield  of  chloride  salt,  according  to  the 
eq  4  was  thus  88%;  the  minimum  over-all  yield  of  pure  PFt~  salt 
was  25%. 

N(CH.),BH,a  +  2CJti^  — >  N(CH,),  +  (C5H8N),BH,+a-    (4) 

Derivatiyes.  The  halide  salts  are  very  soluble  in  water  as  well 
as  in  many  organic  solvents  (alcohols,  acetone,  acetonitrile,  chloro- 
form, methylene  chloride)  but  insoluble  in  carbon  tetrachloride, 
ether,  or  pentane.  The  complex  fluorides  show  similar  solubility 
relations  but  are  much  less  soluble  in  cold  water. 

The  halides  readily  absorb  water  from  the  atmosphere.  The 
anhydrous  iodide  (0.5143  g,  1.72  mmoles)  was  exposed  in  a  closed 
container  to  saturated  water  vapor  at  room  temperature.  After 
30  hr  the  sample  had  come  to  constant  weight,  0.5438  g.  The 
calculated  weight  for  a  monohydrate  is  0.5453  g.  Simultaneously 
there  appeared  in  the  infrared  spectrum  a  doublet  at  35(X)  and  3430 
cm~^  and  a  sharp  band  at  1580  cwr\  and  two  bands  at  760  and 
740  cm''^  The  first  three  bands  apparently  correspond  to  the 
stretching  and  bending  modes  of  water,  respectively,  whereas  the 
latter  two  absorptions  may  be  caused  by  librationai  modes  of  lattice 
water.^  The  absorbed  water  could  be  removed  quantitatively  by 
evacuation  over  PsOt. 

The  iodide  or  chloride  was  readily  converted  to  the  less  soluble 
perchlorate  (mp  97-99°),  hexafluorophosphate,  or  hexafluoroar- 
senate  by  precipitating  these  salts  from  aqueous  solution  with 
NaClOi,  NHiPFe,  or  KAsFs,  respectively.  The  latter  two  salts 
are  easily  recrystallized  from  hot  water.  The  chloride  salt  was 
obtained  from  the  iodide  by  reaction  with  a  slight  excess  of  mer- 
cury(II)  chloride  in  aqueous  solution,  which  resulted  in  precipita- 
tion of  Hgls.  Excess  Hg''*'  was  removed  immediately  by  shaking 
with  metallic  mercury  in  order  to  avoid  oxidation  of  the  boronium 
ion.  On  evaporation  of  the  filtered  solution,  the  chloride  was 
obtained  in  30%  yield  as  the  hydrated  salt,  mp  59-62''. 

On  shaking  aqueous  solutions  of  the  iodide  with  CO4,  there 
resulted  a  white  precipitate  which  proved  to  be  very  similar  to  the 
product  obtained  when  the  boronium  salt  was  precipitated  with 
CO 4  from  pyridine  solution.  The  materials  showed  all  the  in- 
frared absorption  bands  of  the  pure  boronium  salt  but  contained 
from  0.25  to  0.9  mole  of  CCI4  per  mole  of  (CsHtN)sBHiI.  Carbon 
tetrachloride  could  be  removed  either  by  heating  under  vacuum 
above  the  melting  point  (110-125°)  or  by  distilling  a  solution; 
depending  on  the  water  content  of  the  system,  either  the  hydrate 
or  the  anhydrous  salt  was  thus  obtained. 

Preparation  of  Deuterated  Bl8(pyridine)boroiiiiini  Hexafluoro- 
phosphate. Trimethylamine  borane-^s  (1.00  mmole)  in  5  ml  of 
pyridine  was  allowed  to  react  with  iodine  (0.98  mmole)  for  40  hr 
at  25".  After  evaporating  the  solvent  below  room  temperature, 
the  resulting  iodide  salt  was  converted  to  the  hexafluorophosphate 
derivative  in  the  usual  manner.  The  amount  of  deuteration  on 
boron  in  the  recrystallized  product  (mp  114.5-115'')  was  the  same 
as  in  the  starting  material,  as  evidenced  by  the  infrared  spectrum. 

In  an  abortive  attempt  to  deuterate  the  boronium  salt  by  ex- 
change, 1.15  mmoles  of  the  iodide  salt  was  dissolved  in  1  ml  of 
DtO;  the  relative  intensity  of  the  B-H  absorption  at  2480  cm~^ 
remained  unchanged  over  24  hr.  at  room  temperature.  Neither 
did  there  appear  an  absorption  at  1900  cm'^  characteristic  of 
B-D,  even  when  a  solution  acidified  (pH  ^l)  with  thionyl  chloride 
was  left  at  room  temperature  for  3  days. 

Characterization.  All  the  boronium  salts  had  similar  infrared 
spectra,  except  for  the  expected  differences  caused  by  the  known 
absorptions  of  the  complex  anions.  The  main  features  are  the  two 
bands,  2480  and  2380  cm~  ^  showing  relatively  high  wavenumbers  for 
B-H  bonds,  which  are  shifted  to  1900  and  1760  cwr\  respectively, 
in  the  deuterated  compound.    The  B-H  deformations  appear  at 


1160  (B-D,  915)  and  1065  cm-^  (B-D,  probably  masked  by  anion 
and  solvent  absorptions).  In  addition,  a  sharp  absorption  at 
1640  cm~i  indicates  the  presence  of  the  pyridine  ring. 

In  the  ultraviolet  spectrum  there  are  three  bands  in  all  the  salts 
with  similar  molar  absorptivities,  a:  2538  A,  a  =  6.90  X  10'; 
2591  A.  fl  =  7.58  X  10»;  2657  A,  a  =  5.01  X  10».  Elemental 
analyses  are  given  in  Table  I. 

The  cation,  like  the  bis(trimethylamine)  compound  previoudy 
reported,^  is  stable  toward  acid  or  base;  no  change  in  the  ultra- 
violet spectrum  was  noticed  in  0.1  Af  HO  or  0.1  M  NaOH,  even 
after  a  week  at  room  temperature. 

The  B^'  nuclear  resonance  spectra  were  kindly  obtained  Iv 
Dr.  Brey  of  this  department  at  19.3  Mc  in  CHsCh.  The  undeuter- 
ated  and  deuterated  salts  showed  identical  shifts  of  +16.2  ppm  rela- 
tive to  trimethyl  borate.  Because  of  the  broadness  of  the  resonance, 
the  B-H  and  B-D  coupling  constants  could  not  be  determined. 

The  proton  spectrum,  obtained  with  a  Varian  A-60A  spectrom- 
eter at  ambient  temperature,  showed  the  expected  pattern  for  the 
pyridine-ring  hydrogens:  a  doublet,  a  triplet,  and  a  triplet  with 
relative  integrated  intensities  of  2.0:1.0:2.0.  The  resonances  had 
considerable  fine  structure  and  were,  in  water  solution,  centered 
about  —8.78,  —8.35,  and  —7.35  ppm,  respectively,  relative  to 
external  tetramethylsilane.  In  CDdt  with  internal  tetramethyl- 
silane,  the  resonances  appeared  at  —9.08,  —8.38,  and  —  8.(X)  ppm, 
respectively.  No  resonances  arising  from  boron-attached  protons 
could  be  detected  in  either  solvent.' 

Deuterinm  Isotope  Effect  in  TrimeCfaylamine  Borane-Iodine  Re- 
action. 1.  Competitife  Reactions.  Normal  and  deuterated  (1.00 
mmole  of  each)  trimethylamine  boranes  in  5  ml  of  pyridine  were 
mixed  with  0.99  mmole  of  iodine;  after  8  hr  at  room  temperature 
(24'')  the  iodine  color  had  disappeared.  Following  removal  of  the 
solvent  below  room  temperature,  the  hexafluorophosphate  salt  was 
prepared  as  above  but  not  recrystallized,  and  the  deuterium  content 
was  determined  by  an  infrared  analysis  of  CHtCls  solutions  from 
the  ratio  of  absorbandes  at  2460  and  1890  cm''^*  In  a  second 
experiment,  a  similar  mixture  was  heated  for  3.5  hr  at  90**  prior 
to  adding  iodine  to  the  cooled  solution.  The  reaction  in  this  in- 
stance was  completed  in  less  than  3.5  hr.  The  results  are  given 
in  Table  II  and  are  compared  with  the  results  calculated  from  the 
rate  constants. 


Table  n. 


<—   Initial   concn,   — 
mmoles 
BHt  BD,« 


I., 
mmoles 


Hnal  ratio 
BH:BD 


1.05 
1.01 
1.00 


1.04 
0.96 
1.00 


0.99 
0.99 
1.00 


1.84 
1.72« 
1.77» 


•  93  %.    ^  C:alculated  from  A:h/A:d.    '  Heated  prior  to  reaction. 


2.  Specific  Rates  in  Pyridine  Solution.  Weighed  amounts  of 
normal  or  deuterated  trimethylamine  borane  were  dissolved  in  3X)0 
ml  of  pyridine  in  the  absorption  cell,  100  fi\  of  approxiniatdy 
0.2  Af  Is  in  pyridine  was  immediately  ii\jected,  and  the  change  of 
absorbance  at  400  m/i  was  recorded  using  a  Beckman  DB-G  spec- 
trophotometer with  scale  expansion  attachment  and  a  logarithmic 
recorder.  The  data  gave  an  excellent  fit  for  a  reaction  first  order 
in  iodine  concentration,  over  a  15-fold  change,  provided  that  the 
mixture  was  first  allowed  to  react  completely,  and  data  were  taken 


(7)  J.  van  der  Elsken  and  D.  W.  Robinson,  Spectrochim.  Acta,  17, 
1249(1961). 


(8)  In  bis(trimethylamine)boronium  iodide  the  quartet  arising  from 
the  BHs  group  is  also  very  broad  and  barely  detectable. 

(9)  The  accuracy  of  die  measurement  was  checked  by  calibratioo 
with  mixtures  of  known  deuterium  content 
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Table  m 


Compound 


Concn, 
M 


Ist-order 
rate 

constant 
X  10<, 
sec~*« 


2nd-ofder 

rate 

constant 

X  10«,  1. 

mole"* 

sec~* 


(CHi),NBH, 
(CHt)tNBHt 
(CHt)tNBHt 

(CH,)NBD, 


0.054 
0.038 
0.028 

0.054 


10.0 
10.3 
7.21 
7.55 
5.17 
5.46 


1.85 
1.91 
1.90 
1.99 
1.85 
1.95 


Average    1.90 
4.89  0.906 

5.24  0.970 

Average    0.938 
k^kiy  »  2.03 


•24d:  r. 


after  a  second  portion  of  iodine  was  iAJected.*^  The  rate  de- 
pendence on  trimethylamine  borane  concentration  agreed  well 
with  a  first-order  dependence  on  this  component.  The  results  are 
listed  in  Table  III. 

Discussion 

The  formation  of  bis(pyridine)boromum  ion  from 
sodium  borohydride  occurs  via  a  clear-cut  reaction 
sequence  involving  hydride  transfer  from  borohydride 
to  iodine,  ^^  trapping  of  the  BHs  group  by  the  solvent 
base,  and  a  second  similar  sequence  involving  the  inter- 
mediate pyridine  borane.  Hydride  transfer  to  the 
iodine  species  in  pyridine  results  in  iodide  ion  and 
pyridinium  ion,  which  also  produces  pyridine  borane  in 
a  side  reaction  with  borohydride.  ^*  The  processes  can 
be  represented  by 

BHr  +  Ii  +  2py  — >  pyBH,  +  pyH+  +  21" 

BHr  +  pyH+  — >  pyBH,  +  H, 

pyBH,  +  I,  +  py  — >  (py)iBH,+  +  pyH+  +  21- 

The  great  difference  in  reactivity  between  BHr  and 
pyBH}  toward  electrophilic  attack  by  either  iodine  or 
pyH"**  makes  it  possible  to  observe  a  clean  separation 
of  the  reaction  steps.  The  data  also  imply  that  the 
borohydride-pyridinium  reaction  proceeds  more  rapidly 
than  the  pyridine  borane-iodine  reaction;  otherwise, 
more  than  the  observed  stoichiometric  ratio  of  iodine 
should  have  been  used  at  the  point  where  hydrogen 
evolution  had  stopped. 

The  foregoing  suggests  a  somewhat  similar  sequence 
in  the  reaction  of  trimethylamine  borane  with  iodine. 
But  since  in  this  reaction  the  bispyridine  ion  is  obtained 
in  high  yield,  the  question  arises  as  to  which  stage  of  the 
reaction  the  necessary  displacement  of  trimethyl- 
amine occurs:  before  or  after  attack  on  the  B-H  bond 
by  iodine. 

In  separate  experiments  it  was  verified  that  pyridine 
borane  reacts  with  the  halogen  much  more  rapidly  than 
trimethylamine    borane.^'    Thus,    the    displacement 

(10)  In  the  initial  reaction  log  A  vs,  t  plots  had  a  slight  curvature; 
the  slope  of  log  (rate)  ds,  log  A  plots  indicated  an  apparent  initial  order 
ofO.S. 

(11)  G.  F.  Fueguard  and  L.  H.  Long,  C/rem.  Ind,  (London),  471 
(1965),  report  a  high  yield  of  diborane  from  NaBHi  and  h  in  diglyme. 

(12)  P.  A.  Chopard  and  R.  F.  Hudson,  /.  Inorg,  NucL  Chem.,  25,  801 
(1963);  D.  F.  Gaines  and  R.  Schaeffer,  J.  Am.  Chem,  Soc.,  S5,  39S 
(1963);  H.  Noeth  and  H.  Beyer,  Chem,  Ber.,  93,  928  (1960);  G.  W. 
Schaeffer  and  B.  R.  Anderson,  J,  Am,  Chem.  Soc.,  71,  2143  (1949). 
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would  have  to  be  rate  determining  if  it  occurred  prior 
to  reaction  with  iodine  (eq  S) 


n(c:h,),bh 


py  li,  py 

I  — >  pyBH,  — ► 

slow  fast 


(py)iBW 


(5) 


The  alternate  path  would  produce  N(CHs)sBHsI, 
N(CH8)8pyBHi+,  or  pyBHsI  as  intermediates,  and, 
finally,  lpy)JBHi^  (eq  6).    In  view  of  the  results  ob- 


N(CH,),BHJ 

N(C:H,),BH,  -^  or  pyBHJ 

or  N(C:H,),pyBH,+  I" 


py 


(py).BH,+I-    (6) 


tained  with  trimethylamine  chloroborane,  the  proposed 
iodoborane  intermediates  could  hardly  be  expected  to 
survive  long  without  iodide  solvolysis  in  the  reaction 
medium,  but  one  might  expect  the  mixed  boronium  ion 
to  be  capable  of  isolation.^*  Nevertheless,  it  was  not 
possible  to  isolate  this  material  even  from  mixtures 
which  were  not  heated.  If  this  compound  indeed  ap- 
pears as  an  intermediate,  it  is  also  solvolyzed  rather 
rapidly.  ^* 

The  experiments  with  the  deuterated  borane,  how- 
ever, do  allow  a  distinction  between  paths  S  and  6. 
The  rate-determining  transamination  should  not  be 
sensitive  to  deuterium  substitution  on  boron,  whereas 
a  hydride  transfer  should  exhibit  a  pronounced  isotope 
efiect.  ^*  Moreover,  in  eq  S  the  rate  of  disappearance 
of  iodine  should  be  independent  of  iodine  concentra- 
tion, but  path  6  would  predict  a  simple  rate  dependence 
on  iodine.  The  experimental  results  clearly  show  that 
the  rate  depends  on  the  iodine  concentration  (first 
order)  and  that  there  is  a  large  deuterium  isotope  efiect 
(^h/^d  ^  2.0).  The  directly  determined  rate  constants 
lead  to  a  calculated  isotope  distribution  in  the  product 
from  the  competitive  reactions  in  most  satisfactory 
agreement  with  the  observed  distribution.  It  is  there- 
fore concluded  that  the  initial  reaction  step  is  a  hydride 
abstraction  from  trimethylamine  borane  and  that  this 
step  is  the  rate-determining  one. 

The  maximum  value  for  the  ratio  k^kj^  can  be  esti- 
mated from  the  B-H  and  B-D  stretching  vibrations 
under  the  assumption  that  the  rate  constants  diffier 
primarily  because  of  different  zero-point  energies  in 
the  ground  state  which  are  lost  on  stretching  the  bonds 
in  the  transition  state.  The  ratio  calculated  from  the 
experimental  frequencies  for  trimethylamine  borane  is 
4.4  at  25^.  One  can  interpret  the  substantially  lower 
experimental  value,  /ch/^d  —  2*0,  as  being  the  conse- 
quence of  incomplete  loss  of  zero-point  energy  in  the 
transition  state,  corresponding  to  the  retention  of  some 
bonding  between  boron  and  hydrogen.  Nevertheless, 
the  present  value  constitutes  the  largest  isotope  ef- 
fect for  reactions  on  B-H  bonds  which  have  come  to 
our  attention."." 

It  now  seems  plausible  to  view  the  reaction  with  the 
mercury(II)  complex  as  analogous  to  the  above  ex- 
amples: hydride  transfer  from  the  borane  to  the  mer- 

(13)  Pyridine  borane  in  fivefold  excess  over  iodine  reacted  completely 
in  IS  min;  trimethylamine  borane  under  the  same  conditions  required 
more  than  2.S  hr. 

(14)  Muetterties^  reports  displacement  at  180**  for  10  hr. 

(15)  We  have  prepared  several  salts  of  NMespyBHs'*';  it  is  converted 
to  (py)tBHs'*'  in  boiling  pyridine  within  5  min. 

(16)  K.  Wiberg,  Chem.  Rev.,  55,  713  (19S5). 

(17)  kBjkD  "  1.4S  for  Hi  elimination  in  (CHt)tHNBHs:  ref  3,  to  be 
published. 

(18)  kBlkD"  1.52  for  hydrolysis  of  pyB(CfH»)i:  H.  M.  F.  Hawthorne 
and  E.  S.  Lewis,  J.  Am.  Chem.  Soc.,  80, 4296  (1958). 
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cury  atom,  followed  by  decomposition  of  the  complex 
into  atomic  mercury,  the  ligands,  and  a  proton.  The 
question  whether  the  mercury-attached  ligand  can 
transfer  simultaneously  to  the  boron  atom,  or  whether 
it  leaves  the  reaction  sphere,  at  present  remains  un- 


resolved, but  we  hope  to  contribute  in  the  future  to  the 
solution  of  this  problem. 

Acknowledgmeiit.  Partial  support  of  this  research 
by  the  National  Institutes  of  Health  under  Grant 
GM136S0  is  gratefully  acknowledged. 


Spectra  and  Structure  of  Some  Transition  Metal 
Poly  ( 1  -pyrazolyl )  borates 

J.  p.  Jesson,  S.  Trofimenko,  and  D.  R.  Eaton 

Contribution  No.  1265  from  the  Central  Research  Department,  Experimental  Station, 
E.  /.  du  Pont  de  Nemours  and  Company,  Wilmington,  Delaware    19898. 
Received  December  7, 1966 


Abstract:  Spectral  and  magnetic  data  are  presented  for  a  new  family  of  transition  metal  chelates  involving  poly- 
(l-pyrazolyl)borate  ligands.  These  molecules  behave  as  univalent  ligands  which  can  be  either  bidentate  or  triden- 
tate  depending  on  the  number  of  pyrazolyl  groups.  Neutral  complexes  with  the  ions  Mn*"*",  Fe'"*",  Co*"*",  Ni'"*",  Cu*"*", 
and  Zn*'*'  have  been  studied.  The  bidentate  Ni*'*'  and  Cu*'*'  complexes  are  essentially  planar.  Other  complexes 
with  bidentate  ligands  are  tetrahedral.  The  tridentate  ligands  give  rise  to  octahedral  complexes.  Thus  the  poIy(l  - 
pyrazolyl)borate  ligands  provide  an  opportunity  for  physical  studies  of  a  range  of  complexes  with  different  ge- 
ometries and  different  metal  ions  but  with  essentially  constant  ligand  characteristics.  The  results  of  such  a  study 
are  reported. 


In  another  publication^  the  synthesis  and  properties 
of  a  number  of  poly(l-pyrazolyl)borate  transition 
metal  complexes  have  been  reported  briefly.  The 
series  of  complexes  with  divalent  transition  metal  ions 
is  of  particular  interest  in  that  these  ligands  offer  the 
opportunity  of  forming  chelates  of  the  same  metal  ion 
with  different  geometries.  In  the  present  paper, 
nuclear  magnetic  resonance,  magnetic  susceptibility, 
and  electronic  spectral  data  are  described  for  com- 
plexes with  the  ions  Mn*+,  Fe*+,  Co«+  Ni«+  Cu*+  and 
Zn^*^.  Both  bidentate  and  tridentate  ligands  are 
involved,  and  the  physical  evidence  presented  sufiices 
to  characterize  the  geometries  of  the  complexes.  In 
the  following  paper  the  spin  equilibria  found  with  the 
Fe*"*"  complexes  will  be  discussed  in  more  detail.^ 

The  complexes  fall  into  two  general  classes.  It  is 
shown  that  in  the  first  of  these  the  bis(l-pyrazolyl)- 
borate  unit  behaves  as  a  bidentate  chelating  ligand  and 
that  the  resulting  compounds  have  structures  of  type 


I,  where  R  is  H,  alkyl,  or  aryl,  and  the  pyrazolyl  residues 
may  contain  substituents.  We  adopt  the  convenient 
abbreviation  M[RsB(pz)i]s  and  will  indicate  specifically 
when  substituted  pyrazolyl  groups  are  involved.  These 
complexes  may  have  either  an  essentially  planar  con- 
figuration about  the  metal  (Ni*+,  Cu*+)  or  an  essentially 
tetrahedral  array  (Mn*+,  Fe»+,  Co»+,  Zn*+). 

In  the  second  class,  tridentate  ligands  are  involved  as 
exemplified  by  structure  II,  and  this  structure  occurs 


R-B 


B-R 


(1)  S.  Trofiinenko,  /.  Am,  Chem.  Soc.,  SS,  1842  (1966). 

(2)  J.  P.  Jesson,  S.  Trofimenko,  and  D.  R.  Eaton,  ibid.,  89,  3 1 58 
(1967). 


with  all  six  metals.  We  adopt  the  abbreviatien  Nf[RB- 
(pz)s]2.  R  may  be  an  alkyl  or  aryl  group  or  anotter  1- 
pyrazolyl  residue.  Here  we  are  dealing  with  a  basically 
octahedral  array  of  nitrogen  atoms  about  the  metal. 
Molecular  models  indicate  that  these  tridentate  com- 
plexes can  be  formed  without  strain,  and  the  resultiog 
molecule  is  highly  symmetrical  and  compact  Wbeo 
R,  X,  and  Y  are  hydrogen,  molecules  of  type  II  have  a 
structure  belonging  to  the  D|d  point  group,  and  a 
predominantly  (Ktahedral  ligand  field  is  expected  with  a 
pronounced   trigonal  component.    The  evidence  on 
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TaUe  L    Room-Temperature  Effective  Moments 

in  Solution  (BM) 

Mn 

Fe 

Co 

Ni 

Cu 

M[H,B(pz)i],              5.99  ±0.02- 
M[HB(pz),i               6.11  ±0.05* 
M[B(pz)«],                  5.98  ±0.05 

5.20±0.02« 

C 
•  •  • 

0 

4.53  ±0.05* 
5.40  ±0.05* 
5.24±0.10 

0* 

3.24  ±0.05* 

3.22  ±0.05 

1.9±0.1* 
2. 12  ±0.15* 
2.05  ±0.15 

«  Moment  measured  for  complex  I  (X  »  CHt,  Y  «  H).    *  Measured  in  dichloromethane  solution.    All  others  measured  in  chloroform. 
<  Moment  is  strongly  temperature  dq)endent. 


which  the  mdividual  complexes  are  assigned  their 
various  structures  will  be  considered  in  the  light  of  mag- 
netic and  spectral  data. 

The  optical  data  have  been  analyzed  in  terms  of  the 
crystal-field  theory,  and  consideration  is  given  to  the 
position  of  the  ligands  in  the  spectrochemical  and 
nephelauxetic  series. 

Epr  studies  of  the  Co^+  compounds  have  also  been 
made  and  have  been  reported  elsewhere.'  The  evi- 
dence for  the  structures  postulated  above  will  first  be 
summarized  and  the  various  physical  measurements 
then  discussed  in  detail. 


Sanmiary  of  Evidence  for  Geometric  Structures 

The  assignment  of  octahedral  geometry  to  complexes 
of  the  form  M [HB(pz)8]3  and  M[B(pz)4]i  is  based  on  the 
following  observations. 

1 .  All  the  complexes  M(HB[pz)8]t  have  been  shown 
to  be  isomorphous.  They  are  stable,  well-character- 
ized compounds  with  analyses  and  molecular  weights 
corresponding  closely  to  the  formulas  given. 

2.  The  room-temperature  effective  magnetic  mo- 
ments of  the  pairs  M[HB(pz)8]t,  M[B(pz)4]i  are  closely 
similar  and  consistent  with  those  found  for  octahedrsd 
coordination  in  the  literature. 

3.  The  electronic  spectra  of  the  pairs  M[HB(pz)8]t, 
M[B(pz)4]3  are  closely  similar  and  agree  well  with  other 
octahedral  spectra  in  the  literature. 

4.  The  diamagnetism  of  Fe[B(pz)4]i  gives  strong 
evidence  for  octahedral  coordination.  Low-spin  fer- 
rous complexes  are  relatively  common,  the  six  d  elec- 
trons filling  the  tsg  orbitals  to  give  a  ^Aig  ground  state. 

5.  Proton  nuclear  resonance  for  the  Co  complexes 
shows  that  the  six  pyrazolyl  residues  in  Co[HB(pz)8]3 
are  equivalent,  and  the  additional  two  in  Co[B(pz)4]t 
are  difierent.  The  resonances  of  the  six  equivalent 
pyrazole  residues  are  in  approximately  the  same  posi- 
tions for  the  two  complexes. 

6.  Single  crystal  epr  data  for  the  Co*-*"  complexes 
can  only  be  interpreted  in  terms  of  an  axially  distorted 
octahedral  crystal  field  about  the  cobalt  atom.'  The 
magnetically  dilute  powder  epr  spectra  of  Co[HB(pz)8]2 
and  Co[B(pz)4]2  are  very  similar. 

7.  The  fact  that  the  tris-  and  tetrakis(l-pyrazolyl> 
borate  ions  are  tridentate,  uninegative  ligands  provides 
a  ready  explanation  of  their  inability  to  form  neutral 
chelates  with  trivalent  metal  ions  of  the  type  usually 
found  for  bidentate  ligands.  Thus  iron(III)  reacts  with 
B(pz)r  forming  the  complex  ion  Fe[B(pz)4]i"*"  isolable 
as  the  nitrate  or  hexafluorophosphate.^ 

Turning  to  the  remaining  compounds,  molecular 
models  indicate  that  [HsB(pz)i]~  can  act  only  as  a  bi- 

(3)  J.  p.  Jesson.  /.  Chem,  Phys,,  45,  1049  (1966). 

(4)  S.  Trofimenko,  unpublished  work. 


dentate  ligand,  and  the  complexes  of  the  form  M- 
[HtBipzhh  give  molecular  weights  and  analyses  cor- 
responding closely  to  this  formula.  They  are  there- 
fore four-coordinate  and  either  tetrahedral  or  planar. 
The  evidence  on  which  decisions  have  been  made  be- 
tween the  alternatives  is  summarized  below. 

Ni[H2B(pz)s]2.  The  diamagnetism  of  this  compound 
is  strong  evidence  for  its  planar  structure.  This  is 
supported  by  the  electronic  spectral  data,  the  longest 
wave  transition  being  at  21,000  cm^^  Tetrahedral 
Ni^+  complexes,  which  cannot  be  diamagnetic  within 
the  framework  of  simple  ligand-field  theory,  show  ab- 
sorption at  much  longer  wavelengths. 

Cii[H2B(pz)2]2*  This  compound  is  isomorphous  with 
the  Ni  complex.  The  d-d  transition  observed  in  the 
electronic  spectrum  is  at  too  high  a  frequency  to  be 
from  a  tetrahedral  system.  Using  the  electrostatic 
—  Vs  ^^^^o  ^^^  ^h^  splitting  due  to  a  tetrahedral  field 
relative  to  an  octahedral  field  and  comparing  with  the 
octahedral  A  value,  a  tetrahedral  copper  dihydrobis- 
(l-pyrazolyl)borate  would  be  expected  to  absorb  at 
about  7000  cm~*.  If  Jahn-Teller  efiects  are  important 
in  the  octahedral  case,  the  predicted  tetrahedral  absorp- 
tion would  be  at  even  longer  wavelengths.  The  longest 
wavelength  absorption  in  Cu[HsB(pz)s]2  is  at  1 8,500  cm"  ^ 

Co[H2B(pz)s]2  and  Zii[H^pz)^.  The  proton  nmr 
spectra  show  all  four  pyrazolyl  residues  to  be  equivalent 
with  the  shifts  of  the  cobalt  compound  being  quite 
different  from  those  for  the  octahedral  complexes. 
The  efiective  magnetic  moment  is  in  the  middle  of  the 
range  for  the  tetrahedral  Co(II).  High-spin  planar 
Co(II)  cannot  be  ruled  out  on  the  basis  of  magnetic 
data,  but  the  complex  is  isomorphous  with  Zn[HiB- 
(pzMb  and  not  with  Cu[HsB(pz)Js  and  Ni[H2B(pz)i]2. 
The  optical  data  give  strong  support  to  the  assignment. 
All  three  spin-allowed  transitions  have  been  detected, 
and  the  splittings  and  intensities  are  similar  to  those 
for  other  tetrahedral  Co(II)  systems  in  the  literature. 
Four-coordinate  Zn(II)  complexes  are  always  tetra- 
hedral unless  steric  requirements  make  this  impossible 
(e.g.,  zinc  phthalocyanine). 

FiCHsB(pz)s]2  and  Mn[H2B(pz)s]2.  Optical  data  for 
the  Fe(II)  complex  give  strong  evidence  for  tetrahedral 
coordination.  A  for  the  high-spin  octahedral  ferrous 
complexes  studied  is  ^^12,500  cnr\*  and  so  a  A  of 
^^6000  cm-^  would  be  expected  for  high-spin  tetra- 
hedral coordination.  Absorption  corresponding  to 
the  *Ti  -^  *E  transition  (separation  A)  is  found  at  5800 
cm~^  The  magnetic  moments  are  consistent  with  the 
tetrahedral  assignment,  but  high-spin  planar  structures 
could  not  be  ruled  out  on  this  basis.  The  change  in 
the  sign  of  the  B^^  nmr  shift  on  passing  from  Mn- 
[B(pz)4]i  (+ 1692  cps)  and  Mn[HB(pz)8]2  (+1882  cps)  to 
Mn[H2B(pz)i]i  (—2593  cps)  must  in  any  mechanism 
indicate  a  change  in  geometry. 
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A.  Susceptibility  Data.  The  effective  magnetic 
moments  of  the  complexes  measured  in  solution  at 
room  temperature  and  calculated  assuming  the  Curie 
law  is  obeyed  are  given  in  Table  I.  Satisfactory 
measurements  of  the  moments  for  Mn[H2B(pz)s]3  and 
Fe[H2B(pz)2]2  could  not  be  obtained  because  of  the  in- 
stability of  the  complexes.  Fe*"*"  and  Mn*"*"  complexes 
of  structure  I  (X  =  CHa,  Y  =  H)  are  more  stable,  and 
room-temperature  moments  for  these  compounds  are 
included  in  the  table.  We  shall  consider  the  magnetic 
data  for  each  metal  in  turn,  indicating  how  the  informa- 
tion supports  the  molecular  structures  which  have  been 
assigned  to  the  compounds.  It  should  be  emphasized 
that  the  moments  given  are  to  be  viewed  as  qualitative 
indicators  of  the  gross  molecular  structure.  The  in- 
fluence of  low-symmetry  components  of  the  field,  cor- 
rections for  temperature-independent  paramagnetism, 
and  possible  non-Curie  law  behavior  have  been  ignored. 

Mii2+.  High-spin  Mn^^  has  a  'Ai  ground  state  in 
both  octahedral  and  tetrahedral  coordination.  This  is 
the  only  spin  sextet  of  the  configuration,  and  departures 
from  the  spin-only  value  of  the  moment  (5.92)  due  to 
spin-orbit  mixing  of  higher  states  and  low  symmetry 
components  of  the  crystal  field  are  expected  to  be  small. 
The  measured  moments  are  consistent  with  the  assign- 
ment of  a  tetrahedral  structure  to  Mn[H2B(pz)2]3  and 
an  octahedral  structure  to  Mn[HB(pz)8]3  and  Mn- 
[B(pz)4]2.  Tetrahedral  and  octahedral  Mn*+  cannot,  of 
course,  be  distinguished  on  the  basis  of  their  magnetic 
moments. 

Fe*+.  High-spin  octahedral  Fe*+  has  a  *Tjg  ground 
state  and  gives  room-temperature  moments  of  about 
5.3  BM,  which  are  relatively  insensitive  to  temperature. 
High-spin  tetrahedral  Fe*+  has  a  ^E  ground  state  with 
moments  in  the  5.1-BM  range.  A  distinction  between 
the  two  types  of  coordination  for  high-spin  cases  on  the 
basis  of  their  moments  is  of  dubious  validity  since  low- 
symmetry  components  of  the  field  can  produce  ap- 
preciable variations  in  the  effective  moment. 

A  clear  distinction  between  tetrahedral  and  octa- 
hedral geometries  is  possible  for  low-spin  Fe^"*"  since 
the  octahedral  low-spin  ground  state  is  ^Aig,  the  t2g 
orbitals  being  completely  occupied,  and  complexes  of 
this  type  are,  of  course,  diamagnetic.  The  low-spin 
tetrahedral  ground  state  would  be  'Ti.  The  diamag- 
netism  of  Fe[B(pz)4]2  is  then  clear  evidence  for  essenti- 
ally octahedral  coordination.  Additional  evidence  is 
provided  by  the  singlet-quintet  spin  equilibrium  shown 
by  Fe[HB(pz)3]2  and  discussed  elsewhere.^  Octahedral 
Fe^^  is  one  of  the  most  likely  situations  for  the  observa- 
tion of  a  spin-free-spin-paired  equilibrium,  the  required 
mean  pairing  energy  being  in  the  region  of  15,000  cm""^ 
and  varying  according  to  the  degree  of  reduction  of  the 
interelectronic  repulsion  integrals  by  covalent  bonding 
of  the  ligand.  Complex  II  (X  =  Y  =  CHa)  is  com- 
pletely high  spin  with  a  room-temperature  moment 
of  5.22  BM.  The  moment  of  5.2  BM  for  complex 
I  (X  =  CHa,  Y  =  H)  is  consistent  with  the  assignment 
of  tetrahedral  geometry. 

Co^"*".  Tetrahedral  Co'+  has  a  *A2  ground  state  with 
a  moment  given  approximately  by 


Mob«i  =  3.87(  1  + 


( 
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{*  is  the  single-electron  spin-orbit  parameter.  Because 
of  the  possibility  of  relatively  large  percentage  changes 
in  A  (A  for  tetrahedral  Co^+  being  in  the  region  3000 
cm-^)  and  the  large  spin-orbit  parameter  (f  =  540 
cm""^),  Mobsd  can  cover  a  quite  wide  range.  VaJues  have 
been  found  from  ^^4.2  to  ^^4.9  BM.  The  upper  end 
of  this  range  overlaps  values  found  for  octahedral  co- 
ordination (4.7-5.4  BM),  and  the  assignment  of  geom- 
etry on  the  basis  of  room-temperature  moment  is  not 
always  possible.  The  fact  that  Co[H2B(pz)2]i  is  iso- 
morphous  with  Zn[H2B(pz)2]2  argues  strongly  for  tetra- 
hedral coordination,  and  the  moment  of  4.52  BM  places 
it  right  in  the  middle  of  the  tetrahedral  range. 

The  high-spin  ground  state  in  octahedral  coordina- 
tion is  ^Tig,  and  an  appreciable  temperature  dependence 
of  the  moment  is  anticipated.  Distortions  in  the  octa- 
hedral field  can  give  rise  to  large  anisotropy  in  the  mag- 
netic moment  and  g-tensor  components  which  would 
not  be  found  for  tetrahedral  coordination.  Mag- 
netically dilute  single-crystal  epr  measurements  in 
Co[HB(pz)8]i  at  4.2  °K  give  unambiguous  evidence  for 
an  axially  distorted  octahedral  field. '  The  magnetically 
dilute  powder  epr  of  Co[HB(pz)i]i  and  Co[B(pz)4fc  arc 
very  similar,  indicating  the  same  geometry  about  Co^. 
The  room-temperature  moments  of  5.40  and  5.24  BM 
for  Co[HB(pz)8]i  and  Co[B(pz)4]2  are  good  for  octa- 
hedral coordination. 

Ni*+.  The  zero  magnetic  moment  for  Ni[HiB- 
(pz)i]2  provides  unambiguous  evidence  for  essentially 
square-planar  Ni*+.  The  electrons  are  paired  owing 
to  the  strong  antibonding  character  of  the  d  orbital 
involved  in  a  bonding  to  the  square-planar  array 
(dzt  -  ys  for  a  coordinate  system  in  which  the  jc  and  y  axes 
pass  through  the  nitrogen  atoms).  Ni[H2B(pz)3]s  is 
isomorphous  with  Cu[H2B(pz)2]3  which  must  also  be 
planar.  Octahedral  Ni*+  gives  rise  to  a  'Ajg  ground 
state.    The  moment  is  given  approximately  by 


/Lteflf  =  2.83 


(■  -  f ) 


where  A  is  the  one-electron  crystal-field  parameter,  and 


and  should  be  relatively  insensitive  to  temperature  and 
small  departures  from  octahedral  symmetry.  Values 
of  2.9-3.3  BM  have  been  found.  Using  the  free  ion 
value  of  f  =  650  cm-^  we  would  have  A  =  9400  cm~^ 
This  value  is  in  poor  agreement  with  the  value  of  A  = 
12,000  cm-^  found  from  the  optical  data.  The  dis- 
crepancy is  perhaps  not  surprising  in  view  of  the  ap- 
proximations involved  in  the  formula  for  the  effective 
moment,  and  the  value  of  12,000  cm-^  is  probably 
closer  to  the  true  value.  The  room-temperature  mo- 
ments of  3.22  and  3.24  BM  for  Ni[HB(p2),i  and  Ni- 
[B(pz)4]3  are  consistent  with  the  postulated  octahedral 
geometry. 

Cu^+.  The  ground  state  for  octahedral  copper, 
'Eg,  consists  of  two  noninteracting  Kramer's  doublets, 
and  the  moment  is  relatively  insensitive  to  distortions. 
Similar  moments  are  therefore  found  for  planar  and 
octahedral  environments.  Values  of  ^^1.9  BM  are 
usually  obtained.  The  measurements  on  the  Cu  com- 
plexes are  less  accurate  than  those  for  the  other  metals 
because  of  the  small  nmr  shifts  involves.  Jahn-Tdler 
distortions  can  be  important  in  these  systems. 

B.  Optical  Data.  In  considering  the  optical  data, 
it  is  convenient  to  discuss  the  molecules  of  a  gives 
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geometry  collectively.  After  a  brief  consideration  of 
the  zinc  complexes,  first  the  planar,  then  the  tetra- 
hedral,  and  finally  the  octahedral  complexes  will  be 
discussed. 

1.  Zinc  Complexes.  The  transitions  in  these  com- 
plexes are  probably  intraligand  in  character  and  set  a 
short  wavelength  limit  for  the  absorptions  in  the 
other  complexes  which  may  be  assigned  to  the  d-d  and 
charge-transfer  transitions  involving  the  metal.  The 
data  for  the  three  zinc  complexes  measured  in  cyclo- 
hexane  solution  are  given  in  Table  II.    The  possibility 


TsUe  n.    Ultraviolet  Absorption  Spectra  of  Zinc 
Complexes  Measured  in  Cyclohexane  Solution 


X. 


Compound     m/i     y,  cm 


-1 


Comment     Assignment 


Zn[H,B(pz)i]i  218  45,900  24,000  \ 

215  46,500  23,000  Shoulder/ 

Zn[HB(pz)ib    216  46,300  17,000  Shoulder] 

210  47,600  33,000  [ 

205  48,800  34,000  J 

Zn[B(pz)4]s       218  45,900  18,000  Shoulder] 

212  47,200  30,000  \ 

207  48,300  31,000  j 


Intraligand 
Intraligand 

Intraligand 


that  some  of  the  transitions  are  metal-to-ligand  charge 
transfer  is,  of  course,  not  completely  ruled  out,  but  the 
wavelengths  observed  are  reasonable  for  aromatic 
-r*  -^  ir  absorption. 

2.  Planar  Complexes.  There  can  be  little  doubt 
that  there  is  an  essentially  planar  array  of  nitrogen  atoms 
about  the  metal  in  these  complexes.  It  does  not  follow, 
however,  that  the  pyrazole  rings  and  boron  atoms,  as 
shown  in  structure  I,  are  also  coplanar.  In  fact, 
molecular  models  indicate  that  the  borons  are  probably 
out  of  the  plane  of  the  rings  and  that  the  rings  may  be 
inclined  to  one  another.  Two  forms  of  the  molecule 
M[H2B(pz)2]2  could  then  exist:  a  ''boat"  form  with  both 
borons  up  and  a  "chair"  form  with  one  up  and  one 
down.  With  chelates  of  structure  I  (X  =  CHj,  Y  =  H 
or  any  other  group),  only  the  chair  form  is  possible  for 
steric  reasons.  The  molecular  symmetry  is  therefore 
less  than  D4h.  However,  in  the  present  discussion 
it  will  be  assumed  that  only  nearest  neighbors  to  the 
metal  need  be  considered  and  that  the  local  symmetry 

isD4h. 

The  molecular  orbital  theory  of  this  type  of  complex 
has  been  considered  by  Gray  and  Ballhausen'  and  by 
Liehr,  ei  al.^  A  complete  ligand-field  calculation,  in- 
duding  spin-orbit  effects,  has  been  made  by  Fenske, 
et  dl.^  for  Pt*+.  They  find  the  orbital  ordering  dxtd,,  < 
d«t  <  dxy  <  dft .  yt.  The  x  and  y  axes  pass  through  the 
ligand  atoms  at  the  corners  of  a  square  array.  Some 
confidence  may  be  placed  in  this  ordering  for  Pt^+,  but 
it  could  be  different  when  other  metals  are  considered. 
Gray  and  Ballhausen^  suggest  that  the  lowest  un- 
occupied orbital  which  is  mainly  ligand  in  character, 

(5)  H.  B.  Gray  and  C.  J.  Ballhausen,  /.  Am,  Chem.  Soc.,  85,  260 
(1963). 

(6)  J.  R.  Perrouareddi,  A.  D.  Liehr,  and  A.  W.  Adamson,  tbid.,  85, 
249(1963). 

(7)  R.  F.  Fenske,  D.  S.  Martin,  and  K.  Rudenberg,  Inorg,  Chem,,  I, 
441  (1962). 


for  systems  where  the  ligand  has  a  ir  system,  will  be 
aauC^r*)  and  that  the  long-wavelength  charge-transfer 
transitions  in  their  d^  complexes  involve  transfer  of  an 
electron  from  the  metal  to  this  orbital.  The  data  and 
assignments  for  the  two  planar  pyrazole  complexes  are 
given  in  Table  III. 


Table  ID.    Electronic  Absorption  Spectra  of  Planar  Complexes 


Compound      m/i 


cm~* 


Comment  Assignment 


Ni[H,B(pz)i],  472  21,200 

277  36,100 

247  40,500 

242  41,300 

234«  42.700 

219-  45,700 

Cii[H,B(pz)i],  542  18,450 

328  30,500 

265  37,700 

219-  45,700 

203-  49,300 


72 

1400 
15,000    Shoulder 
21,000 

15,000    Shoulder 
12,000 
68 

1000 

1000 
18,000 
20,000 


»A,.^»Ai, 

lAft,  ^  lAi, 

Ligand  ? 
«B„  ^  «B,. 
«Ata  ^  «Bi, 

I  Ugand? 


«  In  cyclohexane  solution.    Others  in  dichloromethane. 


Ni[H2B(pz)s]2.  The  first  band,  in  view  of  its  ex- 
tinction coefficient,  must  be  assigned  to  the  first  d-d 
transition  (dxt-.ytXd,y)  -^  (d,y)*.  It  is  somewhat 
stronger  than  the  corresponding  transition  in  the  com- 
pounds studied  by  Gray  and  Ballhausen.  The  band 
is  quite  symmetrical,  and  a  search  to  longer  wavelengths 
with  more  concentrated  solutions  did  not  reveal  any 
further  absorption  (such  as  the  associated  singlet-triplet 
transition).  The  first  charge-transfer  transition,  ^Biu  -*- 
^Aig,  is  orbitally  forbidden  and  is  assigned  to  the  ab- 
sorption at  277  m/L(  which  has  the  reasonable  extinction 
coefficient  €  1400.  The  next  two  charge-transfer  transi- 
tions are  orbitally  allowed,  and  the  transition  to  the 
^Eu  state  was  found  by  Gray  and  Ballhausen  to  be  the 
stronger  of  the  two.  The  assignments  in  Table  III  have 
been  completed  on  this  basis.  It  is  possible  there  is 
some  splitting  of  the  £„  state  due  to  departures  from 
D4h  symmetry.  Neglecting  exchange  and  Coulomb 
integrals  between  electrons  centered  on  different  atoms 
and  evaluating  those  for  electrons  on  the  same  atom 
in  terms  of  the  Slater-Condon  theory  for  complex 
atoms.  Gray  and  Ballhausen^  found  the  following  ener- 
gies for  the  optical  transitions. 

»A,g^»Aig  A1-35F4 

^Biu^^Aig  A£(^Biu) 

»A^  ^  »Aig  A£(iBiJ  +  A,  -  20Ft  +  IOOF4 

»E„  ^  ^Aig  A£(^BiJ  +  A,  +  A,  -  15F,  +  75F4 

where  Ai,  As,  and  As  are  the  one-electron  splittings 
ix'  -  y')  -  (.xy).  (xy)  -  (z»),  (z»)  -  (xz,  yz);  AE(^B,^ 
is  the  energy  of  the  ^Biu  *^  ^Aig  transition ;  and  Ft  and 
Fa  are  the  Slater-Condon  interelectronic  repidsion 
integrals. 

Using  Ft  =  IOF4  =  700  cm-^  the  assignments  in 
Table  III  lead  to  Ai  =  23,700  cm-^  A£(%J  «  36,100 
cm~^;  As  =  1 1,400  cm""^  and  As  «  0. 
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Table  IV.    Hectronic  Absorption  Spectra  of  Tetrahedral  Complexes 


Compound 

n^ft 

cnr* 

€ 

Comment 

Assignment 

Co[HJB(p2)d, 

3120 

3,200 

7 

fTi^^Ai 

inCH^s 

1220 

8,200 

971 

1                Well-resolved 

fri(F)^«Ai 

1070 

9,300 

921 

doublet 

585 

17,100 

340 

*Ti(P)^*Ai 

552 

18,100 

406 

Well-resolved 

525 

19,000 

301 

triplet 

280 
242» 

35,700 
41,300 

1,700^ 
5,000J 

> 

MetaMigand 

208« 

48,100 

18,000 

Ligand 

Fe[HtB(pz)Ji 

1730 

5,800 

16 

•T,^»E 

(X-CH,,Y-H 

280« 

35,700 

1,500 

MetaMigand 

inCHC) 

22A* 

44,600 

12,000 

«  Measured  in  cyclohexane. 


As  expected,  Ai  is  by  far  the  largest  of  the  A  values  due 
to  the  strongly  antibonding  character  of  the  (r-bonding 
d,«  -  yt  orbital.  The  value  of  Ai  is  close  to  that  found 
in  Ni(CN)4*-,  and  the  As  and  At  values  are  also  quite 
similar.  As  with  most  calculations  of  this  type,  the 
results  are  quite  sensitive  to  the  values  of  Ft  and  Fa 
chosen  (we  have  used  the  values  selected  by  Gray  and 
Ballhausen),  and  so  the  final  parameters,  particularly 
As  and  As,  are  subject  to  fairly  large  errors.  From  the 
comparison  of  spectra  in  planar  d^  complexes  in  cases 
where  the  ligand  has  no  t  system  with  those  cases 
where  a  t  system  is  present,  Gray  and  Ballhausen  were 
able  to  establish  a  pattern  for  ligand-to-metal  and  metal- 
to-ligand  charge  transfer.  They  concluded  that  ligand- 
to-metal  transitions  would  be  separated  by  '^  10,000 
cnr\  while  the  metal-to-ligand  transitions  are  separated 
by  only  2000-3000  cm-^  The  assignments  made  here 
are  consistent  with  this  scheme. 

Cii[HsB(pz)s]s*  The  assignments  in  Table  III  for 
the  copper  complex  have  been  made  in  the  same  way. 
The  d-d  transition  (x^  -  y^)Kxy)  ^  (x«  -  ^^^X^;')* 
is  of  similar  intensity  to  the  corresponding  transition 
in  the  nickel  complex,  and  again  it  must  be  assumed 
that  the  remaining  d-d  transitions  are  obscured  by 
charge-transfer  absorption.  For  copper,  again  assum- 
ing charge  transfer  to  the  low-lying  asu(^*)  orbital,  the 
first  two  charge-transfer  transitions  are  forbidden. 
The  assigned  transitions  have  similar  intensity  to  the 
forbidden  charge-transfer  transition  in  the  nickel  ex- 
ample. It  would  be  dangerous  to  assign  the  absorptions 
at  219  and  203  m/i  to  particular  metal-to-ligand  transi- 
tions since  they  may  be  intraligand  in  character.  The 
energy  of  the  d-d  transition  (big)*(b2g)  ^  (bigXbjg)* 
is  Ai.  Denoting  the  energy  of  the  first  charge-transfer 
transition  as  A£(^A2a)»  an  estimate  of  the  interelectronic 
repulsion  correction  for  the  Aiu  transition  is  required. 
The  configuration  (bsgXbigXatu). . .  gives  rise  to  two 
doublet  states  and  a  quartet.  The  important  doublet 
for  our  purposes  may  be  written  in  the  form 

Using  the  approximation  of  neglecting  repulsion  in- 
tegrals between  ao's  on  difierent  centers,  the  energy 


of  the ' Aig  transition  is 

A£(«AsO  =  Ai  -  I75F4/2 

The  final  parameters  for  the  copper  complex  are  the^^ 
fore  Ai  =  18,450  and  A£(«As„)  =  30,500. 

The  expression  for  A£(*Aiu)  would  require  Fa  ^ 
20  cm"^  In  view  of  the  approximations  involved,  this 
result  cannot  be  viewed  as  a  determination  of  F4,  and 
the  true  value  is  almost  certainly  larger.  Ai  appears  to 
be  significantly  lower  for  Cu  than  for  Ni. 

The  spectra  described  above  provide  strong  support 
for  the  structures  assigned  on  the  basis  of  the  magnetic 
data  and  rule  out  the  possibility  of  tetrahedral  coordina- 
tion in  either  of  the  complexes. 

3.  Tetrahedral  Complexes,  M[HtB(pz)s]t  (M  » 
Zn*+,  Co*+,  Fc«+,  Mn«+).  Data  for  the  Zn«+  complex 
have  been  presented  in  Table  II.  The  Fe*+  and  Mn** 
complexes  derived  from  dihydrobi8(3,S-dimeChyi-l- 
pyrazolyl)borate  were  used  in  the  study  because  of 
their  enhanced  stability  over  the  unsubstituted  com- 
pounds. No  d-d  transitions  were  observed  for  the 
Mn^+  complex  for  the  path  lengths  and  concentrations 
available.  Data  for  the  remaining  two  complexes  are 
given  in  Table  IV. 

Co[H2B(pz)sli.  There  are  many  optical  studies  of 
tetrahedral  Co(II)  complexes  in  the  literature.  The 
most  detailed  work  has  been  carried  out  by  Ferguson* 
using  low-temperature  and  polarized-single-crystal 
techniques.  Cotton*  has  studied  a  variety  of  tetra- 
hedral Co(II)  compounds  both  in  solution  and  as  mulls. 
In  these  studies  it  has  been  assumed  that  the  first  spin- 
allowed  transition  *Ti  -^  *As  lies  in  the  3-/*  regicMi,  out- 
side the  spectral  range  covered,  giving  a  A  of  3O0O-4000 
cm-^  Transitions  to  the  *Ti(*F)  and  *Ti(*P)  sUtes 
then  lie  at  ~5500  and  ~  15,000  cm-^  Because  of  the 
absence  of  a  center  of  symmetry  and  consequent  mixing 
of  d  and  p  orbitals  in  these  systems,  the  d-d  transitions 
are  conmionly  100-200  times  more  intense  than  for 
octahedral  coordination.  In  the  present  case,  the 
transition  in  the  3-/i  region  has  been  observed  by  com- 
paring the  infrared  spectra  of  Zn[HsB(pz)|]i  and  Co- 
[liiB(pz)i}i  in  CCI4  solution  at  the  same  concentratioD. 

(8)  J.  Ferguson, /.CAem.PA>'j.,  39,  116(1961). 

(9)  F.  A.  Cotton,  D.  M.  L.  Goodgame,  and  M.  Ooodgaine,  /.  Am. 
Chem.  Soc„  83. 4690  (1961). 
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spectra  are  shown  in  Figure  1.  The  sharp  vibra- 
il  structure  and  CCI4  absorption  (there  was  no 
ncing  solvent  cell)  are  quite  similar  in  the  two  cases, 
there  is  an  underlying  broad  absorption  in  the  Co(II) 
pound  due  to  the  *Tf  -^  *At  transition. 
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alternate  A  values  on  the  basis  of  the  magnetic  data. 
Just  as  for  the  planar  complexes,  it  is  probable  that  the 
boron  atoms  lie  out  of  the  plane  of  the  pyrazole  rings, 
and  the  rings  may  be  inclined  to  one  another.  Two 
optically  isomeric  forms  of  the  molecule  would  be 
possible,  provided  there  is  no  rapid  N-B-N  inversion. 


00 


3000 


Cm 
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3500 


4000 


re  1.   Absorption  spectra  (3  m)  of  Zn[HtB(pz)i]i  and  Co[HtB- 
|iinCX:i4. 


he  spectrum  in  the  17,000-3500-A  region  is  shown 
Figure  2.  Large  splittings  are  observed  in  the 
F)  ^<-  *Aj  and  *Ti(P)  -^  *Aj  transitions  and  are  at- 
Lited  to  the  effect  of  spin-orbit  coupling  and  low- 
metry  components  in  the  crystal  field.  Jahn-Teller 
:ts  in  the  excited  states  are  theoretically  possible, 
they  are  probably  small  in  view  of  the  large  spin- 
it  contribution.  Three  well-resolved  maxima  are 
id  for  the  *Ti(P)  transition.  The  *Ti  components 
probably  quite  strongly  mixed  with  components  of 
Kj  state  which  occur  in  the  same  region,  and  the 
let  splitting  observed  is  quite  characteristic  of  Co^*^ 
etrahedral  coordination.^*^**  The  two  bidentate 
late  residues  in  Cc[IltB(pz)i}i  would  be  expected  to 
\  rise  to  a  low-symmetry  component  in  the  crystal 
I  of  approximately  Dsd  symmetry.  It  is  possible 
;  the  well-resolved  doublet  structure  in  the  transition 
he  ^Ti(^T)  state  can  be  accounted  for  as  the  splitting 
^A,  +  E. 

ince  the  *Tf  ^^  *Aj  transition  should  occur  at  a  fre- 
ncy  A  cm^S  the  infrared  measurement  indicates 
=  3200  cm-^  However,  the  transition  *Ti(*F)  ^ 
should  lie  at  approximately  1.8A,  and  based  on  this 
gnment  a  value  of  A  ^^  4800  cm~*  is  obtained.  A 
sible  explanation  of  this  discrepancy  is  that,  in  view 
the  intrinsic  weakness  of  the  transition  to  the  ^Ts 
e,  only  the  transition  to  the  E  component  is  ob- 
red,  the  Bs  component  being  forbidden.  The  meas- 
i  magnetic  moment  corresponds  to  a  C/A  value  of 
roximately  0.13.  Combination  of  this  value  with 
known  free  ion  spin-orbit  coupling  constant  gives 
-^4100  cm-^  A  further  10%  reduction  in  f  due  to 
alency  effects  would  give  A  ~  3700  cm"^  It  does 
,  therefore,  seem  possible  to  choose  between  the 

0)  D.  L.  Wood  and  A.  A.  Ballman,  Am,  Mineralogist,  51, 216 

6). 

1)  C.  J.  Ballhaiisen  and  C.  K.  J0rgensen,  Acta  Chem,  Scand.,  9, 

(1955). 

2)  R.  Pappalardo,  D.  L.  Ward,  and  R.  C.  Linares,  Jr.»  /.  Chem. 
ff.,  35.  2041  (1961). 

3)  J.  F^rguion.  OfiiL,  32,  52S  (1960). 
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Figure  2.   Absorption  spectrum  of  Co[HsB(pz)i]i,  3500-17,000  A, 
measured  in  CHOs  solution. 


Fe[HsB(pz)sli.    The  tetrahedral   ferrous    complexes 

are  very  easily  oxidized  in  solution.    Studies   were 

made  with   the  more   stable  chelate  derived    from 

dihydr obis(3,S-dimethyl- 1  -pyrazolyl)borate.    A    single 

band  corresponding  to  the  expected  *Tj  -^  *E  transition 

is  found  at  5800  cm^^    The  separation  of  these  energy 

levels  is  A  on  the  crystal-field  model,  and  A  —  S8(X)  cm*^ 

is  very  close  to  V*  ^^^  ^  ^^^  ^^  octahedral  systems 

(~12,500cm-0.* 
Tetrahedral  Fe^  complexes  reported  in  the  literature 

have  no  d-d  absorption  between  500  and  20(X)  m/i.***" 

It  seems  unlikely  that  the  *Tj  ^^  *E  transition  would  be 

too  weak  to  be  observed,  and  probably  A  is  less  than 

50O0  cwr  ^  for  these  systems. 

4.  Octahedral  Complexes,  M[HB(pz),]2  and  M[B- 
(pz)*  (M  =  Zn«+  Cu«+  NP+  Co«+,  Mn«+).  The 
optical  spectra  of  complexes  M[HB(pz)s]s  and  M[B- 
(pz)4]s  are  almost  identical  except  for  the  ferrous  com- 
pounds where  a  spin  equilibrium  is  present  in  the  first 
compound.  The  two  types  of  complex  will  therefore 
be  considered  together.  Results  have  already  been 
given  for  the  Zn  complexes  (Table  II),  and  the  absorp- 
tion in  the  octahedrsd  Mn^  complexes  was  too  weak 
to  be  detected  in  the  effective  concentrations  available. 
Results  for  a  variety  of  Fe(II)  complexes  are  given 
in  the  following  paper.'  The  results  for  the  remaining 
complexes  are  given  in  Table  V. 

Cii[HB(pz)s]2  and  Cu[B(pz)4li.  Both  complexes  g^ve 
one  very  broad  transition  in  the  16,5(X)-cm"*  region 
which  may  be  assigned  to  the  expected  Tjg  ^^  'E, 
transition.  In  both  cases  extended  and  very  pro- 
nounced long-wavelength  shoulders  are  found,  lliere 
is  some  evidence  of  structure  in  the  main  absorption. 
Splittings  are  expected  owing  to  the  trigonal  com- 
ponent of  the  field,  spin-orbit  coupling,  and  possible 
Jahn-Teller  distortions.  The  apparent  octahedral 
splitting  parameter  A,  neglecting  Jahn-Teller  effects, 
is  ~  16,000  CTrr\  indicating  a  relatively  strong  ligand 
field.    There  is  an  increase  by  a  factor  of  3  in  extinction 

(14)  J.  T.  Donoghue  and  R.  S.  Drago,  Inorg.  Chem.,  2, 115S  (1963). 

(15)  N.  S.  Gill,/.  Chem.  Soc.,  3512  (1961). 
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Table  V.    Electronic  Spectra  of  CX:tahedral  Complexes 


Coiiq;>ound 

X,iiiM 

i',cin~* 

€ 

Comment 

Assigooient 

Cii[HB(pz)d, 

620 

16,100 

19 

Pronounced 

Ti.  — 'Ci 

mCH^lt 

272 

36,700 

1,000 

long  wave  tail 

Metal-ligand 

210» 

47,600 

51,000 

ligand 

205- 

48,800 

51,000 

Ci][B(pz)4]s 

595 

16,800 

60 

Pronounced 

T„— «e. 

inCH^s 

307 
263 

32,600 
38,000 

600 
600 

longwavetail 

Metal-ligand 

215- 

46.500 

50,000 

ligand 

Ni[HB(pz)d, 

849 

11,800 

4.8 

«T„  — »A„ 

inCHiQs 

760 

13,150 

2.9 

Shoulder                        1 

570 

17,500 

3.4 

Shoulder 

M«                       •  A 

522 

19,150 

4.8 

«Ti,*-»A^ 

450 

22,200 

0.5 

Shoulder 

>A„-.-»A^ 

339 

29,500 

7.8 

»Tta^»A„ 

210» 

47,600 

39,000 

Ligand 

205« 

48,800 

39,000 

Ni[B(pz)d, 
inCHCU 

820 
750 

12,200 
13,300 

5.2 
4.0 

Shoulder 

•T,.*-»A^ 

570 
520 

17,500 
19,200 

4.3 
5.8 

Shoulder                        1 

Tu— »A^ 

459 

21,800 

1.5 

Shoulder 

«Au— »A^ 

334 

29,900 

7.7 

Tta^'A* 

210» 

47,600 

30,000 

Ligand 

Co[HB(pz),l, 

1100 

9.100 

0.4 

»E,^T„ 

inCHsas 

901 

11.100 

3.4 

T*  — Tu 

641 

15,600 

0.1 

Tim-TVi'^Ti, 

515 

19,400 

1.3 

Shoulder 

«A„*-Tu 

459 

21,800 

13.4 

Tu-Ti. 

284 
244 

35,300 
41,000 

1,300 
3,900 

4 

Metat^igBiid 

207- 

48,300 

26,000 

Ligand 

202« 

49,500 

26,000 

Co[B(pz)d, 

1100 

9,000 

0.3 

»E,— Tu 

inCHOs 

877 

11,400 

3.0 

*r„-T.. 

645 

15,500 

0.1 

Ti,.  T„— Tu 

502 

19,900 

1.5 

Shoulder 

«A^-*ru 

454 

22,000 

13.1 

*ru--Ti. 

280 
250- 

35,700 
40,000 

1,500 
3,800 

Shoulder 

Meta^ligand 

210» 

47,600 

20,000 

Ligand 

Measured  in  cyclohexane  solution. 


coefficient  with  the  substitution  of  the  fourth  pyrazole 
residue  which  is  perhaps  a  little  surprising.  In  the 
corresponding  nickel  and  cobalt  complexes  there  is 
essentially  no  change  in  extinction  coefficient  on  sub- 
stitution. 

Ni[HB(pz)s]s  and  Ni[B(pz)4]s.  Calculations  have 
been  made  for  these  complexes  using  the  "complete" 
ligand-field  matrices  of  Liehr  and  Ballhausen^*  for 
Ni^+  in  an  octahedral  environment.  The  results  must 
be  viewed  with  some  caution  since  it  is  probable  there 
is  a  pronounced  trigonal  component  in  the  crystal  field. 
The  calculated  energy  scheme  as  a  function  of  A  is 
shown  in  Figure  3.  X  has  been  taken  as  —285  cm""* 
and  Fi  as  90  cm"^  The  relation  Fj  =  I4F4  has  been 
assumed.  The  measured  transition  frequencies  for 
Ni[HB(pz)s]s  are  shown  in  the  diagram  as  horizontal 
bars,  and  it  is  seen  that  there  is  good  agreement  with 
the  calculated  values  for  A  »  12,000  cm~~^  The  transi- 
tion frequencies  of  Ni[B(pz)4]s  are  very  similar,  and  A 
must  also  be  close  to  12,000  cm"*  in  this  case.  The 
assignments  given  in  Table  V  are  based  on  this  calcula- 
tion.   Jprgensen*^  has  suggested  that,  in  Ni(H20)6*'^, 


(16)  A.  D.  Liehr  and  C.  J.  BaUhausen,  Ann.  Phys.  (N.  Y.),  6, 124 
(1959). 

(17)  C.  K.  J0rgensen,  Acta  Chem,  Scand.^  9»  1362  (1955). 


the  doubling  of  the  absorption  in  the  13,S00-cm~*  region 
is  due  to  spin-orbit  coupling  between  Tig(*F)  and  *Eg- 
( *D),  giving  rise  to  appreciable  intensity  for  transitions 
to  the  latter  state.  The  calculation  of  Liehr  and  BaU- 
hausen** argues  against  this  since  the  two  states  in 
question  do  not  approach  closely  for  the  parameter 
values  they  have  assumed.  The  energy  scheme,  how- 
ever, depends  quite  sensitively  on  the  values  of  Ft  and 
F4  chosen,  and  the  Jprgensen  assignment  cannot  be 
completely  ruled  out.  We  have  used  the  same  Ft  and 
F4  values  as  Liehr  and  Ballhausen,  and,  for  the  A  value 
established  for  polypyrazolylborates,  the  *E  state  should 
be  close  to  the  'Tsg  state.  This  may  account  for  the 
splitting  of  the  absorption  peak.  [The  spin-orbit 
splitting  in  the  'T2  state  is  much  less  than  for  rTiCF).] 
Co[HB(pz)s]2  and  Co[B(pz)4]s.  Most  of  the  data  for 
these  compounds  have  been  given  in  a  publication 
describing  paramagnetic  resonance  absorption  in  these 
systems.'  Despite  the  large  trigonal  component  in 
the  crystal  field  indicated  by  the  resonance  data,  there 
are  no  observable  splittings  of  the  orbital  triplets  in  the 
optical  spectrum.  Koide**  has  shown  that  the  transi- 
tion to  the  *A2g  state  should  be  weak.  It  is  a  two-electroo 
transition,  and  his  theoretical  oscillator  strengths  are  in 

(18)  S.  Koide,  PMl  Mag.,  4. 243  (1959). 
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reasonable  agreement  with  those  found  experimentally 
for  the  assignments  given.    A  is  found  to  be  ^^10,000 


cm~^ 


C.  Nuclear  Magnetic  Resonance  Spectra.  Proton 
magnetic  resonance  data  obtained  at  30^  are  given  in 
Table  VI.  Shifts  are  in  cycles  per  second  from  TMS 
as  mtemal  standard.  The  octahedral  Fe(II)  complexes 
are  considered  in  the  following  paper.' 


Tabk  VL    Proton  Nuclear  Resonance  Chemical  Shifts 


Compound 


cps 


cps 


Comment 


Assignment 


Zn«+ 

Complexes 

Zn[HsB(pz)«Ii        '463 

2.1 

Doublet  of 

inCDOt 

doublets  (0.5  cps)  ] 

-453 

2.2 

Doublet  of 

}  3-and5-H 

doublets  (0.5  cps)  j 

-375 

2.1 

Triplet 

4-H 

250 

Very  broad 

Hi  on  boron 

Zn[HB(pz)i],        -463 

2.2 

Doublet  of 

1 

inCHiQs 

doublets  (0.6  cps)  ^  3-and5-H 

-425 

1.9 

Doublet 

J 

-361 

2.1 

Triplet 

4-H 

250 

Hon  boron 

Zn(B(pz)d,           -466 
inCDQt           -444 

2.4 
1.6 

Doublet 
Doublet 

< 

3-and5-H 

4 

-376 

2.1 

Triplet 

4-H 

Compound 

Shift 

Assignment 

Co*+  Complexes 

Co[HB(pz),l, 

-6875 

H  on  boron 

inCDOt 

-5370 

5-H 

-2430 

4-H 

+6260 

3-H 

Co[B(pz)d, 

-5500 

5-H 

inCDOt 

-3630 

pz(5) 

-2270 

4-H 

-1910 
-1760 

^)(3X4) 

+6960 

3-H 

Co(HB(p2)A, 

-6,450 

Hon  boron 

X  =  CH,, 

-2,670 

4-H 

Y  =  H,in 

-2,560 

5-Me 

CDQi 

+4,700 

3-Me 

Co[H,B(pz)«b 

-7,910 

Hs  on  boron 

inCDQs 

-2,900 

4-H 

-1,950 

5-H 

+525 

3-H 

Co(HJB(pz)4. 

-11,400 

Ht  on  boron 

X-CH,, 

-3,205 

5-Me 

Y-H. 

-2,785 

4-H 

inCDQt 

+400 

3-Me 

Tetrahedral  Fe  Complexes 

Fe[HJB(pz)J, 

-6,935 

Ht  on  boron 

inCDOt 

-2,425 

4-H 

-1,370 

3-H 

+480 

5-H 

Fe[HJB(pz)4. 

-12,925 

Ht  on  boron 

X-CHt, 

-3,290 

3- and  5-Me 

Y-H. 

-2,695 

4-H 

inCDOt 

Ni  Conq;>lexes 

Ni[HtB(pz)i]i 

-470 

) 

inCDOt 

-419 
-378 

[3-,  4-,  5-H 

Ni[HB(pz)tls 

-2,875 

3-,  4-,  5-H 

inCDOt 

+560 

H  on  boron 

Ni[B(pz)4], 
inCDOt 

-3,230 

-2,860 

-480 

J3.,4-,5.H 

-439 

pz 

-396 

1 

50.000 


40,000  - 


30,000  - 


u 

UJ 


20,000  - 


10,000 


^T2g(t2g)2 


^T,g(t2g)2 
^Tlg(t2geg) 
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Figure  3.  Energy-level  diagram  for  octahedral  Ni(II)  complexes  as 
a  function  of  A.  Measured  Ni[HB(pz)i]i  transitions  shown  as  hori- 
zontal bars. 


The  zinc  complexes  are,  of  course,  diamagnetic  and 
show  well-resolved  spin-spin  splittings.  The  resonance 
of  the  4-H  is  a  triplet  (see  structure  I  for  numbering)  and 
gives  an  unambiguous  assignment.  Assignments  can- 
not be  made  for  the  3-  and  S-H  with  the  data  available. 
The  resonances  for  the  hydrogen  on  boron  are  very 
broad.  Their  centers  have  been  established  by  integra- 
tion. The  line  widths  of  nuclear  resonance  spectra  in 
paramagnetic  systems  are  determined  by  the  effects  of 
dipolar  and  scalar  coupling  of  the  nucleus  with  the  un- 
paired electrons  in  the  molecule.  ^*  Appreciable  scalar 
coupling  will  often  broaden  the  resonances  beyond 
detectability  unless  the  electron  spin-lattice  relaxation 
time  is  very  short.  For  the  ions  involved  in  the  present 
study,  rapid  spin-lattice  relaxation  is  usually  found  for 
Co*+  and  Fe*+  in  octahedral  coordination.  (Liquid 
helium  temperatures  are  usually  required  for  the  ob- 
servation of  paramagnetic  resonance  in  these  systems.) 
The  Co*+  and  Fe*+  complexes  are  the  only  octahedral 
poly(l-pyrazolyl)borates  which  give  rise  to  well-resolved 
nmr  spectra.  The  octahedral  Ni*"*"  complexes  repre- 
sent an  intermediate  case  where  some  information  can 
be  obtained  from  the  nmr  (liquid  nitrogen  temperatures 
are  usually  needed  to  observe  epr  in  these  systems), 
and  the  Cu^+  and  Mn^+  nmr  spectra  are  too  broad  to 
provide  useful  information  (epr  can  be  observed  at  room 
temperature).  Well-resolved  proton  resonance  spec- 
tra are  also  found  for  the  tetrahedral  Fe*+  and  Co*+ 
complexes.  The  tetrahedral  Co^+  ground  state  is 
orbitally  nondegenerate,  and  the  relaxation  mechanism 
must  involve  coupling  of  the  zero-field  splitting  to  the 
lattice  modes. 

Cotmlt  Complexes.  The  Co^+  complexes  provide 
the  most  direct  structural  information  since  the  spectra 

(19)  N.  Bloembergen.  /.  Chem.  Phys.,  YJ,  572, 595  (1957). 
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Table  VIL    B"  Shifts  Relative  to  Trimethyl  Borate  External  Standard  (14.2  Mcps) 


Mn 


Fe 


Co 


Ni 


Cu 


Zn 


M[HtB(pz)Jt 
M[HB(pz)d, 
M[B(pz)d, 


-2590- 

+1880 

+1690* 


-2130 

+790 

+270 


-5400 
-3410 
-3460- 


+360 
+780 
+940« 


+670 
+640 
+730 


+360* 

+330 

+260- 


«  In  CHOt  solution;  others  in  CHiQt. 


are  not  complicated  by  the  presence  of  a  spin  equilib- 
rium as  is  the  case  for  Fe*+.  The  first  three  Co*+  com- 
plexes in  Table  VI  are  octahedral  and  are  sufficient  to 
establish  the  assignments  given.  The  assignments  have 
been  made  on  the  basis  of  intensity,  the  effects  of  sub- 
stitution, and  from  line  widths  and  ease  of  saturation. 
In  the  limit  of  short  electron  spin-lattice  relaxation 
times,  the  nuclear  Tt  values  and  hence  line  widths  are 
usually  determined  by  dipolar  terms  which  depend  on 
the  inverse  of  the  sixth  power  of  the  distance  of  the 
proton  from  the  electronic  dipole,  and  so  protons 
closest  to  the  metal  have  the  greatest  half-widths. 
Direct  evidence  for  the  tridentate  nature  of  the  HB(pz)t" 
and  B(pz)r  ligands  is  provided  by  comparison  of  the 
nmr  spectra  of  Co[HB(pz)s]s  and  Co[B(pz)4]3.  In  the 
former  complex  the  six  pyrazolyl  residues  giving  rise 
to  three  separate  proton  resonances  are  all  equivalent. 
The  proton  resonance  spectrum  of  Cc[B(pz)^  is  shown 
in  Figure  4.    The  addition  of  the  fourth  pyrazolyl  resi- 


seems  likely  that  the  third  resonance  is  also  present 
in  this  grouping.  The  resonance  due  to  H  on  boron  is 
replaced  by  three  resonances  in  essentially  the  positions 
for  a  free  pyrazole  residue,  showing  there  is  effectively 
no  spin  delocalization  to  this  ring.  Any  appreciable 
dipolar  shift  is  also  ruled  out.  This  is  in  harmony  with 
the  fact  that  the  ground  state  is  'As,  and  the  electronic 
moment  would  be  expected  to  be  isotropic. 

Boron  Nuclear  Resonances.  B^^  resonance  shifts 
measured  from  trimethyl  borate  as  an  external  standard 
at  14.2  Mcps  are  given  in  Table  VII.  Susceptibility 
corrections  have  been  applied  to  the  shifts.  The  Zn 
complexes  provide  diamagnetic  reference  points.  For 
the  M[HB(pz)s]2  and  M[B(pz)4]s  complexes  of  the  same 
metal  the  shifts  are  approximately  the  same  except  {(x 
the  Fe^*^  case  where  the  spin  equilibrium  is  present. 
The  shifts  for  the  M[H2B(pz)s]s  systems  are  in  general 
quite  different,  the  large  low-field  shifts  in  the  Mn  and 
Fe  complexes  providing  additional  evidence  for  the 
assumed  geometrical  differences. 


-5500 


-2270 


rfteteiJA 


•^6960 

A 


Figure  4.    Proton  resonance  spectrum  of  CcfB(pz)A  in  CDOt. 
Shifts  from  TMS  at  60  Mcps. 


due  gives  rise  to  three  new  resonances  of  one-third  the 
intensity  of  the  main  three  resonances,  and,  of  course, 
the  resonance  due  to  the  proton  on  boron  is  no  longer 
present.  Assignments  for  the  tetrahedral  complexes 
Cd[HiB(pz)i}i  and  I  (M  =  Co,  X  =  CH,,  Y  =  H), 
given  in  Table  VI,  have  been  made  in  the  same  way. 

The  isotropic  shifts  in  the  octahedral  compounds  are 
determined  predominantly  by  pseudo-contact  interac- 
tions. A  detailed  analysis  of  these  shifts  together 
with  complementary  epr  data  will  be  published  else- 
where.*® 

Ni*+  Complexes.  Results  for  the  Ni*+  complexes 
are  given  in  Table  VI.  Ni[HsB(pz)i]s,  which  is  diamag- 
netic, gives  resonances  in  roughly  the  same  positions 
as  those  of  the  zinc  complexes  or  of  the  free  ligand. 
In  Ni[HB(pz)s]s  only  one  resonance  is  observed  due  to 
the  three  ring  protons.  In  Ni[B(pz)4]s  the  resonance  for 
the  ring  protons  splits  into  two  components,  and  it 

(20)  J.  p.  Jesson,  to  be  published. 


Discussion 

The  magnitude  of  A  for  a  given  metal  ion  determines 
the  position  of  a  ligand  in  the  spectrochemical  series. 
Jprgensen*^  has  suggested  that  A  may  be  represented  as 
a  product  of  two  factors,  one  for  the  ligand  and  one  for 
the  central  ion. 

A  =  /(ligand)  X  ^central  ion) 

The  position  of  a  ligand  in  the  nephelauxetic  series 
is  determined  by  the  reduction  of  the  interelectroDic 
repulsion  integrals  from  the  values  in  the  free  ion,  the 
parameter  j3  being  defined  by 

iB(complex)  =  /3B(free  ion) 

Again  Jprgensen  has  suggested  that  this  parameter  may 
be  split  into  a  quantity  characteristic  of  the  ligand  and 
one  characteristic  of  the  metal 

1  -/3  =  Wk 

where  h  refers  to  the  ligand  and  k  to  the  metal. 

Values  of  A,  B,  and  j3  for  the  complexes  studied  are 
given  in  Table  VIII.  B  values  for  the  free  ion  are  given 
in  parentheses.  Values  of  the  corresponding  quantities 
for  the  hexaaquo  ions  are  given  beneath  the  octahedral 
parameters  for  comparison.  For  the  octahedral  N](II) 
complexes  the  calculated  transitions,  using  the  un- 
distorted  octahedral  model,  are  in  very  good  agreement 

(21)  C.  K.  J^rgenien,  DiscussUms  Faraday  Soc^  26, 110  (19S9). 
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the  experimental  values  (see  Figure  3).  AH  the 
t  states  are  reproduced  closely.  The  high-spin 
for  Co(II)  are  not  reproduced  so  well.  This  is 
ibly  due  to  the  effect  of  the  trigonal  component 
field  perturbing  the  postions  of  the  ^Aj  and  *Ti(*P) 
tions  which  lie  close  together.  In  the  Ni(II) 
all  the  high-spin  states  are  well  separated.    In 


VUL    Spectral  Parameters  for  High-Spin 
;dral  and  Tetrabedral  Complexes* 


Octahedral 

Tetrahedral 

Fe 

Co              Ni 

Cu 

Fc      Co 

12,500 

10,000       12,000 

16,000 

5800    4500 

•  •  • 

830(980)    850(1040) 

•  •  • 

•  •  ■             •  •  • 

•  •  • 

0.85           0.82 

•  •  • 

•  •  •             «  •  • 

0) 

10,400 

7,900         8,500 

12,600 

0) 

•  •  • 

880             890 

•  •  • 

3) 

•  •  • 

0.90           0.89 

•  •  « 

ind  B  values  in  cm~  K 


ishing  A  and  B  for  the  Ni(II)  case,  we  have  used 
suits  of  the  ligand-field  calculation  which  indicates 
12,0(X)  cm~^  and  the  relationship 

6(T,)  =  (225B*  -  18^A  +  A«)*/« 

)  5(Ti)  is  the  separation  between  the  two  Ti  states. 
t  relevant  parameters  for  establishing  the  position 
i  hydrotris(l-pyrazolyl)borate  ligand  in  the  spec- 
;mical  and  nephelauxetic  series  using  the  Ni(II) 
ire  then  A  =  12,0(X)  cm-^  and  jS  =  0.82.  These 
I  lead  to  the  final  quantities/  =  1.35  and  h  ^ 
The  h  value  is  quite  sensitive  to  5(Ti)y  and,  because 
splittings  of  the  rTjCF)  state,  8(Ti)  cannot  be  esti- 
1  accurately.  The  h  value  should  therefore  be  ac- 
i  with  some  reservation.  A  value  of  8(Ti)  = 
)  cm"^  has  been  used  in  the  calculation.  Tlie  B 
is  reasonably  close  to  that  assumed  in  the  original 
/  level  calculation  (Ft  =  I4F4;  F4  =  90  corre- 
s  to  B  =  810  cm-^).    h  =  1.5  gives  the  ligand 

the  same  position  in  the  nephelauxetic  series  as 
nediamine,  which  is  not  unreasonable.  The  / 
of  1.35  places  the  anion  at  about  the  same  position 
)  spectrochemical  series  as  o-phenanthroline.  It 
1  be  noted  that  the  ferrous  complex  of  o-phenan- 
ne  is  low  spin,  as  are  some  of  the  poly(l-py- 
1)borates. 

;  A  value  for  the  octahedral  Co(II)  complexes  has 
taken  from  a  previous  publication'  and  was  ob- 
[  as  a  best  fit  to  the  spectrum  using  matrices  for 
igonal  potential.  The  A  value  obtained  is  quite 
jnt  from  the  ^Tr-^Aj  separation,  and,  as  pointed 
30ve,  this  diff'erence  is  probably  due  to  the  *Ar- 
')  interaction  under  the  low  symmetry  component 

field.    B  has  been  calculated  from  the  estimated 

separation  in  the  complex*  (=  ISB). 
:  A  value  for  Cu*+  is,  of  course,  uncorrected  for 
ahn-Teller  effect,  and  the  "true"  A  is  probably 
vhat  lower.    The  effects  of  the  trigonal  component 

field  are  probably  comparable  to  any  Jahn-Teller 
and  have  also  been  ne^ected.  There  is  consider- 
incertainty  in  the  value  of  A  given  for  Co(II)  in 
edral  coordination.    The  A  values  for  the  tetra- 
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hedral  complexes  are  quite  close  to  V9  times  the  A  for  the 
octahedral  cases. 

The  nuclear  resonance  shifts  in  the  paramagnetic 
systems  relative  to  the  corresponding  diamagnetic 
species  must  be  ascribed  to  either  dipolar  or  scalar 
coupling  between  the  electron  and  nuclear  spins.  A 
scalar  contribution  to  the  shift  requires  unpaired  spin 
density  in  a  a-  orbital  on  the  proton  in  question.  Four 
separate  mechanisms  giving  rise  to  resonance  shifts 
may  be  identified:  (1)  delocalization  in  the  t  system 
through  dx-pir  bonding  with  polarization  of  the  spin 
in  the  <r  orbital  on  the  proton  by  unpaired  p^  spin 
density,  (2)  delocalization  in  the  <r  system,  (3)  polariza- 
tion of  metal-ligand  bonding  orbitals  by  unpaired  spin 
in  metal  orbitals  of  a  different  symmetry,  and  (4)  the 
pseudo-contact  or  dipolar  interaction. 

It  is  apparent  that  the  interpretation  of  these  shifts 
can  be  a  matter  of  some  complexity,  and  a  complete 
analysis  is  not  possible  with  the  present  state  of  the  art. 
Usually  firm  conclusions  can  only  be  obtained  when  one 
of  the  mechanisms  predominates.  With  the  exception 
of  the  shifts  in  the  octahedral  Co(II)  complexes,  which 
are  determined  largely  by  the  pseudo-contact  effect,  this 
is  apparently  not  the  case  for  the  present  series  of  com- 
pounds. However,  the  following  observations  can 
be  made  for  the  data  in  this  paper. 

In  the  complex  Ni[B(pz)4]2,  the  proton  resonances  in 
the  pyrazolyl  residue  not  bonded  to  the  metal  are  close 
to  those  for  the  diamagnetic  zinc  complex.  The  ground 
state  for  this  complex  is  'A2,  and  even  quite  large  tri- 
gonal distortions  in  the  crystal  field  would  not  be  ex- 
pected to  give  rise  to  large  g-tensor  anisotropics.  Di- 
polar contributions  to  the  shifts  are  therefore  expected 
to  be  negligible.  The  scalar  contribution  to  the  shifts 
on  the  fourth  pyrazolyl  residue  must  also  be  negligible, 
indicating  that  the  saturated  boron  atom  is  effective  in 
insulating  the  terminal  substituent  from  the  unpaired 
spin  on  the  metal.  The  fourth  pyrazolyl  residue  in  the 
corresponding  Co^*^  complex  shows  large  downfield 
shifts.  The  ground  state  here  is  *Ti,  and  large  anisot- 
ropics in  the  electron  moment  have  been  shown  to 
arise  from  the  trigonal  component  in  the  field.  The 
shifts  in  the  fourth  pyrazolyl  residue  are  therefore  due 
to  the  dipolar  coupling  between  the  proton  and  electron 
moments. 

An  appreciable  dipolar  contribution  for  the  octa- 
hedral ferrous  system  is  also  anticipated.  This  ex- 
pectation receives  some  support  from  the  shift  to  high 
field  of  the  H  on  boron  in  the  hydrotris(3,4,5-trimethyl- 
1  -pyrazolyl)borates  and  hydr  otris(3,5-dimethyl- 1  - 
pyrazolyl)borates.^  It  is,  however,  still  possible  that 
the  shift  could  arise  from  spin  polarization  through 
the  boron.  Unfortunately,  the  Fe[B(pz)4]2  compound, 
which  would  give  the  best  test  of  this  point,  is  diamag- 
netic. If  the  high-field  shift  of  the  terminal  proton  is 
due  to  the  dipolar  interaction,  the  over-all  anisotropy 
for  the  Fe*+  system  is  indicated  to  be  of  the  opposite 
sign  to  that  for  Co*+  where  the  proton  on  boron  shifts 
to  low  field.  Interpretations  involving  the  protons 
attached  directly  to  boron  should  be  viewed  with  cau- 
tion since  large  shifts  are  found  for  these  protons  in'the 
tetrahedral  cobaltous  complexes  where  little  g  anisot- 
ropy is  expected. 

In  conclusion,  it  may  be  stated  that  the  optical  and 
magnetic  properties  of  this  series  of  compounds  fall 
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into  a  consistent  pattern.  The  nmr  shifts  of  the  para- 
magnetic compounds  on  the  other  hand  do  not  show 
pronounced  regularities  even  in  such  a  series  of  closely 
related  compounds,  and  it  is  apparent  that  several  of 
the  possible  mechanisms  for  producing  these  shifts  are 
combining  to  give  a  complex  pattern. 


Experimental  Section 

A.  SoKeptibility  Meararements.  Susceptibility  measurements 
have  been  made  in  solution  using  an  nmr  method.  **  Measurements 
were  made  in  CHOt  or  CH^Qs  depending  on  the  solubility.  The 
effective  moments  have  been  calculated  using  room-temperature 
data  and  assuming  the  Curie  law  is  obeyed.  The  assumption  is 
reasonable  for  all  cases  except  the  octahedrally  coordinated  Co 
complexes  where  a  pronounced  temperature  dependence  of  effective 
moment  is  anticipated.  The  accuracy  of  the  measurements  varies 
because  of  the  differing  solubilities  and  susceptibilities  involved. 
The  variation  of  susceptibility  with  temperature  could  not  be  meas- 


ured with  suflSdent  accuracy  to  permit  a  meaningful  verification  of 
the  Curie  law  behavior  because  of  the  limited  temperature  range 
which  could  be  investigated. 

B.  Optical  Meaanrementa.  Optical  absorption  studies  weie 
made  in  the  region  17»000  to  2000  A  using  a  Cary  14  recording 
spectrophotometer.  Measurements  at  short  wavelengths  were  made 
in  hexane  solution,  and  the  remaining  measurements  were  made 
in  chloroform  or  dichloromethane.  Infrared  spectra  were  ob- 
tained using  a  Perkin-Elmer  Model  21  spectrophotometer. 

C.  Nmr  Spectra.  The  nmr  spectra  were  recorded  using  a 
Varian  HR-60  spectrometer  for  proton  resonance  studies  of  the 
paramagnetic  species  and  an  A-60  for  the  diaraagnetic  spedes. 
A  14.2-Mcps  radiofrequency  unit  and  probe  were  used  for  the 
boron  studies.  Measurements  were  made  in  deuteriochloroform 
except  as  noted.  The  proton  shifts  are  measured  vs.  tetramethyl- 
silane  as  an  internal  standard.  The  boron  shifts  are  measured  cs. 
trimethyl  borate  as  an  external  standard. 

D.  Synthesis  of  Cdmpouiida.  The  synthesis  of  transition  metal 
complexes  with  unsubstituted  poly(l-pyrazolyl)borates"  and  pdy- 
(l-pyrazolyl)borates  containing  substituents  on  carbon  or  boron'* 
will  be  published  elsewhere. 


(22)  D.  F.  Evans,  /.  Chem,  Soc.,  2003  (1959). 


(23)  S.  Trofimenko,  /.  Am.  Chem.  Soc.,  89,  3165  (1967). 

(24)  Part  IV:  S.  Trofimenko,  submitted  for  publication. 
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Abstract:  The  Fe*'*'  complexes  based  on  the  hydrotris(l-pyrazolyl)borate  b'gand  provide  an  example  of  a  **spin 
equilibrium*'  between  high-  and  low-spin  forms.  Fully  hig^-spin,  fully  low-spin,  and  complexes  of  intemoediate 
spin  can  be  produced  by  appropriate  substitution.  Optical  spectra,  susceptibility  data,  and  magnetic  resonance 
experiments  leading  to  the  characterization  of  these  equilibria  are  presented. 


The  possibility  of  the  occurrence  of  a  thermally  ac- 
cessible electronic  state  of  different  multiplicity 
from  the  ground  state  has  long  been  recognized  for  d^, 
d^,  d^,  and  d'  ions  in  octahedral  environments.^  The 
experimental  realization  of  an  equilibrium  of  this  type 
is  determined  by  the  availability  of  a  complex  for  which 
the  low-spin  and  high-spin  ground  states  are  separated 
by  only  a  few  hundred  reciprocal  centimeters.  Since 
the  energies  involved  in  changes  in  chemical  binding 
are  in  general  much  larger  than  this,  the  requirement  is 
very  restrictive  and  accounts  for  the  fact  that  there  are 
few,  if  any,  well-documented  cases  of  equilibria  of  this 
type. 

For  the  d^  and  d^  configurations,  the  susceptibility 
may  be  taken  as  the  population  weighted-average  of  the 
susceptibilities  of  the  two  terms  of  different  multiplicity. 
For  d^  and  d'  the  situation  is  more  complicated  as  the 
spin-orbit  coupling  connects  the  two  states  involved. 
The  presence  of  low-symmetry  components  in  the 
crystal  field  is  another  factor  which  must  also  be  con- 
sidered. 

The  most  favorable  case  for  an  unambiguous  experi- 
mental observation  of  this  type  of  equilibrium  is  the 

(1)  L.  E.  Orgd,  lOth  Conseil  Institute  Chemie  Solvay,  Brussels,  1956i 


d^  configuration  where  the  low-spin  system  is  diamag- 
netic  and  the  change  in  the  number  of  unpaired  electrons 
is  four. 

The  ferrous  compounds  of  structures  I~V  present 
such  an  unambiguous  example  of  a  system  in  which  both 
high-  and  low-spin  ground  states  are  thermally  ac- 


R-R 


I,  R  a  1-pyrazolyl  (pz);    X  < 
n.  R  -  CeHj;    X  -  Y  -  H 
m,  R  »  H;    X  =  Y  -  H 
IV,R  =  H;    X  -CH,;    Y  « 
V,R-H;    X-Y-CHt 


H 


H 
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ire  1.    Plot  of  reciprocal  molar  susceptibility  against  tempera- 
:   (a)  compound  III  in  CHtOs,  (b)  compound  V  in  CHd. 


»ible,  without  change  of  molecular  geometry.  (A 
sible  difference  could  arise  due  to  a  Jahn-Teller 
ortion  in  the  high-spin  state.  As  indicated  in  the 
cussion  the  large  trigonal  component  in  the  crystal 
1  leaves  an  orbital  singlet  lowest  in  the  high-spin 
;e,  and  Jahn-Teller  effects  will  probably  be  small, 
jre  will,  of  course,  be  a  difference  in  Fe-N  bond 
^hs  in  the  two  states.) 

^inor  changes  in  molecular  structure  give  rise  to 
y  diamagnetic  low-spin  compounds,  fully  para- 
gnetic  high-spin  compounds  (Metr  at  room  tempera- 
t  '^  5.2  BM),  and  compounds  for  which  the  moment 
ntermediate  and  strongly  temperature  dependent. 
:  diamagnetic  or  partially  diamagnetic  complexes 
deeply  colored  magenta  compounds,  while  the  fully 
amagnetic  compounds  are  pale  green,  almost  color- 
>. 

)ther  possible  examples  of  anomalous  magnetic  be- 
ior  close  to  the  crossover  point  have  been  reported 
Stoufer,  et  al,  for  Co>+(dO,*  Ewald,  et  al,  for 
'+(dO,»  and  Melson,  and  Busch*  for  Ni«^d«).  More 
5ntly  a  convincing  example  for  Fe*+(d*)  has  been 
orted  by  Konig  and  Madya.* 


gnetic  Susceptibilities 

lie  room-temperature  moments  for  some  of  these 
iplexes  measured  in  solution  by  an  nmr  method,  to- 
ler  with  their  molecular  weights,  are  listed  in  Table 
(The  molecular  weights  were  measured  in  chloro- 
m  using  the  vapor-pressure  osmometer  technique.) 
s  clear  from  these  niolecular  weights  that  we  are 
ling  with  monomeric  species.  The  rigid  tridentate 
racter  of  the  ligand  eliminates  the  possibility  of  a 

)  (a)  R.  C  Stoufer,  D.  H.  Busch,  and  W.  B.  Hadley,  /.  Am.  Chem, 
,  83.  3732  (1961);  (b)  R.  C.  Stoufer,  D.  W.  Smith,  E.  A.  Clevenger, 
T.  E.  Norris,  Inorg.  Chem,,  5.  1167  (1966);  (c)  J.  G.  Schmidt,  W.  S. 
',  and  R.  C.  Stoufer,  ibid.,  6,  268  (1967). 

)  A.  H.  Ewald,  R.  L.  Martin,  I.  G.  Ross,  and  A.  H.  White,  Proc. 
Soc.  (London),  A280,  235  (1964). 

)  G.  A.  Melson  and  D.  H.  Busch,  /.  Am.  Chem.  Soc.,  86,  4830 
4). 
)  E.  Konig  and  K.  Madya,  Chem,  Commun.,  3,  61  (1966). 
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Figure  2.  Plot  of  effective  magnetic  moment  against  temperature: 
(a)  compound  V  in  CHOt,  (b)  compound  III  in  CHtCU,  (c)  com- 
pound I  in  CHOi. 


conformational  equilibrium  of  the  type  which  has  been 
reported  for  four-coordinate  Ni(II)  chelates  such  as 
nickel(II)  N,N'-dimethylaminotroponeiminate.^ 


TaUe  L    Room-Temperature  Moments  and  Molecular 
Weights  of  Octahedral  Iron(II)  Poly(l-pyrazolyl)borates 


Moment, 

' Molecular  weight » 

Compound 

BM 

Calcd 

Measured 

I 

->0 

614 

614 

II 

--0 

634 

630 

III 

2.71- 

481 

479 

IV 

5.03 

650 

647 

V 

5.22 

734 

716 

«  Measured  in  CHtCls  because  of  solubility.    All  others  measured 
in  CHQi. 


The  data  of  Table  I  show  that  the  first  two  and  last 
two  complexes  have  moments  corresponding  essentially 
to  fully  low-spin  and  fully  high-spin  systems,  respec- 
tively, and  that  the  remaining  complex  bis[hydrotris- 
(l-pyrazolyl)borate]iron(II)  has  an  intermediate  mo- 
ment. If  this  arises  from  a  spin  equilibrium  it  should 
be  strongly  temperature  dependent.  This  latter  predic- 
tion is  substantiated  by  the  data  shown  in  Figures  1  and 
2.  Figure  1  shows  plots  of  the  reciprocal  molar  sus- 
ceptibility against  temperature  for  the  complexes  III 
and  V.  The  diamagnetic  compounds  cannot,  of  course, 
be  included  in  this  plot.  Compound  IV  shows  es- 
sentially the  same  behavior  as  V.  Figure  2  shows  a  plot 
of  the  effective  moments  against  temperature  for  com- 
plexes I,  III,  and  V,  complex  I  being  diamagnetic  at  all 
temperatures  studied.  It  appears  there  is  some  reduc- 
tion in  the  effective  moment  of  complex  V  with  decreas- 
ing temperature,  possibly  indicating  some  favoring  of 
the  diamagnetic  form.  The  moment  is  close  to  S.2 
BM  at  room  temperature  and  about  S.O  BM  at  the 
lower  temperatures.  However,  an  alternative  explana- 
tion could  be  that  the  ^Eg  component  of  the  split  ^T|g 

(6)  D.  R.  Eaton,  W.  D.  Phillips,  and  D.  J.  Caldwell,  /.  Am,  Chem,  Soc, 
85,397(1963). 
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ground  state  lies  lowest  and  that  the  temperature  de- 
pendence of  the  effective  moment  is  due  to  varying 
populations  of  the  sublevels  in  the  E  state.  The  be- 
havior of  complex  III,  though,  is  only  interpretable  in 
terms  of  a  spin  equilibrium.  The  variation  of  the  ef- 
fective moment  with  temperature  is  as  nearly  inter- 
mediate between  the  high-spin  and  low-spin  cases  as 
one  could  expect  to  realize.  Several  other  complexes 
have  also  been  studied.  The  compound  with  R  =  X  = 
H,  Y  s  i-Pr  showed  intermediate  behavior  analogous 
to  complex  III,  and  the  compound  with  R  —  /i-Bu, 
X  =  Y  =  H  proved  to  be  diamagnetic. 

Optical  Spectra 

The  positions  of  absorption  maxima  and  the  extinc- 
tion coefficients  for  these  Fe(II)  complexes  are  given 
in  Table  II.    Results  for  compound  II  have  been 


Table  II.    Electron  Spectra  of  Octahedral  Iron(II) 
Poly(l-pyrazolyl)borates 


X. 


Compound      mft,       cm 


1-1 


Assignment 


I  in  CHQ, 

529 

18,900 

90 

342 

29.200 

13,700 

318 

31,400 

8,600 

286 

35,000 

4,000 

207« 

48,300 

20,000 

IIIinCH,a, 

535 

18,700 

57 

337 

29,700 

12,100 

322 

31,100 

8,200 

288 

34,700 

5,400 

206« 

48,500 

25,000 

IVinCHa, 

800 

12,500 

3.2 

220- 

45,400 

34,000 

VinCHi 

800 

12,500 

3.2 

225« 

44,400 

39,000 

*Tig(»D^^Ai. 

Metal-to-ligand 
charge  transfer 

Ligand 
>Tig(»I)^»Ai. 

Metal-to-ligand 
charge  transfer 

Ligand 


^  Measured  in  cyclohexane. 


omitted  as  the  spectrum  is  closely  similar  to  those  of 
complexes  I  and  III.  The  relatively  small  extinction 
coefficient  of  the  absorption  at  ^^  19,000  cm"*  in  com- 
plex III  indicates  that  it  is  probably  a  d-d  transition, 
and  since  this  band  is  also  found  in  the  fully  diamagnetic 
molecule  I  it  must  be  a  singlet-singlet  transition.  We 
assign  the  absorption  to  the  expected  ^Tig(^I)  -<-  ^Aig 
transition.  It  might  be  noted  that  complex  III  is  almost 
completely  diamagnetic  at  room  temperature  in  the 
solid  state.  Mossbauer  and  magnetic  susceptibility 
studies  have  shown  that  the  same  general  type  of  be- 
havior with  temperature  is  observed  in  the  solid  as  is 
found  in  solution.  However,  the  equilibrium  has 
shifted  in  favor  of  the  diamagnetic  form.' 

The  absorption  spectra  and  appearance  of  complexes 
IV  and  V  are  similar  to  those  of  hydrated  ferrous  salts. 
Only  one  d-d  transition  of  any  intensity  is  observed,  and 
as  indicated  in  Table  II  this  is  assigned  to  the  ^Eg  <- 
^Tig  transition.  In  the  hydrated  ferrous  salts  this 
transition  usually  shows  a  pronounced  doubling  which 
has  been  ascribed  to  either  Jahn-Teller  distortions  or  to 
low-symmetry  components  in  the  crystal  field."    In  the 

(7)  J.  p.  Jcsson  and  J.  F.  Wciher,  /.  Chem.  Phys.,  46, 1955  (1967). 

(8)  F.  A.  Cotton  and  M.  D.  Meyers,  /.  Am,  Chem,  Soc.,  82,  5023 
(1960). 


present  case  the  band  is  quite  symmetrical  and  shows  no 
evidence  of  splitting.  The  transition  should  occur  at 
a  frequency  A,  showing  that  A  »  12,500  cm~^  for  the 
high-spin  systems.  A  is  the  octahedral  splitting  param- 
eter. 

The  reason  for  the  dramatic  color  change  from  pale 
green  to  deep  magenta  on  going  from  fully  high-spin 
to  fully  low-spin  compounds  is  now  clear.  The  first 
d-d  transition  occurs  at  a  much  shorter  wavelength  for 
the  spin-paired  compound.  This  is  to  be  anticipated 
on  the  basis  of  a  simple  crystal-field  calculation,  as  is 
shown  in  the  Discussion.  The  singlet-singlet  transition 
is  20-30  times  more  intense  than  the  quintet-quintet 
This  is  probably  due  to  intensity  borrowing  from  nearby 
charge-transfer  absorption  in  the  former  case.  For  the 
high-spin  systems,  the  d-d  transition  is  well  separated 
from  the  charge-transfer  absorption.  The  cha^g^ 
transfer  absorption  is  at  considerably  shorter  wave- 
lengths in  the  high-spin  systems.  These  high-spin 
chelates  all  have  methyl  substituents,  and  the  shift  may 
be  ascribed  to  the  hyperconjugative  effect  of  these 
groups.  Hyperconjugation  raises  the  energy  of  the 
highest  filled  ligand  ?r  orbital.  Thus  the  ionization 
potentials  of  alkyl-substituted  ethylenes  are  lower  than 
that  of  ethylene.  Calculations  indicate  that  the  lowest 
antibonding  r  orbital  is  also  raised  in  energy  by  alkyl 
substitution,  but  by  a  smaller  amount  so  that  the  energy 
gap  is  decreased.  This  is  supported  by  the  red  shift 
in  the  long  wave  absorption  in  ethylene  on  alkyl  sub- 
stitution. Thus  the  lowest  unfilled  ligand  orbital  is 
expected  to  occur  at  higher  energies  in  the  high-spin 
complexes  than  in  the  low-spin  complexes.  The  ener- 
gies of  the  d  orbitals  are  unlikely  to  be  grossly  different 
in  the  high-spin  and  low-spin  complexes.  The  large 
blue  shift  observed  on  passing  from  low  spin  to  high 
spin  is  therefore  consistent  with  the  assignment  of  these 
bands  to  metal-to-ligand  charge-transfer   transitions. 

Nuclear  Magnetic  Resonance  Spectra 

Nmr  assignments  for  the  octahedral  ferrous  com- 
plexes are  complicated  by  the  high-spin-low-spin 
equilibrium.  The  resonances  for  the  4-H  proton  in  the 
parent  complex  and  the  3,S-dimethyl  complex,  which 
are  in  essentially  the  same  positions  for  the  Co^  deriva- 
tives,'  are  very  different  for  the  Fe*+  case  since  a  large 
proportion  of  the  parent  complex  is  in  the  diamagnetic 
state.  Assignments  have  been  made  mainly  on  the 
basis  of  line  intensities  and  widths,  although  the  effect 
of  substitution  can  be  utilized  by  comparing  complexes 
IV  and  V.  Chemical  shifts  at  30^  and  assignments  for 
the  octahedral  Fe(II)  complexes  are  given  in  Table  III. 

It  is  clear  that  the  nmr  data  are  in  qualitative  agree- 
ment with  the  conclusions  from  the  susceptibility  data. 
Thus  the  resonances  in  compoimds  I  and  II  are  in  the 
positions  anticipated  for  diamagnetic  complexes,  the 
positions  of  the  resonances  for  the  3-,  4-,  and  S-H  on 
the  pyrazolyl  groups  being  close  to  those  for  the  cor- 
responding zinc  complexes.*  Complex  III  shows  inter- 
mediate shifts  which  are  compatible  with  the  assumed 
spin  equilibrium,  and  much  larger  shifts  are  observed 
for  the  fully  paramagnetic  complexes  IV  and  V.  More 
direct  evidence  for  the  spin  equilibrium  in  complex 

(9)  J.  p.  Jesson,  S.  Trofimenko,  and  D.  R.  Eaton,  ibid.,  t9,  3148 
(1967). 
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e  nL    60-Mcps  Nmr  Data  for  CX:tahedral  Fe(II)  Complexes* 


:)ompound 


Shift, 


Assignment 


I 

-486 

-433 

3.,4-.5-H 

-397 

n 

-474) 

-425} 

3-.  4-,  5.H 

-379  J 

-491 

p-H 

-4571 
-430 

o-andm-H 

III 

-815 

-815 

3-,  4-,  5.H 

-480j 

^^+240 

Hon  boron 

IV 

-2870 

4-H 

-2350 

3-CH, 

-770 

5-CH, 

+2570 

Hon  boron 

V 

-2330 

3-CH, 

-820 

5-CH, 

-570 

4-CH, 

+2625 

Hon  boron 

Shifts  measured  from  TMS  as  internal  standard. 


is  provided  by  the  temperature  dependence  of  the 
is.  The  temperature  dependence  of  the  shifts 
complexes  IV  and  V  (see  Figure  3b  and  c)  show  the 
mal  Curie-type  behavior  expected  in  paramagnetic 
ems.  Complex  III,  however  (Figure  3aX  shows  the 
losite  type  of  behavior,  the  shifts  converging  toward 
diamagnetic  positions  as  the  temperature  is  lowered. 

rassion 

k.n  approximate  estimate  of  the  magnitude  of  the 
ihedral  splitting  parameter  A  required  to  induce  spin 
ing  may  be  obtained  by  equating  the  first-order  ex- 
;sions  for  the  energies  of  the  electronic  states  in- 
/ed,  using  the  strong-field  scheme.  The  A  found  in 
way  is  equal  to  the  mean-pairing  energy  ir. 
hiffiths^  has  found  expressions  for  the  mean  pair- 
energies  in  these  configurations  and  obtained  the 
owing  approximate  conditions  for  the  occurrence 
he  low-spin  form  (in  cror^). 

d»A>7.5^  +  5C  «  24,000 
d«  A  >  2.5B  +  4C  «  16,400  (12,500)        (1) 
d»  A  >  7^  +  4C  «  20,000(10,000) 

lie  values  after  the  expressions  have  been  calculated 
jming  ^  =  800  and  C  =  4.5^  =  3600  cm-^  The 
nbers  in  parentheses  are  the  A  values  estimated  from 
spectra  of  the  octahedral  high-spin  iron(II)  and 
alt(II)  poly(l-pyrazolyl)borates.*  It  can  be  seen 
t  spin  pairing  is  more  easily  achieved  for  the  d*  than 
the  d^  or  d^  configurations. 

lie  absorption  at  12,500  cm"^  in  complexes  IV  and 
las  been  assigned  to  the  transition  ^Eg  -»>  ^T2g  which 
simple  crystal-field  theory  has  an  energy  A(hs)  = 
JOO  cm~*  (hs  =  high  spin).  However,  as  Ewald, 
i/.,'  have  pointed  out,  because  of  the  expected  in- 

0)  J.  S.  Griffiths,  /.  Inorg.  Nucl  Chem,,  2,  1  (1956). 
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Figure  3.  Proton  resonance  spectra  of  octahedral  ferrous  complexes 
as  a  function  of  temperature  measured  in  CDOt  (shifts  from  TMS 
at  60  Mcps) :  (a)  compound  III,  (b)  compound  IV,  (c)  compound  V. 
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Figure  4.  Tanabe  diagram  for  d*  configuration.  Only  the  quintet 
states  and  the  Tu  and  ^Aig  states  below  35,000  cm"^  have  been 
included.  The  positions  of  the  experimentally  observed  high-spin 
transition  and  first  low-spin  transition  are  indicated  in  the  figure; 
^  »  800  and  C  =  3600  cm-^ 


crease  in  bond  lengths  on  transferring  an  electron  from 
the  t2g  orbitals  (nonbonding)  to  the  e,  orbitals  (anti- 
bonding),  the  A  values  for  the  high-  and  low-spin  states 
in  their  equilibrium  geometries  will  be  different,  and  one 
has  the  approximate  condition 


A(hs)  <  ^  <  A(ls) 


(2) 


the  A  values  referring  to  the  equilibrium  situations 
(Is  =  low  spin). 

Robinson,  et  aL^^^  have  made  an  estimate  of  the  criti- 
cal A(hs)  value  for  crossover  to  the  low-spin  form  by 
comparison  of  a  series  of  iron(II)  and  the  corresponding 
nickel(II)  complexes.  They  note  that  the  ratio  Apes^ 
ANit+  =  1.11  ±  0.07  for  a  series  of  five  complexes.  The 
weakest  ligand  which  produced  spin  pairing  in  the 
iron(II)  complexes  gave  an  extrapolated  A(hs)  »  13,400 
cm~^  The  strongest  ligand  which  did  not  give  spin 
pairing  has  A(hs)  =  1 1,600  cm"^  It  was  therefore  esti- 
mated that  the  critical  value  of  A(hs)  is  12,500  ±  800 
cm~S  in  remarkably  good  agreement  with  the  value 
found  from  the  iron  poly(l-pyrazolyl)borates.  Some 
variation  in  the  critical  value  of  A(hs)  is  possible  since 
the  mean  pairing  energy  ?r  depends  on  the  interelectronic 
repulsion  parameters  {B  and  C)  which  themselves  vary 
with  the  degree  of  covalent  bonding  in  the  complexes. 

The  relevant  electronic  levels  of  d*  as  a  function  of 
crystal-field  strength  A,  for  octahedral  coordination, 
are  shown  in  Figure  4.    The  levels  were  calculated  us- 

(11)  M.  A.  Robinson,  J.  D.  Curry,  and  D.  H.  Busch,  Inorg.  Chem., 
2,  1178(1963). 


ing  the  matrices  of  Tanabe  and  Sugano"  with  B  =  800 
and  C  =  3600  cm"^  The  choice  of  values  for  B  and  C 
is  based  on  the  following  considerations.  The  free 
ion  value  of  B  for  Fe*+  (^940  cnr^)  is  somewhat  lower 
than  the  values  for  Co«+  (^980  cm-^  and  Ni^  (^1040 
cm"^."  It  seems  likely  that  the  value  in  the  complex 
will  also  be  lower.  Values  of  B  of  ^-^830  and  ~850 
were  found  for  the  corresponding  Co(II)  and  Ni(II) 
complexes.  A  value  of  B  =  800  cm-^  for  the  Fe(Il) 
complexes  is  therefore  reasonable.  The  assumption 
C  =  4.5B  =  3600  cm""^  leads  to  a  mean  pairing  energy 
of  Tr  «  16,400  cm"^  from  eq  1.  The  crossover  point 
"tp"  in  the  full  calculations  is  seen  to  be  ^^15,000  cm"^ 
rather  than  the  value  of  16,400  cm~^  given  by  the  ap- 
proximate formula.  The  difference  is  due  to  the  inter- 
action between  the  four  ^Ai  states  of  the  configuration, 
which  has  been  neglected  in  the  simple  formulas. 

The  positions  of  the  first  high-spin  and  first  low-spin 
transitions  are  marked  on  Figure  4,  occurring  at  A(hs)  » 
12,500  cm-i  and  A(ls)  =  21,000  cm-^  In  view  of  the 
neglect  of  the  low-symmetry  component  of  the  field,  the 
uncertainty  in  the  values  of  the  interelectronic  repulsion 
integrals,  and  the  fact  that  they  are  assumed  to  have  the 
same  value  for  high-  and  low-spin  compounds,  there 
may  be  considerable  error  in  the  A(ls)  value.  In  the 
iron(III)  dithiocarbamates,  Ewald,  et  al.,*  found  that 
their  electronic  spectral  data  gave  a  quite  low  value  for 
A(hs)  «  12,800  cm~^.  This  value  is  even  lower  than 
A  for  Fe(H20)6''^.  A  similar  situation  was  noted  in 
the  Co(II)  complexes  of  Stoufer,  et  alJ  The  results  of 
Ewald,  et  al.y*  were  rationalized  in  terms  of  a  very 
large  nephelauxetic  effect  with  £(complex)/^free  ion)  = 
/3  »  0.47.  Values  of  j3  and  A  could  not  be  obtained 
directly  from  electronic  spectral  data  and  were  esti- 
mated by  comparison  of  optical  data  for  other  dithio- 
carbamates with  the  corresponding  hexaaquo  com- 
plexes. 

In  the  present  case  A(hs)  is  already  consideraUy 
larger  than  A[Fe(HfO)6*+],  ~  10,400  cm-  K  The  0  value, 
on  the  basis  of  our  assumption  that  the  reduction  in  B 
is  similar  to  that  found  in  the  Co(n)  and  Ni(II)  cases,* 
isM).85. 

It  is  anticipated  that  in  the  complex  Fe[HB(pz)i]i 
which  has  D^d  symmetry,  there  will  be  a  large  trigonal 
component  in  the  crystal  field.  Such  a  trigonal  com- 
ponent has  been  established  for  Co[HB(pz)i]i,  and  it 
has  been  shown  that  the  splitting  of  the  ^Tig  ground 
state  is  approximately  2000  cm"-^  with  the  orbital 
doublet  lying  lowest.  ^^  It  is  also  anticipated  that  the 
orbital  splitting  of  the  ^Tsg  state  in  Fe[HB(pz)«]i  due 
to  this  trigonal  component  will  have  the  opposite  sign 
to  that  of  the  Co(II)  complex,  giving  an  orbital  singjet 
as  the  lowest  component.  ^^  This  follows  from  simple 
one-electron  theory  since  the  high-spin  d'  system  has  a 
single  hole  in  the  tjg  shell,  and  the  high-spin  d*  ground 
state  is  degenerate  owing  to  a  single  electron  in  die 
tsg  shell.  However,  it  has  been  suggested  that  die 
inclusion  of  Coulomb  and  exchange  interactions  can 
reverse  the  sign  of  the  ground-state  splitting  for  Co""." 
In  addition  the  assumption  that  the  low-synunetiy 

(12)  Y.  Tanabe  and  S.  Sugano,  /.  Phys.  Soe,  Japan,  9,  753  (1954). 

(13)  J.  S.  Chiffiths,  *The  Theory  of  Transition  Metal  Ions,**  Cm- 
bridge  University  Press,  London,  1961. 

(14)  J.  P.  Jesson,  /.  Chem.  Phys,,  45, 1049  (1966). 

(15)  J.  H.  van  Vleck,  Discussions  Faraday  Soc.,  26.  96  (1958). 

(16)  P.  K.  Baitzer,  private  communication. 
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Level  scheme  for  ground-state  manifold  of  Fe[HB(pz)i]i. 


;nt  of  the  crystal  field  is  of  the  same  form  for 
and  Fe*+  cases  may  not  be  completely  justi- 
ice  the  orbital  degeneracy  of  the  ground  state 
le  interpretation  of  the  susceptibility  data,  the 
ntal  evidence  bearing  on  this  point  will  be 
I. 

agnetic  resonance  experiments  for  Fe^'''  and 
he  cadmium  chloride  lattice  give  the  following 


0«+ 


gl  =7.4 
gn  =3.06 


gx  =  4.98 


esults  have  been  obtained  in  this  laboratory 
ime  ions  in  MgTiOt. 


.«+ 


^11  -  2.78 


gx  =  5.02 


surements  were  made  on  powders  at  4.2^K, 
s  is  considerable  uncertainty  in  the  gg  value 
due  to  the  breadth  of  the  absorption.  In 
ts  the  Co^'''  results  show  unambiguously  that 
il  singlet  lies  lowest  in  the  split  ground  state.  ^* 
ssponding  treatment  for  the  *T2g  state  of  Fe*"'" 
given  by  Griffiths.**  gy  varies  from  about  4 
spending  on  the  magnitude  and  sign  of  the 
iponent  in  the  crystal  field.  gj_  =  0.  Values 
Areen  7  and  10  correspond  to  the  orbital  doublet 
<rest,  suggesting  that  this  is  the  case  for  the 
d  MgTiOs  systems.  This  interpretation  could 
iated  in  the  even-electron  Fe*+  system  by  the 
of  rhombic  components  in  the  crystal  fields, 
tal  structures  for  the  two  cases  demand  ac- 
xigonal  symmetry  about  the  metal  in  the  host 
The  substitution  of  the  Fe*+  impurity  could 
\  slight  rhombic  components  into  the  fields, 
cult  to  say  whether  the  distortions  would  be 
y  large  to  reverse  the  assignment.  Thus  the 
letic  resonance  data  do  seem  to  indicate  that 
nd-state  splittings  for  Fe*+  and  Co*"*"  in  the 
onal  field  are  of  the  opposite  sign,  and  for  the 
liscussion  we  shall  therefore  assume  that  the 
of  the  orbital  triplet  in  the  ferrous  poly(l- 
)borates  is  large  and  leaves  an  orbital  singlet 


.  Orton,  Rept.  Progr,  Phys.,  22.  204  (1959). 

.bragam  and  M.  H.  L.  Pryoe,  Proc,  Roy,  Soc,  (London), 

1951). 
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Figure  6.   Plot  of  free  energy  against  temperature  for  spin  equilib- 
rium in  Fe[HB(pz)i]s. 


A  schematic  energy  level  diagram  based  on  this  as- 
sumption is  shown  in  Figure  5.  The  spin  equilibrium 
involves  the  *Aig  and  ^Aig  states.  Diagrams  such  as 
Figure  5  must  be  viewed  with  caution  when  temperature 
studies  are  involved  since  the  level  scheme  may  be  a 
fairly  sensitive  function  of  temperature.  If  *Aig  <-> 
^Aig  separation  varies  approximately  linearly  with 
temperature,  the  efiect  will  appear  as  an  entropy  term 
when  the  free  energy  of  the  equilibrium  is  considered. 
Such  an  efiect  can  also  be  produced  by  differences  in  the 
vibrational  partition  functions  for  the  high-spin  and 
low-spin  states. '  In  a  previous  paper  it  was  suggested* 
that  an  appreciable  entropy  term  in  the  apparent  free 
energy  for  an  equilibrium  of  this  type  woidd  argue  for 
a  geometrical  difi'erence  between  the  species  involved. 
The  arguments  given  above,  however,  suggest  that  this 
is  not  the  only  possible  origin  of  the  term. 

Splitting  of  the  ^Aig  state  due  to  spin-orbit  effects  and 
the  low-symmetry  component  of  the  field  will  be  of  the 
order  of  tens  of  wavenumbers,  and  for  our  purposes  the 
state  will  behave  as  a  simple  spin  quintet  with  g  ^^  2. 
g  will  be  slightly  larger  than  2  owing  to  spin-orbit  mix- 
ing from  excited  states,  and  a  value  of  2.13  is  obtained 
from  the  moment  of  the  fully  paramagnetic  complex. 

The  susceptibility  of  the  system  as  a  function  of  tem- 
perature is  then  given  by 


[^a/RT  ^  ij- 


(3) 


AG  being  the  molar  free-energy  change  in  the  process. 
The  expression  may  be  written  in  terms  of  the  effective 
moments  as 


AG  =  RT 


-  &  - '] 


(4) 


where  /i«  is  the  moment  for  the  fully  paramagnetic 
form,  and  this  is  taken  as  S.22  BM  from  the  moment 
ofV. 
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In  Figure  6  the  free-energy  change  for  the  spin 
equilibrium  in  Fe[HB(pz)s]s  is  plotted  against  tempera- 
ture, giving  A^  =3.85  kcal/mole  and  AS  =  11.4  eu. 
If  our  assumptions  about  the  energy  level  scheme  are 
correct,  the  entropy  term  of  1 1.4  eu  will  contain  a  con- 
tribution RlnS  =  3.2  eu  due  to  the  spin  degeneracy  of 
the  quintet  state  but  no  contribution  from  orbital  de- 
generacy. The  remaining  8.2  eu  must  be  accounted  for 
in  terms  of  a  temperature  dependence  of  the  effective 
crystal  field,  variable  solvation  effects,  and  differences 
in  the  vibrational  partition  functions  between  the  two 
states. 

There  are  two  possible  mechanisms  for  the  paramag- 
netic shifts  observed  in  the  nuclear  resonance  spectra. 
Spin  delocalization  to  the  ligand  can  result  in  a  Fermi 
contact  interaction,  the  shifts  being  given  by  an  expres- 
sion of  the  form 


Avt  =  —Qi 


IrgPvSiS  +  1) 
3kTy 


(5) 


where  at  is  in  cycles  per  second.  The  expression  is 
based  on  the  assumption  of  a  Curie  law  magnetic  be- 
havior of  the  ground  state,  a  situation  which  is  seldom 
if  ever  realized  in  paramagnetic  compounds  showing 
well-resolved  nmr  spectra. 

The  second  mechanism  involves  the  dipolar  coupling 
of  the  electron  and  nuclear  magnetic  moments  and  gives 
a  net  shift  for  the  nuclear  resonances  in  solution  only 
if  the  electron  moment  is  anisotropic.  With  the  limit- 
ing assumption  of  a  Curie  law  situation,  an  expression 
of  the  form 


Ai^ 


-hi 


3cos»ff-  l\i8*S(5+l) 


1\^ 


3kT 


fen  - 


g J  [3gB  +  4g J    (6) 


is  derived.    The  additional  assumption  has  been  made, 
in  averaging  over  the  tumbling  motion,  that  the  spin- 


lattice  relaxation  time  is  short  relative  to  the  correlation 
time  for  tumbling.  This  situation  is  likely  to  apply  to 
cases  where  well-resolved  nmr  spectra  are  observed 
since  we  have  the  criterion  Tr^  y>  Ou  required  for 
sharp  spectra,  Ti  being  the  electron  spin-lattice  relaxa- 
tion time  and  Oi  the  electron-nuclear  hyperfine  coupling 
constant. 

If  either  or  both  types  of  interaction  are  present,  the 
shifts  are  inversely  proportional  to  temperature  for  the 
paramagnetic  species.  The  diamagnetic-paramagnetic 
equilibrium  can  be  allowed  for  by  the  factor  [e^^^^"^  + 
ly^  as  in  the  susceptibility  equations.  Quite  large 
anisotropics  can  be  induced  in  the  ^T^  ground  state  by 
low-symmetry  components  in  the  field,  ^'  and  it  would 
be  unwarranted  to  assume  that  the  observed  shifts 
are  due  only  to  the  scalar  interaction.  In  addition  to 
the  departures  from  the  simple  XjT  behavior  due  to  the 
spin  equilibrium,  departures  can  also  be  produced  by 
non-Curie  law  behavior.  Differences  in  g-tensor  com- 
ponents and  hyperfine  coupling  constants  for  the  split 
levels  of  the  ground  state  would  require  a  more  com- 
plicated Boltzmann  averaging,  giving  a  relatively  com- 
plex temperature  dependence. 

In  view  of  the  limitations  imposed  on  the  formulas 
and  the  difficulty  in  establishing  the  proton  shifts  for 
the  fully  paramagnetic  system,  the  data  do  not  seem  to 
merit  analysis  in  terms  of  an  enthalpy  and  entropy 
change  for  the  equilibrium. 

Experimental  Section 

The  epr  measurements  were  made  using  a  Varian  100-kqs  X- 
band  spectrometer  equipped  with  a  12-in.  magnet  having  a  fixed 
1.75-in.  gap.  Field  measurements  were  made  using  a  Harvey 
Wells  FC-502  gaussmeter  and  CMC  709C  frequency  counter. 
Frequency  measurements  were  made  with  a  Hewlett-PKkard 
XS332A  frequency  meter.  A  quartz  helium  finger  was  used  to 
maintain  the  samples  at  4.2  °K. 

Other  experimental  techniques  used  have  been  described  in  t 
previous  paper.* 
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Abstract:  Boranes  and  borane  complexes  react  cleanly  with  pyrazoles  giving  rise  to  nondissociable  dimers  of  1- 
borylpyrazoles.  These  compounds  represent  a  new,  remarkably  stable  class  of  boron  heterocycles  and  have  been 
nam^  pyrazaboles.  One-step  syntheses  of  representative  pyrazaboles  are  described  and  their  properties  are 
discussed. 


I  1924  Morgan  and  Tunstall^  found  that  a  BFs 
group  can  replace  the  hydrogen  bridge  in  acetyl- 
tone,  benzoylacetone,  and  dibenzoylmethane.  llie 
)ility  of  the  products  has  been  attributed  to  coordina- 
1  of  the  BF2  group  with  the  second  heteroatom. 
ce  that  time  other  examples  of  a  BR2  group  (R  = 
CI,  alkoxy,  alkyl,  aryl;  Rj  =  o-phenylenedioxy)  rc- 
:ing  the  chelated  proton  in  enolizable  jS-dike- 
es  2-12  jg.keto  esters,*^*^^'"  /8-ketocarboxamides,** 
etoimines,'^'*^'^  8-hydroxyquinoline,  «>. ".  i»- "  bi- 
nide, »  1  -amino-7-imino- 1 ,3,5-cycloheptatrienes,  *  ^ 
dimethylglyoxime)nickeP*  and  -cobalt,*'  as  well  as 
cellaneous  chelating  agents  with  N  and  O  termi- 
jj4.26  jjaye  appeared.  The  notion  that  a  BRj  group- 
»  when  bonded  to  one  heteroatom  of  a  chelating 
nt  and  coordinated  to  the  other,  resembles  in  some 
^s  a  metal  ion  is  implicit  in  the  above  results  and  has 
n  mentioned  by  several  of  the  authors.  It  is  further 
ported  by  the  finding  that  BFs-bridged  acetylacetone 


undergoes  electrophilic  substitution  reactions*'  akin 
to  those  of  transition  metal  acetylacetonates  for  which 
quasi-aromaticity  has  been  invoked.*' 

In  all  these  compounds  the  BR2  group  forms  an  intra- 
molecular bridge.  We  were  interested  in  constructing 
resonance-stabilized  cyclic  structures  of  high  symmetry 
based  on  intermolecular  BRs  bridges.  Pyrazole  was 
selected  for  this  purpose  since  its  geometry  was  known 
to  favor  formation  of  hydrogen-bonded  dimers**  and 
since  both  its  cationic  and  anionic  forms  possess  Qv 
symmetry.**  In  addition  this  heterocyclic  nucleus  has 
great  hydrolytic  and  oxidative  stability.  With  pyrazole 
dimer  as  the  starting  point,  it  was  assumed  that  this 
entity  could  be  bridged  by  any  binary  combination 
chosen  from  (a)  hydrogen,  (b)  transition  metal  ion,  and 
(c)  BRs  group,  the  interchangeability  of  these  in  chelat- 
ing systems  having  been  amply  demonstrated.  Struc- 
tures I~VI  were  arrived  at  in  this  fashion.  Of  these, 
the  first  two  are  known  examples  of  pyrazole  dimer  and 


)  G.  T.  Morgan  and  R.  B.  Tunstail,  /.  Chem.  Soc,,  125, 1963  (1924). 
)  F.  G.  Young,  F.  C.  Frostick,  Jr.,  J.  J.  Sanderson,  and  C.  R.  Haixser, 
m.  Chem,  Soc,,  72,  3635  (1950). 

)  C.  R.  Hauser,  F.  L.  Frostick,  Jr.,  and  E.  H.  Man,  ibid.,  74,  3231 
2). 

)  J.  F.  W.  McOmic  and  M.  S.  Tutc,  /.  Chem.  Soc.,  3226  (1958). 
)  H.  Schafer  and  O.  Braun,  Naturwiss.,  39,  280  (1952). 
)  G.  M.  Badger  and  J.  M.  Sasse,/.  Chem.  Soc.,  746(1961). 
)  B.  M.  Mikhailov  and  Yu.  N.  Bubnov,  Izv.  Akad.  Nauk  SSSR, 
Khim.  Nauk,  1883  (1960). 

)  A.  T.  Balaban,  C.  N.  Rentea,  and  M.  Bacescu-Roman,  Tetrahe- 
Le/rerj.  2049  (1964). 

)  (a)  M.  F.  Hawthorne  and  M.  Reintjes,  /.  Am,  Chem,  Soc.,  86, 
» (1964);  (b)  /.  Org.  Chem.,  30,  3857  (1965). 

0)  L.  H.  TopoTcer,  R.  E.  Dessy,  and  S.  I.  E.  Green,  Inorg,  Chem.,  4, 
>  (1965). 

1)  I.  Bally,  A.  Arsene,  M.  Bacescu-Roman,  and  A.  T.  Balaban, 
ahedron  Letters,  3929  (1965). 

2)  R.  Kdster  and  G.  W.  Rotermund,  Ann.,  689,  40  (1965). 

3)  W.  Gerrard,  M.  F.  Lappert,  and  R.  Schaifferman,  Chem,  Ind. 
idon).  722  (1958). 

4)  J.  F.  Wolfe  and  C.-L.  Mao,  J.  Org.  Chem.,  31,  3069  (1966). 

5)  M.  J.  S.  Dewar  and  R.  C.  Dougherty,  Tetrahedron  Letters,  907 
4). 

6)  R.  Neu,  Z.  Anal  Chem.,  142,  335  (1954). 

7)  J.  E.  Douglass,  J.  Org.  Chem.,  26,  1312  (1961). 

8)  H.  J.  Roth  and  B.  Miller,  Naturwiss.,  50,  732  (1963). 

9)  H.  K.  Saha,  J.  Inorg.  Nucl  Chem.,  26,  1617  (1964). 

0)  J.  E.  Milks,  G.  W.  Kennedy,  and  J.  H.  Polevy,  /.  Am.  Chem, 
84  2529  (1962). 

1)  H.  E.  Holmquist  and  R.  E.  Benson,  ibid.,  84,  4720  (1962). 

2)  G.  N.  Schrauzer,  Ber.,  95,  1438  (1962). 

3)  G.  N.  Schrauzer,/.  Am.  Chem.  Soc,  88,  3738  (1966). 

4)  F.  Umland  and  D.  Thierig,  Angew.  Chem.,  75,  685  (1963). 

5)  F.  Umland  and  C.  Schleyerbach,  ibid.,  TJ.  169,  426  (1965). 


I,X-H;Y«H 
II,X-M;Y=M 
III,X-BR2;Y=BR2 
IV,X-BR2;Y«H 
V,X-BR2;Y«M 
VI,X-M;Y«H 


(26)  A.  P.  Skoldinov  and  P.  N.  Shigorin,  Zh.  Obshch.  Khim.,  33. 
3110(1963);  /.  Gen.  Chem.  USSR,  33,  3037  (1963). 

(27)  J.  P.  CoUman,  Angew.  Chem.  Intern.  Ed.  Engl.,  4,  132  (1965); 
*The  Chemistry  of  Quasiaromatic  Metal  Chelat^*'  Advances  in 
Chemistry  Series,  No.  37,  American  Chemical  Society,  Washington, 
D.  C,  1963,  p  78. 

(28)  (a)  W.  Htickel,  J.  Datow,  and  E.  Simmersbach,  Z.  Physik.  Chem. 
(Leipzig),  186A,  129  (1940);  (b)  W.  HUckel  and  Jahnentz.  Ber.,  75 
1438  (1942);  (c)  H.  Hayes  and  L.  Hunter,  /.  Chem.  Soc.,  1  (1941);  (d) 
L.  Hunter,  ibid.,  806  (1945);  (e)  D.  M.  W.  Anderson, 
J.  L.  Duncan,  F.  J.  C.  Rossotti,  ibid.,  140,  4201  (1961);  (0  S.  N. 
Vinogradov,  Can.  J.  Chem.,  41,  2719  (1963). 

(29)  See,  for  instance,  "Physical  Methods  in  Heterocyclic  Chemis- 
try," Vol.  I,  A.  R.  Katritsky,  Ed.,  Academic  Press  Inc.,  New  York, 
N.  Y.,  1963,  p  45. 
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transition  metal  compounds  with  pyrazole,*^  respec- 
tively. Compounds  IV  and  V  are  hydrogen  and  metal 
poly(l-pyrazolyl)borates'^  and  are  dealt  with  else- 
where." 

This  paper  is  concerned  with  compounds  of  type  III 
which,  because  of  their  unusual  features,  stability,  and 
wealth  of  derivatives,  were  given  the  trivial  name 
''pyrazabole"  with  numbering  as  shown  in  structure  X. 

Results  and  Discussion 

Refluxing  equimolar  amounts  of  pyrazole  and  tri- 
methylamine  borane  in  toluene  resulted  in  rapid  evolu- 
tion of  hydrogen  and  trimethylamine  (eq  1 ,  X  =  Y  = 
H).  A  crystalline,  sublimable  solid  of  camphoraceous 
odor,  mp  80-81^,  was  isolated  in  good  yield.  It  was 
a  dimer  of  1-dihydroborylpyrazole  as  established  by 
elemental  analysis,  molecular  weight  determination, 
the  presence  of  a  strong  BH2  multiplet  around  2400- 
2500  cm~^  in  the  infrared,  and  the  degradation  of  this 
compound  by  boiling  hydrochloric  acid  to  pyrazole  and 
boric  acid. 

N— NH  +  Me»N-BH,  -*- 


H       W      H 
H.     ^     N         H 


+    MesN   +    Hi 


vn 

Of  the  three  a  priori  possible  structures,  VII  (X  = 
Y  =  H),  VIII,  and  IX,  one  would  immediately  tend  to 
select  VII  for  electronic  and  steric  reasons."  Support 
for  this  structure  was  obtained  from  H^  nmr  which  had 


N— N— BH» 
*      t 

vm 


N— N         H 


a 


^\/^ 


H 


only  two  C-H  peaks :  a  doublet  at  r  2.49  and  a  triplet 
at  r  3.83  (y  =  2.0  cps)  in  a  2: 1  ratio.  This  is  obviously 
incompatible  with  structures  VIII  and  IX,  both  of  which 
should  display  spectra  characteristic  of  asymmetrically 
substituted  pyrazole.'*    The  nmr  spectrum  of  pyraza- 

(30)  M.  Inoue,  M.  Kishita,  and  M.  Kubo,  Inorg.  Chem,,  4,  627  (1965). 

(31)  S.  Trofimenko,  J.  Am.  Chem.  Soc„  88,  1842  (1966). 

(32)  S.  Trofimenko.  ibid.,  89,  3170(1967). 

(33)  As  far  as  VIII  is  concerned,  no  precedent  is  known  for  electron 
donation  by  the  substituted  nitrogen  in  l-alkylpyrazoles.  Reactions 
such  as  quaternization  invariably  take  place  at  the  2  position,  thus  main- 
taining resonance  in  the  pyrazole  ring  which  would  otherwise  be  lost 
Values  for  the  resonance  energy  of  pyrazole  range,  depending  on  the 
method  used,  were  from  27  to  41  kcal/mole:  H.  Zimmerman  and  H. 
Geisenfelder,  Z.  Elektrochem.,  65,  368  (1961);  A.  F.  Bedford,  P.  B. 
Edmondson,  and  C.  T.  Mortimer,  J.  Chem.  Sac.,  2927  (1962).  More- 
over, VII  should  be  favored  over  VIII  by  some  additional  26  kcal/mole 
from  strain  considerations,  using  the  thermochemical  strain  energy  for 
cyclobutane  of  26.2  kcal/mole:  S.  Kaarsemaker  and  J.  Coops,  Rec, 
Trap.  Chim.,  71,  261  (1952).  With  regard  to  IX,  no  precedent  is  known 
for  a  simple  aminoborane  containing  hydrogen  bridges;  such  bridges 
are  always  broken  in  the  presence  of  donor  atoms. 

(34)  Proton  nmr  was  shown  to  be  a  reliable  and  discriminating  tool 
for  establishing  the  type  of  substitution  in  pyrazole.  See,  for  instance, 
L.  G.  Tensmeyer  and  C.  Ainsworth,  J.  Org,  Chem.,  31,  1878  (1966),  and 


bole  indicates  equivalence  of  positions  1,  3,  5,  7.  This 
spectroscopic  equivalence  persists  in  all  pyrazabole 
derivatives  and  is  indicative  of  a  structure  such  as  X 
containing  tetrahedral  boron  in  a  symmetrical  environ- 
ment. This  structure  would  contain  positive  charges 
delocalized  in  the  ligand  and  negative  charges  on  boron 
much  like  the  analogous  j3-diketonates,  which  is  con- 
sistent with  the  inertness  of  pyrazabole  to  sodium 
hydroxide  and  other  nucleophiles. '* 

BUB  BHi      -^       H»B^  ^BHk 

Illb 

\ 
other  resonance  staroctons 


nia 


HaB 


When  substituted  pyrazoles  were  used  instead  of 
pyrazole,  the  reaction  proceeded  analogously  and  C- 
substituted  pyrazaboles  were  obtained  (Table  I). 
Pyrazoles  with  strong  electron-withdrawing  substituents 
reacted  at  a  slower  rate,  commensurate  with  the  reduced 
nucleophilicity  of  the  2-nitrogen.  In  the  case  of  3,5- 
bis(trifluoromethyl)pyrazole  the  product  was  trimethyl- 
amine 3,5-bis(trifluoromethyl)pyrazoH-ylborane  (XI), 
which  could  be  distilled  without  decomposition.  1,- 
3,S,7-Tetrakis(trifluoromethyl)pyrazabole  (as  wdl  as 
l,2,3,S,6,7-hexabromopyrazabole)  was  prepared  by 
using  tetrahydrofuran-borane  complex  instead  of  tri- 
methylamine borane. 

FaC  CFa 

N— NH     +     MeaNBHa   -> 

FaC,  CFa 

N— Nl^NMea   +    H, 

XI 

Trialkylboranes  react  with  pyrazoles  on  heating  to 
120-150^  with  evolution  of  the  appropriate  hydrocarbon 
and  formation  of  4,4,8,8-tetraalkylpyrazaboles  (TaUe 

Y 


Y 
X.    i    .X 


w 


R         ,N— Jl         JR 


li— NH    +   BR,    -*^B  '^ 


+    RH 


m 


references  cited  therein,  as  well  as  V.  F.  Bystrov,  I.  I.  Gnuidben,  nd 
G.  I.  Sharova,  Zh.  Obshch,  Khim..  35.  293  (1965). 
(35)  Part  III:    S.  Trofimenko,  submitted  for  publication. 
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Table  L    Compounds  of  Structure 


Yield, 

,--c. 

.%  — 

%— 

' N, 

% 

.. —  x,%/ . 

R 

R' 

Mp,  X 

% 

Calcd  Found  Calcd  Found  Calcd  Found 

Calcd 

Found 

H»nnar« 

B"nnir' 

Miscellany 

H 

H 

80-8 1» 

90 

45.2 

45.4 

6.27 

6.09 

35.1 

35.1 

B.13.5 

Molwt, 

160 

B,  13.7 

Molwt, 

166 

d,  2.49  (2) 
t.3.83(l) 
(/  -  2.0  cps) 

t,27.1 

(/  -  108  cps) 

Ultraviolet,  end 
absorption  213 
mM(fll30) 

H 

a 

119-120* 

74 

31.4 

31.3 

3.49 

3.49 

24.2 

24.2 

s,2.43 

H 

Br 

144-145* 

99 

22.6 

22.8 

2.54 
7.46 

2.51 

17.6 

17.7 

Molwt. 
318 

Molwt, 
313 

s,2.40 

t,27.6 
(7*94  cps) 

Ultt^aviolet,  Xbm 
233  mM(c  7060) 

H 

CHi 

81-82* 

70 

51.1 

51.6 

7.46 

s,  2.64(2) 
s.  7.95  (3) 

H 

CN 

290-300  dec 

95 

45.8 

46.6 

3.81 

3.98 

40.0 

39.8 

s.0.95 

t,  unresolved 
27.3 

Ultraviolet,  end 
absorption 
only;  infrared, 
2500  and  2470 
cm-i(BHi), 
2260cm-KCN) 

H 

NOs 

202-203 

96 

28.8 

29.4 

3.20 

3.12 

s,  1.15 

Photosensitive, 
turns  orange 
on  exposure  to 
light 

H 

CF(CF,)i 

49-50* 
Bp  70-78 
(2  mm) 

66 

29.0 

29.5 

1.61 

1.88 

Molwt, 
496 

Molwt, 
526 

s.1.91 

t,  unresolved 
27.2 

Very  unpleasant, 
penetrating 
odor 

CHi 

H 

184-18y 

58 

55.6 

55.8 

8.33 

8.38 

25.9 

25.9 

Molwt, 
216 

Molwt, 
210 

t,  31. 2(7- 
103  cps) 

CtHi 

H 

203*'  sinters 
232-242  dec 

29 

77.6 

77.6 

5.70 

5.69 

12.1 

12.3 

Ultraviolet,  Xbmuc 
248mM(c 
53,000) 

CF. 

H 

88-89- 

93 

27.8 

27.7 

1.37 

1.58 

12.9 

12.8 

F.52.8 

Molwt, 

432 

F,53.3 

Molwt, 

489 

t,  unresolved 
27.7 

CHi 

CHi 

173-174* 

99 

59.0 

59.2 

9.02 

9.06 

22.9 

23.1 

s,  7.67(2) 
s,8.10(l) 

Br 

Br 

280*' sinters 
285-290  dec 

90 

11.3 

11.0 

0.63 

0.50 

8.83 

8.78 

«  Recrystallized  from  hexane.  *  Recrystallized  from  heptane.  *  Recrystallized  from  toluene.  <'  Recrystallized  from  xylene.  *  Distilled.  ^  Mo- 
lecular weights  determined  osmometrically  in  'chloroform.  High  volatility  of  perfluoroalkylpyrazaboles  would  lead  to  high  values.  '  The  H^  nmr 
data  show  multiplicity,  chemical  shift  in  r,  and  relative  areas.    The  B"  nmr  data  are  given  in  parts  per  million  and  referred  to  external  methyl  borate 


II),  while  triphenylboranc  yields  4,4,8,8-tetraphenyI- 
pyrazabole. 

All  pyrazaboles  thus  prepared  are  colorless,  sublim- 
able  solids  except  for  4,4,8,8-tetrabutylpyrazabole  which 
is  a  liquid.  They  are  unaffected  by  air  and  water  and 
have  been  stored  for  over  3  years  without  any  apparent 
deterioration,  although  2,6-dinitropyrazabole  is  photo- 
sensitive. 

Such  extraordinary  stability  is  even  more  noteworthy 
if  one  considers  that  none  of  the  other  chelating  systems 
has  yielded  isolable  BH2-bridged  species  despite  several 
attempts  at  their  preparation.*'"  This  stability 
(thermodynamic  as  well  as  kinetic)  may  be  rationalized 
as  foUows.  (A)  Molecular  models"  show  that  the 
nitrogen  and  boron  atoms  (the  prospective  targets 
of  electrophilic  and  nucleophilic  attack,  respectively) 
in  pyrazabole  are  much  better  shielded  than  the  BRs 
group  and  the  corresponding  heteroatoms  in,  for  in- 
stance, analogous  acetylacetone  derivatives.    The  im- 

(36)  While  Stuart-Breigleb  models  may  not  give  an  accurate  picture 
of  the  molecular  structure,  they  are  useful  in  supplying  qualitative  data. 
An  imstrained  model  of  pyrazabole  is  puckered  in  the  boat  form,  whereas 
one  would  expect  the  molecule  to  be  planar  if  coplanarity  of  the  B-N 
bonds  and  tetrahedral  angles  around  boron  are  preserved.  Such  a 
model  may  be  also  constructed,  but  it  entails  considerable  strain. 


portance  of  steric  factors  in  B-N  coordination  chemistry 
is  well  known.''  (B)  While  there  are  four  nonexcited 
resonance  structures  based  on  charge  separation  in 
BR2-bridged  acetylacetone,  there  are  16  structures  such 
as  Ilia  in  pyrazabole  with  attendant  stabilization  of  the 
ground  state.  (C)  The  pyrazole  nucleus  is  much  more 
resistant  to  reduction  than  an  enolizable  1,3-dione  sys- 
tem. 

A  characteristic  feature  in  the  infrared  spectra  of 
B-unsubstituted  pyrazaboles  is  the  strong  absorption 
due  to  BH  stretch  (Figure  1).  It  is  most  complex  in 
pyrazabole  itself  and  consists  of  peaks  at  2470,  2430, 
2410,  2370,  2310,  2280,  2250,  and  2240  cm-^  The 
strongest  peak  is  at  2470  cm^S  and  the  remaining  ones 
are  of  gradually  decreasing  intensity,  except  for  the 
2310,  2280  cm-^  pair  where  the  higher  frequency  peak 
is  the  weaker  of  the  two."  Most  C-substituted 
pyrazaboles  have  a  strong  sharp  doublet  in  the  2400- 

(37)  T.  D.  Coyle  and  F.  G.  A.  Stone,  Progr,  Boron  Chem,,  1, 132 
(1964),  and  references  cited  therein. 

(38)  This  spectrum  was  measured  in  Nujol  mull.  The  BHs  band 
remained  complex  even  in  CC\%  solution:  2440  (s),  2415  (s),  2345  (m), 
2280  (w),  2265  (w),  and  2220  (w)  cm'^  This  complexity  of  the  BH 
stretch  is  inconsistent  with  a  planar  model  of  essentially  D|h  symmetry 
and  supports  a  puckered  structure  as  indicated  by  molecular  models. 
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Table  EL    Compounds  of  Structure 


Yield. 
% 

% ■■ H 

Found  Cakd 

Found 

R 

R' 

Mp.°C 

Qilcd 

Oiled 

•"Found 

H'nmr' 

BUuiv/ 

H 

H 

lOfr-107' 

»4 

61.8 

61.7 

9.56 

9.33 

B,7.94 

B.7.90 

d.  2.41(2) 
t,  3.60(1) 
m,  9. 5(10) 
y-2.3cp8) 

^  +  16.1 

H 

a 

117-1 18- 

M 

49.0 

49.3 

7.00 

7,18 

N,  16.9 

N, 16.5 

.,2.38(1) 
m.9.4(3) 

^+15.0 

H 

Br 

127-128" 

« 

39.1 

39.0 

3.59 

3.91 

Br.  37.2 
Molwt.430 

»,37J 
M0lwt,447« 

..2.32(1) 
m.  9.4(5) 

t,  +13.6 

H 

CN 

264-263* 

93 

59.7 

60.0 

7.46 

7.41 

N,26.1 

N.26.0 

M.97(l) 
m.9.4(5) 

s,  +15.4 

H 

NO, 

186-189' dec 

46 

46.4 

43.0 

6.63 

6.70 

N.23.2 

N,23.9 

M.TOd) 
ni.9.3(5) 

CH, 

H 

156-157* 

86 

65.8 

63.9 

10,4 

10.6 

^  4.03  (I) 
^  7.60  (6) 
m,  9.08-9.75 
(10) 

.,+13.8 

CH. 

CH. 

173-17* 

!» 

67.4 

67.4 

10.7 

10.7 

N.15.7 

N,I5.9 

^  7.37  (6) 
s,  7.88(3) 
m.  9.4  (10) 

1,  +14.3 

Br 

Br 

--210  dec 

94 

22.5 

23.0 

2.68 

2.79 

q,  8.73(2) 
1.9.32(3) 
(/-8.0CP.) 

H 

CFiCF^ 

63-64' 

69 

39.5 

39.5 

3.95 

3.96 

N.9.21 

N,9.79 

■  Recrynallized  from  elhano).  *  Recrystallizcd  from  xylene.  •  Reciystallized  from  heptane.  '  IDistilled,  bp  94-^  "  (4.5  me 
ular  wdghts  determined  osmometckally  in  chloroform.  ^  Tlie  H'  nmr  spectra  show:  multiplicity,  chemical  shift  in  r,  and  r 
The  B"  nmr  data  are  given  in  parts  per  million  and  referred  to  external  methyl  borate. 


2500-cm-'  range,  separated  by  10-100  cm-',  and  ad- 
ditional weaker  and  less  well-defined  bands  in  the  2250- 
2400-cm~'  range.  Other  functional  groups  attached  to 
carbon  in  pyrazaboles  absorb  normally.    For  instance. 


3      4      5      6      7      8 


Rgure  1.    Infrared  spectra  of  pyrazabole  and  4,4,8,8-tetraethyl- 
pyrazabole. 


2,6-pyrazaboledicarbonitrile  contains  the  C:N  band 
at  2260  cm"*,  as  does  4-pyrazolecarbonitrile.  Many 
4,4,8,8-tctTaethylpyrazaboles  have  characteristic  strong 


absorption  in  the  840-880-cin~'  range  and  a  weaka 
band  at  about  910  cm~  *. 

The  H'  ntnr  spectra  of  pyrazaboles  were  most  usefiil 
in  structure  assignment.  They  invariably  indicated 
equivalence  of  the  1,3,5,7  and  2,6  positions,  respectively. 
The  chetnical  shift  of  the  1,3,5,7-hydrogens  in  2,6-di- 
substituted  pyrazaboles  ranges  from  r  0.9S  (Y  -=  C^ 
to  2.64  (Y  =  CH|)  and  seems  to  parallel  the  inductive 
effect  of  the  substituents.  The  same  trend  is  noted,  but 
to  a  lesser  extent,  in  2.6-disubstituted  4,4.8,8-tetneth^ 
pyrazaboles.  Ethyl  groups  in  the  latter  compouDds 
appear  as  a  relatively  narrow  triplet  (half-height  width 
10-12  cps)  around  t  9.30-9.40,  the  methylene  hydrogens 
coinciding  with  the  methyl  group  (Figure  2).  Id 
l,3,5.7-tetramethyl-4,4,8,8-tetraethylpyrazabole  and  1,- 
2,3,5.6,7-hexamethyl-4,4,8,8-tetraethylpyrazabde,  the 
methylene  and  methyl  peaks  appear  as  an  ill-defined 
multiplet  in  the  t  9.0-9.8  range.  1,2,3,5,6,7-Hext- 
bromo-4,4,8,8-tetraetbylpyrazabole  is  the  only  com- 
pound having  the  normal  quadruplet-triplet  pattern 
for  its  ethyl  groups.  The  hydrogens  of  the  BHt  group 
in  pyrazaboles  appear  as  an  exceedingly  broad  (300 
cps)  band,  but  their  presence  and  ratio  to  other  by* 
drogens  is  easily  established  by  integration. 

The  B"  nmr  spectra  of  pyrazaboles  show  the  expected 
1:2:1  triplet  in  the  27-31-ppm  range."     In  some  cases 
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are  well  resolved  with  coupling  constants  around 
cps;  in  others  the  triplets  are  ill  defined.  In 
8-tetraethylpyrazaboles  the  boron  resonance  ap- 
as  a  singlet  in  the  15-17-ppm  range,  which  is 
t  13  ppm  higher  than  for  the  BEts-bridged  acetyl- 
nates/  but  about  18  ppm  lower  than  in  tetraethyl- 
eion.*^ 

th  regard  to  the  mechanism  of  pyrazabole  forma- 
:wo  situations  may  be  distinguished.  Before  con- 
ng  these,  one  should  note  that  the  geometry  of 
:ole  is  favorable  to  a  cyclic  five-center  transition 
If  one  assumes  coordination  at  the  2  position 
ecede  any  bond  breaking,  the  1 -hydrogen  should 
fficiently  close  to  an  R  group  to  permit  intramolec- 
departure  of  RH.  Such  proximity  may  be  in- 
i*^  from  the  facile  formation  of  a  pyrazole  formal- 
le  adduct^'  possessing  an  intramolecular  hydrogen 


— N 


R 


yst 


j^—if 


^  BRa 

R 


X 


e  and  the  ease  of  intramolecular  quatemization 
1  -(2,3-dibromopropyl)pyrazole.  **  The  reaction 
e  as  shown  above  is  the  most  plausible  path  for 
ylboranes,  triarylboranes,  and  tetrahydrofuran- 
le  where  uncontested  B-N  coordination  takes 
,  as  manifested  by  heat  evolution  and  dissolving 
/razoles  suspended  in  xylene  upon  addition  of 
ylborane.  The  1-dialkylborylpyrazole  fragment 
apart  from  dimerizing,  react  with  pyrazole  to  form 
It  has  been  shown,"  however,  that  hydrogen  poly- 
razolyl)borates  disproportionate  irreversibly  at 
ted  temperatures  to  pyrazaboles  and  pyrazole. 
^over,  the  electrophiUcity  of  a  BR2  group  ought  to 
iss  that  of  pyrazole  hydrogen,  and  hence  the 
ble  formation  of  IV  is  of  minor  significance.  The 
molecular  activation  by  coordination  suggested 
s  has  its  analogy  in  the  reaction  of  boranes  with 
>xylic  acids,  the  mechanism  of  which  has  been 
Dsed  by  Brown**  and  confirmed  by  Toporcer, 
/,  and  Green.**  While  the  transition  state  in 
le-pyrazole  reaction  involves  a  five-membered 
electrons  are  relayed  along  pyrazole's  w  system 
n  that  sense  an  eig^t-membered  ring  is  involved  in 
ansition  state. 

different  situation  obviously  exists  when  pyrazoles 
with  trimethylamine  borane  where  a  strong  donor 
cule  is  involved.  Probably  an  equilibrium  involv- 
imethylamine  1-pyrazolylborane  is  established,  the 
ion  being  driven  to  completion  by  removal  of  tri- 
ylamine  from  the  system  and  irreversible  formation 
razabole. 

e  reaction  of  1,2,4-triazole  with  triethylborane 
Ml  the  analogous  4,4,8,8-tetraethyl-5>^/n-triazabole. 
compound  was  obtained  in  lower  yield  than  the 
sponding   pyrazabole,   which   is   not   surprising 

R.  J.  Thompson  and  J.  C.  Davis,  Jr.,  Inorg.  Chem,,  4, 1464(1965). 
The  bond  angles  and  distances  in  pyrazole  have  not  been  deter- 

R.  HUttel  and  P.  Jochum,  Ber.,  85,  820  (1952). 
S.  Trofimenko,  /.  Am.  Chem.  Soc.,  87,  4393  (1965). 
H.  C.  Brown,  **Hydroboration,'*  W.  A.  Benjamin,  Inc.,  New 
N.  Y.,  1962.  p  66. 

L.  H.  Toporcer,  R.  E.  Dessy,  and  W.  I.  E.  Oreen,  /.  Am,  Chem» 
7,  1237  (1965). 
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Figure  2.    Nmr  spectrum  of  4,4,8,8-tetraethylpyrazabole. 

in  view  of  the  additional  nitrogen  atom  than  can  interact 
in  the  coordinating  stage  of  the  reaction. 

Experimental  Section 

Pyrazole,  3,5-diinethylpyrazole,  l»2,4-triazole,  triethylborane, 
tributylboraiie,  triphenylborane,  and  trimethylainine  borane  are 
commercially  available.  They  were  used  without  further  purifica- 
tion. 4-Chloropyra2X>le,^4-bromopyra2X>le,^  4-methylpyrazole,^ 
4-pyra2X>lecarbonitri]e,<*  4-nitropyrazole,**  3,4,5-trimethylpyra- 
zole,*^  and  3,4,5-tribromopyrazole*'  were  prepared  by  pubUshol 
methods. 

General  Method  for  Preparing  Pyrazaboles.  Equimolar  amounts 
of  the  appropriate  pyrazole  and  trimethylamine  borane  were  re- 
fluxed  in  toluene  (about  1  l./mole).  The  emanating  gases  were 
conducted  through  a  —80°  trap  to  a  wet-test  meter  or  other  suit- 
able volumetric  device.  The  progress  of  the  reaction  was  foUowed 
by  measuring  the  amount  of  hydrogen  evolved.  In  most  instances 
the  reaction  was  complete  within  a  few  hours.  The  solvent  was 
distilled  under  aspirator  vacuum,  and  the  residue  was  purified 
by  recrystallization  and  sublimation  (see  Table  I).  In  the  cases  of 
3,5-bis(trifluoromethyl)pyrazole  and  3,4,5-tribromopyrazole,  their 
tetrahydrofuran  solutions  were  added,  under  nitrogen,  to  an  equiva- 
lent amount  of  borane  in  tetrahydrofuran.  The  theoretical  amount 
<^  hydrogen  was  evolved  rapidly.  The  solutions  were  then  proc- 
essed as  above. 

General  Method  for  Preparing  M^iS-Tetraetfaylpyrazaboles. 
Equimolar  amounts  of  the  appropriate  pyrazole  and  triethylborane 
were  stirred  and  refluxed  in  xylene  (about  1  l./mole)  until  the  theo- 
retical amount  of  ethane,  as  measured  by  a  wet-test  meter,  was 
evolved.  The  solvent  was  evaporated  and  the  residue  purified 
by  recrystallization  and  sublimation  (see  Table  U). 

4,43i8-Tctrabutylp3rrazabole.  A  mixture  of  13.6  g  of  pyrazole 
and  50  ml  of  tributylborane  (both  0.2  mole)  was  stirred  and  re- 
fluxed  in  250  ml  of  xylene  unUl  about  5  1.  of  butane  was  evolved. 
The  solvent  was  evaporated  at  reduced  pressure,  and  the  residual 
oil  was  distilled  in  vacuo.  There  was  obtained  34.2  g  (89.0%)  of 
material,  bp  190""  (4.6  mm),  /id  1.4948.  Anal.  Cakd  for  C^bHo- 
BtNt:    C,  68.8;  H,  10.9.    Found:    C,  69.0;  H,  10.9. 

The  nmr  spectrum  consists  of  a  doublet  at  r  2.42  (/  »  2.5  cps),  a 
triplet  at  3.62  (/  =  2.5  cps),  and  a  multiplet  around  9.2  in  2: 1 :  18 
ratio. 

4A83-Tetrapheny!pyrazabole.  A  mixture  of  22.6  g  (0.0935 
mole)  of  triphenylborane  and  68  g  (1.0  mole)  of  pyrazole  was 
heated  to  reflux  until  benzene  ceased  to  distU.  The  melt  was 
poured  into  8(X)  ml  of  water  and  stirred  for  2  days.  The  mixture 
was  filtered,  and  the  solid  was  air  dried  and  recrystallized  from  200 
ml  of  boiling  toluene.  It  was  washed  with  ether  and  air  dried. 
There  was  obtained  15.7  g  (72.4%)  of  a  material  melting  at  273- 
274^  Anal.  Calcd  for  CioHtANt:  C,  77.6;  H,  5.60;  N, 
12.0.    Found:    C,  77.9;  H,  5.40;  N,  11.6. 

34^Bis(trlfluoronietfay!)pyraxole.  A.  Addoct  of  1,1,1,5,53- 
Hexaflaoropcntane-2,4-dioiie  with  Hydrazfaie.  1,1,1,5,5,5-Hexa- 
fluoropentane-2,4-dione  (208  g,  1.00  mole)  was  added  slowly  at 


(46)  R.  HUttel,  O.  Schafer,  and  O.  Welzel,  Ann.,  598, 186  (1956). 

(47)  E.  Buchner  and  M.  Fritsch,  Ann.,  273,  256(1893). 

(48)  V.  T.  Klimko,  T.  V.  Protopopova,  and  A.  P.  Skoldinov,  Zh. 
Ohsheh.  Khim.,  31,  170  (1960). 

(49)  S.  Trofimenko,  /.  Org.  Chem.,  28,  2755  (1963). 

(50)  R.  HUttel,  F.  BUchele,  and  P.  Jochum,  Ber.,  88, 1577  (1955). 

(51)  R.  V.  Rothenburg,  /.  Prakt.  Chem.,  [2]  52,  45  (1895). 

(52)  R.  HUttel.  H.  Wagner,  and  P.  Jochum,  Ann.,  593, 179  (1955). 
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5°  to  a  solution  of  60  g  (1.2  moles)  of  hydrazine  hydrate  in  1.5  1. 
of  ethanol.  The  solution  was  evaporated  at  40°  (20  mm),  yielding 
a  white  solid  which  was  recrystallized  from  toluene.  Two  crops, 
148  and  1 5  g,  were  obtained  for  a  total  yield  of  72  %.  The  material 
was  purified  further  by  sublimation  and  melted  at  133-135°. 
Anal.  Calcd  for  CftHeFeNjO,:  C,  25.0;  H,  2.50;  F,  47.5. 
Found:    C,24.9;  H,2.73;  F,47.5. 

B.  The  above  product  (173  g,  0.72  mole)  was  melted  and  heated 
with  stirring  as  water  distilled  slowly.  After  cessation  of  water 
evolution,  the  temperature  rose  and  a  material  boiling  at  147-149° 
(1  atm)  came  over  and  solidified.  It  melted  at  84°,  had  an  un- 
pleasant, pungent  odor,  and  sublimed  with  great  ease.  Anal, 
Calcd  for  CjHiFtN,:  C,  29.4;  H.  0.98;  F,  56.0;  mol  wt,  204. 
Found:  C,  29.5;  H,  1.20;  F,  56.2;  mol  wt  (cryoscopic  in  ben- 
zene), 208. 

Trimethylamine  34^Bis(trifliioroiiie(fayl)pyrazol-l-ylborane.  A 
mixture  of  3,5-bis(trifluoromethyl)pyrazole  (20.4  g,  0.100  mole) 
and  trimethylamine  borane  (7.3  g,  0.10  mole)  was  refluxed  over- 


night in  1 50  ml  of  toluene.  The  solvent  was  distilled  at  atmospheric 
pressure  leaving  an  oil.  On  vacuum  distillation  there  was  obtained 
21.4g(78%)ofproduct,  bp88°(lnim).  Anal.  Calcd  for  QHir 
BFeN,:  C.  34.9;  H,  4.37;  F,  41.5;  N.  15.3.  Found:  C; 
35.2;  H,4.47;  F,42.2;  N.  15.2. 

The  infrared  spectrum  has  a  BHi  multiplet  in  the  2500-ciir^ 
region.  The  nmr  spectrum  shows  two  singlets  at  r  3.12  and  7.41 
with  relative  intensity  of  about  1 :9. 

4,43i8-Tetraethyl-j>'m-trlazabole.  A  mixture  of  13.8  g  of 
1,2,4-triazole  and  28  ml  of  triethylborane  (both  0.2  mole)  in  250  ad 
of  xylene  was  stirred  and  refluxed  overnight.  The  solutioo  wis 
evaporated  to  dryness,  and  the  residue  was  sublimed  in  vacm. 
The  product  was  obtained,  after  recrystallization  from  bqjtaae 
and  resublimation,  in  14-g  (50%)  yield.  It  melts  at  163-164^ 
Anal,  Calcd  for  CiJImBJ^.:  C.  52.5;  H,  8.77;  N,  30.7.  Found: 
C,  52.5;  H,  8.66;  N,  31.2. 

The  nmr  spectrum  has  a  single  sharp  peak  at  r  1.74  and  a  mul- 
tiplet around  r  9.35  with  relative  intensities  1 : 5. 
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Abstract:  Alkali  metal  dihydrobis(l-pyrazolyl)borates,  hydrotris(l-pyrazolyl)borates,  and  tetrakis(l-pyrazolyl)bo- 
rates  have  been  prepared  from  alkali  metal  borohydrides  and  pyrazole.  The  first  two  are  parent  compounds^  each 
representing  a  new  class  of  chelating  agents.  Dihydrobis(l-pyrazolyl)borates  are  uninegative  bidentate  ligands  and 
react  with  divalent  transition  metal  ions  forming  square-planar  or  tetrahedral  chelates,  while  hydrotris(l-pyrazolyl)- 
borates  are  uninegative  tridentates  yielding  octahedral  coordination  compounds.  A  study  of  the  solvent  and 
cation  dependence  in  the  nmr  spectra  of  poly(l-pyrazolyl)borate  ions  permitted  assignment  of  the  3-H  and  5-H 
doublets.  All  alkali  metal  poly(l-pyrazolyl)borates  can  be  converted  to  isolable  free  acids  of  moderate  stability. 
The  synthesis  and  properties  of  representative  compounds  are  described. 


It  has  been  shown  recently ^'^  that  when  a  BRs  group 
acts  as  a  bridging  unit  between  two  pyrazole  nuclei, 
several  new  classes  of  boron  compounds  are  obtained, 
depending  on  the  nature  of  the  second  bridging  unit. ' 
When  that  unit,  Z,  is  BR2,  then  the  resulting  structure 
is  a  pyrazabole  (I).  When  Z  is  a  metal  or  onium  ion, 
the  compound  belongs  to  the  class  of  polyCl-pyrazoIyO- 
borates  (II).  Finally,  when  Z  is  a  hydrogen  bridge,  we 
have  the  corresponding  free  acid  (III). 


HsB 


^ 


I,  Z^BRs 
II,  Z«M 

m,  Z-H 

Pyrazaboles  (I)  are  neutral  heterocycles  that  may  be 
regarded  as  dimers  of  an  intermediate  dihydroboryl- 
pyrazole  (for  R  ==  H)  fragment.    On  the  other  hand, 

(1)  S.  Trofimenko,  /.  Am,  Chem,  Soc.,  88, 1842  (1966). 

(2)  S.  Trofimenko.  ibid.,  89,  3165  (1967). 

(3)  One  could,  of  course,  view  this  field  from  the  aspect  of  a  bidentate 
pyrazolyl  group  acting  as  a  bridge  between  two  BRs  groups  or  between 
BRs  and  a  metal  ion.  Analogies  in  the  former  case  are  numerous  with 
hydrogen,  dialkylamino,  alkylmercapto,  and  other  groups  acting  as 
bridges.  To  the  latter  belong  the  few  examples  of  hydrogen-bridged 
metal  borohydrides:  B.  D.  James,  R.  K.  Nanda,  and  M.  G.  H.  Watt- 
bridge,  J,  Chem,  Soc,,  Sect,  A,  182  (1966),  and  references  cited  therein. 


poIy(l-pyrazolyl)borates  belong  to  the  class  of  uni- 
negative tetrasubstituted  boron  compounds  whidi 
hitherto  have  been  known  only  as  salts.  Of  these,  there 
are  only  a  few  examples  of  [BR,R'4- J-  species  con- 
taining a  B-N  bond,  N  being  an  amino,  pyrrolyl,  or 
indolyl  group.  None  of  these  has  displayed  any  un- 
usual properties.  *"• 

By  contrast,  poly(l-pyrazolyl)borates  not  only  exhibit 
remarkable  hydrolytic  and  oxidative  stability  but  are 
excellent  chelating  agents  for  a  wide  range  of  transition 
metals  and  provide  for  the  first  time  examples  of 
isolable,  albeit  hydrated,  free  acids,  H[BR,R'4-J. 
This  paper  is  concerned  with  the  synthesis  and  proper- 
ties of  the  two  parent  ligands,  dihydrobis(l-pyrazol^> 
borates*  and  hydrotris(l-pyrazolyl)borates,'  and  their 
free  acids  and  diverse  salts  and  chelates  derived  the^^ 
from.  Although  tetrakis(l-pyrazolyl)boratcs*  are,  in 
terms  of  coordinating  ability,  merely  a  substituted 
variant  of  tris(l-pyrazoIyl)borates,  they  will  be  covered 

(4)  C.  A.  Kraus  and  W.  W.  Hawes,  /.  Am,  Chem.  Soc.^  55, 2776 
(1933). 

(5)  C.  A.  Kraus.  Nucleus,  13,  213  (1936). 

(6)  J.  E.  Smith  and  C.  A.  Kraus,  /.  Am,  Chem,  Soc,^  73,  2751  (1951). 

(7)  H.  S.  Turner  and  R.  J.  Warne.  Proc,  Chem,  Soc.,  69  (1962). 

(8)  V.  A.  Sazonova  and  V.  I.  Karpov,  Zh,  Obshch.  Khbn^  33, 3313 
(1963). 

(9)  For  the  sake  of  brevity  the  dihydrobis(l-pyrazolyl)borate,  bydro- 
tris(l-pyrazolyl)borate,  and  tetrakis(l-pyra2x>lyl)borate  ions  will  be 
written  as  HxB(pz)t-,  HB(pz)r,  and  £kpz)4',  respectively,  **pz**  deootinf 
the  1 -pyrazolyl  fragment 
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aper  since  they  are  preparatively  related  to  the 
1  they  also  fit  the  [H,B(pz)4  -  »]"  formula. 

nd  Discussion 

potassium  borohydride  is  added  to  an  excess 
a  pyrazole,  evolution  of  hydrogen  commences, 
ues  smoothly  at  90-120^  and  comes,  essentially, 
when  2  equiv  of  hydrogen  has  been  evolved, 
ing  the  melt  into  toluene,  the  salt  IV,  mp  171- 
precipitated  in  74%  yield.  This  salt  may  be 
lized  from  anisole. 

the  other  hand,  the  above  reaction  mixture  is 
irther,  a  third  equivalent  of  hydrogen  is  evolved 
10**,  and  the  salt  V  can  be  isolated  in  80% 
t  can  be  recrystallized  from  anisole  and  melts 
189**.    Finally,  on  prolonged  heating  above 


fl         I  90-120®  _ 

N-HMH  >     HJB 

(large 
excess) 


4k^1 


K 


180-210* 


IV 


K 


>220« 


.  40^1 


VI 


fourth  equivalent  of  hydrogen  is  evolved,  and 
^I  can  be  isolated  in  98%  yield.    It  melts,  after 
lization  from  ethanol,  at  230-23 1  **. 
Tucture  of  IV  is  consistent  with  the  following: 
chiometry  of  hydrogen  evolution,  elemental 

the  infrared  spectrum  which  shows  a  strong 
tch  multiplet  resembling  that  of  pyrazabole  at 
50  cnr\  and  the  H*  nmr  spectrum  which  shows 
e  pyrazole  hydrogens  as  doublets  at  r  2.42 
I  cps)  and  2.49  (/  =  2.2  cps)  and  a  triplet  at  r 
=  2.0  cps)  in  a  1:1:1  ratio.  The  signal  arising 
I2  hydrogens  is  broad  and  cannot  be  discerned, 

number  of  boron-bonded  hydrogens  can  be 
led  as  two  by  integration  in  the  r  3-9  range. 

nmr  sj)ectrum  consists  of  a  triplet  (J  =  96 
teredat+25.7ppm.*® 

ure  V  was  established  in  similar  fashion.  The 
tch  appeared  as  a  single  peak  at  about  2470 
rhe  H*  nmr  spectrum  in  DjO  showed  three 
ie  to  CH  hydrogens  as  doublets  at  r  2.43  (J  = 
and  2.82  (J  =  2.2  cps)  and  a  triplet  at  r  3.85 
:  3  ratio.  The  BH  hydrogen  of  intensity  1  was 
y  integration  over  the  range  r  3-9.  The  B** 
ctrum  had  a  doublet  (J  =  105  cps)  at  + 19.6 

alt  KB(pz)4  showed  no  BH  band  in  the  infrared 
1  three  nmr  peaks  (in  D2O):  doublets  at  r 
^  1.7  cps)  and  2.62  (/  =  2.3  cps)  and  an  ill- 
triplet  at  r  3.67  in  a  1 : 1 : 1  ratio.  The  B"  nmr 
n  consisted  of  a  sharp  singlet  at  + 17.3  ppm. 
roton  nmr  spectra  of  H2B(pz)2"",  HB(pz)r,  and 
ions  show  that  all  the  pyrazolyl  residues  in  each 
identical.  The  triplet  (resolvable  into  a  set  of 
)ing  doublets)  was  readily  assigned  to  the  4-H. 
other  hand,  the  data  available  were  insufficient 
;n  the  Jtt  and  71.8  doublets.**  In  a  similar 
1   pertaining   to    1-acyl-substituted   pyrazoles, 

e  B^^  nmr  spectra  were  determined  at  19.2  Mc,  and  the  chemi- 

ire  referred  to  external  trimethyl  borate. 

e  3,3  splitting  of  M).6  cps  is  not  always  discernible. 


Williams*'  concluded,  by  unambiguously  blocking  the 
5  position,  that  the  5-H  appears  at  lower  field  and  that  it 
has  the  higher  coupling  constant  of  the  two.  The  above 
conclusions  were  corroborated  later  and  extended  to 
1-alkylpyrazoles  by  other  authors.*' 

Since  there  was  no  basis  to  assume  a  priori  that  these 
conclusions  could  be  equally  well  applied  to  poly- 
(l-pyrazolyl)borates,  and  esj)ecially  since  boron  is 
known  to  change  the  appearance  of  signals  arising 
from  well-known  groups  in  unpredictable  fashion,*^ 
the  problem  of  assigning  the  3-H  and  S-H  doublets  in 
poly(l-pyrazolyl)borate  ions  had  to  be  solved  inde- 
pendently. 

The  approach  chosen  entailed  studying  the  effect  of 
changing  the  solvent  and/or  cation  on  the  chemical 
shifts  in  M[H„B(pz)4  -  »]  salts.  It  was  assumed  that  in 
solvents  where  ionization  is  suppressed  and  ion-pairing 
or,  in  the  extreme  case,  chelation*^  of  the  cation  takes 
place,  the  environment  of  the  "outer,"  3-H,  would 
change  more  significantly  than  that  of  the  "inner," 
5-H,  and  suitable  changes  in  their  chemical  shifts  would 
be  observed.  In  order  to  separate  the  differential 
solvent  effect  from  the  over-all  solvent  effect,  the  posi- 
tion of  the  4-H  was  used  as  an  internal  standard,  and 
changes  in  the  distance  (A2.2  and  Ais)  of  the  two  dou- 
blets /2.S  and  /1.8  from  it  were  measured  in  cycles  per 
second.  It  was  established  that  in  a  given  system  Asa 
and  A1.8  are  relatively  independent  of  concentration. 

When  As.s  and  A1.8  were  measured  in  water  for  a  series 
of  MB(pz)4  salts  (M  =  Li,  Na,  K,  Cs,  and  Me4N), 
values  of  62  db  1  and  82  ±  1  cps,  respectively,  were  ob- 
tained, which  is  consistent  with  complete  separation 
of  the  ions.  The  situation  changed  dramatically  upon 
switching  to  acetone  as  solvent.  There  A1.8  remained 
relatively  constant  at  84  db  2  cps,  but  A2.2  proved  to  be 
strongly  cation  dependent,  and  values  of  45  (Li),  55 
(Na),  65  (K),  72  (Cs),  and  76  cps  (Me4N)  were  obtained. 
The  same  effect  was  observed  in  dimethylformamide  and 
dimethyl  sulfoxide.  There  Ai.s  varied  over  6-7  cps 
in  going  from  the  Li  to  the  Me4N  salt,  while  A2.2  ranged 
over  30  and  38  cps,  respectively. 

A  similar  situation  prevails  in  M[HB(pz)z]  salts. 
There,  too,  A2.2  and  A1.8  are  relatively  invariant  in 
water  (65  ±  2  and  83  ±  2  cps,  respectively).  On 
switching  to  acetone  A1.8  remains  at  84  db  2  cps  while 
A2  2  is  again  cation  dependent  with  values  of  98  (Li), 
97  (Na),  93  (K),  84  (Cs),  and  80  cps  (Me4N).  This 
behavior  is  also  noted  in  other  solvents  such  as  dimethyl- 
formamide, dimethyl  sulfoxide,  and  acetonitrile,  where 
A1.8  remains  relatively  constant  at  83  :i:  3  cps,  while 
A2.2  values  range  over  12-17  cps.  Since  in  all  of  these 
cases  the  /2.8  doublet  appears  at  either  higher  or  lower 
field  than  the  71.8  doublet,  the  hazard  involved  in  assign- 
ing the  3-  and  5-hydrogens  in  unsymmetrical  pyrazoles 
on  the  basis  of  their  chemical  shifts  alone  becomes 
immediately  obvious. 

If  the  cation  is  held  constant  but  the  solvent  varied, 

(12)  J.  K.  Williams,  /.  Org,  Chem..  29,  1377  (1964). 

(13)  L.  O.  Tensmeyer  and  C.  Ainsworth,  ibid,  31,  1878  (1966);  I.  L. 
Finar  and  E.  F.  Mooney,  Spectrochim.  Acta,  20,  1269  (1964). 

(14)  For  instance,  the  B-ethyl  group  may  appear  as  a  singlet  or  a 
triplet  around  r  9  rather  than  the  well-known  triplet-quadruplet  pattern: 
L.  H.  Toporcer,  R.  E.  Dessy,  and  S.  I.  E.  Green,  Inorg,  Chem,,  4,  1649 
(1965). 

(15)  Formation  of  very  tight  ion  pairs  in  systems  capable  of  chelate 
formation  has  been  demonstrated:  H.  E.  Zaugg  and  A.  D.  Schaefer, 
/.  Am,  Chem,  Soc.,  87, 1857  (1965),  and  references  cited  therein. 
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Table  I.    Compounds  of  Structure  M[HsB(pz)i]s 


% 

—  c. 

% ' 

H, 

% ^ 

• N, 

% ' 

. M, 

% ' 

^  Mol  wt  - 

Color 

M 

Mp,  X 

yield 

Calcd 

Found 

Calcd 

Found 

Calcd 

Found 

Calcd 

Found 

Calcd    Found 

White 

Mn 

Darkens 
155,- 
162  dec 

56 

41.3 

42.7 

4.58 

4.72 

White 

Fe 

'^130*  dec 

52 

41.2 

41.9 

4.58 

4.82 

32.0 

32.2 

(greenish 

tinge) 

Violet 

Co 

163-164* 

87 

40.8 

41.1 

4.53 

4.61 

16.7 

16.6 

Orange 

Ni 

181-182* 

92 

40.8 

40.7 

4.54 

4.60 

31.7 

31.1 

16.7 

16.7 

352        337^ 

Lilac 

Cu 

134-135* 

84 

40.3 

40.6 

4.48 

4.77 

17.8 

17.7 

357        367- 

White 

Zn 

161-162* 

90 

40.1 

39.8 

4.46 

4.37 

31.2 

30.6 

«  Sublimed, 
chloride. 


Recrystallized  from  heptane.    *  Recrystallized  from  toluene.    <'  Ebullioscopic  in  benzene.    '  EbuUioscopic  in  methykoe 


the  same  behavior  is  observed.  For  instance,  for 
LiHB(pz)3  Ai.8  is  84  and  86  cps  in  water  and  acetone, 
respectively,  while  the  corresponding  A2.2  values  are 
64  and  98  cps.  Intermediate  values  for  A2.2  may  be 
obtained  by  using  water-acetone  mixtures  as  solvent. 
Analogous,  if  less  dramatic,  results  were  obtained  with 
other  cation  or  solvent  combinations  as  well  as  with 
the  M[H2B(pz)2]  salts. 

These  results  show  clearly  that  the  chemical  shift 
of  the  72.2  doublet  is  much  more  cation  and  solvent 
dependent  than  that  of  the  /1.8  doublet.  On  this  basis, 
the  former  is  assigned  to  the  3-H  and  the  latter  to  the 
5-H. 

When  sodium  or  lithium  borohydrides  are  used  in- 
stead of  potassium  borohydride,  the  corresponding 
sodium  and  lithium  poly(l-pyrazolyl)borates  are  ob- 
tained. It  is  noteworthy  that  LiHB(pz)3,  LiB(pz)4,  and 
NaHB(pz)8  can  be  sublimed  in  vacuo  without  decom- 
position. 

The  oxidative  and  hydrolytic  stability  of  poly(l- 
pyrazolyOborates  increases  with  decreasing  number  of 
hydrogens  attached  to  boron.  Thus,  H2B(pz)2~  is 
oxidized  instantaneously  by  aqueous  permanganate, 
HB(pz)3  is  oxidized  slowly,  while  B(pz)4""  remains  un- 
affected under  these  conditions.  This  trend  is  also 
corroborated  by  polarographic  studies.  The  same 
order  of  stability  is  observed  with  regard  to  storage 
of  their  solutions :  B(pz)r  can  be  stored  for  long  periods 
of  time  in  solution  without  noticeable  deterioration, 
while  HB(pz)3"  is  stored  less  well,  and  H2B(pz)2~  solu- 
tions have  to  be  used  within  a  few  days.  In  the  solid 
state,  however,  all  three  salts  can  be  stored  for  years 
at  room  temperature  exposed  to  air  and  light. 

Careful  acidification  of  aqueous  solutions  of  IV,  V, 
and  VI  with  acetic  acid  yields  the  corresponding  free 
acids  as  water-insoluble  solids.  This  is  the  first  known 
instance  of  a  stable  free  acid  derived  from  a  [BR„R  '4  -  nl" 
species  being  isolated,"  and  it  underscores  the  im- 
portance of  chelation  as  a  stabilizing  factor. 

The  exact  structure  of  these  free  acids  has  not  been 
determined.  They  may  be  ion  pairs  or  have  a  "chelated 
proton"  structure.  They  are  hydrated  to  varying  de- 
grees. Analysis  of  the  free  acid  derived  from  KH2B(pz)2 
fits  best  H[H2B(pz)2l2  •  4H2O,  which  is  in  accord  with 

(16)  The  ions  [BR,»R'4«J-  are  extremely  sensitive  to  aqueous  acid  : 
R.  Damico.  /.  Org.  Chem.,  29, 1971  (1964).  Even  in  the  case  of  relatively 
stable  B(C«H5)«",  no  evidence  for  the  existence  of  a  viable  HB(C6Hft)4 
species  was  found :  J.  H.  Cooper  and  R.  E.  Powell,  /.  Am.  Chem.  Soc, 
85,  1590  (1963).  On  the  other  hand,  the  preparation  of  H[(C«H5)iB- 
(OH)t).  mp  -  35  to  -  33°.  has  been  claimed:  B.  M.  Mikhailov  and  V.  A. 
Vaver.  Dok!.  Akad.  Nauk  SSSR,  102,  531  (1955). 


data  pertaining  to  hydration  of  a  proton  extracted  into 
organic  solvents."  On  the  other  hand,  HB(pz)4  is  es- 
sentially anhydrous.  That  these  solids  do  indeed  con- 
tain the  intact  [H,B(pz)4  -  »]"  ion  is  indicated  by  the  fact 
that  they  can  be  reconverted  to  salts  with  the  same  or 
diflferent  cation  by  titration  with  an  alkali  or  onium 
hydroxide.  Moveover,  the  free  acids  do  react  readily 
with  transition  metal  ions  giving  the  same  chelates  as 
those  obtained  from  the  salts.  In  fact,  precipitation 
of  M[H„B(pz)4  -  n]2  chelates  is  often  carried  out  ad- 
vantageously slightly  on  the  acid  side  to  avoid  copre- 
cipitation  of  transition  metal  hydroxides.  The  free 
acid  derived  from  KHB(pz)8  is  the  least  stable  of  the 
three  and  could  not  be  recrystallized.  Nevertheless, 
it  too  could  be  converted  to  HB(pz)»~  salts  by  titration 
with  metal  or  onium  hydroxides.  All  the  free  adds 
have  infrared  spectra  generally  similar  to  those  of  the 
salts  from  which  they  were  derived.  They  all  have 
broad  absorption  around  2000-3000  cm-^,  and  area 
characteristic  of  intramolecular  hydrogen  bonding. 

Coordination  compounds  derived  from  HjB(pz):", 
HB(pz)8'",  B(pz)4",  and  divalent  first-row  transition 
metal  ions  can  be  prepared  readily  by  metathesis. 
Since  the  compounds  M[H2B(pz)s]3  and  M[HB(pz)s]! 
are  of  different  structural  types,  they  will  be  discussed 
separately. 

Chelates  of  Mn«+,  Fe2+,  Co^^,  Ni«-,  Cu«-»",  and  Zn»^ 
are  precipitated  immediately  when  aqueous  solutions 
of  KH2B(pz)2  and  the  appropriate  metal  ion  are  mixed. 
Similarly,  the  compounds  M[H2B(pz)2j2  are  precipitated 
when  M  is  Pb^^  or  Cd*+,  but  not  when  M  is  Mg^, 
Ca2+  Sr'+,  or  Ba^^.  Ag+,  Pd«+,  and  Hg«-  ions  arc 
reduced  to  the  free  metals.  Compounds  M[H2B(pz):}! 
are  extractable  with  organic  solvents,  particularly  wdl 
with  methylene  chloride.  They  are  stable  to  air  and 
moisture  and  can  be  stored  in  the  solid  state  for  years 
without  decomposition,  with  the  exception  of  the  un- 
stable, air-sensitive  Mn[H2B(pz)2]2  and  Fe[H2B(pz)xl. 
Most  of  them  can  be  sublimed  in  vacuo,  although  sub- 
limation is  at  times  accompanied  by  decomposition  to 
diverse  products,  mainly  metal  pyrazolide,  pyrazabole, 
and  M[HB(pz)3]2.  For  tths  reason  purification  by  r^ 
crystallization  or  by  chromatography  is  preferred. 
Properties  of  M[¥LiB(pz)2]i  compounds  are  summarized 
in  Table  I.    Their  structures  were  determined  as  follows. 

From  a  priori  consideration  of  contributing  structures 
of  the  H2B(pz)2~  ion,  it  is  apparent  that  significant  con- 
tributions are  to  be  expected  from  structures  Vllb  and  c. 

(17)  M.  I.  Tocher,  D.  C.  Whitocy.  and  R.  M.  IHamond.  J.  W>* 
Chem.,  68,  368  (1964),  and  references  dted  Uierein. 
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ructures  have  electronic  and  geometric  features 
al  negative  charge  and  an  available  electron 
sated  at  the  termini  of  the  N-N-B-N-N  se- 
which  can  exchange  places  by  way  of  resonance) 
nilar  to  those  of  the  anion  derived  from  an 
lie  1,3-dicarbonyl  compound  or  its  imine 
Hence,  as  a  first  approximation,  structures 
us  to  metal  acetylacetonates  would  be  expected. 
1  be  noted,  however,  that  (a)  the  3-CH  group  is 
ose  to  the  metal  atom,  thus  shielding  it,  es- 
in  tetrahedral  chelates,  and  (b)  both  nitrogen 
n  pyrazole  are  involved  in  bond  formation  or 
ation  and  hence  are  expected  to  be  unreactive. 
ie  reasons  formation  of  associated  species,  such 
encountered  in  various  nickel(ll)  and  cobalt(II) 
iites,'°  would  not  be  anticipated.  Indeed,  all 
pz)i]i  compounds  show  no  evidence  of  self- 
ion  or  planar-tetrahedral  equilibrium  and  are 
sric. 

]frared  spectra  of  Mn[H,B(p2)J,.  Fe[H,B(pz),],, 
:p2),],,  Ni[H^pz),],,  Cu[H,B(pz)J,  and  Zn- 
it]  are  all  very  similar.  Closer  examination 
that  these  compounds  can  be  divided  into  two 
the  spectra  within  each  group  being  identical, 
first  group  (A)  belong  Ni[HiB(pz)s]i  and  Cu- 
),J,;  to  the  other  (B),  Mn[H,B(pz)i]„  Fe(H,B- 
Co(HjB(pz)i],  and  Zn[H,B(pz)J,.  There  are 
gions  of  the  spectrum  where  differences  are  ap- 
(I)  the  fine  structure  in  the  BHj  stretch  region 
ure  1)  where  the  second  strongest  band  in  group 
fted  toward  lower  frequency  and  the  strongest 
resolved  into  a  doublet,  compared  with  group 
he  band  around  1060  cm~ '  is  a  doublet  in  group 
singlet  in  group  A;  and  (3)  the  850-950-cm-' 
i  distinctly  different  in  each  group. 
:  same  ligand  is  involved  in  all  these  compounds, 
ionic  radii  of  the  metal  ions  are  comparable, 
erved  spectral  differences  are  ascribed  to  dif- 
in  molecular  geometry.  Since  zinc  forms  al- 
clusively  tetrahedral  complexes,  group  B  must 
}f  tetrahedral  chelates  while  those  of  group  A  are 
>  be  square  planar.  In  accord  with  this,  Ni- 
)i})  b  orange-red  and  diamagnetic.  The  BHj 
n  the  infrared  spectra  of  Ni[HiB(pz)J  and  Cu- 
)t})  is  more  similar  to  that  of  pyrazabole,  which 
stent  with  molecular  models  which  indicate 
:  environment  of  the  BHi  in  the  above  com- 
resembles  that  found  in  pyrazabole  rather  than 
chelates  from  group  B. 

n  nmr  spectra  of  the  diamagnetic  chelates 
pz),]i  and  Zn[H,B(pz)j]i  each  consisted  of  two 
i  and  a  triplet  (made  up  of  two  overlapping 
0  in  a  1:1:1  ratio.  They  were  at  r  2.38  (/  = 
(,  3.17  (2.1),  and  3.87  (2.1)  for  Ni[H,B(pz),], 
I-  2.29  (J  =   2.3  cps).  2.46  (2.3  cps),  and  3.80 

1,  for  initance,  F.  A.  Cotton  and  R.  C  Elder,  laorg.  Chem.,  4, 
S):  O.  J.  Bullen,  R.  Mason,  and  P.  Pauling;  Nature,  189, 
I,  and  refaencet  dted  tbereiii. 


(2.3  cps)  for  Zn[HjB(pz)i]  again  implying  fundamentally 
different  molecular  geometries. 

Definitive  evidence  for  the  structure  of  all  these 
chelates  was  obtained  from  magnetic  data,  electronic 
spectra,  and  nmr  studies  of  the  paramagnetic  chelates.  >* 
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Figure  t.   Infiwed  spectra  of  M[H|B(pz)ih  compounds. 


Compounds  of  structure  M[HB(pz),]i  are  precipitated 
immediately  upon  mixing  solutions  of  an  alkali  or 
onium  hydrotris(l-pyrazotyl)borate  and  of  a  divalent 
transition  metal  ion.  In  addition,  such  compounds  are 
also  precipitated  with  Mg'+,  Pb^+,  Cd'+,  and  Pd**  ions. 
Using  Ag+  ion,  the  compound  AgHB(pz)t  is  obtained. 
The  Ag  as  well  as  the  Pd  compounds  decompose  readily 
on  heating  with  formation  of  the  free  metal.  Besides 
Mg*+,  Ca*+  is  also  precipitated  by  the  HB(pz)i-  ion 
but  from  more  concentrated  solutions.  The  solubility 
in  water  of  alkaline  earth  hydrotris(l-poIypyrazolyl)- 
borates  increases  in  the  order  Mg  «  Ca  <  Sr  <  Ba. 
The  strontium  and  barium  compounds  are  salt-like 
and,  like  the  alkali  salts,  may  serve  as  starting  materials 
for  the  preparation  of  transition  metal  compounds. 
The  calcium  compound  behaves  in  some  ways  like  a 
salt  and  in  others  like  a  chelate,  although  Mg[HB(pz)3]i 
behaves  like  one  of  the  transition  metal  compounds  in 
terms  of  physical  properties.  Despite  their  high  solu- 
bility in  water,  Sr[HB(pz)a]j  and  Ba{HB(pz),]s  can  be 
extracted  with  organic  solvents,  e.g.,  methylene  chloride, 
and  Sr[HB(pz)g]:  can  be  sublimed  in  vacuo  without  de- 
composition. 

The  transition  metal  compounds  M[HB(pz)t]i  are 
all  high-melting  solids,  sublimable  in  vacuo.  They  are 
sparingly  soluble  in  polar  solvents  such  as  alcohols  or 
acetone  but  dissolve  readily  in  halocarbons  and  aro- 
matic hydrocarbons  from  which  they  may  be  conven- 
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TaUen.    Compounds  of  Structure  M(HB(pz)i]t 


Mg>        284-28S 


71        48.0       48.3        4.43       4.40 


White 

Cb 

269-271 

92 

46.9 

46.9 

4.29 

4.33 

36.1 

35.7 

White 

Mn 

283-284 

100 

44.9 

43.1 

4.17 

4,33 

11.4 

10.9 

Fe 

265-269 

96 

44.9 

45.1 

4,16 

4.24 

11.6 

11.7 

YeUow 

Co 

277-278 

93 

44.6 

44.8 

4.13 

4.21 

12.2 

12.0 

Lilac 

Ni 

280-281 

100 

44.6 

44.6 

4.13 

3.92 

12.1 

11  9 

Blue 

Cu 

245-247 

96 

44.2 

44.2 

4.08 

4.18 

White 

Zn 

282-284 

94 

44.0 

44.4 

4.08 

4.38 

13.3 

13.3 

While 

Cd 

285-286 

73 

40-2 

40.0 

3.72 

3.64 

31.2 

31.3 

White 

Pb 

220-222 

93 

34,1 

33.9 

3.16 

3.34 

26.5 

26.3 

32.7 

32.7 

■  All  samples  were  reccystallized  from  toluene.    ^  By  vapor-pressure  osmometry  in  chloroftmn. 


iently  recrystallized.  Some  properties  of  M[HB(pz)i]i 
are  summarized  in  Table  II. 

Nothing  has  been  said  thus  far  about  the  structure  of 
these  compounds.  Since  chelates  M[HiB(pz)r}i  are, 
in  terms  of  geometry  and  symmetry,  similar  to  transi- 
tion metal  acetylacetonates  or  to  the  BRj-bridged  bis- 
(dimethylglyoxtme)nickel(II)^  and  its  cobalt  analog," 
one  might  expect  a  similar  structure  in  M[HB(pz)}}] 
compounds  except  for  the  I-pyrazolyl  group  replacing 
a  hydrogen.     That  this  is  not  the  case  became  apparent. 

For  one  thing,  the  colors  of  the  iron,  cobalt,  nickel, 
and  copper  compounds  are  all  different  from  those  in 
the  corresponding  M[HiB<pz)i]}  compounds  and  es- 
sentially identical  with  those  of  the  corresponding 
complexes  with  the  isosteric  and  tsoelectronic  ligand, 
l,l,l-tripyra2oIylmethane."  Molecular  models"  show 
that  the  2-nitrogen  of  the  third  pyrazolyl  group  is  in 
such  close  proximity  to  the  metal  ion  that  it  can  form 
a  coordinate  bond  with  it,  thus  giving  rise  to  a  compact 
structiu-e  of  Dm  symmetry. 


1       9      10      II       12      13      14      15^ 
Figure  2.    Infrared  spectra  of  M[HB(pz)ili  and  M(B(pz)(])  com- 


Compounds  M[HB(pz),]i  have  the  simplest  infrared 
spectra  (Figure  2)  among  poly(l-pyrazolyl)borates,  all 
containing  a  BH  singlet.**    The  Cu[HB(pz))]i  is  sig- 

(20)  G.  N.  Schrauier.  Ber..  95,  1438  (1962). 

(21)  a.  N.  Schrauzer,  /.  Am.  Chtm.  Soc..  SS.  3738  (1966), 

(22)  S.  Troliroeaico,  unpublitbed  results. 

(23)  While  the  exact  dimension)  of  the  pyrazolc  ring  are  not  known, 
the  Siuari-Briegleb  models  provide  a  good  qualitative  picture  of  the 
molecular  structure. 


nificantly  different  in  having  several  of  the  peaks  that 
are  singlets  in  other  M[HB(pz)i]i  compounds  appear  as 
doublets.  The  nmr  spectra  of  M[HB(pz)ili  compounds 
discern  only  one  kind  of  pyrazolyl  group.  The  octa- 
hedral nature  of  these  compounds  is  also  confirmed  by 
electronic  spectra,  magnetic  data,  and  nmr  studies  dT 
paramagnetic  compounds."  An  interesting  case  of 
spin  equilibrium  between  high-  and  low-spin  fonns  hu 
been  found  in  Fe[HB(pz),]." 

Compounds  M[B(pz)4]t,  which  have  the  same  octa- 
hedrally  coordinated  structure  around  the  metal  ion  as 
M[HB(pz)]]],  are,  nevertheless,  in  some  ways  different 
They  are  prepared  by  metathesis  and  have  the  same 
colors  as  their  M[HB(pz)i]]  counterparts.  They,  too, 
are  sublimable  but  are  higher  melting,  more  thermally 
stable,  and  less  soluble  in  organic  solvents.  However, 
the  presence  of  two  additional  I-pyrazolyl  groups  per 
molecule  makes  M[B(pz)Ji  compounds  soluble  io 
aqueous  mineral  acids  from  which  they  can  be  recovered 
on  basification.  In  addition  to  divalent  first-row  transi- 
tion metal  ions,  Cd*+,  Pd'+,  Hg*+,  and  Ag*  are  pre- 
cipitated, and  of  these  all  but  the  sOver  compound  can 
be  purified  by  recrystallization.  In  the  alkaline  earth 
group  Mg'+  is  precipitated  readily,  Ca**  less  readily, 
and  Sr+'  and  Ba+*  are  too  soluble  to  be  precipitated 
except  from  very  concentrated  solutions.  The  infrared 
spectra  of  all  M[B(pz)J  compounds  are  similar  (Figure 
2)  and  devoid  of  BH  absorption.  Their  properties  arc 
shown  in  Table  III. 

Convincing  proof  that  one  of  the  four  I-pyrazolyl 
groups  attached  to  boron  is  different  from  the  otfaa 
three  is  provided  by  the  nmr  spectrum  of  the  paramag- 
netic Co[B(pz)4]3  compound  where  protons  due  to  three 
identical  and  one  different  1-pyrazolyI  groups  per  ligand 
are  discerned,  the  signals  covering  a  range  of  over  12,000 
cycles  due  to  spin-contact  interactions.  ■* 

At  this  point  it  is  pertinent  to  touch  on  the  mechanism 
of  the  reaction  of  pyrazole  with  the  tetrahedral  boro- 
hydride  ion.  While  some  work  has  been  done  in  tbc 
area  of  displacement  reactions  on  tetrahedral  boron," 
mainly  relating  to  solvolytic  and  displacement  rcactjont 
of  borane  complexes,  the  situation  is  by  no  means  is 
clear  as  in  the  case  of  substitution  on  carbon. 


(24)  At  hisher  resolution  this  is  teen  to  coniisi  of  two  peaki  at  ZM 
and  2474cni~>  assigned,  on  the  basis  of  their  intensitiei,  (o  tbeBHnrcKt 
of  the  B ' '  and  B  '<■  isotopes. 

(25)  J.  P.  Jesson,  S.  TroGmenko,  and  D.  R.  Eaton,/.  Am.  Ckrm. Sac, 
89,3158(1967). 

(26)  a.  E.  Ryschkievitsch  and  E.  R.  Birnbaum,  Imrg.  dim,  4, 
375(1963);  J.  Phys.  Cliem..  65.  lOST  i\96l):  M.  F.  Hawth(«K;  W. L 
Budde,  and  D.  Walnisky,  /.  Am.  Chem.  Soc.,  S6,  3337  (1964):  M.  F. 
Hawthorne  and  W.  L.  Budde,  tbbL,  K,  3337  (1964). 
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ble  m.    Compounds  of  Structure  M[B(pz)4]] 


Yield, 

—  c. 

%  — 

—  H, 

%-- 

-N, 

%- 

^  M. 

%  — 

. Mol  wt ^ 

Color 

M 

Mp,  *»C 

% 

Cakd 

Found 

Calcd 

Found  Cakd 

Found 

Calcd 

Found 

Calcd 

Found 

White 

Mg 

358-359« 

71 

49.6 

49.2 

4.13 

3.79 

4.18 

4.10 

White 

Ca 

310-311* 

80 

48.1 

48.0 

4.02 

4.06 

37.5 

37.5 

White 

Sr 

343-346 
dec* 

60 

44.6 

44.1 

3.72 

3.91 

34.7 

34.1 

White 

Ba 

316-318* 

72 

41.4 

39.8^ 

3.45 

4.08 

32.2 

30.8 

White 

Mn 

342-343« 

88 

47.0 

47.2 

3.92 

3.85 

8.95 

8.93 

613 

643- 

Pale  wine- 

Fe 

352-360 

86 

46.9 

47.1 

3.91 

4.04 

36.5 

35.9 

9.12 

9.05 

614 

614/ 

red 

dec* 

3.52% 
B 

3.75% 
B 

Yellow 

Co 

364-365- 

88 

46.8 

46.8 

3.89 

3.91 

36.3 

36.4 

9.57 

9.59 

Lilac 

Ni 

371-372* 

88 

46.8 

47.1 

3.89 

4.22 

9.49 

9.48 

Blue 

Cu 

310-312* 

86 

47.1 

46.6 

4.11 

3.86 

10.2 

10.4 

White 

Zn 

322-323« 

92 

46.2 

46.3 

3.85 

3.62 

10.5 

10.5 

White 

Cd 

328-329« 

75 

43.0 

43.1 

3.58 

3.61 

33.4 

33.1 

White 

Pb 

23(>-232« 

79 

37.6 

37.5 

3.14 

3.13 

29.3 

28.9 

27.1 

27.0 

White 

Hg 

216-220 

71 

37.9 

37.5 

3.16 

3.66 

29.5 

28.7 

'  Recrystallized  from  toluene.    *  Sublimed.    ^  Recrystallized  from  water.    *  Calculated  for  dihydrate:   C,  39.4;   H,  3.82;    N,  30.6. 
ibullioscopic  in  toluene.    ^  Osmometric  in  chlorofornL 


In  our  case,  the  reaction  of  borohydride  ion  with 
Tazole  is  thought  to  proceed  in  a  manner  that  com- 
nes  some  features  of  SnI  and  Sn2  reactions.  This 
echanism  is  probably  also  operating  in  the  reaction 
trimethylamine  borane  with  pyrazole. 
The  main  feature  of  this  mechanism  is  a  cyclic  low- 
ergy  transition  state  with  a  geometry  resembling 
at  in  Sn2  substitution.  However,  while  in  Sn2 
actions  the  departing  and  the  attacking  groups 
e  at  the  apices  of  a  trigonal  bipyramid,  in  the  case  of 
Tazole  and  borohydride  ion  the  evolution  of  hydrogen 
oceeds  concertedly  through  a  cyclic  five-center  transi- 
m  state  ^  and  involves  equatorial  rather  than  apical 


H 


X  o 

(N— N4 


\ 


H^ 


A 


1^*1 

N— N 
/-^       _J> 


-drogen.    Here,  both  B-N  bond  forming  and  B-H 


H-R — N-^ 


i 


VIII 


+    H» 


md  breaking  are  facilitated  by  the  "push-pull"  effect  of 
nrazole  approaching  as  a  1 ,3  dipole.  The  intermediate 
[II  could  then  again  undergo  the  same  type  of  reaction 
reach  a  resonance-stabilized  form  as  the  potassium 
lelate  IV.  Alternatively,  the  same  stage  could  be 
ached  by  coordination  of  1-dihydroborylpyrazole 
btained  from  VIII   via  loss  of  hydride  ion)  with 

[27)  This  cyclic  five-center  u-ansition  state  is  probably  characteristic 
all  pyrazole  reactions  with  dipolarophiles  AB;  it  is  just  as  applicable 
e.g.,  acylation  of  pyrazoles  as  to  hydrolysis  of  acylpyrazoles. 


pyrazole,  present  in  large  excess,  to  yield  the  free  acid 
H[H2B(pz)2]  directly.  This  acid,  in  a  basic  medium^ 
would  be  converted  to  the  [H2B(pz)2j"  ion,  as  the  potas- 
sium chelate.  It  should  be  noted  that  there  is  no  notice- 
able break  in  hydrogen  evolution  until  two  pyrazole 
molecules  per  BH4"  have  reacted.  The  third  pyrazolyl 
group  is  attached  less  readily,  probably  for  steric 
reasons,  and  also  because  of  possible  orientation  of  the 
noncoordinating  nitrogen  in  the  transition  state  toward 
the  potassium  ion  rather  than  toward  the  hydrogen  to 
be  eliminated. 

The  fourth  pyrazolyl  group  is  introduced  very  slowly 
as,  by  now,  the  access  to  the  boron  atom  is  quite 
obstructed.  Possibly,  a  direct  SnI,  dissociation  may 
occur  with  the  slow  step  being  followed  by  rapid  reac- 


H-    + 


'M,K 


tion  of  IX  with  pyrazole  or  pyrazolide  ion. 

When  potassium  borohydride  is  heated  in  excess 
1,2,4-triazole,  the  hydrotris(l,2,4-triazol-l-yl)boratc  ion 
is  formed,  as  proved  by  the  formation  of  compound  X 
when  the  reaction  product  was  treated  with  Co*"'"  ion. 
This  compound  is  yellow  just  like  Co[HB(pz)i]i.  In 
contrast  to  Co[HB(pz)8]2,  however,  it  is  soluble  in  and 
can  be  recrystallized  from  water.  This  solubility  is 
attributable  to  the  presence  of  six  additional  nitrogens 
in  the  molecule. 


KBH4 


+   N— NH 


KHB 


m. 


Co 


1+ 


HB-\N— N74-C0  -AeN— N^— BH 
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Experimental  Section 

PoCankim  Dihydrobif(l-pynizolyl)borate.  Potassium  borohy- 
dride (54  g,  1  mole)  was  mixed  with  272  g  (4  moles)  of  pyrazole  in  a 
1-1.  flask  attached  through  an  air  condenser  to  a  gas  meter.  The 
pyrazole  was  carefully  melted  by  means  of  an  oil  bath  at  90^. 
When  the  contents  of  the  flask  was  sufficiently  molten  to  allow 
magnetic  stirring,  the  mixture  was  stirred  and  heated  at  tempera- 
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tures  not  exceeding  US'",  Potassium  borohydride  dissolved 
slowly  with  evolution  of  hydrogen,  and  the  progress  of  the  reaction 
was  followed  on  the  gas  meter.  After  20  hr,  2  moles  (ca,  50  1.) 
of  hydrogen  had  evolved  and  only  a  few  small  particles  of  KBH4 
were  still  floating  in  the  melt.  These  were  removed  mechanically. 
The  melt  was  poured  into  500  ml  of  toluene;  the  resulting  mixture 
was  stirred  until  it  cooled  to  room  temperature  and  was  then 
filtered.  The  filter  cake  was  washed  twice  with  150-ml  portions  of 
hot  toluene  and  then  air-dried,  yielding  137  g  (74%)  of  a  solid, 
mp  171-172°.  The  analytical  sample  was  recrystallized  from 
anisole.  The  infrared  spectrum  of  the  product  has  a  complex  BH 
pattern  at  2250-2420  cm.»-  Anal.  Calcd  for  CeHgBNiK:  C, 
38.7;  H.  4.30;  N,  30.1.    Found:    C,  38.9;  H,  4.36;  N,  29.9. 

Potassiiiiii  Hydrotri8(l-pynizolyl)borate.  A  mixture  of  272  g 
(4.0  moles)  of  pyrazole  and  54  g  (1.0  mole)  of  potassium  boro- 
hydride was  heated  with  stirring  in  a  1-1.  flask,  connected  via  an 
air-cooled  condenser  to  a  gas  meter,  until  about  75  1.  (3  moles)  of 
hydrogen  had  been  evolved.  The  melt  was  poured  slowly  into 
600  ml  of  stirred  toluene,  whereupon  a  solid  precipitated.  The 
mixture  was  Altered  and  the  product  was  washed  with  hot  toluene, 
then  with  hexane,  and  air-dried.  There  was  obtained  190  g 
(79%)  of  white  solid,  mp  185-190°.  The  solid  was  recrystallized 
from  anisole  and  obtained  as  flne  needles,  mp  188-189°.  Anai. 
Calcd  for  C»HioBKN»:  C,  42.8;  H,  3.97;  N,  33.3.  Found: 
C,  42.9;  H,4.23;  N,  33.4. 

Lithium  Hydrotri8(l-pynizoly]bonite).  This  compound  was 
prepared  by  the  above  method  and  obtained,  after  recrystallization 
from  toluene,  as  needles,  mp  264-265°.  It  is  readily  sublimable 
at  240°  (2  mm).  Ana/.  Calcd  for  CaHioBLiN*:  C,  49.1;  H, 
4.55;  N,  38.2.  Found:  C,48.8;  H,4.84;  N,  38.2.  This  lithium 
salt  is  very  soluble  in  water,  acetone,  alcohols,  and  tetrahydrofuran, 
moderately  soluble  in  chloroform,  and  sparingly  soluble  in  cold 
toluene. 

Sodium  HydroCris(l-pynizolyl)borate.  This  compound  was 
prepared  by  the  above  method  and  obtained  in  91%  yield.  It 
was  purifl^  by  recrystallization  from  1,2-dimethoxyethane  and 
then  by  sublimation  at  210-215°  (2  mm),  mp  222-223°.  Anal, 
Calcd  for  CsHioBN^Na:  C,  45.7;  H,  4.24;  N,  35.5.  Found: 
C,45.5;  H,4.26;  N,  35.2. 

Potassium  Tetrald5(l-pyrazolyi)borate.  Potassium  borohydride 
(54  g,  1  mole)  and  pyrazole  (340  g,  5  moles)  were  heated  together 
until  about  100  1.  of  hydrogen  (4  moles)  was  evolved.  The  melt 
was  cooled  until  it  became  viscous  and  then  was  poured  into  1.5  1. 
of  stirred  toluene.  The  mixture  was  Altered  and  the  cake  washed 
with  successive  portions  of  hot  toluene,  benzene,  and  ether.  The 
solid  was  air-dried  to  give  310  g  (98%  yield).  The  analytical 
sample  was  recrystallized  from  ethanol  and  dried  at  130°  (2  mm), 
mp  253-254.  Anal.  Cated  for  CHuBKNg:  C,  45.3;  H,  3.78; 
N,  35.2.    Found:    C,  45.1;  H,  3.79;  N,  35.2. 

Preparation  of  Poly(l-pynizolyI)borate  Salts  by  Neutralization  of 
tlie  Free  Adds.  General  Procedure.  The  free  acids  were  prepared 
by  adding  an  equimolar  amount  of  acetic  acid  to  a  fairly  concen- 
trated aqueous  solution  of  the  appropriate  potassium  poly(l- 
pyrazolyl)borate.  The  precipitated  free  acid  was  isolated  by 
filtration  and  washed  thoroughly  with  water.  It  was  then  stirred 
with  a  stoichiometric  amount  of  the  appropriate  alkali  metal  or 
quaternary  ammonium  hydroxide  with  additional  methanol,  as 
necessary,  to  effect  homogeneity.  The  solutions  were  decolorized 
with  Darco  and  evaporated  at  reduced  pressure.  The  solid  residues 
were  recrystallized  from  an  appropriate  solvent,  usually  with 
substantial  solubility  losses. 

Tetramethyiammonium  Tetrakis(l-pyrazolyl)borate.  This  com- 
pound was  recrystallized  from  1,2-dimethoxyethane  and  obtained 
in  93  %  yield.  It  decomposes  with  evolution  of  trimethylamine  at 
219-220°.  Anal.  Calcd  for  CeH^BNa:  C,  54.4;  H,  6.81;  N, 
35.7.  Found:  C,  54.4;  H,  7.02:  N,  36.0.  The  nmr  spectrum 
(DsO)  has  doublets  at  r  2.33  (J  <  2.0  cps)  and  2.62  (^2.3),  a  triplet 
at  3.67  (^^1.9),  and  a  singlet  at  6.92  in  exactly  a  1 : 1 : 1 : 3  ratio. 

Lithium  Tetralds(l-pyrazoIyl)borate.  This  compound  was  ob- 
tained in  89%  yield  and  was  recrystallized  from  water.  It  was 
purified  further  by  sublimation  at  300°  (2  mm),  mp  394-395°. 
Ana/.  Calcd  for  CiOiuBLiNs:  C,  50.3;  H,  4.19;  N,  39.2. 
Found:  C,  50.3;  H,  4.36;  N,  38.8.  The  nmr  (DjO)  has  an  un- 
resolved doublet  at  t  2.26,  a  doublet  (J  ^2.2  cps)  at  r  2.58,  and  an 
unresolved  triplet  at  r  3.60  in  a  1 : 1 : 1  ratio. 

Sodium  Tetrald8(l-pyrazolyl)borate.  This  compound  was  ob- 
tained in  80%  yield  after  recrystallization  from  ethanol,  mp  238- 
239°.  Ana/.  Calcd  for  CitH^NsBNa:  C,  47.7;  H,  3.97; 
N,  37.1.    Found:    C,  47.0;  H,  3.87;  N,  36.3. 


Cesium  Tetralds(l-pynizoly!)borate.  This  salt  was  obtained  in 
47%  yield  after  recrystallization  from  ethanol,  mp  243-244 "*. 
Ana/.  Calcd  for  C«Hi,BaN,:  C,  35.0;  H.  2.92;  N,  27.1 
Found:    C,  34.9;  H,  2.85;  N,  26.6. 

Tetramethyiammonium  Dihydrobis(l-pyramiyi)borate.  This  salt 
was  obtained  in  58%  yield  after  recrystallization  from  1,2-dinieth- 
oxyethane,  mp  107-108°.  Ana/.  Calcd  for  CioHs«BN»:  C, 
54.2;  H,9.05;  N,  31.7.    Found:    C,  54.0;  H,9.44;  N.  31.3. 

Tetramethyiammonium  Hydrotris(l-pyrazoiyl)lMNrate.  This  com- 
pound was  obtained  in  46%  yield  after  recrystallization  from  1,2- 
dimethoxyethane,  mp  96-97°.  Ana/.  Calcd  for  CisHsBNti  Q 
54.4;  H,  7.67;  N,  34.1.    Found:    C,  53.9;  H,  7.38;  N,  33.5. 

Hydrogen  Dihydrobis(l-pyrazoiyl)borate.  To  a  solution  of  19  g 
(0.1  mole)  of  KHtB(pz)i  in  200  ml  of  water  was  added  6.0  g  (0.1 
mole)  of  acetic  acid.  The  precipitated  solid  was  filtered,  washed 
with  water,  and  obtained,  after  air-drying,  in  15.3-g  yield. 

Recrystallization  from  chloroform  gave  white  crystals,  mp  12S- 
129°,  with  gas  evolution.  Ana/.  Calcd  for  CsH»BN4  (anhydrous 
acid):  C,  48.7;  H,  6.08;  N,  37.9.  Calcd  for  CJinBNA 
(tetrahydrate):  C,  32.7;  H,  7.73;  N,  25.5.  Found:  C.  33.6; 
H,  5.95;  N,  25.5.  The  infrared  spectrum  of  this  material  had, 
apart  from  the  complex  BHs  sketch,  broad  and  intense  absorption 
characteristic  of  intramolecular  hydrogen  bonding  at  1 7OO-3000cm~  \ 

Hydrogen  Hydrotris(l-pyrazolyl)borate.  This  compound  was 
prepared  as  above  and  obtained  as  a  solid  which  decomposed  on 
attempted  recrystallization. 

Hydrogen  Tetralds(l-pyrazolyl)borate.  To  a  stirred  solution  of 
159  g  (0.5  mole)  of  potassium  tetrakis(l-pyrazolyl)borate  in  1  1. 
of  water  was  added  30  g  (0.5  mole)  of  acetic  acid.  The  precipitated 
solid  was  separated  by  filtration,  washed  thoroughly  vnth  water 
and  then  ethanol,  and  air-dried  overnight.  It  was  purified  further 
by  dissolution  in  a  minimum  amount  of  methylene  diloride  and 
concentration  under  reduced  pressure  at  30-35°  to  a  thick  slurry. 
It  was  stirred  with  500  ml  of  ether  and  filtered,  and  the  solid  wis 
dried  in  a  stream  of  warm  nitrogen.  There  was  obtained  27  g  of 
material,  mp  70-71°.  Ana/.  Calcd  for  CitHisBNs:  C,  51.4; 
H,4.64;  N,40.0.    Found:    C,52.1;  H,4.69;  N,40.4. 

Preparation  of  Metal  Dihydrobis(l-pyraiolyl)boratct.  Com- 
pounds of  this  type  were  prepared  by  adding  an  aqueous  solution  of 

1  equiv  of  the  appropriate  metal  ion  to  an  aqueous  solution  of 

2  equiv  of  potassium  dihydrobis(l-pyrazolyl)borate.  The  chelates 
precipitated  immediately.  In  the  case  of  the  air-sensitive  chelates 
of  Mn(II)  and  Fe(II),  the  addition  and  subsequent  manipulations 
had  to  be  done  in  an  inert  atmosphere.  The  products  were  isolated 
either  by  filtration  or  by  extraction  with  methylene  chloride.  While 
they  could  be  sublim^  with  care,  such  sublimation  was  at  tiroes 
attended  by  pyrolysis  to  metal  pyrazolide  and  pyrazabole,  hence 
recrystallization  from  toluene  or  heptane  was  preferred.  The 
properties  of  metal  dihydrobis(l-pyrazolyl)borates  are  sununanzed 
in  Table  I. 

Preparation  of  Metal  Hydrotri8(l-pyTazoiyl)boratcs.  Com- 
pounds of  this  type  were  prepared  by  adding  a  solution  of  1  equiv 
of  the  appropriate  metal  ion  to  a  stirred  solution  of  2  equiv  of 
potassium  hydrotris(l-pyrazolyl)borate.  The  precipitated  product 
was  either  extracted  with  methylene  chloride  or  filtered  and  purified 
further  by  recrystallization  from  xylene  and/or  sublimation.  Some 
products  were  purified  by  chromatography  on  acid-washed  alumina. 
The  properties  of  metal  hydrotris(l-pyrazolyl)borates  are  listed  in 
Table  II. 

Preparation  of  Metal  Tetralds(l-pyrazolyl)borates.  These  coo* 
pounds  were  prepared  as  described  above.  Metal  tetrald9(l- 
pyrazolyl)borates  were,  as  a  rule,  less  soluble  than  the  tris  analogi; 
hence,  filtration  was  preferred  to  extraction.  The  properties  d 
metal  tetrakis(l-pyrazolyl)borates  are  summarized  in  Table  UL 

Hydrotris(i;Z,4-triazoi-l-yl)boratecobalt(ID.  A  mixture  of  5.4 1 
of  potassium  borohydride  and  27  g  of  1,2,4-triazole  (0.1  and  0.4 
mole,  respectively)  was  heated  until  7.5  1.  (0.3  mole)  of  Uydroges 
was  evolved.  The  melt  was  dissolved  in  800  ml  of  hot  water  (901 
and  was  treated  with  100  ml  of  0.5  Af  cobaltous  acetate  sdutioo. 
A  precipitate  formed  which  was  insoluble  in  methylene  diionde 
and  was  recrystallized  from  8(X)  ml  of  boiling  water  to  give  3.9  g 
(16%  yield)  of  well-shaped  yeUow  crystals.  The  material  dariuiB 
from  390  "^  up  but  is  still  solid  at  450°.  Anai.  Calcd  for  QsHir 
BjCoNii:  C,  29.3;  H,  2.85;  N,  51.3.  Found:  C,  29J;  H. 
2.93;  N,  51.4. 

Polarographic  Studies.  All  the  samples  were  dissolved  in  aoelo- 
nitrile,  except  for  the  iron  compounds  which  were  dissolved  ia 
dimethyl  sulfoxide.  The  solutions  were  0.1  Af  in  tetrabutyl0- 
monium  perchlorate,  used  as  supporting  electrolyte.  The  (pop- 
ping mercury  electrode  vs.  sec  was  used  with  Cu(HaB(pz)i]b  Ofl* 
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(pz)4}s,  Co[HiB(pz)s]i,  and  Co[HB(pz)t]t.    The  rotating  platinum 
electrode  vs.  see  was  used  for  Fe[HB(pz)i]s  and  Fe[B(pz)i]i. 

Both  Cu[HtB(pz)s]i  and  Cu[B(pz)ili  were  found  to  undergo 
reversible  one-electron  reduction  at  about  o/t  "  0.29  v.  The  co- 
balt compounds,  Co[HtB(pz)s]i  and  Co[HB(pz)i]t,  were  oxidized 
(one  electron)  at  +0.2  and  -0.09  v,  respectively.  Co[HB(pz)«]i 
underwent  a  two-electron  reduction  at  —2.13  v,  while  its  Fe(II) 


counterpart  could  not  be  reduced  in  the  +0.34-  to  —2.75-v  range. 
Fe[HB(pz)«]s  and  Fe[B(pz)i]s  underwent  one-electron  oxidatioD 
at  +0.27  and  0.37  v,  respectively. 

Admowledgmeiit.  The  author  wishes  to  thank  Miss 
Lucille  E.  Williams  who  carried  out  the  polarographic 
studies. 
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Abstract:  Cyanonitrene  was  generated  thermally  from  cyanogen  azide,  and  its  intermediacy  in  reactions  with 
saturated  hydrocarbons  was  established  by  means  of  isotopic  labeling.  The  nitrene  exhibits  pronounced  selec^ 
tivity  in  insertions  into  C-H  bonds,  which  in  the  absence  of  a  solvent  occur  in  a  stereospeciiic  manner.  Mechan- 
isms are  discussed. 


In  contrast  to  the  well-documented  chemistry  of  car- 
benes,'  their  nitrogen  counterparts  (nitrenes)^  have 
received  serious  attention  by  organic  chemists  only  re- 
cently.* In  1962,  Barton  and  Morgan*  reported  the 
first  examples  of  intramolecular  C-H  insertions'  of 
alkylnitrenes  to  afford  either  five-  or  three-membered 
rings,  and  Lwowski  and  Mattingly®  presented  the  first 
case  of  an  intermolecular  insertion'  in  the  reaction  of 
carbethoxynitrene  with  cyclohexane. 

The  recent  synthesis  of  cyanogen  azide  (N|CN)*  has 
provided  a  direct  route  for  the  generation  of  the  highly 
symmetrical  molecule  NCN,  "cyanonitrene."  In  the 
present  paper  we  report  on  the  thermal  generation  of 
NCN  and  on  the  mechanism  of  its  reactions  with  satu- 
rated hydrocarbons. 

Results  and  Discussion 

Unlike  most  organic  azides  which  require  tempera- 
tures in  excess  of  100°  for  fragmentation  to  the  corre- 
sponding nitrenes,^  cyanogen  azide  smoothly  evolves 
nitrogen  when  heated  to  40-50°.  Kinetics  have  not 
been  studied  in  detail  but  the  rate  of  nitrogen  evolution 
appears  to  be  first  order  in  dilute  solutions.  In  addi- 
tion the  rate  of  nitrogen  evolution  depends  on  the 
polarity  of  the  solvent  employed,  being  more  rapid  in 
nonpolar  media  (hydrocarbons)  than  in  polar  media 
(ethyl  acetate,  acetonitrile).    These  facts  are  consistent 

(1)  This  work  was  described  in  preliminary  form:  A.  G.  Anastassiou, 
H.  E.  Simmons,  and  F.  D.  Marsh,  /.  Am.  Chem,  Soc,,  87,  2296  (1965). 

(2)  To  whom  inquiries  may  be  addressed  at  the  Department  of 
Cbanistry,  Syracuse  University,  Syracuse,  N.  Y.     13210. 

(3)  For  an  excellent  account  see  W.  Kirmse,  **Carbene  Chemistry,** 
Academic  Press  Inc.,  New  York,  N.  Y.,  1964. 

(4)  R.  A.  Abramovitch  and  B.  A.  Davis,  Chem.  Rev.,  64,  149  (1964). 

(5)  The  term  nitrene  is  used  here  to  indicate  a  monovalent  nitrogen 
•pedes  which  adds  to  double  bonds  and  inserts  into  C-H  bonds. 

(€)  D.  H.  R.  Barton  and  L.  R.  Morgan,  Jr.,  /.  Chem.  Soc.,  622  (1962). 
See,  however,  D.  H.  R.  Barton  and  A.  N.  Starratt,  /.  Chem.  Soc.,  2444 
(1965). 

(7)  The  term  insertion  is  used  here  to  indicate  end  result  rather  than 
mechanistic  detail. 

(8)  W.  Lwowski  and  T.  W.  Mattingly,  Jr.,  Tetrahedron  Letters,  277 
(1962). 

(9)  F.  D.  Marsh  and  M.  E.  Hermes,  J,  Am.  Chem.  Soc.,  86,  4506 
(1964). 


with  unimolecular  fragmentation  of  the  highly  polar 
azide  to  two  nonpolar  species.  When  the  decomposi- 
tion of  the  azide  is  conducted  in  a  paraffinic  hydrocar- 
bon, alkylcyanamides  1  are  formed  in  yields  of  55-70%. 


N.CN  +  RH 


►  N,  +  RNHCN 

40-50*> 

1 


For  example,  thermolysis  of  a  1  %  solution  of  N|CN*®in 
cyclohexane  at  50°  afforded  cyclohexylcyanamide  (1,  R 
=  CeHu)  in  57%  yield.  The  product  showed  strong 
infrared  absorption  at  3200  (NH)  and  2210  (CsN) 
and  nmr  signals  at  r  4.3  (doublet,  1  H),  7.0  (multiplet, 
1  H),  and  7.9-9.0  (multiplet,  10  H);  cyclohexylcyana- 
mide was  characterized  by  hydrolysis  to  cyclohexylurea 
on  boiling  with  10%  sulfuric  acid. 

Isotopic  Labeling  Experiments.  In  photolytic  or 
thermolytic  reactions  of  azides  with  saturated  hydro- 
carbons to  yield  insertion  products,  a  likely  mechanism 
involves  unimolecular  fragmentation  of  the  azide  to 
the  corresponding  nitrene  and  nitrogen  followed  by 
insertion'  of  the  nitrene  into  C-H  bonds.  Although 
this  is  the  most  reasonable  sequence  of  events,  there 
usually  is  no  unequivocal  experimental  evidence  ex- 
cluding an  alternative  mechanism  in  which  the  azide 
itself  reacts  with  the  hydrocarbon.  The  two  possible 
mechanisms  are  depicted  in  Scheme  I.  ^^ 


Scfaemel 


NiCN 


N- 


I 
NHR 


N, +  NCN 

I 

NHR  + 


RH 


RNHCN 


N,  +  RNHCN 


(a) 


(b) 


(10)  This  experiment  was  first  carried  out  by  Dr.  F.  D.  Marsh. 

(11)  In  Scheme  lb  the  dipolar  intermediate  is  supposed  to  be  associ- 
ated with  singlet  NaCN  and  the  diradical  species  with  triplet  NtCN. 
Thus,  abstraction  of  hydrogen  might  occur  as  either  hydride  ion  or  as  a 
hydrogen  atom. 
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An  umambiguous  distinction  between  paths  a  and  b 
should  be  possible  in  principle  by  isotopic  labeling 
experiments.  Theory  suggests  that  the  lowest  singlet 
and  triplet  states  of  NCN  are  linear.  Symmetry  de- 
mands that  the  two  nitrogen  atoms  of  NCN  are  equiv- 
alent, whereas  no  such  equivalence  can  be  achieved 
in  path  b.  To  elucidate  this  point  we  studied  the  in- 
sertion reaction  employing  appropriately  labeled  NaCN. 

The  procedure  used  is  shown  in  Scheme  II.  The 
degree  of  isotopic  enrichment  at  the  various  stages  was 
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determined  mass  spectrometrically  employing  the 
natural  abundances  of  the  same  materials  prepared  in 
parallel  experiments  but  starting  with  unenriched  potas- 
sium azide.  The  results  of  these  experiments  are  clearly 
consistent  with  the  intermediacy  of  free  cyanonitrene 
in  which  the  two  nitrogen  atoms  are  chemically  indis- 
tinguishable.^' The  possibility  that  scrambUng  of  the 
label  occurs  prior  to  decomposition  of  the  azide,  per- 
haps through  a  rapid  prereaction  equilibrium  between 
a  cyclic  form  4  and  two  equivalent  but  differently  tagged 
linear  forms  of  N3CN,  was  tested  by  allowing  the  azide 
to  decompose  partially  in  acetonitrile  and  then  adding 
norbornene.*  The  virtual  identity  of  the  amount  of 
label  in  5  and  its  subsequent  hydrolysis  product  6  pre- 

(12)  The  small  excess  label  in  amines  2  and  3  (28.7  %  ^<N  instead  of 
the  theoretical  value  of  25.0%)  is  probably  at  least  partly  due  to  an  iso- 
topic bias  of  the  insertion,  /.e.,  a  slight  preference  of  the  ^*N  site  over 
the  ^*N  site  of  NCN  to  undergo  reaction. 


eludes  the  occurrence  of  any  significant  prereaction 
scrambling. 

Electronic  Structure  of  NCN.  Cyanonitrene  has  ten 
bonding  electrons.  Simple  valence  theory  predicts  the 
lowest  energy  electronic  configuration  for  cylindricaDy 
synmietrical  NCN  to  be  . .  .2org'2oru*lxu*lTj*,  where 
Tg*  could  be  v^x\  VgHy),  or  Tr^\x)ir^Hyy  Thc^^ 
fore,  we  have  a  situation  where  two  electrons  have  to  be 
distributed  among  two  degenerate  molecular  orbitals. 
According  to  multiplet  theory  such  an  arrangemeot 
should  give  rise  to  one  triplet  and  three  singlet  states: 
•2g-,  ^Zg+E.-.TrgK^^g^Cy)];  and  two  ^AJ...TgX;:) 
and  . . .  Tg^)].  Electron  repulsion  considerations  sug- 
gest  that  the  triplet  should  be  lowest  in  energy  and 
hence  represent  the  ground  state. 

Theory  was  verified  by  a  number  of  recent  spectro- 
scopic studies  involving  flash  photolysis,  ^''^^  electron 
paramagnetic  resonance, ^^  and  matrix  isolation^*  ex- 
periments. The  results  of  all  these  investigations  point 
strongly  to  'Sg"  as  the  ground  state.  Support  for  this 
conclusion  was  also  provided  recently  by  flash  photolysis 
experiments  in  which  NsCN  was  photolyzed  in  the  ab- 
sence of  an  inert  gas  diluent.  ^'  Under  these  conditions 
the  originally  observed  species  was  the  ^Ag  singlet  which 
decayed  to  *2g""  at  a  measurable  rate.  Further  infor- 
mation concerning  the  structure  of  NCN  derives  from  a 
vibrational  analysis^'  of  its  ultraviolet  spectrum  which 
afi'orded  a  carbon-nitrogen  distance  very  close  to  that 
of  a  C=N  bond,  suggesting  structure  7  as  a  good  repre- 
sentation for  the  ground  state. 


Selectivity  of  the  Insertion  Reaction.  The  mild 
conditions  employed  in  the  present  work  for  the  genera- 
don  of  NCN  suggest  that  it  is  produced  in  a  low-energy 
electronic  state.  It  is  reasonable  to  assume  that  react- 
ing NCN  would  be  in  the  lowest  electronic  state  of  a 
given  multipUcity,  since  radiationless  decay  is  usually 
extremely  rapid  compared  to  diff'usion.  Hence,  only 
the  *2g~,  ^2g"*",  and  ^Ag  states  need  concern  us  here. 
For  these  low-lying  states  the  three  distinct  modes  of 
reaction  shown  in  Scheme  III  are  formally  possible.^' 
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(13)  O.  Herzberg  and  D.  N.  Travis,  Can,  /.  Phys,^  42, 1658  (1964). 

(14)  O.  J.  PontreUi  and  A.  O.  Anastassiou,  /.  Chem,  Pkys^  42, 3735 
(1965). 

(1^  E.  Wasserman,  L.  Barash,  and  W.  A.  Yager,  /.  Am.  Chem,  Set.. 
87,2075(1965). 

(16)  D.  E.  Milligan,  M.  E.  Jacox,  and  A.  M.  Bass,  /.  Chem.  Pkyu 
43,3149(1965). 

(17)  H.  W.  Kroto,  Ibid.,  44,  831  (1966). 

(18)  This  is  correct  only  for  the  low-energy  states  considered  bere  iD 
which  the  reactive  electrons  are  roughly  isoenergetic.  In  hifhff 
excited  electronic  states  the  distinction  between  liiiglets  and  tcipkaii 
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Of  these,  (a)  and  (c)  represent  the  commonly  considered 
one-step  and  two-step  mechanisms  for  singlet  and  trip- 
let species,  respectively.  Path  b  becomes  a  distinct 
possibility  only  with  highly  electrophilic  species  such  as 
NCN  which  possess  a  vacant  low-energy  bonding  MO, 
e.g.,  Tg,  of  *Ag. 

To  obtain  information  about  the  mechanism  of  the 
insertion,  we  determined  the  selectivity  of  the  reaction 
with  various  types  of  C-H  links  both  in  intramolecular 
and  intermolecular  competition  experiments.  In  the 
intramolecular  competition  experiments,  NsCN  was 
thermolyzed  at  46.1**  in  neat  /i-hexane,  2,3-dimethyl- 
butane,  and  2,2-dimethylbutane  to  afford  the  correspond- 
ing alkylcyanamides  in  the  yields  and  relative  amounts 
indicated  in  Scheme  IV.  The  proportions  of  the  various 
products  were  determined  from  the  nmr  spectra  of  the 
crude  mixtures  (see  Product  Analysis). 
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The  product  distributions  in  Scheme  IV  are  given  as 
relative  rates  in  Table  I  (A).  The  pronounced  selec- 
tivity of  NCN  indicated  by  these  results  suggests  that 


Table  I.*    Reactivity  of  Cyanonitrene  with  C-H  Bonds  of 
Saturated  Hydrocarbons  at  46.1  db  0.1  ° 


. A 

—  B  — 

HC 

H 

Affinity 

HC 

H 

Affinity 

2,3-Dimethyl- 

Prim 

1.0 

/f-Hexane 

Sec  (a) 

1.62 

butane 

Tert 

67.0 

Sec(/3) 

1.30 

#t-HexAne 

Prim 

1.0 

Cyclo- 

Sec 

1.00 

Sec 

9.0 

hexane 

Cyclo- 

Sec 

1.21 

heptane 

2,2-EHmethyl- 

Prim 

1.0 

Cyclo- 

Sec 

1.2±0.1 

butane 

Sec 

14.8 

octane 

•  Values  are  corrected  for  statistical  factors. 

appreciable  C-H  bond  rupture  occurs  in  the  transition 
state,  but  does  not  provide  any  relevant  information  con- 
cerning the  details  of  the  bond-breaking  process  which 
could  enable  us  to  decide  among  the  possible  reaction 

reactions  does  not  appear  to  be  as  well  defined.  For  a  discussion  of 
this  point  see  A.  G.  Anastassiou,  /.  Am,  Chem,  Soc,,  89,  3184  (1967). 


paths.  Of  the  three  rate-limiting  transition  states  shown 
in  brackets  in  Scheme  III,  only  (b)  closely  resembles  that 
of  an  SnI  process  with  hydride  ion  partly  bound  to  NCN 
acting  as  the  leaving  group.  At  first  ^ance  it  appears 
that  the  discrimination  of  NCN  for  the  various  types  of 
hydrogen  is  far  too  low  for  such  a  process.  ^*  However, 
this  comparison  is  not  strictly  correct,  since  we  may  be 
witnessing  a  duality  of  mechanism  akin  to  that  ob- 
served in  solvolytic  displacements.  For  example,  singlet 
NCN  could  be  reacting  by  path  a  with  primary  C-H 
bonds,  by  path  b  with  tertiary  C-H  bonds,  and  by  a 
combination  of  paths  a  and  b  with  secondary  C-H 
bonds.  Therefore,  in  order  to  distinguish  among  the 
three  possible  alternatives,  it  was  necessary  to  devise 
additional  experiments.  It  is  known  that  in  saturated 
carbocycles  the  rate  of  formation  of  an  incipient  car- 
bonium  ion  is  a  sensitive  function  of  ring  size.  For 
example,  cyclooctyl  tosylate  and  cycloheptyl  tosylate 
solvolyze,  respectively,  >286  and  31  times  as  rapidly  as 
cyclohexyl  tosylate,  which  in  turn  is  roughly  as  reactive 
as  isopropyl  tosylate.^o  These  rate  differences  are 
commonly  attributed*^  to  the  required  hybridization 
changes  involved  in  the  incipient  formation  of  carbo- 
nium  ions,  which  occur  more  readily  in  the  cyclooctyl 
and  cycloheptyl  systems  than  in  the  cyclohexyl  system. 
This  information  coupled  with  the  fact  that  of  the  three 
mechanisms  in  Scheme  III  only  (b)  requires  any  drastic 
hybridization  changes^^  suggested  that  a  determination 
of  the  relative  ease  with  which  NCN  reacts  with  the  C-H 
bonds  of  various  cycloalkanes  may  provide  significant 
information  concerning  the  occurrence  or  absence  of 
mechanism  b.  Furthermore,  the  comparison  of  the 
results  ought  to  be  free  of  the  ambiguity  introduced  by  a 
possible  duality  of  mechanism  since  the  C-H  bonds  in- 
volved are  all  of  the  same  type. 

We  have  carried  out  intermolecular  competition  ex- 
periments and  have  found  virtually  no  difference  in  re- 
activity among  the  methylene  hydrogens  of  /i-hexane, 
cyclohexane,  cycloheptane,  and  cyclooctane.  The  re- 
sults are  collected  in  Table  I  (B).  We  interpret  the  ob- 
served lack  of  discrimination  of  NCN  for  the  methyl- 
ene groups  of  the  three  monocycles  to  mean  that,  at 
least  in  the  absence  of  a  solvent,  secondary  and  cer- 
tainly the  less  reactive  primary  C-H  bonds  do  not  re- 
act by  a  hydride-abstraction  process  such  as  that  indi- 
cated in  Scheme  Illb.  These  experiments  do  not,  of 
course,  provide  any  information  concerning  the  mode  of 
reaction  of  tertiary  C-H  bonds.  Hydride  abstraction 
here  should  be  more  favorable  than  with  the  other  types 
of  C-H  bonds  because  of  the  production  of  a  more  stable 
tertiary  cation. 

Additional  support  for  the  nonoccurrence  of  mecha- 
nism b  was  obtained  in  the  following  manner.  If  an 
ion  pair  is  produced,  the  carbonium  ion  might  be 
amenable  to  skeletal  rearrangement  if  it  is  of  appropri- 
ate structure.  Carbonium  ion  8  is  particularly  sus- 
ceptible to  skeletal  reorganization  to  ion  9,  e.g.,  both 


(19)  Larger  rate  differences  are  usually  observed  in  SnI  processes. 
For  example,  /-butyl  bromide  solvolyses  ca.  10'  times  as  fast  as  isopro- 
pyl bromide:  L.  C.  Bateman  and  E.  D.  Hughes,  /.  Chem.  Soc.,  945 
(1940). 

(20)  A.  Streitwieser,  Jr.,  **Solvolytic  Displacement  Reactions,'* 
McGraw-Hill  Book  Co..  Inc.,  New  York,  N.  Y.,  1962.  p  95. 

(21)  This  statement  rests  on  the  assumption  that  (1)  little  rehybridi- 
zation  is  necessary  in  the  three-center  process  a,  and  (2)  the  commonly 
accepted  view  that  alkyl  radicals  are  not  subject  to  any  stringent  hybrid- 
ization requirements. 
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oxidativedecarboxylation"ofacidlO(X  =  COOH)and 
nitrous  acid  deamination  of  the  corresponding  amine 
10,  (X  =  NHj)"  yield  11  as  the  major  product  and 
material  with  intact  skeleton  is  not  produced  (Scheme  V). 
In  the  present  work,  cyanogen  azide  was  thermolyzed  in 
1,1-dimethylcyclohexane  and  the  crude  cyanamide 
mixture  was  converted  to  the  corresponding  amino  and 
methylamino  compounds  with  excess  lithium  hydride. 
Gas-liquid  partition  chromatographic  (glpc)  analysis 
established  the  absence  (<2%)  of  the  amines  11  (Y  = 
NH,,  NHCNa).**^ 


lla,Y-NH2 
b,Y«NHCH, 

Stereochemistry  of  the  Insertion  Reaction.  In  prin- 
ciple, the  direct  insertion  mechanism  (a)  and  that  in- 
volving hydrogen  abstraction-recombination  (b)  ought 
to  be  distinguishable  stereochemically.  Path  a  is 
expected  to  be  stereospecific  leading  to  over-all  retention 
of  configuration,  whereas  path  b  should  generate  the 
products  in  a  stereochemically  random  fashion  under 
some  conditions.  In  order  to  distinguish  between 
these  two  mechanisms,  we  examined  the  stereochemical 
course  of  the  insertion  reaction.  We  employed  the 
stereoisomeric  1,2-dimethylcyclohexanes  as  parafiinic 
substrates  because  of  their  ready  availability  in  high 
purity  and  because  the  key  products,  1 -amino-  and  1- 
methylamino-l,2-dimethylcyclohexane,  are  known  in 
both  stereoisomeric  (but  unassigned)  forms.  The  re- 
sults of  these  experiments  are  depicted  in  Scheme  VI 
and  tabulated  in  Table  II. 
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(22)  C.  Walling,  "Molecular  Rearrangements,**  Part  1,  P.  de  Mayo, 
Ed.,  Interscience  Publishers,  Inc.,  New  York,  N.  Y.,  1963,  p  421. 

(23)  R.  Kotani.  /.  Org.  Chem.,  30,  350  (1965). 

(24)  Authentic  materials  were  synthesized  according  to  R.  Jacquier 
and  H.  Christol,  Bull  Soc.  Chim,  France,  596(1957). 

(25)  The  selectivity  values  shown  in  Table  I  suggest  that  ca.  6%  of  the 
product  should  arise  from  attack  on  primary  C-H  which,  in  the  event 
that  a  carbonium  ion  is  an  intermediate,  should  mostly  afford  11  (Y  » 
NHCHi).  The  amount  of  1 1  expected  is  well  above  the  detection  limits 
of  our  glpc  analysis. 


Table  IL    Stereochemistry  of  the  Insertion  Reaction  of 
Cyanonitrene  into  the  Tertiary  C-H  Bonds  of  cis-  and 
trans'  1 ,2-Diinethylpyclohexane 


Products,  % 


Hydro- 
carbon 


Temp, 


trans- 

RNHCN 

(12) 


cis- 
RNHCN 

(13) 


trans 
cis 


46.1 
46.1 


>98 
<2 


<2 
>98 


It  is  seen  that  the  reaction  is  highly  stereospecific, 
each  isomeric  substrate  producing  a  single  (>98%) 
stereoisomeric  cyanamide  which  was  identified  in  eadi 
case  by  analysis  of  the  configurationally  homogeneous 
mixture  of  1-amino-  and  1 -methylamino- 1,2-dimethyl- 
cyclohexane  (14a,b  and  15a,b).  These  products  were 
assigned  the  indicated  stereochemistry  on  mechanistic 
grounds,  since  the  absolute  stereochemistry  of  the 
known  isomers  has  not  yet  been  determined.  It  should 
be  noted  that  a  reversal  of  these  assignments  would 
imply  that  stereospecific  insertion  occurs  with  net  in- 
version  of  configuration,  which  we  consider  unlikely. 
The  assignments  are  also  consistent  with  the  glpc  data 
which  show  that  the  more  sterically  hindered  cis  isomers 
have  higher  retention  times.  Irrespective  of  the  specific 
assignments,  the  observed  stereospecificity  is  consistent 
with  a  one-step  insertion  process  and  militates  against 
any  two-step  processes  such  as  those  depicted  in  (b)  and 
(c),  which  could  lead  to  stereospecific  product  formation 
only  in  the  unlikely  event  that  recombination  of  the  inter- 
mediate ion  or  radical  pair  occurs  prior  to  inversion 
of  the  asymmetric  center. 

To  obtain  some  information  concerning  this  latter 
point,  we  have  examined  the  stereochemical  fate  of  the 
tertiary  1,2-dimethylcyclohexane  radical  generated  in 
the  liquid-phase,  free-radical  nitration *•  of  cw-I,2- 
dimethylcyclohexane  with  50%  nitric  acid.  The  amine 
mixture  obtained  by  reduction  of  the  originally  pro- 
duced nitro  compounds  consisted  of  28  %  of  a  1 : 1  cis- 
trans  mixture  of  1-amino- 1,2-dimethylcyclohexanc. 
This  is  in  keeping  with  the  anticipated  configurational 
instability  of  the  hydrocarbon  radical. 

Product  Analysis.  In  the  intramolecular  competition 
experiments,  cyanogen  azide  was  thermolyzed  in  the 
various  hydrocarbon  substrates  to  yield  mixtures  of 
cyanamides.  The  constitutions  of  the  crude  mixtures 
were  determined  from  the  nmr  spectra  (neat).  Under 
these  conditions  the  N-H  proton  appears  at  r  ^^.2 
and  is  quite  sharp,  exhibiting  splitting  consistent  with 
the  number  of  hydrogen  atoms  at  the  a-carbon.^ 
The  protons  bound  to  the  a-carbon  appear  at  r  ^1. 
Both  these  signals  are  well  separated  from  the  remain- 
ing absorptions  which  appear  in  the  usual  aliphatic 
region.  AH  attempts  to  separate  the  various  isomeric 
products  in  mixtures  by  gas-Uquid  partition  chroma- 
tography were  unsuccessful  because  of  their  extremdy 
low  volatility.  Satisfactory  product  identificatioo 
rests  on  correct  elemental  analyses  of  the  high-vacuum 
distillation  product  mixtures  and  nmr  and  infrared 
spectra.  The  absence  of  any  significant  amount  of 
impurity  in  the  crude  mixtures  is  indicated  by  the  iden* 

(26)  H.  Shechter  and  D.  K.  Brain,  /.  Am.  Chem,  Soc„  8S.  1806 
(1963). 

(27)  For  example,  the  N-H  proton  of  neatcy  clohexytcyanaiiude 
appears  as  a  doublet  (/  '^  S  cps)  at  r  4.3  and  that  of  neat  f-butykytt* 
amide  as  a  sharp  singlet  at  r  4.Z 


American  Chemical  Society  \  89:13  f  June  21, 1967 


of  their  spectral  characteristics  (nmr,  infrared) 
•ared  with  those  of  the  analytically  pure  mixtures, 
the  intermolecular  competition  runs,  N|CN  was 
lolyzed  in  the  appropriate  hydrocarbon  pair,  the 
position  of  which  was  determined  previously  by 
The  mixtures  of  cyanamides  produced  were 
:rted  to  the  corresponding  amino  and  methylamino 
atives  by  treatment  with  excess  lithium  aluminum 
de  in  boiling  tetrahydrofuran ;  the  relative  amounts 
le  amines  were  then  determined  by  glpc.  The 
us  amines  were  characterized  by  direct  comparison 
eir  retention  times  and  mass  spectrometric  crack- 
atterns  with  those  of  authentic  samples.  Similarly, 
e  reaction  of  NCN  with  the  1,2-dimethylcyclo- 
les,  the  mixture  of  amines  after  reduction  was  an- 
d  by  glpc,  and  the  key  isomers  were  characterized 
rect  comparison  of  glpc  retention  times  and  mass 
rometric  cracking  patterns  with  those  of  authentic 
les.^  Similar  methods  of  conversion  to  amines 
>f  analysis  were  employed  in  the  reaction  of  1,1- 
thylcyclohexane  with  NCN  and  cw-l,2-dimethyl- 
hexane  with  nitric  acid. 

lusioiis 

ermolysis  of  cyanogen  azide  at  40-50**  affords  free 
)nitrene  which,  in  the  absence  of  an  inert  diluent, 
J  with  tertiary  C-H  bonds  stereospecifically.  In- 
ition  about  the  insertion  process  into  the  less  reac- 
econdary  and  primary  C-H  bonds  is  not  as  easily 
sible  experimentally.  Here  the  mechanism  may 
id  on  the  relative  rates  for  direct  insertion  (path 
d  intersystem  crossing  of  singlet  NCN  to  its  triplet 
id  state  (*NCN  -^  «NCN);  Le.,  if  direct  inser- 
is  more  rapid  than  intersystem  crossing,  singlet 

will  insert  in  a  one-step  process,  whereas  if  the 
se  is  true,  the  reaction  will  occur  by  a  hydrogen 

abstraction-recombination  process  by  triplet 
.  Evidence  will  be  presented  in  a  subsequent 
'  that  at  least  in  the  case  of  tertiary  C-H  bonds  the 
t  insertion  mechanism  prevails.  A  hydride-ab- 
:ion-recombination  process  by  singlet  NCN  does 
1  all  probability  occur  with  either  type  of  C-H 


rimental  Section'* 

reme  caution  should  be  exercised  in  handling  cyanogen  azide, 
neat  it  detonates  with  great  violence  and  it  should  be  prepared 
ed  only  in  solvents.  Solutions  of  cyanogen  azide  in  paraffinic 
•arbons  can  be  handled  safely,  but  should  nevertheless  be 
'  as  potentially  explosive  because  of  its  poor  solubility  in  non- 
solvents.    The  concentration  of  such  solutions  should  not  eX' 


K.  E.  Hamlin  and  M.  Frdfelder,  /.  Am,  Chem,  Sac.,  75,  369 

All  melting  points  and  boiling  points  are  uncorrected.  Nmr 
I  were  measured  with  a  Varian  A-60  spectrometer  and  infrared 
I  with  a  Perkin-Elmer  21  spectrometer.  The  glpc  results  were 
Mi  under  the  following  conditions:  A,  2  m  X  0.24  in.  stainless 
slumn  packed  with  20%  tetrakis(hydroxyethyl)ethylenediamine 
2D)  on  60-80  mesh  Chromosorb  W  (not  acid  washed)  at  101  **  with 
x>rizer  at  ISS**.  helium  was  used  as  the  carrier  gas  at  a  flow  rate  of 
nin;  B,  same  as  in  A  except  column  and  vaporizer  temperatures 
12  and  1 65^,  respectively;  C,  2  m  X  0.25  in.  stainless  steel  column 
1  as  in  A  and  B  at  1 19°  and  the  vaporizer  at  173%  carrier  gas  and 
te  were  as  in  A  and  B;  D,  2  m  X  0.2S  in.  copper  colunm  packed 
)%  l,2,3-tris(2-cyanoethoxy)propane(TCEG)on  60-80  mesh  Gas 
losorb  R  at  32"*  with  the  vaporizer  at  120'';  E,  12  ft  X  0.75  in. 
»  steel  column  of  20%  TH£ED  on  Chromosorb  W  (no/  add 
1)  at  1 10%  and  a  helium  flow  rate  of  810  c^min. 
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Materials.  Activated  sodium  azide*  was  used  throughout.  Of 
the  hydrocarbons,  2,3-diiiiethylbutaiie,  2,2-diiiiethylbutaiie,  and  r/j- 
and  rn2ftj-l,2-diniethylcyclohexane  were  "Phillips  Research  Grade*' 
and  were  uoed  without  further  purification.  Cyclohexane,  cyclo- 
heptane,  pydooctane,  S-methylpentane,  1,1-diniethylcydohexane, 
and  ^hexane  were  treated  with  concentrated  sulfuric  add  and  care- 
fully fractionated  before  use.  The  materials  thus  obtained  were 
>99.6%  pure  by  glpc  (conditions  D).  Labded  potassium  azide 
(ca,  95  atoms  %  ^<N  at  positions  1  and  3)  was  purchased  from 
Merck  Sharp  and  Dohme  of  Canada. 

Thermolysb  of  Cyanogen  Azide  in  /f-Hexane.  Cyanogen  chloride 
(50  ml)  was  allowed  to  evaporate  into  a  stirred  suspension  of  sodi  um 
azide  (6.0  g)  in  ^hexane  (30  ml)  maintained  under  nitrogen  and 
contained  in  a  three-necked  flask  fitted  with  thermometer,  inlet 
tube,  and  condenser  held  at  —5  to  0^  by  a  circulation  coolant. 
The  addition  was  made  over  a  2.5-hr  period,  while  the  temperature 
of  the  mixture  was  maintained  at  —4  to  0°.  The  suspension  was 
then  stirred  at  room  temperature  overnight,  ^hexane  (70  ml)  was 
added,  and  the  excess  cyanogen  chloride  was  removed  at  room 
temperature''  at  100-200-mm  pressure.  The  suspension  was 
subsequently  filtered  under  nitrogen  pressure  into  a  graduated 
cylinder.  To  the  clear  filtrate  was  then  added  more  /t-hexane  to  a 
total  volume  of  295  ml.  A  2-ml  sample  of  this  solution  gave  7  ml 
of  gas  when  treated  with  trimethyl  phosphite  in  an  azotometer  at 
0-2**  (46%  yield). 

The  solution  was  subsequently  transferred  into  a  500-ml,  three- 
necked,  round-bottomed  flask  fitted  with  thermometer  and  con- 
denser. A  water  test  meter  was  connected  through  a  Dry  Ice 
trap  to  the  top  of  the  condenser.  When  the  solution  was  heated 
at  49-52''  with  stirring  for  18  hr,  900  ml  ('>^^%)  of  gas  was  evolved. 
The  yellow  hexane  solution  was  subsequently  filtered  free  of  any 
residue,  and  the  volatile  constituents  of  the  filtrate  were  evaporated 
at  40°  under  water-aspirator  pressure  to  yield  a  residual  orange  oil. 
This  was  distlUed  in  a  molecular  still  at  ^^.05  /i  and  a  maximum 
bath  temperature  of  90°.  The  colorless  distillate  amounted  to 
2.76  g  (53%  yield  based  on  N|CN)  and  the  residual  resin  to  0.5  g. 
The  infrared  spectrum  of  the  distillate  exhibits  characteristic  strong 
bands  at  3180  (N-H)  and  2200  (C^N)  cm~^  The  nmr  spectrum  is 
equally  consistent  with  signals  at  r  4.2  (doublet),  7.0  (multiplet), 
and  8.3-9.2  (multiplet). 

Anal,  Calcd  for  QHuN,:  C,  66.62;  H,  11.18;  N,  22.20. 
Found:    C,  66.48;  H,  11.12;  N,  22.87. 

Thermolysis  of  Cyanogen  Azide  in  2,3-Dinietfayllratane,  3-Metfay!- 
pentane,  and  2,2-Dlniethylbutane.  A  procedure  similar  to  that 
described  for  /t-hexane  was  employed.  The  results  are  given  in 
Table  m. 

Intramoiecular  Cbmpelition  Rons.  The  following  general  pro- 
cedure was  employed.  Cyanogen  azide  was  prepared  by  stiiring 
overnight  under  reflux  (^^15°)**  a  mixture  of  2.0  g  of  sodium 
azide  and  ca.  40  ml  of  cyanogen  chloride  under  nitrogen.  The 
appropriate  hydrocarbon  was  then  added,  and  the  excess  cyanogen 
chloride  removed  at  room  temperature'^  (100-200  mm).  The  sus- 
pension was  subsequently  filtered  under  nitrogen  pressure  and  the 
clear  filtrate  made  up  to  ca,  200  ml  by  further  addition  of  hydro- 
carbon. The  solution  was  transferred  into  a  one-necked,  round- 
bottomed  flask  fitted  with  a  condenser,  and  the  flask  was  placed  in  a 
constant-temperature  water  bath  maintained  at  46.1  zt  0.1°. 
The  solution  was  hdd  at  this  temperature  for  ca,  21  hr;  the  theo- 
retical amount  of  nitrogen  had  then  been  evolved.  The  mixture 
was  then  filtered  free  from  any  traces  of  predpitate  that  might  be 
present,  and  the  filtrate  was  concentrated  to  a  tan  oil  under  water- 
aspirator  pressure  and  below  40°.  A  250-cps  nmr  spectrum  of  the 
residual  oil  was  determined  immediately,  and  the  areas  of  interest 
were  carefully  cut  and  weighed.  The  results  of  duplicate  runs  are 
shown  in  Table  IV.  In  each  case  the  nmr  and  infrared  spectra  of 
these  mixtures  were  the  same  as  those  of  their  analytically  pure 
counterparts  described  above. 

The  figures  in  Table  IV  were  corrected  for  statistical  factors  and 
translated  into  the  relative  rates  shown  in  Table  I  (A)  by  the  following 
relations :  a,  for  products  derived  from  2, 3-dimethy Ibutane,  tertiary 
product/primary  product  =  (Ai  —  Atl2)l(Atl2);  b,  for  products  de- 
rived from  /f-hexane  and  2,2-dimethylbutane,  secondary  product/ 
primary  product  =  [Ai  —  (At  —  Ai)]l(At  —  Ai), 


(30)  P.  A.  S.  Smith,  Org,  Reactions,  3,  382  (1946). 

(31)  It  is  essential  that  the  temperature  be  kept  above  + 10°  to  avoid 
separation  of  a  highly  explosive  layer  of  neat  cyanogen  azide. 

(32)  It  is  essential  to  keep  the  temperature  of  the  condenser  at  ca.  —  5 
to  0°  to  contain  the  cyanogen  chloride  (bp  12°).  In  the  course  of  one 
run,  failure  of  the  cooling  tyitem  led  to  a  violent  explosion. 


Anastassiou,  Simmons  /  Reaction  of  Cyanonitre/ie  with  Satwra\«dH>)dgraQB 
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Table  m.    Thermolyses  of  Cyanogen  Azide  in  CaHu  Hydrocarbons 


Yield 

of  cyan- 

Spectral  data 

Yield  of 

amide, 

Infrared  (neat),  cnr^ 

Nmr  (neat),  r 

Hydrocarbon 

NjCN. 

% 

%• 

N-H 

C^N 

N-H 

a(C-H) 

Other 

compositioii,*  % 

2,3-Dimethyl- 

85 

40 

3205 

2217 

4.3 

7.0 

8.1-9.1 

Q  66.82 

butane 

H,11.13 
N,  22.46 

2,2-Dimethyl- 

58 

42 

3210 

2200 

4.3 

7.2 

8.8-9.3 

Q66.57 

butane 

H,  10.94 
N,  22.19 

3-Mcthyl. 

88 

41 

3200 

2210 

4.2 

6.9 

8.2-9.3 

C.  66.42 

pentane 

H,  11.05 
N.22i)5 

•  Based  on  N|CN.    ^  Found. 


Table  IV.    Nmr  Data  of  Intermolecular  Competition  Experiments 


. Area 

Chem 

Area 

Ai  

Chem 

Hydrocarbon 

Wt,g 

shift,  r 

Wt.g 

shift,  r 

n-Hexane 

0.1750 
0.2459 

4.2 

0.1890 
0.2640 

7.0 

2,3-E>imethyl- 

0.0912 

4.3 

0.0152 

7.0 

butane 

0.0868 

0.0145 

2,2-Dimethyl- 

0.2080 

4.2 

0.2701 

7.2 

butane 

0.2095 

0.2695 

mass  spectrometric  cracking  patterns  with  those  of  authentic 
samples.  The  structural  assignments  of  2-  and  3-nieth^aiiiiiio- 
hexane  derive  from  the  mass  spectrometric  cracking  pattemi  wikfa 
are  fully  consistent  with  these  structures.  The  relevant  data  cm- 
ployed  in  the  identification  of  the  amines  are  compiled  in  Table  VL 
Preparatkn  of  l-Amino-  and  l-MethylaaifaMHiHaeliikjcl^ 
heptane.  1-Amino-l-methylcycloheptane  was  prepared  as  d^ 
scribed  in  the  literature.  **  To  a  solution  of  this  material  (1.75  g)  in 
chloroform  (15  ml)  was  added  with  stirring  freshly  distilled  cfakxil 
(2.6  g)  at  such  a  rate  as  to  maintain  the  temperature  at  0-2*.  TIk 
mixture  was  then  stirred  at  room  temperature  overnight.  Removal 
of  the  volatile  constituents  at  water  aspirator  pressure  gave  an 


Table  V.    Quantitative  Data  from  Intermolecular  Competition  Runs 


Hydrocarbon       Compo-     Reac- 
mixture  sition"       tion 


B 


—  Composition  of  amine  mixtures'  — 
C  D  E  F  G 


H 


I 


Cyclohexane 

37.0 

P 

n-Hexane 

63.0 

Cyclohexane 

67.6 

2'.* 

Cycloheptane 

32.4 

Cyclohexane 

75.6 

3*.* 

Cyclooctane 

24.4 

8.5 


16.2 
20.0 


24.3 


39.2 


43.1 


9.2 


21.1 


9.4 


14.2 


11.3 


30.9 


7.5 


25.1 


o  Mole  %,  determined  by  glpc  under  conditions  D.  ^  Average  of  four  glpc  determinations  under  conditicms  A.  •  Average  of  three  glpc 
determinations  under  conditions  C.  'Weight  %,  A  »  cyclohexylamine,  B  «  N-methylcyclohexylamine,  C  »  2-aminohexane,  D  »  2-nKtix^ 
aminohexane,  E  »  3-aminohexane,  F  »  3-methylaminohexane,  G  »  cycloheptylamine,  H  »  N-methylcyclohq>tylamine,  I  »  cydooctyl- 
amine,  and  J  »  N-methylcyclooctylamine.    *  In  these  runs,  known  mixtures  of  the  amines  were  used  for  quantitative  glpc  calibrations. 


iBtermolecolar  Competition  Rons.  The  procedure  was  essentially 
the  same  as  that  described  for  the  intramolecular  competition  runs. 
The  appropriate  hydrocarbon  mixture  was  added,  the  cyanogen 
chloride  removed,  the  suspension  filtered,  and  the  filtrate  made 
up  to  200-ml  volume.  The  exact  composition  of  the  mixture  was 
determined  by  glpc.  The  reaction  mixture  was  then  heated  at 
46.1  :^  0.1  **  in  a  constant-temperature  water  bath  for  20  hr.  The 
crude  cyanamides  were  isolated  in  the  usual  way  and  were  treated 
with  lithium  aluminum  hydride  according  to  the  following  pro- 
cedure. 

A  solution  of  the  crude  cyanamide  mixture  (3.0  g)  in  tetrahydro- 
furan  (50  ml)  was  added  with  stirring  to  a  boiling  suspension  of 
lithium  aluminum  hydride  (5.0  g)  in  tetrahydrofuran  (150  ml)  over  a 
period  of  1.5  hr.  The  mixture  was  stirred  under  reflux  for  an 
additional  15  hr.  It  was  cooled  in  an  ice  bath  and  treated  carefully 
with  a  saturated  aqueous  solution  of  sodium  sulfate  until  the  slurry 
turned  white.  The  mixture  was  filtered  and  the  filter  cake  washed 
with  tetrahydrofuran.  The  filtrate  was  made  strongly  add  with 
25  ml  of  concentrated  hydrochloric  add  and  evaporated  to  dryness 
to  afford  a  hygroscopic,  crystalline,  tan  solid.  This  product  was 
dissolved  in  15  ml  of  distilled  water,  and  the  resulting  solution 
transferred  into  a  50-ml  separatory  funnel.  The  funnel  was  placed 
in  an  ice  bath,  and  the  solution  was  made  strongly  basic  by  the 
addition  of  sodium  hydroxide  pellets.  The  mixture  was  shaken 
vigorously;  the  layers  were  allowed  to  separate,  and  the  dark 
upper  layer  was  collected  and  dried  over  sodium  hydroxide  pellets 
under  nitrogen  and  analyzed  by  glpc.  The  results  are  shown  in 
Table  V.  All  amines  except  2-  and  3-methylaminohexane  were 
identified  by  direct  comparison  of  their  glpc  retention  times  and 


Table  VI.    Identifying  Features  of  the  Amines 


Retention 

Molecular 

100% 

time. 

ion. 

ion. 

Compd* 

mm 

m/e 

mje 

A 

5.6* 

99 

56 

A 

32. 8« 

99 

56 

B 

4.1* 

113 

70 

B 

24. 2* 

113 

70 

C 

10.6» 

101 

44 

D 

8.0" 

115 

58 

E 

8.8« 

101 

58 

F 

5.8* 

115 

72 

G 

11. 4» 

113 

56 

H 

7.7* 

127 

7D 

I 

21.4* 

127 

56 

J 

14.1* 

141 

7D 

o  See  Table  V.    *  Retention  times  under  glpc  cooditiooi  C 
<  Retention  times  under  glpc  conditions  A. 


oil,  bp  85-86°  (1  mm).  The  colorless  distillate  anv^^mffff  to  14^ 
n^*D  1.4991.  A  solution  of  this  material  (2.4  g)  in  ether  (8  nftvai 
added  with  stirring  to  a  suspension  of  lithium  aluminum  hydride 
(2.1  g)  in  ether  (30  ml)  maintained  at  ice-bath  tempefatuit.  1^ 
resulting  mixture  was  stirred  under  reflux  for  2  hr.  The  mixttfe 
was  cooled  in  an  ice-salt  bath  and  treated  with  10%  aqueous  sodbai 
hydroxide  until  the  solid  turned  completely  white.    The 


wrkan  C/^mical  Society  f  89:15  (  Ivme  21^  1967 
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Table  Vn 


Temp,  **C  (mm)  Amount,  g     /i**d 


Composition*' 


100-106(38)  0.4 

108-113(39-^2)         0.78 


1.4639        11a,  35.7%;  lib,  17.0% 
1.4654        lla,8.0%;  lib,  14.8% 


"*  Amounts  were  determined  by  glpc  under  conditions  C.  Struc- 
tural assignments  were  made  on  the  basis  of  mass  spectrometric 
cracking  patterns.  Compound  11a:  molecular  ion  at  m/e  127, 
100%  ion  at  m/e  70;  compound  lib:  molecular  ion  at  m/e  141, 
100%  ion  at  m/e  84. 


was  filtered;  the  filter  cake  was  washed  with  ether,  and  the  com- 
bined extracts  were  dried  over  sodium  hydroxide  pellets.  The 
ether  was  then  removed  and  the  residual  liquid  distilled  (see  Table 
VII). 

Thermolysis  of  Cyanogen  Azide  in  1,1-Diniethylcyclobexane. 
Cyanogen  azide,  prepared  from  2.0  g  of  sodium  azide  and  40 
ml  of  cyanogen  chloride,  was  thermolyzed  at  46.25  ±  0.05°  in 
110  ml  of  1,1-dimethylcyclohexane.  The  cyanamide  mixture 
(2.5  g)  was  isolated  as  described  previously.  This  product  was 
subsequently  reduced  with  lithium  aluminum  hydride  in  tetra- 
l^ydrofuran  in  the  usual  manner.  The  amine  mixture  amounted 
to  2.0  g.  Glpc  analysis  of  the  mixture  under  conditions  C  indicated 
the  absence  of  11a  and  lib. 

Preparation  of  l-Aniino-l,2-dimethylcycloiiexane.  This  com- 
pound was  prepared  as  described  in  the  literature.**  Nitration 
(aluminum  nitrate  nonahydrate)  of  a  2 : 1  mixture  of  cis-  and  trans- 
1^-dimethylcyclohexane  and  subsequent  catalytic  hydrogenation 
(Raney  nickel)  of  the  resulting  nitro  compounds  gave  a  stereoiso- 
meric  mixture  of  cis-  and  /raiij-l,2Klimethylcyclohexane.  The 
component  with  the  higher  retention  time  (30.9  min,  conditions  A) 
constituted  51  %  of  the  mixture  and  the  one  with  the  lower  retention 
time  (20.3  min,  conditions  A),  42.4%  of  the  mixture.  The  com- 
ponents with  the  higher  and  lower  retention  times  are  assigned  the 
cis  and  the  trans  configurations,  respectively.  The  two  isomers 
were  separated  by  preparative  glpc  under  conditions  E.  Stereo- 
isomers 14a  and  15a  exhibit  identical  mass  spectrometric  cracking 
patterns  (100%  ion  at  m/e  70;  molecular  ion  at  m/e  127).  Their 
infrared  spectra  are  identical  except  for  minor  differences  in  the 
fingerprint  region. 

l-Methylaniino-/m/tv-l,2-diniethylcyciohexane  and  1-Metfayl- 
flBiino-c/j-l,2-dimethylcyclobexane.  Stereopure  14a  and  15a  were 
coiiverted  to  the  monomethyl  derivatives  by  the  procedure  de- 
scribed for  the  conversion  of  11a  to  lib. 

1.  cis  Isomer  15b.  A  2.5-g  sample  of  the  cf>amino  compound 
15n  gave  0.77  g  of  colorless  amine,  bp  81-82''  (33  mm).  Glpc 
analysis  under  conditions  A  showed  54.8%  15a  (/?r (retention  time) 
»  30.9  min)  and  32.7%  15b  (RT  =  23.6  min).  The  mass  spectrum 
of  15b  shows  100%  ion  at  m/e  84  and  molecular  ion  at  m/e  141. 

2.  trans  Isomer  14b.  A  2.5-g  sample  of  14a  gave  0.57  g  of 
amine.  Glpc  analysis  under  conditions  A  indicated  66.9  %14^(/{r 
»  20.3  min)  and  29.0  %  14b  (RT  »  1 3.0  min).  The  mass  spectrum 
of  14b  shows  100%  ion  at  m/e  84  and  molecular  ion  at  m/e  141  and 
is  qualitatively  identical  with  the  spectrum  of  its  stereoisomer  15b. 

Tbcrmolysb  of  Cyanogen  Azide  in  ci.f-l^Dimetfaylcyciohexane. 
cyanogen  azide,  prepared  from  2  g  of  sodium  azide  and  40  ml  of 
Qranogen  chloride,  was  heated  at  46.05  zt  0.05°  in  200  ml  of  cis- 
l»2-dimethylcyclohexane.  The  resulting  mixture  of  cyanamides 
was  isolated  and  converted  to  the  corresponding  amines  (2.2  g)  in 
the  usual  way  (lithium  aluminum  hydride  in  tetrahydrofuran). 
The  mixture  was  analyzed  by  glpc  (conditions  A)  and  consisted 
of  0.5%  14b  (RT  =  12.8  min).  <0.3%  14a,  28.9%  15b  {RT  =  23.7 
min),  and  15.4%  15a  (RT  ^  30.4  min).  Compounds  14b,  15b, 
and  15a  were  identified  mass  spectrometrically. 

Tbcrmolysis  of  Cyanogen  Azide  in  /rtvi^-l^DimeChylcyciohexane. 
The  mixture  of  amines  (2.0  g)  was  obtained  by  a  procedure  anal- 
ogous to  that  described  for  the  cis  hydrocarbon.  Glpc  analysis 
under  conditions  A  gave  25.3%  14b  (RT  »  12.8  min),  14.7%  14a 
(Jtr  «  19.7  min),  and  <0.3  %  15a.  Compounds  14b  and  14a  were 
identified  by  their  mass  spectrometric  cracking  patterns. 

Nitration  of  c/j^l,2-Dimetfaylcyclohexane.  A  mixture  of  cis- 
l^dimethylcyclohexane  (50  g)  and  50%  nitric  acid  (350  g)  was 
sdrred  at  the  boiling  temperature  (oil  bath  at  140"")  for  3  hr.  The 
mixture  was  allowed  to  cool  to  room  temperature;  the  layers  were 
aqparated,  and  the  aqueous  layer  was  cooled  in  ice  and  extracted 
whh  two  50-ml  portions  of  ether.  The  ether  extracts  were  com- 
bined with  the  organic  layer  and  washed  first  with  four  50-ml  por- 
of  20%  aqueous  sodium  hydroxide,  then  with  water,  and  fi- 


nally dried  over  Drierite.  Removal  of  the  ether  and  the  excess 
hydrocarbon  at  50^  (10  mm)  and  distillation  of  the  residue  gave 
a  pale  yeUow  Uquid  (3.23  g,  4.6%),  bp  82-87*»  (3-5  mm);  /i^d 
1.4667.  This  product  was  treated  with  lithium  aluminum  hy- 
dride in  the  usued  way  and  glpc  analysis  of  the  crude  amine  mixture 
under  conditions  A  indicated  the  presence  of  14.2%  14a  (RT  a 
19.5  min)  and  14.6%  15a  (RT  =  30.0  min).  The  two  materials 
exhibit  essentially  idoitical  mass  spectrometric  cracking  patterns 
with  a  molecular  ion  at  m/e  127  and  a  100%  ion  at  m/e  70. 

Thermolysis  of  ^*N-Labeled  Cyanogen  Azide  in  Cyciohexane. 
Cyanogen  azide  in  cyciohexane  (290  ml)  was  prepared  from  iso- 
topically  labeled  potassium  azide  (2.1  g)  according  to  the  procedure 
already  described.  This  solution  was  heated  at  49-50*"  overnight, 
and  the  crude  cydohexylcyanamide  (2.27  g,  57  %)  was  isolated  in  the 
usual  way  and  distiUed  at  ca,  0.003  m  to  afford  1.54  g  of  pure'  L 
The  purified  cyanamide  was  suspended  in  10  ml  of  distilled  water, 
20  drops  of  concentrated  sulfuric  acid  was  added,  and  the 
mixture  was  stirred  under  reflux  for  0.5  hr.  The  precipitated  white 
solid  was  isolated  by  filtration,  washed  with  water,  and  dried  in  a 
drying  pistol,  yielding  1.1  g  (63%)  of  cyclohexylurea,  mp  186-1 86.7  ^ 
A  suspension  of  this  material  (1.1  g)  in  tetrahydrofuran  (30  ml)  was 
added  with  stirring  to  a  boiling  mixture  of  lithium  aluminum  hy- 
dride (2.0  g)  in  tetrahydrofuran  (130  ml)  under  nitrogen.  The 
addition  was  made  over  1  hr,  and  the  mixture  was  stirred  under  re- 
flux for  an  additional  24  hr.  The  usual  work-up  afforded  a  yeUow 
liquid  which  was  dried  over  sodium  hydroxide  pellets  and  distilled 
(10-20  mm).  The  colorless  distillate  (2  +  3)  amounted  to  0.25  g. 
The  corresponding  unenriched  materials  were  prepared  anal- 
ogously. 

Analysis.  Starting  potassium  azide  was  burned  to  nitrogen 
and  the  isotopic  enrichment  of  this  species  determined  mass 
spectrometrically:  atom  %  of  ^*N  in  nitrogen  =  3.26,  total  ^*N  in 
potassium  azide  »  3.26  X  3  »  9.78%,  atom  %  of  "N  in  the  ter- 
minal position  of  azide  less  the  ^*N  natural  abundance  (net  en- 
richment): [(9.78  -  0,36)12]  -  0.36  =  4.35. 

The  amount  of  "N  in  1  and  2  was  determined  mass  spectrometri- 
cally employing  the  ratio  of  intensities  of  molecular  ion  +  1  to 
molecular  ion.    The  results  are  shown  in  Table  VIII. 


Talile  Vm.    Ratio  of  Intensities  of  Molecular  Ion  +  1 
to  Molecular  Ion  at  70  ev 

1  ("N),  %      1  (»N),  %      2("N),  %      2("N),  % 


8.92 

13.29 

8.17 

10.66 

8.86 

13.31 

8.18 

10.71 

8.89 

13.31 

8.16 

10.74 

8.87 

13.22 

8.12 

10.56 

8.85 

13.20 

8.00 

10.72 

8.12 

10.74 

8.17 

10.64 

8.20 

10.74 

8.86 

13.26 

8.14 

10.69 

Av 

Total  "N  enrichment  in  1  =  4.40% 

Total  "N  enrichment  in  2  =  2.55% 


Compound  2  was  burned  to  nitrogen  and  the  isotopic  enrichment 
was  determined  mass  spectrometrically  (in  duplicate);  total  en- 
richment in  2  -  2.35%,  2.55%. 

Reaction  of  Norbomene  with  ^*N-Labeled  Cyanogen  Azide. 
Enriched  cyanogen  azide  was  prepared  from  2  g  of  isotopically 
labeled  potassium  azide  and  35  ml  of  cyanogen  chloride.  To  the 
cyanogen  chloride  suspension  was  added  55  ml  of  water-free  aceto- 
nitrile;  the  excess  cyanogen  chloride  was  removed  at  100-200  mm, 
and  the  residual  suspension  was  pressure  filtered  under  nitrogen. 
The  clear  acetonitrile  solution  amounted  to  55  ml  and  liberated 
7.5  cc  of  gas  (Ni)  per  1  ml  of  sample  when  treated  with  trimethyl 
phosphite.  The  solution  was  subsequently  maintained  at  49°  for 
2.5  hr.  At  the  conclusion  a  1-ml  sample  of  the  solution  liberated 
6.5  cc  of  gas.  The  mixture  was  cooled  in  an  ice  bath,  and  a  solu- 
tion of  freshly  distilled  norbomene  (6  g)  in  acetonitrile  (30  ml)  was 
added  over  1.5  hr,  while  the  temperature  was  maintained  at  —2  to 
4°.  After  the  addition  was  complete  (theoretical  amount  of  gas 
had  been  evolved),  the  reaction  mixture  was  held  at  room  tempera- 
ture for  an  additional  16  hr.  Removal  of  the  volatile  constituents 
under  water-aspirator  pressure  and  at  55°  gave  2.4  g  of  an  orange 
oil.  This  product  was  dissolved  in  benzene  (10  ml)  and  passed 
through  a  chromatographic  column  containing  100  g  of  grade  IV 
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*Woelm"  neutral  alumina.  Evaporation  of  the  eluents  (400  ml) 
afforded  a  slightly  tan  oil,  which  exhibited  a  strong  infrared  band 
at  2200  (C^N)  and  1730  (C=0)  cm~^  EMstillation  of  this  mate- 
rial through  a  micro- Vigreux  column  gave  pure  cyanoaziridine  as  a 
colorless  liquid  (1.53  g,  41%),  bp  9V  (0.35  mm),  the  infrared 
spectrum  of  which  showed  a  strong  band  at  2200  cm~^  and  no 
absorption  at  1730  cm~^ 

Removal  of  the  nitrile  group  from  6  was  accomplished  as  follows. 
A  solution  of  the  cyanoaziridine  (1.53  g)  in  ether  (15  ml)  was  added 
to  a  stirred  suspension  of  lithium  aluminum  hydride  (0.24  g)  in 
ether  (25  ml)  over  20  min.  The  temperature  of  the  mixture  was 
maintained  below  25®  throughout  the  addition  by  an  ice  bath. 
The  suspension  was  then  stirred  at  reflux  for  3  hr.  The  suspension 
was  subsequently  cooled  with  an  ice-salt  bath  and  treated  with  a 
saturated  aqueous  solution  of  sodium  sulfate.  The  white  sus- 
pension was  filtered;  the  colorless  filtrate  was  dried  over  anhydrous 
sodium  sulfate  and  the  ether  removed.    Distillation  of  the  residual 


oil  through  a  short  path  head  at  0.2-0.5  mm  with  a  bath  temperature 
of  150*^  afforded  a  colorless  semisolid  (0.80  g,  67%)  which  solidified 
immediately  when  placed  on  a  porous  plate.  The  infrared  spectrum 
of  this  material  was  identical  in  all  respects  with  that  of  an  authentic 
sample." 

Analysis.  Starting  potassium  aizide  was  burned  to  nitrogen  and 
the  isotopic  enrichment  of  this  species  determined  mass  spectro- 
metrically:  atom  %  of  "N  in  nitrogen  «  3.25,  total  "N  in  po- 
tassium azide  =  3.25  X  3  =  9.75%,  atom  %  of  "N  in  terminal 
position  of  azide  less  the  ^*N  natural  abundance  (net  enrichment): 
[(9.75  -  0,36)/2]  -  0.36  =  4.33. 

Compounds  5  and  6  were  converted  to  nitrogen,  and  the  isotopic 
enrichment  was  determined  mass  spectrometrically  (in  duplicate): 
total  enrichment  in  5  »  4.18%,  4.38%;  total  enrichmenti  n  6  » 
3.90%,  4.19%. 


(33)  F.  D.  Marsh,  M .  E.  Hermes,  and  H.  E.  Simmons,  to  be  puUisbed. 
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Abstract:  The  stereochemistry  of  the  insertion  of  cyanonitrene,  generated  thermally  from  cyanogen  azide,  into 
the  tertiary  C-H  bonds  of  cis-  and  /rafu-l,2-dimethylcyclohexane  was  studied  in  a  variety  of  solvents.  The  stereo- 
specificity  observed  when  the  reaction  was  conducted  in  the  absence  of  a  solvent  was  completely  preserved  in  aoeto- 
nitrile  and  fully  destroyed  in  methylene  bromide.  In  methylene  chloride  and  ethyl  acetate,  the  reaction  is  stereoselec- 
tive. Triplet  cyanonitrene  displays  a  slightly  more  pronounced  discrimination  in  selecting  between  secondary  and 
tertiary  C-H  bonds  than  does  singlet  cyanonitrene.    Mechanisms  are  discussed. 


R)  ecent  years  have  witnessed  a  number  of  elegant  and 
ik.  fruitful  investigations  concerning  the  electronic 
states  of  neutral  electron-deficient  fragments  (car- 
benes,'  nitrenes,  etc.).  In  most  cases,  information 
about  ground  electronic  states  is  readily  available 
through  a  variety  of  spectroscopic  methods  such  as 
electron  paramagnetic  resonance  (epr)  and  flash  photoly- 
sis. In  contrast,  information  concerning  electronic 
configurations  of  such  species  during  the  course  of 
chemical  reactions  is  not  easily  accessible  and  can  only 
be  adduced  by  an  interplay  of  intuitive  reasoning  and 
experiment,  the  former  being  very  often  controversial. 
In  chemical  reactions,  three  situations  arise:  (1)  the 
reacting  species  is  in  the  ground  electronic  state,  (2) 
the  reacting  species  is  in  the  first  excited  electronic 
state  (usually  of  different  multiplicity  than  the  ground 
state),  and  (3)  the  reacting  species  is  a  composite  of 
both  ground  electronic  state  and  first  excited  electronic 
state.  The  great  majority  of  reactions  involving  neu- 
tral electron-deficient  intermediates  is  complicated  by 
situation  3.  The  most  widely  employed  criterion  for 
arriving  at  the  electronic  multiplicity  of  a  reacting  car- 
bene  was  advanced  11  years  ago  by  Skell  and  Wood- 

(1)  Communicated  in  preliminary  form:  A.  G.  Anastassiou,  /.  Am. 
Chem.  Soc.,  88,  2322  (1966). 

(2)  Department  of  Chemistry,  Syracuse  University,  Syracuse,  N.  Y. 
13210. 

(3)  For  a  critical  and  thorough  account  see:  P.  P.  Caspar  and  G.  S. 
Hammond  in  **Carbene  Chemistry,*'  W.  Kirmse,  Ed.,  Academic  Press 
Inc.,  New  York,  N.  Y..  1964,  Chapter  IZ 


worth  ^  and  concerns  the  stereochemistry  of  addition  of 
such  a  fragment  to  olefinic  bonds.  It  states  that  singiet 
carbenes  should  add  in  one  step  to  yield  cyclopropanes 
in  a  stereospecific  fashion,  whereas  the  triplet  counter- 
parts ought  to  react  by  means  of  a  diradical  intermediate 
which,  being  essentially  a  free  rotator,  leads  to  stereo- 
random  ring  closure.  Skell's  postulate  has  received 
ample  experimental  support  over  the  years  and  con- 
stitutes a  reliable  working  hypothesis.  Care  must  be 
exercised  in  its  use,  however,  since,  as  has  been  repeat- 
edly pointed  out,  it  cannot  be  justified  theoretically.'*' 
Three  recent  reports  lend  particularly  strong  support 
to  the  postulate.  These  deal  with  the  effect  of  dilution 
by  a  nonolefinic  substrate  on  the  stereochemistry  of 
addition  of  fluorenylidene*  and  dicyanocarbene,^  both 
of  which  have  triplet  ground  states,*'*  to  the  isomeric 
2-butenes  and  of  carbethoxynitrene^^  to  cis-  and  trans- 
4-methyl-2-pentene.    In  each  case,  the  stereosdectivit; 

(4)  p.  S.  Skell  and  R.  C.  Woodworth,  /.  Am,  Ck&n.  See.,  71, 4496 
(1956). 

(5)  Hoffmann  has  recently  advanced  the  notion  that  symmetry  ratbff 
than  multiplicity  of  an  electronic  state  is  the  deciding  factor  in  the  stereo- 
chemical course  of  addition:  R.  Hoffmann,  Abstracts  of  Papers,  l5Ui 
National  Meeting  of  the  American  Chemical  Society,  Pittsbvfli.  H, 
March  1966,  p  109K. 

(6)  M.  Jones,  Jr.,  and  K.  R.  Rettig,  /.  Am.  Ckem.  Soc,  17, 4013 
(1965). 

(7)  E.  Ciganek,  ibid,,  88. 1979  (1966). 

(8)  A.  M.  Trozzolo,  R.  W.  Murray,  and  B.  Wassennan,  MdL.  K 
4990(1962). 

(9)  E.  Wasserman,  L.  Barash,  and  W.  A.  Yager,  ibid.,  87,  2075  (1965). 

(10)  W.  Lwowski  and  J.  S.  McConaghy,  Jr.,  OOtL,  87,  5490(196$). 
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Figure  1.    Observed  spectroscopic  states  of  cyanonitrene. 


of  the  addition  decreases  drastically  with  increasing 
amount  of  diluent,  a  condition  which  favors  situation  1 
indicated  above.  Furthermore,  in  the  case  of  dicyano- 
carbene^  at  high  dilution,  the  same  relative  amounts 
of  stereoisomeric  cyclopropanes  are  formed  starting 
from  either  olefinic  isomer,  in  full  agreement  with 
Skell's  free  rotator  model  of  the  intermediate  diradical. 

Results  and  Discussion 

In  the  present  paper,  we  present  a  full  account  of  our 
work  dealing  with  the  electronic  multiplicity  of  reacting 
cyanonitrene  (NCN)  generated  thermally  from  cyano- 
gen azide  (NsCN).  We  chose  not  to  study  the  stereo- 
chemical course  of  the  addition  of  NCN  to  olefins  be- 
cause of  a  major  experimental  difficulty.  Cyanogen 
azide  itself  reacts  readily  with  olefinic  functions  ^^  at 
room  temperature,  with  over-all  loss  of  molecular 
nitrogen,  to  yield  products  which,  in  the  absence  of  ap- 
propriate isotopic  labeling,  are  indistinguishable  from 
those  expected  to  form  from  NCN.  Hence,  we  em- 
ployed the  stereochemistry  of  the  insertion  reaction 
into  the  C-H  bonds  of  paraffinic  hydrocarbons  as  a 
criterion  of  electronic  multiplicity. 

Electronic  Structure  of  NCN.  In  the  preceding 
paper"  we  mentioned  that  NCN  has  been  studied  by  a 
variety  of  spectroscopic  methods  and  the  configuration 
of  the  ground  electronic  state  and  a  few  excited  states 
determined.  The  information  derived  from  these 
studies  is  compiled  in  Figure  1.  It  is  interesting  to 
consider  the  various  configurations  in  connection  with 
their  ability  to  undergo  stereospecific  reactions  with 
C-VL  bonds  and  olefinic  functions.  In  so  doing,  we  will 
not  discuss  the  triplet  states  since  here  the  stereochemis- 
try of  the  reaction  is  independent  of  symmetry  and  con- 
figuration and  depends  only  on  factors  succeeding  the 
hemolytic  bond-breaking  step,  such  as  the  magnitude 
of  the  rate  of  radical  recombination  ds.  that  of  loss  of 
configurational  integrity,  both  of  which  are  sensitive 
functions  of  environment. 

The  donor  molecular  orbitals  (highest  occupied 
MO's)  of  C-H  and  C=C  bonds  are  of  symmetry"  a^ 
and  TTu,  respectively.  In  the  transition  state,  these  could 
interact  in  either  a  bonding  or  antibonding  fashion 
depending  on  the  symmetry  of  the  acceptor  MO  (low- 
est unoccupied)  of  the  electron-deficient  species.  In 
the  present  case,  since  the  transition  state  almost  cer- 
tainly involves  interaction  of  a  single  nitrogen  atom 

(11)  F.  D.  Marsh  and  M.  E.  Hermes,  /.  Am.  Chem.  Soe,,  86,  4506 
(1964). 

(12)  A.  G.  Anastassiou  and  H.  E.  Simmons,  ibid.,  89,  3177  (1967). 

(13)  This  is  strictly  the  symmetry  of  the  bare  bond. 
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Figure  2.   Symmetry  requirements  of  cyanonitrene  in  addition  and 
insertion  reactions. 


of  NCN  with  the  C-H  or  the  C=C  bond,  the  symmetry 
of  the  acceptor  MO  as  a  whole  is  of  no  consequence  and 
what  is  important  is  the  local  symmetry  of  that  MO 
on  tlie  interacting  nitrogen  atom.  This,  coupled  with 
the  cylindrical  symmetry  of  linear  NCN,  suggests  that 
the  nature  of  the  interaction  ought  to  be  independent 
of  the  IT  symmetry  of  NCN,  i.e.,  both  the  ir^  and  t^ 
MO's  of  NCN  can  interact  with  C-H  and  C=C  bonds 
in  a  bonding  fashion.  This  is  shown  diagrammatically 
(molecular  axis  of  NCN  (z)  perpendicular  to  the  plane 
of  the  paper)  in  4  and  5  of  Figure  2.  In  Figure  2  are 
also  shown  the  various  7r-orbital  combinations  of  linear 
NCN.  The  two  low-lying  singlets  of  NCN,  ^2^+ 
and  ^Ag,  are  similar  with  respect  to  symmetry  of  the 
acceptor  MO(s),  which  in  both  cases  is  TPg,  but  differ 
in  the  way  this  degenerate  MO  is  occupied.  In  ^Zg+, 
each  TTg  is  occupied  singly  whereas  in  ^A^,  one  is  filled 
and  the  other  empty  (Figure  1).  This  difference  in  the 
occupancy  of  the  v^  MO  will  in  all  probability  deter* 
mine  the  nature  of  overlap  in  the  transition  state.  Thus 
the  *2g"*"  state  having  evenly  occupied  acceptor  MO's 
will  probably  overlap  with  the  donor  MO's  of  C-H  and 
C=C  in  the  fashion  shown  in  4  and  5,  whereas  electron 
repulsion  considerations  would  suggest  that  the  ^Ag 
state  ought  to  interact  as  shown  in  6  and  7,  with  maxi- 
mum overlap  occurring  between  the  donor  MO  and  the 
empty  v^  MO  of  the  acceptor.  Translating  this  crude 
picture  into  stereochemistry,  we  conclude  that  of  the 
two  low-lying  singlet  states,  ^Zg"*"  should  react  stereo- 
specifically  in  a  one-step,  three-center  process  whereas 
the  ^Ag  state  could  probably  react  by  way  of  the  dipolar 
intermediates  shown  in  8  and  9  for  C-H  insertion  and 
C=C  addition,  respectively.  This  latter  process  could 
lead  to  nonstereospecific  results. 

The  higher  energy  singlet  ^IIu  poses  an  interesting 
problem  in  connection  with  insertion  and  addition 
reactions.  Here,  one  TTg  and  one  o-u  MO  are  singly 
occupied,  and  we  have  a  situation  where  two  paired 
electrons  differ  widely  in  energy.  This  energy  differ- 
ence will  weaken  the  pairing  between  the  two  electrons, 
and  it  is  not  inconceivable,  especially  since  the  two 
electrons  are  in  MO's  of  different  spatial  symmetry, 
that  enough  weakening  could  occur  so  as  to  allow  the 
two  electrons  to  behave  independently.  If  this  occurs, 
it  would  be  possible  for  the  ^H^  state  to  react  with  C-H 
and  C=C  bonds  by  a  radical  process  commonly  re- 
served for  triplet  species.  It  should  be  noted,  however, 
that  reaction  of  NCN  in  its  ^H^  state  is  very  unlikely 
irrespective  of  the  substrate  employed  since  its  deactiva- 
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tion  to  cither  the  *Sg+  or  *Ag  state  ought  to  occur  very 
rapidly  compared  to  chemical  reaction. 

Controlled  Generation  and  Reaction  of  Singlet  and 
Triplet  NCN.  In  previous  work/*  we  studied  the 
stereochemical  course  of  the  insertion  reaction  of 
thermally  generated  NCN  into  the  tertiary  C-H  bonds 
of  the  two  stereoisomeric  1,2-dimethylcyclohexanes 
and  found  it  to  occur  with  virtually  complete  stereo- 
specificity.  This  result  is  best  rationalized  by  assuming 
that  the  reaction  occurs  in  one  step  by  way  of  singlet 
NCN.  The  singlet  nature  of  the  reacting  NCN  is  also 
suggested  from  considerations  of  spin  conservation  in 
the  thermal  fragmentation  of  N3CN  as  well  as  the 
experimental  conditions  employed.  Thus  the  low 
decomposition  temperature  strongly  suggests  that 
singlet  NjCN  fragments  to  singlet  molecular  nitrogen** 
and,  by  the  principle  of  conservation  of  spin,  to  singlet 
NCN  which  in  the  absence  of  a  solvent  would  probably 
undergo  reaction  prior  to  collisional  deactivation  to  the 
lower  energy  'Sg"  state.  Nevertheless,  the  stereo- 
chemical results  can  also  be  accommodated  by  a  hydro- 
gen abstraction  by  triplet  NCN  followed  by  spin  in- 
version and  recombination  of  the  resulting  radical  pair, 
provided  these  latter  processes  are  rapid  compared  to 
configurational  inversion  of  the  hydrocarbon  radical.** 
To  obtain  definitive  information  concerning  the  nature 
of  reacting  NCN,  it  was  therefore  necessary  to  design 
experiments  which  would  unambiguously  distinguish 
between  the  two  mechanisms.  One  simple  way  of 
achieving  this  is  by  inducing  NCN  to  insert  nonstereo- 
specifically  under  conditions  strongly  favoring  the  pres- 
ence of  triplet  NCN.  We  have  examined  this  pos- 
sibility by  conducting  the  insertion  reaction  in  the 
presence  of  various  inert  diluents.  Under  these  condi- 
tions, collisional  deactivation  of  the  originally  formed 
NCN  to  its  'Sg-  ground  state  should  compete  favorably 
with  reaction.  In  the  course  of  these  experiments,  we 
have  also  uncovered  a  thermochemical  heavy  atom 
effect.  Since  this  effect  provided  most  of  the  rationale 
in  designing  our  experiments,  it  appears  appropriate  at 
this  point  to  briefly  summarize  its  mechanism. 

The  ability  of  heavy  atoms  to  promote  spin-forbidden 
electronic  transitions  is  a  well-recognized  phenomenon 
and  has  been  the  subject  of  extensive  spectroscopic  and 
theoretical  studies.  **  Both  intramolecular  (heavy  atom 
incorporated  in  the  substrate)  and  intermolecular  (heavy 
atom  incorporated  in  the  solvent)  "heavy-atom"  ef- 
fects have  been  observed  spectroscopically.  For  ex- 
ample, the  ultraviolet  spectrum  of  9,10-dibromoanthra- 
cene  in  a  light  solvent  exhibits  a  fairly  intense  singlet  to 
triplet  (So  -►  Ti)  absorption,  whereas  that  of  the  parent 
hydrocarbon,  determined  under  the  same  conditions, 
does  not.  Also  the  spectrum  of  neat  1-chloronaph- 
thalene  does  not  possess  an  So  -^  Ti  band,  whereas  the 

(14)  The  alternate  process,  i.e.,  NiCN  -►  «Ni  -f  «NCN,  is  undoubt- 
edly unfavorable  energetically  since  the  ^Ns  -*-  'Ns  energy  separation  is 
in  all  probability  much  larger  than  the  'NCN  -^  ^NCN  energy  gap. 

(15)  Inversion  of  the  asymmetric  center  with  respect  to  NHCN  can 
occur  either  by  rotation  of  the  hydrocarbon  radical  by  180**  prior  to 
recombination  with  the  counterradical  or  by  migration  of  NHCN  to  a 
site  at  which  recombination  would  invert  the  configuration  of  the  orig- 
inal hydrocarbon. 

(16)  Heavy  atoms  are  known  to  enhance  the  probability  of  spin-for- 
bidden transitions  through  coupling  of  spin  and  orbital  angular  momenta. 
See,  for  example,  C.  D.  Dijkgraaf  and  G.  J.  Hoitjink,  **Quantum  Chem- 
istry Symposium,**  Tetrahedron  Suppi,  2,  179  (1963);  and  J.  N.  Mur- 
rell,  **The  Theory  of  the  Electronic  Spectra  of  Organic  Molecules,*' 
John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1963,  pp  294-300. 


spectrum  of  the  same  molecule  determined  in  ethyl 
iodide  does  possess  one.  There  exists  a  formal  simi- 
larity between  the  deactivating  processes  available  to 
the  photoexcited  states  of  a  stable  molecule  and  those 
open  to  carbenes  and  nitrenes.  In  both  cases,  con- 
servation of  spin  requires  the  originally  produced  state 
to  be  a  singlet  which  given  an  appropriate  environment 
and  enough  time  could  decay  to  a  lower  energy  triplet 
However,  the  similarity  ends  here  since  the  Si  -^  Ti 
intersystem  crossing  in  the  photoexcited  substrate  has 
to  compete  with  the  far  more  efficient  spin-allowed  Si  -^ 
So  process,  whereas  in  the  case  of  an  electron-deficient 
fragment  with  a  triplet  ground  state  intersystem  cross- 
ing Si  -►  To  is  the  only  path  available  for  deactiva- 
tion. This  lack  of  spin-allowed  deactivation  in  most 
nitrenes  and  carbenes  makes  the  use  of  external  per- 
turbations to  the  quantization  of  spin,  such  as  the 
"heavy-atom"  eflFect,  exceedingly  valuable  in  deter- 
mining and  controlling  electronic  multiplicity  chemi- 
cally. Two  distinct  processes  are  necessary  for  efficient 
collisional  intersystem  crossing  which  in  the  present 
case  involves  an  Si  -►  To  transition:  (1)  vibrational 
deactivation  of  the  vibronically  excited  molecule  to  low 
vibrational  levels  of  the  first  excited  electronic  state, 
from  which  energy  transfer  to  high  vibrational  levels 
of  the  ground  state  can  occur;  and  (2)  removal  of  spin 
forbiddenness  through  coupling  of  spin  and  orbital 
angular  momenta.  The  first  process  is  strictly  colli- 
sional and  should  depend  on  the  number  of  degrees  of 
freedom  available  to  the  perturbing  molecule,  as  well 
as  the  number  of  perturbing  molecules,  ^^  whereas  the 
second'is  a  function  of  the  amount  of  spin-orbit  cou- 
pling introduced  by  the  perturber  molecule  which  in 
turn  depends  on  the  spin-orbit  coupling  constant  (f) 
of  the  atom  responsible  for  the  perturbation.  Some 
relevant  f  values  are:^  C,  28;  N,  70;  O,  152;  CI, 
587;  Br,  2460;  and  I,  5060  cm-^  For  the  case  of 
NCN,  the  over-all  mechanism  for  collisional  deactiva- 
tion is  depicted  in  Scheme  I. 


Sdiemel 

»NCN  -h   X  — ►  HNCN— X] 
(perturber) 


«[NCN— X] 


•NCN+X 


It  is  clear,  therefore,  from  these  considerations  that 
an  inert  solvent  containing  one  or  more  heavy  atoms  or 
other  perturbing  functionalities  should  fulfill  the  various 
requirements  for  efficient  relaxation  to  the  ground 
electronic  state.  With  this  in  mind  and  because  in  the 
absence  of  a  solvent  insertion  of  NCN  into  the  C-H 
bonds  of  ciS'  and  /rfln5-l,2-dimethylcyclohexane  oc- 
curs stereospecifically,  we  studied  this  reaction  em- 
ploying CHiCU,  CHjBr,,  CH,CN,  and  CHaCXXX:,Hs  as 
solvents.    The  results  are  compiled  in  Table  I. 

It  is  amply  clear  from  the  data  in  Table  I  that  the 
insertion  reaction  can  be  induced  to  occur  nonsto^o- 
specifically  by  the  use  of  appropriate  solvents.  The 
results  obtained  with  the  methylene  halide  solvents 
(reactions  4-12)  are  especially  interesting.  Both  CHr 
Cls  and  CHsBrs  contain  the  same  number  and  type  of 
atoms  and  hence  should  be  equally  effective  in  deacti- 

(17)  For  a  striking  example  of  the  effect  of  the  number  of  degrees  of 
freedom  available  to  an  inert  diluent  on  the  rate  of  intersystem  crossiof 
of  methylene,  see  R.  F.  Bader  and  J.  L  Oenerosa,  Can,  J.  Chem,,  43, 1631 
(1965). 

(18)  N.  J.  Turro,  **Molecular  Photochemistry/*  W.  A. 
Inc.,  New  York,  N.  Y.,  1965,  p  29. 
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ible  I.    Stereochemistry  of  the  Insertion  of  Cyanonitrene  into  the  Tertiary  C-H 
Mids  oScis-  and  tnms'l  ,2-Dimethylcyclohexane  as  a  Function  of  Solvoit 
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CH^N 
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trans 
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16 
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44 

56 

23 

17 
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52 

48 

11 

18 

CHiCOOCH, 
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trans 

53.0 
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50 

13 

■  Volume  per  cent  of  hydrocarbon  in  solvent.    *  Maintained  to  within  dtOA .    '  Yield  of  a  1 : 1  mixture  of  amino-  and  methylamino-1,2- 
methylcyclohexanes,  based  on  sodium  azide.    *  Compounds  10  and  11  are 
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10 


tr-NHCN 
CH, 

11 


iting  NCN  by  a  strictly  collisional  process.  In  actual 
ct,  however,  the  heavier  of  the  two  solvents  appears 
>  be  more  efficient  in  the  over-all  deactivation  of  NCN. 
his  is  most  readily  seen  from  the  results  of  reactions 
S,  9,  and  10.  In  CHiCls  the  reaction  loses  its  stereo- 
^ecificity  in  part  but  still  exhibits  considerable  stereo- 
lemical  bias  toward  retention  of  the  original  configura- 
on,  ^*  whereas  in  CHtBrs,  the  reaction  is  stereochemi- 
dly  random,  yielding  the  same  mixture  of  stereoisomers 
respective  of  the  stereochemical  identity  of  the  pure 
^drocarbon  substrate  (reactions  9  and  10)  or  the 
^drocarbon  mixture  (reaction  11).  The  greater  ef- 
:acy  of  CHsBrs  in  destroying  the  stereospecificity  of 
le  reaction  is  indicated  even  more  strikingly  from  the 
suits  of  reactions  7  and  8.  Here  it  is  seen  that  in 
HsCli  the  insertion  is  still  strongly  stereoselective  even 
hen  the  ratio  ofsolvent  to  hydrocarbon  is[increased  by  a 
ctor  of  5  over  that  of  reactions  4,  5,  9,  and  10.  We 
terpret  these  results  to  mean  that  NCN  reacts  partly 
;  a  triplet  in  CHiCls  and  exclusively  as  a  triplet  in 
HsBrs,  and  we  conclude  that  the  hydrogen-abstraction- 
combination  process  by  which  in  all  certainty  this 
»ecies  reacts  with  C-H  bonds  occurs  in  a  completely 
>nstereospecific  fashion.  This  is  in  full  agreement 
itb  the  notion  that  triplet  NCN  is  produced  from  decay 
singlet  NCN  since  CHiBrs,  possessing  a  heavier 
ilogen,  is  required  by  theory  to  be  the  more  effective 

*  the  two  solvents  in  bringing  about  singlet-triplet 
terconversions.    The   widely   different   effectiveness 

*  the  two  halocarbon  solvents  in  destroying  the  stereo- 
ledficity  of  the  reaction  clearly  eliminates  the  pos- 
bility  that  we  are  witnessing  deactivation  of  an  origi- 

(19)  The  oonfigurational  assignment  rests  on  rational  assumptions 
tber  than  experimental  fact  (see  ref  12). 


nally  produced  stereospecifically  inserting  singlet,  say 
^Zg+y  to  a  lower  energy,  nonstereospecifically  inserting 
singlet,  say  ^Ag.  Deactivation  within  such  a  spin- 
allowed  process  should  be  strictly  collisional  and  should 
be  independent  of  the  nature  of  the  halogen  in  the  inert 
diluent.  In  this  context,  it  should  be  noted  that  the 
results  of  reactions  4-12  can  be  rationalized  without 
invoking  a  difference  in  the  effectiveness  between  CH2CU 
and  CHsBrs  in  deactivating  NCN.  For  example,  it 
could  be  argued  that  the  same  relative  amounts  of 
singlet  and  triplet  NCN  are  produced  in  both  solvents 
but  that  in  CHsCls,  unlike  CHsBrs,  the  hydrocarbon 
fragment  has  a  good  memory  of  its  origin,  and  recom- 
bination leads  to  product  in  a  stereoselective  fashion. 
In  view  of  the  similarity  of  the  two  halocarbons,  we 
consider  such  a  process  to  be  a  very  poor  alternative 
to  the  operation  of  a  "heavy-atom"  effect,  Alterna- 
tively it  could  be  rationalized  that  the  different  results 
in  the  two  halocarbons  are  due  to  partial  reaction  of 
NCN  with  solvent.  At  first  glance,  this  explanation  is 
especially  appealing  because  of  the  lower  yields  observed 
in  the  halocarbons.  However,  to  explain  the  results 
on  this  basis,  one  has  to  assume  that  CHsBrs  scavenges 
singlet  NCN  exclusively  whereas  CHsCls  reacts  with 
both  spin  variants  of  NCN.  Again  the  structural 
similarity  of  the  two  solvents  makes  this  situation  very 
unlikely.  In  connection  with  the  poorer  yields  observed 
when  the  reaction  was  carried  out  in  the  halocarbons, 
it  should  be  noted  that  these  do  not  detract  in  any  way 
from  the  significance  of  the  stereochemical  results. 
For  example,  even  on  the  extreme  assumption  that  the 
difference  in  yields  between  the  reactions  carried  out  in 
CHsCls  and  CHsBrs  (20-34%)  and  those  conducted 
in  the  absence  of  a  solvent  (44-46  %)  is  due  exclusively  to 
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reaction  of  singlet  NCN  with  solvent,  one  can  readily 
estimate  a  minimum  stereochemical  crossover  of  17% 
in  CHjCli  and  22%  in  CHjBrs,  as  compared  to  <2% 
in  the  neat  hydrocarbon. 

Acetonitrile  presents  an  interesting  case.  It  is  seen 
from  the  results  of  reactions  13  and  14  that  this  solvent 
is  completely  effective  in  preserving  the  stereospecificity 
of  the  reaction.  Two  possible  explanations  come  to 
mind :  (1)  acetonitrile  is  totally  ineffective  in  promoting 
singlet  to  triplet  interconversions,  and  (2)  triplet  NCN 
is  produced  but  is  trapped  effectively  by  CHsCN.  The 
low  over-all  yields  of  reactions  13  and  14  point  strongly 
to  the  latter  explanation  as  the  correct  one.  In  fact, 
it  is  reasonable  to  assume  that  an  electron-deficient 
molecule  such  as  CHsCN  would  react  preferentially 
with  the  less  electrophilic  triplet  NCN.  For  example,  for 
reaction  of  NCN  with  the  C-H  bonds  of  acetonitrile, 
there  should  be,  for  obvious  reasons,  a  distinct  prefer- 
ence for  hydrogen  abstraction  by  triplet  NCN  over 
direct  insertion  by  singlet  NCN.  These  two  processes 
are  depicted  by  12  and  13,  respectively.    In  great  con- 


5+5- 
NCN— H— CH^N 

12 


H 


5-N 
CN 


5+    d-^d- 
CHjCN 


13 


trast  to  acetonitrile,  ethyl  acetate  is  almost  as  ineffec- 
tive as  CH2Br2  in  preserving  stereospecificity,  as  is 
seen  from  the  results  of  reactions  15  to  18.  We  can 
conceive  of  a  number  of  reasons  as  to  why  this  should 
be  so.  (1)  Ethyl  acetate,  containing  a  greater  number 
of  atoms  than  the  other  inert  diluents  studied  here, 
ought  to  be  the  most  effective  in  the  purely  coUisional 
part  of  the  deactivation  process.  In  addition,  the  car- 
bonyl  functionality  in  all  probability  introduces  some 
triplet  character  to  the  ground  state^  of  ethyl  acetate,  a 
property  that  should  make  this  solvent  effective  in 
promoting  intersystem  crossing  in  NCN  by  the  mecha- 
nism in  Scheme  I.  (2)  Triplet  NCN  could  form  from 
singlet  NCN  by  a  process  involving  spin  exchange 
with  the  solvent,  i.e.,  ^NCN  +  ^[CHaCOOCjHs]  -► 
•NCN  +  »[CH3COOQH5].  (3)  The  loss  of  stereo- 
specificity may  be  due  to  reaction  of  singlet  NCN  by  a 
hydride-abstraction-recombination  process  (RH  + 
WCN  -^  R+N-HCN  -^  RNHCN)  which  ought  to  be 
more  favorable  in  ethyl  acetate  than  in  the  less  polar 
halocarbon  solvents.  (4)  The  presence  of  relatively 
large  amounts  of  triplet  NCN  could  be  a  consequence  of 
preferential  scavenging  of  singlet  NCN  by  solvent. 
Of  these  four,  possibilities  2  and  3  can  be  eliminated 
fairly  readily.  In  (2),  the  occurrence  of  a  spin-transfer 
process  between  NCN  and  solvent  requires  that  the 
So  -►  Ti  energy  separation  in  ethyl  acetate  be  smaller 
than  or  equal  to  the  To  -^  Si  energy  gap  in  NCN.  This 
is  not  the  case;  Ti  in  ethyl  acetate  is  probably  in  the 
vicinity  of  130  kcal/mole  above  the  ground  state** 
whereas,  as  one  can  readily  see  from  Figure  1,  the  maxi- 
mum possible  To  -^  Si  separation  in  the  NCN  system 
has  to  be  less  than  3.72  ev  or  87  kcal/mole.**    Pos- 

(20)  This  is  a  consequence  of  the  small  singlet  to  triplet  energy  gap 
which  characterizes  n-x*  states. 

(21)  This  value  represents  the  energy  of  the  first  excited  n-ir*  singlet 
in  ethyl  acetate  (J.  G.  Calvert  and  J.  N.  Pitts,  Jr.,  "Photochemistry," 
John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1966,  p  429).  Experience 
suggests  that  the  energy  of  the  first  excited  triplet  should  be  close  to  this 
value. 


sibility  3  can  be  reasonably  dismissed  on  the  argument 
that  if  hydride  abstraction  occurs  in  ethyl  acetate,  it 
should  occur  in  acetonitrile  as  well,  since  both  solvents 
ought  to  provide  equally  favorable  polar  environments. 
The  complete  stereospecificity  of  the  reaction  in  aceto- 
nitrile attests  to  the  absence  of  such  a  two-step  procesi 
The  two  remaining  possibilities  (1  and  4)  are  both  at- 
tractive, but  a  distinction  between  them  is  not  possible 
on  the  available  information.  It  is  quite  possible  that 
ethyl  acetate  derives  its  efficacy  for  destroying  the 
stereospecificity  of  the  reaction  from  both  processes. 

The  results  collected  in  Table  I  are  best  rationalized 
by  the  set  of  reactions  shown  in  Scheme  II.    Within 
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this  mechanism,  ki  is  much  larger  than  k^  in  the  absence 
of  a  solvent,  comparable  to  kt  in  CHjCU  and  much 
smaller  than  kt  in  CHjBrj  and  possibly  CHaCOOCtHj. 
In  CHsCN,  ks  is  probably  large  compared  to  fc»,  lead- 
ing to  results  identical  with  those  obtained  in  the  case 
where  ki»  kt.  In  CHsCOOQHs,  a  large  fce  may  be 
partly  responsible  for  the  similarity  of  the  results  to 
those  obtained  when  kt  »  ki.  It  should  be  noted 
that  any  radical  processes  involving  attack  by  substrate 
or  solvent  radicals  on  NjCN  can  be  reasonably  dis- 
missed since  under  these  conditions  stereoisomerization 
of  the  hydrocarbon  by  way  of  its  radical  should  set  in. 
In  all  cases,  the  recovered  hydrocarbon  was  uncontami- 
nated  with  its  isomer.  The  stereochemical  details  of 
the  reaction  (employing  the  cis  hydrocarbon  as  refer- 
ence) are  depicted  in  Scheme  III.  Here  equilibration 
between  the  stereoisomeric  radicals  should  be  a  rapid 
process  compared  with  over-all  recombination. 
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The  ready  and  efficient  environmental  control  of  the 
electronic  multiplicity  of  NCN  described  here  provides  a 
convenient  means  for  studying  reactions  of  the  two  spin 
variants  separately.    In  order  to  determine  the  dec- 

(22)  The  assumption  here  is  that  the  usual  energy  alternatioa  of 
tinglets  and  triplets  holds  for  the  low-energy  states  of  NCN.  /.#.,  B^ 

<  £(»nu)  <  £(»nu). 
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multiplicity  of  NCN  in  a  certain  reaction,  one 
to  know  the  rate  of  that  reaction  relative  to  the 
>f  insertion  into  the  tertiary  C-H  bonds  of  1,2- 
hylcyclohexane.  Reactions  that  involve  a  lower 
/  path  than  insertion  into  the  tertiary  C-H  bonds 
i  occur  by  way  of  singlet  NCN  when  conducted 
^  absence  of  a  solvent.  Conversely  under  the 
conditions,  NCN  could  enter  reactions  that  are 
r  than  the  reference  reactions  as  either  a  singlet  or 
let.  Furthermore,  these  latter  reactions  should 
exclusively  through  triplet  NCN  when  conducted 
IjBrj.  The  complexity  of  the  1,2-dimethylcyclo- 
es  poses  a  serious  problem  in  their  use  as  reference 
ounds  since  they  produce  a  large  number  of  iso- 
cyanamides,  some  of  which  may  interfere  in  the 
/ation  and  structural  elucidation  of  the  product(s) 
Test.  Hence,  we  examined  the  structurally  simpler 
inic  substrates,  cyclohexane  and  cyclopentane,  as 
tial  reference  materials.  The  results  are  shown  in 
II.  It  is  clear  from  the  data  that  the  difference  in 
vity  betweeen  the  tertiary  C-H  bonds  of  the 
hylcyclohexancs  and  the  methylene  functions  of 
o  cycloalkanes  toward  singlet  NCN  is  quite  small, 
ting  that  the  two  cycloalkanes  could  conceivably 
^d  as  reference  materials.  These  results  also  indi- 
i  small  difference  between  the  reactivities  of  the 
•y  C-H  bonds  of  cis-  and  /rfln5-l,2-dimethylcyclo- 
e.  One  can  estimate  a  factor  of  1 .7  in  favor  of  the 
)mer.  Interestingly,  the  same  factor  can  be  de- 
From  the  results  of  reaction  3  and  those  of  4  and  5 
njunction  with  those  of  9  and  10)  shown  in  Table 
lis  small  but  reproducible  difference  in  reactivity 
be  due  to  steric  reasons  since  the  tertiary  hydro- 
3f  the  trans  compound,  being  cis  to  the  methyl 
s,  should  be  less  accessible  sterically.  However, 
fference  is  fairly  small  and  could  be  the  result  of  a 
ing  experimental  error  as  well.  Another  inter- 
feature  of  the  results  of  Table  II  is  that  triplet 
discriminates  slightly  better  (2.1  times)  than  sin- 
ICN  between  tertiary  and  secondary  C-H  bonds, 
is  consistent  with  the  lower  energy  content  of 
;NCN. 


1.  Relative  Affinity  of  NCN  for  the  Tertiary  C-H  Bonds 
ind  rra/f5-l,2-Diniethylcyclohexane  and  the  C-H  Bonds  of 
entane  and  Cyclohexane  at  43.S  d:  0.1  "^ 


action 


Solvent 


Hydro- 
carbon"  C-H  bond  Affinity*.'^ 


19 
20 
21 
22 


None 
None 
None 
CHjBr, 


A 
C 
B 
C 
B 
D 
B 
C 


3 
2 
3 
2 
3 
2 
3 
2 


4.2 
1.0 
2.4 
1.0 
3.5 
1.0 
5.0 
1.0 


r^l,2-diniethylcyclohexane;  B,  /mn5-l,2-diniethylcyclo- 
;  C,  cyclopentane;  and  D,  cyclohexane.  *  In  each  reaction, 
ondary  C-H  bonds  are  assigned  the  arbitrary  value  of  1.0. 
s  are  corrected  for  statistical  factors. 


duct  Analysis.  The  information  collected  in 
i  1  and  II  was  obtained  as  follows.  Dilute  solu- 
of  NsCN  in  the  appropriate  hydrocarbon(s)  and 
it  were  thermolyzed  at  the  temperatures  indicated, 
r  temperatures  were  necessary  to  effect  thermolysis 


at  reasonable  rates  in  the  more  polar  solvents  CHsCN 
and  CHsCOOQHs  in  view  of  the  greater  stability  of 
NsCN  in  such  media.  A  control  experiment  in  CHsBrs 
at  the  higher  temperature  (reaction  12)  indicated  that 
the  results  are  not  temperature  dependent  within  the 
narrow  temperature  range  employed  here.  The  crude 
mixtures  of  cyanamides  were  converted  to  the  corre- 
sponding amino  and  methylamino  compounds  by  treat- 
ment with  a  large  excess  of  lithium  aluminum  hydride 
in  boiling  tetrahydrofuran.  The  mixtures  of  amines 
were  analyzed  by  gas-liquid  partition  chromatography 
(glpc)>  and  the  amines  of  interest,  14  to  17,  identified  by 
direct  comparison  of  their  retention  times  and  mass 
spectrometric  cracking  patterns  with  those  of  authentic 
materials.''  The  yields  indicated  are  those  of  crude 
1 : 1  mixtures  of  amino  and  methylamino  compounds 
and  are  based  on  the  amount  of  sodium  azide  employed 
in  the  preparation  of  cyanogen  azide.  The  yields  of  all 
reactions  conducted  in  the  absence  of  a  solvent  were 
calculated  from  the  weight  of  the  crude  amine  mixture. 
The  yields  of  the  reactions  which  were  carried  out  in  a 
solvent  were  those  calculated  from  the  weight  of  the 
crude  amines  multiplied  by  a  factor  which  was  obtained 
by  dividing  the  total  glpc  area  of  the  amine  mixture 
from  that  reaction  by  the  total  glpc  area  of  the  amine 
mixture  obtained  from  the  same  hydrocarbon  in  the 
absence  of  a  solvent.  This  method  of  calculation  rests 
on  the  assumption  that  all  volatile  components  in  the 
product  mixture  of  the  reaction  conducted  in  a  solvent 
are  amines  derived  from  the  hydrocarbon  substrate(s). 
That  this  is  a  valid  assumption  is  indicated  from  the 
virtual  identity  of  the  glpc  patterns  of  mixtures  from 
reactions  in  different  solvents  containing  comparable 
amounts  of  the  various  stereoisomers.  For  example, 
the  glpc  patterns  from  reactions  13,  14,  IS,  and  16  are 
the  same  as  those  from  1,  2,  9,  and  10,  respectively. 
Only  in  one  case  (reaction  21)  did  the  retention  times  of 
two  amines  of  interest  coincide.  The  amines  were  N- 
methylcyclohexylamine  (16b)  and  l-amino-rrfln5-l,2- 
dimethylcyclohexane  (15a).  The  relative  amounts  of 
these  two  components  were  estimated  from  the  rela- 
tively constant  ratio  in  which  15a  and  15b  are  present 
in  the  various  amine  mixtures. 


R 

«,  X-NH, 
b.X-NHCIt 

Conclusion 


CH, 

OS 

CHa 
15 

b,X-NHCl^ 


Q 


16  17 

«,X-NH,        «,X-NH, 
b^X-NHCHG    b,X-NHCH3 


The  results  reported  in  this  paper  indicate  that 
thermolysis  of  cyanogen  azide  in  the  temperature  range 
of  41-53^  proceeds  with  conservation  of  spin  to  yield 
singlet  NCN  which  inserts  stereospecifically  into  ter- 
tiary C-H  bonds.  This  species  can  be  readily  de- 
activated through  collisions  with  a  suitable  inert  dilu- 
ent to  triplet  NCN  which  reacts  with  tertiary  C-H  bonds 
by  a  totally  stereorandom  hydrogen-abstraction-recom- 
bination process.    Triplet  NCN  is  slightly  more  selec- 

(23)  Authentic  amines  14a,  14b,  15a,  and  15b  were  prepared  accord- 
ing to  K.  E.  Hamlin  and  M.  Freifelder,  /.  Am,  Cfiem.  Soc,,  75, 369  (1953). 
See  also  refl2. 
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Table  BDL    Identifying  Features  of  the  Amines 


Compd 


Retention 
time, 
min 


Molecular 
ion, 

m/e 


100% 
Ion, 

m/e 


14a 

33.0 

127 

70 

b 

24.8 

141 

84 

15a 

21.2 

127 

70 

b 

13.5 

141 

84 

16a 

30.6 

99 

56 

b 

21.3 

113 

70 

17a 

16.0 

85 

56 

b 

12.4 

99 

70 

were  better  than  99.7%  pure  by  glpc  and  were  used  without  further 
purification.  Of  the  solvents,  ethyl  acetate  was  **Fisher  Reageat 
Grade,*'  and  acetonitrile  (anhydrous)  and  dichloromethane  wgr 
Eastman  (White  Label)  and  were  used  without  further  puriScatioo. 
Methylene  bromide  was  purified  by  careful  distillation  immediatdy 
before  use  (better  than  99.5  %  pure). 

General  Procedure  of  the  Reactkm.  In  the  absence  of  a  sohwat, 
the  reaction  was  carried  out  in  the  manner  described  in  the  pf^ 
ceding  paper.  ^*  When  a  solvent  was  employed,  the  general  pro- 
cedure was  as  follows.  Cyanogen  azide  was  prepared  in  the  ibuI 
manner^*  from  sodium  azide  (2  g)  and  cyanogen  chloride  (m 
50  ml).  The  appropriate  solvent  {ca,  100  ml)  was  added  and  the 
excess  cyanogen  chloride  removed  at  200-300  mm,  through  the 
condenser  maintained  at  5-10*',  until  the  temperature  of  the  sui* 


Table  IV.    Quantitative  Data  of  Reactions  of  the  1 ,2-Dimethylcyclohexanes  with  NGN  in  Various  Solvents 


Sodium    Cyanamide      Amine 
Reaction**    azide,  g    mixture,  g    mixture,  g 


Compn  of  amine  mixtures,^  % 

14a  14b  15a  15b 


Total 

glpc 
area,  % 


Over-all 
yield,  % 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 


2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 


2.6 
2.5 
2.3 
2.6 
2.2 
2.2 
2.4 
2.6 
2.6 
2.6 
3.0 
3.1 
2.5 
2.1 
2.5 
2.6 
1.5 
1.3 


1.8 
1.9 
2.0 
1.2 
1.4 
1.5 
1.6 
1.4 
1.6 
1.3 
1.4 
1.6 
1.0 
1.0 
1.4 
1.3 
0.8 
0.6 


20.0 

•  •  • 

23.8 
13.0 

5.7 
11.0 
10.5 

6.1 
10.6 
12.3 
18.0 
10.2 
13.1 

•  •  • 

9.7 

7.9 

13.0 

7.8 


30.5 

•  •  • 

28.5 
20.4 
8.4 
20.3 
19.2 
13.6 
22.7 
21.8 
20.1 
20.4 
32.0 

•  •  • 

18.1 
12.9 
20.6 
15.7 


10.7 
3.5 
3.8 
7.3 
2.8 
6.3 

11.6 
7.6 
8.7 

13.5 
8.3 

•  •  • 

8.9 
9.0 
9.0 
11.5 
7.8 


M).5 
25.0 
7.0 
8.4 
18.6 
10.7 
12.5 
19.2 
23.0 
22.9 
18.3 
22.3 
M).5 
24.6 
14.7 
18.5 
19.1 
16.4 


100 
100 
90 
90 
93 
73 
87 
69 
73 
84 
59 
63 
77 
78 
61 
72 
55 
90 


Reac- 
tion« 


Solvent 


Amine 
Hydro-  mix- 

carbon*.*       ture,  g 


14a 


14b 


■Compn^  of  amine  mixtures,  %— 
15a        15b         16a         16b 


17a 


17b 


44 
46 
45 
26 
32 
27 
34 
23 
28 
26 
20 
24 
19 
19 
21 
23 
11 
13 


"  As  per  Table  I.    *  By  weight. 

Table  V.    Quantitative  Data  of  Reactions  of  NGN  with  the  1 ,2-Dimethylcyclohexanes,  Gyclopentane,  and  Qyclohexane 

Total  Over- 
glpc     all 
area,  yield,* 

%         % 


19 

None 

A  =  46.4 
G  =  53.6 

1.4 

20 

None 

B  =  37.0 
C  =  63.0 

1.3 

21 

None 

B  =  39.6 
D  =  60.4 

1.9 

22 

GHJBr, 

B  =46.0 
C  =  54.0 

1.5 

13.2 


17.1 


9.5 


11.6 


4.9 

13.8 

5.0 

12.9 

6.1 

14.8 

6.8 
11.0 


22.7 
35.9 


15.6        37.0 


8.4        26.7 


96 

100 

99 

79 


38 
37 
43 
27 


«  As  per  Table  II.    *  A,  c£y-l,2-dimethylcyclohexane;  B,  //Yz/f5-l,2-dimethylcyclohexane;  G,  cyclopentane;  D.cydohexane.    « Mole  per 
cent.    *  By  weight.    *  Galculated  on  the  assumption  that  the  mixture  consists  of  an  equal  amount  of  the  components  shown  in  columns  5- 1 1 


tive  in  its  reaction  between  tertiary  and  secondary  C-H 
bonds  than  is  singlet  NCN,  as  is  expected  from  its  lower 
energy  content.  Overlap  considerations  suggest  that, 
in  the  absence  of  perturbation  in  the  transition  state, 
the  ^Sg"*"  state  is  more  likely  to  react  stereospecifically 
with  C-H  and  C=C  bonds  than  is  the  ^Ag  state. 

Experimental  Section'^ 

Nfaterials.  Of  the  hydrocarbons  employed,  the  1,2-dimethyl- 
cyclohexane  and  cyclopentane  were  *Thillips  Research  Grade,*' 
and  the  cyclohexane  was  "Eastman  Spectrograde.**    They  all 


(24)  Infrared  spectra  were  obtained  with  a  Perkin-Elmer  21  spec- 
trometer, and  mass  spectra  were  determined  with  a  Bendix  time-of-flight 
mass  spectrometer.  The  glpc  results  were  obtained  under  the  following 
conditions:  A,  2  X  2  m  X  0.25  in.,  stainless  steel  column  packed  with 


pension  was  20-25*'.  The  amount  of  time  required  for  this  opera- 
tion varies  with  the  solvent;  polar  media  such  as  acetonitrile  and 
ethyl  acetate  require  longer  periods.  The  suspension  was  filtered 
under  nitrogen  pressure  and  the  filtrate  made  up  to  a  total  of  300  ml 
with  solvent.  To  this  was  added  the  appropriate  hydrocarbon  or 
hydrocarbon  mixture'*  (30  ml)  and  the  well-mixed  solution  trans- 
ferred into  a  one-necked,  500-ml  flask  fitted  with  a  condenser  and 
connected  (through  the  top  of  the  condenser)  to  a  wet  test  nxlff 
by  way  of  a  trap  maintained  at  Dry  ke-acetone  tempetatum 

20%  tetrakis(hydroxyethyl)ethylenediamine  (THEED)  on  60-80  mob 
Chromosorb  W  (not  add  washed)  at  101  **  with  the  vaporixer  at  165'; 
helium  was  used  as  the  carrier  gas  at  a  flow  rate  of  74  cc/min;  B^  2  m  X 
0.25  in.,  copper  column  packed  with  20%  l,2,3-tris(2-cyanoethosy)' 
propane  (TCEGE)  on  60-80  mesh  Gas  Chromosorb  R  at  52*  with  iIk 
vaporizer  at  120°;  helium  was  used  as  the  carrier  gas  at  a  flow  rate  of 
67  cc/min. 

(25)  The  composition  of  this  mixture  was  determined  by  ^pc  mder 
conditions  B. 
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The  flask  was  immersed  in  a  constant-temperature  water  bath 
and  maintained  to  within  0.1°  of  the  required  temperature  over- 
night, after  which  period  the  theoretical  amount  of  nitrogen  had 
evolved.  The  mixture  was  then  filtered  free  of  any  traces  of  pre- 
cipitate that  might  be  present  and  a  glpc  sample  (ca.  1  ml)  taken 
from  the  filtrate  and  analyzed  for  type  of  hydrocarbon  present, 
under  conditions  B.  The  remainder  of  the  filtrate  was  then  con- 
centrated first  under  water-aspirator  pressure  at  ca.  30-40°  and 
then  at  3-5  mm  and  room  temperature  to  yield  a  light  orange 
viscous  oil  (ca,  2  g),  which  exhibited  strong  characteristic  -NHCN 
infrared  absorption  at  3200  (N-H)  and  2200  cm'^  (C=N).  The 
cyanamide  mixture  was  then  converted  to  an  amine  mixture  by 
treatment  with  a  great  excess  of  lithium  aluminum  hydride  in  boiling 
tetrahydrofuran  as  described  in  the  preceding  paper.  ^'  The  mix- 
ture of  amines  was  analyzed  by  gas^liquid  partition  chromatography 


under  conditions  A,  and  the  amines  of  interest  were  identified  by 
direct  comparison  of  their  glpc  retention  times  and  mass  spectro- 
metric  cracking  patterns  with  those  of  authoitic  samples.  The 
relevant  data  employed  in  the  identification  are  shown  in  Table  UL 
The  quantitative  results  are  compiled  in  Tables  IV  and  V.  The 
yields  tabulated  were  calculated  from  the  weights  of  the  crude 
amine  mixtures  in  conjunction  with  the  total  glpc  area  observed  in 
each  case.  For  example,  the  yield  of  reaction  7  based  on  weight 
of  amine  mixture  (assuming  a  1 : 1  mixture  of  amino  and  meth^ 
amino  compounds)  is  39%  which,  after  correction  for  total  amount 
of  volatile  material,  becomes  39  X  87/100  »  34%.  The  various 
reaction  numbers  correspond  to  those  shown  in  Tables  I  and  IL 

Acknowledgment.    The  author  is  indebted  to  Miss 
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Abstract:  The  thermodynamically  more  stable  dimers  of  1-cyano-,  1-ethoxycarbonyl,  l-/-butoxycarbonyl,  and  1- 
methylazepineareall  representatives  of  the  new  13,14-diazatricyclo[6.4.1.1^7]tetradeca-3,5,9,ll-tetraenering  system. 
These  compounds  are  formed  from  kinetically  produced  isomers  which  rearrange  on  further  thermal  treatment  to 
the  doubly  bridged  piperazine  system.  The  chemistry  of  this  system  and  the  fully  reduced  1 3,14-diazatricyclo[6.4. 1  .- 
1  ^^]tetradecane  system  is  discussed  in  detail. 


Recently,  brief  descriptions  have  appeared^  of  the 
I.  dimers  of  1-cyanoazepine  (la),^**'  1-ethoxycar- 
bonylazepine  (Ib)/*^  and  1-methylazepine  (Ic).***  Our 
more  recent  observation  of  the  dimerization  of  1-/- 
butoxycarbonylazepine  (Id)  suggests  that  this  is  a  gen- 
eral property  of  the  azepine  nucleus.    This  paper  is 


9 


la,R 
b,R 

c,R 
d,R 
e.R 
f.R 


CN 

cx),cai* 

CH, 

COiQCH,), 
CON, 
COjCH, 


concerned  with  the  thermally  more  stable  dimers  which 
belong  to  the  new  13,14-diazatricyclo[6.4.1.1'^tetra- 
deca-3yS,9,l  1-tetraene  ring  system  (3). 

At  relatively  low  temperatures,  the  parent  azepines 
dimerize  readily  to  kinetically  controlled  products 
which  lack  an  element  of  symmetry.  In  particular,  la 
dimerizes  at  25-60^  to  a  white  crystalline  product, 
mp  220-22  P  dec,^'-^  lb  dimerizes  at  130°  to  a  white 
BC^d,  mp  78®,**^  and  Ic  forms  a  colorless  solid,  mp  66®.^** 
The  structure  of  the  dimer  of  la  is  different  from  that 
postulated  for  the  dimers  of  lb  (2)^"^  and  Ic^  and  it  will 

(1)  (a)  F.  D.  Marsh  and  H.  E.  Simmons,  /.  Am,  Chem,  Soc.,  S7,  3529 
(1965);  (b)  A.  L.  Johnson  and  H.  E.  Simmons,  ibid.,  88,  2591  (1966); 
(c)  L.  A.  Paquette  and  J.  H.  Barrett,  ibid.,  88.  2590  (1966);  (d)  K.  Hafner 
and  J.  Mondt,  Angew,  Chem,,  78,  822  (1966). 


be  discussed  elsewhere.'  At  higher  temperatures, 
thermally  more  stable  isomers  are  obtained  which 
are  13,1 4-disubstituted  13,1 4-diazatricyclo[6.4. 1 . 1  *'T- 
tetradeca-3,S,9, 1 1-tetraenes  (3).    Specifically,  the  dimer 


3a,  K 
b,R 
c,R 
d,R 
e,  R 
f.R 

g.R 
fa,  R 

I,  R 
J.R 
k,  R 


'NR 


CN 

CX),QH, 
CH, 

COiQCH,), 
CONH, 
H 
NO 
QH, 

CH,CH==CH, 
CH,CH,CH=CH, 
tmns-CHtCH= 
CHCiHt 


CHiCO 
c/i-COCH= 
CHCOsH 
CiHtCO 
A-BrCtHiCO 
C«H,NHCO 
CfHtNHCS 
COiCioHij 
COCHjQ 
COCHsN(C,Hi)i 
CHsCOsCiHi 


(2)  K.  Hafner,  private  communication. 

(3)  F.  D.  Marsh,  A.  L.  Johnson,  and  H.  E.  Simmoni,  in  preparatioii. 
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of  la  is  converted  smoothly  to  3a  at  210^,*^  either  lb 
or  2  is  converted  to  3b  at  200^,^*^  Ic  to  3c  above  0^/** 
and  Id  to  3d  at  156®.  The  presence  of  dimeric  products 
in  the  solid  fraction  of  the  reaction  product  from  which 
1-azidocarbonylazepine  (le)  was  obtained^  also  seems 
likely.  The  generality  of  the  formation  of  ring  system 
3  is  cleariy  demonstrated  by  its  preparation  from  four 
different  azepines. 

The  stability  of  system  3  is  illustrated  by  the  high 
melting  points  of  its  derivatives  and  by  its  resistance  to 
strong  mineral  acid.  Hydrolysis  of  13,14-dicyano- 
1 3, 14-diazatricyclo[6.4. 1 . 1  ^.'Jtetradeca-  3,5,9, 1 1  -  tetraene 
(3a)  with  50%  sulfuric  acid  at  100-120°  proceeds 
in  two  stages  through  the  biscarbamoyl  derivative  3e 
to  the  parent  diamine  3f.  The  latter  is  produced  im- 
mediately when  the  bis-/-butoxycarbonyl  derivative  3d 
is  treated  with  hydrogen  bromide  in  glacial  acetic  acid.^ 
The  common  difunctional  derivatives  3g-u  of  13,14- 
diazatricyclo[6.4.1.1 « ^tetradeca-3,5,9,1 1-tetraene  (3p 
were  prepared  by  conventional  methods,  and  their 
analytical  and  spectral  properties  clearly  indicate  their 
relationship  to  3f. 

The  concerted  formation  of  the  (6  +  6)  addition 
products  3a-d  from  the  monocycles  la-d  is  a  thermally 
forbidden  process  according  to  the  Woodward-Hoff- 
mann rules.*  The  proposed  (2  +  6)  addition  of  tetra- 
cyanoethylene  to  1-ethoxycarbonylazepine,  lb,'  has 
since  been  shown  to  be  the  normal  thermally  allowed 
(2  +  4)  Diels-Alder  addition.*  The  same  results  were 
obtained  for  a  series  of  substituted  1-methoxycarbonyl- 
azepines.  If,  with  tetracyanoethylene.*  It  therefore 
seems  reasonable  that  the  thermal  formation  of  struc- 
tures 3  from  1  must  involve  an  allowed  intermediate 
(2  +  4)  endo  Diels-Alder  product  or  a  (4  +  6)  exo 
product  (e.g.,  ly^  which  rearranges  to  the  symmetrical 
isomer  at  higher  temperatures.  In  our  case  (la  -*• 
3a)  the  symmetrical  compound  arises  solely  by  rear- 
rangement of  the  dimer  of  la. 

The  proof  of  structure  3a  is  based  upon  these  ob- 
servations. (1)  Zinc  dust  distillation  of  3a  at  350® 
produces  aniline  in  low  yield  as  the  only  volatile  product. 

(2)  The  parent  diamine  3f  readily  absorbs  4  molar 
equiv  of  hydrogen  on  hydrogenation  in  dilute  hydro- 
chloric acid  over  platinum  oxide.  The  relationship 
of  the  octahydro  derivative,  13,14-diazatricyclo[6.4.1.- 
P'Ttetradecane  (4a),  to  3f  and  to  the  simple  difunc- 
tional derivatives  (4b-g)  is  apparent  from  their  analyti- 
cal and  spectral  properties. 

(3)  In  contrast  to  their  precursor,  the  dimer  of  la, 
compounds  3  show  only  weak  carbon-carbon  double 
bond  absorption  in  the  1600-cm"-*  region  of  the  infra- 
red spectrum.  This  fact,  coupled  with  polarization 
studies^  on  the  intense  Raman  band  at   1615  cm~* 

(4)  L.  E.  Chapman  and  R.  F.  Robbins,  Chem.  Ind,  (London),  1266 
(1966). 

(5)  This  hydrolysis  procedure  is  described  by  G.  W.  Anderson  and  A. 
C.  McGregor,  /.  Am.  Chem.  Soc.,  79,  6180  (1957). 

(6)  (a)  R.  B.  Woodward  and  R.  Hoffmann,  ibid.,  87,  395  (1965);  (b) 
R.  Hoffmann  and  R.  B.  Woodward,  ibid.,  87,  2046  (1965);  (c)  R.  Hoff- 
mann and  R.  B.  Woodward,  ibid.,  87,  4388  (1965);  (d)  H.  C.  Longuet- 
Higgins  and  E.  W.  Abrahamson,  ibid.,  87,  2045  (1965). 

(7)  K.  Hafner,  Angew.  Chem.  Intern.  Ed.  Engl.,  3,  165  (1964). 

(8)  (a)  J.  H.  van  den  Hende  and  A.  S.  Kende,  Chem.  Commun.,  384 
(1965);  (b)  A.  S.  Kende,  P.  T.  Izzo,  and  J.  E.  Lancaster,  /.  Am.  Chem. 
Soc.,  87,  5044  (1965). 

(9)  (a)  J.  E.  Baldwin  and  R.  A.  Smith,  ibid.,  87,  4819  (1965);  (b)  L  C. 
Paul,  J.  E.  Baldwin,  and  R.  A.  Smith,  ibid.,  88,  3653  (1966). 

(10)  G.  Herzberg,  'Infrared  and  Raman  Spectra  of  Polyatomic 
Molecules,*'  D.  Van  Nostrand  Co.,  Inc.,  Princeton,  N.  J.»  1945,  p  360. 


CJH,CX> 

CHftNHCO 

QHtNHCS 


observed  in  compounds  3c  and  f  (CHCls  solution),  can 
be  accounted  for  by  the  symmetrical  diene  vibration 
of  the  proposed  centrosynmietric  Qh  structure. 

(4)  The  constancy  of  position  and  intensity  of  the 
ultraviolet  maxima  of  compounds  3  in  the  23Q-240-m/4 
region  (c  9500-21,000)  (Table  I)  is  consistent  with  the 
presence  of  two  independent  cisoid  diene  chromo- 
phores^^  rather  than  azepine,  enamine,  or  enamide 
functions.^'  This  absorption  remains  constant  even  in 
the  dihydrochloride  of  3f  and  the  monomethiodide  of 
3c,  indicating  that  the  nitrogen  atoms  are  isolated  from 
the  diene  chromophores."*^*''  In  most  cases,  two 
maxima  separated  by  S-8  m/x  and  of  approximately  the 
same  intensity  can  be  resolved  (Table  I).  In  two  ex- 
amples (3g,  3k)  the  extra  chromophores  are  attributed 
to  independent  absorption  by  the  nitrogen  substituent. 
As  expected,  the  saturated  compounds  4  do  not  show 
diene  absorption  in  the  ultraviolet. 

(5)  The  simple  nnu*  spectra  of  these  compounds 
enable  the  protons  to  be  assigned  readily.  In  com- 
pounds 3  the  eight-proton  vinyl  signal  usually  appears 
as  a  broad  singlet  in  the  r  3.S-4.0  region,  while  the  four 
tertiary  bridgehead  protons  adjacent  to  nitrogen  are 
observed  in  the  r  5.2-5.8  region.  In  compounds  4 
the  vinyl  proton  signals  of  3  are  replaced  by  a  broad 
16-proton  methylene  multiplet  near  r  8.3,  and  the 
bridgehead  protons  are  now  shifted  upfield  by  1.0-1.5 
ppm.  These  generalizations  are  illustrated  for  the 
parent  compounds  3f  and  4a  in  Figures  1  and  2.  The 
rigidity  of  system  3  provides  an  ideal  case  in  which  to 
study  the  effects  of  nitrogen  substituents  on  nearby 
proton    signals.^'    The    four    equatorial    bridgehead 

(1 1)  C/.:  (a)  1,3-cycloheptadiene,  Xmax  248  niM (c  7500),  E.  Ptescfa  and 
S.  L.  Friess,  /.  Am.  Chem.  Soc.,  72,  5756  (1950);  (b)  9-cyano-9-a2a- 
bicyclo[4.2.11nona-2,4.7-tricne,  XS^"  255  him  (e  4500),  A.  G.  Anasus- 
siou.  ibid.,  87,  5512  (1965). 

(12)  These  data  are  rather  scattered  in  the  literature;  some  typical 
values  of  Xmax  (e)  are:  (a)  enamines  C==CNRa.  223-238  m/i  (SIOO- 
9600).  N.  J.  Leonard  and  D.  M.  Locke,  ibid.,  77,  437  (1955);  (b)  dicn- 
amines  C==C— C=CNRi,  250-305  am  (7050-34,200),  L.  A.  Paquenc, 
ibid.,  86,  4092  (1964);  L.  A.  Paquette,  Tetrahedron  Utters,  2027  (1963); 
O.  Opitz  and  W.  Merz,  Ann.,  652,  139  (1962);  (c)  bisenamines  C=C- 
NH— C=C,  226-233.5  m^  (16,350-17,200),  315-350  m^  a65O-15.500X 
M.  Anderson  and  A.  W.  Johnson,  /.  Chem.  5oc.,  Org.,  1075  (1966); 
(d)  enamides  C=CNHCOR,  240  m/i  (6600),  G.  Roaencranz,  O.  Mao- 
cera,  F.  Sondheimer,  and  C.  Djerassi,/.  Org.  Chem.,  21,  520(1956);  (e) 
dienamides  C==C— C==CNRCOR',  252-255  dim  (4900-«OOX  L.  A. 
Paquette,  /.  Am.  Chem.  Soc.,  84,  4987  (1962);  L.  A.  Paquette,  ibid.,  8S. 
3288  (1963);  L.  A.  Paquette,  ibid.,  86,  500  (1964);  E.  Vogel  and  R.  Eth, 
Angew.  Chem.,  74,  76  (1962);  L.  A.  Paquette  and  J.  K.  Reed,  /.  Mel 
Chem.,  6,  771  (1963);  (0  a,^-unsaturated  urethans  O=CNR00^', 
229-255  m/i  (4200-9000) ;>••»••  (g)  N-cyanoenaminc$  0=CNCN,  249- 
251  mn  (2800-4900),  A.  G.  Anastassiou,  /.  Org.  Chem.,  31,  1 131  (1966); 
(h)  a,i9-unsaturated  amides  0=CXX)NRs,  218  mti  (1  l.SOOX  R.  H.  Mizor, 
ibid.,  26,  1289  (1961);  (i)  azepines,  293-332  rim  (338-1440).  202-219.5 
m/A  (9750-36,300),^  K.  Hafner  and  C.  K5nis,  Angew.  Chem.,  7S,  t9 
(1963);  K.  Hafner,  D.  Zinser,  and  K.-L.  Moritz,  Tetrakedrom  Letters, 
1733  (1964);  W.  Lwowski,  T.  J.  Maridch,  and  T.  W.  Mattingiy,  Jr^ 
/.  Am.  Chem.  Soc.,  85,  1200(1963);  W.  Lwowski  and  T.  J.  hUrkkh, 
ibid.,  87,  3630  (1965);  R.  J.  Cotter  and  W.  F.  Beach,  /.  Org.  Ckem.,  H, 
751  (1964). 

(13)  E.g.,  cf.  the  cases  of  (a)  the  more  flexible  2,3,S,6-lelraiDeiM- 
piperazines,  R.  K.  Harris  and  N.  Sheppard,  /.  Chmi,  Soe^  Pkyi.  Orgn 
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TaUe  L    Ultraviolet  Maxima  of  1 3,I4-DiazatTicyclo(6.4.1 .1  *-']tetradeca-3,S,9.1 1-tetraenes  (3)« 


Compd 

R 

Solvent 

Xmu  niM  (Cbu) 

3a 

CN 

CHjCN 

237  (16,300).  230  (15,150) 

b 

CXhCtHi 

CHjCN 

237  (14,200).  232  (13,750) 

c 

CH, 

CHtOH 

237  (14,100),  230  (13,900) 

d 

CX)«CH,), 

CiHftOH 

238(14,350).  233(13,700) 

e 

OONH. 

50%H,SO4 

234  (9.450) 

f 

H 

CHjCN 

240(15.800),  234(16.400) 

f.2Ha 

H,+C1- 

H«0 

235  (16.400)  230  (16,600) 

8 

NO 

CHjCN 

375  (132).  365  (142) 
235  (19.000) 

10 

N«CH,,  Nft(CH,)«+I- 

CHiOH 

240  (17.500),  232  (21,100) 
224(22,400) 

3h 

CiH, 

CHjOH 

239  (14,300),  232  (14,100) 

I 

CH,CH=CH, 

CHgOH 

238  (13,800),  232  (13,700) 

J 

CH,CH*CH=CHi 

CHjOH 

240  (15,700),  232  (14,700) 

k 

/mnj<:HsCH=CHCoHt 

CHjCN 

292  (3,500),  282  (sh  5,350) 
250(22,100) 

1 

CHiCO 

CHgOH 

238  (14,500),  230  (14,100) 

m 

ciS'COCH=CHCOJi 

CiHfiOH 

234(19,400) 

8 

CXKMjQ 

CHjCN 

231.5(16,200) 

t 

COCHtY^iC^Oi 

CHjOH 

234.5(14,350) 

0 

CHjCX),CtHj 

CiHgOH 

239(14,300X232(14,400) 

"*  Determined  in  1-cm  solution  cells  on  a  Gary  Model  14  spectrophotometer. 


TaUe  n.    Proton  Nmr  E)ata  on  1 3,14-Diazatricyclo[6.4.1 .1  *>7]tetradeca-3,5,9,l  1-tetraenes  (3)< 


Proton 

Tertiary 

Compd 

Substituent 

Solvent 

Vinyl 

bridgehead 

Other 

3f 

H 

CDCl, 

361 

214 

NHlOl 

f.2Ha 

H,+a- 

DsO 

398-361* 

240 

HOD  246 

g 

NO 

(CD,)|SO 

349 

342 

t 

OONH, 

4FK.D,0 

362 

280 

HOD  280 

a 

CN 

4FK.D,0 

375 

255,249 

HOD  295 

c 

CH, 

CDCl, 

371-334  (m) 

201,196 

CH,133 

C-2HC1 

CHiHCl 

DtO 

400-350* 

285,280 

HOD  285,  NCH,  175 

fa 

CiH, 

CDCl, 

353 

206,202 

CH,142(q,/  =  7cps) 
CH,54(t,/=7cps) 

i 

CH,CH=CH, 

CDa, 

370-292- 

205,200 

NCH,177(d,/=5cps) 

J 

CH,CH,CH=CH, 

CDCl, 

370-285* 

204,200 

NCHiCHil  53-120  (m) 

k 

tranS'CH^H=<:HCtHi 

CDQ, 

385-334* 

208,203 

C,H»  434,  NCH,  187  (d,  /  -  6  cps) 

n 

CHjCCCiH, 

CDCl, 

358 

215,210 

OCH,246(q./=7cps) 
CH,71(t,/-7cps) 

b 

OOjQH, 

CDa, 

353 

296,287 

(X:H,246(q,/=7cps) 
CH,71(t,/  =  7cps) 

d 

CCQCH,), 

CDa, 

353 

294.284 

CXCH,),83 

r 

CCCoHu* 

CDa, 

352 

291.283 

CioH,,  123-96  (m) 

m 

ci^COCH=CHCOJH 

(CD,)|SO 

350 

311.271 

CH=CH  387, 356  (2  doublets. 
/=  12  cps) 

1 

CHjCO 

CF,COJH[« 

339 

313.270 

CH,118 

B 

CtHiCO 

CF,CO,H« 

342 

314.250 

Cai,418 

0 

/^-BrCcHiCO 

4FK.D,0 

357 

330,269 

A.BrCai«CO459,430 
(2  doublets. /=  8  cps) 

t 

COCHiQ 

CF,COJH[« 

334 

303,264 

COCH,Cl  225 

t 

COCHiN(CHi)i 

CDa, 

354 

322 

NCOCH,191(d,/=3cps) 
NCH,149(q,/=7cps) 
CH,59(l,/  =  7cps) 

10 

NaCH,,  Nft(CH,),+I- 

(CD,),SO 

378-355* 

277, 272/ 
225/ 

Axial  NCH,  201 
Equatorial  NCH,  191 
Tertiary  NCH,  127 

*  Recorded  at  60  Mc/sec  on  a  Varian  Associates  A-60  spectrometer.  Signals  are  recorded  in  cycles  per  second  downfield  from  internal 
tetramethylsilane  as  singlets  unless  otherwise  noted:  d.  doublet;  t,  triplet;  q,  quartet;  m.  multiplet.  *  Charged  nitrogen  produces  a 
complex  multiplet  for  the  diene  proton  signals.  «  External  tetramethylsilane  calibration  4FK  »  CF,ClCOCF,a.  *  Diene  protons  appear 
as  a  broad  sin^et  superimposed  upon  the  — CH=CH,  system  multiplet.  *  CioHu  »  1-adamantyl.  /  Two  distinct  sets  of  bridgehead  protons 
are  seen  because  of  the  chemical  nonequi  valence  of  the  two  nitrogen  atoms. 


protons  are  quite  sensitive  to  substituents  on  nitrogen 
and  show  the  expected  dependence  of  chemical  shift 
upon  substituent  electronegativity.    With  simple  linear 

200  (1966);  (b)  the  rigid  boat-ring  piperazines  in  the  2.5-diazabicyclo- 
[2.2.i]heptane  system,  P.  S.  Portoghese  and  A.  A.  Mikhail,  /.  Org. 
Ctaff.,  31, 1059(1966). 


substituents  (e.g.,  H,  NO)  a  single,  broad,  unresolved 
signal  is  observed.  With  a  cyano  or  alkyl  substituent 
the  bridgehead  proton  signal  is  a  doublet  (J  —  4-6  cps). 
The  origin  of  this  splitting  is  the  adjacent  vinyl  proton 
since  the  more  intense  member  of  the  doublet  lies  on 
the  downfield  side  and  in  some  cases  the  vinyl  region 
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Figure  1  (top).    Proton  spectriun  (60  Mc/sec>  of  13,14-diazatri- 

^0(6.4.1. l*'']ielra<leca-3,5,9,11-tetraeiK     (30    (5(X>^ps    sweep 

width). 

Figure  2  (bottom).    Proton  spectrum  (60  Mc/sec)  of  13,14-diaza- 

tricyclo{6.4.1.1''']letnidecane  (4a)  (250-cps  sweep  width). 


becomes  resolved  into  a  complex  multiplet.  Alkoxy- 
carbonyl  and  acyl  substitueots  cause  the  bridgehead 
protons  to  exhibit  two  broad  signals  equal  in  area  and 
separated  by  8-60  cps.  This  is  clearly  a  case  of  amide 
isomerism  in  which  two  of  the  bridgehead  protons  have 
a  different  chemical  shift  from  the  other  two.'*  Col- 
lapse of  these  two  signals  to  a  single  broad  signal  was 
observed  at  temperatures  of  60-100°  in  the  case  of  the 
alkoxycarbonyl  derivatives  3b  and  3d,  but  not  in  the  acyl 
derivative  3m.  Protonation  or  quaternization  of  one 
or  both  nitrogen  atoms  of  system  3  resolves  the  usual 
broad  vinyl  signal  into  a  complex  multiplet.  Ob- 
viously, the  proximity  of  a  further  substituent  increases 
the  nonequivalence  of  the  central  and  terminal  protons 
of  the  diene  system.  These  observations  are  sum- 
marized in  Table  II. 

(6)  The  mass  spectra  of  the  unsaturated  compounds 
3  confirm  the  expected  molecular  weights  and  con- 
sistently exhibit  hajf-parent  ions  as  the  base  peak  unless 
the  nitrogen  substituent  is  more  readily  fragmented. 
The  lower  mass  values  fall  into  a  pattern  characteris- 
tic of  the  azepine.  Clearly,  structure  3  undergoes  ready 
fragmentation  into  azepinium  ions''  C»HeNR'''  (5). 


The  mass  spectra  of  compounds  4  also  confirm  their 
molecular  weights  and  usually  exhibit  base  peaks  corre- 
sponding to  protonated  half-parent  ions  CeHnNR''' 

(14)  In  the  case  of  the  ethoxycarbonyl  derivative  3b,  Paquetie'*  has 
Inooitectly  detciibed  the  bridgebead  tignab  as  a  doublet  (7  -  8.5  cps). 
At  100  Mc/sec,  the  separation  of  the  bridgehead  signals  iocreaies  to  16.5 
cpsin3b,andtol7.0cp9in3d,  but  is  lUiafTecied  in  3c. 

(15)  C/.  F.  W.  McLafferty,  "Mats  Spectrometry  of  Organic  Ions." 
Academic  Press  Inc..  New  York.  N.  Y.,  1963.  p  506. 
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Figure  3  (top).    Mass  spectrum  of  13,14-diazatrioclo[6.4.l.l*'1- 
tetradecB-3,S,9,l]-letraene  (3f). 

Figure    4   (bottom).    Mass    spectrum    of    13,14-diazttric]di>' 
[6.4.1.  P'ltetnulecane  (4a). 


(6).    Their  features  are  illustrated  in  Figures  3  and  4 
for  the  parent  compounds  3f  and  4a. 

(7)  Examination  of  Dreiding  models  of  3f  and  4i 
indicates  that  they  are  very  ripd  structures.  The  mm 
arrangement  of  the  two  four-carbon  bridges  is  almost 
certainly  favored  over  the  cis  arrangements  7  and  8 
from  the  viewpoint  of  nonbonded  interactions  and  the 


5^ 


unusual  thermal  stability  of  the  compounds  in  the  two 
series.  The  low  dipole  moment  (0.57  D.  io  carbon 
tetrachloride)  of  3c  lends  support  to  this  stnictural 
assignment.  "Angstrom  ruler"  calculations  of  the 
nonbonded  H-H  repulsion  energies'*  place  structure  I 
(R  =  H)  63  kcal/mole  above  structure  4a  in  energy. 
Similar  arguments  have  been  advanced  for  the  struc- 
ture and  stereochemistry  of  the  parent  carbocydic 
system,tricycIot6.4.I.P-']tetradeca-3,5,9,ll-tetraen©-13,- 
14-dione." 

(8)  The  conversion  of  1-cyanoazepine  (la)  to  l-etb- 
oxycarbonylazepine  (lb)  was  observed  according  to 
Scheme  I.  Paquette's  compound  3b"=  was  prqured 
independently  by  the  reaction  of  ethyl  chlorofmmie 
with  the  parent  diamine  3f.    Direct  photolysis  of  A 

(16)  H.  E.  Simmons  and  J.  K.  Williams,/,  .^m.  Chtm.  Soe^m.n3I 
(1964). 

(17)  T.  Mukai.  T.  Teiuka,  and  Y.  Akasaki.  IbU..  H,  SQ2)  (l»6ft 
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rtonitrilc  solution  using  a  2537-A  source  gave  the 
•mer  lb,  isolated  in  12%  yield  by  distillation, 
enerality  of  the  photodecomposition  of  structure  3 
examined  for  a  number  of  derivatives.  Under 
ame  conditions,  the  bis-r-butoxycarbonyl  deriva- 
d  reverted  to  the  monomer  Id  in  13%  yield.  In 
cases  (3a,  c,  f,  n,  and  r)  recognizable  products  were 
)btained.  The  vibrations  induced  in  the  diene 
nophore  on  irradiation  must  be  sufficient  to  break 
vo  relatively  weak  central  bonds  linking  the  mono- 
units  (c/.  the  mass  spectrometry  observations), 
izepine  can  only  be  isolated  if  it  is  reasonably 
)  to  further  degradation.  The  amount  of  time 
red  to  cause  the  further  cyclization  of  lb  to  9 
ved  by  Paquette*'  provides  further  evidence  of  the 
ity  of  this  particular  azepine.  Under  our  ir- 
tion  conditions  detectable  amounts  of  bicyclic 
lets  like  9  were  not  observed  as  products  from 


CO 


i 


QzCA 


ture  3. 

urther  consequence  of  the  geometry  of  ring  systems 
I  4  is  seen  in  the  formation  of  metallic  complexes, 
both  parent  diamines  3f  and  4a  have  their  six- 
iDcred  piperazine  ring  frozen  into  the  chair  con- 
ation, bonding  of  both  nitrogen  atoms  to  the  same 
[  atom  is  impossible.  The  cobalt(II)  halides 
ly  form  1 : 1  complexes  CmHuNjCoXi  (X  =  CI, 
I  with  3f  in  ethanol  solution.  With  larger  anions 
jomplexes  such  as  [CiiHuNsJjCoCSCN)^  and  [C^- 
j]xCo(C104)j  •  4H2O  are  produced.  Analytical,  spec- 
and  magnetic  evidence  suggests  that  the  halides 
thiocyanate  contain  tetrahedral  cobalt(II).^*  At- 
ts  to  produce  cobalt(II)  complexes  of  the  more 
Ted  compound  4a  were  unsuccessful.  Reaction 
>balt(II)  chloride  hexahydrate  with  4a  produced 
the  monohydrochloride  of  4a. 

L.  A.  Paquette  and  J.  H.  Barrett,  /.  Am.  Chem.  Soe.,  88,  1718 

(a)  A.  F.  Wells,  "Structural  Inorganic  Chemistry/*  3rd  ed,  Ox- 
niversity  Press,  London,  1962,  p  913;  (b)  D.  H.  Busch  in  "Co- 
s  Chemistry,  Metallurgy  and  Uses,**  R.  S.  Young,  Ed.,  Reinhold 
ling  Corp.,  New  York.  N.  Y.,  1960,  p  120,  and  references  dtcd 
i;  (c)  F.  A.  Cotton,  D.  M.  L.  Goodgame,  and  M.  Goodgame, 
Chem,  Soc„  83,  4690  (1961);  (d)  M.  Goodgame,  /.  Chem.  Soc„ 
63  (1966);  (e)  A.  B.  P.  Lever  and  S.  M .  Nelson,  Ibid,,  859  (1966). 


Quaternization  of  the  dimethyl  derivatives  3c  and  4c 
in  both  systems  proceeds  under  moderately  vigorous 
conditions  to  form  the  monomethiodides  10  and  11.***'** 
The  formation  of  only  monoquaternary  derivatives  is 


NCH^ 


not  unusual  and  has  been  observed  with  other  bridged 
piperazines.  *  The  Hofmann  elimination  on  10  pro- 
ceeds in  up  to  92  %  yield  and  produces  an  unstable  solid 
diamine,  CisHsoNt,  whose  properties  appear  to  be  con- 
sistent with  a  product  of  further  cyclization,  such  as  12, 
rather  than  the  cyclododecapentaene  derivative  13 
postulated  by  Hafner.^**  The  stable  crystalline  bis- 
methiodide  of  this  product  eliminates  trimethylamine 
on  further  Hofmann  reaction,  indicating  that  a  di- 
methylamino  group  is  produced  in  the  first  elimination. 
The  other  products  of  this  second  Hofmann  reaction 
are  produced  in  low  yield  and  have  not  yet  been  char- 
acterized. 


(CH,)J^ 


CHs 


13 


N(CH3)i 


Experimental  Section'^ 

13,14-Dicyaiio-13,14-diazatricyclo[6.4.1.1>.7]tetradeca-33»9,ll- 
tetraene  (3a).  Crude  1-cyanoazepine  dimer  was  purified  by  dis- 
solving 200-g  lots  in  boiling  dichloromethane,  filtering,  and  passing 
the  filtrate  down  a  4-in.  layer  of  Flonsil  packed  into  a  chromatog- 
raphy column  3  ft  in  length  and  4  in.  in  diameter.  Each  batch 
required  a  total  of  10  1.  of  dichloromethane  to  elute  the  purified 
material,  which  was  isolated  by  evaporation.  A  5-1.,  four-necked 
Morton  flask  equipped  with  mechanical  stirrer,  thermometer,  two 
hot  water  reflux  condensers,  and  a  heating  mantle  was  charged  with 
practical  grade  naphthalene  (1000  g)  and  flushed  with  nitrogen. 
After  the  naphthalene  had  melted,  the  stirrer  was  started,  and  at  a 
liquid  temperature  of  140°,  powdered  1-cyanoazepine  dimer  (200  g) 
was  added  rapidly  down  one  condenser.  The  dimer  dissolved  in 
the  hot  naphthalene,  and  when  the  temperature  of  the  mixture 
reached  190°,  a  mildly  exothermic  reaction  began  in  which  the 
product  precipitated  and  the  temperature  rose  spontaneously  to 
210°  where  it  was  maintained  for  30  min.  After  the  mixture  had 
cooled  to  100°,  it  was  diluted  with  2500  ml  of  benzene  and  filtered. 
The  l^own  finely  crystalline  residue  of  13,14-dicyano-13,14-diaza- 
tricyclo[6.4.1.1*'ntetradeca-3,5,9,ll-tetraene  was  washed  with  a 
further  1250  ml  of  benzene  and  air  dried.  The  yield  of  almost  pure 
product  was  137.0-145.6  g  (69-73%).  Analytically  pure  material 
was  obtained  by  continuous  chromatography  using  an  extractor 
3  ft  in  height  and  4  in.  in  diameter  with  dichloromethane  as  the 
eluent.  The  column  was  packed  successively  with  3  in.  of  4-mm 
glass  beads,  0.5  in.  of  fine  silica  sand,  3  in.  of  Florisil,  and  14.5  g 
of  colored  product.    Elution  for  96  hr  produced  5.38  g  of  pure 

(20)  M.  V.  Rubtsov  and  E.  S.  Nikitskaya,  Usp.  Khim.,  34,  1040(1965). 

(21)  Melting  points  are  uncorrected  and  were  determined  in  a  Mel- 
Temp  capillary  apparatus.  Infrared  spectra  in  potassium  bromide, 
Nujol,  or  solution  media  were  determined  on  Perkin-Elmer  21  and  221 
instruments.  Raman  spectra  were  determined  on  a  Cary  Model  83 
spectrophotometer.  Dipole  moments  were  measured  in  solution  on  a 
WTW  Dipolimeter  Type  DMOl.  Molecular  weights  and  mass  spectra 
were  determined  by  direct  injection  into  a  CEC  21-103  instrument 
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white,  finely  crystalline  dicyano  compound  3a,  mp  >400°  dec; 
v^  3040  (CH==CH),  2210  (C=N),  1660,  and  1625  cm-'  (C=Q; 


m/e  236  (parent),  208.  195,  194.  193,  181,  169,  168,  167,  153,  144. 
131, 119, 118  (base  peak),  105,  91,  69,  57,  and  55. 

Anal,  Calcd  for  QiHuN*:  C.  71.16;  H,  5.12;  N,  23.72. 
Found:    €,71.03.71.36;  H,  5.14,  5.13;  N,  23.77,  23.74. 

An  intimate  mixture  of  1 3,1 4-dicyano- 13,1 4-diazatricyclo- 
[6.4.1. P.Ttetradeca-3,5,9,ll-tetraene  (1.0  g)  and  zinc  dust  (10  g) 
was  heated  in  a  pyrolysis  tube  at  350  °  for  30  min.  The  distillate 
(0.1  ml)  was  identified  as  aniline  by  infrared  spectrum,  azo  dye 
formation,  and  gas  chromatography. 

13,14-Biscarbaiiioyl-13,14-diazatricyclo[6.4.1.1>'^]tetradeca-3.5,- 
9,11-tetraeiie  (3e).  A  mixture  of  1 3,1 4-dicyano- 13,1 4-diazatri- 
cyclo[6.4.1.1*^tetradeca-3,5,9,ll-tetraene  (5.6  g)  and  50%  sul- 
furic acid  (50  ml)  was  stirred  under  nitrogen  at  100-120°  for  6  hr. 
The  mixture  was  cooled,  neutralized  with  sodium  bicarbonate,  and 
filtered  to  leave  a  residue  of  the  crude  biscarbamoyl  compound 
(5.25  g,  81  %).  Two  recrystallizations  from  20-ml  portions  of  1 :2 
dichlorotetrafluoroacctone-water  with  Darco  G-60  treatment  pro- 
duced 2.4  g  of  fine  white  crystalline  13,14-biscarbamoyl-13,14- 
diazatricyclo[6.4.1.1».Ttetradeca-3,5,9,ll-tetraene,  mp  >300°  dec; 
v^  3420,  3300,  3160,  1650.  and  1585  cm"*  (NCONH,);    m/e  111 


(parent),  229,  228,  212,  211.  186,  185,  183,  170,  169,  168.  167,  154, 
149,  144.  143.  136  (base  peak),  123,  118,  106,  97,  93,  87,  85,  83, 
81,  69,  57,  56,  55, 43, 42. 41.  31,  29,  28, 27,  and  18. 

Anal,    Calcd  for  Q4H16N4O,:    C.  61.75;    H,  5.92;    N.  20.58. 
Found:    C,  62.08,  62.02;  H,  6.17,  5.98;  N.  20.01. 

A  2: 1  mixture  of  p-toluenesulfonic  acid  monohydrate  and  water 
was  equally  effective  in  promoting  this  hydrolysis. 

13,14-Diazatricyclo[6.4.1.1>>7]tetnideca-33»9,ll-tetraeiie  (30* 
A  5-1.,  four-necked  Morton  flask  equipped  with  heating  mantle, 
mechanical  stirrer,  two  long  reflux  condensers,  nitrogen  inlet,  and 
thermometer  was  charged  with  a  cold  mixture  of  sulfuric  acid 
(500  ml),  water  (1000  ml),  and  1 3,1 4-dicyano- 13,1 4-diazatricyclo- 
[6.4.1.1  *.^tetradeca-3,5,9,ll-tetraene  (140  g).  The  apparatus  was 
flushed  with  nitrogen,  and  the  temperature  of  the  mixture  was 
gradually  raised  to  110-120°  where  it  was  maintained  for  24  hr. 
The  dark  brown  mixture  was  cooled  to  50°,  poured  onto  600  g  of 
ice,  mixed  with  Celite,  and  filtered.  The  residue  was  discarded, 
and  the  filtrate  was  stirred  and  cooled  in  a  4-1.  erlenmeyer  flask 
while  it  was  cautiously  basified  with  sodium  hydroxide  ('^750  g). 
The  precipitate  was  filtered  at  room  temperature,  air  dried,  and 
extracted  with  chloroform  in  a  Soxhlet  apparatus.  Evaporation 
of  the  dried  chloroform  extracts  yielded  49-63  g  (45-58%)  of  yellow 
powdery  diamine  3f,  mp  141-145°  dec,  which  was  sufiiciently  pure 
for  most  purposes.  Analytically  pure  material  was  obtained  by 
repeated  crystallization  from  water  with  Darco  G-60  treatment 
(50%  recovery)  or  by  sublimation  at  1 10°  (0.1  mm)  (87  %  recovery). 
Pure  13.14-diazatricyclo[6.4.1.P.Ttetradeca-3,5.9.11-tetraene  forms 
fine  white  crystals,  mp  147-148°  dec;  J^  3420,  3290  (NH).  3030 
(CH=CH),  an^  1655  cm"*  (C=Q. 

Anal,    Calcd/  for  C11H14N,:    C,  77.38;    H,  7.58;    N,   15.04. 
Found:    C,  77.33;  H,  7.72;  N.  15.10, 14.84. 

Derivatives  of  this  diamine  were  prepared  as  follows. 

13,14-Diazatricyclo[6.4.1.1>.7]tetnideca-33»9,ll-tetraeiie  Di- 
hydrochloride  (3f -IHO).  A  suspension  of  the  diamine  3f  (2.25  g) 
in  acetone  (20  ml)  was  treated  with  concentrated  hydrochloric 
add  (3.2  ml).  The  precipitate  was  recrystallized  from  1  %  hydro- 
chloric acid  (20  ml)  and  acetone  (350  ml).  The  white  crystals  of 
the  dihydrochloride  (1.38  g)  had  mp  >300°  dec;  vl^  2940-2680 
(NHa+),  1630  (C=Q.  and  1550  cm**  (NH,+). 

Anal.    Calcd  for  CuHuNiCl,:    C,  55.60;   H,  6.22;    N,  10.81. 
Found:    C.  55.88;  H.  6.38;  N,  11.16. 

13,14-Dinitroso-13,14-diazatricyclo[6.4.1.1*'7]tetradeca-3,5All- 
tetraene  (3g).  A  mixture  of  the  diamine  3f  (1.86  g.  0.01  mole), 
water  (10  ml),  and  concentrated  hydrochloric  acid  (3.3  ml,  0.03 
mole)  was  stirred  at  0°  and  treated  with  a  solution  of  sodium  nitrite 
(1.52  g,  0.022  mole)  in  water  (5  ml)  for  1.5  hr.  Two  recrystalliza- 
tions of  0.30  g  of  the  crude  product  from  60-80  ml  of  ethanol  pro- 
duced 0.12  g  of  pure  dinitroso  compound  as  golden  needles,  mp 
>250°  dec;  v"^  3030  (CH=CH).  1625  (C==0,  1450.  1370.  and 
1055  cm-i  (N— N=0);  m/e  184  (parent  -  2NO),  105. 93. 92  (base 
peak,  half  parent  -  NO),  80,  79, 78,  66.  65.  63.  52.  51,  39.  38,  30 
(NO),  and  27. 

Anal,    Calcd  for  CiiH»N«0,:    C.  59.01;    H,  4.95;    N,  22.94. 
Found:    C,  59.07.  59.02;  H.  5.03.  5.14;  N.  22.72. 

13,14-Diiiiethyl.l344-diazatricyclo[6Al.l>.'^]tetradeca-33,9,ll- 
teCraene  (3c).  Methyl  iodide  (80  ml)  at  0°  in  a  polymer  tube  was 
treated  gradually  with  diamine  3f  (8.0  g).  The  tube  was  sealed 
and  heated  overnight  at  100  °.    The  contents  of  the  tube  were  evap- 


orated to  dryness,  stirred  with  30  ml  of  water,  and  basified  with  2S% 
sodium  hydroxide.  The  dried  precipitate  was  sublimed  at  125' 
(0.1  mm)  to  provide  colorless  crystals  of  the  dimethyl  compound 
(6.70  g,  73%),  mp  165-166°  dec;  v^  3080,  3030  (CH=CH),  and 
1450  cm-i  (NCH,);  mje  214  (parent),  108,  107  (base  peak),  106, 
95.  94,  93,  92,  91,  82.  81,  80,  79.  78,  77.  67,  66,  65,  64,  63,  55,  54. 
53,  52,  51,  50,  44,  43, 42, 41. 40,  39,  38,  28,  26. 18,  and  15. 

Anal.  Calcd  for  QiHisN,:  C,  78.46;  H,  8.47;  N,  13.07. 
Found:    C.  78.60;  H.  8.56;  N,  13.09. 

13,14-Dietbyl-13,14-diazatricyclo[6.4.1.1^^]teCnuieca-33All- 
tetraene  (3h).  A  mixture  of  diamine  3f  (1 .86  g,  0.01  mole),  ethanol 
(30  ml),  ethyl  bromide  (10  ml),  and  anhydrous  sodium  carbonate 
(1.20  g,  0.011  mole)  was  heated  overnight  under  reflux.  After 
evaporation  and  addition  of  water  (20  ml)  to  the  residue,  the  in- 
soluble material  was  distilled  at  100-120°  (0.1  mm)  to  produce  1.71  g 
(71%)  of  white  crystalline  diethyl  derivative,  mp  93-94.5°;  ^2 
3060  (CH=CH)  and  3000-2850  cm-*  (CH,  NQH*). 

Anal.  Calcd  for  deHaNs:  C,  79.29;  H,  9.15;  N,  11.56. 
Found:    C.  79.59;  H.  9.30;  N.  11.50. 

13,14-DiaIlyl-13,14-diazatricyclo[6.4.1.1*'7]tetnideca-33,941. 
tetraene  (3i).  The  procedure  for  preparing  the  diethyl  derivative 
3h  was  repeated  using  allyl  bromide  in  place  of  ethyl  bromide  and  a 
reflux  time  of  2  hr.  The  crude  product  was  sublimed  at  95' 
(0.1  mm),  yield  2.22  g  (84  %)  of  colorless  crystalline  diallyl  derivative, 
mp  103-104°;  v^[  3080.  3070.  3020,  3010  (CH=CH,  CH=CHiX 
1640,  and  1620  cm~*  (C=Q.  This  compound  and  the  dibutenyl 
derivative  3J  rapidly  darken  on  standing  and  should  be  sealed 
under  nitrogen  and  stored  at  0°  in  a  dark  place. 

Anal.  Calcd  for  CisHnNs:  C,  81.16;  H,  8.33;  N,  ia51 
Found:    C.  81.53;  H,  8.35;  N,  10.93. 

13,14-Bi8-4-butenyl-13,14-diazatricyclo[6.4.1.1>.7]tetradeca-3^,9r 
ll-tetraene  (3j).  The  above  procedure  was  repeated  using  4- 
bromo-l-butene  (5  ml)  in  place  of  ethyl  bromide.  The  crude 
product  was  distilled  at  110°  (0.1  mm),  yield  2.26  g  (77%)  of  cokv- 
less  plates  of  the  bis-4-butenyl  derivative,  mp  53-55°;  9^  3070^ 
3060,  3010  (CH=CH,  CH=CH,),  1630,  and  1610  cm"'  (C==C). 

Anal.    Calcd  for  QoHitNi:    N,  9.52.    Found:     N,  9.63. 

13,14-Dicinnamyl-13,14-diaza(rkyclo[6.4.1.1**7]tetnMleca-33All- 
teCraene  (3k).    A  mixture  of  diamine  3f  (1 .86  g,  0.01  mole),  benzene 

(30  ml),  triethylamine  (2.50  g.  0.025  mole),  and  /A2nj-3-chloropro- 

penylbenzene  (3.20  g.  0.021  mole)  was  heated  under  reflux  overnight 

The  crude  product  was  isolated  as  above.    The  pure  didnnamyl 

derivative  was  obtained  as  pale  yellow  needles  (1.48  g),  mp  156- 

157°.  by  recrystallization  from  a  mixture  of  chloroform  (20  ml) 

and  rt-hexane  (200  ml).    It  had  v^  3085,  3010  (CH=CH,  C«Hj), 

andl600cm-i(C=Q. 

Anal.    Calcd    for    CioH,oNs:    C,    86.08;     H,    7.22.    Found: 

C.  86.04,  85.95;  H,  7.59,  7.59. 

13,14-Diacetyl-13,14-diazatricyclo[6.4.1.1*.7]tetnMieca-3^41- 
tetraene  (31).  A  suspension  of  diamine  3f  (2.0  g)  in  methanol 
(100  ml)  was  treated  with  acetic  anhydride  (10  ml).**  After  stand- 
ing overnight  at  25°,  the  fine  white  crystalline  precipitate  of  the 
diacetyl  derivative  was  filtered  (2.43-2.51  g,  84-87%)  and  mirified 
by  Soxhlet  extraction  with  methanol,  mp  317-319°  dec;  rj^  3060 
(CH=CH)  and  1650  cm"*  (NCOCH,). 

Anal.  Calcd  for  CieHnN^O,:  C,  71.09;  H,  6.71;  N,  ia36i 
Found:    C,  71.19,  71.11;  H,  7.08,  7.20;  N,  10.24,  10.29. 

13,14-Dlazatricyclo[6.4.1.1>-^]tetradeca-33>9,ll-tetraaw-13,14- 
bi8(c/j-4-oxo-2-biiteiioic  add)  (3in).  A  mixture  of  diamine  TH 
(1.0  g),  benzene  (25  ml),  and  maleic  anhydride  (1.05  g)  was  heated 
under  reflux  for  6  hr.  The  precipitated  maleamic  add  derivative 
(1.84  g,  90%)  was  recrystallized  twice  from  ethanol  as  a  white 
powder,  mp  >350°  dec;  v^^  3030  (CH=<:H).  1710  (COkHX  and 
1625cm-»(NCOR). 

Anal.  Calcd  for  QoHigNjO,:  C.  62.82;  H,  4.75;  N,  7.33. 
Found:    C,  62.52;  H,  4.77;  N,  7.26. 

13,14-Dibenzoyl-13,14-diazatricyclo[6.4.1.1>>ntetnideca-33All- 
tetraene  (3n).    To  a  suspension  of  diamine  2i  (3.72  g,  0.02  mok) 

in  5  %  aqueous  sodium  hydroxide  (40  ml)  was  added  slowly  ft 

solution  of  benzoyl  chloride  (6.50  g,  0.046  mole)  in  chlorofonn 

(50  ml).    One  gram  of  the  predpitate  of  crude  dibenzoyl  derivative 

(7.70  g,  97%)  was  recrystallized  from  a  mixture  of  trifluoroacetic 

add  (7  ml)  and  water  (200  ml)  as  a  white  powder,  mp  312-313°  dec; 


KBr 


!»«;  3030  (CeHfi,  CH=CH)  and  1645  cm"*  (NCOC«Hs). 

Anal,    Calcd  for  C,sHt2NjO,:    C,  79.16;    H,  5.62;    N,  7.ia 
Found:    C,  78.76;  H,  5.57;  N.  7.36. 


(22)  Cf,  A.  L.  Johnson,  R.  H.  Gourlay,  D.  S.  TarbelU  and  R.  L. 
Auuey,  /.  Org,  Chem,,  28,  300  (1963). 
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1344-Bi8-/>l)roiiiobeiizoyl-1344HUazatricydo[<U.l.l^ 
34S,9,ll-letraeiie  (3o).  The  above  method  was  used  with  p- 
obenzoyl  chloride  to  obtain  the  crude  bis-^bromobenzoyl 
itive  in  60%  yield.  This  derivative  was  recrystallized  from 
ture  of  dichlorotetrafluoroacetone  hydrate  (2  mi)  and  water 
)  as  colorless  crystals,  mp  322-323°  dec;  vSi'  3040  (CtH4, 
CH),  1675,  and  1630  cm"*  (NCOCeH4Br);  m/e  554,  552,  550 
Its).  278,  277,  276,  275  (half-parents),  264,  262,  186,  185,  183 
peak),  168, 157. 155, 104, 92, 76, 65, 50,  and  39. 
2/.  Calcd  for  QftHioNsOiBri:  C,  56.65;  H,  3.65.  Found: 
.76;  H,  3.42. 

13,14-Bi8phenylcarbaiiioyl-13,14-dJazatricyclo[6.4.1.1*.7]tetni- 
34si^,ll-tetniene  (3p).  To  a  stirred  solution  of  diamine  3f 
g,  0.01  mole)  in  carbon  tetrachloride  (20  ml)  was  added  drop- 
I  solution  of  phenyl  isocyanate  (2.50  ml,  0.023  mole)  in  carbon 
hloride  (20  ml).  The  mixture  was  heated  under  reflux  for 
in,  cooled,  and  filtered.  The  residue  of  bisphenylcarbamoyl 
itive  was  recrystallized  in  1-g  lots  from  a  mixture  of  dimethyl- 
imide  (55  ml)  and  water  (1000  ml)  as  a  white  powder,  mp 

°  dec;    j'S?:  3320  (NH).  3130,  3060.  3030  (COis,  CH=CH), 

1600,  1530,  and  1500  cm-»  (NCONHCeHfi). 
i/.    Calcd  for  QftH^N*©,:    N,  13.20;  mol  wt.  424.    Found: 
.97  •  mol  wt  424. 

1344-Bis|ilienylthiocartMmoyl-1344Hliazatrkyclo[6.4.1.1>.7^ 
leca-34;,9,ll-tetraeiie  (3q).  A  solution  of  diamine  3f  (0.26  g) 
lanol  (1  ml)  was  treated  with  50%  ethanolic  phenyl  isothio- 
ite  (2.8  ml).  After  brief  warming,  the  white  cfystalline  bis- 
athiourea  was  filtered  (0.39  g,  63%)  and  purified  by  Soxhlet 
:tion  with  ethanol,  mp  211-212°  dec;  v^  3040  (CiHj, 
CH).  1600,  1345,  and  1230  cm"'  (NCSWHCHb). 
a/.  Calcd  for  C«H,4N4S»:  C,  68.39;  H,  5.30;  N.  12.27; 
05.  Found:  C,  68.23;  H,  5.36;  N.  12.05;  S,  14.14. 
13,14-BMad«mantyIoxycarbopyl-1344-diazatricydo[6.4.1.1»''l" 
leca-^,5,9,ll-tetraene  (3r).  Adamantyl  chloroformate  was 
red  in  benzene  solution.''  A  slurry  of  diamine  3f  (1.86  g, 
nole),  sodium  carbonate  (1.06  g,  0.01  mole),  and  ether  (20  ml) 
reated  slowly  with  34  ml  of  the  benzene  solution  of  adamantyl 
oformate  (4.3  g,  0.02  mole).  After  being  stirred  overnight, 
dxture  was  evaporated  to  dryness,  stirred  with  25  ml  of  water, 
filtered.  The  crude  residue  of  bisadamantyloxycarbonyl 
itive  was  recrystallized  from  a  mixture  of  chloroform  (25  nil) 
^hanol  (50  ml),  yield  2.94  g  (56%)  of  colorless  crystals,  mp 
114°  dec;  v^  3020  (CH==CH)  and  1690  cm-»  (NCOiR). 
fl/.  Calcd  for  C34H42N1O4:  C,  75.24;  H,  7.80;  N,  5.16. 
d:  C,  75.22,  75.22;  H,  7.34,  7.18;  N,  5.49. 
3,14-Bi8etfaoxycarboayl-13,14-diazatricyclo[6.4.1.1  >'']tetnideca- 
11-tetraene  (3b)  and  Its  Photolysis  to  l-Ethoxycarbonylazepine 

A  suspension  of  13,14-diazatricyclo[6.4.1.1''^]tetradeca-3,5,- 
tetraene  (3f)  (7.44  g)  and  anhydrous  sodium  carbonate  (4.14  g) 
ler  (70  ml)  was  stirred  at  room  temperature  and  treated  drop- 
with  a  solution  of  ethyl  chloroformate  (8.50  g)  in  ether  (100 

After  standing  overnight,  the  solvent  was  evaporated,  and 
:sidue  was  stirred  with  water  and  filtered.    Two  recrystalliza- 

of  the  crude  damp  yellow  product  from  ethanol  (20  ml) 
jced  7.72  g  (59%)  of  fine  white  crvstalline  bisethoxycarbonyl 
ative,'*  mp  196.5-197.5°  dec;  v^  3070,  3030  (CH=CH), 
(NCO2C2H&),  and  1650  cm"*  (C=C);  m/e  330  (parent),  166, 
>ase  peak),  152, 137, 130, 128, 118, 117, 115, 108, 106, 104, 103, 
2,  80,  66,  65,  and  29. 

al.  Calcd  for  C,8HmN,04:  C,  65.44;  H,  6.71;  N,  8.48. 
d:  C,  65.39,  65.66;  H,  6.52, 6.54;  N.  8.65,  8.76. 
mixture  of  the  bisethoxycarbonyl  derivative  3b  (4.1  g)  and 
nitrile  (400  ml)  was  agitated  with  a  nitrogen  bubbler  in  a  water- 
d  (12°)  quartz  apparatus  and  photolyzed  with  a  low-pressure 
ered  2537-A  source.  The  progress  of  the  reaction  was  fol- 
1  by  gas  chromatography  at  140°  on  a  6-ft,  20%  silicone  200 
)-80  AWFB  column  and  by  ultraviolet  spectroscopy  in  aceto- 
i  solution.    The  reaction  was  complete  after  24-hr  irradiation. 

evaporation  of  the  solvent,  the  dark  red  residue  was  distilled 
°  (0.1  mm)  to  give  1-ethoxycarbonylazepine  (lb)  as  an  orange 
1.5  g,  12%)  identified  by  gas  chromatography  retention  time 
nin)  and  infrared  and  nmr  spectra.  This  material  was  identical 
that  prepared  by  reaction  of  benzene  with  ethoxycarbonyl- 
le.*'*''^     Similar  irradiation  of  compounds  3a,  c,  f,  and  n 


produced  tars  from  which  the  corresponding  azepines  (1)  wov  not 
obtained. 

1344-Bi8-/4mtoxycarbonyl-13,14-dJazatricyclo[64.1.1  >.7]tetni- 
deai-34;,9,ll-te(raeiie  (3d)  and  Its  Photolysis  to  l-/-Biitoxycar- 
bonylazepine  (Id).  l-/-Butoxycarbonylazepine  (Id)  was  prepared 
according  to  Hafner^'^  and  Cotter  and  Beach  ^>*  from  a  solution 
of  /-butyl  azidoformate  (50  g,  Aldrich)  in  benzene  (4  1.)  at  125° 
for  2  hr.  In  addition  to  the  azepine  (12.80  g)  (63%  yield  based  on 
azidoformate  not  converted  to  oxazolidone),  bp  40h50°  (0.1  mm), 
there  was  isolated  22.4  g  of  hexane-insoluble  5,5-dimethyl-2-oxazoli- 
done,'*  mp  80-81°,  produced  by  intramolecular  insertion  of  the 
nitrene.'^  A  7.2^g  charge  of  the  azepine  was  degassed,  sealed 
in  vacuo,  and  heated  at  156°  for  2  hr.  The  contents  of  the  tube 
were  rinsed  out  with  hexane  and  fihered.  The  insoluble  residue 
(2.75  g,  38%)  of  bis-r-butoxycarbonyl  derivative  3d  was  recrystal- 
lized twke  from  50  ml  of  1:1  ethanol-water  with  Darco  G-60 
treatment  to  give  colorless  needles  of  the  pure  compound,  mp  205- 
206°  dec;  v„!;  3030,  3010  (CH==CH),  and  1680  cm-»  (NCOjC- 
(CHs)s);  m/e  386  (parent),  274,  230,  193  (half-parent),  186,  185, 
168,  138,  137,  130,  124,  120,  118,  107,  106,  94,  93,  (base  peak),  92, 
81,  80, 79, 69, 67, 66, 65,  58,  57,  56,  55,  53,  51, 44, 43, 42, 41, 40,  39, 
38,  29,  27,  and  15. 

Anal.  Calcd  for  C22HS0NSO4:  C,  68.37;  H,  7.82;  N,  7.25. 
Found:    C,  68.35;  H,7.58;  N,  7.36,  7.38. 

Chemical  proof  of  the  structure  of  3d  was  obtained  by  conversion 
to  3f  with  hydrogen  bromide  in  glacial  acetic  acid.*  When  0.5  g 
of  the  bis-r-butoxycarbonyl  compound  was  added  to  5  ml  of  30% 
HBr-CHiCOtH  (Eastman)  there  was  an  immediate  evolution  of 
gas  (C4H«  and  CO*).  The  mixture  was  poured  onto  ice,  basified 
with  sodium  hydroxide,  and  extracted  with  chloroform.  The 
chloroform  extracts  yielded  the  parent  diamine  3f,  identified  by 
mixture  melting  point  and  infrared  and  nmr  spectra. 

The  bis-r-butoxycarbonyl  derivative  (2.0  g)  was  dissolved  in  250 
ml  of  acetonitrile  and  photolyzed  in  the  same  way  as  the  bisethoxy- 
carbonyl derivative.  Recovered  starting  material  weighed  0.80  g, 
and  after  distillation  0.1 6  g  (13  %)  of  1-r-butoxycarbonylazepine  (Id) 
was  obtained,  identified  by  comparison  of  infrared  and  nmr  spectra 
with  those  of  authentic  material. 

1344-Bi8chloroacetyl-13,14-diazatricyclo[6.4.1.1*.']tetradeca- 
34S,9,ll-tetraeiie  (36).  A  solution  of  diamine  3f  (1.86  g)  and  tri- 
ethylamine  (2.50  g)  in  benzene  (30  ml)  was  treated  with  a  solution 
of  chloroacetyl  chloride  (2.50  g)  in  benzene  (10  ml).  The  product 
was  isolated  by  evaporation  and  recrystallized  from  a  mixture  of 
trifluoroacetic  acid  (35  ml)  and  water  (200  ml),  yield  2.54  g  (75%) 
of  the  bischloroacetyl  derivative,  mp  >215  °  dec ;  v^  3030  (CH= 
CH)  and  1660  cm-»  (NCOCH2CI). 

Anal,  Cakd  for  CitHuNsOsCla:  N,  8.26.  Found:  N,  8.17, 
8.41. 

1344-Bi8diethylanifaioacetyl-13,14-diazatricycio[6.4.1.1  '.^Itetra- 
deca-3,5,9,ll-tetniene  (3t).  A  mixture  of  the  bischloroacetyl 
derivative  36  (0.90  g),  ethanol  (40  ml),  and  diethylamine  (10  ml)  was 
heated  under  reflux  overnight.  The  product  was  isolated  by  evapo- 
ration and  recrystallization  from  50%  methanol  (10  ml),  yield 
0.69  g  (63%)  of  colorless  crystals,  mp  165-166°,  v^mx  3030  (CH= 
CH)  and  1640  cm"*  (NCOCHsN(CtH6)2). 

Anal.  Calcd  for  Cs4HieN40s:  C,  69.87;  H,  8.80;  N,  13.58. 
Found:    C,  69.99,  69.95;  H,  9.06,  9.11 ;  N,  13.61,  13.64. 

13,14-Bi8etfaoxycarbonylniethyl-1344-diazatricydo[6.4.1.1*'^]- 
tetradeca-3A941-tetniene  (3u).  A  solution  of  ethyl  bromo- 
acetate  (3.34  g)  in  benzene  (15  ml)  was  added  dropwise  to  diamine 
3f  (3.72  g)  in  ethanol  (15  ml).^  After  being  stirred  overnight,  the 
precipitate  of  3f  ^HBr  (3.27  g,  94%)  was  filtered,  and  the  filtrate 
was  evaporated  to  leave  3.27  g  (91  %)  of  crude  bisethoxycarbonyl- 
methyl  derivative.  Recrystallization  of  the  derivative  from  50% 
ethanol  (55  ml)  produced  1.67  g  of  colorless  needles,  mp  99-100°; 
vSJ  3030  (CH=CH)  and  1750  cnr^  (CCCHs). 

Anal.  Calcd  for  C2oHmN,04:  C,  67.02;  H,  7.31;  N,  7.82. 
Found:    C,  67.00;  H,  7.52;  N,  8.10. 

1344-Diazatricycio[6.4.1.1''^]tetradecaiie  (4a).  A  mixture  of 
13,14-diazatricyclo[6.4.1.P.7]tetradeca-3,5,9,ll-tetraene  (3f)  (20.0 
g),  water  (150  ml),  concentrated  hydrochloric  acid  (25  ml),  and 
platinum  oxide  (2.0  g)  was  hydrogenated  overnight  in  a  Parr  shaker. 


)  W.  L.  Haas,  E.  V.  Krumkalns,  and  K.  Gerzon,  /.  Am.  Chem. 

88,  1988  (1966). 

)  This  product  gave  no  mixture  melting  point  depression  and  was 

cal  in  its  spectral  properties  with  Paquette*8  thermally  prepared 

ound.^* 


(25)  Dr.  M.  E.  Hermes,  Plastics  Department,  E.  I.  du  Pont  de  Nemours 
and  Co.,  personal  conununication. 

(26)  W.  J.  Close,/.  Am.  Chem.  Soc.,  73,  95  (1951). 

(27)  (a)  R.  Kreher  and  G.  H.  Bockhorn,  Angew.  Chem.,  76,  681 
(1964);  (b)  R.  Puttner  and  K.  Hafner,  Tetrahedron  Letters,  31 19  (1964); 
(c)  R.  Kreher  and  D.  KUhling,  Angew.  Chem.,  77,  42  (1965). 

(28)  Cf.  G.  Fodor,  J.  T6th,  and  L  Vincze,  /.  Chem.  Soc.,  3504  (1955). 
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The  mixture  was  filtered ;  the  residue  was  rinsed  with  water,  and  the 
combined  filtrate  and  washings  were  concentrated  to  40  ml  and 
basified  with  30%  sodium  hydroxide.  After  cooling  to  0**,  the 
precipitate  of  13,14-diazatricyclo[6.4.1.1''^tetradecane  was  filtered, 
air  dried,  and  sublimed  at  70^  (0.1  mm).  The  pure  saturated  base 
was  a  colorless  crystalline  solid  (1S.3  g,  73%),  mp  61-62'';  v^  3290 
and  1450  cm-»  (NH);  nmr  (CCU)  r  7.29  (multiplet,  four  tertiary 
protons),  8.29  (multiplet,  16  CHi  protons),  and  8.50  (singlet,  two 
exchangeable  NH  protons). 

Ami,  Calcd  for  CiiH»Ni:  C,  74.17;  H,  11.41;  N,  14.4Z 
Found:    C,  74.06,  74.08;  H,  11.13,  11.33;  N,  14.36,  14.43. 

In  an  analytical  scale  experiment  using  an  atmospheric  pressure 
hydrogenator,  4  molar  equiv  of  hydrogen  was  absorbed  at  25° 
(760  mm)  over  5.5  hr. 

The  dihydrochloride  and  dihydrobromide  of  4a  were  prepared 
by  the  same  procedure  as  the  dihydrochloride  of  3f.  13,14-Diaza- 
tncyclo[6.4.1.1'>^etradecane  dihydrochloride  forms  white  crystals, 
mp  >320°  dec;  v^'  2740,  2700,  2630,  and  1575  cm"*  (NH2+); 
nmr  (DsO)  r  5.30  (singlet,  four  NHt'*'  protons),  6.00  (multiplet,  four 
tertiary  protons),  and  8.10  (multiplet,  16  CH2  protons). 

Anal.  Cakd  for  CuHmNiCIi:  C,  53.94;  H,  9.06.  Found: 
C,  53.88;  H,  8.99. 

13,14-Diazatricyclo[6.4.1.1''^tetradecane  dihydrobromide  is  a 


KBr 


white  powder,  mp  >320®  dec;    vt^  2820-2600  and  1570  cm-» 


(NHi+);  nmr  (EM3)  r  5.34  (singlet,  four  NHj+  protons),  6.02 
(multiplet,  four  tertiary  protons),  and  8.18  (multiplet,  16  CH| 
protons);  m/e  356,  355,  354  (parents),  194,  138,  137,  124,  123,  122, 
111,  110,  109,  108,  107,  106,  99,  98  (base  peak),  97,  96,  95,  94,  93, 
91,  84,  83,  82,  81,  80,  79,  69,  68,  67,  57,  56,  55,  54,  53,  44,  43,  42, 
41,  39,  30,  29,  28,  27,  and  18. 

Ami.  Calcd  for  CitHt4NsBri:  C,  40.47;  H,  6.79;  N,  7.78. 
Found:    C,  40.71;  H,  6.79;  N,  7.98. 

13,]4-Diazatricyclo[6.4.1.1''^etradecane  monohydrochloride,  de- 
scribed below  as  a  reaction  product  from  diamine  4a  and  cobalt(II) 
chloride,  was  prepared  independently  by  (a)  neutralization  of  4a 
with  1  equiv  of  hydrochloric  acid  and  (b)  mixing  equimolar 
amounts  of  4a  and  its  dihydrochloride  in  chlorofonn. 

1344-I>iiiitn)60-13,14Hllazatricydo[6.4.1.1>.^]tetradecaiie  (4b). 
The  crude  nitroso  compound,  prepared  in  the  same  way  as  3g, 
was  obtained  in  92%  yield  after  two  recrystallizations  from  aqueous 
ethanol  as  pale  yellow  crystals,  mp  180-182.5°  dec;   XSr"  363 


mn  (c  153),  355  m^  (c  146),  and  248  m^  (e  12,300);    v'iZ  1460, 


1450,  1430,  1370,  and  1355  cm-»  (N— N=0);  nmr  (CDCli)  r  4.89 
(multiplet,  four  tertiary  protons)  and  8.60  (multiplet,  16  CHs 
protons). 

Ami.    Calcd  for  Ci,H,oN40i:    C,  57.11;   H,  7.99;   N,  22.21. 
Found:    C,  57.32,  57.17;  H,  7.79,  7.68;  N,  22.24, 22.12. 

1344-Diinetfayl-13,14-diazatricyclo[6.4.1.1>.']tetnidecaiie  (4c). 
A  mixture  of  diamine  4a  (6.0  g),  methanol  (100  ml),  anhydrous 
sodium  carbonate  (3.50  g),  and  methyl  iodide  (20  ml)  was  heated 
under  reflux  for  20  hr.  The  mixture  was  evaporated  to  dryness; 
the  residue  was  stirred  with  water  (35  ml),  cool^  to  0°,  and  filtered. 
The  crude  dimethyl  compound  was  purified  by  sublimation  at 
100-110°  (0.1  mm).    The  colorless  waxy  product  (6.66  g,  97%) 


had  mp  125-130°;«»  v^  2780  and  1440  cm**  (NCH,);  nmr 
(CCI4)  r  7.35  (singlet,  four  tertiary  protons),  7.45  (singlet,  six 
NCHi  protons),  and  7.90-8.50  (broad  multiplet,  16  CHi  protons); 
m/e  222  (parent),  208, 207  (parent  -  CH,),  192,  180,  179,  166,  165, 
151,  138.  124,  123,  122,  113, 112 (base peak,  half-parent  +  H),  111, 
110, 109, 108, 98, 97, 96, 95, 94,  84,  83,  82, 81,  70, 68,  67,  58,  57,  55, 
42,  41,  39,  30.  29,  28,  27.  and  15. 

Anal.    Cakd  for  CuHj^N,:    C,  75.61;    H,  11.79;    N,  12.60. 
Found:    C,  75.78;  H,  11.69;  N,  12.75. 

13,14-Diethyl-13,14-dJazatricyclo[64.1.1>.7]tetnMlecaiie  (4d). 
The  above  procedure  was  employed  substituting  ethanol  for  meth- 
anol and  ethyl  iodide  for  metjfiyl  iodide.  The  yield  of  pure  diethyl 
derivative,  bp  95°  (0.1  mm),  was  2.15  g  (86%)  of  colorless  crystals, 
mp  35-37°;  v"^^  2960-2850,  1465,  and  1440  cm"*  (NGHs); 
nmr  (CCI4)  r  7.12  (quartet.  J  ^  1  cps,  +  broad  multiplet,  four 
NCH2  H-  four  tertiary  protons).  8.0-8.60  (broad  multiplet,  16 
CH2  protons),  and  8.96  (triplet,  7-7  cps.  six  CH|  protons). 

Anal.    Calcd  for  QeHsoNi:    C,  76.74;    H,  12.08;    N,  11.19. 
Found:    C,  76.90;  H,  11.79;  N,  11.43. 


(29)  Our  freshly  sublimed  and  analytically  pure  material  contracted 
near  95°  and  melted  at  125-130°.  Paquette*'-"  observed  mp  128-145° 
for  sublimed  product  and  mp  148-150°  for  sublimed  product  recrystal- 
lized  from  Skellysolve  B  at  0  to  —  5°.  On  the  basis  of  direct  comparison 
of  analytical  and  spectral  data  of  these  differently  prepared  samples  we 
have  concluded  that  they  are  identical 


1344-Dibcnzoyl-1344Hllazatricydo[64.1.1<*ntetndacne  (4e). 
A  mixture  of  diamine  4a  (1.94  g,  0.01  mole)  and  10%  sodium  hy- 
droxide (40  ml)  was  shaken  with  benzoyl  chloride  (5  ml).  The 
crude  product  was  recrystallized  twice  from  a  mixtiire  of  etbuKil 
and  chloroform,  mp  319.5-320.5°  dec;  vS  3070  (CJIiX  1635. 
and  1595  cm-»  (CiHjCO);  nmr  (CDCli)  r  2.65  (doublet,  J  =  6cp8. 
ten  aromatic  protons),  5.04  (multiplet,  two  tertiary  proConX 
6.36  (multiplet,  two  tertiary  protons),  and  8.33  (multifdet,  16  Ofc 
protons).  Temperature  probe  nmr  experiments  between  —60  and 
+126°  did  not  cause  any  coalescence  of  the  tertiary  proton  signals. 
The  mass  spectrum  showed  m/e  402  (parent),  298,  297,  296,  295 
(base  peak),  294.  293,  292,  291,  289,  277,  276,  275.  202,  201, 200. 
199, 198, 197, 105,  85, 81, 71,  69,  57,  and  55. 

Ami.  Calcd  for  Cs»HioNsOs:  N,  6.96.  Found:  N,  6.71 
1344-Bisphenylcarbaiiioyl-1344Hlia2atricyclo[6AM 
decane  (40*  'Hie  crude  bisphenylcarbamoyi  derivative,  obcaioed 
in  94%  yield  by  a  procedure  analogous  to  that  used  to  prepare 3p, 
was  purified  by  Soxhlet  extraction  with  ethanol  as  a  white  powder, 
mp  374-375°  dec;  v^  3320  (NH),  3060  (CtH,).  1640,  1595, 1530. 
and  1505cm-»(NCONHC6H6). 

Ami.  Calcd  for  CstHBN40s:  C,  72.19;  H,  7.46;  N,  12.95; 
mol  wt,  432.  Found:  C,  72.12,  72.06;  H,  7.48.  7.55;  N,  13iB. 
13.20;  mol  wt,  432. 

1344-BisplienylthlocartMmoyl-1344Hliazirtrk7ciD^ 
tetradecane  (4g).    The  white  crystalline  bisphenyhhiocartNUDoyi 
derivative  obtained  analogously  to  3q  in  84%  yield  was  purified 
by  Soxhlet  extraction  with  ethanol.    The  pure  material  had  op 
289-289.5°  dec;    v^  3070  (C^il  1605,  1505,  1450,  1375,  and 


1340  cm- »  (NCSNHCeHft). 

Ami.  Cak:d  for  CstHBN4Ss:  C,  67.20;  H,  6.94;  N,  1106; 
S,  13.80;  mol  wt,  464.  Found:  C,  67.35,  67.30;  H,  7.04,  7i)2; 
N,  11.83, 11.84;  S,  14.02, 14.22;  mol  wt,  464. 

OrtMHdD  Complexea  of  13,14-Diazatricydo[6.4.1.1>*nMn'm- 
34S,941-te(raeiie  (30*  The  general  procedure  was  to  heat  under 
reflux  for  30  min  a  mixture  of  the  cobalt(II)  salt  (5-10  mmoks). 
ethanol  (50  ml),  and  diamine  3f  (1 .86  g,  10  mmoles).  After  oooiing 
to  25  °.  the  precipitated  complex  was  filtered,  rinsed  with  chloroform, 
and  dried  at  25-100°  (0.1  mm).  The  insolubility  of  these  compiexo 
in  common  organic  solvents  precluded  the  measurement  of  soludoo 
ultraviolet  or  nuclear  magnetic  resonance  spectra.  In  the  donor 
solvents  water,  dimethylformamide,  and  dimethyl  sulfoxide,  these 
complexes  dissolved  with  decomposition. 

(a)  Cobalt(II)  chloride  hexahydrate  formed  a  blue  powder  in 


90%  yield,  mp  >300°  dec;    I'SL' 3450,  3200  (NH),  3030,  and  1625 


cm-HCH=CH);  n  -  4.54  BM.» 

Ami.  Cakd  for  CeHuNiCoCl,:  C,  45.59;  H,  4.46;  N,  8.86; 
Co,  18.65;  a,  22.43.  Found:  C,  45.28,  45.28;  H,  4.57,  4.68; 
N,  8.73,  8.70;  Co,  18.51;  CI,  21.50,  21.50. 

(b)  Cobalt(II)  bromide  formed  a  blue  powder  in  90%  yidd. 

mp>280°dec;    I'S  3190  (NH),  3030,  and  1620  cmr»  (CH=CHX 
M=4.53BM. 

Ami.  Calcd  for  CwHuNjCoBrj:  C,  35.68;  H,  3.49;  N,  6.93; 
Co,  14.59.  Found:  C,  35.32,  35.46;  H,  3.85.  3.96;  N,  6.99. 
7.07;  Co,  14.40, 14.41. 

(c)  Cobalt(II)  iodide  formed  a  green  powder  in  75  %  yield.  ix<> 
>380°  dec;  y^  3190  (NH),  3040,  and  1600  cm-»  (CH==CH); 
M  -  4.69  BM. 

Ami.  Calcd  for  CwHuNiCoI,:  C,  28.89;  H,  2.83;  N,  5.61; 
Co,  11.81.  Found:  C,  28.24,  28.34;  H,  3.14,  3.14;  N.  5.31, 
5.40;  Co,  11.98. 12.09. 

(d)  Cobalt(II)  nitrate  hexahydrate  formed  a  gray  powder  which 
was  a  mixture  of  products. 

(e)  Cobalt(II)  acetate  tetrahydrate  did  not  form  a  complex 
under  these  conditions. 

(0  Cobalt(II)  thiocyanate  formed  a  violet  powder  in  46%  yidd, 
mp  >200°  dec;     v^  3340,  3220  (NH),  3030,  1605  (CH=CHX 


2170cm-HSCN);  n  =  4.83  BM. 

Anal.  Calcd  for  CjsHaNeSjCo:  Co,  10.76;  N,  15,35;  S.  11.71. 
Found:    Co,  11.11;  N.  15.07;  S,  12.08. 

(g)  Cobalt(II)  perchlorate  hexahydrate  formed  a  pale  green 
powder  in  30%  yield,  mp  270°  dec;  v^  3600,  3300,  3130  (OH.  NH), 
1610  (C=Q,  and  1080  cm-»  (CIO4). 

Ami.  Calcd  for  Cj4HjeN4aiC)iiCo:  C,  41.04;  H.  5.17; 
Co,  8.39;  CI,  10.10.  Found:  C,  40.87;  H,  5.34;  Co,  8,68; 
a,  9.74. 


(30)  The  magnetic  susceptibility  of  the  four  compounds  at  297'K 
was  independent  of  field  from  1 8  to  kgauss.  Diamagnetic  contributioos 
were  calculated  from  Pascal's  constants. 
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Reactkm  of  13,14-Diazatricyclo[64.1.1>'^]tetradecaiie  (4a)  with 
CbfcaltCII)  Chloride.  A  mixture  of  cobalt(II)  chloride  hexahydrate 
(1.0  g),  ethanol  (50  ml),  and  diamine  4a  (1.60  g)  was  heated  under 
reflux  for  24  hr,  cooled,  and  filtered  free  of  cobalt(II)  chloride 
(0.40  g).  Evaporation  of  the  filtrate  left  a  solid  (1 .71  g)  from  which 
0.40  g  of  unreacted  diamine  was  sublimed  at  70°  (0.1  mm).  The 
residue  (1.30  g)  was  recrystallized  twice  from  a  mixture  of  ethanol 
(10  ml)  and  acetone  (20  ml)  to  produce  colorless  needles  of  13,14- 
diazatricyclo[6.4.1.1*'^tetradecane  monohydrochloride  (0.55  g), 
mp  270-280°  dec;  no  \^,  208-400  m^;  v2L  1590  cm-»  (NH,+); 
nmr  (CDQi)  r  6.79  (4  protons)  and  8.07  (16  protons). 

Anal.  Calcd  for  CiJ«,iN,Cl:  C,  62.44;  H,  10.05;  N.  12.14; 
a,  15.37.    Found:    C,  62.63;  H.  9.71;  N,  11.86;  Q,  15.75. 

13,14-Diiiietfayl-13,14-dJazatricydo[6.4.1.1>  ']tetradeca^4S^,ll- 
tctraene  Monomethiodide  (10)  Method  a.  A  mixture  of  13,14- 
diazatricyclo[6.4.1.P'1teUadeca-3,5,9,ll-tetraene  (3f)  (18.6  g,  0.10 
mole),  methanol  (200  ml),  anhydrous  sodium  carbonate  (15.9  g, 
0.15  mole),  and  methyl  iodide  (31  ml,  0.50  mole)  was  heated  under 
reflux  for  24  hr.  After  evaporation  to  dryness,  the  residue  was 
stirred  with  ice-water  (50  ml)  and  filtered.  The  residue  was  re- 
crystallized  from  acetonitrile  (500  ml),  yield  27.77  g  (78  %)  of  mono- 
methiodide. 

Method  b.  A  mixture  of  13,14-dimethyl-13,14-diazatricyclo- 
[6.4.1. l*Ttetradeca-3,5,9,ll-tetraenc  (3c)  (3.0  g),  acetonitrile 
(15  ml),  and  methyl  iodide  (15  ml)  was  heated  overnight  in  a  sealed 
tube  at  100°.  Evaporation  of  the  mixture  produced  4.44  g  (89%) 
of  the  monoquaternary  iodide.  The  analytical  sample  was  recrystal- 
lized twice  from  acetonitrile  as  white  crystals,  mp  300-302°  dec; 
3110,  3085,  3020  (CH=CH),  2970,  2935,  2890,  2870,  2830, 


and  2790  car'  (CH,  NCH,). 

Anal.  Calcd  for  QsHmN,!:  C,  50.58;  H,  5.94;  N,  7.87. 
Found:    C,  50.62,  50.41;  H,  5.80,  5.63;  N,  8.01,  7.84. 

1344-Diiiiethyl-13,14-dlazatricydo[6.4.1.1>.7]tetradecaiie  Mono- 
BWtliiodide  (11).  Application  of  method  a  above  with  4a  produced 
only  the  dimethyl  compound  4c.  Method  b  above  with  4c  pro- 
duced an  84%  yield  of  the  desired  monomethiodide  after  recrystal- 
lization  from  ethanol.  Two  further  recrystallizations  from  ethanol 
produced  long  colorless  needles  of  11,  mp  246-248°  dec;  v^ 
296(^2790  and  1470  cm"*  (CH,  NCH,);  nmr  (CDQi)  r  6.37 
(noultiplet,  two  tertiary  protons),  6.57  (singlet,  three  axial  NCHi 
protons),  6.65  (singlet,  three  equatorial  NCHi  protons),  6.80 
(multiplet,  two  tertiary  protons),  7.15  (singlet,  three  tertiary  NCHi 
protons),  and  7.50-8.33  (broad  multiplet,  16  CHi  protons), 

Anal.  Calcd  for  CisHmNiI:  N,  7.52;  I,  34.83.  Found: 
N,  7.60, 7.61 ;  1, 35.64. 

Hofmaim  EUmination  on  13,14-Diinetfayl-13,14-diaaitricycio- 
[6Al.lV]tetradeca-3^All-tetraeiie  Monomethiodide  (10).  1.  A 
mixture  of  the  monomethiodide  10  (7.29  g),  water  (50  ml),  methanol 
(275  ml),  and  freshly  prepared  silver  oxide  (from  10  g  of  silver  nitrate) 
was  stirred  at  room  temperature  overnight.  The  silver  salts  were 
filtered,  washed  with  methanol,  and  air  dried  (yield  9.55  g,  theory). 
Evaporation  of  the  filtrate  left  a  brown  viscous  residue  which  was 
heated  at  120°  (0.1  mm)  for  30  min,  then  distilled  in  a  short-path 
still  at  120°  (0.1  mm).  Redistillation  produced  the  Hofmann 
product  12  as  a  pale  yellow  oil  (4.29  g,  92%)  from  which  the 
color  was  removed  completely  after  one  further  distillation.    The 


unstable  distillate  crystallized  on  cooling  to  —  78  °.  The  crystalline 
dimethylamino-N-methylazatricyclotridecatetraene  (12)  had  mp 
43-^°;  XST""  250  mM  (e  9700);  v22*  3040,  3020  (CH=CH),  and 
1470  cm-»  (NCHa);  nmr  (CDCl,)  r  4.14-4.32  (complex  multiplet, 
eight  vinyl  protons),  6.53  (multiplet,  one  tertiary  proton),  7.12 
(doublet,  7  =  4  cps,  two  tertiary  protons),  7.62  (singlet,  six  N(CHi)i 
protons),  and  7.75  (singlet,  three  NCHi  protons). 

Anal.  Calcd  for  CieHuNs:  C,  78.90;  H,  8.83;  N,  12.27; 
mol  wt,  228.  Found:  C,  78.39;  78.31;  H,  8.75,  8.92;  N,  12.01; 
molwt,228. 

2.  A  solution  of  the  Hofmann  product  12  (8.38  g)  in  aceto- 
nitrile (150  ml)  was  treated  dropwise  with  methyl  iodide  (30  ml) 
and  stirred  overnight  at  25°.  The  crude  crystalline  bismethiodide 
(5.01  g,  26%)  was  filtered.  Two  recrystallizations  of  1.45  g  of  this 
product  from  water  (25  ml)  and  acetone  (300  ml)  with  Darco  G-60 
treatment  produced  0.92  g  of  the  white  crystaUine  bismethiodide 
of  12,  mp  160-165°  dec;  X^^^  260  m^  (sh,  e  8000),  227  mn  (c 
28,800);  p^  3080,  3050,  3025,  3010  (CH=CH),  1485,  1460, 
1440,  and  1410  cm-»  (NCHi);  nmr  (CFiCOiH)  r  3.45-4.28  (com- 
plex multiplet,  eight  vinyl  protons),  4.64  (triplet,  7  =  7  cps,  two 
tertiary  protons),  5.73  (muhiplet,  one  tertiary  proton),  6.55  (singlet, 
12  NCHi  protons),  and  6.82  (singlet,  three  NCHi  protons). 

Anal.  Calcd  for  CnHwN,!,:  C,  39.86;  H,  5.12;  N,  5.47. 
Found:    C, 40.15;  H, 4.99;  N,  5.54. 

Evaporation  of  the  mother  liquors  from  this  reaction  left  a  daric 
intractable  gum. 

3.  A  further  Hofmann  degradation  on  2.45  g  of  the  bismethio- 
dide of  12  with  the  silver  oxide  from  3  g  of  silver  nitrate  in  water 
(20  ml)  and  methanol  (30  ml)  produced  3.23  g  of  silver  salts  (theory 
3.19  g)  and  a  gummy  residue  which  formed  a  brown  oily  distillate 
at  180°  (0.1  mm).  Redistillation  produced  0.06  g  of  a  yellow  un- 
stable oil  which  appeared  to  consist  of  several  products.  Addition 
of  10%  hydrochloric  acid  to  the  pump  trap  followed  by  evaporation 
produced  0.42  g  (1  molar  ratio)  of  trimethylamine  hydrochloride, 
identified  by  conversion  to  trimethylammonium  picrate,  mp  215- 
217°dec(Ut.»>mp216°). 
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AiMtract:  The  photoaddition  of  maleic  anhydride  to  benzene  by  both  direct  and  sensitized  excitation  has  been 
studied.  Use  of  suitable  quenchers  and  sensitizers  and  variation  of  the  concentration  of  the  reactants  indicate 
that  a  triplet  mechanism  obtains.  Key  steps  in  the  mechanism  are :  (1)  excitation  of  the  maleic  anhydride-benzene 
complex  to  its  triplet  state,  (2)  collapse  of  the  excited  complex  to  a  monoadduct,  and  (3)  reaction  of  the  first  adduct 
with  maleic  anhydride  in  a  thermal  reaction.  Study  of  quenching  reactivities  indicates  that  the  triplet  excitation 
energy  of  the  maleic  anhydride-benzene  complex  is  at  least  2  kcal/mole  less  than  the  excitation  energy  of  maleic 
anhydride. 


The  photochemical  addition  of  maleic  anhydride  to 
benzene  was  discovered  almost  simultaneously  by 
three  groups  of  workers.*"* 

.0 


0 


hy 


(1) 


Schenck  and  Steinmetz'  showed  that  the  reaction 
could  be  conveniently  carried  out  using  benzophenone 
as  a  sensitizer  and  Bryce-Smith  and  Lodge^  made  a 
preliminary  comparison  of  the  sensitized  and  unsensi- 
tized  reactions.  Both  groups  suggested  that  the  mecha- 
nisms of  the  direct  and  indirect  reactions  are  distinctly 
different.  Furthermore,  the  English  workers  reported 
some  very  unusual  characteristics  of  the  reactions^ 
although  one  very  important  observation  has  since 
been  reported  by  the  same  group®  to  have  been  in  error. 
We  should  point  out  that  quantitative  studies  of  the 
reaction,  including  our  own,  have  depended  upon  isola- 
tion of  1  which  crystallizes  from  the  reaction  mixtures. 
Crystallization  is  slow  and  any  isolated,  negative  result 
may  be  attributed  to  super  saturation. 

Because  of  the  complexity  of  the  reaction  and  the 
provocative  nature  of  the  first  suggestions  concerning 
mechanism,  we  felt  that  the  process  deserved  detailed 
study.  A  preliminary  report  of  part  of  our  results  has 
already  been  published.' 

Results  and  Discussion 

Samples  were  irradiated  in  ampoules  made  from  thin- 
walled  Pyrex  culture  tubes  in  a  merry-go-round  ap- 
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(€)  D.  Bryce-Smith,  A.  Gilbert,  and  B.  Vickery,  Chem.  Ind.  (London), 

2060(1962). 

(7)  G.  S.  Hammond  and  W.  M.  Hardham,  Proc.  Chem.  Soc.,  63 
(1963). 


paratus^  so  that  a  number  of  samples,  including  actino- 
metric  samples,  could  be  irradiated  simultaneously. 
The  light  source  was  a  450-w,  medium-pressure  mer- 
cury lamp.  The  31 30-,  3660-,  and  4045- A  lines  from 
the  source  are  transmitted  to  the  extent  of  78,  87,  and 
90%  by  the  Pyrex  tubes.  In  most  experiments  with 
sensitizers  a  uranium  glass  filter  was  used,  eliminatiiig 
essentially  all  source  lines  of  wavelength  shorter  than 
3300  A.  Some  measurements  of  quantum  yields 
were  made  using  a  collimated  beam  from  a  high-pres- 
sure arc  (Westinghouse  SAH  800-C)*  with  glass  filtm 
chosen  to  isolate  the  3660-A  line.  The  reaction  was 
monitored  by  isolating  and  weighing  the  insoluble 
product,  1. 

Sensitizers  and  Inhibitors.  A  survey  of  potential 
sensitizers  was  carried  out,  giving  the  results  shown  in 
Table  I.  The  yields,  given  in  milligrams,  were  deter- 
mined at  relatively  low  conversions  (10  mg  =  2%) 
using  1.0  Af  maleic  anhydride  in  benzene.  The  yields 
are  not  necessarily  proportional  to  quantum  yields 
since  no  corrections  have  been  made  for  variation  in 
either  intcrsystem  crossing  cflBciencies  or  variation  in 
the  absorption  spectra  of  the  additives.  Although  the 
experiments  with  compounds  listed  as  "inhibitors'* 
were  not  pursued  exhaustively,  there  seems  to  be  a 
clear-cut  difference  between  these  compounds  and  the 
effective  sensitizers.  None  of  the  addition  compound 
was  formed  even  when  the  uranium  glass  filter  was 
removed.  Obviously  the  "inhibitors"  not  only  fail 
to  sensitize  the  reaction  but  also  interfere  with  the 
unsensitized  reaction.  No  attempt  has  been  made  to 
quantitatively  dissect  the  effects  into  quenching  and 
internal  light  filtering.  Concentrations  of  the  addi- 
tives were  adjusted  so  as  to  absorb  essentially  all  inci- 
dent light  at  3660  A,  where  the  benzene-maleic  anhy- 
dride complex  does  not  absorb.  In  the  experiments 
with  the  uranium  glass  filter,  1-20  %  of  the  total  inci- 
dent light  was  estimated  to  be  absorbed  by  the  com- 
plex. 

Separation  of  the  sensitizers  and  inhibitors  on  the 
basis  of  triplet  excitation  energies  is  almost,  but  not 
quite,  perfect.    There  seems  to  be  a  cutoff  point  with 

(8)  R.  S.  H.  Liu,  N.  J.  Turro,  and  G.  S.  Hammond,  7.  Am.  Chem. 
5oc..  87.  3406(1965). 

(9)  W.  M.  Moore.  G.  S.  Hammond,  and  R.  P.  Foss.  ibtd.,  83. 2719 
(1961). 
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ible  I.    Yields  of  Addition  Product  Obtained  by  Irradiation  of 
tlutions  of  Nfaleic  Anhydride  in  Benzene  in  the  Presence  of 
irious  Additives 


Concn  of 

Yield  of 

additive, 

product," 

Triplet 

Additive 

M 

mg 

energy* 

Sensitizers^ 

Propiophenone 

0.80 

26 

74.7 

Xanthone 

0.01 

14 

74.2 

Acetophenone 

0.80 

41 

73.6 

Benzaldehyde 

0.30 

36 

71.9 

Benzophenone 

0.050 

46 

68.5 

4,4  '-Dichiorobenzo- 

0.050 

59 

68.0 

phenone 

/>-Diacetylbenzene 

0.30 

35 

67.7 

/>-Cyanobenzophenone 

0.050 

40 

66.4 

Inhibitors'* 

Triphenylene 

0.10 

0 

66.6 

Thioxanthone 

0.05 

0 

65.5 

Anthraquinone 

0.010 

0 

62.4 

2-Acetylfluorene 

0.10 

0 

62.6 

Naphthalene 

0.10 

0 

60.9 

2-Acetonaphthone 

0.20 

0 

59.3 

Chrysene 

0.01 

0 

56.6 

Benzil 

0.050 

0 

53.7 

Fluorenone 

0.10 

0 

53.0 

"  1.0  Af  maleic  anhydride  in  benzene,  irradiation  for  50  hr  in  a 
erry-go-round  apparatus  (outside  ring).  *  W.  G.  Herkstroeter, 
A.  Lamola,  and  G.  S.  Hammond,  J  Am.  Chem,  Soc.,  86,  4537 
^64).  '  All  reported  results  with  uranium  glass  filter.  *  Results 
ported  were  obtained  without  uranium  glass  filter. 


nsitizers  having  about  66-kcal/mole  excitation 
lergy;  those  having  higher  excitation  energies  sensi- 
K  the  reaction  and  those  having  less  available  energy 
>  not.  When  energy  transfer  becomes  insignificant, 
le  rate  of  the  process  must  fall  below  the  first-order 
ite  of  decay  of  the  sensitizer  triplets.  From  our  esti- 
lates  of  the  concentrations  of  the  complex  (vide  infra\ 
le  lifetimes  of  the  various  triplets  in  solution,  and  data 
om  flash  kinetic  studies  of  triplet  quenching,*^" 
t  infer  that  energy  transfer  must  be  several  kilocalories 
JT  mole  endothermic  at  the  cutoff  point.  The  ap- 
irent  anomalies  with  p-cyanobenzophenone  and  tri- 
lenylene  may  not  be  significant.  Measurement  of 
iplet  excitation  energies  is  not  highly  precise  and  we 
ive  observed  other  apparently  deviant  behavior  with 
iphenylene." 

Triplet  Excitation  Energy  of  Maleic  Anhydride. 
he  emission  spectra  from  MCIP  (5:1  methylcyclo- 
rxane-isopentane)  glasses  containing  approximately 
)-•  M  maleic  anhydride  were  measured  at  77**K. 

very  weak,  long-lived  emission  was  observed.  After 
ibtraction  of  the  background  emission  from  the 
dvent  the  spectrum  shown  in  Figure  1  was  obtained. 
he  spectrum  was  not  very  reproducible  and  that  shown 

the  strongest  obtained.  Although  other  details 
tried,  the  first  maximum  (at  3980  A)  was  reproduc- 
le.  ^^    This  indicates  that  the  phosphorescent  state  has 

(10)  K.  Sandros  and  H.  L.  J.  Backstrbm,  Acta  Chem,  Scand.,  16, 
8(1962). 

(11)  G.  Porter  and  F.  Wilkinson,  Proc.  Roy.  Soc.  (London),  A264,  1 
^61). 

(12)  W.  G.  Herkstroeter  and  G.  S.  Hammond,  /.  Am.  Chem.  Soc.,  in 
»s. 

(13)  L.  M.  Coyne,  unpublished  observations. 

(14)  Factors  known  to  effect  the  quality  of  a  recorded  spectrum  are: 
the  purity  of  the  constituents  of  the  solvent,  (2)  variation  in  the 

lount  of  cracking  in  the  glass,  and  (3)  the  phototube.  The  spectrum 
9WII  was  the  only  one  recorded  with  our  best  phototube. 
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Figure  1.    Emission  spectrum  of  maleic  anhydride  in  MCIP 
at  77  ^K.    Weak  emission  from  the  glass  has  been  subtracted. 


an  excitation  energy  of  about  72  kcal/mole.  Addition 
of  benzene  in  amounts  slightly  greater  than  molar 
equivalence  to  the  maleic  anhydride  led  to  complete 
disappearance  of  the  phosphorescence.  Apparently 
formation  of  the  complex  provides  faster  modes  of  de- 
cay for  maleic  anhydride  triplets  than  are  available  to  the 
uncomplexed  molecule.  The  extent  to  which  this  is 
associated  with  the  chemical  reaction  is  not  entirely 
clear. 

The  absorption  spectrum  of  a  0.067  M  solution  of 
maleic  anhydride  in  ethyl  iodide  was  measured  in  a 
1-cm  cell.  The  long  wavelength  spectrum  shown  in 
Figure  2  was  obtained.  The  spectrum  is  probably  due 
to  a  singlet-triplet  transition  induced  by  the  external 
heavy-atom  effect.*^    Although  the  spectrum  is  ab- 
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Figure  2.    Long  wavelength  absorption  spectrum  of  maleic  an- 
hydride in  ethyl  iodide  solution. 


solutely  featureless,  it  is  entirely  possible  that  the  long 
wavelength  limit  occurs  close  to  3900  A,  the  apparent 
position  of  the  0-0  band  in  the  phosphorescence 
spectrum.  If  anything  the  absorption  spectrum  indi- 
cates a  slightly  higher  value  of  the  So  -^  Ti  excitation 
energy. 

Quenching  of  Triplets  by  Maleic  Anhydride.    The 
reaction  of  benzophenone  with  benzhydrol  was  used  to 

(15)  M .  Kasha,  /.  Chem.  Phys.,  20,  74  (1952). 
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measure  the  relative  efficiency  of  maleic  anhydride  as 
a  quencher  for  benzophenone  triplets.**  ^^  The  spectro- 
scopic studies  reported  above  indicate  that  the  exci- 
tation energy  of  maleic  anhydride  is  too  high  to  allow 
it  to  be  a  good  quencher  for  benzophenone.  How- 
ever, an  earlier  measurement,^^  made  in  the  course  of  a 
general  survey,  indicated  that  maleic  anhydride  is  a  good 
quencher  in  benzene  solution.  The  study  has  been 
repeated  in  benzene  and  in  nonaromatic  solvents. 
The  measurements  in  benzene  are  complicated  by  vir- 
tue of  the  fact  that  the  addition  reaction  decreases  the 
concentration  of  the  quencher  during  the  course  of  the 
runs.  Correction  for  the  change  in  concentration  was 
made  using  data  for  the  quantum  yields  of  the  addition 
reaction  (vide  infra).  The  results  are  shown  in  Table 
11. 


Table  n.    Quenching  of  the  Reaction  of  Benzophenone  with 
Benzhydrol  by  Maleic  Anhydride  in  Benzene" 


[Benz- 

[MA]o 

Run 

hydrollo, 

M 

X  10»,  M 

** 

kjkr' 

A 

0.100 

2.0 

0.341 

79 

B 

0.100 

1.0 

0.517 

56 

C 

0.050 

1.0 

0.314 

59 

D 

0.200 

2.0 

0.536 

70 

E 

0.100 

0 

0.731 

Av 

•  • 

65 

<*  Benzophenone  was  initially  0. 100  M  in  each  experiment.  ^  The 
benzophenone-benzhydrol  reaction  without  added  quencher  was 
used  as  an  actinometer.  The  parameters  reported  in  ref  18  were 
used  in  the  calculations.  ^  The  average  concentration  of  maleic 
anhydride  was  approximately  5%  lower  than  the  initial  concentra- 
tion in  each  run;  kq  is  the  rate  constant  for  quenching  of  benzo- 
phenone triplets  by  maleic  anhydride  and  k,  is  the  rate  constant  for 
reaction  of  benzophenone  triplets  with  benzhydrol. 


The  quenching  reaction  was  also  studied  in  carbon 
tetrachloride  solution  and  a  solvent  consisting  of  93  % 
cyclohexane  and  5%  acetone.  The  values  of  kjkr^^ 
were  redetermined  in  each  medium  using  Foss's 
method."  The  value  in  cyclohexane-acetone  was 
0.036,  well  within  experimental  error  of  the  value 
(0.033)  for  benzene  solution;  consequently,  we  infer 
that  hydrogen  abstraction  from  the  solvent  is  unim- 
portant in  the  former  case.  In  carbon  tetrachloride 
the  value  was  0.0526.  While  we  have  no  way  of  dis- 
secting the  ratio,  the  increase  is  probably  to  be  associ- 
ated with  an  external  heavy-atom  effect  on  the  radia- 
tionless  decay  rate  in  carbon  tetrachloride.  Adven- 
titious quenchers  could  also  be  responsible.  The 
quenching  constants  for  maleic  anhydride  were  too 
small  for  accurate  measurement  in  both  the  nonaro- 
matic solvents.  In  carbon  tetrachloride  the  apparent 
values  ranged  from  1  to  9.6  with  an  average  value  of 
5  ±  5.  In  cyclohexane-acetone  the  value  was  8  ± 
5.  In  the  latter  medium  there  can  be  no  doubt  that  the 
quenching  activity  is  real,  but  of  an  order  of  magnitude 
smaller  than  the  activity  in  benzene. 

The  results  are  neatly  accommodated  by  the  hypoth- 
esis that  the  effective  quencher  in  benzene  solution  is 


(16)  G.  S.  Hammond  and  P.  A.  Leermakers,  /.  Phys.  Chem,,  66, 1 148 
(1962). 

(17)  The  constant  kr  is  the  specific  rate  constant  for  abstraction  of 
hydrogen  from  benzhydrol  and  kd  is  the  rate  constant  for  radiationless 
decay  by  benzophenone  triplets. 

(18)  G.  S.  Hammond  and  R.  P.  Foss,  /.  Phys.  Chem.,  68,  3739  (1964). 


the  benzene-maleic  anhydride  complex.  *••*  Attempts 
were  made  to  use  the  data  of  Andrews  and  Keefer^*for 
benzene-chloroform  mixtures  to  evaluate  the  fraction 
of  the  anhydride  that  is  in  complexed  form  in  neat 
benzene.  The  ultraviolet  spectra  of  1  X  10-*  and  2 
X  lfr~*  M  solutions  indicated  42.5  and  51.0%  complex, 
respectively,  if  the  reported  value  of  c^oo  for  the  com- 
plex is  used.  On  the  other  hand,  use  of  the  reported 
equilibrium  constant  indicates  that  the  anhydride  should 
be  88  %  complexed.  If  the  absorbance  of  the  solutions 
at  2100  A  is  taken  as  a  measure  of  the  amount  of  com- 
plex, the  value  of  kjk^  for  that  species  is  about  130,  a 
factor  of  5  smaller  than  the  largest  constants  that  have 
been  measured.^*^**  If  the  value  of  k^  reported  by  Bell 
and  Linschitz'^  is  used  as  a  reference  point,  the  value 
of  /Cq  for  the  complex  is  calculated  to  be  4  X  10*  1. 
mole"^  sec"^ 

As  an  ancillary  study  we  measured  the  reactivity  of 
maleic  anhydride  as  a  quencher  for  acetophenone  trip- 
lets which  have  more  available  excitation  energy  than 
benzophenone  triplets  (73.6  vs.  68.5  kcal/mole).  The 
photoreduction  of  acetophenone  by  isopropyl  al- 
cohoP*'**  was  used  as  a  reference  system.  The  reac- 
tion was  carried  out  in  cyclohexane.  The  quenching 
constant,  kjkr,  for  maleic  anhydride  was  evaluated 
by  standard  procedures.  The  results  scattered  more 
than  is  usual  but  the  average  value  was  193  :^  78.  The 
fact  that  maleic  anhydride  in  an  aliphatic  soheni  is  a 
good  quencher  for  acetophenone  triplets  is  clear  from 
inspection  of  any  of  the  experiments.  This  is  in  agree- 
ment with  the  assignment  of  the  excitation  energy  of 
the  uncomplexed  anhydride  as  72  kcal/mole. 

The  quenching  experiments  indicate  that  the  exci- 
tation energy  of  the  complex  is  close  to  that  of  benzo- 
phenone (68  kcal),  about  4  kcal  lower  than  that  of  the 
uncomplexed  anhydride.  This  indicates  that  the  bind- 
ing energy  of  the  complex  is  greater  in  the  exdted 
state  than  in  the  ground  state.  The  triplet  excitation  is 
probably  partly  delocalized  between  the  two  partoen 
in  the  complex.  Chemical  intuition  indicates  that 
charge  transfer  is  probably  not  a  principal  factor  in 
stabilization  of  the  excited  state  since  the  compla 
excitation  is  probably  much  more  closely  related  to 
excitation  of  the  acceptor  (maleic  anhydride)  than  to 
that  of  the  donor  (benzene).  Delocalization  of  sin^ 
excitation  in  symmetrical  systems  has  recently  been 
discussed  extensively  in  connection  with  excimcr  fluo- 
rescence.'* 

Quantum  Yields.  Preliminary  measurements  showed 
that  quantum  yields  in  the  sensitized  reaction  increased 
with  increasing  maleic  anhydride  concentration  in  ben- 
zene solution.  A  series  of  carefully  matched  runs  were 
then  carried  out,  giving  the  results  shown  in  Table  III. 
The  results  are  reported  in  terms  of  milligrams  of  prod- 
uct since  measurement  of  relative  quantum  yields  is  more 
accurate  than  measurement  of  absolute  quantum  yieMs. 
Actinometric  measurements  indicate  that  the  highest 
quantum  yields  are  approximately  0. 1. 

(19)  L.  J.  Andrews  and  R.  M.  Keefer,  /.  Am.  Chem.  Soe.,  75,3776 
(1953). 

(20)  W.  G.  Barb,  Trans.  Faraday  Soc.,  49,  143  (1953). 

(21)  J.  A.  Bell  and  H.  Linschitz,  ibid.,  85,  528  (1963). 

(22)  S.  G.  Cohen,  D.  A.  Laufer,  and  W.  V.  Sherman,  ibid,.  Si.  30® 
(1964). 

(23)  J.  N.  Pitts,  et  al.,  ibid.,  81,  1068  (1959). 

(24)  See,  for  example,  T.  Azumi,  A.  T.  Armstrong,  and  S.  P.  McdyBO. 
/.  Chem.  Phys.,  41,  3939  (1964). 
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Effect  of  Variation  of  Maldc  Anhydride 
3n  on  Quantum  Yields* 


(MA]a. 

Wi 

t  of  product,  n 

5r* 

M 

Run  no.  1 

Run  no.  2 

Run  no.  3 

mone 

0.05 

8.6d=0.2 

9.6±0.1 

7.5±0.5 

0.10 

17.5±1.0 

19.5±0.2 

15.7±0.5 

0.25 

28.4±1.5 

0.50 

25.3±4.0 

41. 6±  1.0 

31.9±1.0 

1.00 

25.0  ±4.0 

47.7±1.5 

35.4±1.0 

1.50 

49.1  ±3.0 

33.8±3.0 

none 

0.05 

12.3±0.8 

11.5±1.0 

0.10 

21.8d:0.5 

37.0  ±2.0 

0.25 

25.8  ±2.0 

42.1±1.5 

0.50 

22. Oil. 5 

45.6  ±3 

1.00 

28.3±0.5 

45.5±3 

1.50 

25.2±3.0 

39.5  ±2 

ft 

0 

0.05 

14.0±1.0 

) 

0.10 
0.25 
0.50 
1.00 
1.50 

25.4±0.5 
31.6±1.0 
33.0±1.5 
30.0±2.0 
25.9±1.0 

iliiiter  samples  irradiated  using  the  uranium  glass  filter 
ry-go-round  apparatus.  ^  Concentrations  chosen  to 
Uy  at  3660  A.  '  Samples  having  the  same  run  number 
ted  at  the  same  time.  Irradiation  was  continued  until 
!parated  from  tubes  containing  0.05  M  anhydride  to 
'ate  weighing.    The  results  given  are  averages  of  tripli- 


alts,  especially  in  experiments  with  the  higher 
tions  of  maleic  anhydride,  are  frustratingly 
K  number  of  factors  may  contribute,  including 
sition  of  the  crystalline  product  and  scattering 
f  crystals  deposited  on  the  walls  of  the  tubes, 
major  source  of  error  must  arise  from  reasons 
idependent  of  the  light  intensity  delivered  to 
since  there  were  significant  variations  in  the 
of  product  collected  from  duplicate  samples 
y  run.  However,  the  general  trend  of  the 
:ms  reproducible.  The  yields  increase  with 
:  maleic  anhydride  concentration  up  to  the 
>out  0.2S  M  and  then  become  constant  within 
s.  Absorbance  by  the  different  sensitizers 
ized  at  3660  A  and  concentrations  were  high 
)  give  essentially  complete  absorption  at  that 
h,  although  there  is  some  difference  in  the 
of  the  weaker  source  lines  between  3700  and 
^orbed  by  the  three  sensitizers.  The  data  in 
show  that  there  is  only  a  small  dependence  of 
sensitizer  concentration,  indicating  close  to 
absorption  of  effective  incident  light  and 
y  transfer  is  not  appreciably  reversible. 


Variation  in  Yield  as  a  Function  of 
me  Concentration* 


izophenonelo. 

Yield  of 

M 

adduct^ 

0.03 

24.9±1.2 

0.06 

24.2±1.2 

0.10 

25.4±1.2 

0.15 

26.1  ±1.3 

0.20 

28.3±1.3 

0.30 

29.1±1.3 

ial  concentration  of  maleic  anhydride  was  1.00  Af  in  all 
Milligrams  of  product  formed  by  irradiation  of  4-ml 
in  the  Experimental  Section  for  8  hr. 
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Reduction  of  the  light  intensity  was  accomplished  by 
placing  an  80-mesh,  stainless-steel  screen  around  the 
lamp.  This  reduced  the  transmission  to  32.5%  of  the 
unscreened  value  and  reduced  the  yield  to  33  ±  3% 
of  the  value  in  control  experiments.  The  quantum 
yield  is  apparently  independent  of  light  intensity. 

The  concentrations  of  maleic  anhydride  were  large 
enough  in  all  experiments  to  assure  quantitative  trans- 
fer of  the  triplet  excitation  of  the  sensitizers  (see 
Quenching  of  Triplets  above).  Consequently  de- 
pendence of  the  quantum  yield  on  the  concentration  of 
maleic  anhyride  must  be  due  to  competition  at  some 
step  other  than  energy  transfer.  Two  likely  candidates 
come  to  mind:  (1)  capture  of  intermediate  in  a  thermal 
reaction  and  (2)  a  two-photon  process.  The  latter 
possibility  is  ruled  out  by  the  linear  response  to  a  change 
in  light  intensity.  The  first  possibility  is  the  one  that 
would  have  been  anticipated  on  the  basis  of  all  suggested 
mechanisms. 


o        r         o  ■ 


.♦W 


•(3) 


+    S(2) 


C*«    -*2h.     C 


(3) 


(4) 


CeHe     +     MA 


(5) 
(6) 


The  dependence  of  quantum  yields  on  the  concentra- 
tion of  maleic  anhydride  is  attributed  to  competition 
between  reactions  S  and  6,  two  thermal  processes. 
The  above  mechanism,  with  the  assumption  that 
energy  transfer  (reaction  2)  is  quantitative,  yields  the 
following  rate  law 


*  =  * 


fciJkJMA] 


*"(fc2  +  *»X*4[MA]  +  *5) 


(7) 


where  4>ic  is  the  quantum  yield  for  intersystem  crossing 
by  the  sensitizer. 

If  the  data  in  Table  III  are  averaged  and  corrected  for 
consumption  of  the  reactant  the  numbers  can  be  fitted 
surprisingly  well  to  a  function  of  the  form  of  eq  7. 
The  scatter  of  the  numbers  before  averaging  discourages 
us  from  a  serious  attempt  to  extract  a  value  of  the  critical 
reactivity  ratio,  k^jk^^  from  the  data  although  it  must 
be  on  the  order  of  ten. 

The  mechanism  suggested  predicts  that  the  yields 
should  fall  off  if  the  concentration  of  complex  is  re- 
duced, at  constant  total  maleic  anhydride  concentra- 
tion, by  dilution  of  the  benzene  with  a  cosolvent.  The 
decrease  should  become  significant  when  the  concen- 
tration of  the  complex  becomes  small  enough  to  allow 
radiationless  decay  of  sensitizer  triplets  to  compete  with 
energy  transfer.  The  data  for  experiments  using  di- 
oxane,  chloroform,  and  acetonitrile  as  cosolvents  are 
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gathered  in  Table  V.  The  data  in  the  three  series  can- 
not be  directly  cross-compared  because  the  light  in- 
tensity was  different  in  the  three  runs. 

Table  V.    Effect  of  Dilution  with  Cosolvents- 


[Ben- 

zenejo, 

^ 

-  Yield   of  product^ 

s 

M 

Dioxane 

Chloroform 

Acetonitrile 

1.1 

0 

2.3 

9.1db0.4 

15.0dbl.9 

3.4 

0 

4.5 

15.3db0.2 

42.1dbl.9 

5.6 

23.2  ±3 

6.8 

19.0=i=0.5 

65.9dbl.O 

7.9 

65.2=1=4 

82.7  db  3.0 

9.0 

27.1  db  1.0 

94.3  db  3.0 

10.7 

81.8 

33.5dbl.5 

98.9=fcl.O 

"  [Benzophenone]  =  0.10  A/,  [MA]©  =  1.0  A/.  ^  Milligrams  of 
product  obtained  from  3-ml  samples  irradiated  as  described  in  the 
Experimental  Section  for  7  hr. 


The  effect  of  variation  of  the  concentration  of  benzene 
is  surprising.  If  the  value  of  Andrews  and  Keefer^' 
for  the  dissociation  constant  is  even  close  to  correct, 
there  should  be  enough  of  the  complex  in  all  solutions 
to  effect  complete  quenching  of  benzophenone  triplets. 
Consequently,  there  must  be  some  reversible  interaction 
with  benzene  after  the  energy-transfer  step.  The  sim- 
plest way  that  we  can  see  to  include  such  a  step  is  as 
follows 

C*<»>  7"^  MA*  H-  B  (8) 


MA^ 


ki 


MA 


(9) 


The  excitation  energies  of  the  complex  and  mono- 
meric  maleic  anhydride  inferred  from  quenching  studies 
{vide  supra)  would  indicate  that  reaction  8  should  be 
endothermic.  The  small  decrease  in  quantum  yield 
with  increasing  temperature  reported  by  Angus  and 
Bryce-Smith*  may  be  due  to  change  in  the  equilibrium 
constant  for  reaction  8.  Another  possibility  is  that  the 
excited  complex  is  stabilized  by  interaction  with  a  sec- 
ond molecule  of  benzene  to  form  a  ternary  triplet  com- 
plex. 

C*<»>  +  b:z±C'*<»>  (10) 


C'*(») 


B  +  2 


(11) 


Formation  of  such  a  ternary  complex  might  well  be 
expected  to  effect  unusual  stabilization  of  the  excited 
triplet.  McGlynn  and  his  co-workers^^  have  pointed 
out  that  the  excited  singlet  state  of  a  complex  should  lie 
lower  than  the  triplet  if  charge  transfer  is  dominant  in 
the  excitation  process.  With  two  acceptor  molecules 
in  the  complex,  the  triplet  should  be  stabilized.  It  is 
even  conceivable  that  the  complex  responsible  for  the 
quenching  action  is  a  2:1  complex  in  the  first  place. 
Andrews  and  Keefer^'  found  no  evidence  for  such  a 
species  but  their  experiments  were  carried  out  with 
diluents  and,  as  was  previously  mentioned,  extrapolation 
of  the  spectroscopic  properties  of  the  complex  as  ob- 
served in  chloroform  solution  to  pure  benzene  is  not 
very  accurate. 

(25)  S.  p.  McGlynn  and  J.  D.  Boggus,  /.  Am.  Chem.  Soc.,  80,  5096 
(1958);  S.  P.  McGlynn,  J.  D.  Boggus,  and  E.  Elder,  /.  Chem,  Phys., 
32,  357  (1960). 


Attempts  to  Capture  an  Intermediate.  The  proposed 
intermediate,  2,  should  be  a  reactive  diene  so  (unsuc^ 
cessful)  attempts  were  made  to  intercept  the  spedes 
with  dienophiles.  Irradiation  of  a  benzene  solution 
containing  1.0  Af  maleic  anhydride,  2.S  M  methyl 
acrylate,  and  0.10  Af  benzophenone  gave  only  the  usual 
adduct  although  a  viscous  yellow  oil,  probably  a  poly- 
meric material,  was  also  formed.  A  toluene  solution 
containing  0.3  Af  maleic  anhydride  and  O.OS  M  benzo- 
phenone was  irradiated  for  15  hr  at  —77**  with  the  hope 
that  2  would  accumulate.  The  contents  of  the  tubes 
were  then  added  quickly  to  concentrated  solutions  of 
tetracyanoethylene.    No  adducts  could  be  isolated. 

Quenching  the  Unsensitized  Reaction.  Bryce-Smith 
and  Lodge  reported  that  the  unsensitized  reaction  is  not 
quenched  by  oxygen.'^  We  irradiated  samples  sealed 
under  oxygen  at  a  pressure  of  1  atm  in  parallel  with 
degassed  samples  and  found  unmistakable  evidence  for 
quenching.    The  results  are  summarized  in  Table  VI. 

Table  VI.    Quenching  of  the  Unsensitized  Reaction  by  Oxygen 


Series 


[MA], 


of  reaction 
quenched^ 


1 
2 
3 


2.00 
1.50 
0.20 


23  ±5 
20d=7 
31  ±7 


<*  Benzene  solution.  ^  Average  results  obtained  from  irradiation 
in  parallel  of  five  samples  under  oxygen  and  five  degassed  samples. 

The  effect  is  small  but  unmistakable.  Other  com- 
mon quenchers,  such  as  anthracene  and  azulene,  were 
also  tried  but  because  of  competitive  absorption  could 
not  be  used  at  concentrations  greater  than  5  X  10"* 
M,  Although  some  quenching  was  probably  observed, 
the  effect  was  not  clearly  outside  the  limits  of  experi- 
mental error.  If  the  saturation  solubility  of  oxygen  in 
toluene  is  similar  to  that  in  benzene,**  the  oxygen  con- 
centration was  about  5  X  10" »  Af.  Since  quenching 
was  observed,  the  rate  constants  for  competitive  reac- 
tions, including  collapse  to  2,  must  be  of  the  order  of  5 
X  10' moles  1.-^  sec- ^ 

The  experiment  has  considerable  signficance  since  it 
indicates  that  at  least  part  of  the  unsensitized  reaction 
goes  by  way  of  triplets.  Since  it  is  not  feasible  to  do 
studies  involving  varying  concentrations  of  a  quencher, 
we  cannot  be  sure  that  the  triplet  path  is  the  only  one.^ 

Experimental  Section 

Materials.  Acetonaphthone  (Matheson  Coleman  and  Bdl 
reagent  grade)  was  recrystallized  from  acetic  add-water,  mp  54i)'. 
Anthroquinone  was  recrystallized  twice  from  acetic  add,  mp 
284-285 "".  Benzene  (Nfatheson  Coleman  and  Bell,  Spectre  quality) 
was  generally  used  without  purification.  The  material  did  not  gi\t 
a  color  on  contact  with  sulfuric  acid  and  less  than  0.1  %  impuritio 
was  found  by  vapor  chromatography.  Benzaldehyde  (Mathcsoo 
Coleman  and  Bell,  reagent  grade)  was  distilled  twice,  the  secood 


(26)  M.  Reznikovskii,  Z.  Tarasova,  and  B.  Dogadldn,  Zh,  Obshd. 
Khim.  20,  63  (1950);    Chem.  Abstr.,  44,  4754  (1950). 

(27)  Note  Added  in  Proof.  We  now  find  that  maleic  anhydride  is 
an  effident  quencher  of  the  fluorescence  of  triphenylene  and  naphthi- 
lene  (see  ref  1  for  similar  observations).  Consequently  the  signifi* 
cance  of  inhibition  by  those  compounds  (Table  I)  should  be  reevala- 
ated.  This  removes  the  apparent  anomaly  presented  by  the  cases  of 
triphenylene  and  p-cyanobenzophenone.  An  attempt  to  reproduce  the 
spectrum  shown  in  Figure  1,  with  a  less  sensitive  instrument,  gave  to 
resolvable  emission  so  we  cannot  be  entirdy  certain  that  the 
result  was  not  due  to  the  presence  of  an  impurity. 
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time  through  a  spinning-band  column,  bp  65**  (25  mm).  Benzil 
(Matheson  Coleman  and  Bell,  reagent  grade)  was  recrystallized 
from  ethanol-water  and  then  from  ligroin,  mp  96.5-96.8 ®.  Chloro- 
form (Matheson  Coleman  and  Bell,  Spectro  quality)  was  used  with- 
out further  purification.  Chrysene,  recrystallized  and  sublimed, 
was  supplied  by  Dr.  J.  R.  Fox.  />-Cyanobenzophenone  was  ob- 
tained from  Dr.  C.-H.  Wu;  it  was  recrystallized  from  ligroin- 
benzene,  mp  115.5-116°.  />-Diacetylbenzene  (Aldrich,  research 
grade)  had  been  chromatographed  on  alumina  and  then  recrystal- 
lized twice  by  Dr.  A.  A.  Lamola.  4,4'-Dichlorobenzophenone 
(K  and  K  Laboratories)  was  used  without  further  purification; 
its  phosphorescence  spectrum  was  taken  by  Dr.  A.  A.  Lamola  and 
showed  no  trace  of  benzophenone.  Fluorenone  (Matheson  Cole- 
man and  Bell,  reagent  grade)  was  recrystallized  once  from  ligroin 
and  once  from  ethanol,  mp  83.8-84.5 ''.  Maleic  anhydride  (Mathe- 
son Coleman  and  Bell,  reagent  grade)  was  sublimed  at  45®  (0.5 
mm)  immediately  before  use.  Naphthalene  (Matheson  Coleman 
and  Bell)  was  recrystallized  twice  from  ethanol.  Propiophenone 
(Matheson  Coleman  and  Bell,  reagent  grade)  was  recrystallized 
from  ligroin  at  —5°  and  then  distilled  at  0.5  mm  through  a  Vigreux 
column;  the  fraction  boiling  at  63-64®  was  collected  for  use. 
Tetracyanoethylene  (Aldrich,  research  grade)  was  recrystallized 
from  ethyl  acetate-chloroform.  Thioxanthone  was  treated  with 
carbon  black  and  then  recrystallized  twice  from  methanol,  mp 
209®.  Toluene  (Matheson  Coleman  and  Bell  reagent  grade)  was 
shaken  three  times  with  concentrated  sulfuric  acid,  dried  over  cal- 
cium chloride,  and  distilled  from  sodium.  Triphenylene  (Aldrich, 
research  grade)  was  sublimed,  mp  194-198®.  Xanthone  (Aldrich) 
was  passed  through  an  alumina  column,  eluted  with  benzene,  and 
then  recrystallized  twice  from  methanol. 

Procedures.    Most  irradiations  were  carried  out  in  the  **merry- 
go-round,**  an  apparatus  in  which  a  number  of  tubes  are  rotated 


about  a  Hanovia  inunersion  reactor  containing  a  450-w,  medium- 
pressure  lamp.  The  entire  apparatus  is  placed  in  a  constant-tem- 
perature water  bath.  The  samples  were  placed  in  Pyrex  culture 
tubes  (13  mm  o.d.)  which  had  been  constricted.  The  tubes  were 
washed  with  Orvus  soap,  rinsed  five  times  with  distilled  water  and 
once  with  methanol,  and  dried  at  125°.  Solutions  were  prepared 
in  volumetric  flasks  and  3-  or  4-ml  aliquots  were  added  to  the 
individual  tubes.  The  samples  were  then  degassed  using  three 
freeze-thaw  cycles,  with  pumping  at  5  X  10"*  mm,  before  being 
sealed  off.  The  Pyrex  tubes  passed  very  little  of  the  2753-  and 
2804-A  lines  from  the  source  and  in  most  experiments  with  sensi- 
tizers a  uranium-glass  filter  having  virtually  no  transmission  below 
33(X)  A  was  used.  No  filter  was  used  in  experiments  involving  direct 
irradiation. 

After  irradiation  the  tubes  were  opened  and  the  product  was  col- 
lected by  suction  filtration,  washed  with  a  few  milliliters  of  cold  re- 
action solvent,  dried  for  20  min  at  1 1 5  ®,  and  weighed.  The  solubility 
of  the  adduct  in  all  reaction  solvents  is  too  low  for  convenient  mea- 
surement. However,  varying  amounts  of  product  may  have  re- 
mained in  the  supernatant  liquid  by  supersaturation,  since  crystal 
growth  is  very  slow. 

Some  measurements  of  quantum  yields  were  made  using  the 
coUimated  beam  provided  by  the  apparatus  previously  described.* 
Actinometry  for  runs  with  both  systems  was  carried  out  by  moni- 
toring the  reaction  of  benzophenone  by  benzhydroL* 

Acknowledgment.  This  work  was  supported  in  part 
by  a  grant  from  the  National  Science  Foundation. 
W.  M.  H.  also  held  summer  fellowships  provided  by 
the  Shell  Oil  Company  and  the  National  Science  Foun- 
dation. 


Radical  Additions  of  Cl-CCls  to  c/5-Cyclooctene 


1.2 


James  G.  Traynham  and  Thomas  M.  CouYillon 

Contribution  from  Coates  Chemical  Laboratories^  Louisiana  State  University^ 
Baton  Rouge,  Louisiana    70803.    Received  January  11, 1967 


Abstract:  Both  photo-  and  thermally  initiated  additions  of  carbon  tetrachloride  to  c/5-cyclooctene  give  mainly 
stereoisomeric  l-chloro-4-(trichloromethyl)cyclooctanes,  products  of  transannuiar  addition.  Small  amounts  of  the 
stereoisomeric  1,2-addition  products  and  several  other  minor  products  containing  less  chlorine  per  molecule  are 
also  formed.  Peroxide-initiated  addition  of  trichloromethanesulfonyl  chloride  (net  addition  of  Cl-CXlU)  produces  the 
1 ,2-  and  1 ,4-addition  products  in  the  ratio  30 :  70.  The  activation  energy  requirement  for  transannuiar  hydrogen  atom 
shift  in  this  system  is  estimated  to  be  approximately  18  kcal/mole.  Selective  dehydrochlorinations  of  the  addition 
products  have  been  achieved;  potassium  hydroxide  in  alcoholic  dimethyl  sulfoxide  produces  mostly  chloro- 
(dichloromethylene)cyclooctanes,  but  alcoholic  silver  nitrate  leads  to  (trichloromethyl)cyclooctenes. 


Transannuiar  hydride  shifts  during  cationic  reactions 
of  medium-ring  compounds  were  first  reported  in 
1952*  and  are  now  considered  to  be  characteristic  of 
those  compounds.  *  Although  these  rearrangements  oc- 
cur to  small  extents  in  unsubstituted  cycloalkyl  cations, 

(1)  (a)  Presented  in  part  at  the  ISOth  National  Meeting  of  the  Ameri- 
can Chemical  Society,  Atlantic  City,  N.  J.,  Sept  1965;  Abstracts,  p  6S. 
(b)  Based  upon  the  Ph.D.  dissertation  submitted  by  T.  M.  C,  Louisiana 
State  University,  Jan  1966.  (c)  A  preliminary  account  of  part  of  this 
research  has  been  published:  J.  G.  Traynham  and  T.  M.  Couvillon, 
/.  Am.  Chem.  Soc.,  87,  5806  (1965). 

(2)  Grateful  acknowledgment  is  made  to  the  donors  of  the  Petroleum 
Research  Fund,  administered  by  the  American  Chemical  Society,  for 
partial  support  of  this  research  (Grant  No.  1817-A.) 

(3)  (a)  A.  C  Cope,  S.  W.  Fen  ton,  and  C.  F.  Spencer,  /.  Am.  Chem. 
Soc.,  74,  5884  (1952);  (b)  V.  Prelog,  K.  Schenker,  and  H.  A.  Gunthard, 
Help,  CMm.  Acta,  35,  1598  (1952). 

(4)  (a)  V.  Prelog  and  J.  G.  Traynham  in  "Molecular  Rearrangements," 
Vol.  1,  P.  de  Mayo,  Ed.,  Interscience  Division  of  John  Wiley  and  Sons, 
Inc.  New  York,  N.  Y.,  1963,  Chapter  9;  (b)  A.  C.  Cope,  M.  M.  Martin, 
and  M.  A.  McKervey,  Quart.  Rev.  (London),  20,  119  (1966). 


they  become  extensive  when  the  initial  carbonium  ion 
center  is  flanked  by  an  electron-withdrawing  substitu- 
ent.*  Examples  of  transannuiar  reactions  involving 
radical  intermediates  have  been  far  fewer  in  number 
than  those  involving  cationic  intermediates.  Some^  but 
not  all^  radical  additions  to  l,S-cyclooctadiene  yield 
mostly  substituted  bicyclo[3.3.0]octanes  as  products 
(transannuiar  C=C  participation),  and  thiol  addition 
to  norbornadiene  gives  both  normal  and  transannuiar 
products.'  Recently,  reports  of  transannuiar  hydrogen 
abstraction  by  the  intermediate  alkoxy  radical  formed 
during  decomposition  of  1-methylcyclooctyl  hypo- 
chlorite^ and  transannuiar  hydrogen  migration  to  a 

(5)  R.  Dowbenko,  /.  Am.  Chem.  Soc.,  86,  946(1964). 

(6)  J.  M.  Locke  and  E.  W.  Duck,  Chem.  Common.,  151  (1965). 

(7)  S.  J.  Cristol,  G.  D.  Brindell,  and  J.  A.  Reeder,  /.  Am.  Chem.  Soc.^ 
80,635(1958). 

(8)  A.  C.  Cope,  R.  S.  Bly,  M.  M.  Martin,  and  R.  C.  Petterson,  ibid. 
87,3111  (1965). 
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carbon  radical  center  during  radical  additions  to 
medium-ring  olefins*  have  been  reported.  Only  the 
latter  rearrangement  is  directly  comparable  to  the 
hydride  shifts  characteristic  of  medium-ring  carbonium 
ion  chemistry,  and  when  those  reports*  appeared,  our 
own  investigations  of  radical  additions  to  the  simple 
medium-ring  olefin,  c«-cyclooctene,  were  substantially 
complete.**  We  have  described  in  detail  the  largely 
normal  1,2  addition  of  bromotrichloromethane  to  c/5- 
cyclooctenc.^'"  This  paper  describes  our  radical 
additions  of  Cl-CCU  (from  carbon  tetrachloride  and 
from  trichloromethanesulfonyl  chloride)  to  cw-cyclo- 
octene.*^  These  reactions  are  mainly  transannular 
additions  (product  4),  and  a  rough  estimate  of  the  acti- 
vation energy  for  transannular  hydrogen  atom  shift  in 
2-(trichloromethyl)cyclooctyl  radical  (2)  has  been  made. 


O 


CT' 


1,  5  H- shift 
—(2)—' 


■(y 


1 


(3) 


Ix-cci, 


I 


(4)   x-ca, 


or 


Xvx-x^ca, 


Additions  of  carbon  tetrachloride  to  1  have  been 
carried  out  in  different  ways:  photo-  and  thermally 
initiated  reactions  in  the  absence  of  any  solvent  other 
than  excess  carbon  tetrachloride,  and  photoinitiated 
reaction  with  benzene  solvent.  Although  the  addition 
of  benzene  to  the  reaction  mixture  led  to  a  higher  con- 
version of  cyclooctene  to  products  and  to  less  polymer 
formation,  the  over-all  results  of  the  three  kinds  of 
additions  were  substantially  the  same.  The  principal 
products  were  isomeric  CgH^CU  compounds,  formed  in 
yields  of  59-71%;  several  minor  products  containing 
1-3  chlorines  per  8-9  carbons  were  obtained  in  com- 
bined yields  of  about  24-15%.  Some  hexachloro- 
ethane  was  isolated  in  each  of  the  addition  experi- 
ments, confirming  the  radical  nature  of  the  reactions. 

Major  Products.  In  contrast  to  a  patent  claim  that 
the  thermal  addition  of  carbon  tetrachloride  to  cyclo- 
octene gives  1,2-addition  product  3,^^  our  product  mix- 
tures from  both  kinds  of  additions  consisted  primarily 
of  cis'  and  /ra/i5-l-chloro-4-trichloromethylcyclooc- 
tanes  (4,  X  =  CI).  This  identity  was  established  on 
the  basis  of  nmr  spectra,  selective  dehydrochlorinations, 
and  conversion  to  4-chlorocyclooctanone  identical 
with  an  authentic  sample. 

The  ratio  of  the  areas  of  the  nmr  signals  centered  near 
—2.2  ppm  (A)  and  —1.65  ppm  (B)^*  is  especially 
valuable  for  structure  assignments  in  cycloalkane  deriva- 
tives. The  signals  near  —2.2  ppm  (A)  are  associated 
with  CHjCX  (X   =   electron-withdrawing  substituent 

(9)  (a)  M.  Fisch  and  G.  Ourisson,  Chem,  Commun.,  407  (1965); 
(b)  G.  Ourisson,  Proc.  Chem,  Soc.,  281  (1964). 

(10)  J.  G.  Traynham,  T.  M.  Couvillon,  and  N.  S.  Bhacca,  /.  Org, 
Chem.,  32,  529  (1967). 

(11)  F.  Reicheneder  and  H.  Suter,  German  Patent  1,036,847  (Aug  21, 
1958);  Chem.  Abstr.,  54,  22416c  (1960).  Our  experiments  duplicated 
the  reaction  conditions  described  here  as  closely  as  possible. 

(12)  All  chemical  shifts  are  relative  to  internal  tetramethylsilane  refer- 
ence. 


such  as  CI  or  CCU)  or  with  CHiC=C,  and  those  near 
—  1.65  ppm  (B)  with  more  remote  CH2.  For  a  1,2- 
disubstituted  cyclooctane  such  as  3,  the  ratio  A:B  is 
4:8;^"  for  a  1,3  isomer,  the  ratio  is  6:6,  and  for  1,4 
and  1,3  isomers,  it  is  8:4.^'  The  major  fraction, 
C9H14CI4,  from  each  of  the  CCI4  additions  gave  an  A:B 
ratio  of  nearly  8:4,  clearly  excluding  normal  1,2  addi- 
tion. That  fraction,  separated  from  lower  boiling 
reaction  products  by  careful  distillations,  was  further 
separated  into  solid  and  liquid  isomers  by  low-tem- 
perature fractional  crystallization  from  methanol.  The 
nmr  spectra  of  these  isomers  are  similar,  and  each  ex- 
hibits an  A :  B  ratio  of  about  8 : 4.  The  infrared  spectra 
of  the  isomers  are  nearly  the  same  but  differ  sufficiently 
at  10-11  /i  for  quantitative  analysis.  By  comparison 
of  the  infrared  spectra  of  the  original  C9H14CI4  product 
mixtures  and  standard  mixtures  prepared  from  the 
separated  isomers,  the  original  mixtures  were  estimated 
to  consist  of  about  30%  solid  and  70%  liquid  isomers.^* 
When  either  the  liquid  or  the  solid  isomer,  or  a  mix- 
ture of  them,  was  dehydrochlorinated  with  1  molar 
equiv  of  potassium  hydroxide  in  a  mixed  solvent,  the 
same  olefin,  identified  by  infrared  and  nmr  spectra  as 
a  chloro(dichloromethylene)cyclooctane,  was  produced. 
This  result  clearly  identifies  the  solid  and  liquid  isomen 
as  geometrical,  not  position,  isomers.  Further  identifi- 
cation of  the  olefin  product  as  l-chloro-4-(dichloro- 
methylene)cyclooctane  (6)  was  accomplished  by  ozonoly- 
sis  of  it  to  4-chlorocyclooctanone,  an  authentic  sample 
of  which  was  synthesized  independently  from  9-oxa- 
bicyclo[4.2.1]nonane  (8).    This  identification  is  com- 


s 


+    KOH       ^^^^^^ 


CL/-v^CCli 


l.Oj 

2.  Zn,  HOAc 


ciy-y) 


6  7 

pletely  in  accord  with  the  nmr  A :  B  ratio  for  the  original 

8 


LAH 


CI 


O" 


OH 


CtO, 


'XT 


CgH^CU  products  and  establishes  that  the  radical 
addition  of  CCI4  to  cyclooctene  proceeds  mainly  to  give 
5  (cis  and  trans).^^ 

Bromotrichloromethane,  on  the  other  hand,  adds 
equally  exclusively  to  give  cis-  and  /ran5-l-bromo-2- 
trichloromethylcyclooctane  (3,  X  =  Br). "»  Clearly  the 
relative   activation  free  energy  requirements  of  the 

(13)  Analytical  use  of  nmr  signal  ratios  similar  to  A:B  has  bett 
described  independently  by  C.  L.  McGehee  and  C  H.  Sommers  is 
"Developments  in  Applied  Spectroscopy.**  Vol.  4,  E.  N.  Davia^  Bi- 
Plenum  Press,  New  York,  N.  Y..  1965,  p  405. 

(14)  The  liquid  fractions  were  subsequently  shown  to  contain  ibovt 
2-5%  of  the  1,2  isomer  along  with  the  t,4  isomer. 

(15)  We  have  not  yet  firmly  matched  the  labels  cis  aad  tnms  with  Ac 
descriptions  iolld  and  Utpdd  for  isomeric  S. 
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Product  Distribution  Data  for  CX^U  Additions  to  c/5-Cyclooctene 
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26 

41 
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0.7 

0.6 

1.3 

2.6 

3.4 

5.0 

0.07 

3.0 

ally 

20 

38 

1.2 

0.9 

8.2 

1.2 

0.36 

8.0 

0.3 

0.07 

5.1 

ited 

nitiated  in 

22 

46 

5.0 

0.13 

1.1 

1.7 

5.1 

1.5 

0.9 

0.9 

3.3 

ene  solution 
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19 

37 

25 

0.05 

0.16 

1.0 

1.3 

1.0 

0.08 

0.08 

4.3 

tion 

Experimental  Section  for  details, 
ymer  and  undistillable  material. 


^  Both  CIS  and  trans  isomers  were  obtained.    '  Other  unidentified  products. 
<'  5s  =  solid  isomer,  51  »  liquid  isomer. 


These  figures  ex- 


c  reactions  of  intermediate  2-(trichloromethyl)- 
tyl  radicals  (2),  steps  2  and  3,  determine  the  course 
)ver-all  reaction.  Abstraction  of  chlorine  from 
tetrachloride  requires  more  energy  than  abstrac- 
bromine  from  bromotrichloromethane.  An 
1  reagent  with  a  radical  chain  transfer  constant 
I  those  for  Cl-CCh  and  Br-CCU"  would  be  ex- 
:o  give  more  nearly  equal  amounts  of  products 
ending  to  3  and  4. 

)yl  peroxide  initiated  addition  of  trichloro- 
jsulfonyl  chloride^*  to  1  gave  an  81%  yield  of 
I4  product  which  was  found  by  gas  chromatog- 
nd  nmr  and  infrared  spectroscopic  analyses  to 
1 70  %  5  (67  %  liquid  and  33  %  solid  isomers)  and 
\  isomer  9.  The  nmr  spectrum  of  the  1,2  isomer 
the  expected  A:B  ratio  of  4:8  and  includes  two 
;ts  for  HCCl,  separated  by  18  cps  and  each 


+  ca,so.ci    ^^ 

reflux 


°^V"'^ 


OC' 


+    SOj    +  minor  product 


9 


mt  to  one  H.  These  signals  are  virtually  identi- 
i  those  for  the  l-bromo-2-trichloromethylcyclo- 
[3,  X  =  Br)  obtained  from  BrCCU  addition;^® 
ing  experiments  with  that  product  identified 
:  1  mixture  of  cis  and  trans  isomers.*®  Because 
orrespondence  of  the  spectra  for  9  and  3  (X  = 
conclude  that  9  is  also  a  1 : 1  mixture  of  geometri- 
lers  (which  was  not  resolved  by  gas  chromatog- 
This  unexpected  composition  is  apparently 
igly  independent  of  the  reagent  (BrCCU  or 
jCl)   involved    in    the    product-forming    step 


C.  WalUng.  'Tree  Radicals  in  SoluUon/*  John  Wiley  and 
.  New  York,  N.  Y..  1957,  pp  95,  157.  The  chain-transfer  con- 
^ClaSOsCl  is  not  accurately  known  but  is  apparently  between 
values  for  BrCCla  and  CCI4.  (b)  The  relative  ease  of  chain 
y  CCliSOsCl  and  CCh  is  illustrated  by  the  report  that  a  1 : 1 
troduct  is  formed  from  CCliSOsQ  and  styrene,  but  only  low 

weight  polymers  are  obtained  with  CCU  and  styrene:    E.  C. 

L.  Y.  Kily,  U.  S.  Patent  2,606,213  (Aug  5»  1962);  Chtm, 
,  644(M  (1962). 


Once  the  gas  chromatography  retention  time  and 
spectra  for  the  1,2-isomer  mixture  were  at  hand,  care- 
ful reexamination  of  the  data  for  the  liquid  1,4  isomer 
from  each  CCh  addition  revealed  that  it  was  contami- 
nated by  small  amounts  of  9  (2  %  from  thermal  addition, 
5-7  %  from  photoinitiated  additions). 

The  yields  of  the  major  products  (as  well  as  the  yields 
of  the  minor  products  described  in  the  next  section)  ob- 
tained from  the  four  additions  to  1  are  summarized  in 
Table  I. 

In  addition  to  the  dehydrochlorination  which  estab- 
lished the  geometrical  isomerism  of  solid  and  liquid  5, 
other  selective  dehydrochlorinations  were  carried  out 
with  both  5  and  9.  When  dehydrochlorination  is  ef- 
fected by  alcoholic  silver  nitrate,  a  (trichloromethyl)- 
cyclooctene  is  the  major  product  formed  from  both 
5  and  9,  but  with  potassium  hydroxide  in  mixed  solvent 
a  chloro(dichloromethylene)cyclooctane  is  the  major 
one  (different  olefins  from  5  and  9).  When  mixtures 
of  5  and  9  were  used  with  limited  amounts  of  dehydro- 
chlorinating  reagent,  9  was  consumed  the  more  rapidly 


cc 


+  AgNO, 


MeOH 


cr 


a^ 


6  or  9 
6  or  9 


DMSO,  MeOH 
lEO 


by  potassium  hydroxide,  but  5  was  consumed  the  more 
rapidly  by  silver  nitrate.  The  differences  in  rates  of 
reactions  are  apparently  sufficiently  large  to  offer  prom- 
ise for  purification  of  one  isomer  at  the  expense  of  the 
other. 

Minor  Products.  Severalchlorine-containingproducts 
boiling  lower  than  the  C9H14CI4  isomers  were  obtained 
in  very  small  amounts  in  each  addition  reaction.  Al- 
though there  were  some  differences  among  the  four 
additions,  the  general  picture  for  these  minor  products 
was  consistent.  These  products  were  identified  pri- 
marily by  comparison  of  spectra  and  gas  chromatog- 
raphy retention  times  with  those  of  authentic  samples 
(see  Experimental  Section  for  details).  The  product 
distribution  data  are  summarized  in  Table  I. 
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All  of  these  products  can  be  written  as  products  of 
conventional  radical  reactions  involving  cyclooctene, 
CCI4,  and  derived  radical  intermediates.  The  similarity 
of  distribution  among  the  four  additions  is  not  par- 
ticularly helpful  for  considerations  of  mechanism  de- 
tails. Chlorocyclooctane  is  formed  in  significantly 
higher  yield  in  the  thermal  addition  than  in  the  others, 
however,  and  this  difference  may  stem  from  the  fact 
that  by-product  HCl  (which  can  add  to  1)  was  trapped 
in  the  sealed  apparatus  used  for  thermal  addition  but 
was  lost  by  continuous  nitrogen  sweep  in  the  others. 

The  extent  to  which  allylic  hydrogen  abstraction 
accompanies  addition  of  -CCU  to  cyclooctene  is  small 
(2-9  %  with  CCI4,  1  %  with  CCUSOjCl).  By  contrast, 
radical  reaction  of  CCU  with  cyclohexene  gives  about 
equal  amounts  of  addition  and  hydrogen  abstraction.^' 
Since  the  transition  state  for  CCU  addition  presumably 
resembles  reactants  while  that  for  hydrogen  abstraction 
is  more  like  products,^*  the  low  extent  of  hydrogen  ab- 
straction from  cyclooctene  may  signal  relatively  poor 
allylic  stabilization  for  2-cyclooctenyl  radical  com- 
pared to  2-cyclohexenyl  radical.  ^* 

In  connection  with  identification  of  one  of  the  minor 
products,  chloroform  was  added  under  radical  condi- 
tions (photoinitiation)  to  cyclooctene  with  low  con- 
version. The  expected  product,*®  (trichloromethyl)- 
cyclooctane,  was  formed  in  about  20%  yield  and  ac- 
companied by  chlorocyclooctane  (10%)  and  (dichloro- 
methyl)cyclooctane  (41  %).  The  predominance  of  this 
last  product  in  the  mixture  is  unexpected  on  the  basis 
of  previous  reports  of  chloroform  additions  to  olefins,** 
and  we  plan  to  investigate  such  additions  further. 

Energy  Considerations.  The  driving  force  for  the 
transannular  rearrangement  of  2  is  the  destabilization 
of  a  radical  center  by  neighboring  trichloromethyl 
substituent.  This  destabilization,  which  is  relieved  by 
the  rearrangement,  is  estimated  to  amount  to  more  than 
3.5-4.0  kcal/mole.  A  tertiary  radical  is  more  stable 
than  a  secondary  one  by  about  that  amount,'^  and  re- 
arrangement of  the  tertiary  l-(2,2,2-trichloroethyl)- 
cyclodecyl  radical  to  a  secondary  one  has  been  re- 
ported.•• 

The  relative  extents  of  transannular  and  vicinal  radi- 
cal addition  depend  on  addend,  temperature,  and  rela- 
tive concentrations  of  cyclooctene  and  addend.  The 
intermediate  2-substituted  cyclooctyl  radical  is  trapped 
effectively  by  good  chain-transfer  agents  such  as  chlorine 
and  bromotrichloromethane  but  not  by  carbon  tetra- 
chloride. The  ratio  of  transannular  3  to  vicinal  4 
products  was  17:1  for  CCU  addition  and  about  1:34 
for  BrCCU  addition  (addend :  olefin  molar  ratio  4:1). 
These  ratios  lead  to  a  calculated  ratio  of  rate  constants 
for  bromine  abstraction  (from  BrCCU)  and  for  chlorine 
abstraction  (from  CICCU)  by  2-(trichloromethyl)cyclo- 
octyl  radical  of  578: 1,  and  the  corresponding  difference 
in  free-energy  change  (AAG*)  is  4.04  kcal/mole  (T  = 

(17)  (a)  E.  C.  Kooyman  and  E.  Farenhorst,  Rec.  Trap.  Chim.,  70, 
867  (1951);  (b)  S.  Isralashivili  and  J.  Shabatay.  /.  Chem.  Soc..  3261 
(1951);  (c)  ref  16a,  p  261;  (d)  E.  S.  Huyser.  /.  Org.  Chem.,  26,  326 
(1961). 

(18)  M.  M.  Martin  and  G.  J.  Gleicher,  /.  Am.  Chem.  Soc.,  86,  242 
(1964). 

(19)  Addition  to  cyclooctene  is  apparently  favorable,  however.  In  a 
preliminary  study  of  relative  rates  by  competitive  reactions,  cyclooctene 
was  consumed  by  •  CCla  1.8  times  as  rapidly  as  cyclohexene :  unpublished 
experiments  by  D.  B.  Stone. 

(20)  C.  Walling  and  E.  S.  Huyser,  Org.  Reactions,  13,  91  (1963). 

(21)  (a)  Reference  16a,  p  51 ;  (b)  J.  A.  Kerr,  Chem.  Reo.,  66,496(1966). 


317**K).  The  entropies  of  activation  for  the  two 
processes  should  be  quite  similar  except  for  the  dif- 
ference in  symmetry  numbers  of  CCI4  (12)  and  BrCQi 
(4),  and  AE^  is  calculated  to  be  about  S.S  kcal/mole. 
This  amount  of  energy,  5.5  kcal/mole,  is  about  29%  of 
the  difference  in  bond  energies  (19  kcal/mole^  ^)  of  the 
Cl-CCli  and  Br-CCU  bonds  being  broken  in  the  two 
processes. "  The  well-known  Hirschfelder  rule  predicts 
that  the  activation  energies  for  a  series  of  similar  exo- 
thermic radical-abstraction  reactions  should  be  pro- 
portional to  the  bond-dissociation  energy  of  the  bond 
being  broken.*'  If  the  proportionality  is  extended 
for  reactions  of  2-(trichloromethyl)cyclooctyl  radical  to 
include  not  only  halogen  abstraction  from  X-CQs  but 
also  (intramolecular)  transannular  hydrogen  abstraction, 
AEg,  for  hydrogen  and  chlorine  abstractions  is  estimated 
to  be  about  5.8  kcal/mole  (0.29  X  20****).  Data  for  a 
good  model  of  radical  transfer  involving  2  are  not  avail- 
able, but  activation  energies  for  Cl-CCU  abstractions  by 
polystyrene  and  poly(methyl  acrylate)  radicals  are  12.3 
and  13.3  kcal/mole,  respectively.**'  Using  these  energies 
as  an  approximation  of  £»  for  2  reacting  with  CCU,  wc 
estimate  that  E^  for  transannular  hydrogen  abstraction 
in  this  system  is  about  18-19  kcal/mole).**-*' 

Although  the  amount  of  4  from  Cl-CCls  addition  is 
small  under  any  circumstances,  the  ratio  of  4:3  is 
smaller  at  150**  (1:99)  than  at  44°  (1:17),  indicating 
that  the  transannular  hydrogen  migration  does  in- 
deed have  the  higher  activation  energy. 

Experimental  Section 

Gas  chromatographic  analyses  were  obtained  with  a  Barixr- 
Colman  Model  20  instrument  equipped  with  a  hydrogen  flame 
detector  and  a  100-ft  capillary  column  coated  with  SE-96  silicone. 
Preparative  gas  chromatography  was  performed  with  a  Wilkeos 
Aerograph  Autoprep  Model  A-700  instrument  equipped  with 
a  Vs  in.  X  20  ft  silicone  column.  Nmr  spectra  were  obtained  with 
the  assistance  of  Mr.  R.  Seab  and  Mr.  W.  Wegner  on  a  Variao 
Associates  HA-60  spectrometer,  and  all  chemical  shifts  cited  refer 
to  tetramethylsilane  as  internal  reference.  Infrared  spectra  were 
obtained  with  Beckman  lR-5  and  IR-7  and  Perkin-Hmer  Models 
21  and  137  instruments.  Capillary  melting  points  were  obtained 
with  a  Thomas-Hoover  apparatus  and  are  uncorrected.  Element 
microanalyses  were  performed  by  Mr.  R.  Seab  in  these  laboratories. 


(22)  The  activation  energies  for  few  chain-transfer  reactions  ire 
accurately  known.  1** 

(23)  J.  O.  Hirschfelder,/.  Chem. Phys.,  9,  645  (1941). 

(24)  This  estimate  depends  importanUy  on  the  proportions  of  products 
3  and  4  from  the  additions  of  Br-COi  and  CO4.  The  proportions  «e 
report  were  obtained  in  several  experiments,  and  product  ratios  outside 
what  we  consider  reasonable  limits  of  experimental  error  do  not  drtsti- 
cally  change  the  estimated  activation  energy  for  transannular  hydroges 
abstraction.  For  example,  even  if  the  ratio  of  3 : 4  from  CQiadditioo 
were  actually  9 : 1  and  that  from  BrCCli  addition  were  actually  1 :9,  tk 
same  kind  of  calculation  leads  to  an  estimate  of  17  kcal/mole  for  hjndro- 
gen  abstraction. 

(25)  H.  S.  Johnson  and  C.  Parr.  /.  Am.  Chem.  Soc..  8S,  2544  (1963)^ 
have  calculated  that  the  potential  activation  energy  for  hydrogen  trastftf 
between  MesCHs  and  MetCH  is  12  kcal/mole.  This  calculated  eocr0 
however  is  slightly  lower  than  the  apparent  activation  energy  for  chlonDe 
abstraction  from  CCI4  by  polystyryl  radical^*****  and  would  be  inconsii' 
tent  with  the  product  distribution  data  from  our  experiments. 

(26)  The  activation  energy  for  transannular  hydride  transfer  betweeo 
oxygenated  carbons  ("O-C-H  •  •  •  C=0)  in  the  seven-membered  ring  of 
a  dihydropleiadene  has  very  recently  been  estimated  to  be  about  24  lual/ 
mole:  private  communication  from  Professor  P.  T.  Lansbury,  Sept 
1966.  See  P.  T.  Lansbury  and  F.  D.  Saeva,  7.  Am.  Chem.  Soc,  9t 
1890  (1967). 

(27)  The  activation  energy  (£«)  for  transannular  hydrogen  abstrac- 
tion is  higher  than  £»  for  halogen  abstraction  from  XCOi  by  the  2- 
(trichloromethyl)cyclooctyl  radical,  but  because  of  the  more  favonbk 
entropy  of  activation  for  the  unimolecular  (transannular)  reaction,  the 
free  energy  of  activation  (AG*)  for  the  hydrogen-abstraction  prooes  ii 
in  between  those  for  the  two  bimolecular,  halogen-abstraction  reaciioai> 
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toinitiated  Addition  of  CCU.  A  solution  of  freshly  distilled 
looctene  (75  g,  0.68  mole)  in  carbon  tetrachloride  (75  g, 
loles)  was  placed  in  a  5(X)-nril  quartz  flask,  deoxygenated  with 
gen  stream  for  10  min,  suspended  in  a  Rayonet  photochemical 
r,  and  irradiated  with  2537-A  light  for  a  total  of  40  hr.  A 
sn  atmosphere  was  maintained  over  the  reaction  mixture 
;  irradiation,  and  a  cooling  fan  in  the  reactor  kept  the  mixture 
ut  44^.  After  20  hr,  irradiation  was  interrupted  so  that  the 
which  had  become  coated  with  a  dark  polymeric  material, 
be  cleaned.  The  reaction  mixture  was  returned  to  the  flask, 
with  nitrogen  for  5  min,  and  irradiated  for  another  20  hr. 
)lution  was  concentrated  on  a  rotary  evaporator  and  then 
d  at  reduced  pressure.    Besides  recovered  cyclooctene  (8  g, 

there  were  obtained  18.5  g  of  low-boiling  products  con- 
l  chlorine  (fraction  A)  and  124  g  (72%)  of  1:1  addition 
:t.  bp  97-1 16°  (0.2  mm)  (fraction  B). 
L    Calcd   for   C»H,4a4:    C,   40.95;    H,    5.34.     Found: 
15;  H,5.75. 

ortion  of  the  distillate  fraction  B  was  dissolved  in  twice  its 
e  of  absolute  methanol  and  chilled  to  —60°.  The  solid 
separated  was  collected  and  recrystallized  three  times  from 
nol  (-10  to  -30°),  mp  64-65.5°.  It  was  subsequently 
led  as  l-chloro-4-(trichloromethyl)cyclooctane,  5s. 
f.  Calcd  for  CHuCU:  C,  40.95;  H,  5.34.  Found: 
)7;  H,5.78. 

liquid  remaining  from  the  crystallizations  was  distilled  at 
d  pressure  to  give  a  liquid  isomer  of  the  solid  product,  bp 
J0°(2mm). 
I,    Calcd  for  Ci>HmC14:    C,  40.95;   H,  5.34.    Found:    C. 

ri,  5.58. 

proportions  of  solid  and  liquid  C»Hi4Cl4  products  isolated 
1%  liquid:  36%  solid.  The  infrared  spectra  of  both  frac- 
;xhibit  strong  absorptions  for  CCls  (12.8-13.5  n)  and  ab- 
)ns  for  C-O  (14.9  m  for  solid,  14.81  m  for  liquid).  The 
I  differ  primarily  in  the  relative  intensities  of  peaks  in  the 
1  region.  Two  absorption  peaks  proved  useful  for  quantita- 
lalysis:  10.2  (liquid)  and  10.5  ^  (solid).  A  plot  of  mole 
n  of  liquid  isomer  cs,  the  ratio  of  absorbance  (^410.2:^^10. 5) 
ndard  mixtures  prepared  from  the  separated  solid  and  liquid 
:ts  was  a  smooth  curve.  The  ratio  of  absorbance  for  the 
il,  unseparated  distillate  B  corresponded  to  64%  liquid 
>%  solid  products  (51  and  5s,  respectively). 
IS  chromatogram  indicated  that  the  Uquid  product  contained 
omeric  products,  the  m^or  one  (92%)  being  subsequently 
ied  as  l-chloro-4-(trichloromethyl)cyclooctane  (51)  and  the 

one  (8%)  as   l-chloro-2-(trichloromethyl)cyclooctane  (9). 
iative  amounts  of  the  three  isomeric  1 : 1  addition  products 
6%  5s,  58.5%  51,  and  5.5%  9. 
m  the  reaction  was  carried  out  with  a  solution  of  c£f-cyclo- 

(0.25  mole),  carbon  tetrachloride  (3.2  moles),  and  benzene 
),  little  dark  polymer  was  formed,  the  irradiation  was  not 
ipted  during  41  hr,  and  the  conversion  of  cyclooctene  to 
:ts  was  93%.  Product  distribution  nearly  duplicated  that 
ed  without  benzene  solvent.  The  yield  of  1:1  addition 
;t  was  73%,  and  the  distribution  among  the  three  isomers 
%  5s,  63%  51,  and  7%  9. 

inally  Initiated  Addition  of  CCI4.  A  mixture  of  c/^cyclo- 
(61  g,  0.55  mole)  and  carbon  tetrachloride  (470  g,  3.1  moles) 
ated  in  a  l^rr  medium-pressure  apparatus  at  155°  for  4.5  hr 
0  psig).    The  mixture  was  concentrated  on  a  rotary  evap- 

and  distilled  at  reduced  pressure.  After  a  low-boiling 
n  [15.1  g,  30-]08°(1.4  mm)]  had  been  collected,  the  nugor 
:t,  consisting  of  isomeric  C0H14O4  compounds,  was  obtained; 
16%,  bp  108-130°  (1.4  mm)].    Infrared  analysis  (see  above) 

fraction  indicated  that  it  consisted  of  67%  liquid  and  33% 
>roducts,  which  were  subsequently  separated  by  crystalliza- 
om  methanol.  The  solid  obtained  was  identical  with  that 
ed  from  the  photochemical  experiments  (mp  64-65.5°; 
(ture  melting  point  showed  no  depression).  A  gas  chromato- 
»f  the  liquid  portion  indicated  the  presence  of  a  small  amount 
ner  2.  The  distribution  of  the  three  isomeric  1 : 1  addition 
:ts  was  33%  5s,  65%  51,  and  2%  9. 

tiflcation  of  1 : 1  Addition  Products.  Nmr  Spectra.  The  nmr 
im  of  the  liquid  portion  of  the  major  product  from  the  addi- 
actions  consisted  of  multiplets  centered  near  —4.23  ppm 
quivalent  to  one  proton,  HCCl),  -2.6  ppm  (1  H,  HCCCli), 
)pm  (7.5  H,  CHjCCl  and  CHiCClj),  and  - 1.65  ppm  (4.5  H, 
i^CHi).^    The  nmr  spectrum  of  the  solid  isomer  isolated 


consisted  of  multiplets  centered  near  —4.20  ppm  (1  H,  HCO), 
-2.75  (1  H,  HCCCl,),  -2.2  ppm  (8  H,  CHjCQ  and  CH,CCa,), 
and  -1.65  ppm  (4  H,  CHsCHiCHi).  These  spectra  exclude  1,2- 
addition  products  9,  which  would  give  a  signal  at  —1.65  ppm 
equivalent  to  8  H,  and  one  at  about  —2.2  ppm,  equivalent  to  4  H, 
exactly  opposite  to  those  obtained  here.  The  fractional  equivalence 
of  these  two  signals  for  the  liquid  fraction  is  consistent  with  the 
gas  chromatographic  analysis,  indicating  contamination  by  a  snoudl 
amount  of  the  1,2  isomer. 

Dehydrodiloriiiation  with  KOH.  A  solution  of  the  mixed  1 : 1 
addition  product  (50  g,  0.19  mole)  in  DNfSO  (120  ml),  methanol 
(35  ml),  and  water  (5  ml)  was  added  to  a  solution  of  potassium 
hydroxide  (0.20  mole),  water  (10  ml),  methanol  (25  ml),  and  DMSO 
(25  ml).  The  mixture  was  stirred  at  28  °  for  5  hr,  methanol  (50  ml) 
was  added  to  obtain  a  homogeneous  solution,  and  the  solution  was 
stirred  for  3  hr  more.  It  was  poured  into  300  ml  of  water  and 
extracted  with  four  150-m]  portions  of  petroleum  ether.  The 
combined  organic  material  was  washed  thoroughly  with  water  and 
concentrated  by  rotary  evaporation.  Gas  chromatography  indi- 
cated that  some  C9H14CI4  remained,  but  nearly  all  (about  82%) 
had  been  converted  to  a  single  oldinic  product  with  detectable 
amounts  of  other  products.  Distillation  gave  a  center  cut  at  bp 
121-123°  (3.5  mm). 

Anai.  Calcd  for  CoHuCl,:  C,  47.50;  H,  5.76.  Found:  C, 
47.53;  H,  5.73. 

The  infrared  and  nmr  spectra  of  the  product  were  devoid  of 
absorptions  for  oleflnic  hydrogens.  The  infrared  spectrum  did 
include  intense  absorptions  for  0=CCls  (6.23  and  11.1  m)  but  none 
for  cell.  The  nmr  spectrum  included  a  quintet  (7  »  5.5  cps) 
at  —4.1  ppm  (1  H,  HCCl)  whose  resolution  was  better  at  60°  than 
at  room  temperature.  These  data  indicate  that  the  dehydrochlo- 
rination  product  is  a  chloro(dichloromethylene)cyclooctane.  The 
same  product  was  obtained  in  approximately  equal  yields  from 
equivalent  but  smaller  scale  dehydrochlorinations  of  the  separated 
solid  and  liquid  fractions.  '* 

Ozonolyiis  of  6.  Ozone  (52  mmoles,  about  5  %  in  a  stream  of 
oxygen  from  a  Welsbach  T-23  ozonator)  was  passed  during  5  hr 
into  an  ice-chilled  CQ4  solution  of  the  chloro(dichloromethylene>- 
cyclooctane  (6,  10.0  g,  44  mmoles).  The  saturated  solution  was 
then  allowed  to  stand  for  several  hours  at  0°  before  the  solvent  was 
removed  on  a  rotary  evaporator  (temperature  kept  below  45°). 
The  gummy  residue  was  dissolved  in  100  ml  of  acetic  acid  and  re- 
duced by  the  gradual  addition  at  room  temperature  of  powdered 
zinc  (6.5  g)  with  vigorous  stirring.  The  mixture  was  diluted  with 
200  ml  of  water  and  extracted  three  times  with  petroleum  ether. 
The  combined  organic  material  was  washed  with  water  and 
sodium  bicarbonate  solution,  dried,  and  concentrated.  Gas 
chromatographic  analysis  indicated  some  starting  olefin  (varying 
amounts  up  to  30%  in  different  experiments)  together  with  the 
ozonolysis  products.  (In  some  experiments,  the  reaction  mixture 
was  sq^arated  by  reduced  pressure  distillation;  in  others,  it  was 
examined  directly  by  infrared  spectroscopy  and  derivatization.) 
The  ozonolysis  mixture  consisted  of  a  minor  product,  a  cycloocten- 
one  (not  coi^jugated,  Xmax  1705  cm~0>  &nd  a  chlorocyclooctanone, 
the  nuyor  product.  The  chlorocyclooctanone  exhibited  intense 
infrared  absorption  at  1706  cm'^  clearly  excluding  2-chlorocyclo- 
octanone  (C=0  at  1714  and  1725  cm-»)."  The  2,4-dinitro- 
phenylhydrazone  was  recrystallized  three  times  from  95%  ethyl 
alcohol,  mp  150-152°.  The  infrared  spectrum  and  melting  point 
of  this  derivative  were  identical  with  those  of  the  2,4-dinitrophenyl- 
hydrazone  of  authentic  4-chlorocyclooctanone  (synthesis  described 
below). 

Anal.  Cakd  for  C,4Hi7N404a:  C,  49.34;  H,  5.03.  Found: 
C,  49.42;  H,5.54. 

Independent  Synthesis  of  4-Chlorocydooctanone  (7).  Addition 
of  a  small  amount  of  zinc  chloride  (about  0.5  g)  to  a  mixture  of  9- 
oxabicyclo[4.2.1]nonane  (S)*^"  (2.6  g,  18  mmoles)  and  acetyl 


Cydooctane  gives  a  single  nmr  signal  at  — 1.65  ppm. 


(29)  Dehydrochlorinations  with  potassium  hydroxide  in  aqueous 
ethanol  or  methanol  were  slow  and  gave  complex  mixtures  of  products. 
Potassium  r-butoxide  in  DMSO  gave  a  rapid,  exothermic  reaction  which 
also  led  to  a  complex  mixture  of  products.  These  product  mixtures, 
which  were  unhelpful  for  structure  identification,  contained  about  15- 
20%  of  the  chloro(dichloromethylene)cyclooctane. 

(30)  C.  Castinel,  G.  Chiurdoglu,  M.  L.  Josien,  J.  Lascombie,  and  E. 
Vananduyt,  Bull.  Soc,  Chtm,  France,  807  (1958). 

(31)  Prepared  by  the  oxidation  of  cyclooctanol  with  lead  tetraace- 
tate: (a)  R.  M.  Moriarty  and  H.  C.  Walsh,  Tetrahedron  Letters,  465 
(1965);  (b)  A.  C.  Cope,  M.  Gordon,  S.  Moon,  and  C.  H.  Park,  /.  Am, 
Chem.  Soc.,  87,  3119  (1965). 
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chloride  (15  g)  initiated  a  vigorous  reaction*^  which  was  moderated 
by  cooling  the  reaction  flask  in  a  water  bath.  After  the  initial 
reaction  had  subsided,  the  mixture  was  refluxed  for  20  min.  Gas 
chromatographic  analysis  indicated  that  no  8  remained  in  the  mix- 
ture.*' The  mixture  was  diluted  with  petroleum  ether,  and  the 
excess  acetyl  chloride  was  hydrolyzed  with  ice.  Conventional 
separation  and  work-up  gave  a  low-boiling  fraction  (about  1  g) 
whose  infrared  spectrum  was  characteristic  for  cyclooctenyl  acetate 
and  another  fraction  [2.5  g,  bp  85-115°  (2  mm)]  whose  spectrum 
was  consistent  with  4-chlorocyclooctyl  acetate  (Xmax  5.78,  8.1,  and 
14.9  n).  This  chloro  acetate  (2.5  g,  12  mmoles)  was  reduced  in 
ethyl  ether  solution  with  lithium  aluminum  hydride  (0.35  g,  9 
nunoles).  Conventional  work-up  (acidic  hydrolysis)  and  removal 
of  solvent  left  crude  4-chlorocyclooctanol  which  was  dissolved  in 
acetone  (25  ml)  and  oxidized  directly  at  0°  with  a  chromic  acid 
solution  (1.5  g,  15  mmoles,  of  CrO,  in  9  ml  of  30%  HtSOO.  After 
the  mixture  was  diluted  with  water  and  extracted  with  petroleum 
ether,  the  organic  solution  was  washed  thoroughly  with  water, 
dried  with  calcium  chloride,  and  concentrated.  Gas  chromato- 
graphic analysis  indicated  that  the  principal  constituent  of  the  re- 
sidual liquid  had  a  retention  time  identical  with  that  of  the  ketone 
obtained  from  the  ozonolysis  of  6.  The  infrared  spectrum  (Xnmx 
1706  cm~0,  nmr  spectrum  (quintet  at  —4.15  ppm),  and  2,4-dinitro- 
phenylhydiazone  derivative  (mp  149-151.5°,  the  mixture  mehing 
point  showed  no  depression)  of  this  sample  of  4-chlorocyclooctanone 
also  matched  the  corresponding  data  for  the  ozonolysis  product. 

Reaction  of  Trichloromethanesulfonyl  Chloride  with  Cydooctene. 
During  1 .5  hr,  a  solution  of  m-cyclooctene  (38  g,  0.35  mole)  and 
benzoyl  peroxide  (8  g,  0.04  mole)  in  benzene  (150  ml)  was  added  to  a 
refluxing  solution  of  trichloromethanesulfonyl  chloride  (100  g,  0.45 
mole,  Eastman  Practical  Grade)  in  benzene  (150  ml).  Titration  of 
evolved  SOi  with  iodine  indicated  that  38%  of  the  sulfonyl  chloride 
had  decomposed  in  30  min  after  addition  was  complete.  The 
mixture  was  refluxed  for  15  hr  to  ensure  complete  decomposition 
of  the  peroxide.  A  gas  chromatogram  of  the  reaction  mixture 
before  distillation  showed  two  principal  products  (85%)  of  rela- 
tive area  30:70  and  at  least  18  minor  components.  Distillation  at 
reduced  pressure  gave  a  small  amount  of  low-boiling  material  and 
75  g  (81%)  of  mixed  C.HhCU  products,  bp  90-114°  (0.5  mm). 
The  conversion  of  cydooctene  was  greater  than  96  %.  The  mixture 
of  products  was  analyzed  by  gas  chromatography  and  infrared  and 
nmr  spectroscopy.  The  product  distribution  data  are  summarized 
in  Table  I. 

The  1,2  and  1,4  isomers  of  CgHuCU  (5  and  9)  are  resolved  by 
gas  chromatography  (140°,  l(X)-ft  SE-96  silicone  capillary  column). 
The  nmr  spectrum  of  the  CgHuCU  mixture  was  used  to  confirm 
the  gas  chromatographic  analysis.  The  integrated  absorption 
centered  at  —4.75  ppm  (HCCl,  1,2  isomer)  was  compared  with  that 
at  —4.25  ppm  (HCCl,  1,4  isomer),  and  the  relative  intensities  of  the 
absorptions  to  the  left  and  right  of  —1.83  ppm  were  estimated 
(a  5:8  ratio  is  expected  for  the  pure  1,2  isomer,  a  9:4  ratio  for  the 
1,4  isomer).  The  three  analyses  gave  concordant  results:  31% 
1 ,2  isomer  and  69  %  1 ,4  isomer. 

The  infrared  spectrum  of  the  highest  boiling  C9H14CI4  fraction  indi- 
cated that  both  the  liquid  and  solid  1,4  isomers  were  present.  The 
solid  isomer  was  separated  by  fractional  crystallizations,  mp  and 
mmp  64.5-65°.  The  liquid  1,4  and  1,2  isomers  could  not  be  sepa- 
rated cleanly  by  distillation,  but  repeated  distillations  through  a 
12-in.  packed  column  gave  fractions  enriched  in  1,2  isomer  (77% 
purity)  and  1,4  isomer  (86%  purity).  The  identity  of  the  liquid 
1,4  isomer  was  confirmed  by  comparison  of  its  nmr  and  infrared 
spectra  with  those  of  previously  identified  samples  (CCU  additions 
above).  The  nmr  spectrum  of  the  1 ,2  isomer  is  almost  identical 
with  that  of  l-bromo-2-(trichloromethyl)cyclooctane  (1:1  cis-trans 
mixture)  ;^°  it  includes  a  pair  of  triplet-like  signals  (7  =  5.5  cps) 
centered  at  —4.90  ppm  (HCCl,  cis  isomer)  and  —4.60  ppm  (HCQ, 
trans  isomer).    The  ratio  of  signal  intensity  at  —2.2  ppm  to  that 


(32)  The  infrared  spectrum  of  our  product  was  identical  with  the 
published  spectrum  for  9-oxabicyclo[4.2.1]nonane"  and  gave  no  indi- 
cation of  contamination  by  the  [3.3.1]  isomer. 

(33)  A.  C.  Cope  and  B.  C.  Anderson.  /.  Am.  Chem.  Soc,  79,  3892 
(1957). 

(34)  A.  C.  Cope  and  A.  Fournicr.  ibid.,  79,  3896  (1957).  describe  the 
comparable  reaction  between  the  oxide  and  acetyl  bromide.  We  find 
that  the  reaction  with  the  less-reactive  acetyl  chloride  is  facilitated  by 
zinc  chloride  catalyst. 

(35)  In  a  previous  experiment  without  zinc  chloride,  the  9-oxabicyclo- 
[4.2.1]nonane  was  not  consumed  after  24-hr  reflux  with  excess  acetyl 
chloride. 


at  —1.65  ppm  was  5:8  (after  correction  for  23%  1,4  isomer). 
The  infrared  spectrum  of  the  1,2  isomer  was  similar  to  the  spectn 
of  the  two  1,4  isomers  in  the  7-1  1-m  region;  the  C-Ci  absorption 
frequency  was  recorded  at  690  cm"^  compared  to  675  and  672  cm~> 
for  the  liquid  and  solid  1,4  isomers,  respectively. 

Minor  Products  from  Additfon  Reacttons.  The  lower  boiling 
fraction  from  the  distillations  of  the  addition  reaction  mixture  were 
fractionally  distilled  at  reduced  pressure  and  analyzed  primarily  by 
gas  chromatography.  Few  of  the  components  responsible  for  the 
1 1-14  gas  chromatography  peaks  were  isolated  in  sufficient  quantity 
for  complete  identification,  but  seven  have  been  rather  firmly 
identified  by  comparisons  of  gas  chromatographic  retention  times 
and  infrared  spectra  with  those  of  authentic  samples.  These  miDor 
products  are  described  in  order  of  increasing  gas  chromatography 
retention  times;  the  estimated  yields  for  the  several  addition  re- 
actions are  summarized  in  Table  I. 

Hexachloroethane  was  identified  by  sublimation  temperature 
( 1 84  °)  and  infrared  spectrum. '« 

3-Cbloro-l-cycloocteiie  had  the  same  retention  time  as  authentic 
chloride  prepared  from  2-cycloocten-l-ol  and  thionyl  chloride. 
The  distillate  fraction  rich  in  this  component  gave  an  immediate 
precipitate  with  cold  alcoholic  silver  nitrate. 

Chlorocydooctane  showed  the  same  retention  time  as  an  authentic 
sample  prepared  by  the  addition  of  HQ  to  cydooctene. 

//12/f^l^DidiloFocyclooctane  showed  the  same  retention  time 
as  an  authentic  sample  prepared  by  the  addition  of  chlorine  to 
cydooctene."'" 

Dichlorometfaylenecydooctane  was  separated  in  about  91  %  purity 
by  preparative  gas  chromatography ;  the  infrared  spectrum  included 
only  trace  absorptions  for  0=CH  and  intense  ones  for  C=CQi 

(6.21  and  11.1m). 

Anal.  Cakd  for  dHuCU:  C,  56.0;  H,  7.3.  Found:  Q 
55.3;  H,7.4. 

A  (trichloroiiiethyl)cydooctene  was  separated  in  low  purity  bf 
preparative  gas  chromatography;  the  infrared  spectrum  induded 
absorptions  for  C==CH  (3.3  and  6.03  m)  and  CXTls  (13  m.  intense). 
The  gas  chromatographic  retention  time  and  infrared  spectrum 
of  this  product  were  different  from  those  of  the  4-(trichloromethyl> 
1 -cydooctene  obtained  by  AgNOs  dehydrochlorination  of  5. 

(Trichloroniethyl)cydooctane  was  obtained  in  about  91  %  purity 
by  preparative  gas  chromatography;  the  infrared  spectrum  induded 
no  absorptions  for  C=CH  but  an  intense  one  at  1 3  m  for  CCU 
The  nmr  spectrum  consisted  of  multiplets  centered  at  —2.6  (1  H, 
HCCX:ii),  -2.2  (4  H,  CHiCCXrU),  and  - 1.6  ppm  (8  H,  CH/3ir 
CH2).  Data  for  this  product  correspond  to  those  of  an  authentic 
sample  of  (trichloromethyl)cyclooctane,  prepared  from  chlorofora 
and  cydooctene. 

Debydrobalogenation  of  5  with  AgNOi.  A  mixture  of  5s  (9i)4 
g,  34.2  mmoles),  silver  nitrate  (6.Q0  g,  35  mmoles),  and  aqueous 
methanol  (50  ml,  90  vol.  %  MeOH)  was  stirred  at  45°  for4hr. 
filtered  from  precipitated  silver  chloride,  and  diluted  with  eth>l 
ether.  The  ether  solution  was  washed  thoroughly  with  water, 
dried,  and  distilled.  In  addition  to  recovered  starting  material 
[4.0  g,  44%,  bp  105-107°  (0.2  mm)],  a  dehydrochlorination  product 
was  obtained  in  93%  yield  (based  on  5s  consumed),  bp  74-80' 
(0.15-0.2  mm). 

Anal.  Calcd  for  C9H,aClj:  C,  47.50;  H,  5.76.  Found: 
C,  47.40;  H,5.93. 

The  infrared  spectrum  of  this  product  included  absorptions  for 
C=CH  (3.30  m).  C=C  (6.02  m),  and  CQi  (12.8-13.6  m,  mtensc). 
The  nmr  spectrum  induded  multiplet  signals  centered  at  -5J 
(2  H,  C==CH  with  splitting  virtually  identical  with  the  signal  for 
c/5-cyclooctene),»»  -2.6  (1  H,  HCCCU),  -2.2  (6  H,  CHiCCOj  and 
CHjC=C),  and  -1.6  ppm  (4  H,  CHiCHiCH,).  The  ratio  of  the 
signals  at  —5.7,  —2.2,  and  —1.6  ppm  is  consistent  only  with  4- 
(trichloromethy)M-cyclooctene  among  the  four  isomeric  (Irichtoro- 
methyl)cyclooctenes.  The  precision  of  the  integrated  areas  is 
such  that  a  small  contamination  (<4%)  by  5-(trichlorometfayI>l' 
cydooctene  would  not  be  detected 

Similar  treatment  of  51  with  silver  nitrate  gave  a  50%  converskn 
to  product  whose  infrared  spectrum  and  gas  chromatographic 


(36)  "Sadtlcr  Index-Midget  Edition,'*  Sadtler  Research  Uboratoo. 
Philadelphia,  Pa.,  Spectrum  No.  4546. 

(37)  E.  A.  Forbes,  B.  R.  Gofton,  R.  P.  Houghton,  and  E  S,  Wai^ 
J.  Chem.  Soc.,  4711  (1957). 

(38)  P.  W.  Havinga.  Rec.  Trav.  Chim.,  81,  1053  (1962).  Tliis  rtfa- 
ence  indudes  the  infrared  spectrum,  which  is  identical  with  that  of  otf 
authentic  sample. 

(39)  G.  V.  Smith  and  H.  Kriloff,  /.  Am.  Chem,  Soc.,  85,  2016(190)^ 
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retention  time  were  identical  with  those  of  the  4-(trichloromethyl)-l- 
cyclooctene  obtained  from  5s.  The  conversion  of  C9H14O4  to 
dehydrochlorination  product  by  silver  nitrate  solution  was  not 
increased  substantially  by  prolonged  heating. 

Dehydrohalogenations  of  Mixed  1^  and  1,4  Isomers  of  CtHuCU* 
A.  KOH  in  Mixed  Solvent.  A  mixture  prepared  by  adding  a  so- 
lution of  potassium  hydroxide  (1.1  g,  21  mmoles)  in  18  ml  of  solvent 
(DMSO-MeOH-HsO,  10:5:3)  to  a  solution  of  CtHuOf  (4.4  g, 
16.7  nunoles,  65%  1,2  isomers,  35%  1,4  isomers)  in  5  ml  of  meth- 
anol and  35  ml  of  DMSO  was  stirred  at  room  temperature  for  6  hr. 
It  was  diluted  with  water  and  worked  up  as  was  the  previous  basic 
dehydrochlorination.  After  removal  of  solvent,  the  product 
mixture  (3  g)  was  shown  by  gas  chromatography  to  consist  of  five 
components  (relative  peak  areas  9:5:54:18:13).  The  last  two 
peaks  corresponded  in  retention  times  to  l-chloro-4-(dichloro- 
methylene)cyclooctane  and  l-chloro-4-(trichloromethyl)cyclooctane, 
respectively.  A  peak  corresponding  to  the  starting  1,2  isomers 
was  completely  absent. 

The  major  component  (area  54)  had  a  retention  time  indicative 
of  3  chlorine  atoms  per  molecule.^  The  infrared  spectrum  of  the 
product  mixture  showed  only  trace  absorption  for  oldinic  hydrogen, 
intense  absorptions  for  C==CCl3  at  6.23  and  11.02  m*  cmd  weak 
absorption  for  CC1|.  Since  6  absorbs  at  11.10  m>  the  absorption 
at  1 1.02  fi  can  be  attributed  to  the  major  component  of  the  product 
mixture.  This  product  is  tentatively  identified  as  l-chloro-2- 
(dichloromethy]ene)cyc]ooctane.  On  the  basis  of  retention  time, 
the  first  product  is  tentatively  identified  as  a  (dichloromethylene> 
cyclooctene.  The  1,2  isomers  of  C9H14CI4  apparently  undergo 
dehydrochlorination  more  rapidly  under  these  conditions  than  do 
the  1,4  isomers. 

B.  Alcoholic  AgNOs.  A  mixture  of  C9H14CI4  (3.6  g,  13.6 
nunoles,  65%  1,2  isomers,  35%  1,4  isomers)  and  silver  nitrate  (2.47 
S,  16.6  mmoles)  in  aqueous  methanol  (50  ml,  90  vol.  %  MeOH) 
was  refluxed  for  5  hr,  filtered,  and  diluted  with  water.  Work-up 
as  previously  described  gave  3  g  of  a  product  mixture  shown  l^ 
gas  chromatographk;  analysis  to  consist  of  four  components  (rela^ 
five  peak  areas  25 :5 :60 :  10).  The  last  two  peaks  corresponded  in 
retention  times  to  the  1,2  and  1,4  isomers  of  C9H14CI4,  respectively, 
and  the  first  peak  to  4-(trichloromethy])-l -cyclooctene.    On  the 


(40)  Ranges  of  retention  times  for  cyclooctane  derivatives  containing 
one,  two,  and  three  chlorines  per  molecule  (Cg  or  Ct),  respectively,  were 
Separated  by  several  minutes  in  our  gas  chromatographic  analyses. 


basis  only  of  retention  time  and  product  expected  from  4,  the  inter- 
mediate peak  is  tentatively  associated  with  3-(trichloromethyl>-l- 
cyclooctene.  The  1,4  isomers  undergo  dehydrochlorination 
about  six  times  more  rapidly  under  these  conditions  than  do  the 
1,2  isomers. 

Pbotoinitiated  Addition  of  Chloroform  to  Cyclooctene.  A  mixture 
of  freshly  distilled  c/j^cyclooctene  (42  g,  0.38  mole)  and  chloroform 
(360  g,  3.0  moles)  was  placed  in  a  quartz  tube,  deoxygenated  with  a 
stream  of  nitrogen  for  15  min,  and  irradiated  with  2537-A  light  for 
65  hr.  A  slow  stream  of  nitrogen  swept  over  the  mixture  during 
the  irradiation  and  into  a  trap  containing  a  10%  aqueous  sodium 
hydroxide  solution.  Distillation  of  the  irradiated  mixture  gave 
recovered  chloroform,  cyclooctene  (35  g,  83  %),  and  a  higher  boiling 
product  mixture  (8  g)  shown  by  gas  chromatography  to  consist  of 
three  components.  The  most  volatile  of  the  three  was  separated 
by  distillation  [bp  4(M2°  (0.6  mm)]  and  identified  as  chlorocyclo- 
octanc  by  comparison  with  an  authentic  sample.  Its  nmr  spectrum 
consisted  of  a  well-resolved  quintet  (7  =  5.0  cps)  centered  at  —4.14 
ppm  (1  H,  HCCl)  and  multiplets  centered  at  —2.02  ppm  (4  H, 
CHjCQ),  and  -1.65  ppm  (6  H,  CH1CH1CH2).  The  other  higher 
boiling  components  were  separated  by  preparative  gas  chroma- 
tography. The  major  one  gave  an  analysis  for  C»HitQf;  its  in- 
frared spectrum  showed  absorption  at  13.4  m  and  none  for  C=C; 
its  nmr  spectrum  consisted  of  a  sharp  doublet  (7  »  3.0  cps)  at 
-5.07  ppm  (1  H,  CHCHCli)  and  multiplets  at  -2.1  ppm  (1  H, 
CHCHCls)  and  - 1.65  ppm  (14  H,  CH2).  This  product  is  identified 
as  (dichloromethyl)cyclooctane. 

Anal.  Calcd  for  CsHkOs:  C,  55.41;  H,  8.25.  Found:  C, 
55.77;  H,8.29. 

The  third  product  was  identified  by  its  analysis  for  CtHuCli,  its 
infrared  spectrum  (intense  absorption  at  1 3  fi),  and  its  nmr  spectrum 
(see  above)  as  (trichloromethyl)cyclooctane. 

The  approximate  yields  of  these  three  products,  based  on  cyclo- 
octene consumed,  were  10%  chlorocyclooctane,  41%  (dichloro- 
methyl)cyclooctane,  and  20  %  (trichloromethyl)cyclooctane.  Traces 
of  hexachloroethane,  rra/f^l,2-dichlorocyclooctaiie,  and  dichloro- 
methylenecyclooctane  were  detected  by  gas  chromatography. 
Treatment  of  the  alkaline  trap  solution  with  acetic  acid  and  silver 
nitrate  gave  silver  chloride  in  molar  amount,  eqiuvalent  to  the  sum 
of  the  three  major  products. 
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preparation  of  the  manuscript. 


Traynham,  Couoiilon  /  Cl-CCU  Addition,  Co  cM 


3212 


Wagner-Meerwein  Rearrangements  in  the  Solvolyses  of 
Benzobicyclo  [2.2.2] octenyl  and  -octadienyl  Brosylates 
and  Nuclear  Magnetic  Resonance  Spectra  of  the 
Benzobicyclo  [3.2.1]  octadiene  and 
Benzo[3,4]tricyclo[3.2. 1.0^'^]octene  Systems 

Hiroshi  Tanida,  Kazuo  Tori,  and  Keizo  Kitahonoki 

Contribution  from  Shionogi  Research  Laboratory ,  Shionogi  and  Company^  Ltd., 
Fukushima-ku,  Osaka,  Japan.     Received  January  20, 1967 


Abstract :  Rate  constants  and  products  in  the  acetolyses  of  endo-  and  ^xo-benzobicyclo[2.2.2]octen-2-yl  (I-OBs  and 
U-OBs)  and  -octa-5,7-dien-2-yl  brosylates  (III-OBs  and  IV-OBs)  were  determined.  The  rates  of  I-OBs,  II-OBs, 
m-OBs,and  IV-OBsat  25°  relative  tothatof  bicyclo[2.2.2]octan-2-yl  brosylatewereO.92,2.6,  ll,and  2.9.  respectively. 
The  reaction  with  I-OBs  proceeds  with  complete  rearrangement  forming  quantitatively  a  mixture  of  axial  and 
equatorial  benzo[3,4]bicyclo[3.2.1]octen-2-ol  acetates.  The  product  from  II-OBs  is  an  83:17  mixture  of  benzo- 
bicycIo[2.2.2]octen-2-ol  acetate  and  rearranged  benzo[6,7]bicycIo[3.2.1]octen-2(axial)-oI  acetate.  Only  in  this  case  is 
the  reaction  stereospecific.  In  the  acetolysis  of  III-OBs,  the  major  products  are  axial  and  equatorial  benzo- 
[3,4]bicyclo[3.2. 1  ]octa-3,6-dien-2-ol  acetates,  and  the  minor  products  are  exo-  and  ^/tt/(9-benzo[3,4]tricycIo[3.2. 1 .0^'}- 
octen-6-ol  acetates.  The  acetolysis  of  IV-OBs  yields  a  mixture  of  axial  and  equatorial  benzo[6,7]bicyclo[3.2. 1  ]octa- 
3,6-dien-2-ol  acetates  with  complete  rearrangement.  The  nmr  spectra  of  the  newly  formed  benzobicyclo[3.2.11- 
octadienyl  and  benzotricyclo[3.2.1.0^>^]octenyl  derivatives  were  examined  for  structural  elucidation.  Several  long- 
range  spin  couplings  found  in  these  systems  are  described. 


The  chemistry  of  bridged  benzocyclenes  is  one  of  the 
research  interests  in  our  laboratory.  Synthesis  of 
the  smallest  bridged  benzocyclene  ever  known,  bcnzcH 
bicyclo[2.1.1]hexene,  was  recently  achieved.^  Some 
reported  parts  of  our  studies  of  carbonium  ion  reactions 
in  the  benzonorbornenyl  system  demonstrated  the 
advantage  of  discussing  the  participation  effect  and 
the  structure  of  the  transition  state  involved  in  reactions 
of  this  kind.  ^  Along  this  line,  this  paper  reports  a  com- 
prehensive study  of  the  rates  and  Wagner-Meerwein 
rearrangements  in  the  acetolyses  of  bcnzobicyclo- 
[2.2.2]octen-2-yl  and  -octa-5,7-dien-2-yl  brosylates. 
Rearrangements  in  the  dienyl  derivatives  produced  com- 
pounds having  new  bridged  unsaturated  systems.  The 
structure  elucidation  of  these  compounds  leaned  heavily 
on  their  nmr  spectra,  and  the  proton  spin-decoupling 
experiments  (nmdr  and  nmtr  spectroscopy)  performed 
here  are  considered  to  be  a  model  technique  for  the 
structure  determination  of  molecules  of  these  kinds. 


I  and  II 


III  and  IV 


Preparations.  Syntheses  and  properties  of  endo- 
and  exo-benzobicyclo[2.2.2]octen-2-ols  (I-OH  and 
II-OH)  used  in  this  study  are  already  known.*"* 
Lithium  aluminum  hydride  reduction  of  benzobicyclo- 
[2.2.2]octa-5,7-dien-2-one'  led  to  a  mixture  of  the  endo- 

(1)  H.  Tanida  and  Y.  HaU,  J.  Am.  Chem.  Soc.,  88,  4289  (1966). 

(2)  (a)  H.  Tanida.  ibid.,  85,  1703  (1967);  (b)  H.  Tanida,  T.  Tsuji.  and 
H.  Ishitobi,  ibid.,  86,  4904  (1964);  (c)  H.  Tanida  and  H.  Ishitobi.  ibid., 
88,  3663  (1966). 

(3)  K.  KiUhonoki  and  Y.  Takano.  Tetrahedron  Letters,  1597  (1963). 

(4)  The  terms  axial  and  equatorial  in  this  paper  are  abridged  as  ax 
and  eq.  The  endo  and  exo  are  defined  as  follows:  substituents  on  the 
side  of  the  benzene  ring  are  endo  and  those  on  the  other  side  are  exo. 

(5)  The  numbering  used  in  this  paper  is  shown  in  the  charts. 


and  exo-dienols,  III-OH  and  I V-OH,  each  of  which  was 
isolated  in  the  pure  state  by  elution  chromatography. 
The  brosylates  of  these  four  alcohols  were  prepared  by 
standard  procedures.  The  brosylates,  III-OBs  and 
IV-OBs,  were  rather  unstable  and  could  be  stored  for 
a  few  days  in  a  dry  ether  solution  at  0°. 

Solvolysis  Rates.  The  rates  of  acetolyses  were  carried 
out  in  glacial  acetic  acid  containing  equivalent  sodium 
acetate  by  the  standard  procedure.***'*  In  each  experi- 
ment the  reaction  was  followed  to  at  least  80%  com- 
pletion. Good  first-order  kinetics  were  observed  in  the 
reactions  of  all  the  brosylates,  and  the  infinity  titers 
corresponded  to  theory.  The  solvolysis  rates  arc 
summarized  in  Table  I,  together  with  the  derived  activ^ 
tion  parameters  and  the  data  of  relevant  compounds. 
For  comparison,  the  rate  constants  at  25.0°  were  cal- 
culated from  Arrhenius  plots.  The  relative  rates  are 
determined  taking  that  of  the  parent  bicyclo[2.2.2]octyl 
brosylate  (V-OBs)  as  unity.  Table  I  also  lists,  for  di- 
cussion,  the  exo: endo  rate  ratios  in  the  bicyclo[lI2}- 
octenyl,  benzobicyclo[2.2.2]octenyl,  and  benzobicydo- 
[2.2.2]octadienyl  series. 

Ethanolyses  of  I-OBs  and  II-OBs  also  followed  good 
first-order  kinetics  and  the  rate  constants  are  presented 
in  footnotes  to  Table  I. 

Solvolysis  Products.  For  product  determination, 
the  acetolyses  were  carried  out  under  the  same  condi- 
tions used  for  the  rate  studies.  In  all  cases,  the  brosyl- 
ates quantitatively  produced  mixtures  of  acetates.  Tln^ 
product  composition  was  examined  by  vpc  analysis  of 
the  acetate  mixtures  and,  in  addition,  of  the  akobol 
mixtures  derived  therefrom  by  lithium  aluminum  hy- 
dride reduction.  Each  component  of  the  acetate  ma- 
tures was  isolated  by  preparative  vpc.  The  yields  of 
products  were  determined  by  vpc  with  the  isolated  pfflt 

(6)  E.g.,  S.  Winstein,  C.  Hanson,  and  E.  Orunwald,  /.  Am.  Chem.5tt* 
70,  812  (1948);  S.  Winstein.  E.  Grunwald,  and  L.  L.  Ingrahaia  i^ 
70,  821  (1948). 
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able  I.    Acetolyscs  of  Bicyclo[2.2.2]octyl  Brosylatcs" 


R-OBs 


f.4 


vn 


Cyclohexyl'-^ 
Cyclopcntyl* 


Temp, 


{ 


34.97 
54.94 


34.97 
54.94 


f24.97 
25.06 


'25.00 
50.97 


{ 


30.07 
42.06 


25.00 


ku  sec"* 


kcal 


AS+, 
cal/deg 


Calcd  at  25.0< 


ku  sec"' 


Rate  rel  to 

Incyclo-         exo :  endo 
[2.2.2]octyl        ratio 


3.12XlO-» 
3.45  X  10-* 


8.94  X  10-» 

1.00  X  io-» 


9.60X10-* 
1.03  X  10-* 


2.68XlO-» 
1.04  X  10-« 

1.11  X  io-» 


9.07  X  10-* 
2.61  X  10-* 


2.97XlO-»' 
1.32X10-*' 


2.40X10-' 


23.5 


-2.9 


23.7 


-0.1 


24.8 


3.7 


24.6 


1.2 


23.0' 


-3.3' 


26.8 
22.7 


0.6 
6.3 


8.38  X  10-* 


2.37  X  10-» 


1.01  X  10-* 


2.61  X  10-» 


9.07  X  10-* 


4.57  X  10-»- 


2.40  X  10-» 


1.84  X  10-T 
6.28  X  10-« 


0.92 


2.6 


2.8 


11 


2.9 


0.26 


5.0 


260 


0.02 
0.69 


52 


•  The  present  runs  were  conducted  in  glacial  acetic  acid  containing  equivalent  sodium  acetate.  ^  Controlled  to  0.02*'  in  the  present  work. 
n  cthanolysis,  ki  at  35.02°  was  6.40  X  10-«  sec"*.  ^  In  ethanolysis,  ki  at  35.02°  was  3.44  X  10-*  sec"».  Thus  the  exo:endo  ratio  was  5.4. 
Reference  19a.  f  For  the  tosylate,  Goering,  and  Sloan«»»>  reported  the  values  of  6.8  X  10-«  sec"*  at  30.07°  and  7.4  X  10-»  at  49.03°.  Ex- 
ipolationgaveiti(25°)  =  3.41  X  10-*,  A£f+  =  23.9  kcal,  and  AS*  =  -3.9cal/deg.    o  Reference21.     *  The  rates  of  tosylate  were  reported 

6.1  X  10-*  sec-»  at  25.0  (see  ref  21)  and  2.4  X  10-*  sec"*  at  18.2°  in  ref  22.  •  Extrapolated  from  the  data  for  other  temperatures  taken 
3in  H.  C  Brown  and  G.  Ham,  7.  Am,  Chem,  Soc,,  78,  2735  (1956).    i  S.  Winstein,  et  aL,  ibid.,  74, 1 127  (1952),  reported  the  values  of  1.71 

10-T  sec"»  at  25.0°,  A^*  =  26.6  kcal,  and  A5  +  =  -0.3  cal/deg.  *  The  observed  value  in  footnote  /.  '  Data  of  the  tosylate  cited  from  ref 
l>.     *  Calculated  from  the  rate  of  tosylate  with  ROBs/ROTs  =  3. 


^ates  and  a  proper  compound  being  used  as  an 
temal  reference.  The  estimated  error  in  the  yields  is 
:2%.  For  discussion,  it  was  considered  important  to 
leck,  in  all  the  acetolyses,  the  products  of  retention  of 
mfiguration  and  those  of  inversion.  These  experi- 
cnts  were  also  performed  by  vpc.  Demonstration  of 
e  absence  of  such  a  compound  means  that  it  was  not 
rmed  in  amounts  greater  than  0.5%  yield.  The 
*oduct  mixtures  contained  derivatives  of  benzyl  ace- 
tc  and  cyclopropylcarbinyl  acetate.  They  are  antici- 
ited  to  undergo  acid-catalyzed  isomerization  in  the 
etol3rsis  medium.  Therefore,  in  order  to  verify  that 
e  products  and  their  ratios  were,  in  fact,  those  of 
netically  controlled  solvolyses,  those  isolated  pure 
sre  treated  with  acetic  acid  and  acetic  acid-sodium 
etate  under  the  same  conditions  used  for  the  product 
idies  (actually  for  more  than  the  corresponding  ten 
If-livcs).    The  products  were  recovered  unchanged.^ 

7)  It  seems  likely  that  such  epimerization  requires  much  more  severe 
iditions.  For  example,  treatment  of  VIII-axOAc  in  the  acetolysis 
ircnt  at  ISO"  for  3  hr  led  to  a  mixture  consisting  of  85%  VIII-axOAc 
115%  VIlI-eqOAc.  A  related  example,  the  epimerization  and  re- 
msement  of  dibenzobicyclo(3.2.1]octadien-2-ol  acetate  studied  by 
Btol ,  et  a/.,*  required  such  a  strong  condition  at  HClOr-CHsCOOH. 


The  acetolysis  of  I-OBs  for  ten  half-lives  produced  in 
quantitative  yield  a  mixture  consisting  of  98  %  of  benzo- 
[3,4]bicyclo[3.2.1]octen-axial-2-ol  acetate  (VII-axOAc) 
and  2  %  of  its  epimer  VIII-cqOAc.  The  retained  prod- 
uct I-OAc  and  the  inverted  product  II-OAc  were  ab- 
sent. Hydrolysis  of  both  acetates  with  lithium  alumi- 
num hydride,  followed  by  Oppenauer  oxidation,  af- 
forded   the    same    reported    bcnzo[3,4]bicyclo[3.2.1]- 


OBb 


AcO  A 


I-OBs 


Vlll-ax  OAc 


VIII-«q  OAc 


octen-2-one,  the  semicarbazone  of  which  was  identified 
by  comparison  with  an  authentic  sample.*  This  fact 
proves  the  ring  system  of  both  acetates.  It  has  been 
reported  in  nmr  studies  of  bicyclo[3.2.1]oct-3-en-2-yl, 

(8)  S.  J.  Cristol,  F.  P.  Paningo,  D.  E.  Plordc,  and  K.  Schwarzenbach, 
J.  Am,  Chem.  Soc.,  87,  2879  (1965). 

(9)  We  thank  Professor  W.  Baker  for  providing  the  sample.    Refer  to 
W.  Baker  and  W.  G.  Leeds,  J.  Chem.  Soc.,  974  (1948). 
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benzo[3,4]bicyclo[3.2.1]octen-2-yI,  and  dibenzobicyclo- 
[3.2.1]octadien-2-yl  derivatives  that  the  eqHi  shows  a 
coupling  constant  of  1.4-2.9  Hz  with  the  bridgehead 
Hi,  whereas  the  corresponding  coupling  constant  of  the 
axHj  is  4.3-5.4  Hz.^®-"  Thus  the  coupling  constants, 
2.8  and  4.6  Hz,  observed  for  VIII-axOH  and  VIII- 
eqOH,  respectively,  confirmed  the  configuration  of  the 
hydroxyl  groups. 

Acetolysis  of  II-OBs  led  to  a  nearly  quantitative 
yield  of  an  acetate  mixture  containing  83  %  of  the  re- 
tained II-OAc  and  17%  of  the  rearranged  IX-axOAc. 


OBs 


n-OBs 


II-OAc 


IX-ax  OAc 


Vpc  demonstrated  the  absence  of  the  inverted  acetate 
I-OAc  and  IX-eqOAc.  The  structure  of  IX-axOAc 
was  identified  with  an  authentic  sample  which  was  pre- 
pared, as  shown  in  the  following  chart,  by  the  exo  addi- 
tion of  dichlorocarbene  (prepared  from  chloroform  and 
potassium  /-butoxide)  to  benzonorbornene,  followed  by 
hydrolysis  and  then  hydrogenation.  Substantially  the 
same  reaction  route  has  been  reported  by  several  work- 
ers for  the  synthesis  of  bicyclo[3.2.1]oct-3-en-2-yl 
derivatives.  ^®'^*'^'  Hydrolysis  of  the  intermediate 
XIII  was  indicated  by  nmr  spectroscopy  to  yield  pre- 
dominantly the  ax-allylic  alcohol  XIV,  in  which  /i,! 


cas 


<S^4iLci 


HsO 


XIII 


XIV 


IX-ax  OH 


is  2.2  Hz.  This  stereospecific  result  was  similarly  ob- 
served in  the  hydrolysis  of  ax-2,3-dichlorobicyclo[3.2.1]- 
oct-S-ene.^"*""""  An  authentic  sample  of  IX-eqOAc 
was  prepared  by  Oppenauer  oxidation  of  IX-axOH, 
followed  by  lithium  aluminum  hydride  reduction  ^^  and 
then  acetylation. 

Acetolysis  of  III-OBs  resulted  in  a  mixture  consisting 
of  the  four  compounds,  ax-  and  eq-benzo[3,4]bicyclo- 
[3.2.1]octa-3,6-dien-2-ol  acetates  (X-axOAc  and  -eq- 
OAc)  and  exo-  and  e/iJo-benzo[3,41tricycIo[3.2.1.0*'T- 
octen-6-ol   acetates"  (XI-ejco-OAc   and   -endo-OAc). 

(10)  (a)  W.  R.  Moore,  W.  R.  Moser,  and  J.  E.  LaPrade,/.  Org.  Chem., 
28,  2200  (1963);  (b)  R.  C.  DeSelms  and  C.  M.  Combs,  ibid.,  28,  2206 
(1963). 

(1 1)  A.  R.  Katritzky  and  B.  WalUs,  Chem.  Ind.  (London),  2025  (1964). 

(12)  C.  W.  Jefford,  S.  Mahajan,  J.  Waslyn,  and  B.  WaegcU.  J.  Am. 
Chem.  Soc,  87,  2183  (1965). 

(13)  (a)  E.  Bergman,  y.  Org.  Chem.,  28,  2210(1963);  (b)  C.  W.  JeflFord 
and  R.  Mcdary,  Tetrahedron  Letters,  2069  (1966). 

(14)  A  related  result  has  been  reported  by  Cristol  in  the  reaction  of 
dibenzobicyclo[3.2.1]octadien-2-yl  cation  which  reacts  from  the  exo 
(quasi-ax)  side  reversibly  most  rapidly  to  give  (generally)  the  exo  prod- 
uct as  that  of  kinetic  control.' 

(15)  Results  of  this  kind  are  reasonable  since  in  allylic  cyclohexenyl 
systems  formation  and  cleavage  of  quasi-ax  bonds  is  stereoelectronically 
favored  over  formation  and  cleavage  of  quasi-eq  bonds.  ^* 

(16)  (a)  H.  L.  Goering  and  E.  F.  Silversmith,  J.  Am.  Chem.  Soc.,  79, 
348  (1957),  and  also  (b)  H.  L.  Goering  and  D.  L.  Towns,  ibid.,  85, 
2295(1963). 

(17)  The  reduction  gave  IX-eqOH  and  IX-axOH  in  a  ratio  of  3 :2. 


At  ten  half-lives,  the  relative  peak  areas  of  X-axOAc, 
X-eqOAc,  XI-e/wto-OAc,  and  XI-ex<yOAc  on  vpc  analy- 
sis were  72,   11,  7,  and  10,  respectively.     However, 


OBs 
III-OBs 


X-ax  OAc 


AcO^ 


X-eqOAc 

+ 


r-OAc 


XI-««fa-OAc 

because  only  a  capillary  vpc  column  could  separate 
X-eqOAc  and  XI-enJo-OAc,  the  errors  in  these  product 
ratios  will  be  approximately  twice  as  large  as  those  in 
the  other  cases.  Confirmatory  evidence  for  the  indi- 
cated structures  was  provided  by  detailed  examination 
of  their  nmr  spectra,  as  described  in  the  following  sec- 
tion. In  addition,  the  main  products  from  catalytic 
reductions  of  X-axOAc  and  X-eqOAc  over  PtOi  woe 
VIII-axOAc  and  VIII-eqOAc,  respectively.  These  re- 
sults chemically  confirmed  structures  of  the  X  deriva- 
tives. 

Complete  rearrangement  to  the  ben2o[6,71bicyclo- 
[3.2.1]octa-3,6-dien-2-yl  system  XII  was  observed  in  the 
acetolysis  of  IV-OBs.  The  product  for  ten  half-livei 
was  an  83:17  mixture  of  XII-axOAc  and  XII-cqOAc 
The  structures  of  the  products  were  convincingly  estab- 
lished by  the  nmr  spectra,  mentioned  below.  The 
structure  of  XII-axOAc  was  also  chemically  confirmed 


Q 


OBs 


lY-OBs 


Sa 

XIIazOAc 


Xn-eqOAc 


by  the  predominant  formation  of  IX-axO Ac  on  catalytic 
reduction  over  PtOj. 

It  is  particularly  significant  that  careful  search  by  vpc 
demonstrated  the  absence  of  the  retained  and  inverted 
products  in  the  acetolysis  mixtures  of  III-OBs  and  IV- 
OBs. 

Discussion  of  Solvolysis  Results.  Relevant  solvolytk 
studies  have  been  reported  by  Walborsky,  et  at," 
and  Goering,  et  a/.,"*"**  for  the  bicyclo[2.2.2]oc^ 
system  V,  by  Goering,  et  al.,  for  the  e/ufo-2-bicydo- 
[2.2.2]octenyl  system  VI,  by  LeBel,  et  al.,^^  and  Frascf, 
et  al,,^^  for  the  ejco-2-bicyclo[2.2.21octenyl  system  VII, 
and  by  Cristol  and  his  co-workers*'  for  the  dibeozo- 
[2.2.2]octadienyl  system.  With  these  available  data, 
the  present  results  build  up  an  almost  complete  set  of 

(18)  The  lUPAC  name  is  used  According  to  Uie  tuggeiiioa  in  X 
Meinwaid  and  J.  K.  Crandall.  7.  Am.  Chem.  Soc.,  8S,  1292  (196^ 

(19)  (a)  H.  M.  Walborsky.  M.  E.  Baum,  and  A.  A.  YousseC  M 
83.  988  (1961);  (b)  H.  M.  Walborsky.  J.  Webb,  and  C,  C  Ktt,/.Or 
Chem.,  28,  3214  (1963). 

(20)  (a)  H.  L.  Goering  and  M.  F.  Sloan.  /.  Am.  Chem.  Soc.  S3.  \^ 
(1961);  (b)  ibid.,  83.  1992  (1961). 

(21)  N.  A.  LeBel  and  J.  E.  Huber.  ibU.,  83,  3193  (1963). 

(22)  R.  R.  Fraser  and  S.  OTarrell.  Tetrahedron  Letters,  1143  (196). 

(23)  Reference  8  and  references  cited 
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Jvolytic  behavior  of  bicyclo[2.2.2]octyl  and  its 
irated  derivatives.  The  ratios  feAcon/fcEtoH  = 
d  2.6  at  35**  in  the  solvolyses  of  I-OBs  and  II- 
respectively  (footnotes  in  Table  I),  suggest  that 
»philic  participation  by  solvent  is  not  important; 
er  words,  acetolysis**  (probably  also  ethanolysis) 
es  carbonium  ion  intermediates.^^ 

rates  in  acetolyscs  of  dehydronorborn-  and 
iorbornen-2(e/Mfo)-yl  brosylates  drop  to  0.022 
.002  that  of  norborn-2(ewJo)-yl   brosylate.*«-» 

itrast,  the  rates  of  VI-OBs  and  I-OBs  were  five 
greater  than  and  nearly  equal  (a  factor  of  0.92) 
t  of  V-OBs,  respectively.  This  indicates  that  the 
iration  affects  the  e/iJo-norbornenyl  and  -octenyl 
IS  differently.  However,  the  fact  that  their  ratios, 
0.002  and  5.0:0.92,  are  in  the  same  order  of  mag- 
means  that  the  relative  effect  of  a  double  bond 
benzene  ring  is  almost  the  same  in  each  of  the 

IS." 

products  in  the  acetolysis  of  I-OBs,  98%  VIII- 
:  and  2%  VIII-eqOAc,  are  comparable  with  those 

acetolysis  of  VI-OBs."**  Thus,  the  combined 
:  and  stereochemical  results  are  consistent  with 
formation  of  the  carbonium  ion  A  stabilized  by 
ic  resonance,  as  discussed  in  the  case  of  VI-OBs. 
ereospecific  conversion  of  A  to  VIII-axOAc  would 
plained  as  in  similar  cases  ;*•"•"*'  that  is,  A 
electronically  favors  formation  of  quasi-ax  over 
eq  bonds.    Lithium  aluminum  hydride  reduction 

corresponding  2-one  leads  to  an  8:2  mixture  of 
xOH  and  VIII-cqOH.  Since  the  stereochemical 
1  for  the  reduction  of  bridged  cyclic  ketones  by 
ex  hydrides  are  controlled  by  ''steric  approach 
J  »»jo.ii  the  major  formation  of  VIII-axOH  may 

5.  Winstein.  et  ai,  7.  Am.  Chem,  Soc.,  79,  4146  (1957);  75,  147 
73,2700(1951). 

t  has  been  shown  that  internal  return  may  be  an  important  factor 
lysis.  See  S.  Winstein,  E.  Clippinger,  A.  H.  Fainberg,  R.  Heck, 
Z.  Robinson,  ibid.^  78,  328  ( 1956).  However,  any  ion-pair  return 
{ht  be  involved  in  the  acetolysis  of  I-OBs,  III-OBs,  and  IV-OBs 
ot  affect  the  solvolysis  rate  {i.e.,  in  these  cases  the  solvolysis  rate 
>nds  to  the  ionization  rate).  This  is  because  the  expected  prod- 
ion-pair  return,  that  is,  ^II-axOBs  for  I-OBs,  X-axOBs  and 
OBs  for  III-OBs,  and  XII-axOBs  for  IV-OBs,  would  solvolyze 
>idly.  For  a  similar  situation,  see  A.  H.  Fainberg  and  S.  Win- 
id..  78,  2767  (1956);  footnote  23  in  ref  20b;  footnote  16  in  ref 
tnote  12  in  S.  J.  Cristol,  W.  K.  Seifert,  D.  W.  Johnson,  and  J.  B. 
r.  Am.  Chem.  Soc.,  84, 3918  (1962).  In  the  remaining  case,  that 
e  acetolysis  of  II-OBs,  ion-pair  return  would  conceivably  give 
le  starting  II-OBs  and  IX-axOBs.  IX-axOBs  might  be  expected 
>lyze  more  slowly  than  II-OBs.  However,  careful  first-order 
ve  no  evidence  for  this  expectation. 
I  Winstein,  H.  M.  Walborsky.  and  K.  Schreiber,  ibU.,  72,  5795 

>.  D.  BarUett  and  W.  P.  Giddings,  Ibid.,  82,  1240  (1960).  The 
istant  at  25**  originally  reported  in  this  paper  was  1  X  10~* 
However,  the  recalculation  by  H.  C.  Brown  and  G.  L.  Tritle 
d  it  to  5.1  X  lOr^^  sec"^  (a  private  communication  from  Profes- 
wn).  We  confirmed  the  recalculation.  Therefore,  the  factor 
ported  widely  in  reviews  is  corrected  to  0.002,  and  also  the  exo : 
te  ratio  in  the  acetolysis  of  benzonorbornen-2-yl  brosylates  is 
d  to  15,000  from  7500. 

a)  For  a  review,  see  J.  A.  Berson  in  **Molecular  Rearrangements," 
P.  de  Mayo,  Ed.,  Intersdence  Publishers,  Inc.,  New  York,  N.  Y., 
193;  (b)  for  summarized  data,  see  ref  2b. 
'rom  this  consideration  and  the  rate  constant  for  IV-OBs,  we 
ve  the  rate  constant  of  ^^4  X  10~*  sec'^  at  25**  for  the  acetolysis 
2obicyclo[2.2.2]octadien-2-ol  brosylate.    This  value  is  compati- 
that  obtained  by  Cristol  and  Mohrig.    According  to  a  private 
lication  from  Professor  S.  J.  Cristol,  they  obtained  an  approxi* 
te  constant  of  2  X  10"*  sec~^  for  the  corresponding  tosylate  at 
water-acetic  acid  (3.6:96.4  mole  %)  solvent  (Ph.D.  Dissertation 
Mohrig,  University  of  Colorado,  1963). 
iV.  G.  Dauben,  D.  G.  Fonker,  and  D.  S.  Noyce,  J.  Am.  Chem. 
1,  2579  (1956). 
i.  C.  Brown  and  J.  Muzzio,  ibid,,  88,  2811  (1966). 


suggest  that  the  ax  side  is  sterically  more  hindered.  It 
is  indicated,  therefore,  that  collapse  of  the  ion  A  to 
products  is  predominantly  taking  place  from  the 
sterically  unfavorable  direction. 


+       r 


-1  + 


The  2.6-fold  increase  in  the  rate  of  II-OBs  (relative  to 
V-OBs)  and  the  small  exoiendo  rate  ratio  (a  factor  of 
2.8)  are  insufficient  values  to  propose  a  homobenzylic 
ion  B  as  an  intermediate,  in  which  anchimeric  assistance 
from  ir  electrons  in  the  benzene  ring  is  significantly 
provided.  Similarly,  by  such  a  small  value  as  the  2.9- 
fold  increase  in  the  case  of  IV-OBs,  assistance  from  the 
benzene  ring  cannot  be  considered.  The  exoiendo 
rate  ratios  in  the  norbornen-2-yl  and  benzonorbornen- 
2-yl  arenesulfonates  are  both  in  the  same  order  of  mag- 
nitude (at  25**,  70002«  and  1 5,000,  ^^  respectively). 
Thus,  the  nonclassical  ion  C  analogous  to  B  has  been 
suggested  for  the  solvolysis  of  benzonorbornen-2-yl 
arenesulfonate.*'*'*  The  rate-increasing  effect  of  the 
double  bond  in  VII-OBs  has  been  reported  as  a  factor 
of  260  and  the  exoiendo  rate  ratio  thus  obtained  is  52, 
so  that  considerable  anchimeric  assistance  by  the  double 
bond  is  demonstrated.*^  Therefore,  the  present  results 
are  in  striking  contrast. 

The  kinetic  results  and  the  stereochemical  findings 
(the  lack  of  I-OAc  and  IX-eqOAc)  in  the  acetolysis  of 
II-OBs  could  be  rationalized  by  postulating  either  a 
nonclassical  cation  D  which  may  involve  participation 
of  the  Ci,6-methylene  bond,  but  not  that  of  the  benzene 
IT  electrons,  or  a  rapidly  equilibrating  set  of  classi- 
cal ions  E  and  F  which  simulate  D.    A  windshield- 


<5^  <©£> 


D 


E 


wiper  effect  in  this  equilibrating  set  can  be  invoked  in 
order  to  explain  the  observed  stereochemistry."  It 
should  be  noted  that  the  results  in  the  lithium  aluminum 
hydride  reduction  of  the  2-one"  indicate  little  difference 
in  the  steric  factors  between  ax  and  eq  approach  to  the 
open  Ci  carbonium  ion,  if  formed." 

In  contrast  to  the  acetolyses  of  the  octenyl  derivatives, 
no  stereospecific  result  was  obtained  in  the  reactions 
of  the  octadienyl  derivatives.  From  the  kinetic  data, 
especially  from  the  small  rate  ratio  fcni-oBs/fciv-oBa  =  3.8, 
it  can  be  argued  that  little,  if  any,  participation  by  the 
double  bond  is  being  exerted  in  the  acetolysis  of  III-OBs. 
Stereochemical  results  preclude  the  participation  of  the 
classical  [2.2.2]dienyl  ion  G  as  an  intermediate.  Ab- 
sence of  products  having  the  [2.2.2]  skeleton  and  lack  of 
stereospecificity  also  make  nonclassical  intermediates 
such  as  H,  I,  and  J  or  a  rapid  and  reversible  equilibrium 
between  classical  ions  K  and  L  unsatisfactory.    The 

(32)  W.  p.  Giddings  and  J.  Dirlam,  Ibid.,  85,  3900  (1963). 

(33)  H.  C.  Brown,  *The  Transition  State,**  Special  Publication  No. 
16,  The  Chemical  Society,  London,  1962,  pp  140-158,  174-178. 

(34)  It  has  been  reported  by  A.  A.  Yousef,  M.  E.  Baum,  and  H.  M. 
Walborsky,  J.  Am.  Chem.  Soc.,  81.  4709  (1959),  that  LiAlH*  reduction  of 
bicyclo[3.2.1]octan-2-one  give  the  corresponding  eq-  and  ax-2-ols  in  a 
ratio  of  9 : 1  and  the  eq  is  thermodynamicaUy  more  stable  than  the  ax. 
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Table  n.    Nmr  Spectral  Data  on  Some  Benzobicyclo[3.2. 1  Joctadienes  and  Benzotricyclo[3.2. 1  .O*'^octenes 


Compd 

Chemical  shift,  t« 

istant,  y,  Hz^  (dihedral  aiu 

tie-   a   rInrV 

^C,  C7,  %MK^r 

X-axOAc 

H. 

7.11m(7.11m) 

l,2eq  =  2.0(76) 

6,7  =  5.8 

2eq,8x  =  0.8 

Hi.0 

4.38d(4.10d) 

l,8x  =  4.7(40) 

5,8x  =  4.7(40) 

6,8n  <  0.2 

H, 

6.66m(6.93m) 

l,8n  =  0.5(80) 

5,8n  =  0.5(80) 

7,8n  <  0.2 

H. 

3.53q(3.77q) 

1,7  =  2.7 

5,6-3.1 

H, 

4.10q(4.35q) 

8x,8n  =  10.0 

Hb 

^7.8m(8.00d-t-d) 

H*. 

-'7.8m(7.78d) 

OAc 

7.96s(8.27s) 

X.eqOAc 

H, 

6.75t-d(6.78t-d) 

l,2ax  =  5.4(44) 

6,7  =  5.8 

2ax,7«0.3 

Htu 

4.04d(3.86d) 

l,8x  =  5.0(40) 

5,8x  =  4.7(40) 

6,8n<0.1 

H, 

6.77q(7.03q) 

l,8n«0.5(80) 

5,8n»0.5(80) 

7,8n  <  0.1 

H. 

3.60q(3.73q) 

1,7  =  2.8 

5,6  =  2.9 

H, 

4.29q(4.27q) 

8x,8n  =  10.3 

Hu 

7.74d-t(7.96d.t) 

H*. 

7.95d(8.26d) 

OAc 

7.96s(8.25s) 

XII-axOAc 

H, 

6.76m(6.69m) 

l,2eq  =  2.0(76) 

3,4  =  9.4 

2cq,4  =  1.0 

Huq 

4.99q-d(4.71q-d) 

l,8x  =  0.9(80) 

5.8x  =  0.9  (80) 

2cq,8n  <  0.3 

H, 

4.80d-q(4.75d-q) 

l,8n  =  4.6(40) 

5,8n- 4.2(40) 

1,3  =  1.8 

H4 

3.60q(3.78q) 

2eq,3  =  3.6 

4,5  =  6.6 

4,8n  =  1.0 

H, 

6.75m(6.97q.m) 

8x,8n  =  10.1 

Hu 

'-7.8m(7.75d-t) 

H«, 

'-7.8m(7.94d-t-d) 

OAc 

7.97s(8.25s) 

XII.eqOAc 

H. 

6.40t-m(6.49t-m) 

l,2ax  =  5.5(44) 

3,4  =  9.5 

2ax,4  =  2.3 

Hfez 

4.50t-d-d(4.39t-d-d) 

l,8x  =  1.0(80) 

5.8x  =  1.0(80) 

1,3  =  1.8 

H, 

4.93d-q-d(4.92d-q-d) 

l,8n  =  4.7(40) 

5,8n  =  4.2  (40) 

4,8n  =  1.2 

H4 

3.70q-t(3.94q-t) 

2ax,3  =  2.7 

4,5  =  6.2 

H, 

6.80q-m(7.16q-m) 

8x,8n  =10.0 

Hta 

7.75d.t(8.08d.t) 

Hta 

7.62d.t-d(7.90d-t-d) 

OAc 

8.05s(8.37s) 

XI-«xo-OAc 

Hi 

8.28d-m(8.50q-m) 

5,6n  =  0.7(81) 

6n,7=  1.0(75) 

1,5  =  1.0 

H, 

7.80t(8.10t) 

l,8x  =  2.8(45) 

5,8x  =  4.9(39) 

7,5  =  1.0 

H, 

7.00d-m(7.02d.m) 

l,8n  =  0.6(75) 

5,8n  =  0.3(81) 

l,6n=0.4 

Hta 

5.55s(5.35t) 

1,2  =  7.0 

2,7  =  7.0 

7,8n  «  0 

Hi 

8.28d-m(8.38q-t) 

1,7  =  5.0 

8x,8n  =  11.6 

2,8x  <  0.2 

Hs. 

7.80m(7.85d-q) 

6n,8x  <  0.2 

H,a 

8.96d(9.06d) 

OAc 

8.00s(8.30s) 

Xl-enth-OAc 

H, 

--8.2501(8. 77m) 

5,6x  =  5.0(39) 

6x.7  =  3.0(45) 

1.5' 

H, 

7.78t(8.03t) 

l,8x  =  2.8(45) 

5,8x  =  5.0(39) 

5,7  =  0.7 

H, 

6.65t(6.70t) 

l,8n  =  1.0(75) 

5,8n«  0.3(81) 

7,8n' 

H.. 

4.95q(4.87q) 

1,2  =  7.0 

2,7  =  7.0 

2,6x  =  0.4 

Ht 

8.32m(8.36m) 

1,7  =  5.5 

8x,8n  =  11.8 

2,8x<0.2 

H,u 

7.95d-q(8.33d-q) 

6x,8n  <  02 

H,. 

8.96d(9.20d) 

OAc 

8.38s(8.63s) 

«  Obtained  in  CQ4.    Values  in  parentheses  are  data  obtained  in  CiD*.    Peak  multiplicities  are  represented  by  s  (sioglet),  d  (doubktX  t 
(triplet),  q  (quartet),  and  m  (multiplet).    ^  Absolute  values.    *  Obtained  from  Dreiding  models.    Accuracies  are  db2^     'Obscured. 


combination  of  kinetic  and  stereochemical  behavior  can 
be  accommodated  by  the  direct  formation  of  an  equilib- 
rium mixture  containing  the  benzylic  cation  M  and  the 


As  in  the  case  of  I-OBs,  the  direct  formation  of  the 
classical  cation  O,  stabilized  by  allylic  resonance  and 
not  involving  participation  from  the  benzene  ringi  cao 
accommodate  all  results  from  IV-OBs. 
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cyclopropylcarbinyl  cation  N.  The  predominant 
formation  of  X-axOAc  would  be  accounted  for  with 
a  stereoelectronic  factor  as  in  the  above-mentioned 
case. 


N 


A  summary  of  related  data  shows  that  the  rdative 
rates  at  25**  in  acetolyses  are  for  norbornyl,  dehydro- 
norbornyl,  and  benzonorboraenyl  exa-2-brosylates, 
1,  0.5,  and  0.08;  for  V-OBs,  VIIOBs,  and  II-OBs,  1, 
260,  and  2.6;  for  I-OBs,  III-OBs,  and  dibenzobicydo- 
[2.2.2]octadienyl-OBs,  1,  12,  and  ~0.5.*«  In  cadi 
series,  ratios  of  relative  rates  for  the  dehydro  and  tbt 
benzo  derivatives  (0.5:0.08  =  6,  260:2.6  =  100,  and 
12 : 0.5  =  24)  express  the  relative  effectiveness  of  doubk 
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ire  1 .    Nmr,  nindr,  and  luntr  spectra  of  X-axOAc  in  CXI4  and  C|D«  at  100  MHz.    (Spectra  shown  in  b,  d,  and  e  were  run  at  increased 
s). 


ids  Ds.  benzene  rings  for  participation.  Thus»  it  is 
ir  that  the  most  flexible  [2.2.2]octenyl  system  can 
ievc  the  most  favorable  conformation  for  participa- 
1  (the  factor  of  100).  The  least  participation  (the 
tor  of  6)  is  indicated  in  the  rigid  norbornenyl  system, 
wever,  the  present  study  cannot  rationalize  the  origin 
;he  rate  of  V-OBs  which  is  49  times  faster  than  that 
yclohexyl  brosylates. 

imr  Spectra  of  Benzo[3,4]bicyclo[3.2.1]octa-3,6-dien- 
I  (X),  Beiizo[6,7]bicyclo[3.2.1]octa-3,6-dien-2-yl  (XII), 
Benzo[3,4]tricyclo[3.2.1.0^^]octen-6-yl  (XI)  De- 
itives.  Investigations  of  the  nmr  spectra  of  the  six 
ducts  X-XII  by  using  double  and  triple  resonance 
idr  and  nmtr)  techniques  and  the  solvent  efl*ect  of 
zcne"  at  100  MHz  provided  evidence  for  their 
ictures.  The  nmr  spectra  with  some  spin-decoupling 
criments  are  shown  in  Figures  1-6.  In  Table  II 
listed  the  chemical  shifts  and  the  coupling  constants 
solute  values)  obtained.  The  procedure  for  the 
ctral  assignments  of  these  compounds  is  described 
he  Experimental  Section. 

lie  fact  that  the  two  bridgeheads  Hi  and  Hs  are  vi- 
illy  coupled  to  the  olefinic  He  and  H7  in  the  two  com- 
mds  X  indicates  that  these  compounds  belong  to  the 

5)  Since  all  the  compounds  examined  here  contain  an  acetoxyl 
p,  their  nmr  spectra  are  expected  to  be  fairly  changed  with  an  altera- 
of  the  solvent  from  CCI4  to  hexadeuteriobenzene  (C«Dc).  ** 
Q  N.  S.  Bhacca  and  D.  H.  Williams,  Tetrahedron  Letters,  3127 
I):  D.  H.  Williams  and  N.  S.  Bhacca,  Tetrahedron,  21,  1641.  2021 
^;  J.  D.  Connolly  and  R.  McCrindle,  Chem,  Ind,  (London),  379, 
(1965);  C  J.  Timmons,  Chem,  Commun,,  576(1963). 


benzo[3,4]bicyclo[3.2.  l]octa-3,6-diene  system.  Apply- 
ing the  Karplus  correlation '^  to  the  obtained  Ji^t  val- 
ues,*^" we  confirmed  that  the  acetoxyl  at  Q  in  X-ax- 
OAc  and  X-eqOAc  has  an  ax  and  an  eq  configuration, 
respectively.  Among  long-range  spin  couplings  ex- 
pected by  analogy  with  bicyclo[2.2.1]heptenes,*»  a  J^x^i 
of  about  0.3  Hz  and  very  small  J^j^  and  Jij^  were  only 
observed.  The  overlapping  of  the  back-side  lobe  of 
the  <r  orbital  of  Hgn  with  ir  orbitals  of  the  double  bond* 
might  be  slight  in  this  system.  A  long-range  J^^^^x  of 
0.8  Hz  was,  however,  clearly  established,  as  expected 
from  the  "W-letter"  rule.* 

Decoupling  experiments  on  the  two  compounds  XII 
showed  that  only  one  bridgehead  He  is  vicinally  coupled 
to  the  one  olefinic  H4.  This  fact  implies  that  these 
compounds  belong  to  the  benzo[6,7]bicycIo[3.2.11octa- 
3,6-diene  system.  The  observed  Ji^t  Ukewise  deter- 
mined the  configurations  of  the  acetoxyls  at  Q  in 
XII-axOAc  and  XII-eqOAc  as  ax  and  eq,  respectively. 
The  allylic  Juxa  (2.3  Hz)  in  XII-eqOAc  was  greater 
than  /^j  (1.0  Hz)  in  XII-axOAc.  This  indicates  that, 
as  suggested  by  the  molecular  models,  Yi^x  has  more  ax 
character  than  Hjeq.**  Jefford,  et  a/.,"  reported  that 
similar  allylic  ^2.4  cannot  be  observed  in  several  exo- 

(37)  M.  Karplus,  7.  Chem.  Phys.,  30,  11  (1959);  M.  Karplus,  J.  Am. 
Chem.  Soc.,  85,  2870  (1963). 

(38)  S.  Sternhell,  Rev.  Pure  AppL  Chem.,  14,  15  (1964);  A.Rassat,C. 
W.  Jefford,  J.  M.  Lehn,  and  B.  Waegell,  Tetrahedron  Letters,  233  (1964); 
E.  W.  Garbisch,  Jr.,  Chem.  Ind.  (London),  1715  (1964);  M.  Barfield, 
J.  Chem.  Phys.,  41,  3825  (1964),  and  references  cited  therein. 

(39)  C  W.  Jefford,  B.  Wa^pell,  and  K.  Ramey,  J.  Am.  Chem.  Soc., 
87,  2191  (1965). 
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Figure  2.    Nmr,  lundr,  and  nmtr  spectra  of  X-eqOAc  in  CCii  and  C«D«  at  100  MHz. 


2-substituted  3-bromobicyclo[3.2.  IJoct-S-enes.  The 
negligibly  small  72.4  in  their  compounds  appears  due  to 
electronegativity  of  the  bromine  atom  at  Cs.  The 
relatively  stronger  long-range  /is  of  1.8  Hz  can  be 


in  X,  and  /s.s  in  XII),  benzylic,*'  homoallylic**  (Jis  in 
X  and  Jt^t  in  XII),  and  homobenzylic  couplings^ 
(/i,6  in  X  and  /i,5  in  XII).  This  substantiates  the  fact 
that  the  cr-ir  overlapping  necessary  for  these  couplings* 


Table  IIL    Properties  and  Analyses  of  Benzobicyclooctene  Derivatives 


Ring 

Mp*  or  bp,* 

* Carbon  % s 

' — Hydrogen,  %—^ 

system 

Subst 

X  (mm)//©  CQ 

Formula 

Calcd 

Found 

Qdcd 

Found 

I 

OBs 

[91-92] 

CisHnBrOiS 

54.97 

55.18 

4.36 

4.53 

II 

fORs 

[109-110] 

CitHnBrOiS 

54.97 

55.00 

4.36 

4.20 

lOAc 

120(1)/1.5389(24) 

Q4Hi«0, 

77.95 

77.79 

7.46 

7.58 

ni 

OH 

[103.5-104.5] 

CisHuO 

83.69 

83.46 

7.02 

7.31 

OBs 

d 

CisHiiBrOiS 

55.25 

55.15 

3.86 

4.05 

IV 

/OH 

[96.5-97.5] 

CtOiisO 

83.69 

83.63 

7.02 

7.03 

OBs 

d 

CisHiiBrOiS 

55.25 

55.34 

3.86 

4.00 

Vlll 

axOH 

[83.5-84.5] 

CbH.<0 

82.72 

82.72 

8.10 

8.09 

eqONB- 

[112-113] 

Q,HnNO« 

70.57 

70.50 

5.30 

5.46 

IX 

axOH 

[72.5-73.5] 

QrfluO 

82.72 

82.56 

8.26 

8.26 

laxOAc 

125(5) 

Q4H1A 

77.76 

77.66 

7.46 

7.43 

X 

jaxOAc 

125(3)/1.5457(27) 

Q«H.40, 

78.48 

78.37 

6.59 

6,74 

leqOAc 

125(3)/1.5445(26) 

C14H11O1 

78.48 

78.59 

6.59 

6.98 

XI 

fejco-OAc 

[75.5-76.5] 

Q4H,<0t 

78.48 

78.54 

6.59 

6.57 

^endo-OAc 

126-128(1)/!.  5530(25) 

Q«H,40, 

78.48 

78.53 

6.59 

6.70 

xn 

axOAc 

125-128  (4)/l.  5431  (28) 

QJIiA 

78.48 

78.78 

6.59 

6.75 

eqOAc 

123-126  (2)/l.  5421  (28) 

C14H14O1 

78.48 

78.22 

6.59 

6.81 

« /^-Nitrobenzoate.    ^  Melting  points  are  presented  in  brackets.    « Indicated  as  bath  temperature  when  boiling.    '  Gradually  deoompose, 
not  indicating  clear  melting  points. 


ascribed  to  the  "W-letter"  rule.**  Long-range  J^j^n 
and  /seq.sii  in  XII-axOAc  and  /4,8ii  in  XII-eqOAc  were 
also  observed." 

The  present  experiments  on  X  and  XII  indicated 
neghgibly  small  magnitudes  for  allylic  (Ji^t  and  /sj 


is  minimized.  It  should  be  further  noted  that  /^ 
(9.5  Hz)  and  Ji^t  (ca.  6.5  Hz)  in  XII  are  greater  than 
/6,7  (5.8  Hz)  and  /1.7  or  /j.e  (ca.  2.9  Hz)  in  X,  rcspcc- 


(40)  F.  P.  Johnson,  A.  Melen,  and  S.  Sternhell, 
19,  1523  (1966). 
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Figure  3.    Nmr,  nmdr,  and  nmtr  spectra  of  XII-axOAc  in  CO4  and  C|D«  at  100  MHz. 


tively,  and  that  ligx^nl  (ca.  7 10  Hz)  is  not  so  small. 
The  former  fact  can  be  derived  and  explained  by  the 
difference  in  the  ring  size;^^  the  latter  fact  implies  that 
the  methylene  bridges  in  X  and  XII  are  relatively  less 
strained  than  in  the  case  of  bicyclo[2.2.1]heptenes,  in 
which  J  values  between  the  two  bridge  methylene  pro- 
tons are  about  =f8.5  Hz.** 

For  the  structures  of  the  two  remaining  products 
XI9  it  is  possible  to  assume  the  alternative  ring  systems, 
bcii2o[3,41tricyclo[3.2.1.0*noctene  (XI)  and  benzo[3,41- 
tricyclo[3. 1.1.1  ^'^octene  (XV).  Although  the  spectrum 
of  XI-exo-OAc  in  CCI4  (see  Figure  5a)  shows  very  com- 
plicated signals  at  r  7.8  and  8.0,  in  CeDe  the  signals  appear 

(41)  O.  L.  Chapman,  7.  Am.  Chem,  Soc.,  85,  2014  (1963);  G.  V. 
Smith  and  H.  Kriloff,  ibid.,  85,  2016  (1963);  P.  Laszlo  and  P.  von  R. 
Schleyer,  ibid.,  85,  2017  (1963);  K.  Tori,  R.  Muneyuki.  and  H.  Tanida, 
Om.  J,  Chem.,  41,  3142  (1963). 

(42)  K.  Tori,  K.  Aono.  Y.  Hata,  R.  Muneyuki,  T.  Tsuji,  and  R 
Tttiida,  Tetrahedron  Letters,  9  (1966),  and  references  therein. 


fairly  separated.  The  spectrum  showed  only  one  signal, 
assignable  to  one  bridgehead  proton ;  this  is  inconsistent 
with  XV  having  two  bridgehead  protons  on  the  benzylic 


(«idby 


XVI 


carbons.  On  the  other  hand.  Hi  in  XI  is  benzylic  and 
also  cyclopropyl;  therefore  it  can  be  anticipated  to 
appear  at  a  higher  field  than  at  an  ordinary  position. 
Further,  LeBel  and  Huber^^  have  reported  that  H| 
in  tricyclo[3.2. 1 .0*•^octan-6(e/Mto)-ol  /^nitrobenzoate 
(XVI)  (endo  is  for  cyclopropyl)  appears  as  a  singlet  be- 
cause both  the  dihedral  angles  between  He.  and  Hi, 
H7  protons  are  close  to  80^.  The  broad  singlet  signal 
in  XI-exo-OAc  at  r  5.55  in  CCI4  (at  r  5.35  in  CeDO 
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Figure  4.    Nmr  and  nindr  ipectra  of  XII-eqOAc  in  CQ4  and  C>Da  at  100  MHz. 


suggests  an  exo  configuration  for  the  acetoxyl.  The 
Dindr  and  nmtr  experiments  (sec  Figure  5  and  Experi- 
mental Section)  confirmed  the  structure  of  \l-exo-OAc 
from  various  approaches.  The  fact  that  Jg,^  (=f11.6 
Hz)  falls  in  a  range  of  magnitudes  expected  from  genu- 
nal  couplings  between  methylene  protons  on  a  normal 
sp'  carbon  indicates,  in  accord  with  the  above  assign- 
ment, that  the  Cg  orbital  ts  not  highly  strained. 

Similarly,  the  nmdr  and  nmtr  experiments  on  XI- 
endo-OA.c  (see  Figure  6  and  Experimental  Section)  led 
us  to  conclude  that  this  compound  is  an  epimer  of 
XI-exoOAc.  An  important  change  in  the  spectrum 
of  this  compound  from  that  of  Xl-exo-OAc  is  the  ap- 
pearance of  a  broad  quartet  due  to  Ht,  (J  =  5.0  and 
3.0  Hz),"  instead  of  the  broad  singlet  due  to  Hto  (see 
the  dihedral  angles  in  Table  II). 

Except  Jifia  and  JtB.»n,  many  long-range  couplings 
were  observed,  as  expected  from  the  ring  system  of  XI 
according  to  "W-lcttcr  rule.""  Besides  the  expecta- 
tion, Jtafii  and  Jttta  were  obtained,  though  less  than  or 


equal  to  0.2  Hz.  It  is  interesting  to  note  that  Ji^  and 
Ji,T  (7.0  Hz)  are  not  equal  to  Ji,i  (5  Hz).  This  findini 
may  suggest  that  the  strain  at  Ct  and  Cr  is  different  from 
that  at  Ct. 


Experimental  Section** 

Properties  and  analjses  of  the  new  compounds  pnpatvd  in  the 
present  study  are  summarized  in  Table  HI. 

Mattrlab.  For  the  preparation  of  III-OH  and  IV-OH  the  n- 
duction  of  beazobicyclo[2.2.Z]octadien~2-oae>  was  canied  out  wilk 
4  equiv  of  lithium  aluminum  hydride  in  anhydrous  tetrahydinfoa- 
The  usual  work-up,  followed  by  separation  using  dutioo  drooa- 
(ography  over  silica  gel  (Woelm  neutral,  added  with  3%  of  HA 
gave  pure  samples  of  UI-OH  and  IV-OH  in  a  ratio  of  7 : 3. 

Kinetic  Mcasigfimnts.  The  kinetic  (Htxxdure  for  the  arrwir* 
studies  was  essentially  the  same  as  that  employed  previo«aly.^ 
In  all  cases  the  initial  cooceotratioti  of  bros^atc  was  appradnMHlr 
0.03  M,    The  reactions  were  carried  out  in  giai-j-i  acetic  aoif 


(43)  Melting  points  were  taken  by  capillary  and  k 
ing  points  are  uncorrected.  Uttraviolet  spectra  « 
1DK-211     ■ 
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ire  5.    Nmr,  nmdr,  and  nintr  spectra  of  XI-€xa-OAc  in  CO4  and  CfD«  at  100  MHz. 


ao  T 


aining  an  equivalent  of  sodium  acetate  and  1  wt  %  of  acetic 
^dride.  Rate  constants  were  determined  by  the  infinity  titer 
lod.  Usually,  ten  aliquots,  2  ml  in  volume,  were  periodically 
drawn,  run  into  20  ml  of  cooled  dioxane,  and  titrated  immedi- 
f  with  0.06  M  standard  perchloric  add  solution.  Infinity  titers 
I  obtained  after  at  least  ten  half-lives.  In  all  cases  observed 
ity  titers  were  within  d:2  %  of  the  calculated  values. 
le  ethanolyses  were  carried  out  in  anhydrous  ethanol.  Th^ 
;  foUowed  by  titrating  usually  ten  aliquots,  2  ml  in  volume, 
;h  were  quenched  by  adding  to  20  ml  of  ice-cold  acetone,  with 
indard  solution  of  0.006  M  sodium  methoxide  in  mixed  beo- 
and  methanol  (1:3).  A  methanol  solution  of  methyl  red 
tvomocresol  green  was  used  as  the  indicator. 


laolatioii  of  AceCdyiis  Prodocti.  The  acetolysis  solution  was 
allowed  to  remain  in  a  constant  temperature  bath  for  ten  half-lives 
of  each  of  the  brosylates,  concentrated  by  distilling  the  acetic  add, 
treated  with  ice-water,  and  extracted  four  times  with  pentane.  The 
pentane  solution  was  washed  with  aqueous  sodium  carbonate  and 
dried.  After  removal  of  the  solvent,  the  residue  was  subjected  to 
analytical  and  preparative  vpc. 

Analytical  Vapor  Phaae  Chromatofrapliy.  A  standard  column, 
2  m  X  6  mm,  of  stainless-sted  tubing  was  employed  with  helium 
as  a  carrier  gas  in  a  Hitachi  gas  chromatograph  Modd  F-6.  The 
column  was  packed  with  10  wt  %  diethylene  glyccrf  succinate  p(dy- 
mer  on  30-60  mesh  Chromosorb  W.  The  retention  times  of  I-OAc, 
II-OAc,  VUI-axOAc,  VIII-eqOAc  and  DC-axOAc  were   16.S, 
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Figure  6.    Nmr,  nmdr,  and  nmtr  spectra  of  XUendthOAc  in  CO4  and  C«D«  at  100  MHz. 
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18.5, 19.2, 17.5,  and  13.5  min,  respectively,  at  200""  with  1.5  kg/cm* 
of  He.  Those  of  X-axOAc,  X-eqOAc,  Xl-endo-OAc,  and  Xl-exo- 
OAc  were  15.0, 18.0, 18.0  (overlapped),  and  25.0  min,  respectively, 
at  190°  with  1.5  kg/cm*  of  He.  Capillary  vpc  on  a  45-m  Golay 
Z-45  at  125°  with  1.0  kg/cm*  of  He  showed  separated  peaks  at  the 
retention  time  of  10.5  for  X-eqOAc  and  11.0  for  Xl-etuhOAc. 
The  retention  times  of  III-OAc,  IV-OAc,  XII-axOAc,  and  XII- 
eqOAc  were  15.2,  18.3,  16.0,  and  18.0  min,  respectively,  at  190® 
with  1.5  kg/cm*. 

Preparative  vapor  phase  chromatoeniphy  was  carried  out  (a) 
on  a  Hitachi  gas  chromatograph  Model  F-6,  equipped  with  a  2  m 
X  21  mm  stainless-steel  tubing  column  packed  with  10  wt  %  of 
diethylene  glycol  succinate  polymer  on  30-60  mesh  Chromosorb 
W  (column  A);  (b)  on  a  Yanagimoto  gas  chromatograph  Model 
GCG-3D,  equipped  with  a  5  m  X  14  mm  stainless-steel  tubing 
column  packed  with  5  wt  %  diethylene  glycol  succinate  polymer  on 
the  same  support  (column  B).  Ilie  retention  times  were  15.2  and 
13.0  min,  respectively  (200°  of  column  B  and  300  cc/min  of  He), 


for  II-OAc  and  IX-axOAc;  19.5,  23.5,  23.5  (overlapped),  and  UA 
min,  respectively  (210°  of  column  A  and  600  oc/miii  of  HtX  for 
X-axOAc,  X-eqOAc,  XhendoOAc,  and  XI-exoOtAc;  20J  tad 
22.5  min,  respectively  (210°  of  column  A  and  500  oc/nan  of  M 
for  XII-axOAc  and  XII-eqOAc. 

Benzo[3,4]bicycto[3.2.1]ocleB-2-oae.  A  solution  of  72  m  of 
VIII-axOH,  53.6  mg  of  benzoquinone,  and  203.6  nng  of  ahanatfi 
r-butoxide  in  7  ml  of  benzene  was  refluxed  overnight.  The  ontsR 
was  washed  with  dilute  sulfuric  add  and  then  with  aqueom  sodai 
hydroxide  until  the  inorganic  layer  was  cotorteas.  The  beom 
solution  was  dried  and  evaporated,  and  the  residue  was  distiDedts 
give  59  mg  of  the  ketone  at  1 32-135''  (5  mm),  n**o  U684  Hit*  I9 
162-163°  (23  mm),  n^  1.577),  X25  ■*"  249  n^  («  11,80)  tad 
293  (2310). 

AnaJ.    Cakd  for  QtHi^:    C,  83.69;    H,  7J0i2.    Foaai:  C, 

83.59;  H,7.14. 

Axial  2,3-Diciilorobcnzo[6,7]bicyclo[3a.l]octa^S,6-diBas  (Zm 
To  a  stirred  solution  of  121  g  of  benzonortxsrneiie  in  SOOgofiV 
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3fonn,  maintained  at  0°  under  nitrogen,  was  added  175  g  of 
sium  /-butoxide  during  6  hr.  The  mixture  was  added  to  water 
leutralized  with  hydrochloric  acid.  The  organic  layer  was 
and  distilled  to  remove  /-butyl  alcohol,  chloroform,  and  most 
e  unchanged  benzonorbomene.  Further  distillation  under 
ed  pressure,  followed  by  elution  chromatography,  gave  10  g 
11,  bp  124-125°  (2  mm).  /f"D  1.5963,  nmr  in  CCU:  four 
itic  H  at  T  2.6-3.0  (m),  one  vinyl  H  at  3.61  (d),  one  Q 
H  at  5.74  (d),  one  Q  bridgehead  H  at  ^^6.35  (m),  one  Ci 
jhead  H  at  ^^6.60  (m),  two  Cs  H  at  7.4-8.0  (m),  /i.j  =  2.1 
1,5  *=  6.8  Hz. 

i/.  Calcd  for  CisHioCls*.  C,  64.02;  H,  4.48.  Found: 
32;  H,4.64. 

^Chloro-2(axiaI)-hydroxybenzo[6,7]bicyclo[3.2.1]octa-3,6-dieiie 
I.  A  suspension  of  2.7  g  of  XIII,  4.0  g  of  calcium  carbonate, 
of  tetrahydrofuran,  and  40  ml  of  water  was  refluxed  under 
^n  for  51  hr.  The  mixture  was  extracted  with  ether.  Evap- 
m  of  the  ether  gave  2.2  g  of  XIV,  mp  1 19-120°;  nmr  in  CCiti 
u'omatic  H  at  r  2.6-3.0  (m),  one  vinyl  H  at  3.64  (d),  one  Q 
H  at  6.11  (d),  two  Ci.t  bridgehead  H  at  ^6.5  (m),  two  Q 
-^7.7(m),yi,j  =  2.2  and  74.5  =  7.2  Hz. 
i/.  Calcd  for  CnHuaO:  C.  69.74;  H,  5.37;  CI,  17.15. 
d:    C,  70.09;  H,  5.76;  CI,  17.32. 

drogenation  of  XIV.  A  solution  of  127  mg  of  XIV  in  3  ml  of 
tydrofuran  and  0.7  ml  of  1.0  ^sodium  hydroxide  was  hydro- 
sd  over  palladium-charcoal.  The  hydrogen  uptake  was  29.0 
The  usual  work-up  left  98  mg  of  crude  IX-axOH.  Purifica- 
^as  performed  by  preparative  vpc:  10%  diethylene  glycol 
late  polymer  on  Chromosorb  W,  column  temperature  185°, 
X)  cc/min,  retention  time  18.5  min,  nmr  in  CCh:  four  aro- 
H  at  r  ^^2.9  (m),  one  CHOH  at  6.13  (m),  two  bridgehead  H 
6.9  (m),  six  H  at  7.5-9.0;  nmr  of  the  acetate  (IX-axOAc) 
ZU:  four  aromatic  H  at  r  ^^2.9  (m),  one  C^OAc  at  5.17 
wo  bridgehead  H  at  ^^6.8  (m),  six  H  at  7.6-9.1,  three  CHtCO 
7. 

ir  Measurements.  Nmr  spectra  were  taken  with  a  Varian 
\  spectrometer  (60  MHz),  calibration  of  which  was  checked 
:  usual  side-band  method,  and/or  a  Varian  HA- 100  spectrom- 
>perating  at  a  100-MHz  field  in  the  frequency-swept  and  tetra- 
^Isilane  (TMS)  locked  mode.  The  calibration  of  100-MHz 
a  was  made  by  using  a  Hewlett-Packard  HP-5212A  electronic 
er.  Accuracies  of  chemical  shifts  and  coupling  constants  are 
1  r  dzO.Ol  and  :tO.\  Hz,  respectively.  The  spectra  were 
ired  by  using  about  2-5  %  (w/v)  solutions  of  samples  in  CCI4 
>r  CeDe  containing  TMS  as  an  internal  reference  Nmdr  and 
experiments  were  made  by  using  the  HA- 100  spectrom- 
ind  two  Hewlett-Packard  HP-200ABR  audio-oscillators  in 
equency-swept  operation. 

Kedure  for  the  Nmr  Spectral  Assignments  of  Benzoblcyclo- 
joctadiene  Deriyatives  X  and  Xn.  The  spectrum  of  X-axO Ac 
ru  (Figure  la)  shows  a  singlet  at  r  7.96  due  to  the  acetoxyl, 
3lets  at  about  r  7.8  assignable  to  the  bridge  methylene  H«z 
Isn,  two  multiplets  at  r  7.11  and  6.66  due  to  the  bridgehead  Hi 
it,  two  quartets  at  r  4.10  and  3.53  arising  from  the  olefinic 
id  Ht,  a  doublet  at  r  4.38  corresponding  to  Hs,  and  complex 
[)lets  at  lower  fields  due  to  benzene  ring  protons.  In  this 
um,  the  signal  positions  of  Hsx  and  Hta  are  so  close  that  their 
iments  are  difficult  and  the  signals  of  Hi  and  Ht  appear  as 
d-order  patterns.  Double  irradiation  at  the  center  of  reso- 
:  frequencies  of  Hss  and  Hgn  (Figure  lb)  made  the  two  quartets 
i.53  (J  -  5.8  and  3.1  Hz)  and  4.10  (7  »  5.8  and  2.7  Hz)  and 
3ublet  at  r  4.38  (7  -  2.0  Hz)  relatively  sharper,  showing  the 
ace  of  weak  long-range  couplings,  and  changed  the  multiplet 
.11  into  a  quartet  (J  -  2.7  and  2.0  Hz),  which  was  assignable 
,  and  the  multiplet  at  r  6.66  into  a  doublet  (J  =  3.1  Hz), 
t  might  be  due  to  Ht.  On  double  irradiation  on  Ht,  one  ole- 
jiroton  signal  at  r  3.53  collapsed  to  a  doublet  (/  =  5.8  Hz), 
t  was  therefore  assigned  to  H*.  Decoupling  of  Hi  resulted  in 
ges  of  the  H7  signal  at  t  4.10  into  a  doublet  (7  »  5.8  Hz) 
f  the  doublet  at  t  4.38  into  a  somewhat  broad  singlet,  assign- 
o  Hieq  on  the  basis  of  its  7i.t  value.  ^^^'  These  experiments 
td  that  no  appreciable  7i.t,  7t.7,  and  benzylic  couplings'***'  are 
nible.  The  spectrum  in  CeDe  (Figure  Ic)  shows  the  signals 
K  and  Hsn  separately  as  a  doublet  of  triplets  (7  =  10.0  and  4.7 
nd  a  doublet  (7  =  10.0  Hz),  respectively,  as  expected  from  the 
of  benzene.**'"  These  assignments  were  made  according  to 
larplus  correlation'*  (see  the  dihedral  angles  in  Table  II). 
le  irradiation  on  Hkq  (r  4.10)  made  each  Hgx  signal  peak  very 
(Figure  Id).  On  triple  irradiation  on  He  and  H7  (Figure  le), 
-it.  peak  clearly  appeared  as  a  doublet  (7  -  0.8  Hz),  and  eadi 


Hsa  peak  changed  into  a  clear  triplet  (7  »  0.5  Hz).  This  irradiation 
also  collapsed  the  Hi  and  Ht  signals  into  a  doublet  of  quartets  (7  » 
4.7, 2.0,  and  0.5  Hz)  and  a  quartet  (7  »  4.7  and  0.5  Hz),  respectively. 
These  nmdr  and  nmtr  speotra  proved  the  presence  of  a  long-range 
7fcq.ft.ofO.8Hz."" 

The  spectrum  of  X-eqOAc  in  CCI4  (Figure  2a)  shows  overlapping 
multiplets  at  about  r  6.8  due  to  Hi  and  Ht.  Double  irradiation  at 
r  6.8  changed  two  quartets  at  r  3.60  and  4.29  due  to  the  two  ole- 
finic protons  into  two  doublets  (7  =  5.8  Hz)  which  are  coupled 
to  each  other,  the  doublet  at  r  4.()4  (7  »  5.4  Hz)  due  to  H^x  into  a 
singlet,  1^1*  a  doublet  of  triplets  at  r  7.74  into  a  doublet  (7  »  10.3 
Hz),  and  a  doublet  at  r  7.95  (7  =>  10.3  Hz)  into  a  somewhat  sharper 
signal.  This  irradiation  (Figure  2b)  also  revealed  the  presence  of 
a  weak  long-range  coupling  between  Ht  and  one  olefinic  proton 
which  gave  the  quartet  at  r  4.29.  On  each  double  irradiation  on  an 
olefinic  proton  at  r  3.60  and  the  other  one  at  r  4.29  (Figures  2c 
and  2d),  a  doublet  (7  «  5.0  Hz)  and  a  quartet  (7  »  5.4  and  5.0  Hz) 
clearly  arose  from  the  overlapping  multiplets  at  about  r  6.8, 
respectively.  Triple  irradiation  on  the  two  olefinic  protons  re- 
sulted in  the  multiplets  changing  to  the  doublet  due  to  Ht  and  the 
quartet  due  to  Hi  simultaneously.  This  irradiation  also  made 
some  change  in  the  signals  arising  from  Hsx  and  Hsa.  Therefore, 
the  quartets  at  r  3.60  and  4.29  were  assigned  to  He  and  H7,  re- 
spectively. These  observations  provided  evidence  for  the  structure 
of  X-eqOAc.  Applying  the  Karplus  correlation, '^  we  reached  the 
assignments  such  that  the  doublet  of  triplets  (7  =>  10.3  and  5.0  Hz) 
at  T  7.74  and  the  doublet  further  weakly  split  into  triplets  (7  ^ 
10.3  and  ca.  0.5  Hz)  at  r  7.95  arise  from  Hex  and  Hsn,  respectively, 
from  the  dihedral  angles  listed  in  Table  II.  Similar  nmdr  and  nmtr 
experiments  on  X-eqOAc  in  CeDe  were  made  to  obtain  the  same 
conclusion.  As  shown  in  Figure  2e,  the  signals  of  Hi  at  r  6.78 
and  Ht  at  r  7.03  are  well  separated  and  supported  the  above  as- 
signments. 7i.e  and  7t.7  are  too  small  to  be  determined  from  these 
examinations.  In  addition,  the  long-range  7esq.7,  7e.sn>  and  77.sn  in 
X-axOAc  and  X-eqOAc  were  found  to  be  weak  up  to  the  extent 
of  0.3  Hz. 

The  spectrum  of  XII-axOAc  in  CO4  (Figure  3a)  exhilnts  well- 
unresolved  signals  because  the  differences  between  the  chemical 
shifts  of  Hi  and  Ht  and  of  Hex  and  Hsd  are  very  small.  The  nmdr 
spectrum  irradiated  simultaneously  on  Hex  and  Hen  (Figure  3b) 
showed  a  distinct  octet  at  r  3.60  (7  =  9.6,  6.6,  and  1.0  Hz)  due  to 
one  olefinic  proton.  On  double  irradiation  at  the  resonance 
frequency  of  the  center  of  the  two  overlapping  multiplets  due  to  Hi 
and  Ht  (Figure  3c),  the  signal  at  r  3.60  collapsed  to  a  doublet  of 
triplets  (7  =  9.6  and  1.0  Hz),  a  doublet  of  quartets  at  r  4.80  (7  » 
9.6,  3.6,  and  1.8  Hz)  to  a  quartet  (7  =  9.6  and  3.6  Hz)  which  was 
therefore  assignable  to  the  other  olefinic  proton  signal,  a  quartet 
of  doublets  at  r  4.99  (7  »  3.6, 2.0,  and  1.0  Hz)  to  a  quartet  (7  »  3.6 
and  1.0  Hz),  and  the  signals  due  to  Hex  and  Hen  to  a  broad  singlet, 
which  implies  the  difference  between  their  chemical  shifts  are  small. 
From  these  results,  we  can  assign  the  signals  at  r  3.60,  4.80,  and 
4.99  to  H4,  Hi,  and  Hieq,  respectively,  and,  accordingly,  XII- 
axOAc  belongs  to  the  benzo[6,7]bicyclo[3.2.1]octa-3,6-diene,  and 
conclude  from  7i.t  of  2.0  Hz  that  the  acetoxyl  has  an  ax  configura- 
tion."""" Long-range  7*s  were  determined  by  nmdr  and 
nmtr  experiments  in  CeDe,  in  which  the  signals  of  Hex  and  Hen 
as  well  as  those  of  H|  and  Ht  were  well  separated,  as  shown  in 
Figure  3d.  A  doublet  of  triplets  at  r  7.75  (7  ->  10.1  and  0.9  Hz) 
and  a  doublet  of  triplets  of  doublets  at  r  7.94  (7  »  10.1,  ca.  4.5, 
and  1.0  Hz)  were  respectively  assigned  to  Hex  and  Hea  from  their 
coupling  constants  to  the  bridgehead  protons  because  the  models 
showed  that  the  acute  dihedral  angle  between  Hi(Ht)  and  Hex  is 
larger  than  that  between  Hi(Ht)  and  Hsa  (Table  II).  The  nmdr 
spectrum  irradiated  at  the  resonance  frequency  of  the  center  of  the 
Hteq  and  H|  signals  (Figure  3e)  showed  a  doublet  (7  »  4.6  Hz) 
at  r  6.69,  a  doublet  at  r  3.60  (7  =  6.6  Hz),  an  unchanged  quartet 
of  multiplets  at  t  6.97  (7  »  6.6  and  4.2  Hz),  and  the  He.  and  H^ 
signals.  Decoupling  of  H4  (Figure  30  resulted  in  the  signal  at 
r  6.97  changing  into  a  doublet  (7  =  4.2  Hz)  which  can  be  assigned 
to  Ht,  and  each  peak  of  the  Hga  signal  changing  into  single  sharp 
one.  Thus,  the  long-range  74.ea  of  1 .0  Hz  was  confirmed.  **  Triple 
irradiation  on  Hsgq,  He,  and  H4  that  changed  the  Hi  (r  6.69)  and 
Ht  (r  6.97)  signals  into  two  doublets  made  it  possible  to  determine 
7i.ex  (4.6  Hz)  and  7t.ex  (4.2  Hz)  (Figure  3g).  While  double  irradia- 
tion on  Ht  did  not  cause  any  changes  in  the  signals  of  Hsgq  and  He, 
a  coupling  (7  »  1 .8  Hz)  in  the  signal  of  He  disappeared  in  the  spec- 
trum irradiated  on  Hi  (Figure  3h).  These  experiments  provided 
evidence  for  the  long-range  7i,e  (1.8  Hz).  The  second-order  pat- 
terns of  the  signals  of  Hi  and  H4  are  due  to  the  dose  positions  of 
the  signals  of  Hi^q  and  He. 
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The  nmr  spectra  of  XII-eqOAc  in  CCI4  and  CeDe  are  essentially 
the  same  except  for  the  signid  positions  (Figures  4a  and  4f).  De- 
coupling experiments  similar  to  the  above  revealed  signal  assign- 
ments and  all  y*s  (Figures  4b-e).  These  results  are  consistent  with 
the  structure  of  XII-eqOAc.  Long-range  J^s  in  these  compounds 
are  listed  in  Table  II. 

Procedure  for  the  Nmr  Spectral  Assfgnnieiits  of  Beiizo[3,4]tricyclo- 
[3^.1.0*-^]octeiie  DeriatiYes  XI.  The  spectrum  of  XI-^xo-OAc  in 
CCI4  (Figure  Sa)  shows  complicated  signals  due  to  two  protons 
at  about  r  7.8  and  a  broad  doublet  due  to  two  protons  at  about 
T  8.28,  so  that  the  signal  assignment  was  difficult.  Moreover,  the 
nmdr  spectrum  irradiated  at  r  7.00  (a  broad  doublet  signal)  also 
gave  no  insight,  as  shown  in  Figiure  5b.  However,  the  appearance 
of  only  one  signal  at  r  7.00  assignable  to  the  bridgehead  proton 
can  exclude  the  XV  structure.  Further,  a  singlet  at  r  5.55  indicates 
a  Ce  ejro-acetoxyl"  in  the  benzo[3,4]tricyclo(3.2.1.0*  •^oct-3-ene 
system.  The  spectrum  in  CeDe  (Figure  5c)  shows  all  proton 
signals  separated.  Double  irradiation  on  a  thin  triplet  at  r  5.35 
assignable  to  Hsn  (Figure  5d)  made  each  peak  of  a  doublet  at  r  7.02 
due  to  the  bridgehead  Ht  and  a  multiplet  around  r  8.5  fairly  sharp, 
and  caused  a  quartet  of  triplets  at  r  8.38  (J  »  7.0,  5.0,  and  1.0  Hz) 
to  collapse  into  a  quartet  of  doublets  (7  »  7.0,  5.0,  and  1.0  Hz). 
On  double  irradiation  at  r  5.55  (H6)  (Figure  5e),  a  doublet  of  quar- 
tets at  r  7.85  (7  »  11.6,  4.9,  and  2.8  Hz),  the  quartet  of  triplets  at 
T  8.38,  the  multiplet  at  about  r  8.5,  a  doublet  at  r  9.06  having  some 
broadening  (J  -  11.6  Hz),  and  the  thin  triplet  at  r  5.35  due  to 
HtD  were  changed  into  a  doublet  of  doublets  (7  »  1 1 .6  and  2.8  Hz), 
a  quartet  of  doublets  (7  »  7.0,  5.0,  and  1.0  Hz),  a  sharper  signal, 
a  doublet  of  doublets  (7  =  11.6  and  0.6  Hz),  and  a  thin  doublet 
(7  =  1.0  Hz),  respectively.  Triple  irradiation  on  H5  and  Hm 
(Figure  5f)  gave  important  changes  in  the  two  signals  at  t  8.38 
and  8.5;  the  former  collapsed  to  a  distinct  quartet  (7  —  7.0  and 
5.0  Hz),  the  lowest  field  peak  of  which  is  overlapped  with  the  ace- 
toxyl  signal,  whereas  the  latter  multiplet  collapsed  to  a  doublet 
of  quartets  further  split  into  thin  doublets  (7  =  7.0,  5.0,  2.8,  and 
0.6  Hz).  These  decoupling  experiments  confirmed  the  assignments 
given  in  Figure  5  and  determined  7's  in  Table  II.  Dreiding  models 
suggest  that  several  long-range  7*s  should  be  found  in  this  ring 
system,  besides  7i.t  and  Jin  (1.0  Hz)  ah-eady  obtained,  according 


to  the  **W-letter  rule.**"  The  absence  of  Z*.^  was  indicated  by 
no  change  in  the  signal  shape  of  Hm  suffered  from  double  irradiatioQ 
on  Hta.  Double  and  triple  irradiation  on  H7  and  Ht  resulted  io 
changes  of  the  signals  of  Hm,  H»,  Hb,  and  Hm  (Figures  5g4k 
and  showed  the  presence  of  7i.ib  (0.4  Hz)  and  the  absence  of /jji. 
Although  we  failed  to  determine  the  magnitudes  of  Js^ax  and  7^^ 
they  may  be  up  to  the  extent  of  0.2  Hz. 

The  spectra  of  Xl-endoOAc  in  CCU  and  CJ>6  (Figures  6a  lad 
60  show  features  similar  to  that  of  XL-exoOAc  in  CfDi.  How- 
ever, in  Xl-endo^Ac  the  signals  of  Hex  and  Hi  appear  as  a  quaitel 
having  some  broadening  (7  =>  5.0  and  3.0  Hz)  and  as  a  triplet 
further  split  into  multiplets  (7  -  5.0  Hz).  Decoupling  experimeoti 
in  CX^4  (Figures  5b-e)  confirmed  assignments  of  the  signals  sod 
determined  the  7*s  in  Table  II.  In  this  case,  the  signals  of  Hi  sod 
Ht  overlapped.  However,  triple  irradiation  on  H%  and  H^  ^^ 
vealed  the  H7  signal.  The  values  of  7i.ta  (5.0  Hz)  and  7^.7  (5A)  !&} 
indicate  an  endo  configuration'^  for  the  acetoxyl  (see  the  dihedral 
angles  in  Table  II).  Similar  nmdr  and  nmtr  experiments  in  CA 
(Figures  5g-j)  also  confirmed  the  assignments  and  7*s.  Here;  the 
signals  of  H7  and  Hsx  overlapped.  Double  irradiation  on  Ifc  sad 
on  Ht  and  Hb,  respectively,  indicated  the  presence  of  7s»«s  (pL4  Hz) 
and  76X.III  ( ^0.2  Hz).  However,  we  could  not  detemme  the 
magnitudes  of  7i.6  and7T.ta. 

Nmr  of  Benzo[3,4]bicyclo[3^1]octeiie  DeriTativca  in  CXJf.  The 
spectrum  of  VIII-axOH  showed  four  aromatic  H  at  r  2.6-3X)  (fflX 
one  CHOH  at  5.73  (d),  two  bridgehead  H  at  6.94  (m)  and  7.47 
(m),  eight  H  at  7.9-9.1,  and  7i.t  -  2.8  Hz.  The  spectrum  of  Vm- 
eqOH  showed  four  atomatic  H  at  t  2.7-3.4  (m),  one  CHW  U 
5.24  (d),  two  bridgehead  H  at  7.12  (m)  and  7.55  (m),  dght  H  it 
8.0-8.8,  and  7i.t  «  4.6  Hz.  The  CHOAc  in  VIII-axOAc  appeind 
at  r  4.46  (7i.s  =  2.5  Hz),  and  that  in  VIII-eqOAc  i^ipeared  at  193 
(7i.i  =  4.6Hz). 

Acknowledgment.  We  thank  Professor  Harold  Hart 
for  his  kind  comments,  Messrs.  Akio  Matsuura,  Keo- 
suke  Sakurai,  and  Shuji  Teratake  for  technical  assistance, 
and  Miss  Masako  Ohtsuru  for  spin-decoupling  experi- 
ments. 


Arylation  by  Aromatic  Nitro  Compounds  at  High  Temperatures. 
II.    Nitrobenzene  Alone  and  with  Benzene  and  Benzene-J, 

Ellis  K.  Fields^*  and  Seymoor  Meyerson^^ 

Contribution  from  the  Research  and  Development  Department^  Amoco  Chemicals 
Corporation,  Whiting ,  Indiana,  and  the  Research  and  Development  Department, 
American  Oil  Company,  Whiting,  Indiana    46394.    Received  February  13, 1967 


Abstract :  The  nitroarene  bond  in  nitrobenzene  and  other  aromatic  nitro  compounds  breaks  above  400° ;  this  pro- 
vides an  easy  means  of  generating  phenyl  and  a  great  many  other  aromatic  radicals.  The  decomposition  of  nitro- 
benzene alone  at  600°  seems  to  parallel  rather  closely  its  decomposition  under  electron  impact  in  the  mass  spec- 
trometer. With  benzene  and  benzene-Je,  nitrobenzene  yields  mainly  biphenyl  and  terphenyl  and  their  deuterated 
analogs,  respectively.  Higher  yields  than  calculated  on  the  basis  of  only  one  radical  indicate  the  involvement  of  the 
NOi  portion  of  the  original  nitrobenzene. 


Although  nitrobenzene  has  been  known  for  over  130 
/a  years  ^  and  has  been  the  subject  of  innumerable 
investigations  as  well  as  the  source  of  many  useful 
chemicals,  its  thermal  decomposition  products  have 
never  been  adequately  described.  Smith'  studied  the 
kinetics  of  its  decomposition  at  455-515°  and  17-92 
min  in  Pyrex,  and  concluded  that  the  reaction  was 
largely  homogeneous,  between  first  and  second  order, 

(1)  (a)  Amoco  Chemicals  Corp.  (b)  American  Oil  Co. 

(2)  E.  A.  Mitscherlich.  Ann.  Physik,  31.  625  (1834). 

(3)  R.  E.  Smith,  Trans.  Faraday  Soc.,  36,  985  (1940). 


with  an  activation  energy  of  5 1  kcal/mole.  Maksimov^ 
determined  the  first-order  rate  constant  for  nitrobenzene 
decomposition  at  395-445°,  and  confirmed  Smith's 
value  for  the  activation  energy.  Neither  author  pro- 
posed a  mechanism  or  determined  any  nongaseous 
products. 

The  discovery  that  the  nitroarene  bond  in  nitrobes- 
zene  and  other  aromatic  nitro  compounds  breaks  above 
400*"  made  possible  the  easy  generation  of  phenyl  and 

(4)  Y.  Y.  Maksimov.  Teariya  Vxryochaiykh  Vtshehait.  Sfr.  Smtk 
338  (1963);  Chem,  Abstr,,  S9, 15137a  (1963). 
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*eat  many  other  aromatic  radicals.'  Our  first  con- 
i  was  to  determine  the  scope  of  this  new  reaction, 
ordingly,  nitrobenzene  was  heated  in  a  flow  system 
00°  alone,  and  in  admixture  with  a  wide  variety  of 
natic  compounds,  and  the  major  products  were 
irmined  by  gas  chromatography  and  mass  spec- 
tietry.  This  paper  describes  the  results  of  thermal 
imposition  of  nitrobenzene  alone  and  with  benzene 

benzene-Je- 
erimental  Section 

ylations  were  run  in  a  Vycor  tube  filled  with  Vycor  beads,  in  an 
ric  furnace  maintained  at  600  db  1  **  under  pure  dry  nitrogen 
contact  times  of  5-20  sec.  The  vapors  were  condensed  in  a 
at  —10°.  The  condensate  was  distilled  to  recover  unreacted 
rial,  and  the  residue  was  analyzed.  Noncondensable  gases 
caught  in  a  gas  bulb  for  analysis. 

lalyses  were  performed  with  a  Consolidated  Model  21-103c 
spectrometer  with  the  inlet  system  at  250  or  325°;  with  a 
tly  coupled  gas  chromatograph-mass  spectrometer  com- 
ion*  also  employing  a  21-103c  instrument  with  an  electron 
iplier  in  place  of  the  Faraday-cup  detector;  and  by  gas  chro- 
igraphy  on  a  column  of  polyethylene  glycol  sebacate  on  Chro- 
>rb  W.  Mass  spectra  were  measured  at  the  conventional  70 
ing  V  and  at  low  voltage,  7.5  v,  uncorrected.  For  the  low- 
ge  measurements,  the  repdlers  were  maintained  at  an  average 
itial  of  3  V,  the  exact  values  being  selected  to  give  maximum 
tivity. 

ic  reagents  and  standards  for  gas  chromatography  were  pur- 
id  from  Aldrich  Chemicals  and  used  as  received.  Where 
y  was  critical,  the  reagent  was  analyzed  and,  if  necessary, 
led  by  distillation,  crystallization,  and  gas  chromatography, 
a  typical  experiment,  a  solution  of  5.11  ml  (0.05  mole)  of 
benzene  in  22.22  ml  (0.25  mole)  of  benzene  was  passed  through 
cor  tube  at  6(X)°  under  nitrogen  flowing  at  45  cc/min.  Contact 
was  9  sec.  The  vapors  were  condensed  in  a  bulb  at  —10°; 
ondensate  was  distilled  to  recover  15.3  ml  of  benzene  and  give 
of  products,  the  composition  of  which  is  shown  in  Table  III. 

ilts  and  Discussion 

itrobenzene  Alone.  After  20  sec  at  6(X)^,  nitro- 
^ene  was  completely  decomposed  and  gave  a  30 
/J  yield  of  the  products  shown  in  Table  I.    To  help 

i  I.    Products  from  Nitrobenzene 


Rel 

Rel 

Product 

concn,* 

Product 

concn," 

lenzene 

5.0 

Diphenyl  ether 

0.7 

miline 

1.4 

Aminobiphenyl 

0.7 

'henol 

27.2 

Hydroxy  Inphenyl 

3.7 

Naphthalene 

0.2 

Nitrolnphenyl 

2.5 

^noline 

2.2 

o-Terphenyl 

1.6 

liphenyl 

20.1 

m-Terphenyl 

3.0 

larbazole 

0.5 

p-Terphenyl 

3.9 

Mbenzofuran 

15.1 

(^terphenyl 

1.6 

>etermined  by  gas  chromatography. 

ain  the  formation  of  these  products,  we  also  re- 
nined  the  decomposition  of  nitrobenzene  under 
Ton  impact  in  the  mass  spectrometer.''*  The  major 
s  in  the  mass  spectrum  of  nitrobenzene  are  (solid 
ws  denote  reaction  steps  supported  by  metastable 
:s) 

E.  K.  Fields  and  S.  Meyerson,  J.  Am.  Chem,  Soc.,  89, 724  (1967). 
R.  S.  Gohlke,  Anal.  Chem.,  31,  535  (1959);  L.  P.  Lindeman  and 
innis,  ibU.,  32,  1742  (1960);  J.  T.  Watson  and  K.  Biemann,  ibid., 
35(1964). 

(a)  J.  H.  Beynon,  R.  S.  Saunders,  and  A.  E.  Williams,  Ind.  CMm, 
29,  311  (1964);   (b)  S.  Meyerson,  I.  Puskas,  and  E.  K.  Fields, 
rints.  Division  of  Petroleum  Chemistry,"  Vol.  1 1,  No.  3,  American 
ical  Society.  1966^  p  231;  /.  Am.  Chem.  Soc.,  88,  4974  (1966). 


NQ,+ 
46 


'  d  -  6. 


123 


NO"*" 
30 


123 
-4K> 


1 


rr 

CiHs 
51 


-[6r<«*(!r-6 


107 


76 
50 


93 

J-" 

C5H5+ 
65 


The  relative  intensities  of  the  different  species,  expressed 
as  fractions  of  the  total  ion  yield  of  mass  29  and  higher, 
are  shown  in  Table  II.    The  major  single  process  thus 


Table  n.    Partial  Spectrum  of  Nitrobenzene 


Rel 

Rel 

Inten, 

Inten, 

Mass 

Species 

%• 

Mass 

Species 

%• 

123 

CiH»NOt+ 

11.9 

65 

C,Hi+ 

3.8 

107 

C,H,NO+ 

1.0 

51 

C4H,+ 

17.9 

93 

C4H.O+ 

3.5 

50 

C4H,+ 

7.3 

77 

C,H,+ 

28.6 

46 

NOt+ 

0.6 

76 

C,H4+ 

1.0 

30 

NO+ 

4.5 

«  Not  corrected  for  contributions  of  species  containing  naturally 
occurring  heavy  isotopes. 


is  loss  of  NO2,  directly  and  to  some  extent  by  a  two-step 
sequence,  to  give  CeHs^,  accompanied  by  the  comple- 
mentary loss  of  CeHs  to  give  NO2+.  The  C6H6+  ion 
splits  out  acetylene  and  goes  to  C4H1''-.  A  significant 
fraction  of  the  nitrobenzene  parent  ions  forms  phenoxy 
ions  by  loss  of  NO  or  NO^-  by  loss  of  a  phenoxy  radical, 
presumably  through  an  intermediate  nitro-nitrite  re- 
arrangement;^ summing  the  intensities  for  C6H60+, 
CsHs"'",  CsHs"*",  which  most  likely  arises  chiefly  by 
loss  of  acetylene  from  CsHft^,*  and  NO"'"  leads  to  an 
estimate  of  14.8%  for  the  fraction  of  nitrobenzene 
ions  that  react  by  this  pair  of  complementary  paths. 

The  thermolysis  products  can  be  rationalized  in  simi- 
lar fashion.  Phenyl  radical,  formed  by  breaking  of  the 
phcnyl-nitro  bond,  can  abstract  hydrogen  from  another 
molecule  of  nitrobenzene  and  give  benzene;  this  is, 
however,  only  a  minor  reaction.  It  prefers  to  dimerize 
to  biphenyl  or  to  add  to  the  aromatic  system,  as  in 
solution  chemistry,*  to  give  nitrobiphenyls. 

At  600**  little  nitrobiphenyl  survives;  it  undergoes 
decomposition  just  as  nitrobenzene,  and  gives  biphenyl 
by  hydrogen  abstraction,  quaterphenyl  by  dimerization, 
and  hydroxybiphenyl  by  rearrangement  as  well  as 
by  alkylating  the  nitrobenzene  and  nitrobiphenyl. 

(8)  S.  Meyerson,  J.  D.  McCoUum,  and  P.  N.  Rylander,  ibid.,  83,  1401 
(1961);  S.  Meyerson.  <6i(/..  85,  3340  (1963). 

(9)  D.  H.  Hey,  A.  Nechvatal,  and  T.  S.  Robinson,  J.  Chem.  Soc.,  2892 
(1951);  T.  Inukai,  K.  Kobayashi,  and  O.  Simamura,  Buii  Chem.  Soe. 
Japan,  35, 1576  (1962);  Chem.  Abstr.,  58,  5552/(1962). 
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-[4 


NO, 

6o 


1 


1- 


NQi 


Hh] 


Oo 


Phenol,  and  probably  some  of  the  hydroxybiphenyl, 
arises  by  a  nitro-nitrite  rearrangement  paralleling  the 
process  under  electron  impact. 


+  NO 


o 


Dibenzofuran  forms  from  diphenyl  ether,  o-hydroxy- 
biphcnyl,  or  both,  by  intramolecular  loss  of  hydrogen. 
It  does  not  come  directly  from  phenol  itself,  as  phenol 
alone  under  identical  conditions  is  converted  in  only 
0.5  %  yield  to  a  mixture  of  diphenyl  ether,  hydroxybi- 
phenyls,  and  dibenzofuran. 

The  source  of  quinoline  is  not  apparent.  Quinoline 
results  from  the  reaction  of  benzyne  with  pyridine,  ^° 
and  benzyne  may  well  form  from  nitrobenzene  at  600** 
by  elimination  of  HNO2,  as  under  electron  impact,  and 
mdeed  may  account  for  all  the  naphthalene  and  some  of 
the  biphenyl  listed  in  Table  I.  But  whether  pyridine 
forms  at  aU  here  is  uncertain.  Intramolecular  loss  of 
oxygen  at  high  temperatures  has  been  observed  for 
dibcnzothiophcne  5,5-dioxide,^^  and  could  conceivably 
occur  in  aromatic  nitro  compounds  to  give  nitrenes; 
nitrene  precursors  form  pyridine  from  benzene  by  in- 
sertion." However,  the  lack  of  evidence  for  both 
pyridine  and  phenylpyridines  among  nitrobenzene  de- 
composition products  renders  this  mechanism  unlikely. 
A  3-carbon  atom  fragment  seems  called  for,  to  react 
with  aniline  in  a  Skraup-type  synthesis,  but  none  of  the 
other  products  (except  benzo-,  dibenzo-,  and  tribenzo- 
quinolines  in  trace  amounts)  gives  evidence  for  such 
fragments.  The  formation  of  quinoline,  and  the  de- 
tailed steps  in  nitrobenzene  reduction  to  aniline,  re- 
main to  be  clarified. 

Nitrobenzene  with  Benzene  and  Benzene-Je*  Nitro- 
benzene with  benzene  gave  the  products  shown  in 
Table  III.  Phenol  is  a  minor  product,  suggesting  that 
the  decomposition  of  nitrobenzene  to  phenyl  radical 
and  nitrogen  dioxide  is  faster  than  the  nitro-nitrite 

(10)  E.  K.  Fields  and  S.  Meyerson.  Chem.  Commun.,  474  (1965);  J. 
Org.  Chem,,  31,  3307  (1966). 

(11)  E.  K.  Fields  and  S.  Meyerson,  7.  Am.  Chem.  Soc.,  88,2836 
(1966). 

(12)  K.  F.  Schmidt,  Ber.,  58,  2409  (1925);  T.  Curtius  and  A.  Bertho, 
ibid.,  59,  565  (1926). 


Table  m.    Reaction  of  NitrobeoiBeiie  with  Benzene* 


Rdconcn,* 

mole  ratio,  nitro- 

benzene:  benzene 

Product 

1:5 

1:25 

Phenol 

1.8 

1 

Naphthalene 

0.3 

•  •  • 

Biphenyl 

100.0 

100 

Dibenzofuran 

11.5 

1 

Diphenyl  ether. 

hydroxybiphenyl 

3.4 

3 

Terphenyl 

44.4 

23 

Phenyldibenzofuran 

7.3 

•  •  ■ 

Phenyldiphenyl  ether 

1.0 

•  •  • 

Quaterphenyl 

8.2 

2 

Diphenyldibenzofuran 

1.8 

•  •  • 

Bisbiphenyl  ether 

0.3 

•  •  • 

Quinquephenyl 

0.9 

•  •  • 

Triphenyldibenzofuran 

0.3 

•  •  • 

«  At  600 "",  contact  time  9  sec.  ^  Relative  intensities  of  the  parot 
peaks  of  components  in  the  mass  spectrum  measured  at  reduced 
ionizing  voltage  (7.5  v,  uncorrected),  normalized  to  biphenyl  »  100 
and  taken  as  a  first  approximation  to  relative  concentratiois. 
Sensitivity,  /.^.,  the  proportionality  factor  between  parent-peak  in- 
tensity and  concentration,  differs  from  one  compound  to  another. 
However,  closely  related  compounds  have  roughly  equal  sensitivi- 
ties at  the  ionizing  voltage  employed  in  our  work  [G.  F.  Orable,  G. 
L.  Keams,  and  M.  S.  Norris,  Anai.  Chem.,  32,  13  (I960)].  For 
example,  in  the  same  sample  analyzed  by  both  low-voltage  mas 
spectrometry  and  gas  chromatography,  the  ratios  of  the  concen- 
trations of  phenol  and  biphenyl  were  1.37  and  1 .35,  respectivdy.  h 
any  case,  the  use  of  relative  intensities  is  perfectly  valid  for  inter- 
comparison  of  concentration  ratios  of  identical  conqxxieots  in 
separate  samples  [S.  Meyerson  and  E.  K.  Fields,  Chem.  CommuL, 
275  (1966)]  within  the  limits  of  reproducibility  of  the  low-voltage 
data. 


rearrangement.  Most  of  the  biphenyl  arises  by  reac- 
tion of  benzene  with  the  nitrobenzene  rather  than 
dimerization  of  the  phenyl  radical  from  nitrobenzene 
decomposition,  as  shown  by  the  increasing  propordoQ 
of  biphenyl  with  decreasing  concentration  of  the  nitro- 
benzene. The  yields  of  products  are  considerably  dif- 
ferent in  the  reactions  at  the  two  different  concentra- 
tion ratios,  and  thus  give  a  clue  to  the  mechanism  of 
biphenyl  formation. 

At  a  nitrobenzene: benzene  mole  ratio  of  1:5,  the 
yield  of  biphenyl  and  terphenyl  combined,  as  measured 
by  gas  chromatography,  was  85  mole  %  based  on  I 
mole  of  phenyl  radical  produced  per  mole  of  nitroben- 
zene decomposed.  At  a  mole  ratio  of  1 :25,  the  yidd 
on  the  same  basis  jumped  to  170%.  Both  the  phenyl 
radical  and  the  nitrogen  dioxide  from  the  nitrobenzene 
must  have  been  involved.  The  sequence  of  reactions 
is  probably 


0 


+   NOb 


NOt    + 


HNQi   + 


0 


o 


00+ w 


Benzene  in  nitrogen  dioxide  at  600^  gave  a  12%  yield  of 
biphenyl  plus  terphenyl. 

The  gases  from  the  reaction  of  nitrobenzene  with 
benzene  at  1 :5  mole  ratio  at  600^  run  under  hdino 
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e  IV.    Reaction  of  Nitrobenzene  with  Beozene-A* 


Product 


Isotopic  distribution^        Total  concn** 


Benzene 


Phenol 


Biphenyl 


Terphenyl 


di 
dt 
dt 
d4 
d, 
d. 

do 
di 
dt 
dt 
d4 
di 
do 

do 
dt 
dt 
do 
do 
do 
do 
dx 
do 
do 
dio 

do 

di 

do 

do 

do 

do 

do 

d, 

do 

do 

dio 

dn 

dit 

dio 

du 


0.91 
2.4 
1.7 
0.8 
2.2 
17.3 
74.7 

29.11 

19.8 

9.9 

10.6 

11.2 

5.2 

0.8 

0.71 

1.3 

1.6 

1.6 

4.4 

18.2 

16.4 

8.5 

5.8 

14.4 

27.1 

0.31 
0.6 
0.9 
1.4 
2.4 
5.6 
7.7 
7.5 
8.0 
12.8 
16.5 
11.8 
7.0 
7.9 
9.7 


100 


4.4 


20.6 


4.2 


KX  600°,  contact  time  9.3  sec;  mole  ratio  nitrobenzene :ben- 
»  1 :5;  isotopic  composition  of  benzene,  0.2%  ^4,  5.7%  du 
%  do.  ^  Estimated  from  low-voltage  (7.5  ionizing  v,  uncor- 
id)  mass  spectrum.  '  Relative  intensities  in  the  low-voltage 
trum,  normalized  to  benzene  -  100. 


the  percentage  composition:^'    COi,  0.3;    CO, 

N2O,  0.9;  NO,  9.8;  N,,  0.7;  H,,  1.4;  He,  84.5. 

NOi  fragment  of  the  nitrobenzene  molecule  ap- 

mtly  ends  up  chiefly  as  nitric  oxide,  either  by  direct 

iction  or  via  a  series  of  free  radical  hydrogen  ab- 

ctions  and  decompositions.^^ 

NO,  +  RH  — ►  HNO,  +  R. 
2HNO,  — ►  H,0  +  NO  +  NO, 

o  observe  more  clearly  the  interaction  of  nitro- 
zene  fragments,  nitrobenzene  was  decomposed  at 
^  in  benzene-Je  and  the  isotopic  distribution  of  the 
ducts  determined,  as  shown  in  Table  IV.  Despite 
le  inevitable  scrambling  of  protium  and  deute- 
(1,  *»•  »•  the  results  are  revealing. 

•)  Small  amounts  of  NOi  might  have  been  present  and  been  re- 
id  by  inadvertent  chemical  reaction  with  surface  deposits  in  the  mass 
rometer.  See  R.  A.  Friedel,  A.  G.  Sharkey,  J.  L.  Shultz,  and  C.  R. 
bert.  Anal.  Chem.,  25,  1314(1953). 

\)  For  the  structure  of  nitrous  add  in  the  gas  phase  and  its  dissoda- 
[iroducts,  see  A.  P.  Cox  and  R.  L.  Kuczowski,  /.  Am.  Chem.  Soc., 
071  (1966),  and  references  dted  therein. 


Biphenyl  consisted  mainly  of  four  species:  d^,  d$, 
d%,  and  dio.  Only  0.7  %  was  unlabeled ;  this  measures 
roughly  the  extent  of  dimerization  of  the  phenyl  radical 
derived  from  nitrobenzene.  Almost  40  times  as  much 
was  biphenyl-Jio,  formed  presumably  by  abstraction  of 
a  deuterium  atom  from  the  benzene-Je  by  either  frag- 
ment of  the  decomposed  nitrobenzene,  followed  by 
dimerization  of  the  phenyl-Js  radical  or  arylation  of 
benzene-Je  by  the  phenyl-Js  radical.  The  appreciable 
amount  of  biphenyl-Jo  probably  forms  in  part,  at  least, 
by  arylation  of  benzene-Js  by  the  phenyl-rfs  radical. 
Arylation  of  benzene-Je  by  unlabeled  phenyl  radical 
should  give  biphenyl- J5;  the  formation  of  almost  as 
much  biphenyl-{/e  suggests  that  in  the  reaction 


the  intermediate  phenylcyclohexadienyl  radical  has  a 
lifetime  sufficiently  long  to  exchange  protium  and 
deuterium  intramolecularly  before  it  is  restored  to  full 
aromaticity.  This  is  perhaps  not  too  surprising,  in  view 
of  the  evidence  for  a  phenylcyclohexadienyl  intermediate 
in  scrambling  of  protium  and  deuterium  in  the  pyrolysis 
ofbenzene-{/.^ 

Isotopic  composition  of  the  terphenyl  indicates  that 
the  bulk  of  the  terphenyl  consists  of  two  rings  originally 
derived  from  benzene-Je  and  one  from  nitrobenzene. 
This  suggests  either  of  two  processes:  phenylation 
of  biphenyl-Jg  and  -dio  by  unlabeled  phenyl  radical,  or 
attack  by  phenylcyclohexadienyl  radical  on  benzene* 
d%,  followed  by  rearomatization.  That  the  concentra- 
tion of  terphenyl-J4  is  less  than  half  that  of  terphenyl- 
J5,  if  these  small  numbers  are  significant,  may  be  ac- 
counted for  by  an  isotope  effect,  directing  the  incoming 
phenyl  radical  to  the  unlabeled,  rather  than  to  the 
deuterated,  benzene  ring. 

Isotopic  composition  of  the  phenol  is  unexpected. 
Such  a  reactive  aromatic  system  should  exchange  ring 
hydrogens  with  benzene-Je  more  readily  than  an  un- 
substituted  benzene,  which  from  the  isotopic  spread 
seems  to  be  the  case.  However,  phenol- J  would  be 
predicted  far  to  exceed  in  amount  the  unlabeled  phenol, 
if  abstraction  by  the  phenoxy  radical  occurr^  with 
equal  ease  from  benzene-Je  or  nitrobenzene.  Forma- 
tion of  more  unlabeled  than  monodeuterated  phenol 
suggests  a  reaction  involving  an  intermediate  derived 
from  two  molecules  of  nitrobenzene,  in  which  the 
phenoxy  radical  site  has  ready  access  to  a  source  of 
hydrogen. 

(15)  (a)  E.  K.  Fields  and  S.  Meyerson,  ibid.,  88,  21  (1966);  (b)  ibid., 
88,3388(1966). 

(16)  To  estimate  the  extent  of  scrambling  to  be  expected,  an  equimolar 
mixture  of  benzene  and  benzene-Ji  was  heated  at  600^  for  9  sec.  The 
percentage  isotopic  composition  of  the  recovered  benzene  was:  do, 
46.2;  </i,  4.0;  </t,  0.4;  </i,  0.1;  d*,  0.7;  do,  6.8;  do,  41.8.  The  scram- 
bling is  low  enough  to  justify  conclusions  drawn  from  the  reaction  of 
nitrobenzene  with  benzene-</i. 


Fields^  Meyerson  /  Arylation  by  Aromatic  Nin 
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Subsequent  articles  will  describe  the  phenylation  of 
additional  aromatic  and  heterocyclic  compounds  by 
nitrobenzene  at  elevated  temperatures. 
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Abstract:  The  hydrolysis  of  2-phenyl-4,4,5,5-tetramethyl-l,3-dioxolane  in  0.100  M  HQ  is  characterized  by  a  A5* 
of  — 14.2  eu  and  a  DsO  solvent  isotope  effect  of  kolkn  —  2.4.  The  value  of  p  for  hydrolysis  of  a  series  of  l-isfant- 
substituted  phenyl>4>4,5,5-tetramethyl-l  ,3-dioxolanes  in  0. 100  Af  HCl  at  30"*  was  found  to  be  —  2.0.  The  values  of 
AS*  and  ^d/^h  are  considerably  less  than  normally  found  in  acetal  hydrolysis  while  the  p  value  is  much  more  positive 
than  found  previously  for  hydrolysis  of  the  diethyl  acetals  of  meta-  and  /ura-substituted  benzaldehydes.  The  rate 
constants  for  hydrolysis  of  2-(/?-nitrophenyl>4,4,5,5-tetramethyl-l,3-dioxolane  in  moderately  concentrated  HQ 
solutions  are  proportional  to  the  stoichiometric  acid  concentration  while  a  plot  of  log  AroiMd  vs.  —Hq  shows  a  pro- 
nounced downward  curvature.  The  slope  h'  of  a  plot  of  log  koh,d  +  Ho  vs.  the  logarithms  of  the  activity  of  water 
is  + 1 .9.  Thus  the  evidence  supports  the  incursion  of  an  A2  mechanism  involving  attack  of  water  on  the  protonated 
substrate.  The  rate  of  hydrolysis  of  2-(/7-methoxyphenyl)-4,4,5,5-tetramethyl-l,3-dioxo]ane  is  subject  to  catalysb 
by  increasing  concentrations  of  formic  acid  at  constant  pH  and  ionic  strength. 


The  generally  accepted  mechanism  for  the  acid- 
catalyzed  hydrolysis  of  acetals  involves  a  fast  pre- 
equilibrium  protonation  of  the  substrate  followed  by  a 
unimolecular  rate-determining  decomposition  to  an 
alcohol  and  a  resonance-stabilized  carbonium  ion.^ 
The  hydrolysis  of  fully  protonated  2-(substituted 
phenyl)-3-ethyloxazolidines,  carbonyl  derivatives  sim- 
ilar to  acetals  (1,3-dioxolanes)  in  which  an  oxygen  has 
been  replaced  by  an  N-ethyl  group,  is  marked  however 
by  solvent  participation  and  general  catalysis  in  the 
ring-opening  step.  * 

It  was  thought  that  similar  mechanisms  might  be 
observable  in  the  hydrolysis  of  acetals  if  the  Al  transi- 
tion state  could  be  made  sterically  unfavorable.  In- 
tramolecular participation  by  various  functional  groups 
in  acetal  hydrolysis  has  been  postulated  in  several 
instances.*"'  The  mechanism  of  such  participation, 
however,  has  not  been  established.  The  clearly  un- 
ambiguous finding  of  buffer  catalysis  and  solvent  par- 
ticipation in  an  acetal  hydrolysis  could  lead  to  insight 
into  the  mechanistic  possibilities  by  which  glycosidic 
enzymes  effect  catalysis  since  it  is  likely  that  functional 
groups  at  the  active  sites  of  these  enzymes  are  involved 
in  the  bond-breaking  process. 

In  preliminary  work  it  was  found  that  the  hydronium 
ion  catalyzed  hydrolysis  of  2-(p-methoxyphenyl)-4,4,- 
5,5-tetramethyH,3-dioxolanc  proceeded  in  water  at 
30®  with  a  second-order  rate  constant  approximately 

(1)  For  the  evidence  which  has  led  to  this  mechanism  and  the  pertinent 
references  see  T.  H.  Fife  and  L.  K.  Jao,  J,  Org.  Chem.,  30,  1492  (1965). 

(2)  T.  H.  Fife  and  L.  Hagopian,  unpublished  data. 

(3)  B.  Capon.  Tetrahedron  Letters,  911  (1963). 

(4)  B.  Capon  and  M.  C.  Smith,  Chem.  Commun,,  523  (1965). 

(5)  B.  Capon  and  D.  Thacker,  J,  Am.  Chem.  Soc„  87.  4199  (1965). 

(6)  J.  C.  Speck,  Jr.,  D.  J.  Rynbrandt,  and  I.  H.  Kochevar,  ibid.,  87, 
4979(1965). 


1030-fold  less  than  that  of  the  corresponding  ethykoe 
glycol  derivative.  There  is  little  doubt  that  this  large 
observed  effect  is  steric  in  origin  resulting  from  sub- 
stitution at  the  4  and  5  positions  in  the  1,3-dioxolaDe 
ring  system.  While  this  rate  effect  could  be  reflecdng 
differences  in  the  dissociation  constants  for  the  coqu- 
gate  acids  it  is  also  quite  likely  that  the  bond-breakiog 
prcxress  is  strongly  hindered  with  the  tetramethyktb]^ 
ene  glycol  derivative  due  to  greater  steric  interactiom 
in  the  Al  transition  state  than  in  the  ground  state. 
Since  the  1,3-dioxolane  ring  is  normally  puckered  hf 
carbon-oxygen  bond  angles  of  less  than  109^/  a  sub- 
stantial dihedral  angle  should  exist  between  the  methyl 
groups  on  adjoining  carbons  so  that  ground-state  in- 
teractions would  not  be  unusually  large.  A  detailed 
study  of  the  hydrolysis  of  a  series  of  2-(substituted 
phenyl)-4,4,5,5-tetramcthyl-l,3-dioxolanes  has  there- 
fore been  made.  It  has  indeed  been  found  that  Ae 
hydrolysis  reactions  of  these  acetals  proceed  by  an  A2 
mechanism  with  general  acid  catalysis  by  formic  add 
being  detectable. 

Experimental  Section 

Materials.  2-(/»fo-Substitiited  phenyl>-4f4,5,5-tetramethyl-l> 
dioxolanes  were  prepared  by  refluxing  in  benzene  or  toluene  equiva- 
lent amounts  of  the  appropriately  substituted  benzaldeliyde  and 
tetramethylethylene  glycol.  A  trace  of /^•toluenesulfomc  add  wts 
added  as  a  catalyst.  Water  was  continuously  removed  from  the 
reaction  by  azeotropic  distillation  with  the  solvent.  After  coUecDoo 
of  a  theoretical  amount  of  water  the  reaction  mixture  was  washed 
with  1  M  KOH  solution.  The  benzene  or  toluene  extract  was  then 
dried  over  anhydrous  sodium  sulfate.  The  solvent  was  removed  by 
flash  evaporation,  and  the  residue  was  dther  distilled  or  recrysoi- 
lized  from  an  ether-hexane  mixture. 


(7)  R.  U.  Lemieux,  J.  D.  Stevens,  and  R.  R.  Fraser,  CwlJ.  Ckeiiu,^ 
19SS  (1960). 


^ She  American  Chemicai  Society  /  89:13  /  June  21, 1967 


3229 


1 

— I — 

1 

1 — 

^        0 

T 

c 

E 
-IJ-LO 

- 

"V 

^rv 

- 

^-2.0 

- 

^ 

^.  A 

- 

_  _  1 

«  ■ 

1 

• 

» 

k 

-02 


02 

cr 


M      oe 


at 


ire  1 .    Plot  of  log  AcobMi  for  hydrolysis  of  2-(substituted  phenyl)- 
>>tetramethyl-l,3-ciioxolanes  in  0.100  M  HO  at  30"*  vs.  <r. 


>-Methoxyphenyl>4>4,5,S-tetramethyl-l,3-dioxolane  had  bp 
US'"  (1.2  mmX  n*^D  1.5090.  Anal.  Cakd  for  Ci4HsoOt: 
'1.15;  H,  8.53.  Found:  C.  70.90;  H.  8.37.  2Kp-Mcthyl- 
iylHA5,5-tetramethyl-l>dioxolanehad  bp  99^(1.8  nun),/t"D 
^8.  Anal.  Calcd  for  CuHsoOs:  Q  76.32;  H,9.15.  Found: 
76.48;  H,  9.01.  2-Phenyl-4A3,5-tetraniethyl-l,3-dioxolane 
bp  82-83°  (1.4  mm), /i"D  1.4975.  Anal.  CakdforCuHnOi: 
^5.69;  H,  8.80.  Found:  C,  75.47;  H,  8.99.  2-(/^-Nitro- 
»yl>4A5,5-tetramethyl-l,3-dioxolane  had  mp  85-87**.  Anal. 
d  for  C„H,7N04:  C,  62.14;  H,  6.82;  N,  5.57.  Found:  C. 
^;  H,  6.98;  N,  5.87.  Dioxane  was  purified  by  the  method  of 
er*  and  was  stored  frozen. 

inetic  Measurements.  The  rates  of  appearance  of  the  aldehyde 
lucts  in  water  as  the  solvent  were  measured  spectrophotometri- 
'  with  a  Zeiss  PMQ  11  spectrophotometer.  The  dioxolane, 
3lved  in  dioxane,  was  added  to  the  aqueous  solution  in  a  thermo- 
id  cuvette  in  the  cell  compartment  of  the  spectrophotometer 
neans  of  a  calibrated  dropping  pipet.  The  solution  was  then 
ed  vigorously.  The  rates  were  generally  followed  to  75-90% 
ompletion,  and  infinity  points  were  taken  at  10-20  half-lives 
were  stable.  Pseudo-first-order  rate  constants  (ArobMi)  were 
lined  from  the  slopes  of  plots  of  log  (OD„  —  OD<)/(ODc.  — 
i)  vs.  time.  Constant  temperature  (±  0.1  **)  was  nuuntained  in 
kinetic  runs  by  circulating  water  from  a  Haake  Model  F  con- 
t-temperature  circulating  bath  through  a  Zeiss  constant-tem- 
iture  cell  holder.  All  pH  measurements  were  made  with  a 
IOmeter  pHM  22  pH  meter. 

1  work  utilizing  99.8  %  DtO  as  the  solvent,  the  glass  electrode 
ection  formula  of  Fife  and  Bruice*  was  employed  in  the  de- 
lination  of  ao  *. 

.  the  determination  of  activation  parameters  for  hydrolysis  of 
!enyl-4,4,5,5-tetramethyl-l,3-dioxolane  in  0.100  hf  HO  points 
i  obtained  at  four  temperatures  (20,  30,  40,  and  50**)  ±  0.1**. 
rates  were  measured  in  triplicate  at  each  temperature  with  an 
age  deviation  of  less  than  2  %  in  the  rate  constants  in  all  cases. 


illltS 

he  rate  constants  for  hydrolysis  of  the  series  of  2- 
"a-substi tu ted  pheny l)-4,4, 5, 5-tetramethyl- 1 , 3-diox- 
nes  in  O.ICX)  M  HCl  at  30""  are  presented  in  Table  I. 
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Figure  2.    Plot  of  log  koM  for  hydrolysis  of  2-phenyl-4,4,5,5- 
tetramethyl-l,3-dioxolane  in  0.100  M  HO  vs.  l/T  K. 


The  logarithms  of  these  rate  constants  are  plotted  in 
Figure  1  vs.  a,  the  Hammett  substituent  constant.^® 
A  straight  line  relationship  is  obtained  with  a  p  of  —  2.0. 
Also  reported  in  Table  I  is  the  rate  constant  deter- 
mined in  DiO  as  the  solvent.  The  ratio  /td/^h  is  2.4 
for  hydrolysis  of  2-phenyl-4,4,5,5-tetramethyH,3-di- 
oxolane. 

The  rate  constants  for  hydrolysis  of  2-phenyl-4,4,5,5- 
tetramethyl-l,3-dioxolane  were  determined  as  a  func- 
tion of  temperature  and  are  given  in  Table  II.    In 

Table  IL    Rate  Constants  for  Hydrolysis  of 
2-Phenyl-4,4,5,5-tetramethyl-l,3-dioxolane  at  Various 
Temperatures  in  0.100  M  HO 


Temp, 


kobudt 
min""* 


20 
30 
40 
50 


0.0275 
0.0739 
0.197 
0.384 


Figure  2  is  shown  a  plot  of  the  logarithms  of  these  rate 
constants  vs.  1/r^K.  The  value  obtained  for  Aff* 
is  16.1  ±  0.5  kcal/mole  and  AS*  has  the  value  —14.2 
±  1.7  eu  calculated  at  30^  with  the  rate  constant  having 
the  units  1.  mole"*  sec-i.  j^g  errors  reported  in 
AH*  and  AS*  were  calculated  from  the  standard  error 
of  the  regression  coefficient  of  a  plot  of  In  /CobMi  ^s* 
1/r^K. 

The  hydrolysis  of  2-(p-nitrophenyl)-4,4,5,5-tetra- 
methyl-l,3-dioxolane  was  studied  as  a  function  of  in- 
creasing concentrations  of  HCl.  The  rate  constants 
are  reported  in  Table  III.    It  can  be  seen  in  Figure  3 


le  I.    Rate  Constants  for  Hydrolysis  of  2-(pafo-Substituted 
nyl>4»4,5,5-tetramethyl-l  ,3-dioxolanes  in 
0AfHaat30*» 


Substit 


p-OCHi 
/vCH, 
H 
/^-NO, 


min~* 


-l.mole"*min""*  — 
ku*  kv^ 


0.400 
0.199 
0.0739 
0.00324 


0.739 


1.80 


kc^^^/Cufi-.    '  koud^'^ICu^*. 


Table  m.    Rate  Constants  for  Hydrolysis  of 
2-(p-Nitrophenyl)-4t4,5,5-tetramethyl-l,3-dioxolane  in 
HO  Solutions  at  30° 


HO  concn, 
M 


kobud, 
min~* 


1.0 

1.22 

1.84 

2.45 

3.65 

4.90 

5.51 


0.0429 

0.0586 

0.121 

0.226 

0.525 

1.11 

1.41 


)  L.  F.  Fieser,  "Experiments  in  Organic  Chemistry,"  3rd  ed,  D.  C. 

ih  and  Co.,  Boston  Mass.,  1955,  p  284. 

)  T.  H.  Fife  and  T.  C.  Bruioe,  /.  Phys.  Chem..  65, 1079  (1961). 


(10)  L.  P.  Hammett,  "Physical  Organic  Chemistry,**  McGraw-Hill 
Book  Co.,  Inc.,  New  York,  N.  Y.,  1940,  Chapter  VD;  H.  H.  Jaff6, 
Chem.  Rtv.,  53, 191  (1953). 


Fife  I  Hydrolysb  of  l-QMra-Substituted  Ph€nyiy4,4f5t5''tetramethyl'l^ 
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Figure  3.  Plot  of  log  A:ob«i  for  hydrolysis  of  2<p^nitrophenyl)- 
4,4,5,S-tetramethyl-l,3-<Uoxolane  at  30''  vs,  the  logarithms  of  HO 
concentration  Qog  Ch»oOi  o,  or  —Ho,  O. 
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Figure  5.  Plot  of  (A:obMi  —  A:o)  for  hydrolysis  of  2-(p-inetbaxy- 
phenyl>-4f4,5,5-tetramethyl-l,3-dioxolane  vs.  total  formate  cooDea- 
tration  (HCOOH  +  HOOO-)  at  ^O""  and  m  -  0.5  M.  Hie  vilm 
of  the  intercept  rate  constants,  A:«,  are  0.00407  mm--^  at  pH  3J4iiid 
0.0010  min->  at  pH  4.16. 
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Figure  4.  Plot  of  log  kohtA  +  /^o  for  hydrolysis  of  2-(/>-nitrophenyl)- 
4,4,5,5-tetraniethyl-l,3-dioxolane  at  30°  rj.  the  logarithms  of  the 
activity  of  water. 

that  the  logarithms  of  the  rate  constants  are  propor- 
tional to  the  logarithms  of  the  stoichiometric  acid 
concentration  while  curvature  is  obtained  in  a  plot 
P5.  —  ^0.  It  will  be  noted,  however,  that  the  slope  of 
the  plot  of  log  /Cobad  ^^'  log  Ch,o  *  is  2.0  rather  than  1 .0  as 
might  be  expected.  In  Figure  4  is  presented  a  plot  of 
log  /Cobad  +  -Wo  ^s,  the  logarithms  of  the  activity  of  water 
in  these  solutions.  ^  ^  A  straight  line  through  these  points 
has  a  slope,  w,  ^  *  of  + 1 .9. 

The  rate  of  hydrolysis  of  2-(p-methoxyphenyl)- 
4,4,5,5-tetramethyH,3-dioxolane  was  found  to  be 
catalyzed  by  increasing  concentrations  of  formate 
buffer  at  40**.  The  observed  catalysis  is  weak,  but  it  is 
well  outside  the  range  of  possible  experimental  error. 
The  observed  rate  constants  obtained  at  two  pH  values 
are  plotted  in  Figure  S  vs.  total  formate  concentration 
(HCOOH  +  HCOO-).  The  slopes  of  the  lines  in- 
crease as  pH  is  decreased  showing  a  kinetic  dependence 
upon  the  concentration  of  the  acid  species.  The  rate 
constant  for  the  general  acid  catalyzed  reaction  is 
0.00261.  mole- ^min-^ 

Discussion 

Mechanisms  designated  A2  involving  attack  of  sol- 
vent on  the  protonated  substrate  have  been  postulated 
in  the  hydrolysis  of  several  different  types  of  ace- 
tals.*'**'^'    In  none  of  these  cases,  however,  was  more 

(11)  J.  F.  Bunnett,  /.  Am,  Chem,  Soc.,  83,  4956,  4968.  4978  (1961). 


than  one  criteria  of  mechanism  applied,  and  in  each  case 
some  doubt  exists  as  to  the  correctness  of  the  assigned 
mechanism.  Thus  Kreevoy  and  Taft^^  have  pointed 
out  that  the  data  of  Kaeding  and  Andrews"  on  the 
hydrolysis  of  the  diethyl  ketal  of  p-nitrobenzophcnone 
in  ethanol-water  mixtures  is  also  compatible  with  an 
Al  mechanism.  Kwart  and  Price ^'  suggested  that 
the  hydrolysis  of  2,2-diphenyl-l,3-dioxolane  was  Al, 
and  a  series  of  similar  2,2-disubstituted  1,3-dioxolaiies 
all  have  DiO  solvent  isotope  effects  characteristic  of  an 
Al  mechanism.^*  Capon  and  Thacker'  postulated 
on  the  basis  of  slightly  negative  values  of  AS^  that  fu- 
ranoside  hydrolysis  has  an  A2  mechanism,  but  it  has 
been  found  that  the  hydrolysis  of  2-ethoxytetrahydro- 
furan,  a  model  furanoside,  is  characterized  by  a  A5* 
of  +3.3  eu^'  which  although  considerably  more  nega- 
tive than  that  for  hydrolysis  of  2-ethoxytetrahydro- 
pyran  is  still  in  the  range  normally  associated  with  an 
Al  mechanism.  ^^  In  addition,  a  DsO  solvent  isotope 
effect  characteristic  of  an  A 1  reaction  was  found.  ^* 

In  the  present  study  several  mechanistic  criteria  have 
been  applied  to  the  hydrolysis  of  2-(substituted  phenyl)- 
4,4,5,5-tetramethyl-l,3-dioxolanes  and  some  point 
strongly  to  incursion  of  an  A2  mechanism  in  the  hy- 
drolysis of  these  compoimds.  A  ratio  of  kjy/k^  of  14 
was  foimd  for  the  hydrolysis  of  2-phenyl-4,4,5,5-tctra- 
methyl-l,3-dioxolane.  Ratios  of  ^d/^h  in  the  range 
1.3-1.7  are  normally  associated  with  A2  reactions  white 
ratios  greater  than  this  can  be  considered  as  indicative 
of  an  A 1  mechanism. "  The  DiO  solvent  isotope  effects 
found  in  Al  acetal  hydrolysis  reactions  vary  generally 
from  approximately  2.7  to  3.0.^'"  Thus  the  value  of 
^D/kn  of  2.4  found  in  the  present  study  is  considerably 
less  than  is  usually  found  for  Al  acetal  hydrolysis. 

The  value  of  AS*  for  hydrolysis  of  2-phenyM,4,5,5- 
tetramethyl-l,3-dioxolane,  —14.2  eu,  is  not  as  highly 

(12)  W.  W.  Kaeding  and  L.  J.  Andrews,  ibid,,  74.  6189  (1952). 

(13)  H.  Kwart  and  M.  B.  Price,  ibid,,  82,  5123  (1960). 

(14)  M.  M.  Kreevoy  and  R.  W.  Taft,  Jr..  ibid,,  77.  3146  (1955). 

(15)  T.  H.  Fife  and  L.  Hagopian,  /.  Org.  Chem.,  31,  1772  (196^. 

(16)  T.  H.  Fife,  unpublished  data. 

(17)  F.  A.  Long.  J.  O.  Pritchard.  and  F.  E.  StafiTord,  J.  Am.  Chem- 
Soc.,  79,  2362  (1957). 

(18)  F.  A.  Long,  Ann.  N.  Y.  Acad.  5d..  S4,  S96  (I960). 
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negative  as  one  might  expect  to  find  in  an  A2  reaction 
where  values  in  excess  of  —15  eu  are  commonly  ob- 
served ^^  but  is  still  more  in  accord  with  a  mecha- 
nism involving  solvent  participation  than  with  a  uni- 
molecular  mechanism.  The  Al  cleavage  of  the  1,3- 
dioxolane  ring  system  is  characterized  by  AS*  values 
8-10  eu  more  negative  than  for  hydrolysis  of  the  anal- 
ogous open-chain  diethyl  acetals,^*"  but  the  AS* 
for  hydrolysis  of  2-phenyH,3-dioxolane  in  50%  di- 
oxane-HjO  is  still  only  —  8.9  eu,^  so  the  value  observed 
in  the  case  of  tetramethylethylene  glycol  acetal  is  much 
more  negative. 

The  logarithms  of  the  rate  constants  for  hydrolysis  of 
the  series  of  2-(substituted  phenyl)-4,4,5,5-tetramethyl- 
1,3-dioxolanes  are  a  linear  function  of  a  with  a  p  of 
—2.0  in  contrast  to  the  upward  curvature  obtained  in 
the  plot  of  log  kn  for  hydrolysis  of  the  diethyl  acetals 
and  ethylene  glycol  acetals  of  substituted  benzaldehydes 
vs.  <T,^  Employing  me/a-substituted  benzaldehyde  di- 
ethyl acetals  p  was  found  to  be  —  3.35,*  so  the  value  ob- 
tained in  the  present  study  is  much  more  positive.  Elec- 
tron withdrawal  should  hinder  protonation,  make  de- 
parture of  the  leaving  group  more  difficult,  and  de- 
stabilize a  carbonium  ion  intermediate  in  an  A 1  reaction. 
Nucleophilic  attack  by  solvent,  however,  should  be 
facilitated  by  electron  withdrawal.  Solvent  partici- 
pation therefore  should  result  in  a  less  negative  value 
of  p.  The  Unear  relationship  with  cr  shows  there  to  be 
much  less  carbonium  ion  character  in  the  transition 
state  for  hydrolysis  of  the  tetramethylethylene  glycol 
acetals  than  in  the  case  of  the  diethyl  acetals  or  ethylene 
glycol  acetals  since  it  is  undoubtedly  resonance  interac- 
tion of  the  /^-methoxy  group  with  the  incipient  car- 
bonium ion  in  the  transition  state  that  causes  positive 
deviation  in  the  latter  series  of  compounds. 

A  classic  method  for  distinguishing  between  Al  and 
A2  mechanisms  has  been  to  determine  whether  the 
observed  rate  constants  are  proportional  to  the  stoichio- 
metric acid  concentration  or  to  /lo.**  Bearing  in  mind 
the  criticisms  that  have  been  made  of  this  method  and 
the  possible  exceptions  that  have  been  found, ^  the 
linear  relationship  between  log  /CotMd  ^^^  log  acid  con- 
centration Chio^  would  strongly  suggest  an  A2  mecha- 
nism for  the  hydrolysis  of  2-(p-nitrophenyl)-4,4,5,5- 
tetramethyl-l,3-dioxolane.  The  w  value  of  +1.9  is 
also  in  the  range  associated  with  solvent  participation 
in  the  Bunnett  classification,*  *  water  acting  as  a  nucleo- 
phile.  This  w  value  is,  of  course,  only  approximate 
because  of  the  scatter  of  points  about  the  line  in  Figure 
4,  but  there  is  no  question  that  the  slope  is  quite  posi- 
tive for  hydrolysis  in  the  more  concentrated  acid  solu- 
tions. The  positive  value  of  w  can  be  contrasted  with 
the  highly  negative  values  that  are  generally  observed  for 
acetal  hydrolysis.  *  * 

(19)  F.  A.  Long  and  M.  A.  Paul,  Chem,  Reo„  57,  935  (1957). 

(20)  R.  W.  Taft.  Jr.,  N.  C.  Deno,  and  P.  S.  Skdl,  Ann.  Rev,  Phys. 
Chem.,  9,  306  (1958);  E.  Whalley,  Trans.  Faraday  Soc.,  55,  798  (1959); 
J.  KoskikalUo  and  E.  Whalley,  ibid.,  55,  815  (1959);  H.  Kwart  and  A. 
L.  Goodman.  J,  Am.  Chem.  Soc,  82,  1947  (1960);  A.  J.  Kresge  and  Y. 
Chians,  ibid.,  81,  5509  (1959);  R.  H.  Boyd,  R.  W.  Taft,  Jr.,  A.  P.  Wolf, 
and  D.  R.  Christman,  ibid,  82,  4729  (1960). 
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A  complication  in  the  interpretation  of  the  data  ob- 
tained in  moderately  concentrated  HCl  is  the  high  slope 
of  2.0  found  in  the  plot  of  log  /Tobsd  ^s-  log  Ch,o  *-  Slopes 
considerably  greater  than  unity  have  been  observed  in 
plots  of  log  k  vs.  —Ho  for  acetal  hydrolysis  in  HCl 
solutions  although  such  plots  are  linear.  ^^'^^  Possible 
explanations  for  this  behavior  are  salt  effects  on  the 
activity  coefficients*****  or  nucleophilic  participation  by 
chloride  ion.  *  *  The  best  straight  line  through  the  pres- 
ent Ho  plot  has  a  slope  of  0.84. 

Each  piece  of  evidence  cited  in  the  present  study  con- 
tains some  ambiguity,  but  taken  together  a  consistent 
picture  is  presented  of  a  reaction  in  which  water  is 
participating  as  a  nucleophile  but  in  which  either  the 
bond  being  formed  in  the  transition  state  is  not  well 
developed  or  in  which  an  Al  mechanism  is  still  making 


some  contribution  to  the  observed  rate. 

If  water  can  participate  in  the  reaction  it  is  reasonable 
that  buffer  catalysis  might  also  be  observed.  The 
catalysis  observed  in  formate  buffer  (Figure  5)  is  small 
but  certainly  real.  This  then  is  the  first  reported  ex- 
ample of  buffer  participation  in  acetal  hydrolysis.  No 
rate  enhancements  were  observed  for  hydrolysis  of 
benzaldehyde  diethyl  acetal  in  the  same  series  of  buffers 
at  25®.  Thus  the  observed  catalysis  is  very  likely  not 
due  to  medium  effects  caused  by  increasing  buffer 
concentrations. 

The  different  mechanisms  observed  in  the  present 
study  can  be  seen  because  the  normally  favored  Al 
mechanism  has  been  made  unfavorable  by  the  increased 
steric  bulk.  The  rates  of  hydrolysis  of  the  tetramethyl- 
ethylene glycol  acetals  are  many  times  slower  than  those 
of  the  corresponding  ethylene  glycol  acetals  even  though 
solvent  and  buffer  are  involved.  It  would  appear, 
however,  that  glycosidic  enzymes  probably  function  by 
extremely  facile  general  acid-general  base  mechanisms 
in  which  the  participating  groups  catalyze  the  reactions 
near  neutrality  at  rates  much  greater  than  can  be  ob- 
served in  simple  acid-catalyzed  reactions  at  the  same  pH 
values.  Before  mechanisms  of  this  type  can  be  under- 
stood it  must,  of  course,  be  demonstrated  that  they  are 
indeed  chemically  feasible,  and  the  structural  features 
which  promote  their  utilization  must  be  determined.  A 
step  in  that  direction  has  now  been  taken. 
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Abstract:  The  mass  spectrum  of  the  sesquiterpenol  widdrol  is  dominated  by  the  peak  at  mje  151,  corresponding 
to  the  charged  species  formed  by  loss  of  71  mass  units  from  the  molecular  ion.  The  mass  spectra  of  a  series  of 
deuterium-labeled  analogs  and  the  complete  high-resolution  mass  spectrum  indicate  that  most  of  the  M  —  71  ions 
arise  from  a  rearranged  molecular  ion,  rather  than  from  that  of  the  original  alicyclic  alcohol.  The  presence  of 
homoallylic  unsaturation  allows  postulation  of  extensive  rearrangement  to  a  ketonic  molecular  ion. 


In  spite  of  their  broad  occurrence  in  nature,  their 
chemical  and  biogenetic  importance,  their  volatility, 
and  the  ample  functional  variation  of  basic  skeletal 
moieties  in  this  class  of  natural  products,  the  sesqui- 
and  also  diterpenes  have  received  little  attention  in  the 
mass  spectrometry  literature  thus  far.  A  few  complete 
low-resolution  mass  spectra  and  comparatively  little 
mechanistic  work  toward  their  interpretation  have  been 
reported,^  although  the  low-resolution  mass  spectrum 
of  widdrol  (Figure  1)  and  a  suggestion  for  the  composi- 
tion and  the  origin  of  the  dominating  fragment^  are 
among  them. 

This  situation  is  clearly  a  result  of  the  usual  difficulties 
experienced  in  interpreting  spectra  of  alicyclic  com- 
pounds, even  those  of  quite  simple  structure,  without 
having  at  hand  the  necessary  hi^-resolution  data  and 
supplemental  information  from  labeled  analogs.  The 
demand  for  utilization  of  high-resolution  techniques 
plus  proper  deuterium  labeling  as  minimum  require- 
ments in  the  case  of  monoterpenes  has  only  recently 
been  emphasized  by  several  authors.*  Complete  high- 
resolution  mass  spectra  of  the  sesquiterpene  lactone 
gaillardin  and  its  derivatives  have  recently  been 
presented  by  this  laboratory  in  support  of  its  structural 
elucidation.' 

The  structure  and  absolute  configuration  of  widdrol 
(I)  were  established  after  extensive  discussion  in  1961.^ 

(1)  For  part  III  in  the  Berkeley  series,  see  A.  L.  Burlingame.  D.  H. 
Smith,  and  W.  J.  Richter,  J.  Am.  Chem.  Soc.,  in  press.  Financial 
support  was  provided  in  part  by  the  National  Aeronautics  and  Space 
Administration,  Grant  NsG  101. 
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ference on  Mass  Spectrometry  and  Allied  Topics,  May  1966,  Dallas, 
Texas. 
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(4)  R.  I.  Reed  in  "Mass  Spectrometry  of  Organic  Ions,"  F.  W.  Mc- 
Lafferty,  Ed.,  Academic  Press  Inc.,  New  York,  N.  Y.,  1963,  pp  672-676; 
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C.  Djerassi,  and  D.  H.  Williams,  '^Structure  Elucidation  of  Natural 
Products  by  Mass  Spectrometry,**  Vol.  2,  Holden-Day,  Inc.,  San 
Francisco,  CaUf.,  1964,  pp  151-153;  R.  Hodges,  E.  P.  White,  and  J.  S. 
Shannon,  Tetrahedron  Letters,  371  (1964);  G.  Lukas,  J.  C.  N.  Ma,  J.  A. 
McCloskey,  and  R.  E.  Wolff.  Tetrahedron,  20,  1789  (1964);  G.  L.  K. 
Hunter  and  W.  B.  Brogdcn.  J.  Org.  Chem.,  29, 982  (1964);  N.  Wasuda 
and  T.  Tsuchiya,  13th  Annual  Conference  on  Mass  Spectrometry  and 
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Subsequently,  in  1964,  Dauben  and  Friedrich*  dud- 
dated  the  mechanism  of  conversion  of  thujopsene  to 
widdrol  in  aqueous  acidic  media,  the  analogs  6,6-^ 
widdrol  (III)  (Figure  3)  and  8,8-rfj-widdrol  (IV)  (Figure 
4)  being  of  primary  importance  in  that  context.  The 
availability  of  these  labeled  compounds  and  that  of 
widdrol-OD  (II)  (Figure  2)  led  to  this  mass  spectral 
examination  of  the  major  modes  of  decomposition  for 
this  naturally  occurring  sesquiterpenol.  Complete 
high-resolution  data  were  determined  for  these  com- 
pounds and  presented  in  the  format  of  heteroatomic 
plots*  for  ease  of  evaluation  of  labeling  data. 
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The  Fragmentation  of  Widdrol 

If  widdrol  is  viewed  as  a  cyclic  alcohol,  it  would  be 
expected  to  undergo  the  characteristic  fragmentation 
outlined  for  alicyclic  alcohols  by  Natalis"^  and  sub- 
stantiated by  use  of  deuterium-labeled  analogs  for 
cyclopentanol"  and  cyclohexanol.**  Thus,  the  molec- 
ular ion  Mo  should  suffer  allylic  bond  scission  a  to  the 
hydroxyl  group,  followed  by  transfer  of  an  a-hydrogen 
and  cleavage  of  the  j8,7  bond. 

That  this  fragmentation  sequence  yielding  ion  a  does 
occur  to  a  certain  extent  is  borne  out  by  the  high-resolu- 
tion mass  spectrum  of  widdrol  (Figure  5),  which  shows 
that  virtually  all  of  the  peak  at  m/e  71  arises  from  ions 
having  the  composition  C4H7O.  In  the  spectrum  of 
8,8-rf2-widdrol  (IV)  (Figure  4),  most  of  the  peak  appears 
at  m/e  72,^'  the  corresponding  ion  retaining  only  one 
deuterium  atom  as  expected.  Similarly,  in  the  low- 
resolution  mass  spectrum  of  widdrol-OD  (II)  (Figure 

(8)  W.  G.  Dauben  and  L.  E.  Friedrich,  Tetrahedbron  Letten,  2675 
(1964). 

(9)  A.  L.  Burlingame  and  D.  H.  Smith,  in  preparation. 

(10)  P.  Natalis,  Bull.  Soc.  Roy.  Set  Liege,  31,  790  (1962). 

(11)  P.  Natalis,  Bull.  Soc.  Chim.  Beiges,  69,  224  (1960). 

(12)  H.  Budzikiewicz,  Z.  Pelah,  and  C.  Djerassi,  MonatsK  Chem.,^ 
158  (1964);  C.  G.  McDonald,  J.  S.  Shannon,  and  G.  Sugowdz,  Tetn- 
hedron  Letters,  807  (1963). 

(13)  All  intensities  of  peaks  discussed  are  corrected  for  isotopic  ptfity- 


Journal  of  *^^  ^^erican  Chemical  Society  /  89:13  /  June  21, 1967 


Figure  1.  Mass  spectrum  or  widdrol<I). 

Figure  2.  Mass  spectrum  of  widdrol-OD  (II). 

Hgure  3.  Mass  spectrum  of  6,6-^rwiddTol  (III). 

Figure  4.  Mass  spectnun  of  e,8-(^widdro)  (IV). 


2),  at  least  70%  of  the  peak  at  m/e  71  is  shifted  to  mfe 
72  owing  to  predominatit  retention  of  the  hydroxyl  hy- 
drogen atom." 
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It  should  be  noted,  in  addition,  that  some  of  the 
charge  seems  to  be  transferred  to  the  hydrocarbon 
moiety  in  the  goal  step  of  this  fragmentation  sequence, 
leading  to  ion  b.  The  precursor  ion  for  both  modes  of 
final  cleavage,  namely,  the  rearranged  mdecular  ion 
Ml,  can  be  viewed  as  a  "new"  enolic  molecular  ion. 

WOH  OH 
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figure  5.    High  resolution  mass  spectrum  of  wjddrol  (I). 

Such  heterolytic  cleavage  of  the  9,9a  bond  accounts 
for  onty  a  minor  portion  of  the  total  ion  current  at 
m/e  ISI.  Support  for  a  second  process  contributing  to 
the  CiiHiB  ions  is  shown  by  noting  that  (a)  1 5  %  of  the 
original  peak  intensity  remains  at  m/e  ISI  in  widdrol- 
OD,  and  (b)  a  comparable  fraction  of  the  CnHig  ions 
shifts  to  m/e  152  in  8,8-rf,-widdrol  (Figure  4). 

As  evident  from  the  shift  of  the  major  part  of  the 
peak  at  m/e  ISl  to  IS2  in  the  spectrum  of  compound 
II  (Figure  2),  another  and  much  more  important  mode 
of  fragmentation  of  the  skeleton  must  be  operative  in 
addition  to  that  leading  to  ion  b.  The  sequence  of 
processes  involved  seems  to  be  triggered  by  the  presence 
of  the  homoallylic  bond,  since  there  is  no  evidence  for 
an  analogous  sequence  in  the  fragmentation  of  satu- 
rated alicyclic  alcohols. 

The  interpretation  presented  for  the  genesis  of  this 
main  component  of  the  CuHi*  ion  current  includes  again 
as  the  initial  step  a  rearrangement  of  the  original 
molecular  ion  Mg  to  an  "open"  isomeric  species  Mi, 
which  represents  a  "kctonic"  ion  in  contrast  to  the 
"enolic"  ion  Mt.  Several  mechanistic  pathways  may 
be  postulated  for  this  rearrangement.  One  mechanistic 
possibihty  (Mo  -*■  Mt)  would  depict  transfer  of  the 
hydroxyl  hydrogen  to  the  double  bond  in  Mo  oia  a 
six-membered  transition  state  with  rupture  of  the  B  ring 
resulting  in  the  generation  of  a  "methyl  ketonic" 
molecular  ion,  Mi. 


Such  a  hydrogen  transfer  with  double-bond  migration 
can  be  regarded  as  a  cyclic  analog  of  the  frequently  ob- 
served McLafferty  rearrangement  of  open-chain  olefins 
or  carbonyl  compounds  containing  7-hydrogen  atoms 
attached  to  carbon.  Djerassi,  et  aJ.,'*  have  suggested 
from  their  work  on  McLafferty  rearrangements  in 
steroidal  ketones  a  1.8-A  maximum  allowable  distance 
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between  carbonyl  oxygen  and  the  hydrogen  atom  trans- 
ferred. Although  the  steroid  model  is  not  strictly 
analogous,  a  comfortable  conformation  of  the  atoms 
concerned  within  1.8  A  is  easily  possible  for  widdrol, 
as  estimated  from  Dreiding  models. 

A  mechanistic  alternative  involves  initial  a-allylic 
cleavage  with  subsequent  abstraction  of  the  hydroxyl 
hydrogen  via  a  seven-  or  nine-membered  transition 
state.  Again,  an  open  ketonic  molecular  ion,  e.g., 
M3  or  M4,  would  result.    That  a  predominant  prefer- 


M. 


ence  exists  in  the  case  of  Mi  for  the  abstraction  of  the 
hydroxyl  hydrogen  rather  than  the  activated  a-hydro- 
gens,  as  is  the  dominant  process  in  the  alicyclic  alcohol 
model,  ^^^'  would  not  be  expected,  and  the  driving 
force  is  unclear.  Of  course,  generation  of  an  allylically 
stabilized  radical  leads  to  a  less  reactive  radical  site 
and,  as  a  consequence,  higher  selectivity  rendering  pre- 
ferred abstraction  from  conformationally  less  but 
energetically  more  favorable  sites  could  result.  In  con- 
trast to  the  foregoing  discussion,  conceptual  preference 
for  the  hydroxyl  hydrogen  over  that  of  C-7  methyl 
hydrogens  utilizing  a  McLafferty-type  mechanism  is 
reasonable. 

Assuming  the  formation  of  such  a  rearranged  molec- 
ular ionic  species,  e.g.,  Ms  or  M4,  its  subsequent  modes 
of  fragmentation  will  then  be  governed  by  its  methyl 
ketonic  nature,  a  Cleavage  produces  ion  c  (C2H3O), 
as  expected,  from  a  methyl  ketone,  which  accounts 
for  nearly  all  of  the  abundant  peak  at  m/e  43.  The 
corresponding  C2H3O  ions  formed  from  the  three 
labeled  derivatives  contain  no  deuterium  atoms.  A 
minor  portion  of  the  charge  is  carried  by  the  com- 
plementary fragment  d  (m/e  179).  This  hydrocarbon 
fragment  acquires  one  deuterium  atom  in  the  spectrum 
of  widdrol-OD  (Figure  2),  two  deuterium  atoms  in 
6,6-rf2-widdrol  (Figure  3),  and  also  two  atoms  in  8,8- 
J2-widdrol  (Figure  4)."  The  classical  McLafferty 
ketone  rearrangement  of  Ms  or  M4  is  a  priori  inhibited 
since  the  position  7  to  the  carbonyl  function  is  quater- 
nary. A  datum  from  the  literature"  reveals  that  the 
major  contribution  to  the  total  ionization  of  a  model 
7-quatemary  ketone,  cf.  2,2,8,8-tetramethylnonan-S- 
one  (V),  is  borne  by  the  quaternary  hydrocarbon  moiety 
upon  cleavage  of  the  j8,7  bond. 
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Formally,  this  is  the  exact  mechanistic  model  which  a 
invoked  to  explain  the  major  contribution  to  the  peak 
at  nominal  m/e  151,  which  dominates  the  fragmentation 
pattern  of  widdrol  Ms  or  M4  -►  e. 


e      do 


M3  or  M4 


e  (nyklbl) 


Data  from  the  deuterium-labeled  derivatives  quanti- 
tatively support  this  discussion,  e.g.,  (a)  in  widditd-OD 
(Figure  2),  85%i»  of  the  peak  at  m/e  151  shifts  to  mje 
152;  (b)  in  6,6-rfi-widdrol  (Figure  3),  an  even  more  sig- 
nificant portion  shifts  to  m/e  153;  and  (c)  in  8,8-ifr 
widdrol  (Figure  4),  the  peak  at  m/e  151  remains  un- 
shifted,  since  C-8  and  attached  deuterium  atoms  ait 
eliminated  in  the  fragmentation. 

This  second  phase  of  the  fragmentation  of  the  (Higinal 
molecular  ion,  namely,  the  final  decompositicHi  of  the 
rearranged  "ketonic'*  species  to  the  fragment  of  mass 
151,  may,  as  formulated,  proceed  via  a  direct  deavage 
as  a  one-step  process  or  may  comprise  a  sequence  of 
several  steps.  Considering  the  latter  case,  a  sequential 
loss  of  methyl  radical,  carbon  monoxide,  and  eth^eoe 
from  any  of  the  ketonic  intermediates  would  give  ion 
e  as  well. 


j.^slx-s/^) 


Mi 


(??j*207) 


e 


(IS)  R.  Arndt  and  C.  Djerassi,  Chem.  Commun.,  578  (1965). 


CD-- 

(n^X79) 

There  are,  however,  no  metastable  peaks  in  the  spectrum 
of  widdrol  permitting  a  decision  between  these  two 
alternatives.  The  model  ketone  V  does  exhibit  a 
metastable  peak  for  the  second  step,  namely,  the  loss 
of  carbon  monoxide  from  the  acylium  ion. "  The  M  - 
15  and  M  —  43  peaks,  e.g.,  m/e  207  and  179,  respec- 
tively, in  the  spectrum  of  widdrol  could  be  interpreted 
as  being  intermediates  of  such  a  sequential  fragmenu- 
tion. 

Several  ions  of  abundance  comparable  to  that  of  the 
molecular  ion  can  be  defined  with  regard  to  their  struc- 
tural origin.  The  first  ion  (0  occurring  at  m/e  164 
(M  —  58,  C12H10)  in  the  natural  product  shifts  un- 
expectedly to  m/e  165  in  widdrol-OD  and  to  m/e  166  in 
6,6-J2-widdrol  and  remains  imshifted  in  8,8-</rwiddroL 
Since  the  hydroxyl  hydrogen  is  retained  in  the  fragmat 
under  discussion,  one  is  required  to  postulate  the  oc- 
currence of  a  "reciprocal"  double  hydrogen  transfer  dur- 
ing the  lifetime  of  the  molecular  ion.  This  behavior  is 
analogous  to  that  of  ion  e  and  would  suggest,  therefore, 

(16)  Professor  C.  Djerassi,  Stanford  University,  private  eotamaiBt 
tion. 
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mmon  mechanistic  genesis.  The  neutral  species 
nated  is  of  composition  QHeO  and  would  be  con- 
it  with  loss  of  a  molecule  of  acetone  from  ions 
>r  M4.  Positional  origin  for  the  hydrogen  trans- 
it back  to  the  carbonyl  group  cannot  be  deduced 
these  data,  but  it  is  assumed  that  a  five-  or  seven- 
bered  transition  state  is  involved, 
us,  fragmentation  can  be  distinguished  in  the  mass 
rum  of  widdrol  from  "alcohol"  as  well  as  "ketone** 
cular  ions,  which  both  produce  daughter  ions  of 
>ame  exact  mass  in  their  major  fragmentation 
».  In  one  case,  the  hydroxyl  hydrogen  is  trans- 
1,  and  the  charge  remains  primarily  on  the  hydro- 
)n  moiety  e.  In  the  other,  a  ring  hydrogen  is 
ferred,  and  most  of  the  charge  remains  on  the 
sn-containing  fragment  a.  Such  rearrangement  of 
cular  ionic  species  prior  to  fragmentation  is  not 
le  to  the  j8,7-unsaturated  alcohol,  widdrol.*^ 
ar  observations  and  suggestions  have  been  re- 
id  in  at  least  six  earlier  papers,  e.g.,  on  2-phenyl- 
lol"  and  derivatives,  ^*  on  derivatives  of  3-buten- 
^••*  on  j8-hydroxy  esters,**  on  several  hydroxy 
oids,**  and  on  19-hydroxy  steroids.*'    The  thermid 

The  high-resolution  spectra  of  isopulegol.  terpen-4-ol,  and  their 
lalogs  obtained  in  this  laboratory  indicate  that  these  homoallylic 
Is  also  rearrange  to  carbonyl  ions  under  electron  impact 

A.  Gilpin.  7.  Chem.  Phys.,  28,  521  (1957). 

H.  E.  Audier.  H.  Felkin,  M .  Fetizon.  and  W.  Vetter,  Bull  Soc, 
France,  3236  (1964). 

J.  W.  Cornforth,  R.  H.  Comforth,  G.  Popjak,  and  L.  Yengoyan, 
.  Chem.,  3970  (1966). 

A.  H.  Etemadi,  Bull.  Soc,  Chim.  France,  1537  (1964). 

C.  Djerassi,  H.  Budzikiewicz,  R.  J.  Owellen,  J.  M.  Wilson,  W.  G. 
,  D.  J.  LeCount,  A.  R.  Battersby,  and  H.  Schmid,  Helv,  Chim, 
16.  742  (1963);  M.  Pinar.  W.  V.  PhiUpsbom.  W.  Vetter.  and  H. 
1,  ibid.,  45,  2260  (1962). 
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equivalent  of  such  a  rearrangement  is  known  as  well, 
e.g.,  in  j8-hydroxy  olefins**  and  j8-hydroxy  esters.*^ 

Experimental  Section 

Widdrol-OD  (U)  was  obtained  by  exchanging  a  sample  of 
widdrol  on  a  D^treated  vpc  column**  and  co-inserting  it  into  the 
mass  spectrometer  with  a  microliter  of  heavy  water.  Its  isotopic 
purity  was  calculated  from  the  spectrum  to  be  83%  di  and  17%  d§. 
The  isotopic  purity  of  6,6-^rwiddrol  was  determined  as  93%  ^ 
and  7  %  du  and  that  of  8,8-^rwiddrol  as  43  %  </t  and  43  %  <^. 

The  low-resolution  mass  spectra  of  widdrol,  widdrol-OD,  6,6-^ 
widdrol,  and  8,8-^rwiddrol  were  obtained  on  a  modified*  CEC 
21-103C  mass  spectrometer  (inlet  system  100°,  ion  source  180°, 
ionizing  energy  70  ev).  The  high-resolution  mass  spectrum  of 
widdrol  was  obtained  on  a  CEC  21-1  lOB  mass  spectrometer  operat- 
ing with  the  inlet  system  at  180°  and  the  ion  source  at  200°.  In  the 
spectra  presented  (Figure  5),  the  masses  are  plotted  in  methylene 
units.*  On  the  abscissa,  each  miuor  division  marker  corresponds 
to  the  saturated  ion,  e,g,,  CnHm+i,  with  the  number  of  carbon  atoms 
given  in  the  top  row  of  figures  and  the  number  of  hydrogen  atoms 
indicated  in  the  bottom  row.  There  are  14  units  between  each 
miu<»r  division,  and  the  number  of  hydrogen  atoms  6[  an  unsatu- 
rated or  cyclic  ion  is  obtained  simply  by  determining  the  difference 
from  the  position  of  the  next  higher  saturated  ion. 
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Abstract :  Structures  4  and  5,  respectively,  were  assigned  to  kopsingine  and  kopsaporine,  the  two  major  alkaloids  of 
Kopsia  singapurensis.  The  carbon  skeleton  of  kopsingine  was  confirmed  by  conversion  to  17-methoxy-N-methyl- 
aspidofractinine,  and  the  assignment  of  functional  groups  was  based  on  the  mass  spectra  of  kopsingine  and  numer- 
ous derivatives.  Kopsaporine  was  shown  to  be  demethoxykopsingine  by  a  comparison  of  its  mass  and  nmr  spectra 
with  data  from  kopsingine. 


^psingine,  kopsaporine,  and  kopsingarine  have 
been  reported  to  occur  as  the  major  alkaloidal 
ituents  of  Kopsia  singapurensis,^  These  alkaloids 
mt  for  3  %  of  the  dried  leaves  of  this  Malayan 
M,  with  kopsingine  being  obtained  in  2.2  %  yield. 
1  be  shown  that  these  compounds  are  structurally 
d  to  several  Kopsia  alkaloids,  but  their  presence 

a)  Massachusetts  Institute  of  Technology,  Cambridge,  Mass.  (b) 
sity  of  Singapore,  Singapore. 

a)  A.  K.  Kiang  and  R.  D.  Amarasingham,  Proc,  Symp.  Phyto- 
Kuala  Lumpur,  165  (1957);  Chem.  Abstr.,  53,  14131  (1959);  (b) 
Amarasingham,  M.S.  Thesis,  University  of  Malaya,  1961. 


has  not  been  detected  in  other  Kopsia  species. 

Earlier  work*  on  the  structure  of  kopsingine  estab- 
lished a  molecular  composition  of  Q4H28N2O7,  which 
has  now  been  confirmed  by  an  accurate  mass  determina- 
tion (calcd  456.1896,  found  456.1860).  The  ultraviolet 
spectrum  of  kopsingine  P^J"  217  m/n  (log  €  4.56),  253 
(4.04),  282  (3.38),  288  (3.36)]  is  similar  to  reported 
N-carbomethoxyindoline  spectra  [pleiocarpine  (!)'•* 
\^  101  m/i  Oog  €  4.49),  246  (4.20),  283  (3.51),  290 

(3)  W.  G.  Kump  and  H.  Schmid,  Helv.  Chim.  Acta,  44, 1503  (1961). 

(4)  W.  G.  Kump,  D.  J.  LeCount,  A.  R.  Battersby,  and  H.  Schmid, 
ibid.,  45,  854  (1962). 
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(3.48);  kospine  (2)'  X^  240  mn  (log  «  4.08),  278  (3.37), 
285-286(3.35)]. 

The  presence  of  a  hydrogen-bonded  urethan  group 
could  be  deduced  from  absorption  in  the  infrared  at 
1670  cm~'.  This  is  analogous  to  the  kopsine  (2) 
infrared  absorption  at  1679  cm~*,'  whereas  a  free  ure- 
than [e.g.,  pleiocarpine  (1)]  absorbs  near  170S  cm~'.* 
The  infrared  spectrum  of  kopsinginc  shows  additional 
absorption  at  1740  cm~',  which  was  attributed  to  an 
ester  function.  These  two  carbometboxyl  groups  could 
be  chemically  verified  by  their  reduction  with  Uthium 
aluminum  hydride,  a  reaction  which  will  be  discussed  in 
greater  detail  later. 

Conventional  analysis  had  indicated  the  presence  of 
three  metboxyl  groups,'  also  apparent  in  the  nmr 
spectrum  of  kopsingine  at  3.77,  3.79,  and  3.82  ppm. 
Two  of  these  were  accounted  for  by  the  carbomethoxyl 
groups.  The  third  had  the  chemical  shift  of  an  aro- 
matic methoxyl,  an  assignment  which  is  consistent 
with  the  observation  of  only  three  aromatic  hydrogens 
in  the  nmr  spectrum  (6.6-7.2  ppm)  and  which  may  ex- 
plain the  small  differences  between  the  ultraviolet 
spectra  of  kopsinginc  and  the  unsubstituted  reference 
compounds  cited  above. 

The  nmr  spectrum  of  kopsingine  showed  absorption 
of  two  vinyl  protons  at  5.62  and  5.95  ppm.  These 
signals  were  absent  in  the  spectrum  of  dihydrokop- 
stngine  (mol  wt,  458),  obtained  by  catalytic  hydrogena- 
tion  of  kopsingine.  The  vinyl  protons  were  coupled  to 
each  other  (/  =  10  cps),  and  one  of  these  protons 
(5.95  ppm)  was  further  split  by  two  adjacent  non- 
equivalent  protons  (/  =  4  and  2  cps),  the  latter  appear- 
ing as  a  multiplct  at  3.3  ppm.  These  observations  are 
nearly  identical  with  data  on  the  Vinca  alkaloid  vindo- 
line,  to  which  structure  3  had  been  assigned.' 


Kopsingine  contained  two  active  hydrogen  atoms,  as 
demonstrated  by  conventional  analysis  as  well  as  by  the 
incorporation  of  two  deuterium  atoms  when  introduced 
into  the  mass  spectrometer  in  the  presence  of  deuterium 
oxide.  The  remaining  two  oxygens  of  kopsingine,  thus 
far  unidentified,  may  therefore  be  accounted  for  as 
hydroxy!  groups.  Only  one  hydroxyl  was  reactive, 
since  a  monoacetate  could  readily  be  prepared  (mol 
wt,  498;  nmr  1.92  ppm,  3  H).  It  was  also  apparent 
that  this  hydroxy!  was  secondary,  as  the  nmr  spectrum 

(5)  T.  R.  Govindachari,  B.  R.  Pai,  S.  Rajappa,N.  Viswanalhan,  W.  O. 
Kump,  K.  NaEBrajan,  and  H.  Schmid,  Htle.  Chlm,  Acta.  45,  1146 
(1962);   46,572(1963). 

(6)  (a)  M.  Oonnan.  N.  Neuss,  and  K.  Binnann,  J.  Am.  Chtm.  Soc., 
S4,  1058(1962);  (b)  J.  W.  Moncrief  and  W.  N.  Lipsramb.  .4c(a  CryW., 
21,  322(196^. 


of  kopsingine  acetate  showed  a  one-proton  ngnal  it 
5.15  ppm  (a  doublet  due  to  long-range  coupling,  J  s 
2  cps)  from  the  proton  on  the  carbon  bearing  the  act- 
tate  group.  The  infrared  absorption  of  the  acetate  at 
1670  cm-'  indicated  that  the  second  hydroxyl,  prol»l^ 
tertiary,  was  responsible  for  the  hydrogen  bondkig  of  the 
urethan. 

Because  of  the  striking  similarity  of  the  data  for 
kopsingine  and  vindoline  (3),  structure  4  for  kopsingjoe 
was  proposed  as  a  working  hypothesis.  Confinnaticm 
of  this  structure,  including  the  exact  position  of  aro- 
matic substitution  and  the  relative  stereochemistry, 
resulted  from  data  discussed  in  the  remainder  of  this 
paper.'  An  alternative  location  of  the  double  bond 
at  C-7-C-8  was  not  consistent  with  the  nmr  spectrun 
of  kopsingine,  which  indicated  that  the  metbyleoc  group 
(3.3  ppm)  next  to  the  double  bond  was  further  de- 
shielded  by  an  adjacent  nitrogen  atom.  A  double  hood 
at  C-6-C-7  has  also  been  found  in  vindolinine,*  taber- 
sonine,*  vindoline,'  and  venalstonine.  •" 

Structure  4  is  supported  by  the  mass  spectra  of 
kopsingine  and  dihydrokopsingine  (7).  These  spectn 
however  are  not  very  characteristic  and  involve  mainly 
the  losses  of  elements  of  the  C-3-C-4  bridge. 

Conclusive  evidence  for  the  proposed  structure  for 
kopsingine  was  obtained  by  the  chemical  transforma- 
tions below. 


CO    SoH  ™.0       I        poH 

QQH^bOOClU  1       COOCH, 

4,R.0CH.  '=°°^»- 

S,R-H  ' 

«,R-OH 

The  Carbon  Skeleton  and  Its  C-3  Substituents.    A 

crucial  piece  of  evidence  is  the  conversion  of  kopsingiiK 
to  a  compound  representing  a  known  ring  system  by  ■ 
sequence  of  a  few  uncomplicated  reactions  outlined  in 
Scheme  I. 

On  treatment  with  p-toluenesulfonyl  chloride,  dihy 
drokopsingine  (7)  formed  a  monotosylate  9  (omr  Z4S 
ppm,  3  H).  Reduction  of  the  tosytate  with  litbiuni 
aluminum  hydride  yielded  two  major  products:  (») 
a  diol  10  (mol  wt,  370)  formed  by  displacement  of  the 
tosylate  ester,  and  (b)  a  triol  11  (mol  wt,  386)  fomied 
by  cleavage  of  the  S-0  bond.  The  number  of  hy- 
droxyl groups  in  each  derivative  was  verified  by  ei- 
change  with  deuterium  oxide  which  resulted  in  a  shift 
of  the  molecular  ions  of  these  compounds  to  m/e  372 
and  389,  respectively. 

(T)  To  limpliTy  discussion  of  the  data  and  argumenu,  the  satotiRKiin 
ore  alwayi  shown  at  C-3  and  C-4  (s«e  structure  4).  It  should  be  krpl  ui 
mind  thalmoslof  the  argiuaenu  would  hold  equally  welt  if  they  wen  00 
C-21  and  C-20.  The  correctness  of  the  former  re[n-csenralk>a  will  be 
proven  later  in  (his  paper. 

(8)  C.  Djerassi,  S.  E.  Flores,  H.  Budziiuewici,  1.  M.  WUsoo,  L  J. 
Durham,  J.  LeMen,  M.-M.  lanot,  M.  Plat.  M.  Gorman,  and  N.  Ne«a     i 
Froc.  Natl.  Acad.  Sel.  V.S..A».  113(1962).  I 

(9)  M.  PlatI,  ].  LcMen,  M.-M.  Janot.  I.  M.  Wilson,  H.  Budzikiena 

L.  i.  Durham,  Y.  Nakagawa,  and  C  Djeiassi,  Tttrahtdron  Lttltn.  V\     I 
(1962).  I 

(10)  B.  Das,  K.  Biemann,  A.  Challetiee.  A.  B.  Ray  and  P.  !> 
Majumder,  tbld.,  2239  (196S). 
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The  triol  11  was  also  obtained  in  the  hydride  reduc- 
tion of  dihydrokopsingine.  Conversion  of  the  ure- 
than  to  an  N-methyl  group  was  apparent  from  the 
presence  of  an  appropriate  signal  at  3.12  ppm  in  the  nmr 
spectrum,  and  the  incorporation  of  five  deuterium 
atoms  (12,  mol  wt,  391)  with  lithium  aluminum  deu- 
teride  confirmed  the  nature  of  this  reaction.  The  ultra- 
violet spectrum  of  the  triol  11  [\^^  216  m/n  (log  e 
4.40),  260  (3.87),  295  (3.34)],  as  weU  as  the  diol  and  aU 
other  N-methyl  derivatives,  was  similar  in  both  peak 
positions  and  shape  of  curve  to  spectra  of  N-methyl- 
indolines  substituted  at  the  position  ortho  to  the  nitro- 
gen. A  suitable  model  is  1,2,3,4,10, 11 -hexahydro-8- 
inethoxy-9,ll-dimethylcarbazole  (8)  which  exhibits 
Xnuui  253  m/i  (log  €  3.86)  and  293  (3.18)."  This  ob- 
servation established  the  aromatic  methoxyl  group  of 


CHs 


8 


kopsingine  at  C-17  (see  structure  4  for  numbering  sys- 
tem). 

The  above-mentioned  diol  10  proved  to  be  a  1,2  diol, 
as  it  reacted  with  sodium  periodate  to  give  the  ketone 
13  (mol  wt,  338;  7,n«,  1720  cm-*).    The  latter  gave  a 


monodeuterated  alcohol  (15,  mol  wt,  341)  on  reduction 
with  lithium  aluminum  deuteride,  and  the  compound 
16  (17-methoxy-N-methylaspidofractinine)  on  Wolfi*- 
Kishner  reduction.  The  evidence  on  which  these  as- 
signments are  based  will  be  outlined  below. 

The  mass  spectrum  of  the  diol  10  (mol  wt,  370)  was 
consistent  with  the  structure  proposed.  In  particular, 
the  most  intense  peak  at  m/e  110  is  characteristic  ^^*^' 
of  alkaloids  of  the  aspidofractinine  skeleton  (18)  which 
have  a  hydrogen-bearing  substituent  (such  as  a  hy- 
droxyl  group)  at  C-3,  but  lack  functional  groups  at 
C-4. 

Ketone  13  gave  a  mass  spectrum  which  was  consistent 
with  the  proposed  structure.  The  most  abundant  frag- 
ment of  this  spectrum  was  at  m/e  215,  and  did  not  con- 
tain C-4  (m/e  215  from  14  rather  than  m/e  217).  It 
seemed  likely  that  homolytic  cleavage  at  0-3-04  and 
C-lO-Nb  of  an  M  —  C2H4  ion  could  produce  an  ion  of 
mass  215,  which  then  might  cyclize  to  form  the  frag- 
ment a,  as  diagrammed  below. 


13 


CH3O 


M-CaHi 


The  position  of  the  carbonyl  group  in  the  ketone 
13,  and  hence  of  the  tertiary  hydroxyl  and  carbo- 
methoxyl  functions  of  kopsingine,  was  confirmed  by 
conversion  to  the  deuterated  alcohol  15.  The  mass 
spectrum  of  the  latter  is  analogous  to  that  of  compound 
2111,11  (except  the  difference  of  14  mass  units  in  some 
of  the  peaks)  with  the  most  intense  peak  at  m/e  110 
(characteristic  of  a  C-3  alcohol)  and  the  second  major 
peak  at  m/e  125.  The  occurrence  of  the  latter  peak 
at  mie  125  rather  than  124  conclusively  proved  that 
deuterium  was  introduced  at  C-3,  since  only  the  sub- 
stituent Rs  in  21  was  found  to  be  transferred  in  the 
formation  of  this  ion.  ^  *'  ^ ' 


18,  Ri«R2=R3'"H 

19,  Ri-OCHa;  R2-R3«H 

20,  Ri- OCH3;  R2-  OH;  R3=H 
21,Ri=OCH3;Ra-OH;  R3-D 


(11)  M.  F.  MiUion  and  R.  Robinson,  /.  Chem.  Soc.,  3362  (1955). 


(12)  C.  Djerassi.  H.  Budzikiewicz.  R.  J.  Owellen.  J.  M.  Wilson.  W.  G. 
Kump.  D.  J.  LeCount,  A.  R.  Battersby.  and  H.  Schmid,  Helv,  Chim, 
^cm,  46.  742(1963). 

(13)  H.  Budzikiewicz,  C.  Djerassi,  and  D.  H.  Williams,  **Structure 
Elucidation  of  Natural  Products  by  Mass  Spectrometry,"  Vol.  1,  Holden- 
Day,  Inc.,  San  Francisco,  Calif.,  1964. 
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Figure  1.    Mass  spectrum  of  n-methaxy-N-methjIaspidofraclinine 
(10. 


The  relative  stereochemistry  at  C-3  of  kopsiagine  fol- 
lows from  the  observation  that  only  the  epimer  indicated 
by  structure  4  brings  the  C-3  hydroxy!  group  and  the 
urethan  carbonyl  function  close  enough  to  form  a 
hydrogen  bond. 

The  most  conclusive  verification  of  the  skeleton  of 
kopsingine  was  provided  by  a  mass  spectrum  of  the  re- 
duction product  16  (Figure  1),  which  showed  all  the 
peaks  characteristic  of  the  aspidofractinine  skeleton. 
This  spectrum  is  very  similar  to  the  pubhshed  spectra  of 
aspidofractinine  itself  (18)  and  IT-methoxyaspidofrac- 
tinine  (19),'*  except  for  the  shifts  of  all  ions  containing 
aromatic  substituents,  occurring  at  m/e  324  (M),  296, 
and  202,  and  the  minor  difTerences  in  relative  peak 
intensities  which  arc  to  be  expected. 

Location  of  the  C-4  Hydroxyl  Function.  Another 
part  of  structure  4  which  required  confirmation  was  the 
location  of  the  secondary  hydroxyl,  suggested  to  be  at 
C-4,  and  this  was  achieved  Ihrou^  the  reactions  of  the 
triol  11  (Scheme  II). 


M,R.-H;Ri-OH 
2S,Ri-D;Hi-0H 
M,Ri-D;Ra-OD 


cause  the  intermediate  five-membered  periodate  ring 
might  interfere  with  either  the  20-21  or  the  10-11  bridge. 
However,  the  primary  alcohol  function  in  11  was 
readily  lost,  resulting  in  an  a-diketone  27,  an  a-ketol 
24,  and  a  comparatively  small  quantity  of  an  unstable 
compound  thought  to  be  the  cncdio!  23.  The  proper- 
tics  of  these  products  thus  require  the  presence  of  a 
secondary  hydroxyl  group  at  a  carbon  atom  next  to 
that  bearing  the  tertiary  hydroxyl  of  kopsingine. 

The  diketone  27  (mol  wt,  352;  y„^  1720,  17S5 
cm~')  was  isolated  as  orange  needles,  mp  184-187'. 
It  resulted  either  from  air  oxidation  of  the  ketol  24  or, 
more  likely,  from  the  enediol  23,  since  the  latter  was  ob- 
served to  give  nearly  equal  amounts  of  24  and  27  on 
standing. 

The  ketol  (mol  wt,  354;  7ouj  1715  cm~')  was  orig- 
inally thought  to  have  structure  22,  with  a  ketone  func- 
tion at  C-3.  However,  its  mass  spectrum  had  a  majw 
peak  at  mfe  124,  a  result  which  was  shown  earlia  to 
require  a  hydrogen  atom  at  C-3.'*''*  Furthermore,  the 
monodeuterated  derivative  25,  obtained  t^  base- 
catalyzed  exchange  with  deuterium  oxide,  produced  i 
shift  of  the  major  part  of  this  peak  to  m/e  1 25,  In  addi- 
tion, a  significant  ion  of  m/e  203  from  the  ketol  was 
shifted  to  mje  204  in  the  spectrum  of  25  and  to  m/e  20J 
when  deuterium  was  also  incorporated  in  the  hydroxy] 
group  (26).  The  fragment  at  m/e  203  must  have 
structure  b,  containing  C-3  as  well  as  the  oxygen  func- 
tion at  that  carbon.  The  two  deuterium  atoms  can 
only  be  incorporated  in  this  fragment  if  the  C-3  func- 
tion is  a  secondary  alcohol,  and  the  ketol  therefore  is 
best  represented  by  structure  24.  Isolation  of  the  \xtvA 
in  this  form  suggests  that  the  isomerization  of  22  to  24 
takes  place  readily  via  the  enediol  intermediate,  which 
relieves  the  steric  crowding  of  a  tetrahedrat  carbon  at 
C-4.  The  preference  for  a  trigonal  carbon  at  C-4  is 
also  indicated  from  an  examination  of  Dreiding  models. 


IOH4. 


29,Ri-R,-H 

30,Ri-H;R,-D 

3I,Ri-<Ri-D 

Treatment  of  triol  11  with  sodium  periodate  gave  a 
mixture  of  products,  the  formation  of  which  is  unusual 
in  many  respects.  It  was  immediately  apparent  that 
cleavage  at  C-3-C-4  had  not  occurred,  probably  be- 


^Y'^ir**c"*^**    '^^ 


CH,0     CH, 
b,  m/e  203 


:D0D 

i/*206 


The  diketone  and  the  ketol  were  directly  correlated 
by  hydride  reduction  of  each  to  the  same  diol  29.  Use 
of  deuteride  gave  two  labeled  diols,  30  and  31.  The 
mass  spectra  of  these  gave  additional  confirmation  of 
the  structure  24  for  the  ketol.  In  particular,  the  peaks 
at  m/e  124  and  204  (c)  in  the  spectrum  of  29  were  shifted 
to  m/e  125  and  205  only  in  the  spectrum  of  the  dioM 
31  derived  from  the  diketone,  which  implied  that  tbe 
deuterium  atom  in  30,  obtained  from  the  ketol,  was 
located  at  C-4. 


The  diketone  27  was  ori^nally  considered  a  suitaUe 
starting  material  for  the  preparation  of  compound 
16  by  Wolff-Kishner  reduction;  however,  the  sin^ 
product  obtained  proved  instead  to  be  tbe  alcohol  3S. 
Further  investigation  of  this  reaction  showed  that  onlj 
a  monohydrazone  had  formed,   and  the  remainini 
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ketone  function  at  C-4  subsequently  became  reduced 
(presumably  from  the  less  hindered  side)  by  the  alkoxide 
during  pyrolysis.  These  results  again  point  to  an 
unusual  environment  of  C-4,  also  noticed  in  the 
isomerization  of  the  a-ketols,  which  could  perhaps  also 
be  related  to  the  failure  of  the  C-3-C-4  periodate 
cleavage  of  the  triol  11. 

The  reluctance  of  the  C-4  ketone  function  to  form  a 
hydrazone  may  also  account  for  the  formation  of  al- 
cohol 32  by  Wolff-Kishner  reduction  of  24.  The  mass 
spectrum  of  32  was  distinctly  different  from  that  of  the 
isomeric  alcohol  15  (hydrogen  instead  of  deuterium  at 
C-3),  the  expected  reduction  product.  In  fact,  the 
spectra  of  28  and  32  were  strikingly  similar  (peaks  at 
mje  188,  125,  and  124)  with  only  small  differences  in 
relative  peak  intensities,  reflecting  the  epimerization  at 
C-4.  If  a  C-4  carbonyl  function  is  unreactive  toward 
hydrazine,  the  ketol  24  could  have  been  isomerized 
to  form  the  hydrazone  of  22.  The  product  could  then 
undergo  normal  Wolff-Kishner  reduction  to  the  less 
hindered  C-4  epimer  32. 

A  second  major  product  of  the  Wolff-Kishner  reduc- 
tion of  the  ketol  24  arose  by  an  abnormal  reaction, 
which  is  also  occasionally  observed  with  a-substituted 
hydrazones,^*  in  which  the  a  substituent  (a  hydroxyl 
group  in  this  case)  is  lost  to  give  an  olefin  33.  The 
mass  spectrum  of  this  compound  shows  a  very  pro- 
nounced loss  of  ethylene,  facilitated  by  the  extended 
conjugation  of  the  resulting  ion  d  {mje  294).  The  nmr 
spectrum  of  33  exhibited  two  doublets  for  the  resonance 
of  two  olefinic  protons  (6.08  and  6.45  ppm,  /  =  9  cps), 
which  confirmed  the  assignment  of  an  isolated  double 
bond  on  one  of  the  ethylene  bridges. 


Catalytic  reduction  of  the  olefin  33  completed  an  in- 
dependent route  to  the  previously  derived  17-methoxy- 
N-methylaspidofractinine  (16),  thereby  verifying  all 
features  of  the  structure  of  kopsingine,  with  the  ex- 
ception of  the  still  uncertain  relative  stereochemistry 
at  C-4. 

Substituents  at  C-3-C-4  vs.  C-21-C-20.  The  re- 
maining possibility  that  the  substituents  are  located 
at  C-21-C-20  is  eliminated  by  the  following  observations. 

It  had  been  noticed  in  substituted  derivatives  of 
aspidofractinine  that  the  unsubstituted  bridge  (that 
which  is  trans  to  the  tryptophan  bridge)  was  always 
lost  in  the  formation  of  the  M  —  28  ion.^**^*  This 
feature,  which  is  also  evident  in  the  mass  spectra  of 
many  kopsingine  derivatives,  was  tentatively  taken  as 
an  indication  that  here  also  the  substituents  are  at  the 
same  (m)  bridge.  The  preparation  of  the  deuterated 
derivative  17  strengthened  this  hypothesis.  Base- 
catalyzed  exchange  of  ketone  13  with  deuterium  oxide 
gave  the  labeled  derivative  14,  which  was  reduced  by 
a  Wolff-Kishner  reaction  in  methanol-J.  The  mass 
spectrum  of  the  product  17  had  peaks  at  mje  328  (M), 
300,  204,  190,  125,  and  111,  indicating  the  exclusive 

(14)  N.  J.  Leonard  and  R.  C.  Sentz,  /.  Am,  Chem,  Soc,,  74,  1704 
(1952),  and  references  therein. 


loss  of  a  completely  unlabeled  bridge.  It  will  be  shown 
by  comparison  with  compounds  known  to  be  oxy- 
genated at  C-20  that  in  kopsingine  the  substituents  are 
at  C-3  and  C-4,  i.e.,  at  the  cis  bridge.  As  a  corollary, 
the  spectrum  of  17  implies  that  the  preferred  loss  of 
one  of  the  two  bridges  is  controlled  by  its  stereochemis- 
try and  not  by  the  presence  or  absence  of  substituents.^' 
A  comparison  of  the  mass  spectra  of  alcohols  28  and 
32  [m/e  340  (M),  312  (M  -  28),  188,  125,  124]  with  that 
of  compound  34  [m/e  296  (M),  252  (M  -  44),  140, 
109  ^T  provided  additional  evidence  for  the  presence  of 
the  functional  groups  of  kopsingine  at  the  C-3-C-4 
bridge.  In  each  case,  only  the  bridge  trans  to  the 
tryptophan  bridge  was  lost,  even  though  this  was  the 
substituted  bridge  in  34  (M  —  44)  and  the  unsubstituted 
bridge  in  28  and  32  (M  —  28).  Because  of  the  sig- 
nificant implications  of  this  result,  it  was  necessary  to 
make  very  certain  that  the  pair  28  and  32  have  the  sub- 
stituents indeed  on  the  other  bridge  in  comparison  with 
34.  Three  of  the  four  possible  alcohols  with  the  hy- 
droxyl groups  on  the  same  bridge  (15,  28,  and  32)  have 
been  obtained  from  kopsingine.  The  possibility  that 
23  could  be  the  fourth,  and  that  28  and  32  could  be  C-21 


alcohols  and  15  could  be  the  C-20  epimer  of  34,  would 
require  the  ketones  13  and  35  to  be  nearly  identical. 


(15)  The  exclusiveness  of  the  loss  of  one  bridge  eliminates  a  stepwise 
process  initiated  by  cleavage  of  the  C-12-C-19  bond  (which  is  both 
benzylic  and  a  to  nitrogen)  because  both  bridges  become  equivalent  if 
the  resulting  radical  ion  has  sufficient  lifetime  for  C-12  and  C-19  to 
become  planar.  On  the  other  hand,  a  stepwise  mechanism  involving 
initial  cleavage  at  C-2-C-21  is  not  only  consistent  with  all  data  but  also 
accounts  for  the  stereospedficity  of  the  elimination  of  ethylene.  This 
cleavage  and  the  subsequent  planar  configuration  of  the  bonds  at  C-2 
release  the  considerable  strain  of  the  bridged  ring  system,  whereas  the 
alternative  cleavage  at  C-2-C-3  not  only  leads  to  increased  ring  strain, 
but  also  greater  steric  crowding  between  C-4  and  C-10. 


CHsO 


\ 


CH3O 


CH,0      CHs 
M-28 


(16)  H.  K.  Schnoes  and  K.  Biemann,  /.  Am,  Chem,  Soe.,  86,  5693 
(1964). 
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This  was  ruled  out  by  a  comparison  of  their  mass 
spectra  which  were  dissimilar  far  beyond  the  degree 
attributable  to  their  difference  in  aromatic  substitution 
[13:  m/e  338  (M),  215  (a),  187,  169,  155,  124;  35: 
m/e  294  (M),  266  (M  -  CO  and  M  -  QH4),  252 
(M  -  QH2O),  138,  109"].  It  follows  that  the  ketone 
functions  of  13  and  35  must  be  on  different  bridges, 
and  the  kosingine  derivatives  are  therefore  substituted 
at  C-3  and/or  C-4. 

Kopsaporine  and  Kopsingarine.  Kopsaporine,  a  sec- 
ond major  alkaloid  of  Kopsia  singapurensis^  has  a  com- 
position of  CisHieNsOe,  based  on  conventional  analysis 
and  mass  spectrometric  molecular  weight.  The  mass 
spectrum  suggested  it  to  be  demethoxykopsingine  (5) 
because  it  was  analogous  to  the  spectrum  of  kopsingine 
except  that  all  peaks  above  mje  200  appeared  30  mass 
units  lower.  AH  other  evidence  agreed  with  this  as- 
signment. Analysis  had  indicated  the  presence  of  two 
methoxyl  groups  which,  by  analogy  with  kopsingine, 
could  be  attributed  to  a  hydrogen-bonded  urethan 
and  an  ester  (Tmax  1675  and  1740  cm-^;  nmr  3.80  and 
3.90  ppm).  The  nmr  spectrum  of  kopsaporine  showed 
the  same  olefinic  absorption  pattern  [5.83  (/  »  10  cps) 
and  6.02  ppm  (7  =  10,  4,  and  2  cps)]  as  had  been  ob- 
served for  kopsingine,  and  the  ultraviolet  spectrum 
j^i^eOH  207  m/i  (log  €  4.53),  246  (4.15),  279  (3.43),  287 
(3.39)]  was  similar  to  the  spectra  of  pleiocarpine  (1)' 
and  kopsine  (2).*  Three  active  hydrogens  had  been 
indicated  by  conventional  analysis;  however,  only  two 
deuterium  atoms  were  incorporated  by  exchange  with 
deuterium  oxide  in  the  mass  spectrometer. 

Further  proof  is  the  appearance  of  a  fourth  aromatic 
hydrogen  in  the  nmr  spectrum  of  kopsaporine,  which 
was  distinctive  in  its  absorption  as  a  broad  doublet 
(7.53  ppm,  7=8  cps)  slightly  downfield  from  the  re- 
maining aromatic  signals.  This  behavior  is  char- 
acteristic of  the  C-17  hydrogen  atom  of  other  N-carbo- 
methoxyindoline  alkaloids  {cf.  pleiocarpine^).  Lack 
of  this  signal  in  the  spectrum  of  kopsingine  provides, 
in  retrospect,  complementary  evidence  for  the  assign- 
ment of  a  methoxyl  group  at  C-17  in  this  alkaloid. 

It  is  suggested  that  kopsingarine,  also  isolated  from 
K,  singapurensis,  is  17-hydroxykopsaporine  (6).  This 
follows  from  a  comparison  of  ultraviolet  and  infrared 
spectra  of  kopsingarine  with  data  from  kopsingine  and 
kopsaporine.^  Structure  6  is  also  in  agreement  with 
the  elemental  analysis  of  C28H28-30N2O7,  including  the 
presence  of  only  two  O-methyl  groups.  However, 
neither  chemical  nor  mass  spectral  data  have  yet  been 
obtained. 

Experimental  Section 

Reaction  products  were  usually  purified  by  preparative  thin 
layer  chromatography  (tic)  on  silica  gel  H  (Brinkmann),  prewashed 
with  methanol,  using  chloroform-methanol  (9:1)  as  the  solvent 
system.  Compounds  were  detected  with  iodine  vapor.  The  small 
scale  on  which  reactions  were  frequently  performed  often  pre- 
cluded crystallization,  and  thus  many  compounds  were  character- 
ized primarily  by  infrared,  ultraviolet,  and  mass  spectra. 

Melting  points  were  taken  on  a  Kofler  micro  hot  stage,  and  are 
uncorrected.  Quantitative  ultraviolet  spectra  were  determined 
with  a  Gary  Model  14  recording  spectrophotometer,  and  those 
reported  without  extinction  values  were  determined  with  a  Gary 
Model  11  spectrophotometer.  Infrared  spectra  were  obtained 
using  either  a  Perkin-Elmer  Model  237B  or  Model  337  spectro- 
photometer. Nmr  spectra  were  obtained  in  deuteriochloroform 
with  a  Varian  A-60  spectrometer,  and  data  are  expressed  in  parts 
per  million  downfield  from  an  internal  tetramethylsilane  standard. 


Conventional  mass  spectra  were  determined  with  a  CEC  21-lOK 
mass  spectrometer,  equipped  with  a  vacuum  lock  for  the  introdoo- 
tion  of  compounds  of  low  volatility  or  thermal  instability  directly 
into  the  ion  source.  All  spectra  were  recorded  at  70  ev  ionizing 
potential.  High-resolution  data  were  obtained  with  a  CEC  21-110 
double-focusing  mass  spectrometer,  using  a  photographic  plate  for 
recording. 

The  spectral  data  reported  here  for  kopsingine  and  kopsaporine 
were  determined  recently  and  some  of  them  differ  slightly  from  tboK 
previously  reported,*  which  is  due  to  the  use  of  different  instro- 
ments. 

InolatkNi  of  Alkaloids.  The  isolation,  reported  in  detail  d» 
where,*  involved  alumina  chromatography  of  the  bases,  obtained 
from  a  methanol  extract  of  the  leaves  of  Kopsia  singapunmu. 
After  separation  of  crystalline  kopsingine  from  the  early  fractiom, 
the  remaining  residue  was  subjected  to  countercurre&t  distributioB 
giving  kopsaporine,  kopsingarine,  and  additional  kopsingine. 

Kopafaigiiie  (4).  Recrystallization  from  chloroform-ethBool 
gave  colorless  prisms:  mp  270-274®  dec;  pKm,  =  5.27;  [a]^ 
+75**;  XjHi*"  217  niM  (log  €  4.56),  253  (4.04),  282  (3.38),  288(3.36); 
v^"*  1670,  1740,  3370  cm-»;  nmr  3.3  [muWplct,  (C-8)  HJ.  3.77 
(singlet,  OCHi),  3.79  (singlet,  OCHs),  3.82  (singlet,  OCH«X  SM 
[doublet,  y  »  10  cps,  (C-6)  H],  5.73  [singlet,  (C-3)  OH].  5.95  [octet, 
J  »  10,  4,  and  2  cps,  (C-7)  H),  6.6-7.2  (multiplet,  3  H),  7.98  ppm 
[broad  doublet,  /  »  4  cps,  (C-4)  OH];  mass  spectrum,  m/e  456 
(M),  428,  427,  405,  397,  395,  379,  368,  339,  337,  283, 246. 

Kopsaporine  (5).  Recrystallization  from  ethanol  gave  ooiories 
needles:    mp  234**  dec;  pJC.  -  5.63;  [a]"D  -h48^  Xj2"207n^ 


(log  €  4.53),  246  (4.15),  279  (3.43),  287  (3.39);    w\ 


,CHCI« 


1675,  1740, 


3350  cm->;  nmr  3.4  [multiplet,  (C-8)  HJ,  3.80  (singlet,  OOU 
3.90  (singlet,  OCH,),  5.83  [doublet,  /  »  10  cps.  (C-6)  H],  6.Q2 
[octet,  J  »  10,  4,  and  2  cps,  (C-7)  H],  6.32  [singlet,  (C-3)  OHl  1.0- 
7.4  (multiplet,  3  H),  7.53  [complex  doublet,  7  »  8  cps,  (Ol^  HI 
8.15  ppm  [broad  doublet,  /  »  5  cps,  (C-4)  OH];  mass  spectrum, 
m/e  426  (M),  398,  397,  375,  367,  365,  349,  338,  309,  307,  253,  216, 
156,143,130,115,108. 

Kopaingine  Acetate.  Kopsingine  (50  mg)  and  50  /il  of  acetic 
anhydride  were  refluxed  for  24  hr  in  2  ml  of  pyridine.  The  product 
was  evaporated  to  dryness  under  vacuum  and  the  residue  purified 
by  tic  to  give  amorphous  kopsingine  acetate;  y^,"*  1665,  1740, 
3320  cm-i;  nmr  1.92  (singlet,  CHaCO),  3.67  (singlet,  OCHa),  3.77 
(singlet,  OCHs)  3.80  (singlet,  OCHs),  5.15  [doublet,  7  »  2  cps, 
(C-4)  H],  5.63  [(06)  H],  5.78  [(C-7)  H],  6.27  [singlet.  (03)  OHl 
6.6-7.2  ppm  (3  H);  mass  spectrum,  m/e  498  (M),  479,  4S5,  439, 
421,  379,  337  283,  123,  120,  107. 

Dihydrokopafaigine  (7).  Kopsingine  (1.00  g),  with  200  mg  of 
platinum  oxide  in  50  ml  of  acetic  acid-methanol  (4:1),  was  reduced 
with  hydrogen  gas  for  3  hr  at  room  temperature  and  atmospheric 
pressure.  After  removal  of  platinum  by  filtration,  the  methanol  wts 
evaporated  and  20  ml  of  water  was  added.  The  solution  was  made 
basic  with  sodium  carbonate  and  then  extracted  with  three  204d1 
portions  of  chloroform.  The  extracts  were  combined,  evaporated, 
and  crystallized  from  chloroform-methanol  to  give  884  mg  of 
dihvdrokopsingine  (7)  as  colorless  prisms:  mp  268-270**  dec; 
Xa^^  216  niM  (log  €  4.58),  253  (4.06),  281  (3.38),  288  (3.36);  w^ 
1670, 1740,  3400  cm->;  nmr  3.80  (singlet,  6  H,  OCR,),  3.82  (singlet, 
OCHs),  5.62  [singlet,  (C-3)  OH],  6.6-7.2  (3  H),  8.44  ppm  [doublet, 
/  =  7  cps,  (C-4)  OH];  mass  spectrum,  m/e  458  (M),  443,  430. 
429,  399,  370,  355,  341,  399,  315,  301, 278, 124, 122, 109. 

Dihydrokopaingjne  Toaylate  (9).  Dihydrokopsingine  (7,  50  mg) 
and  25  mg  of  /^-toluenesulfonyl  chloride  were  dissolved  in  0.5  ml 
of  pyridine  and  allowed  to  stand  at  room  temperature  for  24  hr. 
The  solvent  was  removed  under  vacuum  and  the  residue  taken  up 
in  5  ml  of  chloroform.  This  solution  was  rinsed  successively  with 
two  5-ml  portions  each  of  water,  0.5  N  HCl,  and  saturated  aqueous 
sodium  carbonate,  then  dried  over  sodium  sulfate  and  evaporated. 
The  amorphous  residue  was  not  further  purified  and  was  identified 
as  dihydroskopsingine  tosylate  on  the  basis  of  its  nmr  spectrum: 
2.45  (tosylate  CHs),  3.45  (OCH,),  3.74  (OCH,),  3.80  (OCHil 
4.90  [singlet,  (C-4)  H],  5.90  [singlet,  (C-3)  OHJ,  6.6-7.2  (3  HX 
7.1-7.9  ppm  (quartet,  4  H). 

Hydride  Reduction  of  Dihydrokopsingine  to  THol  11.  Dil\ydro- 
kopsingine  (7,  650  mg)  and  350  mg  of  lithium  aluminum  hydn&t 
were  refluxed  for  4  hr  in  50  ml  of  tetrahydrofuran.  Excess  hydrick 
was  decomposed  with  THF  containing  water,  then  solvents  were 
removed  by  evaporation.  Saturated  sodium  potassium  tartrste 
solution  (100  ml)  was  added,  and  the  product  was  then  extracted 
with  three  50-ml  portions  of  chloroform.  After  evaporation  of  the 
combined  extracts,  crystallization  from  ether  yielded  375  nv  (^ 
triol  11  as  colorless  needles.    RecrystallizatioQ  from  ether  8f«c: 


yof 
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71°;  X^"  216  niM  (log  «  4.40).  260  (3.87),  295  (3.34);  v2?" 
540  cm-»;  nmr  3.12  (singlet,  NCHj).  3.75  (singlet,  OCHi), 
oublet,  y  »  12  cps,  one  of  the  two  hydroxymethylene  hydro- 
t  C-3  with  geminal  coupling),  6.70  ppm  (singlet,  3  H); 
pectrum,  m/e  386  (M),  355,  327,  297,  271,  230,  216,  202, 188, 
14,126,125,124,  112,96. 

-(O-^Oi*  When  triol  11  was  introduced  into  the  mass 
•meter  in  the  presence  of  deuterium  oxide,  the  mass  spectrum 
at  of  trioHO-^i  with  peaks  at  mje  389  (M),  357,  329,  298, 
a,  217,  203. 189, 174, 156, 128, 126, 124, 114, 97. 
\'dh  (12).  Use  of  lithium  aluminum  deuteride  in  the  re- 
a  of  dihydrokopsingine  gave  triol-i/»  (12):  mass  spectrum, 
I  (M),  358,  330,  300,  274,  235,  221,  205,  191,  177,  154,  126, 
2,96. 

ride  Reduction  of  Dihydrokopaiiigiiie  Tosylate  to  Diol  10. 
rokopsingine  tosylate  (approximate  50  mg)  in  5  ml  of  tetra- 
'uran  was  refluxed  for  2  hr  with  excess  lithium  aluminum 
e.  The  solvent  was  then  evaporated  and  50  ml  of  saturated 
1  potassium  tartrate  solution  was  added.  Two  10-ml  ex- 
ns  with  chloroform,  followed  by  tic  purification,  gave  10  mg 
I  10  as  the  major  product,  with  a  smaller  amount  of  triol 
he  amorphous  diol  had  v^^  3380  cm'^    mass  spectrum, 

0  (M),  355,  339,  311, 124,  122, 110, 96. 

Mlate  Cleavage  of  Did  10  to  Ketone  13.  Diol  10  (9  mg)  in 
of  methanol  was  added  to  2  ml  of  0.01  %  sulfuric  acid- 
loi  which  contained  40  mg  of  sodium  periodate  and  0.4  ml 
T.  The  mixture  was  stirred  at  room  temperature  for  15  roin 
sn  poured  into  10  ml  of  saturated  sodium  carbonate  solution, 
retractions  of  5  ml  of  chloroform  each,  followed  t>y  tic 
Btion,  gave  2  mg  of  ketone  13:  7^^  1720  cm~^  mass 
im,  mie  338  (M),  215  (a),  187.  155,  124. 
oe-i/s  14.  Ketone  13  (2  mg)  was  dissolved  in  1  ml  of  tetra- 
uran.  Deuterium  oxide  (0. 1  ml)  and  a  small  piece  of  sodium 
vere  added,  and  the  solution  was  stirred  at  room  temperature 

hr.  The  sodium  hydroxide  layer  was  removed  and  2(X)  yX 
terium  oxide  and  additional  sodium  were  added.  After  a 
)f  18  hr  with  stirring,  the  tetrahydrofuran  was  evaporated, 
ium  oxide  (5  ml)  was  added  and  the  product  extracted  with 
•ml  portions  of  chloroform  to  give  ketone-^i  14:  mass 
im,  mje  340  (M),  215,  187,  156,  126. 
teride  Reduction  of  Ketone  13  to  Alcohol  15.  Ketone  13 
was  dissolved  in  0.5  ml  of  tetrahydrofuran  and  excess  lithium 
lum  deuteride  was  added.  After  3  hr  at  room  temperature, 
vent  was  evaporated  and  5  ml  of  saturated  sodium  potassium 
t  solution  was  added.  Extraction  with  5  ml  of  chloroform 
ed  the  pure  deuterated  alcohol  15:  mass  spectrum,  mje  341 
25,110,%. 

BT-KisliDer  Reduction  of  Ketone  13  to  IT-Methoxy-N-iiietliyl- 
fractinine  (16).  Ketone  13  (2  mg)  was  dissolved  in  200 
ihanol.  Hydrazine  hydrate  (20  ^1)  was  added,  and  the  solu- 
as  heated  in  a  sealed  tube  for  5  hr  at  100°.  The  ethanol  was 
«ted  and  100  n\  of  10%  sodium  hydroxide  in  ethanol  was 
This  mixture,  sealed,  was  kept  at  190''  for  5.5  hr.    Water 

was  added,  and  the  product  was  extracted  with  two  5-ml 
IS  of  chloroform  to  give  pure  17-methoxy-N-methylaspido- 
ine(16):  Xil!!:^'' 218,  258,  293  m^;  mass  spectrum.  Figure  1. 
nr-Kisluier  Reduction  of  Ketone  14  to  n-Methoxy-N-metliyl- 
Tractinine-i/i  (17).  Ketone  14  (2  mg)  was  dissolved  in  100 
nethanol-J  and  added  to  100  /xl  of  methanol-J  containing 
f  anhydrous  hydrazine.  The  solution  was  heated  at  100® 
;  tube)  for  2  hr  and  then  the  solvent  was  evaporated.  A 
:ed  solution  (3(X)  /xl)  of  sodium  methoxide  in  methanol-J 
Ided,  then  sealed  and  heated  at  200''  for  4  hr.  Water  (5  ml) 
Ided,  and  the  product  was  extracted  with  two  portions  of  5 
:hloroform.  A  mass  spectrum  indicated  a  small  amount  of 
lum  in  addition  to  that  at  C-3  and  04,  so  the  product  was 

at  200°  for  16  hr  in  0.5  ml  of  sodium  ethoxide-ethanol 
orked  up  as  above.  After  purification  by  tic,  the  product 
ass  spectral  peaks  at  mje  328  (M),  300,  204, 190, 125,  111. 
odate  Cleavage  of  Triol  11.  Triol  11  (300  mg)  in  1  ml  of 
lol  was  added  to  1.2  g  of  sodium  periodate  and  12  ml  of 
in  60  ml  of  0.01  %  sulfuric  acid-methanol.  The  mixture 
irred  at  room  temperature  for  15  min,  then  poured  into  150 

saturated  sodium  carbonate  solution.  Four  chloroform 
ions  of  25  ml  each  were  combined  and  evaporated,  giving 
{ of  amorphous  residue.  From  3(X)  mg  of  this  residue,  after 
tion  by  tic,  three  fractions  were  obtained  containing  diketone 

01  24,  and  enediol  23,  each  described  below. 

itone  27.  Crystallization  from  methanol  of  the  least  polar 
n  from  the  periodate  cleavage  of  triol  11  gave  45  mg  of  dike- 


M«OH 


tone  27  as  orange  needles:  nip  184-187°;  X^"  216  m/A  (log  c 
4.48),  256  (3.92),  295  (3.45);  vSf*  1720,  1755  cm-»;  mass  spec- 
trum, mIe  352  (M),  296, 229, 226, 202, 109. 

Ketol  24.  The  most  polar  of  the  three  periodate  cleavage 
fractions  crystallized  with  difficulty  from  acetone  to  jdve  41  mg 
of  ketol  24  as  colorless  prims:  mp  190-193°;  \^^  111  m^ 
(log  «  4.46),  257  (3.94),  296  (3.41);  v2P*  1715,  3350  cm-i;  nmr 
3.02  (singlet,  NCH,),  3.42  [singlet,  (C-19)  H],  3.47  [(C-3)  OH], 
3.75  (singlet,  OCH,)  4.22  [singlet,  (C-3)  H],  6.6-7.1  ppm  (3  H); 
mass  spectrum,  mje  354  (M),  337,  326,  297,  203  (b),  124, 110, 96. 

Ketol-</  25.  Ketol  24  was  dissolved  in  1  ml  of  tetrahydrofuran 
with  100  /il  of  deuterium  oxide.  A  small  piece  of  sodium  metal 
was  added  and  the  solution  was  allowed  to  stand  at  room  tempera- 
ture for  13  hr.  The  solvent  was  evaporated,  1  ml  of  deuterium 
oxide  was  added,  and  the  product  was  extracted  with  5  ml  of  chloro- 
form. After  purifkation  by  tic,  ketoW  25  was  obtained:  mass 
spectrum,  mje  355  (M),  338,  327,  297,  204  (b'),  125, 1 10, 96. 

KeCoM  26.  When  ketol-</  25  was  introduced  into  the  mass 
spectrometer  in  the  presence  of  deuterium  oxide,  the  following 
mass  spectrum  was  obtained:  mje  356  (M),  338,  328,  298,  205 
(bO,  125,  111,  97. 

Enediol  23.  The  third  fraction  from  the  periodate  cleavage  of 
triol  11  could  not  be  isolated  or  characterized  in  pure  form.  Even 
though  chromatographic  resolution  was  good,  on  repeated  chro- 
matography this  fraction  always  contained  large  amounts  of  dike- 
tone  27  and  ketol  24,  which  must  have  formed  by  decomposition 
of  the  compound  in  question.  The  structure  of  an  enediol  23  is 
postulated  for  this  compound.  An  alternative  ketol  structure  22 
cannot  be  ruled  out,  but  it  seems  that  the  enediol  would  be  more 
stable  because  of  the  trigonal  carbon  at  C-4,  and  a  stable  3,4 
double  bond  has  also  been  observed  in  the  olefin  33. 

Diol  29.  a.  Diketone  27  (5  mg)  with  excess  lithium  aluminum 
hydride  was  allowed  to  stand  at  room  temperature  in  1  ml  of  tetra^ 
hydrofuran  for  3  hr.  The  solvent  was  then  evaporated  and  5  ml 
of  saturated  sodium  potassium  tartrate  was  added.  The  product 
was  extracted  with  two  5-ml  portions  of  chloroform  and  crystallized 
from  methanol  to  give  colorless  needles:  mp  169-171°;  v^^" 
3400  cm-^;  mass  spectrum,  m/e  356  (M),  297,  204  (c),  154,  126, 
124,112. 

b.  Ketol  24  (5  mg)  was  reduced  with  hydride  in  the  same  man- 
ner, giving  a  product  identical  with  the  diol  29  from  the  diketone 
(mmp  169-171  °,  identical  infrared  and  mass  spectra). 

Diol-i/  30.  Ketol  24  was  reduced  as  above,  using  lithium  alu- 
minum deuteride,  giving  diol-J  30:  mass  spectrum,  m/e  357  (KO, 
297,  204  (c),  155,  127,  124,  113. 

UxA-dt  31.  E)iketone  27  was  reduced  as  above,  using  lithium 
aluminum  deuteride,  giving  diol-Jt  31:  mass  spectrum,  m/e  358 
(M),  297,  205  (c),  155, 127, 125, 113. 

WoUr-Kisliner  Reduction  of  Diketone  27  to  Alcohol  28.  Dike- 
tone  27  (5  mg)  and  5  /xl  of  anhydrous  hydrazine  in  100  /xl  of  ethanol 
was  heated  in  a  sealed  tube  at  100°  for  3  hr.  Evaporation  under 
vacuum  gave  the  monohydrazone:  mol  wt,  366;  v~^  1665  cm"^ 
(chelated  carbonyl).  The  hydrazone  was  dissolved  in  100  /xl  of 
ethanol  and  100  /d  of  a  saturated  solution  of  sodium  ethoxide  in 
ethanol  was  added.  The  reaction  mixture  was  heated  in  a  sealed 
tube  at  200°  for  4  hr.  Water  (5  ml)  was  then  added,  and  the  miyor 
product,  alcohol  28,  was  extracted  with  two  5-ml  portions  of  chloro- 
form, purified  by  tic,  and  crystallized  from  methanol  as  colorless 
needles:  mp  204-205°;  mass  spectrum,  m/e  340  (M),  312,  188, 
125, 124. 

WoUr-Kishner  Reduction  of  Ketol  24  to  Alcohol  32  and  Olefin  33. 
Ketone  24  (60  mg)  in  0.5  ml  of  ethanol  was  heated  at  1(X)°  in  a 
sealed  tube  for  3  hr  with  50  yX  of  anhydrous  hydrazine.  A  satu- 
rated solution  of  sodium  ethoxide  in  ethanol  (0.5  ml)  was  added, 
and  the  mixture  was  then  heated  for  4  hr  in  a  sealed  tube  at  200°. 
Water  (25  ml)  was  added  and  the  product  was  extracted  with  two 
25-ml  portions  of  chloroform.  Separation  by  tic  provided  two 
major  products,  alcohol  32  and  olefin  33. 

a.  Alcohol  32  (9  mg)  was  crystallized  from  methanol  to  give 
5  mg  of  colorless  prisms:  mp  172-174°;  XHi?"  217  m^  (log  €  4.41), 
259  (3.85),  294  (3.37);  mass  spectrum,  m/e  340  (M),  312,  188,  125, 
124. 

b.  Olefin  33  (8  mg)  was  obtained  in  colorless  amorphous  form: 
X^"  257,  293  niM;  nmr  3.02  (singlet,  NCH,),  3.77  (singlet,  OCHO, 
6.08  (doublet  7  >>  9  cps),  6.45  (doublet,  7-9  cps),  6.6-7.1  ppm; 
mass  spectrum,  m/e  322  (M),  294  (d),  279,  266, 250, 238, 224, 161. 

Redaction  of  Olefin  33  to  IT-Methoxy-N-methylaspidofractinine 
(16).  Olefin  33  (5  mg)  in  1  ml  of  methanol  was  reduced  with  hydro- 
gen over  platinum  at  room  temperature  and  pressure  for  1  hr. 
Filtration  and  evaporation,  followed  by  purification  by  tic,  yielded 
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a  single  amorphous  compound  which  gave  a  mass  spectrum  iden- 
tical with  that  of  17-methoxy-N-methylaspidofractinine  (16), 
previously  obtained  from  the  ketone  13. 
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Abstract:  The  cycloamyloses  cause  a  markedly  stereoselective  acceleration  of  phenol  release  from  a  variety  of 
substituted  phenyl  acetates  in  alkaline  solution.  Unlike  methyl  glucoside  or  glucose  which  produces  small  uniform 
rate  effects,  both  cyclohexaamylose  and  cycloheptaamylose  cause  large,  nonuniform  increases  in  the  rate  of  phenol 
release  from  m^ra-substituted  phenyl  acetates;  phenol  release  from  pora-substituted  phenyl  acetates  is  only  slightly 
enhanced.  Rate  effects  due  to  cyclooctaamylose  are  smaller  and  much  less  stereoselective.  The  rate  accelerations 
are  independent  of  the  electronic  nature  of  the  substituents.  The  cycloamylose  system  exhibits  many  characteris- 
tics of  enzyme-catalyzed  reactions,  including  saturation,  competitive  inhibition,  and  nonproductive  binding.  Dis- 
sociation constants  of  cycloamylose  complexes  with  a  variety  of  guest  molecules  were  obtained  using  kinetic, 
spectroscopic,  and  competitive  inhibition  methods  and  are  in  experimental  agreement.  The  maximal  rate  effects 
are  independent  of  the  stabilities  of  the  cycloamylose-substrate  complexes,  as  in  enzymatic  catalysis.  The  rate 
accelerations  are  entirely  explained  by  considering  the  region  of  the  cycloamylose  torus  and  the  secondary  hydroxyl 
groups  to  be  the  active  site  of  the  cycloamylose.  In  the  complex  the  meta  substituents  on  the  phenyl  ring  fix  the 
carbonyl  carbon  atom  of  the  ester  in  close  proximity  to  the  secondary  hydroxyl  groups  of  the  cycloamylose  whereas 
para  substituents  prevent  this  approximation.  The  reaction  system  constitutes  a  striking  model  for  the  lock  and  key 
theory  of  enzymatic  specificity  proposed  by  Emil  Fischer. 


As  an  aid  to  the  understanding  of  the  mechanism  of 
L  enzyme  action  it  would  be  useful  to  have  a  rela- 
tively simple  model  system  which  exhibits  some  of  the 
important  characteristics  of  enzyme-catalyzed  reac- 
tions. Such  a  model  system  should  exhibit  substantial 
catalytic  effects  which  vary  in  a  predictable  manner 
depending  upon  the  substrate.  The  catalysis  should  be 
ascribable  to  a  known  reactive  group  or  groups  and  the 
structure  and  geometry  of  the  catalyst  should  be  known. 
The  catalytic  effects  should  be  the  result  of  prior  com- 
plexation  of  the  catalyst  and  substrate.  It  must  be 
possible  to  accurately  determine  both  the  stability  of 
the  catalyst-substrate  complex  and  its  inherent  reac- 
tivity since  there  is  no  necessary  relationship  between 
these  two  factors  (for  example,  although  chymotrypsin 
binds  N-acetyl-D-tryptophanamide  somewhat  better 
that  it  binds  the  l  isomer,*  the  deacylation  rates  of  N- 
acetyl-D-  and  -L-tryptophanyl  chymotrypsins  differ 
by  a  factor  of  1.6  X  10*  in  favor  of  the  L  isomer 5). 
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A^i  for  acetyl-D-tryptophanamide  is  2.3  X  10"*  Af  [R.  J.  Foster,  H.  J. 
Shine,  and  C.  Niemann,  ibid.,  77,  2378  (1955)]. 
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because  reactions  of  the  d  isomers  are  so  slow  it  is  not  possible  to  obtain 
an  accurate  ratio  which  describes  the  kinetic  specificity  of  the  kt  step  for 


Stereochemical  aspects  of  both  the  binding  and  the 
subsequent  catalysis  should  be  readily  explainable  on 
the  basis  of  the  geometry  of  the  catalyst  and  substrate. 
Other  features  of  enzymic  catalysis  which  should  be 
sought  for  in  a  model  system  include  competitive  in- 
hibition and  nonproductive  binding.  In  addition,  it 
would  be  preferable  if  the  catalysis  proceeded  by  a 
mechanism  similar  to  those  so  far  known  for  enzyIIl^ 
catalyzed  reactions. 

It  appeared  possible  that  a  system  incorporating  the 
cycloamyloses®"'  might  permit  the  development  of  such 
a  model.  As  the  name  implies,^  the  cycloamyloses  are 
cyclic  a-l,4-linked  D-glucose  polymers  and  have  6,  7, 
or  8  glucose  residues  per  molecule.  *  *  X-Ray  crystallo- 
graphic  studies  have  firmly  established  the  structure' 

chymotrypsin-catalyzed  hydrolyses.  Conversely,  the  Acs  step  for  diy- 
motrypsin-catalyzed  hydrolyses  of  esters  related  to  specific  substntei 
is  too  fast  to  permit  a  similar  measurement 

(6)  F.  Cramer,  **Einschlussverbindungen,**  Springer- Verlag,  Hddd- 
berg,  1954. 

(7)  D.  French,  Adoan,  Carbohydrate  Chem.^  12,  189  (19S7). 

(8)  J.  A.  Thoma  and  L.  Stewart  in  "Starch:  Chemistry  and  Tech- 
nology," Vol.  I.  R.  L.  Whistler  and  E.  F.  Paschall,  Ed.,  Academic  Prea 
Inc.,  New  York,  N.  Y.,  1965,  p  209. 

(9)  F.  R.  Senti  and  S.  Erlander  in  "Nonstoichiometric  CompoundSt" 
L.  Mandelcom,  Ed.,  Academic  Press  Inc.,  New  York,  N.  Y..  1964,  p 
588. 

(10)  The  names  a-,  fi-,  and  7-Schardinger  dextrins  and  cyckKkxtriBi 
became  established  early  in  the  literature,  the  prefixes  referring  to  cydo* 
hexa-,  -hepta-,  and  -octaamylose,  respectively.  Now  that  the  stmctora 
of  these  molecules  have  be^  unequivocally  established  it  seems  apfjro' 
priate  to  use  the  more  descriptive  amylose  names. 

(11)  The  structure  of  the  homologous  cydononaamylose  also  appetft 
to  have  been  established:  D.  French,  A.  O.  PuUey,  J.  A.  Effcnbcriff. 
M.  A.  Rougvie,  and  M.  Abdullah,  Arch.  Biochem.,  Biophys.,  lU.  153 
(1965). 
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and  stereochemistry**  of  the  cycloamyloses.  They  are 
doughnut-shaped  molecules  with  the  glucose  units  in 
the  C-1  conformation.  The  primary  hydroxyl  groups 
(carbon  6  of  the  glucose  unit)  are  located  on  one  side 
of  the  torus  while  the  secondary  hydroxyls  (carbons  2 
and  3  of  the  glucose  units)  are  located  on  the  other 
side  of  the  torus.  The  interior  of  the  cavity  contains 
a  ring  of  C-H  groups,  a  ring  of  glycosidic  oxygens,  and 
another  ring  of  C-H  groups.  As  a  consequence  the 
interior  of  the  cycloamylose  torus  is  relatively  hydro- 
phobic*' when  compared  to  water. 

The  cycloamyloses  form  solid  inclusion  complexes 
and  complexes  in  solution  with  a  variety  of  molecules 
and  ions.*"'  This  characteristic  has  led  to  their 
utilization  as  enzyme  models.  For  example,  the  cyclo- 
amyloses have  been  shown  to  act  as  asymmetric  cata- 
lysts in  the  saponification  of  mandelic  acid  esters,  al- 
though the  rate  effects  and  optical  yields  were  small.  *^ 
The  cycloamyloses  catalyze  the  decarboxylation  of  sub- 
stitute cyanoacetic  acids,  accelerations  of  up  to  IS-fold 
being  observed.*^  In  neither  of  these  studies  was  the 
relationship  between  complexing  and  catalysis  deter- 
mined. Cycloheptaamylose  was  found  to  inhibit  the 
basic  hydrolysis  of  ethyl  /?-aminobenzoate,  the  com- 
plexed  ester  being  completely  unreactive  (within  experi- 
mental error)  in  0.04  N  barium  hydroxide  solution.** 
The  extent  of  inhibition  due  to  added  cyclohepta- 
amylose was  consistent  with  the  formation  of  a  1:1 
complex*^  having  a  dissociation  constant  of  2.34  X 
10"'  Af.  Most  pertinent  to  the  present  investigation  is 
the  work  of  Hennrich  and  Cramer  where  it  was  found 
that  the  cycloamyloses  accelerate  the  decomposition 
of  diaryl  phosphates  in  heterogeneous  alkaline  mixtures 
with  concomitant  phosphorylation  of  the  amylose." 
The  acceleration  of  the  release  of  phenol  from  di-p- 
chlorophenyl  pyrophosphate  was  ca.  200-fold  with  cyclo- 
heptaamylose, smaller  accelerations  being  observed 
with  cyclohexaamylose  and  cyclooctaamylose.  Fur- 
thermore, the  acceleration  was  reduced  when  phenolic 
products  were  present  in  the  reaction  mixture.  Un- 
fortunately, limitations  of  the  experimental  system 
made  it  impossible  to  investigate  the  relationship  be- 
tween the  stability  of  the  complex  and  its  reactivity. 
The  relative  importance  of  steric  and  electronic  effects 
on  reactivity  and  on  complexation  could  not  be  deter- 
mined. The  present  investigation  of  the  effects  of 
cycloamyloses  on  the  alkaline  hydrolysis  reactions  of 
phenyl  esters  was  therefore  undertaken  in  an  effort  to 
determine  these  critically  important  facts. 

Experimental  Section 

CyckMunykMes  were  initially  obtained  as  a  gift  from  Professor 
Dexter  French.  Subsequently  cyclohexaamylose  was  purchased 
from  Applied  Science  Laboratories.    At  the  present  time  both 


(12)  A.  Hybl,  R.  E.  Rundle,  and  D.  E.  Williams,  /.  Am,  Chem,  Soc„ 
•?•  2779  (1965):  a  detailed  description  of  the  structure  of  a  cyclohexa- 
amylose-potassiuni  acetate  complex  is  given. 

(13)  The  term  hydrophobic  is  used  here  in  the  sense  of  relative  to 
water  and  should  not  be  taken  to  mean  hydrocarbon  or  to  imply  any 
particular  mechanism  as  an  explanation  of  the  apolar  bonding  involved 
in  complex  formation;  see  also  ref  8. 

(14)  F.  Cramer  and  W.  Dietsche,  Ber.,  92,  1739  (1959). 

(1^  F.  Cramer  and  W.  Kampe,  /.  Am.  Chem,  Soc.,  87, 1115  (1965). 

(16)  J.  L.  Lach  and  T.  F.  Chin,  /.  Pharm.  ScL,  53,  924  (1964). 

(17)  Strong  evidence  in  favor  of  1 : 1  inclusion  complexes  for  a  variety 
of  guest  molecules  with  cycloamyloses  has  been  presented  recently: 
F.  Cramer,  W.  Saenger,  and  H.-C.  Spatz,  /.  Am.  Chem,  Soc.,  89,  14 
C1967). 

(18)  N.  Hennrich  and  F.  Cramer,  ibid,.  87, 1 121  (1965). 


pyclohexaamylose  and  cycloheptaamylose  are  available  from  Pierce 
Chemical  Co.  (Rockford,  III.).  Cyclooctaamylose  was  obtained 
as  the  pure  crystalline  material  from  Professor  French.  Cyclo- 
heptaamylose was  purified  by  recrystallization  from  water  and 
dried  at  110''  for  12  hr.  Anal,  Calcd  for  C42H70OU:  C,  44.44; 
H.6.22.    Found:    C,  44.11;  H,  6.29. 

Cyclohexaamylose  was  purified  by  recrystallization  from  1- 
propanol'water^  followed  by  recrystallization  from  water  and  dry- 
ing under  vacuum  at  80°  for  12  hr.  Anal,  Cakd  for  CitHi(X)to: 
C,  44.44;  H.6.22.    Found:    C,  44.16,  44.44;  H,  6.32,  6.35. 

Both  the  cyclohexaamylose  and  cycloheptaamylose  were  found 
to  be  pure  and  free  from  cross-contamination  as  judged  by  paper 
chromatography  on  Whatman  No.  1  paper  (descending  chroma^ 
tography,  25°,  solvent:  1-butanol-dimethylformamide-water, 
2:1:1,  v/v/v)  using  1%  alcoholic  iodine  as  a  developing  spray. 
The  Rt  values  of  cyclohexa-  and  -heptaamylose  were  0.23  and  0.20, 
respectively. 

The  specific  rotation  of  aqueous  cyclohexaamylose  was  [a]**D 
150.2  ±  4.20°  (concentration  varied  from  0.0104  to  0.0286  g/ml), 
in  agreement  with  the  literature  value^*  of  150.5  ±:  0.5 °.  No  trend 
was  observed  in  the  specific  rotation  values  as  the  cyclohexaamylose 
concentration  was  varied.  A  Rudolph  Model  2(X)S/655  manual 
photoelectric  spectropolarimeter  equipped  with  an  electrical  null 
reading  device  was  used  to  determine  the  optical  rotations. 

The  molecular  weight  of  cyclohexaamylose  in  water  at  37°  was 
determined  using  a  Mechrolab  Model  301 A  vapor  pressure  osmom- 
eter with  sucrose  as  a  standard.  Three  samples  at  concentrations 
of  58,  132,  and  50  g/1.  gave  molecular  weights  of  1120,  1090,  and 
1110,  respectively  (calculated  972).  Since  rafiinose  pentahydrate 
also  gave  a  somewhat  high  value  of  630  (calculated  594),  it  is  possible 
that  there  is  some  systematic  error  involved ;  hydration  of  the  cyclo- 
amylose would  also  lead  to  high  observed  values.  Both  the  moleo- 
ular  weight  data  and  the  optical  rotation  data  indicate  that  in 
aqueous  solution  cyclohexaamylose  is  only  slightiy  associated  (if  at 
aU). 

Esters.  Phenyl  acetates  were  purchased  from  commercial  sources 
(DistiUation  Products  Industries  or  Aldrich  Organic  Chem.  Co.) 
or  were  synthesized  generally  by  the  method  of  Spasov."  The 
physical  properties  of  the  esters  prepared  as  well  as  the  wavelengths 
used  to  follow  the  reactions  are  shown  in  Table  I.    m-Carboxy- 


Table  I.    Phenyl  Acetates  Used  as  Substrates 


Acetate 


Bp,  °C  (mm), 
or  mp,  °C 


Wavelength,' 
nvi 


3,5-Dimethylphenyl 

3,4,5-Trimethylphenyl 

m-Ethylphenyl 

m-/-Butylphenyl 

p-/-Butylphenyl 

p-Methoxyphenyl 

p-Bromophenyl 

m-Chlorophenyl 

p-Chlorophenyl 

p-Cyanophenyl 

m-Carboxyphenyl 

p-Carboxyphenyl 


143 (54) 

58.5-59.5 

127.5(31) 

160-161  (61) 

157(50) 

160(55) 

154(45) 

105-109(15-16) 

143 (55) 

56-57 

131-132.5 

191-192.5 


295 

285-300 

280-298 

290-295 

300 

315 

305 

299-305 

305 

290 

330 

280-308 


«  Phenyl  acetate  and  the  tolyl  acetates  were  assayed  at  298-305 
m^,  m-nitrophenyl  acetate  at  390  m^i.  p-nitrophenyl  acetate  at  400 
m^,  and  o-nitrophenyl  acetate  at  470  m^i.  (These  wavelengths 
proved  to  be  experimentally  convenient  but  are  not  necessarily 
optimal.) 


phenyl  acetate  was  prepared  by  reaction  of  acetic  anhydride  with 
m<arboxyphenol  in  pyridine  followed  by  recrystallization  from 
chloroform.  />-Carboxyphenyl  acetate  was  synthesized  by  the 
method  of  Renson  and  Huls*^  and  recrystalUzed  from  chloroform. 
/>-Carboxyphenyl  2-methylpropionate  was  prepared  in  10%  yidd 
by  reaction  of /H;arboxyphenol  with  isobutyryl  chloride  in  pyridine 
followed  by  recrystallization  from  chloroform,  mp  181.5-183°. 
Anal,    Calcd  for  CuHMa:    C,  63.46;    H,  5.77.    Found:    C, 


(19)  D.  French,  M.  L.  Levine,  J.  H.  Fazur,  and  E.  Norberg,  /.  Am, 
Chem,  Soc.,  71,  353  (1949). 

(20)  A.  Spasov,  Ann,  Univ.  Sofia,  11,  Fac.  Phys.  Math.,  Uore  2,  35, 
289  (1938-1939):  Chem,  Abstr.,  34,  2343  (1940). 

(21)  M.  Renson  and  R.  Huls,  Buii.  Soc,  Chim.  Beiges,  61,  599  (1952). 
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63.17;  H,  5.85.  p-Carboxyphenyl  3,3-diinethylbutyrate  was 
prepared  in  25%  yield  by  reaction  of /M:arboxyphenol  with  /-butyl- 
acetyl  chloride  (Aldrich  Chemical  Co.)  in  pyridine  followed  by 
recrystallization  from  chloroform,  mp  195-197°.  Anal,  Calcd 
for  C,iHi604:  C.  66.10;  H,  6.78.  Found:  C,  65.86;  H,  6.72. 
Reactions  of  this  and  the  previous  compound  were  followed  at 

280  m/A. 

Kioetics  of  Hydrolysis  of  Phenyl  Acetates.  The  reactions  were 
carried  out  by  following  the  appearance  of  phenol  spectrophoto- 
metrically  using  a  Cary  Model  14  recording  spectrophotometer 
equipped  with  a  thermostated  cell  compartment,  thermostated 
cell  holder,  and  0-1  and  0-0.1  absorbance  slide  wires.  The  re- 
action medium,  generally  3.00  ml  of  pH  10.6  sodium  carbonate 
buffer,  was  placed  in  a  stoppered  1-cm  silica  cell  and  thermostated 
for  15  min.  The  reaction  was  initiated  by  the  addition  of  15 
/il  of  a  stock  solution  of  the  ester  in  acetonitrile  (Eastman  Spectro 
Grade)  using  a  plastic  flat-tipped  stirring  rod  (Calbiochem). 
The  final  ester  concentration  was  1  X  10"^  Af  and  the  acetonitrile 
concentration  was  0.5%  (v/v).  When  fast  reactions  were  being 
followed,  the  time  necessary  to  complete  the  mixing  of  the  reactants 
and  begin  recording  the  spectral  changes  did  not  exceed  6  sec. 
The  pH  determined  using  a  Radiometer  4c  pH  meter  did  not  change 
during  the  course  of  the  reaction.  The  hydrolysis  of  the  phenyl 
acetates  as  determined  in  these  buffered  alkaline  solutions  followed 
(pseudo)  first-order  kinetics.  Times  were  determined  from  the 
recorded  chart  divisions  by  calibration  using  a  Precision  Scientific 
Time-It  electric  clock  and  are  accurate  to  =bl%.  The  infinite 
absorbance  values  were  obtained  after  at  least  eight  half-lives  and 
reactions  were  recorded  through  70%  of  completion.  The  rate 
constants  were  calculated  by  electronic  computation  of  the  linear 
least-squares  slope  of  the  line  formed  by  the  set  of  points  [time, 
log  (absorbance  —  infinite  absorbance)]  and  division  of  the  slope  by 
—0.4343.  The  resulting  points  were  checked  by  examination  of  a 
computer-produced  graph  of  the  first-order  plot  in  order  to  elim- 
inate transcription  errors.  The  reported  rate  constants  are  averages 
of  two  or  three  determinations  which  agreed  within  3%.  The 
spectra  of  the  products  corresponded  to  the  spectra  obtained  by 
addition  of  pure  phenol  to  the  buffered  cycloamylose  solutions. 

Determination  of  Dissociation  Constants  by  Kinetic  Methods. 
The  observed  first-order  rate  constants  for  hydrolysis  of  phenyl 
acetates  (as  measured  by  phenol  release)  in  the  absence  (kun)  and 
presence  (A:ob8d)  of  added  cycloamylose  were  determined.  From 
5  to  12  points  were  obtained  at  cycloamylose  concentrations  spanning 
(whenever  possible)  the  value  of  Kdin»  (the  dissociation  constant  of 
the  cycloamylose-ester  complex  calculated  assuming  a  1 : 1  stoi- 
chiometry).  The  values  of  —Kubm  and  kt  (the  maximal  catalyzed 
rate  due  to  decomposition  of  the  fully  complexed  ester)  were  ob- 
tained as  the  slope  and  Y  intercept  of  the  line"."  formed  by  plot- 
ting kohBd  —  kun  against  (A:ob.d  —  itun)/[cycloamylose].  Cakulations 
were  carried  out  using  Eadie-type  plots  rather  than  the  Lineweaver- 
Burk  plot  previously  used'  because  the  Eadie  plot  is  statistically 
preferable.'^  The  slope  and  intercept  were  obtained  by  electronic 
computation  of  the  least-squares  line.  This  appeared  adequate 
since  in  an  Eadie  plot  it  is  relatively  easy  to  choose  concentrations 
so  that  the  experimental  points  are  evenly  distributed  along  the 
line.  Unlike  the  usual  situation  in  enzyme  kinetics,  the  cyclo- 
amylose here  is  present  in  large  excess  over  the  substrate  concen- 
tration and  may  be  accurately  determined  by  weight.  The  range 
of  cycloamylose  concentrations  (depending  on  the  value  of  Khm) 
varied  from  6  X  10"*  to  4  X  lO"'  Af.  The  error  limits  of  JCiim 
were  cak:ulated  from  the  experimental  data  by  application  of 
Student^s  t  test  for  95  %  probability  of  fit  to  the  least-square  line. 
The  error  in  kt  may  be  expected  to  parallel  the  error  in  JCiim. 
Graphical  estimates  of  error  limits  made  by  drawing  extreme  lines 
through  Lineweaver-Burk  plots  were  significantly  less  than  the 
computed  values  shown  in  Table  IV. 

Determination  of  Dissociation  Constant  by  Spectropiiotometric 
Methods.  The  increase  in  absorbance  of  the  aromatic  chromophore 
in  the  presence  of  varying  amounts  of  cycloamylose  were  deter- 
mined using  a  Cary  Model  14  recording  spectrophotometer  equipped 
with  a  thermostated  cell  compartment  and  a  0-0.1,  0.1-0.2  slide 
wire.  To  minimize  hydrolysis  of  esters  and  suppress  phenol 
ionization  a  pH  2.2  hydrochloric  acid-potassium  chloride  buffer 
(/  ="  0.06)  was  employed.  Since  the  cycloamyloses  are  relatively 
unstable  in  acid  solution  the  solutions  were  used  within  1  hr 


(22)  A.  K.  Colter,  S.  S.  Wang.  G.  H.  Megerle,  and  P.  S.  Ossip,  /.  Am, 
Chem.  Soc.,  86,  3106  (1964). 

(23)  G.  S.  Eadie,  J.  Biol.  Chem.,  146,  85  (1942). 

(24)  J.  E.  Dowd  and  D.  S.  Rigg,  ibid.,  240.  863  (1965). 


of  preparation.  The  substrate  concentration  was  hdd  coostaat 
at  10"^  Af.  The  reference  compartment  contained  phenol  or  ester 
and  cycloamylose  solutions  contained  in  separate  1-cm  silica  cefli 
The  sample  compartment  contained  a  cell  with  buffer  and  a  od 
with  combined  cycloamylose  and  phenol  or  ester.  The  diffcreuoe 
spectrum  of  4.4  X  10"*  M  glucose  plus  5.8  X  10~*  M  phenol  a. 
phenol  was  identical  with  the  difference  spectrum  of  phenol  a. 
phenol. 

In  order  to  calculate  the  cycloamylose-substrate  dissociatios 
constants  a  linear  relationship  was  employed**  relating  the  dv 
served  spectral  changes  to  the  added  concentrations  of  cycloan^loae 
and  ester  (see  Appendix).  The  slope  l/Ac  and  the  intercept  A^W^ 
were  obtained  by  electronic  computation  of  the  linear  least-squarei 
line  through  the  experimental  points.  The  validity  of  the  method  cf 
data  treatment  was  checked  by  using  synthetic  data  availaUe  in" 
the  literature  as  well  as  by  redetermining  the  dissociation  constant 
of  the  methyl  orange-cyclohexaamylose  complex  (see  footnoiB 
£/ and  e  to  Table  VI). 

Determination  of  Inhibition  Constants.  The  dissociation  con- 
stants of  cycloamylose-inhibitor  complexes  (Ki)  were  detenmned 
by  measuring  the  rate  of  m-nitrophenyl  acetate  hydrolysis  in  ds 
presence  of  a  fixed  amount  of  cycloamylose  and  varying  conoa* 
trations  of  added  inhibitor.  The  concentration  of  the  ester  fm 
9.9  X  10"»  M  and  the  cycloamylose  was  3.6  X  lO"'  Af;  the  in- 
hibitor concentrations  were  chosen,  when  possible,  to  span  the  valoe 
ofKi. 

One  milliliter  of  1.08  X  10"*  Af  cycloamylose  solution  in  pH 
10.05  sodium  carbonate  buffer  was  mixed  with  2  ml  of  a  sodiun 
carbonate  buffer  solution  of  the  inhibitor,  the  pH  was  acyusted  if 
necessary  to  10.05,  and  the  mixture  in  a  1-cm  quartz  cell  was  thermo- 
stated for  15  min  at  25.0  :^  0.1 ""  in  a  Cary  Model  14  spectrophotom- 
eter. The  ester  was  added  in  15  /il  of  acetonitrile  (Eastman  Spectro 
Grade)  and  the  appearance  of  phenoxide  ion  was  followed  at  390 
m/i. 

Added  inhibitor  at  the  highest  concentrations  used  had  only  snal 
effects  on  the  rate  of  the  uncatalyzed  reaction.  The  pH  of  the 
reaction  mixture  did  not  vary  by  more  than  0.04  unit  during  the 
course  of  the  reaction.  The  values  of  kt  and  Adia.  for  the  cydo- 
amylose<atalyzed  decomposition  of  m-nitrophenyl  acetate  were 
previously  determined  (Table  IV).  The  inhibitor  concentratioa 
P]  was  plotted  as  a  function  of  (Art  -  A:ob«i)/(A:ob*i  —  k^y  The  Y 
intercept  is  —  ^i  and  the  slope  is  [cycloamylose]  X  KJKdimiKt 
Appendix).    A  sample  plot  is  shown  in  Figure  5. 

Results 

Kinetics  of  Hydrolysis  of  Phenyl  Acetates  in  tte  Pres- 
ence of  Glucose  and  Methyl  Glucoside.  The  pseudo- 
first-order  rate  constants  for  the  alkaline  hydrolysis  of  a 
variety  of  substituted  phenyl  acetates  are  shown  in 
Table  II.  The  hydroxide  ion  reaction  rates  vary  in 
the  manner  expected  from  the  electronic  character  of  the 
substituents.  Data  for  the  various  meta-  and  para- 
substituted  phenyl  acetate  hydrolysis  rates  gives  an 
excellent  fit  to  a  Hammett-type  relationship.  The  line 
formed  by  plotting  log  (k/k^  vs.  the  substituent  con- 
stant*' <r*  gives  a  slightly  better  correlation  coefficient 
that  the  corresponding  plot  using  ordinary  <r  values 
(footnote  c  to  Table  II),  indicating  that  there  b  not  a 
significant  charge  delocalization  in  the  aromatic  ring 
in  the  transition  state. 

No  unusual  effects  are  observed  when  0.06  M  a- 
methyl  glucoside  is  added  to  the  reaction  mixture,  there 
being  only  a  10-20%  acceleration  of  the  hydrolysis 
rates  (Table  II).  Addition  of  0.06  M  glucose  to  the 
reaction  mixture  causes  a  two-  to  threefold  increase  in 
the  hydrolysis  rates.  The  larger  effect  due  to  glucose  is 
presumably  the  result  of  reaction  with  the  hemiaoHal 

(25)  F.  J.  C.  Rossotti  and  H.  Rossotti,  "The  Determination  of  Stability 
Constants,"  McGraw-Hill  Book  Co.,  Inc.,  New  York.  N.  Y..  1961,  P 
276. 

(2$)  G,  D.  Johnson  and  R.  E.  Bowen,  J,  Am.  Chem.  Soc  17. 1^ 
(1965). 

(27)  H.  van  Bekkum,  P.  E.  Verkade,  and  B.  M .  Wepsta.  Rge,  7)» 
Chim.,  78,  815  (1959). 
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Table  n.    Hydrolysis  of  Phenyl  Acetates  in  the  Presence  of 
Glucose  and  Methyl  Glucoside** 

Rate  with 
Hydroxide  0.06  Af  Rate  with 
ion       a-methyl    0.06  Af 
Phenyl        rate,      glycoside,  glucose, 
acetate        10-»         lO"*  10-»     Substituent  constants^* 

substituent     sec"*         sec~*         sec"*  <r  o"" 


H 

0.804 

0.879 

2.39 

(1) 

(1) 

p-OMe 

0.749 

0.802 

2.14 

-0.268 

-0.111 

p-/-Bu 

0.607 

0.710 

1.87 

-0. 197 

nt't-Bu 

0.490 

0.582 

1.51 

-0.10 

p-Cl 

1.52 

1.69 

5.31 

0.227 

0.238 

m-a 

1.91 

2.08 

7.07 

0.373 

p-CN 

4.78 

5.12 

19.0 

0.660 

0.674 

m-NOi 

4.64 

5.16 

19.7 

0.710 

P-NO, 

6.94 

7.36 

26.8 

0.778 

0.778 

'  Pseudo-first-order  rate  constants  obtained  using  pH  10.60 
sodium  carbonate  buffer  with  0.5%  (v/v)  acetonitrile  added;  [ester] 
^^  1  X  10"*  Af .  *  Taken  from  ref  27.  «  The  correlation  coefiScients 
obtained  for  the  least-squares  fit  to  the  line  formed  by  plotting  log 
(klku)  OS.  a  for  the  uncatalyzed,  methyl  glucoside,  and  glucose 
reaction  mixtures  were  0.972,  0.977,  and  0.980;  for  the  plot  vs.  <r» 
they  were  0.987,  0.989,  and  0.992,  respectively.  The  p  values  ob- 
tained for  the  three  reaction  systems  using  <r"  values  were  1.10,  1.07, 
and  1.24. 


alkoxide  ion  derived  from  glucose.  This  is  consistent 
with  the  fact  that  the  Hammett  p  value  for  the  glucose- 
catalyzed  reaction  is  1.24  as  compared  with  1.10  for  the 
pure  hydroxide  ion  reaction  (Table  II).  The  alkoxide 
ion  derived  from  glucose  is  more  sensitive  than  hydroxide 
ion  to  the  electronic  nature  of  the  substituted  carbonyl 
group. 

Kinetics  of  Hydrolysis  of  Phenyl  Acetates  in  the 
Rresence  of  Cycloamyloses.  The  hydrolysis  rates  of  a 
variety  of  substituted  phenyl  esters  in  the  absence 
(Atjii)  and  presence  (/:obsd)  of  0.01  M  added  cycloamyloses 
are  shown  in  Table  III.    Depending  on  the  structure  of 
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Figure  1.  Graph  of  the  logarithm  of  the  acceleration  of  the  rate 
of  phenol  release  due  to  1  X  10"'  Af  cycloamylose  vs.  the  Hammett 
substituent  constant  a:  •,  added  cycloheptaamylose;  O,  added 
cyclohexaamylose  (fc  experimental  conditions  see  Table  III). 


chlorophenyl  acetate  occurs  1 1 3  times  more  rapidly  in 
the  presence  of  0.01  M  cyclohexaamylose.  The  ac- 
celeration /^oiMdAun  bears  no  apparent  relationship  to 
the  electronic  character  of  the  substituents.  A  Ham- 
mett-type  plot  of  log  (/^obad/^un)  ^s.  the  substituent  con- 
stant <y  shows  a  tremendous  scatter  (Figure  1). 


TtMt  m.    Hydrolysis  Rates  of  Phenyl  Acetates  at  pH  10.60  in  the  Absence  and  Presence  of  Cycloamyloses" 


Hydroxide 

ion  rate, 

[Cyclohexaamylose  (0.01  Af)] 

[Cycloheptaamylose  (0.01  Af)]  [Cydooctaamylose  (0.01  Af)] 

^an» 

kob»dt 

^ObMl> 

ACobMlf 

Acetate  ester 

10-*  sec-» 

10-«  sec-i 

^obad/^un 

10-«  sec-i 

kob»d/k^ 

10-«  sec-» 

Ar«bMl/^aa 

Phenyl 

8.04 

0.779 

9.7 

0.609 

7.6 

o-Tolyl 

3.84 

0.294 

7.7 

0.266 

6.9 

m-Tolyl 

6.96 

2.70 

39 

1.14 

16 

p-Tolyl 

6.64 

0.187 

3.8 

0.443 

6.7 

3,5-Dimethylphenyl 

5.80 

4.97 

86 

2.64 

46 

3,4,5-Trimethylphenyl 

4.31 

0.911 

21 

3.15 

73 

m-/-Butylphenyl 

4.90 

11.1 

226 

12.1 

250 

2.65 

54 

p-/-Butylphenyl 

6.07 

0.102 

1.7 

0.135 

2.2 

2.51 

41 

p-Methoxyphenyl 

7.49 

0.174 

2.3 

0.298 

4.0 

p-Bromoi^nyl 

16.4 

0.347 

2.1 

1.23 

7.5 

m-Chlorophenyl 

19.1 

21.5 

113 

3.49 

18 

1.48 

7.8 

p-Chlorophenyl 

15.2 

0.453 

3.0 

1.55 

10 

1.34 

8.8 

p-Cyanophenyl 

47.8 

1.20 

2.5 

3.61 

7.6 

o-Nitrophenyl 

53.2 

5.39 

10.1 

m-Nitrophenyl 

46.4 

47.9 

103 

25.0 

54 

4.65 

10.0 

p-Nitrophenyl 

69.4 

1.79 

2.6 

4.66 

6.7 

4.33 

6.2 

•  The  pseudo-first-order  rate  constants  were  determined  by  following  the  release  of  phenol  spectrophotometrically:  see  Experimental 
Section.    All  determinations  were  done  at  25.0  ±  0.2 ""  using  pH  10.60  sodium  carbonate  buffer,  /  «  0.2,  with  0.5%  (v/v)  added  acetonitrile. 


the  ester,  marked  accelerations  of  the  phenol  release 
may  occur  as  the  result  of  addition  of  the  cycloamyloses 
to  the  reaction  mixture.  Thus,  m-/-butylphenyl  acetate 
hydrolyzes  240  times  more  rapidly  in  the  presence  of 
0.01  M  cycloheptaamylose,  and  the  hydrolysis  of  m- 


However,  there  does  appear  to  be  a  relationship  be- 
tween the  stereochemistry  of  substitution  of  the  phen^ 
acetates  and  the  degree  of  acceleration  of  the  hydrolysis 
reaction.  Figure  1  suggests  that  phenyl  acetates  having 
substituents  in  the  position  meta  to  the  acetoxy  group 
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[cycloheptaamylose]  (io''m) 

Figure  2.  The  pseudo-first-order  rate  constant  for  release  of  phenol 
fromp-nitrophenyl  acetate  at  pH  10.6  plotted  as  a  function  of  added 
cycloheptaamylose;  0.5%  (v/v)  acetonitrile-water,  25°,  [p-mtro- 
phenyl  acetate]  ~  1  X  10"*  Af. 


7 
l/[tYCLOHEPTAAMYLJOSE]  (10*  U"') 

Figure  3.  l/(A:obMi~  k^n)  for  p-nitrophenyl  acetate  decomposition  is 
plotted  vs.  the  reciprocal  of  the  cycloheptaamylose  concentration 
(data  from  Figure  2). 


exhibit  the  largest  rate  accelerations.  For  example, 
although  m-chlorophenyl  acetate  hydrolysis  shows  a 
113-fold  acceleration  in  the  presence  of  cyclohexa- 
amylose,  the  para  isomer  shows  only  a  threefold  ac- 
celeration; likewise  m-/-butylphenyl  acetate  shows  a 
230-fold  acceleration  whereas  the  para  isomer  shows 
only  a  1.7-fold  rate  enhancement.  Similar  observa- 
tions may  be  made  for  the  effects  of  added  cyclohepta- 
amylose on  reaction  of  substituted  phenyl  acetates, 
there  being  a  remarkable  stereoselective  enhancement 
of  the  phenol  release  reaction  favoring  the  me/a-sub- 
stituted  compounds. 

Because  the  cycloamyloses  form  inclusion  complexes 
in  solution  with  a  variety  of  organic  and  inorganic  sub- 
stances^' it  appeared  likely  that  the  rate  increases 
shown  in  the  data  of  Table  III  involved  a  cycloamylose- 
ester  complex.  Such  being  the  case,  it  is  uncertain 
whether  the  apparent  geometric  specificity  evident  in 
the  accelerations  is  due  to  differences  in  the  reactivity 
of  the  complexes  (or  in  both).  In  an  effort  to  resolve 
this  problem  the  concentration  dependence  of  the 
catalytic  action  was  examined.  The  effect  of  varying 
(excess)  cycloheptaamylose  concentration  on  the 
pseudo-first-order  rate  constant  for  /?-nitrophcnyl 
acetate  hydrolysis  (as  measured  by  phenol  release)  is 
shown  in  Figure  2.    The  rate  accelerations  approach  a 
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Figure  4.  (kohad  —  km)  for  p-nitrophenyl  acetate  deconipodtioais 
plotted  as  a  function  of  (Atom  —  AcujAcycloheptaamyiose]  (data 
from  Figure  2). 


maximum  saturation  value  similar  to  the  behavior  ob- 
served in  enzyme  kinetics.  The  data  were  treated  by 
a  variant  of  Michaelis-Menten  kinetics  previously  em- 
ployed for  investigation  of  reactions  involving  compla 
formation.  By  plotting  the  /^nitrophenyl  acetate  data 
in  the  form  of  l/(/:oi»d  —  ^un)  w.  the  reciprocal  of  the 
cycloamylose  concentration  a  straight  line  is  obtaiDcd 
(Figure  3)  having  a  slope  of  K^j^jkt  and  a  Y  intercept 
equal  to  \lk%,  where  i^u,  is  the  dissociation  constant 
of  the  complex  and  kt  is  the  rate  constant  for  reaction 
of  the  entirely  complexed  ester  (/:otMd  —  k^n  at  infinite 
cycloamylose  concentration). " 

In  order  to  permit  a  more  accurate  evaluation  of  the 
various  values  of  JCiiss  and  kt^  a  statistically  preferable 
form'^  of  Michaelis-Menten  kinetics  due  to  Eadie^' 
was  employed.  As  shown  in  Figure  4  for  the  p-nitro- 
phenyl  acetate  data,  by  plotting  k^a^  —  k^  against 
(*obtd  —  fcun)/[cycloamylose]  a  straight  line  is  obtained 
with  slope  —  JCdUs  and  a  Y  intercept  of  k%. 

Dissociation  constants  and  maximal  rate  acodera- 
tions  obtained  in  this  manner  (by  electronic  computa- 
tion ;  see  Experimental  Section)  are  presented  in  Tabk 
IV.  It  is  of  importance  to  compare  the  dissociatiofl 
constants  and  the  rate  effects  observed  with  some  (tf  the 
isomeric  phenyl  acetates.  /?-Nitrophenyl  acetate  forms 
a  more  stable  complex  with  both  cyclohexaamyiose  and 
cycloheptaamylose  than  does  m-nitrophenyl  acetate; 
but  the  maximal  rate  accelerations  kt/k^  are  awch 
greater  for  the  meta  isomer.  Similarly,  although  the 
stability  of  the  m-/-butylphenyl  acetate-cydoheia- 
amylose  complex  differs  by  only  a  factor  of  3  from  that 
of  the  para  isomer,  the  release  of  phenol  from  the  men 
isomer  is  accelerated  some  230  times  more  than  frofl 
the  para  isomer.  Qualitatively  similar  observations 
may  be  made  for  the  reaction  of  o-,  m-,  and  ^tdyl  ace- 
tates in  the  presence  of  cyclohexaamyiose.    Thus,  tk 


(28)  This  method  of  data  treatment  is  in  effect  the 

plot  of  1 /velocity  vs.  1/substrate  concentration  which  is  f^egueotfy^ 
ployed  in  studies  of  the  kinetics  of  enzyme-catalyzed  icactkm:  ^ 
Lineweaver  and  D.  Burk,  J.  Am.  Chem.  Soe^  S6,  6S8  (1934^. 
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iMe  IV.    Maximal  Rate  Acceleradons  and  Dissociation  Constants  of  Cydoamylose-Phenyl  Acetate  Complexes^ 


Acetate 


Hydroxide  ion 
10-*scc-» 


IQ-i  sec-» 


Cyclohexaamylose 


ktik 


on 


10-*  Af 


Cydoheptaamylose 


kt, 
10-«  8ec->        ktik 


on 


10-«Af 


Phenyl 

^Tolyl 

m-Tolyl 

p-Tolyl 

3,5-Dimethylphenyl 

3,4,5-Tnmethylphenyl 

m-Ethylphenyl 

m-/-Butylphenyl 

/>-/-Butylphenyl 

m-Chlorophenyl 

m-Chlorophenyl 

m-Chlorophenyl 

m-Nitrophenyl 

p-Nitrophenyl 

m-Carboxyphenyl 

p-Carboxyphenyl 


8.04 
3.84 
6.96 
6.64 
5.80 

5.49(1.42)* 

4.90 

6.07 
19.1(5.05)* 

4.99^ 

9.08* 

46.4(14.0)* 
69.4 

8.15 
12.5 


2.19 
0.72 
6.58 
0.22 
11.5 

13.3 

12.9 
0.067 
7.89* 
6.88<< 

14. 9* 

42.5* 
2.43 
5.55 
0.67 


27 

19 

95 

3.3 

200 

242 
260 

1.1 
156* 
138<< 
164* 
300* 

3.4 
68 

5.3 


2.2  dbO.7 

1.9  dbO.5 

1.7  dbO.5 

1.1  ±0.7 

1.5  ±0.4 


1.07± 
0.20± 
0.65  ± 
0.56± 
0.42  ± 
4.2  db 
1.9 
1.2 

10.5 

15.0 


db 
db 
± 
db 


0.14 

0.08 

0.39 

0.03* 

0.05^ 

1.0* 

0.4* 

0.4 

3.1 

9.0 


4.86  84  8.8=bl.4 

1.29*  124*  5.0=bl.l* 

1.26*  89*  2.2  ±0.4* 

12.2  250  0.13±0.03« 

4.50  24  3.5±0.9 


44.4  96  8.0±1.8 

6.34  9.1        6.1±1.3 


•  In  pH  10.60  carbonate  buffer,  /  -  0.2, 0.5  %  acetonitrile-water  unless  otherwise  noted.  All  determinations  at  25.0  ±  0. 1  °.  Error  limits 
f*  iCiiM  were  calculated  from  the  experimental  data  by  application  of  Student's  t  test  at  the  95%  probability  level.  The  error  in  kt  may 
i  expected  to  parallel  the  error  in  Adtn.  *  In  pH  10.01  carbonate  buffer,  /  »  0.2, 0.5%  acetonitrile-water.  '  Determined  by  graphically 
timating  the  cydoheptaamylose  concentration  necessary  to  result  in  the  half-maximal  vdodty  from  a  plot  of  A:obid  os.  [cydoheptaamy- 
oe] ;  [ester]  ^  2  X  10"*  Af  .  "f  In  pH  10.01  carbonate  buffer,  /  »  2.0  (by  addition  of  potassium  chloride).  0.5  %  acetonitrile-water.  •  In  pH 
).58  carbonate  buffer,  /  »  0.2, 10%  (v/v)  (1.9  M)  acetonitrile-water. 


lereospecific  rate  accelerations  are  unrelated  to  the 
irength  of  binding.  The  sensitivity  of  k%  to  the  sterco- 
bemistry  of  the  substrate  is  strikingly  similar  to  en- 
/me-catalyzed  reactions  (see  Discussion). 

Competitiye  InUbition  of  Cydoamylose  Catalysis. 
1  order  to  determine  the  stability  of  complexes  of  the 
fcloamyloses  with  a  variety  of  unreactive  molecules 
I  well  as  to  provide  further  information  about  the 
ature  of  the  reactive  complex,  the  competitive  in- 
ibition  of  the  cyclohexaamylose-catalyzed  decom- 
osition  reaction  of  m-nitrophenyl  acetate  was  ex- 
mined.  As  anticipated,  the  rate  effects  of  the  cyclo- 
myloses  were  decreased  upon  addition  of  a  variety 
f  organic  compounds  to  the  reaction  mixture.  By 
Btermining  the  extent  of  inhibition  as  a  function  of 
Ided  inhibitor  concentration  it  was  possible  to  obtain 
1  inhibition  constant  Aj  which  is  the  dissociation  con- 
ant  of  the  cycloamylose-inhibitor  complex  (see  Ex- 
simental  Section).  The  treatment  of  the  data  is 
lemplified  by  Figure  5.  Application  of  this  method 
ade  possible  the  determination  of  the  inhibition  con- 
sults for  the  anions  shown  in  Table  V.  From  these 
kta  it  is  apparent  that  small  anions  such  as  acetate  and 
opionate  do  not  bind  well  to  cyclohexaamylose. 
nions  derived  from  acids  containing  larger  relatively 
'drophobic  groups  such  as  adamantane  or  cyclohex- 
le  form  relatively  stable  complexes  (see  Discussion). 
Determinatioii  of  Cycloamylose-Substrate  Dissocia- 
m  Constants  by  Spectrophotometric  Methods.  The 
rmation  of  inclusion  complexes  with  cycloamyloses  is 
town  to  lead  to  perturbations  of  the  ultraviolet  spectra 

a  variety  of  organic  molecules  ranging  from  organic 
•es'*  such  as  marine  blue,  methyl  orange,  and  crystal 
□det  to  compounds  such  as  N-acetyltyrosine  ethyl 
ter.*    Thus,  it  appeared  possible  to  observe  signifi- 

[29)  W.  Lautsch,  W.  Broser,  W.  Biedermann,  and  H.  Gnichtel,  /. 
iymer  ScL,  17,  479  (1955). 

[30)  T.  L.  Warrington  and  M.  Laskowski,  Jr.,  Abstracts,  145th 
itioiial  Meeting  of  the  American  Chemical  Society,  New  York,  N.  Y., 
63»  p  76C;  see  aUo  ref  8.  For  a  study  of  the  binding  of  benzoic 
Ids  to  cyclohexaamylose,  see  B.  Casu  and  L.  Rava,  Ric,  ScL  Rend,, 
I  36,  733  (196Q. 


Table  V.  Dissociation  Constants  of  Cyclohexaamylose 
Complexes  Determined  by  Competitive  Inhibition  of  the 
m-Nitrophenyl  Acetate  Hydrolysis  Reaction* 


Add  anion  inhibitor^ 

KuM' 

Acetate 

>1.0 

Propionate 

5.7  ±2.0X10-1 

Isobutyrate 

2.2db0.3XlO-i 

Pivalate 

2.0±0.6X10-> 

Benzoate 

8.1±1.0XlO-« 

p-Toluenesulfonate 

6.0di2.0X10-« 

p-Benzoylbenzoate 

4.0db0.5XlO-« 

Cyclohexanecarboxylate 

1.9db0.3XlO-« 

p-Phenylbenzoate 

1.7±0.2X10-« 

m-Chlorobenzoate 

1.2db0.2XlO-« 

Adamantanecarboxylate'' 

7.0±2.0XlO-» 

m-Chlorodnnamate 

7.0±1.0XlO-» 

p-C^orobenzoate 

6.0±2.0XlO-» 

p-Chlorocinnamate 

5.1±  1.0XlO-» 

«  All  determinations  were  made  at  25.0  d:  O.l""  using  pH  10.0 
sodium  carbonate  buffer,  /  »  0.2  (but  when  Ki  was  >10~*  Af  then  / 
>  0.2),  0.5%  acetonitrile.  ^  No  unusual  effects  are  observed  with 
cationic  inhibitors;  for  example,  tetraethylammonium  bromide 
gives  ^i  »  3. 3  db  0.6  X  10"*  Af  .  '  Calculated  assuming  a  1 : 1  stoichi- 
ometry  in  the  complex;  it  is  possible  that  molecules  such  asp-benzoyl- 
benzoate  form  higher  order  complexes,  as  has  been  observed  for 
methyl  orange^^  (where  the  dissociation  constants  differ  by  ^^10*). 
The  error  limits  were  obtained  by  drawing  extreme  lines  through  the 
experimental  points.  *Ki  for  inhibition  of  cydoheptaamylose 
catalysis  is  7  ±  4  X  10**  Af. 


cant  changes  in  the  ultraviolet  absorbtion  spectra  of 
aromatic  molecules  related  to  ester  substrates  occurring 
as  the  result  of  complex  formation.  This  was  indeed 
the  case.  An  example  of  the  type  of  observed  spectral 
change  is  shown  in  Figure  6.  Addition  of  2.S  X  10~* 
M  cyclohexaamylose  to  an  aqueous  solution  of  1  X 
10~^  Af /7-/-butylphenol  causes  a  spectral  change  almost 
identical  with  that  observed  when  the  phenol  is  dis- 
solved in  dioxane  instead  of  water.  This  result  is  simi- 
lar to  observations  made  for  cydoamylose  complexes 
of  iodine*  and  N-acetyltyrosine  ethyl  ester.***  Glu- 
cose, at  these  concentration  levels,  has  no  significant 
effect  on  the  ultraviolet  spectrum.  The  similarity  of 
the  aqueous  cyclohexaamylose  scdution  spectrum  to  the 
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PJEurc  S.  Added  inhibitor  coDcentration  [I]  graphed  as  a  function 
of  {k,  —  k,a^)/{kti^  —  ;ta.)  for  inhibition  by  ;>-chlorocinnaniate 
ion  of  the  acceleration  of  m-nitrophenyl  acetate  decomposition  by 
cyclohexunoylose  (experimeiual  conditions  given  in  Table  V). 


//i 


.^       DIOXANE 

i  !      CYCLOHEXANE 


Jd_ 


_j_ 


_t_ 


260  280  300  320  340 

VUVEUNGTH  Cm/t) 
Figure  6.    Ultraviolet  absofption  spectrum  of  ;^-buty]phenol  in 
various  solvents  (the  absorbance  values  are  arbitrarily  shifted 
venically  for  purposes  of  clarity);    [cTClohexaamyloie]  >  2.S  X 
10-'  M,  [phenolj  ^  1  X  10"*  M. 

dioxane  solution  spectrum  suggests  that  the  aromatic 
chromophorc  is  largely  included  in  the  cycloamylose 
cavity  (see  Discussion). 

The  absorbancy  changes  resulting  from  the  addition 
of  varying  amounts  of  cycloamyloscs  to  the  aqueous 
solutions  of  the  substrates  were  treated  by  plotting" 
[AlByAAbs  against  [A]  +  [S],  where  [A]  and  [S]  are  the 
initial  stoichiometric  concentrations  of  cycloamylose 
and  substrate  and  &Abs  is  the  spectral  perturbation 
observed  as  the  difference  spectrum.  Under  the  experi- 
mental conditions  employed  the  product  [AIS]  was 
maintained  much  larger  than  [C]*  where  [C]  is  the  con- 
centration of  the  complex.  Examples  of  such  deter- 
minations are  shown  in  Figure  7.  The  dissociation 
constants  of  some  cyclohexaamylose  complexes  deter- 
mined in  this  manner  are  shown  in  Table  VI.  Of  great- 
est interest  is  the  agreement  between  dissociation  con- 
stants obtained  by  spectrophotometric,  kinetic,  and 
inhibition  methods.    For  m-chloropbenyl  acetate  the 


«-■'• 

'■^-^  ^ 

/V^^ 

^ 

K^-4JsKr»|| 

[CYCLOtCXAMIYLOSe]  +  [tSTEl^ 

Figure  7.  Determination  of  cydohexaamylose-substivte  dissocii- 
tion  constants  by  spectrophotometric  methods  by  plottinB  Qcydo- 
hexBamyloseIcster])/absorbance  as  a  lunctj<xi  of  [c^obeuanvl- 
ose]  +  [ester];  experimental  cooditioas  are  given  in  TaUe  VL 


TaMe  VI.    Dissociation  Constants  d(  Qclobexaamyloie 
Complexes  Determined  by  Spectrophotometric  Mctbods* 


Substrate 

Wavelength, 
mM* 

nienol 

3,5-Dimethylphenol 

3.5-Dimrthylpheny) 

acetate 
m-Chlorophenyl  acetate 

m-(-Butylphenol 
p-(-Butylphenol 
2-Naphthol 
p-Chlorodnnamate' 
Methyl  orange'.' 

273,280 
233,280 
233 

230,235 
269.276 
230.282 
278,285 
290,335 
290.301 
SIO,  520 

5.3X10- 
1.6X10-* 
1.3  X  10-' 

4.7  X  10-* 
I.6XI0-' 
3.4X10-* 
1.2X10- 
3.  IX  10-' 

3.1  XlO-' 

2.2  X  10-' 

■  Determined  using  pH  12  potassium  dilocide-hydrochlorK  acid 
buffer,  /  -  0.06  unless  otherwise  noted.  All  detenmnations  «k 
made  at  25.0  ±0.1°.  *  Where  mere  than  one  wavdcngth  is  liilcd 
the  reported  dissociation  constant  is  the  average  of  two  detenmot- 
tions  which  agreed  to  within  10%.  *  Determined  using  pH  10J9 
sodium  carbonate  bitfcr.  7  ■  0.2  '  Detesmined  using  pH  6.71, 
0.1  M  sodium  and  potassium  [rfiosphate  buffer.  At  ^doboa- 
amylose  c(BK«ntrations  >5  x  10~*  M.  additional  spectral  potir- 
bations  began  to  appear  suggesting  the  formation  of  hitflia-  crdtf 
complexes  having  a  much  larger  dissociation  constant ;  see  abo  nf 
17.  'Reported  1.12  X  10-'  M;  W.  Broaer  and  W.  LautsdkZ 
NatttiforKh.,  8b,  711  (1953). 


comparable  values  are  5.6  X  10-'  Af  (kinetic)  and  4.7  X 
10-*  M  (spectral),  while  for  3,5-dimethylphenyl  aceule 
they  are  1.5  X  l(^»  Wand  1.3  X  10-»M,  respectively." 
The  spectrophotometric  and  competitive  inhibitioa 
methods  give  the  same  value  for  the  dissociation  con- 
stant of  the  cyclohexaamylose  complex  of  p-chlort^ 
cinnamate  ion. 

Temperature  Depradmce  of  CydolieptBaMylow- 
Substrate  Dissociation  CcHtstoiits.  The  kinetic  dissodi- 
tion  constants  of  some  cycloheptaamylose-substiate 
complexes  were  determined  at  temperatures  betweei 
15  and  55°  and  the  experimental  results  are  shown  ii 
Table  VII.  In  order  to  calculate  the  thermodynamic 
changes  accompanying  the  dissociation  process  tbe 
least-squares  slope  was  computed  of  the  line  ianad 
by  plotting  In  J^.  against  the  reciprocal  of  the  ab- 
solute temperature  (Figure  8).  From  the  reladtMuliip 
d[In  (iC«,)]/d(l/r)  =  -£iH°IR  and  the  assumption  diit 

(31)  Z-Naphthol  forms  a  relatively  stable  complex  with  etMf^ 
amylose  (Xdi.  -  3. 1  X  lO"'  AQ  although  an  axo  d^  with  a  IMi* 
itiiuted  DSpfatbol  group  apparently  does  not." 
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lure  8.  PlotoflnXdii.Bj.  the  reciprocal  of  theabsolutetempera- 
V.  The  data  is  that  of  Table  VII  for  dissociation  of  cyclohepta- 
^lose-substrate  complexes:  •,  nt-ethylphenyl  acetate;  a,  m- 
iorophenyl  acetate;   •,  3,4,5-trimethylphenyl  acetate. 

ble  Vn.    Temperature  Dependence  of  Some 
ctoheptaamylose-Substrale  Dissociation  Constants' 


Temp. 

lU^^" 

Ester 

°C 

10-' A/ 

m^Uorophenyl 

15.3 

3.2±0.7 

acetate 

25.0 

3.5±0.9' 

34.8 

4.0±0.4 

45,1 

3.5=t0,5 

55.0 

4.3±1.0 

25.0 

S.0±l.l 

phenyl  acetate 

25.1 

4.7±0.6 

34.8 

6.2±0.4 

45.3 

S.8±0.4 

47.1 

6,4±1.7 

55.0 

7.8±0.3 

m-Ethy!phenyl 

18. B 

2.00*0.44 

acetate 

23.0 

2.16±0.36 

32.8 

2.74±0.56 

41.1 

2. 85  ±0.37 

48.2 

3.7O±0.53 

54.2 

4.97  ±0.68 

At  pH  10.01  (25-),  /  =  0.2  sodiiim  carbonate  buffo-  with  0.5% 
tonitrile-waier  unless  otherwise  noted.    '  Error  limits  comouted 

%  probability  level.    °  At  pH  10.60  (25  °),  other  conditions  as  in  a. 


Figure  9.  Scale  molecular  models  of  cyclohexaamylose  complexes: 
(A)  m-(-butylphenyl  acetate  complex  with  the  r-butyl  group  inserted 
into  the  cavity  from  the  secondary  hydToxyl  side;  (B)  /f-f-butyl- 
phenyl  acetate  complex  constructed  as  in  A;  (Q  p-/-bulylphenyl 
acetate  complex  construaed  by  inserting  the  acetyl  group  throu^ 
the  cavity  until  it  protrudes  from  the  primary  hydroxyl  side  of  the 
cyclohexaamylose;  (D)  adamantanecarboxylic  add  complex.  The 
oxygen  and  hydrogen  atoms  of  the  guest  molecule  are  coated  with 
metallic  paint  for  greater  contrast  (the  slots  in  the  oxygen  attnns 
are  for  hydrogen  bonds)." 


effects,  both  cyclohexaamylose  and  cycloheptaamylose 
cause  large,  nonuniform  cfTects,  the  rate  of  phenol 
release  from  mf fa-substituted  phenyl  acetates  being 
greatly  enhanced  whereas  phenol  release  from  the  cor- 
responding para  isomers  is  only  slightly  enhanced.  The 
rate  effects  due  to  cyclooctaamylose  are  also  large 
but  are  much  less  stereoselective.  The  stereoselectivity 
is  exerted  independently  of  the  stability  of  the  complex 
and  is  thus  similar  to  observations  made  for  enzyme- 
catalyzed  reactions  (see  introductory  section).  The 
cycloamylose  system  also  shows  spectral  changes  on 
binding,  competitive  inhibition,  nonproductive  binding, 
and  saturation  of  the  substrate  with  cycloamylose.** 
A  minimal  reaction  scheme  which  accommodates  these 
facts  is  shown  below.  Here,  cycloamylose  (CA)  and 
I 


5  heat  capacities  of  reactants  and  products  are  not 
^nificantly  different  (entirely  justified  here  since  the 
erage  error  in  K^n  is  — 20%)  one  obtains  the  en- 
ilpy  change  A/f"  =  —  J?(slope)  and  ^S"  =  J?(inter- 
pt).  The  computed  line  was  used  to  calculate  an 
eraged  value  of  Af  "iw. 


The  cycloamyloses  cause  a  markedly  stereoselective 
celeration  of  the  phenol  release  from  substituted 
lenyl  acetates  in  alkaline  solution.  Unlike  methyl 
jcoside  or  glucose,  which  produces  small,  uniform  rate 


CA  +S^Z^[CAS] — ^P,  +CA  P, 

[CA-I] 

ester  (S)  undergo  a  reversible  association  to  form  a 
cycloamylose-substrate  complex  [CA-S]  which  may 
undergo  a  reaction  with  rate  constant  kt  to  form 
phenol  Pi  and  product(s)"  CAPj.    The  cycloamylose 

(32)  For  an  example  of  ibe  laturacion  of  a  lubilrale  with  an  eniyme 
see  F.  J.  Kizdy  and  M.  L.  Bender,  BlochemUlry,  I,  1097  (1962). 

(33)  Accompanying  article:   R.  L.  VanElten,  G.  A.  Clowes,  J.  F. 
Sebastian, and  M.  L.  Bender,/,  Am.  Chtm.  Soc,  89,  3253 (1967). 
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may  also  undergo  a  reversible  association  with  an 
inhibitor  I  to  form  a  cycloamylose-inhibitor  complex 
[CAI].  Except  with  sterically  hindered  or  strongly 
solvatcd  molecules  the  reversible  association  to  form 
a  1 : 1  complex  with  cycloamyloses  may  be  expected  to 
be  rapid  compared  ^^  to  the  rates  of  chemical  reactions 
described  here. 

The  catalytic  activity  of  enzymes  is  localized  in  an 
area  termed  the  active  site  which  is  responsible  for  the 
binding  of  substrates,  coenzymes,  and  inhibitors,  and  is 
responsible  for  catalyzing  the  chemical  transforma- 
tions.'* The  cycloamylose  system  developed  here  is  an 
interesting  model  for  an  enzyme  active  site  in  that  its 
properties  are  completely  explained  by  considering  the 
region  of  the  cycloamylose  cavity  and  the  secondary 
hydroxy^'  groups  to  be  the  active  site  of  the  cyclo- 
amylose torus.  Most  importantly,  such  a  model  read- 
ily explains  the  stereoselective  rate  accelerations.  A 
scale'^  molecular  model  of  a  complex  of  m-r-butyl- 
phenyl  acetate  with  cyclohexaamylose  is  shown  in 
Figure  9A.  This  model  was  constructed  by  inserting 
the  hydrophobic  /-butyl  group  into  the  cycloamylose 
cavity  from  the  secondary  hydroxyl  side.'^  This 
results  in  fixing  the  position  of  the  ester  function  in 
close  proximity  to  the  secondary  hydroxyl  groups.  A 
striking  difference  is  seen  in  models  of  cyclohexa- 
amylose complexes  of  /?-r-butylphenyl  acetate.  If  the 
/-butyl  group  is  inserted  first  into  the  secondary  side, 
then  the  ester  function  is  located  at  some  distance  from 
the  hydroxyl  groups  (Figure  9B).  However,  if  the  ace- 
tyl portion  is  inserted  into  the  cavity  from  the  secondary 
side  until  it  protrudes  from  the  primary  hydroxyl  side 
(which  cannot  be  done  for  the  meta  isomer),  then  the 
aromatic  ring  and  most  of  the  /-butyl  group  are  included 
in  the  cycloamylose  cavity  (Figure  9C).  The  ester  func- 
tion may  be  partially  shielded  from  nucleophilic  attack 
by  hydroxide  ion  in  solution,  which  would  be  consistent 
with  the  fact  that  the  basic  hydrolysis  of  ethyl  /?-amino- 
benzoate  is  inhibited  by  complexation  with  cyclo- 
heptaamylose."  In  this  model  the  ester  function  is 
located  in  close  proximity  to  the  primary  hydroxyl 
groups.  This  model  together  with  the  unreactivity  of 
Hit  para  isomer  suggests  that  the  interaction  which  leads 
to  increases  in  the  rate  of  phenol  release  involves  the 
secondary  hydroxyl  groups;  this  has,  in  fact,  been 
established." 

These  models  of  the  cycloamylose-substratc  com- 
plexes also  explain  why  spectral  changes  may  be  ob- 
served when  some  organic  substrates  form  cycloamylose 
complexes.  In  cyclohexaamylose  complexes,  the  aro- 
matic chromophore  of  m-/-butylphcnyl  acetate  is  not 
greatly  removed  from  the  aqueous  environment  (Figure 
9A);  the  model  is  thus  consistent  with  the  fact  that  the 
spectrum  of  m-/-butylphenol  plus  cyclohexaamylose  in 


(34)  A  useful  introductory  discussion  of  enz3rnie  chemistry  including 
the  active  site  may  be  found  in  H.  R.  Mahler  and  E.  H.  Cordes,  "Bio- 
logical Chemistry,**  Harper  and  Row,  New  York,  N.  Y.,  1966,  Chapter  7. 

(35)  The  structure  of  cyclohexaamylose  appears  to  be  reasonably  well 
represented  by  Corey-Pauling-Koltun  scale  molecular  models  [described 
in  W.  L.  Koltun,  Biopolymers,  3,  665  (1965)],  since  the  diameter  of  the 
cavity  as  determined  by  crystallographic  measurements"  varies  from 
4.7  to  5.1  A  (measured  between  hydrogen  atoms  on  03  of  the  glucose 
residues)  while  the  scale  model  yields  a  distance  of  5.3  A. 

(36)  The  secondary  hydroxyl  groups  are  on  a  relatively  rigid  carbon 
chain  while  the  primary  hydroxyl  groups  can  rotate  so  as  to  partially 
block  that  part  of  the  cavity.  This  further  accentuates  the  **V**  shaped 
nature  of  the  cycloamylose  cavity  in  which  the  open  side  is  surrounded 
by  the  secondary  hydroxyl  groups. 


water  shows  only  a  small  spectral  perturbation  com- 
pared to  the  spectrum  of  the  phenol  in  water.  How- 
ever, /?-r-butylphcnol  plus  cyclohexaamylose  shows  a 
marked  spectral  change  resembling  the  spectrum  of  the 
phenol  in  dioxane  solution  (Figure  6);  this  perturba- 
tion is  consistent  with  the  inclusion  of  the  aromatic 
chromophore  in  the  ether-like  cycloamylose  cavity. 
These  arguments  indicate  that /7-/-butylphenyl  ac^tc  is 
probably  included  in  the  cycloamylose  active  site  with 
the  ester  function  near  the  primary  hydroxyl  groups  and 
the  /-butyl  group  near  the  secondary  hydroxyl  groups, 
as  shown  in  Figure  9C. 

Differences  are  observed  in  the  stereoselectivity  of 
cyclooctaamylose  and  the  two  smaller  amyloses  (Tabk 
III).  These  differences  are  also  seen  in  the  values  of 
^diss  and  /c2  for  cyclooctaamylose-accelerated  reac- 
tions of  /-butylphenyl  acetate  as  seen  in  Table  VIII. 
The  selectivity  ratio  (meta  rate  acceleration/^ora  rate 
acceleration)  for  /-butylphenyl  acetate  hydrolysis  in 
the  presence  of  cyclohexaamylose  is  240  (Tabic  IV) 
while  with  cyclooctaamylose  it  is  only  1.7  (Tabk 
VIII).  This  is  readily  explained  on  consideration 
of  the  size  of  the  respective  active  sites  of  the  amy- 
loses. In  sharp  contrast  to  cyclohexaamylose,  the 
cyclooctaamylose  cavity  is  so  large  that  the  /-butyl  group 
of  /?ara-r-butylphenyl  acetate  may  be  placed  in  the 
cavity  and  the  ester  function  may  still  be  moved  fredy 
so  as  to  orient  it  adjacent  to  the  secondary  hydroxyl 
groups.  Since  the  cyclohexaamylose  cavity  is  the 
smallest  and  most  restrictive  of  the  three  it  might  be 
expected  to  be  the  most  sensitive  to  the  size  of  para 
substituents  which  prevent  aromatic  substrates  from 
tipping  in  the  cavity  so  as  to  orient  the  ester  function  in 
proximity  to  the  secondary  hydroxyl  groups.  This  is 
in  agreement  with  the  observation  that  in  the  hydrdysK 
of /?-nitrophenyl  acetate,  the  maximal  rate  effect  due  to 
cyclohexaamylose  is  3.4  while  the  effect  due  to  cydo- 
heptaamylose  is  9.1  (Table  IV).  If  there  is  no  sub- 
stituent  on  the  phenyl  ring  then  the  acceleration  due  to 
cyclohexaamylose  rises  to  27  (Table  IV).  Thus  the 
specificities  exhibited  by  the  /;ara-substituted  cstds  are 
negative  specificities. 


Table  VIIL    Maximal  Rate  Accelerations  and  Dissociation 
Constants  for  Cyclooctaamylose  Complexes 


Acetate 
substrate" 


A:,, 
sec"* 


ktik 


ua 


M 


m-/.Butylphenyl    4.7  XlO"'        87 
p-/-Butylphenyl     3.5  X  10-«        55 


9.9  ±3.6X10-' 
4.0  =fc  0.7X10-' 


<*  For  reaction  conditions  see  footnote  a.  Table  IV. 


The  differing  rate  effects  which  result  from  a  change 
in  the  geometry  of  the  active  site  have  their  parallel  in 
enzyme  chemistry.  Chymotrypsin,  trypsin,  and  sub- 
tilisin  all  catalyze  hydrolysis  reactions  by  similar 
mechanisms  and  yet  they  exhibit  very  different  specifici- 
ties." Changes  in  the  nature  of  the  groups  which  con- 
trol binding  as  well  as  in  the  stereochemistry  of  the  ac- 
tive site  readily  account  for  differing  specificities  of  en- 
zymes despite  seemingly  identical  mechanisms.  Not 
surprisingly,  enzyme-catalyzed  reactions  may  also  show 

(37)  M.  L.  Bender  and  F.  J.  K6zdy,  Arm,  Rev.  Bioehem,,  3i^ 
(1965);  M.  L.  Bender  and  C.  G.  Miller,  unpublished  watk. 
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erences  in  reaction  rates  and  stabilities  of  the  en- 
ne-substrate  complexes  depending  on  the  position  of 
►stitucnts  on  an  aromatic  substrate.**'*'  The  rela- 
^  inhibitory  properties  toward  cholinesterase  of  a 
es  of  alkyl-substituted  phenyl  N-methylcarbamates" 
jbit  an  interesting  parallel  with  data  obtained  for 
cyclohexaamylose-catalyzed  decomposition  of 
:nyl  acetates.  Table  IX  illustrates  how  the  seem- 
ly unusual  behavior  of  the  enzymic  system  is  paral- 
d  by  the  cycloamylose  system  (it  is  not  intended  to 
)ly  that  there  is  necessarily  any  actual  similarity  of  the 
ive  sites). 


le  IX.    Parallel  Effects  of  the  Inhibition  of  Cholinesterase*' 
the  Decomposition  of  Phenyl  Esters  in  the  Presence  of 
lohexaamylose 


Relative 

inhibition 

due  to 

kt/KdiM*  for 

alkylphenyl 

accelerations 

N-mcthyl- 

by  cyclohexa- 

Alkyl  group 

carbamates* 

amylose^ 

H 

(1) 

(1) 

o-Methyl 

1.4 

0.4 

p-Mcthyl 

2.0 

0.2 

m-Methyl 

14 

3.9 

3,5-Dimethyl 

33 

7.7 

m-Ethyl 

42 

12 

m-z-Butyl 

500 

64 

The  mechanism  of  inhibiton  of  cholinesterase  by  substituted  car- 
lates  probably  involves  acylation  of  the  enzyme  [R.  D.  O'Brien, 
//.  Med,  Surg.,  23,  117  (1965)]  so  that  the  ''aflSnity**  discussed 
4etcalf  and  Fukuto"  is  probably  ki/Ka  where  kt  is  the  acylation 
and  Kb  is  the  dissociation  constant  of  the  cholinesterase-car- 
ate  complex.    ^  Taken  from  Table  IV ;  see  footnote  a. 


'  or  catalysis  involving  prior  inclusion  it  is  reasonable 
expect  that  the  limited  number  of  active  sites  (here 
al  presumably  to  the  number  of  cycloamylose  mole- 
^)  could  be  saturated  or  entirely  occupied  by  sub- 
te  molecules."  This  is  in  accord  with  the  experi- 
ital  data  (c/.  Figure  2).  It  is  also  strikingly  il- 
rated  by  the  fact  that  for  the  hydrolysis  of  m-t- 
ylphenyl  acetate  in  the  presence  of  cycloheptaamy- 
),  the  ester  is  almost  completely  complexed  at  cyclo- 
yrlose  concentrations  greater  than  ^^6  X  10"*  A/, 
ually  the  same  hydrolysis  rate  constant  (as  measured 
phenol  release)  being  obtained  even  as  the  cyclo- 
^lose  concentration  is  increased  to  10"'  A/, 
lie  presence  of  discrete  catalytic  sites  such  as  in  an 
usion  complex  also  predicts  that  the  addition  of 
erwise  unreactive  molecules  to  the  reaction  mixture 
;ht  reduce  the  rate  accelerations  caused  by  cyclo- 
^loses  by  acting  as  competitive  inhibitors  for  the 
ve  site.  This  has  been  quantitatively  demonstrated 
t  for  the  cycloamyloses,  added  organic  molecules 
iicing  the  rate  acceleration  observed  for  release  of 
nol  from  m-nitrophenyl  acetate  (Table  V).  ^ 
urther  support  for  the  hypothesis  that  the  active 
of  the  cycloamylose  is  the  region  of  the  cavity 

B)  Cf.  R.  M.  Epand  and  I.  B.  Wilson,  /.  Biol  Chem.,  240,  1104 

^:  H.  F.  Bundy  and  C.  L.  Moore,  Biochemistry,  5,  808  (1966). 

9)  R.  L.  Metcalf  and  T.  R.  Fukuto,  /.  Agr.  Food,  Chem.,  13,  220 

5). 

0)  This  was  qualitatively  demonstrated  by  Hennrich  and  Cramer 

showed  that  the  presence  of  phenol  in  the  reaction  mixture  reduced 

acceleration  of  the  alkaline  decomposition  of  diphenyl  pyrophos- 


and  the  secondary  hydroxyls  as  well  as  information 
about  the  nature  of  forces  involved  in  the  complex  may 
be  obtained  from  consideration  of  experiments  carried 
out  with  carboxyl-substituted  phenyl  esters.  Table  IV 
gives  the  maximal  rate  accelerations  and  dissociation 
constants  determined  for  the  reactions  of  m-  and  p- 
carboxyphenyl  acetates  in  the  presence  of  cyclohexa- 
amylose.  As  previously  noted,  the  meta  isomer  shows 
a  large  rate  acceleration  (68-fold)  compared  to  the  para 
isomer  (fivefold).  If  the  ester  function  of  the  para 
isomer  is  made  increasingly  hydrophobic  by  alkyl  sub- 
stitution then  it  is  possible  to  bring  about  an  inhibition 
of  the  hydrolysis  reaction  (Table  X).  This  must  be  the 
result  of  including  the  ester  function  in  the  cyclo- 
amylose cavity.  It  was  anticipated  that  the  hydrophilic 
carboxylate  anion  would  not  be  readily  included  in  the 
cavity  as  a  consequence  of  its  solvation  requirements. 
This  latter  hypothesis  is  consistent  with  the  fact  that 
substitution  of  a  /?-nitro  group  for  the  structurally 
similar  carboxylate  anion  results  in  a  12-fold  increase 
in  the  stability  of  the  cyclohexaamylose  complex  (Table 
IV).  Thus,  at  least  two  factors  contribute  to  the  forma- 
tion of  nonproductive  complexes:  steric  effects  and 
electrostatic  effects. 


Table  X.    Rate  Accelerations  and  Dissociation  Constants  of 
Cyclohexaamylose  Complexes  of  Carboxyl-Substituted 
Phenyl  Esters 


p-Carboxyphenyl 
ester 


ku 

io-» 

sec"* 


ktik 


na 


10-»Af 


Acetate*  6.7  5.3 

2-Methylpropionate'  0 .  44  0 .  68 

3,3-Dimethylbutyrate*        0.089         0.19 


lS0db90 

12dr4 

l.ldbO.2 


•  In  pH  10.60  sodium  carbonate  buffer,  /  =  0.2.  with  0.5%  (v/v) 
added  acetonitrile,  25.0  db  0.1 "".  ^  In  pH  1 1.22  sodium  phosphate, 
/  -  0.2,  with  0.5  %  (v/v)  added  acetonitrilc,  25.0  ±  0. 1  °. 


Large  hydrophobic  substituents  on  guest  molecules 
lead  to  the  formation  of  relatively  stable  cycloamylose 
complexes.  In  an  attempt  to  gain  some  understanding 
of  the  nature  of  the  forces  which  lead  to  complex 
formation,  the  temperature  dependencies  of  some 
cycloheptaamylose-substrate  dissociation  constants 
were  examined  using  kinetic  methods  (Table  VII).     A 


Table  XI.    Thermodynamic  Changes  for  the  Dissociation  of 
Qrcloheptaamylose  Complexes" 


Substrate 


kcal/ 
mole 


kcal/  gibbs/ 

mole  mole 


m-Chlorophenyl  acetate  3.4dbl        Idbl  -8±3 

3,4.5-Trimethylphenyl acetate    3.1d:l        2.5±1        -2db3 
m-Ethylphenyl  acetate  3. 6  ±0.7    4.6  db  0.7     +3  d:  2 

"  The  dissociation  constants  were  determined  kinetically  (Experi- 
mental Section)  using  7-10  points;  for  conditions  see  the  footnotes 
to  Table  VII.  The  error  limits  given  above  were  obtained  by  appli- 
cation of  Student's  t  test  to  the  experimental  data  of  Table  VII. 


plot  of  In  Kaiu  vs.  1 /absolute  temperature  is  shown 
in  Figure  8.  From  the  slope  and  intercept  of  the  least- 
squares  line  (see  Experimental  Section)  the  thermo- 
dynamic quantities  associated  with  the  dissociation 
process  were  calculated  (Table  XI).  The  dissociation 
constant    of   the   m-chlorophenyl  acetate-cyclohepta- 
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amylose  is  not  very  temperature  dependent:  the  bind- 
ing is  due  primarily  to  a  favorable  entropy  change. 
However,  the  binding  of  m-ethylphenyl  acetate  is  due 
to  a  favorable  enthalpy  change.*'  3,4,5-Trimethyl- 
phcnyl  acetate  exhibits  intermediate  behavior.  Dis- 
cussions and  experimental  data  relating  to  hydrophobic 
binding  indicate  that  a  favorable  entropy  change  is  often 
involved.*'-**  One  reason*'  for  the  sizable  enthalpy 
change  observed  in  the  binding  of  m-ethylphenyl  acetate 
is  probably  that  water  molecules  in  the  cavity  cannot 
form  their  full  complement  of  hydrogen  bonds  as  a 
result  of  steric  restrictions.  The  data  for  m-chloro- 
phenyl  acetate  is  diflicult  to  interpret  on  this  basis  but 
may  be  related  to  the  fact  that  the  aromatic  chloro 
sutetituent  is  capable  of  forming  hydrogen  bonds'* 
with  water  molecules  which  would  be  freed  on  com- 
plexation,  leaving  only  a  net  entropy  effect.  The  hy- 
pothesis that  exclusion  of  water  from  the  region  of  the 
cavity  is  an  important  factor  in  binding  to  the  cyclo- 
amyloses  is  consistent  with  the  fact  that  complexes 
may  be  readily  formed  with  guest  molecules  which  are 
too  large  to  be  completely  included.  Thus,  for  ex- 
ample, adamantanecarboxylate  which  cannot  enter  the 
cavity  of  cyclohcxaamylose  (Figure  9D)  still  forms  a  rela- 
tively stable  complex,  Koia  being  7  X  10"'  M  (Table 
V).  The  inhibitor  molecule  is  able  to  interact  with  a 
portion  of  the  cyclohexaamylose  cavity  slightly  past  the 
region  of  the  secondary  hydroxyl  groups.  However, 
when  the  substrate  is  able  to  entirely  exclude  water 
from  the  region  of  the  cavity,  quite  stable  complexes 
may  be  formed.  Cycloheptaamylose  complexes  of 
m-/-butylphcnyi  acetate  and  of  adamantanecarboxylate, 
for  example,  have  dissociation  constants  of  1  X  lO"* 
A/  and  7  X  10-'  M,  respectively.  Substrates  which  fill 
the  cavity  completely  or  have  large  hydrophobic  areas 
which  can  interact  with  the  ether-like  interior  of  the 
cavity  form  the  most  stable  cycloamylose  complexes, 
so  that  it  would  appear  reasonable  to  expect  a  relation- 
ship between  the  free  energy  of  complex  formation  and 
the  molecular  volume  of  the  guest.  In  fact,  there  is  an 
approximate  linear  relationship  between  the  logarithm 
of  the  dissociation  constant  and  the  value  of  the 
parachor  of  the  guest,  the  parachor  being  taken  as  a 
measure  of  molecular  volume.*'  Thus,  for  the  cyclo- 
hexaamylose dissociation  constants  reported  here  (ex- 
cluding only  the  carboxyphenyi  esters)  a  correlation 
coefficient  of  0.79  is  found  for  the  least-squares-Htted 
line.  As  might  be  expected  for  the  series  of  structurally 
similar  substrates  and  inhibitors  considered  here,  nearly 
identical  correlations  were  obtained  with  molecular 
weight  and  with  molar  refraction.** 

(41)  Similar  observalions  have  been  made  for  the  binding  of  aromatic 
amino  add  dcrivadves  to  cycloheplaamyloie :  M.  Laikowiki,  Jr.,  and 
T.  L.  Warriniton,  quoted  in  ref  8. 

(42)  F.  M.  Richards,  Ann.  Rtc,  Blochem.,  32,  269  (1963). 

(43)  W.1i.aMin\aDn,  Adam.  Protein  Chem.,U,  1(1959). 

(44)  A.  Wishnia  and  T.  W.  Pinder.  Blochemlilry.  S.  1534  (1966). 
(4^  The  observed  enthalpy  change  is  also  consistent  with  iaterprela- 

tions  based  on  hydrotactic  bonding  ai  opposed  to  hydrophobic  bonding: 
I.  M.  Ktolz,  Federallon  Proc.,  Suppl.  IS.  S24  (1965). 

(46)  C.  M.  Huggins,  G.  C.  Pimentel,  and  J.  N.  Shoolery,  /.  Phyt. 
Chem..  60,  1 31 1  (1936);  E.  Krakowet  and  L.  W.  Reeves.  Traia.  Faraday 
Soc..  59,  2528  (1963). 

(47)  O.  R.  Quayle,  Chem.  Rep..  53,  439  (1953).  Bcctronic  effects  on 
the  itabilities  of  cyclohexaamylose  complexei  of  approximately  iuuteric 
pdrd-mbstitutcd  benzoic  acidi  have  been  demonstrated:  B.  Caiu  and 
L.  Rava,  RIe.  Set.  Rend,  [S]  36,  733  (1966). 

(48)  S.  S.  Batsanov,  "Rerractometry  and  Chemical  Structure*," 
Consultants  Bureau,  New  York,  N.  Y.,  1961. 


An  alternative  explanation 
contribution  to  the  stability  of 
plexes  is,  of  course,  that  van  d 
primary  importance  in  stabilizti 
dispersion  force  interactions  ud 
tribution  to  the  apolar  binding 
completely  satisfactory  becaus 
of  some  substrate  molecules  can 
cycloamylose  cavity  at  a  time, 
important  in  the  complexes  ma 
crystallographic  studies.'* 

Conclusion 

In  connection  with  his  pionee 
chemistry  Emil  Fischer  propose 
molecular  configuration  must 
and  their  substrates  if  reaction  i 
configurational  relationship  co 
between  a  lock  and  key."-*'  H 
that  simpler  asymmetric  systen* 
stereospectfic  eflTects  like  those 
sis."  The  cycloamylose  systen 
sents  an  excellent  model  for  enz; 
as  it  does  complex  formation, 
celerations,  competitive  inhib 
other  effects.  The  model  is  rea 
of  the  lock  and  key  theory  of  en; 

Appendix 

Determiiutlon  of  Dissodatloi 
photometric  Methods."    Let  / 

stoichiometric  concentrations 
and  substrate,  having  molar  e 
c.  and  c,,  respectively.  The  per 
formation  of  a  complex  may 
term  AAbs,  which  is  related  t 
sorbancy  Abs  by  the  relation 
t,A  —  t,S.  The  equilibrium 
complex  C  (assuming  a  1 : 1  stc 

C  =  AAbs, 

where  A«  =  Cc  —  e,  —  «,.  Th' 
is  given  by  K,  =  C/[(^  -  CXS 
sion  becomes  CjKf  =  AS  —  SC 
ing  that  AS»  C*  this  becomt 
AC,oi 

C  =■  AS/iA  + 

On  combining  (1)  and  (2)  and 
Jtdin  =  i/Kt  the  following  is  obt 

ASliA  +  S  +  KaJ 

AS/ A  Abs  -  AdbJAc  - 

Since  Ac  and  JCuu  ^^  constants 
a  straight  line  when  [AIS]/A<4J 
sum  of  the  stoichiometric  cor 


(49)  An  eKleniiveinveitiBalionof  the 
of  a  variety  of  1 : 1  crystalline  cycloaray 
I.  A.  Hamilton  and  R.  L.  YanEtten,  unp 

(30)  E.  Fiicber,  Ber,  27,  29S5  (1S94). 

(51)  B.  Fiacber,  Z.  FhyiloL  Cfitm..  26, 
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Determination  of  Dissociation  Constants  by  Inhibition 
Methods.    In  the  reaction  scheme 


I    products 
CA  +  5-7^  CAS 

AI'diM 


products 


CAI 


Ki  is  the  disscKiation  constant  of  the  1 : 1  cycloamylose  - 
inhibitor  complex  CA-I,  /Cun  is  the  spontaneous  reaction 
rate  constant  of  the  substrate  S,  /Tdiss  is  the  dissociation 
constant  of  the  1:1  cycloamylose-substrate  complex 
CA-S  (determined  by  independent  kinetic  methods  as 
already  described),  ki  is  the  catalyzed  reaction  rate 
constant  of  the  complexed  substrate,  and  [S]o  and 
[CA]o  the  initial  stoichiometric  concentrations  of  sub- 
strate and  cycloamylose,  respectively.  The  fraction 
Fc  of  complexed  substrate  will  be"  (ko^sd  —  fcun)/(fc2  — 
/Cun).    Then. 

^di«  =  [SICA]/[CA.S]  =  [So  -  CASICA]/[CAS1 
=  [(1  -  Fc)/Fe][CA] 

=  [(1  -  Fc)/Fc][CAo  -  CAI  -  CA-S] 


but  since  [Ao  +  C A  •  I]  >  >  [C A  •  S]  this  becomes 
=  [(1  -  Fe)/Fe](CAo  -  [CAliyKO 

flicA 


=  [(1  -  FeVFJ   CAo -. 


(' 


[S] 


•S]Adi„\ 


=  [(i/Fe)  -  i][[CAo_:^.^  ^_^j J 

=  [(1/Fe)  -  l]CAo  -  ([l]K^ss/Kd 
so  that  on  rearranging 

[I]  =  [(1/Fc)  -  lICAol/Ti/ZTdiss  -  Ki 

\       (/C2  —  /Cun)  /      ^diss 

(^>  "  ^obsd  \[CAo]/fi   _   ^ 

Thus,  by  plotting  the  inhibitor  concentration  vs, 
(ki  —  kobsdl(i^ohad  —  ^un)  ^n  approximate  straight  line 
is    obtained    with    intercept   — /Tj  and  slope  ([CAo]- 
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Abstract:  The  release  of  phenols  from  a  number  of  m^ra-substituted  phenyl  benzoates  is  accelerated  in  alkaline 
solution  by  cyclohexaamylose  and  cycloheptaamylose.  The  acyl  portion  is  transferred  to  a  hydroxyl  group  of  the 
amylose,  forming  a  cycloamylose  benzoate  which  undergoes  hydrolysis  via  a  subsequent  reaction  at  a  rate  indepen- 
dent of  the  nature  of  the  phenolic  group.  Cyclohexaamylose  benzoate  was  separated  from  phenol  and  unreacted 
m-nitrophenyl  benzoate  by  gel  filtration  chromatography  and  was  found  to  undergo  hydrolysis  at  the  same  rate  as 
the  intermediate  formed  in  situ  during  the  acceleration  of  phenol  release  from  a  variety  of  m^ra-substituted  phenyl 
benzoates  (substituents  on  the  phenyl  group).  The  hydrolysis  of  cycloamylose  benzoates  (deacylation)  conforms 
to  a  Hammett  relationship  with  p  =  1.6.  The  pH  dependence  of  the  initial  rate  acceleration  (acylation)  and  of  the 
deacylation  reaction  agrees  with  a  dependence  on  a  group  of  p^T.  =  12.1.  Heptamesylcycloheptaamylose  (primary 
hydroxyl  groups  blocked)  causes  as  large  an  acceleration  of  phenyl  ester  cleavage  as  native  cycloheptaamylose,  but 
dodecamethylcyclohexaamylose  (primary  hydroxyl  and  half  of  secondary  hydroxyl  groups  blocked)  causes  a  small 
inhibition  of  the  hydrolysis.  This  is  consistent  with  a  proposed  mechanism  involving  nucleophilic  participation  by 
an  alkoxide  ion  derived  from  the  secondary  hydroxyl  groups  of  the  cycloamylose.  The  hydrolysis  of  cycloamylose 
benzoates  occurs  ^^20  times  more  rapidly  than  would  be  predicted  on  the  basis  of  simple  steric  and  electronic  con- 
siderations so  that  the  deacylation  step  may  be  subject  to  general  acid  or  general  base  catalysis  by  vicinal  hydroxyl 
groups  of  the  cycloamylose.  The  cycloamylose  pathway  of  binding,  acylation,  and  deacylation  is  formally  similar 
to  the  pathway  of  chymotrypsin-catalyzed  hydrolysis  of  esters.  Comparisons  of  chymotrypsin  catalyses  and 
cycloamylose  reactions  are  made,  including  a  comparison  of  the  second-order  rate  constants  of  these  substances 
with  substrates. 


The  cycloamyloses  cause  a  markedly  stereoselective 
acceleration  of  the  release  of  phenols  from  sub- 
stituted phenyl  acetates,  the  rate  accelerations  with 

(1)  This  research  was  supported  by  a  grant  from  the  National  Science 
Foundation. 

(2)  A  preliminary  account  of  this  work  has  been  published :  M.  L. 
Bender,  R.  L.  VanEtten,  and  G.  A.  Clowes,  J.  Am,  Chem.  Soc,,  88. 
2319  (1966). 


me/fl-substituted  esters  being  larger  than  with  the  cor- 
responding /?ara-substituted  esters.^  For  example, 
0.01  M  cycloheptaamylose  causes  a  250- fold  increase 

(3)  Accompanying  article:  R.  L.  VanEtten,  J.  F.  Sebastian,  G.  A. 
Clowes,  and  M.  L.  Bender,  ibid.,  89,  3242(1967). 

(4)  National  Institutes  of  Health  Postdoctoral  Research  Fellow. 

(5)  Department  of  Chemistry,  Purdue  University,  Lafayette,  Ind. 
47907. 
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in  the  rate  of  phenol  release  from  m-/-butylphenyl  ace- 
tate but  only  a  2.2-fold  increase  for  the  para  analog. 
The  rate  effects  are  mediated  by  a  cycloamylose-ester 
complex  in  solution,  and  the  reaction  system  exhibits 
many  characteristics  of  enzyme-catalyzed  reactions.' 
Because  the  rate  effects  are  independent  of  the  stabilities 
of  the  respective  complexes  it  appeared  unlikely  that  the 
rate  effects  were  due  to  an  unusual  medium  effect  such 
as  has  been  observed®  for  the  hydrolysis  of  alkyl  hy- 
drogen sulfate  esters.  Moreover,  the  stereospecificity 
of  the  rate  accelerations  can  be  readily  interpreted  only 
on  the  basis  of  an  interaction  of  the  secondary  hydroxyl 
groups  of  the  cycloamylose  (derived  from  carbon  atoms 
2  and  3  of  the  individual  glucose  residues)  with  the 
carbonyl  carbon  of  the  ester.  The  carbonyl  carbon  of 
/?ara-substituted  phenyl  esters  can  readily  be  placed  in 
proximity  to  the  primary  hydroxyl  groups  (derived  from 
carbon  atom  6  of  the  glucose  residues)  of  cycloocta- 
amylose  whereas  it  cannot  be  placed  in  proximity  to 
the  secondary  hydroxyl  groups  of  cyclohexa-  and 
-heptaamylose.  Cyclooctaamylose  causes  a  large  ac- 
celeration of  phenol  release  from  both  m-  and  /7-/-butyl- 
phenyl  acetate  consistent  with  the  fact  that  the  cavity 
is  so  large  that  the  carbonyl  group  of  either  ester  may  be 
placed  in  proximity  to  the  secondary  hydroxyl  groups 
of  the  cycloamylose  when  the  aromatic  ring  and  the  t- 
butyl  group  are  included  in  the  cavity. 

The  specific  mechanism  by  which  the  cycloamylose 
hydroxyl  groups  accelerate  the  release  of  phenols  from 
phenyl  esters  is  not  obvious  since  participation  may 
occur  by  nucleophilic,  general  acid,  or  general  base 
mechanisms.^  Thus  it  is  important  to  attempt  to  dis- 
tinguish between  these  possible  mechanisms.  The  isola- 
tion of  cyclohexaamylose  phosphate  from  heterogeneous 
alkaline  reaction  mixtures  (where  the  cycloamyloses 
cause  an  acceleration  of  phenol  release  from  diphenyl 
pyrophosphate)  has  been  reported.*  This  observa- 
tion suggested  that  the  rate  accelerations  observed  in 
the  course  of  the  present  work  might  be  the  result  of 
nucleophilic  catalysis.  The  present  investigation  of  the 
hydrolysis  of  substituted  phenyl  benzoates  and  of  the 
pH  dependence  of  the  rate  accelerations  was  therefore 
undertaken  in  order  to  determine  the  mechanisms  by 
which  the  cycloamyloses  exert  their  effects  on  phenyl 
ester  hydrolysis  reactions. 

Experimental  Section 

All  melting  points  and  boiling  points  are  uncorrected.  Aqueous 
solutions  were  made  up  with  distilled  or  double-distilled  water  and 
reagent  grade  chemicals.  Eastman  Spectre  grade  acetonitrile 
was  employed  for  stock  solutions  of  esters  and  for  reaction  solvents. 
Elemental  analyses  were  carried  out  by  Micro-Tech  Laboratories, 
Skokie,  111.  A  Radiometer  4c  pH  meter  was  used  for  the  deter- 
mination of  pH  values. 

Cyclohexaamylose  and  cycloheptaamylose  were  obtained  and 
purified  as  already  described.*  Dodecamethylcyclohexaamylose 
was  very  kindly  provided  by  Dr.  Hermann  Schlenk.*  The  prepa- 
ration of  hexamesylcyclohexaamylose  and  heptamesylcyclohepta- 
amylose  has  been  described.*®    The  hexa(6-0-mesyl)cyclohexa- 


amylose^*  was  purified  by  recrystallization  from  methanoL  Tbe 
ultraviolet  absorption  spectrum  of  this  compound  revealed  an 
absorption  band  (Xoux  259  m/*)  which  was  attributed  to  rcsiduil 
pyridine.  Efforts  to  completely  remove  the  impurity  by  dilute 
acid  wash  (pH  2.2)  and  vacuum  drying  were  unsuccessful  The 
amount  of  pyridine  was  calculated  to  be  less  than  5%  (by  weight) 
based  on  the  optical  extinction  coefficient  of  pyridine  {ca.  3600  in 
water).  The  iri^rared  spectrum  (potassium  bromide  disk)  indicated 
the  presence  of  covalent  sulfonate  (bands  at  1345  and  1180  cnrO 
consistent  with  the  literature  value.** 

Ami  Calcd  for  (QHuCS).:  C,  35.01;  H.  5.04;  S,  13.33. 
Found:    C,  35.09;  H.  4.95;  S.  13.52. 

Hepta(6-0-mesyl)cycloheptaamylose  also  showed  a  small  absorp- 
tion band  attributed  to  residual  pyridine  (less  than  2%  by  weight). 
The  infrared  spectrum  showed  bands  at  1340  and  1 165  cm"*  whidi 
were  attributed  to  covalent  sulfonate. 

Anal  Calcd  for  (CtHuCS)!:  C,  35.01;  H,  5.04;  S,  13.31 
Found:    C,  34.92;  H,  5.19;  S,  13.61,  14.02. 

The  mesyl  compounds  were  relatively  insoluble  in  vmitx  so  thtf 
reactions  in  the  presence  of  these  compounds  were  carried  out  in 
20.5%  acetonitrile  solution  (v/v).  The  reported  values  of  the  pH 
are  the  observed  values  obtained  for  the  aqueous  acetonitrile  sohi- 
tions. 

Benzoate  esters  were  prepared  by  the  Schotten-Baumann  pro- 
cedure using  the  appropriate  benzoyl  chloride  (25  mmoles)  and 
sodium  phenolate  (25  mmoles)  in  40  ml  of  water.  Solid  esten 
were  recrystallized  from  95%  ethanol  and  dried  under  vacuum. 

m-/-Butylphenyl  benzoate  was  obtained  as  a  liquid;  vacuum  dis- 
tillation through  a  1  X  10  cm  vacuum  jacketed  colunrn  gave  tbe 
ester,  bp  186-188°  (11  mm). 

Anal,  Calcd  for  CnHisO,:  C,  80.30;  H,  7.12.  Found:  C, 
80.12;  H,7.27. 

m-C!hlorophenyl  benzoate  after  recrystallization  was  obtained 
as  colorless  crystals,  mp  69-70°  (lit.»»  mp  71-72°). 

m-Nitrophenyl  benzoate  was  obtained  as  colorless  needles,  mp 
91-92°  (lit.»*mp  95°). 

m-Chlorophenyl  /^chlorobenzoate  was  obtained  as  colorless 
needles,  mp  99-99.5°  (lit. » 101.5°). 

Anal,  Calcd  for  Ci»H8a20,:  C,  58.42;  H,  3.00;  a.  26.59. 
Found:    C,  58.52;  H,3.30;  CI, 26.06. 

m-Chlorophenyl  m-chlorobenzoate  was  obtained  as  colorles 
needles,  mp  65-66°. 

AnaL  Calcd  for  C,iH«Cl,0,:  C,  58.42;  H,  3.00;  CI,  26.59. 
Found:    C,  58.67;  H,  3.04;  CI,  26.40. 

m-Chlorophenyl  p-nitrobenzoate  was  obtained  by  reacdoo  of 
m-chlorophenol  (1.3  g,  10  mmoles)  with  p-nitrobenzoyl  chlocide 
(1.9  g,  10  mmoles)  in  dry  pyridine  (10  ml).  The  reaction  mixtiat 
was  heated  to  boiling  for  5  min  and  then  diluted  with  200  ml  of  5% 
hydrochloric  acid.  The  resulting  solid  was  separated,  washed 
successively  with  several  portions  of  dilute  acid,  dilute  alkali,  aod 
water,  and  then  dried  under  vaccum.  The  solid  was  then  recrysta)' 
lized  twice  from  ethanol,  being  obtained  as  colorless  needles,  np 
96-97°  (lit.  "mp  101°). 

AnaL    Calcd  for  Ci,H8ClN04:    CI,  12.79.     Found:    0,13.01 

Reactioo  Kinetics  of  Phenyl  Benzoates.  The  reactions  of  substi- 
tuted phenyl  benzoates  in  alkaline  solution  were  studied  ^pectro- 
photometrically  using  a  Cary  Model  14  recording  spectrophotom- 
eter equipped  with  a  thermostated  cell  holder  and  cell  compartmcoi, 
and  0-1.0  and  0-0.1  absorbance  unit  slide  wires.  The  geonl 
experimental  techniques  have  been  described.*  The  final  conceo- 
trations  of  benzoate  esters  were  1.6-2.0  X  10"»  M  while  that  of 
added  acetonitrile  was  0.5%  (v/v)  unless  otherwise  stated.  Be 
reactions  of  the  phenyl  benzoates  shown  in  Table  I  occurred  in 
two  steps  in  the  presence  of  0.01  M  cycloamyloses  (see  Results)^ 


(6)  B.  D.  Batts,/.  Chem.  Soc.,  Phys.  Org.,  547  (1966). 

(7)  For  examples,  see  B.  Capon,  Quart.  Rev.  (London),  18,  45  (1965), 
especially  pp  58-62. 

(8)  N.  Hennrich  and  F.  Cramer,  /.  Am.  Chem.  Soc.,  87,  1121  (1965). 

(9)  J.  Staerk  and  H.  Schlenk,  Jr.,  Abstracts,  149th  National  Meeting 
of  the  American  Chemical  Society,  Detroit,  Mich.,  1965,  p  IIC;  see 
also  R.  Kuhn  and  H.  Trischmann,  Chem.  Ber,,  96,  284  (1963). 

(10)  W.  Lautsch,  R.  Wiechert,  and  H.  Uhmann,  Kolloid-Z.,  135, 134 
(1954). 


(11)  The  location  of  the  mesyl  groups  on  the  primary  hydroxyl  grovpf 
of  the  cycloamylose  (that  is,  the  C-6  hydroxyl  groups  of  the  individoal 
glucose  residues)  following  this  method ^^  of  preparation  has  been  es- 
tablished by  Drs.  F.  Parrish  and  L.  Long,  Jr.  (private  communicadoB). 
For  a  contrasting  example  of  the  reactivity  of  mesyl  chloride  with  botk 
primary  and  secondary  hydroxyl  groups  see  R.  C.  Chalk,  D.  H.  8*6* 
and  L.  Long,  Jr.,/.  Org.  Chem.,  31,  1509  (1966). 

(12)  L.  J.  Bellamy,  "The  Infrared  Spectra  of  Complex  Mofccote." 
John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1958,  p  364. 

(13)  W.  J.  Wohlleben.  Ber.,  42,  4371  (1909). 

(14)  F.  M.  Beringer,  A.  Brierley,  M.  Drexlcr,  E.  M.  Gnindkr.  Md 
C.  C.  Lumpkin,  /.  Am.  Chem.  Soc.,  74,  2708  (1952). 

(15)  M.  Neeman,  A.  Modiano,  and  Y.  Shor,  /.  Org.  Chem.,  lU^ 
(1956). 

(16)  R.  S.  Tadkod.  P.  B.  Sattur,  N.  S.  Kulkami,  and  K.  S.  Naf|i*i 
J.  Karmtak  Unit,,  2,  29  (1957);  Chem.  Abstr.^  53,  8063a  (1957). 
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1  release  of  phenol  (or  phenoxide  ion)  followed  by  a  slower 
earance  of  benzoate  ester.  The  appearance  of  phenol  was 
id  to  completion  by  observing  the  increase  in  absorbance 
or  390  mn.  After  the  absorbance  reached  a  constant  value 
ectrophotometer  was  adjusted  to  permit  the  observation 
zoate  ester  disappearance  at  245  m/x  (or  260  m^  for  p-nitro- 
ite  disappearance).  Because  carbonate  buffer  absorbs 
y  at  this  wavelength,  the  slit  width  of  the  spectrophotometer 
rge.  The  infinite  absorbance  values  were  more  sensitive 
erimental  errors  and  variations  in  instrumental  operation 
e  of  the  small  over-all  absorbance  change  and  slowness  of  the 
ns.  The  estimated  error  for  the  phenol  appearance  re- 
;  is  db3%,  while  that  for  benzoate  disappearance  reactions 

hydrolysis  rate  of  m-/-butylphenyl  benzoate  in  the  absence 
lohexaamylose  was  determined  by  extrapolation  of  data 
^  in  10%  (v/v)  acetonitrile  solution  (apparent  pH  12.75) 

basis  of  the  known  pH  dependence  of  m-tolyl  acetate  hy- 
s  and  the  hydrolysis  rate  in  the  acetonitrile  solution.  The 
ted  error  of  this  rate  constant  is  =bl5%  while  that  of  the 
.pontaneous  hydrolysis  rate  constants  is  =b5%. 
lantitative  estimate  of  the  amount  of  cydoamylose  benzoate 
1  during  the  course  of  the  acylation  of  cycloamyloses  by 
n  with  phenyl  benzoates  was  made  as  follows.  The  ot>- 
change  in  absorbance  during  the  alkaline  hydrolysis  of  2.5  X 
f  methyl  benzoate  was  0.09  absorbance  unit  at  245  mti. 
I  the  cycloheptaamylose-accelerated  hydrolysis  of  m-nitro- 

benzoate  the  average  change  in  absorbance  at  245  m/bi 
^ed  after  completion  of  the  initial  phenol  release  reaction)  was 
3Sorbance  unit,  while  in  the  presence  of  cyclohexaamylose 
K>rbance  change  in  the  second  step  of  the  reaction  was  0.084 
ance  unit.  Assuming  that  the  extinction  coefficients  of 
ite  esters  are  not  greatly  perturbed  in  the  presence  of  cyclo- 
ses  (spectral  perturbations  of  these  compounds  are  relatively 

then  the  minimum  amount  of  cycloheptaamylose  benzoate 
«d  is  "^70%,  while  the  minimum  amount  of  cyclohexaamy- 
enzoate  is  >90%.  Since  the  disappearance  of  benzoate 
'as  not  followed  until  completion  of  the  phenol  appearance 
n  it  appears  reasonable  to  conclude  that  the  acykyclo- 
« interniediate  is  produced  in  stoichiometric  amounts  during 
irse  of  the  initial  (phenol  release)  rate  acceleration. 
FihratioB  Chromatography.  In  order  to  effect  a  separation 
loamylose  benzoate  and  reaction  products  the  following 
nent  was  carried  out.  Cyclohexaamylose  (0.10  g,  1.0  X 
lole)  was  dissolved  in  3  ml  of  pH  11  carbonate  buffer.  Fine 
8  of  m-nitrophenyl  benzoate  (0.026  g,  1.0  X  10"*  mole) 
dded  with  0.2  ml  of  acetonitrile.    The  reaction  mixture  was 

vigorously  for  5  min,  brought  to  pH  3  with  a  few  drops  of 
lydrochloric  acid,  and  filtered  through  a  small  glass  wool 
o  remove  undissolved  ester.  The  resulting  solution  was 
itographed  using  a  1  X  23  cm  column  of  Sephadex  G-10  gel. 
»lumn  was  developed  by  eluting  with  distilled  water.  Con- 
e  3-ml  fractions  were  tested  for  the  presence  of  cyclohexa- 
le  by  consecutively  spotting  and  drying  four  drops  on  filter 
and  then  spraying  with  2%  methanolic  iodine  solution, 
lexaamylose  was  found  to  be  present  in  the  first  four  fractions 
if  ter  passage  of  the  void  volume,  consistent  with  the  molec- 
clusion  limits  of  Sephadex  G-10.  Only  traces  of  cyclohexa- 
;e  were  found  in  the  subsequent  fractions.  After  15  frac- 
t^ere  collected,  a  5-ml  portion  of  pH  10.6  10%  acetonitrile 
n  carbonate  buffer  was  passed  through  the  column  causing 
Kt  yellow  band  to  appear  ca.  one-quarter  of  the  way  down 
.umn.    No  m-nitrophenol  or  unreacted  ester  was  present  in 

the  earlier  fractions,  as  judged  by  spectral  examination  of 
jtral  and  the  strongly  basic  solutions  (made  basic  with  ex- 
dium  hydroxide). 

ultraviolet  absorption  spectra  of  fractions  2-4  showed 
t  233,  274,  and  280  nvx  (shoulder)  and  were  practically 
nposable  on  the  spectrum  of  ethyl  benzoate  or  methyl 
ite. 

ts 

drolyses  of  Phenyl  Benzoates.  The  alkaline 
»lysis  of  substituted  phenyl  benzoates  in  buffered 
ne  solution  follow  first-order  kinetics,  the  rate 
ants  varying  in  the  manner  expected  on  the  basis  of 
lectronic  effects  of  the  substituents.  As  antici- 
from  data  obtained  for  phenyl  acetates'  the  release 
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Figure  1.  Hydrolysis  of  m-nitrophenyl  benzoate  at  pH  10.6  in  the 
presence  of  0.01  M  cyclohexaamylose;  lower  curve,  change  in  opti- 
cal density  at  390  nvi  due  to  m-nitrophenoxide  ion  appearance  as  a 
function  of  time  (lower  time  scale);  upper  curve,  subsequent  reac- 
tion followed  at  245  nvi  (benzoate  ester  disappearance)  as  a  function 
of  time  (upper  time  scale).  For  reaction  conditions  see  Table  I  and 
the  Experimental  Section. 


of  the  me/a-substituted  phenolic  portion  of  the  ester  is 
considerably  accelerated  in  the  presence  of  0.01  M 
cycloamyloses  relative  to  the  rate  of  alkaline  hydrolysis 
at  the  same  hydroxide  ion  concentration  (Table  I). 


Table  I.    Rate  Constants  of  the  Cycloamylose-Catalyzed 
Reactions  of  Some  Aryl  Benzoates* 

Rate  constants,  10~*  secr> 
0.01  Af  cycloheptaamylose 
290        245       290 
or  or        or 


Alkaline 

390 

260 

390 

245 

Ester 

hydrolysis 

m/bi 

m^ 

m/bi 

rofi 

m-Nitrophenyl  benzoate 

15.4 

1400 

4.6 

250 

3.3 

m-Chlorophenyl  benzoate 

5.5 

390 

4.6 

22 

2.7 

m-/-Butylphenyl  benzoate 

1.2» 

140 

4.4 

m-Chlorophenyl  p- 

810 

10.6 

75 

5.3 

chlorobenzoate 

m-Chlorophenyl 

1140 

16.6 

107 

6.5 

m-chlorobenzoate 

m-Chlorophenyl  p-nitro- 

163 

>1500 

75* 

benzoate 

•  pH  10.6,  25"",  0.5%  (v/v)  acetonitrile-water  solution,  /  »  0.2, 
carbonate  buffer,  [ester]  ^  1 .6-2.0  X  lO"*  Af  .  ^  Obtained  by  extrap- 
olation of  data  obtained  for  reaction  in  10%  (v/v)  acetonitrile- 
water,  pH  12.75,  and  comparison  with  similar  data  obtained  for 
hydrolysis  of  m-tolyl  acetate.    '  Determined  at  260  nvi. 


Most  importantly,  there  is  a  significant  change  in  the 
over-all  reaction  pathway  in  the  presence  of  cyclo- 
amyloses. Figure  1  shows  the  time  course  of  the  reac- 
tion of  2  X  10"*  M  m-nitrophenyl  benzoate  in  the 
presence  of  0.01  M  cyclohexaamylose  at  constant  pH 
(10.6).  The  release  of  phenol  (as  measured  by  phen- 
oxide ion  appearance  at  390  m/i  where  there  is  no  sig- 
nificant absorption  by  the  ester  or  by  benzoate  ion)  oc- 
curs very  rapidly,  reaching  completion  in  30  sec  (bot- 
tom curve,  Figure  1).  Upon  completion  of  this  reac- 
tion the  spectrophotometer  wavelength  can  be  changed 
to  245  m/i,  permitting  the  observation  of  a  second  rate 
process  which  occurs  much  more  slowly  (top  curve. 
Figure  1)  than  does  the  liberation  of  the  phenol. 


VanEiten^  et  al.  /  Cleavage  of  Phenyl  Estert  6v  Cr^ 
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Figure  2.  Hammett  plot  for  deacylation  of  cyclohexaamylose 
benzoates  at  pH  10.6.  The  log  of  the  relative  hydrolysis  rate  of 
cyclohexaamylose  benzoates  (Table  I)  is  graphed  as  a  function  of 
the  Hammett  substituent  constant  a". 


The  appearance  of  phenols  during  reactions  of  a 
number  of  m-phenyl-substituted  benzoate  esters  occurs 
some  8-300  times  more  rapidly  than  does  the  subse- 
quent rate  process  observed  at  245  m/x  (Table  I).  Sig- 
nificantly, although  the  rates  of  phenol  release  from 
m-/-butyl-,  m-chloro-,  and  Aw-nitrophenyl  benzoates  in 
the  presence  of  cyclohexaamylose  differ  by  an  order  of 
magnitude,  the  rates  of  the  subsequent  reactions  fol- 
lowed at  245  m/i  are  the  same  within  experimental  error. 
Similarly,  although  the  rate  of  appearance  of  the  phenol 
from  m-nitrophenyl  benzoate  in  the  presence  of  cyclo- 
heptaamylose  is  more  than  an  order  of  magnitude 
greater  than  that  from  m-chlorophenyl  benzoate,  the 
rates  of  the  subsequent  reactions  are  essentially  the 
same.  These  results  indicate  that  the  same  intermedi- 
ate is  formed  during  the  course  of  the  phenol  release 
reaction  and  that  this  common  intermediate  then  under- 
goes hydrolysis  at  a  rate  which  is  independent  of  the 
nature  of  the  phenolic  portion  of  the  original  ester. 
The  observed  identical  rates  of  reaction  for  the  sub- 
sequent rate  process  demand  the  interpretation  that  a 
common  intermediate  is  formed  whose  decomposition 
is  the  rate-determining  step.  This  interpretation  to- 
gether with  the  results  of  gel  filtration  chromatography 
(below)  is  consistent  only  with  the  interpretation  that 
the  intermediate  is  a  cycloamylose  benzoate. 

In  order  to  provide  further  support  for  this  inter- 
pretation the  effect  of  substitution  of  the  benzoate 
portion  of  the  ester  was  examined.  The  m-chloro- 
phenyl  esters  of /;-chloro-,  m-chloro-,  and  p-nitrobenzoic 
acids  were  hydrolyzed  in  the  presence  of  excess  cyclo- 
amyloses.  After  completion  of  the  rapid  phenol  release 
reaction  the  subsequent  benzoate  ester  disappearance 
was  followed  at  245-260  vcv\i.  The  rate  of  the  benzoate 
ester  disappearance  was  increased  by  an  amount  con- 
sistent with  the  electronic  effects  of  the  substituent  group 
on  the  benzoate  ester  (Table  I,  Figure  2).  In  fact  the 
hydrolysis  of  cyclohexaamylose  benzoates  conforms  to  a 
Hammett  relationship  with  p  =  1.6,  suggesting  the  ab- 
sence of  significant  steric  effects.  The  hydrolysis  of  cyclo- 
amylose benzoates  was  not  dependent  on  cycloamylose 
concentrations  up  to  10"*  A/.     Cyclohexaamylose  ben- 


Figure  3.  Pseudo-first-order  rate  constant  for  release  of  the  phenol 
from  m-tolyl  acetate  as  a  function  of  pH;  lower  curve,  spontaneous 
hydrolysis;  upper  curve,  rate  constant  in  the  presence  of  5  x  10~' 
M  cyclohexaamylose  (data  of  Table  10- 


zoate  undergoes  hydrolysis  somewhat  more  rapidly  than 
does  cycloheptaamylose  benzoate;  this  may  be  a  con- 
sequence of  the  greater  steric  hindrance  by  the  amylose 
residue  derived  from  seven  glucose  molecules. 

In  an  attempt  to  obtain  a  sample  of  cyclohexaamylose 
benzoate  from  a  solution  similar  to  a  reaction  mixture, 
equivalent  amounts   of  m-nitrophenyl    benzoate  and 
cyclohexaamylose  were  mixed  together  in  an  alkaline 
aqueous   acetonitrile   solution,    resulting    in   a   rapid 
appearance   of  m-nitrophenoxide   ion.     After   a  few 
minutes  this  mixture  was  neutralized  and  chromato- 
graphed  on  Sephadex  G-10  (see  Experimental  Section), 
which  resulted  in  the  complete  separation  of  both  the 
phenol  and   the  unreacted  ester   from   the  fractions 
containing  the  cyclohexaamylose.     The  ultraviolet  ab- 
sorption spectrum  of  the  recovered  cycloamylose  frac- 
tion showed  the  presence  of  a  material  having  a  spec- 
trum identical  with  that  of  alkyl  benzoate  esters  such 
as  ethyl  benzoate.    The  cycloamylose  benzoate  had 
Xmw  233,  274,  and  280  m/i  (sh)  in  water.     When  the 
material  was  dissolved  in  pH  10.6  carbonate  buffer 
it  was  found  to  undergo  hydrolysis  with  a  rate  constant 
of  4.6  X  10"*  sec"^  identical  with  that  of  the  cyclo- 
hexaamylose benzoate  formed  in  situ  (Table  I).    On 
the  basis  of  the  observed  differences  in   optical  ex- 
tinction   coefficients    between    alkyl    benzoate  esters 
and  benzoate  ion  it  was  calculated  that  the  yield  (cal- 
culated on  the  basis  of  the  ester  used)  of  cycloamylose 
benzoate  formed  in  situ  approached  100  %  for  reactions 
of  esters  such  as  m-nitrophenyl  benzoate  where  there  is 
a  large  differential  between  the  rate  of  the  phenol  it- 
lease  reaction   and  the  subsequent   deacylation  (see 
Experimental  Section). 

pH  Dependence  of  the  Cycloamylose  Rate  Effects. 
If  the  intermediate  cycloamylose  benzoates  are  pro- 
duced by  a  nucleophilic  displacement  reaction  by  ^ 
alkoxide  ion  derived  from  the  secondary  hydroxyl  groups 
of  the  cycloamylose  it  would  be  reasonable  to  expect 
a  first-order  dependence  on  hydroxide  ion  of  the  rate  of 
phenol  release  {k^  and  on  the  rate  of  the  subsequent 
deacylation  reaction  (/ca).  To  this  end  the  pH  depen- 
dence of  both  the  acylation  and  deacylation  reactions 
was  examined  (Table  II).  In  Figure  3  is  shown  tbepH 
dependence  of  the  rate  of  phenol  release  from  m*tolyl 
acetate  in  the  presence  of  S  X  10~'  M  cydohexaamylflsc 
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"e  4.    Maximal  rates  of  acylation  of  cyclohexaamylose  by  m- 
acetate  graphed  as  a  function  of  pH  (data  of  Table  III). 


curve)  as  well  as  the  pH  dependence  of  the  hydroly- 
•eaction  in  the  absence  of  cycloamylose  (bottom 
e).  The  basic  hydrolysis  reaction  of  the  ester 
bits  the  expected  first-order  dependence  on  hy- 
:ide  ion,  as  does  the  accelerated  reaction  below  pH 
The  acylation  of  cyclohexaamylose  by  m-tolyl 
ate  occurs  some  22  times  more  rapidly  than  the 
line  hydrolysis  reaction  in  the  pH  range  9-11. 


I  n.    Rate  of  Phenol  Release  from  m-Tolyl  Acetate  in  the 
[Ke  and  Presence  of  Cyclohexaamylose  as  a  Function  of  pH 


koud  (cyclo- 

amylose 

I 

Buffer* 

Atoh  (spontaneous) 

added)^ 

17 

Sodium  carbonate 

•  •  • 

6.23  X  10-* 

62 

•  •  • 

1.86X10-* 

04 

1.84  X  10-* 

4.97X10-* 

60 

6.96  X  10-* 

1.51  Xl0-« 

95 

1.60X10-* 

3.72  X  10-« 

26 

Sodium-potassi  um 

•  •  • 

7.00X10-* 

61 

phosphate 

7.84X10-* 

•  •  • 

67 

•  •  • 

1.39X10-1 

77 

«   •  • 

2.03  X  10-1 

03 

Potassium  hydroxide 

•  «  • 

3.48X10-1 

18 

•  •  • 

4.47X10-1 

27 

3.00X10-* 

•  •  • 

39 

•  •  • 

5.69X10-1 

49 

4.50  X  10-« 

•  t  • 

80 

•  •  • 

6.71X10-1 

84 

1.16X10-1 

•  •  • 

12 

1.57X10-1 

9.39X10-1 

18 

2.58X10-1 

•  t  • 

onic  strength  »  0.2  throughout,  with  0.5%  (v/v)  added  aceto- 
s,  25  db  0.2"^.  As  many  be  seen  from  Figure  3,  there  appear  to 
» specific  effects  observed  when  changing  from  one  to  the  other 
cse  buffer  systems.  ^  Cyclohexaamylose  concentration  5.0  X 
Af.    (The  units  of  k  are  sec-i.) 


^ever,  above  pH  1 1  the  rate  acceleration  begins  to 
ease  until  at  pH  13.1  there  is  observed  only  a  sixfold 
acceleration.  One  interpretation  of  this  result 
lat  the  cycloamylose  molecule  has  become  largely 
zed  so  that  further  increases  in  hydroxide  ion  con- 
ration  will  not  result  in  a  corresponding  increase 
ycloamylose  alkoxide  ion  concentration;  the  hy- 
ude  ion  reaction  will  continue  to  increase  in  rate 
I  after  there  are  no  longer  any  of  the  catalyticaUy 


0.3  0.6 
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Figure  5.  (Calculation  of  the  kinetic  pA.  value  for  acylation  of  cyclo- 
hexaamylose with  m-tolyl  acetate.  The  apparent  ionization  con- 
stant ir«pp  for  cyclohexaamylose  is  plotted  ds.  the  fraction  of  cyclo- 
hexaamylose ionized  (data  estimated  from  Figure  4;  see  Appendix). 


active  hydroxyl  groups  left  to  ionize.  An  alternative 
interpretation  is  that  the  dissociation  constant  of  the 
cyclohexaamylose-m-tolyl  acetate  complex  is  pH  de- 
pendent. Thus,  the  observed  rate  effect  might  de- 
crease because  less  of  the  ester  is  complexed  at  higher 
pH.  To  eliminate  this  possibility  the  maximal  rates 
of  acylation  (phenol  release,  k^)  were  determined  as  a 
function  of  pH  (Table  III).    These  data  for  m-tolyl 


Table  m.    Maximal  Rates  of  Acylation  of  Cyclohexaamylose  by 
m-Tolyl  Acetate  in  the  Presence  of  Cyclohexaamylose  at 
Various  pH  Values' 


pH 


kt,  sec 


-1  6 


10.01 
10.60 
11.63 
12.40 
12.80 


1.95  =b  0.33  XlO-« 
6.58  =b  1.97  XlO-« 
4. 18  ±1.20X10-1 
1.6db  1.0 
2.8db0.6 


<>  Ionic  strength  »  0.2  with  0.5  %  (v/v)  added  acetonitrile,  25.0  ± 
0.1  *";  for  buffers  see  Table  II.  ^  The  maximal  rate  of  acylation  is 
determined  by  calculating  the  rate  of  phenol  release  in  the  presence 
of  an  infinite  amount  of  cyclohexaamylose;  for  details  see  ref  3. 


acetate  are  shown  in  Figure  4.  Again  the  rate  conforms 
to  a  first-order  dependence  on  hydroxide  ion  below  pH 
1 1  but  begins  to  fall  off  at  higher  pH.  When  the  data 
of  Figure  4  are  transformed  to  a  plot  of  K^^  vs.  fraction 
of  hydrogen  ions  released  (see  Appendix),  the  pK  of 
the  catalytically  active  group  is  estimated  to  be  11.8  =b 
0.4  (Figure  5).  When  the  rate  of  deacylation  of  cyclo- 
hexaamylose benzoate  (prepared  in  situ  by  reaction  with 
m-nitrophenyl  benzoate)  is  determined  as  a  function  of 
pH  (Table  IV),  a  curve  is  obtained  (Figure  6)  which  is 
similar  to  that  obtained  for  the  pH  dependence  of  acyla- 
tion. The  pH  dependence  of  deacylation  also  exhibits 
a  first-order  dependence  of  hydroxide  ion  below  pH  1 1 
but  the  rate  increases  less  rapidly  above  this  point. 
The  data  shown  in  this  figure  were  used  to  calculate  the 
pK  of  the  ionizing  group  as  shown  in  Figure  7  (see  Ap- 
pendix); this  was  found  to  be  12.3  :k  0.2.  Tlius,  the 
rate  effects  caused  by  the  cycloamyloses  are  depen- 
dent on  an  ionizable  group  with  a  pAT  »   12.1  which 
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-1.0 


PH 

Figure  6.  Pseudo-first-order  rate  constants  for  hydrolysis  of  cyclo- 
hexaamylose  benzoate  as  a  function  of  pH.  The  ester  was  formed 
in  situ  by  acylation  of  the  cyclohexaamylose  with  m-nitrophenyl 
benzoate  (data  of  Table  IV). 


is  assigned  to  one  of  the  two  kinds  of  secondary  hy- 
droxyl  groups  (see  Discussion). 


Table  IV.    Hydrolysis  Rate  of  Cyclohexaamylose  Benzoate  as  a 
Function  of  pH« 


pH 


Buffer* 


[Cyclohexa- 
Arobad*  sec~^       amylose],  M 


10.01 

Sodium  carbonate 

1.36  X  10-* 

i.ooxio-« 

10.60 

4.58  X  10-*  *= 

i.ooxio-« 

10.85 

8.67  X  10-* 

1.00  X  io-« 

11.20 

Sodium-potassium 
phosphate 

1.84X10-* 

1.00  X  io-« 

11.22 

1.99X10-* 

5.00X10-* 

11.56 

3.52X10-* 

5.00  X  10-» 

11.58 

3.80  X  10-» 

i.ooxio-« 

11.93 

Potassium  hydroxide- 
chloride 

7.33  X  10-» 

1.00  X  io-« 

12.31 

1.34XlO-« 

1.00  X  io-« 

12.55 

1.75  X  10-« 

i.ooxio-« 

12.57 

1.88XlO-« 

5.00X10-* 

12.63 

2.02X10-* 

1.00X10-* 

12.63 

2.08XlO-« 

5.00  X  10-* 

12.63 

1.98  X  10-« 

1.00  X  10-* 

12.78 

2.26  X  10-« 

i.ooxio-« 

13.11 

3.33X10-* 

i.ooxio-« 

<*  The  cyclohexaamylose  benzoate  was  prepared  in  situ  by  acyla- 
tion of  the  cycloamylose  with  2.5  X  10~*  M  m-nitrophenyl  benzoate. 
*  Ionic  strength  =  0.2  with  0.5%  (v/v)  added  acetonitrile,  25.0  ± 
0.1°.    «  Data  of  Table  I. 


Effects  of  Blocking  Cycloamylose  Hydroxyl  Groups. 

Since  the  hydroxyl  groups  of  the  cycloamyloses  are 
almost  certainly  the  catalytically  active  groups,  the 
effect  of  substituting  particular  hydroxyl  groups  was 
examined  in  an  attempt  to  identify  which  of  the  hy- 
droxyl groups  were  required  to  produce  large  accelera- 
tions of  the  phenol  release  reaction.  When  both  the  6 
and  3  positions  of  the  glucose  residues  of  cyclohexa- 
amylose are  blocked  by  conversion  to  methoxyl  groups' 
the  resulting  dodecamethylcyclohexaamylose  is  cata- 
lytically inactive.  Indeed,  the  alkaline  hydrolysis  of 
m-nitro-  and  m-r-butylphenyl  acetates  is  slightly  in- 
hibited (Table  V)  although  these  compounds  show  a 
large  acceleration  of  the  phenol  release  reaction  with 
cyclohexaamylose.    The  observed  rate  reductions  must 
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Figure  7.  Calculation  of  the  kinetic  pA^  of  cydohexaamyloie  firaoi 
data  obtained  for  the  hydrolysis  of  cyclohexaaniylose  benzoHe. 
The  apparent  ionization  constant  JCipp  is  plotted  vs.  the  finctioaQf 
cyclohexaamylose  ionized  (data  estimated  from  Figure  6; 
Appendix). 


be  interpreted  as  the  result  of  formation  of  a  cydo- 
amylose  complex  which  protects  the  ester  from  reaction 
with  hydroxide  ion  in  solution.'  It  is  not  the  result  of 
a  medium  effect  since  methyl  glucoside  produces  a 
small  rate  acceleration.' 


TaMe  V.    Rate  Effects  on  Phenyl  Acetate  Hydrolysis  of  1  % 

Dodecamethylcyclohexaamylose* 


Phenyl  acetate 


Hydroxide  ion 
rate  constant 
/fun.  sec~* 


Rate  with  1  % 
dodecamethyl-         Rate 
cydohexaaoaylose      effect 


m-Nitro 
m-/-Butyl 


7.01  X  10-» 
7.60  X  10-* 


4.54xia-» 

4.61  X  10-* 


0.64 
0.61 


<>  In  pH  10.7  carbonate  buffer  with  /  «  0.2,  0.5%  (v/v)  added 
acetonitrile,  25°. 


However,  when  only  the  primary  (C-6)  hydroxyl 
groups  are  blocked  the  rate  accelerations  observed  for 
the  cleavage  of  phenyl  esters  are  at  least  as  large  <s 
those  produced  by  cyclohexa-  and  -heptaamyiosc 
Hexamesylcyclohexaamylose  and  heptamesylcycldiq>- 
taamylose  were  prepared*"*^*  and  their  effects  on  the 
rate  of  reaction  of  m-r-butylphenyl  acetate  were  deter- 
mined in  aqueous  acetonitrile  solutions  (see  Experi- 
mental Section).  Since  the  extent  of  complex  formi- 
tion  was  expected  to  be  less  in  the  presence  of  large 
amounts  of  acetonitrile'  the  dissociation  constants  of 
the  cycloheptaamylose-m-/-butylphenyl  acetate  com- 
plex and  the  corresponding  mesyl  system  were  deter- 
mined using  methods  previously  described.'  Tlie 
values  of  kt  (the  first-order  rate  constant  of  the  fully 
complexed  ester)  as  well  as  the  values  oi  A^  (tbe 
dissociation  constants  of  the  complexes)  are  given  in 
Table  VI.  As  anticipated,  the  complex  is  less  stibk 
in  the  presence  of  large  amounts  of  acetonitrile,  the 
value  of  K^in  increasing  from  1  X  10~*  M  in  0.5% 
acetonitrile  to  2  X  10-»  M  in  20.5%  scriution.  Thfaii 
similar  to  results  obtained  for  the  effect  of  acetonitrile 
on  the  m-chlorophenyl  acetate-cyclohexaamylose  coat 
plex.'  Most  importantly  the  maximal  rate  efibctt 
W^un  for  the  mesyl  compound  and  for  unchanged 
cycloheptaamylose  are  nearly  the  same.     Thus,  Uock- 
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le  primary  hydroxyl  groups  by  formation  of  the 
derivative  results  in  no  diminution  of  the  rate 
whereas  blocking  the  primary  and  one-half  of 

xjondary  hydroxyl  groups  by  formation  of  the 

amethyl  derivative  results  in  a  complete  loss  of  the 

ccelerating  effect. " 


/I.    Maximal  Rate  Accelerations  and  Dissociation 

nts  of  Cycloamylose-m-/-Butylphenyl  Acetate  Complexes' 


Ester 

hydrolysis 

rate 

constant. 

ku 

ktl 

unylose 

sec-' 

scc-» 

ktux 

Kdimt    A/ 

epta- 

3.1  X10-* 

0.286 

940 

2.3=bl.2X  10-» 

lose* 

64> 

3.1  X  10-* 

0.475 

1550 

3.1=t0.9XlO-» 

'l)cyclo- 

aamylose^i 

d 

20.5%  acetonitrile,  pH  10.6  carbonate  buffer,  /  »  0.2.  All 
jnations  were  made  at  25.0  =b  0.2°.  Error  limits  were  cal- 
l*  from  the  experimental  data  by  application  of  Student's 
It  the  95%  probability  level.  The  ester  concentration  was 
I0~*  Af  .  *  The  cycloheptaammylose  concentration  was  varied 
.7  X  10-*  to  4.7  X  10-»  Af.  « The  heptamesylcyclohepta- 
«  concentration  was  varied  from  1.9  X  10"  Mo  3.5  X  lO"' 
Since  mesyl  esters  are  reasonably  reactive  in  the  presence  of 
ide  ion  [S.  Hartman  and  R.  E.  Robertson,  Can,  /.  Chem,^  38, 
I960)]  the  mesylcycloamylose  solutions  were  used  within  30 
ter  preparation. 


ssion 

I  Reaction  Pathway.  These  kinetic  and  isolation 
^s  prove  that  the  large  accelerations  in  the  cleavage 
/a-substituted  phenyl  esters  in  alkaline  solution  in 
'esence  of  cycloamyloses  are  the  result  of  a  nucleo- 
reaction  of  an  alkoxide  ion  derived  from  either 
-2  or  C-3  secondary  hydroxyl  groups  of  the  cyclo- 
>ses.  The  ester  hydrolysis  reaction  shows  the 
ted  first-order  dependence  on  hydroxide  ion  as 
the  reaction  with  the  cycloamyloses  in  the  pH 
:  before  an  appreciable  fraction  of  the  cyclo- 
>se  has  become  ionized  (c/.  Figure  3).  Since  the 
cleavage  reaction  exhibits  an  apparent  first-order 
idence  on  ester  concentration  at  a  given  pH,  the 
)lysis  reactions  follow  second-order  kinetics  over- 
On  the  basis  of  minimal  estimates  of  the  per- 
ge  of  acyl  cycloamyloses  produced  during  the 
e  of  some  of  the  ester  hydrolyses,  it  is  clear  that 
ucleophilic  pathway  is  by  far  the  major  pathway 
e  reaction;  general  acid  or  general  base  catalysis 
hydroxyl  group  may  make  only  a  small  contribu- 
if  any,  to  the  hydrolytic  process, 
e  following  reaction  scheme  describes  the  reac- 
of  phenyl  esters  in  the  presence  of  cycloamyloses. 
3henyl  ester  undergoes  a  rapid  reversible  associa- 
*•  with  the  cycloamylose,  CAOH,  or   with   the 

Large  increases  in  the  rate  of  phenol  releases  were  seen  with  hexa- 
yclohexaamylose  also,  but  this  compound  was  too  insoluble  (rela- 
the  value  of  the  amylose-ester  dissociation  constant)  to  permit  an 
te  determination  of  the  maximal  rate  effect. 
The  rate  of  formation  of  the  complex  is  expected  to  be  very  rapid 
itively  unhindered  and  uncharged  ester  molecules  [F.  Cramer,  W. 
t,  and  H.-C.  Spatz,  /.  Am.  Chem.  Soc.,  89,  14  (1967)].  No  evi- 
was  observed  in  the  course  of  the  present  studies  that  the  rate  of 
ix  formation  was  slow  (i.e.,  within  one  or  two  orders  of  magnitude) 
red  to  the  rates  of  the  cleavage  reactions.  Thus,  even  the  reaction 
itrophenyl  benzoate  or  m-/-butylphenyl  acetate  in  the  presence  of 
cyciohexaamylose  exhibited  good  first-order  kinetics. 


CAOH       +        RCOOCtH,  :;i^  CAOHRCOOCtH, 


ti 


ti 


Ki 


CAO-  +  H+  +  RCOOC»H,:z:^H+  +  CAO-.RCOOC,H,- 


CAOOCR 
CeHiO- 


CAOH  +  RCOO- 


(1) 


partiaUy  ionized  form,  CAO~.  An  alkoxide  ion  de- 
rived from  the  secondary  hydroxyl  groups  of  the  cyclo- 
amylose may  react  with  an  included  ester  molecule  to 
liberate  the  phenoxide  ion  in  a  reaction  characterized 
by  a  rate  constant  kt  which  is  equal  to  the  observed 
rate  constant'  of  the  phenol  release  reaction  of  the  fully 
complexed  ester.  This  reaction,  which  results  in  the 
acylation  of  the  amylose,  is  markedly  dependent  on  the 
stereochemistry  of  the  phenyl  group  substituents.  Since 
previous  studies'  showed  that  meta  substituents  on  the 
phenyl  ring  resulted  in  large  rate  effects  the  present 
study  employed  mera-substituted  phenyl  benzoates. 
As  expected  with  these  compounds,  the  cycloamyloses 
cause  large  increases  in  the  rate  of  phenol  release  com- 
pared to  the  rate  in  buffered  alkaline  solution  (Table 

I). 
The  rate  effects  of  cycloamyloses  on  the  hydrolysis 

of  alkyl  benzoate  esters  contrast  sharply  with  their 
effects  on  reactions  of  phenyl  esters.  Complex  forma- 
tion with  cycloheptaamylose  apparently  completely 
inhibits  the  alkaline  hydrolysis  of  ethyl  p-aminoben- 
zoate."  This  effect  can  be  explained  in  two  ways. 
The  unreactivity  of  the  complexed  ester  can  be  explained 
on  the  basis  of  nonproductive  binding'  in  which  the 
carbonyl  carbon  atom  of  the  ester  molecule  is  located 
in  the  cycloamylose  cavity  at  some  distance  from  the 
secondary  hydroxyl  groups.  If,  for  example,  the  ester 
was  complexed  in  such  a  way  that  the  carbonyl  group 
was  positioned  near  the  primary  hydroxyl  groups  of  the 
cycloamylose,  it  would  be  well  protected  from  reaction 
in  solution.  Alternatively,  the  unreactivity  of  alkyl 
benzoate  esters  in  the  cycloamylose  complexes  may  be 
due  to  an  unfavorable  partitioning  of  the  tetrahedral 
intermediate."  For  example,  addition  of  an  alkoxide 
ion  of  the  cycloamylose  to  the  carbonyl  group  of  methyl 
benzoate  would  lead  to  the  formation  of  a  tetrahedral 
intermediate  having  either  cycloamylose  alkoxide  ion 
or  methoxide  ion  as  potential  leaving  groups.  Because 
of  the  greater  acidity  of  the  cycloamylose  compared  to 
methanol,  it  may  be  expected  that  the  tetrahedral  inter- 
mediate would  preferentially  revert  to  reactants. 

It  is  interesting  to  find  that  the  reactive  hydroxyl 
group  of  cyclohexaamylose  has  a  kinetic  pK  of  12.1. 
Although  this  pK  at  first  appears  low  for  an  aliphatic 
alcohol  there  are  related  examples  in  the  carbohydrate 
field.  On  the  basis  of  changes  in  intrinsic  viscosity  and 
optical  rotation  of  starch  solutions,  Rao  and  Foster 
postulated  that  modifications  of  the  polymer  chain 
configuration  occur  as  the  result  of  the  ionization  of 


(19)  J.  L.  Lach  and  T.-F.  Chin,  /.  Pharm.  Set.,  S3.  924  (1964).  We 
have  made  qualitatively  similar  observations  for  the  alkaline  hydrolysis 
of  methyl  benzoate,  ethyl  benzoate,  ethyl  dnnamate,  and  methyl  m- 
chlorobenzoate. 

(20)  M.  L.  Bender  and  B.  W.  Turnquest,  /.  Am.  Chem.  Soc.,  79,  1657 
(1957). 
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the  amylose  hydroxyl  groups  at  high  pH.^^  These 
authors  concluded  that  the  pH  dependence  of  the  op- 
tical rotation  changes  was  consistent  with  a  pK  of  12 
or  slightly  higher.  Such  a  value  is  in  agreement  with 
the  results  of  the  present  study.  More  recently,  studies 
on  the  thermodynamics  of  ionization  of  carbohydrate 
derivatives"  showed  that  the  pK  of  the  (two  adjacent) 
secondary  hydroxyl  groups  of  the  ribose  moiety  of 
adenosine  is  12.35.  The  relatively  acidic  hydroxyl 
groups  of  the  cycloamylose  are  probably  the  result  of  a 
specific  interaction  involving  the  C-2  and  C-3  secondary 
hydroxyl  groups,  just  as  in  ribose.  The  existence  of  a 
hydrogen  bond  in  the  crystalline  state  between  these 
hydroxyl  groups  has  been  noted.  ^^  The  enhanced 
acidity  of  these  hydroxyl  groups  may  be  due  to  the 
combined  inductive  effects  of  the  relatively  electro- 
negative oxygen  atoms  and  also  to  stabilization  of  the 
alkoxide  ion  by  means  of  an  intramolecular  hydrogen 
bond  to  a  neighboring  hydroxyl  group.  Other  workers 
are  attempting  to  distinguish  between  these  effects  for 
ribose  compounds.  ^^ 

Since  the  facile  methylation  of  ribose  derivatives  by 
diazomethane  in  the  presence  of  base  has  been  re- 
ported ^^  it  is  tempting  to  speculate  that  such  a  reaction 
could  be  exhibited  by  the  cycloamyloses.  Noting 
that  only  one  of  the  two  types  of  secondary  hydroxyl 
groups  of  cyclohexaamyloses  is  methylated  in  certain 
methylation  reactions,^  it  is  possible  that  this  is  the 
same  group  of  pK  =  12.1  determined  in  the  present 
work.  From  the  methylation  data  of  Staerk  and 
Schlenk,"  leading  to  dodecamethylcyclohexaamylose, 
the  reactive  secondary  hydroxyl  groups  would  appear 
to  be  the  C-3  hydroxyl  groups  (numbering  the  carbons 
of  the  individual  glucose  units).  This  conclusion  is 
consistent  with  the  fact  that  the  dodecamethyl  deriva- 
tive causes  no  rate  enhancement  of  the  phenyl  ester 
cleavage  reaction.  While  it  is  difficult  to  assess  steric 
hindrance  accurately  from  an  examination  of  molecular 
models,  it  appears  that  the  presence  of  a  methyl  group 
on  either  the  C-2  or  C-3  hydroxyl  group  would  not 
completely  hinder  the  approach  of  the  remaining  hy- 
droxyl (oxygen  atom)  to  the  carbonyl  carbon  of  an  in- 
cluded ester  molecule.  Thus,  either  the  introduction 
of  the  first  methyl  group  radically  changes  the  reactivity 
of  the  other  secondary  hydroxyl  groups  or,  more  likely, 
the  C-2  and  C-3  hydroxyl  groups  differ  significantly  in 
their  reactivity  and  acidity. 

The  deacylation  step,  k^,  in  mechanism  1  depends  on 
the  electronic  nature  of  the  substituents  on  the  benzoic 
acid  portion  of  the  ester  but  does  not  appear  to  be 
sensitive  to  differing  steric  patterns  of  meta  and  para 
substitution  (Figure  2).  The  pseudo-first-order  rate 
constant  for  the  alkaline  hydrolysis  of  cyclohexa- 
amylose  benzoate  at  pH  10.6  is  4.6  X  10~*  sec~^  (Table 
I),  corresponding  to  a  second-order  rate  constant  of 
1.2  M~^  sec~^  The  secondary  ester  isopropyl  benzoate 
is  a  reasonable  model  for  cyclohexaamylose  benzoate 
with  respect  to  linkage  and  steric  hindrance;  the  second- 
order  rate  constant  for  the  alkaline  hydrolysis  of  iso- 

(21)  V.  S.  R.  Rao  and  J.  F.  Foster.  Biopolymers,  1,  527  (1963);  but 
see  also  V.  S.  R.  Rao  and  J.  F.  Foster,  /.  Phys.  Chem.,  69,  636  (1965). 

(22)  R.  M.  Izatt,  J.  H.  Rytting,  L.  D.  Hansen,  and  J.  J.  Christensen, 
/.  Am.  Chem.  Soc.,  S8,  2641  (1966);  J.  J.  Christensen,  J.  H.  Rytting,  and 
R.  M.  Izatt,  ibid.,  S8,  5105  (1966). 

(23)  A.  Hybl,  R.  E.  Rundle,  and  D.  E.  WilUams,  ibid.,  87,  2779 
(1965). 

(24)  T.  A.  Khwaja  and  R.  K.  Robins,  ibid.,  88,  3640  (1966). 


propyl  benzoate  is  0.6  X  10-*  A/"^  sec-^."  Thus, 
cyclohexaamylose  benzoate  hydrolyzes  200  times  more 
rapidly  than  does  isopropyl  benzoate.  The  dif- 
ference in  pK  between  cyclohexaamylose  and  isopropyl 
alcohol  may  account  for  a  factor  of  10  in  rate'*  but  it 
still  appears  that  cyclohexaamylose  benzoate  hy- 
drolyzes some  20  times  more  rapidly  than  would  be 
expected  on  the  basis  of  steric  and  electronic  effects. 
This  rate  difference  is  presumably  the  result  of  general 
acid  or  general  base  catalysis  of  the  deacylation  step 
by  adjacent  hydroxyl  group(s).  Both  types  of  catalysis 
would  exhibit  the  leveling  off  in  the  rate  of  the  deacyla- 
tion reaction  at  high  pH  when  the  alkoxide  ion  is 
ionized  (Figure  6).  If,  however,  isopropyl  benzoate 
is  not  a  proper  model  for  the  steric  hindrance  to  be  ex- 
pected in  cyclohexaamylose  benzoate,  then  it  is  possiWe 
that  the  latter  ester  does  not  hydrolyze  unusually 
rapidly.  In  this  event  the  leveling  off  in  the  rate  rf 
deacylation  at  high  pH  could  be  explained  by  electro- 
static repulsion  of  partly  ionized  cycloamylose  and 
hydroxide  ion. 

Comparisons  with  Chymotrypstn.    The  cycloamylose 
system  may  be  compared  with  chymotrypsin  catalysis  in 
a  number  of  respects.    Chymotrypsin  reactions  are  typ- 
cally  true  catalyses.     However,  although  cycloamylose 
reactions  often  show  large  increases  in  the  rate  of  phend 
release  (the  acylation  reaction),  there  is  true  catalysis 
of  over-all  hydrolysis  for  only  some  of  the  esters  studied. 
Of  the  esters  listed  in  Table  I,  the  over-all  hydrolysis 
of  /w-/-butylphenyl   benzoate  is  catalyzed    by  cyclo- 
hexaamylose, since  the  rate  constant  for  alkaline  hy- 
drolysis of  the  ester  at  pH  10.6  is  approximately  four 
times  less  than  the  rate  constant  for  hydrolysis  of  cyclo- 
hexaamylose benzoate.    For  the  other  esters  of  Tabic 
I,  however,  the  deacylation  rate  constant  is  less  than  the 
rate  constant  for  direct  alkaline  hydrolysis  of  the  ester. 
The  failure  of  the  cycloamylose  to  catalyze  the  ovcr-aD 
hydrolysis  of  these  esters  is  due  to  the  relatively  slot 
deacylation  reaction,  which  is  catalyzed  by  no  more  thao 
20-fold   by  adjacent  hydroxyl  groups,   although  the 
acylation  reaction  can  be  accelerated  by  many  times 
that  figure.     In  principle,  there  is  no  reason  why  more 
catalytically  active  general  base  or  nucleophilic  cats- 
lysts  could  not  be  introduced  into  the  cycloamylose 
molecule,  and  thus  make  the  analogy  between  cydo- 
amylose  and  chymotrypsin  more  nearly  complete.*' 

Both  cycloamylose  and  chymotrypsin  catalyze  the 
hydrolysis  of  esters  by  the  reaction  scheme  shown 
in  eq  1 .  The  reactant  and  catalyst  form  a  complex  in 
a  rapid  and  reversible  process  described  by  a  dissocia- 
tion constant  K^i„  =  k^i/ki.  The  similarity  of  the 
values  of  K^sa  for  chymotrypsin  and  for  the  cydo- 
amyloses  has  been  previously  mentioned.'  Both  cata- 
lysts produce  large  rate  effects  in  the  acylation  step. 
The  magnitude  of  the  rate  effect  depends  on  the  stereo- 
chemistry of  the  substrate  whereas  the  value  of  the  dis- 
sociation constant  of  the  respective  complex  is  incte- 
pendent  of  the  stereochemistry  of  the  substrate' 
However,  the  value  of  K^in  in  the  two  systems  docs  d^ 

(25)  M.  L.  Bender,  ibid.,  73.  1626  (1951). 

(26)  J.  F.  Kirsch  and  W.  P.  Jencks,  ibid.,  88,  833.  837  (1964). 

(27)  The  introduction  of  imidazole  and  amino  groups  onto  the  cjdo- 
amylose  ring  has  recently  been  reported  [F.  Cramer  and  G.  Mackemeii 
Angew.  Chem.  Intern.  Ed.  Engl.,  5,  601  (1966)].  Rate  effecU  of  H 
were  observed  (relative  to  the  effects  produced  by  nonoovalcntly  bomki 
nitrogen  bases  and  cycloamyloses)  in  the  hydrolysis  of  p-nitroptaQ'i 
acetate  at  pH  ^^7. 
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d  on  the  type  of  substituent  groups  in  the  substrate, 
1  the  cycloamyloses  and  chymotrypsin  preferentially 
ling  apolar  substrates.  This  is  in  contrast  to  the 
ation  in,  for  example,  trypsin,  which  preferentially 
Is  cationic  substrates. 

oth  chymotrypsin  and  the  cycloamyloses  have  an 
hatic  alcohol  group  at  the  active  site  which  acts  as 
acyl  group  acceptor  during  the  catalysis  of  ester 
rolysis.^  Whereas  the  acylation  step  in  reactions 
1  the  cycloamyloses  depends  on  a  hydroxyl  group 
I  a  p/T  of  12,  the  acylation  step  in  chymotrypsin- 
ilyzed  reactions  depends  on  a  group  with  a  pK  of 
•resumably  the  imidazole  group  of  a  histidine  resi- 
.*•  The  imidazole  group  is  also  active  in  the  de- 
ation  step.  Mention  has  already  been  made  of  the 
arent  20-fold  intramolecular  catalysis  of  the  deacyla- 
of  cyclohexaamylose  benzoate.  Catalysis  of  the 
:ylation  step  is  thus  a  feature  of  both  the  cyclo- 
lose  and  chymotrypsin  reaction  systems  but  the 
;h  larger  catalysis  of  chymotrypsin  deacylations 
s  to  a  large  over-all  catalysis  of  hydrolysis.  In  ad- 
)n,  the  deacylation  step  in  chymotrypsin-catalyzcd 
tions  is  highly  stereospecific,  but  this  is  not  the  case 
the  deacylation  of  the  cycloamyloses. 
I  the  acylation  reactions  the  reaction  rates  of 
notrypsin  and  of  the  cycloamyloses  are  very  similar. 
;  possible  to  calculate  the  second-order  rate  con- 
ts  for  reaction  of  substrates  with  the  cycloamyloses 
le  following  way.    For  the  reaction  scheme 

ki  kt 

c  +  e:;i?::x — >? 

assumption  of  a  preequilibrium  and  the  condition 
Co  >>  Eo  leads  to  the  Michaelis-Menten  equation 
U  =  *2[C]o[E]o/(/:diM  +  [C]o).  If  the  condition 
iposed  that  (C)o  <<  K^isay  then  a  second-order  rate 
itant  can  be  determined  from  dP/dt  =  kJi(C)o' 
l/^diM-  The  values  of  the  second-order  rate  con- 
ts  calculated  in  this  manner  using  the  values  of 
m)  (the  maximal  rate  constant  of  acylation  of  the 
^  complexed  ester  in  the  pH  region  where  the  cyclo- 
lose  is  completely  ionized*®)  and  the  dissociation 
itants  of  the  respective  complexes'  are  shown  in 
le  VII.  Also  shown  in  the  table  are  corresponding 
cs  of  /Ccat(lim)//rn,(app)  (  =  k^lim)/Ks)^  for  chymo- 
sin  reactions. 

he  second-order  rate  constants  of  Table  VII  show 
method  of  comparing  cycloamylose  or  chymotryp- 
•eactions  with  hydroxide  ion  reactions.  The  values 
able  VII  state  the  relative  rates  when  equal  amounts 
ycloamylose  or  hydroxide  ion  catalysts  are  used,  or 
n  equal  amounts  of  chymotrypsin  or  hydroxide  ion 


)  M.  L.  Bender  and  F.  J.  Kezdy,  /.  Am.  Chem.  Soc.,  86,  3704 
),  and  references  cited  therein. 

)  For  a  recent  study  of  the  pH  dependence  of  chymotrypsin-cata- 
reactions  and  references  to  previous  work  see  M.  L.  Bender,  M.  J. 
in,  and  D.  J.  Whelan,  Proc.  Natl.  Acad.  Set.  U.  S..  56,  833  (1966). 
)  At  pH  10.6,  assuming  that  both  cyclohexaamylose  and  cyclohepta- 
3se  have  a  pA*  of  12.1,  the  ratio  of  ionized  to  un-ionized  cycloamy- 
1 3. 1  X  10"'.  The  limiting  rate  of  acylation  of  cyclohexaamylose  by 
utylphenyl  acetate  assuming  complete  ionization  will  be  (12.9 
r«  sec-i)/(3.1  X  lO"')  where  12.9  X  10"*  sec'^  is  the  calculated 
of  kt  at  pH  10.6.*  The  limiting  values  of  kt  calculated  in  this 
ler  for  the  acylation  of  cyclohexaamylose  and  cycloheptaamylose  by 
•utylphenyl  acetate  are  4.2  and  4.0  sec~\  respectively.  No  cor- 
m  has  been  made  for  the  fact  that  there  arc  6  or  7  equivalent 
>xyl  groups  in  the  cycloamylose;  this  correction  would  make  the 
lated  values  proportionately  larger. 
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Table  VII.    Second-Order  Rate  Constants  for  Reactions  of  Phenyl 
Esters  with  Cycloamyloses  and  of  Substrates  with  Chymotrypsin 


Catalyzed 

Rate 

rate/ 

constant, 

hydroxide 

Reactants 

Af-i  sec-» 

ion  rate 

(1)  Cyclohexaamylose  -f  m- 

2.1  X  10» 

/-butylphenyl  acetate* 

Hydroxide  ion  +  m-t- 

1.2 

butylphenyl  acetate 

(2)  Cycloheptaamylose  -f-  m- 

/•butylphenyl  acetate* 
Hydroxide  ion  -f-  m-t- 
butylphenyl  acetate 

(3)  Chymotrypsin  4-  acetyl- 

tryptophanamide^ 
Hydroxide  ion  4-  acetyl- 
tryptophanamide* 

(4)  Chymotrypsin  4-  acetyl- 

tryptophan  ethyl  ester* 
Hydroxide  ion  -f  acetyl- 
tryptophan  ethyl  ester << 

(5)  Chymotrypsin  -f-  acetyl- 

tyrosine  ethyl  ester* 
Hydroxide  ion  +  acetyl- 
tyrosine  ethyl  ester* 


3.1  X  10* 
1.2 

12.6 
3X  10-* 

4X  10» 
0.6 

1.2  X  10* 
0.45 


1.8  X  10» 


2.6  X  10* 


4X  10* 


10« 


3X10* 


«  Data  for  the  cycloamylose  reactions  were  obtained  by  division 
of  the  limiting  value*  of  kt  (see  text)  by  ^diw  (ref  5).  *  M.  L. 
Bender,  G.  E.  Qement,  F.  J.  K6zdy,  and  H.  d'A.  Heck,/.  Am.  Chem. 
Soc.,  86,  3680  (1964).  «  M.  L.  Bender,  F.  J.  K6zdy.  and  C  R. 
Gunter,  ibid.,  86,  3714  (1964).  ^  D.  J.  Whelan  and  M.  L.  Bender, 
unpublished  work.  « H.  Gutfreund,  **An  Introduction  to  the 
Study  of  Enzymes,"  John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y., 
1965,  p  296. 


catalysts  are  used.  On  this  basis,  the  cycloamylose 
reactions  are  clearly  superior  to  the  hydroxide  ion  re- 
actions, as  are  the  chymotrypsin  reactions.  In  fact,  the 
rate  enhancements  of  the  cycloamyloses  with  respect  to 
hydroxide  ion  are  approximately  as  great  as  the  rate 
enhancements  of  chymotrypsin  with  respect  to  hydrox- 
ide ion.  Does  this  mean  that  cycloamyloses  are  iden- 
tical kinetically  with  chymotrypsin  ?  The  answer  to  this 
question  is  no,  because  kzilim)  is  determined  at  ca.  pH 
13  for  the  cycloamylose  while  it  is  determined  at  ca.  pH 
8  for  chymotrypsin.  This  comparison  of  Table  VII  is, 
however,  a  true  indication  of  the  effect  of  complexing 
on  the  rates  of  reaction.  In  that  sense,  cycloamyloses 
compare  very  well  with  chymotrypsin.  If  some  method 
makes  it  possible  to  reduce  the  pH  at  which  the  cyclo- 
amylose acts  without  losing  any  of  its  other  properties, 
it  might  be  possible  to  come  closer  to  chymotrypsin  re- 
activity. 

Cycloamylose-catalyzed  and  chymotrypsin-catalyzed 
hydrolyses  of  phenyl  esters  exhibit  many  similarities. 
Both  catalyses  occur  by  a  similar  pathway  involving 
a  rapid  association  to  form  complexes.  The  ester  sub- 
strates then  react  with  the  catalyst  to  form  an  acylated 
intermediate,  which  subsequently  undergoes  hydrolysis 
in  a  slow  step.  The  dissociation  constants  of  binding 
of  the  two  systems  are  similar,  complex  formation  being 
best  with  apolar  substrates.  Increasing  ionic  strength 
of  the  solution  tends  to  favor  complex  formation,  while 
added  apolar  solvents  decrease  the  stability  of  the  com- 
plexes.    Both  systems  are  subject  to  competitive  in- 


VanEtteiiy  et  al.  /  Cleavage  of  Phenyl  Esters  by  Cydot 
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hibition  by  added  organic  molecules.  The  maximal 
rate  effects  produced  in  the  two  systems  are  unrelated 
to  the  stabilities  of  the  complexes,  but  depend  on  their 
stereochemistry.  The  specific  stereochemical  relation- 
ships between  the  cycloamyloses  and  their  substrates 
are  well  described  on  the  basis  of  the  three-dimen- 
sional structure  of  these  materials.  A  similar  descrip- 
tion of  enzyme-substrate  interactions  should  be  pos- 
sible. 

Appendix 

Calculation  of  the  Ionization  Constant  of  Cyclohexa- 
amylose  from  Kinetic  Data.  For  the  compound 
AHn  capable  of  successive  ionizations 


AH, 


AH,_, 


AH,_i  -♦-  H+ 
AH,_,  -♦-  H+ 


^i 


Kt,  etc. 


Because  the  successive  ionizations  and  reactivities  of 
the  cycloamylose  alkoxide  ions  are  probably  perturbed 
by  preceding  ionizations  it  is  desired  to  determine  the 
value  of  Ku  the  first  ionization  constant,  as  opposed  to 
^app,  where 


'Vann     '~~ 


^app 


[H'Uno.  of  moles  of  charges  on  molecules] 
[no.  of  moles  of  undissociated  molecules] 


[H+]aAH.-i]  +  2[AH._J  + 


n[AH._n]) 


[AHJ 

[H+]  E  x[AHn-J 

[AHJ 

In  the  limit  of  single,  kinetically  productive  ionizations 
then  ^app  will  equal  Ki. 

Figures  3  and  4  show,  in  addition  to  a  plot  of  values 
observed  in  the  presence  of  cycloamylose  /cc,  a  second 


line  based  on  extrapolation  from  the  observed  data  at 
low  pH  and  low  fraction  of  ionization ;  the  extrapolated 
rate  constant  at  any  pH  may  be  designated  k^.  At  any 
pH  the  fraction  kjk^  is  equal  to  the  fraction  of  un- 
dissociated amylose  AH^.    That  is 


fec/fcex  =  [AHJ/E  x[AH],-^] 


I  -  kjk„  = 


E^  xtAH,_] 
[AHJ 


Since  also 


^.pp  =  [H+]  E  x[AH,_]/[AH,] 

Z— 1 


it  is  possible  to  calculate  Ki  by  constructing  a  graph 
of  /Tapp  vs,  fraction  of  ionized  cycloamylose.  Ex- 
trapolation to  low  fractions  of  ionization  gives  Ki. 
The  appropriate  values  of  1  —  kjk^  were  taken  from 
Figures  4  or  6,  multiplied  by  the  respective  values  of 
the  pH  to  give  ^app»  and  these  values  plotted  in  Figures 
5  and  7,  respectively.  Extrapolation  to  low  fractions 
of  ionization  gives  the  ionization  constants.  The  kinetic 
p^a  value  based  on  the  acylation  rate  data  is  1 1.8,  while 
that  for  the  deacylation  rate  data  is  12.3.  The  un- 
certainty in  these  values  is  probably  ^\0%  for  the 
deacylation  rate  data  and  it  30  %  for  the  acylation  rate 
data. 
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Abstract:  Alkaline  decomposition  of  endopeptides  of  cystine  takes  place  via  P  elimination  to  give  a  persulfide 
moiety  and  a  dehydroalanyl  residue  containing  moiety.  Rates  of  decomposition  of  N,N'-dicarbobenzyloxy-L- 
cystinyldiamide,  N,N'-dicarbobenzyloxy-L-cystinyldiglycine,  N,N'-dicarbobenzyloxy-L-cystinyldi-L-alanine,  and 
oxidized  glutathione  are  first  order  in  substrate  and  hydroxyl  ion  concentrations  with  bimolecular  rate  constants  at 
90.5°  of  2.0, 0.95,  and  1.43  1.  mole""*  sec"\  respectively,  for  the  first  three  compounds  and  0.11 1.  mole"*  sec~*  for 
oxidized  glutathione  at  80.5''.  Rates  of  decomposition  at  90.5°  of  L-cystine  bishydantoin  are  first  order  in  sub- 
strate and  show  a  pH  dependency,  interpretable  in  terms  of  a  single  ionization  with  a  pK^  of  7.56.  Initial  elimina- 
tion from  oxidized  glutathione  is  followed  by  addition  of  the  amino  group  of  glutamic  acid  residues  to  the  dehydro- 
alanyl residue.  This  secondary  reaction  observed  with  oxidized  glutathione  does  not  occur  in  the  presence  of 
morpholine.  Similarly,  in  the  presence  of  morpholine,  alkaline  decomposition  of  ribonuclease  yields  only  one 
lysinoalanine  residue,  four  normally  being  observed. 


decent  work  of  Bohak'  on  alkaline  decomposition  of 
L  cystinyl  residues  of  proteins  establishes  /3  elimina- 
Q  as  the  route  for  such  decompositions,  the  pri- 
ry  products  being  a  dehydroalanyl  residue^  and  a 
ocysteinyl  residue.^  These  decompositions  of  cyst- 
1  peptides  are  similar,  in  principle,  to  the  alkaline 
composition  of  L-cystine  bisphenylhydantoin  first 
cd  by  Bergmann  and  co-workers^  and  attributed 
them  to  an  elimination  reaction.  A  similar  elimina- 
1  was  noted  by  Andrews  and  Andrews^  with  l- 
tine  bishydantoin,  pyruvic  acid  being  found  on  treat- 
nt  of  the  reaction  mixture  with  acid.  Tarbell  and 
rnish^  proposed  a  /3-elimination  mechanism  for  such 
compositions  of  disulfides,  suggesting  that  removal  of 
>roton  from  carbon  /3  to  sulfur  gives  a  carbanion 
ich  undergoes  elimination  to  yield  olefin  and  per- 
fide  anion. 

To  further  explore  this  mode  of  alkaline  decomposi- 
Q  of  cystine  endopeptides  and  analogous  cystine  de- 
atives,  a  kinetic  study  of  the  alkaline  decomposition 
N,N'-dicarbobenzyloxy-L-cystinyldiamidc,  the  corre- 
>nding  bisglycine  and  bis-L-alanine,  and  L-cystine 
hydantoin  was  undertaken  and  the  results  are  re- 
nted herein. 

perimental  Section 

Compounds.  N,N'-I>icarbobenzyloxy-ix:ystine,*  mp  123°,  after 
»  recrystallizations  from  chloroform,  was  used  for  synthesis  of 

following  compounds:  N,N'-dicarbobenzyloxy-L-cystinyl- 
nide,  mp  181-182'',  after  two  recrystallizations  from  methanol, 

prepared  according  to  Boehringer,  et  al,;^^    N,N'-dicarbo- 


l)  Presented  in  part  at  the  152nd  National  Meeting  of  the  American 

rmical  Society,  New  York,  N.  Y.,  Sept  1966;  Abstracts,  p  70C. 

I)  Abstracted  in  part  from  the  Ph.D.  Thesis  of  G.  Odstrchel,  Sept 

6,  Duquesne  University. 

\)  Z.  Bohak,  /.  Biol.  Chem,,  239,  2878  (1964). 

0  In  the  case  of  ribonuclease  and  other  proteins,  condensation  of  c- 

no  groups  of  lysine  with  the  newly  formed  dehydroalanine  residues 

jrs  to  yield  N-(DL-2-amino-2-carboxyethyl)-L-lysine  residues.* 

\)    Z.  Bohak,  personal  communication. 

>)  M.  Bergmann  and  F.  Suther,  Z.  Physiol  Chem.,  152,  189  ( 1926); 

Bergmann  and  D.  Delis,  Ann.,  458,  76  (1927). 

f)  J.  C.  Andrews  and  K.  C.  Andrews,  /.  Biol,  Chem.,  105,  IV  (1934). 
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benzyloxy-L-cystinyldiglycine  was  prepared  by  the  method  of  Du 
Vigneaud  and  Miller;"  N,N'-dicarbobenzyloxy-L-cystinyl  bis-L- 
alanine,  mp  158-159°,  after  recrystallization  from  dioxane,  was 
prq>ared  by  adaptation  of  the  Du  Vigneaud  and  Miller"  pro- 
cedure for  the  preparation  of  the  corresponding  glycine  peptide. 

Ami.  Calcd  for  C1SHS4N4O10S2:  C,  51.70;  H,  5.25;  N,  9.85; 
S,  8.63.    Found:    C,  51.89;  H,  5.38;  N,  10.03;  S,  8.34. 

L-Cystine  bishydantoin  was  synthesized  from  L-cysteine  hydantoin 
by  oxidation  with  iodine.  1*;^* 

Kinetic  Runs.  Substrate  sufficient  for  25.0  ml  of  approximately 
3.(X)  X  10~*  M  solution  was  placed  in  a  25.0-ml  volumetric  flask, 
and  at  zero  time,  25.0  ml  of  buffer  or  sodium  hydroxide  solution  at 
bath  temperature  was  added.  The  flask  was  stoppered,  inverted 
several  times  to  dissolve  the  substrate,  and  returned  to  the  constant 
temperature  bath.  Aliquots  (1  ml)  were  removed  at  suitable  inter- 
vals and  analyzed  for  pyruvic  acid  by  a  modification  of  the  enzy- 
matic method.'^  The  aliquots  were  quenched  with  2.0  ml  of  3  N 
hydrochloric  acid  and  then  refluxed  for  2.5  hr  to  liberate,  by  hy- 
drolysis,'•'*  pyruvic  acid  from  the  dehydroalanyl  peptide  formed 
by  the  decomposition.  After  cooling,  the  pH  of  the  hydrolysis 
mixture  was  adjusted  to  8.3-8.5  with  10  M  sodium  hydroxide  and 
the  volume  was  adjusted  to  4.0  ml.  An  aliquot  of  this  solution  was 
then  analyzed  for  pyruvic  acid  with  reduced  diphosphopyridine 
nucleotide  and  lactate  dehydrogenase. 

Persulfide  Analysis.  Kinetic  runs  were  also  monitored  for  alkyl 
persulfide,  the  analyses  being  carried  out  by  modification  of  the 
procedure  of  Cavallini,  et  al.^*  A  0.1-ml  aliquot  of  the  reaction 
mixture  was  added  to  a  mixture  of  1.0  ml  of  0.2  M  borate  buffer, 
pH  9.0,  and  0.5  ml  of  0.1  M  sodium  cyanide  (adjusted  to  pH  9.0 
with  acid),  and  cyanolysis  of  the  persulfide  was  permitted  to  pro- 
ceed for  10  min  at  room  temperature.  Under  these  conditions 
(pH  9.0-9.5  of  the  cyanolysis  reaction  mixture),  thiocyanate  was 
not  obtained  from  starting  disulfide.  At  the  conclusion  of  the 
cyanolysis  period  thiocyanate  was  estimated  with  ferric  ion. 

Inorganic  Sulfide,  SuUur,  and  Thiol  Analyses.  Persulfide  formed 
during  the  course  of  a  kinetic  run  was  not  stable,  and  after  its 
disappearance,  decomposition  products  at  the  —2  and  0  oxida- 
tion level  were  analyzed  for,  as  follows.  Inorganic  sulfide  was 
determined  by  the  method  of  Fogo  and  Popowsky'^  on  a  0.2-ml 
aliquot  of  the  reaction  mixture  for  a  kinetic  run.    Sulfur  was 
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(14)  S.  Shifrin,  N.  O.  Kaflan,  and  M.  M.  Ciotti,  /.  Biol.  Chem.,  234, 
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(15)  A.  Patchornik  and  M.  Sokolovski,  /.  Am.  Chem.  Soc.,  86,  1206 
(1964). 

(16)  D.  Cavallini,  C.  De  Marco,  B.  Mondoni,  and  B.  G.  Mali,  Enxy- 
mologia,  22.  161  (1960). 

(17)  J.  K.  Fogo  and  M.  Popowsky.  Anal.  Chem.,  21,  732  (1949). 
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Figure  1.  Typical  first-order  plots  for  the  decomposition  at  90.5° 
and  several  pH  values,  of  DCCDA  (N,N'-dicarbobenzyloxy-L- 
cystinyldiamide),  DCCG  (N,N'-dicarbobenzyloxy-L-cystinyldigly- 
cine),  and  DCCA  (N,N'-dicarbobenzyloxy-L-cystinyldi-L-alanine). 
Reactions  followed  by  estimation  of  pyruvic  acid  after  hydrolysis. 

determined  by  the  method  of  Meister,  et  al.,  *'  the  sulfur  in  a  suitable 
aliquot  being  reduced  to  hydrogen  sulfide  with  cysteine  and  the 
hydrogen  sulfide  formed  being  removed  with  nitrogen  and  trapped 
in  alkaline  zinc  acetate  solution.  The  sulfide  ion  was  then  esti- 
mated by  the  procedure  given  above.  Inorganic  sulfur  was  cal- 
culated as  the  difference  between  hydrogen  sulfide  before  and  after 
the  reduction  treatment.  Thiol  was  determined  by  Ellman*s 
method^*  on  a  0.2-ml  aliquot  of  the  reaction  mixture  by  addition 
of  3.0  ml  of  a  1  Af  phosphate  buffer,  sufficiently  acid  to  give  a  final 
pH  of  8,  followed  by  0.05  ml  of  the  Ellman  reagent  [5,5 '-dithiobis- 
(2'-nitrobenzoic  acid)]. 

Results  and  Discussion 

The  base-catalyzed  /3  elimination  observed  with  sym- 
metrical disulfides  derived  from  cystine  may  be  written 
as 

CHCHjSSCHiCH  +  OH-  :^  ^CCH,SSCH,CH  +  H,0    (1) 

s(-)  /^  /  /  / 

J^C^CHr^SSCHjCH  5lt  CH2=C      +   <->SSCH,CH         (2) 

with  the  rate-controlling  step  either  reaction  1  or  reac- 
tion 2.  With  reaction  1  rate  controlling,  a  first-order 
rate  dependence  on  hydroxide  ion  concentration  is  ex- 
pected and  with  reaction  2  rate  controlling,  a  sigmoid 
curve  is  the  expected  relationship  between  rates  and 
hydroxide  ion  concentrations.  In  both  cases  the  reac- 
tion is  expected  to  be  first  order  in  disulfide  concentra- 
tion. 

The  compounds  studied  showed  the  expected  first- 
order  dependency  on  disulfide  concentration.  With 
respect  to  hydroxide  ion  concentration,  both  possible 
dependencies  were  observed,  rates  of  the  three  dicarbo- 
benzyloxycystinylbisamides  showing  first-order  depen- 
dency while  rates  of  cystine  bishydantoin  decomposi- 
tions showed  a  sigmoid  curve  relationship. 

Figure  1  presents  several  typical  first-order  plots  at  a 
given  pH  (0.2  M  borate  buffers)  for  the  decomposition 
at  90.5°  of  N,N'-dicarbobenzyloxy-L-cystinyldiamide 
(DCCDA),  N,N'-dicarbobenzyloxy-L-cystinyldiglycine 
(DCCG),    and    N,N  '-dicarbobenzyloxy-L-cystinyldi-L- 

(18)  A.  Mcister.  P.  E.  Fraser,  and  S.  U.  Tice,  J.  BioL  Chem.,  206, 
561(1954). 

(19)  G.  L.  Ellman,  Arch.  Biochem.  Biophys.,  82,  70  (1959). 
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Figure  2.  Plots  of  k\  apparent  first-order  rate  constants,  at  90.5' 
vs.  hydroxide  ion  concentration  for  the  several  indicated  com- 
pounds. 

alanine  (DCCA).  Initial  concentrations  were  3  X  Ifr"' 
M  and  first-order  kinetics  were  obeyed  for  some  70% 
of  the  reaction.  The  slope  of  each  of  the  first-order 
plots  yielded  k\  the  apparent  first-order  rate  constants 
for  the  reaction,  at  a  given  pH  where 

(3) 
and 


V  =  fe(OH-)(RSSR) 
k'  =  fc(OH-) 


(4) 

Plots  of  k'  vs.  hydroxide  ion  concentration  (Figure  2) 
for  the  individual  compounds  gave  straight  lines  passing 
through  the  origin,  in  agreement  with  eq  4,  and  it,  the 
bimolecular  rate  constant,  was  calculated  from  the 
slopes  of  these  lines.  The  values  of  k  are  2.0,  0.95, 
and  1.43  1.  mole~^  see*  for  N,N'-dicarbobcnzyloxy-L- 
cystinyldiamide,  N,N  '-dicarbobenzyloxy-L-cystinyl-di- 
glycine,  and  N,N'-dicarbobenzyloxy-L-cystinyldi-L-aIa- 
nine,  respectively. 

As  might  be  expected  on  the  basis  of  structural  simi- 
larities of  the  three  N,N'-dicarbobcnzyloxy-L-cystinyl- 
bisamides,  and  without  regard  to  charge  differences,  k 
values  are  of  the  same  order  of  magnitude.  With  ^^ 
gard  to  charge  differences  between  the  three  com- 
pounds, it  is  apparent  the  negatively  charged  carboxylate 
groups  are  sufficiently  removed  from  the  reaction  site 
so  as  not  to  interfere  with  approach  of  hydroxide  ion. 
In  this  connection  it  may  be  noted  that  N,N'-dicarbo- 
benzyloxy-L-cystine  with  its  adjacent  a-carboxylatc 
group  is  unreactive  to  hydroxide  under  the  reaction 
conditions  employed.  It  would  seem  that  in  this  case 
electrostatic  repulsion  would  be  mainly  responsible  for 
lack  of  attack  by  hydroxide. 

Although  not  encountered  in  the  limited  series  in- 
vestigated, it  is  possible  that  substitution  of  theglydoe 
of  carbobenzyloxycystinylglycine  by  other  amino  adds 
would  lead  to  relatively  larger  rate  effects.  Such  effects 
from  amino  acid  residues  with  sufficiently  large  side 
chains  could  conceivably  arise  from  steric  hindrance 
and/or  alteration  in  the  solvent  environment  around  the 
site  of  the  reaction  and,  assuming  a  trans  conformatioD 
as  would  be  expected  for  the  elimination,  from  hin- 
drances to  attainment  of  this  conformation.  These 
effects  would  be  expected  to  be  greater  at  lower  tem- 
peratures. Preliminary  investigation  of  temperature  ef- 
fects yielded  bimolecular  rate  constants  of  2.83  X  10"' 
and  0.31  X  IQ-M.  mole" » sec"*  for  N,N'-dicarbobcnzyI- 
oxy-L-cystinyldiglycine  and  N,N'-dicarbobcnzyloxy-L- 
cystinyldi-L-alanine,  respectively,  at  31®  in  sodium 
hydroxide  solution.    At  this  temperature  k^y^^ki,^^a» 
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Figure  3.  Plot  of  ^'  at  90.5°  vs.  pH  for  ix:ystine  bishydantoin. 
Reaction  followed  by  estimation  of  pyruvic  add  after  hydrolysis. 

is  9.1  while  at  90.5°  the  corresponding  ratio  is  0.67 
and  it  is  clear  that  the  rate  effect  of  substitution  of  ala- 
nine for  glycine  is  greater  at  the  lower  temperature. 

Figure  3  presents  a  plot  of  k'  vs.  pH  for  the  bis- 
hydantoin of  L-cystine.  The  shape  of  the  curve  is  that 
of  an  ionization  curve  with  a  pK  in  the  vicinity  of  7.5. 
A  Henderson-Hasselbach  plot  of  pH  ds.  logfe'/t^'max  ~ 
k')  gives  a  straight  line  with  a  slope  of  0.82  rather  than 
1.00  as  expected  for  a  single  ionization.  However, 
inclusion  of  a  correction  term^  for  activity  of  the  an- 
ionic species,  the  ionic  strength  of  the  buffer  varying  with 
the  pH,  gives  the  modified  Henderson-Hasselbach 
equation,  and  a  plot  (Figure  4)  of  pH  —  log  7a- 

pH  -  log  7a-  =  P^  +  log  [k'Kk'^  -  k')]    (5) 

175.  log  k'Hk'^a»x  —  ^0  gives  a  straight  line  with  a  least- 
squares  slope  of  1 .02  and  intercept  (p-^Ta)  of  7.56.  Buffer 
effects  were  not  noted,  variation  at  pH  9.02  of  total  buf- 
fer concentration  from  0. 1  to  0.2  M  not  affecting  rates. 
Accordingly  the  reaction  rate  may  be  viewed  as  de- 
pendent on  a  single  ionization  albeit  secondary  ioniza- 
tions are  possible  and  racemization  may  also  be  occur- 
ring.'^ A  possible  reaction  mechanism  is  given  in 
Figure  5,  hydrogen  attached  to  imide  nitrogen  being 
considered  the  most  acidic.  Tautomerization  to  a 
form  such  as  that  given  in  the  figure  would  then  provide 
an  intermediate  for  the  elimination.  The  pA!^  value, 
7.56  at  90**  found  for  L-cystine  bishydantoin,  is  con- 
siderably less  than  that,  9.12  at  25^,  for  hydantoin 
itself, '•  the  imide  group  of  the  latter  ionizing."  The 
lower  value  for  the  cystine  hydantoin  may  be  due  in 
part  to  a  temperature  effect  and  in  part  to  an  acid- 
strengthening  effect  in  the  L-cystine  hydantoin. 

(20)  —Log  yK"  was  evaluated  as  0.589/ii,'^  the  numerical  value 
MX  90**  being  that  given  by  Manov,  et  alV  The  ionic  strength  at 
a  given  pH  was  calculated  from  the  buffer  anion  concentration;  total 
buffer  concentration  0.2  hf,  pKx  »  8.88  for  the  first  ionization  of  boric 
add.  The  Ka  value  was  obtained  by  extrapolation  to  90**  of  a  log  Ka 
pt.  IJT  plot,  Ka  values  at  several  temperatures  being  obtained  from  the 
literature.*' 
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MacmiUan  Ck>.,  New  York,  N.  Y.,  1949,  p  25. 

(22)  G.  C.  Manov,  R.  G.  Bates,  W.  J.  Hamer,  and  J.  F.  Acree,  /.  Am, 
Chem.  Soc,  6S.  1765  (1943). 

(23)  "Handbook  of  Chemistry  and  Physics,**  47th  ed.  Chemical 
Rubber  Publishing  Co.,  Cleveland,  Ohio,  1966,  p  D88. 
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Figure  4.  Plot  of  (pH  -  0.589/i/)  vs.  log  k'Kk'mMx  -  k')  for  the 
data  of  Figure  3.  Slope,  1.02,  and  intercept,  7.56,  for  the  solid  line 
were  calculated  by  the  least-squares  method  from  the  experimental 
points. 
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Figure  5.  Possible  mechanism  for  /3  elimination  from  L-cystine 
bishydantoin.  Ionization  from  imide  nitrogen  followed  by  tautoni- 
erization  and  elimination. 

Figure  6  presents  plots  at  several  pH  values  of  the 
time  course  of  decomposition  of  dicarbobenzyloxy-L- 
cystinyldiglycine  at  100^,  the  reactions  being  followed  by 
pyruvic  acid  and  alkyl  persulfide  analyses.  Comparison 
of  the  kinetic  curves  for  persulfide  and  pyruvic  acid  in- 
dicates a  similar  pH  dependence  for  initial  rates  of 
appearance  of  the  two  products  and  alkyl  persulfide 
instability  under  the  reaction  conditions.  The  mode  of 
decomposition  of  the  particular  alkyl  persulfides  en- 
countered is  not  known.  Investigation  of  persulfide 
decomposition  products  after  disappearance  of  per- 
sulfide from  reaction  mixtures  gave  results  demonstrat- 
ing the  presence  of  alkyl  mercaptan  and  sulfide  ion  but 
not  sulfur.  At  100^,  pH  10.0  (0.2  M  borate),  the  stoichi- 
ometric ratios  of  products  per  mole  of  dicarbobenzyl- 
oxy-L-cystinyldiglycine  are  0.67  mercaptan,  0.67  sul- 
fide ion,  and  1.0  pyruvate,  while  at  SO''  in  0.1  ilf  sodium 
hydroxide,  the  corresponding  ratios  are  0.73,  0.1,  and 
0.97.  The  data  obtained  at  100^,  assuming  complete- 
ness of  transformations  subsequent  to  persulfide  de- 


3(-2)  2(-2)     2(-2)         (net +2) 

3RSS-  — ►  2RS-  +  2S«-    +      (X) 


(6) 
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Figure  6.  Rate  curves  for  formation  of  pyruvic  acid  and  persulfide 
by  the  decomposition  of  dicarbobenzyloxy-L-cystinyldiglycine  at 
100''  at  several  pH  values  in  0.2  M  borate  buffers:  •,  pyruvate; 
O,  persulfide. 


composition,  suggest  the  decomposition  stoichiometry 
shown  in  eq  6,  where  (X)  would  contain  one  R  and  two 
sulfur  atoms  with  a  net  oxidation  number  of  +2.  On 
this  basis  the  decomposition  reaction  might  be  written  as 

3RSS-  +  20H-  — ^  2RS-  +  2SH-  +  RSjO," 

Since  a  search  for  a  decomposition  product  containing 
sulfur  at  a  higher  oxidation  level  than  zero  was  not 
attempted,  further  discussion  is  inappropriate  albeit  it 
may  be  stated  that  RSSOj"  fits  the  requirements  for 
such  a  product  and  a  mechanism  may  be  written  similar 
to  that  proposed  by  Danehy^*  and  by  Danehy  and 
Hunter*'  for  the  alkaline  decomposition  of  certain 
symmetrical  alkyl  disulfides.  On  the  above  basis,  the 
low  yield  of  sulfide  ion  in  0. 1  M  sodium  hydroxide  at 
30°  may  signifiy  a  different  pathway  or  destruction  of 
sulfide  ion. 

To  further  explore  the  scope  of  /3  elimination  from 
cystine  peptides,  oxidized  glutathione  was  investigated, 
the  decompositions  being  carried  out  at  80.5°  in  0.2  M 
phosphate  bufi*ers.  Both  products,  the  dehydroalanyl 
residue  and  alkyl  persulfide,  were  unstable  (Figure  7) 
and  could  not  be  used  to  follow  the  reaction.  The 
reaction  was  followed  by  analysis  for  residual  oxidized 
glutathione  with  reduced  triphosphopyridine  nucleo- 
tide in  the  presence  of  glutathione  reductase.**  Disap- 
pearance of  oxidized  gutathione  followed  first-order 
kinetics  and  a  plot  (Figure  8)  of  k'j  the  first-order  rate 
constants  for  individual  runs,  vs.  hydroxyl  ion  concen- 
tration gives  a  straight  line  passing  through  the  origin. 
Decomposition  of  oxidized  glutathione  is,  therefore, 
similar  to  the  other  cystine  peptides,  the  reaction  being 
bimolecular  with  a  bimolecular  rate  constant  at  80.5° 
of  0.11  1.  mole"*  sec~^  Disappearance  of  dehydro- 
alanyl residue  (pyruvic  acid)  was  accompanied  by  loss  of 
glutamic  acid  and  appearance  of  a  new  amino  acid  as 
evidenced  by  amino  acid  analysis'*  following  acid  hy- 
drolysis. While  the  structure  of  the  new  amino  acid 
was  not  determined,  its  mode  of  formation  is  analogous 
to  that  of  lysinoalanine  and,  presumably  in  this  case, 
the  amino  group  of  the  glutamic  acid  adds  across  the 
double  bond  of  the  dehydroalanine  residue  to  give 
N-(DL-2-amino-2-carboxyethyl)-L-glutamic   acid.     Oxi- 

(28)  J.  p.  Danehy  in  "The  Chemistry  of  Organic  Sulfur  Compounds," 
Vol.  2,  N.  Kharasch,  Ed.,  Pergamon  Press  Inc.,  New  York,  N.  Y.,  1966, 
p337. 

(29)  J.  P.  Danehy  and  W.  E.  Hunter,  Abstracts,  151st  National  Meet- 
ing of  the  American  Chemical  Society,  Pittsburgh,  Pa.,  March  1966,  p 
42K. 

(30)  E.  Racker  and  B.  Vennesland.  Methods  EnzymoL,  2,  719  (1955). 

(31)  Analyses  were  performed  on  the  Technicon  automatic  amino 
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Figure  7.    Product-time  curves  for  decomposition  of  oxidized  glu- 
tathione at  80.5°  at  several  pH  values  in  0.2  M  phosphate:   , 

pyruvate; ,  persulfide. 
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Figure  8.  Apparent  first-order  rate  constants,  k\  for  oxidized  gu- 
tathione vs,  hydroxyl  ion  concentration;  80.5°,  0.2  M  phosphite 
buffers. 


dized  glutathione  in  its  behavior  toward  alkali  is,  thus, 
entirely  similar  to  the  several  cystine-containing  pro- 
teins that  undergo  alkaline  decomposition'  and  can  be 
used  as  a  model  for  such  protein  studies. 

In  connection  with  alkaline  decomposition  of  the 
four  cystine  residues  of  ribonuclease,  it  has  been  noted' 
that  one  of  the  four  dehydroalanyl  residues  produced 
by  the  elimination  reaction  is  rapidly  converted  by  a 
consecutive  reaction  to  a  lysinoalanine  residue  whOc 
the  other  three  are  converted  to  lysinoalanine  residues 
at  a  slower  rate.  In  this  laboratory  we  have  noted" 
the  appearance  of  only  one  lysinoalanine  residue  per 
mole  of  ribonuclease  when  the  alkaline  decompositioo 
is  allowed  to  proceed  in  the  presence  of  0. 1  M  mor- 
pholine,  the  other  three  being  replaced  by  the  co^^^ 
sponding  morpholine  adduct.  This  remaining  lysino- 
alanine residue  is  most  likely  the  one  formed  at  the 
fastest  rate  and  its  formation  indicates  an  intrachain 
proximity  of  the  dehydroalanyl  residue  and  eamino 
group  involved,  such  that  competition  from  morpholine 
is  precluded.  On  this  basis  location  in  the  amino  acid 
sequence  of  the  particular  lysine  and  particular  cystine 
residue  involved  is  of  interest  with  regard  to  their 
spatial  relation.  While  a  lysine-adjacent  cystine  pair 
is  a  likely  lysinoalanine  precursor,'  it  is  also  possible 
that  the  single  polypeptide  chain  is  so  looped  as  to  bring 
together  a  lysine  residue  and  a  cystine  residue  that  are 
removed  one  from  the  other  in  the  sequence.  Lysozyme 
with  its  four  cystine  residues,  three  of  which,  at  least, 

add  analyzer. 
(32)  O.  Gawron  and  G.  Odstrchel,  unpublished  obaervatioiis. 
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being  subject  to  alkaline  decomposition,'  and  its  known 
sequence  and  three-dimensional  structure''  is  a  par- 
ticularly good  single  polypeptide  chain  for  investigat- 
ing lysine-cystine  proximity  in  this  manner.    It  is  also 

(33)  C.  C.  F.  Blake.  D.  F.  Koenig,  G.  A.  Mair,  A.  C.  T.  North,  D.  C. 
Phillips,  and  V.  R.  Sarma,  Nature,  206,  756(1965). 
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possible  that  a  lysine  eamino  group  close  to  a  cystine 
residue  acts  as  a  base  catalyst  for  the  elimination. 
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Abstract:  Several  ketones  11  derived  from  6,14-^'K^<t>-ethenotetrahydrothebaine  have  been  prepared  by  the  Diels- 
Alder  addition  of  certain  a^-unsaturated  ketones  to  thebaine,  by  the  action  of  cadmium  alkyls  on  the  corresponding 
acid  chloride  II  (R  =  CI),  and,  in  some  cases,  by  the  action  of  Grignard  reagents  on  the  corresponding  ester  n  (R 
=OEt)  which  is  the  adduct  of  thebaine  and  ethyl  acrylate.  Both  7a  and  7/9  forms  of  the  ketone  11  (R  »  Me),  the 
ester  II  (R  =  OEt),  and  the  nitrile  III  have  been  isolated.  Attempts  to  convert  the  7a  ketone  11  (R  =  Me)  into  the 
7/3  isomer  have  resulted  only  in  the  formation  of  a  ketol  X  (R  »  H).  Many  of  the  bases  prepared  in  this  work  are 
potent  analgesics.  The  reaction  product  obtained  from  thebaine  methiodide  and  p-benzoquinone  has  been  shown 
to  be  a  charge-transfer  complex  and  not  a  true  Diels-Alder  adduct. 


For  many  years  determined  efforts  have  been  made 
to  produce  an  analgesic  markedly  superior  to  mor- 
phine by  minor  and  major  modifications  of  the  molecule 
of  the  alkaloid.  The  major  modifications  have  all 
been  in  the  direction  of  making  simpler  structures,  repre- 
senting what  are  believed  to  be  the  features  of  the  mole- 
cule responsible  for  its  analgesic  action.^  Structural 
simplifications  of  this  type,  however,  have  not  so  far 
resulted  in  any  marked  separation  of  the  desirable  and 
undesirable  effects.  It  has  been  postulated  that  the 
action  of  such  compounds  is  due  to  the  fit  of  their  mole- 
cules onto  receptor  surfaces,  which  triggers  off  their 
physiological  effects.'  Compounds  of  structure  more 
simple  than  that  of  morphine,  however,  being  more 
flexible,  would  be  expected  to  fit  at  least  as  easily  as  the 
alkaloid  to  each  of  the  similar  receptor  surfaces  as- 
sociated with  the  different  effects,  thus  reproducing  all 
of  the  physiological  effects  of  the  alkaloid.  These 
considerations  led  us  to  examine  bases  more  complex 
and,  in  particular,  more  rigid  than  morphine  in  the  hope 
that  the  reduced  flexibility  and  the  differences  in  periph- 
eral shape  between  such  compounds  and  other  known 
analgesics  would  result  in  the  new  bases  being  unac- 


(1)  (a)  A  preliminary  report  of  part  of  this  work  has  been  made  by 
K.  W.  Bentley  and  D.  G.  Hardy,  Proc.  Chem.  Soc,  220(1960).  (b)  Parts 
of  this  work  are  covered  by  British  Patents  905,659  and  925.723. 

(2)  F.  Bergel  and  A.  L.  Morrison,  Quart.  Rev.  (London),  2,  349 
(1948);  E.  S.  Stern,  ibid.,  5,  405  (1951);  A.  H.  Beckett.  J.  Pharm.  Phar- 
macol., 4,  425  (1952);  O.  Braenden,  N.  B.  Eddy.  H.  Halbach,  and  P.  O. 
WoUf,  Buli.  World  Health  Organ.,  2,  193  (1949);  10,  1003  (1954); 
13.937  (1955);  14,353,  (1956);  N.  B.  Eddy.  Chem.  Ind.  (London), 
1462(1959);  P.  A.  J.  Janssen,  "Synthetic  Analgesics- Part  I,**  Pergamon 
Press  Ltd.,  London,  1960;  P.  A.  J.  Janssen,  Brit.  J.  Anaesthesia,  34, 
260  (1962);  P.  A.  J.  Janssen  and  N.  B.  Eddy.  /.  Med.  Pharm.  Chem.,  2, 
31  (1960);  K.  W.  Bentley,  Endeavour,  23,  97  (1964);  "Analgetics,"  G. 
deStevens,  Ed.,  Academic  Press  Inc.,  New  York.  N.  Y..  123  1965:  E.  L. 
May  and  L.  J.  Sargent,  p  123,  and  R.  A.  Hardy  and  G.  M.  Howell,  p  179. 

(3)  A.  H.  Beckett,  Progr,  Drug  Res.,  1,  527  (1959). 


ceptable  at  some  of  the  receptor  surfaces,  and  thus  to  a 
separation  of  the  various  effects. 

Several  series  of  such  complex  derivatives  of  codeine 
and  thebainone,  which  are  themselves  derivatives  of 
morphine,  are  accessible  by  the  Diels-Alder  addition 
of  dienophiles  to  thebaine^  and  by  chemical  transforma- 
tions of  the  resulting  adducts,^  and  in  these  compounds 
the  new  two-carbon  bridge  across  ring  C  renders  the 
molecule  rigid.  Many  of  the  compounds  derived 
from  thebaine  in  this  way  contain  also  a  new  reactive 
center,  derived  from  the  dienophile,  at  which  further 
chemical  reactions  may  be  effected  to  yield  bases  of 
still  greater  peripheral  complexity.  Some  of  our  early 
work  along  these  lines  has  already  been  reported,*  but  the 
work  was  suspended  owing  to  the  difficulty  experienced 
in  securing  adequate  pharmacological  appraisal  of  the 
compounds  prepared.  During  the  course  of  this  work, 
however,  it  was  found  that  the  ketonic  base  I,  obtained 
by  the  catalytic  reduction  of  the  adduct  of  thebaine  and 
p-benzoquinone,  is  an  analgesic  with  about  one-seventh 
the  potency  of  morphine,  when  tested  in  rats  by  the 
conventional  techniques. 

In  further  pursuit  of  this  idea,  the  other  known 
Diels-Alder  adducts  of  thebaine,  namely  the  aldehyde 
II  (R  =  H),  the  ketones  II  (R  =  Me  and  Ph),  the  nitrile 
III,  and  the  diester  IV  were  prepared,  together  with  a 
number  of  new  analogous  bases,  and  these  were  tested 
in  animals  for  analgesic  properties. 

(4)  W.  Sandermann,  Ber.,  71, 648  (1938);  C.  Schopf,  K.  von  Gottberg, 
and  W.  Petri,  Ann.,  536,  216 (1938);  S.  L  Kanewskaya  and  S.  F.  Mitrya- 
gina,/.  Gen.  Chem.  USSR,  17,  1203  (1947). 

(5)  (a)  K.  W.  Bentley  and  J.  Dominguez,  /.  Org.  Chem.,  21,  1348 
(1956);  (b)  K.  W.  Bentley,  J.  Dominguez,  and  J.  P.  Ringe,  ibid.,  22, 409, 
418,  422  (1957);  (c)  K.  W.  BenUey  and  J.  P.  Ringe,  lbid.,22,425,  599 
(1957);  (d)  K.  W.  Bcntiey  and  J.  C.  Ball,  ibid.,  23,  1720,  1725  (1958); 
(e)  K.  W.  Bentley,  J.  C.  Ball,  and  H.  M.  E.  CardweU,  ibid.,  23. 941  (1958). 

(6)  K.  W.  Bentley  and  A.  F.  Thomas,  /.  Chem.  Soc.,  1863  (1956). 
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The  addition  of  dienophiles  to  thebaine  can  occur 
readily  only  on  the  exposed  face  of  the  diene  system,  and 
gives  rise  to  derivatives  of  6,14-e/2rfo-ethenotetrahydro- 
thebaine,  the  atom  numbering  of  which  is  shown  in 
formula  II.  The  prefix  endo  implies  disposition  of  the 
6,14-etheno  bridge  "inside"  the  tetrahydrothebaine 
skeleton,  that  is,  on  the  opposite  side  of  the  molecule 
to  that  occupied  by  the  hydrogen  atoms  at  positions  6 
and  14  in  tetrahydrothebaine  itself.  Addition  of  the 
dienophile  to  the  exposed  face  of  the  diene  system  in  two 
ways,  leading  to  isomeric  adducts  differing  in  stereochem- 
istry at  C-7,  can  also  be  envisaged,  and  the  isomers 
obtained  in  this  way  can  be  differentiated  by  the  sym- 
bols a  and  /3,  which  have  the  same  implications  as  when 
used  in  the  steroid  field.  A  careful  examination  of 
models  of  the  7a  and  7/3  forms  of  the  ketone  II  (R  =  Me), 
the  aldehyde  II  (R  =  H),  the  ester  II  (R  =  OEt),  and 
the  nitrile  III  reveals  that  there  is  little  difference  in 
steric  hindrance  in  the  two  forms,  which  might  be  ex- 
pected, therefore,  to  be  of  comparable  stability.  The 
stereochemical  factors  generally  governing  the  mode 
of  addition  in  the  Diels-Alder  reaction  would,  how- 
ever, be  expected  to  give  in  this  case  mainly  adducts 
having  the  la  configuration,  II  and  III.  The  addition 
of  unsymmetrical  dienophiles  such  as  alkyl  and  aryl 
vinyl  ketones,  acrylic  esters,  and  acrylonitrile  to  thebaine 
appears  to  take  place  under  electronic  control,  giving 
rise  exclusively  to  C-7-substituted  tetrahydrothebaine 
derivatives,  very  careful  examination  of  the  products 
of  addition  of  methyl  vinyl  ketone  and  ethyl  acrylate 
to  the  alkaloid  producing  no  evidence  of  the  produc- 
tion of  C-8-substituted  compounds. 

The  primary  adduct  of  thebaine  and  methyl  vinyl 
ketone  consists  almost  entirely  of  the  la  ketone  II 
(R  =  Me),  mp  122°,  but  from  the  mother  liquors  of  the 
crystallization  of  this  base  the  7/3  ketone,  mp  200-201°, 
has  been  isolated  in  0.5  %  yield.  That  these  two  bases 
are  indeed  epimers  at  C-7,  and  not  C-7  and  C-8  ketones, 
was  conclusively  demonstrated  by  the  base-catalyzed 
rearrangement  of  both  isomers  to  the  same  product, 
which  is  the  ketone  VII  (R  =  Me).  This  base-cata- 
lyzed rearrangement,  which  will  be  discussed  in  detail 
in  a  later  paper  in  this  series,^  is  analogous  to  the  con- 

(7)  K.  W.  Bentley.  D.  G.  Hardy.  H.  P.  Crocker,  D.  I.  Haddlesey,  and 
P.  A.  Mayor,  /.  Am.  Chem.  Soc.,  89,  3312  (1967). 


version  of  nepenthone  (II,  R  =  Ph)  into  isonepenthone 
(VII,  R  =  Ph),  and  involves  loss  of  the  asymmetry 
at  C-7  in  the  intermediate  enolate  ion  V.  A  rational 
mechanism  for  this  rearrangement,  V  -►  VI  -►  VII,** 
can  only  be  devised  if  the  COCHj  group  is  situated  at 
C-7.  The  assignment  of  the  la  configuration  to  the 
base,  mp  122°,  and  the  7/3  configuration  to  the  minor 
product,  mp  200-20  P,  of  the  Diels-Alder  reaction 
has  been  confirmed  by  detailed  nmr  spectroscopic 
studies.^ 

Attempts  were  made  to  convert  the  lot  ketone  II 
(R  =  Me)  into  an  equilibrium  mixture  with  the  7)S 
isomer  by  reversible  enolization  to  the  enolate  ion  V. 
The  primary  enolization  of  the  ketone  is,  however, 
kinetically  controlled,  and  leads  to  the  enolate  ion 
VIII,  and  this  can  react  with  unenolized  ketone  to  give 
a  ketol  IX  (R  =  H)  (see  below).  The  ketolization  is 
reversible,  however,  and  under  reversible  enolizing  con- 
ditions the  thermodynamically  more  stable  ion  V  will 
eventually  be  formed  and  reversible  discharge  of  this 
ion  should  give  an  equilibrium  mixture  of  la  and  Ifi 
ketones.  In  practice,  however,  the  process  is  compli- 
cated by  the  ease  with  which  the  enolate  ion  V  suffers 
rearrangement  through  the  phenate  ion  VI  to  the  ketone 
VII  (R  =  Me),  which  appears  to  be  more  stable  than 
either  of  the  C-7  epimers  of  the  adduct  II  (R  =  Me). 
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IX 

Although  these  equilibration  experiments  provide 
no  evidence  as  to  which  of  the  two  C-7  epimers  of  the 
ketone  II  (R  =  Me)  is  the  more  stable,  the  formation 
of  derivatives  of  the  7a-tertiary  alcohol  X  (R  =  R' 

(8)  W.  Fulmor,  J.  E.  Lancaster,  G.  O.  Morton^  J.  J.  Brown,  C  R 
Howell,  C.  T.  Nora,  and  R.  A.  Hardy,  Jr.,  Ibid.,  89,  3322(1967). 
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=  Me)  from  bases  in  which  the  bicyclooctene  system 
has  been  opened,  described  in  part  IV  of  this  series,'  sug- 
gests that  in  the  alcohols  the  la  form  is  the  more  stable. 

Treatment  of  the  adduct  II  (R  =  Me)  with  1  equiv 
of  methylmagnesium  iodide  or  other  Grignard  reagent 
gives  little  or  no  tertiary  alcohol,  the  product  being  a 
viscous  gum  very  similar  in  infrared  absorption  to  the 
original  ketone.  The  same  product  is  obtained  by  the 
action  of  anhydrous  magnesium  iodide  on  the  adduct, 
and  it  is  shown  by  thin  layer  chromatography  to  consist 
of  a  mixture  of  the  ketone  II  (R  =  Me)  (20  %),  a  new 
base  (75%),  and  the  product  VII  (R  =  Me)  of  base- 
catalyzed  rearrangement  (5  %).  This  mixture  on  treat- 
ment with  0.1  equiv  of  potassamide  in  liquid  ammonia 
rapidly  affords  a  good  yield  of  the  ketone  II  (R  =  Me), 
which  is  sparingly  soluble  in  ammonia,  and,  when 
treated  with  an  excess  of  methylmagnesium  iodide, 
it  gives  an  excellent  yield  of  the  tertiary  car  bin  ol  X 
(R  =  R'  =  Me),  which  is  obtained  directly  from  the 
ketone  II  (R  =  Me)  and  an  excess  of  this  Grignard 
reagent  (sec  following  paper). 

Separation  of  the  main  component  of  the  mixture  was 
achieved  on  alumina  plates,  and  it  was  obtained  as 
prisms,  mp  151-152°,  and  found  to  be  isomeric  with 
the  original  ketone  II  (R  =  Me).  Its  infrared  spectrum 
shows  carbonyl  absorption  at  1715  cm"-^  and  hydrogen- 
bonded  hydroxyl  absorption  at  3490  cm*"*.  The  in- 
tensities of  these  absorption  bands  relative  to  the  ad- 
jacent C-H  bands,  at  1450  and  2950  cm""*,  respectively, 
was  0.52  and  0.19,  whereas  the  intensities  of  the  car- 
bonyl and  hydroxyl  absorption  bands  relative  to  the 
same  C-H  bands  in  the  ketone  II  (R  =  Me)  and  the 
tertiary  alcohol  X  (R  =  Me,  R'  =  /-Am)  are  1.07  and 
0.42,  respectively.  The  new  base  must,  therefore,  be  a 
double  molecule  containing  one  hydroxyl  and  one  car- 
bonyl group  between  two  ethenotetrahydrothebaine 
units,  and,  since  it  is  convertible  back  into  the  ketone 
II  (R  =  Me),  can  only  be  a  kctol  resulting  from  attack 
of  the  ketone  by  its  own  enolate  ion.  Enolization  by 
Grignard  reagents  or  anhydrous  magnesium  iodide 
would  be  irreversible  and,  hence,  kinetically  controlled 
and  lead  to  the  ion  VIII,  attack  of  which  on  the  ketone 
would  afford  the  ketol  X  (R  =  H).  That  this  does 
correctly  represent  the  structure  of  the  ketol  was  con- 
firmed by  dehydration  of  the  ketol  to  an  a,/3-unsaturated 
ketone  by  heating  with  98-100%  formic  acid.  Ketol 
formation  from  the  ketone  and  the  enolate  ion  V  would 
lead  to  a  product  containing  the  part  structure  XI, 
dehydration  of  which  to  an  a,/3-unsaturated  ketone 
would  be  impossible. 

MeO. 


MeO 


NMe 


X  XI 

The  nmr  spectrum  of  the  ketol  fully  supports  the 
assigned  structure  X  (R  =   H).    The  spectrum,  ob- 

(9)  K.  W.  Bcntley,  D.  G.  Hardy,  and  B.  Meek,  J.  Am,  Chem.  Soc., 
«9.  3293(1967). 


tained  on  a  40-Mc/sec  instrument,  shows  no  signal 
attributable  to  COCHa  but  does  show  signals  (in  b 
units)  at  6.S8  (four  aromatic  H),  a  complex  signal 
pattern  from  6.2  to  5.4  attributed  to  two  cis  CH=CH 
systems  in  slightly  different  environments,  and  signals  at 
4.95  (OH),  4.61  (20CHO,  3.86  (two  aromatic  OCH,), 
3.80  (three  protons  in  the  hydrogen-bonded  C-6  OCHi 
group  in  the  alcoholic  part  of  molecule),  3.67  (three  pro- 
tons in  the  unbonded  C-6  OCHs  group  in  the  ketonic 
part),  2.41  (2NCH8),  and  1.17  (CCH,).  It  may  be 
noted  that  the  C-6  methoxyl  group  in  the  alcohol  X 
(R  =  R'  =  Me)  gives  a  signal  at  b  'i.lS  and  that  in  the 
ketone  II  (R  =  Me)  gives  a  signal  at  b  3.61. 

Stereochemically,  since  enolization  in  this  case  does 
not  involve  C-7,  both  units  in  the  ketol  IX  (R  =  H) 
belong  to  the  la  series,  and  the  formation  of  the  la 
ketone  in  good  yield  on  deketolization  of  the  base  with 
potassamide  in  liquid  ammonia  is  in  agreement  with 
this  representation. 

The  addition  of  ethyl  acrylate  to  thebaine  is  also 
highly  stereospecific,  giving  about  94%  of  the  la  ester 
II  (R  =  OEt)  and  6%  of  the  isomeric  7/3  compound. 
That  the  major  product  has  the  same  stereochemistry 
at  C-7  as  the  adduct  of  thebaine  and  methyl  vinyl  ketone 
II  (R  =  Me)  was  demonstrated  by  the  conversion  of 
both  adducts  into  the  tertiary  carbinol  XI  (R  =  R'  == 
Me)  by  methylmagnesium  iodide.  The  nmr  spectra 
of  the  esters  show  signals  (in  b  units)  for  the  C-5  proton 
at  4.60  (7a)  and  5.17  (7/3)  compared  with  4.55  and  4.98 
in  the  spectra  of  the  7a-  and  7/3-methyl  ketones.  The 
other  features  of  the  spectra  are  entirely  in  accord  with 
the  assigned  structures. 

The  primary  adduct  of  thebaine  and  acrylonitrile 
is  a  mixture  of  7a  and  7/3  isomers  from  which,  after 
treatment  with  charcoal,  approximately  equal  amounts 
of  the  two  pure  isomers  can  be  obtained  by  chroma- 
tography. The  7a  nitrile  III  is  identical  with  the 
product  of  dehydration  of  the  oxime  of  the  aldehyde 
II  (R  =  H)  previously  reported.***  The  assignment  of 
configuration  at  C-7  in  these  nitriles  was  made  on  the 
basis  of  detailed  nmr  studies.^ 

Although  aryl  vinyl  ketones  are  readily  prepared  in 
the  laboratory  from  aryl  methyl  ketones,  alkyl  vinyl 
ketones,  other  than  the  methyl  and  ethyl  compounds 
which  are  commercially  available,  are  not  readily 
accessible,  and  attempts  were  made  to  prepare  7-acyl- 
6,14-e/irfo-ethenotetrahydrothebaines  from  the  ester 
II  (R  =  OEt)  and  the  nitrile  III.  Some  ketones  were 
obtained  in  poor  yield  as  minor  products  from  the 
reaction  of  the  ester  II  (R  =  OEt)  with  Grignard  rea- 
gents. With  methylmagnesium  iodide  the  sole  product 
of  this  reaction  is  the  tertiary  carbinol  XI  (R  =  R' 
=  Me),  but  with  other  alkylmagnesium  halides  the 
product  consisted  of  a  mixture  of  tertiary  carbinol 
X  (R  =  R'  =  Me),  ketone  II,  and  phenolic  material 
resulting  from  rearrangement  of  the  ester.  •  The 
amount  of  tertiary  carbinol  produced  decreased  and  the 
amount  of  phenolic  material  obtained  increased  very 
rapidly  as  the  length  and/or  branching  of  the  alkyl 
chain  in  the  Grignard  reagent  increased;  the  amount 
of  ketone  produced  remained  low  in  all  cases.  Steric 
factors  are  presumably  operative  in  this  reaction,  since 
the  ease  of  accommodation  of  two  identical  alkyl 
groups  around  the  carbon  atom  of  the  tertiary  alcohol, 
in  the  presence  of  the  large  thebaine  unit,  would  be 
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expected  to  decrease  sharply  as  the  complexity  of  the 
alkyl  group  increases.  The  ease  of  abstraction  of  a 
proton  by  the  Grignard  reagent  from  the  a  carbon 
would  be  expected  to  be  almost  independent  of  the  size 
of  the  reagent,  and  hence  rearrangement  would  be 
expected  to  be  favored  relative  to  carbinol  formation 
by  an  increase  in  size  or  complexity  of  the  reagent. 

A  better  laboratory  preparation  of  certain  of  the  ke- 
tones of  structure  II  was  found  to  be  the  reaction  be- 
tween cadmium  alkyls  and  the  acid  chloride  II  (R  = 
CI),  prepared  from  the  ester  II  (R  =  OEt)  via  the  acid 
II  (R  =  OH).  The  product  of  the  reaction  between  the 
acid  chloride  and  /i-propylcadmium  was  resolved  on 
alumina  plates  into  the  la-n-pvopyl  ketone  II  (R  = 
n-Pr)  (80%),  its  7/3  epimer  (0.1%),  the  ketol  X  (R  = 
Et)  (20%),  and  a  trace  of  phenolic  base.  The  major 
product  was  identified  as  the  7a-/i-propyl  ketone  II 
(R  =  /i-Pr)  by  its  infrared  and  its  nmr  spectra.  The 
former  showed  carbonyl  absorption  at  1715  cm~* 
and  the  latter  showed  a  signal  due  to  the  C-5  proton  as  a 
finely  split  doublet  at  6  4.55  (as  in  the  spectrum  of  the 
7a-methyl  ketone)  as  well  as  signals  (in  5  units)  at  6.6 
(two  aromatic  H),  6.0  and  5.55  (doublets,  CH=CH), 
3.83  (C-3  OCHs),  3.61  (C-6  OCH3),  2.29  (NCH3),  and 
0.95  (doublet,  CHCs).  The  7/3  ketone  was  identified 
by  its  infrared  spectrum,  which  was  almost  identical 
with  that  of  the  7a  isomer,  and  by  its  less  polar  behavior 
on  thin  layer  chromatography. 

The  ketol  IX  (R  =  Et)  showed  carbonyl  and  hydrogen- 
bonded  hydroxyl  absorption  in  the  infrared,  and  its 
nmr  spectrum  was  similar  to  that  of  the  ketol  IX  (R 
=  H),  showing  signals  (in  S  units)  at  6.59  (four  aro- 
matic H),  5.45-6.1  (complex,  2  CH=CH),  4.6  and  4.75 
(two  C-5  H),  3.82  (9  H,  two  C-3  OMe,  C-3'  OMe,  and 
C.6'  OMe),  3.64(3  H,  C-6  OMe),  2.31  and  2.36  (2NMe), 
and  complex  signals  due  to  CCH3  in  the  region  1.38- 
0.98  attributed  to  the  ethyl  and  propyl  groups. 

The  ethyl  and  /i-propyl  ketones  prepared  in  this  way 
were  converted  by  the  action  of  methylmagnesium 
iodide  into  tertiary  alcohols  X  (R  =  Et,  R'  =  Me 
and  R  =  /i-Pr,  R'  =  Me)  diastereoisomeric  at  C-19 
with  those  (R  =  Me,  R'  =  Et  and  R  =  Me,  R'  = 
H-Pr)  obtained  by  the  reaction  of  the  7a  ketone  II 
(R  =  Me)  with  ethyl-  and  /z-propylmagnesium  halides, 
respectively  (see  following  paper). 

The  adduct  of  thebaine  and  acrylonitrile  (mixture  of 
7a  and  7/3  isomers)  reacts  readily  with  methyl  and  other 
alkylmagnesium  halides,  but  the  reaction  involves 
only  base-catalyzed  rearrangement,  the  same  product 
being  obtained  in  all  cases.  This  reaction  is  discussed 
in  detail  in  a  later  paper  in  this  series. •  With  phenyl- 
magnesium  bromide,  however,  the  7a  ketone,  nepen- 
thone  (II,  R  =  Ph),  was  obtained  in  about  25  %  yield 
(about  50%  based  on  the  amount  of  7a-nitrile  present 
in  the  original  adduct),  and  the  o-andp-tolyl  analogs  were 
prepared  in  a  similar  manner.  Differences  in  the  be- 
havior of  nitriles  with  aliphatic  and  aromatic  Grignard 
reagents  have  previously  been  reported.  ^® 

It  was  hoped  that  ketones  II  would  be  preparable 
by  the  oxidation  of  the  related  secondary  alcohols 
X  (R  =  H),  many  of  which  can  be  prepared  by  the 
action  of  Grignard  reagents  on  the  aldehyde  II  (R  =  H), 
but  neither  of  the  diastereoisomeric  alcohols  X  (R 

(10)  M.  S.  Kharasch  and  O.  Reinmuth,  "Grignard  Reactions  of  Non- 
Metallic  Substances,"  Constable  and  Co.  Ltd.,  London,  1954,  p  773. 


=  H,  R'  =  Me  and  R  =  Me,  R'  =  H)  (see  following 
paper)  nor  nepenthol  (X,  R  =  Ph,  R'  =  H)**^  could 
be  oxidized  in  this  way. 

Quaternization  of  the  Diels-Alder  adducts  of  the- 
baine is  very  difficult  to  accomplish,  but  good  yields  of  the 
quaternary  salts  of  the  ketone  II  (R  =  Me)  and  the 
ester  II  (R  =  OEt)  were  obtained  by  heating  the  bases 
under  reflux  for  7  days  with  methyl  iodide  in  acetone 
solution.  Since  the  adducts  of  thebaine  with  acetylcnic 
dienophiles  can  be  quaternized  with  much  greater  ease, 
the  sluggish  reaction  of  the  adducts  II  may  be  attributed 
to  steric  hindrance  of  attack  of  the  nitrogen  atom  by  the 
proximity  of  the  C-8j3  hydrogen.  It  may  be  mentioned 
that  other  workers  have  found  that  this  proximity  and 
anisotropy  of  the  tertiary  nitrogen  also  appear  to 
affect  the  resonance  of  the  8/3  hydrogen  in  the  nmr 
spectra  of  bases  in  this  series.*  Models  of  the  quater- 
nary salts  can  be  constructed  without  difficulty,  and  in 
these  there  is  no  appreciable  hindrance  between  this 
hydrogen  atom  and  the  N-methyl  group.  The  slow 
quaternization  of  the  adduct  II  (R  =  Me)  contrasts 
markedly  with  the  rapid  reaction  between  thebaine 
methiodide  and  benzoquinone*^  and  a-naphthaquinone* 
previously  reported.  Since  attempts  to  prepare  qua- 
ternary salts  of  the  adducts  by  the  addition  of  acrolein, 
methyl  vinyl  ketone,  phenyl  vinyl  ketone,  ethyl  acrylate, 
acrylonitrile,  and  maleic  anhydride  to  thebaine  meth- 
iodide were  quite  unsuccessful,  the  reaction  between 
methiodide  and  /?-benzoquinone  has  been  reexamined. 

The  reaction  in  chloroform  solution  rapidly  affords 
a  very  good  yield  of  a  red  crystalline  solid  having  the 
composition  of  a  1:1  adduct,  which  is  recovered  un- 
changed on  rapid  recrystallization  from  hot  water. *^ 
The  use  of  high-boiling  solvents,  such  as  cyclohexanol, 
for  the  recrystallization,  however,  results  in  the  recovery 
of  thebaine  methiodide,  which  is  also  obtained  when 
the  solid  is  heated  in  open  vessels  at  140- 150®.  R^ 
duction  of  a  solution  of  the  salt  in  aqueous  ethanol 
with  sodium  borohydride  or  sulfurous  acid  proceeds 
with  the  production  of  a  transient  violet  color,  p^^ 
sumably  due  to  quinhydrone,  and  the  formation  of 
hydroquinone  and  thebaine  methiodide.  The  mate- 
rial is,  therefore,  clearly  not  a  true  adduct,  but  is  a 
charge-transfer  complex  of  thebaine  methiodide  with 
benzoquinone,  representing  the  initial  stage  in  the 
Diels-Alder  reaction.  The  reaction  is  prevented  from 
proceeding  to  completion  by  steric  hindrance  to  a  suf- 
ficiently close  approach  of  the  two  molecules  for  bond 
formation,  as  a  result  of  the  presence  of  the  additional 
methyl  group  on  the  nitrogen  atom.  The  examination 
of  models  shows  that  such  steric  hindrance  would  be 
expected  to  be  operative  in  preventing  the  addition  of 
other  dienophiles  to  thebaine  methiodide,  and  in  these 
cases  the  charge-transfer  complexes  are  presumably 
insufficiently  well  stabilized  for  them  to  be  isolated. 

Neither  methyl  isopropenyl  ketone  nor  crotonal- 
dehyde  gives  adducts  with  thebaine  at  temp>eratures  up 
to  140°,  but  the  examination  of  models  of  the  expected 
adducts  shows  that  steric  hindrance  in  the  molecules  is 
no  greater  than  in  the  ketone  II  (R  =  Me),  its  7/3  isomer, 
or  its  methiodide.  The  failure  of  the  reaction  in  these 
cases  must  be  attributed  to  steric  hindrance  to  a  suf- 
ficiently close  approach  of  the  reactants  for  the  forma- 

(U)  K.  W.  Bentley.  R.  Robinson,  and  A.  E.  Wain,  /.  Chem.  5oc..95l 
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tion  of  the  new  bonds  to  C-6  and  C-14,  and  the  study  of 
models  of  the  reactants  supports  this  view.  With 
crotonaldehyde,  which  has  the  CH »  and  CHO  groups  in 
the  trans  relationship,  close  approach  to  thebaine  in  such 
a  way  as  to  ensure  maximum  overlap  of  the  unsaturated 
centers  is  severely  hindered  by  carbon  atoms  15  and  16 
of  the  nitrogen-containing  ring  of  the  alkaloid.  With 
methyl  isopropenyl  ketone,  the  hindrance  is  largely 
between  the  methyl  group  and  the  hydrogen  atoms  at 
C-5  and  C-15  in  the  base.  Maleic  anhydride  and  p- 
benzoquinone,  which  have  c/5-l,2-disubstituted  double 
bonds,  can  easily  be  brought  into  close  proximity  to  the 
diene  system  of  thebaine  and  form  adducts  with  great 


Of  the  ketones  of  general  structure  II  prepared  in 
this  work  and  listed  in  the  Experimental  Section,  several 
were  found  to  be  more  potent  as  analgesics  than  mor- 
phine, when  tested  in  rats  by  the  tail  pressure  method 
and  administration  by  the  subcutaneous  route.  By 
contrast,  the  ester  II  (R  =  OEt)  showed  no  analgesic 
activity  at  doses  up  to  200  mg/kg. " 

Experimental  Section 

AddhkNi  of  Methyl  Vinyl  Ketone  to  Thebaine.  Thebaine  (1000 
g)  was  boiled  under  reflux  with  methyl  vinyl  ketone  (3  1.)  for  1  hr. 
The  excess  of  unsaturated  ketone  was  removed  by  distillation  under 
reduced  pressure,  and  the  viscous  residue  was  dissolved  in  boiling 
methanol  (1200  ml).  The  resulting  solution  was  cooled  in  ice  with 
vigorous  stirring.  The  crystalline  solid  that  separated  was  col- 
lected, washed  with  ice-cold  methanol,  and  air  dried,  when  7a- 
acetyl-6,14-e/i^a-ethenotetrahydrothebaine  (II,  R  «  Me)  (1140 
g,  93%)  was  obtained  as  white  prisms,  mp  119-121°,  suflSdently 
pure  for  all  chemical  pniposes,  the  melting  point  raised  to  122'' 
(lit.***  122**)  on  recrystallization  from  methanol,  vn^  1715  cm"». 

Anal.  Calcd  for  CHrNOi:  C,  72.4;  H,  7.1.  Found:  C, 
72.3;  H,  7.1. 

The  hydrochloride  formed  white  prisms,  mp  262°,  from  ethanol. 

AnaL  Calcd  for  CHrNOi-HQ:  C,  66.1;  H,  6.7.  Found: 
C.66.4;  H,6.8. 

The  hydrobromide  formed  white  prisms,  mp  270°,  from  90% 
ethanol. 

AnaL  Calcd  for  QiHrNOi-HBr:  C,  59.7;  H,  6.1.  Found: 
0.59.9;  H,6.1. 

The  methiodide  formed  slowly  when  the  base  was  heated  under 
reflux  with  methyl  iodide  in  acetone  for  7  days.  On  recrystalliza- 
tion from  aqueous  ethanol  it  was  obtained  as  prisms,  mp  172°. 

AnaL  Calcd  for  Q,HrN04CH,I.H,0:  C.  53.3;  H,  6.0. 
Found:    C,  53.4;  H,  6.2. 

The  mother  liquors  from  the  separation  of  the  7/3-acetyl  conn- 
pound  were  concentrated  to  400  ml  and  kept  at  room  temperature 
overnight,  when  crystalline  material  separated.  This  was  col- 
lected, washed  with  ice-cold  methanol,  and  dried  (14  g).  Thin  layer 
chromatographic  studies  showed  this  base  to  comprise  a  mixture  of 
about  40%  of  the  la  ketone  II  (R  «  Me)  and  60%  of  a  less  polar 
base.  The  solid  was  boiled  under  reflux  with  methanol  (50  ml) 
when  the  more  soluble  la  ketone  dissolved.  The  insoluble  7/3- 
aoetyl-6,13-^/i^a-ethenotetrahydrothebaine  (6  g)  was  collected  and 
recrystallized  from  ethanol,  when  it  was  obtained  as  white  rec- 
Ungular  plates,  mp  200-202°,  subliming  slowly  above  180°,  vn^ 
1715  cnr». 

AnaL  Calcd  for  CHrNOi:  C,  72.4;  H,  7.1.  Found:  C, 
72.4;  H,7.0. 

The  hydrochloride  was  obtained  as  white  prisms,  mp  266°,  from 
cthanol-ether. 

AnaL  Calcd  for  COIrNOi-Ha:  C,  66.1;  H,  6.7.  Found: 
O,  66.3;  H,  6.8. 

The  hydrobromide  was  obtained  as  white  prisms,  mp  254°,  from 
ethanol. 

AnaL  Calcd  for  C„HnN04HBr:  C,  59.7;  H,  6.1.  Found: 
C.60.0;  H,6.3. 

Concentration  of  the  mother  liquors  from  the  separation  of  this 
base  and  from  the  isolation  of  the  la-lfi  mixture  gave  a  further 
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30  g  of  a  mixture  estimated  by  thin  layer  chromatography  to  contain 
about  70%  of  the  la  ketone  and  30%  of  the  7/3  isomer,  and  this 
material  was  recovered  unchanged  in  composition  after  boiling 
with,  or  recrystallization  from,  methanol.  Allowing  for  material 
present  in  this  mixture  the  EHels-Alder  reaction  affords  a  yield  of 
at  least  97.8%  of  addua:  96.3%7aand  1.5%  7/3  ketone. 

Addition  of  Acrolein  to  Thebaine.  On  several  occasions  excellent 
yields  (>85%)  of  the  adduct  were  obtained  by  heating  thebaine 
(25  g)  with  acrolein  (75  ml)  under  reflux  for  1  hr,  removing  the 
excess  of  acrolein  by  evaporation  under  reduced  pressure,  and 
crystallizing  the  residue  from  aqueous  methanol.  This  process  is, 
however,  capricious  and  other  reactions  carried  out  under  appar- 
ently identical  conditions  yielded  only  insoluble  polymerized  mate- 
rial from  which  neither  addua  nor  thebaine  could  be  recovered. 
Neither  careful  purification  of  the  reactants  nor  the  addition  of 
hydroquinone  appeared  to  have  any  effect  on  the  ease  of  polymer- 
ization. A  more  reliable  process  giving,  however,  a  reduced  yield 
of  produa  was  the  following.  A  mixture  of  thebaine  (25  g), 
benzene  (250  ml),  and  acrolein  (10  ml)  was  heated  at  65-70°  for 
4  hr.  The  basic  material  was  extracted  from  the  benzene  solution 
with  aqueous  2  N  acetic  acid  and  then  precipitated  with  ammonia. 
The  crystalline  material  was  collected,  washed  well  with  water, 
and  recrystallized  from  aqueous  methanol,  when  6,14-^ndS9-etheno- 
7a-formyltetrahydrothebaine  (II,  R  »  H)  (17  g)  was  obtained  as 
white  prisms,  106°  (lit.»<»  104°),  vn^^llOcm-K 

AnaL  Calcd  for  CbHmNO*:  C,  72.0;  H,  6.8.  Found:  C, 
72.2;  H,6.9. 

6,14-^/tt/^Etheno-7a-propionyltetrahydrothebaine  (II,  R  * 
Et).  Thebaine  (25  g)  was  heated  with  ethyl  vinyl  ketone  (25  g)  in 
the  presence  of  a  small  amount  of  hydroquinone  at  ^100°  for  4 
hr.  The  excess  of  ethyl  vinyl  ketone  was  removed  under  reduced 
pressure,  and  the  dark  viscous  residue  was  dissolved  in  warm  glacial 
acetic  acid  (25  ml).  This  solution  was  diluted  with  water  (300  ml) 
and  extracted  with  ether.  The  aqueous  phase  was  freed  from  ether 
by  boiling  and  basified  (100  ml,  20%  w/v  aqueous  sodium  hy- 
droxide), and  the  precipitate  was  collected,  washed  with  water,  and 
dried  to  give  the  adduct,  mp  ^^40°  (80%). 

The  base  was  converted  into  its  hydrochloride  with  ethereal  hy- 
drogen chloride;  the  salt  was  recrystallized  from  ethanol  (twice) 
and  then  converted  into  the  base,  mp  40-45°,  with  aqueous  sodium 
hydroxide. 

AnaL  Calcd  for  C^HmNO*:  C,72.9;  H,7.4;  N,3.5.  Found: 
C,73.6;  H,7.6;  N,3.6. 

Addition  of  Ethyl  Acrylate  to  Thebaine.  Thebaine  (500  g)  was 
boiled  under  reflux  with  ethyl  acrylate  (850  ml)  for  6  hr.  The  excess 
of  ethyl  acrylate  was  removed  by  evaporation  under  reduced  pres- 
sure until  separation  of  the  solid  matter  began.  The  mixture 
was  centrifuged,  the  solid  obtained  was  washed  well  with  cold 
methanol,  when  6,14-e/i£/o-etheno-7a-ethoxycarbonyltetrahydrothe- 
baine  (5(X)  g)  was  obtained  as  white  prisms,  mp  123-124°,  raised  to 
124°  by  recrystallization  from  methanol,  vmiut  1740  cm"*. 

AnaL  Calcd  for  QiH^NOi:  C,  70.0;  H,  7.1.  Found:  C, 
70.0;  H,7.3. 

The  hydrochloride,  prepared  in  and  recrystallized  from  ethanol, 
was  obtained  as  white  prisms,  mp  258°. 

AnaL  Calcd  for  Q4H,»N06Ha:  C,  64.4;  H,  6.7.  Found: 
C,64.3;  H,6.7. 

The  methiodide  formed  slowly  when  the  base  was  boiled  under 
reflux  in  acetone  with  an  excess  of  methyl  iodide  for  7  days  and  was 
obtained  as  white  prisms,  mp  240°,  from  ethanol. 

AnaL  Calcd  for  CiiHwNOsCHiI:  C,  54.3;  H,  5.8.  Found: 
C,  54.3;  H,  5.8. 

The  mother  liquors  and  methanol  washings  remaining  after 
removal  of  the  la  ester  were  evaporated  under  reduced  pressure 
and  the  residual  gum  was  dissolved  in  methanol  (150  ml)  and  cooled 
in  ice.  The  solid  matter  (60  g),  consisting  of  an  approximately 
1 :2:1  mixture  of  the  la  and  Ifi  esters  and  thebaine,  was  crystal- 
lized twice  from  methanol,  when  6,14-e/i£/<t>-etheno-7/3-ethoxycar- 
bonyltetrahydrothebaine  (9  g)  was  obtained  as  white  prisms,  mp 
106-108°,  i/„»,x  1740  cm- >. 

AnaL  Calcd  for  Ci4H,9NOi:  C,  70.0;  H,  7.1.  Found:  C, 
69.6;  H,7.0. 

The  hydrochloride  formed  white  prisms,  mp  198-200°. 

AnaL    Calcd  for  CtiHtaNOs-Ha:    0,7.9.    Found:    a,  7.8. 

6,14-^/u/it>-Etlienotetrahydrotliebaine-7a-carfooxylic  Add  (II,  R 
=  OH).  6,14-^/f</(t>-Etheno-7a-ethoxycarbonyltetrahydrothebainc 
(50  g)  was  heated  on  the  water  bath  with  concentrated  hydrochloric 
acid  (250  ml)  for  3  hr.  The  Altered  hot  solution  was  cooled  in  ice 
and  the  crystalline  solid  that  separated  was  collected  and  washed 
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with  ice-water,  when  the  hydrochloride  of  the  7a-carboxylic  acid 
(47  g)  was  obtained  as  white  prisms,  mp  246-247''. 

Ami,  Calcd  for  QsHuNOsHaHsO:  C,  61.6;  H,  6.3. 
Found:    C,61.2;  H,  6.7. 

The  free  acid  was  obtained  by  continuous  ether  extraction  of  an 
aqueous  solution  of  the  hydrochloride  adjusted  to  pH  6.1.  Evap- 
(»«tion  of  the  ether  extract  afforded  a  solid  which  was  recovered  on 
recrystallization  from  ethanol  as  white  prisms,  mp  230*". 

Anai.  Calcd  for  Q,H,6NO,.1.5H,0:  C,64.4;  H,6.9.  Found: 
C,64.6;  H,6.9. 

7o^<liloitK»rbonyl-6»14-eifd!f>-ethem>tetrahydrotbelMd^  Hydro- 
chloride. 6,14-tfm/{>-Ethenotetrahydrothebaine-7-carboxylic  acid  hy- 
drochloride (70  g),  oxalyl  chloride  (25  ml),  and  dry  benzene  (250 
ml)  were  heated  together  on  the  water  bath  for  2  hr.  The  volatile 
liquids  were  removed  under  reduced  pressure,  and  the  residue  was 
heated  a^n  with  oxalyl  chloride  (25  ml)  and  dry  benzene  (250  ml). 
Evaporation  under  reduced  pressure  afforded  the  acid  chloride 
hydrochloride  (70  g)  as  white  prisms,  mp  270°  dec,  sufficiently  pure 
for  further  use. 

Anal.  Calcd  for  CaH,4N04a.HCl:  CI,  16.2.  Found:  CI, 
15.9, 16.5. 

6,14-tf/K/o-Etheno-7a-iiiethoxycart)onyUetrahydroChebaiiie  (II,  R 
-  OMe).  Thebaine  (5  g)  and  methyl  acrylate  (25  ml)  were  boiled 
together  under  reflux  for  6  hr.  The  excess  of  methyl  acrylate  was 
removed  under  reduced  pressure,  and  the  residue  was  crystallized 
and  recrystallized  from  methanol,  when  the  methyl  ester  II  (R 
=  OMe)  was  obtained  as  white  prisms,  mp  148°,  Vmax  1740  cm">. 

Ami.  Calcd  for  CmHjtNO.:  C,  69.5;  H,  6.9.  Found:  C, 
69.8;  H,7.0. 

Diels-Alder  Addition  of  Acrylonltrile  to  Thebaine.  Thebaine 
(100  g)  was  boiled  under  reflux  with  acrylonitrile  (350  ml)  for  3  hr. 
The  excess  of  acrylonitrile  was  removed  by  evaporation  under 
reduced  pressure,  and  the  residue  was  crystallized  from  methanol, 
when  the  adduct  (95  g)  was  obtained  as  white  prisms,  mp  146°, 
raised  to  148°  on  recrystallization.  Thin  layer  chromatographic 
studies  showed  the  adduct  to  consist  of  two  components.  The 
adduct  was  boiled  under  reflux  for  5  min  in  methanol  solution  with 
activated  charcoal  (15  g);  the  solution  was  filtered  and  cooled  in  ice. 
The  solid  separating  (45  g)  had  mp  182-188°  and  consisted  mainly 
of  one  compound.  On  recrystallization  of  this  material,  70-cyano- 
6,14^/u/{>-ethenotetrahydrothebaine  (35  g)  was  obtained  as  felted 
needles,  mp  196-197°.  vm^x  2230  cm"*. 

Anal.  Calcd  for  CaHjiNjO,:  C.72.4;  H,6.7;  N.7.5.  Found: 
C,72.4;  H,6.8;  N,7.4. 

The  filtrate  remaining  after  removal  of  the  7p  nitrile  following 
charcoal  treatment  of  the  adduct  was  evaporated  and  the  residue 
found  to  contain  principally  the  7a  nitrile,  which  was  obtained  pure 
by  partition  chromatography  on  a  Celite  545  column  using  heptane- 
methanol  as  the  developing  solvent.^'  Two  components  were 
eluted  while  monitoring  the  eluate  at  230  m/ji.  The  more  polar 
compound  was  the  second  component  to  be  eluted  and  was  re- 
covered from  the  eluate  as  plates,  mp  183-184°,  on  recrystalliza- 
tion from  ethanol,  vm^  2230  cm-*.  This  7a  nitrile  was  identical 
in  mixture  melting  point  and  Rt  value  with  the  product  of  dehydra- 
tion of  the  oxime  of  the  7a  aldehyde.'** 

Anal.  Calcd  for  C»H24N,Oa:  C.72.4;  H,6.7;  N,  7.5.  Found: 
C,72.4;  H.6.9;  N,7.3. 

Preparation  of  Ketones  from  the  Acid  Chloride  n  (R  :=  O). 
7a-Butyryl-6,14-e/ft/(9-etlienotetrahydrotfaebaine  (II,  R  =  /i-Pr). 
Anhydrous  cadmium  chloride  (1.8  g)  was  added  to  a  solution  of 
/i-propylmagnesium  bromide  (from  0.54  g  of  magnesium  and  3.2  g 
of  /i-propyl  bromide)  in  ether  (20  ml),  and  the  mixture  was 
boiled  under  reflux  for  30  min,  after  which  the  ether  was  removed 
by  distillation  and  replaced  by  methylene  chloride  (30  ml).  7a- 
Chlorocarbonyl-6, 1 4-€'/ft/0-ethenotetrahydrothebaine  hydrochloride 
(5.0  g)  in  methylene  chloride  (20  ml)  was  added  to  the  solution  of 
dipropylcadmium,  and  the  mixture  was  boiled  under  reflux  for  1 
hr,  cooled,  and  then  decomposed  by  the  addition  of  cold  2  A^  hy- 
drochloric acid  (100  ml).  The  organic  layer  was  separated,  and  the 
aqueous  layer  was  extracted  with  methylene  chloride  (50  ml). 
The  combined  methylene  chloride  solutions  were  dried  and  evap- 
orated. The  residue  was  suspended  in  dilute  aqueous  ammonia, 
and  the  suspension  was  extracted  with  ether  and  the  extract  evap- 
orated. The  residue  was  dissolved  in  benzene  and  the  solution 
passed  down  an  alumina  column,  with  elution  subsequently  with 
benzene.    The  initial  eluate  containing  the  /^propyi  ketone  11 


(13)  We  are  indebted  to  Dr.  J.  J.  Brown,  Miss  C.  T.  Nora,  and  Mr.  C. 
Piddacks  for  details  of  this  separation  of  the  pure  7a  and  7/3  isomers. 


(R  s  /^p^)  was  evaporated  to  give  a  glass  (3.5  g),  ymmm  1715  cnr^ 
A  portion  (400  mg)  of  this  was  chromatographed  in  ether  on  thick 
alumina  plates.  The  least  polar  band  on  extraction  with  chloro- 
form yielded  7i3-butyryl-6,14-^/Kto-ethenotetrahydrothcbaine  (4  mgX 
mp  128-130°,  vmax  1715  cnrK  The  immediately  following  band 
yielded  7a-butyryl-6,14-^/fd<e>-ethenotetrahydrothebaine  (II,  R  - 
/f-Pr)  (320  mg),  prisms,  mp  84°,  vm^  1715  cwrK 

Anal.  Calcd  for  C«5H,iN04H,0:  C,  70.3;  H.  7.7.  Found: 
C;  70.6;  H,  7.4. 

The  most  polar  band  afforded  7a,7'a-bis((2-cthyl-3-hydroxy-3- 
propyl-l-oxopropano)-6,14-^/K/a-ethenotetrahydrothebaine)  (IX, 
R  =  Et)(40mg),i'««1715and3490cm-»,mpl3O-133°. 

Anal.  Calcd  for  CwH^NiOg:  C,  73.4;  H,  7.6.  Found:  Q 
73.1;  H,7.3. 

By  similar  processes  using  the  appropriate  dialkylcadmium  the 
following  ketones  were  obtained:  6,14-^m/a-ctheno-7cr-vafcryl- 
tetrahydrothebaine  (II,  R  =  /^Bu,  mp  87-90**,  I'max  1715  cnr*. 
Anal.  Calcd  for  Ct6HuN04:  C,  73.6;  H,  7.8.  Found:  C, 
73.7;  H,  8.0);  6,14-e/K/(t>-etheno-7a-isovaleryltetrahydrothebBinc 
(II,  R  =  i-Bu,  mp  89-90°,  I'max  1715  cm"'.  Anal.  Calcd  for  Qr 
H„N04:  C,  73.6;  H,  7.8.  Found:  C,  73.4;  H,  8.0);  6.14- 
e/f<yo-etheno-7a-(4-methylpentanoyl)tetrahydrothebaiiie  (II,  R  > 
j-Am.  mp  98-100°,  Vn^  1715  cm"*.  Anal.  Calcd  for  CnHuNOt: 
C,  74.2;   H,  8.0.    Found:    C,  74.2;  H,  8.3). 

Preparation  of  Ketones  from  the  Ester  II  (R  »  OEt).  6,14-^iKic^ 
Etheno-7a-propionyltetrahydrothebaiDe  (II,  R  =  Et).  6,14-€iidb- 
Etheno-7a-ethoxycarbonyltetrahydrothebaine  (10  g)  was  extracted 
from  a  Soxhlet  extractor  into  a  solution  of  ethylmagnesium  brom* 
ide,  prepared  from  magnesium  (1.67  g),  ethyl  bromide  (7.7  g), 
and  ether  (100  ml).  The  mixture  was  boiled  under  reflux  for 
2  hr  and  poured  into  aqueous  ammonium  chloride.  The  eUier 
layer  was  separated,  dried,  and  evaporated,  when  a  viscous  gum  was 
obtained.  This  was  triturated  with  cold  methanol,  and  the  solid 
so  obtained  was  collected.  (This  was  identified  as  a  tertiary  carbinol 
and  is  described  in  the  following  paper.)  The  methanol  solutioo 
was  acidified  with  dilute  hydrochloric  acid  and  poured  into  an  excess 
of  2  ^  aqueous  sodium  hydroxide  to  give  a  yellow  solution  con- 
taining some  insoluble  matter.  The  insoluble  niatter  (0.4  g)  ^is 
collected  and  recrystallized  from  methanol,  when  the  7a-propiooyl 
compound  II  (R  =  Et)  was  obtained  as  prisms,  mp  42-45%  iden- 
tical with  the  material  obtained  by  the  addition  of  ethyl  viml 
ketone  to  thebaine  (see  above). 

By  similar  processes,  using  the  appropriate  alkyl  halide,  the 
following  ketones  were  prepared  from  the  ester:  7a-bui>T>l-6,14- 
e/tt/o-ethenotetrahydrothebaine  (mp  84°,  identical  with  the  base 
obtained  from  the  acid  chloride  II  (R  =  CI)  and  propylcadmium); 
6,14-e/it/(?-etheno-7a-oenanthyhetrahydrothebaine  (II,  R  =  C^Hn, 
prisms,  mp  210°,  yield  6%,  i^max  1713  cm~*.  Anal.  Calcd  for 
QgHrNO*:  C,  74.4;  H,  8.2.  Found:  C,  74.1;  H,  8.4);  6,14- 
e/M/a-etheno-7a-vinylacetyltetrahydrothebaine  (II,  R  =  CHxCH= 
CH2,  prisms,  mp  99°,  from  aqueous  methanol,  yield  5%,  vm^  1710 
cm-».  Anal.  Calcd  for  Q6HwN04l.5H,0:  C,  69.2;  H,  U 
Found:  C,  69.2;  H,  7.7);  6,14-€'/f£/o-etheno-7a-tetrahydrofunl- 
acetyltetrahydrothebaine  (II,  R  =  CH»C4H70,  prisms,  mp  \25\ 
from  aqueous  ethanol,  yield  6%,  Vnmx  1710  cm~^  Anal.  Cakd 
for  CkHmNOsHiO:  C,  69.0;  H,  7.4.  Found:  C,  68.7;  H. 
7.1) ;  6, 14-€'/jt/a-etheno-7a-(3-tetrahydrofurylbutyryl)tetrahydroihc- 
baine  (II,  R  =  CH2CH1CH1C4H7O,  prisms,  mp  98°,  from  aqueous 
methanol,  yield  4%,  vm^x  1710  cm"*.  Anal.  Calcd  for  CtMxr 
N06-2H,0:  C,  67.6;  H,  8.0.  Found:  C,  67.9;  H,  8.2);  7a- 
cyclohexylcarbonyl-6,14-e/K^ethenotetrahydrothebaine  (II,  R  = 
CftHii,  prisms,  mp  130°,  from  aqueous  methanol,  yield  7%.  Pm 
1713  cm-i.  Anal.  Calcd  for  C»H,5N04-3H,0:  C,  66.8;  R 
8.1.    Found:    C,66.9;  H,  7.8). 

Preparation  of  Ketones  from  the  Nitrile  in.  NepenthoBe  (H 
R  =  Ph).  The  Diels-Alder  adduct  of  thebaine  and  acrylonitrile 
(mixture  of  7a  and  7/3  forms)  (10  g)  in  dry  ether  (400  ml)  was  sk>wt)' 
added  to  a  boiling  stirred  solution  of  phenylmagnesium  bromide, 
prepared  from  magnesium  (1.67  g)  and  bromobenzene  (11  g)  in 
ether  (250  ml).  The  mixture  was  boiled  under  reflux  with  stirring 
for  5  hr,  and  then  poured  into  aqueous  ammonium  chloride.  The 
ether  layer  was  separated,  dried,  and  evaporated,  leaving  a  solid 
residue,  which  was  heated  on  the  water  bath  for  30  min  with  2  S 
hydrochloric  acid  (150  ml).  The  acid  solution  was  poured  into  an 
excess  of  aqueous  sodium  hydroxide,  and  the  precipitated  base  was 
isolated  by  ether  extraction.  Evaporation  of  the  extract  afforded 
a  viscous  residue,  which  crystallized  in  part  on  trituration  «ith 
methanol.  The  solid  was  collected  and  recrystallized,  when  nepeo- 
thone  (1.1  g)  was  obtained  as  prisms,  mp  ISS"",  alone  or  mixed  v^itb 
an  authentic  specimen. 
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Anal,  Calcd  for  CiJH«N04:  C,  75.8;  H,  6.6.  Found:  C, 
75.6;  H,  6.5. 

In  a  similar  manner,  the  following  ketones  were  prepared  in 
poor  yield  from  o-  and  /?-tolylmagnesium  bromide:  6,14-f/tt/{>- 
etheno-7a-(2-methylbenzoyl)tetrahydrothebaine  (prisms,  mp  223°, 
Pm^  1690  cnrK  Anal.  Calcd  for  Ct»HtiN04:  C,  76.1;  H, 
6.8.  Found:  C,  75.7;  H,  7.1);  6,14^/Kfo-etheno-7a-(4-roethyl- 
benzoyl)tetrahydrothebaine  (prisms,  mp  196**,  vn^x  1690  cm~*. 
Anal,  Calcd  for  QjHjiNO*:  C,  76.1;  H,  6.8.  Found:  C, 
75.8;  H,6.7). 

7aJ'a-Bte(l-hydroxy-l-iiiethyl-3-oxopro|iaiio)-6,14-tf/i^<t>-etlieno- 
tetrahydrotbebaine  (IX»  R  =  H).  7a-Acetyl-6,14-tf/K/a-etheno- 
tetrahydrothebaine  (II,  R  =  Me)  (5  g)  in  anhydrous  benzene  (20 
ml)  was  added  with  vigorous  stirring  to  a  solution  of  anhydrous 
magnesium  iodide  (3.6  g)  in  ether  (50  ml)  and  benzene  (20  ml)  at 
room  temperature.  A  white  precipitate  formed  almost  immedi- 
ately. After  15  min  the  mixture  was  decomposed  by  the  addition 
of  aqueous  ammonium  chloride.  The  ether-benzene  layer  was 
separated,  dried,  and  evaporated,  when  a  viscous  gum  was  obtained. 
Chromatographic  separation  of  this  product  on  silica  plates  using 
a  system  of  a  7: 4: 1  mixture  of  ethyl  acetate,  2-propanol,  and  water 
showed  it  to  contain  three  components  in  the  ratio  of  approximately 
3:6:1.  Preparative  plate  chromatography  using  the  same  system 
afforded  specimens  of  the  two  major  components.  The  component 
with  greatest  Rt  value  (30%)  was  identified  as  7a-acetyl-6,14-«/K/{>- 
ethenotetrahydrothebaine  (II,  R  =  Me).  The  60%  component 
(intermediate  Rt  value)  was  obtained  as  off-white  prisms,  mp 
150-151°,  from  methanol,  vm»x  1715  and  3490  cm- Sand  was  identi- 
fied as  7a,7'a-bis(l-hydroxy-l-methyl-3-oxopropano>6,14-«/i<i!o-eth- 
enotetrahydrothebaine  (IX,  R  =  H). 

Anal,  Calcd  for  C46H64NsOs:  C,  72.4;  H,  7.1.  Found:  C, 
72.3;  H,  7.0. 

Separation  of  this  ketol  was  also  achieved  on  alumina  plates 
using  ether  as  solvent,  and  from  these  plates  the  minor  component 
(10%)  was  also  isolated.  This  has  been  identified  as  a  product  of 
rearrangement  of  the  ketone  II  (R  =  Me)  and  is  described  in  detail 
in  another  publication.^ 


7a,7  'o^*Bi8(l-iiiethyl-3H>xoprop-l-eno>^44-tf/'^<>^flwiiote(ni- 
hydrothebaine.  Repeated  chromatographic  purification  of  the 
ketol  XVI  on  alumina  plates  in  ether  solution  led  to  the  isolation 
also  of  a  small  quantity  of  a  new  base,  mp  234°,  vnmx  1690  carK 
This  was  also  obtained  by  heating  the  ketol  (70  mg)  with  98-100% 
formic  acid  (1  ml)  at  lOO''  for  10  min.  The  solution  was  diluted 
with  water,  basificd  with  ammonia,  and  extracted  with  ether,  when 
the  unsaturated  ketone  (50  mg)  was  obtained  as  white  prisms,  mp 
234°,  from  methanol. 

Anal.  Calcd  for  C4eH6»Ni07:  C,  74.2;  H,  7.0.  Found:  C, 
74.0;  H,7.1. 

Charge-Tkransfer  (Tompiex,  Thebaine  Methiodide-Bcnzoqidiioiie. 
Thebaine  methiodide  (5  g)  and  benzoquinone  (1 .5  g)  were  heated  on 
the  water  bath  in  chloroform  (25  ml)  until  separation  of  an  orange 
crystalline  solid  began.  The  mixture  was  cooled,  and  the  orange 
complex  was  collected  (5.0  g),  mp  205-206°,  on  rapid  heating  (lit." 
mp205°). 

Reduction  of  Complex.  A  solution  of  sodium  borohydride  (0.1 
g)  in  water  (2  ml)  was  added  to  a  warm  stirred  solution  of  the  com- 
plex (1  g)  in  ethanol  (15  ml).  A  transient  violet  color  developed, 
and  the  solution  rapidly  became  almost  colorless.  On  cooling  the 
solution,  thebaine  methiodide  (0.6  g),  mp  224°,  was  recovered,  and 
on  filtration  and  dilution  of  the  solution  with  dilute  ammonium 
chloride  hydroquinone  (0.12  g),  mp  170°,  was  obtained. 

Similar  results  were  obtained  when  the  complex  in  aqueous 
ethanol  was  reduced  with  sulfur  dioxide. 
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Abstract :  A  series  of  secondary  and  tertiary  alcohols  have  been  prepared  by  the  reduction  and  reaction  with  Grignard 
reagents  of  the  aldehyde  I  (R  »  H),  the  ketones  I  (R  »  Me,  Et,  n-Pr,  and  Ph),  and  their  6,14-ethano  analogs.  The 
stereospecificity  of  the  reactions  is  explained.  In  this  way  analgesics  of  very  high  potency,  up  to  500  times  that  of 
morphine,  have  been  obtained. 


The  high  analgesic  activity  of  the  ketone  I  (R  =>  Me) 
and  its  C-7  epimer,  reported  in  the  preceding  paper, 
contrasts  with  the  inactivity  of  the  related  esters  I 
(R  =  OMe  or  OEt).  The  effects  on  the  activity  of  fur- 
ther modifications  of  the  keto  group,  involving  removal 
of  the  electron  deficiency  at  the  carbon  atom,  were  ac- 
cordingly studied.  Reduction  of  the  ketone  I  (R  ~ 
Me)  with  aluminum  isopropoxide  affords  a  product 
consisting  of  95%  of  one  isomer  of  the  secondary 
alcohol  II  (R  =  H,  R'  =  Me),  whereas  reduction  with 

(1)  (a)  Part  I :  K.  W.  Bentley  and  D.  O.  Hardy,  J,  Am,  Chem.  Soc,,  89, 
3267  ( 1 967).  (b)  A  preliminary  report  of  part  of  this  work  has  been  made 
by  K.  W.  Bentley  and  D.  O.  Hardy,  Proc.  Chem.  Soc.,  220  (1963).  (c) 
This  work  is  covered  by  British  Patent  923,723. 


sodium  borohydride  yields  an  approximately  1:1 
mixture  of  this  and  the  diastereoisomeric  alcohol  II 
(R  =  Me,  R'  =  H),  which  was  resolved  into  its  com- 
ponents by  preparative  thin  layer  chromatography. 
Since  there  is  more  or  less  free  rotation  about  the  bond 
linking  the  carbonyl  group  to  C-7,  both  sides  of  this 
group  are  almost  equally  accessible  to  attack  by  a  hy- 
dride ion,  but  in  the  Meerwein-Pondorff  reduction, 
which  proceeds  through  hydrogen  transfer  in  a  cyclic 
transition  state, '  steric  hindrance  in  the  transition  state 
results  in  the  preferential  transfer  of  hydrogen  to  one 

(2)  L.  M.  Jackman,  A.  K.  Macbeth,  and  J.  A.  Nfills,  J,  Chem.  Soc., 
2641  (1949). 
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side  of  the  carbonyl  group.  The  examination  of  models 
of  such  a  six-membered  transition  state  (see  below) 
shows  that  steric  hindrance  is  least  in  the  arrangement 
that  leads  to  the  alcohol  II  (R  =  H,  R^  =  Me). 

An  excess  of  methylmagnesium  iodide  converts  the 
ketone  I  (R  =  Me)  in  high  yield  into  the  tertiary  al- 
cohol II  (R  =  R'  =  Me),  which  is  also  readily  prepared 
from  the  esters  I  (R  =  OMe  or  OEt),  and  the  nmr 
spectrum  of  this  alcohol  shows  that  the  stereochemical 
disposition  of  groups  at  C-7  is  the  same  as  that  in  the 
parent  ketone.**  The  tertiary  alcohol  epimeric  at  C-7 
with  II  (R  =  R'  =  Me)  was  prepared  in  the  same  way 
from  the  7/3  isomer  of  the  ketone  I  (R  =  Me).  The 
carbinols  prepared  in  this  way  were  all  found  to  be  po- 
tent analgesics.  Accordingly,  the  variation  in  analgesic 
activity  within  a  series  of  alcohols  of  general  structure 
II  was  studied,  and  during  the  course  of  this  work  many 
compounds  were  obtained  with  analgesic  activities 
never  previously  approached  in  the  morphine  series,  in 
which  hitherto  the  most  active  members  have  been 
14-acetoxydihydrocodeinone*  and  5-methyldihydromor- 
phinone,'  both  of  which  are  about  12  times  as  active 
as  morphine. 


MeO 


MeO 


MeO 


NMe 


MeO 


60R 


II 


MeO 


NMe 


III 


The  alcohols  of  general  structure  II  were  prepared 
by  the  action  of  Grignard  reagents  or  lithium  alkyls 
on  the  aldehyde  I  (R  =  H),  the  ketones  I  (R  =  Me, 
Et,  n-Pr,  and  Ph),  and  the  ester  I  (R  =  OEt).  The 
reactions  of  the  ketones  I  with  Grignard  reagents 
R^MgX  are  generally  complex  and  lead  to  the  formation 
of  a  number  of  products  resulting  from  the  following 
processes:  (a)  normal  Grignard  reaction  with  R'MgX 
to  give  the  tertiary  carbinol  II  (major  reaction);  (b) 
normal  Grignard  reaction  with  R^MgX  to  give  the 
tertiary  alcohol  diastereoisomeric  with  II  (minor  reac- 
tion); (c)  Grignard  reduction  where  possible,  i.e., 
when  R'  contains  a  /3-hydrogen  atom,  to  give  the  sec- 
ondary alcohol  II  (R'  =  H)  (major  reaction  in  many 

(3)  (a)  W.  Fulmor,  J.  E.  Lancaster,  G.  O.  Morton,  J.  J.  Brown,  C.  H. 
Howell,  C.  T.  Nora,  and  R.  A.  Hardy,  Jr.,  J.  Am,  Chem.  Soc.,  89,  3322 
(1967);  (b)  J.  H.  van  den  Hende  and  R.  Nelson,  private  communication; 
y.  Am.  Chem.  Soc,  89,  2901  (1967). 

(4)  R.  E.  Lutz  and  L.  F.  Small.  /.  Org.  Chem.,  4,  220  (1939). 

(5)  L.  F.  Small,  H.  M.  Fitch,  and  W.  E.  Smith,  J.  Am.  Chem.  Soc., 
58,  1457  (1936);  O.  Stork  and  L.  Bauer,  ibU.,  75,  4373  (1933). 


cases)  ;••  (d)  Grignard  reduction  to  give  the  diastereo- 
isomeric secondary  alcohol  II  (R  =  H)  (minor  reac- 
tion); and  (e)  base-catalyzed  rearrangement  of  the 
ketone  followed  by  Grignard  reaction  at  the  carbonyl 
group  (minor  reaction).  Of  these  processes  the  base- 
catalyzed  rearrangement  is  of  minor  importance  and 
will  be  discussed  in  detail  together  with  other  topics 
in  a  subsequent  communication.*^ 

The  normal  Grignard  reaction  in  this  series  shows  a 
remarkably  high  degree  of  stereoselectivity,  and  in 
those  cases  in  which  Grignard  reduction  does  not 
compete  with  the  normal  reaction  a  high  yield  of  an 
almost  pure  diastereoisomer  of  the  tertiary  carbinol 
is  obtained.  For  example,  the  ketone  I  (R  =  Me) 
with  phenylmagnesium  bromide  aflforded  almost  en- 
tirely the  alcohol  II  (R  =  Me,  R'  =  Ph),  whereas  the 
diastereoisomeric  alcohol  II  (R  =  Ph,  R'  =  Me)  was  the 
almost  sole  product  of  the  action  of  methylmagnesium 
iodide  on  the  phenyl  ketone  I  (R  =  Ph).  The  presence 
of  a  trace  of  the  second  isomer  in  the  product  in  each 
case  was  demonstrated  by  thin  layer  chromatography. 
The  stereochemical  assignments  of  structures  to  these 
isomeric  carbinols,  at  first  tentatively  made  after  a  study 
of  models,  were  rigorously  confirmed  by  nmr  spectro- 
scopic studies.'* 

Similarly  the  tertiary  carbinol  II  (R  =  Me,  R'  = 
/i-Pr),  resulting  from  the  normal  Grignard  reaction 
of  /i-propylmagnesium  iodide  with  the  methyl  ketone 
I  (R  =  Me),  is  diastereoisomeric  with  the  principal 
product  II  (R  =  n-Pr,  R'  =  Me)  of  the  interaction  of 
methylmagnesium  iodide  and  the  /i-propyl  ketone  I 
(R  =  n-Pr).  The  seat  of  the  isomerism  was  clcariy 
shown  in  this  case  to  be  the  alcoholic  group  since  both 
carbinols  were  dehydrated  to  the  same  olefin  III,  which 
gave  propionaldehyde  on  ozonolysis.^  The  structure 
of  the  carbinol  II  (R  =  Me,  R'  =  /i-Pr)  has  been  con- 
firmed by  X-ray  crystallographic  analysis  of  the  hydro- 
bromide.'** 

Grignard  reduction  is,  where  possible,  a  process 
seriously  competitive  with  the  normal  Grignard  reac- 
tion, and  in  some  cases  accounts  for  up  to  30%  of  the 
total  product.  Like  the  normal  reaction,  it  shows  a 
remarkably  high  degree  of  stereoselectivity,  and  the 
product  consists  almost  entirely  of  the  alcohol  II  (R' 
=  H),  though  the  presence  of  about  5  %  of  the  diastereo- 
isomer II  (R  =  H)  can  be  detected  on  thin  layer  chro- 
matographic plates.  Both  the  Grignard  and  Meer- 
wein-Pondorff  reduction  processes  are  generally  b^ 
lieved  to  proceed  by  hydrogen  transfer  in  similarly  con- 
stituted transition  states,  *••  IV  and  V,  and  might  thus 
in  the  case  of  the  ketone  I  (R  =  Me)  be  expected  to  lead 
to  the  same  product.  This  expectation  is  not  borne 
out  in  practice. 

Grignard  reduction  of  the  ketone  with  n-prop^  or 
isobutylmagnesium  haUdes  affords  the  secondary  al- 
cohol diastereoisomeric  with  that  obtained  in  the 
Meerwein-PondorfT  reduction,  and  identical  with  the 

(6)  (a)  This  reaction  was  first  reported  to  us  by  C.  F.  HoweO,  L  J- 
Brown,  W.  Fulmor,  G.  O.  Morton,  and  R.  A.  Hardy,  Jr.,  of  Lederie 
Laboratories,  Pearl  River,  N.  Y.,  whom  we  thank  also  for  much  hdp(«l 
discussion  of  the  mechanisms  of  the  reaction  of  the  ketones  I  with 
Grignard  reagents,  (b)  Part  VI:  K.  W.  BenUey,  D.  G.  Hardy,  H.  P. 
Crocker,  D.  I.  Haddlesey,  and  P.  A.  Mayor,  J.  Am,  Chem.  Soc.,  If.  3312 
(1967). 

(7)  Part  IV:  K.  W.  Bentley.  D.  G.  Hardy,  and  B.  Meek,  OfkL,  0. 
3293  (1967). 

(8)  M.  S.  Kharasch  and  O.  Reinmuth,  "Grignard  Reactions  of  Non- 
Metallic  Substances,**  Constable  and  Co.  Ltd.,  Lx>ndon,  19S4,  p  147. 
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second  component  of  the  product  of  reduction  of  the 
ketone  with  sodium  borohydride.  If  the  Meerwein- 
Pondorff  reduction  leads,  as  postulated  above,  to  the 
alcohol  II  (R  =  H,  R'  =  Me),  the  product  of  Grignard 
reduction  must  have  the  structure  II  (R  =  Me,  R' 
=  H),  and  these  structural  assignments  have  been 
confirmed  in  the  following  way.  The  Meerwein- 
Pondorff  reaction  product  in  chloroform  solution 
shows  hydroxyl  absorption  at  3504  cm"^  indicating 
strong  hydrogen  bonding  between  the  hydroxyl  and  the 
spatially  proximate  C-6  methoxyl  group,  which  results 
in  an  arrangement  involving  disposition  of  the  hydrogen 
atom  in  the  carbinol  system  of  the  alcohol  II  (R  —  H, 
R'  =  Me)  "downward"  toward  the  6,14-etheno  bridge. 
In  agreement  with  such  a  representation,  in  which  steric 
hindrance  of  the  etheno  bridge  is  minimal,  this  alcohol 
is  very  readily  hydrogenated  at  room  temperature  and 
pressure.  Hydrogen  bonding  of  a  similar  kind  in  the 
isomeric  alcohol  II  (R  =  Me,  R'  =  H)  would,  however, 
involve  disposition  of  the  larger  CHs  group  "down- 
ward" toward  the  etheno  bridge,  and  this  would  be  ex- 
pected to  result  in  some  hindrance  to  hydrogenation  of 
the  bridge  and  also  to  a  weakening  of  the  hydrogen 
bond  or  even  to  the  establishment  of  an  alternative 
arrangement  with  a  weak  bond  between  the  hydroxyl 
group  and  the  t  orbitals  of  the  etheno  bridge.  In 
agreement  with  this,  the  Grignard  reduction  product 
of  the  ketone  I  (R  =  Me)  is  resistant  to  hydrogenation 
at  room  temperature,  and  shows  hydroxyl  absorption 
at  3540  cm~^  (weaker  hydrogen  bond  than  in  the  iso- 
meric carbinol)  and  also  at  3605  cm~*  (feeble  bond  to 
the  etheno  bridge) 

Thus,  both  Grignard  reaction  with  and  Grignard 
reduction  of  the  ketone  I  (R  =  Me)  afford  products 
belonging  to  the  same  stereochemical  series  II  (R  = 
Me).  This  asymmetric  induction  may  be  explained 
on  the  basis  of  a  model  similar  to  those  outlined  by 
Cram  and  his  co-workers.*  If  the  Cram  five-membered 
transition  state  is  replaced  in  this  series  by  a  six-mem- 
bered  intermediate  in  which  a  complex  is  formed  by 
coordination  of  the  magnesium  atom  with  oxygen 
atoms  of  both  C-7  carbonyl  and  C-6  methoxyl  groups 
(thus  completing  the  outer  electron  shell  of  the  mag- 
nesium), then  an  inspection  of  models  shows  that 
••top-side"  approach  of  the  group  R'  to  the  carbonyl 
carbon,  as  depicted  in  VI,  leading  to  VII  is  much  less 
hindered  than  approach  from  below  (the  vicinity  of  the 
6,14-etheno  bridge).  In  the  same  complex,  if  the  group 
R'  is  one  in  which  /3-hydrogen  transfer  can  occur  then 
Grignard  reduction  (VIII)  would  lead  to  alcohol  IX 
[identical  with  the  complete  structure  II  (R  =  Me,  R' 
»  H)]  belonging  to  the  same  stereochemical  series  as 
the  products  of  the  normal  reaction. 

In  the  Meerwein-Pondorff  reduction,  however,  the 
aluminium  atom  can  complete  its  valency  shell  by  co- 

(9)  D.  J.  Cram,  F.  Ahmed,  and  A.  Elhatez,  /.  Am,  Chem,  Soc,^  74, 
5828  (1952). 
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ordination  with  the  carbonyl  oxygen  atom  alone,  and 
the  establishment  of  a  more  rigid  cyclic  arrangement 
involving  the  C-6  methoxyl  group  is  not  necessary.  In 
such  a  case,  free  rotation  about  the  carbonyl-C-7  bond 
is  still  possible  and  hydrogen  transfer  in  the  complex 
would  be  expected  to  occur  with  the  groups  in  the  dis- 
position involving  least  steric  hindrance.  This  arrange- 
ment is  that  in  which  the  coordinated  carbonyl  group  is 
most  remote  from  the  group  with  the  greatest  effective 
size,  namely  the  C-6  methoxyl  group.  This  arrange- 
ment is  shown  in  part  structure  X,  which  is  a  Newman 
projection  of  part  of  the  ketone  I  (R  ~  Me)  looking 
along  the  line  of  the  carbonyl-C-7  bond,  and  least 
hindered  hydrogen  transfer  to  the  carbonyl  group  would 
occur  as  shown,  from  above,  to  give  the  secondary 
alcohol  XI  which  is  identical  with  XII.  This  alcohol 
is  diastereoisomeric  with  that  obtained  by  Grignard 
reduction,  and  is  represented  in  full  by  structure 
II(R  =  H,R'  =  Me). 
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The  reaction  of  the  ketone  I  (R  =  Me)  with  Uthium 
alkyls  involves,  in  the  cases  studied,  more  base-catalyzed 
rearrangement  than  does  the  reaction  with  Grignard 
reagents,  but  this  still  remains  a  minor  side  reaction 
(<10%),  and  the  formation  of  tertiary  carbinol  is 
somewhat  less  stereoselective.  Secondary  alcohol  for- 
mation is  not  observed,  however,  and  in  those  cases  in 
which  Grignard  reduction  is  troublesome  the  use  of  the 
corresponding  lithium  alkyl  is  to  be  preferred. 
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Table  I.    Alcohols  of  Structure  II 


Mp. 

Mp. 

Calcd, 

% 

Found,  % 

X. 

Molar 

R 

R' 

X 

Composition 

C 

H 

C 

H 

HQ 

potency* 

H 

Me 

82 

C„H„N04 

72.1 

7.6 

72.0 

7.5 

210 

1.0 

Me 

H 

81 

Q,H«N04 

72.1 

7.6 

71.8 

8.0 

240 

0.9 

H 

Et 

•  •  • 

Q4HaN04HBr.3H,0* 

54.3 

7.1 

54.6 

7.1 

90* 

0.8 

H 

/^Pr 

•  •  • 

QsHwNO*  •  C4H606 .  3H,0' 

56.5 

7.1 

56.4 

7.1 

176^ 

5.3 

H 

/f-CgHn 

78 

C,oH4aN04 

74.9 

8.9 

74.6 

8.6 

155* 

0.2 

H 

Ph 

210 

C»H,iN04 

75.4 

7.1 

75.6 

7.1 

0.01 

H 

CHjPh 

95 

QcWmNO* 

75.8 

7.2 

75.6 

7.3 

125* 

7.6 

H 

CHjCHjPh 

80 

C,oH,6N04 

76.0 

7.4 

75.6 

7.4 

166 

80 

H 

(CHt),OEt 

•     •     a 

QnHrNO  •  C4H60.  •  3H,0' 

56.9 

7.5 

56.8 

7.2 

100^ 

12 

H 

(cha-LqJ 

114 

QJrtwNO, 

69.8 

8.2 

70.0 

8.1 

24 

H 

■o 

98 

Q»H„N04 

74.4 

8.3 

74.1 

8.3 

9.0 

Me 

Me 

166 

Q4H,iN04 

72.5 

7.9 

72.5 

7.7 

221 

2.7 

Me 

Et 

74(132) 

C,sH„N04 

73.1 

8.1 

72.9 

8.1 

245 

20 

Et 

Me 

165 

QOiiaNO* 

73.1 

8.1 

72.9 

8.2 

Me 

/^P^ 

176 

Q.H,5N04 

73.3 

8.2 

73.3 

8.2 

217 

96 

/^Pr 

Me 

148 

C,eH,6N04 

73.3 

8.2 

73.2 

8.4 

Me 

i-Pr 

165 

QeH,6N04 

73.3 

8.2 

73.0 

8.3 

218 

10 

Me 

/^Bu 

150 

QiHriNO* 

73.8 

8.4 

73.9 

8.4 

24 

Me 

i-Bu 

150 

C„H«N04 

73.8 

8.4 

73.8 

8.6 

188 

2.5 

Me 

r-Bu 

216 

Q7H«N04 

73.8 

8.4 

73.8 

8.5 

0.1 

Me 

n-Am 

103 

C„H„N04 

74.1 

8.6 

73.8 

8.4 

250 

15 

Me 

/-Am 

126 

CaHa9N04 

74.1 

8.6 

74.0 

8.4 

258 

30 

Me 

r-Am 

■  •   • 

CaH,9N04Ha-2H,0 

64.0 

8.4 

63.8 

8.2 

188 

0.6 

Me 

n-Cttiit 

■  •   • 

Q9H4iN04Ha.3HjO 

63.0 

8.7 

62.7 

8.7 

270 

2.0 

Me 

IhOiHii 

•     •     a 

C,oH4aN04Ha.2H,0 

64.9 

8.6 

65.0 

8.6 

256 

1.2 

Me 

/f-CgHn 

•     •     • 

C«H45N04 

75.5 

9.1 

75.3 

8.9 

262 

0.3 

Me 

Ph 

208 

Q9H„N04 

75.8 

7.2 

75.5 

7.2 

194 

0.07 

Ph 

Me 

152 

G9H„N04 

75.8 

7.2 

75.6 

7.2 

230 

0.09 

Me 

CHjPh 

187 

C,aH,5N04 

76.1 

7.4 

76.1 

7.3 

150 

Me 

(CHOJPh 

146 

C«H„N04 

76.4 

7.6 

76.1 

7.8 

236 

500 

Me 

(CHOaPh 

94 

C«Ha»N04-2HiO 

72.3 

8.0 

72.5 

7.9 

235 

2.1 

Me 

o-Tolyl 

239 

C,oH,5N04 

76.1 

7.4 

76.1 

7.3 

190 

0.15 

Me 

p-Tolyl 

197 

C,0H,5NO4 

76.1 

7.4 

76.0 

7.4 

250 

0.10 

Me 

CHtC^HiF'P 

148 

C,oH,4FN04 

73.3 

7.0 

73.0 

7.3 

Me 

CH,C6H4Cl-/7 

180 

C,oH,4ClN04 

70.9 

6.1 

70.7 

6.9 

Me 

CH2C6H40Me-/7 

117 

CHriNO.HiO 

71.6 

7.5 

71.8 

7.3 

1.5 

Me 

CH2=CHPh 

92 

CaiH,5N04Ha 

71.2 

7.1 

71.2 

6.9 

248 

4.0 

Me 

CH— CH, 

155 

QJhI,iN04 

73.3 

7.6 

73.3 

7.6 

1.4 

Me 

C=CH 

186 

Q5H«N04 

73.7 

7.1 

73.6 

7.2 

0.2 

Me 

CH2CH=CH, 

160 

QaH„N04 

73.6 

7.8 

73.6 

7.8 

260 

0.41 

Me 

Cyclohexyl 

201 

Q»H,9N04 

74.8 

8.4 

74.8 

8.3 

202 

59 

Me 

Cyclopentyl 

86 

CaH„N04 

74.6 

8.2 

74.3 

8.0 

240 

1.0 

Me 

(CH,)jOEt 

107 

C«H,9N06  2HiO 

66.5 

8.5 

66.3 

8.3 

248 

6.0 

Me 

(CH2)20Ph 

221 

CaaH4iNO40-5HiO 

73.3 

7.8 

73.1 

7.5 

260 

0.05 

Me 

(CH^i-l^J 

128 

C,oH4iNO, 

72.5 

8.6 

72.6 

8.4 

185 

92 

Me 

CH,-Lo-J 

140 

CaHriNO, 

71.1 

8.1 

71.0 

8.0 

Et 

Et 

152 

QeH,5N04 

73.3 

8.1 

73.0 

8.0 

130 

2.5 

Et 

Ph 

166 

C,oH„N04 

76.1 

7.4 

76.2 

7.4 

/^P^ 

/^P^ 

209 

C»H,9N04 

74.2 

8.7 

73.9 

8.7 

186 

3.1 

/^Bu 

/i-Bu 

•  •  • 

CaoH4,N04  •  C4H,06  •  2H,0' 

61.1 

7.9 

61.2 

7.8 

62- 

3,0 

CHjPh 

CHjPh 

190 

C,eH,9N04 

78.7 

7.2 

78.5 

7.2 

190 

0 

Ph 

Ph 

220 

C,4H,6N04 

78.2 

6.7 

77.9 

6.7 

266 

0 

Ph 

/^Pr 

177 

C„H„N04 

76.5 

7.6 

76.2 

7.6 

210 

0.2 

Ph 

CHiPh 

210 

C,sHr7N04 

78.5 

6.9 

78.3 

7.0 

220 

0 

Ph 

Cyclohexyl 

232 

C,4H4,N04 

77.6 

7.8 

77.3 

7.9 

239 

0.04 

Ph 

CH,CH— CH, 

217 

C,iH,6N04 

76.6 

7.2 

76.5 

7.0 

0.53 

Morphine  =  1.  *  Hydrobromide.    *  Bitartrate. 


The  alcohols  of  general  structure  II  prepared  in  this 
way  are  listed,  together  with  their  analgesic  potencies, 
in  Table  I.  The  analgesic  activities  were  determined  by 
the  tail  pressure  method  in  rats,  with  administration  of 
the  compounds  usually  as  their  hydrochlorides  in 
aqueous  solution  by  the  subcutaneous  route,  and  this 


work  will  be  reported  in  detail  elsewhere,  together  witt 
the  results  of  other  pharmacological  studies.^®  The 
highest  activities  are  observed  in  those  alcohols  in  whidi 
there  is  a  moderate  disparity  in  size  between  R  and  R', 

(10)  Some  details  are  briefly  given  by  R.  E.  Lister,  J.  Pkarm.  Pl^ 
macoL,  16.  364  (1964). 


^ 


f  Chemical  Society  /  89:13  /  June  21, 1967 


3277 


and  in  homologous  series  in  which  the  group  R  remains 
constants  as  a  hydrogen  atom  or  a  methyl  group  peak 
activity  is  reached  when  R^  has  a  size  equivalent  to  that 
of  a  three  to  five  carbon  chain,  and  further  lengthening 
of  the  chain  results  in  a  steady  decrease  in  activity. 
The  preferred  constant  substituent  R  is  a  methyl 
group,  and  the  most  potent  analgesic  in  this  series  is  the 
alcohol  II  (R  =  Me,  R'  =  CHjCHjPh). 

The  alcoholic  hydroxyl  group  of  the  secondary 
alcohols  was  readily  esterified,  but  this  modification  has 
little  effect  on  the  analgesic  potency.  The  tertiary 
alcohols,  however,  are  very  resistant  to  esterification. 
The  two  diastereoisomeric  secondary  alcohols  II  (R 
=  H,  R'  =  Me  and  R  =  Me,  R'  =  H)  were  esterified 
with  phenylglyoxalyl  chloride  and,  following  Prelog's 
method,  ^  ^  the  resulting  esters  were  treated  with  methyl- 
magnesium  iodide  and  the  products  hydrolyzed  to 
atrolactic  acid.  With  the  alcohol  II  (R  =  H,  R'  = 
Me),  the  three  conformations  of  the  phenylglyoxalyl 
ester  are  XIII,  XIV,  and  XV,  in  which  0  represents  the 
tetrahydrothebaine  unit,  and  in  these  the  size  of  groups 
is  in  the  order  0  >  Me  >  H  and,  as  in  the  cases  studied 
by  Prelog,  attack  by  the  Grignard  reagent  on  XIII 
would  be  from  below  and  on  XIV  and  XV  would  be 
from  above.     However,  the  examination  of  models  of 


Ph 


C 

II 

o 


O-^       Me 


Q     • 


P\ 


.    yM. 


C 


XIII 


XIV 


P^v^/C 


O  Me      yH 


XV 


XVI 


H 
Me 


Ph 


XVII 


Ph        n 

XVIII 


II    Me.^>^ 


H 


these  three  conformations  reveals  that  nonbonded 
interactions  are  very  much  less  in  the  form  represented 
by  XIII  than  in  the  other  two,  and  the  ester  would  be 
expected  to  adopt  predominantly  this  form,  attack  of 
which  by  the  Grignard  reagent  would  lead,  after  hy- 
drolysis, to  an  excess  of  (+)-atrolactic  acid.  With  the 
ester  from  the  diastereoisomeric  alcohol  II  (R  =  Me, 
R'  =  H)  the  conformation  XVI  would  be  expected  to 
be  heavily  favored  over  XVII  and  XVIII,  and  the  same 
process  with  this  ester  would  be  expected  to  lead  to  an 
excess  of  ( — )-atrolactic  acid.  In  this  event  this  sequence 
of  reactions  on  the  alcohol  obtained  by  Meerwein- 
Pondorff  reduction  of  the  ketone  I  (R  =  Me)  gave 
atrolactic  acid,  [ay^D  +4.8°,  whereas  the  product  of 
Grignard  reduction  of  the  ketone  in  the  same  way 
afforded  atrolactic  acid,  [ay^  —5.4°,  and  these  results 
support  the  structures  assigned  above  to  these  bases. 

O-Alkylation  of  the  tertiary  alcohols  was  also  very 
difficult,  but  the  base  II  (R  =  R'  =  Me)  was  methylated 
with  potassamide  and  methyl  iodide  in  liquid  ammonia 
to  its  methyl  ether.    Other  attempted  alkylations  of  this 

(11)  V.  Prelog.  Help.  Chim.  Acta,  36,  308  (19S3). 


base  and  the  methylation  of  other  tertiary  alcohols  in 
the  series  proved  unsuccessful. 

Catalytic  reduction  of  the  tertiary  alcohols  was  in  all 
cases  achieved  only  at  elevated  temperature  and  pres- 
sure. Hydrogen  bonding  between  the  hydroxyl  and 
C-6  methoxyl  groups  results  in  conformations  in 
which  one  or  the  other  of  the  alkyl  groups  R  and  R' 
in  structure  II  is  disposed  in  the  direction  of  the  6,14- 
etheno  bridge,  with  consequent  hindrance  of  the  ap- 
proach of  this  bridge  to  the  catalyst  surface.  Reduc- 
tion is  achieved  over  Raney  nickel  catalyst  at  160-170° 
(200  atm)  to  give  bases  of  general  structure  XIX.  These 
6,14-etheno  alcohols  are  also  preparable  from  the 
6,14-ethano  ketone  XX  which  is  obtained  from  the 
etheno  ketone  I  (R  =  Me)  by  reduction  under  milder 
conditions.  The  effect  of  the  COCHs  group  in  the 
ketone  I  (R  =  Me)  in  shielding  the  etheno  bridge  is 
much  less  than  the  effect  of  the  alcoholic  group  in  the 
hydrogen-bonded  alcohols  II,  and  since  the  shielding 
effect  on  the  etheno  bridge  of  the  smaller  CHO  group 
is  even  less  than  that  of  the  COCH3  group,  the  aldehyde 
I  (R  =  H)  can  be  reduced  under  even  milder  conditions. 
In  the  7j8-acetyl  compound,  the  COCH3  group  is  dis- 
posed on  the  side  of  the  molecule  opposite  to  the  etheno 
bridge,  hydrogenation  of  which  is  accordingly  un- 
hindered, and  this  base  can  be  rapidly  reduced  at  room 
temperature.  The  Grignard  reaction  with  the  6,14- 
ethano  ketone  XX  in  general  follows  the  same  pattern 
as  that  with  the  etheno  analog  II  (R  =  Me),  giving  rise 
to  tertiary  carbinol  XIX,  secondary  carbinol  as  a  result 
of  Grignard  reduction,  and  base-catalyzed  rearrange- 
ment. Base-catalyzed  rearrangement  is  generally  more 
important  in  this  than  in  the  etheno  series,  and  on 
occasions  accounts  for  up  to  30%  of  the  product.'** 
The  normal  Grignard  reaction  displays  the  same  stereo- 
specificity  as  in  the  6, 14-etheno  series.  The  6, 14-ethano 
alcohols  XIX  prepared  by  these  methods  are  listed  in 
Table  II. 


MeO 


MeO 


MeO 


NMe 


MeO 


'NMe 


XIX 


XX 


MeO 


NMea 


XXI 


As  in  the  parent  Diels-Alder  adducts  I  (R  =  Me  and 
OEt),  quaternary  salt  formation  with  the  alcohols  II 
proceeded  only  very  slowly,  good  yields  being  obtained 
only  after  several  days  under  reflux  with  methyl  iodide 
in  acetone.    In  the  cases  examined,  Hofmann  deicra- 
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Table  n.    Alcohols  of  Structure  XIX 


Mp, 

' Oiled, 

%  ' 

' Found, 

% ' 

Molar 

R 

R' 

°C 

Composition 

C 

H 

C 

H 

potency* 

H 

H 

124 

CmH„N04 

71.1 

7.9 

71.0 

8.0 

H 

Me 

51 

Q,H«N04 

71.6 

8.1 

71.5 

8.2 

Me 

Me 

142 

Q4H,.N04 

72.1 

8.3 

71.9 

8.2 

2.9 

Me 

Et 

146 

QJhI,5N04 

72.6 

8.5 

72.6 

8.3 

Me 

/^P^ 

187 

C,.HrN04 

73.1 

8.7 

72.8 

9.1 

Me 

i-Pr 

158 

QeH„N04 

73.1 

8.7 

73.4 

8.7 

34 

Me 

/i-Bu 

147 

Q7H„N04 

73.4 

8.9 

73.5 

8.9 

240 

Me 

sec-Bu 

164 

Qr7H,9N04 

73.4 

8.9 

73.1 

8.8 

Me 

i-Bu 

170 

C„H,9N04 

73.4 

8.9 

73.3 

8.9 

20 

Me 

r-Bu 

188 

Q7H,9N04 

73.4 

8.9 

73.2 

9.0 

30 

Me 

n-Am 

113 

C»H4iN04 

73.8 

9.1 

73.6 

9.6 

36 

Me 

/-Am 

126 

C»H4iN04 

73.8 

9.1 

73.6 

9.0 

150 

Me 

CHjPh 

146 

CwHrN04 

75.8 

7.8 

75.6 

8.0 

110 

Me 

Ph 

202 

Q9H,5N04 

75.5 

7.6 

75.0 

7.7 

0 

Me 

o 

195 

G9H41NO4 

74.5 

8.8 

74.4 

9.1 

15 

Morphine  =  1. 


dation  of  the  quaternary  salts  proceeded  very  readily 
to  give  the  expected  methine  bases  XXI. 

Nomenclature.  The  systematic  nomenclature  for 
the  bases  in  this  series,  based  on  the  6,14-e/2cfo-etheno- 
tetrahydrothebaine  system,  is  cumbersome  and,  since 
many  degradation  and  rearrangement  products  of 
thebaine,  codeine,  and  morphine  already  have  simple 
trivial  names,  a  simpler  system,  based  on  a  trivial  name 
for  a  key  intermediate,  would  be  an  advantage.  The 
trivial  name  nepenthone  was  assigned  to  the  phenyl 
ketone  I  (R  =  Ph)  in  order  to  facilitate  the  naming  of 
derivatives.  The  intermediates  that  have  been  most 
widely  used  in  this  work  are  the  aldehyde  I  (R  =  H) 
and  the  ketones  I  (R  =  Me  and  Ph)  and  of  these  the 
ketone  I  (R  =  Me)  is  much  the  most  active  as  an  anal- 
gesic and  gives  rise  to  a  very  wide  series  of  alcohols  of 
structure  II  (R  =  Me)  of  high  activity.  These  alcohols 
are  more  easily  prepared  and  of  much  greater  pharma- 
cological interest  than  the  corresponding  bases  II  (R 
9^  Me).  Accordingly,  a  trivial  name  has  been  assigned 
to  the  ketone  I  (R  =  Me).  This  ketone  is  the  adduct 
of  thebaine  and  methyl  vinyl  ketone  and  by  a  suitable 
selection  of  syllables  from  the  names  of  these  com- 
pounds the  name  thevinone  emerges  for  the  ketone  I 
(R  =  Me).  The  related  secondary  alcohol  II  (R  = 
Me,  R'  =  H)  then  becomes  thevinoly  and  the  other 
bases  in  the  series  II  (R  =  Me),  being  obviously  hom- 
olog  of  II  (R  =  Me,  R'  =  H),  may  be  named  as  alkyl- 
thevinols,  e.g.,  the  alcohol  II  (R  =  Me,  R'  =  /i-Pr) 
hQComes  propylthevinol  dind  II  (R  =  Me,  R'  =  CH2CH2- 
Ph)  htcomcs  phenethylthevinol. 

As  will  be  seen  in  the  following  paper,  most  of  the 
alcohols  of  the  series  II  have  been  demethylated  to 
phenolic  3-hydroxy  analogs,  and  bases  of  this  series 
corresponding  to  those  of  structure  II  (R  =  Me), 
being  derivatives  of  tetrahydrooripavine  rather  than 
tetrahydrothebaine,  can  be  termed  alkylorvinols,  e.g., 
the  3-hydroxy  analog  of  the  base  II  (R  =  Me,  R'  = 
cyclohexyl)  would  be  cyclohexylorvinol. 

The  acid  I  (R  =  OH),  being  an  oxidized  form  of 
thevinone,  can  be  named  thevinoic  acid  and  the  ester 
I  (R  =  OEt)  then  becomes  ethyl  thevinoate  and  the 
acid  chloride  I  (R  =  CI)  thevinoyl  chloride.  (The 
term  thevinic  acid  is  avoided  as  this  leads  to  the  acid 
chloride  being  named  thevinyl  chloride,  which  should 
be  reserved  for  the  halide  corresponding  to  thevinol.) 


Since  a  series  of  6,14-ethano  alcohols  XIX  derived 
from  the  ketone  XX  is  known,  this  last  base  can  be 
termed  hydrothevinone  and  the  alcohols  thus  become 
alkylhydrothevinols,  or  hydroorvinols  after  O-demcth- 
ylation.  Relatively  simple  extensions  of  this  nomen- 
clature permit  rational  names  to  be  assigned  to  other 
bases  resulting  from  transformations  of  the  ketone 
I  (R  =  Me)  and  the  alcohols  II  (R  =  Me),  and  these 
will  be  discussed  where  necessary  in  subsequent  pub- 
lications. 

Experimental  Section 

Examples  only  of  representative  Grignard  reactions  and  redu^ 
tions  are  given  in  this  section  to  show  the  general  processes  used. 

7aKl-Hydroxy-l-iiiethyletfayl)-6,14-^ii^a-edienotetraliydralte^ 
baine  (19-Methyltbeviiiol)  (D,  R  ^  R'  =  Me),  a.  AsolutioDof 
7a-acetyl-6,14-^/i£/a-ethenotetrahydrothebaine  (thevinone)  (I,  R 
=  Me)  (10  g)  in  dry  ether  (500  ml)  or  in  dry  benzene  (50  ml)  ^is 
added  slowly  with  vigorous  stirring  to  a  refluxing  solution  of  methyl- 
magnesium  iodide,  prepared  from  magnesium  (1.67  g)  and  me(h>i 
iodide  (9.9  g)  in  ether  (100  ml),  and  the  mixture  was  stirred  aod 
heated  under  reflux  for  2  hr.  The  mixture  was  then  shaken  with 
aqueous  ammonium  chloride,  and  the  organic  layer  was  separated, 
dried,  and  evaporated,  leaving  a  crystalline  base  (10  g),  which  was 
recrystallized  from  ethanol.  The  base  was  obtained  in  this  way  as 
plates,  mp  166°. 

Anal.    Calcd  for  Q4H,iN04:    C,  72.5;    H,  7.9.     Found:   C 
72.5;  H,  7.7. 

b.  6, 14-e/ft/o-Etheno-7a-ethoxycarbonyltetrahydrotheb8iDe 
(ethyl  thevinoate)  (I,  R  =  OEt)  (10  g)  was  extracted  from  a  Soiihlet 
extractor  into  a  boiling  stirred  solution  of  methylmagnesium  iodide 
(from  1.67  g  of  magnesium  and  9.9  g  of  methyl  iodide)  in  ether 
(100  ml).  The  mixture  was  boiled  under  reflux  for  3  hr,  aod  the 
product  isolated  as  in  a  above,  when  it  was  obtained  (9.8  g)  as 
white  prisms,  mp  166'',  alone  or  mixed  with  material  prepared 
from  the  ketone. 

7i3-(l-Hydroxy-l-methyletfayl>^,14-e/td!t>«tlieiiotetraliydro(te- 
baine  (19-Methyl-/3-tlieviiiQl)  (C-7  Epimer  of  n,  R  »  R'  =«  Me). 
a.  A  solution  of  7/3-acetyl-6,14-ip/fi/o-ethenotetrahydrothebaiDe 
(0.5  g)  in  ether  (100  ml)  was  added  to  a  stirred  refluxing  solution  of 
methylmagnesium  iodide  (from  0.17  g  of  magnesium  and  1  g  of 
methyl  iodide),  and  the  mixture  was  boiled  under  reflux  for  1  hr. 
Isolation  of  the  product  in  the  usual  way  aflbrded  a  mixture  of  two 
nonketonic  products.  These  were  separated  on  thick  alununa 
plates,  and  the  base,  having  the  greater  Rt  value,  was  obtained  as 
prisms,  mp  190°,  on  recrystallization  from  ethanol.  It  vras  identi- 
fied as  the  alcohol  epimeric  at  C-7  with  II  (R  ===  R'  »  Me)  by  its 
nmr  and  infrared  spectra,  which  were  very  similar  to  but  not  iden- 
tical with  those  of  II  (R  =  R »  =  Me). 

Anal.    Calcd  for  Ct4H»iN04:    Q  72.5;    H,  7.9.    Found:   C 
72.5;  H,  7.7. 

The  second  product,  of  lower  Ri  value,  was  phenolic  and  bis 
been  identified  as  a  product  of  base-catalyzed  rearrangement  of  tbe 
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It  ketone  followed  by  Grignard  reaction  and  is  described  in 
I  in  a  later  paper.**' 

duction  of  7a-Acetyl-6,14-e/it/o-etlienotetrahydrotliebaiiie  (The- 
e)  (I,  R  ==  Me),  a.  The  ketone  I  (R  =>  Me)  (10  g)  was  boiled 
aluminum  isopropoxide  (10  g)  and  2-propanol  (100  ml)  with 
distillation  of  the  solvent  through  a  36-plate  fractionating 
nn  until  the  distillate  no  longer  gave  a  precipitate  with  a  solution 
4-dinitrophenylhydrazine  in  aqueous  hydrochloric  acid.  On 
)letion  of  the  reaction,  the  mixture  was  evaporated  to  small  bulk 
poured  into  dilute  hydrochloric  acid.  The  acid  solution  was 
ated  with  potassium  sodium  tartrate  and  basified  with  am- 
a,  and  the  precipitated  base  was  isolated  by  ether  extraction, 
I  the  carbinol  II  (R  =  H,  R'  =  Me)  was  obtained  as  a  viscous 
that  was  crystallized  from  aqueous  methanol,  being  then  ob- 
d  as  while  prisms,  mp  78-80°,  raised  to  82°  by  further  recrys- 
ation  from  aqueous  methanol  or  ether  at  low  temperatures. 
al.    Calcd  for  C„H2»N04:    C,  72.1:    H.  7.6.    Found:    C, 

H,  7.5. 
in  layer  chromatographic  studies  showed  that  the  base,  mp 
3°,  first  obtained  contained  about  5%  of  the  isomeric  carbinol 

=  Me,  R'  =  H),  which  is  the  main  product  of  Grignard  re- 
on  of  the  ketone. 

le  O'formyl  ester  was  prepared  by  heating  the  alcohol  with 
90%  formic  acid  at  100°  for  1  hr  and  was  obtained  as  plates, 
10 ',  from  aqueous  methanol. 
\aL    Calcd  for  Q4H29NO6:    C,  70.1;    H,  7.1.    Found:    C, 

H,  7.2. 
le  Oacetyl  ester,  prepared  from  the  alcohol  and  acetic  anhydride 
ridine,  was  obtained  as  plates,  mp  170°,  from  aqueous  ethanol. 
ml.    Calcd  for  CjsHaiNOj:    C,  70.7;    H,  7.3.    Found:    C, 

H,7.5. 

The  ketone  I  (R  =  Me)  (10  g)  was  boiled  under  reflux  in 
lanol  (50  ml)  with  sodium  borohydride  (1  g)  for  30  min.  The 
ion  was  concentrated  by  evaporation  and  poured  into  water 
the  precipitated  base  was  isolated  by  ether  extraction,  when  it 
Dbtained  as  a  viscous  gum,  shown  by  thin  layer  chromatography 
Dnsist  of  an  approximately  1 : 1  mixture  of  the  products  of 
rwein-Pondorff  and  Grignard  reduction  of  the  ketone. 
7a-(l-(/?)-Hydroxy-l-methylbutyl)-6,14-e//t/(>ethenotetrahydro- 
line  (19-Propylthevinol)  (II,  R  »  Me,  R'  ==:  /i<Pr)a  nd  Grignard 
iction  of  the  Ketone  I  (R  =  CH j).  7a- Acetyl-6, 1 4-e// Jo-etheno- 
hydrothebaine  (I,  R  =  CHa)  (50  g)  in  dry  benzene  (250  ml)  was 
d  to  a  vigorously  stirred  refluxing  solution  of  /i-propylmag- 
im  iodide  (from  8.35  g  of  magnesium  and  58.5  g  of  l-iodopro- 
)  in  ether  (500  ml),  and  the  mixture  was  boiled  under  reflux  for 

The  product,  isolated  in  the  usual  way,  was  a  viscous  gum 
h  crystallized  on  trituration  with  methanol  (100  ml).  The  solid 
collected  and  recrystallized  from  ethanol,  when  the  alcohol 
l  =  Me,  R'  =  /^Pr)  was  obtained  as  white  prisms,  mp  176° 

>g). 

tal.  Calcd  for  QeHasNO*:  C,  73.3;  H,  8.2.  Found:  C, 
;  H,  8.2. 

le  mother  liquors  were  diluted  with  methanol  (50  ml)  and  water 
added  until  precipitation  of  gummy  material  began.  The 
:ion  was  allowed  to  stand  for  15  min,  decanted  from  the  gummy 
;rial,  and  then  kept  in  the  refrigerator,  when  the  Grignard  re- 
ion  product,  7ar-(l-(5>hydroxyethyl)-6,14-e//</o-ethenotetrahy- 
hebaine  (thevinol)  (II,  R  =  Me,  R'  =  H)  (12  g)  was  obtained 
eedles,  mp  76-78°,  raised  to  81°  on  recrystallization  from 
ous  methanol. 

lal.  Calcd  for  daHiftNO*:  C,  72.1;  H,  7.6.  Found:  C, 
;  H,8.0. 

le  O-formyl  ester,  prepared  by  heating  the  secondary  alcohol 
98-100%  formic  acid  at  100°  for  1  hr,  was  obtained  as  prisms, 
48^,  from  aqueous  methanol. 

ml.  Calcd  for  C24H29NO5  0.5H,O:  C,  68.6;  H,  7.2.  Found: 
5.7;    H,  7.3. 

ie  O-acetyi  ester,  prepared  from  the  alcohol,  acetic  anhydride, 
pyridine,  was  obtained  as  prisms,  mp  120°,  from  aqueous 
lanol. 

lal.  Calcd  for  Cj&H,,N05:  C,  70.7;  H,  7.3.  Found:  C, 
;  H,  7.5. 

third  base  has  been  isolated  from  the  residues  of  separation 
le  Grignard  reduction  product.  This  was  a  phenol,  mp  201- 
,  and  is  a  product  of  base-catalyzed  rearrangement  of  the  parent 
ne  followed  by  normal  Grignard  reaction  with  propylmag- 
im  iodide;  it  is  described  fully  in  a  later  paper.*^ 
7or-(l-(5)-Hydroxy-l-methyIbutyI)-6,14-e/?£/o-ethenotetrahydro- 
aine  (II,  R  =  /i-Pr,  R'  =  Me).  7a-Butyryl-6,14-€'/f£/a-etheno- 
ihydrothebaine  (I,  R  -  /^Pr)  (15  g)  in  ether  (500  ml)  was  added 


to  a  stirred  solution  of  methylmagnesium  iodide  (from  2  g  of  mag- 
nesium and  6  ml  of  methyl  iodide)  in  ether  (150  ml),  and  the  mixture 
was  boiled  under  reflux  for  1  hr.  Isolation  of  the  product  in  the 
usual  way  afforded  10.1  g  of  a  base  containing  about  10%  of  the 
alcohol  II  (R  =  Me,  R'  =  /^P^).  After  several  recrystallizations 
from  methanol  the  alcohol  II  (R  ==  /i-Pr,  R'  ^  Me)  was  obtained 
almost  pure,  as  prisms,  mp  144-145°,  and  a  pure  specimen,  mp 
148-149°,  for  spectral  studies  was  obtained  by  layer  chromato- 
graphic separation  on  alumina. 

Anal.  Calcd  for  QeHsftNOi:  C,  73.3;  H,  8.2.  Found:  C, 
73.2;  H,  8.4. 

7a-(l-(^)-Hydroxy-l-llletilylpropyl)-6,14-e/f£/((^etllellotet^ahydro- 
tbebaine  (19-etfayltheYlnoI)  (n,  R  ==  Me,  R'  »  Et)  was  obtained 
by  the  above  general  method  from  the  ketone  I  (R  «=  Me)  and  ethyl- 
magnesium  bromide  as  prisms,  mp  74°,  with  resolidification  and 
flnal  melting  at  135°. 

Amd.  Calcd  for  Q6HMNO4:  C,  73.1;  H,  8.1.  Found:  C, 
72.9;  H,8.1. 

It  was  also  obtained  by  the  reduction  of  the  vinylcarbinol  II 
(R  =  Me,  R'  =  CH=CH,);    see  below. 

7a-(l-(5)-Hydroxy-l-iiiethylpropyl)-6,14-tf/ui<t>-etlieiiotetrahy- 
drothebaine  (II,  R  »  Et,  R'  -  Me)  was  prepared  by  the  general 
method  from  the  ketone  I  (R  =  £t)  and  methylmagnesium  iodide, 
when  it  was  obtained  as  prisms,  mp  165°. 

Anal.  Calcd  for  C25HWNO4:  C,  73.1;  H,  8.1.  Found:  C, 
72.9;  H,8.2. 

It  was  also  obtained  by  the  reduction  of  the  acetylenic  carbinol 
II  (R  =  C^CH,R'  =  Me);  see  below. 

7a-(l-(/^-Hydroxy-l-iiiethylprop-2-«nyl)-6,14-e/i<^!9-etlieiioteCni- 
hydrothebaine  (19-Vinyltbe¥inol)  (D,  R  =  Me,  R'  «  CH=CHO. 
A  solution  of  7a-acetyl-6,14>e/tt/a-ethenotetrahydrothebaine  (I,  R 
=  Me)  (19  g)  in  dry  tetrahydrofuran  (30  ml)  was  added  to  a  reflux- 
ing solution  of  vinylmagnesium  bromide  (from  3.0  g  of  magnesium 
and  13.4  g  of  vinyl  bromide)  in  tetrahydrofuran,  and  the  mixture 
was  boiled  under  reflux  for  2  hr.  Saturated  aqueous  ammonium 
chloride  was  added,  and  the  organic  layer  was  separated,  dried, 
and  evaporated.  The  residual  brown  gum  was  crystallized  from 
methanol  when  the  alcohol  was  obtained  as  white  prisms,  mp  155°. 

Anal.  Calcd  for  C,sH,iN04:  C,  73.3;  H,  7.6.  Found:  C, 
73.3;  H,7.6. 

Reduction.  The  alcohol  II  (R  =  Me,  R'  =  CH=CH2)(5  g)  in 
ethanol  (100  ml)  was  shaken  under  hydrogen  at  22°  (750  mm)  in  the 
presence  of  platinum  oxide  (100  mg).  Hydrogen  (300  ml)  was  ab- 
sorbed over  30  min,  after  which  reduction  ceased.  Filtration  and 
evaporation  of  the  solution  gave  5.0  g  of  material  which  on  crystal- 
lization from  ethanol  gave  prisms,  mp  74  and  135°,  unaltered  on 
mixing  with  the  alcohol  II  (R  =  Me,  R'  =  Et),  obtained  from  the 
action  of  ethylmagnesium  bromide  on  the  ketone  I  (R  =  Me). 
The  infrared  spectra  and  chromatographic  behavior  on  alumina 
plates  of  the  bases  from  the  two  sources  were  also  identical. 

7a-(l-(5)-Hydroxy-l-niethyIprop-2-ynyI)-6,14-tf/it/(t>-etlienotetra- 
tfaebaine  (19-Ethynylthevinol)  (II,  R  =  C^CH,  R'  =  Me).  7a- 
Acetyl-6,14-e/f£/o-ethenotetrahydrothebaine  (I,  R  =»  Me)  (38  g)  in 
dry  tetrahydrofuran  (200  ml)  was  added  with  stirring  to  a  solution 
of  lithium  acetylide-ethylenediamine  complex  (10  g)  under  an  at- 
mosphere of  argon.  The  mixture  was  stirred  at  35°  for  3  hr  and 
poured  into  water  (200  ml).  The  mixture  was  extracted  three 
times  with  ether,  and  the  combined  extracts  were  dried  and  evap- 
orated. The  residue  crystallized  in  part  on  trituration  with  meth- 
anol (20  ml),  and  the  solid  (10.5  g)  was  collected  and  recrystallized 
from  methanol  when  the  alcohol  II  (R  =  C^CH,  R'  =  Me)  was 
obtained  as  prisms,  mp  185-186°. 

Anal.  Calcd  for  Q5H29NO4:  C,  73.7;  H,  7.1.  Found:  C, 
73.6;  H,  7.2. 

A  further  4.1  g  of  material,  mp  183-184°,  was  obtained  on  con- 
centration of  the  mother  liquors.  Final  evaporation  of  these 
liquors  afforded  a  gum  shown  by  thin  layer  chromatography  to 
consist  of  an  approximately  1 : 1  mixture  of  the  above  base  and  a 
second  compound,  presumably  the  diastereoisomeric  alcohol  II 
(R  =  Me,  R'  =  C^CH),  since  the  infrared  spectrum  of  the  mixture 
was  almost  identical  with  that  of  the  pure  base,  mp  185-186°. 

Reduction.  The  acetylenic  alcohol  II  (R  =  C^H,  R'  =  Me) 
(4.0  g)  was  hydrogenated  over  platinum  oxide  (100  mg)  in  ethanol  at 
22°  (760  mm).  Hydrogen  (449  ml,  2  moles)  was  absorbed  over  20 
min,  and  isolation  of  the  product  afforded  the  alcohol  II  (R  »  Et, 
R'  =  Me),  mp  165°,  identical  in  melting  point,  mixture  melting 
point,  infrared  absorption,  and  Ri  value  with  the  product  of  the 
action  of  methylmagnesium  iodide  on  the  ketone  I  (R  =  Et). 

Study  of  the  Stereochemistry  at  C-19  of  the  Akobols  II(R  -  H, 
R'  »  Me  and  R  -  Me, R'  -  H).    A  solution  of  7cr-(H/{>hydroxy- 
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ethyl>-6,14-e/K/o-ethenotetrahydrothebaine  (II,  R  =  H,  R'  - 
Me)  (S  g)  and  phenylglyoxaiyl  chloride  (6  g)  in  pyridine  (12  ml) 
was  kept  at  room  temperature  overnight.  Ice  water  was  then 
added  until  separation  of  solid  matter  occurred.  The  solid  was  iso- 
lated by  ether  extraction,  and  the  viscous  gum  so  obtained  was 
crystallized  by  trituration  with  methanol.  The  solid  was  collected 
(3.5  g)  and  recrystallized  from  methanol  when  the  phenylglyoxaiyl 
ester  was  obtained  as  ofT-white  plates,  mp  206°. 

Anal.  Calcdfor  CuHiaNOeHjO:  C,  69.85;  H,  6.7.  Found: 
C,  70.0;  H,7.0. 

A  solution  of  methylmagnesium  iodide  (from  0.95  g  of  magnesium 
and  25  ml  of  methyl  iodide)  in  ether  (30  ml)  was  added  to  a  solution 
of  the  phenylglyoxaiyl  ester  (5  g)  in  dry  benzene  (1(X)  ml),  and  the 
mixture  was  kept  at  room  temperature  for  3  hr  and  then  boiled 
under  reflux  for  3  hr.  The  mixture  was  poured  into  aqueous  am- 
monium chloride;  the  organic  layer  was  separated  and  the  aqueous 
layer  extracted  twice  with  chloroform.  The  combined  ether- 
benzene  and  chloroform  solutions  were  evaporated,  and  the  residue 
was  boiled  under  reflux  with  5%  methanolic  potassium  hydroxide 
(2(X)  ml)  for  5  hr.  Most  of  the  methanol  was  evaporated,  and  the 
mixture  was  diluted  with  water  (2(X)  ml)  and  extracted  four  times 
with  ether  to  remove  the  organic  base.  The  aqueous  layer  was 
acidified  with  hydrochloric  acid  and  extracted  continuously  with 
ether  for  3  days.  The  ether  extract  on  evaporation  afforded  a  gum 
from  which  atrolactic  acid,  mp  114-115°,  [a]»D  +4.8°,  was  ob- 
tained as  white  needles  on  extraction  with  light  petroleum  (bp 
80-100°). 

Repetition  of  the  above  reactions  using  7a-(l-(5)-hydroxyethyl)- 
6,14-e/r<yo-ethenotetrahydrothebaine  (II,  R  =  Me,  R>  =  H)  as 
starting  material  afforded  the  phenylglyoxaiyl  ester  as  prisms,  mp 
96  and  170°,  and  atrolactic  acid,  mp  114-11 5 °,[a]»D  -5.4°. 

Anal,  CalcdforCiHiaNOe-HiO:  C,  69.85;  H,  6.7.  Found: 
C,70.2;  H,  7.0. 

7a-Acetyl-6,14-tf/?£/(9-ethanotetrahydrothebaine  (Dihydrothevinone) 
(XX).  7a-Acetyl-6,14-^/f£/o-ethenotetrahydrothebaine  (I,  R  =  Me) 
(5  g)  in  ethanol  (200  ml)  was  shaken  with  10  %  palladium  on  charcoal 
(0.5  g)  under  hydrogen  at  58  psi  at  50°  for  10  hr.  The  mixture  was 
filtered  from  the  catalyst  and  evaporated.  The  residue  was  crystal- 
lized from  ethanol  when  the  6,14-€'/;£/a-ethano-7a-ketone  (3.8  g) 
was  obtained  as  white  prisms,  mp  134-136°,  v„uix  1710  cm"*. 

Anal.  Calcd  for  QsHwNO*:  C,  72.0;  H,  7.6.  Found:  C, 
71.6;  H.  7.6. 

70-Acetyl-6,14-e/;£/£>-ethanotetraliydrotliebaiiie  (jS-Dihydrothevi- 
none)  (C-7  Epimer  of  XX).  7/3-Acetyl-6,14-e/i£fo-ethenotetrahydro- 
thebaine  (0.38  g)  was  hydrogenated  over  10%  palladium  on  char- 
coal (0.20  g)  in  ethanol  (100  ml)  at  22°  (755  mm).  Hydrogen  (22 
ml)  was  absorbed  over  7  min.  The  solution  was  filtered  and 
evaporated,  and  the  residue  was  crystallized  from  ethanol  when  the 
6,14-ethano-7/3-ketone  was  obtained  as  prisms,  mp  166°. 

Anal.  Calcd  for  GsHzsNO*:  C,  72.0;  H,  7.6.  Found:  C. 
71.8;  H,  7.6. 

6,14-e/t^o-Ethano-7a-formyltetrahydrothebaiiie  (XX,  CHa  «  H). 
6,14-€'/f^o-Etheno-7a-formyltetrahydrothebaine  (I,  R  =  H)  (1.84 
g)  was  hydrogenated  over  10%  palladium  on  charcoal  (0.3  g)  in 
ethanol  (50  ml)  at  22  °  (760  mm).  Hydrogen  ( 1 1 2  ml)  was  absorbed 
over  2.5  hr.  The  isolated  product  was  crystallized  from  ethanol 
when  the  6,14-e//£/o-ethano-7a-aldehyde  was  obtained  as  prisms, 
mp98°,ynutxl740cm-». 

Anal.  Calcd  for  C22H,7N04:  C,  71.5;  H,  7.4.  Found:  C, 
71.2;  H,7.2. 

6,14-6/f£/o-Ethano-7a-(l-(/?)-hydroxyethyl)tetrahydrotliebaine 
(XIX,  R  =  H,  R'  =  Me).    6,14-e/i£/o-Etheno-7a-(l-(/?)-hydroxy- 


ethyl)tetrahydrothebaine  (II,  R  =  H,  R'  =  Me)  (25  g)  (from  the 
Meerwein-Pondorff  reduction  of  the  ketone  I,  R  =  Me)  was  h>. 
drogenated  at  22°  (760  mm)  in  ethanol  (100  ml)  over  10%  palladimn 
on  charcoal  (1  g).  Hydrogen  (1500  ml)  was  absorbed  over  50 
min.  The  product  was  isolated  as  prisms,  mp  49-5 1  °,  from  aqueous 
methanol. 

Anal.  Calcd  for  Ci,H„N04:  C,  71.6;  H,  8.1.  Found:  C 
71.5;  H,8.2. 

The  (>-/^toluenesulfonate  was  obtained  as  prisms,  mp  157\ 
from  benzene-methanol. 

Anal.  Calcd  for  CaoHrN06S0.5H,0:  C,  65.6;  H,  7.0; 
S,5.8.    Found:    C,65.3;  H,7.0;  S.5.7. 

The  diastereoisomeric  alcohol  II  (R  =  Me,  R'  =  H),  from  the 
Grignard  reduction  of  the  ketone  I  (R  =  Me),  was  resistant  to 
hydrogenation  under  the  above  conditions  and  at  temperatures  up 
to  60°. 

6,14-e/;t/o-Etliano-7ar-(l-hydroxy-l-iiietfiyletfayDtetraiiydrote- 
baine  (Dihydro-19-iiiethyltlieiiiiol)  (X(X,  R  =  R'  =  Me),  t. 
6, 1 4-e/i£/(?-Etheno-7a  -  ( 1  -hydroxy  - 1  -  methylcthyl)tetrahydrolhebaiK 
(II,  R  =  R'  =»  Me)  (40  g)  was  hydrogenated  in  ethanol  (3O0 
ml)  over  W4  Raney  nickel  (10  g)  at  160-165°  (164-182  aim) 
for  4  hr.  The  solution  was  filtered  and  concentrated  to  yield  the 
6,14-ethano  alcohol  as  white  prisms,  mp  142°,  after  recrystallizatioD 
from  ethanol. 

Anal.  Calcd  for  Q4HiaN04:  C,72.2;  H,8.3;  N,  3.5.  Found: 
C,71.8;  H,8.2;  N,  3.5. 

b.  The  same  base  was  obtained  by  the  action  of  methylmag- 
nesium iodide  (from  0.83  g  of  magnesium  and  5.2  g  of  methyl  iodide) 
on  7a-acetyl-6,14-«/tt/(9-ethanotetrahydrothebaine  (dihydrothevi- 
none) (4.8  g)  in  ether  solution. 

Hofman  Degradation  of  the  Alcohols  II  (R  =  Me»  R'  =  n-Praad 
R  =  Me,  R'  =  Ph).  19-Propylthevinol  (II,  R  =  Me,  R'  =  ihPr) 
and  19-phenylthevinol  (II,  R  =  Me,  R»  =  Ph)  (2  g)  were  separately 
boiled  under  reflux  with  methyl  iodide  (10  ml)  and  acetone  (20  ml) 
for  7  days.  The  solvent  was  evaporated,  and  the  residue  we 
recrystallized  from  ethanol  to  give  19-propylthevinol  methiodide 
(white  prisms,  mp  188-190°.  Anal.  Calcd  for  CrHwNOiI- 
O.5H2O:  C,  56.3;  H,  6.8.  Found:  C,  56.4;  H,  5.8)  and  19- 
phenyhhevinol  methiodide  (white  prisms,  mp  194-196**.  Anal. 
Calcd  for  C,oH,eN04l0.5H,0:  C,  59.0;  H,  6.1.  Found:  C 
58.7;  H,6.1). 

The  methiodides  (1  g)  were  degraded  by  boiling  under  reflux  with 
20%  aqueous  potassium  hydroxide  for  15  min.  The  solution  was 
diluted  and  the  product  collected  at  the  pump  and  recrystallized 
from  aqueous  ethanol  to  give  19-propylthevinol  methine  (XXI, 
R'  =  /^Pr;  white  needles,  mp  90-95°,  Xmax  230,  279,  308,  318 
muL  (cmax  1 2,000,  7000,  3000,  2300).  Anal.  Calcd  for  QsHrNO«- 
H,0:  C,  70.9;  H,  8.5.  Found:  C,  71.2;  H,  8.3)  and  19-phenyl- 
thevinol methine  (XXI,  R'  =  Ph,  white  plates,  mp  160°,X«m279 
and  310  mn  («a>a.  8050  and  3500).  Anal.  Calcd  for  CmHuNOi 
H^:    C,  73.4;  H,  7.5.    Found:    C,  73.2;  H,  7.6). 
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Abstract:  Secondary  and  tertiary  alcohols  of  general  structures  IV  and  V  have  been  prepared  by  the  demethyla- 
tion  of  the  corresponding  bases  I  and  II  described  in  part  II  of  this  series.  The  phenols  so  obtained  are  analgesics  of 
extremely  high  potency,  up  to  an  unprecedented  12,000  times  that  of  morphine.  The  bases  of  this  and  earlier  series 
have  been  converted  into  analogs  of  N-allylnormorphine  and  N-allylnorcodeine  of  general  structures  XI  and  XII 
via  the  N-cyanonor  compounds  and  via  novel  N,N'-methylenebis  compounds  XIII  resulting  from  the  reaction  of  the 
bases  I  and  II  with  methyl  azodicarboxylate.  Some  bases  of  the  series  XII  are  morphine  antagonists  of  unprecedented 
potency,  up  to  ISO  times  that  of  N-allylnormorphine. 


I  the  preceeding  paper  the  preparation  of  two  series  of 
codeine  derivatives  of  general  structures  I  and  II 
\  reported,  many  of  the  members  of  which  were  con- 
^rably  more  active  as  analgesics  than  any  base  pre- 
usly  prepared  in  the  morphine-thebaine  group. 
ce  the  demethylation  of  codeine  derivatives  to  the 
responding  derivatives  of  morphine  almost  always 
ilts  in  an  appreciable  increase  in  analgesic  activity, 
5t  of  the  alcohols  of  structures  I  and  II  were  con- 
ted  into  the  related  phenols.  The  0-demethylation 
not  be  accomplished  without  decomposition  by 
lie  reagents  owing  to  the  extreme  ease  with  which 
alcohols  undergo  acid-catalyzed  rearrangement,^^ 
was  effected  in  most  cases  by  heating  the  bases  with 
assium  hydroxide  in  diethylene  glycol  at  200-220*^. 
nethylation  of  the  methyl  ethers  to  the  phenols  to  a 
^  small  extent  was  occasionally  observed  during  the 
gnard  reactions  leading  to  the  alcohols  of  structure 
The  demethylating  action  of  Grignard  reagents  is 
1  known,  ^  but  the  method  has  little  preparative 
le. 

lie  alkaline  demethylations  affected  only  the  meth- 
1  group  attached  to  C-3,  that  at  C-6  remaining  un- 
urbed.  From  the  point  of  view  of  analgesic  ac- 
ty,  however,  the  retention  of  the  C-6  methoxyl 
up  is  advantageous,  since  methylation  of  the  hy- 
xyl  group  at  this  position  in  morphine  and  codeine 
ances  the  activity.  The  demethylation  of  the  C-3 
hoxyl  group  in  the  codeine-thebaine  group  under 
iline  conditions  appears  to  have  been  first  observed 
ing  the  Huang-Minion  reduction  of  thebenone.* 
\  4,5-oxygen  bridge  in  these  bases,  which  is  un- 
cted  under  the  conditions  of  the  demethylation,  also 
resents  the  ether  of  a  phenolic  hydroxy!  group,  but 
on  of  this  bridge  during  simple  demethylations  in 
morphine  series  has  never  been  observed,  though 


\  (a)  Part  II:  K.  W.  Bentley,  D.  G.  Hardy,  and  B.  Meek,  /.  Am, 
n.  Soc.,  89,  3273  (1967).  (b)  A  preliminary  report  of  part  of  this 
:  has  been  made  by  K.  W.  Bentley  and  D.  G.  Hardy,  Proc.  Chem. 
,  220(1963).  (c)  Part  IV:  K.  W.  Bentley,  D.  O.  Hardy,  and  B. 
k,y.  Am,  Chem,  Soc,  89,  3293  (1967). 

)  M.  S.  Kharasch  and  O.  Reinmuth,  **Grignard  Reactions  of  Non- 
illic  Substances,"  Constable  and  Co.  Ltd.,  London,  1954.  p  1029. 
)  K.  W.  Bentley  and  R.  Robinson,  ExperientUt,  6,  353  (1950);  K. 
tentley.  R.  Robinson,  and  A.  E.  Wain,  /.  Chem,  Soc,,  958  (1952). 


fused  potassium  hydroxide  converts  methylmorphenol 
into  3,4,5-trihydroxyphenanthrene.  * 


MeO 


MeO 


MeO 


NMe 


MeO 


NMe 


MeO 


NMe 


NMe 


HO^  ^R' 

m 


MeO-      . 

I  ,^R 

HO^  ^K' 
IV 


The  bases  obtained  in  this  way,  having  structures  III 
and  IV,  are  listed  in  Tables  I  and  II,  respectively.  In 
all  cases  it  is  found  that  demethylation  of  the  C-3 
methoxyl  group  results  in  an  increase  in  analgesic 
potency,  but  the  increase  is  by  no  means  uniform 
throu^out  the  series.  The  most  potent  compounds 
in  this  series  do  not  correspond  to  the  most  potent  of 
the  methyl  ethers,  but,  in  a  simple  screening  procedure 
in  which  analgesia  is  determined  at  a  fixed  time  after 
administration  of  the  compounds,  comparisons  are  not 
always  meaningful,  since  no  account  is  taken  of  speed 
of  onset,  time  of  peak  action,  or  duration  of  analgesia. 
The  most  potent  analgesics  in  the  morphine  series 
reported  prior  to  this  work  are  about  12  times  as  active 
as  morphine,  but  in  other  groups  higher  activities  than 
this  have  frequently  been  encountered.  The  highest 
well-documented  activities  are  reported  in  a  series 
of  benzimidazoles,  of  which  the  most  active  is  about 
1000  times  as  potent  as  morphine.'    Of  the  oripavine 

(4)  E.  von  Gerichten  and  O.  Dittmer.  Ber.,  39,  1718  (1906). 

(5)  A.  Hunger.  J.  Kebrele.  A.  Rossi,  and  K.  Hofmann,  Helo.  CMm, 
Acta,  43,  1032.  1046  (1960). 
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Table  I.    Alcohols  of  Structure  III 


Mp, 

. Calcd, 

% ' 

' —  Found, 

%  — 

Mp.X 

Molar 

R 

R' 

°C 

Composition 

C 

H 

C 

H 

HO 

potency* 

H 

H 

219 

CnH,5N04 

71.0 

7.1 

71.1 

7.2 

287 

17 

H 

Me 

298 

QgHnNO* 

71.4 

7.3 

71.2 

7.5 

272 

37 

Me 

H 

280 

CnHnNO* 

71.4 

7.3 

71.6 

7.6 

290 

15 

H 

Ph 

160 

C«HmN04HjO 

72.8 

6.7 

72.6 

6.7 

300 

4.2 

H 

CHjCHjPh 

120 

CHwNO* 

75.7 

7.2 

75.8 

7.3 

290 

1100 

Me 

Me 

266 

C«H«N04 

72.1 

7.6 

72.4 

7.5 

290 

63 

Me 

Et 

268 

Q4H„N04 

72.6 

7.8 

72.5 

8.1 

282 

330 

Et 

Et 

157 

QeH„N04  0.5HiO 

71.4 

8.1 

71.5 

8.1 

310 

55 

Me 

/^Pr 

215 

Q6HasN04  HiO 

70.0 

8.1 

70.0 

7.9 

267 

3200 

Me 

/^Bu 

174 

QeHwNO*  H^ 

70.4 

8.3 

70.6 

8.5 

272 

5200 

Me 

i-Bu 

217 

Q6Ha.N04  H^ 

70.4 

8.3 

70.7 

8.6 

292 

10 

Me 

n-Am 

106 

QiHr7N04  0.5H,O 

72.3 

8.5 

72.6 

8.6 

278 

4500 

Me 

/-Am 

132 

Q7H„N04 

73.6 

8.2 

73.4 

8.1 

258 

9200 

Me 

n-CitHii 

288 

QeH,9N04 

74.1 

8.6 

74.6 

8.6 

265 

58 

Me 

Ph 

252 

C«H„N04H^ 

72.7 

7.2 

72.9 

7.4 

286 

34 

Me 

CHjCHjPh 

226 

C,oH,5N04 

76.1 

7.5 

75.9 

7.6 

255 

2200 

Me 

Cyclopentyl 

302 

C„H,8N04 

74.1 

8.1 

74.0 

7.9 

248 

70 

Me 

Q'clohexyl 

242 

C«HnN04 

74.5 

8.2 

74.2 

8.2 

263 

3400 

•  Morphine 

=  1.0. 

Table  n.    Alcohols  of  Structure  IV 

Mp, 

. —  Calcd, 

%  — 

^ — Found,  %  — 

■^ 

Molar 

R 

R' 

X 

Composition 

C 

H 

C 

H 

potency* 

Me 

/^Pr 

116(205) 

QsHssNO* 

72.6 

8.5 

72.8 

8.8 

12,000 

Me 

/-Am 

180 

QiHa^NO* 

73.5 

8.9 

73.4 

8.9 

11,000 

•  Morphme  = 

■■  1. 

Table  111.    3-O-Acetyl  Esters  of  Alcohols  of  Structure  III 

Mp, 

. —  Calcd, 

%  — 

^  Found.  %  -- 

Mp,  ^'C         Molar 

R 

R' 

X 

Composition 

C 

H 

C 

H 

HQ 

potency* 

Me 

Me 

191 

QsHaNOft 

70.5 

7.3 

70.5 

7.2 

261 

55 

Me 

Et 

154 

Q.H„N06 

71.0 

7.5 

71.2 

7.6 

252 

Me 

/^Pr 

196 

QiHmNO* 

71.5 

7.7 

71.3 

7.7 

206 

8700 

Me 

i-Bu 

152 

QsHrNOft 

71.9 

7.9 

72.0 

8.1 

238 

Me 

/-Am 

126 

CHagNOft 

72.3 

8.1 

73.1 

8.1 

244 

1300 

Me 

Cyclohexyl 

193 

C,oHa»NO».HiO 

70.5 

8.1 

70.8 

8.2 

262 

1700 

Et 

Et 

179 

CrH„N06 

71.5 

7.7 

71.2 

7.6 

•  Morphine 

!=  1. 

derivatives  listed  in  Tables  I  and  II,  many  are  more 
active  than  any  of  the  benzimidazoles,  and  in  particular 
the  alcohol  IV  (R  =  Me,  R'  =  /i-Pr),  which  is  about 
12,000  times  as  active  as  morphine,  is  the  most  potent 
analgesic  so  far  reported.  The  very  high  potency  of  the 
phenols  of  structures  III  and  IV  makes  them  eminently 
suitable  for  use  in  large  animals  and  the  base  III  (R 
=  Me,  R'  =  n-Pr)  is  already  widely  used  for  the  im- 
mobilization of  wild  animals  for  game  conservation 
and  veterinary  purposes. '-^ 

Several  of  the  bases  of  the  tetrahydrooripavine 
series  III  and  IV  have  proved  to  be  inaccessible.  Bases 
of  either  of  these  structures  in  which  one  of  the  groups 
R  or  R'  contains  the  system  CHC=C  or  CH — aryl 
directly  attached  to  the  hydroxyl-bearing  carbon  atom 
fail  to  survive  the  vigorous  conditions  necessary  for 
the  alkaline  demethylation  process,  owing  to  the  ease 
with  which  they  suffer  base-catalyzed  dehydration  to 
polymerizable  derivatives. 

(6)  J.  M.  King  and  B.  H.  Carter,  East  African  Wild  Life  /..  3,  19 
(1965). 

(7)  A.  M.  Harthoorn  and  J.  Bligh,  Res,  Vet.  Sci.,  6, 290(1965);  A.  M. 
Harthoorn,  /.  5.  African  Vet.  Med.  Assoc.,  36,  45  (1965). 


Esterification  of  the  phenolic  hydroxyl  group  of  the 
tetrahydrooripavine  derivatives  is  very  easily  accom- 
plished by  the  conventional  methods  and,  in  general, 
results  in  some  reduction  in  analgesic  activity,  though 
the  3-O-acetyl  derivative  of  the  base  III  (R  =  Me,  R' 
=  w-Pr)  is  more  than  twice  as  active  as  the  parent  phcnoL 
The  esters  are  very  readily  hydrolyzed  even  on  heating 
aqueous  solutions  of  their  salts.  The  esters  prepared 
are  listed  in  Table  III. 


Derivatives  of  Nor  Bases 

It  has  been  shown  that  N-allylnormorphine*  (nalor- 
phine) (V,  R  =  CH2CH=CH2)  antagonizes  the  action 
of  morphine  (V,  R  =  Me)  in  animals  and  in  man,* 
and  that  its  administration  to  narcotics  addicts  precipi- 
tates withdrawal  symptoms.  Physical  dependence  on 
the  drug  does  not  appear  to  develop  after  prolonged 
administration,  and  it  is  widely  believed  to  be  non- 
addicting.  ^^    Although  the  compound  does  not  show 

(8)  J.  Weijiard  and  A.  E.  Erickson.  J.  Am.  Chem.  Soc.,  64,  869(1942). 

(9)  K.  Unna.  /.  Pharmacol.  Exptl.  Therap.,  79,  27  (1943). 

(10)  H.  IsbeU,  Federation  Proc.,  15,  442  (1956). 
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up  as  an  analgesic  when  tested  by  the  conventional 
techniques  in  laboratory  animals,  it  has  been  shown  to 
be  an  analgesic  effective  against  natural  pain  in  man, 
and  to  have  a  potency  in  such  conditions  about  equal 
to  that  of  morphine  itself.  ^^  It  has  been  very  widely 
studied  in  clinical  investigations,  but  has  been  found  to 
produce  bizarre  and  often  distressing  mental  effects  in  a 
number  of  patients,  with  the  result  that  it  has  found  little 
clinical  use  as  an  analgesic. 

The  series  of  alcohols  of  general  structures  III  and 
IV,  and  their  3-O-methyl  ethers  described  in  the  previous 
paper,  having  a  very  wide  range  of  morphine-like  ac- 
tivity, provide  a  large  number  of  starting  materials, 
and  many  of  these  have  been  converted  into  analogs  of 
nalorphine.  Normorphine  (V,  R  =  H),  from  which 
other  tertiary  bases  in  the  morphine  series  are  prepared, 
is  obtained  from  diacetylmorphine  by  treatment  with 
cyanogen  bromide  and  hydrolysis  of  the  resulting  N- 
cyanonor  compound  with  dilute  hydrochloric  acid.* 
Cyanogen  bromide  reacts  with  the  ketone  VI  (R  = 
Me)  and  its  analogs,  the  phenols  of  general  structures 
III  and  IV,  and  their  methyl  ethers  to  give  the  cor- 
responding N-cyanonor  compounds  in  very  good  yield. 
Since  the  rate  of  quaternization  of  all  of  the  bases  in 
this  series  is  very  low,  quaternary  salt  formation  with 
liberated  methyl  bromide  is  not  a  complicating  factor  in 
the  reaction. 


MeO 


HO' 


MeO 


NR* 


vn 


MeO 


MeO 


OMe 


N-CH,— N'' 


DC 

The  alcohols  of  general  structures  VII  and  VIII  and 
the  corresponding  6,14-ethano  compounds,  being  very 
readily  rearranged  by  acids,  can  only  be  hydrolyzed  at 
the  N-cyano  group  under  alkaline  conditions,  most 
conveniently  by  heating  with  potassium  hydroxide  in 
diethylene  glycol  at  160''  for  5-10  min,  or  at  200-220'' 

(11)  L.  Lasagna  and  H.  K.  Beecher,  7.  Pharmacol.  Exptl  Therap,, 
112,  356  (1954);  A.  S.  Keatt  and  J.  Telford,  (bid.,  117, 190  (1956). 


for  longer  periods  if  the  simultaneous  O-demethylation 
of  VII  to  VIII  is  also  required.  The  ketones  of  struc- 
ture VI  are,  however,  unstable  to  alkalis,  and  hydrolysis 
of  the  N-cyano  group  of  the  cyanamide  VI  (R  =»  CN) 
must  be  effected  with  dilute  mineral  acid,  to  which  the 
ring  structure  is  stable.  The  hydrolysis  is,  however, 
incomplete,  and  the  principal  product  is  the  substituted 
urea  VI  (R  =  CONHj).  The  required  secondary 
base  VI  (R  =  H)  is,  however,  preparable  by  the  action 
of  nitrous  acid  on  the  urea  in  50%  yield. 

The  preferred  method  of  preparation  of  the  ketonic 
secondary  base  VI  (R  =  H)  is  the  reaction  of  the  tertiary 
base  VI  (R  =  Me)  with  methyl  azodicarboxylate.  The 
initial  product  of  this  reaction,  which  is  presumably  the 
substituted  hydrazo  ester  VI  (R  =  CH,N(COOMe)— 
NHCOOMe),  is  very  readily  hydrolyzed  by  cold  aque- 
ous 1  N  hy(lrochloric  acid,  with  the  separation  of  the 
sparingly  soluble  hydrochloride  of  the  secondary  base 
VI  (R  =  H)  and  the  liberation  of  formaldehyde  and 
methyl  hydrazodicarboxylate.  Norcodeine  has  been 
prepared  by  this  general  process,  but  the  yield 
is  poor."»^*  The  application  of  this  reaction  to  the 
alcohols  of  general  structure  VII  (R*  =  Me)  and  their 
6,14-ethano  analogs  does  not  lead  directly  to  the  pro- 
duction of  the  corresponding  secondary  bases  VII 
(R*  =  H).  These  alcohols  react  readily  with  methyl  or 
ethyl  azodicarboxylate  in  acetone  solution,  but  the 
hydrolysis  of  the  primary  reaction  products  with  min- 
eral acid  in  the  cold  affords  solutions  from  which  no  salt 
separates.  The  basification  of  these  solutions  affords 
products  that  initially  are  very  soluble  in  methanol,  but 
are  rapidly  converted  in  hot  methanol  into  sparingly 
soluble,  high-melting  bases.  Similar  results  are  ob- 
tained, though  more  slowly,  when  the  primary  reaction 
products  are  hydrolyzed  with  aqueous  methanol  instead 
of  acid. 

The  final  high-melting  products  are  not  carbinol- 
amines  VII  (R*  =  CHjOH),  as  these  are  lower  melting, 
more  soluble  bases  preparable  by  the  action  of  formal- 
dehyde on  the  secondary  bases,  but  they  are  obtained 
from  the  carbinolamines  by  heating  these  alone,  or 
better  with  secondary  base,  in  solution.  Whereas  on 
heating  with  an  aqueous  acid  solution  of  2,4-diiiitro- 
phenylhydrazine,  the  carbinolamines  give  1  molecular 
equiv  of  formaldehyde  dinitrophenylhydrazone,  the 
high-melting  products  under  similar  conditions  afford 
only  0.5  equiv  of  the  hydrazone.  It  is  clear  from  these 
facts  that  the  high-melting  bases  are  N,N'-methylenebis- 
nor  bases  of  general  structure  IX,  and  nmr  spectral 
studies  support  this  conclusion.  The  spectra  of  the 
base  VII  (R  =  R'  =  R*  =  Me)  and  the  bis  compound 
IX  (R  =  Ri  =  R*  =  R*  =  Me)  are  identical  in  all 
important  respects  apart  from  the  absence  from  the 
spectrum  of  the  latter  base  of  the  characteristic  signal 
due  to  NCH,. 

Unsymmetrical  bis  compounds  of  structure  IX  can  be 
prepared  by  the  interaction  of  carbinolamines  VII  (R* 
=  CHjOH)  and  secondary  bases  VII  (R*  =  H)  differ- 
ing in  the  nature  of  the  HOCRR*  substituent  at  C-7; 
for  example,  the  same  unsymmetrical  base  is  obtained 
by  heating  the  carbinolamine  VII  (R  =»  R*  «  Me, 
R«  -  CH,OH)  with  the  secondary  base  VII  (R  -  Me, 
Ri  =  CH,CH,Ph,  R*  =  H)  or  the  carbinolamine  VII 

(12)  O.  Diets  and  M.  Paquin.  Ber.,  46,  2000  (1913). 

(13)  O.  Diels  and  E.  Fischer,  ibid.,  47.  2043  (1914). 


Bentley^  Hardy  /  The  6,l4'^ndO'Ethenotetrakydroo9 


3284 

Table  IV.    N,N'-Methylenebis  Compounds  of  Structure  IX 


R» 


R« 


R» 


Mp, 


Composition 


—  Calcd.%  — 
C  H 


-  Found,  %  — 
C  H 


Me 

Me 

Me 

Et 

Me 

/f-Pr 

Me 

j-Bu 

Me 

/^Am 

Me 

/-Am 

Me 

Me 

Me 

Et 

Me 

/^P^ 

Me 

/-Bu 

Me 

/^Am 

Me 

/-Am 

Me 


o 


Me 


o 


286 

C«H«N,0, 

72.5 

7.4 

72.3 

7.5 

252 

C4,H«N,0, 

73.0 

7.7 

73.1 

7.8 

269 

C«iH««N,0. 

73.4 

8.0 

73.2 

8.4 

224 

CmHtoNiO, 

73.8 

8.1 

73.7 

8.3 

186 

C,5H74N,0, 

74.1 

8.4 

74.2 

8.2 

200 

C,6H74N,0, 

74.1 

8.4 

74.0 

7.9 

228 

Ci„H74N,0. 

74.8 

8.2 

75.1 

8.0 

Me 
Me 

CH,CH,Ph            Me 

Me                        Me 

CHjCHjPh            243 
CHiCHiPh            220 

CeiHioNsOs             76.4 
Ci4HMN,0s             74.6 

7.4             76.4 
7.4             74.3 

7.8 
7.2 

Table  V. 

Ketones  of  Structure  VI 

Mp, 
R                          X 

Composition 

- — Calcd,  % — ^ 
C                  H 

- — Found,  % — » 
C                  H 

Mp. 

**C, 

HO 

H 

74 

CbH,6N04*H«0 

68.8 

7.0 

68.8 

7.2 

350 

CN 

236 

C„H,4N,04 

70.4 

6.2 

70.2 

6.2 

•  •  • 

COCHi 

101 

Q4H«NO,.HiO 

67.4 

6.8 

67.3 

6.8 

•     a     • 

CHsCHsCHi 

Q6H„N04HCi.HiO 

64.7 

7.3 

64.4 

7.2 

263 

CH,CH=CH, 

C26H»N04  •  HQ .  22 .  5HiO 

61.3 

7.1 

61.3 

7.1 

233 

CH,C==CH 

Q,H«N04Ha 

68.1 

6.4 

67.6 

6.3 

225 

CHsCHMet 

Q6H»N04HaH«0 

65.2 

7.5 

65.4 

7.5 

305 

CH,CH=CMe, 

Q7H„N04  Hai.5H«0 

65.0 

7.5 

65.0 

7.5 

256 

CH,CM&=CH, 

QeHiiN04Hai.5H«0 

64.5 

7.2 

64.5 

7,0 

308 

CHiCHiPh 

137 

CioH„N04  0.5H«0 

75.0 

7.1 

75.3 

7.0 

245 

00 -<I 

197 

Q,H»NO» 

71.7 

6.7 

71.8 

6.8 

•  •  • 

(R  =  Me,  Ri  =  CH^CHjPh,  R*  =  CH2OH)  with  the 
secondary  base  VII  (R  =  R^  =  Me,  R*  =  H).  The 
symmetrical  bis  compounds  IX  (R  =  R*,  R*  =  R*) 
presumably  arise  in  this  way  after  hydrolysis  of  the  sub- 
stituted hydrazo  ester  as  follows. 


COOMe 

\  / 

NCHjN  — > 


\ 


COOMe 


\ 
NCHjOH 

/ 
MeOOCNH  •  NHCOOMe 

\  OH- 

NH  +  CHOX:^ 

/  15^ 


NCHjN 


In  the  hydrolysis  of  the  hydrazo  ester  derived  from 
the  ketone  VI  (R  =  Me)  the  secondary  base  VI  (R 
^  H)  is  obtained  rather  than  the  bis  compound  as  a  result 
of  the  low  solubility  of  its  hydrochloride.  The  bis 
compounds  are  soluble  in  aqueous  acids  in  which  they 
are  converted  into  carbinolamines  and  secondary  bases 
which  revert  to  the  bis  compounds  on  standing  or 
heating  in  solution.  When  the  compounds  are  heated 
in  solution  in  dilute  acetic  acid,  formaldehyde  is  slowly 
lost,  and  the  secondary  bases  may  be  recovered  from  the 
solution;  mineral  acid  solutions  cannot  be  used  for 
this  purpose  owing  to  the  ease  with  which  the  alcohols 
of  these  series  are  rearranged  in  warm  solutions  of  strong 
acids.  The  bis  compounds  of  general  structure  IX 
prepared  by  these  processes  are  listed  in  Table  IV. 

The  secondary  base  VI  (R  -  H)  has  been  converted 
into  a  series  of  analogs  of  nalorphine  V  (R  = 
CH,CH=CH,)  by  treatment  with  alkyl,  alkenyl,  or 
alkynyl  halides  RX  under  reflux  in  inert  solvents. 
Quaternary  salt  formation  with  the  6,14'etheno  and 
ethano  tetrahydrothebaine  derivatives  is  so  slow  that 


excellent  yields  of  tertiary  bases  may  be  obtained  with- 
out difficulty.  A  list  of  ketones  of  general  structure  VI 
and  corresponding  6,14-ethano  compounds  is  given  in 
Table  V. 

Nonphenolic  and  phenolic  alcohols  of  general  struc- 
tures VII  and  VIII  in  which  R'  is  other  than  methyl  or 
hydrogen,  which  also  are  analogs  of  nalorphine,  have 
been  prepared  by  one  or  other  of  the  following  general 
processes. 

(a)  Conversion  of  the  appropriate  N-substituted 
nor  ketone  VI,  in  which  R  has  the  desired  value,  into 
alcohols  by  reduction  with  sodium  borohydride  or 
aluminum  isopropoxide,  or  treatment  with  the  ap- 
propriate Grignard  reagent  or  lithium  alkyl:  in 
general,  this  process  leads  to  mixtures  of  alcohols  con- 
taining, in  many  cases,  appreciable  quantities  of  the 
product  of  Grignard  reduction  (see  preceding  paper), 
and  the  separation  of  pure  products  is  frequent^ 
tedious.    It  does  not  give  phenols  directly. 

(b)  Alkylation,  alkenylation,  or  alkynylation  of 
the  appropriate  secondary  bases  VII  (R<  =  H)  and 
VIII,  (R*  =  H)  may  be  achieved  by  heating  under 
reflux  with  the  desired  halide  R'X  or  alternatively  by 
acylation  with  an  acyl  halide  R'COCl,  followed  I9 
reduction  of  the  resulting  amide  with  lithium  aluminum 
hydride.  These  processes  readily  afford  pure  isomers 
of  the  alcohols,  since  the  separation  of  pure  starting 
materials  VII  (R*  =  Me)  and  VIII  (R«  =  Me)  may  be 
accomplished  relatively  easily  before  N-demethylation 
to  secondary  base.  Phenolic  bases  are  readily  ob- 
tained in  this  way. 

(c)  Tertiary  bases  are  obtained  by  heating  the  N,N'- 
methylenebisnor  compounds  of  general  structure  IX 
(R  =  R*,  R^  =  R*)  with  the  approprirate  halide  and, 
since  the  bis  compounds  are  prepared  from  pure  al- 
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Is  of  the  N-mcthyl  series,  this  process  also  affords 
chemically  pure  products.  However,  this  process 
lerally  less  satisfactory  than  the  alkylation  of  the 
idary  bases  since  only  the  most  reactive  halides 
readily  with  the  bis  compounds;  in  other  cases 
nged  periods  of  heating  with  the  halide  is  neces- 
and  some  quaternization  of  the  resulting  tertiary 
takes  place  under  these  conditions.  Alternatively, 
ry  bases  are  obtainable  from  the  bis  compounds 
action  of  these  with  acyl  halides,  which  proceeds 
ly,  followed  by  reduction  of  the  resulting  amides 
lithium  aluminum  hydride.  Neither  of  these 
latives  yields  phenols  directly  since  the  phenolic 
)mpounds  are  not  accessible  by  the  action  of  methyl 
icarboxylate  on  the  phenolic  N-methyl  bases  VIII 
=  Me). 

enolic  bases  of  general  structure  VIII,  when  not 
ired  directly  as  in  b  above,  may  be  obtained  by  the 
methylation  of  the  corresponding  base  VII  as 
ously  described  in  the  case  of  the  N-methyl  com- 
ds. 

ses  corresponding  to  those  of  series  VII  and  VIII 
ontaining  a  6,14-ethano  instead  of  an  etheno  bridge 
be  prepared  by  analogous  processes  to  those  set 
bove,  starting  from  the  corresponding  6,14-ethano 
le  or  alcohols. 

ses  prepared  by  these  methods  are  listed  in  Tables 
K.  The  pharmacological  testing  of  the  com- 
ds  listed  in  Tables  V-IX  presents  certain  difficul- 
since  nalorphine-like  substances  are  not  revealed 
[algesics  by  the  conventional  screening  techniques 
perimental  animals,  and  the  results  of  pharmaco- 
al  studies  are  being  and  will  be  reported  in  detail 
here.>*  It  may,  however,  be  stated  here  that  the 
ture-activity  relationships  in  the  various  series  are 
>lex,  and  that  the  physiological  activity  of  each  base 
pendent  on  the  nature  of  the  substituents  on  the 
gen  atom,  the  C-3  oxygen  atom,  and  in  the  alco- 
group.  No  group  has  been  found  that,  when  sub- 
ed  for  methyl  attached  to  the  nitrogen  atom, 
srs  morphine-antagonist  properties  on  all  of  the 
;,  and  each  of  the  series  represented  in  Tables  VI-IX 
lins  potent  morphine-like  analgesics,  as  well  as 
>hine  antagonists  and  also  several  bases  resembling 
>hine  in  some  and  nalorphine  in  other  respects, 
example,  the  base  VIII  (R  =  Me,  R>  =  n-Pr, 
•  CH«CH=CMe2)  is  a  potent  morphine-like  agent, 
«se  VIII  (R  =  R»  =  Me,  R«  =  CHjCHj,  6,14- 
lo)  is  the  most  potent  morphine  antagonist  so  far 
ted,  being  some  150  times  more  potent  than 
phine.  The  base  VIII  (R  =  Me,  R>  =  /-Am, 
=  CHjCsHs),  however,  shows  morphine-like  anal- 
properties  which  are  reversed  by  nalorphine  only  if 
intagonist  is  given  very  soon  after  the  drug,  but, 
lalorphine,  it  causes  an  increase  in  urinary  output 
phine  causes  a  decrease)  and  a  decrease  in  loco- 
»r  activity  in  mice  (morphine  causes  an  increase), 
physiological  activity  of  the  last  mentioned  base 
sts  in  animals  for  up  to  3  days. 


Some  information  concerning  certain  of  the  bases  of  this  group 
ready  been  published:  D.  Campbell,  R.  E.  Lister,  and  G.  W. 
x)l,  Clin.  Pharmacol.  Therap.,  5,  193  (1964);  R.  E.  Lister,  J, 
.  Pharmacol.,  16,  364  (1964);  K.  W.  Bentley,  A.  L.  Boura,  A.  E. 
raid,  D.  G.  Hardy,  A.  McCoubrey,  M.  L.  Aikman,  and  R.  E. 

Nature,  206.  102  (1965);  A.  L.  A.  Boura  and  A.  E.  Fitzgerald, 
.  Pharmacol,  26,  307  (1966). 
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Even  the  secondary  bases  in  the  series  have  been 
found  to  be  unusual.  Many  of  them  are  morphine- 
like analgesics,  and  this  is  without  precedent  in  the  mor- 
phine, morphinan,  benzomorphan,  and  pethidine  series; 
indeed  secondary  bases  in  general  are  inactive  in  the  con- 
ventional tests. 

The  unprecedented  potency  of  some  members  of  the 
series  I,  II,  III,  and  IV  requires  some  comment.  The 
bases  would  not  be  expected  to  be  more  acceptable  than 
morphine  at  the  receptor  surface  depicted  by  Beckett ^^ 
since  the  added  portions  of  the  molecule  would  be  ex- 
pected to  project  outside  the  limited  area  of  such  a  sur- 
face. Two  alternative  explanations  of  the  high  activi- 
ties are  possible.  Either  the  receptor  surface  is  more 
extensive  than  that  depicted  by  Beckett  and  has  addi- 
tional points  of  possible  attachment  by  which  the  more 
extensive  molecules  of  the  bases  I-I V,  but  not  morphine 
or  simpler  bases,  can  be  bound,  or  the  molecules  are  no 
more  acceptable  than  morphine  at  the  receptor  but 
arrive  there  in  vastly  greater  numbers  as  a  result  of  selec- 
tive concentration  in  the  tissues  of  the  central  nervous 
system.  There  is  some  evidence  from  preliminary  dis- 
tribution studies  using  labeled  material  that  relatively 
high  concentrations  of  the  base  III  (R  =  Me,  R^  = 
/i-Pr)  are  found  in  the  brain  about  0.5  hr  after  intra- 
muscular or  subcutaneous  injection,  but  this  alone 
cannot  account  for  the  very  high  potency  of  the  base, 
and  the  problem  clearly  requires  further  study. 

Experimental  Section 

The  O-demethylation  of  the  alcohols  of  general  structures  I  and 
II  were  effected  by  the  following  general  method. 

7ah(l-Hydroxy-lHnetfayledlyl)-6,14-tf/IJ((^etllellotet^ahydroori- 
pavine  (III,  R  =  R»  «  Me).  7ce-(l-Hydroxy-l-methylethyl)-6,14- 
end!c>-ethenotetrahydrothebaine  (I,  R  =  R>  =»  Me)  (8  g)  was  added 
to  a  solution  of  potassium  hydroxide  (60  g)  in  diethylene  glycol  (150 
ml)  boiling  under  reflux  at  200-210''.  The  mixture  was  boiled 
and  stirred  vigorously  under  reflux  until  a  test  portion  on  dilution 
with  ten  times  its  volume  of  water  gave  a  homogeneous  solution. 
The  mixture  was  then  diluted  with  five  times  its  volume  of  water 
and  a  solution  of  ammonium  chloride  was  added  until  precipitation 
of  the  phenol  ceased.  The  product  was  isolated  by  ether  extraction 
and  recrystallized  from  aqueous  2-ethoxyethanol  with  charcoal 
treatment,  when  the  oripavine  derivative  was  obtained  as  elongated 
plates,  mp  266°  (4.2  g). 

Anal,  Calcd  for  Q3Hs9N04:  C,  72.1;  H,  7.6.  Found:  C 
72.4;  H,  7.5. 

The  3-O-acetyl  ester  was  precipitated  on  the  addition  of  acetic 
anhydride  to  a  solution  of  the  phenol  in  aqueous  sodium  hydroxide 
and  was  obtained  as  white  prisms,  mp  191  °,  from  ethanol. 

Anal,  Calcd  for  QsHnNOs:  C,  70.5;  H,  7.3.  Found:  C, 
70.5;  H,7J2. 

7a-(l-(/{)-Hydroxy-l-iiiethylbiityl)-6,14-tf/fi/(7-etfaaiotetrahydro- 
oripavine  (HI,  R  =  Me;  R*  =  /i-Pr).  7a-(H/?)-Hydroxy-l- 
methylbutyl)-6,14-^/i</{>-ethenotetrahydrothebaine  (I,  R  =  Me; 
Ri  s  /f.pr)  (50  g)  was  demethylated  with  potassium  hydroxide  (360 
g)  and  diethylene  glycol  (950  ml)  at  205-215°  until  a  test  portion  of 
the  reaction  mixture  on  dilution  with  ten  times  its  volume  of  water 
gave  a  homogeneous  solution.  The  mixture  was  diluted  with  water 
(4500  ml),  and  the  solution  was  filtered  through  charcoal  and 
aqueous  ammonium  chloride  was  added  until  precipitation  of  the 
phenol  ceased.  The  solid  (32  g)  was  collected,  washed  well  with 
water,  and  recrystallized  from  aqueous  2-ethoxyethanol,  when  it  was 
obtained  as  off-white  prisms,  mp  215-216°. 

Anal.  Calcd  for  Q6H„N04H,0:  C,  70.0;  H,  8.1.  Found: 
C,70.0;  H,7.9. 

The  3-O-acetyl  ester  was  prepared  by  heating  the  phenol  under 
reflux  with  acetic  anhydride  and  anhydrous  sodium  acetate  and 
was  obtained  as  off-white  prisms,  mp  196°,  from  ethanol. 

Anal,  Calcd  for  CnHsftNOt:  C,  71.5;  H,  7.7.  Found:  C, 
71.3;  H.  7.7. 


(15)  A.  H.  Beckett,  Progr,  Drug  Rts„  1,  527  (1959). 
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7.9 
8.8 
8.6 


75.7       8.9       75.6       8.8 


8.5 
8.0 
8.8 
9.0 
8.5 
9.4 
9.2 
8.2 
8.6 
9.5 


8.0       74.2       7.9 


72.7       7.4       72.5       7.6 


73.5  8.8 
74.7  8.5 
73.2       8.5 


8.8 
8.8 

8.8 
9.0 
8.4 

8.2 

8.5 

8.8 

8.1 
8.4 


74.2        8.1        74.0        8.2 


76.3       8.7       76.3       8.5 


216 

ChHhN.O« 

74.4 

6.6 

74.5 

6.9 

85 

C»HuNO« 

75.8 

7.2 

75.7 

7.3 

78 

CBHnN04HaH40 

70.5 

7.2 

70.2 

7.4 

138 

CmHuNO« 

76.1 

7.4 

76.3 

7.6 

98 

CoHmNiO* 

74.6 

6.8 

74.7 

6.8 

159 

CbHwN04 

76.6 

7.8 

76.1 

8.0 

122 

C11H41NO4 

76.9 

8.0 

76.8 

8.0 

•  * . 

C,4H«tN04HaH,0 

69.9 

7.9 

69.9 

7.9 

127 

CitH«tN04 

77.2 

7.7 

76.7 

7.6 

255 
267 
284 

277 
238 


230 


220 
201 
301 

286^ 


288 


219 


148 


195 
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TaUcVI    (CoMbuud) 


Mp, 

-CUed,  ; 

R 

R' 

R' 

'C 

c 

Me 

CHrf:HJ>h 

CH^H=CMe, 

CHuNO.  Ha 

72.7       1 

Me 

(CHOJ^ 

H 

im" 

CiJlnNO. 

7«.4       1 

Me 

(CHdJ*h 

CN 

212 

C«H,.N,0. 

74.9 

Me 

(CH.)J»h 

CH^H=CMc 

189 

C^mNO, 

77.9       1 

Me 

CH,CH=CH, 

CH,CH=CH, 

CMuNO,»a 

69.2 

Me 

(CH,),oa 

CHiCH=CH. 

CHHuNO,-Ha-H^ 

65.5        1 

Me 

(CH,)^Ph 

CHrf31=CH. 

136 

Crfl,^0. 

73.3 

Me 

p-Tolyl 

H 

190 

ChHuNO. 

75.8 

Me 

p-Tolyl 

CN 

210 

CmH»N,0, 

74.4       ( 

Me 

p-Tolyl 

CH^N=CH, 

201 

C»H„NO, 

76.9        1 

•  For  bases  where  R>  -  Me,  see  Table  I,  ref  la. 


'nie  3-O-propionyl  ester  was  obtained  (from  the  phenol,  pro- 
pionic anhydride,  and  sodium  propionate)  as  off-while  prisms, 
mp  130%  from  aqueous  elhanol. 

Anal.  Calcd  for  QJfnNOi;  C,  71.9;  H,  7.9.  Found:  C, 
71.8;  H,7.9. 

N-CyaiM>-7a-acetrl-6,14-«ruii>-etbeaotelraliydroiiartbelMiIm  (VI, 
R  -  CN).  7ofAcetyl-6,14-^nifo-cthenotetrahydrothcbaine  (VI, 
R  -  Me)  (50  g)  was  heated  under  reflux  with  cyanogen  bromide 
(16  b)  in  dry  alcohol-free  chloroform  (350  ml)  for  12  hr.  The 
chloroform  was  evaporated,  and  the  residue  was  recrystallized  from 
2-ethoxyethBnol,  when  the  N-cyanonor  compound  (48  g)  was  ob- 
tained as  colorless  prisms,  mp  236°,  »„„  2230  and  1715  an~'. 

Anal.  Calcd  for  CJiaN^Ot:  C,  70.4;  H,  6.2.  Found:  C, 
70.2;  H,  6.4. 

N-AndiKicarboDyl-7a-acetyl-6,14-«mft>-c<lMaotetraliydronarthe- 
baine  (VI,  R  =  CONH,).  N-Cyano-7a-acetyl-6,14-cn<A*<!theno- 
letrahydrononhebalnc  (VI,  R  =  CN)  (40  g),  finely  powdered,  was 
boiled  under  reflux  with  2  N  hydrochloric  acid  (400  ml),  in  the 
preseitce  of  a  small  amount  of  a  neutral  wetting  agent  to  minimize 
frothing,  until  all  the  solid  had  dissolved  (~2  hr).  The  solution 
was  cooled,  and  a  small  portion  was  neutralized  with  ammonia, 
when  a  viscous  gum  was  obtained,  from  which  the  crystalline 
N-aminocarbonyl  compound  was  obtained  with  difiiculty  on  crys- 
tallization from  methanol  as  prisms,  mp  220°. 

Aaol.  Calcd  for  CuH„N,0.:  C.67.J;  H,6.4;  N,6.8.  Found: 
C,67.1;  H,6.4;  N,  6.8. 

7ah-Acclyl-<,14-t'n(^i>-edMnotetrahydranoTtbebalDe  (VI,  R  =  H). 
a.  The  acid  solution  obtained  by  the  hydrolysis  of  N-cyano- 
7a-acctyl-6,14-fn<^o-ethenoteirahydronorthebaine  (VI,  R  -  CN) 
(40  8)  as  above  was  cooled  to  0°,  and  an  aqueous  solution  of  sodium 
nitrite  (8  g)  was  slowly  added  with  vigorous  stirring.  When  evolu- 
tion of  gas  ceased,  the  mixture  was  made  alkaline  with  ammonia 
and  extracted  with  chloroform.  Evap<»^tion  of  the  extract  gave 
a  viscous  gum,  which  was  converted  into  the  crystalline  hydrochlo- 
ride with  meihanolic  hydrogen  chloride.  The  sail  (25  g)  was  ob- 
tained as  plates,  mp  330°,  from  hot  water 

Anal.  Calcd  for  CaH„NOiHa0.5Hrf):  C,  64.0;  H,  6.6. 
Found:    C,63.9;  H,6.3. 

The  base  recovered  from  the  hydrochloride  was  obtained  as 
needles,  mp  73°,  from  water. 

Anal.  Cslcd  for  CnH,(NOfHtO:  C,  68.8;  H,  7.0.  Found: 
68.8;  H,  7.2. 

The  picrate  was  obtained  as  yellow  prisms,  n^)  273°,  from  eth- 
anol. 

Aaal.  Calcd  for  CaH»N,Oii:  C,  56.4;  H,  4,7;  N,  9.4. 
Found:    C,56.0;  H,4.7;  N.9.4. 

The  N-aceiyl  compound  was  prepared  by  heating  the  base  with 
acetic  anhydride  and  was  obtained  as  prisms,  mp  101°,  from 
aqueous  methanol. 

Anal.  Calcd  for  CHi^NOs-H^:  C,  67.4;  H,  6.8.  Found: 
C67.3;  H,6,8. 

The  N-cyclopropylcarbonyl  compound,  from  the  base  and  cyclo- 
propylcartunyt  chloride  and  anhydrous  ptHassium  carbonate  in 
ether,  was  obtained  as  prisms,  mp  197°. 

Anal.  Calcd  for  C«H„NOi;  C,  71.7;  H,  6.7.  Found:  C, 
71.8;  H,6.8, 

b.  A  solution  of  7a-acetyl-6,14-<ida-ethenotetrahydrothebaine 
(lOgXVl.R  -^  Me)  and  methyl  azodicarboxylate  (3.84  g)  in  acetone 
(75  ml)  was  evaporated  to  dryness  over  about  30  min.  The  viscous 
yellow  residue  was  dissolved  in  1  A'  hydrochloric  acid  (40  ml)  with 
vigorous  stirring  and  the  solution  set  aside  until  separation  of  si^d 


matter  ceased  (-^1  hr).  The  hydr 
and  washed  with  ice  water,  and  a 
water  when  the  nor  base  (X,  R  -  1 
as  prisms,  mp  330°,  identical  in  in 
with  material  prepared  as  in  part  a. 
N-MlyU7a-mxty]-6,14-eitdo^ 
R  -  CHrfM=CHO.  7<»-Acclyl 
thebaine  (VI.  R  -  H)  (20  g),  all 
sodium  carbonate  (10  g),  and  ethani 
imder  reflux  for  18  hr.  Hw  mixti 
leaving  the  base  as  an  uncrystalli 
hydrochloride  (22  g)  as  plates,  mp  2 
hydrogen  chloride. 

Anal.  Calcd  for  GiHhNO,-( 
Found:     C,  64.8;  H,  7.1. 

Other  N-substiluted  nor  b«acs  ol 
pared  from  the  secondary  base  VI 
and  are  listed  in  Table  V, 

N-Cyano-7(i-(l-liydnncy-l-aM 
hydrofwflbebalne  (VH,  R  °>  R>  - 
droxy- 1  -methylct  hyl)-6, 1  A-endo-tMxi 
=  R'  =  R'  -  Me)  (15  g),  cyanoi 
methylene  chloride  (50  ml)  were  b 
24  hr.  The  solution  was  evapon 
residue  was  finely  powdered  and  si 
hydrochloric  acid,  then  collected, 
recrystallized  from  aqueous  2-ethc 
■]orGompound(I4.8g)  was  obtaine 
►nu.  2230  cm-'. 

Anal.     Calcd  for  C,41»N,0,: 
70.7;  H.7.1. 

N-Craiia-7(]Kl-ferdnHcy-l^ 
hydnMororipariiie(Vm,R  -  R>  - 
cyanogen  bromide  (5.3  g),  7a' 
«niib-ethenotetrahydrooripavine  (VI 
g)  in  dry  methylene  chloride  was 
Hie  product  (14.8  g)  isolated  by  e 
add  washing  of  the  powdered  re 
mp  275°,  from  aqueous  2-«thoxyethj 

Anal.    Calcd  for  CuHuNiO*: 
70.1;  H,6.4. 

To-d-Hydroxy-l-meOirlelltyi; 
thebaine (Vn,R  .R>-Mc;R'- 
inethylethyl)-6, 1 4-«niA^ethenotetrah 
R'  =  Me;  R"  -  CN)  (57  gj  wai 
solution  of  potassium  hydroxide  (: 
ml)  at  165-170°,  and  the  mixture 
until  evolution  of  ammonia  ccasec 
was  then  poured  into  vigorously  sti 
crushed  ice,  and  the  precipitated  sf 
lized  frmn  water,  when  the  secoodi 
prisms,  mp  163°.  (A  low-melting 
lained  in  initial  experiments,  and  ca 
ous  solution  by  rapid  cooling.) 

Anal.  Calcd  for  CuHt>NO<:  > 
72.3;  H.7.8. 

The  hydrolysis  of  other  N-cyano  ( 
secoivjary  bases  was  effected  in  tb 
that  did  not  crystallize  on  dilutioi 
water  were  isolated  by  ether  extrac 
with  organic  solvents  of  the  n^\» 
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'able  Vn.    Alcohols  of  Structure  VIII« 


R 

R» 

R» 

Mp, 

Compositon 

<-Calcd, 
C 

H 

^-  Found, 
C 

H 

Mp, 
HQ 

H 
H 
H 
H 

H 
H 

Me 
Me 

H 

CH,CH=CH, 

H 

CH,CH— CH, 

•     •    • 
•    •    • 

296 
265 

GoH„N04Ha.H,0 
C„HnN04Ha.2H,0 
C«H,5N04 
Q4H„N04 

60.7 
60.9 
71.0 
72.8 

6.7 
7.1 
7.1 
7.3 

60.5 
60.8 
71.2 
72.8 

6.6 
7.2 
7.4 
7.5 

264 
281 

H 

Me 

CH,-<| 

92 

QsHaiNOi-HClHiO 

64.6 

7.3 

64.6 

7.2 

251 

Me 
Me 
Me 
Me 
Me 
Me 
Me 

Me 
Me 
Me 
Me 
Me 
Me 
Me 

H 

Et 

/f-Bu 

/f-Am 

CH,CH=CH, 

CH,r=rH 

CH2CH=CMe2 

284 
228 
172 

120(210) 
120 

•   •  • 

CnHtrzNO* 

G4H31NO4 

QeHuNO* 

CH,7NO4Ha.0.5H,O 

GsHsiNO* 

QsH,,N04 

CnHwN04HCl  2H,0 

71.5 
72.5 
73.4 
66.9 
73.3 
73.6 
63.6 

7.3 
7.8 
8.3 
8.1 
7.6 
7.1 
7.9 

71.3 
72.0 
73.3 
67.0 
73.0 
73.7 
63.4 

7.4 
7.9 
8.2 
8.0 
7.4 
7.4 
8.0 

308 

196 
248 
240 
212 

Me 

Me 

co^ 

290 

Q.H«N06 

71.4 

7.1 

71.5 

7.3 

Me 

Me 

CHa-<] 

234 

QeHwNO* 

73.6 

7.8 

73.6 

7.9 

248 

Me 
Me 
Me 
Me 
Me 

Et 
Et 
Et 
Et 
Et 

H 

Et 

/f-Pr 

/f-Bu 

CH,CH=CMe2 

277 
260 
187 
162 
208 

Q,H2,N04 
QsHmNO* 
QeH„N04 
CnH^NO* 
QsHrNO* 

72.0 
73.0 
73.4 
73.7 
74.5 

7.6 
8.0 
8.3 
8.5 
8.3 

71.5 
72.5 
73.5 
73.4 
74.9 

7.7 
8.0 
8.4 
8.5 
8.2 

Me 

Et 

co-O 

254 

Ci7H„NO. 

71.8 

7.4 

71.7 

7.6 

Me 

Et 

CH,-<] 

117 

Cf7H„N04 

74.1 

8.1 

73.8 

8.1 

Me 
Me 
Me 
Me 
Me 
Me 
Me 

/f-Pr 
/f-Pr 
/f-Pr 
/f-Pr 
/f-Pr 
n-Pr 
n-Pr 

H 

Et 

/f-Pr 

/f-Bu 

/f-Am 

CH^'H=CH, 

CHiCH— CMe, 

260 
219 
214 
136 
141 
126 
190 

G4H31NO4 
QeHuNO* 
CnHrNO* 
CHasNO* 
C„H4iN04 
CnHasNO* 
Q,H„N04 

72.5 
73.4 
73.7 
74.1 
74.5 
74.1 
74.8 

7.8 
8.3 
8.5 
8.7 
8.9 
8.0 
8.4 

72.2 
73.0 
74.0 
73.9 
74.4 
74.0 
74.5 

8.2 
8.3 
8.3 
8.6 
9.2 
8.1 
8.2 

305 

254 

Me 

/f-Pr 

co-<] 

270 

CaHuNOft 

72.2 

7.5 

72.0 

7.8 

Me 

/f-Pr 

CH,-<1 

180 

C»HrN04 

74.4 

8.2 

74.7 

8.5 

262 

Me 
Me 

/f-Bu 
/f-Bu 

H 

CHsCH— CH, 

210 

122 

CmH„N04 
C»H,7N04 

73.0 
74.5 

8.0 
8.3 

72.9 
74.4 

8.2 
8.0 

263 

Me 

/I- Am 

co-<l 

236 

CsoHsqNOs 

73.0 

8.0 

72.8 

7.8 

Me 

/f-Am 

CH,-<1 

CsHiiNO* 

75.1 

8.6 

74.9 

8.6 

Me 
Me 
Me 
Me 
Me 
Me 

/-Am 
/-Am 
i-Am 
i-Am 
f-Am 
/-Am 

H 

Et 

/f-Pr 

/f-Bu 

/f-Am 

CHjCH— CMe, 

262 
179 
175 
141 
122 
775 

Q,H,5N04 
CmHwNO* 

Q9H4,N04 

C,oH4,N040.5H,0 
C,,H46NO4  0.5H,O 
C,iH4,N04 

73.4 
74.1 
74.5 
73.5 
73.8 
75.4 

8.3 
8.7 
8.9 
9.0 
9.2 
8.8 

73.6 
74.0 
74.5 
73.8 
74.3 
75.4 

8.2 
8.6 
8.9 
9.0 
9.4 
8.8 

Me 

i-Am 

co-<] 

240 

CsHwNOs 

73.0 

7.9 

73.2 

8.1 

Me 

f-Am 

CH,-< 

110 

CoHtiNO* 

75.1 

8.6 

75.3 

8.8 

258 

Me 

o 

H 

310 

CuHmNO* 

74.1 

8.0 

74.3 

8.2 

Me 

o 

/f-Pr 

•  •  ■ 

C,oH4iN04Ha 

69.8 

7.9 

69.9 

8.1 

275 

Me 

o 

CHiCH — Grit 

•  •  • 

CseH,9N04Ha 

70.1 

7.6 

70.0 

7.9 

251 

Me 

o 

CH,r=CH 

•  •  • 

QoH«N04HCl 

70.3 

7.2 

70.0 

7.5 

202 

Me 

o 

co-<] 

268 

CuHkNOs 

73.6 

7.7 

73.8 

7.9 

Me 

o 

CH,-<1 

134(198) 

CnHtiNO* 

75.6 

8.4 

75.5 

8.6 

180 

For  bases  where  R*  =  Me,  see  Table  I,  ref  la. 


enerally  resulted  in  crystallization  of  the  product,  but  a  few  sec* 
ndary  bases  could  not  be  induced  to  crystallize  and  were  charac- 
crizcd  as  the  hydrochloride  or  acid  tartrate. 

7aKl-Hyditixy-lHnetfayletfayl>-^,14^/f^(t>-etlieiioCetrahydroiior- 
ripafine  (Vm,  R  -  Ri  -  Me;  R*  -  H).    a.    N-qyano-7a- 


( 1  -hydroxy-  l-methylethyl)-6, 1 4-e/r^(9-ethenotetrahydronort  hebaine 
(VII,  R  «  Ri  »  Me;  R'  »  ON)  (100  g)  was  added  to  a 
vigorously  stirred  solution  of  potassium  hydroxide  (250  g)  in  di- 
ethylene  glycol  (1200  ml)  at  200  ^^  under  an  atmosphere  of  nitro- 
gen.   The  mixture  was  heated  at  200-220''  until  a  test  portion  on 
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Table  Vm.    6,14-Ethano  Analogs  of  Alcohols  of  Structure  VII" 


R 

R» 

R» 

Mp, 

°c 

Composition 

r-  Calcd, 
C 

H 

^Found,  %— 
C                H 

Mp. 
HQ 

H 

H 

ca,-<i 

107 

QsHmNO* 

73.0 

8.1 

73.4 

8.5 

Me 
Me 

Me 
Me 

H 
CN 

146 
205 

Q,H,iN04 
Q4H,oN,04 

71.6 
70.2 

8.1 
7.4 

72.1 
69.6 

8.3 
7.0 

Me 

Me 

CH,-<1 

123 

CnHrNO* 

73.8 

8.5 

73.4 

8.5 

Me 
Me 

Et 
Et 

H 

CN 

143 
170 

Q4H„N04 

G5H,2N,04 

72.1 
70.7 

8.3 
7.6 

72.0 
70.8 

8.1 
7.7 

Me 

Et 

CH,-<] 

100 

C«H29N04 

72.1 

8.3 

72.0 

8.1 

Me 
Me 

n-Pr 
n-Pr 

H 
CN 

168 
199 

C25H,6N04Ha  0.5H,O 
C„H,4N,04 

65.4 
71.2 

8.1 
7.8 

64.9 
71.4 

7.8 
7.9 

265 

Me 

/f-Pr 

CHa-<] 

99 

C2»H4lN04 

74.5 

8.8 

74.4 

8.6 

Me 
Me 

n-Bu 
/f-Bu 

H 

CN 

136 
153 

C2eH„N04 
C«H,.N,04 

73.1 
71.6 

8.7 
8.0 

73.0 
72.1 

8.7 
8.0 

Me 

/^Bu 

CH,-<] 

102 

C,oH4,N04 

74.8 

9.0 

74.9 

9.0 

Me 
Me 
Me 
Me 

i-Bu 
i'Bu 
I'Bu 
l-Bu 

H 

CN 
H 

CN 

128 
180 
199 
207 

C„H„N04 
C„H,eN,04 
QeH„N04 
C„H„N,04 

73.1 
71.6 
73.1 
71.6 

8.7 
8.0 
8.7 
8.0 

72.6 
71.5 
72.6 
71.3 

8.5 
8.3 
8.6 
8.2 

Me 

/-Bu 

00 -<^ 

176 

C,oH4iNa 

72.7 

8.3 

72.7 

8.3 

Me 

t-Bu 

CH,-<1 

109 

C,oH4,N04 

74.8 

9.0 

74.5 

9.0 

Me 
Me 

n-Am 
n-Am 

H 
CN 

•  •  • 

142 

CnHMN04Ha 
C»H«»N,04 

67.8 
72.0 

8.4 
8.2 

68.1 
71.5 

8.5 
8.5 

241 

Me 
Me 

n-Am 
/-Am 

CN 

78 
152 

C«H46N04 
C«H38N,04 

75.1 
72.0 

9.2 
8.2 

74.5 
71.9 

9.6 
8.4 

Me 

o 

H 

174 

C«H»N04 

74.1 

8.7 

74.3 

8.5 

Me 

o 

CN 

216 

C2,HmN,04 

72.8 

8.0 

72.9 

8.1 

Me 

o 

co-<] 

235 

C„H4,NO. 

73.7 

8.3 

74.0 

8.3 

•  For  bases  where  R*  =  Me,  see  Table  II,  ref  la. 


Table  DC.    6,14-Ethano  Analogs  of  Alcohols  of  Structure  VIII 


R» 


Mp,      Compo-      Calcd,  %     Found,  % 
X  sition  C       H        C      H 


Me     Me 

CH,-< 

Me     n-Pr 

H 

Me     /f-Pr 

a^-<] 

Me     n-Bu 

CH.-<] 

185  QeHwNO*  73.4  8.3  72.8  8.3 

239  Q4H„N04  72.1  8.3  72.1  7.9 

179  C»H,9N04   74.1  8.7  74.1  8.5 

178  C29H4iN04   74.5  8.9  74.5  8.8 


dilution  with  ten  times  its  volume  of  water  gave  a  homogeneous 
solution  ('^30-40  min).  The  mixture  was  rapidly  cooled  and 
poured  with  vigorous  stirring  into  ice-water  (2500  ml),  and  the 
phenol  was  then  precipitated  by  the  addition  of  saturated  aqueous 
ammonium  chloride.  The  product  (80  g),  mp  280-282°,  was  col- 
lected, washed  well  with  water,  and  recrystallized  from  methanol, 
when  the  phenolic  base  XII  (R  =  R»  =  Me,  R'  =  H)  was  obtained 
as  prisms,  mp  284°. 

Anal.  Calcd  for  CHH27NO4:  C,  71.5;  H,  7.3.  Found:  C. 
71.3;  H,7.4. 

b.  N-Cyano-7a-( l-hydroxy-l-methylethyl)-6,14-ew</o-ethenotetra- 
hydronororipavine  (VIII,  R  =  R»  =  Me;  R'  =  CN)  (5  g) 
was  hydrolyzed  with  potassium  hydroxide  (5  g)  and  diethylene 
glycol  (40  ml)  at  160-170°  for  10  min.  The  mixture  was  poured 
into  water  (250  ml)  and  the  phenol  was  precipitated  with  ammo- 
nium chloride,  collected,  washed,  and  recrystallized  from  aqueous 
2pethoxyethanol,  when  it  was  obtained  (3.1  g)  as  prisms,  mp  284°, 
identical  in  infrared  absorption,  mixture  melting  point,  and  Rt 
value  with  material  obtained  as  in  part  a  above. 

c.  19-Methylnorthevinol  (VII,  R  =  Ri  =  Me;  R«  -  H)  (2 
g)  was  O-demethylated    by  heating  with  potassium  hydroxide 


(2.5  g)  and  diethylene  glycol  (12.5  ml)  at  210°  until  a  test  portioo 
gave  a  homogeneous  solution  on  dilution  with  water.  The  mixtuR 
was  then  diluted  with  water  (65  ml),  and  the  product  was  pctdpi- 
tated  with  ammonium  chloride,  when  19-methylnororvinol  (ViO, 
R  =:=  Ri  =  Me;  R'  ^  H)  (0.8  g)  was  obtained  as  prisms,  mp  284', 
from  2-ethoxyethanol,  identical  with  the  base  obtained  in  a  and 
b  above. 

Other  phenolic  secondary  bases  of  structure  VIII,  (R'  «  H) 
were  prepared  by  the  combined  hydrolysis  and  Odemethylatiooof 
N-cyano  compounds  of  the  tetrahydrothebaine  series  vn,  (R' 
=  CN)  by  the  process  given  in  part  a  above. 

N-Ally]-7a-(l-hydroxy-l-iiietfaylethyi)-644-e/idSt>-etlMD0lctnliy- 
dronorthebaine  (Vn,  R  »  R^  «  Me;  R>  »  CHiCH=€Ils)  (N- 
Ally]-19-iiiethylnortfaevino]).  a.  19-Methylnorthevinol  (VII,  R  « 
R>  =  Me;  R'  «  H)(3.4g),  allyl  bromide  (1  g),  anhydrous  soditn 
carbonate  (2  g),  and  ethanol  (40  ml)  were  boiled  together  under 
reflux  for  18  hr.  The  mixture  was  filtered  and  evaporated,  lea\iiif 
a  viscous  gum  that  crystallized  on  standing.  It  was  recrystaUi2ed 
from  petroleum  ether  (bp  40-60°),  when  N-allyl-19-niethylDoror- 
vinol  was  obtained  (3.0  g)  as  white  prisms,  mp  104''. 

Anal.  Calcd  for  Q6HUNO4:  C,  73.7;  H,  7.9.  Found:  C 
74.0;  H,  8.0. 

b.  N-Allyl-7er-acetyl-6,14-e/»/(t>-ethenotetrahydrothebaine  (N- 
allylnorthevinone,  VI,  R  =  CH,CH=CH,)  (10  g)  in  ether  (350  mO 
was  slowly  added  to  a  vigorously  stirred  solution  of  methyiinig> 
nesium  iodide  (from  1.67  g  of  magnesium  and  9.9  g  of  metfa>i 
iodide)  in  ether  (200  ml).  The  mixture  was  stirred  and  betted 
under  reflux  for  2  hr  and  poured  into  aqueous  ammonium  chloride. 
The  ether  layer  was  separated,  dried,  and  evaporated,  leaving  t 
residue  that  crystalliz^  on  standing.  Recrystallizatioo  of  the 
product  from  petroleum  ether  (bp  40-60'*)  aflTorded  N-alIyi-19- 
methylnorthevinol  (8.9  g)  as  white  prisms,  mp  104"*,  identical  io 
infrared  absorption,  mixture  melting  point,  and  Rt  value  with  the 
base  prepared  as  in  part  a  above. 
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The  base  was  also  obtained  from  N,N'-methylenebis(19- 
ylnorthevinol)  (IX,  R  «  R'  »  R*  -  R'  -  Me)  and  allyl 
lide  (see  below). 

her  N-substituted  nor  bases  of  the  general  formula  VII  were 
ired  from  the  corresponding  secondary  bases  by  heating 
the  appropriate  alkyl,  alkenyl,  or  alkynyl  halide,  sodium 
mate,  and  a  solvent,  generally  ethanol,  though  acetone  or 
yl  ethyl  ketone  was  the  preferred  solvent  for  3,3-dimethyl- 
bromide  since  solvolysis  of  the  halide  appeared  to  occur  when 
lol  was  used. 

V-AUyl-7aKl-bydroxy-l-metliyletfayl>-644-«/i^(>-€tlienotetrahy- 
ipaTine  (Vm,  R  -  Ri  »  Me;  R*  -  CH«CH=CHs) 
llyl-19-iiiethyliiororviiiol).  a.  7a-(l -Hydroxy- 1-methylethyl)- 
fm/(t>-ethenotetrahydronororipavine  (VIII,  R  =  R*  =  Me; 
•  H)  (19-methylnororvinol)  (3.4  g),  allyl  bromide  (1  g),  anhy- 
>  sodium  carbonate  (2  g),  and  ethanol  (80  ml)  were  boiled 
her  under  reflux  for  18  hr.  The  mixture  was  filtered  and 
)rated,  and  the  residue  was  recrystallized  from  methanol,  when 
4-allyl  compound  (3.0  g)  was  obtained  as  white  prisms,  mp 
on  slow  heating,  210  ^^  on  plunging  into  a  bath  heated  above 

al.    Calcd  for  Ci6HaiN04:    C,  73.3;   H,  7.6.    Found:    C, 

H,  7.4. 

N- Allyl-  7a-(  1  -hydroxy- 1  -methylethyl)-6, 1 4  -  e/f^(9-ethenotetra- 
>northebaine  (N-allyl-19-methyhiorthevinol,  VII,  R  =  R^ 
e;  R>  »  CHsCH=CHi)  (2  g)  was  demethylated  by  heat- 
with  potassium  hydroxide  (2.5  g)  and  diethylene  glycol 
ml)  at  200-210'*  until  a  homogeneous  solution  was  obtained  on 
on  of  a  test  portion  with  ten  times  its  volume  of  water.  The 
ire  was  then  poured  into  aqueous  ammonium  chloride,  and  the 
jct  was  isolated  by  ether  extraction,  when  it  was  obtained,  after 
stallization  from  methanol,  as  white  prisms  (0.8  g),  mp  120 
10°,  identical  with  material  prepared  as  in  part  a  above, 
ler  N-substituted  nor  bases  of  the  phenolic  series  VIII  were 
ired  as  in  a  by  the  action  of  alkyl,  alkenyl,  or  alkynyl  halides 
le  appropriate  secondary  base  VIII  (R>  »  H),  though  with 
imethylallyl  bromide  acetone  was  used  as  the  solvent. 

CydopropyIcarbonyi-7or-(l-bydroxy-l-iiiethyletfayl)-^44^/i^<t>- 
Dtetrahydronortbebaiiie  (N-CydopropylcarbonyI-19-iiietfayl- 
SYinol,  Vn,  R  :=  R^  »  Me;  R*  »  cydopropylcarbonyD. 
econdary  base  19-methylnorthevinol  (VII, R  =  R*  =  Me;  R» 
I  (5  g)  was  stirred  in  dry  ether  (150  ml)  with  anhydrous  potas- 

carbonate  (5  g)  and  cyclopropyl  carbonyl  chloride  (1.4  g) 
hr.  Water  and  dilute  hydrochloric  acid  were  then  added,  and 
her  layer  was  separated,  washed  with  water,  dried,  and  evap- 
d,  leaving  the  nonbasic  amide  as  prisms,  mp  212°  (3.5  g) 
1  to  214°,  vmaz  1640  cm~^  on  recrystallization  from  methanol, 
a/.    Calcd  for  CnHnNO*;    C,  71.7;    H,  7.3.    Found:    C, 

H,  7.3. 

^-Cydopropyliiietfayl-7a-(l-bydroxy-l-iiiethyleCfayl)-^,14-e/i^o- 
Jtetrahydronortfaebalne  (N-Cydopropyliiiethyi-19-iiietfayliior- 
id,  Vn,  R  «  Ri  »  Me;  R>  »  cydopropybnetfayl).  The  amide 
:lopropylcarbonyl-19-methylnorthevinol  (VII,  R  =  R*  = 
R>  s  cyclopropylcarbonyl)  (2  g)  in  tetrahydrofuran  (40  ml) 
tirred  and  heated  under  reflux  with  lithium  aluminum  hydride 
for  5  hr.  The  excess  of  hydride  was  cautiously  destroyed  by 
Jdition  of  an  aqueous  solution  of  potassium  sodium  tartrate, 
he  tetrahydrofuran  layer  was  separated.  The  aqueous  layer 
xtracted  with  ether,  and  the  combined  organic  solutions  were 
and  evaporated,  when  the  tertiary  base  was  obtained  as  a  gum, 
I  slowly  crystallized.  Recrystallization  of  the  product  from 
mol  afforded  1. 4  g  of  colorless  prisms,  mp  124°. 
i/.    Calcd  for  CnHuNOi:    C.  74.2;    H.  8.0.    Found:    C: 

H,  7.8. 

;  hydrochloride  was  obtained  by  treating  an  ethanolic  solution 
:  base  with  ethanolic  hydrogen  chloride  and  adding  dry  ether, 
ned  prisms,  mp  266°. 

i/.  Calcd  for  CnH«N04Ha:  C,  68.4;  H,  7.6.  Found, 
.4;  H,7.«. 

ler  tertiary  bases  of  general  structure  VII  could  be  prepared 
le  amide  and  reduction  with  lithium  aluminum  hydride  in  a 
ir  manner  to  the  above. 

Cyclopropylcarbonyl-7a-(l-bydroxy-l-iiiethylethyl>-6,14-e/i^(9- 
itetrahydronororipaTine  (N-Cydopropylcarbonyl-19-iiiethyl- 
rinol,  Vm,  R  »  Ri  »  Me;  R*  -  cydopropylcarbonyl).    The 

)lic  secondary  base  19-methylnororvinol  (VIII,  R  =  R*  = 
R*  «  H)  (5  g)  was  stirred  in  dry  ether  (150  ml)  with  anhydrous 
iium  carbonate  (5  g)  and  cyclopropylcarbonyl  chloride  (2.4 
6  hr.  The  solution  was  stirred  with  1  N  hydrochloric  acid 
nl)  for  5  min,  the  ether  layer  was  separated,  washed,  dried, 


and  evaporated,  leaving  the  amide  as  a  solid  residue.  This  was 
recrystallized  from  ethanol,  when  it  was  obtained  as  white  prisms, 
mp  290°,  giving  a  blue  color  with  ferric  chloride  and  instantly 
soluble  when  an  ethanolic  solution  was  added  to  an  excess  of  cold 
aqueous  sodium  hydroxide. 
Anal.    Calcd  for  Q«HnNO«:    C,  71.4;   H,  7.1.    Found:    C. 

71.5;  H,7.3. 

N-Cydopropyliiiethyl-7a-<l-liydroxy-l-methyiethyl)-6,14-e/M/9- 
etiiaMletrahydroiiortlielMine  (N-Cydopropyliiiethyl-19-iiiediyiiioror- 
▼inol,  Vm,R  -  Ri  -  Me;  R>  -  cydopropylmethyi).  The  amide 
VIII  (R  =  R»  =  Me;  R«  =  cyclopropylcarbonyl)  (4  g)  was  reduced 
with  lithium  aluminum  hydride  (2.15  g)  in  tetrahydrofuran  under 
reflux  over  5  hr.  The  product  was  isolated  by  the  cautious  addition 
of  an  aqueous  solution  of  potassium  sodium  tartrate  and  ether  ex- 
traction, when  the  tertiary  base  was  obtained  as  white  prisms,  mp 
234°,  on  recrystallization  from  methanol. 

Anal,  Calcd  for  CseH»N04:  C,  73.6;  H,  7.8.  Found:  C, 
73.6;  H,7.9. 

Other  N-substituted  bases  of  the  phenolic  series  VIII  were  pre- 
pared via  the  amide  and  reduction  with  lithium  aluminum  hydride 
by  the  same  method  described  above. 

N  J^  '-MeCfay  leiiebi8(7a-(l-bydroxy-l-iiietfayleCfayi>^,14^/i<i!9- 
ethenoCetrahy  dronorthebaine)  (SJS  '-MeCfaylenebi8(19-iiiediy  inoror- 
▼inol),  K,  R  -  Ri  <-  R*  »  R>  "  Me),  a.  A  solution  of  19-methyl- 
orvinol  (I,  R  «  R^  -  Me)  (10  fi^  and  methyl  azodicarboxylate 
(3.64  g)  in  acetone  (75  ml)  was  evaporated  to  dryness  over  30  min. 
The  viscous  yellow  product  was  dissolved  in  cold  1  A^  hydrochloric 
add  (100  ml)  and  the  solution  kept  at  room  temperature  for  45 
min.  The  base  was  precipitated  with  ammonia  and  rapidly  ex- 
tracted with  ether.  The  undried  extract  was  evaporated,  the  viscous 
residue  dissolved  in  methanol  (50  ml),  and  the  solution  heated 
to  boiling.  A  white  solid  (8.4  g)  rapidly  separated  and  was  col- 
lected and  recrystallized  from  2-ethoxyethanol,  when  the  N,N'- 
methylenebis  compound  was  obtained  as  white  prisms,  mp 
286°. 

Anal.  Calcd  for  C47H»N,Oi:  C,  72.5;  H,  7.4.  Found:  C, 
72.3;  H,7.5. 

b.  Aqueous  formaldehyde  (30%,  1  ml)  was  added  to  a  solution 
of  19-methylnororvinol  (VII,  R  -  R»  =  Me;  R»  =  H)  (2  g)  in 
ethanol  (15  ml).  The  mixture  was  kept  at  the  room  temperature 
for  45  min,  diluted  with  water,  and  extracted  with  ether.  The  ether 
extract  on  evaporation  yielded  a  viscous  gum  (2.01  g),  1  g  of  which 
on  heating  under  reflux  in  methanol  (5  ml)  gave  0.85  g  of  the  above 
N,N'-methylenebis  compound  (IX.  R  =  R»  =  R*  =  R*  =  Me). 
The  remaining  1  g  on  heating  with  19-methylnororvinol  (1  g)  in 
methanol  (10  ml)  afforded  1.8  g  of  the  same  N,N'-methylenebis 
compound,  mp  286°. 

N-Hydroxyroethyl-7a-(l-(/?)-hydroxy-l-methyl-3-phenyIpropyD- 
644^/u^^>-etlienotetrahydroiiorthelMiiie  (N-Hydroxyinethyl-19-plien- 
eCfaylnortlievinoi,  VO,  R  =  Me;  R^  =  CHiCHjPh;  R*  =  CH,OH). 
Aqueous  formaldehyde  (30%,  1  ml)  was  added  to  a  warm  solution 
19-phenethylnorthevinol  (VII,  R  =  Me;  R»  =  CH,CHJ>h;  R» 
=  H)  (2  g)  in  ethanol  (15  ml)  and  the  mixture  kept  at  45°  for  30 
min  during  which  time  a  crystalline  solid  separated.  The  mixture 
was  cooled,  and  the  solid  (1.9  g)  was  collected  and  recrystallized 
from  methanol  containing  10%  of  aqueous  30%  formaldehyde, 
when  the  carbinolamine  (1.6  g)  was  obtained  as  white  prisms,  mp 
123°. 

Anal.  Calcd  for  C,,HnNO*:  C.  74.1;  H.  7.4.  Found:  C, 
74.6;  H.7.8. 

N  J^  '-Methyieiiebi8(7cx-<l-(/{)-hydroxy-l-iiietfayl-3-phenylpro- 
pyi>^,14^/i^a-etlienotetrahydronortfaebaine)  (SJS  '-MeCfay  lefiebia(19- 
phenetfayliiortlieYiiioi),IX,R  »  R>  »  Me;  R'  -  R>  »  CHtCHsPh). 
a.  A  solution  of  19-phenethylthevinol  (60  g)  and  ethyl  azodicar- 
boxylate (24  g)  in  acetone  (450  ml)  was  boiled  under  reflux  for  1  hr. 
The  acetone  was  then  evaporated,  and  the  residue  was  dissolved  in 
methanol  (600  ml)  and  water  (75  ml)  added.  The  solution  was 
heated  to  boiling  when  a  crystalline  solid  rapidly  separated.  The 
mixture  was  cooled,  and  the  solid  (42  g)  was  collected  and  a  portion 
recrystallized  from  1-propanol,  when  the  N,N'-nnethylenebis  com- 
pound was  obtained  as  white  prisms,  mp  241-243°. 

Anal.  Calcd  for  CHtoNjO,:  C.  76.4;  H,  7.4;  N,  2.9.  Found: 
C,76.4;  H,7.8;  N,2.9. 

b.  N-Hydroxymethyl- 19-phenethylnorthevinol  (VII,  R  =  Me; 
Ri  -  CH,CHJ>h;  R«  -  CHiOH)  (1  g)  was  heated  in  boiling 
ethanol  (20  ml)  until  separation  of  crystalline  material  appeared  to 
have  ceased.  The  mixture  was  cooled  and  the  solid  (0.8  g)  col- 
lected, when  the  N,N'-methylenebis  compound  was  obtained  as 
prisms,  mp  238-240°,  raised  to  241-242°  on  recrystallization  from 
1-propanol. 
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c.  N-HyclroxymethyH9-phenethylnorthevinol  (VII,  R  =  Me; 
R»  =  CHjCHsPh;  R*  ^  CHxOH)(l  g)and  19-phcnethylnorthevinol 
(VII,  R  =  Me;  R»  «  CH,CH»Ph;  R»  =  H)  (0.93  g)  were  heated 
together  in  ethanol  (25  ml)  until  separation  of  crystalline  material 
appeared  to  have  ceased.  The  mixture  was  cooled  and  the  N,N'- 
methylenebis  compound  (1 .7  g)  was  collected  and  recrystallized  from 
1-propanol,  when  it  was  obtained  as  white  prisms,  mp  241-243''. 

N  J^  '-Methy  leiie-7a-(l-hydroxy-l-iiietfayleCfay])-7  'a-<l-(/?)-hy- 
droxy-lHnetfayl-^|ilienylpropy])bi8(644-e/i^o-etlienotetrahydroiior- 
tbetaine)  (NJS  '-MeCfayleiie-19-iiiethy]-19  '-pbenethylbisdiortlieYi- 
nol),  IX,  R  »  Ri  »  R*  «  Me;  R>  »  CHsCHsPh).  a.  N- 
Hydroxymethyl-19-phencthylnorthevinol  (VII,  R  =  Me;  R* 
=  CH^CH^h;  R«  =  CHxOH)  (1  g)  and  19-methylnorthevinol 
(VII,  R  =  Ri  =.  Me;  R«  =  H)  (0.76  g)  were  heated  together  in 
boiling  ethanol  until  separation  of  the  solid  ceased.  The  mixture 
was  cooled,  and  the  product  was  collected  (1.41  g)  and  recrystal- 
lized from  1-propanol,  when  it  was  obtained  as  white  prisms, 
mp  218-220°. 

Anal.  Calcd  for  CmHmNsOs:  C,  74.6;  H,  7.7.  Found:  C, 
74.3;  H,7.2. 

b.  Aqueous  formaldehyde  (30%,  1  ml)  was  added  to  a  solution 
of  19-methylnorthevinol  (VII,  R  =  R^  =  Me;  R*  =  H)  (1  g)  in 
ethanol  (10  ml),  and  after  30  min  the  solution  was  diluted  with 
water  (50  ml)  and  rapidly  extracted  with  ether.  The  ether  extract 
was  evaporated  at  TO""  in  vacuo;  the  residue  was  dissolved  in  ethanol 
(20  ml)  and  heated  with  19-phenethylnorthevinol  (VII,  R  =  Me, 
R»  *  CH,CHJ>h;  R«  =  H)  (1.24  g)  until  precipitation  of  solid 
ceased.  The  mixture  was  cooled  and  the  above  unsymmetrical  bis 
compound  (1.9  g)  was  collected  and  obtained  as  prisms,  mp  218- 
220'',  after  recrystallization  from  1-propanol. 

Hydrolysis  of  NJ^'-MeCfayleiiebi8(7a-(l-hydroxy-l-iiiethyleCfayl)- 
6,14-^/tt/o-etlieiiotetrahydronortliebaiiie)  (IX,  R  «  Ri  =^  R*  «  Rs  »» 
Me),  a.  The  N,N'-methylenebis  compound  (500  g)  was  dissolved 
in\  N  hydrochloric  acid  (5  ml),  and  the  solution  was  added  to  a  solu- 
tion of  2,4-dinitrophenylhydrazine  (500  mg)  in  3  ^  hydrochloric  acid 
(10  ml).  The  mixture  was  warmed  until  separation  of  solid  matter 
ceased.  The  solid  was  collected,  washed  with  water,  and  dried 
(125  mg).  On  recrystallization  from  aqueous  ethanol,  it  was 
obtained  as  orange  needles,  mp  165*^,  undepressed  on  mixing  with 
formaldehyde  2,4-dinitrophenylhydrazone,  mp  166°. 

b.  A  solution  of  dimedone  (0.2  g)  in  ethanol  (5  ml)  was  added 
to  a  hot  solution  of  the  N,N'-nnethylenebis  compounds  (1  g)  in 
6%  acetic  acid.  Methylenedimedone  (0.19  g)  was  precipitated 
almost  at  once  and  was  collected,  when  it  was  obtained  as  white 
prisms,  mp  189°  undepressed  on  mixing  with  an  authentic  specimen 
prepared  from  formaldehyde.  The  filtrate,  after  removal  of  this 
derivative,  was  basified  with  ammonia,  and  the  precipitated  base 


was  collected  and  recrystallized  from  aqueous  methanol,  when  the 
the  secondary  base  (VII,  R  =  R»  =  Me;  R«  =  H)  (0.8  g)  was  ob- 
tained as  needles,  mp  163°,  identical  with  material  prepared  by  the 
hydrolysis  of  the  N-cyanonor  compound  (VII,  R  «  R^  =  Me;  R' 
=  CN)  as  described  above. 

Reaction  of  NJ^'-Metiiylenebis(7a-(l-hydroxy-l-aMl]QrkilqrD- 
6,14-e/i^o-etlien(itetrahydrotliebaiiie)  (IX,  R  »  R^  *=  R*  »  R' » 
Me)  witii  Alkyi  and  Acyi  Halides.  a.  The  N,N'-methyleoebis 
compound  (1  g),  methyl  iodide  (2  ml),  anhydrous  potassium  car- 
bonate (1  g),  and  ethanol  (20  ml)  were  boiled  together  under  reflin 
for  6  hr.  Filtration  and  concentration  of  the  solution  afforded 
19-nnethylthevinol  (I,  R  ==  R'  =  Me)(l  g),  mp  1 66 ""  alone  or  mixed 
with  an  authentic  specimen. 

b.  The  bis  compound  (1  g),  allyl  bromide  (2  ml),  anhydrois 
potassium  carbonate  (1  g),  and  ethanol  (20  ml)  were  boiled  together 
under  reflux  for  16  hr.  Filtration  and  evaporation  of  the  solutioo 
yielded  N-allyl- 19-methylnorthevinol  (VII,  R  =  R^  «  Mc;  R* 
=  CH2CH=CH0  (1  g),  mp  104°  on  recrystallization  from  pdro- 
leum  ether  (bp  40-60°). 

Other  N-alkenylations  and  alkynylations  of  this  and  other  metfayl- 
enebis  compounds  using  reactive  halides  such  as  propargyl  bromide, 
allyl  bromide,  and  dimethylallyl  bromide  were  achieved  under 
similar  conditions.  Less  reactive  alkyi  halides,  however,  such  as 
ethyl  bromide,  /f-propyi  iodide,  etc.,  reacted  less  readily,  and  reflux 
periods  of  up  to  3  days  were  necessary  for  complete  reaction,  and 
under  such  conditions  quaternary  salt  formation  was  also  observed. 

c.  The  N,N'-methylenebis  compound  (1  g),  anhydrous  potas- 
sium carbonate  (1  g),  and  cyclopropylcarbonyl  chlmde  (OJ  g) 
were  stirred  together  in  dry  ether  (50  ml)  for  6  hr.  Water  (10  ml) 
and  2  N  hydrochloric  acid  (20  ml)  were  added,  and  the  ether  iajicr 
was  separated  and  evaporated,  whoi  N-cyclopropylcarlxxiyi-19' 
methylnorthevinol  (VII,  R  =  R»  =  Me;  R"  «  cydopropykar- 
bonyl)  (1.0  g)  was  obtained  after  recrystallization  from  metlianol, 
mp  214°,  undepressed  on  mixing  with  an  authentic  spedraen  pn- 
pared  from  the  secondary  base  VII  (R  =  R»  =  Me,R«  «  H). 
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Abstract :  Alcohols  of  general  structure  I  have  been  dehydrated  to  olefins  II  which  have  been  further  converted  into 
14-alkenylcodeinones  V,  themselves  transformed  by  further  acid-catalyzed  reactions  into  recyclized  products  VII 
and  IX  and  derivatives  of  5,14-thebainone  (XV).  14-(3-Methylbut-2-enyl)codeine  (XXVII)  has  been  converted 
into  a  derivative  XXIX  of  (— )-sinomenilan,  the  structure  of  which  has  been  demonstrated  by  spectral  studies  and  by 
conversion  via  the  bases  XXX  and  XXXUI  into  the  olefin  XXXIV. 


5  alcohols  of  the  6,14-etheno-  and  -ethanotctra- 
^drothebaine  and  -oripavine  groups  described  in 
eceding  two  papers  in  this  series^  are  all  unstable 
d  media,  in  which  they  suffer  dehydration  and 
ngement,  the  speed,  extent,  and  course  of  which 
ds  on  the  nature  of  the  alcoholic  group  and  the 
)ridge  and  on  the  conditions  of  the  reaction.  In 
ses  the  first  product  appears  to  be  an  olefin.  The 
s  are  generally  preparable  in  good  yield  by  heating 
cohols  in  9fr-l(X)%  formic  acid,  though  in  some 

further  reaction  takes  place  before  complete 
ration  occurs.  In  no  case  was  evidence  obtained 
I  production  of  more  than  one  olefin,  and  in  the 
examined  the  olefin  is  the  product  of  dehydration 
side  chain  rather  than  toward  C-7. 
J  olefin  II  (R*  =  R*  =  H)  on  ozonolysis  affords 
ildehyde  and  the  ketone  III,  and  the  olefin  II 
=  H,  R*  =  Et)  yields  propionaldehyde,  thus 
ming  the  structures  assigned  to  these  bases, 
tructure  II  (R>  =  R*  =  H)  for  the  olefin  derived 
the  alcohol  I  (R  =  Me)  is  further  confirmed  by  its 
iction  from  the  ketone  III  by  the  Wittig  reaction, 
>y  its  nmr  spectrum,  which  shows  a  two-proton 

at  i  4.80  (H2C=C<)  and  a  three-proton  signal 
.60  (^CCHa).  The  production  of  the  same  olefin 
*  =  H,  R2  =  Me)  from  two  diastereoisomeric 
ols  of  structure  I  (R  =  Et)  and  of  the  olefin  II 
=  H,  R2  =  Et)  from  two  alcohols  of  structure  I 

/i-Pr)  shows  that  the  alcohols  in  each  case  are 
reoisomers  at  the  asymmetric  alcoholic  carbon 
and  do  not  differ  at  C-?.**' 

fins  analogous  to  those  of  structure  II,  but  bearing 
kethano  bridge  are  preparable  by  the  dehydration 
;  6,14-ethano  analogs  of  the  alcohols  of  structure 
atalytic  reduction  of  the  olefins  II  in  general  results 
I  saturation  of  the  6,14-etheno  bridge,  which  is 
ciably  less  hindered  than  in  the  alcohols  I,  but  in 
on  the  methylene  group  in  the  olefin  II  (R^  = 


i)  Part  III :  K.  W.  Bcntley  and  D.  G.  Hardy,  /.  Am.  Chem.  Soc., 
1  (1967).  (b)  A  preliminary  report  of  part  of  this  work  has  been 
y  K.  W.  Bentley  and  D.  G.  Hardy.  Proc.  Chem.  Soc.,  220  (1963); 
ie  publication  of  this  report  some  similar  work  on  a  simpler 
has  been  reported  by  A.  J.  Birch  and  J.  S.  Hill,  /.  Chem.  Soc.,  419 

'art  II :     K.  W.  Bentley,  D.  G.  Hardy,  and  B.  Meek,  /.  Am.  Chem. 

I,  3273  (1967). 

C.  W.  Bentley  and  J.  C  Ball,  /.  Org.  Chem.,  23, 1720  (1958). 


R^  =  H)  is  also  reduced;  the  more  heavily  substituted 
double  bond  in  the  olefin  II  (R  =  H,  R^  =  /i-Pr)  is  more 
resistant  to  reduction. 

The  olefins  themselves  are  unstable  under  acid  con- 
ditions, but  the  ease  of  rearrangement  appears  to  de- 
pend on  the  degree  of  substitution  of  the  double  bond. 
For  example,  the  olefin  II  (R^  =  R«  =  H,  CH,  = 
Ph)  is  completely  rearranged  after  10-min  boiling  in 
98-100%  formic  acid,  and  the  olefin  II  (R^  =  R« 
=  H)  after  3  hr-boiling,  whereas  the  trisubstituted 
olefins  II  (R^  =  H)  are  stable  to  boiling  formic  acid 
and  require  heating  with  dilute  mineral  acid  before 
rearrangement  can  be  effected.  Presumably  the  ease  of 
rearrangement  is  dependent  on  the  ease  of  protonation 
of  the  double  bond  to  give  the  carbonium  ion  IV, 
which  can  either  revert  to  the  olefin  II  with  the  loss  of  a 
proton,  or  can  suffer  ring  fission  to  give  the  14-alkenyl- 
codeinone  (V).  Compounds  of  this  structure  V  (R 
=  Me  and  Ph)  have  been  isolated  from  the  products 
rearrangement  of  the  alcohols  I  (R  =  Me  and  Ph) 
and  the  derived  olefins,  and  the  ketone  V  (R  =  Ph, 
CHs  =  Et)  has  been  obtained  from  the  alcohol  I  (R 
=  Ph,  CHs  =  Et).  In  each  of  these  cases,  rearrange- 
ment to  the  codeinone  was  complete  in  refluxing  98- 
1(X)%  formic  acid.  In  other  cases,  the  alkenylcodei- 
nones  are  only  obtained  when  the  alcohols  or  olefins 
are  heated  with  dilute  mineral  acid.  Under  these  con- 
ditions, however,  the  unsaturated  ketones  are  them- 
selves susceptible  to  further  rearrangement  (see  follow- 
ing paper),  and  hence  the  yields  of  the  codeinones  in 
these  cases  are  very  poor,  and  the  isolation  of  pure 
materials  from  the  reaction  mixtures  is  difficult. 

The  structures  assigned  to  the  14-alkenylcodeinones 
(V)  are  in  accord  with  their  chemical  properties  and 
absorption  spectra.  They  are  insoluble  in  alkalies  and 
do  not  couple  with  diazonium  salts.  Their  infrared 
spectra  show  carbonyl  absorption  at  1690  cm"*,  and 
the  ultraviolet  spectra  of  the  bases  V  (R  =  Ph  and  also 
R  =  Ph,CH8  =  Et)  are  styrenoid.  The  nmr  spectrum 
of  the  base  V  (R  =  Ph)  shows  signals  (in  6  units)  at 
7.23  (five  aromatic  H),  6.52  (C-1  and  C.2  H),  doublets 
centered  at  6.52  (C-8  H)  and  6.05  (C-7  H)  (/r.g  =  10 . 
cps),  a  triplet  centered  at  5.58  (CH=CMePh),  and 
singlets  at  4.65  (OCH),  3.78  (C-3  OCH,),  2.40  (NCH,), 
and  2.02  (C=CPhCH|).  The  spectrum  of  the  base  V 
(R  =  Me)  is  similar  to  that  of  the  base  (R  ^  Ph),  but 
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lacks  the  signals  at  7.23  and  2.02  and  shows  instead 
signals  at  1.68  (3  H)  and  1.47  (3  H)  attributed  to  the 
methyl  groups  in  the  system  C=CMe2. 

Catalytic  reduction  of  the  14-alkenylcodeinones  pro- 
ceeds very  sluggishly  and  affords  poor  yields  of  14- 
alkyldihydrocodeinones  (X),  but  isolation  of  pure  mate- 
rials is  difficult  since  mixtures  of  isomers  appear  to  be 
formed  in  most  cases.  Reduction  only  of  the  a,/3- 
unsaturated  ketone  system  of  the  base  V  (R  =  Me) 
could  not  be  accomplished  with  zinc  and  acetic  acid  or 
with  sodium  amalgam,  both  of  which  reagents  yielded 
mixtures  containing  phenols  resulting  from  opening  of 
the  4,5-oxygen  bridge.  The  dihydro  compound  XI 
(R  =s  Ph)  was,  however,  obtained,  together  with  the 
alcohol  XII  (R  =  Ph),  by  the  reduction  of  the  unsat- 
urated ketone  with  sodium  borohydride  in  pyridine.^ 
The  alkenyldihydrocodeinones  XI  are  not  accessible  by 
the  rearrangement  of  the  6,14-ethano  alcohols  analogous 
to  those  of  structure  I,  since  they  appear  to  suffer  fur- 
ther rearrangement  in  acid  media  very  much  more 
readily  than  their  a,j3-unsaturated  counterparts,  and 
the  rearrangements  only  furnish  either  olefins  or  phe- 
nolic bases.  The  C-6  carbonyl  group  in  the  14-alkenyl- 
codeinones and  their  reduction  products  can  be  reduced 
very  readily  with  sodium  borohydride  to  give  the  related 
derivatives  of  codeine,  for  example,  the  14-alkenyl- 
codeines  (XII).    In  this  reduction  there  is  no  evidence 

(4)  Wc  arc  indebted  to  Dr.  J.  W.  Lewis  and  Mr.  M.  J.  Readhead  of 
this  laboratory  for  details  of  this  reaction,  the  further  implications  of 
which  will  be  discussed  in  a  subsequent  publication. 
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he  14-alkenylcodeinones  and  morphinones  are,  how- 
%  only  intermediates  in  the  complex  rearrangements 
:  the  alcohols  of  structure  I  and  their  phenolic 
logs  undergo  in  acid  media.  When  the  alcohol  I 
=  Me)  is  warmed  at  45  **  with  6  N  hydrochloric  acid 
6-7  hr  or  kept  in  the  same  medium  at  25  **  for  3  days, 
converted  in  good  yield  into  the  6-hydroxy  analog 
(R  =  Me),  the  infrared  spectrum  of  which  is  very 
ilar  to  that  of  the  parent  alcohol  I  (R  =  Me)  and 
ws  no  carbonyl  absorption.  The  nmr  spectrum 
ws  no  band  attributable  to  the  C-6  methoxyl  group, 
does  show  two  bands  at  6  4.71  and  4.48  that  dis- 
ear  after  shaking  the  base  with  deuterium  oxide  and 
i  must,  therefore,  be  due  to  two  hydroxyl  groups, 
rest  of  the  spectrum  being  virtually  identical  with 
t  of  the  parent  alcohol.  Since  the  ketones  III  (also 
8  =  Ph)  are  unaffected  under  the  conditions  under 
ch  the  alcohol  I  (R  =  Me)  is  demethylated,  this 
lethylation  may  be  assumed  to  proceed  throuj^  the 
mylcodeinone  V  (R  =  Me),  by  recyclization  to  the 
3onium  ion  VI  (R  ^  Me),  which  can  then  either 
5  a  proton  to  give  the  6-hydroxyolefin  VIII,  or  react 
li  a  water  molecule  to  give  the  alcohol  VII  (R  =  Me), 
s  process  has,  indeed,  been  accomplished  separately 
ting  with  the  codeinone  V  (R  =  Me),  which  on 
iding  in  cold  6  N  hydrochloric  acid  affords  the  al- 
ol  VII  (R  =  Me)  in  good  yield.  The  olefin  VIII 
not  yet  been  isolated.  Further  support  for  this 
:hanism  is  forthcoming  from  the  action  of  methyl 
loformate,  methanol,  and  perchloric  acid  on  the 
einone  V  (R  =  Me)  which  leads,  presumably  via 
carbonium  ion,  to  the  carbinol  methyl  ether  IX 
=  Me)  (40%)  and  the  olefin  II  (R^  =  R«  =  H) 
Q.*  The  alcohol  VII  (R  =  Me)  can  be  converted 
k  into  the  alkenylcodeinone  V  (R  =:  Me)  by  heating 
1 100%  formic  acid. 

r  the  alkenylcodeinone  V  (R  =  Me),  the  alcohols 
I  =  Me)  and  VII  (R  =  Me),  or  the  olefin  II  (R^  = 
=  H)  is  heated  with  6  N  hydrochloric  acid  at  100^ 
a  short  period,  further  rearrangement  occurs,  and 
major  product  is  a  phenolic  base  isomeric  with  the 
einone  V  (R  =  Me)  and,  like  the  latter,  an  a,/3-un- 
irated  ketone.  The  phenolic  hydroxyl  must  appear 
he  result  of  fission  of  the  4,5-oxide  bridge,  in  which 
t  a  new  bond  must  be  formed  to  C-S,  and  the  base 
learly  an  analog  of  flavonepenthone  (XV,  R  =  H, 
=  Ph)*''  and  may  be  assigned  the  structure  XV 
=  R*  =  Me).  This  is  supported  by  the  nmr  spec- 
n  of  the  base  which  shows  signals  (in  6  units)  at 
i  (two  aromatic  H),  doublets  centered  at  6.77  (C-8  H) 
5.67  (C-7  H)  (/7,8  =  10  cps),  singlets  at  4.42  (C-5  H), 
J  (aromatic  OCH,),  2.36  (NCH,)  and  1.86  and  1.70 
CMe2),  and  by  the  ozonolysis  of  the  base,  which  af- 
is  acetone. 

'he  ultraviolet  spectrum  of  the  base  XV  (R  =  R^  = 
)  further  supports  the  assigned  structure,  showing  as 
oes  the  long  wavelength  absorption  band  Xmaz  3350 
which  is  a  characteristic  feature  of  the  spectra  of 
othebaone  (XIX),*  benzflavothebaone  (XX),*  and 
onepenthone  (XV,  R  =  H,  R^  =  Ph),»  though  the 

)  We  are  indebted  to  Dr.  J.  J.  Brown  of  Lederle  Laboratories,  Pearl 

r,  N.  Y.,  for  details  of  this  reaction. 

)  K.  W.  Bentley  and  J.  C.  Ball,  /.  Org,  Chem.,  23,  1725  (1958). 

)  K.  W.  Bentley,  J.  Dominguez,  and  J.  P.  Ringe,  ibid,,  22,  418 

7). 

)  K.  W.  Bentley,  J.  C.  Ball,  and  H.  M.  £.  Cardwell,  ibid.,  23,  941 
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intensity  of  absorption  at  this  wavelength  is  somewhat 
less  than  in  these  three  bases.  This  absorption  band  in 
flavothebaone  has  been  attributed  by  Meinwald  and 
Wiley  ^  to  charge  transfer  between  the  quinol  nucleus 
and  the  enone  system  as  shown  in  formula  XXI,  but 
such  charge  transfer  is  not  possible  in  bases  of  general 
structure  XV,  in  which  no  oxygen  atom  is  available  to 
supply  electrons.  Bentley,  Dominguez,  and  Ringe,^ 
however,  have  suggested  that  this  long  wavelength  ab- 
sorption band  is  simply  the  absorption  band  of  the 
a,/3-unsaturated  ketone  system,  which  normally  ap- 
pears in  this  region  but  which  in  normal  circumstances 
is  very  weak  (€n,ax  ^^50)  intensified  (e^gu^  ^^2000)  as  a 
result  of  the  perturbation  of  the  enone  system  by  the 
spatially  proximate  w  orbitals  of  the  unsaturated  system, 
the  precise  nature  of  which  (quinol,  naphthaquinol, 
styrene,  or  isolated  double  bond)  appears  to  be  of  little 
importance. 

Bases  of  general  structure  XV  can  arise  from  the  14- 
alkenylcodeinones  by  protonation  of  the  oxide  bridge, 
bridge  fission,  and  Markovnikov  addition  of  the  result- 
ing carbonium  ion  to  the  side-chain  double  bond,  as  in 
XIII  -►  XV.'  Non-Markovnikov  addition,  clearly 
unlikely,  would  lead  to  a  base  of  structure  XVI,  which 
is  demonstrably  not  that  of  the  product.  Alternatively, 
since  the  alkenylcodeinone  is  in  equilibrium  with  the 
recyclized  carbonium  ion  VI  in  acid  solution,  rearrange- 
ment may  take  place  by  way  of  such  an  ion  and  the 
olefin  XVII,  in  which  concerted  bridge  fission  and  migra- 
tion in  a  pinacolone  type  rearrangement  can  occur. 
The  geometry  of  the  molecule  of  the  olefin  XVII  is 
particularly  favorable  for  such  a  1,2  shift.  In  view  of 
the  formation  of  the  olefin  II  from  the  carbonium  ion 
IV,  the  ion  XIV  might  be  expected  to  give  the  olefin 
XVIII  instead  of  the  actual  product  XV. 

Other  bases  analogous  to  the  base  XV  (R  =  R^  = 
Me),  bearing  substituents  other  than  a  methyl  group 
on  the  nitrogen  atom,  are  preparable  in  about  40-50  % 
yield  by  the  rearrangement  of  the  corresponding 
analogs  of  the  alcohol  I  (R  "=  Me),  and  the  related 
3-hydroxy  compounds  may  be  obtained  either  by  the 
demethylation  of  the  3-methoxy  bases  with  48  %  hydro- 
bromic  acid  or  by  the  combined  rearrangement  and 
demethylation  of  the  appropriate  alcohol  with  this 
reagent. 

Zinc  and  acetic  acid  reduction  of  the  unsaturated 
ketone  XV  (R  =  R^  =  Me)  affords  the  saturated  ke- 
tone, ^  ^  which  is  the  sole  end  product  of  the  rearrange- 
ment of  the  6,14-ethano  analog  of  the  alcohol  I  (R  » 
Me).  In  this  reaction,  the  14-alkenyldihydrocodeinone 
(X,  R  =  Me)  has  not  been  detected  an  an  intermediate 
in  the  reaction  and  it  may  be  concluded  that  this  base 
is  rearranged  more  rapidly  than  the  corresponding 
codeinone. 

During  the  rearrangement  of  the  alcohol  I  (R  »  Me) 
and  the  codeinone  V  (R  =  Me),  a  second  process  com- 
petes with  the  formation  of  the  phenol  XV  (R  =  R^  = 
Me)  giving  rise  to  an  isomer  of  the  latter.    This  process, 

(10)  J.  Mdnwald  and  G.  A.  Wiley,  /.  Am,  Chem,  Soc„  79, 2569  (1957). 

(11)  14-Hydroxycodeinone  undergoes  biniolecular  coupling  during 
reduction  with  zinc  and  acetic  acid  [L.  J.  Sargent  and  U.  Weiss,  /. 
Org,  Chem,,  2S,  987  (I960)],  but  the  enone  system  present  in  the  base^ 
of  general  structure  XV  is  so  shielded  by  the  other  parts  of  the  molecule 
that  bimolecular  coupling  is  very  seriously  hindered.  In  the  14-alkenyl- 
codeinones of  structure  V  the  enone  system  is  much  less  hindered,  and 
bimolecular  coupling  may  be  assumed  to  be  involved  in  part  in  the  forma- 
tion of  the  very  complex  product  of  reduction  of  these  bases  with  zinc 
and  acetic  acid. 
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which  is  discussed  in  the  following  paper,  ^*  becomes  the 
dominant  one  in  the  rearrangement  of  alcohols  I  in 
which  R  is  not  a  methyl  group,  with  the  result  that  bases 
of  structure  XV  then  become  minor  products  of  the 
reaction.  For  example,  the  rearrangement  of  the  al- 
cohol I  (R  =  Ph)  affords  only  1.6%  of  the  phenol  XV 
(R  =  Me,  R^  =  Ph).  This  competing  reaction,  how- 
ever, involves  the  14-alkenylcodeinone  (V)  as  an  es- 
sential intermediate  and  is  not  operative  in  the  rear- 
rangement of  the  6,14-ethano  alcohols.  Rearrange- 
ment of  the  alcohols  XXII  (R  =  w-Pr),  XXII  (R  = 
/i-Bu),  XXII  (R  =  /i-Am),  however,  affords  mixtures 
in  each  case  of  two  isomeric  phenols.  The  products 
from  the  alcohol  XXII  (R  =  /i-Bu)  have  identical  infra- 
red spectra,  and  these  are  presumably  cis-trans  isomers 
XXIII  and  XXIV,  which  could  obviously  arise  from 
the  intermediate  carbonium  ion,  whether  this  be  of  the 
type  XIV  or  VI. 

The  presence  of  the  carbonyl  group  in  the  alkenyl- 
codeinone  V  (R  =  Me)  is  essential  for  the  rearrange- 
ment of  this  base  to  the  phenol  XV  (R  =  R^  =  Mc) 
by  recyclization  to  the  carbonium  ion  VI  and  concerted 
oxide  bridge  opening  and  rearrangement  as  in  XVII, 
and  may  be  necessary  for  activation  of  the  4,5-oxide 
bridge  if  the  rearrangement  proceeds  as  shown  in 
formulas  XIII  -►  XV.    The  reaction  of  the  14-alkenyl- 


(12)  Part  V:  K.  W.  Bentlcy.  D.  G.  Hardy,  C.  F.  Howell,  W.  Fulmor. 
J.  E.  Lancaster,  J.  J.  Brown,  G.  O.  Morton,  and  R.  A.  Hardy,  Jr.,  /. 
Am.  Chem.  Soc.,  89,  3303  (1967). 
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codeine  (XII,  R  =  Me),  which  contains  no  carboi 
group,  with  hot  concentrated  hydrochloric  acid  v 
accordingly  examined.  This  reaction  yielded  a  co 
plex  mixture  of  products  from  which  a  crystalline  b; 
"A,"  mp  200^,  was  recovered  in  25  %  yield.  Base  **. 
is  isomeric  with  the  codeine  XII  (R  =  Me),  and 
infrared  spectrum  shows  carbonyl  absorption  at  !' 
cm-^  but  no  hydroxyl  absorption.  It  is  very  sparin: 
soluble  in  ethanol  but  dissolves  readily  on  the  additi 
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of  sodium  ethoxide  to  give  a  deep  yellow  solution,  which 
couples  readily  with  diazotized  sulfanilic  acid  to  give  a 
blood  red  solution.  Base  "A"  is  recovered  from  the 
yellow  ethoxide  solution  on  the  addition  of  water,  but 
the  addition  of  an  excess  of  ammonium  chloride  solu- 
tion results  in  the  precipitation  of  a  new  base  "B," 
which  is  isomeric  with  base  "A"  and  shows  phenolic 
hydroxy!  absorption  and  carbonyl  absorption  at  1690 
cm~^  in  the  infrared.  Base  **B"  is  readily  soluble  in 
ethanol,  and  the  solution  rapidly  deposits  base  "A" 
on  the  addition  of  a  small  amount  of  aqueous  sodium 
hydroxide.  The  reduction  of  base  "A"  with  sodium 
borohydride  in  neutral  solution  affords  a  nonphenolic 
alcohol,  whereas  reduction  in  the  presence  of  sodium 
ethoxide  yields  a  phenolic  alcohol,  and  both  of  these 
products  are  stable  to  alkalis. 

Base  *'A"  reacts  relatively  slowly  with  bromine  and, 
hence,  cannot  contain  an  olefinic  center,  and  this  is 
confirmed  by  the  failure  of  ozonolysis  to  yield  cither 
acetone  or  formaldehyde.  The  nmr  spectra  of  bases 
"A"  and  "B"  show  that  both  of  these  bases  are  alde- 
hydes. Both  spectra  show  signals  attributable  to  the 
C-1  C-2  aromatic  protons  and  protons  of  the  OCHj, 
NCN3,  and  two  CCH3  groups.  The  two  CCH,  peaks 
appear  at  8  1.0  and  0.77  in  the  spectrum  of  base  "A" 
and  at  8  1.16  and  1.03  in  the  spectrum  of  base  "B," 
indicating  that  neither  base  contains  the  system  =CMe2, 
and  that  some  change  in  the  distant  environment  of  the 
two  methyl  groups  occurs  in  the  conversion  of  base 
"A"  into  base  "B."  The  aldehyde  proton  signal  in  the 
spectrum  of  base  "A"  is  a  doublet  at  8  9.35, 7=2  cps, 
suggesting  that  the  system  >CHCHO  is  present  in  this 
base,  whereas  the  corresponding  signal  in  the  spectrum 
of  base  *'B"  is  a  singlet  at  8  9.76,  which  is  consistent 
with  the  presence  in  this  base  of  the  system  C=CCHO. 
This  interpretation  is  consistent  with  the  shift  of  car- 
bonyl absorption  frequency  from  1730  to  1690  cm"^ 
in  the  conversion  of  base  "A"  into  base  "B."  The 
reversible  conversion  of  the  system  CCHCHO  into 
C=CCHO  with  the  simultaneous  appearance  of  a 
phenolic  hydroxyl  group  suggests  that  base  A  and  base 
B  are  related  as  shown  in  part  structures  XXV  and 
XXVI,  and  in  agreement  with  this  the  C-5  proton  of 
XXV  is  revealed  in  the  nmr  spectrum  of  base  A  by  a 
doublet  centered  at  8  5.15,  75,6  =  9  cps,  which  is  absent 
from  the  spectrum  of  base  B.  The  spectrum  of  base  B, 
however,  shows  a  one-proton  signal  at  8  7.68,  which  is 
absent  from  the  spectrum  of  base  A  and  is  attributable 
to  the  C-5  proton  in  XXVI. 
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The  spectrum  of  base  A  shows  no  signal  attributable 
to  an  olefinic  proton  and,  hence,  both  of  the  double 
bonds  in  the  base  XII  (R  =  Me)  must  be  involved  in  a 
cyclization  process,  in  which  case  the  side-chain  methyl 
groups  would  appear  as  a  gem-dimethyl  group  in  the 
product.  The  appearance  of  an  aldehyde  group  in 
base  A  indicates  the  contraction  of  ring  C  of  XII  and 


all  of  these  requirements  are  met  by  the  mechanism 
shown  in  formulas  XXVII  -►  XXIX.  The  resulting 
structures  for  base  A  XXIX  and  base  B  XXX  are  in 
agreement  with  all  of  the  known  facts  about  these  bases. 
A  model  of  the  structure  XXIX,  which  can  be  con- 
structed with  very  little  strain,  shows  that  steric  hin- 
drance is  least  with  the  CHO  group  disposed  on  the 
same  side  of  the  molecule  as  the  oxide  bridge,  and 
it  may  be  noted  that  the  infrared  spectrum  of  the  alcohol 
XXXI  derived  from  base  A  shows  a  band  attributable 
to  a  hydrogen-bonded  hydroxyl  group  and  that  hy- 
drogen bonding  is  easily  accommodated  in  the  structure 
XXXI  but  is  impossible  in  the  epimeric  structure 
XXXII. 
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The  primary  alcohol  XXXIII,  obtained  by  the  reduc- 
tion of  base  A  in  sodium  ethoxide  solution,  might  be 
expected  to  suffer  dehydration  in  acids  by  the  mecha- 
nism shown,  with  4,5-oxide  ring  closure,  to  give  the  ole- 
fin XXXIV,  by  analogy  with  the  way  in  which  both 
isomers  of  the  dienol  XXXV  are  cyclized  to  thebainc.  "~^ 

(13)  D.  H.  R.  Barton,  G.  W.  Kirby,  W.  Steglich.  G.  M.  Thomas,  A. 
R.  Battersby,  T.  A.  Dobson,  and  H.  Ramuz,  /.  Chem.  Soc.,  2423  (1965). 

(14)  A.  Matthiessen  and  C.  R.  A.  Wright,  Proc.  Roy,  Soc.,  (London), 
18,  83  (1869);  A.  Matthiessen  and  C.  R.  A.  Wright,  Arm.  SuppL,  7,  364 
(1870);  L.  Knorr  and  H.  Horlein.  Ber,  40,  4883  (1907). 

(15)  L.  Knorr  and  H.  Horlein,  ibid.,  41,  969  (1908). 

( 1 6)  The  numbering  of  the  ring  system  is  given  in  structure  XV.  The 
5,14-ethano  bridge  is  on  the  same  side  of  the  molecule  as  are  the  hydro- 
gen atoms  at  C-5  and  C-1 4  in  thebainone,  as  is  implied  by  the  nomen- 
clature used. 
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The  alcohol  is  recovered  unchanged  from  hot  dilute 
hydrochloric  acid  but  on  heating  with  concentrated 
hydrochloric  acid  is  converted  into  a  crystalline  base 
that  shows  no  hydroxyl  absorption  in  the  infrared 
but  does  show  nmr  signals  (in  d  units)  at  6.67  (two 
aromatic  H),  3.92  (C-3  OCHj),  2.46  (NCHj),  1.07 
(6  H,  2CH8),  a  complex  one-proton  signal  at  5.60 
(C-5  H,  split  by  the  methylene  protons),  and  a  two-pro- 
ton doublet  at  4.95  showing  further  splitting,  due  to  the 
system  CHC(=CH2)CH.  There  is  little  doubt  that 
this  base  has  the  structure  XXXIV. 
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The  alkenylcodeine  XXXVI,  which  is  an  analog  of  the 
base  XXVII,  on  heating  with  concentrated  hydrochloric 
acid  gave  a  mixture  from  which  about  10%  of  a  crystal- 
line solid  was  easily  isolated.  This  base  was  isomeric 
with  the  codeine  XXXVI,  but  the  infrared  spectrum 
showed  no  carbonyl  group  absorption.  It  did  not 
react  readily  with  bromine,  and  the  nmr  spectrum 
showed  no  signal  attributable  to  an  olefinic  proton. 
This  spectrum  showed  signals  (in  6  units)  at  about  7.2 
(phenyl  group  protons),  6.72  (C-1  and  C-2  H),  4.70 
(doublet,  C-5  H,  Js  e  =  9  cps),  3.92  (C-3  OCH,),  3.05 
(2  H),  2.40  (NCHa),  and  1.39  (PhCCH,).  It  is  clear 
from  this  spectrum  that  both  of  the  double  bonds  pres- 
ent in  the  codeine  XXXVI  have  disappeared  with  the 
conversion  of  the  system  CH^CMePh  into  C — (C — )- 
CMePh  during  the  production  of  this  new  base,  and  a 
rational  interpretation  of  this  is  that  the  reaction  pro- 
ceeds through  the  cyclized  carbonium  ion  XXXVII, 
which  is  an  analog  of  the  ion  XXVIII. 

This  carbonium  ion  could  be  converted  into  a  neutral 
product  in  several  ways,  e.g.,  by  the  loss  of  a  proton 
from  C-6  or  C-8,  by  reaction  with  a  water  molecule  to 
give  a  glycol,  by  ring  contraction  to  give  an  aldehyde 
similar  to  the  aldehyde  XXIX,  or  by  the  loss  of  a  proton 
from  the  hydroxyl  group  with  the  formation  of  an 
epoxide  ring  XXXVIII.  Since  the  infrared  spectrum 
of  the  base  shows  neither  carbonyl  nor  hydroxyl  group 
absorption,  and  the  nmr  spectrum  shows  no  signal 
attributable  to  olefinic  or  hydroxyl  protons,  only  the 
structure  XXXVIII  seems  tenable  for  this  compound. 
The  complex  two-proton  signal  at  about  8  3.05  in  the 
nmr  spectrum  of  the  base  may  be  attributed  to  the  pro- 
tons at  C-6  and  C-7. 

The  base  is  recovered  unchanged  after  treatment  with 
lithium  aluminum  hydride  or  acetic  anhydride,  and  is 
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attacked  only  very  slowly  by  potassium  periodate  in 
2  N  sulfuric  acid.  The  examination  of  models  of  the 
structure  XXXVIII  and  its  C-5 '  diastereoisomcr  shows 
that  in  both  structures  attack  from  above  the  molecule 
at  C-7  by  a  hydride  ion  (which  gives  an  axial  C-6  hy- 
droxyl group  in  the  product)  is  very  severely  hindered 
by  the  methyl  or  phenyl  group  at  C-5 '.  Also,  although 
the  oxygen  atom  of  the  epoxide  ring  may  be  attacked 
by  a  solvated  proton,  completion  of  the  reaction  with  the 
formation  of  a  /ro/i^-diaxial  6,7-glycol  is  very  severely 
hindered  by  the  C-5 '  substituent.  The  stability  of  the 
base  to  the  reagents  cited  above  is  thus  explicable  on 
the  basis  of  the  structure  XXXVIII. 

It  may  be  assumed  that  the  acid-catalyzed  rearrange 
ments  of  the  codeines  XXVII  and  XXXVI  are  complex 
processes  leading  to  a  variety  of  products,  the  aldehyde 
XXIX  and  the  epoxide  XXXVIII  simply  being  the 
most  easily  crystallized  reaction  products  in  the  two 
cases. 

The  dehydration  of  the  alcohols  I  to  the  olefins  II  and 
rearrangement  to  the  14-alkenylcodeinones  (V)  results 
in  a  substantial  decrease  in  analgesic  potency,  but 
further  transformation  into  the  analogs  of  flavon^ 
penthone  results  in  the  production  of  bases  of  high 
potency.  For  example,  the  base  XV  (R  =  R'  =  Me) 
is  about  twice  as  potent  and  its  methyl  ether  is  about  15 
times  as  potent  as  morphine. 

Experimental  Section 

6,14-e/r^o-Etlieiio-7a-i8opropenyltetrahydrotlielMiiie  (II,  R' 
^  R*  ^  H)  (Aiihydro-19-inethyltlie¥inol).  a.  6,14-e/K^Etheno- 
7a-(l -hydroxy- l-methylethyl)tetrahydrothebaine  (I,  R  =  Me,  19- 
methylthevinol)  (10  g)  was  boiled  under  reflux  with  9S-1(X)%  formic 
acid  (25  ml)  for  45  min.  The  mixture  was  diluted  with  ice-water 
(1(X)  ml)  and  basified  with  ammonia,  and  the  product  was  isolated 
by  ether  extraction.  The  dried  extract  was  evaporated,  and  the 
residue  was  dissolved  in  benzene  (250  ml)  and  passed  down  a  colunm 
of  grade  1  neutral  alumina  (75  g).  A  yellow  band  rapidly  developed 
on  the  column,  which  was  eluted  with  benzene  until  this  band  just 
reached  the  foot  of  the  column.  The  eluate  was  concentrated  aod 
rechromatographed  on  alumina  with  elution  again  only  of  material 
running  in  front  of  the  (narrow)  yellow  band.  Evaporation  of  the 
eluate  in  vacuo  gave  a  crystalline  residue  (3.8  g)  which  was  recrysud- 
lized  from  methanol  when  the  olefin  was  obtained  as  white  ir- 
regular plates,  mp  151  °. 

AnaJ.  Calcd  for  QiHisNOa:  C,  76.0;  H,  7.7.  Found:  C 
75.7;  H,  7.5. 

The  hydrochloride,  prepared  in  ethanol-ether  had  mp  198-200^ 
Elution  of  the  yellow  band  on  the  alumina  column  with  benzene 
containing  5%  of  chloroform  gave  3.8  g  of  14-(3-meth>'lbut-2- 
enyl)codeinone  (V,  R  =  Me)  (see  below). 
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4ethyltriphenylphosphonium  bromide  (3.6  g,  0.01  mole) 
jed  to  a  solution  of  butyllithium  (0.01  mole)  in  hexane-ether 
m  atmosphere  of  nitrogen,  and  the  mixture  was  stirred  at 
temperature  for  4  hr.  7a-Acctyl-6,14-e/f</o-ethenotetra- 
lebaine  (III,  3.8  g)  in  dry  ether  (100  ml)  was  added  to  the 
g  orange  solution,  and  the  mixture  was  then  stirred  at 
^mperature  overnight.  Solid  matter  was  removed  from  the 
I  by  filtration  and  washed  well  with  ether;  the  filtrate  and 
gs  were  then  washed  with  water,  dried,  and  evaporated. 
ly  residue  was  crystallized  from  petroleum  ether  (bp  40-60''), 
5  product  was  shown  by  thin  layer  chromatography  to  con- 
approximately  a  3: 1  mixture  of  the  olefin  II  (R*  =  R«  =  H) 

1  ketone  III.  Chromatographic  separation  of  the  two  was 
d  in  ether  on  a  silica  column,  from  which  the  olefin  was 
first  and  was  obtained  on  recrystallization  from  methanol 
e  prisms,  mp  151°,  alone  or  mixed  with  material  prepared 
le  alcohol  I  (R  =  Me)  as  in  a  above.  Use  of  a  50%  excess 
/lide  resulted  in  no  improvement  in  the  yield  of  olefin,  and 
he  ylide  was  generated  with  sodium  hydride  in  dimethyl 
le  the  yield  of  olefin  was  reduced,  since  base-catalyzed  re- 
:ment  of  the  ketone  also  took  place. 

lolysis  of  Anhydro-19-iiiethyltlievinoI  (n,  R^  =  R>  »  H). 
ed  oxygen,  with  an  ozone  delivery  rate  of  0.5  mmole  of 
nin,  was  passed  into  a  solution  of  anhydro-19-methylthevinol 
,  1  mmole)  in  4  N  acetic  acid  (50  ml)  cooled  in  ice  water. 

2  min,  when  2.1  mmoles  of  ozone  had  been  absorbed,  zinc 
is  added  to  the  solution,  which  was  shaken  for  5  min,  filtered, 
utralized  with  sodium  bicarbonate,  and  then  warmed.  All 
evolved  gas  was  drawn  through  a  solution  of  2,4-dinitro- 
lydrazine  in  dilute  sulfuric  acid,  in  which  a  precipitate  of 
lehyde-2,4-dinitrophenylhydrazone,  mp  and  mmp  (with  an 
:ic  specimen)  166°,  was  formed. 

second  ozonolysis  ozone  uptake  was  limited  to  1  mmole 
er  the  neutralization  with  sodium  bicarbonate  the  mixture 
racted  with  ether.    The  ether  extract  on  evaporation  afforded 

from  which  on  chromatographic  separation  on  silica  the 
mp  151°,  and  7a-acetyl-6,14-e/f^o-ethenotetrahydrothebaine, 
1°,  were  recovered.  The  aqueous  phase  after  the  ether 
ion  on  treatment  with  dimedone  gave  the  formaldehyde 
ive,  mp  186°,  undepressed  on  mixing  with  an  authentic 
jn. 

,14-e/i^(9-Etlieno-7aKl-plienylvinyl)tetrahydrotliebaiiie  (An- 
L9-plienyltlievinol,    II,    R'    ==    Rs    »    H,   CHi    -    Ph). 

do-Eihcno-la  -  ( 1  -  (/?)  -  hydroxy  -1-  phenylethyl)tetrahydrothe- 
[I,  R  =  Ph)  (10  g)  was  dissolved  in  boiling  98-100% 
acid  (25  ml),  and  the  solution  was  boiled  for  1.5  min  and 
into  ice-water.  The  solution  was  basified  with  ammonia; 
)duct  was  isolated  by  ether  extraction  and  was  chromato- 
d  on  grade  1  neutral  alumina  in  benzene  solution.  The 
I  was  eluted  with  benzene,  and  the  eluate  was  collected  until 
V  band  reached  the  foot  of  the  column.  Evaporation  of  the 
in  vacuo  and  recrystallization  of  the  product  from  methanol 
d  the  olefin  (1 .8  g)  as  pale  fawn  plates,  mp  145-146°. 
.  Calcd  for  QbHjiNO,:  C,  79.0;  H,  7.1.  Found:  C, 
1,7.1. 

on  of  the  yellow  band  from  the  alumina  column  with  ben- 
)ntaining  5%  of  chloroform  afforded  5.3  g  of  14-(3-phenyl- 
nyl)codeinone,  mp  168-169°  (see  below). 
.4-e/i^a-Etliano-7a-i8opropenyltetrahydrotliebaine  (Anhydro- 
>-19-methyithevinol,  II,  Ri  =  Rs  =  H,  6,14-ethano).  6,14- 
theno-7a-(  1  -hydroxy- l-nnethylethyl)tetrahydrothebaine  (di- 
l9-methylthevinol,  2.0  g)  was  boiled  under  reflux  with  98- 
formic  acid  for  10  min.  The  mixture  was  diluted  with  water, 
i  with  ammonia,  and  extracted  with  ether.  The  dried  ether 
on  evaporation  gave  a  viscous  residue  which  was  chroma- 
lied  on  alumina  in  benzene  solution  with  elution  with  benzene 
ling  5  %  of  ethyl  acetate  until  the  presence  of  a  second  base 
eluate  was  just  detectable  by  thin  layer  chromatography, 
jate  was  then  evaporated,  and  the  residue  was  crystallized 
:rystallized  from  petroleum  ether  (bp  40-60°),  when  the  olefin 
was  obtained  as  prisms,  mp  127°. 

.  Calcd  for  C24H,iNO,0.5H,O:  C,73.9;  H,8.2.  Found: 
;  rl,  8.2. 

4-e/f^o-Ethano-7er-isopropyltetrahydrotliebaiiie  (Dihydro-19- 
theviiuui).  6, 1 4-e/r^a-£theno-7a-isopropylpenyltetrahydro- 
le  (anhydro-19-methylthevinol,  1.0  g)  was  shaken  under 
jen  at  22°  (760  mm)  in  the  presence  of  5%  palladium 
ircoal  (250  mg)  until  absorption  of  hydrogen  (130  ml,  2 
ceased  (3  hr).  The  solution  was  filtered  from  catalyst  and 
ated,  when  the  saturated  base  was  obtained  as  an  uncrystal- 


lizable  viscous  gum  characterized  as  the  picrate,  which  was  obtained 
as  yellow  needles,  mp  194°,  from  2-ethoxyethanol. 

Anai.  Calcd  for  C24H„N0|C»H,N,07:  C,  58.9;  H,  5.9; 
N,9.2.    Found:    C,58.9;  H,5.9;  N,9.4. 

6,14^/f^£>-Etlieno-7aH(l-methylprop-l-enyl)-tetrahydrotliebaiiie 
(Anliydro-19-ethyltlievinol,  n,  R^  =  H,R*  =  Me),  a.  6,14-e/f^o- 
Etheno-7a-(  1  -( /?)-hydroxy- 1  -methylpropyl)tetrahydrothebai ne  (19- 
ethylthevinol,  I,  R  =  Et)  (1  g)  was  heated  at  100°  with  98-100% 
formic  acid  (10  ml)  for  2  hr.  The  solution  was  diluted  with  ice- 
water  and  basified  with  ammonia.  The  product  was  isolated  by 
ether  extraction  and  crystallized  and  recrystallized  from  aqueous 
methanol  when  the  olefin  (II,  R*  =  H,  R*  =  Me)  (0.6  g)  was  ob- 
tained as  white  irregular  plates,  mp  120-121  °. 

Anal,  Calcd  for  QftHwNOi:  C,  76.4;  H,  7.9.  Found:  C, 
76.7;  H,  8.0. 

b.  6, 1 4-ew</o-Etheno-7a-(  1  -(S>hydroxy- 1  -nnethylpropyl)tetrahy- 
drothebaine  (I,  R  »  Me;  Me  =  Et)  (1  g)  was  dehydrated  in  the 
same  way  and  gave  the  same  olefin,  melting  point  and  mixture 
melting  point  with  material  prepared  as  in  part  a,  120-121°. 

6,14^/i^Etlieno-7a-(l-iiiethylbiit-l-enyi)tetrahydrotliebaiiie  (An- 
hydro-9-propyltlievinol,  II,  Rl  ==  H,  R*  =^  Et).  6,14-e/t^a-Etheno- 
7a-(  1  -hydroxy- 1  -methy  lbutyl)tetrahydrothebaine  ( 1 9-propylthe- 
vinol,  I,  R  =  n-Pr)  (10  g)  was  boiled  under  reflux  with  98-100% 
formic  acid  (50  ml)  for  3  hr.  The  mixture  was  diluted  with  ice- 
water  and  basified  with  ammonia,  and  the  product  was  isolated  by 
ether  extraction.  On  crystallization  and  recrystallization  from 
aqueous  methanol,  the  olefin  II  (R»  =  H,  R«  =  Et)  (6.8  g)  was 
obtained  as  white  plates,  mp  1 10°. 

Anal.  Calcd  for  QsHnNOs:  C,  76.7;  H,  8.2.  Found:  C, 
76.7;  H,8.3. 

The  same  olefin  was  obtained  by  the  dehydration  in  the  same  way 
of  6,14-e/f</o-etheno-7a-(l-(S>hydroxy-l-methylbutyl)tetrahydro- 
thebaine,  which  is  the  C- 19  epimer  of  the  alcohol  I  (R  =  /^Pr). 

Ozonolysis  of  Aiihydro-19-propyltlievinoi  (II,  R^  =»  H,  R*  == 
Et).  Ozonized  oxygen,  delivering  0.6  mmole  of  ozone/min,  was 
passed  into  a  solution  of  anhydro-19-propylthevinol  (0.41  g,  1 
mmole)  in  4  /V  acetic  acid  (50  ml).  The  reaction  was  stopped  when 
2  mmoles  of  ozone  had  been  absorbed  (8  min),  and  the  reaction 
mixture  was  reduced  with  zinc  dust,  filtered,  and  neutralized  with 
sodium  bicarbonate.  The  neutralized  solution  was  divided  into 
two  parts,  one  of  which  was  warmed,  and  the  evolved  gas  was  passed 
through  a  solution  of  2,4-dinitrophenylhydrazine  in  dilute  sulfuric 
acid,  when  a  2,4-dinitrophenylhydrazone,  mp  146°,  was  obtained. 
This  depressed  the  melting  point  of  pentan-2-one  dinitrophenyl- 
hydrazone  (mp  142°)  but  did  not  depress  the  melting  point  of 
propionaldehyde  dinitrophenylhydrazone  (mp  146°).  The  second 
portion  of  the  neutralized  reaction  mixture  was  treated  with  dime- 
done,  when  the  propionaldehyde  derivative  was  obtained,  mp  154° 
undepressed  on  mixing  with  an  authentic  specimen  (mp  155°). 

6,14^/i^a-Etlieno-7a-(l-iiiethyibiit-l-enyl)tetrahydrothebaine  (An- 
hydro-19-propyldlhydrotlievinoi,  n,  R^  ==:  H,  R>  =  Et,  6,14- 
etbeno).  a.  6,14-e/f</o-Ethano-7a-(l-(/?)-hydroxy-l-methylbutyl)- 
tetrahydrothebaine  (5  g)  and  98-100%  formic  acid  (100  ml)  were 
boiled  together  under  reflux  for  20  min.  The  solution  was  diluted 
with  ice-water  and  basified  with  ammonia,  and  the  product  was  iso- 
lated by  ether  extraction  and  chromatographed  on  neutral  alumina 
in  benzene  solution.  Elution  of  the  column  with  benzene: ethyl 
acetate,  95:5,  gave  the  olefin  (3  g)  as  white  plates,  mp  65-67°,  from 
petroleum  ether  (bp  40-60°)  characterized  as  the  hydrochloride, 
mp  218-219°. 

Anal.  Calcd  for  C2.H«NO,HCl:  C,  70.0;  H,  8.1;  CI,  7.95. 
Found:    C,69.6;  H,8.1;  CI,  8.3. 

b.  6, 1  A-endo-Eihcno-la-i  1  -methylbut- 1  -enyl)tetrahydrothebaine 
(1  g)  was  hydrogenated  at  20°  (760  mm)  over  5%  pal- 
ladium on  charcoal  (0.25  g)  in  ethanol.  Hydrogen  (50  ml,  1  mole) 
was  absorbed  over  90  min.  Evaporation  of  the  solution  afforded 
an  oil  giving  a  hydrochloride,  mp  218-219°,  identical  in  melting 
point,  mixture  melting  point,  and  infrared  absorption  with  that 
obtained  as  in  part  a  above. 

Other  Olefins.  The  following  olefins  were  prepared  by  the  same 
process  as  the  one  described  above  for  the  preparation  of 
6, 1 4-e/f</£>-etheno-7a-(  1-methy Ibut- 1  -enyl)tetrahydrothebaine :  6, 1 4- 
ew</(0-ctheno-7cr-(  1-methylpent-  l-enyl)tetrahydrothebaine  (anhy- 
dro-19-butylthevinol,  II,  R»  =  H,  R*  =  /i-Pr,  white  plates,  mp  75°, 
from  methanol.  Anal.  Calcd  for  QrHasNOi:  C,  77.0;  H, 
8.4.  Found:  C,  76.9;  H,8.4);  6, 14-en</a-etheno-7cr-(l -methyl- 
hex- l-enyl)tetrahydrothebaine  (anhydro-19-amylthevinol,  II,  R* 
=  H,  R*  =  /f-Bu,  white  plates,  mp  180°,  from  methanol.  Ana/. 
Calcd  for  C»H„NO,0.5HsO:  C,  75.7;  H,  8.6.  Found:  C, 
75.6;     H,    8.3);     6,14-e/K/<o-etheno-7a-(l,4-dimethylpent-l-enyl)- 
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tetrahydrolhebaine  (anhydro-l9-isoaniylthevinol,  II,  R'  =  H, 
Ri  ^  /-Bu,  noncryslalline,  hydrochloride,  white  prisms,  mp  170°, 
from  water.  Anal.  Calcd  for  C^„NO,-Ha  Hrf):  C,  71.5; 
H,  8.5.  Found:  C,  71.4;  H,  8.4);  N-(2-melhylallyI)-6,I4-end(t- 
elheno-7o-(l-melhylprop-l-enyl)lelrahydronorthebaine  (N-melhyl- 
allylanhydro-19-elhylnorthevinol,  II.  R'  =  H,  R'  =  Me,  NMe  = 
NCH,CMe=CH,.  white  plates,  mp  1 10°,  from  methanol.  Anal. 
Calcd  for  CnHisNO,:  C.  77.6;  H,  8.2.  Found;  C,  77.5;  H. 
8.2);  N-propargy  1-6,1 4vnito-etheno- 7a-(l-methy lpent-1 -enyl)te[ra- 
hydrononhebaine  (N-propargylanhydrD-lQ-buiylnorthevinol,  II, 
Ri  =  H,  R'  -  n-Pr,  NMe  =  NCHrfl^CH,  while  plates,  mp  108°, 
from  methanol.  Anal.  Calcd  for  C,Jl„NO,0.5Hrf):  C,  76.7; 
H,  7.9.  Found:  C,  75.7;  H,  7.9);  and,  6,lWm/o^hano-7a- 
(l-methy1prop-l-enyl)tetrahydroihebaine  (anhydro-19-ethyldihy- 
drothevinol,  11.  R'  =  H,  R"  =  Me.  6,14-CH,CH,,  noncrystalline, 
hydrochloride  white  prisms,  mp  222-223°,  from  elhanol.  Anal. 
Calcd  for  C,iH„NOi  HO  O.SH^:  C,  69.5;  H,  7.9;  €1.8.2. 
Found:  C.68.2;  H,8.1;  Cl.e.4). 

N-Cy  ano-6,  U-endo-etheiuhloc^  1  -methy  Ibut-  l-«ny  l)tetrahy  dro- 
northebabie  (N-Cyanoaiihydro-l9-propyIi)ortiKnnol,  II,  B'  = 
H,  R'  =  Et,  NMe  =  NCN).  The  olefin  II  (R'  =  H,  R'  -  Ei) 
(5  g),  cyanogen  bromide  (2  B),and  methylene  chloride  {100  ml)  were 
boiled  together  under  reflux  for  24  hr.  Evaporation  of  the  solvent 
and  crystallization  of  the  residue  from  methanol  afforded  the  N- 
cyanonor  compound  (4  g)  as  prisms,  mp  138°. 

Anal.  Calcd  for  C,^,afijO,:  C,  74.7;  H,  7.2.  Found:  C, 
75.0;  H,7.2, 

6,14-fni/r7-Etbeno-7a-<l-iiietliylbiit-l-enyI)tetrahydrooripavine. 
6,l4-fm^o-Elheno-7CT-(l-(R)-hydroxy-I-methylbutyl)tetrahydroori- 
pavine  (19-propylorvinol,  I.  R  =  n-Pr,  30Me  =  30H)  (2  g) 
was   heated  at    100°   with   98-100%  formic  acid  (20  ml)   for 

2  hr.  The  mixture  was  diluted  with  ice-water  and  basified 
with  ammonia  and  the  product  collected.  It  was  not  immediately 
soluble  in  dilute  aqueous  sodium  hydroxide,  and  the  infrared  spec- 
trum showed  a  carbonyi  absorption  band  at  1730  cm"'.  It  was 
evidently  the  3-0-formyl  ester  of  the  phenol  and  was  hydrolyzed 
by  healing  to  boiling  for  2  min  with  potassium  hydroxide  (0.25  g) 
in  ethano!  (10  ml).  The  solution  was  diluted  with  water,  and  the 
phenol  was  precipitated  with  aqueous  ammonium  chloride  and 
isolated  by  ether  extraction.  The  resulting  viscous  gum  was  dis- 
solved in  elhanol  (5  ml)  made  acid  with  ethanolic  hydrogen  chloride 
and  diluted  with  ether  when  the  hydrochloride  crystallized.  This 
was  collected  and  recrysiailized  from  ethanol-elher  and  was  ob- 
tained as  prisms,  mp  122°. 

Anal.  Calcd  for  C,iH.,NO,  HO  O.SH,0:  C,  68.5;  H,  7.6. 
Found:     C.68.2;  H.  7.7. 

14-<3-MetIiylbiit-2-«nyl)codelnoiie  (V,  R  =  Me),  a.  6,14- 
?nito-Eiheno-7o-(l-hydroxy-l-methylelhyl)tctrahydrothebaine  (19- 
melhylthevinol,  I,  R  =  Me)  (10  g)  was  boiled  under  reflux  for  3  hr 
with  98-100%  formic  acid  (30  ml).  The  solution  was  diluted  with 
ice-water  and  basified  with  ammonia.  The  product  was  collected, 
washed  well  with  water,  air  dried,  and  recrystallized  from  methanol. 
when  the  codeinone  (6.5  g)  was  obtained  as  pale  cream  prisms, 
mp  139-140°.  v^..  1690cm-". 

Anal.  Calcd  for  C„H„NO,:  C.  75.6;  H.  7.5.  Found:  C. 
75.4;  H.  7.4. 

The  hydrochloride  formed  prisms,  mp  286-288°.  The  base  was 
insoluble  in  aqueous  sodium  hydroxide,  and  in  methanolic  sodium 
hydroxide  solution  gave  no  color  with  diazolized  sulfanilic  acid. 

b.  6, 1 4-fffi/<>Etheno-7a-i  so  propeny  I  tetrahydrolhebaine  (II,  R' 
=  R'  =  H)(l  g)wasboiledwiih98-IOO%  formic  acid  (15  ml)  for 

3  hr.  Isolation  of  the  product  as  in  part  a  gave  0.75  g  of  the  same 
codeinone,  mp  139-140°. 

N-PropareyU14-(3-nie(hylbi]l-2-enyl)norcodefnoDe  (V,  R  ^  Me, 
NMe  =  NCHiC^CH).  Prepared  as  above  from  N-propar- 
gyl-6.14-wirfi>-elheno-7a;-(l- hydroxy- 1- methylelhyl)lelrahydronor- 
thebaine  (N-propargyl-19-methylnonhevinol,  I,  R  =  Me,  NMe  = 
NCHiC=CH)  this  base  was  obtained  as  prisms,  mp  126°,  from 
methanol. 

Anal.  Calcd  for  CsHrNO,:  C,  77.2;  H,  7.2.  Found:  C, 
77.2;   H,  7.0 

N-(3>Dimetbyl8nyl)-14-<3-iiKtliylbut-2-«nyl^orcodelnone  (V, 
R  =  Me,  NMe  =  NCH,CH=CMei).  Prepared  as  above  from 
N-(3.3-dimethylallyl)-19-methylnonhevinol  (I,  R  =  Me,  NMe  = 
NCH,CH=CMe,)  this  base  was  obtained  as  prisms,  mp  123°, 
from  methanol. 

Anal.  Calcd  for  Ci,H„NO,:  C,  77.4;  H,  7.9,  Found:  C, 
77,5:   H,  7.8. 

Ozonotysis  of  14-<3-Metliylbut-2-enyl)codeiiMNK  (V,  R  ^  Me). 
Ozonized  oxygen,  delivering  O.S  mmole  of  ozone/min  was  passed 


into  a  solution  of  14-(3-methylbi 
mmole)  in  4  ^  acetic  acid  (50  ml),  1 
2  mmoles  of  ozone  had  been  absorbei 
with  zinc  dust,  filtered,  neutralized  ' 
warmed.  The  evolved  gas  was  pass 
dinitropheny [hydrazine  in  dilute  sul 
dinilrophenylhydrazone  (0.182  g,  0.1 
125°  undepressed  on  noixing  with  an  i 

14.<3-Methylbut-2-enylXMleliie  (X 
hydride  (0,5  g).  14-(3-methylbut-2-e 
(10  g).  and  2-ethoxyelhanol  (30  ml 
reflux  for  15  min.  Water  was  adde< 
aration  of  crystalline  material  began 
solid  separated  initially  but  dissolv< 
The  mixture  was  cooled  in  ice-walei 
recrystallized  from  aqueous  2-ethoxy 
g)was  obtained  as  white  plates,  mp  li 

Anal.  Calcd  for  C,Jl„NO,:  C 
75.5;  H,8.0. 

7,8-Daiydro-14-<3-iiiethyIbiityl)codi 
Methyl  bul-2.enyl)codeinone  (V,  R  = 
hydrogen  at  22°  (750  mm)  in  ethane 
on  charcoal  (250  mg).  Hydrogen  (J 
over  75  min.  Filtration  and  evapoi 
the  dihydrocodeinone  as  a  viscous  gi 
for  several  weeks.  Trituration  of  th 
ice-cold  methanol  afforded  prisms,  m 

Anal.  Calcd  for  CH.iNO,:  C 
74.6;  H,  8.2, 

14-(3-PheiiyIbut-2-enyDcodeliioiw 
Elheno-7a-(|.<«)-hydroxy-l-phenylei 
-  Ph)  (10  g)  was  heated  under 
acid  (50  ml)  for  30  min.  The 
basified  with  ammonia.  The  preci 
from  aqueous  2-ethoxyethanol,  whe 
as  white  prisms,  mp  156-157°,  >■», 
m/i,  <„,.  20,000  and  4000. 

Anal.  Calcd  for  C»H»NO.:  C 
78.6;  H,6.7. 

The  picrate  formed  yellow  prisms, 
elhanol. 

Anal.  Calcd  for  C»H„NO,Crfl 
8.5.    Found:    C,  63.0;  H,  5.0;  N.( 

The  oxime  formed  white  prisms,  m 

Anal.  Calcd  for  CHioN^,:  C 
76.4;  H.7,0. 

The  same  base  was  obtained  by  hi 
at  100°  with  2  N  hydrochloric  acid  fo 
olefin  II  (RI  =  R'  =  H.CH,  =  Ph)v 

14-(3-Pfaeny]but-2-enyI)coddiie  (XI 
hydride  (0.5  g),  14-(3-phenylbut-2-< 
(10  g),  and  2-ethoxyethanol  (50  ml 
reflux  for  30  min.  Water  was  adde 
initially  sticky  precipitate  dissolved  a 
line  material  began.  The  mixture  ' 
and  the  product  was  collected  and 
2-ethoxyethanol,  when  the  codeine 
while  plates,  mp  172°, 

Anal.  Calcd  for  CaH.iNO,:  C 
78.2;  H.  7.3. 

7,8-DUiydr«-14-(3-plKnylb«t-2-eayl 
14-(3-Phenylbul-2-enyl)codeinone  (9, 
of  sodium  borohydride  (4  g)  in  anh. 
the  mixture  was  kept  at  the  room  i 
then  poured  slowly  with  vigorous  s 
and  the  precipitated  base  was  collo 
and  dried.  The  dried  solid  (8.5  g)  in 
on  alumina,  and  elution  of  the  colui 
material  (0,2  g)  whereas  elution  witi 
gave  the  dihydro  ketone  XI  (R  ••  F 
from  methanol  as  white  elongated  [ 

Anal.  Calcd  for  CaH„NO.:  C 
78.4;  H,7.1. 

Elution  of  the  column  with  50%  et 
I4-(3-phenylbut-2-enyl>codeine  (XII, 
170°  undepressed  on  mixing  with  an  ( 

14-(3-Phenylpeii(-Z-enyl)codcdiione 
(— El)— Ph).  6.l4-en(fo-Etheno-7cr-(l 
tetrahydrothebaine  (1  g)  was  heated 
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add  (8  ml)  for  30  min.  The  base  isolated  in  the  usual  way  was 
recrystalli^  from  aqueous  2-ethoxyethanol,  when  it  was  obtained 
as  white  prisms,  mp  176-177°,  vmax  1690cm~^ 

AnaJ.  Calcd  for  QsHwNOa:  C,  78.9;  H,  7.0.  Found:  C, 
78.3;  H,7.2. 

d44-e/f^o-Etlieno-7a-(l-hydroxy-l-inetbylethyl)dihydrocodeiiie 
(VII»  R  =  Me),  a.  6, 14-ew</a-Etheno-7a-(l -hydroxy- 1-methyl- 
ethyl)tetrahydrothebaine  (I,  R  ^  Me)  (20  g)  was  heated  at  45''  with 
6  N  hydrochloric  acid  (160  ml)  for  6  hr.  The  mixture  was  diluted, 
and  the  base  was  precipitated  with  ammonia,  collected,  and  re- 
crystallized  from  ethanol,  when  the  dihydrocodeine  derivative 
(1 3.3  g)  was  obtained  as  white  prisms,  mp  265 ''. 

Anal,  Calcd  for  QiH^NO*:  C,  72.0;  H,  7.6;  N,  3.7;  OMe 
(1),8.1.    Found:    C,  72.0;  H,  7.6;  N,  3.7;  OMe,  8.0. 

The  hydrochloride  was  obtained  as  white  prisms,  mp  262°, 
from  ethanol. 

Anal.  Calcd  for  CmHmNO*  HOHsO:  C,  63.1;  H,  7.4. 
Found:    C,  62.6;  H,  7.5. 

b.  14-(3-Methylbut-2-enyl)codeinone  (V,  R  =  Me)  (1  g)  was 
heated  at  45°  with  6  N  hydrochloric  acid  (10  ml)  for  6  hr.  The 
base  recovered  as  above  was  obtained  as  white  prisms,  mp  262° 
alone  or  mixed  with  material  prepared  as  in  a.  The  bases  prepared 
by  both  methods  had  identical  infrared  spectra. 

6,14-e/tt/o-Etbeiio-7er-<l-niethoxy-l-iiiethylethy!)tetrahydrotlie- 
baine  (IX,  R  ^  Me),  a.  Perchloric  acid  (1.5  ml,  72%)  was  added 
dropwise  to  a  stirred  solution  of  14-(3-methylbut-2-enyl)codeinone 
(V,  R  s  Me)  (5(X)  mg)  in  methylene  chloride  (10  ml),  methanol  (10 
ml),  and  trimethyl  orthoformate  (10  ml),  and  the  mixture  was  kept 
at  room  temperature  for  20  hr.  Methylene  chloride  was  added, 
and  the  mixture  was  washed  with  aqueous  sodium  bicarbonate  and 
water  and  dried.  Thin  layer  chromatography  showed  the  product 
to  consist  of  one  major  and  one  minor,  less  polar,  component.  The 
gum  obtained  by  the  removal  of  solvent  was  dissolved  in  /t-hexane, 
and  the  solution  was  chromatographed  on  alumina  (20  g,  Woelm, 
activity  II).  Fractions  of  10  ml  were  collected  and  examined  by 
thin  layer  chromatography.  The  column  was  eluted  first  with  5  % 
and  then  with  10%  chloroform  in  /^hexane,  when  the  less  polar 
component  was  eluted.  The  material  (12  mg,  c  2.5  %)  was  identical 
in  melting  point  (143-145°)  and  infrared  absorption  with  6,14- 
e/f</(t>-etheno-7a-isopropenyltetrahydrothebaine  (II,  R*  =  R*  =  H) 
obtained  by  the  dehydration  of  the  alcohol  (I,  R  =  Me).  Con- 
tinued elution  of  the  column  gave  a  mixture  of  the  two  components 
followed  by  the  more  polar  component.  The  column  was  then 
eluted  with  25  and  50%  methylene  chloride  in  /^hexane.  Evapora- 
tion of  appropriate  fractions  gave  a  gum  which  was  crystallized 
from  aqueous  methanol  to  give  6,14-e/r^o-etheno-7a-(l-methoxy-l- 
n[icthylethyl)tetrahydrothebaine  (130  mg),  mp  97-99°.  A  further 
90  mg  was  obtained  from  the  mother  liquors  making  a  total  yield 
of  39%.  The  compound  showed  no  carbonyl  absorption  in  the 
infrared  and  had  nmr  signals  (in  6  units)  at  6.57  and  6.51  (C-1  H 
and  C-2  H;  doublets.  Ji,i  =  9  cps),  5.72  and  5.37  (C-18  H  and 
C-17  H;  doublets  yp.w  =  10  cps),  4.56  (C-5  H),  3.82  (C-3  OMe), 
3.58  (C-6  OMe),  3.18  (C-19  OMe).  2.36  (NMe),  1.30  and  0.95 
(C-1 9  methyls). 

AnaL  Calcd  for  CisHmN04:  C,73.0;  H,8.1;  N,  3.4.  Found: 
C,  72.5;  H,7.9;  N,  3.5. 

b.  6, 14-^/f</a-Etheno-7cr-(l -hydroxy- 1-methy lethyl)tetrahydro- 
thebaine  (19-methylthevinol,  I,  R  =  Me)  (1  g)  was  added  to 
a  solution  of  potassamide  (from  0.2  g  of  potassium)  in  liquid 
ammonia  ('^ICJO  ml),  and  the  mixture  was  stirred  for  15  min. 
Methyl  iodide  (1  ml)  was  then  added  and  the  mixture  stirred  for 
10  min  more  and  poured  cautiously  into  water  (200  ml).  The  pre- 
cipitated product  was  isolated  by  ether  extraction  and  shown  by 
thin  layer  chromatography  to  consist  of  approximately  30%  of 
starting  material  (I,  R  -  Me)  and  70%  of  a  less  polar  compound. 
The  mixture  was  dissolved  in  a  1:1  mixture  of  benzene  and  n- 
bexane  and  chromatographed  on  a  column  of  alumina  (Woelm, 
activity  II).  The  column  was  eluted  with  benzene,  and  25-ml  samples 
were  collected,  the  composition  of  these  being  followed  by  thin 
layer  chromatography.  The  first  material  to  be  eluted  from  the 
column  (500  mg)  was  obtained  as  a  gum,  which  crystallized  on 
keeping  for  several  hours.  On  recrystallization  from  aqueous 
methanol  it  was  obtained  as  white  prisms,  mp  96-98°,  identical  in 
infrared  absorption  with  material  prepared  as  in  part  a  above. 

5,14-Ethano-18-i8opropyUdeiietbebalnoiie  (XV,  R  =  R^ 
=  Me),  a.  6, 14-e/fJc?-Etheno-7a-(l -hydroxy- l-methylethyl)tetra- 
hydrothebaine  (19-methyhhevinol,  I,  R  =  Me)  (50  g)  was  heated 
at  100°  with  10  ^V  hydrochloric  acid  (150  ml)  for  45  min,  during 
which  time  crystalline  material  separated.  The  mixture  was  di- 
luted with  water  (150  ml)  and  cooled,  in  ice,  and  the  hydrochloride 


(27  g)  was  collected.  This  was  dissolved  in  aqueous  methanol, 
and  the  base  was  precipitated  with  ammonia.  It  was  recrystallized 
readily  only  from  methanol,  from  which  it  separated  as  oflf-white 
solvated  prisms,  mp  138°,  vmax  1690  cm^^ 

Anal.  Calcd  for  C„HnNOi0.5CH,OH:  C,  73.0;  H,  7.6. 
Found:    C,  72.8;  H,  7.8. 

The  hydrochloride  was  obtained  as  white  prisms,  mp  320°,  from 
water. 

Anal.  Calcd  for  GOluNOiHCl:  C,  68.7;  H,  7.0.  Found: 
C,68.4;  H,7.2. 

The  picrate  was  obtained  as  yellow  needles,  mp  224°,  from 
aqueous  2-ethoxyethanol. 

Anal.  Calcd  for  C„HnNO,C.H,N,07l.5H20:  C,  56.0;  H, 
5.2.    Found:    C,  55.8;  H,  5.2. 

b.  The  same  base  was  obtained  from  6,14-«/i^(t>-etheno-7a- 
(l-hydroxy-l-nnethylethyl)dihydrocodeine  (VII,  R  =  Me),  from 
6,14-tf/w/(t>«theno-7a-isopropenyltetrahydrothebaine  (II,  R»  =  R« 
=  H),  and  from  14-(3-nnethylbut-2-enyl)codeinone  (V,  R  »  Me) 
by  the  same  process  as  in  a  above,  the  yields  being  comparable  with 
that  in  a  in  all  cases. 

The  base  was  almost  insoluble  in  aqueous  alkalis  but  dissolved 
readily  in  aqueous  methanolic  potassium  hydroxide  to  give  an 
orange  solution  that  readily  coupled  with  diazotized  sulfanilic  acid 
to  give  a  blood  red  solution.  The  alkaline  solution  was  readily 
methylated  and  ethylated  with  methyl  and  ethyl  sulfate,  respec- 
tively. 

The  4-O-methyl  ether  was  prepared  most  conveniently  from  the 
hydrochloride  obtained  directly  from  the  acid-catalyzed  rearrange- 
ment of  the  alcohol  (I,  R  =  Me).  The  hydrochloride  (20  g)  was 
suspended  in  methyl  sulfate  (50  ml),  and  the  mixture  was  cooled  in 
ice.  A  solution  of  potassium  hydroxide  (40  g)  in  water  (80  ml) 
was  slowly  added  to  the  vigorously  stirred  suspension  at  a  rate 
sufficient  to  keep  the  temperature  of  the  mixture  between  15  and 
20°.  When  all  of  the  alkali  had  been  added,  the  mixture  was  stirred 
at  20°  for  2  hr.  Water  (150  ml)  was  added,  and  the  solid  base  was 
collected,  washed,  and  recrystallized  from  methanol,  when  it  was 
obtained  as  off-white  prisms,  mp  176-177°,  vm^x  1690  cm"  ^ 

Anal.  Calcd  for  C,4H29NOi:  C,  76.0;  H,  7.7.  Found:  C. 
76.0;  H,  7.8. 

The  4-O-ethyl  ether  was  obtained  from  aqueous  methanol  as 
white  prisms,  mp  126-127°,  vm*,  1690  cm-^ 

Anal.  Calcd  for  QsHwNO,:  C.  76.4;  H,  8.0.  Found:  C. 
76.4;  H,  7.9. 

Ozonolysis  of  5,14-Ethano-18-isopropyUdeiiethelMdnoiie  (XV, 
R  s  Ri  ss  Me).  Ozonized  oxygen,  deUvering  0.5  mmole  of  ozone/ 
min  was  passed  into  a  solution  of  5,14-ethano-18-isopropylidene- 
thebainone  (0.365  g,  1  mmole)  in  4  N  acetic  acid  (50  ml).  After 
26  min,  when  2  mmoles  of  ozone  had  been  absorbed,  the  mixture 
was  reduced  with  zinc  dust,  filtered,  neutralized  with  sodium  bi- 
carbonate, and  warmed.  The  evolved  gas  was  passed  through  a 
solution  of  2,4-dinitrophenylhydrazine  in  dilute  sulfuric  acid,  when 
acetone  2,4-dinitrophenylhydrazone  (0.192  g,  0.807  mmole)  was 
obtained,  mp  125°  alone  or  mixed  with  an  authentic  specimen. 

7,8-Dihydro-5,14-ethano-18-i8opropyUdenetliebainone  (XXIU, 
R  =  Me),  a.  6, 14-tf/i</o-Ethano-7a-(l -hydroxy- 1-methylethyl)- 
tetrahydrothebaine  (dihydro- 19-methylthevinol,  XXII,  R  =  Me) 
(2  g)  was  heated  with  10  A^  hydrochloric  acid  (20  ml)  for  2  hr  at  100°. 
The  mixture  was  diluted  with  water,  and  the  base  was  precipitated 
with  ammonia,  collected,  and  recrystallized  from  methanol,  when 
it  was  obtained  as  white  prisms,  mp  142°,  Vn»x  1715  cm~^ 

Anal.  Calcd  for  CHjaNO,:  C,  75.2;  H,  7.9.  Found: 
C,  75.2;  H,7.8. 

The  hydrochloride  formed  prisms,  mp  245°,  from  water. 

Anal.  Calcd  for  CHj.NO,  HCl  I.5H2O:  C,  64.1;  H.  7.7. 
Found:    C,  64.1;  H,  7.5. 

b.  Zinc  dust  (2  g)  was  added  to  a  vigorously  stirred  boiling 
solution  of  5,14-ethano-18-isopropylidenethebainone  (V,  R  «  R* 
»  Me)  in  glacial  acetic  acid  (25  ml)  and  water  (2  ml).  The  mbcture 
was  stirred  and  heated  under  reflux  for  2  hr,  filtered,  diluted  with 
aqueous  ammonium  chloride,  and  basified  with  ammonia.  The 
precipitated  base  was  collected  and  recrystallized  from  methanol, 
when  it  was  obtained  as  prisms  identical  in  melting  point,  mixture 
melting  point,  and  infrared  absorption  with  material  prepared  as  in 
part  a  above. 

The  4-O-methyl  ether,  prepared  by  methylation  of  the  phenol  and 
by  reduction  of  the  corresponding  thebainone  methyl  ether  with 
zinc  dust  and  acetic  acid,  was  obtained  as  off-white  prisms,  mp 
168-169°,  1/m.x  1715  cm-». 

Ami.  Calcd  for  QiHmNOi:  C,  75.6;  H,  8.1.  Found:  C, 
75.8;  H,8.0. 
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N-Allyl-5,14-elhano-18-UopropyUdenenortbebaIiHHK  (XV,  R  ^  R* 
-  Me,  NMe  =  NCH,CH=CH,).  N-Allyl-7,14-eni/o-etheni>7a- 
(1 -hydroxy- 1- met hylethyl)tetrahydronorthebaine  (I  g)  was  heated 
100"  wi(h  10  JV  hydrochloric  acid  (10  ml)  for  2  hr.  The  mixture  was 
diluted  with  water;  the  hydrochloride  (0.38  g)  was  collected  and 
recryslallized  from  aqueous  methanol,  when  it  was  obtained  as 
whiieprisms,mp  186-188°.  v^,  1690  cm-". 

Anal.  Calcd  for  QjH„NO,-HCI:  C,  70.1;  H,  7.0.  Found: 
C,70.2;  H,7.2. 

The  base  could  not  be  crystallized. 

The  following  hydrochlorides  were  prepared  from  the  appropriate 
N-subslituled  6, 14-f/ii^o-eIh eno-7Q-(l- hydroxy- 1-melhy let hy Dtetra- 
hydrononhebaines,  and  hot  concentrated  hydrochloric  acid  with 
isolation  of  the  sparingly  soluble  salt:  N-propargyl-5,14-etheno-18- 
isopropylidenenorlhebBinone  (XV,  R  =  Me,  NMe  =  NCHsC^ 
CH,  prisms,  mp  155°.  Anal.  Calcd  for  C,jHrNO,HC|.H,0: 
C,  67.6;  H,  6.8.  Found:  C,  68.0;  H,  6.7);  N-( 3, 3-d i methyl- 
ally  I  )-5,14-eihano-l  S-isop  ropy  I  i  dene  norlhebai  none  (XV,  R  =  Me, 
NMe  =  NCH,CH=CMe,,  prisms,  mp  196°.  Awl.  Calcd  for 
CrH,iNO,-HCIH^:  C,  68.3;  H,  7.6.  Found:  C,  68.3;  H, 
8.0);  and  N-cyclopropylmethyl-5,I4-e(hano-18-isopropylidenenor- 
Ihebainone  (XV,  R  =  Me,  NMe  =  N-cyclopropyl methyl,  white 
prisms,  mp  206°.  Anal.  Calcd  for  CJii,NOiHCl-HiO:  C, 
67.9;  H,  7.4.    Found:    C,  67.8;  H,  7.4). 

3-0-DesmeIhyl-S,14-ethano-18-isoi»opylidei)ethebaintMie  (XV, 
R  =  R*  =  Me,OMe  =  OH),  a.  S,14-E(hano-18-isopropylidene- 
thebainone  (5  g)  was  boiled  under  reflux  with  48%  hydrobromic 
acid  (50  ml)  for  1  hr.  Solid  material  that  separated  was  dissolved 
by  the  addition  of  water  (10  ml)  and  methanol  (SO  ml),  and  the 
solution  was  then  basiRed  with  ammonia  and  the  solid  collected 
and  recrysiallized  from  methanol,  when  it  was  obtained  as  prisms 
(3  8).  mp  268°. 

Anal.  Calcd  for  CkH,sNO,:  C,  75.2;  H,  7.1.  Found:  C, 
73.6;  H,7.0. 

The  hydrochloride  was  obtained  as  prisms,  mp  342°,  from 
aqueous  methanol. 

Anal.  Calcd  for  C„H,iNO,HCI:  C.68.1;  H.  6.7.  Found: 
0,68.0;  H,6.8. 

b.  The  same  base  (2  g,  identical  in  nKlting  point  and  infrared 
absorption  with  the  above)  was  obtained  by  the  direct  rearrange- 
ment and  demethylalion  of  6,14-^«rfo-ethano-7a-(l-hydroxy-1- 
melhylelhyl)Ielrahydrothebaine  (5  g)  with  48%  hydrobromic  acid 
(45  ml).  The  hydrobromide  was  separated  and  dissolved  in 
aqueous  ethanol.  and  the  base  was  precipitated  with  ammonia. 

N- All  y  I-3-0  -d  esmethy  1-5 ,  14-ethan  o-  IS-fsopropy  Udenenortiiebaj- 
none  (XV,  R  =  R '  =  Me,  OMe  =  OH,  NMe  =  NCH^H=CH,). 
N-Allyl-6,l4-enifo-etheno-7-(l-hydroxy-l-methylethyl]tetrahydro- 
nororipavine  (N-allyl-19-methylnororvinol)  (6  g)  was  heated 
under  reflux  with  4  N  hydrochloric  acid  (40  ml)  for  3  hr.  The 
solid  hydrochloride  was  collected,  dissolved  in  aqueous  methanol, 
and  converted  to  the  base  with  ammonia,  the  base  being  obtained 
from  methanol  as  white  prisms,  mp  260°  dec. 

^110/.  Calcd  for  CHnNO,:  C,  76.4;  H,  7.3.  Found:  C, 
76.2;     H.  7.2. 

5,14-Ethano-18-(nielhylbenzyHdene)t)iebiiiiKMe  (XV,  R  =  M«,  R' 
=  Ph,  MelhylflavoiKpenlhone).  6,l4-enrfo-Elheno-7«-(l-(fi>hy- 
droxy-l-pheny  let  hy  Diet  rah  ydrothebaine  (I,  R  =  Ph)  (20  g)  was 
heated  with  concentrated  hydrochloric  acid  (7S  ml)  and  ethanol 
(10  ml)  at  100°  for  30  min,  during  which  time  a  crystalline  hydro- 
chloride separated.  The  mixture  was  diluted  with  water  (100  ml) 
and  thoroughly  cooled  in  ice.  The  crystalline  solid  was  collected. 
This  consisted  of  the  hydrochlorides  of  7,8-d ihydro-5 '-phenyl cy do- 
hex-4'-eno[l',2':8,14]codeLnone  and  the  cyclohex-5'-eno  isomer 
(see  following  paper),  and  a  solution  in  aqueous  methanolic  sodium 
hydroxide  gave  only  a  pale  pink  color  with  diazotized  sulfanilic 

The  filtrate  from  the  collection  of  this  hydrochloride,  which 
gave  an  intense  diazo  coupling  reaction  in  alkaline  solution,  was 
basilied  with  ammonia  and  the  relatively  small  amount  of  gummy 
base  produced  was  extracted  rapidly  with  ether.  The  extract  was 
shaken  for  13  sec  with  magnesium  sulfate  and  filtered.  Rosettes 
of  needles  quickly  separated  from  the  ether  solution  and  these  were 
collected,  washed  well  with  ether,  and  recrysiallized  from  aqueous 
2-elhoxy ethanol,  when  the  Ihebainone  derivative  (320  mg)  was 
obtained  as  off-white  needles,  mp  290°,  Ci^i  1690  cm-'. 

Ana/.  Calcd  for  CaH„NO,:  C.  78.8;  H,  6.8.  Found:  C, 
78.7:  H,6.7. 

The  O-melhyl  ether  was  obtained  as  a  crystalline  precipitate  on 
the  addition  of  methyl  sulfate  (0.23  ml)  to  a  solution  of  the  phenol 
(100  mg)  in  methanol  (3  tnl),  water  (I  ml),  and  potassium  hydroxide 


(200  mg),  and  on  recrysiallizatian  fi 
was  recovered,  as  almost  white  needle 

Anal.  Calcd  for  CiOfnNOi:  C, 
79.3;  H,7.0. 

The  O-ethyl  ether,  prepared  in  an  ; 
sulfate,  was  obtainni  from  aqueous 
144°. 

Anal.  Calcd  for  C„H,.NO,:  C, 
79.3;  H,  7.4. 

6a-Ponnyt-5  '5  '-dbneMiylcydopi 
nilan  (Baw  A;  XXIX).  l4-(3-M< 
R  =  Me)  (S  g)  was  heated  at  100°  w 
acid  (10  ml)  for  45  min.  Thesolutioi 
pink,  and  Anally  dark  red  brown.  1 
water  (40  ml)  and  basified  with  amn 
was  washed  three  times  with  water  I 
with  hot  methanol  (35  ml),  when  a  wh 
The  suspension  was  cooled,  and  Iht 
with  cold  methanol,  and  recrysialM 
ethanol  when  "base  A"  (1.5  g)  wa 
prisms,  mp200°,  Cnu  1730cm-'. 

Anal.  C^lcd  for  CHi.NG.:  C, 
7S.8;  H,  7.9. 

The  base  was  very  sparingly  solu 
solved  readily  in  the  presence  of  so( 
yellow  solution. 

The  perchlorate  formed  prisms, 
ethanol. 

Anal.  Calcd  for  C.^,,NO,-H 
Found:    C,  59.15;  H,  6,4. 

6-Fonny  1-5 '  ,5  '-dlmetlir  Icrdopa 
•lnoin«iil-5-aie(BaMB;  XXX).  Bas> 
in  ethanol  (10  ml)  containing  sodii 
sodium),  and  the  yellow  solution  was 
The  solution  was  poured  into  an  exc 
and  the  base  was  precipitated  with 
with  water,  and  recrysiallized  from  ai 
obtained  as  white  felted  needles,  mp  1; 

Anal.  Calcd  for  C,Jl„NO.:  C, 
75.6;  H,  7.9. 

The  same  base  was  obtained,  less  c 
ethoxide  solution  of  base  A  was  poi 
chloride.  The  base  was  readily  solufc 
and  the  solution  gave  a  deep  red  a 

Convo^on  (rf  Base  B  (XXX)  Into  Ba: 

was  dissolved  in  methanol  (1  ml)  ai 
sodium  hydroxide  was  added.  The 
on  warming  rapidly  deposited  base  . 
mixed  with  an  authentic  specimen. 

Reduction  of  Base  A  wMi  Sodium  I 
500  mg)  and  sodium  borohydride  (5C 
cold  ethanol  (10  ml)  until  all  the  ba: 
a  further  15  min.  The  product  was 
isolated  by  ether  extraction,  when  6-1 
cyclopentano[l  ',2' ;  8,l4]-(  —  )-sinomei 
obtained  as  a  viscous  oil.  characteriz 
which  was  obtained  as  yellow  needles. 

Ana!.  Calcd  for  C„H„N,0.:  C, 
C,  64,3;  H,6.0;  N,  7.8. 

Reduction  of  Baae  A  wMi  Sodhun  G 
oxide.  Sodium  borohydride  (150  mi 
base  A  (XXIX)  (1  g)  in  ethanolic  sodi 
and  the  mixture  was  warmed  until  1 
The  almost  colorless  solution  was  po 
chloride  and  the  product  isolated  1 
hydroxy  methy)-3  ',5 '-  dimethylcyclopt 
drosinomenil-5-ene  (XXXUO  (1  g) 
oil  which  could  not  be  crystallized. 
obtained  as  a  colorless  glass,  bp  190-3 

Anal.  Calcd  for  C,.H»NO,: 
C,74.7;  H,8.0. 

6-Methy  lene-5  ',5  '-dinwibylcydi 
nMnilan  (XXXIV).  6-HydroxynKthj 
[r,2':8.14H-)-dihydrosinomeni]-5-« 
boiled  with  concentrated  hydrochlor 
the  mixiure  was  diluted  with  water 
The  product,  isolated  by  ether  extn 
crystallized  in  part  on  trituration  wi 
tab  so  obtained  dissolved  readily  in 
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in  which  the  noncrystalline  matter  was  virtually  insoluble.  Con- 
centration of  the  petroleum  solution  afforded  the  olefin  XXXIV 
(75  mg)  as  white  elongated  prisms,  mp  107-108°. 

Anal.  Calcd  for  CHjaNOa:  C,  78.6;  H,  8.3.  Found:  C, 
7o.2;  n,  O.2. 

Rearrangement  of  14-(3-PlienyllNit-2-enyl)codeiDe  (XXXVI).  14- 
(3-Phenylbut-2-enyl)codeine  (XXXVI)  (2  g)  was  heated  at  100° 
in  the  water  bath  with  concentrated  hydrochloric  acid  (20  ml)  for 
45  min.  The  pink  solution  was  then  diluted  with  50%  aqueous 
ethanol,  cooled  in  ice,  and  basified  under  ether  with  ammonia. 
The  ether  extract  was  set  aside  overnight,  and  the  crystalline  matter 
that  separated  during  that  time  was  collected,  washed  with  methanol, 
and  recrystallized  from  2-ethoxyethanol,  when  8,14-dihydro-6,7(x- 
^X)xy-5'-methyl-5 '-  phenylcyclopentano[l  ',2' :  8,14]deoxycodeine-D 
(XXXVIII)  was  obtained  as  white  prisms,  mp  234°  (0.3  g). 

Anal.  Calcd  for  CmHhNOj:  C,  78.3;  H,  7.2.  Found:  C, 
78.2;  H,  7.2. 

The  ether  solution  after  removal  of  this  base  was  evaporated  to 
leave  a  brown  viscous  gum,  part  of  which  was  chromatographed 


in  ether  solution  on  alumina  plates.  From  the  plates  a  nonphenolic 
a,/3-unsaturated  ketone  XIII  (R  =  Me,  R'  =  Ph),  a  nonphenolic 
saturated  ketone,  and  a  nonphenolic  aldehyde  were  obtained  as 
well  as  a  phenolic  saturated  ketone.  Chromatographic  separation 
of  a  further  part  of  the  same  viscous  gum  on  silica  plates  resulted  in 
the  separation  of  the  material  into  a  nonphenolic  fraction  and  six 
nonphenolic  bases  which  on  recovery  from  the  plate  showed  almost 
identical  infrared  absorption  lacking  any  band  attributable  to  a 
carbonyl  group.  The  amounts  of  material  recovered  in  this  way 
were  too  small  to  permit  further  study. 
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Abstract:  The  acid-catalyzed  rearrangement  of  alcohols  of  the  6,14-e/u/a-ethenotetrahydrothebaine  series  of 
general  structure  I  has  been  shown  to  proceed  in  most  cases  via  the  14-alkenylcodeinones  (II)  to  7,8-dihydro- 
cyclohex-4'-eno-  and  -cyclohex-5'-eno[l',2':8,14]codeinones  of  general  structures  X  and  XI.  The  structures  of 
typical  bases  have  been  elucidated  by  nmr  spectral  studies  and  by  chemical  means.  Analogous  derivatives  of  di- 
hydromorphinone  and  a  series  of  nor  bases  and  N-substituted  nor  bases  have  also  been  prepared.  The  mecha- 
nisms of  the  rearrangements  are  discussed. 


In  the  preceding  paper  it  is  shown  that  the  alcohols 
of  general  structure  I  can  be  rearranged  to  14- 
alkenylcodeinones  (II),  which  may  be  further  trans- 
formed by  concentrated  hydrochloric  acid  into  5,14- 
bridged  thebainone  derivatives  III.  The  last  of  these 
transformations,  however,  competes  with  an  alternative 
process,  which  in  general  represents  the  major  reaction, 
the  thebainone  derivative  III  being  the  major  product 
only  in  special  cases.  The  alternative  rearrangement 
of  the  codeinone  II  affords  a  nonphenolic  nonconju- 
gated  ketone  as  the  stable  end  product,  which  is,  of 
course,  obtained  also  by  the  complete  rearrangement  of 
the  alcohol  I  under  the  same  conditions,  and  from  the 
olefin  which  is  an  intermediate  in  the  conversion  of  the 
alcohol  into  the  codeinone  II  (see  preceding  paper). 
As  would  be  expected,  since  carbonium  ion  inter- 
mediates are  clearly  involved  in  the  dehydration  and 
rearrangement  of  the  alcohol  I  to  the  codeinone  II,  di- 

(1)  Part  IV:  K.  W.  Bcntley.  D.  G.  Hardy,  and  B.  Meek.  J.  Am. 
Chem.  Soc.,  89,  3293  (1967). 

(2)  (a)  Reckitt  and  Sons  Ltd..  Kingston-upon-Hull.  England,  (b) 
Lttlerle  Laboratories.  Pearl  River.  N.  Y.  (c)  Central  Research  Labora- 
tories, American  Cyanamid  Co..  Stamford.  Conn. 


astereoisomeric  pairs  of  alcohols  afford  the  same 
ketonic  end  product,  in  all  cases  studied.  The  rear- 
rangement of  the  alcohol  I  (R  =  H,  R'  =  Ph)  is  a  par- 
ticularly rapid  process;  in  cold  concentrated  hydro- 
chloric acid  the  product  is  almost  entirely  the  codeinone 
II  (R  =  H,  R'  =  Ph),  and  this  is  completely  converted 
into  stable  end  products  after  only  4-min  boiling.  The 
nonphenolic  nonconjugated  ketones  obtained  in  this 
way  are  isomeric  with  the  alkenylcodeinones  II  and  the 
thebainone  derivatives  III  prepared  from  the  same 
alcohols. 

One  possible  process  by  which  the  alkenylcodeinone 
II  could  be  converted  into  a  nonconjugated  ketone  in- 
volves the  protonation  of  the  enone  system  and  non- 
Markovnikov  addition  of  the  resulting  carbonium 
ion  to  the  double  bond  in  the  side  chain,  followed  by 
expulsion  of  a  proton  to  give  the  ketone  VI.  However, 
the  codeinone  II  (R  =  H,  R'  =  Me)  is  known  to  suffer 
recyclization  in  acid  solution,  by  a  process  involving 
Markovnikov  addition  to  the  isolated  double  bond, 
to  give  the  alcohol  V  (R  =  H,  R'  =  Me),*  and  the  re- 
arrangement of  such  a  recyclized  base  to  the  noncon- 
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jugated  ketone  IV  by  the  successive  1,2  shifts  shown  in 
formula  V  is  also  a  plausible  process,  several  variants 
of  which  can  be  envisaged. 

The  nmr  spectra  of  three  of  these  ketones,  obtained 
by  the  acid-catalyzed  rearrangement  of  the  tertiary 
alcohols  I  (R  =  H,  R'  =  Ph;  R'  =  Me,  R  =  Me; 
and  R'  =  Me,  R  =  /-Bu),  however,  showed  no  evidence 
of  the  presence  in  these  three  bases  of  the  system 
CH=CH,  signals  due  to  which  are  clearly  observed  in 
the  spectra  of  the  parent  alcohols  I  and  the  alkenyl- 
codeinone  II  (R  =  H,  R'  =  Ph).  Indeed  only  in  the 
spectrum  of  the  first  of  these  ketones  (from  the  alcohol 
I,  R  =  H,  R'  =  Ph)  is  the  presence  of  even  a  single 
olefinic  proton  indicated.  Further  the  spectrum  of  the 
first  of  these  ketones  shows  no  signal  attributable  to  a 
C-methyl  group,  and  the  spectrum  of  the  second  ketone 
(from  the  alcohol  I,  R'  =  Me,  R  =  Me)  shows  C- 
methyl  signals  only  at  8  1.53  and  1.61,  which  evidently 
arise  from  groups  in  the  system  C=CCH3.  The  spec- 
trum of  the  third  ketone  (from  the  alcohol  I,  R'  = 
Me,  R  =  /-Bu)  also  shows  a  three-proton  singlet  at 
8  1.62  (C=CCH8)  as  well  as  a  complex  signal  centered 
at  8  0.81,  attributed  to  the  system  CHMcs. 

The  spectra  of  all  three  ketones  show  signals  at- 
tributable to  two  aromatic  protons  at  C-1  and  C-2,  at 
about  8  6.68,  and  in  addition  the  first  of  the  three  shows 
a  five-proton  complex  signal  at  about  8  7.33  clearly  due 
to  the  phenyl  group.  All  three  ketones  show  a  one- 
proton  singlet  at  8  4.5-4.55,  which  is  attributed  to  the 
proton  at  C-5  at  the  end  of  the  cyclic  ether  bridge. 

These  spectra  rule  out  of  consideration  the  structures 
IV  and  VI  for  the  three  above-mentioned  ketones,  but 
do  lead  to  the  assignment  of  plausible  structures  to 
these  and  analogous  compounds  on  the  basis  of  a  ra- 
tional reaction  mechanism  for  the  acid-catalyzed  re- 
arrangements. The  14-alkenylcodeinone  (II),  which 
may  be  redrawn  as  VII,  may  very  reasonably  be  ex- 
pected to  be  in  prototropic  equilibrium  in  acid  solution 
with  the  isomeric  alkenylcodeinone  VIII,  which  can 
then  suffer  protonation  of  the  enone  system  and 
Markovnikov  addition  of  the  resulting  carbonium 
ion  to  the  double  bond  in  the  side  chain  to  give  the 


VI 


carbonium  ion  IX,  which  can  lose  a  proton  in  either 
two  ways  to  give  the  ketones  X  and  XI.  The  examii 
tion  of  models  suggests  that  a  similar  cyclization  of ' 
codeinone  VII  to  give  IV,  in  addition  to  requiring  ai 
Markovnikov  addition  to  the  double  bond,  is  inhibi 
by  the  impossibility  of  arranging  the  double  bond 
a  position  relative  to  the  enone  system  suitable 
cyclization.  The  examination  of  models  of  the  i 
meric  system  VIII,  however,  shows  that  in  this 
double  bond  in  the  side  chain  can  readily  be  positioi 
over  C-8  in  precisely  the  geometry  required  for  p 
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pendicular  attack  of  the  enone  system  in  the  manner 
favored  for  Michael  addition'  and  the  conjugated  addi- 
tion of  Grignard  reagents.*  Such  a  process  would 
result  in  the  formation  from  the  alcohol  I  (R'  =  Me, 
R  =  Me)  of  the  ketone  X  (R  =  R'  =  Me)  which  con- 
tains the  system  CHjC^CCHj  and  no  olefinic  proton, 
and  from  the  alcohol  I  (R'  =>  Me,  R  =  i-Bu)  of  the 
ketone  X  (R'  =  Me,  R  =  (-Bu).  In  these  cases  hy- 
perconjugation  effects  may  be  presumed  to  favor  the  for- 
mation of  the  olefin  X  rather  than  the  isomeric  oleflnXI. 

The  apphcation  of  this  reaction  mechanism  to  the 
rearrangement  of  the  alcohol  I  (R  =  H,  R'  =  Ph)  would 
lead  through  the  codeinonesVll(R  =  H,R'  =  Ph)and 
VIII  {R  =  H,  R'  =  Ph)  to  the  ketones  X  (R  =  H, 
R'  =  Ph)  or  XI  (R  =  H,  R'  -  Ph)  or  both.  Both  of 
these  ketones  are  formulated  with  styrenoid  chromo- 
phores,  and  indeed  the  product  of  the  rearrangement 
does  show  styrenoid  ultraviolet  absorption,  lliis  re- 
arrangement product  has  been  separated  into  two  iso- 
meric ketones,  the  infrared  and  ultraviolet  spectra  of 
which  are  closely  similar,  and  these  can  be  formulated 
as  the  two  isomers  X  (R  =  H,  R'  =  Ph)  and  XI 
(R  =  H,  R'  =  Ph),  The  nmr  spectra  of  both  isomers 
showed  complex  patterns  for  one  olefinic  proton,  which 
made  a  distinction  between  structures  X  and  XI  very 
difficult  without  additional  information.  The  identifi- 
cation of  one  isomer  was  possible,  however,  using  spin- 
decoupling  techniques.  The  spectrum  of  one  of  these 
ketones  (mp  161-163°)  (Figure  1)  showed  an  olefinic 
proton  as  a  multiplet  (I  H)  at  about  S  6.1.  Irradiation 
at  about  6  2.1  collapsed  this  S  6.1  multiplet  into  a  doub- 
let (y  ^  7  cps),  indicating  further  coupling  with  another 
proton.  That  this  proton  is  one  absorbing  at  about 
i  3.8  was  shown  by  irradiation  at  this  point,  when  the 
olefinic  proton  signal  then  appeared  as  a  broad  single 
peak.  The  proton  pattern  at  5  3.8  is  a  quartet,  which 
collapsed  to  a  doublet  (/  =  18  cps)  when  the  olefinic 
proton  was  irradiated.  The  proton  absorbing  at 
5  3.8  was  also  coupled  with  the  one  absorbing  at  about 
5  2.1  (J  =  18  cps),  as  shown  by  irradiation  at  about 
5  2.1,  The  J  =  18  cps  can  only  be  a  gem-coupling 
constant.  The  proton  giving  the  quartet  at  6  3.8  must, 
therefore,  be  one-half  of  a  methylene  group  adjacent 
to  an  olefinic  proton. 

Since  the  double  bond  is  presumably  the  one  present 
in  the  styrenoid  system  this  ketone  evidently  contains 
the  system  CHiCH=CPh,  which  is  that  present  in  the 
base  XI  (R  =  H,  R'  =  Ph).  The  downfield  shift  of 
one  of  the  methylene  protons  in  this  system  to  S  3.8  is 
regarded  as  resulting  from  this  proton  being  both  allylic 
and  near  the  unshared  pair  of  electrons  on  the  nitrogen 
atom*'  as  it  is  in  a  model  of  the  ketone  XI  (R  =  H, 
R'  =  Ph).  The  other  proton  in  this  methylene  group 
resonates  at  5  2.17.  Such  large  difi'erences  between 
halves  of  a  methylene  group  are  unusual,  but  not  un- 
precedented.^ 

(3)  E.  L.  Elicl,  N.  A.  Allinger.  S.  1.  Angyal,  and  G.  A.  Morrbon, 
'■Conformational  Analysis,"  Iniersdence  Publishers,  Inc.,  New  York, 
N.  Y.,  1965,  pp  314-317. 

(4)  H.  O,  House  and  H.  W.  Thompson,  J.  Or;.  CAcm.,  28,  360(1961). 

(5)  S.  Yamaguchi,  S.  Okuda.  and  N.  Nakagawa,  Chem.  Pbarm.  Butt. 
(Tokyo),  11.  1463  (1963). 

(6)  S.  Okuda,  S.  Yamaguchi,  Y.  Kawazoe,  and  K,  Tsuda,  ibid.,  12, 
104  <  1964). 

(7)  For  example,  one  of  Ihe  benzylic  methylene  protons,  shielded  by 
the  phenyl  moiety  in  i,  appears  at  j  3.67  while  the  other  methylene  prolon, 
deshielded  by  ihe  carbonyl  group,  resonates  at  t  S.42 :  A.  H.  Lewin,  J. 
Lipowiiz,  and  T.  Cohen,  Tttrahtdron  Lttitri,  1241  (196S). 


Figure  1.  Nmr  spectrum  of  7,8-dJhydrO-3'-phenylcyclohex-4'- 
eno(r,2':8,I4]codeinone  (XI,  R  -  H,  R'  =  Ph).  Arrows  show 
spin  system  established  by  decoupling  experiments. 


It  is  clear,  therefore,  that  the  nmr  spectrum  of  this 
ketone  (mp  161-163°)  is  entirely  consistent  with  the 
structure  XI  (R  =  H,  R'  =  Ph).  The  isomeric  ketone 
(mp  212-214°),  which  is  the  minor  product  of  the  acid- 
catalyzed  rearrangement  of  the  alcohol  I  (R  =  H, 
R'  =  Ph),  gave  an  nmr  spectrum  substantially  similar 
to  that  of  the  ketone  (mp  161-163°).  In  this  case, 
however,  the  complex  olefinic  proton  signal  at  about 
5  6.0  collapsed  and  appeared  as  a  single  peak,  still 
showing  residual  couphng,  on  irradiation  at  about 
b  lA,  thus  establishing  that  the  olefinic  proton  is 
coupled  to  a  proton  or  protons  absorbing  at  the  latter 
point.  Owing  to  the  coincidence  of  other  resonances 
in  the  5  2.4  region,  however,  it  was  not  possible  to  ob- 
serve clear-cut  changes  in  the  spin-spin  decoupling 
studies.  Since  this  ketone  is  styrenoid  and  isomeric 
with  one  whose  spectrum  is  consistent  with  the  struc- 
ture XI  (R  =  H,  R'  =  Ph)  it  may  with  confidence  be 
assigned  the  structure  X  (R  =  H,  R'  =  Ph).  If  these 
structural  assignments  are  correct  the  two  ketones  repre- 
sent the  products  of  alternative  modes  of  the  loss  of  a 
proton  from  the  carbonium  ion  IX  (R  =  H,  R'  =  Ph), 
through  which  they  may  be  equilibrated  in  acid  solution. 
This  equilibration  has  been  independently  achieved,  for 
each  of  the  two  pure  ketones  on  treatment  with  p' 
toluenesulfonic  acid  in  glacial  acetic  acid'  is  converted 
into  a  mixture  of  approximately  80%  of  the  ketone 
XI  (R  =  H,  R'  =  Ph)  and  20%  of  the  isomer  X  (R  =■ 
H,  R'  =  Ph),  which  is  the  composition  of  the  crude 
product  obtained  in  the  rearrangement  of  the  alcohol 
1(R  =  H,R'-Ph). 

Although  the  spectra  of  the  ketones  discussed  above 
are  compatible  with  one  or  other  of  the  structures  X 
or  XI  for  these  bases,  they  do  not  provide  any  definitive 
information  pertaining  to  the  structure  of  the  carbonyl- 
containing  ring  C,  and,  accordingly,  chemical  trans* 
formations  have  been  carried  out  on  two  of  these  bases 


(8)  These  conditions  have  been  used  for  the  equilibration  of  cis-  and 
lranj-2-phenyl-2-butene;D.  I.  Cram  and  M.  V.  R.  Sahyun,/.  Am.Chtm. 
Soc.,  S5,  12S7  (1963). 
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to  characterise  this  portion  of  the  molecule.  That  the 
ketones  still  contain  the  4,5-oxygen  bridge  intact  may 
be  inferred  from  their  nonphenolic  nature,  and  from 
the  presence  in  their  nmr  spectra  of  the  sharp  singlet 
at  about  8  4.5  attributed  to  the  C-5  proton.  The  pres- 
ence of  the  oxygen  bridge  and  the  relationship  of  this 
to  the  carbonyl  group  in  the  ketones  are  demonstrated 
by  the  behavior  of  two  of  the  ketones  on  Huang- 
Minion  reduction.  The  reduction  of  derivatives  of 
dihydrocodeinone  by  this  process  occurs  with  great 
ease,  and  involves  fission  of  the  4,5-oxygen  bridge  and 
the  production  of  derivatives  of  the  phenolic  dihydro- 
deoxycodeines  B  and  C.®  The  hydrazones  of  the  ke- 
tones XI  (R  =  H,  R'  =  Ph)  and  X  (R  =  /-Bu,  R'  = 
Me)  lose  nitrogen  at  about  120°  in  alkaline  solution  and 
give  phenolic  products,  which  give  positive  tests  with 
Gibb*s  reagent  (dichloroquinone  chlorimine)  and  with 
diazotized  sulfanilic  acid.  The  major  product  of  reduc- 
tion of  the  base  X  (R  =  /-Bu,  R'  =  Me)  shows  nmr 
signals  as  doublets  at  5  6.3  and  5.5  (CH^CH,  7x3  = 
9  cps)  and  a  singlet  at  8  5.87  shifted  to  8  7.95  in  di- 
methyl sulfoxide,  attributed  to  the  phenolic  hydroxyl 
proton.  On  mechanistic  grounds  this  major  product 
of  the  reaction  is  assigned  the  formula  XII  and  the 
minor  product  may  be  the  analogous  derivative  of 
dihydrodeoxycodeine-C  with  a  6,7-double  bond.  This 
reaction  can  only  be  represented  by  a  satisfactory 
mechanism  if  the  carbonyl  group  in  the  ketones  is  lo- 
cated at  C-6. 


MeO 


MeO 
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MeO 
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The  ketones  X  (R  =  /-Bu,  R'  =  Me)  and  XI  (R  = 
H,  R'  =  Ph)  are  converted  into  enol  acetates  on  heat- 
ing with  acetic  anhydride  and  sodium  acetate,  and  the 
enol  esters  are  readily  hydrolyzed  to  the  parent  ketones 
by  hot  hydrochloric  acid.  The  examination  of  models 
shows  that  if  the  carbonyl  group  is  contained  in  a 
five-,  six-,  or  seven-membered  ring  enolization  cannot 
involve  the  hydrogen  atom  at  C-5  since  the  introduction 
of  a  5,6  double  bond  would  impose  an  unacceptable 
degree  of  strain  on  the  oxygen-containing  ring.  Enoli- 
sation  must,  therefore,  involve  C-7,  and  the  nmr  spec- 
trum of  the  enol  acetate  XIII  supports  the  assigned 
structure,  showing  signals  (in  8  units)  at  6.7  (two  aro- 
matic H),  5.38  doublet  (C-7, 77.5  =  2  cps),  4.91  doublet 
(C-5  H,  75  7  =  2  cps),  3.88  (aromatic  OCH3),  2.33 
(NCH3),  2.16  (COCH3),  1.62  (C=CCH3),  and  a  com- 
plex six-proton  peak  at  0.82  (CHMCi).     C-Methylation 

(9)  T.  D.  Perrine  and  L.  F.  Small.  J.  Org.  Chem.,  17,  1540  (1952). 


of  the  ketone  X  (R  =  /-Bu,  R'  =  Me)  can  be  ac- 
complished with  potassium  /-butoxide  and  methyl 
iodide,  and  the  nmr  spectrum  of  the  product  XIV  (R  = 
Mcs)  is  very  similar  to  that  of  the  starting  material  ex- 
cept in  the  region  8  0.6-1.2  in  which  signals  are  found 
integrating  for  a  total  of  12  protons,  indicating  that 
two  new  methyl  groups  have  been  introduced  at  C-7. 
The  dimethylated  ketone,  which  bears  no  enolizablc 
hydrogen  atom,  is  recovered  unchanged  after  heating 
with  sodium  acetate  and  acetic  anhydride.  These 
reactions  clearly  show  that  the  parent  ketones  contain 
the  system  OCHCOCH2  as  in  formulas  X  and  XI. 

The  presence  of  this  system  in  the  ketone  X  (R  = 
/-Bu,  R'  =  Me)  was  confirmed  by  the  conversion  of  the 
base  into  an  a-oximino  ketone  XIV  (R  =  NOH)  by  the 
action  of  sodium  ethoxide  and  amyl  nitrite.  The  base 
obtained  in  this  way  was  soluble  in  alkalis  and  was 
precipitated  from  the  solution  by  ammonium  chloride 
or  carbon  dioxide.  It  also  gave  an  insoluble  stable  cop- 
per chelate  with  methanolic  cupric  acetate,  which  was 
soluble  in  dilute  acids  and  reprecipitatcd  unchanged  by 
ammonia.  The  a-oximino  ketone  was  hydrolyzed  by 
hot  dilute  sulfuric  acid  to  a  yellow  a-diketone  XIV 
(R  =  O),  which  gave  a  dark  brown  cupric  complex  and 
with  ferric  chloride  gave  a  deep  wine  red  solution  that 
became  intensely  blue-green  on  the  addition  of  a  trace 
of  ammonia.  From  this  it  may  be  concluded  that  the 
diketone  is  enolizable,  and  hence  must  contain  the 
system  OCHCOCOCH,  which  means  that  the  original 
ketone  X  (R  =  /-Bu,  R'  =  Me)  must  contain  the  system 
OCHCOCH2CH.  Further  evidence  for  the  presence 
of  this  system  in  the  same  ketone  was  obtained  from  the 
action  on  it  of  bromine  and  potassium  carbonate  in 
methanol,  in  an  attempt  to  prepare  the  diketone  XIV 
(R  =  O)  by  the  method  used  in  the  dihydrocodeinone 
and  sinomenine  series.  *®  The  reaction  afforded  a  mix- 
ture of  products  from  which  a-  small  quantity  of  an 
a,i8-unsaturated  ketone  was  isolated.  Presumably  this 
is  formed  from  the  a-bromo  ketone  by  the  loss  of  hy- 
drogen bromide. 

The  chemical  evidence  given  above  indicates  the 
nature  of  most  of  ring  C  in  the  rearranged  bases,  and, 
if  the  reasonable  assumption  is  made  that  the  dihydro- 
codeinone ring  system  remains  intact,  the  complete 
structures  of  these  bases  must  be  made  up  by  the  addi- 
tion of  a  new  ring,  which  can  only  be  added  at  positions 
8  and  14.  This  new  ring  can  only  be  five  or  six 
membered  and  must  contain  a  double  bond  to  satisfy 
the  compositions  of  the  bases,  and  the  nmr  spectra  oi 
the  bases  examined  are  only  compatible  with  the  ar- 
rangement of  this  ring  as  shown  in  formulas  X  and  XL 
The  complete  structures  based  on  these  general  formulas 
can,  therefore,  be  confidently  assigned  to  the  rearranged 
bases. 

The  position  of  the  double  bond  in  the  end  products 
of  the  rearrangement  is  determined  by  the  nature  of  the 
substituents  in  the  unsaturated  ring.  The  major 
product  of  the  rearrangement  of  the  alcohol  I  (R  = 
H,  R'  =  Ph)  is  the  ketone  XI  (R  =  H,  R'  =  Ph), 
though  some  of  the  isomeric  ketone  X  (R  =  H,  R' 
=  Ph)  is  also  formed.  The  cyclohexenocodcinonc 
obtained  in  the  rearrangement  of  the  alcohol  I  (R  == 
H,  R'  =  Me)  has  also  been  identified  as  the  A*'  ketone 
XI  (R  =  H,  R'  =  Me)  [nmr  signals  (in  5  units)  at  6.64 

(10)  C.  Schbpf.  T.  Pfciffer,  and  H.  Hirsch.  Ann.,  492,  213  (1932). 
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(C-l  and  C-2  H),  5.38  (C-4'  H;  multiplet,  7,4  =  ca. 
5.5  cps,  1  H),  4.50  (C-5  H;  singlet,  1  H),  3!88  (C-3 
OCHa),  cfl.  3.45  (C-3'  H;  diflFusc  double  doublet, 
Jr,r  =  ca,  16.5  cps,  Jr,A'  =  ca.  5.5  cps),  2.33  (NCHi), 
1.65  (C-5'  CHa;  singlet,  3  H)].  The  base  obtained  by 
the  rearrangement  of  the  alcohol  I  (R  =  Me,  R'  =  Ph) 
also  belongs  to  the  A^'  series,  having  the  structure  XI 
(R  =  Me,  R'  =  Ph)  and  showing  nmr  signals  (in  i 
units)  at  7.35  (5  aromatic  H),  6.72  (C-1  and  C-2  H), 
5.95  (diffuse  multiplet,  1  olefinic  H),  4.55  (C-5  H,  sing- 
let, 1  H),  3.95  (C-3  OCHa),  2.41  (NCH,),  and  1.1 
(CHCHa;  doublet,  /  =  ca.  10  cps,  3  H).  By  contrast, 
the  rearranged  bases  bearing  alkyl  substituents  at 
C-5'  and  C-6'  give  nmr  spectra  showing  no  signal  for 
olefinic  hydrogen,  and  must  belong  to  the  A^'  series  X. 

Hyperconjugation  effects  may  be  expected  to  favor 
the  A*'  form  over  the  A*'  form  when  alkyl  groups  are 
present  at  C-5'  and  C-6',  and  similar  effects  would  be 
expected  to  favor  the  olefin  VIII  (R  =  R'  =  alkyl) 
over  VII  (R  =  R'  =  alkyl)  at  equilibrium  in  acid 
solution.  Such  effects  would  not,  however,  greatly 
favor  the  production  of  the  olefin  VIII  (R  =  H,  R'  = 
Me)  from  the  codeinone  VII  (R  =  H,  R'  =  Me),  and 
a  considerable  amount  of  the  latter  would  be  expected 
to  be  present  at  equiUbrium  in  acid  solution.  As  this 
latter  base  can  rearrange  irreversibly  to  the  flavone- 
penthone  analog  III  (R  =  H,  R'  =  Me),  a  considerable 
quantity  of  the  phenol  is  obtained  in  the  rearrangement, 
which  gives  almost  equal  amounts  of  the  phenol  III 
(R  =  H,  R'  =  Me)  and  the  ketone  XI  (R  =  H,  R'  = 
Me).  Since  some  of  the  phenol  III  is  obtained  in  all 
of  the  acid-catalyzed  rearrangements,  the  processes 
II  -^  III  and  VIII  -^  IX  may  be  assumed  to  have  similar 
rates,  the  composition  of  the  initial  rearrangement  prod- 
uct being  determined  by  the  position  of  the  equilibrium 
VII  ?±  VIII.  Clearly,  bases  such  as  II  (CHjR  =  H, 
R'  =  Ph  and  also  CHjR  =  R'  =  Ph)  which  cannot  be 
isomerized  to  olefins  of  structure  VIII  give  only  bases 
belonging  to  series  III  on  rearrangement. 

Although  the  olefin  VIII  is  a  necessary  intermediate 
in  the  rearrangement  of  the  alkenylcodeinone  VII  to  the 
cyclized  bases  X  and  XI,  no  such  olefin  has  been  iso- 
lated from  solutions  of  the  bases  VII  (R  =  H,  R'  = 
Ph)  and  VII  (R  =  H,  R'  =  Me)  in  hydrochloric  acid, 
presumably  owing  to  the  speed  with  which  cyclization 
to  the  carbonium  ion  IX  occurs. 

The  cyclohexenodihydrocodeinones  of  general  struc- 
tures X  and  XI,  being  stable  end  products  of  acid- 
catalyzed  reactions,  are  readily  demethylated  without 
further  change  on  heating  with  48%  hydrobromic  acid 
to  give  the  corresponding  derivatives  of  dihydromor- 
phinone.  These  bases  are  also  preparable  by  the  re- 
arrangement of  the  corresponding  phenolic  alcohols  in 
the  6,14-e/ido-ethenotetrahydrooripavine  series,  ^^  or 
by  the  combined  rearrangement  and  demethylation  of 
the  alcohols  in  the  3-methoxy  series  I  with  48%  hydro- 
bromic acid. 

Bases  in  this  series,  bearing  substituents  other  than  a 
methyl  group  on  the  nitrogen  atom,  have  been  prepared 
by  the  rearrangement  of  the  corresponding  alcohols. 
In  general,  the  acid-catalyzed  rearrangement  can  be  ef- 
fected at  any  stage  in  the  sequence  of  compounds  repre- 
sented by  XV  in  which  R*  =  Me,  CN,  H,  or  other  sub- 
stituent.    The  rearrangement  of  the  N-cyano  com- 

(U)  Part  III:  K.  W.  Bentley  and  D.  G.  Hardy,  /.  Am,  Cfiem.  Soc., 
89,  3281  (1967). 


pounds  XV  (R'  =  CN)  can  be  accomplished  without 
hydrolysis  of  the  NCN  group  in  cold  concentrated 
hydrochloric  acid,  the  hydrolysis  to  the  secondary  base 
being  subsequently  accompUshed  in  alkaline  solution, 
since  acid-catalyzed  hydrolysis  is  generally  slow  and  in- 
complete. Secondary  bases  in  the  cyclohexenodihy- 
drocodeinone  series  are  also  preparable  from  the  cor- 
responding N-methyl  compounds  by  treatment  with 
methyl  azodicarboxylate  followed  by  acid  hydrolysis, 
and  by  the  combing  hydrolysis  and  rearrangement  of 
the  N,N'-methylenebis  alcohols  (described  in  paper 
III  of  this  series  ^0  hy  heating  with  concentrated  hydro- 
chloric acid,  though  this  last  is  not  a  preferred  process. 
Reduction  of  the  C-6  carbonyl  group  in  these  deriva- 
tives of  dihydrocodeinone  and  dihydromorphinone  is 
readily  effected  with  sodium  borohydride.  By  one 
or  other  of  the  processes  set  out  above,  the  bases  of 
general  structure  XVI  listed  in  Table  I  have  been  pre- 
pared.   In  all  cases  rearrangement  of  the  alcohols  of 


R'O 


NR* 


MeO 


XV 


XVI 


general  structure  XV  results  in  a  marked  decrease  in 
analgesic  or  morphine  antagonizing  potency.  In 
general,  however,  the  bases  do  still  produce  effects  on 
the  central  nervous  system,  and  the  results  of  pharma- 
cological appraisal  will  be  published  elsewhere. 

The  diversity  of  acid-catalyzed  rearrangement  prod- 
ucts obtained  from  the  /-carbinols  I,  as  described  in 
this  series  of  papers,  and  their  apparent  interrelation- 
ships are  summarized  in  Scheme  I  (partial  structures). 
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Table  I. 

Bases  of  Structure  XVI 

Mp, 

Mp, 

Calcd, 

% 

Found 

.  % 

°C. 

R« 

R» 

Ri 

R 

R* 

X 

Composition 

C 

H 

C 

H 

HQ 

Me- 

Me 

Me 

H 

— C 

112-114 

CHrNO, 

75.6 

7.45 

76.0 

7.4 

Me- 

Me 

Ph 

H 

-0 

161-163 

C«H,9NO, 

78.6 

6.8 

78.4 

6.8 

Me 

Me 

Ph 

H 

=0 

212-214 

C«H„NO, 

78.6 

6.8 

78.6 

6.8 

Me- 

Me 

Ph 

H 

191 

C»H„NO, 

78.4 

7.3 

78.1 

7.4 

H» 

Me 

Ph 

H 

=0 

235 

C„H„NO,.H^ 

75.3 

6.7 

75.5 

6.8 

276-278 

Me 

Me 

Me 

Me 

=0 

199 

C4H«NO, 

72.2 

8.3 

76.1 

7.9 

284 

Me 

Me 

Me 

Me 

143 

C4H,iNO,  H,0 

72.2 

8.3 

72.0 

8.4 

Me 

CN 

Me 

Me 

=0 

265-272 

C4H,.N^, 

73.8 

6.7 

73.4 

6.7 

Me 

CHj-c-CsHs 

Me 

Me 

=0 

137-140 

QiHmNO, 

77.3 

8.0 

77.7 

8.0 

Me 

Me 

Me 

Et 

=0 

229-230 

CsH«NO, 

76.4 

8.0 

76.3 

8.0 

282 

Me 

Me 

Me 

Et 

166 

C6H„NO, 

76.1 

8.4 

75.7 

8.4 

Me 

CN 

Me 

Et 

=0 

277-279 

CsH»N^, 

74.2 

7.0 

74.8 

7.0 

Me 

H 

Me 

Et 

=0 

210-215 

C4H„NO, 

76.0 

7.7 

76.5 

7.8 

Me 

CHjCH— CH, 

Me 

Et 

=0 

V  w 

131-133 

QiHmNO, 

77.3 

7.9 

77.3 

8.0 

Me 

CH,CH=CH, 

Me 

Et 

45 

QtHjsNO, 

76.9 

8.4 

76.5 

8.4 

Me 

CH,CMe=CH, 

Me 

Et 

=0 

126-129 

c»h«no, 

77.6 

8.1 

77.6 

8.1 

Me 

CH2CH— CMe, 

Me 

Et 

=0 

109-113 

CgH^NO, 

77.8 

8.3 

77.7 

8.4 

Me 

n-Bu 

Me 

Et 

=0 

123-124 

CttH^NO, 

77.2 

8.6 

77.2 

8.6 

Me 

n-Hexyl 

Me 

Et 

-0 

129-131 

CoHiiNO, 

77.7 

8.9 

77.5 

9.0 

Me 

n-Octyl 

Me 

Et 

—0 

103-104 

C«H45NO, 

78.2 

9.2 

78.3 

9.3 

Me 

CHrC-C4H7 

Me 

Et 

—0 

146-147 

C»H„NO, 

77.8 

8.3 

77.5 

8.1 

H 

Me 

Me 

Et 

=0 

110-111 

C«4H„NO,.H,0 

72.6 

8.3 

73.0 

8.0 

H 

Me 

Me 

Et 

78 

C4H,iNO, 

75.5 

8.2 

74.8 

8.3 

H 

CHrC-CjHs 

Me 

Et 

—0 

CnH„NO,  HQ  H2O 

68.4 

7.6 

68.4 

7.4 

185-187 

Me 

Me 

Me 

n-Pr 

=0 

144 

COImNO, 

76.8 

8.5 

76.5 

8.2 

260 

Me 

CN 

Me 

n-Pr 

=0 

218-219 

CJIsoN^, 

74.6 

7.2 

73.9 

7.1 

Me 

Et 

Me 

n-Pr 

=0 

50 

QtHwNO, 

76.9 

8.4 

76.8 

8.5 

142-145 

Me 

n-Pr 

Me 

n-Pr 

=0 

50 

C»HnNO, 

77.2 

8.6 

77.3 

8.6 

140-144 

Me 

CHjCH— CH, 

Me 

n-Pr 

=0 

•   •  • 

C,HnNO, 

77.8 

8.3 

78.3 

8.4 

140-144 

H 

Me 

Me 

/i-Pr 

=0 

114-115 

CsHiiNO,  H^ 

72.9 

8.0 

72.4 

8.0 

248-250 

Me 

Me 

Me 

i-Pr 

=0 

80 

C«,H„NO,Ha 

70.2 

7.8 

70.4 

7.7 

289 

Me 

CHjCH— CH, 

Me 

i-Pr 

—0 

•   ■  • 

C«H«NO,  HCl 

71.5 

7.7 

71.4 

7.5 

260 

Me 

Me 

Me 

n-Bu 

=0 

68 

QtHmNO,  HCl 

70.7 

7.9 

70.5 

7.7 

306 

Me 

CN 

Me 

/^Bu 

—0 

202-205 

C„H«N,0, 

75.0 

7.5 

74.9 

7.4 

Me 

Me 

Me 

j-Bu 

=0 

195 

QtH.sNO, 

76.7 

8.2 

76.5 

8.3 

254 

Me 

Me 

Me 

i-Bu 

184 

CnHrNO, 

76.3 

8.7 

76.5 

8.9 

Me 

CN 

Me 

i-Bu 

—0 

22^-225 

C„H„N^, 

75.0 

7.5 

75.0 

7.5 

Me 

Et 

Me 

i-Bu 

=0 

65 

C»H«NO, 

77.2 

8.5 

76.6 

8.6 

Me 

CH2CH— CH, 

Me 

i-Bu 

—0 

CgH^NO, 

77.8 

8.3 

78.3 

8.4 

140-144 

H 

Me 

Me 

i-Bu 

—0 

128-129 

QJI„NO,  H^ 

73.5 

8.2 

73.3 

8.4 

265-267 

H 

CHz-c-CHs 

Me 

i-Bu 

—0 

263-265 

C,HrNO, 

77.8 

8.3 

77.6 

8.4 

289-290 

Me 

Me 

Me 

/I- Am 

=0 

104 

C«HnNO, 

77.2 

8.5 

76.7 

8.5 

248 

Me 

Me 

Me 

CHaPh 

=0 

80 

C,,H„NO,.HCl  2H,0 

68.2 

7.2 

67.9 

7.0 

315 

Me» 

Me 

Ph 

Me 

—0 

224-226 

Q,H«NO, 

78.8 

7.0 

78.6 

6.9 

Me 

Me 

Et 

Me 

=0 

198 

CHsiNO, 

76.4 

8.0 

76.2 

8.1 

-  A*' isomer. 

Established  reactions  are  indicated  by  solid  arrows,  and 
hypothetical  reactions  (which  appear  to  be  allowable  by 
rational  mechanistic  considerations)  are  shown  by 
dotted  arrows. 

The  distribution  of  products  formed  depends  on  the 
reaction  conditions  (i.e.,  the  strength  and  concentration 
of  acid  and  time  of  heating)  and  the  substituents  R  and 
R'.  For  example,  the  transformations  described  in  the 
upper  two-thirds  of  Scheme  I  (XVII-XXII)  are  generally 
achieved  with  dilute  hydrochloric  acid  at  25  to  50°, 
with  99%  formic  acid  at  100°,  or  with  perchloric  acid  in 
trimethyl  orthoformate,  methanol,  and  methylene 
chloride  at  25°.  Transformations  of  bases  of  struc- 
ture XXII  into  those  of  structures  XXIII  and  XXV, 
however,  have  required  6-\2  N  hydrochloric  acid  at 
100°.    The  influence  of  substituents  on  the  distribution 


of  final  products  is  illustrated  by  the  conversion  of  the 
base  XVII  (R'  =  Ph,  R  =  H)  into  a  mixture  contain- 
ing 95%  of  the  base  XXIII  (R'  =  Ph,  R  =  H;  as  the 
isomeric  olefins)  and  5  %  of  the  phenol  XXV  (R'  - 
Ph,  R  =  H),  while  treatment  of  the  base  XVII  (R'  = 
Me,  R  =  H)  under  similar  conditions  gave  35  %  of  the 
phenol  XXV  (R'  =  Me,  R  =  H)  and  36  %  of  the  ketone 
XXIII  (isolated  yields).  Nepenthene  (XII,  R'  =  Ph, 
RCH2  =  H)  is,  of  course,  incapable  of  isomerism  to  an 
olefin  of  structure  XXIV  and,  therefore,  yields  flavonc- 
penthone  (XXV,  R'  =  Ph,  RCH2  =  H).  The  ob- 
served recyclization  reactions  of  the  14-alkenyl  deriva- 
tive XXII  or  XXIV  (XXII  -►  XXI  -*  XIX,  XXII  -♦ 
XXV,  XXIV  -►  XXIII)  represent  Markovnikov  addi- 
tions of  an  electrophilic  center  at  C-5,  C-6,  or  C-8  to 
the  double  bond,  producing  a  five-  or  six-membered 
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ring.  Products  formed  by  anti-Markovnikov  additions 
of  these  electrophilic  centers  or  by  Markovnikov  addi- 
tions to  form  four-  or  seven-membered  rings  have  not 
been  found.  Similarly,  products  formed  by  1,2  migra- 
tion of  the  7,8  or  6,7  bonds  or  by  1,3  migration  of  the 
6,18  bond  to  the  f-carbonium  ion  C-19  in  XXI  have  not 
been  observed. 

Experimental  Section 

Rcflrrangemeiit  of  6,14-e/i^o-Etheno-7a-(l-(/0-hydroxy-l-plienyl- 
cayDtetrahydrotbebaiiie  (19-PlienyltiievinoI,  I,  R'  =  Me,  CHzR 
=  Ph).  6,14-e/f^{?-Etheno-7cr-(l-(/?)-hyciroxy-l-phenyl-l.cthyl)tet- 
rahydrothebaine  (5  g)  was  heated  with  concentrated  hydrochloric 
acid  (100  ml)  and  ethanol  (15  ml)  on  the  steam  bath  for  30  min 
during  which  time  a  sparingly  soluble  salt  separated.  This  was 
collected,  washed  with  cold  water,  and  dissolved  in  hot  50% 
aqueous  ethanol.  The  resulting  solution  was  basified  with  am- 
monia, and  the  precipitated  solid  was  collected  and  recrystallized 
from  ethanol,  when  it  was  obtained  as  almost  colorless  plates,  mp 
149-151%  i/„ux  1730  cm- ». 

Ana/.  Calcd  for  QsHsgNOi:  C,  78.6;  H,  6.8.  Found:  C, 
78.6;  H.  7.8. 

The  same  material  was  obtained  when  6,14-^/M/o-etheno-7a- 
(l-(5>hydroxy-l-phenylethyl)tetrahydrothebaine  or  14-(3-phenyl- 
but-2-enyl)codeinone  (II,  R  =  Me,  R'  =  Ph)  was  rearranged  in 
the  same  way  with  hot  concentrated  hydrochloric  acid.  Thin  layer 
chromatographic  studies  showed  this  base  to  be  a  mixture  of  three 
components. 

The  base  (0.363  g)  was  chromatographed  on  a  column  of  Merck 
acid-washed  alumina  (60  g)  and  the  chromatogram  was  developed 
with  200  ml  of  1  %  ethyl  acetate  in  benzene.  Elution  of  the  column 
with  2%  (200  ml)  and  5%  (600  ml)  ethyl  acetate  in  benzene  gave 
29  20-ml  fractions,  each  of  which  was  examined  by  thin  layer  chro- 
matography on  idumina.  Similar  fractions  were  combined  and 
concentrated.  The  first  component  eluted  from  the  column  (0.023 
g)  was  14-(3-phenylbut-2-enyl)codeinone  (II,  R  =  Me,  R'  =  Ph) 
identical  in  infrared  absorption  and  behavior  on  thin  layer  plates 
with  an  authentic  specimen.  The  second  component  (0.204  g) 
was  7,8-dihydro-5  '-phenylcyclohex-4'-eno[l  ',2' :  8,14]codeinone 
(XI,  R  =  H,  R'  =  Ph),  mp  161-163°  after  two  recrystallizations 
from  methanol,  i^m.,  1730  cnr\  Xmax  241  m/x  (Xmax  248  nvi  (cmax 
13,400)  after  subtraction  of  the  benzenoid  absorption  of  the  base  I, 
R  =  H,R'  =  Me). 

AnaJ.  Calcd  for  QtHttSOti  C,  78.6;  H,  6.8.  Found:  C, 
78.3;  H,6.8. 

The  third  component  (0.020  g)  was  7,8-dihydro-5'-phenylcyclo- 
hex-5'-eno[r,2':8,14)codeinone  (X,  R  =  H,  R'  =  Ph),  mp  208- 
210°,  raised  to  212-214°  when  separated  from  a  small  amount  of 
the  A**  isomer  on  five  0.3-mm  thick  20  X  20  cm  alumina  plates, 
vmax  1730  cm- S  Xmas  241  mM(Ainax  252  nvi  (cnus  12,200)  after  subtrac- 
tion of  the  benzenoid  absorption  of  the  base  I,  R  »  H,  R '  »  Me). 

Anal,  Calcd  for  CmHmNOs:  C,  78.6;  H,  6.8.  Found:  C, 
78.6;  H,6.8. 

Equilibratioii  of  the  Isomeric  Olefins  X  (R  «  H,  R'  «  Ph)  and 
XI  (R  »  H,  R'  «  Ph).  Solutions  containing  2.5  mg  each  of  7,8- 
dihydro-5'-phenylcyclohex-4'-eno[l  ',2' :  8,14]codeinone  (XI,  R 
-  H,  R'  =  Ph)  and  7,8-dihydro-5'-phenylcyclohex.5'-eno[r,2':. 
8,14]codeinone  (X,  R  =  H,  R'  =  Ph)  (the  latter  containing  16% 
of  the  A*'  isomer)  in  0.10  ml  of  benzene  were  prepared.  Each 
solution,  after  the  withdrawal  of  0.02  ml  for  standardization,  was 
treated  with  0.47  ml  of  0.1  M  />-toluenesulfonic  acid  in  glacial 
acetic  acid  to  make  the  solutions  about  0.01  M  in  olefin  and  0.09 
M  in  toluenesulfonic  acid.  These  solutions  were  heated  at  95-l(X)° 
and,  after  designated  intervals,  0.14-ml  aliquots  were  removed  and 
added  to  a  mixture  of  0.2  ml  of  concentrated  ammonium  hydroxide 
and  four  drops  of  benzene.  These  mixtures  were  agitated  and 
centrifuged,  and  the  benzene  layer  was  spotted  along  the  bottom 
edge  of  a  5  X  20  cm  silica  gel  G  plate  and  developed  with  2%  tri- 
ethylamine  in  benzene  (occasionally  redeveloped  several  times  to 
obtain  a  satisfactory  separation).  The  separated  isomers  were 
located  with  the  aid  of  an  ultraviolet  lamp  (250  m/x)  and  the  respective 
zones  were  removed  from  the  plates,  extracted  with  methanol,  and 
diluted  to  a  known  volume  (5.0  to  25.0  ml,  according  to  the  size  of 
the  sample).  The  absorbances  at  250  m/n  were  then  measured  for 
each  solution,  and  the  percentage  composition  of  each  aliquot 
removed  from  the  reaction  mixture  was  then  calculated  using  the 
known  t^£^  for  the  pure  isomers.  The  results  obtained  are  set  out 
in  Table  II. 


Table  n 


%  Composition 

%  Composition 

Time, 

of  mixture  A 

of  mixture  B 

hr 

X 

XI 

X                XI 

0 

0 

100 

84                 16 

1 

8 

92 

63                 37 

2 

12 

88 

42                 58 

20 

18 

82 

19                 81 

7^Dihydro-5'-pbenylcyclohex.4'-€Bo[l'^':8,14]codcine  (XI. 
R  =  H,  R'  =  Ph,  CO  =  CHOH).  The  mixture  of  isomers  XI 
(R  =  H,R'  =  Ph)andX(R  =  H,R'  =  Ph)  (5  g)  obtained  from  the 
rearrangement  of  6,14-e/w/(C>-etheno-7a-(l-(/?)-hydroxy-l-phenyl- 
ethyl)tetrahydrothebaine  (I,  R'  =  Me,  CHsR  »  Ph)  was  reduced 
with  sodium  borohydride  (0.5  g)  in  hot  ethanol  (2(X)  ml).  The 
resulting  alcohol  was  precipitated  from  solution  by  the  addition  of 
water,  collected  (5  g),  and  recrystallized  four  times  from  ethanol, 
when  it  was  obtained  as  white  prisms,  mp  191°,  giving  only  one 
spot  on  thin  layer  chromatograms. 

AnaJ,  Calcd  for  QsHuNOs:  C,  78.4;  H,  7.3.  Found:  C, 
78.1;  H,7.4. 

7,8-Dihydro-6'-nieChyl-5  '-pbenylcyclobex-4'-eno[l  ',2'  :8,14]- 
codefaione  (XI,  R  «  Me,  R'  »  Ph).  6,14-e/f</o-Etheno-7a-(l- 
(5>hydroxy-l-phenylpropyl)tetrahydrothebaine  (I,  R'  —  Ph, 
R  ~  Me)  (2  g)  was  heated  in  the  water  bath  for  1  hr  with  concen- 
trated hydrochloric  acid  (50  ml).  The  mixture  was  diluted  with 
water  when  a  viscous  hydrochloride  separated.  This  was  dissolved 
by  the  addition  of  ethanol,  and  the  aqueous  alcoholic  solution  was 
basified  with  ammonia.  The  precipitated  noncrystalline  base  was 
collected,  washed  with  water,  and  crystallized  from  2-ethoxyethanol. 
On  recrystallization  from  this  solvent  7,8-dihydro-6'-mcthyl-5'- 
phenylcyclohex-4'-eno[r,2':8,14]codeinone  was  obtained  as 
pale  cream  prisms,  mp  224-226°,  showing  one  spot  only  on  thin 
layer  chromatograms,  vmax  1730  cm' ^ 

And.  Calcd  for  QsHuNOi:  C,  78.8;  H,  7.0.  Found:  C, 
78.6;  H,6.9. 

The  same  base  was  obtained  by  the  rearrangement  of  14-(3- 
phenylpent-2-enyl)codeinone  (II,  R  —  Me,  R'  »  Ph)  in  concen- 
trated hydrochloric  acid. 

7,8-Dihydro-5  '-nieChylcyclohex-4  '-eno[l,  '2 '  :8,14]codeinooe 
(XI,  R  =  H,  R'  =  Me).  6,14-^mto-Etheno-7a-(l-hydroxy-l- 
methylethyl)tetrahydrothebaine  (I,  R  =  H,  R'  =  Me)  (0.50  g) 
was  heated  in  hydrochloric  acid  (2  ml,  ^  1.19)  on  the  steam  bath  for 
90  min,  during  which  time  crystals  separat^.  Water  (2  ml)  was 
added,  and  the  solid  matter  was  collected,  when  5,14-ethano-18- 
isopropylidenethebainone  hydrochloride  (III,  R  =  H,  R'  »  Me) 
(0.175  g),  mp  310-315°,  was  obtained  (see  part  IV  of  this  series). 

The  combined  filtrate  and  washings  from  the  collection  of  this 
hydrochloride  were  neutralized  with  aqueous  sodium  bicarbonate 
and  the  resulting  base  was  isolated  by  extraction  with  methylene 
chloride.  The  glass  remaining  after  removal  of  the  solvent  was 
dissolved  in  methylene  chloride  and  chromatographed  on  alumina 
(Woelm,  activity  II,  20  g).  Continued  elution  of  the  column  with 
methylene  chloride  afi'orded  material  that  was  crystallized  from  n^ 
hexane,  when  7,8-dihydro-5-methylcyclohex-4'-eno[^,2':8,14^ 
codeinone  (165  mg)  was  obtained  as  prisms,  mp  112-114°,  vm^x 
1725  cm- ». 

Anal.  Calcd  for  CwHnNOi:  C,  75.6;  H,  7.45.  Found:  C, 
76.0;  H,7.4. 

7,8-Dihydro-5,  '6  '-dimethylcy  dohex-S  '-eno[l,  '2 '  :8,14]codehi- 
one  (X,  R  »  R'  »  Me).  6,14-e/f<fo-Etheno-7a-(l-(/?)-hydroxy-l- 
methylpropyl)tetrahydrothebaine  (I,  R'  =  Me,  R  =  Me)  (5  g)  was 
heated  on  the  steam  bath  for  1  hr  with  concentrated  hydrochloric 
acid  (25  ml).  The  mixture  was  diluted  with  aqueous  ethanol  and 
made  alkaline  with  ammonia.  The  resulting  base  was  collected 
and  recrystallized  from  ethanol,  when  it  was  obtained  as  white 
prisms,  mp  199°,  Vni*x  1730  cm-*. 

Anal.  Calcd  for  QJiseNOs:  C,  76.0;  H,  7.6.  Found:  C, 
76.1;  H,7.9. 

The  same  base  was  obtained  by  the  rearrangement  of  6,14- 
«/tt/o-etheno  -7a-(  1  -  (5)  -  hydroxy- 1  -methylpropy l)tetrahydrothebaiDe 
(I,  R'  =  Et,  R  =  H)  in  the  same  way. 

7,8-Dihy  dro-5  '-ethy  1-6  '-methy  lcydohex-5  '-eno[l,  '2 '  :8,14]oo- 
deinone  (X,  R  =»  Me,  R'  »  Et).  This  base  was  obtained  as  above 
by  heating  6,14-^/i^a-etheno-7a-(I-hydroxy-l-ethylpropyl)tetrahy- 
drothebaine  (1  g)  with  concentrated  hydrochloric  acid  (5  ml)  on  the 
steam  bath  for  1  hr.  It  formed  prisms,  mp  198°,  from  ethanol, 
Vmax  1730  cm-*. 


Bentley,  et  al.  /  7,8-Dihydrocyclohexenc[l\2\'8,14icodeinoni 


3310 

Anal.  Calcd  for  QsH.iNO,;  C,  76.4;  H,  8.0.  Found:  C. 
76.2;  H,  8.1. 

73-I>ilir<iro-6'-«thy  1-S  '-methylcycIiAex-S  '-«io[l  'J '  «,141co- 
deinoae  (X,  R  =  Et,  R'  =  Me).  The  diaslereoisomeric  alcohols 
I(R  =  H.R'  =  n-Pr  and  also  R  -  Et,R'  =  Me),  on  healing  on  the 
steam  bath  with  concentrated  hydrochloric  acid  for  1  hr,  yielded  the 
same  base  obtained  as  prisms,  mp  229-230°,  from  elhanol,  vui 
1730  cm-'. 

Anal.  Calcd  for  C,iH,,NOi:  C.  76.4;  H,  8.0.  Found:  C, 
76.3;  H,8.0. 

7,S-Dibydro-6'-cthyl-5'-iDetbylcyclohex-5'-eno[l'^':8,14]nior- 
IiUmnm  (XVI,  R)  =  H,  R<  =  R>  =  Me,  R  =  Et,  R«  =  O).  a. 
7,8-Dihydro-6'-ethyl-5'-methylcyclohen-5'-eno[r,2':8.14]codeinone 
(X,  R  =  Et,  R'  =  Me)  (5  g)  was  boiled  under  reflux  for 
1  hr  with  concentrated  hydrobromic  acid  (48%)  (100  ml).  The 
mixture  was  cooled  and  diluted  with  aqueous  ethanol.  and  the  base 
was  precipitated  from  ihe  solution  with  ammonia.  After  collection 
and  recrystaUizatioo  from  aqueous  2-ethoxyethanol  the  phenol 
(3.1  g)  was  obtained  as  cream  plates,  mp  1 10°,  v^,  1730  cm->. 

Anal.  Calcd  for  C^,H„NO,-H,Oi  C,  72.6;  H,  8.3.  Found: 
C,73.0;   H.8.0, 

b.  6,14-<n(/o-Elheno-7o-(l-(R)-hydroxy-l-meIhylbulyl)letrahy- 
drothebaine  (1,  R'  -  Me,  R  -  Et)  (1  g)  was  boiled  under  reflux 
for  1  hr  with  concentrated  (48%)  hydrobromic  acid  (10  m!).  The 
base  was  isolated  as  in  a  and  was  obtained  as  plates,  mp  1 10°,  iden- 
tical in  infrared  absorption  with  material  prepared  by  that  pro- 
cess. 

c.  6,l4-</ii/o-Etheno-7o-(l-(i()-hydroxy-I-nieihylbulyl)tetrahy- 
drooripavine  (XV,  R'  =  H,  Ri  =  R'  =  Me.  R  =  El)  (I  g) 
was  heated  on  the  steam  balh  with  concentrated  hydrochloric  acid 
(8  mi)  for  I  hr.  The  dihydromorphinone  was  isolated  as  in  a  and 
was  obtained  as  plates,  mp  110°,  identical  in  infrared  absorption 
with  material  prepared  as  in  a  and  b  above. 

N-Cyanc>-73-diliydr»<'-ethyl-5'-niethy]cyclobex-5'-eno[l',- 
2':8,14>iorcodeiM)ne  (XVI,  R>  =  R>  =  Me,  R>  ^  CN,  R  =  Et, 
R'  =  O).  N-Cyano-6,14-en(/o-ethenD-7Q-(l-(i?>hydroxy-l-methyl- 
butyl)tctrahydronorthebaine(l,  R'  =  Me.  R  =  Et,  NMe  -  NCN) 
(12.2  g)  was  dissolved  in  concentrated  hydrochloric  acid  (85  ml) 
and  the  solution  kept  at  the  room  temperature  for  18  hr.  The 
product  was  precipitated  by  the  addition  of  water,  collected,  and 
washed  with  hot  ethanol,  when  N-cyano-7,8-dihydro-6'-elhyl-5'- 
methylcyclohex-S'-eno[r,2':8,14]norcodeinone  (10.5  g)  was  ob- 
tained as  white  prisms,  mp  277-279°. 

Anal.  CilcdfordHnNrf),:  C,  74.2;  H,  7.0;  N.  6.9.  Found: 
C.74.7;  H,7.0;  N,  7.0. 

7,S-Dihydn>-6  '-ethyl-S  '-iMtbylcyclolKx-5  '-enoEt  ',2 '  :8,l4>ior- 
coddDone  (XVI,  R>  ^  R<  =  Me,  R>  =  H,  R  =  Et,  R'  -  O).  a. 
hJ-Cyano-7,8-dihydro-6'-ethyl-5'-methylcyclohex-5'-cno(l',2';8.14I 
norcodeinone  (37.S  g),  water  (1400  ml).  2-eihoxyethanol 
(600  ml),  and  potassium  hydroxide  (144  g)  were  boiled 
under  rejlux  for  18  hr  with  vigorous  stirring.  The  mixture  was 
cooled  and  the  solid  matter  (23.5  g)  collected  and  recrystallized 
from  aqueous  ethanol.  when  the  secondary  base  was  obtained  as 
white  prisms,  mp  210-212°,  f™.  1730  cm-". 

Anal.  Calcd  for  CHhNO,:  C,  76.0;  H,7.7;  N,  3.7.  Found: 
C,76.5;  H,7.8;  N,  3.7. 

b.  6.14-iemto-Etheno-7a-(l-(fl)-hydroxy-l-melhvlbulyl)tetrahy- 
dronorthebaine  (I,  R'  -  Me.  R  =  Et,  NMe  -  NH)  (5  g)  was 
heated  ei  100°  with  conceniraled  hydrochloric  acid  (50  ml)  for  2 
hr.  The  mixture  was  diluted  with  40%  aqueous  eihanol  (2(K>  ml) 
and  basitied  with  aqueous  ammonia.  The  precipitated  base  was 
collected,  washed,  and  recrystallized  from  aqueous  ethanol.  when  7.8~ 
dihydro-6'-ethyl-5'-methylcyclohex-5'-eno[r,2':8,14]norcodeinone 
(3.6  g)  was  obtained  as  white  prisms,  mp  210-212°,  alone  or  mixed 
with  a  specimen  prepared  as  in  a. 

Anal.  Calcd  for  C„Hi,NO,:  C,  76.0;  H,  7.7.  Found:  C, 
75.8;  H,7.9. 

N.AItyl-7,8-«lihy<lri>-«'-elhyl-5'-nKthylcyclohex-5'-a»o(l',2':- 
8,I4^w«>deiiMtM  (XVI,  R'  =  R<  =  Me,  R'  =  CH,CH==CHh  R 
-=  Et,  R*  =  O).  a.  7,8-Dihydro-6'-ethyl-5'-methylcyclohex-S'- 
enoir,2':8,14jnorcodeinone  (XVI,  Ri  =  R'  =  Me,  R*  =  H, 
R  =-  Et,  R*  =  0)  (8  %),  allyl  bromide  (4.8  g).  anhydrous  potassium 
carbonate  (16g),  and  acetone  (250  ml)  were  heated  together  under 
reflux  with  stirring  for  IS  hr.  The  mixture  was  fihered,  the  filtrate 
evaporated  to  dryness,  and  the  residue  treated  with  ethereal  hydrogen 
chloride.  The  solid  hydrochloride  was  collected  and  converted 
inlD  the  base  with  aqueous  ethanolic  ammonia.  The  product  was 
recrystallized  from  aqueous  ethanol.  when  N-allyl-7,8-dihydro-6'- 
ethyl-5'-methylcyclohex-5'-eno[l',2':8,141norcodeinone  (4.9  g) 
was  obtained  as  white  prisms,  mp  131-133°,  iibi„  1730  cm-'. 


Anal.  Calcd  for  CnH„NO,:  C,: 
C,77.3;  H,8.0;  N,  3.3. 

b.  N-Allyl-6,14«ndcvethetio-7»< 
tetrahydronorthebaine  (I,  R'  =  Mi 
C:H=CH,)  (3  g)  was  heated  with  cono 
ml)  at  100°  for  2  hr.  The  mixture  w 
ethanol  and  basifled  with  ammonia 
collected  and  recrystallized  from 
allyl-7.8-dihydro-6'-ethyl-5'-methylc; 
coddnone  was  obtained  as  prisms,  m[ 
7,B-DUiydn>^'-laobiityl-S'-nc(l 
BorcoddiMDe  (XVI,  R'  ^  R'  =  Me, 
a.  7,8-Dihydro-6'-isobutyl-S'-metl 
codeinone  (X,  R  =  t-Bu,  R'  =  Me; 
boxylate  (0.87  g)  were  heated  togeth 
ml)  for  45  min.  The  acetone  was  e^ 
heated  on  the  steam  bath  fori  hrwiti 
ric  acid  (5  N).  The  mixture  was  co« 
with  ether.  The  base  was  precipitate 
by  ether  extraction,  when  it  was  obtf 
(2.2  g). 

Anal.  Calcd  for  CJIkNO.:  C. 
76.2;  H,8.4. 

b.  N,N'-Mcthylenbis-6,I4-«nd»^ 
dimethy  Ipenty  l)ietrahy  dronon  hebain 
steam  bath  with  concentrated  hydro 
The  mixture  was  diluted  with  aquea 
ammonia,  and  the  precipitated  base 
tion.  The  product  was  a  mixture 
at  1730  and  1690  cm''  and  gave  a  re 
when  treated  with  diazotized  sulfar 
terial  (belonging  to  the  general  seri« 
of  an  ether  solution  through  a  ctAi 
eluate  was  examined  by  thin  layer  c 
compound  to  be  eluted  (1.8  g)  was  th< 
ary  base  identical  in  infrared  absorp 
in  a  above. 

The  secondary  base  prepared  by  b( 
reflux  with  methyl  iodide,  elhanol,  ani 
for  6  hr  gave  a  good  yield  of  7,8h 
cyc!ohex-5'-eno[r,2':8,14]codeinone 
R'  =  Me)  identical  with  an  authen 
mixture  mehing  point,  and  infrared  at 
A'-DOiydro-S  '-pbenylcyd(riiex-4 
7,8-Dihydro-5'-phenyl  cyclohex-4  '-em 
R  =  H,  R'  -  Ph)  containing  son 
=  H,  R'  =  Ph),  mp  149-151°  (1  g), 
were  heated  in  diethylene  glycol  (25  r 
perature  was  reduced  to  75°  and  poi 
added,  after  which  the  temperature 
evolution  began  at  85°  and  proceede 
temperature  reached  140°  it  was  mi 
evolution  had  almost  stopped,  and 
and  poured  with  stirring  into  100  ml 
dpitated  by  the  addition  of  aqueous 
lated  by  ether  extraction.  On  evai 
cryslallizable  gum  was  obtained  whii 
drochloride  with  ethanolic  hydrogen  i 
very  sparingly  soluble  in  all  solvent 
ficuliy  from  80%  acetic  acid,  when  . 
4  '-eno[l  ',2 ' :  8, 14]deoxycodeine  hydi 
colorless  prisms,  mp  266-270°  dec. 

Anal.  Calcd  for  CmH.iNO,  HQ 
C,74.0;  H,7.4. 

Tiiia  layer  chromatography  showetj 
trace  of  impurity,  presumably  the  A 
could  not  be  crystallized,  in  ethanolii 
diazotized  sulfanilic  acid  to  give  a  blot 
A>-Dihydro-6  '-isobutyl-S  '-metl 
dcoxycodeine  (Xn).  A  solution  i 
methylcyc!ohex-5'-cno[r,2':8,14]cod 
=  Me)  (1.5  g)  and  hydrazine  hydra 
(25  ml)  was  heated  at  140-150°  for  1 
to  100°  and  potassium  hydroxide  (4 
ture  was  slowly  raised,  and  evolutio 
120°,  became  very  rapid  at  160-16! 
min  at  the  latter  temperature.  The 
aqueous  ammonium  chloride,  and 
was  collected,  washed  thoroughly  \ 
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from  methanol,  when  the  phenolic  base  XII  was  obtained  (0.55  g) 
as  white  felted  needles,  mp  127-129''. 

Anal.  Calcd  for  CnHnNOs:  C,  79.5;  H,  9.1.  Found:  C, 
79.1;  H,9.3. 

The  infrared  spectrum  showed  no  carbonyl  absorption,  and  the 
nnir  spectrum  showed  signals  (in  d  units)  at  6.61  (two  aromatic  H), 
6.3  and  5.5  (doublets,  Jab  =  9  cps,  CH=CH),  5.85  (OH),  3.85 
(OCHi),  2.3  (NCHi),  1.58  (C=CCH,),  and  0.80  (complex,  CHMe2). 
The  signal  due  to  the  hydroxyl  proton  was  moved  to  S  7.93  in 
dunethyl  sulfoxide. 

The  base  was  not  readily  soluble  in  aqueous  alkalis  but  in  eth- 
anolic  potassium  hydroxide  it  coupled  readily  with  diazotized 
sulfanilic  acid  to  give  a  blood  red  solution. 

The  picrate  was  obtained  as  canary  yellow  needles,  mp  186° 
from  ethanol. 

Anal,  Calcd  for  CnH«N0,C,H,N,07:  C,  62.2;  H,  6.3; 
N,8.8.    Found:    C,61.9;  H,6.5;  N,9.2. 

The  methanolic  mother  liquors  from  the  recrystallization  of  the 
original  reaction  product  on  evaporation  afforded  a  gum  from 
which  a  second  picrate  (0.200  g)  was  obtained  as  dark  yellow  prisms, 
IIlpl90^ 

Anal,  Calcd  for  CnHsrNOs  CeHsNiOr:  C,  62.2;  H,  6.3; 
N,8.8.    Found:    C,  61.9;  H,  6.5;  N,  9.1. 

This  is  believed  to  be  the  picrate  of  the  A"  isomer  of  the  base  XII 
since  the  base  recovered  from  the  salt  still  gave  a  blood  red  color 
with  diazotized  sulfanilic  acid  in  alcoholic  potassium  hydroxide 
solution. 

6-Acetoxy-6'-i8obutyl-5  '-methylcydohex-S  '-eiio[l  ',2 '  -^,14]- 
dcoxycodeiiie-C  (Xm).  7,8-Dihydro-6'-isobutyl-5  '-methylcyclo- 
hcx-5'.^o[r,2':8,14)codeinone(X,  R  =  i-Bu,  R'  =  Me)  (1.5 
g),  acetic  anhydride  (7.5  ml),  and  anhydrous  sodium  acetate  (0.25 
g)  were  boiled  together  under  reflux  for  1.75  hr.  The  mixture  was 
poured  into  water  and  the  base  was  liberated  with  sodium  carbonate 
and  extracted  with  ether.  The  extracts  yielded  an  orange  gum  that 
crystallized  on  standing.  Recrystallization  from  methanol  af- 
forded the  enol  acetate  (1.0  g)  as  white  needles,  mp  132°,  i^max 
1750  cm-i. 

Anal.  Calcd  for  C:nHi7N04:  C,  75.2;  H,  8.0.  Found:  C, 
73.3;  rl,  O.2. 

This  enol  acetate  was  heated  with  aqueous  ethanolic  hydrochloric 
acid  on  the  water  bath  for  30  min,  and  the  mixture  was  neutralized 
with  ammonia  to  give  7,8-dihydro-6'-isobutyl-5'-methylcyclohex- 
5'-cno{l',2':8,14)codeinone  (X,  R  =  i-Bu,  R'  =  Me),  mp  196° 
alone  or  mixed  with  an  authentic  specimen,  vm^x  1730  cm~^ 

T^Dfliy  dro-6  '-isobuty  1-8^3  '-trimethy  lcydohex-5  '-enoll  ',2 '  :- 
8,14]codeiiioiie  (XIV,  R  »  Me).  A  suspension  of  7,8-dihydro-6'- 
isobutyl-5'-methylcyclohex-5'-eno[r,2':8,14]codeinone  (X,  R  = 
i^Bu,  R'  =  Me)  (1  g)  in  dry  /-butyl  alcohol  (10  ml)  was  added  to  a 
solution  of  potassium  (0.5  g)  in  dry  /-butyl  alcohol  (75  ml)  and  the 
mixture  stirred  for  10  min  at  30°.  Excess  of  methyl  iodide  (2  ml) 
was  then  added,  and  the  mixture  was  stirred  for  1  hr  after  which  it 
was  poured  into  water.  The  product  was  isolated  by  ether  extrac- 
tion and  recrystallized  from  methanol  when  7,8-dihydro-6'-iso- 
butyl-8,8,5'-trimethylcyclohex-5'-eno[l',2':8,14]codeinone  (0.4  g) 
was  obtained  as  white  plates,  mp  169-170°,  Vbx^x  1710  cm~^ 

Anal,  Calcd  for  CmHssNO.:  C,  77.5;  H,  8.75.  Found:  C, 
T7.2;  H,8.8. 

The  nmr  spectrum  was  identical  with  that  of  the  starting  material 
except  in  the  region  6  0.6-1.2  in  which  region  signals  integrate  for 
12  protons  instead  of  6.    The  base  was   recovered  unchanged 


after  heating  under  reflux  for  2  hr  with  acetic  anhydride  and  anhy- 
drous sodium  acetate. 

7,8-Dihydro-7-hydroxyiinino-6  '-isobuty  1-5  '-methylcy  cIohex-5  '- 
eno[r,2':8,14]codeinoiie  (XIV,  R  =  NOH).  A  solution  of 
sodium  (0.25  g)  in  ethanol  (10  ml)  was  added  to  a  suspension  of  7,8- 
dihydro-6'-isobutyl-5'-methylcyclohex-5'-eno[l  ',2' :  8,I4]-codeinone 
(X,  R  =  i-Bu,  R  =  Me)  (1  g)  in  ethanol  (20  ml)  and  the  mix- 
ture heated  on  the  water  bath  for  5  min,  then  cooled  to  60°. 
Isoamyl  nitrite  (0.4  g)  in  ethanol  (1.5  ml)  was  then  added  and  the 
resulting  mixture,  which  rapidly  became  dark  brown,  set  aside  until 
a  test  portion  gave  only  a  slightly  turbid  solution  when  poured  into 
excess  of  aqueous  sodium  hydroxide  (about  15  min).  The  mixture 
was  then  poured  into  aqueous  2  N  sodium  hydroxide  solution  (50 
ml)  and  insoluble  matter  was  removed  by  ether  extraction.  The 
base  was  precipitated  from  the  aqueous  layer  by  the  addition  of 
ammonium  chloride  solution,  collected,  washed  with  water,  and 
recrystallized  from  methanol,  when  the  isonitroso  ketone  (0.8  g) 
was  obtained  as  white  prisms,  mp  238-240°,  i^max  1700  cm"*. 

Anal.  Calcd  for  CaHj^NiO*:  C,  72.0;  H,  7.55.  Found:  C, 
71.7;  H,7.5. 

The  base  gave  an  immediate  green-brown  precipitate  on  treat- 
ment in  methanol  solution  with  methanolic  cupric  acetate.  The 
precipitate  dissolved  readily  to  give  an  almost  colorless  solution  in 
acids  but  was  recovered  unchanged  on  the  addition  of  ammonia, 
no  cupric  tetraammine  salt  being  obtained . 

7,8-Dihy  dro-6  '-isobutyI-5  '-methy  1-7-oxocy  clohex-5  '-eno[l  ',2 '  :- 
8,14]codeinone  (XIV,  R  =  O).  A  solution  of  7,8-dihydro-7- 
hydroxyimino-6'-isobutyl-5  '-methylcyclohex-5 '  -  eno[l  ',2' :  -  8,  l4]co- 
deinone  (XIV,  R  =  NOH)  (0.5  g)  in  2  A^  sulfuric  acid  (10  ml) 
was  heated  at  100°  for  30  min,  then  basifled  with  ammonia.  The 
precipitated  base  was  isolated  by  ether  extraction  and  dissolved  in 
hot  petroleum  ether  (bp  60-80°).  On  cooling  the  solution  deposited 
a  green  amorphous  solid,  which  in  petroleum  ether  suspension 
slowly  became  crystalline.  The  crystalline  solid  was  collected, 
washed  free  of  amorphous  material  with  cold  benzene,  and  recrystal- 
lized from  benzene,  when  the  a-diketone  XIV  (R  =  O)  (0.28  g) 
was  obtained  as  canary  yellow  prisms,  mp  198-200°. 

Anal.  Calcd  for  C27H„N04:  C,  74.5;  H,  7.6.  Found:  C, 
74.6;  H,7.8. 

The  base  gave  a  deep  wine  red  color  with  ethanolic  ferric  chloride, 
which  became  an  intense  blue  green  on  the  addition  of  a  trace  of 
ammonia. 

The  hydrochloride,  prepared  in  ethanol  and  recrystallized  from 
2-ethoxyethanol  containing  10%  water,  was  obtained  as  light  yel- 
low prisms,  mp  215-217°. 

Anal.  Calcd  for  C27H„N04Ha.I.5H,0:  C,  64.8;  H,  7.4. 
Found:    C,64.8;  H,  7.6. 
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Abstract:  The  la  and  7jS  ketones  of  the  6,14-^m/(9-etheno-  and  -ethanotetrahydrothebaine  series  1  suffer  base-cata- 
lyzed rearrangement  to  isomeric  bases  VIII,  though  the  reaction  may  be  interrupted  by  other  reagents  at  an  inter- 
mediate stage  n  or  V.  The  rearrangement  of  the  esters  and  nitriles  of  this  series  does  not  proceed  beyond  the  stage 
X  or  XII,  corresponding  to  V.  All  of  these  products  are  unstable  to  acids  which  readily  convert  them  into  derivatives 
of  5,14-ethanothebainone  III,  VI,  VII,  and  XII.  The  catalytic  reduction  of  and  the  reaction  of  organometallic 
compounds  with  the  ketone  VIII  have  been  studied.  18-Acetyl-5,14-ethanothebainone  (VII,  R'  =  H)  has  been 
shown  to  undergo  base-catalyzed  ketolization  to  the  hexacychc  base  XXV.  The  Hofmann  degradation  of  the 
quaternary  salts  of  certain  of  the  rearranged  bases  has  been  shown  to  proceed  normally. 


The  ketone  nepenthone  (I,  CHg  =  Ph),  which  is  the 
Diels-AJder  adduct  of  thebaine  and  phenyl  vinyl 
ketone,  readily  suffers  base-catalyzed  rearrangement  to 
isonepenthone  (VIII,  CH3  =  Ph),^  and  similar  rear- 
rangements have  been  effected  with  certain  other  ad- 
ducts  of  thebaine  bearing  electron-withdrawing  sub- 
stituents  at  C-7.  The  aldehyde  I  (CHa  =  H),  the  ketone 
1,2. »  the  ester  I  (CHs  =  OEt),»  and  the  7-nitrile  I 
(COCHs  =  CN)2'»  have  all  been  subjected  to  base- 
catalyzed  rearrangement  as  have  some  of  their  6,14- 
ethano  analogs.  The  reaction  is  initiated  by  the  re- 
moval of  the  C-7  proton,  which  is  a  to  the  activating 
group.  Although  the  methyl  ketone  I  is  initially 
enolized  by  removal  of  a  proton  from  the  methyl  group 
under  kinetic  control,'  under  reversible  conditions 
removal  of  the  C-7  proton  occurs  with  formation  of  an 
enolate  ion  in  which  C-7  is  no  longer  asymmetric  and 
both  la  and  7j3  forms  of  the  reactive  species  give  the 
same  product  after  rearrangement. 

Following  the  removal  of  the  C-7  proton  displace- 
ment of  the  4,5-oxide  bridge  by  the  carbanion  occurs 
to  give  the  phenate  ion  IV,  and  the  final  fate  of  this 
ion  then  depends  on  the  nature  of  C-7  substituent  and 
on  the  conditions  of  the  reaction.  If  no  other  reagent 
is  present,  and  if  the  electron-accepting  power  of  the 
C-7  substituent  is  great  enough,  /.e.,  if  this  is  a  keto 
group,  the  cyclopropane  ring  may  be  opened  under 
attack  at  C-5,  which  would  lead  to  the  starting  material, 
or  at  C-6,  which  leads  to  the  rearranged  base  VIII. 
The  examination  of  models  of  the  molecules  of  struc- 
tures I  and  VIII  shows  that  the  ring  system,  and  in 
particular  the  oxygen-containing  ring,  of  the  latter 
is  appreciably  the  less  strained  of  the  two  and,  since  the 
reactions  are  clearly  reversible,  excellent  yields  of  the 
rearranged  bases  are  obtained. 

If  methyl  iodide  is  added  to  a  solution  in  /-butyl 
alcohol  of  the  phenate  anion  IV,  obtainable  from  either 
of  the  ketones  I  and  VIII,  methylation  occurs;    the 

(1)  Part  V:  K.  W.  Bentley.  D.  G.  Hardy.  C.  F.  Howell.  W.  Fulmor. 
J.  E.  Lancaster.  J.  J.  Brown.  G.  O.  Morton,  and  R.  A.  Hardy,  Jr.,  J.  Am. 
Chem,  Soc,  89.  3303  (1967). 

(2)  K.  W.  Bentley  and  J.  C.  Ball.  J.  Org,  Chem.,  23,  1725  (1958). 

(3)  Part  I :  K.  W.  Bentley  and  D.  G.  Hardy,  /.  Am.  Chem.  Soc,  89, 
3267  (1967). 


cyclopropane  ring  is  not  affected,  and  the  product  is 
the  base  V  (R'  =  Me).  The  rearrangement  also  oc- 
curs under  the  influence  of  Grignard  reagents  function- 
ing as  bases,  ^  and  this  process  competes  with  the  normal 
attack  of  the  carbonyl  group  in  the  reaction  of  the 
ketone  I  and  its  7j8  epimer  with  these  reagents.  In  this 
reaction  the  initially  formed  phenate  anion  IV  reacts 
further  with  the  Grignard  reagent  at  the  carbonyl  group 
to  give  a  tertiary  alcohol,  thus  effectively  blocking  the 
route  for  opening  of  the  cyclopropane  ring;  the  product 
is  the  phenolic  alcohol  II  (R'  =  H).  This  represents 
only  a  minor  side  reaction  of  the  ketone  I  with  Grignard 
reagents  but  frequently  accounts  for  as  much  as  40% 
of  the  product  of  the  reaction  in  the  6,14-ethano  scries. 

Base-catalyzed  rearrangements  of  the  ester  I  (CHs  - 
OEt)  and  the  nitrile  I  (COCH3  =  CN)  are  also  easily 
effected.  The  products  of  simple  rearrangement  arc 
the  ester  X  (R  =  Et,  R'  =  H)  and  the  nitrile  XII  (R'  = 
H) ;  the  electron-accepting  power  of  the  C-7  substituent 
in  these  cases  apparently  is  insufficient  to  effect  the  pro- 
duction of  analogs  of  the  ketone  VIII.  The  ester 
I  (CH3  =  OEt)  reacts  normally  with  mcthylmagnesium 
iodide  to  give  a  tertiary  carbinol,*  but  with  other 
Grignard  reagents  the  main  products  are  the  rearranged 
ester  X  (R  =  Et,  R'  =  H)  and  the  symmetrical  tertiar) 
carbinol  II  (R'  =  H,  Me  =  R)  resulting  from  the 
reaction  of  this  ester  with  the  reagent.  The  nitrile  1 
(COCHs  =  CN)  affords  the  rearranged  base  in  excellent 
yield  with  aliphatic  Grignard  reagents,  though  with 
aromatic  reagents  some  of  the  product  of  "normaP 
attack  of  the  C^N  group  is  also  obtained.'  The  addi- 
tion of  alkyl  or  acyl  halides  during  the  rearrangement 
results  in  alkylation  or  acylation  of  the  phenate  ion, 
the  products  being  the  ethers  or  esters  X  (R'  =  Me) 
and  XII  (R'  =  Me,  Et,  Ac).  The  base-catalyzed  r^ 
arrangement  of  the  ester  I  (CH3  =  OEt)  can  also  be 
combined  with  ester  exchange  processes;  the  products 
are  esters  of  structure  X  (R'  =  H). 

The  nmr  spectra  of  representative  bases  of  the  various 
groups  are  entirely  in  accord  with  the  assigned  struc- 
tures.   The  spectrum  of  isonepenthone  (VIII,  CHi  « 

(4)  Part  U :  K.  W.  Bentley.  D.  G.  Hardy,  and  B.  Meek,  ibid^  S9, 1273 
(1967). 
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shows  signals  (in  8  units)  at  8.2-7.2  (complex,  five 
matic  H),  6.6  (two  aromatic  H),  6.0  (doublet,  C-8 
fg,  =  9  cps),  5.15  (doublet,  C-7  H.Jis  =  9  cps,  each 
k'  a  doublet,  77.6  =  2  cps),  3.82  (C-3  OCH,),  3.55 
5  OCHs),  and  2.30  (NCHg).  The  spectrum  of  the 
jne  VIII  is  virtually  identical  with  that  of  isonepen- 
ne  except  that  it  lacks  the  complex  signals  at  5 
-7.2  due  to  the  phenyl  group,  and  it  shows  instead 
gnal  at  8  2.22  due  to  COCH3.  The  examination  of 
aiding  models  of  these  ketones  shows  that  disposi- 
i  of  the  C-5  and  C-7  hydrogen  atoms  is  such  as  to 
mit  long-range  coupling,  the  two  protons  and  the 


intervening  carbon  atom  C-6  lying  in  the  same  plane, 
the  system  being  similar  to  those  in  which  coupling  is 
observed  in  narwedine  and  Pummerer's  ketone.* 
Neither  spectrum  shows  a  signal  at  ca,  d  4.5  which  is  a 
feature  of  the  spectrum  of  the  ketone  I,^  attributed  to 
the  C-5  hydrogen  atom  at  the  end  of  the  4,5-oxygen 
bridge. 

The  spectrum  of  the  ester  X  (R  =  Et,  R'  =  H)  in 
deuteriochloroform  containing  perdeuteriopyridine' 
showed  signals  due  to  the  C-17  and  C-18  protons 
(equivalent  to  C-8  and  C-7  in  VIII)  at  8  5.93  and  5.72 
(doublets,  717,18  =  9.0  cps)  showing  no  additional 
coupling.  The  C-5  hydrogen  gave  a  signal  at  8  3.57 
as  a  single  peak  showing  no  coupling.  The  examina- 
tion of  models  of  the  structure  X  shows  that  the  dis- 
positions of  the  C-5  and  C-18  protons  no  longer  meet 
the  requirement  for  long-range  coupling.  The  C-8 
aH  pattern  was  found  as  a  doublet,  coupling  occurring 
only  with  C-8  jSH  (Jsa,ifi  =  13.0  cps)  indicating  the  ab- 
sence of  a  hydrogen  atom  at  C-7.  The  phenolic 
hydroxyl  proton  was  signalled  at  ca.  8  8.0  in  the  presence 
of  deuteriopyridine,  but  in  the  absence  of  this  agent  the 
signal  appeared  partially  superimposed  upon  one  line 
of  the  C-17  proton  doublet  at  8  5.82.    The  other  fea- 

(5)  G.  W.  Kirby  and  H.  P.  Tiwari.  /.  Chem.  Soc.,  4655  (1964). 

(6)  W.  Fulmor,  J.  E.  Lancaster,  G.  O.  Morton,  J.  J.  Brown,  C.  F. 
Howell,  C.  T.  Nora,  and  R.  A.  Hardy,  Jr.,  J.  Am.  Chem.  Soc.,  89,  3322 
(1967). 

(7)  We  are  indebted  to  W.  Fulmor,  J.  E.  Lancaster,  and  G.  O.  Morton 
of  Lederle  Laboratories,  Pearl  River,  N.  Y.,  for  the  determination  and 
interpretation  of  this  spectrum. 
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tures  of  the  spectrum  of  this  ester  were  entirely  con- 
sistent with  the  structure  X  (R  =  Et,  R'  =  H). 

The  spectrum  of  the  nitrite  XII  (R  =  H)  was  similar 
in  essential  features  to  that  of  the  ester,  showing  signals 
due  to  C-17-C-18  at  8  6.1  and  5.7  (doublets,  Jn.is  = 
9.0  cps)  and  C-8  aH  at  8  1.13  (Jsa.sfi  =  13.0  cps),  as  well 
as  signals  due  to  two  aromatic  H,  two  different  meth- 
oxyls,  and  the  N-methyl  group.  The  phenolic  hydroxyl 
group  was  located  by  a  signal  at  8  8.38  in  dimethyl 
sulfoxide.  The  infrared  spectrum  of  the  nitrile,  like 
that  of  the  above  ester,  but  unlike  the  spectra  of  the 
ketone  VIII  and  isonepenthone,  in  solution  showed 
hydroxyl  absorption  at  3545  cm~^ 

The  nmr  spectrum  of  the  alcohol  II  (R'  =  H,  R  = 
/i-Pr),'  isolated  as  a  minor  product  from  the  products 
of  the  reaction  of  the  ketone  I  with  w-propylmagnesium 
halides,  was  also  similar  to  that  of  the  ester  X  (R  = 
Et,  R'  =  H)  showing  signals  (in  8  units)  for  the  follow- 
ing: phenolic  OH,  5.93  (exchangeable);  C-18  H, 
C-17  H,  6.00  and  5.64 (doublets, /n.w  =  9  cps);  alcohols 
OH  4.72  (exchangeable);  C-5  H,'  3.0;  C-8  aH,  0.70 
(doublet,  Jsa,sfi  =  1 1  cps),  in  addition  to  the  expected 
signals  for  the  other  systems  present  in  structure  II 
(R'  =  H,  R  =  /2-Pr). 

The  products  of  the  rearrangements  set  out  above, 
/.e.,  the  bases  of  general  structures  II,  V,  VIII,  X,  and 
XII,  are  all  unstable  to  acids  and  readily  suffer  hydroly- 
sis. The  ketones  VIII  and  VIII  (CH3  =  Ph),  being 
both  mixed  ketals  and  allylic  phenyl  ethers,  on  treat- 
ment with  acids  under  mild  conditions  are  converted 
into  the  phenolic  a,j3-unsaturated  ketones  VII  (R'  = 
H)  and  VII  (R'  =  H,  CH3  =  Ph,  i.e.,  i/^-nepenthone). 
Both  of  the  nonphenolic  parent  ketones,  which  are  pre- 
pared under  conditions  of  reversible  enolization,  may 
be  assumed  to  be  the  stable  isomers,  which  are  shown 
by  the  examination  of  models  to  have  the  COCH3  or 
COPh  group  disposed  as  shown  in  formula  VIII.  The 
examination  of  models  of  ^-nepenthone  (VII,  R'  = 
H,  CHa  =  Ph),  however,  suggests  that  in  this  base 
there  is  little  difference  in  stability  between  the  two 
C-18  isomers.  In  support  of  this  view  it  has  been  found 
that  ^-nepenthone  produced  by  the  mild  acid  hydrolysis 
of  isonepenthone  (VIII,  CH3  =  Ph)  is  a  single  substance, 
presumably  the  18j8  isomer,  which  can  be  equilibrated 
on  standing  in  acid  solution  to  an  approximately  1 : 1 
mixture  of  two  bases®  which  can  be  differentiated  on 
alumina  plates.  The  extraction  of  the  separate  zones 
on  the  alumina  with  methanol,  however,  results  in  re- 
equilibration  of  the  isomers,  and  the  C-18  epimer  of 
^-nepenthone  has  not  been  isolated.  The  examination 
of  models  of  the  epimeric  forms  of  the  ketone  VII 
(R'  =  H),  however,  suggests  that  the  18q:  isomer  will 
be  the  more  stable  of  the  two,  since  in  this  form  non- 
bonded  interactions  are  minimal,  whereas  in  the  18j3 
ketone  there  is  appreciable  interaction  between  the 
methyl  group  in  the  side  chain  and  one  of  the  C-15  hy- 
drogen atoms.  The  hydrolysis  of  the  ketal  VIII  takes 
place  without  the  separation  of  a  hydrochloride,  i.e., 
under  conditions  similar  to  those  required  for  the  equili- 
bration of  ^-nepenthone,  and  gives  a  single  substance, 
which  is  assigned  the  18a  structure  on  the  basis  of  its 
very  ready  cyclization  to  the  base  XXV  (see  below). 

The  ketone  V  (R'  =  Me)  is  an  aldol  methyl  ether  as 
well  as  a  highly  strained  (cyclopropane)  derivative,  and 

(8)  This  observation  was  made  by  Dr.  J.  W.  Lewis  and  Mr.  M.  J. 
Readhead  of  this  laboratory. 


is  readily  hydrolyzed  by  acids  under  very  mild  condi- 
tions. Since  this  reaction  must  proceed  through  the 
enol  form  of  the  ketone,  the  product  is  the  stable  C-18 
epimer,  identical  with  the  product  of  methylation  of  the 
phenol  VII  (R'  =  H). 

The  rearranged  nitriles  and  esters  of  general  struc- 
tures XII  and  X  are  likewise  very  readily  hydrolyzed 
with  production  of  the  corresponding  a,/3-unsaturatcd 
ketones  XI  (R  =  CN)  or  XI  (R  =  COOR).  The  case 
with  which  the  hydrolysis  of  the  bases  V,  X,  and  XII 
occurs  contrasts  markedly  with  the  stability  of  the  k^ 
tones  I  and  also  I  (CHj  =  Ph)  and  the  ester  I  (CH,  = 
OEt)  under  acid  conditions.^  This  may  be  the  result 
of  strain  in  the  cyclopropane  ring,  but  it  may  be  noted 
that  a  similar  difference  in  stability  has  been  observed 
in  the  enol  ether  systems  of  thebaine  and  dihydroth^ 
baine,  in  which  the  4,5-oxygen  bridge  is  intact,  which 
form  stable  hydrochlorides,  and  the  phenolic  bases 
dihydrothebaine-^,*°  j8-dihydrothebaine,  thebainon^A 
enol  methyl  ether, ^^  and  the  A^-  and  A«-cnol  methyl 
ethers  of  dihydrothebainone,*^  all  of  which  are  ex- 
tremely rapidly  hydrolyzed,  even  by  cold  acetic  acid. 

The  ketone  V  (R'  =  Me),  which  is  stable  to  bases, 
reacts  normally  with  Grignard  reagents,  giving  tertiary 
alcohols  of  general  structure  II  (R'  =  Me),  and  these, 
like  the  corresponding  phenols  II  (R'  =  H),  on  treat- 
ment with  acid  very  readily  suffer  dehydration  and  hy- 
drolysis to  give  the  olefinic  ketones  III.  This  reaction 
is  essentially  the  same  as  that  involved  in  the  conversion 
of  alcohols  of  structure  XIII  into  14-alkenylcodeinoncs 
(XIV),  ^^  but  occurs  under  much  milder  conditions. 
The  bases  III  (R  =  Me,  R'  =  H)  and  III  (R  =  R'  = 
Me),  obtained  in  this  way,  are  identical  with  the  stable 
phenolic  end  product  of  acid-catalyzed  rearrangement 
of  the  alcohol  XIII  (R  =  Me)  or  the  alkenylcodeinonc 
XIV  (R  =  Me)  and  its  methyl  ether.  ^^ 
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(9)  This  phenolic,  a.^-unsaturatcd  ketone  VII  (R  »  H)  is  the  prodact 
of  the  action  of  boron  tribromide  on  the  ketone  I  at  5**.  The  reactiofl 
can  be  rationally  represented  by  the  mechanism  set  out  in  i,  which  in- 
volves no  disturbance  of  stereochemistry  at  C-7  [becoming  C-18  in  dx 
diketone  VIII  (R  =  H)L  and  is  analogous  to  the  flavothebaonerearTal«^ 
ment. 
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(10)  L.  F.  Small  and  G.  L.  Browning.  /.  Org.  Chem..  3,  618(1939); 
K.  W.  Bentley,  R.  Robinson,  and  A.  E.  Wain,  J.  Chem.  Soc,  St,95t 
(1952). 

(11)  Part  IV:  K.  W.  Bentley,  D.  G.  Hardy,  and  B.  Meek,  J.  ^* 
Chem.  Soc,  89.  3293  (1967). 
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iitrileXII(R'  »  Me),  which  contains  no  readily 

d  proton,  reacts  normally  with  methylmagnesium 

and  the  initial  product  on  hydrolysis  yields  the 

VII  (R'    =    Me),    identical   with    that    pre- 

From  the  ketones  V  (R'  =  Me),  and  VIII.    The 

(R  =  Et,  R'  =  H)  in  part  reacts  further  with 

rd  reagents,  when  generated  by  these  from  the 

(CHs  =  OEt),  giving  the  tertiary  carbinols  II 

H,  Me  =  R). 

reaction  of  the  ketones  VIII  and  also  VIII 
'^  Ph)  with  Grignard  reagents  is  more  complex, 
tiey  contain  more  than  one  reactive  system.  As 
being  ketones  they  are  allylic  phenyl  ethers,  and 
>f  this  type  in  the  morphine-thebaine  group  (di- 
hebaine,^*  dihydrocodeinone  enol  acetate,^'  de- 
Icine-C,**  ^-codeine  methyl  ether")  readily 
o  competing  1,2  and  1,4  addition  of  Grignard 
ts  to  the  allylic  ether  system  to  give  nuclear 
ed  phenolic  bases.  In  this  event  the  ketone 
^acted  vigorously  with  methylmagnesium  iodide 
s  nonketonic  phenolic  matter,  together  with 
iged  starting  material,  both  of  which  must  be 
^  via  the  phenate  ion  IV. 
reaction  with  methyllithium,  however,  afforded 
yield  of  the  tertiary  alcohol  IX  (R  =  Me),  which 
drolyzed  by  cold  dilute  hydrochloric  acid  to  the 
:  alcohol  VI  (R  ^  Me)  and  by  hot  hydrochloric 
)  the  olefinic  ketone  III  (R  =  Me,  R'  »  H), 
al  with  the  product  of  hydrolysis  of  the  alcohol 
=  Me,  R'  =  H)  and  of  rearrangement  of  the 
Icodeinone  XIV  (R  »  Me)  and  alcohol  XIII 
Me).^^  Other  lithium  alkyls,  however,  reacted 
hly  with  the  ketone  VIII,  and  the  process  does 
Dvide  an  attractive  route  to  a  series  of  alcohols  of 
ires  IX  and  VI.  The  ketone  VIII  is  readily  re- 
with  sodium  borohydride  to  the  secondary  al- 
[X  (R  =  H),  which  is  hydrolyzed  by  acids  to  the 
VI  (R  -  H),  also  obtainable  by  the  reduction 
diketone  VII  (R'  =  H)  with  sodium  borohydride, 
which  process  the  hindered  C-6  carbonyl  group 
fected. 

ilytic  reduction  of  the  ketone  VIII  is  not  a  simple 
s,  and  the  composition  of  the  product  depends  on 
tture  of  the  catalyst.  The  dlylic  ether  system 
t  in  the  ketone  readily  undergoes  1,4  addition  of 
;en  to  give  the  phenolic  base  XV.  Simple  satura- 
r  the  olefinic  bond  has  also  been  observed,  the 
:t  being  the  nonphenolic  base  XVI,  which  is  also 
ible  by  the  base-catalyzed  rearrangement  of  the 
:hano  analog  of  the  ketone  I.  The  phenolic  base 
an  enol  ether  and  is  very  rapidly  hydrolyzed  by 
;o  the  saturated  diketone  XIX,  also  accessible  by 
drolysis  of  the  base  XVI  and  by  the  catalytic 
ion  of  the  unsaturated  ketone  VII  (R'  =  H). 
Auction  of  the  ketone  XVI  with  sodium  boro- 
le  yields  the  corresponding  secondary  alcohol 
which  may  be  hydrolyzed  to  a  saturated  ketone, 
is  the  dihydro  derivative  of  the  base  VI  (R  = 

:ral  analogs  of  the  ketone  VIII  have  been  prepared 

base-catalyzed  rearrangement  of  the  appropriate 

;  I  (NMe  =  NR).    In  one  case  in  methanolic 

L.  F.  Small,  H.  M.  Fitch, and  W.  E.  Smith,/.  Am.  Chem.  Soc..  58, 

W6). 

L.  F.  Small,  S.  G.  TurnbuH,  and  H.  M.  Fitch,  7.  Org,  Chem.,  3, 

38). 

L.  F.  Small  and  K.  C.  Yuen,  /.  Am,  Chem,  Soc,,  St,  192  (193Q. 


potassium  hydroxide  solution,  two  products  were  ob- 
tained: the  expected  ketone  VIII  (NMe  =  NCHr 
[=CH9)  and  a  phenolic  base  containing  the  elements 
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of  added  methanol.  Since  both  bases  yielded  the  same 
a,i9-unsaturated  ketone  on  hydrolysis  with  acids,  and 
since  each  of  the  pure  compounds  was  converted  into 
an  approximately  1 : 1  mixture  of  the  two  on  heating 
with  methanolic  potassium  hydroxide,  the  phenolic 
product,  which  is  a  ketone  but  not  an  enol  ether  (infra- 
red spectrum),  is  assigned  the  structure  XVIII.  This 
base  presumably  arises  through  the  phenate  ion  IV 
(NMe  =  N-allyl)  by  competitive  opening  of  the  cyclo- 
propane ring  by  the  phenate  oxygen  and  by  a  methoxide 
ion.  An  analogous  product  has  previously  been  iso- 
lated from  the  base-catalyzed  rearrangement  of  nepen- 
thone(I,CH,  =  Ph).« 

The  S,14-bridged  thebainones  of  general  structure  III 
and  VIII  are  quaternized  more  readily  than  the  6,14- 
em/o-ethenotetrahydrothebaines  I  and  XIII, *'^  but 
less  easily  than  flavothebaone  (XX),  and  this  difference 
may  be  attributed  to  hindrance  to  approach  of  the 
quaternizing  halide  to  the  nitrogen  by  the  C-17/3  hy- 
drogen. The  methiodides  of  the  bases  III  (R  =  R'  » 
Me)  and  VII  (R'  ==  Me)  readily  suffer  Hofmann  deg- 
radation to  the  methine  bases  XXI  and  XXII.  The 
last  of  these,  subjected  to  further  Hofmann  degradation, 
afforded  a  very  poor  yield  of  a  nitrogen-free  product, 
containing  CHs  less  than  the  simple  Hofmann  degrada- 
tion product  and  showing  no  infrared  absorption  band 
characteristic  of  a  vinyl  group,  and  was  assigned  the  struc- 
ture XXIII. ^^  An  attempt  to  confirm  this  assignment 
by  the  preparation  of  the  ether  XXIII  by  the  exhaustive 
methylation  of  the  phenol  VII  (R'  =  H)  led  in  the  first 

(15)  The  tendency  to  fonn  the  thebenone  cyclic  ether  system  is  so 
strong  that  a  C-4  methoxyl  group  is  split  during  Hofmann  degradation: 
W.  BraUey,  Dissertation,  University  of  Virginia,  1941,  quoted  by  L.  J. 
Sargent  and  L.  F.  Small,  J,  Org.  Chem.,  16,  1032  (1951). 
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Hofmann  degradation  to  a  base  showing  styrenoid 
ultraviolet  absorption  and  carbonyl  absorption  in  the 
infrared  only  at  1740  cm~^ 
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The  nmr  spectrum  of  this  base  in  deuteriochloroform 
showed  signals  (in  5  units)  at  6.70  (two  aromatic  H), 
6.45  (doublet,  C-9  CH=,  /q.io  =  9.0  cps),  5.97  (doublet, 
C-10CH=,y9.io  =  9.0  cps),'  5.42  (two  olefinic  H),  3.92 
(C-3  OCH3),  and  2.30  (2NCHj).  This  spectrum,  which 
clearly  shows  that  the  COCHs  system  of  the  phenol 
VII  (R'  =  H)  is  no  longer  present  in  the  new  base, 
coupled  with  the  infrared  spectrum  which  shows  the 
absence  of  an  a,/3-unsaturated  ketone  system,  and  the 
presence  of  a  carbonyl  group  very  probably  in  a  five- 
membered  ring,  leads  to  the  structure  XXIV  for  the  new 
base.  Further  examination  of  the  nnu*  spectrum  in 
deuteriochloroform  containing  deuteriobenzene^  re- 
sulted in  resolution  of  the  two  aromatic  proton  signals 
and  also  of  the  signal  at  5  5.42,  which  was  resolved  into 
a  barely  defined  double  doublet  with  centers  at  5  5.63 
and  5.40  (/  =  ca.  9.0  cps),  attributed  to  the  C-7  and  C-8 
protons.  In  this  spectrum  the  C-5  proton  was  located 
as  a  doublet  at  5  3.50  (75,18  =  9.0  cps),  and  the  C-20  pro- 
tons were  located  as  doublets  at  5  2.95  and  2.58  (.A0.S0  =* 
16  cps).  The  base  XXIV  obviously  results  froip  the 
Hofmann  degradation  of  the  methiodide  of  the  base 
VII  (R'  =  H)  and  base-catalyzed  ketolization  of  the 
COCHs  and  C-6  carbonyl  groups. 

A  model  of  XXIV  can  be  constructed  without  strain, 
and  as  the  parent  base  containing  an  intact  nitrogen- 
containing  ring  is  also  strain-free,  the  action  of  alkalis 
on  the  diketone  VII  (R'  =  H)  was  studied.  This  re- 
sults in  the  production  of  the  base  XXV,  Hofmann 
degradation  of  the  methiodide  of  which  yields  the 
methine  base  XXIV.  The  ketolization  can  only  occur 
with  one  arrangement  of  the  COCHs  group,  and  the 
stable  ketone  VII  (R'  =  H)  may  confidently  be  assumed 
to  be  the  18a  form  shown.  The  phenol  VII  (R'  =  H) 
and  its  methyl  ether  VII  (R'  =  Me)  give  deep  orange 
solutions  in  alkalis  and  this  color  fades  as  the  cycliza- 
tion  of  the  ketone  VII  (R'  =  H)  proceeds.  The  color 
is,  therefore,  assumed  to  be  that  of  the  enolate  ion, 
in  which  some  interaction  between  the  enone  and  enol 
systems  must  occur,  and  it  may  be  noted  that  the  color 
is  similar  to  that  of  flavothebaone  in  alkaline  solution.  ^^ 

(16)  K.  W.  Bentley,  J.  Dominguez,  and  J.  P.  Ringe,  J,  Org.  Chem,, 
22,418(1957). 


The  methyl  ether  VII  (R'  =  Me)  of  the  phenol  VH 
(R'  =»  H)  is  recovered  unchanged  from  alkaline  solu- 
tion, and  methylation  of  the  ketol  XXV  in  alkali  re- 
sults in  deketolization  and  the  production  of  the  dib- 
tone  VII  (R'  =  Me).  The  examination  of  a  model  of 
the  base  XXV  shows  that  the  hydroxyl  groups  at  C-4 
and  C-6  are  in  very  close  proximity  and  the  stability 
of  the  phenol  in  alkalis  may  be  attributed  to  inhibition 
by  the  phenate  anion  of  the  removal  of  a  proton  from 
the  C-6  hydroxyl  group,  which  is  an  essential  first  step 
in  the  deketolization.  Indeed,  the  proton  of  the  06 
hydroxyl  may  be  expected  to  form  a  very  firm  hydrogca 
bond  with  the  C-4  oxygen  atom  when  the  latter  acquires 
a  negative  charge  in  alkaline  solution.  In  the  mech]d 
ether  of  the  phenol  XXV,  however,  there  will  be  no 
electrostatic  inhibition  of  the  removal  of  the  proUn 
of  the  C-6  hydroxyl  group  and  deketolization  can  pro- 
ceed. 

Experimental  Section 

18-AcetyI-4KO>-6-defaydro^,14-eCiiaiio-6<>-iMthyiaebiM 
(Vm)  (laotheifiiioiie).  a.  7cv-Acetyl-6,14-«fid;o^haiotetrahydro- 
thebaine  (50  g)  was  boiled  under  reflux  with  potassium  hydroxide 
(50  g)  in  methanol  (500  ml)  and  water  (100  ml)  for  1  hr,  during 
which  time  crystalline  material  separated.  The  mixture  was  diluted 
with  water  (1(X)  ml)  and  cooled,  and  the  solid  was  collected,  when 
isothevinone  (VIII)  (40  g)  was  obtained  as  pale  cream  prisms,  mp 
168''  raised  to  170''  on  recrystallization  from  ethanol,  vwm^  1715  an'K 

Anal.    Calcd  for  C:siHi7N04:    C,  72.4;    H,  7.1.    Found:    C, 
72.3;  H.7.1. 

The  base  was  alkali  insoluble  and  the  alkaline  suspensioo  give 
only  a  pale  pink  coloration  with  diazotized  sulfanilic  add. 

b.    The  same  base  was  obtained  in  the  same  way  by  the  rearrange' 
ment  of  7a-acetyl-6,14-£/idli>-ethenotetrahydrothebaine. 

7-AcetyM,7Hiefaydro^l4-m^^^ethcno^,60-disethyknydr•- 
thebainol  (V,  R'  «  Me),  a.  7a-Acetyl-6,14-«fidSt>-ethenotetn- 
hydrothebaine  (10  g)  in  dry  /-butyl  alcohol  (20  ml)  was  added  to  t 
solution  of  potassium  (1.1  g)  in  dry  /-butyl  alcohol  (30  ml)  and  tbe 
mixture  heated  at  50"^  for  10  min.  Methyl  iodide  (3.5  g,  0.95  mole) 
was  then  added  and  the  mixture  stirred  for  15  min,  after  which  it  vis 
poured  into  water  and  the  product  isolated  by  ether  extnctioo. 
Evaporation  of  the  dried  extracts  yielded  a  viscous  yellow  gum  that 
crystallized  on  standing.  Recrystallization  of  the  product  fnoo 
petroleum  ether  (bp  80-100**)  afforded  the  base  V  (R'  «  Mc)  as 
pale  cream  prisms,  mp  116°,  vmmx  1690  cm"  ^. 

Anal.  Calcd  for  C:s4Hs9N04:  C,  73.0;  H.  7.3.  Found:  C 
73.1;  H,7.3. 

Add  hydrolysis  of  this  base  afforded  18-acetyl-5,14-ethano4^ 
methylthebainone  (VII,  R'  =  Me)  (see  below). 

b.  18  -  Acetyl  -  4-(O)-6-ddlyd^0-5,14-ethano-6-O-^lethyltll^ 
bainol  (VIII)  (32  g)  (prepared  by  the  alkaline  rearrangement  of 
7a-acetyl-6,14-£/ui!o-ethenotetrahydrothebaine)  in  /-butyl  alcohol 
(100  ml)  was  added  to  a  solution  of  potassium  (12  g)  in  /-butyl 
alcohol  (200  ml),  and  the  mixture  was  stirred  for  10  min  at  50*. 
Methyl  iodide  (40  g)  was  added  to  the  mixture  which  was  sdned 
for  2  hr.  The  precipitated  sodium  iodide  was  removed  by  filtratioiii 
and  the  mixture  was  evaporated  to  dryness,  the  residue  being  thor- 
oughly extracted  with  ether.  The  ether  extract  on  evaporttiaa 
afforded  a  viscous  oil,  which  crystallized  on  standing.  Recrystal- 
lization of  the  product  from  petroleum  ether  (bp  80-100**)  il^ 
forded  7-acetyl-5,7-ddiydro-6, 14-^iid!t^etheno-4,6<>Hiinicthyldihy' 
drothebainol  (V  R'  »  Me)  as  pale  cream  prisms,  mp  115-lli'» 
identical  (mixture  melting  point  and  infrared  H>ectrum)  with 
material  prepared  as  described  above. 

18-AcetyM,14-etluuioth€bainoiie  (Vn,  R'  «  H)  (^TTM.iiMif) 
1 8-Acetyl-4-(0)-6-dehydro-5,14-ethano-6-0-mcthylthcbainol  {» 
thevinone,  VIII)  (20  g)  was  dissolved  in  2  AT  hydrochloric  add  (100 
ml)  and  the  solution  was  basified  with  ammonia,  when  the  diketooe 
VII  (R'  »  H)  (18  g)  was  precipitated.  The  product  was  coUected, 
washed,  and  recrystallized  from  methanol,  when  it  was  obtained 
as  white  prisms,  mp  200*",  vm^x  1715  and  1690  cm'^ 

Anal.  Calcd  for  CmHijNO*:  C,  71.9;  H,  6.8.  Fband: 
C,71.1;  H,6.9. 

From  aqueous  2-ethoxyethanol  the  hydrated  base  separated  tf 
prisms,  mp  169-170^ 
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al.  Cakxl  for  CstHs6N04HiO:  C,  68.6;  H,  7.0.  Found: 
.7;  H.6.9. 

is  base  was  readily  soluble  in  alkali  to  give  a  yellow  solu- 
vhich  gave  a  blood  red  color  with  diazotized  sulfanilic  add. 

roethiodide,  prepared  from  the  base,  methyl  iodide,  and 
inol  under  reflux  for  2  days,  was  precipitated  with  ether  and 
illized  from  methanol-ether  and  then  from  ethanol,  when  it 
obtained  as  white  prisms,  mp  202-205°. 
ai.  Calcd  for  CBHt6NO«CHtIHiO:  C,  52.3;  H,  5.7. 
d:    C,52.1;  H,6.0. 

e  oxime  was  obtained  as  prisms,  mp  253-255°,  from  ethanol. 
al.    Calcd  for  CBHt«N,0«:    C,  69.1 ;  H,  6.9;  N,  7.2.  Found: 
.6;  H,7.1;  N,7.2. 

Acetyl-544-ethaiKH4-0-neChyltiiebaiiioiie  (Vn,  R'  -  Me). 
lethyl  sidfate  (40  g)  was  slowly  added  to  a  vigorously  stirred 
olution  of  18-acetyl-5,14-ethanothebainone  (VII,  R'  »  H) 
')  and  potassium  hydroxide  (20  g)  in  water.  The  product 
ated  as  a  cream  solid  (48  g)  which  was  collected  and  recrystal- 

from  aqueous  2-ethoxyethanol,  when  the  methyl  ether  V 
"  Me)  (35  g)  was  obtained  as  white  prisms,  mp  183°,  Pamx 
and  1690  cm'^ 
a/.    Calcd  for  C1SHS7NO4:    C,  72.4;   H,  7.1.    Found:    C, 

H,  7.2. 

e  base  was  insoluble  in  alkali. 

e  methiodide  was  prepared  by  boiling  the  base  in  methyl  iodide 
*  reflux  for  4  days,  and  was  obtained  ftom  ethanol  as  prisms, 
45°. 

ai.  '  Cdcd  for  CisHrNO4(:HtI0.5HiO:  C,  54.1;  H,  5.8. 
d:    C,54.0;  H,5.7. 

e  oxime  was  obtained  as  prisms,  mp  247-248°,  from  ethanol. 
ai.    Calcd  for  C:^tH»Ni04:    C,69.7;  H,7.1;  N,7.1.  Found: 
.9;  H,7.4;  N.7.1. 

.  7-Acetyl-5J'Klehydro-6,14-«m;ilt>«theno-4,6-0-diniethyklihy- 
ebainol  (V,  R'  »  Me)  (1  g)  was  dissolved  in  2  A^  hydro- 
ic  add  (10  ml)  and  the  solution  basified  with  ammonia. 
>redpitated  solid  was  coUected  and  recrystallized  from  aqueous 
Dxyethanol,  when  18-acetyl-5,14-ethano-4-0-methylthebainone 

R'  a  Me),  mp  183°,  was  obtained  identical  with  material 
ired  as  in  the  preceding  paragraph  (mixture  mdting  point  and 
"ed  spectrum). 

544-Etliano-4(0)^6-dehydro-18-(l-liydroxyetfayl)-6-0-iiiettiyl- 
inol  (IX,  R  "  H)  daothevinol).  Sodium  borohydride  (0.5  g) 
dded  to  a  solution  of  18-acetyl-4-(0)-6-dehydro-5,14-ethano-6- 
thylthebainol  (VIII)  (10  g)  in  2-ethoxyethanol  (20  ml),  and 
lixture  was  heated  at  100°  for  30  min.  The  resulting  solution 
ooled,  and  the  solid  (9  g)  was  collected  and  recrystallized  from 
>us  2-ethoxyethanol,  when  the  secondary  alcohol  DC  (R  «  H) 
•btained  as  white  prisms,  mp  21 5  °. 

ai.  Calcd  for  QtHs9N04  HiO:  C,  68.8;  H,  7.7.  Found: 
./;  H,  /.o. 

I  carbonyl  absorption  showed  in  the  infrared.  The  base  was 
i  insoluble,  and  the  suspensicm  in  alkali  gave  no  color  with  dia- 
sd  sulfanilic  add. 

,14-Ethano-18-(l-hydroxyeChyl)tlielMiiioiie  (VI,  R  »  H). 
M4-Ethano-4-(0>^dehydro-l  8-(l-hydroxyethyl)-6-0-methyl- 
inol  (IX,  R  =  H)  (10  g)  was  dissolved  in  2  A^  hydrochloric 
100  ml),  and  the  resulting  solution  was  basified  with  ammonia. 
[>redpitated  base  was  collected  (9  g)  and  recrystallized  from 
>us  2-ethoxyethanol,  when  the  keto  alcohol  VI  (R  «  H)  was 
ned  as  white  prisms,  mp  248°,  vwmx  1690  cm~^ 
ai.  Calcd  for  CyHnN04HsO:  C,  68.3;  H,  7.5.  Found: 
1.5;  H,7.3. 

e  base  was  readily  soluble  in  alkali,  and  the  solution  gave  a 
1  red  color  with  diazotized  sulfanilic  add. 

Sodium  borohydride  (0.1  g)  was  added  to  a  suspension  of  18- 
1-5,14-ethanothebainone  (2  g)  in  ethanol  (10  ml)  and  the  solu- 
stirred  at  25°  for  15  min.  Water  (50  ml)  was  added,  and  the 
jre  was  stirred  until  crystallization  was  complete,  and  the 

was  then  collected.  Recrystallization  of  the  product  from 
ous  ethanol  afforded  the  secondary  alcohol  VI  (R  »  H) 
ical  with  material  prepared  as  above,  mp  and  mmp  248°,  vnui 
carK 

5,14-Ethano-18-(l-hydroxyeChyl>4-0-iBetliylthelMiiione.  18- 
yl-5,14-ethano-4-0-methylthebainone  (VII,  R'  -  Me)  (10  g) 
reduced  as  above  with  sodium  borohyride  (0.5  g)  in  methanol, 
oration  of  the  solvent  left  a  yellow  oil  that  crystallized  on 
ting.  The  product  was  recrystallized  from  methanol,  when  it 
obtained  as  white  prisms,  mp  271  °,  Fm..  1690  cm'^ 
w/.  Calcd  for  C:^^nNO4  0.5HsO:  C,70.4;  H,7.7.  Found: 
1.7;  H,  7.5. 


The  same  base  was  obtained  by  the  O-methylation  of  the  phenol 
VI  (R  »  H)  in  aqueous  methanolic  potassium  hydroxide,  with 
meth^  sulfate,  as  an  oil  (m  removal  of  most  of  the  methanol  in 
vacuo, 

Catalytie  Redactkm  irf  18-A€etyl-4-(0>64cliydro^,14-etiHHM>- 
6-O-melhyltfaelMiiiol  (Vm).  a.  A  suspension  of  the  ketone  VIII 
(20  g)  in  2-ethoxyethanol  (200  ml,  distilled  from  sodium)  was 
shaken  under  hydrogen  at  20°  (55  psi)  in  the  presence  of  5%  rho- 
dium on  alumina  (1  g)  for  3  hr.  By  the  end  of  that  time  the  base 
had  dissolved  and  upiakt  of  hydrogen  had  ceased.  The  solution 
was  filtered  and  evaporated,  and  the  residual  solid  was  recrystallized 
from  ethanol  (100  ml),  when  18-acetyl-4-(0)-6-dehydro-5,14-ethano- 
6-O-methyldihydrothebainol  (XVI)  (14  g)  was  obtained  as  white 
prisms,  mp  158-160°,  ymu  1715  cmr^ 

Anai.  Cakxl  for  C:isHs9N04:  C,72.0;  H,7.6;  N,3.7.  Found: 
C,72.0;  H,7.6;  N,3.8. 

The  base  was  insoluble  in  alkali  and  the  suspension  gave  only  a 
pale  pink  coloration  with  diazotized  sulfanilic  add. 

b.  A  suspension  of  the  ketone  VIII  (10  g)  in  2-ethoxyethanol 
(200  ml)  was  shaken  under  hydrogen  at  20°  (55  psi)  in  the  presence 
of  10%  palladized  charcoal  (0.5  g)  for  2  hr  after  which  time  hydro- 
gen absorption  had  ceased.  Evaporation  of  the  filtered  solution 
gave  an  oil  which  was  dissolved  in  ether  (50  ml),  when  a  crystalline 
solid  8q)arated  (6.2  g).  This  was  found  to  be  a  mixture  of  the  di- 
hydro  compound  XVI  (see  above)  and  18-acetyl-5,14-ethanodi- 
hydrothebainon-^^-enol  methyl  ether  (XV)  ftom  which  the  latter 
(3.4  g)  was  recovered  by  recrystallization  from  ethanol,  rapid 
washing  of  the  crystals  with  two  20-ml  portions  of  ether,  and  further 
recrystallization  from  ethanol.  In  this  way  it  was  obtained  as  white 
prisms,  mp  161-163°,  vm^  1700  and  1675  cm"*  (C==0  enol  ether). 

Anal.  Cdcd  for  CisHmN04:  C,  72.0;  H,  7.6.  Found:  Q 
72.1;  H,7.4. 

An  alkaline  solution  of  the  base  gave  a  blood  red  color  with 
diazotized  sulfanilic  add. 

Reammgemeot  of  7tt-Acetyl-4^14--e/id!t>^tiianotetrahydrothcbafac 
(I,  CH=CH  »  CHsCHO-  Potassium  hydroxide  (8.8  g)  was  added 
to  a  hot  solution  of  7or-acetyl-6,14-^/ui(^ethanotetrahydrothebaine 
(8.8  g)  in  methanol  (88  ml),  and  the  mixture  was  boiled  under  re- 
flux for  1  hr,  evaporated  to  45  ml,  and  poured  into  ice-water  (350 
ml).  The  predpitated  solid  (8.2  g)  was  collected  and  recrystallized 
from  petroleum  ether  (bp  40-60°)  to  give  18-acetyl-4-(0)-6-dehydro- 
5,14-methyldihydrothebainol  (XVI)  (4.5  g)  as  prisms,  mp  155- 
157°  raised  to  158-160°  on  recrystallization  from  methanol.  This 
base  was  identical  in  melting  point,  mixture  melting  point,  and  in- 
frared absorption  with  that  obtained  by  the  catalytic  reduction  of 
18-acetyl-4-(0)-6-dehydro-5,14-ethano-6-0-methylthebainol  (Vm) 
over  rhodium  on  alumina. 

18-Acetyl-5,14-e(lianodihydrotlielMinoiie  (XIX).  a.  18-Acetyl- 
4-(0)-6-dehydro-5,14-ethano-6-0-methyldihydrothebainol  (XVI) 
(5  g)  was  dissolved  in  1  ^  hydrochloric  acid  (100  ml)  and  after  1  hr 
crystalline  18-acetyl-5,14-ethanodihydrothebainone  hydrochloride 
was  collected,  mp  197-198°. 

Anai.  Cdcd  for  CyHrN04HaH,0:  C,  62.3;  H,  7.1; 
a,  8.4;  N,  3.3.    Found:    C,  61.7;  H,  7.6;  Q,  8.0;  N,  3.2. 

The  free  base  was  recovered  by  treating  the  salt  with  sodium 
bicarbonate  solution  and  extracting  with  chloroform.  Onrecrystalr 
lization  from  ethanol  it  was  obtained  as  white  prisms,  mp  205- 
207°,  vnmx  1720  and  1705  cm-». 

Anai.  Cakd  for  CBHS7NO4:  C,  71.5;  H,  7.4;  N,  3.8.  Found: 
C,71.3;  H,7.5;  N,3.8. 

b.  The  same  base,  mp  205-207°,  undepressed  on  mixing  with 
material  prepared  as  in  a,  was  obtained  in  the  same  way  by  the 
hydrolysis  of  18-aoetyl-5,14-ethanodihydrothebainone-^*-enol 
methyl  ether  (XV)  with  1  N  hydrochloric  add.  It  is  most  con- 
venient to  prepare  the  base  by  the  hydrolysis  of  the  mixture  of  bases 
XV  and  XVI  obtained  by  the  reduction  of  18-acetyl-4-(0)-6- 
dehydro-5,14-ethano-6-0-methylthebainol  over  palladized  char- 
coal. 

18-Acetyl-5,14-eChano-4-0-iiiethyldihydrotiielMiiioiie  (XIX,  OH 
"  OMe).  The  mixture  of  bases  (5  g)  from  the  hydrogenation  of 
the  ketone  VIII  was  dissolved  in  the  minimum  amount  of  2  AT 
hydrochloric  acid,  and  the  solution  was  diluted  to  70  ml.  Sodium 
hydroxide  solution  (2  N)  was  added  until  the  predpitate  redissolved 
followed  by  a  further  50  ml.  Dimethyl  sulfate  (5  ml)  was  then 
added  and  the  mixture  shaken  for  1  hr,  after  which  the  solid  was 
coUected,  washed  with  water,  and  recrystallized  from  ethanol,  when 
the  diketone  XIX  (OH  «  OMe)  (2  g)  was  obtained  as  white  prisms, 
mp  165-166°.  Anai.  Cakxl  for  C:^tHs9N04:  C,  72.0;  H,  7.6; 
N,3.7.    Found:    C,  71.8;  H,  7.7;  N,  3.7. 
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4-(0)-6-I>efaydro-5,14-etfaano-18-(l-h3rdroxyeChyl)-6-0-iiiethyl 
dihydrotiielNilnol  (XVII).  Sodium  borohydride  (3  g)  was  added  in 
portions  over  15  min  to  a  solution  of  18-acetyl-4(0)-6-dehyd^o-S,14- 
ethano-6-0-methylthebainol  (XVI)  (5  g)  in  2-ethoxyethanol  (SO 
ml)  at  20''.  The  mixture  was  heated  at  100"*  for  15  min,  cooled, 
diluted  with  2  N  ammonia  solution,  and  extracted  with  chloroform. 
The  chloroform  extract  was  evaporated  and  the  residue  recrystal- 
lized  from  ethanol,  when  the  secondary  alcohol  XVII  was  obtained 
as  white  prisms,  mp  165-166''. 
Anal,    Calcd  for  C21H11NO4:    C,  71.7;    H,  8.1.    Found:    C, 

71.0;    IT,  0.3. 

5,14-Ethaiio-18-(l-hydroxyethyl)dihydrotliebaiiione  (VI,  R 
=  H,  CH=CH  =  CH2CH,).  4-(0>6-Dehydro.5,14-ethano.l8- 
(l-hydroxyethyl>6-C)-methyldihydrothebainol  (XVII)  (0.5  g)  was 
dissolved  in  2  ^  hydrochloric  acid  (5  ml),  and  the  solution  was  kept 
at  room  temperature  for  30  min  and  in  the  refrigerator  overnight. 
The  solid  was  collected  and  recrystallized  from  water,  when  5,14- 
ethano-18-(l-hydroxyethyl)dihydrothebainone  hydrochloride  was 
obtained  as  white  prisms,  mp  257''  dec,  Vm^x  1720  cm"'^ 

Anal.  Calcd  for  CaH2»N04  Ha-3H,0:  C.  57.2;  H,  7.9. 
Found:    C,  57.0;  H,  8.0. 

Rearrangement  of  N-Allyl-7a-acetyl-6,14-e/tt/o-ethenotetrahydro- 
northebaine  a»  NMe  =  NCH,CH==CHs)  (N-AUylnortlieYinone). 
A  solution  of  potassium  hydroxide  (4.8  g)  in  methanol  (50  ml) 
was  added  slowly  to  a  boiling  solution  of  N-allyl-7a-acetyl-6,14- 
e/tt/o-ethenotetrahydronorthebaine  hydrochloride  (11  g)  in  meth- 
anol (50  ml)  and  the  mixture  then  boiled  under  reflux  for  1  hr.  The 
solution  was  diluted  with  water  and  extracted  with  chloroform  to 
give  a  mixture  of  two  bases  (11  g).  The  product  (8  g)  was  crystal- 
lized from  methanol  to  give  N-allyl-18-acetyl-5,14-ethanonorthe- 
bainone  dimethyl  ketal  (XVIII)  (2.6  g)  as  prisms,  mp  106-107°, 
^max  1715  cm~^ 

Anal.  Calcd  for  CteHiiNOs:  C,71.0;  H,7.6;  N,3.2.  Found: 
C,70.6;  H,7.7;  N,  3.5. 

The  mother  liquor  from  this  crystallization  was  diluted  with 
water,  and  the  precipitated  solid  was  recrystallized  from  aqueous 
methanol,  when  N-allyl-18-acetyl-4-(0)-6-dehydro-5,14-ethano-6-0- 
methylnorthebainol  (VIII,  NMe  =  NCH2CH=CH,)  (1.1  g)  was 
obtained  as  white  prisms,  mp  12^130°,  vmax  1715  cm"*. 

Anal.  Calcd  for  QsHajNO*:  C,  73.7;  H,  7.2;  N,  3.4.  Found: 
C,73.3;  H,7.0;  N,3.7. 

N-Allyl-18-acetyl-5,14-ethanonortliebainone  (Vn,  R'  =  H,  NMe 
=  NCH2CH=CH,).  The  above  two  bases  XVHI  (R  = 
CH2CH==CH,)  and  VIII  (NMe  =  NCH,CH=CH,)  obtained  by  the 
rearrangement  of  the  ketone  I  (NMe  =  NCHjCH=CHi)»  sep- 
arately or  together,  on  hydrolysis  with  2  N  hydrochloric  acid 
followed  by  precipitation  with  ammonia  and  recrystallization  of 
the  product  from  ethanol,  afforded  the  diketone  VII  (R'  =  H, 
NMe  =  NCHjCH=CHi)  as  prisms,  mp  110-112°,  vn»ax  1715  and 
1690  cm- 1. 

Anal.  Calcd  for  Q4H«NO4  0.5H,O:  C,  71.4;  H.  6.8;  N. 
3.6.    Found:    C,71.6;  H,7.0;  N,  3.5. 

Rearrangement  of  N-Propargyl-7a-acetyl-6,14-e/tt/o-etlienotetni- 
hydronorthebaine  (I,  NMe  =  NCH2C^CH).  The  hydrochloride 
of  the  ketone  I  (NMe  =  NCH2C^CH)  (10  g)  was  boiled  with 
potassium  hydroxide  (4.8  g)  in  methanol  (100  ml)  for  1  hr.  The 
product  was  isolated  by  chloroform  extraction  and  crystallized 
from  methanol,  when  N-propargyl-18-acetyl-4-(0)-6-dehydro-5,14- 
ethano-6-O-methylnorthebainol  (VIU,  NMe  =  NCH,CfeCH) 
was  obtained  as  prisms,  mp  177-179° 

Anal.  Calcd  for  Q6H27NO4:  C,  74.0;  H,  6.7.  Found:  C, 
73.7;  H,6.7. 

N-Propargyl-18-acetyl-5,14-ethanonortbebainone  (Vn,  R'  » 
H,  NMe  =  NCHjC^CH).  N-Propargyl-18.acetyl-4-(0>6-dehy- 
dro-5,14-ethano-6-0-methylnorthebainol  (VIII,  NMe  =  NCHjCs 
CH)  (2  g)  was  dissolved  in  warm  2  N  hydrochloric  acid,  and  after  5 
min  the  solution  was  basified  with  ammonia.  The  product  was 
collected  and  recrystallized  from  methanol  when  the  diketone  VII 
(R'  =  H,  NMe  =  NCH2C^CH)  was  obtained  as  prisms,  mp  114°, 
Fmax  1715  and  1690  cm"*. 

Anal.  Calcd  for  Q4H2sN04H,0:  C,  70.4;  H.  6.6;  N.  3.4. 
Found:    C,  70.4;  H,  6.7;  N,  3.9. 

Base-Catalyzed  Rearrangements  Accompanying  Normal  Grignard 
Reactions  with  the  Ketone  I  and  Its  6,14-Ethano  Analog,  a.  7/3- 
Acetyl-6,14-e/f^o-ethenotetrahydrothebaine  (0.5  g)  in  anhydrous 
ether  (100  ml)  was  added  to  a  solution  of  methylmagnesium  iodide 
(from  0.17  g  of  magnesium)  in  ether  (25  ml),  and  the  mixture  was 
heated  under  reflux  for  1  hr.  The  mixture  was  then  poured  into 
aqueous  ammonium  chloride,  and  the  ether  layer  was  separated, 
dried  over  magnesium  sulfate,  and  evaporated,  to  leave  a  crude 


product  (0.5  g)  shown  by  thin  layer  chromatogrmpliy  to  coout  of 
two  components.  These  were  separated  on  alumina  plates  uboi 
ether  as  developing  solvent.  The  less  polar  material  (125  mg)  w 
recovered  from  the  plate  and  obtained  as  white  prisms,  mp  215^ 
from  methanol,  ^maz  3545,  3490  cm"',  and  identified  as  5,7* 
dehydro-6,14-«/ttib-etheno-7-<l-hydroxy-l-methyleth^)-6-0-metliy^ 
dihydrothebainol  (II,  R  »  Me,  R'  »  H),  by  hydrolysis  ividi 
cold  2  A^  hydrochloric  add  to  5,14-ethano-18-isopropylideaethD> 
bainone  (III,  R  =  Me,  R'  »  H),  identical  in  melting  fxmA,  mt 
ture  melting  point,  and  infrared  absorption  with  an  autbeolic 
specimen. 

b.  The  product  of  the  reaction  between  7cr-aoetyl-6,14-Mdb' 
ethenotetrahydrothebaine  (38  g)  and  /f-propylmagnesium  iodide 
was  dissolved  in  methanol  and  cooled,  and  the  crystalline  6,14- 
«/u^So-etheno-7a-(l-(/{)-hydroxy- 1  -  niethylbutyl)tetrahydrothebaioe 
(XIII,  R  =  n-Pr)^  was  collected.  The  mother  liquon  vn 
concentrated  to  yield  11.1  g  of  a  glass,  a  sample  of  which  (IJK 
g)  was  subjected  to  partition  chromatography  on  Cdite  using  1 
methanol-heptane  system,  with  observation  of  the  extinction  of  tia 
eluate  at  230  m^i.  Three  main  fractions  were  obtained,  yidding 
0.15  g  (A),  0.25  g  (B),  and  0.65  g  (Q  of  product  on  evaporatioD. 
Fraction  A  consisted  of  the  tertiary  alcohol  XIII  (R  »  it-Rr)  and 
fraction  C  consisted  of  the  secondary  alcohol  XIII  (R  »  H),  re- 
sulting from  Grignard  reduction  of  the  ketone  I.^ 

Fraction  B  was  dissolved  in  benzene  and  rechromatograpbed  oo 
alumina  (25  g)  which  was  eluted  successively  with  lOO-ml  portiooi 
of  1,  5,  20,  50,  and  100%  ethyl  acetate  in  benzene.  Fractiottsof20 
ml  were  collected  and  examined  by  thin  layer  chromatograpfay, 
similar  fractions  being  combined.  Fractions  11-13  gave  96  mg  of 
a  mixture  of  7a-  and  7/3-acetyl-6,14-«/id!t>-ethenotetrahydrothebaine 
and  fractions  18-22  gave  176  mg  of  an  oil,  which  on  trituration  wilh 
methanol  gave  5,7-dehydro-6,14-^iid!t>-etheno-7-<l-hydroiy-l- 
methylbutyl)-6-0-methyldihydrothebainol  (II,  R  «  if-Pr,  R'  »  H) 
(36  mg),  mp  192-198'',  raised  to  202-203°  on  recrystallization  from 
methanol. 

Anal.  Calcd  for  C*«HwN04:  C,  73.4;  H,  8.3;  N,  3.3.  Fouad: 
C.73.1;  H,8.35;  N,3.8. 

c.  The  crude  product  of  the  reaction  between  7a-aoetyi-6,14- 
emiSt>-ethanotetrahydrothebaine  (I,  6,14-CHtCHs)  (140  g)  and  iao- 
propylmagnesium  chloride  (from  48.6  g  of  magnesium),  in  ctber 
and  benzene  solution,  which  was  noncrystalline,  was  triturated  with 
cold  methanol.  The  solid  so  formed  was  collected,  and  extrKted 
with  boiling  ethanol  (300  ml),  and  the  undissolved  matter  wn 
crystallized  from  chloroform.  In  this  way  5,7-deh>dro-6,14' 
e#tt/(>-ethano-7-(l-hydroxy-l,2-diniethylpropyl)-6-0-methyklihydio- 
thebainol  (II,  R  »  /-Pr,  R'  »  H,  6,14-CH,CHs)  was  obcaioed 
as  white  prisms,  mp  253-256°. 

Anal.  Calcd  for  C26Hf7NO«:  €,73.1;  H,8.7;  N,3.3.  Fdood: 
C,72.7;  H,8.3;  N,3.5. 

d.  In  like  manner  to  that  described  in  part  c  above,  the  fol- 
lowing were  isolated  from  the  products  of  reaction  of  7a-9Ct^ 
6,14-e#tt/9-ethanotetrahydrothebaine  and  the  appropriate  Grignvd 
reagent :  5,7-dehydro-6, 14-emi!oethano-7-(  l-hydroxy-l-OKthylpeB' 
tyl)-6-Omethyldihydrothebainol  (II,  R  »  /i-Bu,  R'  »  H,  $,14- 
CHsCHs,  prisms,  mp  169-170°.  Anal.  Caksd  for  CnH^NOi: 
C,  73.4;  H,  8.9;  N,  3.2.  Found:  C,  72.9;  H,  8.7;  N,  3J); 
5,7-dehydro-6,14-^mi!^thano-7-(l-hydroxy-l-methylpropyl>4^ 
methyldihydrothebainol  (H,  R  »  Et,  R'  «  H,  6,14-C31r 
CHs,  white  prisms,  mp  215-216*'.  Anai.  Calcd  for  Or 
H16NO4:  C,  72.6;  H,  8.5;  N,  3.4.  Found:  C,  72.8;  H,  V; 
N,  3.4);  and  5,7-dehydro-6,14-^/ttftKethano-7-(l-hydroxy-l,4<i- 
methylpentyl>6-C)-methyldihydrothebainol  (II,  R  »  i-Am,  R' 
»  H,  6,14-CH,CH,,  white  prisms,  mp  178-179^  Anal.  Cakd 
forCttH4iN04:  C,  73.8;  H,  9.1;  N,  3.1.  Found:  C,  73J;  ft 
8.9;  N,3.2). 

5,14-Etfaano-18-(3'-niethylbiit-2'-ylidene)dihydrollwlMywMK  (DI, 
R  >=  i-Pr,  R'  »  H,  7,8-dlhydro).  5,7-Dehydro-6,14-€iK^fa^ethioo- 
7-(l-hydroxy-l,2-dimethylpropyl)-6-0-methyldihydrothebaiool  (H 
R  »  i-Pr,  R'  »  H,  6,14-CHtCHs)  (0.1  g)was  dissolved  in  U 
N  hydrochloric  add  (2.5  ml),  and  the  solution  was  heated  ofi 
the  water  bath  for  10  min.  A  crystalline  hydrochloride  separated 
and  was  collected  and  recrystallized  from  water,  when  it  was  ob> 
tained  as  white  prisms,  mp  199-201  **,  pumx  1690  cm"^. 

Anal.  Calcd  for  Q6HttNOt*Ha-3HiO:  C,  61.7;  H,  U. 
Found:    C,61.2;  H,  8.3. 

4-(0)-6-Dehydro^,14-etliano-18-(l-liydroxy-lHDetiiyle(liy|>40' 
metfayltfaebalnol  (DC,  R  ==  Me)  (MethyliaoCiiefiBol).  A  sdoCioo  of 
methyllithium  (4  g)  in  ether  (125  ml)  was  slowly  added  to  a  ni* 
orously  stirred  solution  of  18-acetyl-4-(0>-6-dehydro-5,14-ethiao- 
6-O-methylthebainol  (VIII)  (35  g)  in  ether  (200  ml),  under  oitroiei^ 
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nte  suflSdent  to  maintain  boiling.  The  mixture  was  finally 
ed  under  reflux  for  30  min  and  then  diluted  cautiously  with 
r  (250  ml).  The  ether  layer  on  evaporation  afforded  34.9  g 
3lid  matter,  still  containing  some  ketone  (infrared  spectrum), 
this  was  treated  under  the  same  conditions  with  a  further  4  g 
Kthyllithium.  Evaporation  of  the  ether  layer  then  gave  non- 
nic  material  from  which  the  tertiary  alcohol  IX  (R  »  Me)  (27.8 
as  recovered  on  recrystallization  from  ethanol  as  white  prisms, 
!17-218^ 

wi.  Ca]cdforCi«HnNO«:  C,  72.5;  H,  7.9;  N,  3.5.  Found: 
2.2;  H,8.1;  N,3.4. 

irdrolyiif  ci  4-(0)-6-Dcfaydro^,14'etliaiio-18-(l-hydroxy-l- 
iykihyl)-6-0-iiiethyltlielMiiiol  (Methyliaotkefiiiol,  K,  R  -  Me), 
rhe  tertiary  alcohol  IX  (R  ->  Me)  (3  g)  was  dissolved  in  1  AT 
ochloric  add  (100  ml),  and  the  solution  was  kept  at  25°  for 
oin.  Neutralization  of  the  solution  with  sodium  bicarbonate 
isolation  of  the  product  by  ether  extraction  gave  5,14-ethano- 
l-hydroxy-l-methylethyl)thebainone  (VI,  R  »  Me)  (2.2  g), 
h  was  obtained  from  aqueous  ethanol  as  rosettes  of  white 
ks,  mp  129-132°,  v^mx  (CX:i4  solution)  3615  (free  tertiary  OH), 

(phenolic  OH),  3450  (bonded  OH),  and  1670  cm'^  (a,/3- 
turated  carbonyl). 

tal.  Calcd  for  QiHmN04HsO:  C,  68.8;  H,  7.8.  Found: 
J.9;  H,7.7. 

The  tertiary  carbinol  DC  (R  ->  Me)  (1.5  g)  was  boiled  under 
X  for  30  min  with  5  N  hydrochloric  add  (25  ml),  and  the  mixture 
cooled  and  diluted  with  water  (25  ml).  The  crystalline  solid 
btained  was  collected  (1.4  g)  and  recrystallized  from  water, 
i  5,14-ethano-18-isopropylidenethebainone  (III,  R  «  Me, 
«  H)  hydrochloride  was  obtained  as  white  prisms,  mp  320°. 
Ml/.  Calcd  for  CssHrNOt-HO:  C,  68.7;  H,  7.0;  O,  8.8. 
id:    C,68,4;  H,7.0;  a.8.7. 

le  free  base  crystallized  readily  only  from  methanol,  when  it 
obtained  as  solvated  prisms,  mp  138-139°,  Fmax  (CQ4  soluticm) 

(methanol),  3532  (phenolic  OH),  and  1690  cm"^  (a,/3-un- 
tited  carbonyl).    The  base  coupled  with  diazotized  sulfanilic 

in  alkalis.  The  base  and  its  hydrochloride  were  identical 
frared  absorption  and  in  behavior  on  thin  layer  chromatog- 
y  with  5,14-ethano-18-isopropylidenethebainone  and  its  hydro- 
ide  prepared  by  the  add-catalyzed  rearrangement  of  6,14- 
•etheno-7a-(l-hydroxy-l-methylethyl)tetrahydrothebaine(Xin, 
Me).» 

hydratkNi  ci  5,14-Ethaiio-18-(l-liydroxy-l-iiiediyletfayl)tbebai- 
(VI,  R  »  Me).  The  tertiary  alcohol  VI  (R  =  Me)  (120  mg) 
boiled  under  reflux  with  5  N  hydrochloric  add  (5  ml)  for  30 

The  solution  was  cooled ;  the  crystalline  solid  was  collected 
ihaken  with  sodium' bicarbonate  solution  and  ether.  Evap- 
3n  of  the  ether  and  crystallization  of  the  product  from  meth- 

gave  5,14-ethano-18-isopropylidenethebainone  (III,  R  ^ 
R'  ->  H),  identical  in  infrared  absorption  with  material  pre- 
1  by  the  add-catalyzed  rearrangement  of  the  tertiary  alcohol 
(R  -  Me)." 

5»7-Deliydro4S,14-e/tt/o-etheiio-7-(l-hydroxy-l-iiiediyletfayl)-4,6- 
aethyldihydrotliebainol  (II,  R  «  R'  »  Me).  A  solution 
7-acetyl-5,7-dehydro-6,14-«/u^-etheno-4,6-0-dimethyldihydro- 
linol  (V,  R'  »  Me)  (3.79  g)  in  dry  ether  (50  ml)  was 
J  to  a  vigorously  stirred  boiling  solution  of  methylmagnesium 
e  (from  0.96  g  of  magnesium  and  5.64  g  of  methyl  iodide)  in 

(150  ml).  The  mixture  was  heated  under  reflux  fw  3  hr, 
>oured  into  saturated  ammonium  chloride  solution.    The  ether 

was  separated,  dried,  and  evaporated,  to  leave  a  viscous 
(3.8  g)  that  crystallized  on  standing.  Recrystallization  of  the 
from  methanol  aflbrded  the  tertiary  alcohol  II  (R  »  R'  - 
IS  white  prisms,  mp  140°. 

ai.    Calcd  for  Q4HttN04:    C,  73.0;   H,  8.0.    Found:    C, 
H,  7.8. 

5,14-Etfa«iMHl8^iopropylidcac  4  OHaetfayhfaebatooae  (m,  R 
V  =«  Me).  5,7-Dehydro-6,14-«/ui!o-etheno-7-(l-hydroxy-l- 
Klethyl)-4,6-0-dimethyldihydrothebainol  OL  R  *  R'  "  Me) 
was  dissolved  in  2  ^  hydrochloric  add  (10  ml)  and  after  5  min 
>lution  was  basified  with  ammonia,  and  the  precipitated  solid 
collected.  After  recrystallization  from  methanol  the  un- 
ited ketone  III  (R  »  R'  -  Me)  was  obtained  as  off-white 
ts,  mp  178°,  ^max  1690  cm~\  identical  in  melting  point,  mixture 
og  point,  and  infrared  absorption  with  the  4-O-methyl  ether 
;  base  III  (R  »  Me,  R'  »  H)  obtained  by  the  acid-catalyzed 
mgement  of  the  alcohol  XIII  (R  »  Me)." 
2/.  Calcd  for  Q4Hs9NOt:  C,  75.9;  H,  7.7.  Found:  C, 
H,  8.1. 


5.14-Etluuio4-0-iM(liyM8-pciit-2^ylidcaeClielMliiQiie  (JOU  R 
»  ir-Pr,  R'  B  Me).  7-Acetyl-5,7-dehydro-6,14-«iMft>-etheno-4,6- 
O-dimethyldihydrothebainol  (V,  R'  -  Me)  (3.8  g)  was  treated  with 
''-propylmagnesium  chloride,  and  the  noncrystalline  reaction 
product  was  dissolved  in  2  A^  hydrochloric  add.  Basificaticm  of  the 
add  solution  with  ammonia,  isolation  of  the  product  by  ether 
extraction,  and  crystallization  from  aqueous  methanol  afforded  the 
unsaturated  ketone  III  (R  ->  /^Pr,  R'  »  Me)  as  prisms,  mp  70°, 
Piiiazl690cm~'^ 

Anal.  CdcdforCitHttNOt0.5H>O:  C,75.0;  H,8.2.  Found: 
C,74.9;  H,8.1. 

5,14-Etliaii0-4-O-iiiethyI-18-(l  '-iMthyl-2'-plieiiyletfaylid€ne)Che- 
bainoM  (m,  R  »  CHsPta,  R'  «  Me).  This  was  prepared  by  the 
add  hydrolysis  of  the  noncrystalline  reaction  product  of  the  action 
ofbenzyhnagnesium  bromide  on  the  ketone  V(R'  ->  Me),  and  was 
obtamed  as  white  prisms,  mp  142°,  vmmx  1690  car\  from  70%  eth- 
anol. 

Anai.  Calcd  for  CtoHttNOt*H«0:  C,  76.1;  H,  7.4.  Found: 
C,76.3;  H,7.6. 

544-Ethaiio-18-(l  '-€ycloliexyletfayUdeiie)4-0-netfayltliebaiiioBe 
(m,  R  a  cydohexyl,  R'  »  Me).  This  was  obtained  by  the  add 
hydrolysis  of  the  noncrystalline  product  of  the  reaction  between 
cyclohexylmagnesium  chlcuride  and  the  ketone  V  (R'  »  Me),  and 
was  recovered  as  white  prisms,  mp  98°,  wwbx  1690  cm' \  from  ethanoL 

Anal.  Calcd  for  QoHnNOt:  C,  77.8;  H,  8.3.  Found:  C, 
77.4;  H.  8.0. 

5,14-Etfa«BO-18-iaopropylidcne  4  O-nietfayhfaebatooae  MetUne 
(XXI).  5,14-Ethano-l  8-isopropylidene-4-0-methyIthebainone  (9  g) 
and  methyl  iodide  (60  ml)  were  boiled  together  under  reflux  for 
3  days  with  stirring.  The  solid  matter  (12  g)  was  collected,  when 
the  methiodide  was  obtained  as  almost  colwless  prisms,  mp  236°, 
from  ethanol. 

Anal.  Cdcd  for  Ci4Hs9NOt'CHa:  C,  57.6;  H,  6.2.  Found: 
C,57.4;  H,6.4. 

The  methiodide  (12  g)  in  water  (100  ml)  was  boiled  with  potas- 
sium hydroxide  (15  g)  for  10  min.  The  mixture  was  cooled  and  the 
solid  was  collected  (8.7  g)  and  recrystallized  ftom  benzene-petro- 
leum ether  (bp  60-80°),  when  the  methine  base  was  obtained  as 
elongated  white  prisms,  mp  152°,  v^mx  1690  cm'S  \nmx  272  and  305 
niM,  t„mx  12,600  and  47,200. 

Anal.  Calcd  for  Ci4HiiNOt:  C,  76.3;  H,  7.9.  Found:  C, 
76.8;  H,8.1. 

The  methine  methiodide  formed  rapidly  from  the  base  and 
methyl  iodide  in  benzene,  and  was  obtained  from  methanol  as  white 
prisms,  mp  180°. 

Anal.  Calcd  for  QftHaNOt-CHtl:  C,  58.3;  H,  6.4.  Found: 
C,58.4;  H,6.4. 

This  mettiiodide  resisted  Hofmann  degradation  in  aqueous  solu- 
tion, and  pyrolysis  of  the  methohydroxide  resulted  in  the  loss  of 
methanol  and  the  production  of  the  methine  base  in  very  high  yidd. 
Only  a  trace  of  uncharacterized  neutral  matter  was  obtained. 

18-Acetyl-544-ethaiio40-iiietfayHliebaiiione  MeChiM  (XXII). 
18-Acetyl-5,14-ethano^O-methylthebainone  methiodide  (see 
above)  (4.0  g)  was  b<riled  with  water  (100  ml)  and  potassium  hy- 
droxide (15  g)  for  10  min.  The  predpitated  oil  was  isolated  by 
ether  extraction,  and  the  uncrystallizable  product  was  converted 
into  its  hydrochloride,  which  was  obtained  as  white  prisms,  mp 
210°,  from  ethanol-ether;  vnmx  1690  car^;  \m»x  272, 298,  and  308 
mM ;    c»az  10,000, 4800,  and  4000. 

Anal.  Calcd  for  Ci4HnN04HaHiO:  C,  64.2;  H,  7.2. 
Found:    C,64.2;  H,7.4. 

The  methine  methiodide,  prepared  from  the  methine  base  in 
benzene,  was  obtained  from  ethanol  as  white  prisms,  mp  283°. 

Anal.  Calcd  for  Q4Hs9N04*CHtI:  C,  55.9;  H,  6.0.  Found: 
C,55.5;  H.6.0. 

18-Acetyl-5,14'etliaiio-73f940-tetnMidiydroCliebcooiie  (XXm). 
18-Acetyl-5,14-ethano-4-0-methylthebainone  methine  methiodide 
(0.20  g)  in  water  (10  ml)  was  boiled  under  reflux  with  potassium 
hydroxide  (1.5  g)  for  6  hr.  The  insoluble  brown  product  (0.031 
g)  was  dissolved  in  benzene,  and  the  solution  was  passed  through  a 
short  column  of  alumina,  which  removed  a  trace  of  a  violet  im- 
purity. The  ahnost  colorless  solid  recovered  from  the  duate  (one 
spot  on  thin  layer  chromatography)  was  recrystallized  from  petro- 
leum ether  (bp  60-80°),  when  the  ketone  XXin  was  obtained  as 
white  prisms,  mp  167-168°,  Pnmx  1690  cm~^ 

Anal.  Cakd  for  CnHs^4:  C,  75.0;  H,  6.0.  Found:  C, 
74.7;  H,6.3. 

5,14'^ahaiHK6,18-(2^-oxoethano)th€iMitool  (XXV).  Potassium  hy- 
droxide (1  g)  in  water  (10  ml)  was  added  to  a  solution  of  18-acetyl- 
5,14-ethanothebainone  (VU,  R'  -  H)  (5  g)  in  2-ethoxyethanol  (80 
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ml),  and  the  solution  was  heated  in  the  boiling  water  bath  for  5  min. 
Water  was  then  added  (100  ml),  and  a  pale  yellow  solution  was  ob- 
tained. The  addition  of  saturated  ammonium  chlcuride  solution 
(20  ml)  discharged  the  yellow  color.  Almost  immediately  a  crys- 
talline solid  began  to  separate,  and  the  separation  was  complete 
after  10  min.  The  solid  was  collected,  washed  with  water,  and 
recrystallized  from  2-ethoxyethanol,  when  the  base  XXV  was  ob- 
tained as  white  prisms,  mp  275-276'',  Pii»»z  1740  cm'^ 

Anal,  Calcd  for  QtHtiNOt:  C,  71.9;  H,  6.8.  Found:  C, 
71.8;  H,6.8. 

The  same  base  was  obtained  on  warming  the  diketone  VII  (R' 
«■  H)  in  aqueous  potassium  hydroxide  containing  sufficient  ethanol 
to  prevent  the  separation  of  the  potassium  salt.  Dilution  of  the 
solution  with  water  and  addition  of  ammonium  chloride  gave  an 
immediate  precipitate  which,  on  collection  and  recrystallization 
from  aqueous  2-ethoxyethanol,  afforded  the  base  XXV  as  prisms, 
mp  275-276**,  p»ax  1740  cirrK 

The  methiodide,  prepared  from  the  base  and  methyl  iodide  in 
2-ethoxyethanol  solution  under  reflux  for  5  hr,  was  obtained  as 
dongated  prisms,  mp  268-270'',  from  water. 

Anal.  Calcd  for  QtHuNOiCHtlHsO:  C,  52.3;  H,  5.7. 
Found:    C,52.0;  H,  5.9. 

544-Ethaiio-6,18-(2'-oxoethano)tliebainol  Methine  (XXIV).  a. 
18-Acetyl-5,14-ethanothebainone  methiodide  (4.5  g)  was  boiled 
^th  water  (60  ml)  and  potassium  hydroxide  (15  g)  for  30  min. 
The  solution  was  cooled  and  the  liquid  decanted  from  the  glassy 
solid,  which  was  dissolved  in  water,  and  the  solution  was  acidified 
with  dilute  hydrochloric  acid.  On  basification  of  the  solution  with 
ammonia,  no  precipitate  was  obtained,  and  the  base  was  isolated 
by  extraction  with  chloroform,  when  it  was  obtained  as  a  yellow 
solid.  On  recrystallization  from  methanol  it  was  recovered  as  white 
prisms,  mp  204°,  tfnmx  1740  cm^^ 

Anal.  Calcd  for  CiiHnN04:  C,  72.4;  H,  7.1.  Found:  C, 
72.6;  H,7.4. 

b.  The  same  base  was  obtained  in  the  same  way  from  5,14- 
ethano-6,18-(2'-oxoethano)thebainol  methiodide. 

5,7-I>efaydro-6,14-e/uiSt>-etlieiio-7-ethoxycarlHNiyl-6-0-iiietfayldi- 
hydrathebainol  (X,  R  »  Et,  R'  -  H).  6,14-«/tt/o-Etheno-7aB- 
ethoxycarbonyltetrahydrothebaine  (I,  CHs  »  OEt)  (15  g)  in  dry 
/-butyl  alcohol  (100  ml)  was  added  to  a  solution  of  potassium  (6  id 
in  /-butyl  alcohol  (150  ml),  and  the  mixture  was  boiled  under  reflux 
for  15  min.  The  resulting  solution  was  cooled  and  poured  into  an 
excess  of  saturated  aqueous  ammonium  chloride,  and  the  organic 
layer  was  separated,  concentrated  under  reduced  pressure,  and  kept 
in  the  refrigerator  overnight.  The  crystalline  ester  that  separated 
was  collected  (14  g)  and  recrystallized  from  methanol,  when  it  was 
obtained  as  white  prisms,  mp  186**,  vm^x  1715  cm^^ 

Anal.  Cakxi  for  QeHnNOcHiO:  C,  67.2;  H,  7.2.  Found: 
C,67.1;  H,7.0. 

The  same  base  was  obtained  during  the  reaction  of  6,\A^mkh 
etheno-7a-ethoxycarbonyltetrahydrothebaine  with  Grignard  rea- 
gents other  than  methylmagnesium  iodide.  Being  phenolic  it  was 
readily  separated  by  virtue  of  its  solubility  in  aqueous  alkalis  from 
the  tertiary  carbinols  resulting  from  normal  Grignard  attack  of  the 
ester.  The  phenolic  material  so  obtained,  however,  contained 
some  tertiary  alcohol  II  (CHs  «  R),  which  was  removed  by  acid- 
catalyzed  hydrolysis  in  cold  2  N  hydrochloric  add  (in  which  the 
ester  is  stable)  to  the  sparingly  soluble  hydrochloride  of  the  related 
ketone  III  (CH,  »  R).  In  this  way  the  ester  X  (R  -  Et,  R'  «  H) 
was  obtained  from  the  reaction  of  the  ester  I  (CHs  «  OEt)  and 
ethylmagnesium  bromide  and  n-propylmagnesium  chloride,  tosher 
with  the  hydrochlorides  of  5,14-ethano-18-pent-3'-ylidenethe- 
bainone  (III,  R'  -  H,  CHt  »  R  =  Et),  mp285-287^  vuu^  1690 
cm-«  (AnaL  Cilcd  for  QiHnNO,Ha:  C,  69.8;  H,  7.4. 
Found:  C,  70.0;  H,  7.3)  and  5,14-ethano-18-hept-4'-ylidenethe- 
bainone  (III,  R'  -  H,  CHi  =  R  =  n-Pr),  mp  291%  Fn»ax  1690  cm-^ 
(Anal.  Cdcd  for  CnHiiNOt-HO:  C,  70.8;  H,  7.9.  Found: 
C,70.6;  H,8.0). 

5,7-I>efaydro-6,14-e/tt/o-etheno-7-ethoxycarlHNiyl-4,6-0-diinethyl- 
dihydrothelMdiiol  (X,  R  «  Et,  R'  -  Me).  6,14-e/u/o-Etheno-7aB- 
ethoxycarbonyltetrahydrothebaine(I,CHi  »  OEt)  (10  g)  was  heated 
with  a  solution  of  potassium  (4  g)  in  dry  /-butyl  alcohol  (150  ml) 
under  reflux  for  15  min,  and  methyl  iodide  (8  ml)  in  /-butyl  alcohol 
(20  ml)  was  then  added  slowly  with  vigorous  stirring.  The  mixture 
was  filtered  from  precipitated  potassium  iodide  and  evaporated, 
leaving  a  semisolid  residue,  whik:h  was  extracted  thoroughly  with 
ether.  Evaporation  of  the  ether  extract  afforded  a  viscous  gum, 
which  was  crystallized  with  difficulty  from  aqueous  methanol,  when 
the  ester  X  (R  =  Et,  R'  »  Me)  was  obtained  as  white  prisms,  mp 
100%  Fau«  1715  carK 


Anal.  Calcd  for  CnHnNGi:  C,  70.6;  H,  7.3.  Found:  C, 
70.2;  H,7.1. 

5,7-Dcfaydro-6,14-e/i^o-etheno-74so|inHKnyGariM^I4^ 
methyldihydrotfaelMdnol  (X,  R  »  /-Pr,  R'  -  H).  A  solntiQO  d 
6,14-«/fd!t>-etheno-7a-ethoxycarbonyltetrahydroth^)aiiie  (10  g)  io 
dry  benzene  was  added  to  one  of  sodium  (1  g)  in  2-propanol  (10 
ml).  The  resulting  mixture  was  boiled  under  reflux  for  3  hr,  inlli 
a  Whitmore-Lux  variable  take-off  head  so  adjusted  that  one  drop  ia 
12  of  the  refluxing  liquid  was  removed.  The  resulting  nuxtofc 
was  poured  into  an  excess  of  ice-cold  2  N  hydrodiloric  add;  the 
aqueous  layer  was  removed  and  made  alkaline  with  ammooia.  Ik 
base  precipitated  in  this  way  was  collected  and  lecryatallized  from 
aqueous  2-ethoxyethanol,  when  the  isopropyl  ester  was  obtained  « 
white  prisms,  mp  177-178°,  vmmx  1715  cm"^ 

Anal.  Calcd  for  CnHnNOt:  C,  70.6;  H,  7.3.  Found:  C 
70.5;  H,7.3. 

The  ester  was  soluble  in  alkalis  and  the  solution  coupled  mdfly 
with  diazotized  sulfanilic  acid  to  give  a  blood  red  solution. 

The  following  esters  were  prepared  by  base-catalyzed  reamot^ 
ment  of  the  ester  I  (CHt  »  OEt),  with  simultaneous  base<atalynl 
ester  exchange:  5,7-dehydro-6,14-«/uil9-etheno-6-0-niethyl-7-pfo- 
poxycarbonyl  dihydrothebainol  (X,  R  =  /i-Pr,  R'  —  H,  frtnte 
prisms,  mp  137°,  from  methanol,  vmmx  1715  cm''^  Anal.  Okd 
for  CtftHuNOs:  C,  70.6;  H,  7.3.  Found:  C,  70.5;  H,  7.3). 
5,7-dehydro-6,14-«/idS9-etheno-7-isobutoxycarbonyl-6-0-aiethyldihy- 
drothebainol  (X,  R  »  i-Bu,  R'  -  H,  white  prisms,  mp  84°, 
from  aqueous  methanol,  vmax  1715  cm"^.  Anai.  Cakd  for 
CteHuNOs  0.5H>O:  C,  69.6;  H,  7.6.  Found:  C,  69.2;  H, 
7.8);  7-butoxycarbonyl-5,7-dehydro-6,14-€fidb^etheno-6-0-niethyl- 
dihydrothebainol  (X,  R  -  /^Bu,  R'  -  H,  white  prisms,  mp  138% 
from  aqueous  methanol,  vmmx  1715  cm'^  Anai.  Cakd  for  Ch- 
HmNOs:  C,  71.0;  H,  7.5.  Found:  C,  70.5;  H.  7.3);  5.7- 
dehydro-6,14-«/idb-etheno-6-0-niethyl-7-pemyloxy(»'bonykiilq^ 
thebainol  (X,  R  »  /^Am,  R'  »  H,  white  prisms,  mp  146% 
from  methanol,  vmmx  1715  cm'^  Anal.  Cakxi  for  CtiHaiNOi: 
C,  71.5;  H.  7.7.  Found:  C,  71.0;  «,  7.9);  5,7-dehydro4.14' 
efidSo-etheno-7-furfuryloxycarbonyl-6-0-methy]dihydrothd»inol  (X, 
R  »  furfuryl,  R'  »  H,  white  prisms,  mp  211^  from  ethanol, 
Fmax  1715  cm-^  Anal.  Calcd  for  CnHs»NOt:  Q  TaO;  ft 
6.3.  Found:  C,  69.6;  H,  6.2);  5,7-dehydro-6,14^iKlE^etbeno- 
6-0-methyl-7-tetrahydrofurfuryloxycarbonyldihydrotliebainol  (X 
R  «  tetrahydrofurfuryl,  R'  »  H,  noncrystalline,  hydrocfakvide 
white  prisms,  mp  236°,  from  ethanol.  Anal.  CaJcd  for  CbHm- 
NOe-HQ:  C,  64.1;  H,  6.8.  Found:  C,  63.6;  H.  7.1);  7- 
cyclohexyloxycarbonyl-5,7-dehydro-6,14-«m&>-6-  O  -  noethyklihydro- 
thebainol  (X,  R  »  cyclohexyl,  K'  -  H,  white  prismi,  mp 
200°,  from  ethanol,  ¥mM^  1715  cm'^  Anal.  Cakd  for  QAtNOi: 
C,  72.3;  H.  7.5.  Found:  C,  72.6;  H,  7.3);  5,7.dehydro-7-0'- 
diethyiaminoethoxycarbonyl>-6,14-eiuib-etheno-6-0-methykSihydro- 
thebainol  (X,  R  »  CHsCHsNEtt,  R'  -  H,  noncrystalline,  dil!^ 
chloride,  mp  238°,  from  ethanol,  vwmx  1715  cm^^  Anal.  Gslod  for 
Q8H»NsOi-2Ha  HsO:  C,  58.6;  H,7.3.  Found:  C,58.8;  H 
7.3).  5,7-Dehydro-6,14-tf/idb-etheno-6^naethyl-7-(2'-nioipho&»- 
ethoxycarbonyl)dihydrothebainol  (X,  R  "*  mc^hc^inoethyl. 
R'  s  H,  noncrystalline,  dihydrochloride,  white  prisms,  op 
221  °,  from  ethanol,  ^maz  1715  cm^^  Anal.  Calcd  for  QsHmNA* 
2Ha-4H,0:  C,  52.3;  H,  7.1.  Found:  C,  52.0;  H,  6.S); 
and  5,7-dehydro-6,14-«iid!9-etheno-7-(2'-ethoxyethoxycarix)oyl>-60' 

methyldihydrothebainol  (X,  R  -  CHtCHiOEt,  R'  «  H. 
noncrystalline,  hydrochloride  white  prisms,  mp  270°,  frtMn  etbaixi 
Fmax  1715  cirrK  Anal.  Cakd  for  CieH„NO«Ha:  C.  63i; 
H,7.0.    Found:    C,63.6;  H,7.3). 

5,14-Ethano-18-ethoxycarlHNiylthebaiiione  (XI,  R  »  GOOD. 
R'  =  H).  5,7-Dehydro-6,14-^/K/(f>-etheno-7-cthoxycarbonyl-<^ 
methyldihydrothebainol  (X,  R  »  Et,  R'  -  H)  (2  g)  was  bested 
with  2  N  hydrochloric  acid  (20  ml)  at  1 00°  for  5  min.  The  solutioo 
was  basifi^  with  ammonia,  and  the  precipitated  base  was  isoltted 
by  ether  extraction  and  crystallized  from  methanol,  when  the  ester 
XI(R  =  CCK)Et,  R'  =  H)  (1.7  g)  was  obtained  as  white  prisms, 
mp  168°,  vmax  1735  and  1690  cm"*. 

Anal.  Calcd  for  CuHnNOt:  C,  69.5;  H,  6.8.  Found:  C 
69.6;  H,6.7. 

5,14-Etfaano-18-ethoxycaflMNiyl-4-0-flM(liylthelMdnoiie  (XI,  R  » 
COOEt,  R'  =  Me).  Hydrolysis  of  the  ester  X  (R  =  Et,  R'  » 
H)  with  2  N  hydrochloric  acid  at  100°  for  5  min,  followed  by  btsi- 
fication  of  the  solution  with  ammonia,  afforded  the  ester  XI  (R 
»  COOEt,  R'  »  Me),  which  was  isolated  by  ether  extractioosod 
obtained  from  aqueous  methanol  with  difficulty  as  white  prisms, 
mp  78°,  vnmx  1735  and  1690  cm-^ 
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Anal.  Calcd  for  QiHstNOi:  C,  70.0;  H,  7.1.  Found:  Q 
69.5;  H,7.0. 

5,14-Eliiaiio-18K2'-etliozyetliozycarlKmyI)tlie^  (XI,  R   -* 

COOCHsCH^Et,  R'  B  H)  was  obtained  as  above  by  the  hydroly- 
sis of  the  ester  X(R  »  CHtCHiOEt,R'  "  H) with 2 ^hydrochloric 
add  at  100*"  for  5  min.  llie  base  could  not  be  crystallized,  but  the 
hydrochloride  was  obtained  from  ethanol-ether  as  white  prisms, 
mp  254-256^  iw.  1735  and  1690  cm'^ 

Anal.  Calcd  for  CuHtiNOt-Ha:  C;  62.7;  H,  6.9.  Found: 
C,  62.6;  H,  6.8. 

7'<::yaBo-S,7Hlehydro-6,14-eiu^!o-€(heiio-6-OHneChyldi^ 
htdmA  Oai,  R'  -  H).  7-Qyano-6,14-«/uiSo-ethenotetrahydrothe- 
baine  (10  g,  mixture  of  7a  and  7/3  isomers  obtained  directly  from  the 
Diels-Alder  additicm  of  acrylonitrile  to  thebaine*)  in  ether  (200  ml) 
was  added  to  a  boiling  solution  of  methylmagnesium  iodide  (from 
2.52  g  of  magnesium  and  15.4  g  of  methyl  iodide)  in  ether  (100  ml), 
and  the  mixture  was  heated  and  stirred  under  rdQux  for  4  hr,  and 
then  poured  into  aqueous  ammonium  chlcuride.  The  ether  layer 
was  separated,  dried,  and  evaporated,  and  the  crystalline  residue 
(9.3  g)  was  recrystallized  from  methanol,  when  the  nitrile  Xn 
(R'  »  H)  was  obtained  as  almost  white  prisms,  mp  234°,  vmax 
2250  cm~^,  readily  soluble  in  aqueous  potassium  hydroxide  and 
coupling  in  solution  with  diazotized  sulfanilic  add  to  give  a  red  dye. 

Anal.  Calcd  for  CBHs4NsOt:  C,  72.5;  H,  6.7.  Found:  C, 
72.8;  H,6.8. 

The  same  base  was  obtained  when  7-cyano-6,14-tfiidb^etheno- 
tetrahydrothebaine  (10  g)  was  added  to  a  solution  of  potassium 
(5  g)  in  /-butyl  alcohol  (200  ml),  the  soluticm  being  maintained  at 
65**  for  15  min  after  which  it  was  poured  into  saturated  aqueous 
ammonium  chloride,  and  the  product  was  isolated  by  ether  extrac- 
tion. It  was  obtained  also  by  either  process  starting  from  the  pure 
7a  and  7/3  nitriles. 

7<<:^aiio^jHlehydro-6,14-emft>-ellieno4,6-0-dliiietfayldihyd^ 
IhciMdnol  (Xn,  R'  »  Me).  7-(ryano-6,14-e/ttfo-ethicnotetrahydro- 
thebaine  (6  g,  mixture  of  7a  and  70  forms)  was  added  to  a  solution 
of  potassium  (2.4  g)  in  /-butyl  alcohol  (40  ml)  and  methyl  iodide 
(6  ml)  was  added  to  the  resulting  red  solution.  The  mixture  was 
stirred  at  ca.  65°  for  1  hr  and  poured  into  aqueous  ammonium  chlo- 
ride, and  the  organic  layer  was  separated.  The  aqueous  layer  was 
extracted  once  with  ether,  and  the  combined  organic  solutions  were 
evaporated  to  dryness.  The  residue  (6  g)  was  recrystallized  from 
methanol,  when  the  O-methyl  ether  XII  (R'  »  Me)  (5  g)  was  ob- 
tained as  prisms,  mp  187°,  9nax  2250  cm'  K 

Anal.  Calcd  for  C:itHs4NsOt:  Q  73.0;  H,  6.9.  Found:  C, 
72.6;  H,6.9. 

7-Cyaao^,7-dehydro-6,14^gy»fo^<tfaCBO  4  0-etfayl-6-0-awtliyl» 
dihydrotliebaiiiol  (Xn,  R  »  El).  7-C;yano-6,14-«ittA>^henotetra- 
liydrothebaine  (3  g)  in  a  solution  of  potassium  (1.2  g)  in  /-butyl 
alcohol  (20  ml)  at  60°  was  ethylated  by  the  addition  of  ethyl  bro- 
mide (3  ml).  Isolation  ofthe  product  in  the  manner  described  above 
save  the  4-O-ethyl  ether  Xn  (R'  »  Et)  as  white  needles,  mp  120°, 
firom  aqueous  methanol. 

Anal.  Calcd  for  CuHisNiOt:  C,  73.5;  H,  7.15.  Found: 
0,73.0;  H,7.3. 

4-0-Acetyl-7-€yaBO^,7-dehydro-6,14-en£/c^€theno-6-0-iBetfayl- 
dliydrothebainol  (Xn,  R^  -  COCHi).  Acetyl  chloride  (3  ml) 
was  added  to  a  solution  of  7-cyano-6,14-«/fd!t>-ethenotetrahydrothe- 
baine  (3  g)  in  one  of  potassium  (1.2  g)  in  /-butyl  alcohol  (30  ml). 
After  15  min  at  room  temperature  the  mixture  was  poured  into 
ammonium  chloride  solution  containing  ammonia.    The  product 


was  isolated  by  ether  extraction  and  recrystallized  from  methanol, 
when  the  acetylated  nitrile  XII  (R'  »  COCHi)  was  obtained  as 
dongated  plates,  mp  217°,  iwz  2250  and  1720  cm~^ 

Anal.  Calcd  for  QAtNiOi:  C,  70.9;  H,  6.4.  Found:  C, 
70.9;  H,6.4. 

18-CyaBo-544-etlianotlielMiiione  (XI,  R  «  CN,  R'  »  H).  7- 
Cyano-5,7-dehydro-6,14-eiidb-etheno-6-  O-  methyldihydrothebainc^ 
(Xn,  R'  «  H)  (5  g)  was  heated  for  5  min  at  100°  with 
2  N  hydrochloric  add  (20  ml).  The  ketone  was  precipitated  with 
ammonia  and  recrystallized  from  methanol,  when  it  was  obtained 
as  white  prisms,  mp  200°,  vnmx  2250  and  1690  cm~^ 

Anal.  Calcd  for  CnHnNsOs:  C,  72.0;  H,  6.3.  Found:  C, 
72.1;  H,6.2. 

18i-CyaBO-544-eChano-4-0-inethyHliebaiiiOBe  (XI,  R  »  CN, 
R'  »  Me).  Prepared  as  above  by  the  hydrolysis  of  the  methylated 
nitrile  XII  (R'  »  Me),  this  ketone  was  obtained  as  prisms,  mp 
284°,  vnmx  2250  and  1690  car\  from  ethanol. 

Anal.  Calcd  for  CuHsiNsOs:  C,  72.5;  H,  6.7.  Found:  C, 
72.1;  H,6.3. 

lflk:yaBO-5,14-«tiiaiio-4-0-eChyl-6-0-iiietfayltliebaiiione(XI,R'  - 
El)  was  obtained  by  the  hydrolysis  of  the  nitrile  XII  (R'  -  Et) 
with  2  N  hydrochloric  acid  at  100°  as  above,  and  was  recovered 
from  aqueous  methand  as  prisms,  mp  200°,  ynu  2250  and  1690 
cm"*. 

Anal.  Calcd  for  CisHs»NtO<H,0:  C,  69.7;  H,  7.1.  Found: 
C  69  9*  H  6  7 

Reaction'  c^  the  Nitrile  Xn  (R'  »  Me)  with  Methylmag- 
nesima  Iodide.  7-Qyano-5,7-dehydro-6,14-e/tt/o-etheno-4,6-0-(E- 
methyldihydrothebainol  (XII,  R'  =  Me)  (6.1  g)  in  tetrahydro- 
furan  (200  ml)  was  addc^  to  a  boiling  stirred  solution  of  methyl- 
magnesium  iodide  (from  2  g  of  magnesium  and  4.6  ml  of  methyl 
iodide)  in  tetrahydrofuran  (100  ml).  The  resulting  mixture  was 
stirred  and  heated  under  reflux  for  5  hr,  and  poured  into  saturated 
ammonium  chloride  solution.  The  organic  layer  was  separated, 
and  the  aqueous  layer  was  extracted  once  with  ether.  Evapora- 
tion of  the  combined  organic  solutions  afforded  a  viscous  material, 
which  was  warmed  on  the  water  bath  for  30  min  with  2  A^ydro- 
chloric  add  (25  ml).  Basification  of  the  solution  with  ammonia 
and  isolaticm  of  the  product  by  ether  extraction  afforded  a  solid  (4 
g).  On  crystallization  from  ethanol  this  gave  18-acetyl-5,14- 
ethano^O-methylthebainone  (VII,  R'  =  Me),  mp  186°,  identical 
in  melting  point,  mixture  melting  point,  and  infrared  absorption 
with  the  base  obtained  by  the  methylation  of  the  phenol  VU  (R^ 
-H). 

Action  €i  BoroB  THbromide  on  the  Ketone  I.  7or-Acetyl-6,14- 
endSo-ethenotetrahydrothebaine  (5  g)  in  methylene  chloride  (30  ml) 
was  treated  with  boron  tribromide  (3.2  g)  at  5°  for  1  hr.  Aqueous 
ammonium  chloride  containing  ammonia  was  added  to  the  solu- 
tion, and  the  organic  layer  was  separated,  dried,  and  evaporated, 
when  18-acetyI-5,14-ethanothebainone,  mp  199-200°,  alone  or 
mixed  with  an  authentic  specimen  was  obtained. 
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Abstract:  Nuclear  magnetic  spectroscopy,  including  homonuclear  field-sweep  spin-decoupling  techniques,  has 
been  used  to  determine  the  stereochemistry  of  the  epimers  and  the  configuration  of  some  of  the  diastereomers 
formed  by  the  Diels-Alder  addition  of  electrophilic  olefins  to  thebaine,  followed  by  further  transformations. 
Analyses  of  the  nmr  spectra  include  the  comparisons  of  computed  spectra  with  the  observed  spectra  for  the  various 
spin-spin  systems.  Differences  in  chemical  shift  between  similar  protons  in  the  various  compounds  have  been 
explained  in  terms  of  the  anisotropy  of  a  phenyl  substituent  or  the  shielding  parameters  of  the  cyclic  tertiary  nitro- 
gen atom  and  the  bicyclo[2.2.2]octene  double  bond  present  in  these  structures. 


The  preceding  papers'  describe  the  preparation  and 
chemical  transformations  of  a  variety  of  6,14-enrfo- 
ethenotetrahydrothebaine  derivatives  containing  the 
bicyclo[2.2.2]octene  system,  obtained  by  Diels-Alder 
addition  of  electrophilic  olefins  to  thebaine  followed  by 
further  transformations.  This  paper  describes  the 
application  of  nuclear  magnetic  resonance  (nmr)  spec- 
troscopy, including  homonuclear  field-sweep  spin- 
decoupling  techniques,  to  the  elucidation  of  the  absolute 
configuration  of  asymmetric  centers  formed  during 
these  transformations.  Included  specifically  are  stereo- 
chemical assignments  of  epimers  (at  C-7)  produced  by 
the  Diels-AIder  reactions'^  (and  generally  maintained 
during  subsequent  transformations)  and  a  study  of 
diastereomeric  alcohols  (at  C-19)  formed  by  stereo- 
selective transformations  of  the  Diels-AIder  adducts.'^ 
The  structure  below  is  a  stereochemical  representation 


'Ci^O^-^nm 


la 

7^ 

la 

CN 

H 

lb 

H 

CN 

Ila 

COCH, 

H 

lib 

H 

cxx:h, 

Ilia 

aCH,),OH 

H 

Illb 

H 

aCH,),OH 

IV 

cxx:ai» 

H 

V 

a— NOH)CH, 

H 

VI 

a=CH,)CH, 

H 

VII 

a— CHOCJHs 

H 

VIII 

aCH,),OCH, 

H 

IX 

aCH,)20H  (nor-IIIa  NCN) 

H 

X 

CHjOH 

H 

(1)  Central  Research  Laboratories. 

(2)  (a)  K.  W.  Bentley  and  D.  G.  Hardy,  /.  Am.  Chem,  Soc.,  89,  3267 
(1967);  (b)  K.  W.  BenUey,  D.  G.  Hardy,  and  B.  Meek,  ibid,,  89,  3273 
(1967);    (c)  K.  W.  BenUey  and  D.  G.  Hardy,  ibid.,  89,  3281  (1967); 

(d)  K.  W.  BenUey,  D.  G.  Hardy,  and  B.  Meek,  ibid.,  89,  3293  (1967); 

(e)  K.  W.  BenUey,  D.  G.  Hardy,  C.  F.  Howell,  W.  Fulmor,  J.  E.  Lancas- 
ter, J.  J.  Brown.  G.  O.  Morton,  and  R.  A.  Hardy,  Jr.,  ibid.,  89,  3303 
(1967);  (0  K.  W.  BenUey,  D.  G.  Hardy,  H.  P.  Crocker,  D.  I.  Haddlesey, 
and  P.  A.  Mayor,  ibid.,  89,  3312  (1967). 


of  the  6,14-e/id!t>-ethenotetrahydrothebaine  system  and 
illustrates  the  numbering  and  designations  for  C-7  epi- 
mers used  throughout  these  papers.' 

Compounds  Epimeric  at  C-7 

A  mixture  of  7-cyano  epimers  (la  and  lb)  was  ob- 
tained by  repeating  the  synthesis  of  Bentley  and  Ball,^ 
and  these  isomers  were  separated  and  isolated  in  ap- 
proximately equal  amounts  by  a  combination  of  frac- 
tional crystallization  and  partition  chromatography.^ 
At  the  outset,  chemical  data  did  not  permit  unequivocal 
assignment  of  the  C-7  epimer  configuration.  Howew, 
the  nmr  data,  including  the  results  of  spin  decoupling, 
demonstrated  that  the  more  polar  isomer,  mp  183- 
184"^,  had  the  7a-nitrile  configuration  (la)  with  the  6,14- 
etheno  bridge  disposed  in  the  endo  position  ''inside** 
the  tetrahydrothebaine  skeleton.  The  nmr  spectrum 
of  this  epimer  is  shown  in  Figure  1  (with  arrows  indicat- 
ing the  spin  systems  established  by  decoupling  experi- 
ments). Irradiation  of  the  olefinic  H-18  (5  5.93)  estab- 
lished that  it  was  part  of  a  four-spin  systenL  Spin 
coupling  was  found  between  H-18  and  H-17  (5  5.61), 
Jn^  =  9.0  cps  (a  typical  AB  pattern).  Additionally, 
H-18  was  coupled  to  both  H-5i9  (5  4.50),  7,^4,  =  ca, 
2  cps,  and  to  H-7/3  (8  2.85),  Ji^^  <  1.0  cps.  Examina- 
tion of  a  Dreiding  model  of  la  showed  that  both  H-50 
and  H-7j3,  together  with  H-18  and  the  intervening  car- 
bon atoms,  approximate  a  plane  in  which  the  connecting 
bonds  resemble  a  "W";*  both  protons  would  therefore 
be  expected  to  couple  with  H-18.*  These  couplings  arc 
summarized  in  Figure  1.  Decoupling  experiments  were 
also  performed  on  the  four-line  pattern  of  the  upfidd 
proton  (8  1.50).  This  absorption,  eventually  assigned 
to  H-8a,  was  established  as  part  of  a  three-spin  system 
involving  H-7j3  and  H-8j3.  Inspection  of  the  H-8a 
pattern  at  5  1.50  established  that  Js^^fi  =  12.0  cps 
(geminal  coupling)  and  /7/}.8a  —  4.5  cps  (vicinal  coupling, 
transoid).    By  using  spin  decoupling  and  observing  tte 

(3)  H.  Rapoport  and  P.  Sheldrick,  ibid.,  85,  1636  (1963). 

(4)  K.  W.  BenUey  and  J.  C.  BaU,/.  Org.  Chem.,  23,  1720, 1725(1958). 

(5)  E.  W.  Garbisch,  Jr.,  Chem.  Ind.  (London),  1715  (1964). 

(6)  (a)  S.  Sternhell,  Reo.  Pure  AppL  Chem..  14, 15  (1964);  (b)  T.  J. 
Batterham,  K.  H.  BeU,  and  U.  Weiss,  Australian  J.  Chem.,  IS,  1799 
(1965);  (c)  K.  Tori,  Y.  Takano,  and  iC  Kitahonoki,  Chem.  Aer^f?. 
2798  (1964). 
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Hgure  1.    Proton  oinr  spectrum  of  the  To-cyano  epimer  la. 


perturbations  of  the  four-line  H-Ba  pattern,  it  was  pos- 
sible to  locate  both  of  the  H-7|3  and  H-80  multiplets  in 
the  region  8  2.5-3.5.  However,  owing  to  resonances 
from  other  protons  in  this  region  (H-9a  and  H-10(3), 
identification  of  the  individual  resonance  lines  from 
these  protons  was  difBcult.  Careful  examination  of  the 
2  2.8  region  revealed  a  pair  of  doublets  which  bad 
the  same  4.5-cps  vicinal  splitting,  but  separated  by  9.5 
cps  iJvfff)  in  which  the  iiltensities  of  each  component 
varied  considerably.  Careful  spin  decoupling  then 
clearly  indicated  that  the  4.S-cps  doublets  of  H-ia  were 
collapsed  by  irradiating  these  doublets  at  S  2.S,  and, 
moreover,  it  appeared  that  the  upfield  doublet  of  H*8a 
was  collapsed  by  irradiating  the  low-field  doublet  of 
the  pair  at  2  2.S,  and  oict  versa.  This  indicated  that  the 
two  couplings,  J  =  12.0  cps  and  J  =  9.5  cps,  had  oppo- 
site signs.  Tliis  finding  was  consistent  with  the  as- 
signed arrangement  of  these  protons,  for  it  is  known 
that  the  sign  of  Jbh  (geminal)  is  negative  while  that  for 
Jhh  (vicinal)  is  positive.'  Accordingly,  the  {  2.8 
doublets  belonged  to  H-7|3,  and  the  H-8^  pattern  ap- 
peared partly  hidden  near  5  3.2. 

To  confirm  the  observed  intensities  of  the  H-70  doub- 
lets and  to  help  locate  the  H-8^  pattern,  the  expected 
spectrum  was  calculated  using  estimated  chemical 
ihifts  (which  approximated  the  true  values)  and  the 
following /values:  7^,^  -  -12.0  cps,J-,fl»  =  -1-9.5 
cps,  and  y^jta  =  +4.5  cps.  The  three  spins  were 
treated  as  an  ABC  system,  following  established  mathe- 
matical procedures.*-*  The  line  positions  and  in- 
tensities were  calculated  with  the  aid  of  a  program  writ- 
ten for  a  Burroughs  205  computer.  The  excellent  agree- 
ment between  the  calculated  and  experimental  spectra 
ifl  shown  in  Figure  2,  where  the  calculated  H-8i3  set  of 
lines  fits  under  the  observed  lines.  Two  of  the  H-80 
lines  can  be  seen  in  the  spectrum,  while  the  other  two 
are  obscured.  The  three  combination  lines  which 
result  from  an  ABC  treatment  are  omitted,  as  their 

(7)  C  N.  Bonwdl  and  N.  Shcppard,  Dliciailoni  Farada)/  Soc.,  34, 
113  (1962). 

(8)  J.  A.  Pople,  W.  G.  Schneider,  and  H.  J.  Beniitem,  "High-Reaola- 
■■on  Nuclear  Magnetic  Retoiuooe,"  McGraw-Hill  Book  Co.,  Inc..  New 
York.  N.  Y..  1939. 

(9)  C.  N.  Banweli  and  N.  Sbeppard.  Mel.  Phyt.,  3,  331  (I960). 
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Figure  2.  Calculated  and  expcnmeotal  spectra  (nmr)  for  the 
&7ft  08a,  C-8P,  C-9a,  C-lOcr,  and  C-103  protons  in  the  7a- 
cyano  epimer  la. 


intensities  were  near  zero.  The  patterns  for  the  H-9a 
and  H-100  protons  were  also  found  in  this  region 
(5  2.5-3.5)  which  integrates  for  four  protons  (H-7|5, 
h  2.8  and  H-8J9,  i  3.2  are  also  present).  Using  esti- 
mated chemical  shifits  for  H-9a  (2  3.20),  H-10^  (2 
3.20),  and  H-lOa  (5  2.43)  with  the  observed  coupling 
constants  (y»„4to  -  +6.2  cps,  Jv^.Kf  =  —18.0  cps, 
Bi^^Jta,Mfi  ~  cd.  0.0  cps,  which  are  in  agreement  with  Rtill 
and  Gagnaire"*)  the  line  positions  and  intensities  of 
these  proton  patterns  were  calculated,  and  the  agree- 
ment between  these  calculated  and  observed  spectra  is 
also  shown  in  Figure  2.  Thus,  spin  decoupling,  to- 
gether with  the  excellent  agreement  between  the  com- 
puted and  observed  spectra,  confirmed  the  chemical 
shifts  assigned  for  H-70  (5  2.8S)  and  H-80  (S  3.25),  as 
indicated  in  Figures  1  and  2,  even  though  the  complex 
patterns  resulting  from  H-9oc  and  H-10i9  resonance  Unes 
also  appeared  in  this  region. 

Very  small  (<0.2  cps)  long-range  coupling  between 
H-80  (2  3.25)  and  H-17  (S  5.61)  was  also  detected  by 
spin  decoupling.  These  protons  are  sterically  related 
to  each  other  in  the  same  sense  that  H-70  is  related  to 

(10)  T.  Run  and  D.  Gagnaire,  Bull.  Soc,  Chim.  Fnmet,  2189  (1963). 
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Figure  3.    Proton  nmr  spectrum  of  the  7/3-cyano  epimer  lb. 


H-18  (see  structures  I-X).  The  downfield  chemical 
shift  of  H-8/3  (8  3.25)  compared  with  that  of  H-8a 
(8  1.50)  was  somewhat  surprising,  since  the  correspond- 
ing protons  in  bicyclo[2.2.2]octene  resonate  at  8  1.50 
and  1.27,  respectively ."^^  The  large  difference  in  chemi- 
cal shifts  of  the  geminal  protons  H-8a  and  H-8j3  may 
be  understandable  upon  consideration  of  the  shielding 
(or  the  free  electron  pair)  of  the  tertiary  nitrogen  atom 
held  in  proximity  to  H-8/3  (ca.  2.9  A)"  by  the  rigid  ring 
system  (see  structures  I-X).  The  chemical  shift  of 
H-8j3  is  similar  to  that  observed  for  the  5>^/i-methylene 
bridge  proton  of  sparteine,^'  which  is  also  held  in  the 
proximity  of  a  nitrogen  atom  (ca.  2.3  A  away).  Addi- 
tional discussion  of  this  point  is  included  in  the  latter 
part  of  this  paper,  as  this  marked  downfield  shift  for 
H-8j9  is  evident  in  virtually  all  of  the  compounds  exam- 
ined in  this  series. 

Assignment  of  the  other  isomer,  mp  195-196**,  as  the 
7j3-cyano  epimer  (lb)  was  based  on  equivalent  de- 
coupling experiments;  this  nmr  spectrum  is  shown  in 
Figure  3.  In  contrast  to  la,  spin  decoupling  established 
that  H-18  in  this  epimer  was  part  of  a  three-spin  system. 
Again,  H-18  (8  5.90)  and  H-17  (8  5.57)  formed  a  typical 
AB  coupling  pattern  (/n.w  =  9.0  cps),  and  the  H-5i9 
(8  4.98),  H-18  coupling  (/§/j,i8  =  ca.  2  cps)  was  also  simi- 
lar to  that  found  previously.  However,  no  coupling 
was  found  between  H-18  and  any  upfield  proton  in  the 
area  8  2.8-3.1,  where  H-7a  and  H-8j§  were  subsequently 
located  by  irradiation  of  H-8a  (the  upfield  proton; 
8  1.70  in  this  epimer).  The  absence  of  spin  coupling 
between  H-18  and  H-7a  in  this  isomer  is  as  expected 
since  the  7/3  position  is  now  occupied  by  the  nitrile 
group,  and  H-7a  is  not  oriented  correctly*  for  long- 
range  coupling  with  H-18.  The  downfield  shift  of 
H-5/3  from  8  4.50  for  the  7a-nitrile  (la)  to  8  4.98  for  this 
epimer  (lb)  was  especially  noteworthy.  The  chemical 
shifts  for  H-5j3  in  virtually  all  of  the  related  compounds 
(including  II-XIV)  appear  to  be  diagnostic  for  assign- 
ing the  configuration  at  C-7,  and  these  ranges  for  both 
series  of  C-7  epimers  are  summarized  in  Table  I.    In- 

(U)  Estimated  from  Dreiding  models. 

(12)  F.  Bohlmami,  D.  Schumami,  and  C.  Arndt,  Tetrahedron  Letters, 
2705  (1965). 


deed,  mixtures  of  C-7  epimers  (including  la  and  lb)  woe 
frequently  recognized  by  examination  of  their  nmr  spec- 
tra (even  of  relatively  crude  products),  as  resonances 
from  other  protons  (except  for  exchangeable  hydroxyl 
protons)  were  generally  not  found  in  the  5  4.3-52 
region.  Confirmation  of  the  C-7  epimer  assignment 
based  on  the  readily  observed  chemical  shift  for  H-5j} 
could  then  be  established  by  spin  decoupling. 


Table  I.    Protons  Diagnostic  for  C-7  Substituents 


No.  of 

Avchem 

Proton  examples 

shift,  5                         Exceptions 

7a  Substituted 

H-5/3 

21 

4.57  ±0.05       XIIIa(4.47),b(4.47),c(4.37) 
7/3  Substituted 

H-5^ 

3 

5.07±0.12 

7a  at  70  Substituted 
(la-DO 

H-8a 

8 

1.35  ±0.15        IIIa(0.79),b(?),Vm(1.18X 

DC  (0.93) 
7a-C-19  Carbinols 

H-8a 

11 

0.78  ±0.05       XIb(1.20XXna(1.22Xmb 

(?) 

Close  examination  of  the  spectra  and  equivalent  spin- 
decoupling  experiments  on  the  H-8a  four-line  pattern 
(8  1.70)  of  lb  established  that  this  proton  was  still  part 
of  a  three-spin  system.  The  high-field  H-8a  lines  now 
showed  nearly  equal  splittings  of  11.2  cps  (vicinal)  and 
12.2  cps  (geminal).  This  increase  in  vicinal  coupling 
would  be  expected  for  the  cis  relationship  between 
H-7a  and  H-8a.  Some  of  the  H-7a  and  H-8/3  lines 
(in  the  8  2.S-3.S  region)  of  this  7/3  epimer  (see  Figure 
3)  were  more  obvious  than  the  corresponding  lines  in 
the  spectrum  of  the  7a  epimer  (see  Figure  1).  This 
ABC  system  (H-8j3,  H-7a,  H-8a)  may  be  approximated 
by  an  ABX  pattern  where  the  AB  part  consists  of  two 
AB  subspectra.  One  of  these  slightly  perturbed  AB 
subspectra  was  visible  near  S  2.9  (Figure  3).  The  loca- 
tion of  the  other  AB  subspectrum  followed  from  the 
couplings  already  determined;  three  of  the  four  lines 
were  identified  near  S  3.1.    The  third  coupling  (3.6 
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Table  IL    Protons  in  Spin-Decoupled  Systems**^ 


la 


lb 


Ila 


Ub 


Compd       H-5/3 


4.49 


4.99 


4.53 


4.98 


H-7a 


—  Proton,  chem  shifts,  5 

H-7^  H-8a  H-8^         H-17  H-18 


Coupling  constants,  /  (cps) 


2.85 


2.79 


2.90 


2.69 


1.50 


1.70 


1.34 


1.40 


3.26 


3.10 


2.91 


3.04 


5.60 


5.57 


5.54 


5.48 


5.93 


5.90 


5.85 


6.04 


5^.18  «2.0),  7/3,8a  (+4.5),  8a,8/3 

(-12.0X  7/3,8/3(+9.5).  17,18  (9X)), 

7A18«1.0),  8/3.17  «0.2) 
5/3,18  «2.0),  7a,8a  (+11.2).  8a,8/3 

(-12.2).  7a.8/3  (+3.6).  17.18(9.0). 

8/3,17  «0.2) 
5A18  «2.0X  7A8a  (+6.5),  8a.8/9 

(-12.6),  7/3,8/3  (+9.7).  17,18  (10.0). 

7/3,18  and  8/3,17  «0.2) 
5/3,18  «2.0),  7a,8a  (+13.9),  8a,8/9 

(-15.6).7a.8/3(+5.0),  17.18(9.0) 


*  General  characteristics  are  in  Table  ni.    *  These  values  are  included  in  the  averages  in  Table  I. 


:ps)  was  evident  by  the  splitting  of  the  outer  lines  of  each 
^B  pattern.  Using  these  chemical  shifts  and  coupling 
x>nstants  and  a  negative  value  for  the  geminal  coupling 
x>nstant  (—12.2  cps),  the  complete  spectrum  was  cal- 
:ulated  as  before.  By  analogy  with  the  7a  epimer  (la), 
the  four  lines  belonging  to  the  upfield  halves  of  each  AB 
spectrum  were  assigned  to  H-7a  (8  2.79),  and  the  low- 
field  halves  to  H-SjS  (S  3.10).  The  agreement  with  the 
observed  spectrum  is  shown  in  Figure  4  together  with 
^uivalent  results  for  the  H-9a,  H-lOa,  and  H-10j9  pat- 
:erns.  The  very  small  long-range  coupling  (/  -  0.2 
:p8)  between  H-17  and  H-8j9  was  also  detected  in  this 
rpimer  by  spin  decoupling  (analogous  to  that  observed 
nia). 

These  nmr  data  pertaining  to  la  and  b,  including  the 
»iperimentally  observed  spin  systems  and  coupling 
constants,  and  consideration  of  the  ^isotropic  ef- 
fects of  the  /-nitrogen  on  the  C-8  protons  independently 
confirm  the  conclusions  of  Bentley  and  co-workers***^ 
iiat  neither  la  nor  lb  could  be  an  8-cyano  derivative, 
rhey  also  confirm  the  assignment  of  the  endo  disposition 
>f  the  6,14-etheno  bridge  "inside"  the  tetrahydrothe- 
>aine  system.^*  These  conclusions,  based  upon  nmr 
lata,  can  generally  be  extended  to  other  analogous 
Dicls-Alder  adducts  (e.g.,  Ila  and  lib  below),  although 
>ur  investigations  of  spin-spin  couplings  by  double 
rradiation  techniques  (see  Table  II)  and  computed 
ipectra  produced  the  most  definitive  results  with  la  and 
h  of  the  several  pairs  of  epimers  studied.  Other  char- 
icteristic  proton  patterns  recognized  in  the  nmr  spectra 
>f  la  and  b  (and  of  II-XIV)  are  summarized  in 
rable  III. 

The  epimeric  methyl  ketones  Ila  and  Ilb^^  were 
dmilarly  studied.  The  general  characteristics  of  these 
imr  spectra  were  similar  to  those  of  the  nitriles  la  and 
h  (Table  III).  Detailed  spin-decoupling  experiments 
vere  also  carried  out  to  establish  the  appropriate  spin 
systems  for  H-SjS,  H-7a,  H.7/3,  H-Sa,  H-8/3,  H-17,  and 
HE- 18,  as  before;  these  chemical  shifts  and  coupling 
:onstants  are  included  in  Table  II.  However,  addi- 
ional  difiiculties  in  spin  decoupling  were  encountered 

(13)  In  both  8-cyano  epimers,  H-18  would  always  be  expected  to  be 
Murt  of  a  four-spin  system  including  H-7/9  which  would  have  a  geminal 
oupling  constant  as  well.  This  was  not  observed  in  any  compound 
xamined.  The  possibility  that  lb  might  be  a  6,14-exa-etheno  deriva- 
Ive  may  be  dismissed  because  of  the  similarity  of  the  H-17  and  H-18 
»lefinic  proton  patterns  to  those  of  la,  which  had  been  assigned  the 
VNlo-etheno  configuration*"'^  on  the  basis  of  chemical  data. 

(14)  These  epimers  were  obtained  by  repeating  the  synthesis  of 
lentley  and  coworkers ;**'^  Ila,  mp  115-118°  (pure  by  nmr  and  tic),  was 
obtained  in  80%  yield  (first  crop),  and  Ub,  mp  198-201 "",  was  isolated  in 
.8%  yield  by  partition  chromatography  of  the  mother  Uquors. 


owing  to  the  greater  overlap  of  resonance  patterns 
{e.g.,  in  Ila).  Of  particular  interest  was  the  pattern 
for  H-8a  in  the  spectrum  of  Ila.  This  was  clearly  seen 
between  S  1.1  and  1.6  (centered  at  S  1.34),  but  it  did 
not  resemble  the  four-line  pattern  observed  for  H-8a 
in  the  spectra  of  la,  lb,  and  lib.  Instead,  a  five-line 
pattern  was  observed.  Four  of  the  five  lines  were  nar- 
row and  synmietrically  arranged,  with  the  inner  lines 


9.23^ 


Figure  4.  Calculated  and  experimental  spectra  (nmr)  for  the  C-7a, 
C-8a,  C>8/9,  C-9a,  C-lOa,  and  C-1010  protons  in  the  7/3-cyaiio 
epimer  lb. 


being  stronger  than  the  outer  ones;  the  fifth  line  was 
somewhat  broader  and  appeared  in  the  center  (see 
Figure  S).    The  two  combination  lines  in  the  X  patton 


jMJ 


joKj^ 


u. 


II 


f 


1 


1.34^ 


Figure  5.    Calculated  and  experimental  spectra  (nmr)  for  the  C-7/9, 
C-8a,  and  C-8/3  protons  in  the  Ta-methyl  ketone  epimer  Ila. 


of  an  ABX  system  can  become  quite  strong  and  appear 
in  the  center  of  the  X  pattern  when  the  chemical  shift 
of  A  is  very  close  to  that  of  B.^*    Indeed,  decoupling 

(15)  J.  I.  Musher  and  E.  J.  Corey,  Tetrahedron,  18, 791  (1962). 


Fuimor,  et  ai.  /  Nmr  Studies  of  the  6,14'endO'Ethenotetrahydrotheba 


3326 

T9ble  m.    General  Characteristics  of  Compounds  Studied* 


No.  of 

Avchem 

Coupling 

Proton 

examples 

shift,  5 

constant,  /  (cps) 

Exceptions 

H-l 

27 

6. 54  ±0.03 

1.2  (8  ±0.5) 

H-8^ 

16 

2.9±0.15(1) 

8/3.8a(2)(12±2) 

8/3.7/3  (2)  (8  ±0.5) 
8/3.7a(2)(4.3±0.7) 

(1)  IX  (2.67),  (2)  known 
only  for  the  compounds 
in  Table  n 

H-9a 

22 

3.13±0.04 

9a.lOa(6.5±0.5) 

XIa  (2.94).  DC  (3.93), 
XIIIa(2.70).XIIIb 

(2.62).  c  (2.63),  Ha- 

Ha  (4. 20) 

H-lOa 

23 

^2  A 

10a,10/3(18±l) 

IX(3.1) 

H-10/3 

28 

3.15d:0.05 

•   •  • 

IlaHQC?) 

H-17 

22 

5.48±0.06 

17,18(8. 5±0.5) 

XIa  (4. 88),  Xlg  (5. 69). 
VIII(5.37).IIa.Ha 
(5.78) 

H-18 

21 

5.91db0.08 

18,5/3(<2) 

IIIb(6.15),XIIa(5.04), 
IIaHa(5.61) 

S-OCH, 

25 

3.81  ±0.02 

6-OCH, 

27 

3.65  ±0.10 

•      •      ■ 

N-CH, 

26 

2.43  ±0.02 

•      •      • 

XIa(2.17).IIa-Ha 
(3.05) 

C-19CH, 

21 

1.1±0.1 

•      •      • 

«  The  nmr  spectra  were  run  on  a  Varian  A-60  spectrometer  equipped  with  a  variable-temperature  probe.  Solutions  were  20%  (w/v)  in 
deuteriochloroform  except  where  noted  otherwise.  Tetramethylsilane  was  used  as  an  internal  reference,  and  the  accuracy  of  the  measure- 
ments is  within  6  0.03  for  the  chemical  shifts  and  0.5  cps  for  the  coupling  constants.  The  spin-decoupling  work  was  done  on  a  Varian  DP-60 
equipped  with  a  Vanan  integrator-decoupler. 


experiments  made  while  observing  H-8a  (8  1.34)  indi- 
cated that  H-7j3  and  H-8/3  were  both  near  8  2.9.  With 
the  values  Jsa.sfi  =  — 12.0  cps,  /saj/j  =  +4.5  q>s,  and 
Jsfi.ifi  —  +9.5  cps,  obtained  from  the  analogous  isomer 
(la),  trial  three-spin  spectra  were  computed.  From 
these,  an  assignment  of  transitions  could  be  made  to 
the  H-8a  lines  and  four  clearly  visible  lines  assignable 
to  H-7/3  and  H-8j8.  The  entire  energy-level  scheme 
could  then  be  drawn  up  and  the  unobserved  lines  filled 
in.  An  exact  Castellano-Waugh^*  calculation  was 
carried  out  using  the  measured  shift  values.  The  spec- 
trum was  then  exactly  reproduced  with  the  following 
parameters:  H-8a,  8  1.34;  H-7/3,  8  2.90;  H-8/3,  8  2.91; 
Jsafifi  =  -12.6  cps;  Jsa.ifi  =  +6.5  cps;  V?^  =  +9.7 
cps.  The  two  combination  lines  in  the  H-8a  pattern 
appeared  at  its  center,  separated  by  about  0.01  ppm, 
and  could  easily  account  for  the  central  broad  line  (as 
shown  in  Figure  5). 

Spin  decoupling  of  the  7j3-acetyl  epimer  lib  was  simi- 
lar to  that  of  the  7/3-nitrile  lb  (see  Tables  I  and  III). 
The  spin  systems  determined  from  the  spectra  of  both 
Ila  and  lib  also  confirmed  the  prior  C-7  assignments 
of  Bentley,  et  al.^'*  These  assignments  are:  the 
configuration  at  C-7,  that  neither  isomer  could  be  an 
eight-substituted  derivative,  and  that  the  6,14-etheno 
bridge  was  in  an  endo  disposition. 

The  epimeric  tertiary  carbinols  Ilia"  and  Illb," 
synthesized  from  Ila  and  lib,  respectively,  were  also 
thoroughly  investigated.  In  the  7a  epimer  Ilia,  double- 
irradiation  methods  readily  established  that  H-7j3  had 
moved  upfield  to  8  2.1  with  respect  to  H-7j3  at  8  2.8 
in  its  precursor,  Ila.  This  upfield  shift  of  the  H-7j3  lines 
is  as  expected  with  the  removal  of  the  inductive  and/or 
anisotropic  effects  of  the  7a-cyano  or  -acetyl  group. 

(16)  S.  Castellano  and  J.  S.  Waugh,  /.  Chem.  Phys.,  34.  295  (1961). 

(17)  This  compound  was  synthesized  by  Grignard  addition  of  methyl- 
magnesium  bromide  to  Ila  as  described  by  Bentley  and  co-workers.  <^ 

(18)  Obtained  from  the  Reckitt  and  Sons  Ltd..  Laboratories  through 
the  courtesy  of  Dr.  K.  W.  Bentley. 


Observation  of  the  spectrum  showed  that  H-8a  was  also 
upfield  at  8  0.79  (8  1.32  in  Ila)  with  the  typical  four-line 
pattern  of  an  ABX  system.    Spin-decoupling  experi- 
ments on  this  epimer  gave  completely  analogous  results 
to  those  obtained  previously  with  la  and  Ila.    The 
H-5j3  doublet  (Js0,u  =  ca.  2.0  cps)  was  found  at  8  4.50, 
as  expected  for  a  7a  epimer,  and  H-18  was  part  oft 
four-spin  system:   H-5/3  (8  4.50),  H.7/3  (8  2.10),  H-17 
(8  5.43),  and  H-18  (8  5.92).    H-8a  was  part  of  a  three- 
spin  system:    H-8a  (8  0.79),  H-8/3  (8  2.88),  and  H-7^ 
(8  2.10).    One  additional  spin-decoupling  experimeot 
on  Ilia  established  that  H-l  (8  6.50)  was  coupled  to  at 
least  one  proton  (probably  H-10/3)  in  the  8  3.0  region. 
This  coupling  {J  =  <0.2  cps)  was  apparent  in  the  in- 
creased line  width  and  lowered  intensity  of  H-l,  relative 
to  H-2  in  all  compounds  examined. 

Spin-decoupling  experiments  on  the  epimeric  7^ 
carbinol  Illb  were  not  successful.  The  8a  proton  was 
not  found  in  the  region  around  8  0.8  as  in  Ilia.  This 
pattern  was  probably  under  the  C-19-nicthyl  resonances 
at  ca,  8  1.25.  Because  of  overlapping  lines  from  other 
protons  and  lacking  the  H-8a  handle,  it  was  not  possible 
to  determine  the  chemical  shifts  and  coupling  pattons 
as  in  the  spin  systems  previously  investigated.  The 
5/3  proton  was  observed  at  8  5.26  (a  peak  at  5  4.58  was 
assigned  to  the  C-19  OH  by  exchange  with  DsO).  This 
was  in  accord  with  other  7j3-substituted  derivatives 
(Table  I).  Thus,  although  one  might  argue  for  the 
paramagnetic  effects  of  the  7/3-cyano"  and  -acetyl* 
moieties  being  responsible  for  the  downfield  shifts  d 
H-5j3  in  lb  and  lib  (compared  with  la  and  Ila),  these 
effects  cannot  be  present  in  the  7j3-carbinol  Illb,  which 
showed  an  even  larger  downfield  shift  for  H-5i9.  Prob- 
ably steric  compression  is  a  better  explanation.'^   It 

(19)  A.  D.  Cross  and  I.  T.  Harrison,  /.  Am.  Chem.  Soe,^  S5,  3223 
(1963). 

(20)  L.  M.  Jackman,  "Applications  of  Nuclear  Magnetic  Resooioee 
Spectroscopy  in  Organic  Chemistry/*  Peraamon  Press  Inc.,  New  Yoct; 
N.  Y.,  1959.  p  112  ff. 
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so  of  interest  to  note  that  the  H-8a  lines  (8  1.2)  in 
had  apparently  moved  downfield  compared  with 
r  position  (5  0.79)  in  the  spectrum  of  Ilia  even  though 
1  Ilia  and  Illb  were  C-19  tertiary  carbinols  (see 
le  I).  Again,  any  rationale  which  invokes  removal 
lie  anisotropic  effects  of  7a-cyano  or  -acetyl  groups 
iccount  for  the  marked  upfield  shift  of  H-8a  to 
79  in  the  7a-/-carbinol  Illa  (compared  with  S  1.50 
a,  and  8  1.32  in  Ila)  apparently  does  not  apply  in 
equivalent  changes  (Lh  and  lib  to  Illb)  for  7j9  sub- 
lents.  Other  factors  must  be  involved  (see  Addi- 
al  Studies  of  the  C-8  Protons  below), 
ompounds  IV-X**  are  additional  examples  of  C-7 
lers  whose  nmr  spectra  were  entirely  analogous  to 
c  just  discussed  in  detail  (la-IIIb).  Chemical 
:  data  from  these  spectra  (all  7a  epimers)  are  in- 
ed  in  the  summary  data  in  Tables  I  and  III.  Of 
icular  interest  is  the  fact  that  the  nmr  spectrum 
5/3,  8  4.60)  of  nepenthone  (IV;  the  precursor  for 
)  diastereomer  Xlla)  confirmed  its  previous  assign- 
t  as  a  7a  epimer.***  Compounds  V,  VI,  and  VII 
additional  derivatives  in  which  C-19  bears  an  un- 
rated moiety;  these  spectra  were  similar  to  the 
tra  of  la  and  Ila.  Compounds  VIII,  IX,  and  X  are 
vatives  in  which  C-19  is  a  saturated  carbon  bearing 
^droxyl  or  ether  moiety;  their  spectra  were  analo- 
i  to  that  of  Ilia. 

ipounds  Diastereomeric  at  C-19 

I  the  course  of  our  investigations,  it  became  ap- 
(nt  that  spectral  data  (nmr  and  infrared)  might  pro- 
a  basis  for  assigning  the  configuration  for  the 
nmetric  carbon  at  C-19  in  the  appropriate  deriva- 
i.  This  expectation  was  realized  in  our  study  of  the 
tereomeric  phenylmethyl  tertiary  carbinols  XIa 
Xlla.  Two  other  pairs  of  diastereomers  (Xlb  and 
o;  XIc  and  XIIc)  were  also  studied,  but  their  spec- 
lid  not  provide  such  definitive  conclusions. 


CHs 


XIa,  R  =  CoHi  Xlla.  R  -  COii 

b,  R  »  H  b,  R  =  H 

0,  R  =  l^CJH7  c,  R  =  n-CiHi 

d.  R  -  n-CtHi  (30H) 

c,  R  =  1-C5XT11 

f ,  R  s»  cyclohexyl 

g,  R  -  CHtCHtCeHi  (3-OH) 

he  first  pair  of  C-19  diastereomers  studied  in  detail 
5  XIa,  obtained  from  the  7a-acetyl  derivative  Ila  by 
ition  of  phenylmagnesium  bromide,*'  and  Xlla,  ob- 
cd  from  the  7a-benzoyl  derivative  IV  (nepenthone) 
iddition  of  methyllithium.*^    The  nmr  spectra  of 

)  W.  Nagata,  T.  Terasawa,  and  K.  Tori,  /.  Am.  Chem,  Soc.,  86, 

(1964);  D.  R.  Arnold,  D.  J.  Treckcr,  and  E.  B.  Whipple,  ibid.,  87, 

(1965). 

;)  Compounds  VI  and  Vn  were  obtained  through  the  courtesy  of 

L  W.  Bentley;  the  others  were  obtained  by  repeating  the  syntheses 

ibed  by  BenUey  and  co-workers  as  indicated:    IV,*  V,**  VIII, •** 

X.» 

)  This  compound,  mp  210-212**,  was  synthesized  by  the  Grignard 

ion  of  phenylmagnesium  bromide  to  Ila.    The  crude  product  (mp 

M)?**,  86%)  had  traces  of  the  other  diastereomer  Xlb  (by  tic),  and 

)urified  by  partition  chromatography. 

)  This  cmpound,  mp  148-150°,  was  synthesized  by  the  addition  of 

/llithium  to  IV.    It  was  initially  obtained  as  a  glass  (90  %  yield)  and 


XIa  and  Xlla  showed  a  number  of  general  features  con- 
sistent with  those  previously  described  (Table  III),  and 
the  chemical  shifts  for  H-5j3  in  both  of  these  C-19 
diastereomers  (Table  I)  indicated  they  were  la  epimers ; 
the  C-7  configuration  had  not  been  aifected  during 
their  synthesis.  However,  in  Xlla  the  upfield  shift  of 
both  olefinic  protons,  H-17  (8  4.88;  A8  =  0.55  ppm) 
and  H-18  (8  5.04;  A8  =  0.91  ppm),  was  striking  and 
somewhat  unexpected  when  compared  with  these  chemi- 
cal shifts  in  XIa  and  in  virtually  all  analogous  com- 
pounds (see  Table  III).  These  upfield  shifts  in  Xlla 
are  understandable  if  the  phenyl  moiety  (R)  in  this 
diastereomer  is  held  in  a  ''down  under"  position  in 
close  proximity  to  the  C-17  and  C-18  protons  of  the 
e/u/o-etheno  bridge  (as  illustrated  in  XI  and  XII), 
thereby  producing  a  shielding  effect.  Examination  of 
models  indicated  this  was  possible,  and  the  greater  up- 
field shift  of  H-18  over  that  of  H-17  was  consistent 
with  the  closer  proximity  of  H-18  to  the  phenyl  group. 
There  appeared  to  be  considerable  restriction  of  free 
rotation  about  the  C-19  to  C-7  bonds  in  both  diastereo- 
mers (XIa  and  Xlla),  and  high-temperature  nmr  experi- 
ments provided  experimental  data  consistent  with  these 
observations.  In  perdeuteriodimethyl  sulfoxide  the 
C-19-hydroxyl  resonance  of  XIa  was  observed  at  8  4.9 
at  ambient  temperature  and  moved  upfield  to  8  4.7  at 
180^.  In  Xlla,  this  hydroxyl  absorption  was  found  at 
8  4.6  at  ambient  temperature,  at  8  4.4  at  140^,  and  at 
180^  it  was  too  diffuse  to  locate.  There  were  no  signifi- 
cant changes  (more  than  8  0.05)  from  the  ambient  tem- 
perature spectra  for  any  other  protons. 

Intramolecular  hydrogen  bonding"  of  the  C-19-/- 
hydroxyl  proton  was  evident  from  the  infrared  spectra 
of  both  diastereomers  XIa  and  Xlla  (OH,  2.92  /x;  not 
concentration  dependent).  This  must  involve  the  6- 
methoxyl  groups  as  indicated  by  the  conformations 
shown  in  XI  and  XII.  Hydroxyl  resonances  at  8  5.26 
and  5.8  in  the  deuteriochloroform  spectra  of  XIa  and 
Xlla,  respectively,  also  agreed  with  these  hydrogen- 
bonded  conformations.  *•  The  conformation  shown  for 
Xlla  with  the  /-hydroxyl  near  the  6-methoxyl  group  and 
the  phenyl  group  near  the  e/u/o-etheno  bridge  thus 
fixed  the  configuration  of  this  C-19  asymmetric  center 
as  7a-(a-(/^)-a-hydroxy-a-methylbenzyl). "  The  iso- 
mer XIa  then  had  to  have  the  opposite  7a-(a-(S)-a-hy- 
droxyl-a-methylbenzyl)  configuration  as  shown.  These 
assignments  for  the  C-19  diastereomer  configurations 
in  XIa  and  Xlla,  obtained  solely  from  spectral  data, 
are  entirely  consistent  with  conclusions  suggested  by 
chemical  data,  including  the  high  degree  of  stereo- 
selectivity observed  during  the  synthesis  of  a  variety  of 
C-19  diastereomeric  alcohols.^** 

Close  inspection  of  the  nmr  spectra  of  XIa  and  Xlla 
revealed  other  relationships  which  appeared  to  be  con- 
sistent with  the  assigned  conformations  of  these  di- 
astereomers although  they  are  probably  less  definitive. 
Models  of  Xlla  indicated  that  the  edge  of  the  phenyl 
moiety  is  directed  toward  H-8a.  Thus,  a  deshielding 
effect  from  the  phenyl  group  may  be  responsible  for  the 

tic  indicated  a  trace  amount  of  XIa.  Purification  by  partition  chroma- 
tography then  gave  crystalline  material  which  was  free  from  the  diastere- 
omer XIa  (by  nmr  and  tic). 

(25)  L.  J.  Bellamy,  "The  Infrared  Spectra  of  Complex  Molecules," 
Methuen  and  Co.,  Ltd.,  London,  1954,  p  89,  gives  2.S-2.9  m  for  intra- 
molecularly  hydrogen-bonded  hydroxyl  stretching. 

(26)  Reference  8,  p  400. 

(27)  R.  S.  Cahn,  /.  Chem.  Educ,  41,  1 16  (1964). 
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downfield  position  (5  1.22)  of  this  8a  proton  in  Xlla 
as  compared  with  H-8a  (6  0.60)  in  XIa.  There  were 
other  differences  such  as  the  C-19-methyI  singlet  in  XIa 
which  appeared  at  S  1.42  compared  with  S  1.S2  in 
Xlla.  In  XIa,  the  H-8|9  pattern  had  apparently  shifted 
sUghtiy  upficld  (3  <2.7),  since  the  fi  2.7-3.5  region  inte- 
grated for  only  two  protons,  which  were  assigned  as 
H-9a  and  H-10(3.  In  the  spectrum  of  Xlla  and  most 
other  carbinois,  this  h  2.7-3.5  region  integrated  for  three 
protons,  one  of  which  was  H-8(3  in  addition  to  H-9« 
and  H-10j3.  Another  difference  between  the  spectra 
of  Xf  a  and  Xlla  was  found  in  the  chemical  shifts  of  the 
N-mcthyl  groups.  In  the  spectrum  of  Xlla,  the  N- 
methyl  singlet  (5  2.36)  appeared  at  a  position  consistent 
with  the  other  compounds  studied  (see  Table  III).  In 
contrast  stood  the  upfield  shift  of  the  N-methyl  singlet 
({  2.17)  in  the  spectrum  of  XIa;  a  satisfactory  explana- 
tion of  these  phenomena  is  not  readily  apparent.** 

The  second  pair  of  C-19  diastereomers  studied  in 
detail  (both  nmr  and  infrared)  were  the  secondary 
alcohols  Xlb"  and  Xllb,"  obtained  from  the  7a-acetyl 
derivative  lla."*  These  nmr  spectra  had  general  fea- 
tures in  agreement  with  the  values  in  Table  I  and  Table 
in.  The  nmr  spectrum  of  Xllb  showed  the  C-19- 
hydroxyi  proton  resonance  at  i  4.92,  suggesting  hydro- 
gen bonding  (with  the  6-methoxyl)  as  discussed  with  the 
previous  diastereomers  XIa  and  Xlla.  Infrared  studies 
also  indicated  an  intramolecular  hydrogen  bond  in 
Xllb  (2.90  M.  not  concentration  dependent)  equivalent 
to  the  previous  findings.  In  contrast,  the  C-19-hy- 
droxyl  resonance  in  the  nmr  spectrum  of  Xlb  was  found 
at  ca.  h  2.2.  Parallel  infrared  studies  with  Xlb  showed 
maxima  at  both  2.78  and  2.86  ^  (neither  of  which  was 
concentration  dependent)  suggesting  that  this  C-19 
hydroxyl  exists  in  two  conformers,  one  with  a  weak 
hydrogen  bond  (2.86  ^)  and  one  with  a  "free"  hydroxyl 
(2.78  /i).*"  In  addition  to  these  indications  of  weaker 
hydrogen  bonding,  the  H-8a  hues  were  found  at  £  1.20 
in  the  nmr  spectrum  of  Xlb,  while  in  its  diastereomer 
Xllb,  H-8a  was  observed  at  S  0.69.  In  the  previous 
pair  of  diastereomers  XIa  and  Xlla  (see  above),  the  dif- 
ference in  chemical  shifts  for  the  H-Sa  protons  could 
be  ascribed  to  the  deshielding  edge  of  the  "down  under" 
phenyl  group  in  Xlla  directed  toward  H-Sa  and  held 
rather  firmly  by  steric  constraints  to  rotation.  An 
explanation  for  the  opposite  chemical  shifts  for  H-8oc 
in  Xlb  and  Xllb  is  not  readily  apparent.  Comparative 
data  were  also  obtained  with  the  primary  alcohol  X  in 
which  the  C-19  hydroxyl  did  not  appear  to  be  hydrogen 
bonded  (infrared,  2.86  ti,  not  concentration  dependent; 
nmr,  h  2.6).  The  location  of  H-8a  (5  0.52)  in  X,  how- 
ever, was  similar  to  that  of  H-8a  in  the  hydrogen-bonded 
secondary  carbinol  diastereomer  Xllb.  Thus,  satis- 
factory interpretation  of  the  range  of  chemical  shifts 
{ca.  5  1.2-0.5)  observed  for  H-8a  in  these  very  closely 
related  structures  was  difficult  (see  below). 

(2S)  The  upfield  shift  of  the  N-melhyl  tinglet  and  the  apparent  upReld 
ihiTt  of  H-S^  in  this  disitereomer  are  unique  aowng  all  of  the  spectra 
examined,  and  may  be  due  to  the  C-19  phenyl  group  held  in  an  "up" 
position.  However,  any  interpretation  of  these  factors  which  may  be 
related  appears  to  be  speculative  in  the  absence  of  additional  examples. 

(29)  This  compound,  Xlb,  mp  73-75°,  was  obtained  as  a  Grignard 
reduction  by-product  from  the  reaction  of  Ila  with  propylmagnesium 
iodide  as  described  by  Bentlcy  and  cowoTkcrs:«>  it  was  isolated  by 
chrofnatography  of  the  mother  liquors  after  separation  of  XIc. 

(30)  Beniley  and  co-workers'**  have  attributed  the  band  at  2. 78  «i  to  a 
conformation  with  the  C-19  hydroxyl  bonded  to  the  C-17-C-1B  double 


Although  these  detailed 
interesting  differences  betwee 
binol  diastereomers  Xlb  and  < 
definitive  conclusions  conce 
figuration  at  C-t9.  Assignr 
tions  (shown  in  Xlb  and  Xllb] 
ical  data."* 

The  third  diastereomer  paii 
methyl  tertiary  carbinois  XL 
from  the  7Q:-acetyl  (Ila)  and 
respectively.  The  nmr  spect: 
completely  in  accord  with  al 
listed  in  Table  HI,  and  the  H- 
inXIc;  5  4.55  in  XIIc)  were  c 
figuration.  The  C-19  hydrox 
in  both  diastereomers  (J  4.8i 
as  in  XIa  and  Xlla.  Thus, 
diastereomers  were  virtuall) 
each  other  and  provided  nc 
assignment  of  the  absolute 
These  were  assigned  by  anaioi 
assumption  of  similar  stereo 
thesis"*  (XIa-g,  all  obtainec 
crystallographic  analysis  of 
confinned  the  configuration 
configurations  XI  and  Xll, 
bonded  conformation  of  the  C 

Compounds  Xld-g,"  inch 
diastereomers  whose  nmr  spei 
patterns  previously  discussed 
shift  data  are  included  in  the 
Tables  1  and  III).  These  d) 
were  consbtcnt  with  the  assig 
did  not  permit  conclusions 
diastereomeric  configurations, 
chemical  analogy.*"*  Compc 
ticular  interest  as  it  is  a  ver 
derivative  whose  biological  ' 
tensively  studied;**  its  nmt 
identical  with  that  of  XIc 
but  lacked  the  3-methoxyl  sin 
trum  XIc;  this  indicated  thai 
not  taken  place  during  its  syrn 
alkaline  hydrolysis)."' 

Additional  Studies  of  die  C-8  a 

As  these  nmr  studies  of  t 
C-19  diastereomers  progressec 
C-8  protons  became  increasin 
by  the  sometimes  unexpected  \ 
shifts.  The  proximity  of  H- 
nitrogen  atom  has  already  be 
of  H-8^).  Both  C-8  protons 
shifts  affected  by  the  C-17-C 
part  of  the  bicycIo[2.2.2]octei 
the  endo-  and  exo-prolon  shif 
may  well  apply  to  our  comp 

(31)  This  compound  was  synthesii 
propylmagnesium  iodide  to  Ila  as  desa 

(32)  Private  mmmunication  from  J. 
son.  to  be  published. 

(33)  Compoimd  Xld  was  obtained 
hydroxide  iti  diethylene  glycol  at  200- 
co-workers.  ■■  Compoimds  Xlc-g,  it 
Reckitt  and  Sons  Ltd.,  Laboratories  I 
Bentley. 

(34)  (a)  R.  E.  Lister,  /.  Pharm.  Finn 
Hartboom,  J.  S.  Africaa  Vtl.  Med.  Ami 
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le  IV.    Chemical  Shift  of  Protonated  Species* 


Changes  (Aj,  ppm)  observed  vs. 

the  bases 

N- 
MethyK 

Compel 

H-8a 

H-8^ 

H-9a 
-1.1 

la  HO 

-0.34 

-0.7 

IIa(CF,COOH)».« 

-0.21 

-1.0 

-0.7 

C  (CFaCOOH)^ 

-0.31 

Cfl.  +0.4 

-1.0 

-0.7 

CIb(CF,COOH> 

-0.10 

V 

-1.0 

-0.7 

aib(CF,COOH> 

Cfl. -0.3 

1* 

-1.0 

-0.7 

ap 

-0.14 

+0.21 

-0.81 

•  •  • 

In  none  of  the  experiments  (CFtCOOH-CDQt)  did  additional 
ements  of  acid  move  either  the  H-9a  or  N-methyl  lines  farther 
nfield  (indicating  complete  protonation  of  the  /-nitrogen), 
the  experiment  on  Ilia,  the  add  was  added  to  the  CDQs  solution 
mall  increments  and  both  the  H-Scr  and  N-methyl  absorptions 
I  observed  moving  downfield  simultaneously  as  the  acidity  in- 
sed.  « In  each  case,  after  recording  the  protonated  spectra, 
add  was  neutralized  with  dilute  NaOD-DsO  until  the  spectra 
he  original  bases  were  recovered  (establishing  the  absence  of 
>mposition).  *  In  these  spectra,  the  H-8/3  lines  could  not  be 
ted  because  of  overlap  with  other  proton  lines,  presumably 
Sa  and  H-16/3.  •The  N-cyano  derivative  (not  protonated) 
icluded  for  comparison.  '  The  N-methyl  abs(»ption  was  a 
idened  singlet  in  all  cases  studied. 

tons  in  our  C-7  epimers  and  C-19  diastereomers  are 
irly  influenced  both  by  the  nature  of  and  the  stereo- 
mical  orientations  of  the  C-7  substituents.  This 
ion  describes  further  studies  of  these  apparently 
que  chemical  shifts  directed  toward  a  better  correla- 
i  of  the  observed  chemical  shifts  with  structural  and 
ironmental  factors  responsible  for  them, 
he  N-cyano  derivative  IX,  obtained  from  Ilia,  and 
intermediate  for  N-substituted  derivatives,*^  is  a 
ipound  in  which  the  basicity  of  the  nitrogen  is 
inished  by  the  nitrile  moiety.  Although  anisotropic 
cts  of  the  nitrile  group  mi^t  distort  some  chemical 
ts,  spin-decoupling  techniques  were  used  to  locate 
H.8a,H-8/3,H-7/3  spin  system  in  IX  (as  in  la-IIIa). 
lines  for  H-8j8  in  the  spectrum  of  IX  were  located 
tered  at  8  2.67,  slightly  upfield  (AS  =  -f0.21  ppm) 
n  this  pattern  in  Illa,  probably  because  of  the 
iced  basicity  of  the  ring  nitrogen.  The  H-8a 
s  at  8  0.93,  the  upfield  "handle"  for  the  spin  de- 
pling,  were  slightly  downfield  (A6  =  -0.14  ppm) 
n  those  in  the  precursor  (Ilia).  Both  of  these 
tiges  can  be  ascribed  to  the  eff'ects  of  the  diminished 
tron  availability  on  the  ring  nitrogen.  The  third 
ton  in  this  spin  system,  H-7j8,  was  found  at  8  2.04, 
ted  slightly  upfield  (A8  =  +0.06  ppm)  from  its 
ition  in  the  spectrum  of  Ilia.  Interestingly,  the 
Oa  lines  moved  downfield  (AS  =  —0.7  ppm)  to 
ut  S  3.1  and  overlapped  with  the  lines  from  H-10j8 
.16)  which  did  not  change  from  their  position  in  the 
Jtrum  of  Ilia.  The  H-9a  absorption  (8  3.93)  moved 
nfield  (AS  =  —0.81  ppm  from  Ilia)  as  expected, 
other  proton  absorptions  maintained  their  positions 
LOS  ppm)  compared  with  Ilia, 
nee  the  nmr  spectrum  of  IX  (ring  nitrogen  with 
inished  electron  density)  indicated  that  the  H-8a 
H-8j8  lines  had  moved  toward  each  other,  further 
ies  were  undertaken  with  a  number  of  protonated 
vatives.  These  were  carried  out  with  an  isolated 
rochloride  or  by  the  addition  of  trifluoroacetic  acid 
euteriochloroform  solutions  of  the  free  bases.  The 
Its  are  summarized  in  Table  IV  (AS  shifts  for  H-8a, 
3,  H-9a,  N-Me).  In  the  spectrum  of  the  hydro- 
ride  of  Ila  (the  7a-acctyl  epimer),  H-8a  had  moved 
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downfield  about  0.3  ppm,  but,  unfortunately,  the  H-8/9 
lines  could  not  be  observed  because  of  overiap  with 
other  lines  (H-16a  and  H-16j3  would  be  expected  to 
shift  downfield  upon  protonation  of  the  ring  nitrogen). 
H-1  and  H-2  moved  sUghtly  downfield  (AS  =  -0.15 
and  —0.14  ppm,  respectively),  as  did  H-17(A8  =  —0.24 
ppm).  Both  H-9a  and  the  N-methyl  resonance  lines 
showed  the  expected  downfield  shifts  (Table  IV)  and  the 
N-methyl  absorption  was  a  broadened  singlet  in  all 
cases.  No  other  proton  absorptions  which  could  be 
identified  by  observation  had  moved,  compared  with 
the  spectrum  of  the  base. 

The  nmr  spectrum  of  the  primary  alcohol  X  as  the 
conjugate  with  trifluoroacetic  acid  showed  similar 
shifts.  The  H-8a  lines  moved  downfield  by  ca.  0.3 
ppm  (to  8  0.83)  and  the  H-8j8  lines  were  tentatively 
identified  at  8  2.5,  an  upfield  shift  of  ca.  -fO.4  ppm  com- 
pared with  the  base.  In  this  case,  then,  the  difl'erence 
between  the  chemical  shifts  of  the  geminal  pair,  H-8a 
and  H-8j3,  was  reduced  from  ca.  2.4  to  ca.  1.7  ppm  upon 
protonation  of  the  ring  nitrogen. 

Spectra  of  protonated  conjugates  of  the  following 
compounds  were  also  studied:  the  dimethyl  tertiary 
carbinol  Ilia  and  the  diastereomeric  secondary  car- 
binols  Xlb  and  Xllb.  The  results  of  these  experiments 
were  similar  to  those  just  described  (with  Ila  and  X). 
All  of  these  protonation  experiments  (Table  IV)  indi- 
cated a  downfield  shift  for  H-8a  which  varied  somewhat 
with  different  C-7  substituents.  There  is  a  possible 
progression  for  the  tertiary  carbinol  Hid,  the  secondary 
carbinol  Xllb,  and  the  primary  carbinol  X.  In  their 
nmr  spectra,  the  H-8a  lines  were  found  at  S  0.79, 0.69, 
and  0.52,  respectively.  In  the  presence  of  CFjCOOH 
and  in  the  same  order,  the  H-8a  lines  were  observed  at 
8  1.0,  ca.  1.0,  and  0.83,  respectively.  In  the  two  cases 
where  H-8j3  could  be  located,  the  lines  for  these  protons 
were  found  to  have  shifted  upfield.  The  constancy  of 
the  downfield  shifts  for  H-9a  and  the  N-methyl  protons 
was  also  apparent  (Table  IV).  These  experiments 
clearly  indicated  that  at  least  part  of  the  large  differ- 
ence between  the  H-8a  and  H-8j3  chemical  shifts  is  due 
to  shielding  by  the  ring  nitrogen,  rigidly  held  by  the 
fused  ring  system.  This  effect  is  analogous  to  that 
found  by  Winstein  and  co-workers"  for  the  hydroxyl 
group  in  half-cage  hydrocarbons,  but  smaller  in  mag- 
nitude. 

High-  and  low-temperature  nmr  experiments  were  per- 
formed on  the  tertiary  carbinol  Ilia,  the  secondary 
carbinol  Xllb,  and  the  primary  carbinol  X,  and  a 
low-temperature  experiment  only  on  Xlb.  The  purpose 
was  to  investigate  any  observable  effects  on  the  H-8a 
chemical  shifts  by  possibly  inducing  more  rotation 
about  the  C-19  to  C-7  bond,  or  the  eff'ects  of  any  addi- 
tional conformers.  The  high-temperature  experiments 
were  run  using  o-dichlorobenzene  as  the  solvent.  The 
probe  temperature  was  raised  to  180  =t  2^  without 
any  diagnostic  changes  occurring  from  the  observed 
ambient  temperature  spectra  (essentially  the  same  as 
deuteriochloroform  spectra).  In  each  case,  of  course, 
the  hydroxyl  absorption  moved  upfield  and  usually 
became  too  diffuse  to  locate.  In  the  low-temperature 
experiments,  deuteriochloroform  was  used  as  the  sol- 
vent, and  the  probe  temperature  was  lowered  to  —50 

(35)  S.  Winstdn,  P.  Carter,  F.  A.  L.  Anet,  and  A.  J.  R.  Bourn,  /.  Am, 
Chem.  Soc.,  87,  5247  (1965). 
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=t  2^.  It  is  probable  that  additional  conformers 
were  present  as  evidenced  by  line  broadening,  but  in  no 
case  was  a  conformer  obtained  that  was  markedly 
different  from  that  present  in  the  ambient  temperature 
spectrum,  nor  was  there  any  diagnostic  shift  in  any  of 
the  proton  resonance  lines. 


=  cxx:h, 

=  CH(OH)CH, 
=  aCH,),OH 

Three  17,18-dihydro  (6,14-e/iJo-ethano)  derivatives 
Xllla,  b,  and  c,"  formed  by  reduction  of  the  C-17-C-18 
double  bond  (or  transformation  of  a  reduced  deriva- 
tive) from  Ila,  Xllb,  and  Ilia,  respectively,^*'**  provided 
insight  to  a  deshielding  effect  on  H-9a.  The  lines  for 
H-9a,  normally  found  around  8  3.13  (Table  III)  in  the 
unsaturated  compounds,  had  moved  upfield  about  0.5 
ppm  in  the  nmr  spectra  of  Xllla,  b,  and  c  (to  8  2.70, 
2.62,  and  2.63,  respectively)  compared  with  the  un- 
saturated analogs.  Since  H-9a  (see  configurations 
I-X)  is  rigidly  held  in  its  position  relative  to  the  C-17- 
C-18  double  bond,  this  effect  is  an  example  of  de- 
shielding  along  the  z  axis  of  a  double  bond  in  accordance 
with  Jackman's*^  hypothesis  and  in  agreement  with  the 
findings  of  Yamaguchi,  et  al.  ^ 

The  two  dihydro  carbinols  Xlllb  and  c  also  provided 
evidence  that  more  than  just  the  shielding  of  the  ring 
nitrogen  atom  is  responsible  for  the  upfield  position  of 
the  H-8a  lines.  In  the  spectrum  of  Xlllb,  the  H-8a 
lines  are  obscured,  but  they  could  not  be  higher  than 
about  8  0.9;  this  was  ca,  —0.2  ppm  or  more  downfield 
from  the  H-8a  lines  (8  0.69)  in  the  unsaturated  precursor 
(Xllb).  This  same  situation  was  observed  for  the  di- 
hydro compound  XIIIc;  H-8a  could  not  be  higher 
than  about  8  1.1,  and  was  therefore  ca.  >0.3  ppm  down- 
field  from  the  corresponding  lines  (8  0.79)  in  the  un- 

(36)  Compounds  XlUa  and  XIIIc  were  obtained  from  the  Reckitt  and 
Sons  Ltd.,  Laboratories  through  the  courtesy  of  Dr.  K.  W.  Bentley. 
Compound  Xlllb  was  synthesized  by  catalytic  hydrogenation  of  Xllb 
and  described  by  Bentley  and  co- workers.  *^ 

(37)  A.  A.  Bothner-By  and  J.  A.  Pople.  Ann.  Rev.  Phys.  Chem.,  16, 
43  (1965).  The  authors  interpret  Jackman*s  hypothesis  as  implying 
deshielding  on  the  z  axis  of  a  carbon-carbon  double  bond. 

(38)  S.  Yamaguchi,  S.  Okuda,  and  N.  Nakagawa,  Chem.  Pharm.  Bull. 
(Tokyo),  11.  1465  (1963). 


saturated  analog  Ilia.  The  8  0.9  region  in  the  spectra 
of  the  dihydro  compounds  was  obscured,  probably  by 
the  C-17  and  C-18  aliphatic  proton  patterns  (which  are 
absent  from  this  region  when  H-17  and  H-18  are  olc- 
finic).  Coincidental  decoupling  of  these  aliphatic 
proton  patterns  prevented  location  of  any  H-8a  lines 
by  the  usual  spin-decoupling  experiments.  The  upfield 
position  of  the  H-8a  resonances  in  the  bicyclo[2.2.2]- 
octene  analogs  Xllb  and  Ilia,  compared  with  their 
saturated  counterparts  Xlllb  and  XIIIc,  respectively 
(AS  =  +0.2-0.3  ppm),  is  similar  to  that  observed  for 
simpler  bicyclo[2.2.2]octene  derivatives**^  and  demon- 
strates that  the  C-17-C-18  double  bond  may  also  be 
responsible,  in  part^  for  the  upfield  position  of  the  H-8a 
lines  observed  in  the  spectra  of  the  C-19  carbinols 
studied.  However,  these  effects  are  not  operable  in 
the  case  of  the  carbinols  Illb  and  XIa  (H-8a  ca.  h  1.2 
and  1.2,  respectively). 

In  summary,  considering  the  structural  variations 
examined  by  nmr,  the  following  additional  conclusions 
are  evident.  There  is  only  one  major  deshielding  effect 
on  H-9a  in  these  6,14-e/Mto-ethenotetrahydrothebaine 
derivatives,  along  the  z  axis  of  the  C-17-C-18  double 
bond.  Saturation  of  the  double  bond  allows  H-9a 
to  shift  upfield  to  around  b  2.6  (a  reasonable  position 
for  this  type  of  proton).  The  magnitude  of  the  various 
changes  in  the  chemical  shifts  of  H-8a  and  H-8^  arc 
undoubtedly  significant,  but  the  complexity  of  a  num- 
ber of  competing  effects  makes  a  complete  analysis  of 
these  shifts  difficult.  Particularly  perplexing  are  ex- 
planations for  the  downfield  shift  to  a  more  normal 
(bicyclo[2.2.2]octene)  position  of  the  H-Sce  lines  in  the 
la  secondary  carbinol  diastereomer  Xlb  (5  1.20),  the 
la  tertiary  ether  VIII  (6  1.18),  and  the  7)3  tertiary  car- 
binol Illb.  Although  the  marked  separations  of  the 
shifts  for  the  geminal  8a  and  8j3  protons  are  clearly 
involved  with  both  the  nearby  nitrogen  atom  and  with 
the  presence  of  the  C-17-C-18  double  bond,  better 
interpretation  of  the  observed  shifts  for  H-8a  has  not 
been  possible,  partly  due  to  uncertainties  about  the 
conformation  of  C-19  substituents.  Additional  in- 
vestigations of  these  interesting  variations  are  con- 
tinuing. 
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Abstract:  The  crystal  and  molecular  structure  of  triclinic  tetraphenylporphyrin  (TPP)  has  been  solved  using 
X-ray  crystallographic  techniques.  The  molecule  is  centrosymmetrical  with  two  independent  pyrrole  and  phenyl 
groups.  Althougii  the  individual  pyrrole  and  phenyl  groups  are  planar  within  the  error  of  their  determination 
(<0.005  A),  the  porphyrin  ring  is  nonplanar.  One  pair  of  centrosymmetrical  pyrroles  is  essentially  coplanar  with 
the  nuclear  least-squares  (MLS)  plane  of  the  porphyrin  ring;  the  other  pair,  carrying  the  central  hydrogen  atoms,  is 
inclined  db6.6*'  to  this  plane.  The  tilt  of  the  latter  is  such  that  the  distance  between  the  central  hydrogens  is  increased 
by  0.2  A,  to  2.36  A.  Both  phenyl  groups  of  TPP  are  rotated  out  of  the  NLS  plane  by  about  60  ^ ;  one  phenyl  is  addition- 
ally inclined  to  this  plane  by  li:  9. 1  ^.  Although  the  porphyrin  ring  is  nonplanar,  the  atoms  of  the  inner  1 6-membered 
ring  are  individually  planar,  and  the  bond  distances  of  this  ring  resemble  those  of  a  heterocyclic  aromatic  system. 
The  1,2  and  3,4  bond  lengths  of  the  independent  pyrroles  correspond  closely  to  isolated  double  bonds  and  to  this 
extent  appear  isolated  from  the  inner  ring;  the  phenyl  groups  also  appear  to  be  electronically  isolated  from  the 
ring  through  shortened  single  bonds.  The  structure  described  herein  corresponds  closely  with  the  hybrid  of  the  two 
classical  resonance  forms  of  the  porphyrin  molecule.  Finally,  the  fine  points  of  the  structure  are  discussed  in  terms 
of  the  molecular  packing  in  the  crystal. 


Vtraphenylporphyrin  (a,  j3,  7,  S)  (C44H80N4,  sec 

Figure  2),  hereinafter  referred  to  as  TPP,  is  a 

thetic   nonmetallophorphyrin   derivative.    TPP   is 

ited  to  naturally  occurring  porphyrins  by  having 

same  macrocylic  skeletal  structure,  which  consists 

four  pyrrole  groups   alternately  linked   through 

thene  carbon  bridges. 

rhe  metalloporphyrin  ring  is  found  in  a  variety  of  im- 
tant  biological  systems  where  it  is  either  the  active 
nponent  of  the  system  or  in  some  way  intimately 
mected  with  the  activity  of  the  system.  Many  of 
se  biological  porphyrin  systems  differ  markedly  in 
ir  behavior  and  it  appears  that  this  is  due  in  large 
t  to:  (a)  the  effects  of  a  central  metal  ion  on  the 
>onding  system  of  the  porphyrin  ring,  (b)  the  ease 
h  which  the  porphyrin  ring  can  assume  various  non- 
nar  conformations,  (c)  the  chemistry  and  the  stereo- 
imistry  of  side  chains  of  the  porphyrin  ring,  and  (d) 
general  molecular  environment  of  the  porphyrin 
iie  biological  system. 

Porphyrins  also  possess  an  intrinsic  interest  in  that 
y  are  examples  of  an  extremely  stable  heteromacro- 
lie  ir-bonding  system  with  the  ability  to  complex 
dily  with  many  different  metal  ions.  Although 
re  are  other  ligands  that  behave  similarly,  the 
phyrins  are  unusual  in  that  they,  as  the  ligand,  act 
the  host  to  the  metal  ion.  In  the  case  of  free-base 
phyrins,  additional  interest  centers  about  the  exact 
ure  of  the  central  acidic  hydrogen  atoms.  If  the 
phyrin  skeleton  were  planar  or  nearly  so,  the  two 
tral  hydrogens  bound  to  opposite  pyrrole  groups 
uld  approach  one  another  within  about  2.0  A.  This 
ndeed  a  close  van  der  Waals  contact  and  at  the  onset 
this  work,  it  seemed  unlikely.  Therefore,  in  the 
;inning,  the  nature  of  the  central  hydrogen  atoms  and 
ir  environment  were  of  most  concern  to  this  struc- 
e  determination.  However,  it  has  resulted  since 
t  other  structural  characteristics  of  the  molecule 
of  at  least  equal  interest.*'* 

)  To  whom  inquires  may  be  addressed  at  the  Department  of  Chemis- 
Michigan  State  University,  East  Lansing,  Mich.    48823. 


Experimental  Section 

Single  crystals  of  TPP  were  grown  by  slowly  evaporating  solu- 
tions of  TPP  in  benzene,  chloroform,  and  dioxane.^  All  the  crys- 
tals were  elongated  purple  prisms,  but  those  grown  from  benzene 
and  chloroform  were  soft  and  did  not  diffract  X-rays  well.  The 
crystals  from  dioxane,  grown  under  a  nitrogen  atmosphere,  were 
hard,  slightly  translucent,  and  good  X-ray  scatterers.  One  of 
these  crystals,  with  approximate  dimensions  of  0.75  X  0.20  X  0.05 
mm  and  with  well-developed  end  faces,  was  used  for  X-ray  ex- 
amination because  of  its  size  and  apparent  crystal  quality. 

All  the  X-ray  work  was  carried  out  with  Cu  Ka  radiation  and  a 
General  Electric  XRD-5  equipped  with  a  single-crystal  orienter  and 
a  scintillation  counter  assembly.  A  survey  of  the  diffraction  pat- 
tern indicated  that  the  crystal  system  was  triclinic.  By  convention, 
the  unit  cell  was  chosen  to  be  primitive  and  reduced  with  the  three 
axes  forming  a  right-handed  coordinate  system.  The  unit  cell  so 
chosen  has  the  dimensions:  a  »  6.44  ±  0.01,  b  «  10.42  ±  0.01, 
c  -  12.41  db  0.01  A,  a  =  96.06  it  0.05,  fi  =  99.14  ±  0.05,  y  - 
101.12  db  0.05°,  V  =  801.9  db  1.2  A».  The  crystal  density  cal- 
culated on  the  basis  of  these  dimensions  and  one  molecule  of  TPP 
per  unit  cell  is  1.273  g/cm'.  The  density  of  several  single  crystals 
was  measured  to  be  1.27  ±  0.01  g/cm'  by  suspending  the  crystals 
in  a  solution  of  silver  nitrate  and  water.  Thus,  the  number  of 
molecules  per  unit  cell  was  taken  to  be  one. 

In  the  triclinic  case  the  required  intensity  data  are  confined  within 
half  of  the  limiting  sphere.  Since  the  single-crystal  orienter  used 
in  this  work  was  a  quarter-circle  model,  once  the  crystal  was 
mounted  the  segment  of  the  sphere  to  be  collected  was  fixed.  Mo- 
saic spreads  of  several  reflections  were  therefore  measured  only 
to  ensure  that  the  crystal  quality  was  sufficient  for  intensity  data 
collection  purposes.  The  spreads  proved  to  be  symmetrical  and 
ranged  from  0.3  to  0.6°  in  width,  from  background  to  background. 

The  intensities  of  the  reflections  were  measured  by  the  stationary 
crystal-stationary  counter  technique.  In  order  to  avoid  Kai  and 
Kas  splitting  effects,  the  data  collection  was  confined  to  reflections 
with  scattering  angles  (26)  less  than  110°,  which  corresponds  to 
0.94-A  resolution.  Of  the  2007  independent  reflections  possible 
to  this  limit,  the  intensities  of  1726  (86%)  were  large  enough  to  be 
observed.  During  the  intensity  measurements  the  crystal  was 
exposed  to  X-rays  for  about  33  hr,  but  its  reflecting  power  was 


(2)  For  extensive  reviews  of  structural  studies  of  porphyrins,  see  T. 
A.  Hamor,  W.  S.  Caughey,  and  J.  L.  Hoard,  /.  Am,  Chem,  Soc.,  87, 
2305  (1965);  L.  E.  Webb  and  E.  B.  Fleischer,  /.  Chem.  Phys.,  43,  3100 
(1965),  and  references  contained  therein. 

(3)  For  a  preliminary  report  of  this  work,  see  S.  Silvers  and  A.  Tulin- 
sky,  /.  Am.  Chem.  Soc.,  86,  927  (1964). 

(4)  A  highly  purified  sample  of  TPP  was  kindly  provided  by  Dr.  Henry 
E.  Rosenberg. 
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Figure  1.   The  observed  intensitydistribution  of  TPP,  O,  and  theo- 
retical distributions  for  PI  and  PI, . 


not  thereby  altered;  the  intensities  of  four  reflections  which  were 
monitored  throughout  the  measurement  period  remained  constant. 
The  intensities  were  corrected  for  absorption  with  a  correction 
obtained  by  averaging  intensity  vs.  <t>  curves  (azimuthal  orientation) 
of  two  reflections  with  x  vahies  of  90*^;  the  average  curve  had  a 
maximum :  minimum  ratio  of  1.10.  The  intensities  so  corrected 
were  converted  to  structure  amplitudes,  and  the  latter  were  then 
scaled  with  the  results  of  Wilson's  method  to  approximate  an  ab- 
solute scale. 

Structure  Determination 

The  Center  of  Symmetry.  The  observed  reflections 
were  divided  according  to  scattering  angle  into  five 
groups.  These  were:  (I)  20  <  30.00,  (2)  30.00  ^ 
26  <  56.16,  (3)  56.16  ^  20  <  75.00,  (4)  75.00  ^  20  < 
92.99,  and  (5)  92.99  :^  26  ^  110.00°.  The  first  group, 
containing  50  reflections,  was  ignored  in  further  con- 
siderations for  theoretical  reasons.*  For  each  of  the 
other  four,  the  percentage,  JV(z),  of  reflections  with 
|Fp  less  than  or  equal  to  a  fraction,  z,  of  the  group 
average  was  plotted  as  a  function  of  z.  The  unob- 
served reflections  were  included  with  zero  structure 
amplitudes.  In  Figure  1,  the  average  of  these  plots  is 
indicated  by  open  circlesand  the  two  theoretical  dis- 
tributions for  PI  and  Pi  arc  shown  by  solid  curves. 
Clearly,  the  observed  |F|'  distribution  is  centrosym- 
metric  and  the  space  group  of  the  crystal  is  therefore  Pi. 

The  Patterson  Function  and  the  Orientation  of  TPP. 
Since  there  is  only  one  TPP  molecule  per  unit  cell  and 
the  space  group  is  Pi,  the  molecule  itself  must  be  centro- 
symmetric.  By  taking  the  molecular  center  of  sym- 
metry as  the  unit  cell  origin,  the  translational  parameters 
of  TPP  are  fixed.  Since  the  gross  structure  of  the  mole- 
cule was  known,  the  determination  of  a  trial  structure 
reduced  simply  to  the  determination  of  an  approximate 
angular  orientation  for  the  molecule. 

In  order  to  determine  the  angular  orientation  of  the 
TPP  molecule,  a  three-dimensional  Patterson  function 
was  computed  using  the  squares  of  the  observed  ampli- 
tudes as  coefficients.  The  significant  positive  regions 
of  this  function  were  confined  to  the  region  of  the  plane 
which  is  parallel  to  the  (121)  planes  and  passes  through 
the  origin.  If  the  vectors  between  atoms  lie  close 
to  a  plane,  the  atoms  themselves  also  must  lie  close  to 
that  plane.    Therefore,  the  (121)  plane  was  concluded 

(5)  A.  J.  C.  Wilson.  Acta  Cryst.,  2.  318  (1949). 


to  be  the  approximate  mean  plane  of  the  molecule. 
In  support  of  this  conclusion,  the  structure  amplitudes 
of  the  (121),  (131),  and  (120)  reflections  were,  in  that 
order,  the  largest  reflections  of  all  those  observed  and 
significantly  so. 

At  this  stage,  the  molecule  was  assumed  to  be  strictly 
planar  except  for  undertermined  rotations  of  the  four 
phenyl  groups  about  the  bonds  joining  them  to  the 
bridge  carbon  atoms  between  the  pyrroles.  The  mean 
plane  of  the  molecule,  in  accordance  with  the  Patterson 
function,  was  taken  to  pass  through  the  origin  and  lie 
parallel  to  the  (121)  planes.  Thus,  there  remained  to 
be  determined  only  the  orientation  of  the  model 
molecule  within  this  plane.  As  a  further  simplifica- 
tion, this  planar  model  of  TPP  was  assigned  a  fourfold 
rotation  axis  so  as  to  fix  its  orientation  within  90^. 

The  model  was  then  systematically  rotated  about  its 
fourfold  axis  12  times  (7.5**  each  time).  In  this  way, 
the  "correct"  orientation  would  approach  within 
3.75°  of  one  of  these  12  positions  (since  a  90**  rotation 
superimposes  the  model  upon  itselQ.  For  each  orienta- 
tion the  coordinates  of  the  model  molecule  (excluding 
the  four  atoms  of  each  phenyl  group  which  were  ex- 
pected for  steric  reasons  to  lie  rotated  out  of  the  plane) 
were  determined  and  a  set  of  structure  factors  was  com- 
puted. An  over-all  isotropic  thermal  parameter  of 
2.0  AS  estimated  from  Wilson's  method,  was  used  in 
each  calculation.  The  R  value  for  each  set  of  structure 
factors  was  then  examined  as  a  function  of  the  orienta- 
tion of  the  model.  The  R  values  fluctuated  about  the 
value  of  0.73  =fc  0.03  but  one  was  considerably  smaller 
than  all  the  others  (0.68).  The  point  Patterson  function 
of  the  model  in  the  orientation  corresponding  to  this 
minimum  R  was  then  compared  with  the  observed 
Patterson  in  the  (121)  plane.  Since  the  prindpal  fea- 
tures of  the  two  were  in  good  agreement  the  orientatioo 
of  the  TPP  molecule  was  taken  to  correspond  with  the 
minimum  R  value. 

The  phases  of  this  set  of  structure  factors  were  as- 
signed to  the  observed  amplitudes  and  an  electron 
density  (pi)  was  computed.  The  carbon  and  nitrogeo 
atoms  of  the  porphyrin  nucleus  all  appeared  in  pi  at 
peak  heights  of  approximately  6  eA"'  or  more.  How- 
ever, the  positions  of  these  peaks  were  in  some  cases 
noticeably  different  from  those  of  the  model  structure. 
This  was  expected,  since  the  deduced  orientation  of  the 
model  was  not  exact  and  its  planarity  and  fourfold 
symmetry  were  approximations. 

The  eight  next-to-the-largest  peaks  in  pi  (average  peak 
height  of  3.7  eA"')  besides  those  of  the  16  model  atoms 
were  recognized  to  be  the  phenyl  carbon  atoms  not 
included  in  the  model.  The  terminal  atom  of  one 
phenyl  group  in  the  model  appeared  in  pi  as  an  atom 
adjacent  to  the  true  terminal  position.  This  phenyl 
group,  as  observed  in  pi,  was  thus  bent  out  of  the  plane 
of  the  model  as  well  as  rotated  about  the  bond  from  its 
proximal  atom  to  the  porphyrin  ring.  The  other  phenyl 
group  was  not  bent  out  of  the  plane  but  only  rotatol 
and  its  terminal  atom  corresponded  to  that  of  the 
model.  Thus,  although  the  phases  employed  to  obtain 
Pi  were  determined  by  a  model  which  was  a  considerable 
oversimplification  of  the  true  structure,  nevertheless, 
they  were  able  to  reveal  a  structure  that  was  neither 
planar  nor  fourfold  symmetrical,  which  corresponded 
in  most  of  its  essentials  to  that  of  the  final  structure. 
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Table  L    Final  Atomic  Panuneten,  Carbon  and  Nitrogen* 


Peak 

height. 

Atom 

X 

y 

z 

Ai 

Pn 

fiu 

At 

A. 

fti 

cA-» 

C-1 

0.1447 

0.9597 

0.6741 

0.0254 

0.0101 

0.0072 

0.0011 

0.0037 

-0.0002 

6.3 

C-2 

0.3195 

0.0528 

0.7251 

0.0278 

0.0096 

0.0065 

0.0010 

0.0034 

0.0002 

6.3 

C-3 

0.4046 

0.7191 

0.8866 

0.0255 

0.0100 

0.0072 

-0.0005 

0.0016 

0.0005 

6.5 

04 

0.4799 

0.7166 

0.7913 

0.0244 

0.0094 

0.0070 

-0.0007 

0.0019 

0.0005 

6.3 

C-5 

0.0216 

0.9194 

0.7558 

0.0214 

0.0075 

0.0063 

0.0012 

0.0020 

-0.0002 

6.8 

06 

0.3128 

0.0721 

0.8397 

0.0214 

0.0071 

0.0061 

0.0008 

0.0021 

0.0004 

7.0 

C-7 

0.4327 

0.1904 

0.0308 

0.0204 

0.0073 

0.0059 

0.0007 

0.0013 

0.0002 

7.2 

C-8 

0.3110 

0.1929 

0.1852 

0.0217 

0.0068 

0.0059 

0.0008 

0.0002 

0.0000 

6.9 

Oa 

0.4535 

0.1661 

0.9204 

0.0218 

0.0075 

0.0069 

0.0018 

0.0023 

0.0009 

7.1 

c^ 

0.1790 

0.1685 

0.2634 

0.0218 

0.0072 

0.0062 

0.0010 

0.0009 

0.0002 

7.0 

N-1 

0.1300 

0.9885 

0.8554 

0.0204 

0.0070 

0.0062 

0.0018 

0.0012 

0.0001 

8.6 

N-2 

0.2641 

0.1371 

0.0769 

0.0214 

0.0068 

0.0061 

0.0006 

0.0017 

0.0002 

8.7 

0«-l 

0.3634 

0.7481 

0.1171 

0.0202 

0.b084 

0.0065 

0.0018 

0.0028 

0.0009 

7.2 

0a-2 

0.2087 

0.7995 

0.1608 

0.0255 

0.0106 

0.0093 

0.0040 

0.0037 

0.0016 

6.3 

0a-3 

0.0428 

0.7191 

0.1968 

0.0245 

0.0127 

0.0096 

0.0015 

0.0038 

0.0023 

5.7 

0a-4 

0.0315 

0.5849 

0.1885 

0.0279 

0.0116 

0.0085 

-0.0016 

0.0029 

0.0017 

6.3 

^a-5 

0.1842 

0.5318 

0.1438 

0.0338 

0.0089 

0.0086 

0.0008 

0.0044 

0.0015 

5.8 

^«-6 

0.3505 

0.6128 

0.1096 

0.0292 

0.0080 

0.0082 

0.0013 

0.0024 

0.0003 

6.3 

0ri 

0.2579 

0.2393 

0.3788 

0.0295 

0.0079 

0.0062 

0.0009 

0.0019 

0.0005 

6.5 

0^2 

0.4446 

0.2222 

0.4422 

0.0286 

0.0140 

0.0063 

0.0012 

-0.0011 

0.0018 

5.8 

0^3 

0.4859 

0.7101 

0.4509 

0.0376 

0.0168 

0.0069 

-0.0003 

-0.0014 

0.0023 

5.1 

0r4 

0.3981 

0.3729 

0.5913 

0.0557 

0.0151 

0.0081 

0.0011 

0.0018 

0.0001 

4.7 

V5 

0.2136 

0.3893 

0.5297 

0.0514 

0.0133 

0.0069 

0.0039 

0.0014 

-0.0025 

5.1 

0/r6 

0.1422 

0.3232 

0.4236 

0.0406 

0.0112 

0.0073 

0.0040 

0.0030 

-0.0014 

5.7 

<rXlO* 

6-10 

4-5 

^-4 

15-30 

5-10 

4-7 

6-14 

5-11 

3-7 

Anisotropic  temperature  factor  -  exp[-09uA*  +  hk*  +  M*  +  2/3ii/rA:  +  2/9itA/  +  2fitUcl)l 


Refinement  of  the  Structure 

The  Fourier  Refinement.  New  atomic  coordinates 
were  obtained  from  pi  for  all  the  carbon  (22)  and  nitro- 
gen (2)  atoms;  they  were  used  to  compute  a  new  set 
of  structure  factors  and  the  new  phases  were  used  to 
compute  ps.  The  phenyl  groups  in  ps  were  all  of  the 
order  of  5-6  eA"'  at  peak  height  and  their  positions 
indicated  considerable  shifts  from  their  pi  coordinates. 
Coordinates  from  ps  were  used  to  begin  a  series  of  four 
structure-factor  and  related  electron-  and  diflference- 
density  computations.  Individual  isotropic  tempera- 
ture factors  were  introduced  after  one  cycle  and  the 
R  factor  went  0.46,  0.33,  0.19,  and  0.16  for  the  four 
cycles  of  refinement.  The  last  difference  density 
showed  clearly  positive  and  negative  regions  in  the 
vicinity  of  atomic  positions,  indicating  anisotropic 
thermal  motion.  At  this  state  it  was  decided  to  intro- 
duce anisotropic  thermal  parameters  and  to  continue 
the  refinement  by  the  method  of  least  squares. 

The  Least-Squares  Refinement.  A  weighting  scheme 
similar  to  that  of  Hughes  was  chosen  for  the  least- 
squares  refinement.  For  |Fo|  ^  6.0,  the  assigned  weight 
was  1/(0.6)S  and  for  |fo|  >  6.0,  it  was  l/(0.l|Fo|)«.  The 
initial  parameters  for  least-squares  refinement  were 
those  of  the  last  Fourier  cycle.  These  included  iso- 
tropic temperatures  factors  which,  before  conversion 
to  anisotropic,  were  varied  with  scale  factor  for  two 
cycles  of  least-squares  refinement.  The  shifts  from  the 
second  cycle  were  small  and  isotropic  refinement  was 
terminated  at  /^  <=  0.122. 

Refinement  including  anisotropic  thermal  parameters 
proceeded  by  varying  the  thermal  parameters  of  only 
six  atoms  per  cycle.  The  four  groups  of  six  atoms 
chosen  were  the  two  phenyl  and  the  two  pyrrole  plus 
methene  bridge  atom  groups.  The  groups  were  chosen 
to  be  physically  distinct,  since  only  the  temperature 
parameters  of  atoms  adjacent  to  one  another  are  likely 
to  have  interdependent  shifts.    Each  group  of  thermsd 


parameters  (6  per  atom,  36  total)  was  varied  for  one 
cycle.  At  the  end  of  these  four  cycles,  the  R  factor 
was  0.091. 

A  difference  density  was  then  computed  based  on  the 
last  structure-factor  computation.  The  IS  largest 
peaks  in  this  density,  varying  from  0.3  to  0.6  eA"',  were 
located  in  the  vicinity  expected  for  the  IS  hydrogen 
atoms  of  the  asymmetric  unit.  They  included  the 
peak  of  the  centrd  hydrogen  atom  whose  location  was 
of  particular  interest.  The  hydrogen  atoms,  each 
with  coordinates  taken  from  the  difference  density  and 
anisotropic  thermal  parameters  identical  with  the  atoms 
to  which  they  were  bonded,  were  included  in  the  struc- 
ture factors  computed  for  the  next  least-squares  cycle. 
This  cycle  varied  the  positions  of  all  carbon  and  nitrogen 
atoms  and  the  position  and  thermal  parameters  of  the 
central  hydrogen  atom.  The  adjusted  thermal  param- 
eters of  the  central  hydrogen  were  not  positive  definite; 
consequently,  the  changes  were  ignored.  A  new  set  of 
structure  factors  was  computed  and  these  were  used  to 
compute  a  final  difference  density.  The  regions  of  all 
the  atomic  positions  in  this  density  were  close  to  zero 
and,  except  for  hydrogen  atoms,  no  significant  param- 
eter shifts  were  indicated.  The  largest  positive  regions 
were  of  the  order  of  0.2  eA"'.  A  final  structure  factor 
computation  included  all  39  atoms.  The  hydrogen 
atom  coordinates  for  this  computation  incorporated 
shifts  from  the  final  difference  density;  all  other  atomic 
parameters  were  those  of  the  last  least-squares  cycle. 
The  final  value  ofR  was  0.0S6. 

Results 

The  final  coordinates  and  anisotropic  thermal  param- 
eters of  the  carbon  and  nitrogen  atoms  are  listed  in 
Table  I,  the  atoms  therein  labeled  according  to  Figure 
2.  Hydrogen  atom  coordinates  are  given  in  Table  II; 
their  thermal  parameters  are  the  same  as  the  atoms  to 
which  they  bond.    In  Table  III  are  listed  the  three 
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TaUem.   TbePrindpal  Axes  of  the  AniuXropic  Thermal 
Ellipsoids  for  the  Carbon  nnd  Nitrogen  Atoms  of  TPP. 
Direction  Cosines  of  the  Principal  Axes  Are  with  Respect  to  tfa 
UnitCeUAxesa,A,c 


Figure  2.  Deviations  (in  A)  of  the  atoms  of  TPP  from  the  nuclear 
least-squares  plane  (NLS).  The  labeling  system  of  the  atoms  is  also 
shown. 


principal  axes  of  the  thermal  ellipsoid  of  each  atom,  the 
direction  cosines  of  each  principal  axis  with  respect 
to  the  direct  cell  axes,  and  the  mean-square  atomic  dis- 
placement along  each  principal  axis. 


Table  n.    Final  Hydrogen  Atom  Coordinatea 

Peak 

height. 


H(C-1> 

0.109 

0.922 

0.392 

H(C-2> 

0.43) 

0.098 

0.683 

H{C.3) 

0.263 

0.671 

0.903 

H{C-4) 

0.417 

0.6S3 

0.719 

H(N-1> 

0.082 

0.988 

0.922 

H(*^2) 

0.229 

0.900 

0.179 

H(«^3) 

0.079 

0.239 

0.780 

H(<h.-4) 

0.076 

0.468 

0.774 

H(*„.5) 

0.180 

0.426 

0.136 

H(*«-6) 

0.466 

0.577 

0.075 

H(«fl-2> 

0.467 

0.844 

0.587 

H(*9.3) 

0.361 

0.731 

0.422 

H(«fl-4> 

0.453 

0.423 

0.669 

H(*r5) 

0.123 

0.449 

0.557 

m*g*) 

0.017 

0.663 

0.621 

A  plane  was  fitted  to  the  24  carbon  and  nitrogen 
atoms  of  the  porphyrin  nucleus  by  the  method  of  least 
squares.'  The  determined  plane,  which  necessarily 
passes  through  the  center  of  symmetry  of  the  molecule, 
has  the  equation  of  (3.799)j:  -  (9.112)j;  +  (3.042)2  = 
0.  In  Figure  2,  the  perpendicular  distances  of  the 
atoms  from  this  plane  are  given.  Least-squares  planes 
were  determined  similarly  for  the  individual  phenyl 
and  pyrrole  groups  of  TPP.  For  comparison,  the 
distances  of  the  respective  atoms  from  these  planes  are 
given  in  Table  IV. 


Atnn 

C08(a,p) 

COS(A,rt 

COS  (c,  p) 

A'' 

C! 

0.4743 

-0.7374 

0.3873 

3.42 

0.7050 

0.5330 

-0.0156 

3.55 

-0.3268 

0.4151 

0.8092 

3.63 

C.2 

0.7077 

-0.6987 

0.3710 

3.16 

0.0680 

0.6124 

0.6510 

3.» 

-0.7030 

-0.3698 

0.6626 

3.0 

C-3 

0.7285 

-0.8097 

0.0415 

5.2» 

0.6173 

0.5622 

0. 1673 

3.18 

-0.2892 

-0.1756 

0.9856 

4.« 

C4 

0.7243 

-0.8022 

O.IISO 

5.10 

0.6231 

0.5939 

0.0801 

3.00 

-0.2940 

-0.0623 

0.9903 

4.20 

0-3 

0.2661 

-0.6294 

0.7853 

4.21 

0.3121 

0.7263 

0.3378 

2.73 

-0.9120 

0.2764 

0.5189 

3.45 

C-6 

-0.3856 

-0.6109 

0.5932 

3.87 

0.4390 

0.7534 

0.0843 

2.69 

-0.6812 

0.2432 

0.7993 

3.31 

C-7 

0.4290 

-0.7237 

0.6324 

3.76 

0.4931 

0.6389 

0.2321 

2.61 

-0.7567 

0.2606 

0.7327 

3.61 

08 

-0.7412 

0.0432 

0.7804 

4.11 

0.3816 

0.6617 

0.3644 

2.44 

0.5520 

-0.7485 

0.5083 

3.56 

o« 

-0.0014 

-0.1288 

0.9873 

4.08 

0.4266 

0.7974 

-0.0752 

3.00 

-0.9044 

0.5896 

0.1388 

3.36 

C^ 

-0.6024 

-0.0410 

0.8822 

3.99 

0.4043 

0.6906 

0.2883 

2.67 

0.6878 

-0.7221 

0.3724 

3.71 

N-1 

-0.2540 

-0.3603 

0.9512 

3.94 

0.3007 

0.7499 

0.3084 

2.71 

0.9192 

-0.3347 

-0.0108 

3.30 

N-2 

0.3104 

-0.6098 

0.6599 

3.83 

0.3836 

0.7600 

0.1743 

2.33 

-0.7693 

0.2247 

0.7311 

3.63 

♦,-1 

0.3411 

-0.4743 

0.8274 

3.94 

-0.8669 

-0.3098 

0.3132 

2,93 

-0.3636 

0.8238 

0.4664 

3.37 

^2 

0.0660 

0.0063 

0.9620 

3.4S 

-0.9961 

0.2509 

0.2132 

3.80 

-0.0585 

-0.9685 

0.1705 

4.33 

*--3 

-0.2448 

0.6416 

0.6949 

3-91 

-0.8774 

-0.2923 

0.2954 

3.49 

0.4124 

-0.7088 

0.6559 

5.34 

♦--4 

-0.7162 

0.8144 

0.1251 

6.34 

-0.6907 

-0.5757 

0.2375 

3.30 

0.0977 

-0.0726 

0.9634 

4.99 

*a-S 

0.8563 

-0.4294 

0.3322 

5.83 

-0.3444 

-0.8497 

0.2807 

3.38 

-0.3846 

0.3060 

0.900S 

4.90 

♦»-6 

0.2063 

-0.3838 

0.9089 

5.02 

0.2111 

0.8694 

0.1392 

3.17 

-0.9553 

0.3109 

0.3938 

480 

9rl 

0.9633 

-0.4482 

-0.0969 

4.97 

0.2334 

0.8106 

0.2626 

3.08 

-0.1320 

-0.3769 

0.9600 

3.78 

«9-2 

-0.6285 

0.8122 

0.3250 

6.63 

0-4940 

-0.0626 

0.7662 

3.08 

-0.6008 

-0.3800 

0.5544 

4.83 

*9-3 

-0.7124 

0.7683 

0.2988 

8.71 

0.3712 

-0.0566 

0.8480 

3.54 

-0.3953 

-0.6366 

0.4378 

5.  SI 

0H 

-0.9389 

0.4631 

0.1200 

9.60 

0.1116 

0.3233 

0.8410 

430 

-0.2607 

-0.8244 

0.3275 

6.43 

*r3 

-0.9938 

0.1088 

0.2009 

8.23 

-0.0162 

0.5031 

0.7713 

2.91 

0.0888 

-0.8561 

0.6039 

7.12 

♦r6 

0.9633 

-0.2828 

0.0938 

6.34 

-0.1337 

0.6141 

0.7097 

3,24 

-0.2227 

-0.7366 

0.6979 

3.99 
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Figure  3.    Pinal  dectron  deiuily  fw  TPP  viewed  perpendicular  to 
the  NLS  plane.    Contours  at  l-eA~>inleTVBls,  starting  at  1  cA~>. 


Figure  4.    Hydrogen  atom  regions  for  TPP  viewed  perpendicular 
to  tbe  NLS  plane.    Contours  at  0.1-cA~'  intervals,  starting  at  0.2 


Figure  3  views  the  final  electron  density  along  tbe  per- 
pendicular to  the  least-squares  plane  of  the  porphyrin 
nucleus.  The  hydrogen  atoms,  obtained  from  the  dif- 
ference density  preceding  the  final  one,  are  seen  in  the 
same  manner  in  Figure  4.  In  Figure  5,  intramolecular 
distances  and  angles  are  given. 


Tabk  IV.    Tbe  Atomic  Deviations  from  tbe  Least-Squarca 
Planes  of  the  Individual  Pyrrole  and  Phenyl  Rings 


Atom 

d,A 

Atom 

d,A 

Pyrrole 

N-2 

N-1 

0,006 

N-2 

0.008 

CI 

0.006 

C-3 

0.006 

02 

-0.003 

C^ 

-0.001 

C-5 

-0.007 

C-7 

-0.008 

C6 

-0.002 

C-8 

-O.OCM 

a- 

O.OOS 

r- 

0.006 

Phenyl  a 

nieayl^ 

^-1 

0.001 

«rl 

0.003 

*--2 

0.003 

*r2 

-0.002 

*--3 

-0.002 

^fi 

-0.001 

*»-* 

-0.004 

**-4 

0.003 

*.-5 

0.008 

*ff.5 

-0.002 

*r6 

-0.006 

*Hi 

-0.002 

•■- 

0.004 

,- 

0.003 

Standard  deviations  of  the  carbon  and  nitrogen  atom 
coordinates  and  tbe  thermal  parameters  were  obtained 
from  the  least-squares  refinement.  Their  range  ia 
indicated  at  the  end  of  Table  I.  Tbe  atomic  parameters 
are  determined  most  accurately  in  tbe  porphyrin 
nucleus,  less  accurately  in  phenyl  a,  and  least  accurately 
in  phenyl  0.  The  standard  deviation  of  tbe  final  elec- 
tron and  difference  densities  is  estimated  at  0.15- 
0.20  eA~'.  The  standard  deviations  of  the  lengths  and 
angles  of  the  carbon-carbon  and  carbon-nitrogen 
bonds  arc  approximately  0.005-0.01  A  and  0.5-0.8°, 
respectively;  those  of  the  carbon-hydrogen  and  nitro- 
gen-hyrfro^cn  bond  disunces  are  of  the  order  of  0.05 


A.  Again,  the  accuracy  is  better  for  the  bonds  and 
angles  of  the  porphyrin  nucleus  than  for  those  of  the 
phenyl  groups. 


DtscossiMi  of  the  Results 

From  Figure  2,  it  can  be  seen  that  the  TPP  molecule 
in  tbe  triclinic  crystal  form  is  significantly  nonplanar  in 
several  respects:  the  phenyl  and  pyrrole  rings  are 
separately  planar  within  the  error  of  their  determina- 
tions (see  Table  IV)  but  they  are  rotated  and  inclined 
with  respect  to  the  nuclear  least-squares  (NLS)  plane 
of  the  molecule. 

The  N-1  pyrrole  groups  are  tilted  out  of  the  NLS 
plane  about  an  axis  lying  in  the  plane  and  passing 
through  tbe  C-2-C-6  and  C-l-C-5  bonds.  The  per- 
pendicular to  the  N-1  pyrrole  plane  makes  a  6.6°  angle 
with  that  of  the  NLS  plane.  Tbe  N-2  pyrrole  groups 
are  only  tilted  1.4°  with  respect  to  the  NLS  plane  about 
an  axis  through  C-7  and  tbe  C-4-C-8  bond.  The  fornm 
and  larger  tilt  causes  tbe  central  hydrogen  atom  of  one 
N-1  pyrrole  group  to  lie  0.18  A  above  the  NLS  plane 
and  that  of  the  centrosymmetrically  related  group  to  lie 
tbe  same  distance  below.  Consequently,  tbe  distance 
between  the  two  central  hydrogen  atoms  (2.36  A)  is 
about  0.2  A  greater  than  it  would  be  for  a  planar  con- 
formation. 

As  the  relationships  of  the  two  types  of  pyrrole  group 
to  the  NLS  plane  differ,  so  do  those  of  tbe  two  types  of 
phenyl  group.  The  1-4  axis  of  phenyl  a  is  tilted  much 
more  with  respect  to  the  NLS  plane  than  is  tbe  same 
axis  of  phenyl  p,  and  in  a  different  manner.  The  phenyl 
a  1-4  axis  makes  a  9.1°  angle  with  its  projection  onto 
the  NLS  plane  and  intercepts  the  plane  near  C-a; 
the  corresponding  angle  for  the  phenyl  fi  axis  is  only 
0.8°.  If  the  phenyl  groups  were  coplanar  with  the 
NLS  plane,  then  to  transform  them  to  their  true  posi- 
tions, they  must  be  first  tilted  along  their  1-4  axis  so 
that  atoms  1  and  4  are  in  their  correct  positions,  and 
then  tbe  phenyl  groups  must  be  rotated  about  these 
axes.  Tbe  required  angles  of  tilt  are  given  above; 
the  rotation  angles  are  61.0°  for  phenyl  a  and  63.1  °  tot 
phenyl  0. 


Slloa-a,  TMiaky  /  7>ielMe  Telrai 


Figure  5.    Distances  (in  A)  and  bond  angles  (in  degrees)  for  TPP.    Bonds  to  hydrogen  atoms  are  broken. 


The  phenyl  groups  are  thus  rotated  more  than  60^ 
out  of  the  NLS  plane  and,  furthermore,  the  a  groups  are 
tilted  so  the  0a-4  lies  0.68  A  from  the  plane.  The  phenyl 
rotation  is  as  expected,  since  otherwise  the  phenyl  hy- 
drogen atoms  proximal  to  the  porphyrin  ring  would 
interfere  with  the  pyrrole  hydrogen  atoms.  The  tilt, 
however,  is  unexpected.  Conceivably,  it  could  result 
from  bond  angle  requirements  of  the  central  ^-bonding 
system  (preserving  individual  planar  atoms,  as  is  ob- 
served). However,  it  is  more  likely  due  to  the  manner 
in  which  the  molecules  pack.  The  closest  intermolec- 
ular  contact  (3.40  A,  see  Figure  6)  occurs  between  N-1 
of  one  molecule  and  <f>a'2  of  the  neighboring  molecule 
along  the  a  direction. 

Also  of  note  is  the  packing  mode  of  the  pyrrole  groups 
of  molecules  adjacent  along  the  a  direction.  If  the 
molecules  are  viewed  along  the  perpendicular  to  the 
NLS  plane,  it  is  seen  that  an  N-1  and  an  N-2  pyrrole 
group  of  one  molecule  lie,  respectively,  perpendicularly 
above  an  N-2  and  N-1  group  of  the  molecule  below. 
The  pyrrole  pair  in  the  upper  molecule  is  related  by  a 
center  of  symmetry  and  an  a  translation  to  the  lower 
pair.  The  closest  intermolecular  contact  between  these 
pyrrole  groups  is  3.63  A,  from  C-3  in  one  molecule  to 
N-1  of  the  other.    This  contact  and  the  way  in  which 


phenyl  groups  of  neighboring  molecules  are  related  are 
shown  in  Figure  6. 

Temperature-factor  anisotropy  (see  Table  III)  is 
least  for  atoms  of  the  porphyrin  ring;  it  increases  for 
the  phenyl  a  atoms  and  is  largest  for  the  phenyl  j) 
atoms.  The  mean-square  atomic  displacements  vary 
from  atom  to  atom  in  the  same  manner  as  do  the  stand- 
ard deviations  of  the  atomic  parameters.  The  mean- 
square  displacement  of  a  particular  atom  in  the  radial 
direction  (toward  or  away  from  the  molecular  center) 
is  usually  less  than  in  its  tangential  directions.  The 
above  properties  of  the  thermal  motion  may  probably 
be  partly  attributed  to  quasi-rigid  angular  oscillations 
about  the  molecular  center.  The  larger  mean-square 
displacements  of  phenyl  /3  relative  to  phenyl  a  are 
probably  a  consequence  of  the  closer  packing  of  phenyl 
a. 

From  Figure  S,  it  appears  that  the  atoms  of  the  iff- 
terior  ring  of  the  porphyrin  skeleton  form  a  heterocyclic 
aromatic  system  (C-5,  N-1,  C-6,  C-a,  C-7,  N-2,  C-8, 
C-/3).  The  carbon-carbon  bond  distances  of  this  sys- 
tem average  1.400  ±  0.002  A  and  the  carbon-nitrogen 
distances  average  1.370  ±  0.007.  Furthermore,  al- 
though the  atoms  of  this  system  do  not  lie  in  a  plam 
the  bonding  about  C-5,  C-6,  C-a,  C-7,  C-8,  C-/9  is  in 
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6.  Packing  of  TPP  molecules  of  neighboring  unit  cells  viewed  in  the  — o^  direction.  In  relation  to  the  molecule  shown  completdy* 
ken  molecule  is  translated  along  —a,  the  molecule  on  the  left  is  translated  along  —  c,  and  the  molecule  in  the  foreground  is  tran»- 
ong  b  and  a.    Cose  intermolecular  contacts  are  given  (in  A). 


ase  planar  (sum  of  the  bond  angles  equals  360^). 

!-l-C-2  and  C-3-C-4  bonds  of  the  pyrroles  cor- 

id  closely  in  length  to  double  bonds  and  to  this 
these  atoms  appear  to  be  isolated  from  the  inner 

tic  system  with  the  bonds  joining  these  four 
to  the  interior  ring  being  shorter  than  normal 
bonds.    Finally,  the  phenyl  groups  appear  to 

ctronically  isolated  from  the  inner  ring  system; 

lenyls  are  bound  to  the  bridge  positions  through 

mtly  shortened  single  bonds. 

iding  Remarks 

dosing,  it  should  be  interesting  to  note  that  the 
yrin  structure  herein  described  corresponds  closely 
he  structure  expected  of  a  hybrid  of  the  two  pre- 
lant  classical  resonance  forms  of  the  porphyrin 
ule.  These  two  forms  are  shown  in  Figure  7a 
*;  Figure  7c  is  an  attempt  at  representing  the 
:ed  nature  of  the  hybrid.  Also  given  in  Figure 
e  the  carbon-carbon  and  carbon-nitrogen  dis- 

of  the  independent  pyrrole  groups  (observed 
distances),  the  carbon-carbon  distance  involving 
ir  methene  bridges  (an  observed  average  with  a 
ird  deviation  of  ±0.002  A)  and  the  differences 
tn  the  average  distances  of  the  independent 
es.    Clearly,  in  each  case^  corresponding  dis- 

diflfer  in  the  manner  expected  of  the  hybrid. 
M-C-2  and  the  C-3^-4  bond  lengths  of  the 
es  differ  only  by  about  the  expected  error  but  the 
differences  average  about  three  times  the  standard 

Since  a  corresponding  trend  can  also  be  detected 
isidering  the  bond  angles,  the  behavior  is  probably 
cant. 
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Figure  7.  (a  and  b)  Two  dominant  resonance  structures  of  TPP. 
(c)  Expected  nature  of  the  hybrid;  the  mean  observed  distances  of 
ii^ependent  pyrroles  and  differences  (A)  between  corresponding 
bonds  are  also  shown. 
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Abstract:  Three-  and  four-week  old  seedlings  of  Digitalis  purpurea  were  incubated  with  mevalonic  acid-2-^<^  and 
found  to  incorporate  4.8  and  3.6  %  of  the  label  into  a  mixture  of  sterols.  Of  the  radioactivity  of  the  sterol  fraction 
24-31  %  was  found  associated  with  cholesterol.  Cholesterol  comprises  about  3  %  of  the  weight  of  all  sterols.  The 
high  incorporation  of  radioactivity  into  cholesterol  and  its  small  weight  compared  to  other  sterols  support  the 
hypothesis  that  cholesterol  is  an  intermediate  in  plant  sterol  biosynthesis.  The  sterols  were  found  as  water-soluble 
conjugates. 


For  many  years  cholesterol  was  thought  to  be  a  sterol 
peculiar  to  animals.  This  view  could  no  longer  be 
maintained  when  Tsuda,  et  al,,^  found  cholesterol  in  red 
algae;  Johnson,  et  aL,^  found  the  sterol  in  Solanum 
tuberosum  and  Dioscorea  spiculiflora;  Devys  and  Bar- 
bier'  found  it  in  the  pollen  of  Hypochoris  radicata; 
and  Linde,  et  aL,^  found  it  as  constituent  of  "7"- 
sitosterol  from  Digitalis  canariensis.  Recently,  Caspi, 
et  al,,^  have  shown  that  cholesterol  can  be  degraded  to 
pregnenolone  by  whole  D.  purpurea  plants,  and 
Tschesche  and  Lilienweiss^  have  demonstrated  that  the 
steroid  in  pregnenolone-jS-D-glucopyranoside  can  be 
converted  to  digitoxigenin  by  excised  leaves  of  D. 
lanata.  These  reports  have  led  to  speculation  that 
cholesterol  represents  an  intermediate  in  the  biosynthe- 
sis of  plant  steroids.  In  the  present  paper  we  describe 
the  synthesis  of  radiocholesterol  from  mevalonic  acid- 
2-  *  *C  by  seedlings  of  D,  purpurea. 

Experimental  Section 

Materials.  Seeds  of  D,  purpurea  were  acquired  from  Burnett- 
Seedsmen,  New  York,  N.  Y.  ^/-Mevalonic  acid-2-**C,  as  the  di- 
benzylethylenediamine  salt,  was  purchased  from  New  England 
Nuclear  Corp.  All  chemicals  were  reagent  grade.  Methylene 
chloride,  alcohols,  benzene,  and  water  were  distilled. 

Growtii  and  Incubation  of  Seedlings.  Two  experiments  with 
separate  batches  of  seeds  were  performed.  Experiment  1  was  run 
8  months  prior  to  the  other  and  will  be  described  in  detail.  Ex- 
periment 2  differed  from  the  first  in  age  and  amount  of  seedlings 
and  quantity  of  administered  mevalonic  acid-2-^O,  as  indicated 
below. 

Seeds  of  D,  purpurea  were  grown  on  nutrient  agar  plates  for  21 
days  at  room  temperature  and  in  the  dark.  Seeds  were  briefly  soaked 
in  95  %  ethanol,  transferred  to  a  1  %  sodium  hypochlorite  solution, 
washed  with  water,  and  blotted  on  several  layers  of  filter  paper 
under  aseptic  techniques.  Approximately  2400  seeds  were  spread 
over  the  surface  of  an  agar  plate  in  a  glass  dish,  10  cm  in  diameter 
and  8  cm  high.  The  agar  was  prepared  by  adding  1  %  of  Difco 
"Noble"  agar  to  White's  standard  medium,^  without  the  color 
indicator.  Of  this  medium,  150  ml  was  placed  into  each  glass  dish 
which  was  then  autoclaved  for  30  min.  The  dishes,  after  setting 
of  the  gel  and  seeding,  were  covered  and  placed  in  a  dark  cabinet 
without  further  attendance  for  21  days  at  room  temperature.  Of 
each  batch  of  12  dishes,  one  or  two  were  usually  found  contaminated 


(1)  K.  Tsuda,  S.  Akagi,  and  Y.  Kishida,  Chem,  Pharm.  Bull.  (Tokyo), 
6,  101  (1958). 

(2)  D.  F.  Johnson,  R.  D.  Bennett,  and  E.  Heftmann,  Science,  140, 
198  (1963). 

(3)  M.  Devys  and  M.  Barbier,  Compt.  Rend.,  261,  4901  (1965). 

(4)  H.  Linde,  N.  Ergenc,  and  K.  Meyer.  Helc.  Chim.  Acta,  49,  1246 
(1966). 

(5)  E.  Caspi,  D.  O.  Lewis,  D.  M.  Piatak,  K.  V.  Thimann,  and  A. 
Winter.  Experientia,  11,  506  (1966). 

(6)  R.  Tschesche  and  G.  Lilienweiss.  Z.  Naturforsch.,  19, 265  (1964). 

(7)  P.  R.  White.  "The  Cultivation  of  Animal  and  Plant  Cells."  The 
Ronald  Press,  New  York,  N.  Y.,  1963,  p  60. 


with  microorganisms.  These  were  discarded  as  soon  as  noticed. 
If  no  contamination  occurred  during  the  first  week  after  seeding 
none  would  occur  at  a  later  time. 

The  seedlings  were  pulled  from  the  agar  after  softening  the  latter 
by  heating  to  3  5°.  To  each  of  three  250-ml  erlenmeyer  flasks  pro- 
vided with  silicone  rubber  stoppers  were  added  150  ml  of  inorganic 
salt  solution  prepared  according  to  White,^  13.8  g  of  seedlings,  and 

1  ml  of  water  containing  0.196  mg  of  mevalonic  add-2-^<^  as  the 
dibenzethylenediamine  salt  (specific  activity  8.5  /icuries/rag).  The 
flasks  were  shaken  slowly  for  5  days  and  were  opened  daily  for  I 
hr.  At  the  end  of  the  time  period  the  salt  solution  was  decanted 
and  the  seedlings  were  washed  three  times  with  100  ml  of  water 
each  time  and  blotted  on  filter  paper. 

Isolation  of  Cbolesterol.  All  seedlings  were  combined,  150  ml  of 
water  was  added,  and  the  mixture  was  homogenized  first  in  a  Waring 
blender  at  high  speed  for  30  sec  and  then  in  a  Potter-Elvelyein 
tissue  grinder. 

To  remove  fatty  substances,  the  product  was  shaken  thoroug^y 
for  1  hr  with  200  ml  of  petroleum  ether  (bp  60-90"*)  and  separated. 
This  extraction  was  repeated  three  more  times.  The  aqueous 
phase  was  acidified  to  pH  4  with  hydrochloric  add,  and  40  g  of 
sodium  chloride  was  added  and  dissolved  with  stirring.  The  mix- 
ture was  extracted  four  times  with  an  equal  volume  of  l-butand 
each  time.  The  pooled  alcoholic  extracts  were  taken  to  dryness  tqr 
water-pump  suction  at  60-70''.    The  dry  residue  was  refluxed  for 

2  hr  with  30  ml  of  4  TV  hydrochloric  acid  made  up  by  diluting  one 
volume  of  concentrated  hydrochloric  acid  with  one  volume  of  water 
and  one  volume  of  methanol.*  After  cooling  to  room  temperature, 
the  hydrolysate  was  extracted  three  times  with  30  ml  of  benzene 
each  time.  The  pooled  benzene  extracts  were  washed  once  with 
10  ml  of  1  TV  sodium  hydroxide  and  five  times  with  10  ml  of  water 
and  evaporated  to  dryness  under  vacuum.  The  residue  was  cfaro- 
matographed  on  four  thin  layer  plates  of  0.50-mm-thick  silica  gd 
in  the  system  5  %  petroleum  ether  in  methylene  chloride  so  that  the 
solvent  front  ran  up  a  distance  of  15  cm  from  the  origin.  Material 
corresponding  to  sterols  by  comparison  with  standards  moved 
with  an  Ri  value  between  0.1 3  and  0.23.  Unidentified  radioactivity 
remained  at  the  origin  and,  except  for  the  sterol  spot,  no  significant 
counts  were  present  elsewhere  on  the  plate.  The  silica  gd  in  the 
region  between  2  and  3.5  cm  was  scraped  off,  and  substances  were 
duted  exhaustively  with  methanol  and  ethyl  ether  and  dried. 

The  residue  contains  sterols  and  unidentified  substances.  It  was 
subjected  to  a  second  thin  layer  separation  on  three  similar  plates 
in  the  system  8.5  %  ethanol  in  methylene  chloride.  All  of  the  radio- 
activity was  locaUzed  in  an  area  between  Rt  values  of  0.60  and  0.73, 
corresponding  to  authentic  sterols.  The  rest  of  the  plate  contained 
only  background  counts.  The  silica  with  the  radioactive  spot  was 
scraped  off  and  exhaustively  extracted,  as  before.  A  product 
wdghing  3.5  mg  and  having  a  total  radioactivity  of  23,350  cpm  was 
obtained.  One-thousandth  of  this  material  was  subjected  to  gas 
chromatography. 

Gas  chromatography  was  performed  on  a  Barber-Colman  Modd 
10  instrument,  equipped  with  a  150-cm  U-shaped  column  4  mm  in 
diameter.  The  supporting  mediiun  consisted  of  Oas  Qirom  Q. 
100-120  mesh,  coated  with  0.8  %  of  SE-52.  The  column  was  bled 
at  255''  for  114  hr  and  used  for  analysis  at  IIQ"".  The  sample 
injection  port  temperature  was  270°,  and  the  detector  temperature 


(8)  This  method  was  found  optimal  for  the  hydrolysis  of  saponins  by 
E.  S.  Rothman,  M.  E.  Wall,  and  H.  A.  Walens,  J.  Am.  Chem.  Soc^  74, 
5791  (1952). 
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i  I.    Specific  Activities'  of  Crystallized  Sterols  in  Experiment  1 


4o.  of 

• 

rystal- 

' Stigmasterol s 

. — Cholesterol  acetate  — » 

. Chdesterol » 

' — Cholesterol  benzoate — • 

^tions 

Crystals 

Supernatant 

Crystals 

Supernatant 

Crystals 

Supernatant 

Crystals 

Supernatant 
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4 
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6160 
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337 

467 
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278 

5 

2775 
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318 

402 

295 

315 

6 

2178 

6750 

302 

350 

303 

328 

7 

1710 

3000 

297 

Iq* 

305 

301 

8 

302 

Iq* 

'ounts  per  minute  per  milligram.    ^  Iq  »  insuflSdent  quantity. 

267^.  A  ^ionization  chamber  with  *^Sr  was  the  detecting 
e.  A  flow  rate  of  52-60  cc/min  of  argon  was  maintained, 
-etention  times  were  15,  18.5,  20.5,  and  24  min,  respectively, 
liolesterol,  campesterol,  stigmasterol,  and  /3-sitosterol.  The 
:tive  acetates  showed  peaks  at  20.5, 27.5, 30,  and  35  min. 

0  milligrams  of  authentic  stigmasterol  was  added  to  the  sterol 
je  obtained  from  the  final  thin  layer  chromatography  plates, 
stigmasterol  was  recrystallized  seven  times  from  methanol- 
.  The  mother  liquor  of  each  stigmasterol  crystallizate,  except 
St,  showed  a  small  cholesterol  peak  on  the  gas  chromatogram. 
the  residue  of  the  seventh  supernatant  the  cholesterol  peak 
lisappeared  and  the  specific  activity  was  reduced  to  less  than 
lalf.  The  specific  activity  of  crystals  decreased  with  each  suc- 
ng  crop,  but  the  rate  of  decrease  slowed  down.  It  is  likely  that 
:s  were  associated  with  stigmasterol.  All  supematants  were 
d,  taken  to  dryness,  and  acetylated.  One-fiftieth  was  subjected 
n  layer  chromatography  according  to  the  procedure  of  Waters 
Johnson,*  and  it  was  found  that  the  major  amount  of  radio- 
ity  was  associated  with  the  cholesterol  acetate  area.  Gas 
natography  of  the  acetates  indicated  peaks  which  coincided 
peaks  for  standard  cholesterol,  campesterol,  stigmasterol,  and 
(Sterol  acetates.    Tho^eupon  10  mg  of  cholesterol  acetate  was 

1  to  the  combined  residue,  which  weighed  1.3  mg,  and  one- 
er  of  the  material  was  recrystallized  five  times. 

e  rest  of  the  cholesterol  acetate  mixture  was  divided  into  two 
3ns.  Portion  1  was  hydrolyzed  with  6%  potassium  hy- 
de  in  ethanol  for  0.5  hr  in  a  boiling  water  bath.  Water  was 
1  and  the  hydrolysate  was  extracted  with  ether.  After  evap- 
>n  of  ether  a  quantity  of  standard  cholesterol  approximately 
to  the  weight  of  the  residue  was  added  and  recrystallized 
times.  Portion  2,  remaining  from  the  above,  was  also  hy- 
zed  and  then  benzoylated  in  the  usual  manner.  Standard 
sterol  benzoate  was  added  and  recrystallized  eight  times, 
dlings  used  in  expt  2  were  29  days  old  and  weighed  66.3  g. 
were  incubated  with  a  total  of  0.30  mg  of  mevalonic  acid-2-^K^, 
e  dibenzylethylenediamine  salt  (specific  activity  7.0  /icuries/ 
The  seedlings  were  homogenized,  as  described,  sonicated  for 
I,  homogenized  again,  and  resonicated.  This  procedure  was 
I  necessary  in  order  to  break  up  all  of  the  cells,  as  determined 
w-power  microscopy.  To  the  residue,  after  thin  layer  chro- 
^phy  in  both  systems  described,  was  added  10  mg  of  choles- 

The  latter  was  crystallized  five  times. 
ntiUation  counting  was  done  on  a  Nuclear  Chicago  Series  720 
rometer  at  room  temperature  with  enough  radioactive  material 
net  count  at  least  double  the  background  rate  and  for  most 
les  appreciably  more.  The  scintillation  fluid  consisted  of  10 
'  a  solution  of  toluene,  containing  5  g  of  2,5-diphenyloxazole 
300  mg  of  l,4-bis(2-(5-phenyIoxazolyl))benzene  per  liter, 
ounting  time  varied  between  20  and  100  min.  The  efiiciency 
^8%.  The  mevalonic  acid-2-i*C  was  dissolved  in  0.5  ml  of 
inol  before  the  scintillation  fluid  was  added. 

ilts 

ible  I  shows  the  specific  activity  of  the  sterol  crys- 
and  the  mother  liquors  from  each  crystallization 
of  expt  1,  obtained  after  incubation  with  mevalonic 
•2-^*C.  In  three  instances  residues  from  the  final 
matants  were  too  small  to  be  transferred  to  a  micro- 
nce.    The  radioactivity  of  stigmasterol  decreased 

J.  A.  Waters  and  D.  F.  Johnson,  Arch.  Biochem.  Biophys.,  112, 
1965). 


Table  n.    Specific  Activities'*  of  Cholesterol  in  Experiment  2 


No.  of 

crystal- 

lizations 

Crystals 

Supernatant 

1 

1701 

4173 

2 

1283 

1475 

3 

1297 

1325 

4 

1295 

1307 

5 

1271 

1315 

•  Counts  per  minute  per  milligram. 

throughout  the  crystallization  steps,  but  the  rate  of 
decrease  appears  to  approach  asymptotically  a  level 
above  1200  cpm/mg.  The  pooled  petroleum  ether 
extracts  of  the  defatting  stage  contained  a  total  of 
38,500  cpm.  Analysis  by  gas  chromatography  showed 
a  number  of  peaks  appearing  during  the  first  17  min. 
No  peaks  corresponding  to  the  four  sterols  assayed 
here  could  be  detected  in  this  fraction.  The  aqueous 
phase  contained  453,000  cpm.  Gas  chromatography 
of  the  sterol  mixture  in  the  aqueous  phase  after  hy- 
drolysis and  separation  in  both  thin  layer  systems  indi- 
cated the  presence  of  0.075  mg  of  cholesterol,  0.43  mg 
of  campesterol,  1.44  mg  of  stigmasterol,  and  1.64  mg 
of /3-sitosterol,  by  comparison  with  standards. 

The  petroleum  ether  extracts  from  expt  2  contained 
1 360  cpm  and  the  aqueous  phase  1 ,460,000  cpm.  Quan- 
titation of  sterols  by  planimetry  of  gas  chromatograph 
peaks  gave  the  following  values:  0.175  mg  of  choles- 
terol, 0.80  mg  of  campesterol,  1.69  mg  of  stigmasterol, 
and  2.00  mg  of  /3-sitosterol.  The  specific  activities  of 
crystallized  cholesterol  and  the  residues  from  the  mother 
liquors  are  indicated  in  Table  II. 

Discussion 

Incubation  with  mevalonic  acid-2-**C  permits  the 
isolation  of  cholesterol  acetate,  cholesterol,  and  choles- 
terol benzoate  of  constant  specific  activities  after  the 
second,  first,  and  fourth  crystallizations,  respectively,  as 
indicated  in  Tables  I  and  II.  It  took  somewhat  longer 
for  the  benzoate  to  reach  constant  specific  activity, 
presumably  because  of  the  presence  of  benzoic  acid 
in  the  extract.  The  specific  activities  of  the  residues 
from  the  terminal  supematants  coincided  with  that  of  the 
crystals.  The  substrate  was  added  as  the  dibenzyl- 
ethylenediamine salt.  Rilling  and  Bloch^^  found  no 
difference  in  results  in  squalene  formation  in  yeast  from 
mevalonate  as  the  potassium  salt  or  as  the  dibenzyl- 
ethylenediamine salt. 

(10)  H.  C.  Rilling  and  K.  Bloch.  /.  BtoL  Chem.,  234,  1424  (1957). 
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The  thin  layer  chromatographic  systems  for  free 
sterols  do  not  separate  campesterol,  stigmasterol,  0- 
sitosterol,  and  cholesterol.  The  system  for  the  ace- 
tates*  separates  these  sterols,  although  j3-sitosterol  and 
campesterol  acetates  run  together.  Chromatography 
of  the  acetates  presented  the  first  evidence  that  choles- 
terol  was  labeled.  The  gas  chromatographic  method 
separates  all  four  sterols,  but  the  cholesterol  peak  of  the 
plant  extract  was  so  small  that  at  first  no  significance 
was  attached  to  it. 

From  the  specific  activity  of  the  cholesterol  acetate 
of  expt  1  it  can  be  calculated  that  7300  cpm,  or  31  % 
of  the  total  activity  of  the  sterol  mixture,  was  due  to 
cholesterol.  No  more  than  0.075  mg  of  cholesterol  by 
weight  was  present  in  this  mixture,  and  thus  the  specific 
activity  of  cholesterol  was  at  least  97,000  cpm/mg  in  the 
native  extract.  The  specific  activity  of  stigmasterol 
can  be  roughly  estimated  at  SOOO  cpm/mg  and,  since 
1.44  mg  of  this  sterol  was  present,  7200  cpm  or  one- 
third  of  the  total  sterol  activity  can  be  accounted  for  by 
this  sterol.  Similarly,  from  expt  2,  it  can  be  calculated 
from  the  specific  activity  of  cholesterol  that  24  %  of  the 
radioactive  counts  of  the  mixture  was  due  to  choles- 
terol. Because  of  the  large  amount  of  endogenous 
substance,  radioactive  stigmasterol  produced  during 
the  course  of  the  experiment  has  been  extensively 
diluted. 

Cholesterol  was  found  in  the  aqueous  phase  after 
defatting  with  petroleum  ether.  It  became  soluble  in  a 
nonpolar  solvent  only  after  hydrolytic  treatment  with 
mineral  acid.  It  is  supposed  that  cholesterol  can  be 
conjugated  at  C-3  and  that  it  may  occur  as  glycoside. 
It  is  also  possible  that  cholesterol  can  be  conjugated 
with  sulfuric  acid.  This  speculation  is  reinforced  by 
the  recent  findings  of  cholesterol  sulfate  in  the  human 
organism."'"  No  other  water-soluble  conjugate  of 
cholesterol  has  been  discovered  in  nature. 

With  the  finding  of  cholesterol  in  plants,'-*  increased 
attention  has  been  drawn  to  the  intermediate  role  of 
this  substance  in  plant  sterol  biosynthesis.  Cholesterol 
comprises  but  3%  by  weight  of  the  total  sterol  mixture, 
yet  its  rate  of  formation  is  rapid.  One-quarter  to  one- 
third  of  the  radioactivity  found  in  all  sterols  became 
associated  with  cholesterol  during  the  incubation  period. 
The  high  rate  of  incorporation  of  label  into  cholesterol 
is  consonant  with  the  expectation  that  cholesterol 
fulfills  an  intermediary  role  in  formation  of  other 
sterols.  Data  indicate  that  the  turnover  rate  of  cho- 
lesterol must  be  high. 

Animals  seem  to  be  restricted  in  their  ability  to 
degrade  cholesterol,  and  on  a  weight  basis  this  com- 
pound is  the  most  important  of  all  steroid-nucleus- 
containing  substances.  Plants  appear  to  convert 
cholesterol  rapidly  to  a  number  of  compounds  which 
occur  side  by  side.  Bergmann"  has  pointed  out  that 
cholesterol  has  achieved  a  position  of  dominance  at 
higher  levels  of  evolution  until  it  has  become  the  prin- 
cipal sterol  of  vertebrate  animals.  It  remains  to  be 
seen  whether  higher  animals  have  achieved  an  advantage 
by  limiting  the  means  of  biochemical  modification  of 

(11)  E.  Gurpide,  K.  D.  Robert],  T.  Welch,  L.  Bsndi.  and  S.  Liebo'- 
nun.  BlochtmUtry,  5,  3352  (1966). 

(12)  H.  W.  Moser.  A.  B.  Mo»er,  and  J.  C  Orr.  Btocklm.  Blophyi. 
Ada.  116,  146(1966). 

(13)  W.  Bergmann  in  ■'Choleslerol."  R.  P.  Cook,  Ed..  Academic 
Pres*  Inc..  New  York,  N.  Y.,  1958.  p  435. 


the  steroid  side  chain.  Lipi 
its  esters  in  the  circulatory  sy; 
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Reports  in  the  literature  su 
plants  arise  by  a  pathway  s 
for  animals  and  yeast.  Carl 
can  be  incorporated  into 
peas,"'*  Ocimum  basilicum 
matoes;"  into  stigmasterol  ii 
flora,'*  and  tomatoes;"  inti 
Rauwolfia  serpentina, '  *  Dio 
Salvia  officinalis  and  S.  sclare 
in  peas;'*  and  into  di^toxi] 
and  D.  fanata.**-"  In  sevc: 
incorporation  of  carbons  or  I 
acid  into  steroids  has  been 
coincide  with  the  expected  loc 
ton  or  with  the  expected  "C/" 
ministered  as  free  compound 
leaves  of  Digitalis  lanata,  c1 
tigogenin,  gitogenin,  and  dios 
applied  to  the  surface  of  it 
spicuUflora  appears  as  diosgei 
describes  an  extensive  incorpi 
2-'*C  into  cholesterol  whe 
sterols.  The  small  concentr 
mixture  of  all  plant  sterols 
conversion  of  cholesterol  to 
lesterol  appears  to  fulfill  the 
animals:  that  of  key  intermed 
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Communications  to  the  Editor 


Chemical  Shift  Anisotropies  from  Nuclear  Magnetic 
Remnance  Studies  of  Oriented  Molecules 

Sir: 

It  is  now  well  known  that  anisotropy  in  nuclear 
magnetic  shielding  can  be  obtained  through  measure- 
ment of  a  shift  due  to  partial  molecular  alignment.*-' 
If  the  molecule  is  linear,  or  if  the  bond  containing  the 
nucleus  has  an  axis  of  symmetry,  it  is  possible  to  de- 
termine aj  —  <rx,  the  difference  in  the  shielding  for 
fields  parallel  and  perpendicular  to  the  bond.  If  the 
mean  shielding  constant,  (a^  +  2<rx)/3,  is  also  known 
through  measurements  on  an  isotropic  sample,  both 
o-i  and  (Tx  are  then  available. 

Recently  the  shifts  and  splittings  in  the  proton  and 
fluorine  spectra  of  CH»F  in  />,/?'-di-/i-hexyloxyazoxy- 
benzene  were  observed.*  It  was  reported  that  (<r|  — 
^±f  =  -179  =b  15  ppm  and  that  the  difference  in  the 
mean  proton  shielding  parallel  and  perpendicular  to 
the  threefold  axis  is  —  28  =b  4  ppm;  if  the  bond  angles 
arc  tetrahedral  and  the  CH  bonds  axially  symmetric, 
the  latter  result  entails  (<rn  -  <rjj^  =  +84  =b  12  ppm, 
a  value  rightly  described*  as  "unexpectedly  large." 
The  actual  shifts  were  evidently  about  - 195  cps  (-2.08 
ppm)  and  -32  cps  (-0.32  ppm)  for  the  F  and  H  reso- 
nances. 

The  purpose  of  this  communication  is  to  point  out 
that  a  small  nmr  shift  between  the  nematic  and  isotropic 
phases  of  a  liquid  crystal  solution  (relative  to  an  ex- 
ternal reference)  cannot  easily  be  related  to  shielding 
anisotropy.  The  difficulty  is  due  to  shifts  arising  from 
the  environment  of  the  solute.  The  isotropic  -^  ne- 
matic transition  is  a  first-order  phase  change,  and  there 
is  a  small  decrease  in  the  mean  volume  susceptibility 
of  the  medium  leading  to  a  downfield  shift.  However, 
there  is  a  more  important  effect  due  to  the  anisotropy 
in  the  bulk  susceptibility  brought  about  by  the  more- 
or-less  complete  molecular  alignment  in  the  nematic 
phase  in  the  strong  magnetic  field.  If  the  sample  is  in 
a  cylinder  at  right  angles  to  a  magnetic  field  H„  the 
volume  susceptibility  is  xt  in  the  direction  of  the  field, 
and  xx  at  ri^t  angles  to  it,  and  the  field  strength  inside 
the  cylinder  is 

HJil  +  2tXb  r'  «  i/.[l  -  iTTX  -  yAx] 

where  x  =  ViCxn  +  2xx)  is  the  mean  volume  suscepti- 
bility and  Ax  =  xi  —  xl-  In  a  spherical  sample,  the 
field  inside  is 


"[ 


1    +  JXB 


r 


Sir 


Ax 


] 


The  "effective  field"  acting  on  a  molecule  is  (1   + 
V»^Xii)  times  the  actual  field  in  the  medium,  so  there 

(1)  A.  D.  Buckingham  and  E.  G.  Lovering,  Trans.  Faraday  Soe„ 
59.  2077  (1962). 

(2)  A.  Saupe  and  O.  Englcrt,  Phys.  Rev.  Utters,  11.  462  (1963). 

(3)  For  a  review,  see  A.  D.  Buckingham  and  K.  A.  McUuchlan, 
•^Progress  in  N.M.R.  Spectroscopy."  Vol.  II.  L.  H.  Sutdiffe,  J.  W. 
Einsiey.  and  J.  Feeney.  Ed..  Pergamon  Press,  Oxford.  1967,  p  63. 

1967)  ^*™'>«»ni  and  B.  J.  Uvery.  /.  Am.  Chem.  Soe..  W,  1279 


is  no  bulk  susceptibility  shielding  in  a  spherical  sample, 
but  the  equivalent  shielding  constant  in  a  cylinder  is 

<rh  =  yXii  =  -3-X+  yAx 

The  shift  (2ir/3)x  is  well  known,*  but  the  second  term 
appears  to  be  new  and  gives  rise  to  an  upfield  shift 
when  the  solution  goes  nematic.  Measurements  of 
the  difference  in  the  field  strength  needed  to  produce 
resonance  in  a  cylinder  and  a  sphere  would  yield  0*5 
and  hence  valuable  information  about  the  volume 
susceptibility.' 

There  are  other  environmental  contributions  to  the 
shielding  that  might  change  significantly  when  the 
medium  undergoes  the  isotropic  -^  nematic  transition. 
In  particular,  there  is  the  "solvent  anisotropy  effect," 
(Ta,'  which  arises  from  the  link  between  the  shape  of 
the  solvent  molecules  and  their  magnetic  suscepti- 
bilities. Thus  in  benzene,  the  large  diamagnetic 
susceptibility  in  the  direction  perpendicular  to  the 
ring,  coupled  with  the  fact  that  solute  molecules  can 
approach  a  benzene  molecule  most  closely  in  this  di- 
rection, leads  to  a  high-field  shift  of  about  Vi  ppmj 
But  if  the  benzene  molecules  were  aligned  with  the  ring 
planes  parallel  to  the  magnetic  field,  this  high-field 
shift  would  be  converted  into  a  shift  —^/ixaixit  — 
Xu)~*  times  as  large,  where  xn  =  X«  is  the  magnetic 
susceptibility  in  the  plane  of  the  ring  and  xtt  that  at 
right  angles  to  it;  this  ratio  is  approximately  —0.9  for 
benzene,  and  the  resulting  change  in  a^  is  about  —  0.6  ppm. 

It  is  not  possible  to  prescribe  definite  values  for  A<rb 
and  Aa^  in  the  isotropic  -^  nematic  transition  in  solu- 
tions in  /i,/?'-di-/i-hexyloxyazoxybenzene.  Although  it 
is  apparently  a  first-order  phase  change,  the  decrease 
in  volume,  and  hence  in  x»  is  small  and  probably  less 
than  1%.'  However,  Ax  may  be  about  0.13  ppm 
(its  value  for  p-azoxyanisole')  so  that  A<rb  '^  +0.18 
ppm.  The  change  in  a^  is  doubtless  much  smaller  than 
that  calculated  above  for  benzene,  and  a  figure  of  —0.3 
ppm  is  reasonable.  Thus  we  would  expect  a  downfield 
shift  when  the  solvent  goes  nematic,  and  this  could 
greatly  reduce  (<t\\  —  <t±)^.  If  it  is  assumed  that 
(a\\  —  a±)^  is  zero,  the  solvent  shift  is  —0.32  ppm  and 
the  corrected  anisotropy  (a\\  —  <r±f  is  — 150  ppm. 

From  the  point  of  view  of  evaluating  shielding  aniso- 
tropics, it  would  seem  to  be  preferable  to  use  an  internal 
reference  comprising  a  molecule  of  high  symmetry; 
thus  CH4  would  be  appropriate  for  proton  spectra, 
and  CF4  or  SFe  for  F  resonances.  Even  with  internal 
referencing,  special  care  may  be  needed  in  interpreting 
small  shifts,  for  the  change  in  the  environment  could 
affect  the  solute  and  reference  differently. 

(5)  W.  C.  Dickinson.  Phys.  Rec,  81.  717  (1951). 

(6)  K.  Frei  and  H.  J.  Bernstein,  /.  Chem.  Phys.,  37.  1891  (1962). 

(7)  A.  D.  Buckingham.  T.  Schaefer.  and  W.  G.  Schneider,  ibid., 
32.  1227  (1960). 

(8)  O.  W.  Gray,  "Molecular  Structure  and  the  Properties  of  Liquid 
Crystals,**  Academic  Press  Inc.,  London,  1962. 

(9)  G.  FOex,  Trans.  Faraday  Soc.,  29. 958  (1933). 
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Synthesis  of  Transition  Metal-Monocarbon 
Carborane  Complexes 

Sir: 

We  wish  to  report  the  facile  synthesis  of  complexes 
of  the  BioHioCH'-  and  BioHioCNH2R^  ions  with  several 
transition  metals.^  The  syntheses  are  based  on  two 
general  reactions  very  closely  related  to  the  preparative 
methods  recently  described  for  the  (3)-l,2-dicarbollyl 
sandwich  complexes:**'  (1)  NasBioHioCH  and  anhy- 
drous metal  chloride,  and  (2)  CsBioHuCH,  aqueous 
sodium  hydroxide,  and  metal  chloride. 


Ni^V[BioHioNH(CH,)CJH7]i.  The  "B  nmr  spectra 
of  these  amine  derivatives  extend  over  29  ppm  and  are 
similar  to  those  of  the  unsubstituted  complexes  but  are 
not  as  well  resolved.  Analyses  of  the^  compounds  are 
given  in  Table  I. 

The  striking  similarity  in  properties  of  the  metal 
complexes  reported  in  this  paper  and  their  isoelectrooic 
dicarboUide  analogs  leads  us  to  suggest  that  the  tran- 
sition metal  in  these  compounds  is  ir-bonded  to  the 
open  face  of  two  monocarbon  carborane  (carboUidc) 
icosahedral  fragments.  Thus  the  Co^^'  spedes  II 
and  VI  are  apparent  analogs  of  the  cobalticinium  ion 


Table  I.    Analyses 


Calculated, 

%    

Found,  % 

Compound 

C 

H 

N 

B 

Metal 

C 

H 

N 

B 

Metal 

[(CH,)4N],Co(B,oHioCH), 

30.91 

10.74 

7.72 

39.78 

10.84 

30.99 

10.80 

7.58 

39.73 

10.6 

Cs,Ni(BioH,oCH), 

4.09 

3.78 

•  •  ■ 

36.84 

10.00 

3.77 

3.90 

•  •  • 

36.55 

9.8 

[(CH,)4N]iFe(BioH,oCH), 

31.05 

10.80 

7.78 

40.07 

10.30 

30.92 

10.98 

7.59 

•  ■   • 

9.8 

(CH,)4NCo(BioHioCNH,QH»), 

24.83 

9.59 

8.69 

44.70 

12.18 

25.09 

9.63 

8.67 

•  •  • 

12.6 

Ni(BioHitfCNH,CoH7)j 

22.01 

8.76 

6.42 

49.45 

13.44 

22.05 

9.08 

6.40 

•  •   • 

12.9 

The  BioHioCH®"  ion  is  readily  prepared  as  a  sparingly 
soluble  sodium  salt  (I)  by  deamination  and  deprotona- 
tion  of  BioHi2CN(CH3)8  with  sodium  metal  in  tetra- 
hydrofuran  (THF).*  Addition  of  I  to  a  solution  of 
anhydrous  C0CI2  in  THF  yielded  a  precipitate  of 
cobalt  metal  and  sodium  chloride.  The  Co"^(Bio- 
HioCH)2'~  ion  (II)  was  isolated  as  either  the  cesium  or 
tetramethylammonium  salt.  The  salts  of  II  are  dia- 
magnetic  and  yellow  [Xn„ut  (e):  279  (36,600)  and  422 
mM(382)]. 

The  second  type  of  reaction  is  illustrated  by  the 
synthesis  of  the  Ni'V(BioHioCH)22-  ion  (III).  An  aque- 
ous mixture  of  NiCh  (13.5  mmoles),  CsBioH^CH 
(22.1  mmoles),  and  sodium  hydroxide  (270  mmoles) 
was  heated  at  40°  with  air  injection  for  20  hr.  The 
yellow,  diamagnetic  cesium  salt  of  III  could  be  iso- 
lated in  yields  as  high  as  82%  from  this  reaction. 
By  this  method  one  can  also  obtain  good  yields  of  II 
and  salts  of  the  red  Fe"^(BioHioCH)2»-  ion  (IV). 

Preliminary  X-ray  data  on  Cs2Ni^V(BioHioCH)j 
yield  the  cell  parameters:  a  =  20.25,  b  =  12.77,  c  = 
14.64  A,  z  =  8,  rf(calcd)  2.08,  rf(found)  2.04.  The  ^^B 
nmr  spectra  of  II  and  III  extend  over  29  ppm  and  arc 
grossly  similar  to  one  another  but  have  not  been  com- 
pletely interpreted.  The  paramagnetic  ion  (IV)  has 
a  ^*B  nmr  spectrum  which  extends  over  approximately 
300  ppm  and  does  not  appear  to  show  "B-^H  coupling.* 

Treatment  of  BioHi2CNH2C3H7«  with  NiClj  in  aque- 
ous base  gives  in  good  yield,  orange,  diamagnetic 
Ni^V(B^^H^^CNH2C3H7)2  (V).  The  mass  spectrum  of 
V  cuts  off  sharply  at  m/e  444  corresponding  to  the  parent 
ion,  "QiH38^*N2i^B2o"Ni+  Orange,  diamagnetic 
(CH3)4NCo"^BioHioCHNH2C2H6)2  (VI)  was  obtained 
in  the  same  manner.  Methylation  of  V  with  sodium 
bicarbonate   and    methyl   iodide   gives   dark   orange 

(1)  We  are  indebted  to  Dr.  Knoth,  who  recently  advised  us  of  his  work 
in  this  area:    W.  H.  Knoth.  /.  Am.  Chem.  Soc,  89,  3342  (1967). 

(2)  M.  F.  Hawthorne,  D.  C.  Young,  and  P.  A.  Wegner,  ibid.,  87, 
1818  (1965). 

(3)  L.  F.  Warren,  Jr..  and  M.  F.  Hawthorne,  ibid.,  89,  470  (1967). 

(4)  W.  H.  Knoth,  ibid.,  89.  1274  (1967). 

(5)  A  similar  broad,  decoupled  spectrum  was  observed  for  the 
Fei"(B9CiHii),-  ion;  see  ref  2. 

(6)  D.  E.  Hyatt,  D.  A.  Owen,  and  L.  J.  Todd,  Inorg.  Chem.,  5, 
1749  (1966). 


and  the  Fe"^  species  IV  analogous  to  the  ferricinium 
ion.  A  single  crystal  X-ray  study  now  in  progress 
should  lend  support  to  this  postulate. 

Salts  of  the  (BioHioCH)Mn(CO),»-  and  Cu"^r 
HioCH)2'~  ions  have  also  been  obtained  from  BrMn- 
(CO)6  and  copper(II)  acetylacetonate,  respectively, 
by  the  anhydrous  route  with  NajBioHioCH.  The  "B 
nmr  spectra  of  these  ions  which  extend  over  20  ppm 
are  similar  to  one  another  but  dissimilar  to  the  spectra 
of  the  nickel  and  cobalt  derivatives. 

Further  synthetic  and  structural  studies  of  these 
new  carbollyl-transition  metal  complexes  are  in 
progress  and  will  be  reported  at  a  later  date. 
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J.  Nemeth  for  the  microanalyses,  Dr.  Donald  F.  Gaines, 
University  of  Wisconsin,  for  the  32-Mc  "B  nmr,  and 
the  National  Science  Foundation  for  support  under 
Grant  GP-4982. 
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Transition  Metal  Complexes  of  BioHioCNH}*- 
and  BioHioCH'- 

Sir: 

A  series  of  sandwich  complexes  of  transition  metals 
with  the  B«CjHu*~  anion  has  been  reported  by  Haw- 
thorne and  co-workers.*  These  complexes  are  form- 
ally analogous  to  metallocenes  because  the  metal  in 
both  cases  is  bonded  to  a  pentagonal  face  which  cao 
contribute  three  bonding  molecular  orbitals  and  six 
electrons. '•• 

This  communication  reports  the  preparation  of  simi- 
lar  metal  complexes   of  BioHioCNHj^   and  Bi»Hir 

(1)  (a)  M.  F.  Hawthorne,  D.  C.  Young,  and  P.  A.  Wegner,  /.  Akl 
Chem.  Soc.,  87, 1818  (1965);  (b)  M.  F.  Hawthorne  and  T.  D.  Andrew. 
Chem,  Commun.,  443  (1965);  (c)  L.  F.  Warren,  Jr.,  and  M.  F.  Hn^ 
thorne,  /.  Am.  Chem.  Soc.,  89,  470  (1967). 

(2)  M.  F.  Hawthorne  and  R.  C.  Pilling,  ibid.,  87,  3987  (1965). 

(3)  A.  Zalkin,  D.  H.  Templeton.  and  T.  E.  Hopkins.  Uyid^  87, 1S» 
(1965). 
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Table  I.    Representative  Analyses 


*The  presence  of  water  of  hydration  was  estaUished  by  infrared  analysis. 
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f^l^.m\0%AAA 

•f 

Found,  % 
H 

Compound 

B 

c 

H 

N 

M 

B 

C 

N 

M 

Csi(BioHioCH),CrHiO 

29.6 

3.3 

3.3 

•  •  • 

•  •  • 

30.2 

3.5 

3.1 

•  •  • 

•  •  • 

[(CHOiNHMBioHioCHW^n 

49.5 

21.9 

9.7 

6.4 

12.5 

49.5 

22.6 

9.5 

6.2 

11.7 

C8,(B,oHi,CH)rf:o.H,0- 

29.3 

3.2 

3.2 

•  •  • 

8.0 

29.6 

3.0 

3.3 

•  •  • 

8.0 

[(CH,)4N]i(BioH,oCH),Co 

46.0 

25.5 

9.8 

6.0 

12.6 

45.4 

25.6 

9.9 

6.2 

12.2 

OBrfBi,Hi,CH),Ni 

36.8 

•  •  • 

•  •  • 

•  •  • 

10.0 

36.7 

•  •  • 

•  •  • 

•  •  • 

10.1 

(CH,)4N(BioHioCNH,),Fe 

51.0 

17.0 

9.0 

9.9 

13.1 

50.0 

17.1 

9.5 

9.7 

13.3 

[(CH|)4N]iB,oH,oCNH,CoBioHioCNHt 

•  •  • 

23.9 

9.9 

11.2 

11.8 

•  •  • 

23.9 

10.2 

11.0 

11.9 

[Bi«Hi«CNH(CHiMiNi 

53.0 

17.6 

8.4 

6.8 

14.3 

53.0 

17.7 

8.9 

7.2 

14.3 

[(CH,)4NMBi^i«COH),Ni 

43.1 

24.0 

9.2 

5.6 

11.8 

42.9 

24.0 

9.4 

5.8 

11.7 

CH*-  by  the  reactions  of  BioHuCNHj*  and  BioHu- 
CH"^  with  transition  metal  halides  under  basic  con- 
ditions.^ The  facile,  essentially  one-step,  preparation 
of  BioHuCNHs  from  decaborane  and  sodium  cyanide 
makes  the  BioHioCNHj*~-metal  complexes  particularly 
accessible;  BioHuCH'  is  prepared  in  two  steps  from 
BioHwCNH,.* 

Cobalt,  nickel,  manganese,  and  iron  complexes 
have  been  prepared  from  both  BioH^CNHs  and  Bio- 
HuCH";  in  addition  a  chromium  complex  has  been 
prepared  from  the  latter.  These  species  have  the 
general  formulas  (BioHioCNHj)jM  and  (BioHioCH)iM. 
The  over-all  charge  is  dependent  on  the  formal  valence 
of  the  metal  and,  for  the  aminated  complexes,  also  on 
the  degree  of  protonation  of  the  nitrogen.  For  ex- 
ample, the  complex  of  Co(III)  with  the  aminated  ligand 
has  been  isolated  as  salts  of  the  BioHioCNHsCoBio- 
HioCNH,»-  and  (BioHioCNH,)iCo-  anions. 

It  has  been  shown*""  that  the  B»CjHii^  ligand  stabi- 
lizes relatively  high  metal  oxidation  states;  e.g., 
(B»C2Hii)2Ni-,  which  is  a  Ni(III)  complex,  can  be  oxi- 
dized to  a  Ni(IV)  species,  (B»C2Hii)2Ni.  The  Bio- 
HioCNH,*-  and  BioH,oCH«-  ligands  also  stabilize 
high  oxidation  states;  in  fact,  they  may  be  superior 
to  BtQHu*"  in  this  respect  because  in  their  complexes 
Ni(IV)  is  the  preferred  oxidation  state  (i.e.,  the  iso- 
lated products  contain  Ni(IV)  without  the  need  for  an 
additional  oxidation  step).  Furthermore,  the  yellow- 
orange,  diamagnetic  (BioHioCH)jCo'~  anion,  which 
contains  Co(III),  is  oxidized  by  eerie  ion  to  an  almost 
black,  paramagnetic  (BioHioCH)iCo*-  ion,  which  for- 
mally contains  Co(IV).  The  formal  oxidation  states  in 
the  manganese,  iron,  cobalt,  and  chromium  complexes 
as  isolated  are  IV,  III,  III,  and  III,  respectively.  Analy- 
ses of  representative  compounds  are  given  in  Table  I. 

The  preparations  of  the  complexes  are  simple  and 
consist  of  adding  /i-butyllithium  to  a  mixture  of  a 
metal(II)  halide  (except  that  CrCU  is  used  to  prepare 
the  chromium  compound)  and  BioHuCNHj  or  a  salt 
of  BioHiaCH-  in  tetrahydrofuran.  An  even  more 
convenient  preparation  of  the  cobalt  and  nickel  com- 
plexes consists  of  treating  CoCh  or  NiCU  with  BioHu- 
CNHi  or  BioHuCH"  in  aqueous  sodium  hydroxide. 
The  isolated  Fc<III)  products  are  formed  by  spon- 
taneous air  oxidation  of  the  analogous  Fe(II)  species; 
oxidation  of  the  other  metals  to  the  states  observed  in 
the  isolated  products  occurs  with  concurrent  reduc- 
tion of  excess  metal  halide.    The  two-electron  oxida- 

C4)  W.  H.  Knoth.  /.  Am.  Chem.  Soc.,  89,  1274  (1967). 
(^aosely  related  work  has  been  reported:    D.  E.  Hyatt,  J.  L.  Little, 
J.  T.  Moran,  F.  R.  Scholcr,  and  L.  J.  Todd,  ibid.,  89,  3342  (1967). 


tions  (M(II)  -^  M(IV))  may  involve  both  air  oxida- 
tion and  disproportionation. 

The  iron-,  nickel-,  chromium-,  and  cobalt(III)  com- 
plexes are  quite  stable  in  air  and  are  not  readily  de- 
composed by  acids,  consistent  with  the  behavior  re- 
ported* for  the  BaQHu*"  metal  complexes.  The 
manganese  complexes  decompose  slowly  in  aceto- 
nitrile  solution ;  the  products  have  not  been  identified. 

Although  the  structures  of  the  complexes  have  not 
been  unequivocally  established,  it  is  quite  reasonable 
to  assume  they  are  analogous  to  those  of  the  BsQHu^ 
metal  sandwich  species.*"'  This  assumption  is  based 
on  the  isoelectronic  relationship  of  BsQHn^  with 
BioHioCH*-  and  BioHioCNHi^  and  on  the  chemical 
similarities  noted  above  for  their  respective  metal 
complexes.  The  proposed  structure  is  shown  in 
Figure  1. 


Figure  1.    Proposed  skeletal  structure  for  metal  sandwich  com- 
plexes of  BioHioCH*'  and  its  derivatives 


The  metal  complexes  derived  from  BioHuCNHi  are 
of  particular  interest,  not  only  because  of  the  facile 
preparation  of  this  aminocarborane,  but  also  because 
the  amine  group  provides  convenient  access  to  other 
C-substituted  complexes.  For  example,  the  reac- 
tions of  (BioHioCNH|)2Ni  with  nitrous  acid  and  with 
dimethyl  sulfate  have  given  (BioHioCOH)jNi*-  and 
[BioHioCNH(CH,),]2Ni,  respectively.  An  N-alkylated 
analog,  (BioHioCNHsCH2CeH6)2Ni,  has  also  been  pre- 
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endo'  and  ^xo-8-ChlorohomotropyIium  Salts 

Sir: 

The  occurrence  of  an  8-halohomotropylium  ion  as 
an  intermediate  in  the  halogenation  of  cyclooctatetraene 
is  conceivable.  It  would  explain  the  unique  features 
of  this  reaction.*  To  provide  evidence  for  this  mech- 
anistic possibility,  we  prepared  exo-  and  ewrfo-S-chloro- 
homotropylium  salts,  von  Rosenberg,  Mahler,  and 
Pettit'  obtained  stable  homotropylium  salts  by  the  re- 
action of  cyclooctatetraene  with  strong  acids.  Fur- 
ther studies  in  the  laboratories  of  Winstein*  and 
Pettit*  confirmed  the  homoaromatic  character  of  the 
cationic  species. 

We  treated  c/5-7,8-dichlorocycloocta-l,3,5-triene*(IA 
and  IB)  with  antimony  pentachloride  in  dichlorometh- 
ane  at  —15®  and  isolated  the  crystalline,  colorless 
cjco-8-chlorohomotropylium  hexachloroantimonate  (II, 
X-  =  SbCle")  in  95%  yield.«  The  salt  (mp  82-85® 
dec  in  a  sealed  tube)  is  stable  at  room  temperature 
but  decomposes  on  exposure  to  moist  air.  Structural 
assignment  is  based  on  the  nmr  spectrum  (CDsNOs).^ 
The  homoaromatic  protons  at  positions  2-6  are  centered 
at  T  1.1  (multiplet);  protons  1  and  7  give  rise  to  a 
triplet  at  T  2.82  with  Jw  =  Jw  =  8.2  cps.  The  aromatic 
ring  current  shifts  the  triplet  of  the  endo-i-H  to  r  8.20. 


SbCl5,SnCl4, 
SbF,  orAgSbF, 


fct 


SbClg  or  FSOjH 


r^^^ 


H      (pL 
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(1)  R.  Huisgen,  G.  Boche,  and  H.  Huber,  /.  Am.  Chem,  Sac.,  89, 3345 
(1967). 

(2)  J.  L.  von  Rosenberg,  J.  E.  Mahler,  and  R.  Pettit,  ibid.,  84,  2842 
(1962). 

(3)  S.  Winstein,  H.  D.  Kaesz,  C.  G.  Kreiter,  and  E.  C.  Friedrich, 
ibid.,  87,  3267  (1965);  S.  Winstein,  C.  G.  Kreiter,  and  J.  I.  Braumann, 
ibid.,  88,  2047  (1966). 

(4)  C.  E.  Keller  and  R.  Pettit,  ibid.,  88,  604,  606  (1966). 

(5)  R.  Huisgen,  G.  Boche,  W.  Hechtl,  and  H.  Huber,  Angew.  Chem., 
78,  595  (1966);  Angew.  Chem.  Intern.  Ed.  Engl.,  5,  585  (196j5). 

(6)  Satisfactory  carbon  and  hydrogen  analyses  were  obtained. 

(7)  Determined  on  a  Varian  A-60  spectrometer  with  TMS  as  internal 
standard. 
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Figure  1.  Nmr  spectrum  (FSOiH)  of  ejto-8-chlorobomotropylium 
fluorosulfonate  at  20''.i 

The  spectrum  corresponds  well  with  that  of  the  homo- 
tropylium hexachloroantimonate'  after  making  allow- 
ance for  the  effect  of  the  exo-8-chlorine.  The  spectrum 
of  II  (X-  =  FSOr)  in  fluorosulfonic  acid  (Figure  1)  is 
very  similar. 

lA  and  IB  exist  at  —15^  in  a  mobile  46:54  equi- 
librium.^ Besides  SbCU  (in  CHsCh  or  SOs),  SdQi 
(in  CH2CI2;  II,  X-  =  SnOry  or  AgSbF«  (in  SO,  or 
CDsNOs),  respectively,  also  cause  chloride  elimina- 
tion from  the  ejco,c/5-dichloride  lA  to  give  the  exo-ir 
chloro  cation  II. 

In  contrast,  fluorosulfonic  acid  attacks  the  endo- 
dichloro  conformer  IB.  Treatment  with  ^  4  cquiv  of 
FSOsH  in  SO2  or  with  pure  FSOiH  below  0^  converted 
IB  to  the  e/wto-8-chlorohomotropylium  salt  III  (X"  = 
FSO  j").  Also  shown  by  the  nmr  spectrum  of  III  (Figure 
2^)  is  the  equality  of  vicinal  coupling  constants,  leading 
to  two  triplets,  one  for  1-H  and  7-H,  the  other  for  8-H. 
The  T  value  of  exo-8-H  is  shifted  by  5.69  to  lower  field 
compared  with  endo-i-H  in  II. 

On  warming  a  solution  of  III  in  FSOsH  to  30.4^  a 
first-order  isomerization  to  the  ejco-chloro  cation  took 


H ,  aeo- 

1-6      '^' 


1-H 
and  7-H 
3.43  T 


Figure  2.    Nmr  spectrum  (FSOsH)  of  e/uib-S-chlorohomotropyl- 
ium  fluorosulfonate  at  —40''.* 


(8)  TMS  is  destroyed  by  FSOsH.  Chemical  shifts  were  corrected  by 
using  the  same  r  values  for  the  two  triplets  as  found  for  11  (X  «  SbQi1 
in  CDsNOt.  For  mixtures  of  II  and  in  in  FSO«H«  analogous  conc^ 
tions  were  applied. 
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place  with  a  half-life  of  37.7  min.  Additional  kinetic 
measurements  (nmr)  at  IS.S  and  20.0^  furnished  values 
for  A/r*=  of  24.4  kcal/mole  and  for  A5*  of  3.8  eu. 
The  ^jc^T-chloride  II,  probably  formed  by  ring  inversion 
of  the  e/M/(7-chloride  III,  is  the  thermodynamically  stable 
isomer  since  no  III  is  detectable  after  complete  isomeri- 
zation.  SbCle  does  not  catalyze  the  process  III  -^ 
II.  Winstein,  et  al.,*  found  a  half-life  of  19  min  for 
the  equilibration  of  the  e/u/o-S-J-homotropylium  ion 
inDjS04atcfl.32^ 

On  treating  /ran5-7,8-dichlorocyclooctatriene*  (IV) 
with  SbCls  in  dichloromethane  at  —20^,  the  exo- 
chloro  salt  II  precipitated.  The  same  reaction  in  SOs 
at  —40°  resulted  in  a  solution  of  which  the  nnu"  re- 
vealed solely  the  presence  of  II.  Interestingly,  fluoro- 
sulfonic  acid  at  —20®  converted  IV  to  the  same  exo- 
chloro  cation  II.  Thus,  in  the  ionizations  of  I  and  IV, 
induced  by  FSOsH,  the  chloride  anion  is  removed  from 
the  endo  side,  while  SbCls  gives  in  both  cases  the  more 
stable  ejco-chloro  cation.  The  origin  of  this  dichotomy 
— all  ionizations  described  above  are  unidirectional  and 
kinetically  controlled — is  unknown. 

Reppe's  dichloride  V'  is  not  transformed  to  a  homo- 
tropylium  salt  by  FSOiH. 

(9)  W.  Reppe,  O.  Schlichting,  K.  Klager,  and  T.  Toepel,  Ann,  Chem.^ 
560.  1  (1948). 
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The  Halogenation  of  Cyclooctatetraene 
via  8-Halohomotropylium  Ions 

Sir: 

The  7,8-/ra«5-dihalobicyclo[4.2.0]octa-2,4-dienes 
which  Reppe,  ei  al,,^  obtained  from  cyclooctatetraene 
and  halogen  are  the  result  of  multistep  reactions.'** 
In  the  chlorination,  we  isolated  four  isomeric  dichlo- 
rides  and  elucidated  their  structures  as  well  as  their 
mutual  relationships.  *  The  halogenation  shows  several 
unique  features:  (1)  exclusive  primary  cis  addition 
over  the  solvent  range  from  hexane  to  acetonitrile; 
(2)  unusually  high  rate;  in  the  bromination  at  —55**, 
the  solution  remains  colorless  until  the  first  drop  of 
bromine  exceeds  1  mole  equiv;  (3)  the  ci>7,8-di- 
halocycloocta-l,3,5-trienes  isomerize  readily  to  the 
trans  isomers  despite  steric  hindrance  of  allylic  reso- 
nance in  the  tub  form. 

We  propose  |8-halohomotropylium  cation  (II)  as  an 
intermediate.  The  formation  of  this  homoaromatic 
species  would  obviously  explain  the  high  rate  of  halo- 
genation. This  being  the  case,  both  steps  of  Scheme 
I,  formulated  for  chlorination,  should  take  place  highly 


cr  ^^ 
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stereoselectively.    Experimental   evidence   on   step   2 
is  easily  accessible. 

Step  2.  We  added  1 . 1  equiv  of  tetraethylammonium 
chloride  to  ejco-8-chlorohomotropylium  hexachloro- 
antimonate  (IV)*  in  SOj  at  —40®  and  recorded  the 
nmr  spectrum  of  the  clear  solution.  Signals^  were  ob- 
served indicating  the  presence  of  only  /ran5-7,8-di- 
chlorocyclooctatriene  (V).*  Thus,  the  chloride  anion 
approaches  C-1  from  the  endo  side. 

H 


m  sbo; 


c/5-Dichloride  III  (2.6  mmoles)  was  treated  with  10 
mmoles  of  fluorosulfonic  acid  in  6  ml  of  SOs  at  —  20**  to 
give  pure  e/M/o-8-chlorohomotropylium  salt  (II,  FSOr 
instead  of  CI").*  After  5  min,  15  mmoles  of  tetra- 
ethylammonium chloride  was  introduced.  The  nmr 
spectrum  of  the  clear  solution  (—40°,  after  10  min) 
indicated  94  %  cw-dichloride  III  and  6  %  trans  isomer  V. 
The  formation  of  the  small  amount  of  V  is  most  likely 
not  due  to  kinetic,  but  rather  to  thermodynamic, 
control.*  Thus,  both  homotropylium  ions  suffer 
endo  attack  by  the  nucleophilic  Cl~. 

Step  1.  Only  the  e/u/o-chlorohomotropylium 
ion  II  is  consistent  with  the  quantitative  formation  of 
the  c&-dichloride  III  in  the  chlorination  of  cyclo- 
octatetraene. Conclusive  evidence  for  the  high  stereo- 
selectivity of  step  1  (I  -^  II)  is  not  available  because 
with  no  known  chlorinating  reagent  can  the  reaction 
be  terminated  reliably  at  the  cationic  stage  II.  We 
assume  that  Cls-'SbHaU  chlorinates  faster  than  Cls 
and  gives  directly  8-chlorohomotropylium  hexachloro- 
antimonate.  In  the  reactions  with  Cls  and  SbCU  in 
dichloromethane,  the  hexachloroantimonates  II  (SbCle" 
instead  of  Cl~)  and  IV  precipitated  and  were  weight 
and  analyzed  by  nmr  in  SOj  at  —40°.  The  use  of  Cli 
and  SbFi  permitted  direct  nmr  analysis  of  the  clear 
reaction  solutions. 

The  data  of  Table  I  reveal  that  the  yield  of  endo-i- 
chlorohomotropylium  salt  rises  with  decreasing  reac- 

TaMe  I.    Reactions  of  Cyclooctatetraene  with  1 .0 
Equiv  of  Clt  and  SbHalt  in  Dichloromethane 


%  hexahalo- 

Equiv  of 

Temp, 

antimonate 

end(hC\in): 

SbHali 

°C 

II  and  IV 

exo<:]ay) 

1.2  SbCli 

-20 

75 

17:83 

4.0  SbCU 

-20 

78 

47:53 

1.2  SbOi 

-93 

77 

50:50 

3.0  SbCU 

-93 

76 

62:38 

2.0  SbF»« 

-50 

(100) 

66:34 

1.2  SbF,« 

-93 

(100) 

56:44 

(1)  W.  Reppe,  O.  Schlichting.  K.  Klager,  and  T.  Ttfpel,  Ann.  Chem., 
\  1  (1948). 

(2)  R.  Huisgen  and  O.  Boche,  Tetrahedron  Letters,  1769  (1965). 

<3)  R.  Huisgen,  O.  Boche,  W.  Hechtl«  and  H.  Huber,  Angew,  Chmn,. 
7S.  S9S  (1966);  Angew.  Chem.  Intern.  Ed.  Engl.  5,  585  (196Q. 


•  Solvent :    CHsas-SO^ 

tion  temperature  and  increasing  concentration  of  Sb- 
HaU;  SbFs  appears  to  be  more  efficient  than  SbCle* 

(4)  O.  Boche,  W.  Hechtl,  H.  Huber,  and  R.  Huisgen,  /.  Am.  Chem, 
Soc.,  89  3344  (1967). 

(5)  The  limit  of  nmr  analysis  of  the  cU  isomer  lU  in  the  presence  of 
a  large  amount  of  V  is  ca.  6%. 

(6)  Uncatalyzed  isomariiation  of  the  ctf-dichloride  III  in  SOi  at 
-40*' led  to  15%  V  afltor  30  min  and  to  40%  V  after  5  hr. 
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a,  +  SbHal,  ^:±:  O-Q  -    ■  ■  SbH^, 
VI 

We  interpret  these  results  as  coacurrent  chlorina- 
tions  by  Qj  and  reagent  VI.  The  former  yields  the  cis- 
dichloride  III  which  is  converted  in  a  second  step  by 
SbHals  to  give  pure  exo-chloro  cation  IV.*  The 
endo-chloro  cation  II  (SbHal*-  instead  of  CI")  can 
therefore  only  be  the  result  of  a  direct  attack  of  the  com- 
plex  VI  on  cyclooctatetraene.  Consistent  with  this 
interpretation  is  the  dependence  of  the  ratio  II  :1V 
on  temperature  and  SbHals  concentration;  this  sub- 
stantiates the  conclusion  that  the  primary  step  of 
chlorination  is  the  formation  of  the  eni/o-chloro  cat- 
ion II. 

On  treating  cyclooctatetraene  with  DiSOt  at  ~  10°, 
Winstein,  et  al.,^  obtained  endo-  and  exo-8-rf-homo- 
tropylium  salt  in  an  80:20  ratio.  Our  experiments 
with  FSOiD  at  -70°  gave  a  75 :25  product  ratio.  The 
virtually  quantitative  formation  of  III  in  the  chlorina- 
tion requires  a  more  specific  endo  attack  of  "CI"''" 
on  cyclooctatetraene  than  in  the  deuteration.  Pos- 
sibly, initial  formation  of  the  ir-complex  I  contributes 
to  the  high  stereoselectivity  observed. 

cis-trans  Isoraerization.  A  66:34  equilibrium  of 
dichlorides  V:TII  is  established  in  CCl,  at  —30°  in 
the  presence  of  alumina.'  The  isomerization  III  -*  V 
in  SOi  at  —40°  '  is  accelerated  by  catalytic  amounts  of 
/7-toluenesulfonic  or  fluorosulfonic  acid.  These  ob- 
servations are  also  highly  suggestive  of  8-chlorohomo- 
tropylium  ions  as  intermediates.  Since  ring  inversion 
of  endo-  and  exo-chloro  cation  II  --*■  IV  docs  not  take 
place  at  —30°,*  ionization  of  dichlorides  III  and  V 
and  or  CI-  attack  on  8-chlorohomotropylium  ions  II 
and  IV  is,  therefore,  not  absolutely  stereospccific. 

Inspection  of  models  leaves  no  doubt  that  the  tt  over- 
lap between  the  orbitals  at  positions  1  and  7  of  the 
homotropylium  ion  is  substantially  larger  on  the  under- 
side than  on  the  side  of  the  C-8  bridge.  This  may  be 
the  principal  reason  for  the  endo  attack  in  both  steps  of 
Scheme  I. 

(7)  S.  Winitein,  C  O.  Kreiter,  and  J.  1.  Braumano,  J.  Am.  Cktm. 
Soe,.  M.  2047(1966). 
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On  the  Mechanism  of  Electron  Impact  Induced 
Elimination  of  Ketene  in  Coitjugsted  Cyclohexenones 
and  Correlations  with  Photochemistry'* 


It  is  of  significant  mechanistic  concern  to  note  that, 
upon  electron  bombardment  of  certain  molecules  con- 
taining   the    2-cyclohexcnonc    moiety,'-'    a    neutral 

(1)  Pan  XIII:  High- Resolution  Mass  Spectrometry  in  Molecular 
Struclure  Sludies;  for  pari  XII,  see  D.  H.  Smith,  K.  K.  Schnoes,  and 
A,  L.  Burliogame,  in  preparation. 

(2)  This  research  was  supported  in  part  by  the  National  Aeronautics 
and  Space  Administration.  Grant  NsG  101,  and  Public  Health  Service 
Gram  No,  AM-709,  National  Institute  of  Arthritis  and  Metabolic 
Diseases,  U.  S.  Public  Health  Service. 

(3)  Previous  experimenters  have  employed  deuterium  labeling  to 
confirm  the  origin  and  identity  of  the  specific  atoms  involved  in  the  for- 
mation of  keleoe.    See  R.  H.  Shapiro,  J.  M.  Wilion,  and  C.  Djerassi. 


species  is  eliminated  containi 
which  would  formally  reqti 
favorable'-'  scission  of  a  vin 
androsten-3-one  (I). 


The  extent  of  ketene  elim 
tion  of  a  series  of  methyl-s 
is  presented  in  Table  I.    Tl 

Tabte  I.    Loss  of  Ketene  from  2-C 


Mass 

M- 

Compound 

CHrf) 

II,  R'-R*  =  H 

54 

III.  R'  =  CH, 

68 

IV,  R',  R*  =  CH, 

82 

V,  R*  =  CH, 

68 

VI,  R".  R*  -  CH, 

82 

VII,  R*  -  CH, 

68 

VIII.  R*.  R''  =  CH, 

82 

IX.  R',  R''  -  CH, 

82 

X,  R',  R«,  R*'  -  CH/ 

96 

XI.  R*  -  CH,' 

54 

XII,  R'.R'.R'  -CH,< 

82 

•Values  are  calculated  from  o 
for  all  compounds  except  IV,  IX, 
otherwise  specified.  'J.  H.  Bowii 
(1966).    'SeereflO. 

by  deuterium  labeling*  a 
spectra '0)  is  prominent  in  tl 
those  compounds  which  hav 
stituent  at  C-4.  The  steroi 
AU»'-4-mcthyl-2-octalone  (X 
talone  (XIV),  trans-&*-9, 10- 
«s-A'-9,10-dimethyl-2-octalo 
tetrahydroindan-5-one  (XV 
one  (XVIII),  from  which  ke 
tron  impact,  also  fulfill  the  i 
substituent  at  the  carbon  y  X 
A  related  minimal  stnicti 
established  for  the  photoi 
/-butyl  alcohol  of  cyclohej 
bicyclo[3.1.0]hexan-2-one  syi 
stituents  are  required  at  C-- 
the  type  VIII  to  XIX  is  ol 
in  minimal  structural  requii 


5wroMf,l  1(1963): 
"Interpretation  of  Mau  Spectra  ol 
Day,  Inc.,  San  Francisco,  Calif.,  191 
(4>  V.  I.  Zarelskii,  N.  S,  Wulfson, 
Ullers,  3879(1966). 

(5)  M.  Audier,  M.  Fetizon.  and  \ 
415  (1964). 

(6)  R.  H.  Shapiro  and  C.  Djerassi, 

(7)  L.  Ahlquiit,  R.  Rybage,  E.  Su 
Keml,  14.211  (1959). 

(S)  K.  Biemann,  "Mass  Spectronc 
New  York,  N.  Y.,  1962.  pp  98-99.  3: 

(9)  M.  Senn,  W.  J.  Richter,  and  A. 
«7.680(I96S). 

(10)  In  the  case  of  C-6  substitute 
M  -  (41  +  Ri). 
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before  fragmentation  occurs  in  the  vibronicaUy  ex- 
cited state,  a  rearrangement  of  some  of  the  molecular 
ions  of  VIII  occurs  to  molecular  ion  c,  formally  anal- 
ogous to  that  of  compound  XIX,  the  photoisomer 
derived  from  the  enone  VIII.    One  pathway  by  which 


-t 


XK 


vni 


the  ketene  could  be  lost  would  be  the  subsequent  frag- 
mentation of  this  rearranged  molecular  ion  c. 


In  the  high-resolution  mass  spectrum  of  the  bicyclic 
photoproduct  XIX,  the  ion  formed  by  elimination  of 
ketene  from  the  molecular  ion  makes  the  major  con- 
tribution (%  £19  27.47)  to  the  total  ion  current.  The 
loss  of  C-2  and  C-3  is  confirmed  in  the  spectrum 
of  6,6-dimethylbicyclo[3. 1  .Opiexan-2-one-3,3-ds.  It  ap- 
pears (see  Figures  1  and  2)  that  the  enone  VIII  gen- 
erates a  hydrocarbon  fragmentation  pattern  primarily 
via  loss  of  ketene  and  an  oxygen  fragmentation  pattern 
by  loss  of  ethylene.  Decomposition  of  the  bicyclic- 
[3.1.0]  ketone  XIX  generates  a  strikingly  similar  hydro- 
carbon fragmentation  pattern.  Thus,  4,4-dimethyl- 
2-cyclohexenone  may  be  another  example  in  which 
rearrangement  or  fragmentation  observed  on  photon 
absorption  also  occurs  on  electron  impact.  ^'"^ 

However,  two  points  remain  unexplained  in  this 
analogy  to  the  photorearrangement.  (a)  Compounds 
1,  VI,  VII,  and  XIII,  which  do  lose  ketene  on  electron 
impact,  have  been  observed  not  to  rearrange  on  ir- 
radiation to  the  bicyclo  system,  (b)  In  addition,  com- 
parison of  the  mass  spectrum  of  cholestenone's  photo- 
product^^  with  that  of  cholestenone  indicates  that  the 
' 'photorearrangement"  cannot  be  the  major  path 
under  electron  impact  leading  to  loss  of  ketene  from 
cholestenone. 

Nonetheless,  the  bicyclo[3.L0]  system  remains  an 
attractive  and  reasonable  general  intermediate  from 
which  to  lose  ketene.  The  bicyclo[3. 1 .0]  system  could 
be  generated  by  any  of  several  bond  migrations  in  the 
cyclohexenone  molecular  ion,  including  the  '^photo- 
rearrangement"  VIII  -►  b.    Migration  to  C-3  of  a 

(12)  O.  L.  Chapman,  T.  A.  Rettig,  A.  I.  Dutton,  and  P.  Fitton, 
Tetrahedron  Letters,  2049  (1963). 

(13)  F.  W.  McLaffcrty.  Anal.  Chem.,  31,  82  (1959). 

(14)  N.  J.  Turro,  D.  C.  Neckers,  P.  A.  Leermakers,  D.  Seldner,  and 
P.  D.  An^elo,  /.  Am,  Chem,  Soc.,  87,  4097  (1965). 

(15)  P.  Brown,  J.  Kossanyi,  and  C.  Djerassi,  Tetrahedron  Suppl^JJ] 
8.  241  (196^. 

(16)  After  submission  of  this  manuscript.  Professor  Carl  Djerassi  of 
Stanford  University  informed  us  that  similar  observations  had  been 
recorded  in  his  laboratory  but  with  a  different  interpretation.  See 
R.  L.  N.  Harrm^  p.  Komitsky,  Jr.,  and  C.  Djerassi,  /.  Am,  Chem,  Soc,, 
in  press. 

(17)  B.  A//x«ulders,  W.  W.  Kwie.  W.  Klyne,  and  P.  D.  Gardner, 
Tetrahidrafi,  2l  ^     2973  (1965). 
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Figure  1.    The  complete  high-resolution  mass  spectrum  of  4,4- 
dimethylcyclohex-l-enone. 
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Figure  2.  The  complete  high-resolution  mass  spectrum  of  7,7- 
dimethylbicyclo[3.1 .0]hexan-2-one. 

methyl  group  from  C-4^«  as  shown  in  a  -►  f  could  lead 
to  formation  of  the  ionized  bicyclo[3.1.0]hexane-2- 
one  derivative  (f  -►  g)  in  a  manner  analogous  to  that 
postulated  in  b  -►  c.  In  polycyclic  systems  three 
different  alkyl  migrations  are  possible  from  the  quater- 
nary center  y  to  the  carbonyl  group.    In  VII  and  XIII 


a 


g 


migration  of  the  tertiary  7-hydrogen  atom  could  also 
lead  to  a  bicyclo[3.1.0piexan-2-one  (a  -►  g).  The  sug- 
gestion is  made,  then,  that  ketene  is  lost  from  cyclo- 
hexenone derivatives  through  a  rearranged  bicyclo- 
[4.1.0]hexan-2-one  system,  whose  formation  requires 
one  or  another  bond  migration  from  the  substituted 
7  carbon. 

The  structural  features  reported  above  are  necessary 
for  the  loss  of  ketene  from  conjugated  cyclohexenones, 
although  reports  indicate  that  the  relative  importance 
of  this  elimination  may  be  altered  by  the  presence  of 
additional  functional  groups^*  and,  in  the  rigid  steroid 
systems,  by  different  stereochemistry.  ^* 
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Intramolecular  Migration  of  Trittum  and  Deuterium 
during  Nonenzymatic  Aromatic  Hydroxylation 

Sir: 

It  has  recently  been  discovered  that  during  enzymatic 
hydroxylation  of  aromatic  substrates  the  substituent 
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Table  I.    The  Absence  of  Intramolecular  Migration  of  Deuterium  during  Electrophilic 
Aromatic  Substitutions  of  Selectively  Deuterated  Substrates* 

Compound 

Reagent 

Product 

[p->H]Acetanilide(1.0) 
[p-«H]AcetaniUde(1.0) 
[p->HlAcetanilide  (1.0) 

Brr-HOAc» 

(CJH5),CHOH-trifluoroacetic  acid 
HN0r-H,S04 

/>-Bromoacetanilide  (0.00) 

/>-Acetamidophenyldiphenylmethane  (0.03) 

Aromatic  ring  hydrogens  exchange  with  solvent  at  room  tempenture 

r/>-«H]Toluene  (0.73) 
r/>-«HIlbluene  (0.73) 
[/>-«HJl'oluene  (0.73) 

Br, 

(C6H6)sCHOH-trifluoroacetic  add 
Succinic  anhydride-AlQi 

/>-Bromotoluene  (0.00) 
/>-Tolyldiphenylmethane  (0.01) 

AlQi  catalyzes  the  exchange  of  the  ring  protons  with  the  proton  of  the 
carboxylic  acid"  produced  in  the  reaction 

[5-«H}.SalicyUc  acid  (0.38) 

Brr-HOAc 

5-Bromosalicylic  acid  (0.02) 

[p->H]N,N-Dimethylaniline 
(1.0) 

Diazotized  anthranilic  acid 

Methyl  red  (0.02) 

[p-«H]Phenol  (0.44) 

Cold,  dilute  H,S04  and  HNOi 

/>-Nitrophenol  (0.00) 

<>  The  numbers  in  parentheses  indicate  the  number  of  deuterium  atoms  per  molecule.  ^  With  the  pom-tritio  compound,  no  retention  was 
obtained  with  brominations  in  HOAc,  pyridine,  8  %  HBr  in  HOAc,  water,  or  the  solid  state.  « This  result  is  in  agreement  with  the  observa- 
tions of  J.  Eastham,  J.  Bloomer,  and  F.  Hudson,  Tetrahedron^  18, 653  (1962). 

Table  n.    Nonenzymatic  Hydroxylations 


Oxidizing  system 

Substrate 

Product 

%  retention  of 
heavy  isotope 

FjCCOOOH- 

[/^•*H]Acetanilide 
[p->H]Acetanilide 

[m-  *H]/>-Hydroxyacetanilide 
[m-'H]/>-Hydroxyacetanilide 

9.6* 
7.5 

Fe(II),  H,Oi,  EDTA» 

[/^•*H]Acetanilide 

/>-Hydroxyacetanilide 

1.9 

Fe(II),  Oi,  ascorbic 
acid,  EDTA* 

[/^•*H]Acetanilide 

/>-Hydroxyacetanilide 

1.0-1.2 

Fe(III),  H,Oi,  catechol" 

[/^•*H]Acetanilide 

/>-Hydroxyacetanilide 

0.9-1.0 

Fe(II),  O,  ascorbic 
acid,  EDTA*.^ 

[5-<H]SRlicylic  add 

2,5-Dihydroxybenzoic  add 

2.1 

Elbs  persulfate  oxidation 

[5-<H]SaUcylic  add 

2,5-Dihydroxybenzoic  add 

2.1 

'  Isotopically  labeled  acetanilides  had  less  than  1  %  random  label.  The  reaction  procedure  consists  of  storing  a  mixture  of  1  ml  of  HA 
(^%)>  1  ml  of  trifluoroacetic  acid,  0.5  ml  of  chloroform,  and  1  mmole  of  acetanilide  at  5''  for  5  hr.  Dilution  of  the  reaction  mixture  with 
water,  extraction  with  ethyl  acetate,  and  paper  chromatography  of  the  residue  left  after  evaporation  of  the  solvent  produced  1-2%  yields  of 
/>-hydroxyacetanilide.  The  only  other  detectable  product  was  o-hydroxyacetanilide.  ^  Hydroxylated  according  to  B.  Brodie,  J.  Axelrod, 
P.  Shore,  and  S.  Udenfriend,  /.  BioL  Chem,^  208, 741  (1954).  Acetanilide  underwent  substantial  meta  hydroxylation.  Salicylic  add  formed 
both  2,3-  and  2,5-dihydroxybenzoic  acid.  « H.  Hamilton,  J.  Hanifin,  and  J.  Friedman,  /.  Am,  Chem,  Soc,,  88, 5266  (1966).  *  The  randooi 
label  in  this  substrate  is  approximately  2%.  Microsomal  hydroxylation  of  this  substrate  did  not  lead  to  significant  retention  (J.  Daly,  un- 
published results).    '  This  is  the  value  obtained  after  the  addition  of  cold  carrier  and  recrystallization  to  constant  specific  activity. 


(*H,  »H,  CI,  Br,  etc.)  displaced  by  the  entering  hy- 
droxyl  migrates  to  an  adjacent  position  in  the  aromatic 
ring.  ^"^ 

We  now  wish  to  report  that  this  novel  intramolecular 
shift  occurs  also  in  certain  nonenzymatic  substitution 
reactions.  Because  cationoid  intermediates  might  be 
expected  to  facilitate  such  migrations,  a  variety  of 
typical  electrophilic  aromatic  substitution  reactions  were 
examined.  Selectively  deuterated  and  tritiated  com- 
pounds were  prepared  either  by  palladium-catalyzed 
hydrogenolysis  of  the  corresponding  chloro,  bromo,  or 
benzoxazolyl  ether^  derivative  or,  in  a  few  cases,  such 
as  the  preparation  of  [p-*H]  toluene,  by  neutralization 
of  organolithium  compounds  with  deuterium  oxide 
(Table  I).    Hydrogenolysis  of  />-0-tosyloxyacetanilide 

(1)  G.  Guroff,  C.  Reifsnyder,  and  J.  Daly,  Biochem.  Biophys,  Res, 
Commun.,  24,  720  (1966). 

(2)  G.  Guroff,  M.  Levitt,  J.  Daly,  and  S.  Udenfriend,  ibid.,  25,  253 
(1966). 

(3)  G.  Guroff.  K.  Kondo,  and  J.  Daly,  ibid.,  25,  622  (1966). 

(4)  J.  Reason,  J.  Daly.  H.  Weissbach,  B.  Witkop,  and  S.  Udenfriend, 
ibid.,  25,  504  (1966). 

(5)  S.  Udenfriend,  P.  Zaltzman-Nirenberg,  J.  Daly,  G.  Guroff,  C, 
Chidsey,  and  B.  Witkop,  Arch,  Biochem,  Biophys.,  in  press. 

(6)  G.  Guroff,  J.  Daly,  D.  Jerina,  J.  Renson,  S.  Udenfriend,  and 
B.  Witkop,  Science,  in  press. 

(7)  W.  J.  Musliner  and  J.  W.  Gates,  Jr.,  /.  Am.  Chem,  Soc,,  88, 
4271  (196Q. 


with  Raney  nickel  in  the  presence  of  deuterium  or  tri- 
tium led  to  acetanilide  with  substantial  randomization 
of  label  throughout  the  ring. 

The  position  of  the  label  in  the  deuterated  com- 
pounds was  ascertained  by  nmr  spectroscopy  and  the 
extent  of  deuterium  substitution  measured  by  mass 
spectrometry.  The  products  of  electrophilic  substi- 
tution from  the  specifically  labeled  compounds  (Table 
I)  showed  no  significant  retention  of  deuterium,  in 
agreement  with  earlier  findings  on  bromination  and 
nitration.* 

Of  the  six  nonenzymatic  hydroxylating  systems  ex- 
amined (Table  If),  only  hydroxylation  of  \jh*Hy  or 
[p-^Hlacetanilide  by  trifluoroperacetic  acid  led  to  signifi- 
cant migration  rather  than  complete  displacement  of  the 
para  substituent.^ 

Unreacted  starting  material  which  was  reisolated 
after  the  reaction  retained  the  same  specific  activity 
and  the  label  was  still  in  the  para  position,  since  it  was 
lost  completely  on  bromination.  The  product,  [m- 
'H]p-hydroxyacetanilide,  had  deuterium  in  the  ring 

(8)  L.  Melander,  Arkio  Kemi,  2. 211  (1950). 

(9)  The  migration  of  a  methyl  substituent  daring  hydroxylatkNi  of 
prehnitene  with  trifluoroperacetic  add  and  boron  trifluoride  in  prindpk 
provides  a  precedent  and  analogy:  C.  Buehler  and  H.  Hart,  /.  Am. 
Chem,  Soc„  85, 2177  (1963). 
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positions  adjacent  to  the  hydroxyl  group  by  comparison 
of  the  intensity  of  the  nmr  signals  of  the  3,S-ring  pro- 
tons with  those  of  the  2,6  protons.  The  retention  of 
tritium  (9.6  %)  and  deuterium  (7.5  %)  obtained  on  para- 
hydroxylation  of  acetanilide  with  trifluoroacetic  acid 
may  be  compared  to  the  retention  of  tritium  (40- 
50%)  and  deuterium  (15%)  in  the  enzymatic  hydroxyl- 
ation of  acetanilide.* 

Mechanistically,  the  hydroxylation  with  trifluoro- 
peracetic  acid  is  likely  to  involve  attack  by  "OH+" 
or  a  related  species  and  presumably  proceeds  by  the 
pathway 


NHAo 


P'lCOOOH^ 


r^H 


b?n 


{■«* 


iNHAo 


\ 


HO— ^^V-NHAc 


The  nature  of  the  oxygenating  species  involved  in  the 
enzymatic  hydroxylation  of  aromatic  substrates  is 
still  a  subject  for  speculation.  The  hydroxylating 
systems  of  Table  II  have  served  as  models  for  the  hy- 
droxylases. *®  The  degree  of  retention  in  other  model 
systems  currently  under  investigation  may  serve  as  a 
useful  further  guide  for  the  correlation  of  enzymatic 
and  nonenzymatic  hydroxylations.^^ 

(10)  V.  Ullrich  and  H.  Staudinger,  in  "Biological  and  Chemical 
A^l>ects  of  Oxygenases,**  K.  Bloch  and  O.  Hayaishi,  Ed.,  Maruzen  Co., 
Ltd.,  Tokyo,  1966,  pp  235-249. 

(1 1)  A  related  phenomenon,  the  oxidative  coupling  of  4-*H-2,6-xylen- 
ols,  gives  para-substituted  polymers  with  23  %  retention  of  tritium.  In 
this  case  a  radical  coupling  mechanism  hais  been  proposed  in  which 
electron-transfer  resonance  stabilization  leads  to  (rearranged)  phenon- 
ium  ions:  W.  A.  Butte,  Jr.,  and  C.  C.  Price, /.  Am,  Chem,  Soc.,  84, 3567 
(1962). 

D.  Jerina,  J.  Daly,  W.  Landis,  B.  Witkop 

National  Institute  of  Arthritis  and  Metabolic  Diseases 
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Chemical  Cooversioii  of  Tyrosine  to  6-Hydroxyindole8 

Sir: 

Silver  oxide,  ferricyanide,  and  other  oxidants  con- 
vert 3,4-dihydroxyphenylalanine  (DOPA),  3-hydroxy- 
tyramine,  noradrenaline,  and  related  catecholamines 
to  5,6-dihydroxyindole  derivatives.^  The  transforma- 
tion of  tyrosine  to  S,6-dihydroxyindole-2-carboxylic 
acid,  however,  is  only  known  as  an  enzymatic  reaction 
and  requires  tyrosinase  to  effect  the  initial  oxidation 
to  DOPA.« 

We  wish  to  report  the  first  direct  nonenzymatic  con- 
version of  methyl  or  ethyl  tyrosinate  (I  and  II,  respec- 
tively) to  the  monohydroxyindole  VI  by  the  action  of 

(1)  W.  L.  DuUire  and  H.  S.  Raper,  Biochem.  /.,  24,  239  (1930); 
c/.  R.  A.  Heacock,  Chem,  Rev.,  59,  181  (1959). 

(2)  H.  S.  Raper,  Biochem.  /.,  21. 89  (1927). 
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N-bromosuccinimide  (NBS).  This  transformation  was 
discovered  when  we  observed  that  amino-terminal 
tyrosine  peptides  failed  to  undergo  the  expected  cleavage 
on  treatment  with  NBS.* 

When  1 .0  mM  solutions  of  the  tyrosine  esters  I-IV 
in  0.2S  M  HO  Ac  were  treated  with  aliquots  of  a  20  mM 
aqueous  NBS  solution,  the  rapid  appearance  of  the 
characteristic  bromo  dienone  chromophore  (cmo-vio 
^^SOCX))  was  observed.  This  absorption  reach^  a 
maximum  with  3  equiv  of  NBS  on  I  or  II  and  1  equiv 
on  the  dibromo  derivatives  III  and  IV.  The  bromo 
dienone  V  was  isolated  on  a  preparative  scale  from  II 
and  from  the  dipeptides  Tyr-Ala  and  Tyr-Phe.  The 
reactive  bromine  in  V  liberated  iodine  in  the  starch- 
potassium  iodide  test.  The  analysis  accounts  for  the 
introduction  of  three  atoms  of  bromine  to  give  the  tri- 
bromo  dienone  hydrochloride  V.  This  remarkable 
intermediate,  which  has  been  discussed  previously  in 
connection  with  the  mechanism  of  cleavage,^  is  ap- 
parently stabilized  by  the  ionized  amino  group  in  close 
proximity  to  the  dienone  system.  In  such  a  labile 
system,  intramolecular  Michael  addition  of  the  amino 
group  to  the  dienone  would  be  competitive  with  the 
formation  of  the  spirodienone  lactone,  the  reaction 
underlying  the  cleavage  of  peptide  bonds. 

This  was  indeed  found  to  be  the  case.  In  contrast 
to  the  comparatively  stable  bromo  dienone  lactone  of 
the  tyrosine  peptide  cleavage,^  the  absorption  of  the 
labile  dienone  V  at  260  m/x  on  standing  decreased  slowly, 
and  a  new  absorption  at  320  m/x  began  to  develop. 
This  absorption  reached  a  maximum  with  2  equiv  of 
NBS  on  esters  III  and  IV  and  4  equiv  on  esters  I  and 
II  after  approximately  16  hr  at  room  temperature  or 

(3)  M.  Wilchek  and  B.  Witkop,  Biochem.  Blophys.  Res.  Comnum.,  26b 
296  (1967). 

(4)  O.  L.  Schmir,  L.  A.  Cohen,  and  B.  Witkop,  /.  Am.  Chem.  Soc.^ 
SI,  2228  (1959). 
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lO-min  heating  on  a  steam  bath.  In  all  cases  identical 
spectra  resulted,  indicative  of  III  and  IV  being  inter- 
mediates in  the  reaction  of  I  and  II  with  NBS.  Tyrosin- 
amide  and  tyrosine-N-methylamide  gave  similar  re- 
sults. Free  tyrosine,  3,S-dibromotyrosine,  tyramine, 
and  N-acetyl-3,5-dibromotyrosine  ethyl  ester  faUed  to 
produce  the  320-mM  chromophore  on  treatment  with 
NBS, 

When  the  reaction  was  carried  out  on  a  preparative 
scale,  starting  with  II,  IV,  or  tyrosinamide  in  40% 
aqueous  acetic  acid,  crystalline  products  were  isolated 
in  20%  yield  after  chromatography  on  silica  (CHClr- 
CHtOH,  9:1).  Infrared,  ultraviolet,  nmr,  and  mass 
spectra  and  elemental  analyses  suggest  the  structure  of 
ethyl  5,7-dibromo-6-hydroxyindole-2-carboxylate(VI)  or 
its  amide  for  the  320-m/Li  product.  The  amide  [mp 
247**  dec,  X^ax  315  m/x  (EtOH)]  exhibited  a  triplet  of  par- 
ent peaks  at  m/e  331.879,  333.874,  and  335.873  in  the 
mass  spectrometer  consistent  with  the  formula  C9H6N2- 
02Br,[calcd,  331.88 C*Br-^»Br),  333.879 C^Br-'^Br),  and 
335.878  («>Br-»»Br)]. 

The  formation  of  a  side  product,  an  unstable  red 
aminochrome,  \a^  480  and  320  m/ii,  is  especially  notice- 
able at  pH  values  above  5.  In  addition,  a  colorless,  crys- 
talline, indolic  compound  [Xmaz  315  m/x  (log  €  4.33), 
mp  152-155^  CuHioN04Br,  m/e  298.979  and  300.979 
(calcd  298.979  and  300.977  for  "Br  and  '^Br)]  is  ob- 
tained from  II  or  IV.  The  same  product,  ethyl  5,6- 
dihydroxy-7-bromoindole-2-carboxylate,  was  obtained 
from  ethyl  3,4-dihydroxyphenylalanate  on  oxidation 
with  NBS.  NBS  in  this  case  converts  tyrosine  ester  to 
products  which  as  a  rule  arise  only  from  DOPA. 

The  dibromoindole  VI  was  reductively  debrominated 
to  VII  with  palladium  on  charcoal  in  buffered  methanol 
[mp  169-175  ^  W^j,  Oog  «)  320  mM  (4.32),  250  (3.95), 
215  (4.28);  parent  m/e  205.078  (calcd  for  CuHuNO,, 
205.074)],  VII  was  methylated  with  dimethyl  sulfate 
in  anhydrous  acetone  containing  fused  potassium 
carbonate  to  give  the  known  ethyl  6-methoxyindole-2- 
carboxylate  (VIII).    The  ultraviolet  spectrum  [Xf*°^ 


'max 


320  mM  (log  €  4.28),  250  (3.93),  215  (4.28);  Xjt?^  265 
mM(log  €  3.29)]  and  melting  point  (132-135**)  agree  with 
the  reported  data.* 

The  low-resolution  mass  spectrum  reveals  a  parent 
peak  (M)  at  m/e  219  and  principal  peaks  at  204  (M  — 
CH,),  191  (M  -  CH,=CH,),  190  (M  -  QH5),  173 
(M  -  QHjOH),  158  (M  -  QH5OH,  -  CHi),  145 
(M  -  QHsOH,  -  CO),  130  (M  -  QH5OH,  -  CH,, 

-  CO),  119  (M  -  QHfiOH,  -  CO,  -  CN),  102  (M 

-  QHjOH,  -  CHi,  -  2CO);   76  (M  -  QHjOH, 

-  CH,,  -  2CO,  -  CN). 

This  transformation  is  now  being  used  for  the  de- 
termination of  amino-terminal  tyrosine  in  proteins 
and  for  the  synthesis  of  6-hydroxyindole  derivatives. 

(5)  G.  Pappalardo  and  T.  Vitali,  Gazz,  Chim,  Ital,  88,  574  (1958). 
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Amino  Add  Sequence  around  flie  HistidiBe  Reiidne 
of  flie  a-Lytic  Protease  of  Sorangium  sp.^  a  Bnctcriil 
Homolog  of  flie  Pancreatic  Serine  Proteases 

Sir: 

The  elucidation  of  the  amino  add  sequence  of 
chymotiypsinogen  A,^  chymotrypsinogen  B,*  trypsino- 
gen,**^  and,  in  part,  elastase*  has  established  that  the 
pancreatic  serine  proteases  are  homologous  with 
respect  to  a  subsequence  in  which  two  histidines  and 
a  cystine  residue  are  components.*  In  chymotrypsin, 
for  example,  these  components  are  histidine-40  and 
-S7  and  the  cystine  residue  comprised  of  half-cystine- 
42  and  -58.  The  discovery  of  this  common  structure, 
in  which  a  disulfide  bond  could  be  considered  to  have 
the  function  of  bringing  the  two  histidines  close  to- 
gether, has  prompted  several  proposals  of  reaction 
mechanisms' ~*  which  assign  a  catalytic  function  to  both 
histidine  residues.  However,  the  kinetic  evidence  im- 
plicates only  one.  ^ 

The  a-lytic  protease  of  Sorangium  sp.  is  a  bacterial 
protease  which  is  unusual  in  two  respects:  it  has  the 
same  active  serine  sequence  as  the  pancreatic  proteases, 
i.e.,  Asp-Ser-Gly-Gly,  and  it  has  only  one  histidine 
residue.^^'^'  The  sequences  at  its  three  disulfide 
bridges  are  under  investigation  and,  in  this  conmiunica- 
tion,  we  report  the  sequence  of  a  histidylcystine  struc- 
ture which  establishes  a  further  homology  with  the 
pancreatic  enzymes. 

The  a-lytic  protease,  prepared  by  methods  previously 
described,  ^^  was  digested  with  pepsin  and  submitted 
to  the  pH  6.S  diagonal  procedure  of  Brown  and 
Hartley.  ^B  The  resulting  peptide  map  is  shown  in 
Figure  1.  A  single  peptide  (Bl)  staining  for  histidine 
was  observed  off  the  diagonal  and  was  paired  with  a 
more  acidic  peptide  B2.  Peptide  Bl  stained  red  and 
B2  yellow  with  the  cadmium-ninhydrin  reagent  of 
Heilmann,  et  a/."  Peptide  Bl,  after  isolation  by  pre- 
parative electrophoresis  at  pH  6.S,  was  found  to  be 
separable  into  two  histidine  peptides,  BIA  and  BIB, 
by  electrophoresis  at  pH  1.8  (60  v/cm  for  60  min). 
Peptides  BIA,  BIB,  and  B2  were  subjected  to  amino 
acid  and  sequential  analysis  from  the  N-terminal  by 
the    "dansyl-Edman"    procedure.  >»•»     Peptide   BIA 

(1)  B.  S.  Hartley,  Nature,  201,  1284  (1964). 

(2)  A.  Furka,  L.  B.  Smillie,  K.  Stevenson,  and  C  O.  Paikea»  Feden- 
tion  Proc.,  25,  789  (196Q. 

(3)  K.  A.  Walsh  and  H.  Neurath,  Proc.  Natl  Acad.  ScL  U.  S.,  52, 
884  (1964). 

(4)  O.  Mikei.  V.  Holeyiovsk^,  V.  Tomis^yc,  and  F.  Sorm,  Bhddm. 
Biophys,  Res.  Commun.,  24, 346(196^. 

(5)  B.  S.  Hartley,  J.  R.  Brown,  D.  L.  Kauffinan,  and  L.  B.  Smilliei 
Nature,  207,  1157  (1965). 

(6)  L.  B.  SmiUie  and  B.  S.  Hartley,  Biochem.  /.,  101,  232  (196^ 

(7)  K.  A.  Walsh,  D.  L.  Kauffman,  K.  S.  V.  Sampath  Kumar,  and 
H.  Neurath,  Proc.  Natl  Acad.  ScL  U.  S.,  51,  301  (1964). 

(8)  B.  S.  Hartley  in  "Structure  and  Activity  of  Enzymes^**  T.  W. 
Goodwin,  J.  L  Harris,  and  B.  S.  Hartley,  Ed.,  Academic  Preif  lac, 
London,  1964,  p  47. 

(9)  M.  L.  Bender  and  F.  J.  K6zdy,  /.  Am.  Chem.  Soc,  M,  3704 
(1964). 

(10)  F.  J.  K^zdy,  G.  E.  Clement,  and  M.  L.  Bender,  /.  Am.  Chem.  Soe^ 
86,  3690  (1964). 

(1 1)  D.  R.  Whitaker,  L.  Jur&iek,  and  C  Roy,  Biochem.  BiopkyM.  Ru. 
Commun,,  24,  173  (1966). 

(12)  L.  JxxcAiek  and  D.  R.  Whitaker,  Can.  J.  Biochem..  45, 917  (1967). 

(13)  D.  R.  Whitaker  and  C.  Roy,  Ibid.,  45,911  (1967). 

(14)  D.  R.  Whitaker,  Ibid.,  43.  1935  (1965). 

(15)  J.  R.  Brown  and  B.  S.  Hartley,  Biochem.  /.,  101, 214  (196^ 

(16)  J.  Heihnann,  J.  BaroUier,  and  B.  Watdce,  Z.  Physiol  Ckm^ 
309  219  (1957). 
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TaUe  L    Aimno  Add  Composition  (Ratios)  and  Sequence  Analysis  of  Peptides  Isolated 
firom  Peptic  Digests  of  <v-Lytic  Protease  of  Sorangium^ 


Peptide 


Sequence 


BIA 


Val  -  Thr  -  Ala  -  Gly  -  His  -  CySOiH  -  Gly  -  Thr  -  Val  -  Asn  -  Ala 
0.97    0.97    0.97    1.00    0.97    1.06  1.00    0.97    1.00    1.03    1.00 


Lib 


Lla 


L4 


L2a 


1.08    0.92    1.00    1.00    0.93    0.80 


1.33    1.00    0.93    0.93    1.07 


Lie 


1.00    0.93    1.07    0.98    1.00    0.97 


L3 


0.99    1.00    1.07 


L2c 


1.10    1.06    0.95    0.79 


1.06    1.02    1.02 


BIB        Phe  -  Val-Thr  -  Ala  -  Gly  -  His  -  CySOsH  -  Gly  -  Thr  -  Val  -  Asn  -  Ala 

0.60    1.02    0.97    1.12    1.07    0.87    1.07  1.07    0.97    1.02    1.07    1.12 


B2 


CySOsH  -  Ser  -  Val  -  Gly  -  Pbe 
0.96  1.02    1.02    1.04    0.96 


•  The  symbols 
carboxypeptidase. 


indicate  N-terminal  analyses  by  the  "dansyl-Edman**  procedure; 


represents  C-terminal  analyses  with 


TaUe  n.    Histidine  Disulfide  Structures  in  o-Lytic  Protease,  Chymotrypsins  A  8Uid  B,  Tirypsin,  and  Elastase* 

39      40    41      42      43      44      45    46      47    48      49      SO      51      52      53      34      55      56    57      58      59      60      61      62      63 

Chymo-    Phe    His  Phe    Cys    Gly   Gly   Ser  Leu   lie   Asn   Glu  Asn  Try    Val    Val    Thr   Ala    Ala  His    Cys    Gly   Val    Thr    Thr      Ser 

trypsin 

A 
Chymo-    Phe    Hit  Phe    Cys    Gly    Gly   Ser  Leu   He    Ser    Glu   Asp  Try    Val    Val    Thr    Ala    Ala  His    Cys    Gly   Val    Thr   Thr   Ser 

trypsin 

B 
Trypsin     Tyr    His  Phe    Cys    Gly    Gly    Ser  Leu   He   Asn   Ser    Ghi   Try    Val    Val    Ser    AU    AU  His    Cys    Tyr    Lys    Ser    Gly   Ue 
Elasuue    Ala    His  Thr    C^s    Gly    Gly    Thr  Leu  Thr    Ala    Ala  His    Cys    Val    Asp  Arg   Glx 

o-Lytic  Cys   Ser    Val    Gly  Phe  Phe    Val    Thr    AU    Gly  His    Cys    Gly   Thr -Val    Asn   AU 

protase 

•  The  disulfide  bridge  is  between  residues  corresponding  to  half-cystines-42  and  -58  of  chymotrypsin  in  each  case. 


was  further  degraded  by  digestion  with  a-lytic  protease 
(molar  ratio  100: 1  in  0.05  M  N-ethylmorpholine  buffer, 
pH  8.0,  for  16  hr  at  S?**).  The  resulting  peptides 
(designated  as  L)  were  separated  by  high-voltage  elec- 
trophoresis at  pH  6.S  and  1.8  and  subjected  to  amino 
acid  and  sequential  analysis.  Peptides  BIA  and 
B1AL3  were  also  digested  with  carboxypeptidase  to 
determine  C-terminal  residues.  The  results  of  these 
analyses  are  presented  in  Table  L 

The  above  results  assign  sequences  to  peptides  BIB 
and  B2  which  are  compared  in  Table  II  with  the  se- 
quences around  histidine-40  and  histidine-S7  of  the 
pancreatic  serine  proteases.  Within  the  limits  of  the 
comparison,  the  histidine  sequence  of  the  bacterial 
enzyme  shows  as  much  homology  with  the  histidine-S7 
sequences  of  the  pancreatic  enzymes  as  the  latter  do 
with  one  another;  e.g.,  like  trypsin,  the  bacterial  en- 
zyme has  six  direct  matches  with  the  chymotrypsin 
sequence  from  residues  52  to  63;  in  addition,  it  has 
a  simple  reversal  of  the  chymotrypsin  sequence  at 
residues  60  and  61.  As  histidine-57  is  the  histidine 
which  is  alkylated  when  chymotrypsin ^''"^  and  trypsin*^ 
react  with  their  chloromethyl  ketone  inhibitors,  the 
homology  is  with  sequences  around  a  histidine  of  proven 

(19)  E.  B.  Ong,  E.  Shaw,  and  G.  SchoeUmann,  /.  Biol  Chem,,  240, 
694  (1965). 

(20)  K.  J.  Stevenson  and  L.  B.  SmUlie,  /.  Mol  Biol,  12. 937  (1965). 

(21)  V.  Tom&sek,  E.  S.  Severin,  and  F.  Sorm,  Biochem,  Biophyi, 
Res,  Commun,  20, 345  (1965). 


significance.  The  existence  of  a  ''histidine  loop*' 
in  the  bacterial  enzyme  is  unproven  at  present,  and 
peptide  B2  is  placed  on  the  N-terminal  side  of  peptide 


^ 
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Figure  1. 

BIB  merely  for  comparison  with  the  C-terminal  se- 
quences of  histidine-40.  Peptide  B2  shows  no  homol- 
ogy with  these  sequences. 
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The  sequence  of  subtilisin  has  been  reported  re- 
cently.'*  Its  histidine  and  active  serine  sequences  are 
completely  different  from  those  of  the  pancreatic 
enzymes.  The  present  evidence  indicates  therefore 
that  bacterial  serine  proteases  have  evolved  along  at 
least  two  independent  pathways. 
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Kinetic  Properties  of  the  a-Ly  tic 
Protease  of  Sorangium  sp. 

Sir: 

An  accompanying  communication^  gives  evidence 
that  the  amino  acid  sequence  around  the  only  histidine 
residue  of  a  bacterial  protease  is  homologous  with  the 
sequence  around  histidine-S7  of  chy  mo  trypsin.  This 
evidence,  coupled  with  previous  evidence'  of  homology 


-0^- 


ra4- 


7J0  so 

Figure  1.  Hydrolysis  of  N-acetyl-i/-valine  methyl  ester  in  0.10  M 
KQ  at  25.0^ 

around  the  active  serine  residue,  raises  the  question  as 
to  whether  the  reaction  mechanism  of  the  Sorangium 
enzyme  differs  in  any  way  from  that  of  chymotrypsin 
for,  if  it  does  not,  reaction  mechanisms  which  require 
chymotrypsin  to  have  two  catalytically  functional  histi- 
dines  are  clearly  in  need  of  reappraisal. 

The  kinetic  data  reported  in  this  communication  are 
based  on  measurements  of  esterase  activity  in  a  pH- 
Stat.  The  enzyme  was  prepared  by  a  simplified 
version'  of  the  original  procedure.    Enzyme  concen- 

(1)  L.  B.  Smillle  and  D.  R.  Whitaker,  /.  Am,  Chem.  Soc,,  89,  3350 
(1967). 

(2)  D.  R.  Whitaker,  L.  Jur&iek,  and  C.  Roy,  Biochem,  Biophys.  Res, 
Commun.,  24,  173  (1966);  D.  R.  Whitaker  and  C.  Roy,  Can,  J.  Bio- 
c*em.,  45,911  (1967). 


trations  were  determined  from  amino  add  analyses 
and  the  known  amino  acid  composition  per  mok  of 
enzyme.* 

Table  I  gives  a  comparison  of  esterase  activities 
toward  various  N-benzoyl-  and  N-acetylamino  add 
esters  under  reaction  conditions  which  gave  initial 
rates  in  direct  proportion  to  both  the  enzyme  and  the 
substrate  concentration.  As  the  over-all  Icinetics  are 
Michaelis-Menten  kinetics,  the  second-order  vdodty 
constants  are  designated  as  kJK^  ratios  where  Ar^  is  the 
catalytic  rate  constant  (/:cat)- '  It  is  evident  from  the  range 
of  substrate  concentration  which  gave  second-order  ki- 
netics that  all  values  of  K^  are  greater  than  10  mAf.  An 
earlier  comparison*  of  the  enzyme's  action  pattern 
on  the  A  and  B  chains  of  oxidized  insulin  had  indi- 
cated a  pancreatic  elastase-like  specificity  for  linkages 
involving  the  carbonyl  groups  of  neutral,  aliphatic 
amino  acids;  the  specificity  shown  by  Table  I  is  in 
accordance  with  these  findings. 

Table  I.    Esterase  Activities  of  the  o-Protease  at 
pH  8.0  in  0.10  M  KQ  at  25.0*'« 


Substrate 


[S]o,  mAf 


kJKa^  M-'  sec 


-1 


Bz-Arg-OEt 

11 

0.00 

Ac-Tyr-OEt 

6.3 

0.00 

Ac-Trp-OMe 

2.3 

0.00 

Bz-Gly-OMe 

2.6-10.5 

8.07 

Ac-Val-OMe 

0.60-6.0 

16.3 

Ac-Ala-OMe 

1.0-3.0 

26.3 

Bz-Ala-OMe 

1.02-10.2 

723 

Bz-D-Ala-OMe 

11.0 

0.00 

•  The  enzyme  concentration  was  8.0  X  10^  M  for  Bz-Ala-OMc 
and  5.0  X  10-«  M  for  the  other  esters. 

Figure  1  shows  the  pH  dependence  of  the  hydrolysis 
of  N-acetyl-L-valine  methyl  ester.  The  values  of  k^  and 
Km  for  this  substrate  (Table  II)  were  estimated  from 
Eadie  plots  at  higher  substrate  concentrations.    When 

Table  n.    Km  and  ke  for  Hydrolysis  of  N-Acetyl-i>valiiie 
Methyl  Ester  in  0.10  M  KQ  at  25.0'' 


pH 


J^m.  TliM 


LBlt 


k^ 


6.30 
7.00 
8.00 


61  d=  8 
72  d=  6 
65  d=  4 


0.28 
0.94 
1.1 


0.01 
0.04 
0.1 


water  is  replaced  by  D2O,  the  pK  shifts  from  6.7  (Figure 
1)  to  7.3S,  and  kJKa  at  the  plateau  is  reduced  103- 
fold.  The  pH  dependence  of  the  hydrolysis  of  N- 
benzoyl-L-alanine  methyl  ester  is  essentially  the  same 
as  that  shown  in  Figure  1  (pK  »  6.SS)  althou^,  as 
indicated  in  Table  I,  the  value  of  kJKj^  at  the  plateau 
is  much  higher.  Activity  toward  this  substrate  over 
the  same  pH  range  is  unaffected  by  acetylation  of  the 
enzyme  with  acetic  anhydride  at  pH  6.8  and  0^.  Tbe 
N-terminal  alanine  residue  and  the  two  c-amino  groups 
of  the  enzyme  no  longer  react  with  l-fluoro-2,4-di- 
nitrobenzene  or  with  cyanate'  after  this  treatment; 
the  electrophoretic  mobility  of  the  enzyme  at  pH  5.0 
is  reduced  by  about  one-third. 

(3)  D.  R.  Whitaker,  ibid.,  in  press. 

(4)  L.  Jur&Sek  and  D.  R.  Whitaker,  ibid,,  45,  991  (1967). 

(5)  B.  Zerner  and  M.  L.  Bender,  /.  Am,  Chem,  Sac.,  86,  3669  (1964). 
i€)  D.  R.  Whitaker,  C.  Roy.  C.  S.  Tsai,  and  L.  Jur&kk,  Cm.  I 

Biochem.,  43,  1961  (1965). 
(7)  G.  R.  Stark  and  D.  G.  Smyth,  /.  BioL  Chem^  23S«  214  (1963). 
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The  pH  dependence  of  k^Kja  below  pH  8  stems  from 
the  dependence  of  k^^  not  of  K^,  on  pH  (Table  II). 
This  pH  dependence  of  kf.^  the  pK  value  of  6.7,  its 
shift  to  7.3S  by  D2O,  and  the  one-unit  slope  of  the  log 
kJK^  function  all  match  the  data  for  chymotrypsin 
and  are  consistent  with  a  requirement  for  a  single, 
unprotonated  imidazole  group.*  The  isotope  effect  of 
2.03  with  D3O  is  of  the  same  magnitude  as  for  chymo- 
trypsin and  is  consistent  with  general  basic  catalysis  by 
an  imidazole  group.*  The  constancy  of  kJK^^  from 
pH  8  to  lO.S  and  the  activity  of  the  acetylated  enzyme 
indicate  that  the  binding  of  neutral  substrates  is  com- 
pletely independent  of  pH  and  is  not  influenced  by 
ionizations  of  a-  or  c-amino  groups  of  the  enzyme. 
This  represents  the  only  contrast  with  chymotrypsin, 
as  the  latter  undergoes  a  change  in  conformation  at 
alkaline  pH  values  and  loses  its  ability  to  bind  sub- 
strates.** 

The  above  comparison  thus  supports  the  indications 
of  the  direct  kinetic  evidence  for  chymotrypsin,  i.e., 
that  its  reaction  mechanism  involves  only  one  histidine 
group. 

(8)  M.  L.  Bender,  G.  E.  Qement,  F.  J.  K^zdy,  and  H.  d*A.  Heck, 
J.  Am.  Chem.  Sac.,  86,  3680  (1964);  F.  J.  K^zdy,  G.  E.  Clement,  and 
M.  L.  Bender,  ibid.,  86,  3690  (1964). 

(9)  M.  L.  Bender.  E.  J.  Pollock,  and  M.  C.  Neveu,  ibid.,  84.  595 
(1962). 

(10)  H.  L.  Oppenheimer,  B.  Labouesse,  and  G.  P.  Hess.  /.  BioU 
Chem.,  TAX,  2720  (1966);  M.  L.  Bender,  M.  J.  Gibian,  and  D.  J.  Whelan, 
Proc.  Natl.  Acad.  Sci.  U,  S.,  56,  833  (1966). 

(11)  National  Research  Council  of  Canada  Postdoctoral  Fellow. 

H.  Kapbui,"  D.  R.  Whitaker 

Division  of  Biosciences^  National  Research  Council 

Ottawa,  Canada 

Received  March  4, 1967 


Octahedral  vs.  Trigonal-Prismatic  Coordinatioii. 
The  Structure  of  (Me4N)i[V(iiuit),]i 

Sir: 

It  has  recently  been  shown  that  a  large  number  of  un- 
charged and  monoanionic  tris  complexes  of  bidentate 
sulfur  donor  ligands  possess  trigonal-prismatic  co- 
ordination and  thus  constitute  the  first  examples  of 
nonoctahedral  six-coordinate  complexes.*-'  However, 
prior  to  this  work  there  has  been  no  unequivocal 
evidence  relating  to  the  structures  of  the  more  highly 
reduced  species  having  charges  2  —  and  3  — .  It  has  in 
fact  been  suggested'  that  some  of  these  complexes 
could  be  closer  to  the  classical  octahedral  configura- 
tion. In  this  communication,  we  report  the  molecu- 
lar structure  of  V(mnt)i*",  which  exhibits  the  first 
nontrigonal-prismatic  coordination  geometry  for  this 
class  of  compounds. 

Black   monoclinic  crystals  of  (Me4N)s[V(nmt)iP"-* 

(1)  Acknowledgment  is  made  to  the  National  Science  Foundation 
for  support  of  this  research.  We  thank  Professor  R.  Eisenberg  of 
Brown  University  for  several  helpful  discussions. 

(2)  E.  I.  Stiefel,  R.  Eisenberg,  R.  C.  Rosenberg,  and  H.  B.  Gray, 
/.  Am,  Chem.  Sac.,  88, 2956  (1966). 

(3)  R.  Eisenberg,  E.  I.  Stiefel,  R.  C.  Rosenberg,  and  H.  B.  Gray. 
ibid.,  88, 2874  (1966). 

(4)  R.  Eisenberg  and  J.  A.  Ibers,  ibid.,  87, 3776  (1965);  Inorg.  Chem,, 
5,411  (1966). 

(5)  A.  E.  Smith,  G.  N.  Schrauzer,  V.  P.  Mayweg,  and  W.  Heinrich, 
/.  Am.  Chem.  Soc„  87,  5798  (1965). 

(6)  R.  Eisenberg  and  H.  B.  Gray,  to  be  published. 

(i)  The  anion  was  first  reported  as  the  PhiAs"^  salt  by  Davison  and 
co-workers'  and  later  isolated  using  a  somewhat  different  procedure 
as  the  PhsP(Me)^  salt*    The  Me4N^  EUN\  and  Bu«N^  saltt described 


Figure  1.  Perspective  drawing  of  the  molecular  structure  of  the 
V(mnt)i*~  anion.    The  cyano  groups  are  omitted. 

were  grown  from  acetone-2-propanol  solutions.  Pre- 
cession photography  revealed  systematic  extinctions  in- 
dicating the  space  group  C2/c  or  Q,  with  a  cell  of 
dimensions  a  =  20.53  A,  ft  =  10.19  A,  c  =  16.98  A, 
jS  =  124**  15'  and  vol.  =  2935  A».  The  measured 
density  of  1.37  ±  0.05  g  cm-'  is  consistent  with  four 
anions  and  eight  cations  in  the  unit  cell  of  calculated 
density  1.40  g  cm~~'.  Assuming  the  space  group 
C2/c,  the  four  vanadium  atoms  are  required  to  occupy 
the  4e  special  positions  of  the  space  group  and  thus  the 
anion  is  required  to  have  a  twofold  symmetry  axis. 
This  assumption  is  verified  by  the  satisfactory  agree- 
ment ultimately  obtained. 

The  intensity  data  were  collected  by  the  multiple 
film  equiinclination  Weissenberg  technique  using  Cu 
Ka  radiation.  Intensities  were  estimated  visually  and 
reduced  to  values  of  F^  by  standard  methods.  The 
structure  was  solved  by  standard  Patterson,  least- 
squares,  and  Fourier  methods.  The  R  factor  for  88 
positional  and  thermal  parameters  (allowing  the  va- 
nadium and  three  independent  sulfurs  to  have  aniso- 
tropic temperature  factors)  is  currently  0.125  for  1187 
independent  nonzero  reflections. 

A  perspective  drawing  of  the  coordination  geometry 
is  shown  in  Figure  1 ;  some  of  the  important  bond  dis- 
tances are  given  in  Table  I.    The  vanadium  lies  on  a 

Table  I.    Important  Bond  Lengths  in  the  V(mnt)s*~  Anion* 


Bond 


Bond  length,  A 


Bond 


Bond  length,  A 


v-s, 

2.36  d=  0.01 

Ci-C, 

1.37  db  0.02 

v-s, 

2.35  d=  0.01 

Ci-C«' 

1.29  db  0.03 

v-s, 

2.36  d=  0.01 

Sr-S.. 

3.17  d=  0.01 

Si-Ci 

1.72  d=  0.02 

s,-s, 

3.11  d=  0.01 

Sr<::. 

1.74  db  0.02 

Si'St 

3.43  db  0.01 

Sr<:i 

1.69  ±  0.02 

Sr-S, 

2.98  d=  0.01 

Si'-S, 

3.18  zh  0.01 

*  The  prime  denotes  an  atom  related  by  the  twofold  axis. 

twofold  rotation  axis  which  bisects  one  of  the  three 
ligands.  The  six  sulfur  donor  atoms  are  located 
around  the  vanadium  at  an  average  distance  of  2.36  dt 
0.01  A.  The  polyhedron  described  by  these  sulfur 
atoms  is  by  no  means  a  regular  one,  but  for  some 
purposes  it  is  usefully  described  as  a  very  distorted 
octahedron  (vide  supra).      The  intraligand  S-S  dis- 

in  this  study  were  prepared  by  a  procedure  only  slightly  modified  from 
that  given  in  ref  8. 

(8)  A.  Davison,  N.  Edelstein,  R.  H.  Holm,  and  A.  H.  Maki,  /.  Am, 
Chem.  Sac.,  86, 2799  (1964). 

(9)  N.  M.  Atherton,  J.  Locke,  and  J.  A.  McCleverty,  Chem.  Ind, 
(London),  29. 1300  (1965). 
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tances  are  longer  than  those  of  other  dithiolate  com- 
plexes, being  3.17  ±  0.01  (on  twofold)  and  3.11  ± 
0.01  A  for  the  other  two  ligands.  Analogous  distances 
have  been  found  to  be  in  the  range  3.04-3.10  A  in  all 
other  structures.^® 

A  useful  criterion  for  discussion  of  coordination 
geometry  in  the  systems  under  consideration  is  the 
average  S-M-S  angle  involving  pairs  of  donor  atoms 
that  are  farthest  apart.  This  angle  averages  136  ±  P 
in  the  known  trigonal-prismatic  structures^-'  and  180** 
for  the  perfect  octahedron.  However,  we  must  first 
take  into  account  the  constraint  imposed  upon  the 
idealized  octahedron  by  the  rigid  nature  of  the  maleo- 
nitriledithiolate  ligands.  Because  of  this  constraint, 
the  average  for  this  angle  in  the  chelated  complex 
derived  from  an  octahedron  should  be  approximately 
173**.^^  The  average  angle  found  for  V(mnt),«- 
is  158.6^,  which  is  somewhat  closer  to  the  ''chelated 
octahedral  structure."  The  observed  distortion  is  not 
simply  a  solid-state  phenomenon  since  the  rich  elec- 
tronic spectrum  of  V(mnt)3^  remains  essentially  iden- 
tical for  various  cations  (Me4N+,  Et4N+,  BU4N+, 
and  Ph4As+)  in  solid  samples  and  in  solutions.  Fur- 
thermore, the  infrared  absorptions  attributable  to 
the  anion  are  independent  of  the  nature  of  the  cation  in 
solid  samples,  llie  distortion  must  then  have  an  in- 
tramolecular electronic  origin.  We  suggest  that  the 
two  relatively  short  interligand  S-S  distances  indicate 
some  residual  S-S  bonding  of  the  type  which  has  been 
postulated  as  stabilizing  the  trigonal-prismatic  struc- 
ture in  the  uncharged  complexes.^  It  is  reasonable 
to  expect  the  additional  two  electrons  in  the  dianionic 
complex  to  cause  the  ligands  to  behave  more  like 
conventional  dithiolates  where  a  ''classical"  octahedral 
structure  may  be  favored.  Pitting  these  two  effects 
against  the  geometric  constants  of  the  ligand,  we  can 
only  say  that  nature  has  chosen  an  interesting  com- 
promise configuration;  we  have  much  work  to  do 
before  we  can  begin  to  understand  its  subtleties.  ^* 

We  have  recently  prepared  the  PhiAs^  salts  of  M- 
(mnt),^  ^»   for  M  =  Ti,  V,^  Cr,*  Mn,^*  Fe,^*  Mo,^* 

(10)  (a)  This  is  true  for  the  three  prismatic  structures,  *"•  the  six 
square-planar  structures,*"**"'  and  the  two  dimericstructurcs*®**-*  which 
have  been  fully  solved;  (b)  R.  Eisenberg  and  J.  A.  Ibers,  Inorg,  Chem., 

4,  605  (1965).  (c)  J.  D.  Forrester,  A.  Zalkin,  and  D.  H.  Templeton, 
ibid.,  3,  1501  (1964);  (d)  ibid.,  3,  1507  (1964);  (e)  C.  J.  Fritchie,  Jr.. 
Acta  Cryst.,  20,  107  (1966);  (0  D.  Sartain  and  M.  R.  Truter,  Chem. 
Commun.,  382,  (1966);  (g)  R.  Eisenberg,  Z.  Dori,  J.  A.  Ibers,  and  H.  B. 
Gray,  to  be  published;  (h)  J.  M.  Enemark  and  W.  N.  Lipscomb,  Inorg, 
Chem.,  4,  1729  (1965);  (i)  M.  J.  Baker-Hawkes,  Z.  Dori,  R.  Eisenberg, 
and  H.  B.  Gray,  to  be  published. 

(11)  For  comparison,  in  Cr(Ci04)i*~,  where  the  average  "bite" 
O-Cr-O  angle  is  82°,  we  have  calculated  the  average  (largest)  O-Cr-O 
angle  to  be  172*  [J.  N.  van  Niekerk  and  F.  R.  L.  Schoenig,  Acta  Cryst., 
5,499(1952)1. 

(12)  For  example,  the  V  atom  lies  significantly  out  of  the  planes 
determined  by  the  ligands  alone.  Pertinent  geometrical  parameters 
(such  as  interligand  dihedral  angles)  determined  solely  from  the  MS* 
framework  tend  toward  octahedral  structure  whereas  related  parameters 
set  by  the  ligand  planes  suggest  structure  closer  to  trigonal  prismatic. 
This  finding  may  indicate  that  the  ligand  unit  ''prefers'*  the  prism 
structure  whereas  the  metal  is  desirous  of  octahedral  coordination. 
Another  interesting  result  arises  on  comparison  of  the  C-C  bond  lengths 
in  this  structure  with  corresponding  parameters  from  the  V(SsCtPhs)s 
structure.  »••  The  pertinent  distances  for  V(mnt)i*-  arc  1.37  db  0.02 
(two  distances  related  by  twofold  axis)  and  1.29  ±  0.03  A.  whereas  the 
corresponding  distances  for  V(SsCsPh2)i  are  1.38  ±.  0.01  and  1.46  ±. 
0.02  A.  The  drastic  shortening  of  one  C-C  bond  (from  1.46  to  1.29  A) 
suggests  that  the  ligands  do  not  participate  equally  in  the  two-electron 
reduction  described  by  VLi  +  2c  -♦  VLi*". 

(13)  E.  I.  Stiefel,  L.  Bennett,  Z.  Dori,  C.  Simo,  T.  H.  Crawford,  and 
H.  B.  Gray,  to  be  published. 

(14)  Salts  of  these  anions  have  also  been  prepared  by  M.  Gerlock, 

5.  F.  A.  Kettle,  J.  Locke,  and  J.  A.  McCleverty,  Chem.  Commun., 


Table  n.    Magnetic  Properties  of  M(innt)t*~  Complexes 


Complex* 


/!•«,  BM 


Complex* 


limlU  BM 


Ti(mnt),»- 
V(innt),»- 
Cr(innt)j»- 
Mn(innt)i^ 


Diamag^ 
1.82<' 
2.89* 
3.85* 


F^mnt)i* 
Cr(mnt^» 
Co(mnt)i^ 


3.(» 
3.90^ 


•  Cation  is  PhiAs*^.    Magnetic  moments  are  for  solid  samples 
at  room  temperature.    ^  Details  reported  in  ref  1 3.    '  From  ref  8. 

W,^*  and  Re.  We  find  that  the  Ti,  V,  and  Cr  com- 
plexes have  nearly  identical  X-ray  powder  patterns 
and  thus  appear  isomorphous.  It  is  also  interesting  to 
note  the  magnetic  properties  of  these  first-row  com- 
plexes. If  the  ligands  are  considered  to  be  dianions, 
then  the  central  metal  is  in  the  formal  IV  oxidation 
state  and  the  moments  are  found  to  be  those  typical  of 
low-spin  octahedral  compounds  (sec  Table  II).  Fur- 
thermore, spectral  studies  indicate  a  certain  similarity 
in  the  electronic  structures  of  the  complex  anions.  In 
view  of  the  evidence,  then,  we  suggest  that  all  the  first- 
row  M(nmt)s*-  complexes  have  distorted  octahedral 
structures.  Thus,  the  picture  seems  to  be  emerging 
that  the  more  hi^ly  reduced  species  will  approach  the 
classical  octahedral  stereochemistry,  while  the  oxidized 
forms  will  invariably  possess  the  unusual  trigonal- 
prismatic  coordination. 

29  (1966).    The  magnetic  results  reported  initially  by  these  authon 
for  the  Mn  and  Fe  compounds  are  apparently  in  error;    our  results 
are  in  agreement  with  their  latest  values  (J.  A.  McCleverty,  private 
communication). 
(15)  National  Science  Foundation  Graduate  Fellow,  1965-1967. 
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Chronology  in  Photochemical  Mechanisms. 
The  Reaction  of 

6-Phenyl-6-;^^yanophenylbicyclo[3.1.0]hex-3-ell•2-olle. 
Mechanistic  Organic  Photochemistry.    XXV^ 

Sir: 

One  of  the  most  challenging  questions  in  photo- 
chemistry concerns  the  chronology  in  photochemical 
reaction  mechanisms.  In  particular,  one  would  like 
to  know  at  which  point  in  a  transformation  electronic 
excitation  is  lost. 

In  the  type  B  rearrangement*  of  6,6-disubstituted 
bicyclo[3. 1 .0]hcx-3-en-2-ones  the  first  step  seems  without 
doubt  to  be  fission  of  bond  2-4  (cyclohexane  number- 
ing; see  Chart  I)  of  the  triplet*  excited  state  (!♦)  of  the 
bicyclic  ketone;  fission  of  this  internal  three-ring  bond 
converts  carbons  2  and  4  to  valency-deficient  centers 
to  which  aryl  (or  alkyl  in  nonaryl  cases)  migration  mi^t 
occur.  However,  the  migration  to  C-2  and  C-4  could 
occur  immediately  following  bond  2-4  fission  and  there- 
fore be  a  reaction  of  a  triplet  excited  state  (e.g.,  2*),  or 

(1)  For  paper  XXIV  see  H.  E.  Zimmerman,  R.  W.  Binkky,  R.  S. 
Givens,  and  M.  A.  Sherwin,  /.  Am.  Chem,  Soe.,  in  press. 

(2)  See  H.  E.  Zimmerman,  Science,  153,  837  (1966). 

(3)  Evidence  for  involvement  of  the  triplet  has  been  presented  by 
H.  E.  Z^immerman,  R.  Keese,  J.  Nasielski,  and  J.  S.  Swenton,  /.  Am. 
Chem.  Soc.,  88,  4895  (1966). 
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TaUe  L    Irradiation  Runs  of  6-p-Cyanophenyl-6-phenyl[3.1.0]bicyclohex-3-en-2-one 


_1^/vlii^f  Hicf  f*i(Mif t/\n 

07a1l 

Recovered 

2-Phenyl-3-/>- 

— rrcxiuci  uisuiDiiuoii,  /©  »— 

3-/>-Cyanophenyl-4- 

bicyclic*'« 

cyanophenyl- 

phenyl- 

Run 

Reactants 

Type  run 

ketone,  % 

phenol 

phenol 

Photo  adds/ 

1 

Ketone  la 

d 

86 

34  d=  1 

12  db  2 

55  d=  4 

2 

Ketone  la 

d 

35 

37  d=  1 

12  d=  2 

51  =fc  4 

3 

Ketone  lb 

d 

71 

14  dt  1 

6  db  2 

80  d:  5 

4 

Ketone  lb 

d 

45 

22  ±,  1 

7  =fc  1 

70  d:  4 

5 

Ketone  la 

e 

89 

45  d:  2 

23  d:  6 

32  d:  4 

6 

Ketone  lb 

e 

86 

43  db  2 

21  db  6 

37  d=  4 

•  Per  cent  of  pro 

ducts  other  than  recovered  bicycli( 

;  ketone.    ^  Mass  fa 

a]ancel00d=2? 

L    •  Per  cent  based  oi 

1  total 

material.    '  Direct 

irradiation  runs.    •  Sensitized  runs  with  acetophenone  absorbing  over  97%  of  the  light,    f  6,6-I>iaryl-3,5-hexadienoic  acid  stereoisomers 
(see  ref  3). 


instead  might  follow  electron  demotion  and  thus  be  a 
reaction  of  the  ground-state  zwitterion  2.  The  latter 
mechanism  is  the  one  proposed  by  us  earlier^  to  account 
for  the  products  of  the  type  B  process. 


f 


oo 


Excited  State  Species 

oo 


Fh      -4. 


1 


fidtatioa 
to  tripkt 


Ph-p^CJN 

dtmotion 
withipia 
invertfon 


3  •  Ar'-Ph;  Ar"-/K!NPh 
4,*  Ar"-Ph;  Ar'-/>-CNPh 


oo 


Phrjp-CN 


Ph-/^<a{ 


Ph-p-CN 


Ground- State  Speciet 

2-pheny]r3-p-cyanophenylphenol    (6) 
'Processes  ruled  out, . 

An  approach  likely  to  provide  the  answer  involved 
the  study  of  the  photochemical  behavior  of  6-phenyl-6- 
p-cyanophenylbicyclo[3.1.0piex-3-en-2-one  (1).  If  the 
electronically  excited  state  2*  rearranges  after  2,4-bond 
fission,  then  /K^anophenyl  migration  should  be  pre- 
ferred. Such  a  result  would  be  in  accord  with 
Riichardfs  finding  of  a  strong  preference  (19:1  to 
35 : 1)  for  cyanophenyl  over  phenyl  migration  in  free- 
radical  rearrangements.'  Additionally,  such  a  result 
would  have  analogy  in  our  earlier  studies  of  excited- 
state  migratory  aptitudes;  here  the  excited  states  of 
4-phenyl-4-/?-cyanophenyI-l(4H)-naphthalenone  (8)  and 
4-phenyl-4-/K7anophenylcyclohexenone  (9)  were  shown 
to  undergo  a  preferred  /M:yanophenyl  migration 
(2.2:1  for  8*;  15:1  for  9*)  to  the  jS  carbon  of  the 
excited  enone  moiety.*'^ 

On  the  other  hand,  if  the  ground-state  zwitterion 

(4)  (a)  H.  E.  Zimmerman  and  D.  I.  Schuster,  /.  Am.  Chem,  Soc,,  S3, 
1196  (1961);  (b)  ibid.,  S4,  4527  (1962). 

(5)  C.  RUchardt  and  S.  Eichler,  Ber.,  95,  1921  (1962);  C.  RUchardt 
and  R.  Hecht,  ibid.,  9«,  2471  (1965). 

(6)  H.  E.  Zimmerman,  R.  C.  Hahn,  H.  Morrison,  and  M.  C.  Wani, 
/.  Am.  Chem.  Soc.,  87,  1138  (1965). 

(7)  H.  E.  Zimmerman,  R.  D.  Rieke,  and  J.  R.  Scheffer,  ibtd.,  89, 
2033  (1967). 


rearranges,  preferential  phenyl  migration  should  ensue 
since  phenyl  bearing  an  electron-withdrawing  group  as 
cyano  should  not  migrate  readily  to  a  cationic  center. 
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6-Phenyl-6-/>-cyanophenylbicyclo[3. 1 .0]hex-3-en-2-one 
(1)  was  prepared  by  a  synthesis  involving  irradiation  of 
4-phenyl-4-p-cyanophcnylcyclohcxadienone  (10)  and  af- 
fording both  epimers  of  1.^ 

The  results  of  irradiation  of  6-phenyl-6-p-cyano- 
phenylbicyclo[3.1.0]hcx-3-en-2-one  (1)  are  collected  in 
Table  I.  The  first  striking  observation  noted  is  that 
irradiation  of  either  stereoisomer  of  1  gives  the  same 
distribution  of  phenolic  products,  with  the  2,3-diaryl- 
phenol  predominating  over  the  3,4  isomer,  as  was  the 
case  for  the  diphenyl  analog.  Additionally,  it  was  found 
that  on  short  irradiations  recovery  of  bicyclic  ketone 
gave  only  the  stereoisomer  used  as  reactant.  Thus  there 
is  evidence  for  a  species  common  to  both  reactant 
stereoisomers  in  which  the  internal  three-ring  bond  is 
broken  and  memory  of  the  reactant  stereochemistry  is 
lost.  Furthermore,  once  this  central  bond  is  broken, 
there  is  no  reclosure;  such  reclosure  would  afford  a 
mixture  of  bicyclic  ketones.  Other  three-ring  bond 
openings  followed  by  free  rotation  are  similarly  pre- 
cluded. 

Secondly,  there  is  a  dramatic  contrast  between  the 
previously  studied  cases  where  cyanophenyl  migrates 
in  preference*'^  and  the  present  reaction  where  only 
phenyl  migration  is  observed.  Thus,  mainly  2-phenyl-3- 
p-cyanophenylphenol  (6)  and  smaller  quantities  of  3- 
p-cyanophenyl-4-phenylphenol  (7)  were  found.  No 
p-cyanophenyl  migration  products  could  be  detected. 
The  preferred  phenyl  migration  provides  strong  support 
for  zwitterion  2  being  the  species  undergoing  aryl  migra- 
tion, and  electron  demotion  thus  occurring  prior  to 
the  migration.  We  note  that  it  is  insufficient  to  select 
one  group  as  migrating  preferentially  in  photochemical 
reactions;  one  must  inspect  the  details  of  the  reaction 
and  determine  at  which  stage  migration  occurs.  In  the 
present  instance  of  the  type  B  rearrangement  the  scheme 

(8)  Synthetic  details  and  structure  proofs  will  be  reported  in  our  Aill 
paper  in  press.  All  new  compounds  were  properly  characterized  and 
acceptable  elemental  analyses  were  obtained. 
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in  Chart  I  rationalizes  the  information*  that  the  triplet 
excited  state^®  of  product  is  not  reached. 

Acknowledgmeiit.  Support  of  this  research  by  a 
National  Science  Foundation  Predoctoral  Fellowship 
for  J.  O.  G.  and  by  an  Army  Research  Office  (Durham) 
grant  is  gratefully  acknowledged. 

(9)  The  demotion  is  shown  as  occurring  just  subsequent  to  internal 
three-ring  bond  fission  with  2^  pictured  as  a  discrete  species;  this  is  a 
convenience.  Thus  2^  may  not  be  an  energy  minimum,  and  demotion 
may  occur  by  crossing  or  dose  approach  of  potential  energy  surfaces* 
and  change  in  configuration  at  a  slightly  earlier  or  later  point  in  the 
transformation. 

(10)  The  intervention  of  the  triplet  in  the  phenol-forming  reactions 
is  suggested  by  the  formation  of  the  same  products  in  the  photosensitized 
runs  as  in  the  direct  runs  and  by  analogy  to  the  diphenyl  analog* 
where  the  phenolic  product  was  shown  to  arise  from  the  triplet  and  the 
acidic  product  from  triplet  and  singlet. 
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Molecular  and  Electronic  Structure  of 
Pentacyanocobaltate^ 

Sir: 

The  complex  Co(CN)6'~  has  occasioned  a  good  deal 
of  interest  in  late  years.  Its  action  as  a  hydrogena- 
tion  catalyst^  for  certain  unsaturated  organic  molecules 
and  the  kinetics  of  its  free-radical  type  reactions  with 
some  organic  halides'*^  have  been  subjects  of  recent 
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Figure  1.  Electron  spin  resonance  spectra  for  Co(CN)ft^  in  2:1 
ethylene  glycol-water:  upper  curve,  300  °K;  lower  curve,  77  ®K  in 
frozen  solution.  Spectra  in  pure  ethylene  glycol  are  not  signifi- 
cantly different. 

investigation.  Esr  and  optical  spectral  studies^*  of 
oxidation  products  of  Co(CN)6'~  have  also  been  carried 
out. 

Up  to  now,  the  geometry  of  Co(CN)6'~  in  solution 
has  been  unknown ;  supposing  it  to  be  five-coordinate, 
the  two  most  likely  idealized  spatial  arrangements  are 
the  trigonal  bipyramid  (of  D^h  symmetry)  and  the  square 
pyramid  (of  C4V  symmetry).  (This  latter  symmetry 
would  also  hold  if  weak  axial  solvation  made  the  com- 
plex six-coordinate.) 

(1)  This  research  was  supported  by  the  National  Science  Foundation. 

(2)  J.  Kwiatek,  I.  L.  Mader,  and  J.  K.  Seyler,  Advances  in  Chemistry 
Series,  No.  37,  American  Chemistry  Society  Washington,  D.  C,  1963, 
p201. 

(3)  J.  Halpem.  /.  Am.  Chem.  Soc„  85,  2517  (1963). 

(4)  (a)  J.  Halpern  and  S.  Nakamura,  Ibid.,  87,  3002  (1965);  (b) 
J.  Halpem  and  P.  J.  Maher,  87,  5361  (1965). 

(5)  J.  H.  Bayston,  F.  D.  Looney,  and  M.  E.  Winfield,  Australian  J. 
Chem.,  16,  557  (1963). 

(6)  J.  H.  Bayston,  R.  N.  Beale,  N.  K.  King,  and  M.  E.  Winfield, 
ibid.,  16, 954  (1963). 
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Figure  2.    Partial  diagram  of  electronic  energy  levels  and  suggested 
ground  state  for  square-pyramidal  Co(CN)b^. 

We  have  measured  optical  and  esr  spectra  of  penta- 
cyanocobaltate(II)  under  a  variety  of  conditions;  here 
we  show  how  the  data  from  these  experiments  point  to 
an  idealized  square-pyramidal  ground-state  geometry 
for  this  system. 

Solutions  for  esr  spectra  were  prepared  by  dissolving 
KeCoj(CN)io-4H20^  in  2:1  ethylene  glycol-water  and 
in  pure  ethylene  glycol.  Examination  of  the  optical 
spectra  of  these  solutions  at  300**K  and  frozen  at77°K 
reveals  the  absorption  pattern  characteristic  of  the 
paramagnetic  (5  =  V»)»  monomeric  Co(CN)6*~  species.' 
In  particular,  the  intensity  of  the  band  peaking  at 
10,350  cm-^  shows  Co(CN)6'"  to  be  the  predominant 
species  under  the  conditions  of  our  experiment  at 
77**K.  Confirmation  of  the  existence  of  CoCCN)!*" 
in  the  frozen  solutions  was  necessary  in  light  of  results 
which  indicate  that  dimerization  and  oxidation  may 
readily  occur  under  these  conditions.*** 

Figure  1  shows  esr  spectra  for  Co(CN)6*"  at  300  and 
77**K.  At  300 **K,  a  broad  resonance  lacking  hyper- 
fine  structure  and  centered  at  g  =  2.11  =fc  0.01  is  seen. 
On  freezing  the  solution  at  the  lower  temperature,  the 
pattern  observed  is  a  16-line  resonance  expected  from 
an  axially  symmetric  "Co  (/  =  ^A)  species,  with  two  of 
the  g\\  lines  hidden  under  the  second  and  fifth  lines 
of  the  gx  pattern.  Analysis  of  this  spectrum  gives 
gll  =  1.992  =b  0.005,  gx  =  2.157  ±  0.005,  and  hyper- 
fine  tensor  components  A  ^  il  ^  1  and  B  =  28  ±  2 
gauss. 

The  axial  synmietry  of  the  g  tensor  combined  with 
the  value  of  1.992  for^H  strongly  suggest  a  square- 
pyramidal  structure  for  Co(CN)6*~  with  the  unpaired 
electron  placed  in  an  orbital  of  d^t  symmetry  (*Ai 
ground  state).  This  is  nicely  compatible  with  the  elec- 
tronic energy  levels  expected  for  a  square-pyramidal 
pentacyano  complex  (Figure  2).  The  ground  state  in  a 
d^  case  would  be  (e)*(b2)*(ai)»  =  «Ai.  Furthermore, 
none  of  the  ground-state  possibilities  in  a  trigonal- 
bipyramidal  geometry  is  consistent  with  the  esr  r^ 
suits.* 

The  electronic  spectrum  of  Co(CN)6*~  in  aqueous 
solution  shows*  bands  at  10,350  cm-»  (c  233),  16,200 
(7),  23,300  (65),  31,700  (527),  35,700  (4030),  38,100 
(980  sh),  and  43,300  (6500).    The  rich  pattern  of  weak- 

(7)  A.  W.  Adamson,  /.  Am.  Chem.  Soc.,  73,  5710  (19S1). 

(8)  Our  electronic  spectral  measuremeats  are  in  esKntial  agreement 
with  those  reported  by  N.  K.  King  and  M.  E.  Winfield,  ibid^  73.  33^ 
(1951). 

(9)  The  ground  sUte  (e'OHcO"  -  'B'  expected  for  Dtk  Co(CN)i»" 
should  give  g|  y>  2.0.  The  fact  that  a  slight  Jahn-Teller  distortioo 
would  be  expected  does  not  affect  this  conclusion. 
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and  medium-intensity  absorptions,  especially  in  the 
10,O0O-25,000-cm~'  range,  again  points  to  a  system 
of  electronic  levels  appropriate  for  a  square-pyramidal 
Co(CN)(*~.  At  least  two  reasonable  assignment 
schemes  exist  based  on  the  splitting  diagram  shown  in 
Figure  2.'o  Contrariwise,  simple  extrapolation  of 
electronic  levels  from  analogous  trigonal  bipyramidal 
complexes  indicates  that  an  approximately  Dui  Co- 
(CN)('-  would  not  exhibit  electronic  bands  between 
8000  and  20,000  cm->.*'  Thus,  the  combined  esr 
and  optical  spectral  data  require  a  square-pyramidal 
structure  for  Co(CN)e'"  in  solution. 

(10)  We  unlatively suggest  the follawtngaulgiunents:  10.350aii->, 
'Ai  —  "Bi  (i>  -.  jci  -  >.»);  16,200  cm-",  doublet  —  quarwt;  23,300 
cm-'.  'Ai  —  'Bi  (xy  —  r");  31,700  cm"',  'Ai  —  'Ai  (xy  ■»  x'  -  y^. 
The  intente  bands  at  3S,7O0  and  43,300  cm~'  probably  represent  al- 
lowed M  -•  r*(CN~)  tran^iioni. 

(11)  The  observed  ligand  field  bands  in  trigonal  bypyramidal  Nl- 
[PPb(OR)i]i(CN)t  complexes  (B.  B.  Chastain,  R.  Pruelt,  E.  A.  Rick, 
and  H.  B.  Gray,  to  be  published)  are  at  approximately  25,000  and 
29,000  cm-'.  In  addition,  there  is  very  little  difference  in  the  position) 
of  the  lowest  Ugand-Seld  bands  in  Ni(CN]t'-  and  Ni[PPh](0R)1i(CN)t- 
Thua.  we  may  expect  a  trigonal  bypyramidal  CoCOOt*-  to  have  an 
e"  —  c' band  below  SOOO  cm-' and  an  e'  —  ai'  band  at  about  23,000 
cm-'. 

(12)  Natiooal  Science  Foundation  Predocloral  Fellow,  1964-1966. 
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Direct  Evidence  lot  the  Forinatloii  of  Diphenyhnethylene 
in  the  Photolysis  of  TriphMyl-  and  Tetrapbenyloxirane 

Sir: 

Recent  studies  have  shown  that  the  photolytic  re- 
actions of  oxiranes  can  give  rise  to  products  which 
have  been  interpreted  in  terms  of  carbcne  (methylene) 
intermediates.'  We  wish  to  report  convincing  direct 
evidence  for  the  formation  of  diphenylmetbylene  (IIO 
in  the  photolysis  of  triphenyloxirane  (I)  and  of  tetra- 
pbenyloxirane (II)  (Scheme  I). 


t3  ^ 
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I.R-H  in  IV,R-H 

n,K"(yi.  V,R-C,Hi 

Irradiations  were  carried  out  in  methylcyclohexane 
glass  at  ll'Vi.  Typically,  a  solution  (I0-*  M)  of  the 
oxirane  was  irradiated*  with  2537-A  light  for  5-30  sec. 
The  photolysis  products  were  identified  by  a  combi- 
nation of  epr  and  luminescence  techniques. 

The  total  luminescence  spectrum'  obtained  after  II 

(1)  (a)  H.  KriKiaiuon  and  O.  W.  Oriffin,  Angew.  Chem.  Intern.  Ed. 
£ngJ..4,868(1963}:  ^nfex'.  C*«m.,  77,859(1963);  (b)  H.  Kristinnson 
andG.  W.  Griffin,  y.  Am.  CArai.  5oc.,SS,  1579(1966);  (c)  H.  Kriitinn- 
•on.  rcrwAedhM  Lef»rj,  2343(1966);  (d)  H.  Kristinnson,  R.  A.  Matter, 
and  G.  W.  Griffin,  Chtm.  Commui.,  415  (1966);  (e)  G.  W.  OriHin  and 
co-workeri,  unpublished  work. 

(2)  An  air-cooled  Rayonet  Chamber  Reactor  (Southern  New  En^and 
Ultraviolet  Co..  Middletown,  Coon.)  was  used  ■•  the  light  source 
equipped  with  16  8-w  low-fseuure  merctiry  lamps. 
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Photolysis  of   tetraphenylonrane: 


luminexence  of 


Figure    1 
products. 

was  irradiated  is  shown  in  Figure  I.  By  use  of  a 
phosphoroscope  it  was  possible  to  show  that  part  of  this 
luminescence  was  phosphorescence  which  corresponded 
closely  with  that  of  bcnzophenone,  and  the  remaining 
luminescence  was  identified  as  the  fluorescence  pre- 
viously reported  for  diphenyhnethylene  (III).* 

Further  confirmation  for  the  presence  of  III  was  ob- 
tained from  epr  studies.  The  epr  absorption  spectrum 
of  the  same  photolyzed  solution  which  had  been  used  in 
the  luminescence  measurements  was  attributed  to  a 
ground-state  triplet  molecule  with  zero-field  parameters 
Dike  =  0.4053  cm-',  E/hc  =  0.0190  cm"'.  The 
comparable  values  for  these  parameters  which  had 
been  obtained  for  III  (in  bcnzophenone)  are:  (a) 
randomly  oriented  sample:*  D/hc  =  0.4055  cm-', 
E/hc  =  0.0194  cm->;  and  (b)  single  crystal:'  D/kc  - 
0.40505  cm-'.  E/hc  -  0.01918  cra-». 

When  a  solution  of  I  was  photolyzed,  the  phosphor- 
escence of  benzaldehyde  was  detected  as  well  as  the 
fluorescence  of  III.  The  epr  of  III  was  detected  with 
zero  field  parameters  D/hc  «  0.4056  cm-',  E/hc  - 
0.0188  cm-'.  However,  no  epr  absorption  signals 
corresponding  to  those  of  phcnylmethylene^  were 
detected  and  no  phosphorescence  which  could  be 
ascribed  to  bcnzophenone  was  observed.  This  a  to 
be  contrasted  with  the  results  obtained  in  solution 
where  products  which  could  be  derived  from  both 
phenyl-  and  diphenylcarbene  were  observed." 

(3)  The  luminesceoce  spectra  were  recorded  on  an  Aminoo-Kiera 
•pectrophotofluorometer  (American  Initrument  Co.,  Silver  Spriag, 
Md.). 

(4)  (a)  W.  A.  Gibboiu  and  A.  M.  Tronolo.  J.  Am.  Chem.  Soc.,  U, 
172  (1966);  (b)  A.  M.  Tronolo  and  W.  A.  Gibbons,  Ibid.,  89,  239, 
(1967). 

(5)  A.  M.  Troaolo,  E.  WaMcrman,  and  W.  A.  Yager.  J.  Chlm.  Phys., 
61,  1663  (1964):  E.  Wanerman.  A.  M.  Trozzolo,  W.  A.  Yager,  and 
R.  W.  Murray,  J.  Chem.  Phys..  40,  240S  (1964). 

(6)  R.  W.  Brandon,  G.  L.  Qos*.  and  C.  A.  Hutchison,  Jr.,  Old., 
37.  187S  (1962);  R.  W.  Brandon,  G.  L.  Clois.  C.  E.  Davouit,  C  A. 
Hutchison,  Jr.,  B.  B.  Kohler.  and  R.  SUbey,  ibid..  43.  2006  (1963). 

(T)  A.  M.  Trozzolo,  R.  W.  Murray,  and  E.Wassennan.^.'tM.CJkfm. 
Soc.,  U,  4990  (1962). 
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The  effects  of  variations  in  wavelength  and  irradia- 
tion times  also  are  noteworthy.  Both  I  and  II  do  not 
absorb  light  having  a  wavelength  greater  than  3000  A. 
However,  when  the  sample  was  irradiated  for  only  a 
short  time  ('^5  sec)  wirti  2537-A  light,  cleavage  oc- 
curred with  the  production  of  III  and  the  correspond- 
ing carbonyl  compound  (IV  or  V),  and  subsojuent 
irradiation  with  3S00-A  ligjit  caused  further  photolysis, 
suggesting  that  sensitization  was  occurring.  Photo- 
sensitizers  such  as  bcnzophenone  and  acetophenone 
appeared  qualitatively  to  give  increased  yields  of  III 
over  those  obtained  in  unsensitized  photolyses.  Such 
effects  had  not  been  observed  earlier  id  previous 
work  in  solution.'' 

These  experimental  data,  besides  confirming  the 
previous  postulation  that  methylene  intermediates  may 
be  produced  upon  photolysis  of  oxiranes,  also  show 
that  oxiranes  provide  another  set  of  precursors  for  the 
epr  study  of  methylenes,  in  addition  to  the  diazo 
compounds  and  bisazides*  which  have  been  used  pre- 
viously. 

The  mechanism  by  which  the  methylene  is  formed  in 
the  photolysis  of  these  oxiranes  is  of  some  interest. 
The  present  work  does  not  niclude  a  two-step  hemo- 
lytic process  such  as  that  formulated  in  Scheme  II. 


However,  in  epr  studies  in  the  magnetic  field  regioo 
where  moooradicals  or  triplets  with  smaller  spin- 
spin  interaction  (such  as  would  be  anticipated  for  VI) 
might  exhibit  resonance  absorption,  only  a  relatively 
weak  signal  was  observed.  Thus,  one  is  tempted  to 
conclude  that  if  VI  or  VII  is  formed  in  a  rigid  glass, 
it  has  a  rather  short  lifetime,  and  either  reverts  to  II 
or  fragments  to  III  and  V.  Furthermore,  in  view  of 
recent  observations'"  on  the  solvolytic  photochemical 
cleavage  of  cyclopropanes  (a  reaction  which  competes 
with  the  fragmentation  to  carbene)  we  should  consider 
an  ionic  intermediate  perhaps  formed  by  initial  hetero- 
lytic  cleavage  or  in  a  later  step  from  VI  or  VII.  Fur- 
Uier  studies  on  the  mechanism  of  the  photolysis  of 
oxirtines  are  continuing.  '> 


(8)  Seeref4brorbibliograiihr. 

(9)  L.  Baruh,  Abatracu  of  Paper*,  150th  National  Meeting  of  the 
American  Chemical  Society,  Atlantic  City,  Sept  1965.  p  5iS;  L. 
Baraih,  E.  Wauerman,  and  W.  A.  Yager,  to  be  pubUihed. 

(10)  C.  5.  Irving,  R.  C.  PettenoD,  I.  Sarkat,  R  Kristinison,  C.  S. 
Aaron,  G.  J.  fioudreaiu,  and  H.  W.  OriiBn,  J.  Am.  Chtm.  Soc.,  H, 
367S  (1966). 

(1 1)  Note  Added  in  Pkoof.  According  to  P.  Petrcllis  (unpublished 
retullj),  diphenyicarbene  ii  formed  alto  in  the  phatolyiii  of  2-methoxy- 
2,3,3-triphenylourane.  Tlie  carbene  wai  trapped  in  methanol  as  (he 
methyl  ether  of  benzhydroL  Methyl  benioate,  the  accompanyini 
fragment,  wat  taolated  by  glpc  and  compared  with  authentic  materiaL 
The  prexnce  of  HI  was  detected  by  ^r  and  luminescence  iludiei. 
TheM  data  confinn  and  are  consistent  with  the  retultt  of  T.  I.  Temnl- 
kova  and  I.  P.  Stepaoov,  Zk.  Organ.  Khtm..  1,  1323  (1966);  CImm. 
^6jft'.,66.34820>(1967). 
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Invasion  of  Podtfoaal  ReactI 
Mechanisms  of  Hydrogen-De 
Exchange  for  Pyridine 

Sir: 

Considerable  confusion  h 
positional  reactivity  order  o 
change  for  pyridine.  Relati 
at  positions  4,  3,5,  and  2,ti 
10*,  and  I,  respectively,  ii 
These  deprotonations  were  s 
an  anionic  intermediate  resu 
amide  ion  to  substrate.  B> 
ported  not  to  exchange  in  E 
(220°)  exclusive  deprotonatii 
said  to  result.*-* 

We  wish  to  present  a  claj 
change  for  pyridine.  We  1 
version  in  the  relative  posi 
aqueous  solution  and  for  th 
anisms  of  dcprotonation.  1 
undergoes  exchange  at  mea 
2,6  positions.  In  NaOD  th 
exchange,  but  in  the  order  4  > 

For  kinetic  runs  in  acidic 
quots  of  DCl  were  mixed,  i 
heated  (218").  Analysis  of 
nmr  showed  exchange  onl; 
pseudo-Srst-order  rate  const) 
are  expressed  as  a  function 
The  resulting  curve  indicates 
at  position  2  or  6  increase 
protonated  pyridine  increas 
and  approaches  that  in  n< 
that  the  mechanism  for  this 
of  deuterioxide  ion  on  pyri 
I.  This  ylide  then  captures 
changed  pyridine  (path  I), 
found  in  separate  experimci 
ium  chloride  in  D)0.    At  2 

(1)  I.  F.  TupiUyn  and  N.  K.  Seax 
49.120(I9«2):  Chim.  Abitr.,ta,€n 

(2)  Y.  Kawazoe,  M.  Ohnithi,  and 
(Tokyo),  12,  1384  (1964). 

(3)  We  are  unable  to  repeat  Iheae  i 

(4)  Although  dcprotonation  lake* 
2  and  6,  for  example,  all  rate  consti 
for  deproionacion  at  a  sin^  po*it 
kinetic  treatment  of  conaecutive,  first' 


H-2,  H-6  — ».  H-2, 1 

that  the  rale  constant,  k,  for  reaction 
exi^esiion  In  ([H-2,  H-^  +  [H-2,  D- 
centration  ratio  in  this  expression  wa 
(5)  That  log  [pyridinel/lpyridinium  i 
acidity  follows  from  the  expression 
ion]  +  vK„  The  pJT.  value  i*  kno 
conditions  of  our  experiment*,  but  tb 
strate  is  accurately  known  Erom  the  c 
employed. 
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Figure  1.  Log-log  plot  for  the  rate  of  hydrogen-deuterium  ex- 
change for  pyridine  at  positions  2,6  in  DiO  at  218^  as  a  function  of 
acidity.  Left  ordinate  gives  the  ratio  of  the  rate  of  exchange  in 
pyridine-pyridinium  ion  mixtures  to  the  rate  of  exchange  in  neutral 
water.  Right  ordinate  indicates  the  observed  rate  constant.  Total 
concentration  of  pyridine  in  all  forms  is  1.1  Af. 

occurs  at  only  the  2,6  positions  and  is  inhibited  by 
decreasing  the  deuterioxide  ion  concentration.* 
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There  is  considerable  precedent  for  ylide  I.  Such 
an  intermediate  is  said  to  result  during  the  decarboxyla- 
tion of  pyridine-2-carboxylic  acid  and  of  the  betaine 
N-methylpyridinc-2-carboxylic  acid.^  The  dipolar  in- 
termediates which  result  during  similar  decarboxylations 
have  been  trapped.'** 

In  another  series  of  experiments  pyridine  and  D3O- 
NaOD  were  heated  in  a  Monel  bomb  (198  ±  3  **).«> 
Pyridine,  recovered  in  good  yield,  was  analyzed  for 
positional  deuterium  content  by  nmr  using  /-butyl 
alcohol  as  an  internal  standard.  Rates  of  exchange 
at  all  positions  showed  dependence  on  deuterioxide 
ion  concentration.  At  low  base  concentrations  the 
rates  of  exchange  at  position  2  were  much  greater  than 
at  3  or  4.  At  high  base  concentration,  in  contrast, 
the  4  position  exchanged  most  rapidly,  followed  by 
3,  and  then  2.  Rate  constants  for  each  position  are 
compared  by  a  graphical  method  in  Figure  2.  A  slope 
in  these  plots  gives  the  ratio  of  rate  constants  for  ex- 
change at  two  positions.  ^^  Such  a  plot  for  the  rate 
of  exchange  at  position  4  vs.  exchange  at  3  has  a  slope 
of  1.3;    therefore,  ki/ki  is   1.3.    Data  from  several 

(Q  Another  possible  mechanism,  in  which  pyridine  removes  a  proton 
from  a  C-H  center  of  a  pyridinium  ion,  can  be  eliminated  by  the  shape 
of  the  pD-rate  curve.  This  mechanism  demands  a  rate  mAitimnm 
when  [pyridine]  and  [pyridinium  ion]  are  equal.  This  maximum  is  not 
observed. 

(7)  P.  Haake  and  J.  Mantec6n,  /.  Am,  Chem.  Soc„  86,  5230  (1964), 
and  references  cited  therein. 

(8)  For  a  list  of  examples  of  the  Hammick  reaction  see  E.  P.  Oliveto, 
"F^idine  and  lu  Derivatives,*'  Part  m,  E.  Klingsberg,  Ed.,  Inter- 
science  Publishers,  Inc.,  New  York,  N.  Y.,  1962,  pp  207-208. 

(9)  H.  Quast  and  E.  Frankenfeld,  Angew,  Chem,  Intern,  Ed,  Engl, 
4.  691  (1965). 

(10)  Glass  tubes  could  not  be  used  with  basic  solutions  at  these 
temperatures  because  of  severe  etching. 

(11)  S.  Benson,  **The  Foundations  of  Chemical  Kinetics,'*  McGraw- 
HiU  Book  Co.,  Inc.,  New  York,  N.  Y.,  1960^  PP  98-99. 
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Figure  2.  Log-log  plot  for  the  rate  of  hydrogen-deuterium  ex- 
change for  pyridine  in  D^O-NaOD  at  198®.  The  ordinate  ex- 
presses the  inverse  mole  fraction  of  hydrogen  remaining  in  either  the 
2,6  (circles)  or  4  (squares)  positions  and  the  abscissa  gives  the  in- 
verse mole  fraction  of  hydrogen  remaining  in  the  3,5  positions. 
Approximate  half-life  for  position  2  in  1.0  A/  NaOD  is  0.9  hr. 


determinations  at  diflferent  base  concentrations  were 
employed.  Similarly  kz/k^  is  2.3.  For  this  latter 
comparison  only  data  from  runs  inl  N  NaOD  were  used 
in  order  to  minimize  the  effect  of  reaction  at  positions 
2,6  by  path  1.  Relative  rates  of  exchange  of  unpro- 
tonated  pyridine  at  positions  4,  3,  and  2  are  3.0,  2.3,  and 
1.0,  respectively. 

There  can  be  little  doubt  about  the  positional  reac- 
tivity order  of  base-catalyzed  exchange  for  pyridine. 
We  have  found  a  similar  order  in  /-butyl  alcohol  and  in 
methanol  at  much  lower  temperatures.  Exchange  in 
liquid  ammonia  also  follows  the  same  pattern.^  Fur- 
thermore, the  rate  of  exchange  for  3-chloropyridine  at 
position  4  is  much  greater  than  at  2  in  both  methanol 
and  liquid  ammonia.^' 

The  mechanism  for  exchange  in  basic  solution  most 
likely  involves  removal  of  a  proton  from  pyridine  by 
deuterioxide  ion.  The  resultant  pyridyl  anion  then 
abstracts  a  deuteron  from  solvent  to  form  exchanged 
product  (path  2).  This  mechanism  is  similar  to  that 
for  exchange  of  chloropyridines  in  CH|OD-CHtONa  or 
NHr-NaNH,,i« 

That  two  pathways  exist  for  exchange  at  position  2 
while  only  one  mode  is  dominant  for  positions  3  or  4  is 
readily  understandable.  Zwitterionic  intermediates 
which  would  result  from  deprotonation  of  a  pyridinium 
ion  at  position  3  or  4  have  much  less  coulombic  sta- 
bilization than  ylide  I.^' 

(12)  J.  A.  2^1tewicz  and  C.  L.  Smith,  /.  Am.  Chem,  Soc„  88,  4766 
(1966). 

(13)  The  rate  of  decarboxylation  of  N-methylpyridine-2-carboxyUe 
add  it  about  three  powers  of  ten  larger  than  that  for  the  other  two 
isomeric  adds.' 

(14)  Arts  and  Sdences  Fellow,  1966-1967. 

John  A.  ZoHewicz,  Chdg  L.  Smitfa^* 

Department  of  Chemistry,  Unicersity  of  Florida 

Gainesville,  Florida    32601 

Received  AprU  18, 1967 
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An  Unexpected  Product  in  the  Reaction  of 
PtHa(P(C2H6)3)2  with  C2F4. 

The  Structure  of  the  Pta(COXP(QH,)A+  Cation  and 
Evidence  for  the  Existence  of  the  SiF6~  Ion 

Sir: 

In  a  recent  paper*  one  of  us  described  the  reaction 
of  trans'PiHCl(P(C2Hi)ih  with  QF4  and  postulated 
that  one  of  the  low-yield  products  isolated  was  a  reac- 
tion intermediate,  PtHCl(7r-QF4XP(C»H6)8)2.  We  now 
report  that  studies  of  this  compound  by  X-ray  diffrac- 
tion techniques,  and  further  chemical  characterization, 
have  not  confirmed  the  structure  postulated.  The 
compound  is  now  known  to  contain  the  new  cation 
/raH5-PtCl(COXP(C2H6)8V»  which  is  isoelectronic  with 
Vaska's  compound*  IrCKCOXPRs)!,  where  R  may  be 
alkyl  or  aryl.  We  present  evidence  here  that  the  anion 
is  SiF6~  when  the  reactions  are  carried  out  in  silica 
tubes,  and  that  both  SiFs"  and  BF4~  are  formed  when 
reactions  are  carried  out  in  Pyrex  glass  tubes.  The 
formation  of  SiF4  as  a  by-product  had  been  noted 
previously,  *  indicating  attack  by  HF  on  the  glass  walls 
of  the  reaction  vessel,  but  apparently  the  glass  is  de- 
graded more  thoroughly  than  had  been  thought. 

A  sample  of  the  compound  isolated  from  reactions 
in  Pyrex  glass  tubes  was  recrystallizcd  from  methyl 
acetate.  The  unit  cell,  as  determined  from  a  number 
of  crystals,  is  orthorhombic,  with  a  =  9.17,  b  =  16.01, 
c  =  14.97  A;  space  group:  either  Pbcm  or  Pbc2i. 
A  formula  weight  of  574  is  derived  from  the  observed 
density  of  1.73  ±  0.01  g/cm'  and  the  assumption  of  four 
formula  units  in  the  cell.  Three-dimensional  X-ray 
data  were  collected  from  a  crystal  of  maximum  di- 
mension O.IS  mm,  with  the  use  of  Mo  Ka  radiation, 
by  procedures  previously  described.*  Comparison 
of  the  intensities  of  the  hkl  and  hkl  reflections  indicated 
that  the  space  group  is  the  polar  noncentric  one  Pbc2i, 
and  this  was  confirmed  by  the  positions  of  the  Pt,  CI, 
and  P  atoms,  as  determined  by  Patterson  and  Fourier 
methods.  By  comparison  of  two  least-squares  refine- 
ments of  the  positions  of  the  heavy  atoms  it  proved 
possible  to  determine  the  direction  of  the  polar  axis  at 
this  stage,  because  of  the  anomalous  scattering  of  the 
Pt  atom.  The  positions  of  the  ethyl  carbon  atoms  could 
now  be  determined.  The  P  atoms  were  seen  to  be 
trans,  and  the  Pt-Cl  direction  was  at  right  angles  to  the 
P-Pt-P  axis.  Structure  factors  calculated  for  this 
PtCl(P(C2H6)8)2  fragment  led  to  a  conventional  R 
factor  of  0.104.  Inspection  of  the  resulting  difference 
Fourier  map  revealed  no  evidence  of  a  7r-bonded  C2F4 
fragment.  Two  strong  peaks  close  to  the  Pt  of  heights 
4.5  and  6.5  e/A*  suggested  a  carbonyl  group  linearly 
bound  to  the  Pt  atom  and  completing  a  planar  four- 
coordinate  arrangement  around  the  Pt.  At  a  distance 
of  at  least  4  A  from  the  Pt  atom  was  a  group  of  four 
peaks  in  tetrahedral  arrangement,  heights  2-3  e/A', 
and  there  was  a  small  peak  at  their  center  of  gravity. 
These  facts  suggested  refinement  of  a  model  corre- 
sponding to  PtCl(COXP(CiH6)i)2+BF4-,  and  this  re- 
sulted in  an  R  factor  of  0.055.  Refinement  continues, 
but  at  this  stage  the  bond  lengths  and  angles  in  the 
cation  are 

(1)  H.  C.  Clark  and  W.  S.  Tsang,  /.  Am,  Chem  Soc ,  89,  529  (1967). 

(2)  L.  Vaska  and  J.  W.  DiLuzio,  ibid,,  84,  679  (1962);    83,  2784 
(1961). 

(3)  P.  W.  R.  Corfield,  R.  J.  Doedens,  and  J.  A.  Ibers,  Inorg,  Chem,, 
6,  197  (1967). 
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Apart  from  the  ethyl  groups,  the  cation  is  essentially 
planar.  The  small  deviations  make  the  coordinatioa 
tend  toward  a  flattened  tetrahedron  rather  than  a 
square  pyramid,  and  it  is  thus  extremely  unlikely  that 
there  is  a  hydrogen  atom  coordinated  to  the  Pt  atom. 
We  conclude  that  recrystallization  of  the  original  sample 
gave  a  pure  BF4"'  salt,  and  this  is  confirmed  by  compari- 
sons of  the  infrared  spectra  of  the  recrystallizcd  sample 
with  both  the  original  sample  (containing  both  BFr 
and  SiFr)  and  a  sample  containing  SiFfi-  only. 

Further  chemical  and  analytical  studies  have  con- 
firmed the  chemical  formulation  suggested  by  the  X- 
ray  investigation.  The  original  reactions  were  carried 
out  in  Pyrex  glass  tubes,  which  are  now  known  to 
yield  a  mixture  of  BFr  and  SiFr  anions,  as  noted 
above.  On  the  basis  of  the  analyses  reported  pre- 
viously^ (Found:  Pt,  34.4;  P,  10.7;  F,  12.7),  it  is 
not  possible  to  distinguish  between  the  original  postu- 
late (Calcd  for  PtHCl(C2F4XP(C2H5)i)j:  Pt,  34.3; 
P,  10.9;  F,  13.4)  and  the  structure  suggested  by  the  X- 
ray  study  (Calcd  for  Pta(COXP(C,H6)«)j+BF4-:  Pt, 
33.5;  P,  10.6;  F,  13.1).  However,  treatment  of  the 
product  with  sodium  tetraphenylboron  led  to  a  water- 
soluble  fraction  that  contained  NaBF4  and  NaiSiFi. 
Conductivity  studies^  were  consistent  with  a  formula- 
tion as  a  1:1  electrolyte.  The  infrared  spectrum^ 
confirms  the  presence  of  the  /raw5-PtCl(P(CiHi)s)i 
fragment. *•»  The  absorption  at  2100  cm-^  may  equally 
well  be  assigned  as  KPt-H)  or  KC^O)»  but  the  high- 
resolution  mass  spectrum  of  the  pyrolysis  products 
of  the  SiFj-  salt  confirms  the  presence  of  carbon  mon- 
oxide. The  sharp  absorptions  at  1094,  1060,  and  881 
cm"S  which  were  previously  assigned  to  C-F  modes, 
are  now  known  to  be  due  to  the  anions.  These  spectra 
will  be  discussed  in  detail  elsewhere,  but  we  note  that  a 
splitting  of  the  tetrafluoroborate  vt  mode  into  two 
sharp  absorptions  (1094  and  1060  cm"*)  has  not  been 
reported  previously. 

The  final  confirmation  of  the  structure  is  the  rational 
synthesis  of  the  tetrafluoroborate  salt.  trans-PiHQ' 
(P(C2H6)j)2  reacts  with  carbon  monoxide  and  aqueous 
tetrafluoroboric  acid  under  pressure  to  yield  /row- 
bis(triethylphosphine)chlorocarbonylplatinum(II)  tetra- 
fluoroborate, [Pta(COXP(C,H6)s)JBF4.  Anal.  Calcd 
for  PtClCisHsoP20BF4:  C,  26.9;  H,  5.2;  B,  1.86; 
F,13.1.    Found:    C,27.4;  H,5.4;  B,2.0;  F,  13.4. 

When  the  original  reaction  between  PtHCl(P(C»Hj)8)i 
and  C2F4  is  carried  out  in  a  silica  tube,  then  the  pure 
SiFr  salt  can  be  isolated.  That  this  is  a  SiFr  salt, 
rather  than  a  SiFe*-  salt,  is  strongly  suggested  both  by 
the  analytical  data  and  the  X-ray  molecular  weight 
Anal.  Calcd  for  PtCl(COXP(C,H6)3)»SiF*:  C,  25.3; 
H,  4.9;  Si,  4.5;  F,  15.4;  Pt,  31.6;  P.  10.0;  CI,  5,7. 
Found:  C,  24.9;  H,  4.6;  Si,  4.7;  F,  15.2;  Pt,  32.2; 
P,  9.9;  CI,  5.8.  This  salt  is  not  isomorphous  with  the 
BF4-  analog,  although  the  unit  cells  are  related.    The 

(4)  p.  L.  Goggiii  and  R.  J.  Goodfellow,  /.  Chem.  Soc.^  Sect,  A, 
1462  (1966). 

(5)  H.  C.  Clark  and  K.  R.  Dixon,  unpublished  observatiooa. 
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space  group  is  Pbca,  with  a  =  16.9,  b  =  18.9,  c  - 
14.7  A.  The  formula  weight  from  these  data  and  the 
observed  density  is  611  (±1%)  (calcd  for  [Pta(CO)- 
(P(C,H,).)i]SiF»:  618;  calcd  for  0.5[Pta(CO)(P- 
(C.H(),)J,SiF,:  566). 

Although  the  previous  conclusions*  are  now  known 
to  be  incorrect,  the  reactions  described  above  are  re- 
markable in  several  ways,  (a)  The  formation  of  a 
platinum  carbonyl  and  BFt~  under  such  mild  condi- 
tions, presumably  by  interaction  of  C1F4  with  the  glass 
surface  io  contact  with  the  hydride,  is  remarkable. 
It  can  be  related  to,  but  is  more  extreme  than,  the  ability 
of  the  isoelectronic  Ir(I)  and  Rh(I)  systems  to  abstract 
carbon  monoxide  from  oxygen-containing  organic 
solvents.  *''  (b)  The  cation  is  isoelectronic  with  Vaska's 
compound*  and  may  show  similar  properties.  These 
arc  being  investigated,  (c)  This  is  the  first  reported 
isolation  of  the  SiFr  ion.  Further  detailed  studies  of 
this  species  are  currently  in  progress. 

AckDOwIedgment.  This  work  was  supported  in  part 
by  the  National  Science  Foundation. 
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/.  Chem.  Soc..  Stei.  A,  1711  (1966). 
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H.  C  Ouk,'-  P.  W.  R.  Cotfldd,')-  K.  R.  Dixon,'*  Jumm  A.  1btnP> 

Department  of  Chemistry,  Unioeralty  of  Western  Ontario 

Lantbn,  Ontario,  Canada,  and  Department  ofChemUtry, 

Northwettem  UntDersity,  Eea/tsian,  Illmais    60201 
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Opening  tbe  BuHu*-  Cage  to  Produce  BuHu(Et^)i 
Sir: 

The  preparations  of  Bii,Hi»Cbase)i  derivatives  have 
been  reported  from  reactions  of  decaborane  with  soft 
bases. •■'  These  have  been  converted  further  to  the 
BibHib'"  structure  by  action  of  more  or  harder  base.* 
We  wish  to  report  the  synthesis  of  BiaHit{Et^)i  from 
(NHi)]BioHio,  which  is  the  first  time,  to  our  knowl- 
edge, that  the  BiaHia*~  cage  has  been  opened  to  clearly 
reestabhsh  the  decaborane  skeleton. 

This  reaction  takes  on  further  significance  with  the 
recent  preparation  in  these  laboratories  of  the  BioHit*~ 
ion  from  simple  borohydrides.*  BioHu(Et«S)i,  other 
BioHu(base)t  compounds,*-*  and  carboranes,*  for  ex- 
ample, can  now  be  prepared  from  simple  starting 
materials,  by-passing  decaborane  as  an  intermediate. 

The  product  is  obtained  from  the  reaction  of  (NHtV 
BioHia  and  anhydrous  HCl  in  ethyl  sulfide  (eq  1). 
3(NH0)B,.H„  +  ma  +  2Et,S  — >■ 

B,.Hu(a,S),-|-2NH,a'(NHt)iB,At  d) 
Reaction  occurs  readily  at  room  temperature.  A 
double  salt,  NH4CI-(NH,)tBioH,a,  insoluble  in  ethyl 
sulfide,  is  produced  as  the.  by-product.  Bii)Hu(EtiS)i 
is  recovered  in  approximately  92%  yield  based  on  the 
above  equation  from  the  filtrate  by  vacuum  evapora- 
tion of  the  excess  ethyl  sulfide.    Infrared,  X-ray,  and 

(1)  R.  SchaetTer,  /.  Am.  Chtm.  Hoc..  79,  1006  (1957). 

(2)  R.  J.  Fac«,  J.  WiUiami,  and  R.  L.  Willianu,  J.  Chem.  Soe..  2196 
(1961). 

0)  M.  F.  Hawthorne  and  A.  R.  PitocheUi.  /.  Am.  Chtm.  Soc,  >1, 
5319  (1939). 

(4)  J.  M.  Mskhlouf,  W.  V.  Hough,  and  O.  T.  Hefferan.  "Practical 
Syntbuii  for  IJecahydrodecaborato,"  to  be  published. 

(3}  T.  t.  Keying,  et  al..  Inarg.  Chem..  2,  1089  (1963);  M.  M.  Fein, 
Ibid.,  2,  1111  (1963). 


nmr  comparisons  with  authentic  samples  left  no  doubt 
as  to  its  identity.  The  product  was  somewhat  impure 
but  gave  elemental  analyses  approximating  the  desired 
compound. 

Anal.  Calcd  for  [(CtH.)iS]iB,oHu:  B,  36.0;  C, 
31.9;  H,  10.6;  S,  21.3.  Found:  B.  34.7;  C,  29.6; 
H,10.3;  S,20.3. 

Work  on  recovery  of  the  (NH4)iBi(iHia  from  the 
double  salt  by  use  of  other  solvents  is  in  progress. 
With  large  excesses  of  HCl  the  reaction  gives  some  free 
NH4CI  and  correspondingly  higher  quantities  of  BioHu- 
(EtlS)^  Several  samples  have  been  allowed  to  react 
with  propargyl  bromide,  and  the  expected  bromomethyl- 
carborane  derivative  was  obtained.* 

Muetterties  has  reported  obtaining  a  bridge-hydro- 
gen structure  from  the  BiaHio*~  ion.'  Dehydration 
of  an  aqueous  solution  of  (HiO)iBidHio  gave  a  white 
solid  from  which  a  material  could  be  sublimed.  The 
sublimate  showed  evidence  for  bridge  hydrogens  in  its 
infrared  pattern.  The  imknown  had  the  approximate 
composition  of  BioHuOHi,  He  concluded  that  the 
solid  belonged  to  the  BioHuCbase)  or  BioHir  structural 
class.  A  referee  has  pointed  out  that  the  formation 
of  BuHn  from  BtoHu'^  plus  acid  involves  opening 
BioHin  cages.  However,  degradation  with  loss  of 
boron  also  obviously  occurred,^ 

Mechanistically  the  synthesis  of  Bii)Hu(EtiS)i  from 
(NH()iBiaHio  can  be  pictured  as  just  the  reverse  of  the 
Bi(iHu(base)»  conversion  to  BioHio*-  derivatives.  Haw- 
thorne suggests  that  this  latter  conversion  occurs  by 
the  removal  of  protons  from  the  bridge  positions  in  the 
BioHu(base)i  structure,  and  that  the  resulting  filled 
two-center  orbitals  undergo  a  nucleophilic  displace- 
ment of  the  coordinated  bases.  In  our  reaction,  pro- 
tons which  are  presumably  supplied  via  the  ethylsul- 
fonium  ion,  EtiSH-'-,  probably  attack  in  the  apex  region 
of  the  BioHjo'-  cage.  Nmr  studies  with  deuterium 
chloride  have  established  that  hydrogen  exchange 
occurs  at  the  apex  borons.'-''*     Single  crystal  X-ray 
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(6)  E.  L.  Muettertiei,  J.  H.  Balthii,  T.  A.  Chia,  W.  R  Knoth,  and 
H.  C.  Miller,  Ibid.,  3,  444  (1964). 

C^  A.  R.  Pitochelli  and  M.  F.  Hawthorne,  J.  Am-  Chem.  Soc.  H, 
321 S  (1962). 

(8)  W.  H.  Knoth,  H.  C  Miller.  D.  C  England.  O.  W.  Panhall, 
E  L.  Muctleniei,  and  }.  C  Sauer,  Oild.,  S4, 1036  (1962). 

(9)  A.  Kactmatciyk,  R.  Dobroti,  and  W.  N.  LipKomb,  Proc.  Natl 
Aead.  Set.  V.  S.,  **,  729  (1962). 
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studies  on  CuiBioHio  also  show  bonding  with  the  Cut 
ions  along  apex-equatorial  boron  edges.  ^® 

Presumably  cage-opening  occurs  via  the  formation 
of  bridge  hydrogens  between  apex  and  equatorial 
borons.  Bond  rupture  and  coordination  of  ethyl  sul- 
fide between  the  equatorial  borons  result  with  the  ethyl 
sulfide  coordinated  borons  now  becoming  the  6  and  9 
positions  of  the  resulting  BioHii(EtsS)s  structure.  A 
plausible  mechanism  is  depicted  in  eq  2  (the  numbering 
system  used  is  that  for  decaborane  and  only  the 
**mouth**  borons  are  numbered).  The  rupture  of  the 
cage  bonds  may  involve  a  multicenter  reaction  with  the 
EtsSH+  ion  or  simple  displacement  by  some  solvent 
ethyl  sulfide. 
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Enzymic  Synthesis  of  /3-Amyrin  fi*om 
2,3-OxidosquaIene 

Sir: 

Recent  studies  have  demonstrated  that  lanosterol  is 
synthesized  in  the  mammalian  liver  from  2,3-oxido- 
squalene  (1)^"'  under  the  influence  of  an  enzyme,  2,3- 
oxidosqualene-sterol  cyclase,  which  can  be  obtained 
from  liver  microsomes  in  a  partially  purified  water- 
soluble  form.^  The  separation  of  the  squalene-to- 
sterol  conversion  into  discrete  oxidation  and  cycliza- 
tion  steps  suggests  a  similar  possibility  for  the  bio- 
synthesis of  pentacyclic  triterpenes  and,  therefore,  a 
powerful  experimental  approach  for  studying  the  de- 
tails of  the  remarkable  rearrangement  processes  which 
are  supposed  to  lead  from  the  lupanyP  system  to  the 
triterpenes  of  the  oleanane  (j8-amyrin),  ursane  (a- 
amyrin),'  friedelane,'  and  other  series.  Since  it  has 
been  shown  that  j8-amyrin  (2)  is  formed  enzymically 
from  squalene  in  a  homogenate  from  germinating  peas 
(Pisum  sativum),^  this  system  was  selected  for  initial 
study.    We  report  here  an  investigation  which  demon- 

(1)  E.  J.  Corey  and  W.  E.  Russey,  /.  Am,  Chem,  Soc,  8S.  4751  (1966). 

(2)  E.  J.  Corey.  W.  E.  Russey,  and  P.  R.  Ortiz  de  Montcllano, 
ibid.,  SS,  4750  (1966). 

(3)  E.  E.  van  Tamelcn,  J.  D.  Willet,  R.  B.  Qayton,  and  K.  E.  Lord, 
ibid.,  SS,  4752  (1966). 

(4)  P.  D.  G.  Dean,  P.  R.  Ortiz  de  Montcllano,  K.  Bloch,  and  E.  J. 
Corey,  /.  Biol  Chem.,  in  press. 

(5)  L.  Ruzicka,  A.  Eschenmoser,  and  H.  Heusser,  Experientla,  9, 
357  (1953). 

(6)  E.  J.  Corey  and  J.  J.  Ursprung.  Chem,  Ind,  (London).  1387  (1954); 
J,  Am.  Chem.  Soc.,  78,  183  (1956). 

(7)  E.  J.  Corey  and  J.  J.  Ursprung,  ibid.,  77,  3667.  3668  (1955); 
78,  5041  (1956). 

(8)  E.  Capstack.  Jr..  N.  Rosin,  G.  A.  Blondin,  and  W.  R.  Ncs, 
J,  Biol.  Chem.,  240,  3258  (1965). 


strates  that  2,3-oxidosqualene  is  indeed  a  precursor  of 
/3-amyrin  in  Pisum  sativum  and  that  the  cyclizing  en- 
zyme can  be  obtained  in  water-soluble  form. 


Anaerobic  incubation  for  24  hr  at  37^  of  ^^C-labeled 
2,3-oxidosqualene  with  a  cell-free  homogenate  from 
Pisum  sativum  led  to  isolation  of  a  product  which 
showed  upon  thin  layer  chromatography  on  silica  gd 
about  35  %  of  the  radioactivity  in  a  band  with  an  Ri 
equal  to  that  of  /3-amyrin.  That  this  material  was  in 
fact  primarily  /3-amyrin  was  demonstrated  by  the 
following  experiments.  Recrystallization  (ca.  2  m/i- 
moles,  6000  counts/min)  from  ethanol-water  with 
carrier  /3-amyrin  (SO  mg)  led  to  a  constant  specific 
activity  after  the  first  crystallization  (131,  106,  105, 104, 
108  coimts/min  per  mg).  The  combined  fractions  from 
this  recrystallization  experiment  were  acetylated  with 
acetic  anhydride  in  pyridine  and  chromatographed 
The  radioactivity  was  found  in  the  zone  characteristic 
of  /3-amyrin  acetate  using  a  thin  layer  of  silica  gel  and 
S%  ethyl  acetate-benzene  for  development.  In  addi- 
tion, thin  layer  chromatography  of  acetylated  bio- 
synthetic  material  on  a  20%  silver  nitrate-silica  gd 
plate  (3:2,  chloroform-petroleum  ether)  showed  the 
absence  of  labeled  lanosterol  and  an  Rf  for  the  radio- 
active product  identical  with  that  of  /3-amyrin  acetate. 
Vapor  phase  chromatography  of  acetylated  labeled 
biosynthetic  product  using  a  ^ass  column  packed  with 
2%  Epon  1001  on  Diatoport  S  at  235  "*  capable  of 
separating  a-  and  /3-amyrin  acetates  showed  >9S% 
of  the  radioactivity  in  the  ^-amyrin  acetate  peak. 

The  intermediacy  of  squalene  2,3-epoxide  in  the  bio- 
genesis of /3-amyrin  is  further  supported  by  an  experiment 
using  2,3-iminosqualene,  which  has  been  shown  to  be  a 
potent  inhibitor  of  enzymic  cyclization  of  2,3-oxidosqua- 
lene to  lanosterol.*  Incubation  of  ^^C-labeled  squalene 
in  the  presence  of  2,3-iminosqualene  with  a  cell-free 
homogenate  from  Pisum  sativum  capable  of  converting 
squalene  to  /3-amyrin'  led  to  isolation  by  chromatog- 
raphy of  about  2  %  of  the  radioactivity  in  a  band  of  Rt 
equal  to  that  of  2,3-oxidosqualene  (using  silica  gel  with 
3  %  ethyl  acetate-benzene  as  solvent).  Dilution  of  this 
material  with  carrier  2,3-oxidosqualene  and  treatment 
with  perchloric  acid  in  aqueous  glyme  led  to  a  product 
which  upon  chromatographic  separation  (using  silica 
gel  with  20%  ethyl  acetate-benzene  as  solvent)  mani- 
fested radioactivity  almost  totally  in  the  band  of  Ri 
corresponding  to  2,3-dihydroxylated  squalene.^ 

The  solubilization  and  partial  purification  of  this  2,3- 
oxidosqualene-j3-amyrin  cyclase  from  Pisum  sativum 
has  been  effected  by  a  procedure  similar  to  that  used 
in  the  purification  of  the  2,3-oxidosqualene-lanosterol 
cyclase  from  hog  liver.*  The  cell-free  homogenate* 
in  pH  7.4  phosphate  buffer  (without  added  sucrose  or 
glutathione)  was  treated  at  0^  with  just  sufficient  so- 
dium desoxycholate  solution  to  effect   clarification, 

(9)  E.  J.  Corey,  P.  R.  Ortiz  de  MonteUano,  K.  Un,  and  P.  D.  G. 
Dean,  /.  Am,  Chem.  Soc,,  89,  2797  (1967). 
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then  an  equivalent  amount  of  calcium  chloride 
tion  was  added  to  precipitate  desoxycholate. 
supernatant  solution  was  separated  after  centrifu- 
>n,  and  the  enzyme  was  precipitated  from  30% 
ionium  sulfate  solution.  The  precipitate  obtained 
1  centrifugation  (SlfiOOg^  20  min)  was  taken  up  in 

phosphate  buffer  (pH  7.4)  and  centrifuged  at 
"MOg  for  3  hr.  The  clear  supernatant  liquid 
removed  by,  pipet  and  assayed  for  total  protein 

activity  in  the  anaerobic  2,3-oxidosqualene-/3- 
rin  conversion.  The  partide-free  solution  had  a 
ific  activity  in  cyclization  to  /3-amyrin  (per  mg  of 
cin)  approximately  12  times  that  of  the  original 
osomes. 

udies  are  continuing  on.  the  details  of  the  enzymic 
lation  of  /3-amyrin  and  other  triterpenes. 
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ochemical  ReamuigeiiiMit  of  a,j9-Epoxy  Ketones, 
iaaboration  of  the  Mechanism 


le  photorearrangement  of  a,/3-epoxy  ketones  to 
cetones  (eq  1)  is  characterized  by  an  unusual  order 
he  migrational  aptitudes  of  various  j3  groups  (e.g.. 
Is     y>    CcHft).^''    Suggestions    concerning    the 
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D 

lanism  of  this  transformation  have  been  ad- 
ed,^"^  and  our  recent  work  in  this  area  has  dis- 
^  certain  features  of  the  rearrangement  that  sup- 

C.  K.  Johnson,  B.  Dominy,  and  W.  Reusch,  /.  Am.  Chem,  Soc,, 
)94  (1963). 

H.  E.  Zimmennan,  B.  R.  Cowley,  C.  Y.  Tseng,  and  J.  W.  Wilson, 
86.  947  (1964). 

O.  Jeger,  K.  Schaffner,  and  H«  Wehrli,  Pure  AppU  Chem,,  9, 
)64). 

H.  Wehrli,  C.  Lehmann,  P.  KeUer,  J.  Bonet,  K.  Schaffner,  and 
ger,  Helo.  Chim,  Acta,  49. 2218  (1966). 


port  the  elaboration  of  these  views  presented  in  eq  2. 
The  formation  of  intermediate  C  from  a  singlet 
[Si]  or  triplet  fTi]  excited  state  is  theoretically  reason- 
able/ and  the  reactions  leading  to  this  species  constitute 
the  true  ''photochemistry**  of  these  compounds.  Inas- 
much as  the  epoxy  ketone  rearrangements  are  not  sen- 
sitive to  the  presence  of  oxygen  or  changes  in  the  sol- 
vent, and  since  the  addition  of  known  triplet  quenchers 
(piperylene  and  2,5-dimethyl-2,4-hexadiene  were  used 
in  concentrations  ranging  from  0.1  to  9.0  M)  did  not 
affect  the  rate  or  course  of  rearrangement  (specifically 
shown  for  II,  III,  VII,  and  VIII),  intermediate  C  ap^ 
pears  to  be  formed  predominantly  from  the  initially 
produced  (S{)  state.  Furthermore,  acetophenone  (O.S 
Af)  did  not  function  as  a  sensitizer  for  the  rearrange- 
ment of  II  (0.3  Af)  in  acetonitrile  solution.  The  low 
quantum  yield  observed  for  some  of  these  rearrange- 
ments (e.g.,  ca.  0.03  for  the  conversion  of  VII  to  3- 
methylpentane-2,4-dione)  may  indicate  poor  efiiciency 
for  the  [Si]  -►  C  transformation,  or  an  unfavorable 
competition  between  rearrangement  and  oxirane  ring 
formation  from  C.  A  preliminary  study  involving  re^ 
duction  of  [Ti]  by  tri-n-butylstannane  suggests  that  in 
the  case  of  VII  both  factors  are  important.* 
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A  recent  report^  concerning  the  thermal  decomposi- 
tion of  /3-methyl-j8-phenyl-j8-peroxypropiolactone  noted 
a  fivefold  preference  for  methyl  migration  vs.  phenyl 
and  suggested  a  1,3-diradical  intermediate  similar  to 
C.  The  implication  that  such  a  species  can  be  gen- 
erated by  nonphotochemical  pathways  is  supported  by 
the  isomerization  and  rearrangement  of  pulegone  oxide 
diastereoisomers  (VIII)  at  200^.^  A  rationalization 
of  the  abnormal  migrational  aptitudes  found  in  rear- 
rangements proceeding  from  intermediate  C  is  achieved 
by  assuming  that  the  migrating  group  must  have  radical 
characteristics.  This  feature  can  be  incorporated  in 
a  fragmentation  (two-step)  mechanism  involving  the 
caged  radical  pair  D,  or  in  a  single  step  path  having  a 
transition   state   resembling   D   in  certain   respects.' 

(5)  H.  E.  Zimmerman,  Advan.  Photochem,  1,  183  (1963). 

(Q  This  aspect  of  our  investigations  will  he  developed  fully  in  a 
subsequent  paper  and  should  lead  to  a  rough  assignment  of  relative 
rates  for  the  various  steps  in  eq  2. 

(7)  F.  D.  Greene,  W.  Adam,  and  G.  Knudsen,  Jr.,  /.  Org.  Chem,,, 
31,  2087  (1966). 

(8)  A  detailed  discussion  of  these  rearrangements  with  particular 
emphasis  on  stereochemistry  has  been  presented  by  the  Ziirich  research 
group.  *'*    Their  arguments  are  in  favor  of  a  syndhronous  mechanism. 
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This  view  of  the  reaction  led  us  to  anticipate  an  espe- 
cially high  migrational  aptitude  for  benzyl  and  benzhy- 
dryl  j3  substituents,  and  this  has  been  confirmed  by 
experiments  with  III  and  IV.  Thus,  irradiation*  of 
a  0.025  M  solution  of  IV  in  ether  for  3.5  hr  gave  roughly 
50%  conversion  to  a  1:4  mixture  of  XI  and  XIL*® 
The  sole  rearrangement  product  obtained  from  a 
similar  irradiation  of  III  proved  to  be  X  {ca,  20%), 
but  this  was  accompanied  by  significant  quantities  of 
fragmentation  products  (e.g.,  IX,  dibenzyl  and  a- 
benzylethyl  ethyl  ether).  Since  X  was  essentially  un- 
reactive  imder  equivalent  reaction  conditions,  the 
formation  of  the  latter  products  suggests  that  inter- 
mediate C  is  in  this  case  at  least  partly  diverted  to  the 
radical  pair  D,  and  that  the  relatively  stable  benzyl 
radical  escapes  the  solvent  cage. 

Other  photochemical  transformations  recently  estab- 
lished in  our  laboratory  are:  I  to  IX  {ca.  40%)  and 
XIII  {ca.  4%);  VI  to  XIV  {ca.  40%  by  a  technique  in- 
volving continuous  extraction  of  the  product);  and 
V  to  cycIopentane-l,3-dione  and  an  imidentified  base- 
soluble  substance. 

The  rearrangements  described  in  this  communica- 
tion together  with  previous  findings^"*  support  the 
following  rough  order  for  the  migrational  aptitude  of 
/3  substituents:  benzhydryl  and  benzyl  >  hydrogen  > 
methylene  >  methyl  ^  phenyl.  The  position  of  hy- 
drogen in  this  listing  argues  against  a  general  frag- 
mentation mechanism  for  the  rearrangement,  since 
hydrogen  atoms  are  not  normally  produced  in  prefer- 
ence to  alkyl  radicals.  Also,  the  formation  of  a  strained 
four-membered  ring  (XIV)  in  the  photolysis  of  VP^ 
leads  us  to  prefer  a  single  step  or  synchronous  route  for 
rearrangement  from  C.  If  a  radical  pair  (i.e.,  D)  was 
an  intermediate  in  this  rearrangement,  the  formation 
of  a  six-membered  heterocyclic  system  or  possibly 
fragmentation  with  loss  of  ethylene  would  seem  to 
provide  attractive  alternate  reaction  modes.  Products 
of  this  type  were  not  foimd. 
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Mass  Spectrometric  Studies  on 
AminocycUtol  Antibiotics 

Sir: 

We  wish  to  report  preliminary  results  of  a  mass 
spectrometric  investigation  of  the  antibiotics  paromo- 
mycin^ and  paromomycin  IP  (la  and  lb,  respectively, 

(1)  (a)  T.  H.  Haskell,  J.  C.  French,  and  Q.  R.  Bartz,  /.  Am.  Chem. 
Soc.,  SI,  3480  (1959);  (b)  T.  H.  HaskeU  and  S.  Hanessian,  /.  Org. 
Chem.,  28.  2598  (1963). 


TMS  and  Ac  »  H),  members  of  the  diaminocycBtol 
(deoxystreptamine)  class  of  antibiotics. '~^ 

The  above-mentioned  antibiotics,  together  with  die 
model  compounds  derived  from  them  and  from  the 
neomycins  by  various  degradative  reactions,'"^  wot 
investigated  in  the  form  of  their  N-acctyl-O-trimethyl- 
silyl  derivatives.  The  use  of  the  trimeth^ilyl  (TMS) 
blocking  groups  was  foimd  advantageous  in  the  study 
of  these  molecules  of  low  volatility.  The  N-acctyl 
and  N-acetyl-3-rf  derivatives  1-6  (TMS  ■=  H)  were  p^^ 
pared  by  selective  N-acetylation  of  the  respeodvt 
free  bases  with  acetic  anhydride  in  methanoL  The 
chromatographically  homogeneous  solids*  (compounds 
2,  4H5,  TMS  =  H,  were  obtained  crystalline)  were 
then  subjected  to  silylation  with  trimethylsilyl  chloride 
and  hexamethyldisilazane  in  dry  pyridine.*  The  tri- 
methylsilyl ethers  1-6  thus  obtained  were  nonhygro- 
scopic  white  solids  which  had  the  infrared  and  nmr 
spectral  properties  expected  for  N-acetyl-O-trimcthyl- 
silyl  derivatives. 

A  minute  molecular  ion  peak  is  present  in  the  mass 
spectrum^  of  the  N-acetyl-O-trimethylsilyl  derivative 
of  paromomycin  II  (lb).  A  peak  of  2.5%  intensity 
(relative  to  m/e  73,  (CH,)»Si+)  at  m/e  1386  is  character- 
istic  of  the  loss  of  a  methyl  radical  from  a  trimethylsilyl 
group.'  Relatively  intense  peaks  are  also  present  at 
m/e  665  (4.0%),  420  (16.0%),  and  389  (40.0%)  from 
cleavages  of  glycosidic  bonds  as  indicated  in  structure 
1.  Other  fragments  in  the  spectnmi  can  be  accounted 
for  by  further  fragmentations  of  the  molecular  ion  aod 
of  these  fragment  ions. 


m/e  420  (16%) 


NHAc 


m/e  665  (4%) 


R/HNAc 


m/e  389  (40%) 


la,  R  »  H;  R'  -  CHsNHAc 
b,  R  -  CHiNHAc.  R'  -  H 
(M  -  CH,,  m/e  1386  (2.5%) 


(2)  K.  L.  Rinchart,  Jr.,  •The  Ncomydni  and  Related  Antibioto- 
John  Wiley  and  Sons,  Inc.,  New  York,  N.  Y.,  1964;  S.  Tatsuoka  and 
S.  Horii,  Proc.  Japan  Acad.,  39, 314  (1963). 

(3)  J.  D.  Dutcher,  Adoan.  Carbohydrate  Chem.,  18,  259  (1963). 

(4)  S.  Hanessian  and  T.  H.  HaskeU,  "The  Carbohydrates.**  VoL  2. 
W.  Pigman  and  D.  Horton,  Ed.,  Academic  Press  Inc.,  New  York,  N.  Y^ 
in  press. 

(5)  Thin  layer  chromatography  of  the  N-aoeUtes  was  carried  out  oo 
glass  plates  coated  with  Avirin  (a  product  of  American  Visoote  Corp, 
Marcus  Hook,  Pa.)  and  the  compounds  were  detected  by  sprayioi 
lightly  with  a  1  %  solution  of  potassium  permanganate  in  1  AT  satfsric 
add  or  by  exposure  to  iodine  vapors. 

(6)  In  a  typical  experiment,  0.1  g  of  N-aoetyl  derivative  dissolved  is 
S  ml  of  dry  pyridine  was  treated  with  1  ml  of  trimethylsilyi  chlorids 
and  3  ml  of  hexamethyldisilazane  at  room  temperature.  Afkr  h3 
hr  the  mixture  was  evaporated  to  dryness,  the  residue  was  suspended  is 
benzene,  and  the  soluble  portion  was  evaporated  to  dryness  and  wd 
as  such. 

(7)  The  mass  spectra  of  compounds  2-6  were  obtained  firoB  m 
Atlas  CH4  mass  spectrometer,  usiag  a  vacuum-lock  direct-inkt  sysiB^ 
The  authors  wish  to  thank  Dr.  W.  J.  M cMurray,  Yale  University  School 
of  Medicine,  for  obtaining  the  spectrum  of  compound  lb  oo  an  AB 
NfS9  mass  spectrometer. 

(8)  A.  G.  Sharkey  Jr.  R.  A.  FHedel,  and  S.  H.  Langer,  AmL  Ckm, 
29,  770  (1957). 
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Prominent  peaks  at  mie  389  are  also  present  in  the 
ss  spectra  of  model  compounds  2  and  3  and  shift  to 
e  395  in  the  spectrum  of  the  dt  analog  4.  The  mass 
^ctra  of  compoimds  5  and  6  have  peaks  at  mIe  420, 
does  the  spectrum  of  1.  A  few  other  important 
iks  are  indicated  in  2-6.  All  peak  intensities  are 
ative  to  mje  73,  (CH3)8Si+. 


HjNHAc 


HNAc 


2,  m/e  389  (41%) 
4,  m/e  395  (46%) 


2,  m/e  373  (28%) 
4,  m/e  379  (32%) 


2,  Ac 

4,  Ac 


CH,CO  (M 
CD,CO  (M 


NHAc 

OTMS 

CH„m/e763,8%) 
CH,,  m/e  775,  11%) 


m/e  665  0.2%) 
TMSOCHo 


OMe 


HNAcl 
AcHNCH, 

m/e  389(25%) 


OTMS 


3  (M-CH3,  m/e681,4%) 

>wCH20TMS 
TMS(rVN^Ll_o 

TMSCK\_-tv\ 

TsX     \m/e373(15%) 

HNAcT 


m/e  420  (15.5%) 


NHAc 


OTMS 
5  (M-CH3,  m/e794,  4%) 


vwCHjOTMS 

TMSCr  V^Ll-o 
TMSO>^^ ^ 

HNAc 


m/e  420  (1.5%) 


OMe 
6(M-CH3,  m/e  436,  13%) 

^rom  these  data,  it  is  possible  to  recognize  the  se- 
mtial  arrangement  and  gross  structures  of  the  units 
which  the  saccharides  are  comprised.  Differences 
stereochemistry  and  ring  size  most  likely  will  not 
;ct  the  indicated  fragmentation  paths.  Compound 
hows  a  preferential  cleavage  of  glycosidic  bonds, 
cing  the  charge  on  the  carbon  next  to  a  ring  oxygen 
ere  it  can  be  stabilized  by  the  nonbonding  electrons 
oxygen.  Although  all  of  the  mass  spectra  in  this 
dy  exhibited  only  minute  molecular  ion  peaks 
1-1%  relative  intensity),  molecular  weights  can  be 
dily  determined  from  the  more  intense  peaks  IS 
ss  units  lower. 

Vhereas  the  characterization  of  various  amino  and 
»xy  sugars  derived  from  antibiotic  substances  has 
n  successfully  accomplished  by  mass  spectrometric 
tmiques,^'*'^®   the  detailed  analysis  of  intact  anti- 
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biotics  containing  sugars  is  still  relatively  unexplored.^ 
The  few  recorded  examples  belong  to  the  class  of 
macrolide  (chalcomycin,^®  pimaricin,"  and  aldga- 
mycin^*)  and  nucleoside  (cordycepin,**  puromycin**) 
antibiotics.  The  present  investigation  represents  the 
first  reported  example  of  the  application  of  mass  spec- 
trometry to  the  study  of  the  gross  structure  of  intact 
aminocyclitol  antibiotics.  It  demonstrates  the  poten- 
tial usefulness  of  this  technique  in  providing  crucial 
information  concerning  the  structure  of  related  com- 
pounds, from  submilligram  quantities  of  the  appropriate 
derivatives  and  from  minutes  of  instrument  time.  Ex- 
periments on  the  electron-impact-induced  fragmenta- 
tion of  related  aminocyclitol  antibiotics  are  in  progress. 

(9)  D.  C.  DeJongh  and  S.  Hanessian,  /.  Am,  Ckem.  Soc.,  87,  3744 
(1965);  88,3114(1966). 

(10)  K.  L.  Rinehart,  Jr.,  R.  F.  Schimbor,  and  T.  H.  Kinstle,  Anti- 
microbial Agents  Chemotherapy,  119  (1965). 

(11)  O.  Ceder,  Acta  Chem.  Scand.,  18.  126  (1964);  B.  T.  Golding, 
R.  W.  Rickards,  W.  E.  Meyer,  J.  B.  Patrick,  and  M.  Barber,  Tetrahedron 
Letters,  3551  (1966). 

(12)  M.  P.  Kunstmann,  L.  A.  Mitscher,  and  N.  Bohonos,  ibid.,  389 
(1966). 

(13)  S.  Hanessian,  D.  C.  DeJongh,  and  J.  A.  McQoskey,  Biochim. 
Biophys.  Acta,  117,  480  (196^. 

(14)  S.  H.  Eggers,  S.  I.  Biedron,  and  A.  O.  Hawtrey,  Tetrahedron 
Utters,  3271  (1966). 

(15)  The  support  of  the  Public  Health  Service  of  the  Department  of 
Health,  Education,  and  Welfare,  through  Grant  AI  07570,  is  gratefully 
acknowledged. 
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Metal-Ammoiiia  Reduction  of  Noncoigugated 
Dienes  and  Enones^ 

Sir: 

A  consequence  of  a  structurally  imposed  close  prox- 
imity of  two  nonconjugated  double  bonds  is  that  the 
energy  of  the  lowest  antibonding  orbital  of  one  is 
raised  while  that  of  the  other  is  lowered.  One  of  the 
several  consequences  of  this  which  might  be  anticipated 
is  the  increased  ability  of  the  molecule  to  accept  an 
electron  in  the  relatively  low  energy  antibonding 
orbital.  It  might  be  expected  that  the  activation 
energy  will  be  lowered  and  the  equilibrium  constant 
raised  for  the  reversible  process  M  +  e~  ?=i  M-~. 
An  example  of  this  structural  feature  is  norbomadiene 
(I).  It  appears  to  have  no  resonance  energy  in  the 
ground  state,  and  thus  can  in  no  sense  be  considered 
aromatic,  but  it  has  a  significant  2-6  bonding  con- 
tribution in  the  excited  state.'  A  spectroscopic 
manifestation  of  this  is  its  relatively  long  wavelength 
untra violet  absorption  (Xmax  211  nv*).  We  wish  now 
to  describe  a  chemical  consequence  of  this  perturba- 
tion, the  reduction  of  such  nonconjugated  dienes  and 
enones  by  metal-ammonia  systems. 

The  reduction  of  I  with  sodium  or  lithium  in  care- 
fully dried  ammonia  (—33**)  afforded  norbomene 
(II)  in  98%  yield.'    No  evidence  for  even  traces  of 

(1)  The  authors  are  indebted  to  the  National  Science  Foundation* 
Grant  GP  6757,  and  to  the  University  of  Uuh  Research  Fund  for  the 
support  of  this  study. 

(2)  C.  F.  Wilcox,  S.  Winstein,  and  W.  G.  McMillan,  /.  Am.  Chem. 
Soc„  82,  5450  (1960). 


Cammimications  to 
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norboraane  or  nortricyclcnc  in  the  product  could  be 
found.*  To  rule  out  the  possibility  that  the  difference 
in  ease  of  reduction  of  I  and  II  might  be  due  to  their 
difference  in  strain  energy  rather  than  to  a  double 
bond  perturbation  in  I,  a  cyclobutene  (III)  was  ex- 
amined and  found  to  be  inert. 


^ 


/b 


Co 


I  n  in 

Norbomenone  (IV,  Xn^^,  301  m/i  (€  292))  was  found 
to  be  reduced  imder  these  conditions  to  a  mixture  of 
diastereomeric  pinacols  (V).^  Similar  treatment  of 
norbomanone  (Xn»x  287  m/i  (€  29))  gave  only  recovered 
starting  material. 


/b- 


^y:^ 


IV  V 

It  is  thus  clear  that  the  light  absorption  properties 
of  a  molecule,  which  reflect  the  difference  between  its 
ground-  and  excited-state  energies,  may  be  used  quali- 
tatively to  predict  the  ease  with  which  it  can  accept 
an  electron  in  its  lowest  lying  antibonding  orbital. 
The  energy  of  the  excited  molecule  will  obviously 
be  different  from  that  of  the  radical  ion  which  is  in- 
termediate to  the  reduction  product  because  the  latter 
possesses  one  more  electron. 

This  correlation  predicts  that  a  number  of  other 
types  of  compound  might  also  be  reducible  by  metal- 
ammonia  systems.  l-/-Butyl-3,3-dimethylcyclopropene 
(VI,®  Xn»x  195  m/i  (€  4400))  was  examined  and  found 
to  be  reduced  extremely  rapidly  to  the  corresponding 
cyclopropane*  (VII,  85%).  Similarly,  [2.2]paracyclo- 
phane  (VIII)'  imderwent  reduction  to  di-p-tolylethane 
(IX,  100%)  imder  conditions  employed  with  other  sub- 

CHsyCHj        ^     CH3VVCH3 


■Bu 


VI 


vn 


CH3      CH3 


vin  DC 

strates. 

An  intriguing  question  posed  in  the  facile  reductions 
of  I  and  IV  is  whether  or  not  nonclassical  radical  ions 

(3)  "Isolated**  double  bonds  are  not  reduced  without  an  added  proton 
source  and  even  then  only  terminal  double  bonds  are  affected:  H. 
Greenfield,  R.  A.  Friedel,  and  M.  Orchin,  7.  Am,  Chem.  Soc.,  76,  1258 
(1954). 

(4)  The  reduction  of  I  to  norbornane  and  nortricyclene  with  lithium 
in  etbylamine  (Benkeser  conditions*)  has  been  reported.*  It  should  be 
noted  that  this  technique  is  effective  in  reducing  virtually  all  isolated 
double  bonds. 

(5)  R.  A.  Benkeser,  M.  L.  Burrous,  J.  J.  Hazdra,  and  E.  M.  Kaiser, 
/.  Org.  Chem.,  28,  1094  (1963),  and  many  references  cited  therein. 

(6)  J.  G.  Trayhnam.  ibid.,  25,  833  (1960). 

(7)  The  mixture  (60%,  mp  80-83°)  was  not  separated  but  gave  satis- 
factory nmr,  infrared,  and  mass  spectral  data  and  analyzed  correctly 
for  CkHisOs.    Periodic  acid  cleaved  it  to  norbomenone  (83  %). 

(8)  T.  C.  Shield  and  P.  D.  Gardner,  manuscript  in  preparation. 

(9)  D.  J.  Cram,  N.  L.  Allinger,  and  H.  Steinberg,  /.  Am.  Chem,  Soc,, 
76,  6132  (1954),  describe  the  spectral  properties  of  [2.2]paracyclophane. 
We  are  indebted  to  Professor  Cram  for  a  generous  sample  of  this 
material. 


are  involved.  Particularly  in  the  reduction  of  IV 
there  can  be  little  doubt  that  the  intermediate  X  is 
extremely  long-lived  relative  to  typical  nonconjugatcd 
radical  ions.  Repeated  attempts^®  to  obtain  evidence 
for  nonclassical  behavior  in  the  norbomenyl  radical 
have  failed,  and  it  appears  there  is  none.  The  radical 
ion  in  question  here  is  electronically  quite  different, 
however,  and  its  pronounced  stability  Gong  life)  is 
suggestive  of  a  nonclassical  structure.     An  altonate 


rationale  based  on  steady-state  concentration  dif- 
ferences of  radical  ions  cannot  be  dismissed  (M  + 
e-  4=i  M  •",  fci  being  very  different  but  fc-i  being  similar 
for  norbomanone  and  norbomenone),  but  it  is  con- 
sidered unlikely. 

(10)  Cf.  C.  R.  Warner,  R.  J.  Strunk,and  H.  G.  Kuivila,/.  Org.  Chem, 
31,  3381  (1966),  and  references  dted  therein. 

(11)  National  Science  Foundation  Predoctoral  Fellow,  1962-19«. 

a  R.  Ortiz  de  Mootelhuio,"  &  A.  Lofii 

T.  C.  Shields,  P.  D.  GiniDer 

Department  of  Chemistry,  Unitxrsity  ofVtak 

Salt  Lake  City,  Utah   84112 
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A  Symmetrical  Alternative  to  the 
Tetrahydropyranyl  Protecting  Group 

Sir: 

An  obvious  inherent  disadvantage  in  the  use  of  the 
tetrahydropyranyl  group  for  the  protection  of  optically 
active  alcohols  is  that  it  leads  to  the  introduction  of 
an  additional  asymmetric  carbon  center  (or  centers), 
and  thereby  to  mixtures  of  diastereoisomers  being 
obtained.  ^ 

HOCHj^O^    B 


HO         0^ 


0^    O 


In  connection  with  our  work  on  oligoribonuclcotidc 
synthesis,'  we  undertook  the  preparation  of  a  series  of  j 
2'-0-tetrahydropyranyl  ribonucleosides  (I)  and  ob- 
tamed  mixtures  of  diastereoisomers.'  Although  the 
latter  could  be  separated  and  obtained  crystalline,* 
the  yield  of  pure  isomer  did  not  normally  exceed  50%. 
However,  after  an  unsuccessful  attempt  to  isolate  a 
pure  crystalline  2',5'-bis(tetrahydropyranyl)  ribonudco- 
side  derivative,  the  search  for  an  alternative,  synunctrical 
acid-labile  protecting  group  become  more  urgoit 
Unlike  other  workers  engaged  in  oligoribonuclcotidc 
synthesis,*  we  have  concluded*  that  the  tetrahydropy- 

(1)  C.  W.  Greenhalgh,  H.  B.  Henbest,  and  E.  R.  H.  Jones./.  Chm. 
Soc.,  1 190  (1951);  A.  N.  de  Belder,  P.  J.  Garegg.  B.  Lindbcrg,  G,  P«fo- 
pavlovskii.  and  O.  Theander,  Acta  Chem,  Scand.,  16, 623  (1962). 

(2)  B.  E.  Griffin  and  C  B.  Reese,  Tetrahedron  Letters,  2925  (1964). 

(3)  B.  E.  Griffin.  M.  Jarman,  and  C.  B.  Reese.  Tetrahedron,  in  pr«* 

(4)  As  it  is  intended  that  the  synthetic  oligomers  should  cootuB 
only  3 '-^5'  intemudeotidic  linkages,  it  is  a  reasonable  precaution  » 
use  only  pure  crystalline  2 '-protected  ribonucleoside  derivatives  ('•!•• 
I)  as  intermediates.  , 

(5)  D.  H.  Rammler  and  H.  G.  Khorana,  /.  Am,  Chem,  Soc.,U,ii^ 
(1962);   J.  Smrt  and  S.  ChUdek,  CoUeetion  Czech.  Chenu 
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ranyl  acetal  system  has  approximately  optimal  hydrol- 
ysis properties  for  an  acid-labile  protecting  group: 
it  may  be  removed  under  very  mild  conditions,*  but 
is  stable  enough  to  allow  protected  oligomers  to  be 
purified. 

Thus  a  satisfactory  solution  to  this  problem  would 
be  to  find  a  symmetrical  ketal  system  which  underwent 
hydrolysis,  in  aqueous  acid,  at  approximately  the  same 
rate  as  the  tetrahydropyranyl  group.*  However,  the 
best  approach  to  such  a  solution  was  not  inunediately 
apparent  as  it  had  been  reported*  that  simple  ketals 
were  over  10*  times  more  labile  than  the  corresponding 
acetals.* 

Ouurtl 

AcOCI^O       uracil  ,,^,^,,^^^  HOCH^O      uracfl 


(ii)  NHa-MeOH 


O 


AcO 


HO 


OR 


II 


IIIa,R-^% 


OMe 


The  2 '-acetone  and  cyclohexanone  ketals  of  uridine 
(Ilia  and  Illb)  were  prepared^*  from  3',5'-di-0- 
acetyluridine^^  (II)  and  the  appropriate  enol  ethers 
(2-methoxypropene^*  and  1-methoxycyclohexene,**  re- 
spectively) by  the  procedure  indicated  in  Chart  I. 
The  half-times  of  hydrolysis  of  these  derivatives  at  20  ^^ 
and  pH  4  are  given  in  Table  I.    As  the  rate  of  ketal 

TaUe  I.    Half-times  (n/0  of  Hydrolysis  of  Uridine 

2 '-Ketals  (III)-  in  0.1  M  Aqueous  Sodium  Citrate  (pH  4.0)  at  20° 


Compd 


Yield,  5? 


Mp,  X 


/i/t,  min 


Ilia 
Illb 


42 
30 


185  dec 
149-151 


4« 
10 


«  0.02  M  solutions  of  nucleoside  derivatives  were  used.  *  Repre- 
sents over-all  yield  based  on  II.  *  /i/,  for  the  corresponding  5'- 
protected  uridine  derivative  was  reported  to  be  1  min  in  0.1  M 
acetate  buffer  (pH  4.7)  at  25°  (A.  Hampton,  /.  Am,  Chem,  Soc,^  87, 
4654  (1965)). 

hydrolysis*  is  proportional  to  [H+],  /i/,  for  Ilia  may  be 
calculated  to  be  0.04  min  at  20^  and  pH  2.  As  antici- 
pated, this  is  less  than  lO-'/i/,  for  2'-0-tetrahydropyran- 
yluridine*  under  the  same  conditions.  Surprisingly,^^ 
the  cyclohexanone  ketal  Illb  is  only  2.S  times  more 
stable  than  Ilia. 

31,  2978  (1966);  F.  Cramer,  H.-J.  Rhaese,  S.  Rittner,  and  K.-H. 
Scheit,  Ann.,  6S3,  199  (1965). 

(6)  At  pH  2  (in  0.01  N  hydrochloric  acid  solution)  and  20%  the  half- 
time  (/i/O  of  hydrolysis  of  2'-0-tetttihydropyranyluridine  (I,  B  » 
uracil- 1)  is  80  min.  Thus  the  tetrahydropyranyl  group  may  be  removed 
from  a  protected  oligomer  with  a  negligible  amount  of  concomitant 
degradation  and  isomerization.' 

(7)  D.  M.  Brown,  D.  I.  Magrath,  A.  H.  Neilson,  and  A.  R.  Todd, 
Sature,  111,  1124  (1956). 

(8)  M.  M.  Kreevoy  and  R.  W.  Taft,  Jr.,  /.  Am.  Chem.  Soc.,  Tf, 
3146.  5590(1955). 

(9)  The  latter  are,  in  turn,  >  10'  times  as  labile  as  the  corresponding 
formaldehyde  acetals.  Thus*  the  relative  rates  of  hydrolysis  of 
CHt(0£t)9,  MeCH(OEtK  and  MesC(OEt)i  at  25"*  in  dioxane-water  are 
1 :6  X  10»:1.8  X  10». 

(10)  Satisfactory  analytical  data  were  obtained  for  all  new  compounds 
described. 

(11)  H.  P.  M.  Fromageot,  B.  E.  Griffin,  C.  B.  Reese,  and  J.  E.  Sul- 
ston.  Tetrahedron,  23,  2315  (1967). 

(12)  L.  Claisen,  Chem.  Ber.,  31,  1019  (1898). 

(13)  D.  G.  Lindsay  and  C.  B.  Reese,  Tetrahedron,  21,  1673  (1965). 

(14)  H.  C.  Brown,  R.  S.  Fletcher,  and  R.  B.  Johaimensen,  /.  Am, 
Chem.  Soc.,  13, 212  {1951). 


It  had  been  shown*  that  acetal  and  ketal  systems 
could  be  stabilized  to  acidic  hydrolysis  by  the  intro- 
duction of  electron-withdrawing  groups.  The  idea 
that  the  inductive  effect  of  a  /3-oxygen  atom,  if  the 
latter  were  constrained  in  a  ring  system,  might  be  suf- 
ficient for  the  present  purpose  was  suggested  by  the 
fact  that  the  pK^  of  morpholine  (8.70)  was  2.S2  units 
less  than  that  of  piperidine.^  This  indicates  that  a 
/3-oxygen  atom  can  destabilize  a  substituted  anunonium 
ion  by  a  factor  of  ca.  330.  As  the  rate  of  ketal  hy- 
drolysis depends  on  the  stability  of  the  intermediate 
carbonium  ion,"  an  estimate  of  /i/,  ==  33  min  at  pH  2 
and  20^  can  be  made  for  the  hydrolysis  of  the  uridine 
2 '-ketal  of  tetrahydro-4-pyrone  (V)  if  the  /3-oxygen 
atom  is  assumed  to  exert  an  equivalent  destabilizing 
effect  on  a  carbonium  ion.  ^^ 


H(X:Hr,0^    uracfl 


« 


HO         0 
MeO 


Oo 


IV 


/ — V  /OMe 
dV-OCH 


RO        O. 

M 


<i 


VIa,R-H 
b,R-Ac 

Reaction  between  3',5'-di-0-acetyluridine"  (II)  and 
and  excess  of  4-methoxy-5,6-dihydro-2H-pyran"  (IV) 
in  the  presence  of  toluene-/?-sulfonic  acid  followed  by 
treatment  with  methanolic  ammonia  gave  the  required 
uridine  2 '-ketal  (V)  as  a  crystalline  solid,  in  61  %  yield. 
As  indicated  in  Table  II,  its  acid  lability  (U/t  »  24 
min  at  pH  2  and  20^)  is  remarkably  close  to  the  above 
estimate  and  is  ca.  three  times  as  great  as  that  of  2'- 
O-tetrahydropyranyluridine.*  In  the  same  way  the 
corresponding  thymidine  S '-ketal,  a  useful  intermediate 
in  oligodeoxyribonucleotide  synthesis,  was  prepared 
from  3'-0-acetylthymidine  in  85%  over-all  yield.  It 
is  noteworthy  that  the  5 '-ketal  is  more  acid  labile  than 
the  2 '-ketal  system  (see  Table  II). 

Reaction  between  3'-0-acetyluridine^^  and  the  enol 
ether  IV  imder  the  usual  conditions  gave  the  dipro- 
tected  derivative  VIb  (R  =  uracil- 1),  isolated  as  a 
crystalline  solid  in  over  50%  yield.  Although  the 
product  Via  (B  =  uracil- 1),  obtained  by  treating  the 
latter  with  methanolic  ammonia,  has  not  yet  been  in- 

(15)  A.  Albert  and  E.  P.  Serjeant,  ''Ionization  Constants  of  Adds 
and  Bases,"  Methuen  &  Co.  Ltd.,  London,  1962,  p  141. 

(16)  The  tetrahydro-4-pyrone  ketal  V  is  assumed  to  be  330  timet 
more  resistant  to  acidic  hydrolysis  than  the  cyclohexanone  ketal  nib. 
The  latter  would  be  expected  to  have  n/t  -*  0.1  min  at  pH  2  and  20* 
(see  Table  I). 

(17)  When  4,4-dimethoxytetrahydropyran  [bp  64-66''  (IS  mm)], 
obtained  from  tetrahydro-4-pyrone**  in  94%  yield,  was  distilled  wiUi 
mesityienesulfonic  acid  (0.1%  by  weight),  4-methoxy-5,6-dihydro-2H- 
pyran  (IV)  [bp  156-157''  (760  nrni)]  was  obtained  in  over  75%  yield. 
In  reactions  with  nucleoside  derivatives,  ca.  8  molecular  equiv  of  IV 
was  used  per  hydroxyl  function  to  be  protected. 

(18)  S.  Olsen  and  R.  Bredoch,  Chem.  Ber.,  91, 1589  (1958). 
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Table  n.    Tetrahydro-4-pyrone  Ketals  of  Nucleosides 


Yield. 

[a]«*D, 

/Vt. 

Nucleoside  derivative 

Mp,  «C 

%• 

deg" 

mm* 

Uridine  2'-ketal  (V) 

167-169 

61 

-15.7 

24 

Thymidine  5'-ketal 

169-171 

85 

+9.7 

10.5 

Uridine  2'.5'-bisketal<« 

51 

+2.4 

9.5* 

(Via,  B  =  uracil-1) 

Adenosine  2',5'-bisketal 

183-184 

52 

-50 

(Via,  B  =  adenine-9) 

"Based  on  two  steps  from  3'-0-acetyl  or  3',5'-di-0-acetyl 
nucleoside.  ^At  suitable  concentrations,  in  ethanol  solution. 
'  At  20''  in  0.01  N  hydrochloric  acid.  "^  Obtained  as  a  glass  in 
quantitative  yield  from  its  crystalline  3'-0-acetate  (VIb,  B  = 
uracil-1;  mp  102-104°).  'For  conversion  of  starting  material 
into  a  mixture  of  2'-  and  5'-monoketals. 


duced  to  crystallize,  the  corresponding  adenosine 
derivative  Via  (B  =  adenine-9)  has  been  isolated  as  a 
crystalline  solid  in  52  %  over-all  yield  (see  Table  II). 

Thus  the  tetrahydro-4-pyrone  ketal  system  (meth- 
oxytetrahydropyranyl  group)  appears  to  be  most 
suitable  for  the  protection  of  alcoholic  hydroxyl  func- 
tions in  oligoribonucleotide  synthesis;  it  has  the  re- 
quired acid  lability,  and  its  use  leads  to  satisfactory 
yields  of  pure  crystalline  mono-  and  diprotected  ribo- 
nucleoside  derivatives.  This  symmetrical  ketal  system 
should  prove  to  be  a  useful  alternative  to  the  tetra- 
hydropyranyl  protecting  group  in  other  branches  of 
natural  product  chemistry. 

(19)  Holder  of  a  Science  Research  Council  Research  Studentship. 

C.  B.  Reese,  R.  Saffhin,^*  J.  E.  Subton^* 

University  Chemical  Laboratory 
Cambridge^  England 

Received  April  25,  1967 


Mechanism  of  the  Oxidation  of  Monohy  dric 
Alcohols  with  Lead  Tetraacetate. 
Rearrangement  in  the  Triarylmethanol  Series 

Sir: 

In  recent  years  the  ability  of  lead  tetraacetate  to 
oxidize  monohydric  alcohols  has  been  exploited  ex- 
tensively from  the  synthetic  standpoint.^  Many  of 
the  products  formed  in  this  versatile  reaction  can  be 
accounted  for  in  terms  of  a  mechanism  involving  the 
initial  production  of  alkoxy  radicals.^*'  However, 
other  mechanisms  have  been  considered,  *~'  and  the 

(1)  For  a  review,  see  K.  Heusler  and  J.  Kalvoda,  Angew,  Chem, 
Intern.  Ed.  Engl.,  3,  525  (1964). 

(2)  See,  inter  alia,  G.  Cainelli,  B.  Kamber,  J.  KeUer,  M.  L.  Nfihailovi£. 
D.  Arigoni,  and O.  Jeger,  Help.  Chim.  Acta,  44, 518  (1961);  M.  Amorosa, 
L.  Caglioti.  G.  Cainelli,  H.  Immer,  J.  Keller.  H.  Wehrli,  M.  L.  MihaU- 
ovie,  K.  Schaffner,  D.  Arigoni,  and  O.  Jeger,  ibid.,  45,  2674  (1962); 
K.  Heusler,  J.  Kalvoda.  G.  Anner,  and  A.  Wettstcin,  ibid.,  46,  352 
(1963);  D.  Hauser,  K.  Schaffner,  and  O.  Jeger,  ibid.,  47,  1883  (1964); 
D.  Hauser,  K.  Heusler,  J.  Kalvoda.  K.  Schaffner,  and  O.  Jeger,  ibid,, 
47,  1961  (1964);  K.  Heusler.  Tetrahedron  Letters,  3975  (1964);  M. 
Stefanovid.  M.  Gaiit,  L.  Lorenc.  and  M.  L.  Mihailovid,  Tetrahedron, 
20,  2289  (1964);  M.  L.  MihaUovid,  Z.  Maksimovifi,  D.  Jeremid,  i, 
tekovit,  A.  Milovanovid.  and  L.  Lorenc.  ibid.,  21,  1395  (1965);  M.  L. 
Mihailovid,  i.  Cckovid,  Z.  Maksimovid,  D.  Jeremi^,  L.  Lorenc,  and 
R.  I.  Mamuzia,  ibid.,  21,  2799  (1965);  M.  L.  Mihailovid,  i,  Cekovifi, 
and  D.  Jeremie.  ibid.,  21,  2813  (1965);  M.  L.  Mihailovia  and  M.  Milo- 
radovie,  ibid,  22,  723  (1966);  M.  L.  Mihailovie.  J.  BoSnjak.  Z.  Maksi- 
movie.  i.  6ekovie.  and  L.  Lorenc,  ibid.,  22,  955  (1966);  R.  E.  Partch, 
J.  Org.  Chem.,  30,  2498  (1965). 

(3)  G.  Cainelli,  M.  L.  Mihailovi^.  D.  Arigoni,  and  O.  Jeger,  Helo, 
Chim.  Acta,  42,  1124  (1959);  W.  A.  Mosher  and  H.  A.  Neidig,  J.  Am. 
Chem.  Soc.,  72,  4452  (1950);  W.  A.  Mosher,  C.  L.  Kchr,  and  L.  W. 
Wright.  J.  Org.  Chem.,  26,  1044  (1961);  M.  S.  Kharasch,  H.  N.  Fried- 
lander,  and  W.  H.  Urry,  ibid.,  16,  533  (1951);    S.  Moon  and  J.  M. 


evidence  for  radicals  as  prime  intermediates  has  re- 
mained suggestive  rather  than  conclusive.  The  present 
communication  reports  the  discovery  of  a  novel  lead 
tetraacetate  induced  rearrangement  whose  investiga- 
tion has  yielded  definitive  information  regarding  the 
mechanism  of  the  alcohol  oxidation  reaction. 

Triphenylmethanol  (la)  reacts  with  lead  tetraacetate^ 
in  benzene,  benzene-pyridine,  or  acetonitrile  to  form 
hemiketal  ester  2a  in  yields  ranging  up  to  9 1  %.^  Al- 
though the  hydrolytic  instability  of  2a  has  prevented 


Ph 


''-Of 

Ph 

la,  X  »  H 

b.  X  =  NO, 

c.  X  =  OMe 


OhZ^^oa^  X 


Ph 
2a,  X  =  Y  =  H 

b,  X  =  H;   Y  =  NO, 

c,  X  =  NO,;  Y  =  H 
d.   X  =  H;  Y  =  OMc 
c.   X  =  OMc;   Y  =  H 


its  isolation,  its  presence  has  been  conclusively  estab- 
lished by  infrared,  nmr,  and  chemical  ionization  mass 
spectral  measurements^  on  crude  reaction  products, 
and  by  the  formation  of  benzophenone,  dimethoxy- 
diphenylmethane,  methoxyphenoxydiphenylmethanc, 
acetic  acid,  and  phenol  upon  saponification  of  crude  2i 
with  potassium  hydroxide  in  aqueous  methanoL 

Reactions  of  lead  tetraacetate  with  lb  or  Ic  gave 
mixtures  of  hemiketal  acetates  2b,c  or  2d,e.^  These 
mixtures  were  hydrolyzed,  and  relative  migratory 
aptitudes  for  the  substituted  aryl  groups  were  then 
'  calculated  from  the  amounts  of  ketones  and  ketab 
thus  obtained.  In  the  case  of  lb,  the  lead  tetraacetate 
reactions  were  run  in  benzene,  benzene-pyridine,  ben- 
zene-pyridine containing  a  soluble  copper  catalyst, 
acetonitrile,  and  acetonitrile  containing  cupric  ac^ 
tate.^  Despite  the  wide  variations  in  conditions  and 
their  attendant  effects  upon  reaction  rate,  all  of  these 
experiments  gave  the  same  statistically  corrected  ratio 
for  p-nitrophenyl:  phenyl  migration  (within  experi- 
mental error).  Its  value  was  4.4  ±  0.3,  a  result  which 
demands  the  operation  of  a  homoljrtic  mechanisoL^ 
Competitive  occurrence  of  an  ionic  mechanism  is  ruled 
out  by  the  insensitivity  of  the  ratio  to  solvent  polarity 
and  the  presence  of  copper  salts  or  pyridine.*  A 
concerted  homolytic  mechanism  (see  below)  seems  un- 
likely, since  it  would  require  a  dependence  of  the  ratio 
upon  the  nature  of  the  leaving  group.'  Therefore,  in 
this  case  it  appears  that  the  alkoxy  radical  corresponding 
to  lb  is  the  sole  rearranging  species.  ^° 

Lodge,  ibid.,  29,  3453  (1964);  R.  Moriarty  and  K.  Kapadia,  Tetn- 
hedron  Letters,  1165  (1964). 

(4)  See  footnotes  to  Table  I  for  a  summary  of  conditions, 

(5)  Side  reactions  also  occur,  but  to  a  relatively  minor  extent 

(6)  (a)  Details  will  be  presented  in  a  later  report,  (b)  For  discussions 
of  chemical  ionization  mass  spectrometry,  see  M.  S.  B.  Munson  and 
F.  H.  Field,  /.  Am.  Chem.  Soc.,  88,  2621.  4337  (1966). 

(7)  Compare  (a)  P.  D.  Bartlctt  and  J.  D.  Cotman,  Jr.,  ibid.,  72,  3095 
(1950);  (b)  W.  Dilthey,  F.  Quint,  and  H.  Dierichs,  J,  Prakt,  Chem.,  15!, 
25  (1938). 

(8)  (a)  Copper  salts  strongly  catalyze  the  decomposition  of  Pb(IV) 
esters  via  a  radical  chain  mechanism.  Thermal  hemolysis  of  these 
esters  is  also  believed  to  be  sensitized  by  complexation  with  pyridine. 
See  J.  K.  Kochi,/.  Am.  Chem.  Soc.,  87,  3609  (1965);  /.  Org.  Chem.^21^ 
3265  (1965).  (b)  Copper  salt  catalysis  in  the  Pb(IV)  oxidation  of  alco- 
hols has  recently  been  observed  by  other  workers.  See  G.  Cainelli  and 
F.  Minisci,  Chim.  Ind.  (Milan),  47, 1214  (1965);  G.  Cainelli  and  S.  Mor 
rocchi,  Atti  Accad.  Nazi  Lincei  Rend.  Classe  Sci.  Fis.  Mat.  Nat.,  0k 
464.  591  (1966). 

(9)  The  leaving  group  should  be  different  in  reactions  with  pyriditf 
if  complexation**  occurs. 

(10)  The  degree  of  kinetic  freedom  associated  with  this  radical  b  ooC 
specified. 
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Reactions  of  Ic  with  Lead  Tetraacetate** 


Yield,^  moles/ 

mote  of  Ic 

Migapt* 

Time, 

/^MeO- 

p-MeO- 

Additives 

hr 

(Phhco 

(VhyCO 

Ph-:Ph- 

•  »  • 

95 

0.218 

0.370 

3.4 

Py 

23 

0.248 

0.206 

1.7 

Cu/ 

22 

0.343 

0.203 

1.2 

Py/Cu/ 

1.5 

0.162 

0.0855 

1.1 

PhNCV 

100 

0.0934 

0.570 

12 

•  •  • 

95 

0.0883 

0.578 

13 

Py* 

19 

0.122 

0.202 

3.3 

Cu»' 

22 

0.205 

0.365 

3.6 

Py,*,  Cu» 

18 

0.153 

0.0977 

1.3 

PhNO,' 

95 

0.0590 

0.464 

16 

3.27  mmoles;  Pb(OAc)4,  7.22  mmoles  unless  noted  other- 
)lvent,  20  ml  unless  noted  otherwise;  CaGOs,  15.0  mmoles 
ily  in  experiments  without  pyridine);  82  zt  2®.  Oxygen 
effect  on  results.  ^Analyses  by  glpc;  yields  of  ketals 
I.  '  2  [moles  of  (Ph),CO]/moles  of  /^MeO(Ph)iCX).  "  25 
;OAc)4, 9.83  mmoles.  *  Pyridine,  19.7  mmoles.  ^  Harshaw 
»1  copper  liquid  8%,'*  equivalent  to  1.00  g-atom  of  Cu. 
imoles.  *  pyridine,  14.5  mmoles.  *  Cu(OAc)i*HA  1-00 
^6.54  mmoles. 

^ever,  the  alkoxy  radical  mechanism  is  not  the 
Qe  through  which  the  rearrangement  can  proceed. 

case  of  Ic,  the  occurrence  of  two  mechanisms 
rly  shown  by  the  marked  influence  of  reaction 
ions  upon  the  p-methoxyphenyl:  phenyl  migra- 
atio  (Table  I).  The  low  ratios  obtained  with 
le  and  copper  salts  are  believed  to  reflect  the 
ninant  operation  of  the  alkoxy  radical  mech- 
^•^^  while  the  high  values  obtained  in  aceto- 
and  the  experiments  using  nitrobenzene  are  con- 

with  the  preferential  decomposition  of  a  first- 
1  Pb(IV)  alcoholate  via  a  concerted,  quasiionic^^ 
s  (either  heterolytic  or  homolytic)  involving  aryl 
pation.  Our  results  suggest  that  the  quasiionic 
nism  is  likely  to  be  observed  only  in  cases  where 
oring  groups  bearing  strongly  electron-donating 
uents  are  near  the  hydroxyl  function, 
e  nitrobenzene  caused  no  marked  increases  in 
»n  rate  or  hemiketal  ester  yields,  did  not  cause  the 
;ion  of  new  products,  failed  to  reduce  the  over-all 
al  balance  (based  on  Ic),  and  was  not  used  in 
mough  concentration  to  afl*ect  medium  polarity 
:antly,  its  eff'ect  upon  the/?-methoxyphenyl:phe- 
tio  is  apparently  due  to  selective  inhibition^ 
idical  chain  process  rather  than  to  selective  ac- 
ion  of  the  quasiionic  mode.  A  scheme  which 
Its  for  the  available  facts  relating  to  the  radical 
nism  is  shown  below. " 


Ar,COPb(OAc),  +  HOAc 
Ar,CO.  +(AcO),Pb. 


>n 

X)H  H-  Pb(OAc)4 

Ar,CX)Pb(OAc). 
ition 

AfiCX) >  AftCO Ar 

,COAr  +  Ar,CX)Pb(OAc)i  — >  2  +  Ar,COPb(OAc), 

Ar,CX)Pb(OAc),  — ►  Pb(OAc),  +  Ar,CX). 


^Methoxyphenyl: phenyl  migratory  ratios  for  alkoxy  radical 
ements  have  apparently  not  been  reported  previously.  How- 
groups  are  known  to  show  comparable  reactivities  in  the  homo- 
iphyl  rearrangement  [C.  RUchardt  and  R.  Hecht,  Tetrahedron 
961  (1962)].  Ionic  decompositions  of  p-methoxytriphenyl- 
hydroperoxide^^  and  the  corresponding  perbenzoate  (I.  J. 
Ph.D.  Thesis,  University  of  Kansas,  1960)  give  preferential 
xyphenyl  migration. 
L  similar  scheme  which  does  not  involve  Pb(III)  species  is  also 


3369 

Termination 

AtiCoAt  +  (AcO)an> ►  2  +  Pb(OAc)i 

In  view  of  the  foregoing  observations,  the  occurrence 
of  radical  chain  mechanisms  in  the  oxidation  of  other 
types  of  monohydric  alcohols  with  lead  tetraacetate 
seems  highly  probable. 
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New  Syntheses  of  ADoxazines^ 

Sir: 

Alloxazines  and  isoalloxazines'  are  customarily  pre- 
pared by  condensation  of  (a)  an  o-phenylenediamine 
with  alloxan,'  (b)  a  4,S-diaminopyrimidine  with  an 
o-benzoquinone/  (c)  an  o-aminoazobenzene  with  a 
barbituric  acid,^  (d)  a  S-nitrosopyrimidine  with  an 
aromatic  amine*  or  an  o-phenylenediamine/  or  (e)  by 
nitrosation  of  a  6-arylaminouracil.*  We  wish  to  re- 
port three  new  synthetic  approaches  to  alloxazines 
which  not  only  are  applicable,  in  principle,  to  the 
preparation  of  other  condensed  pyrazine  heterocycles, 
but  which  offer  further  versatility  in  the  synthesis  of 
alloxazines  with  different  origins  for  Ns  and  Nio. 

Method  A.  Recent  studies  on  the  deoxygenation 
of  aromatic  nitro  compounds  by  triethyl  phosphite* 
support  the  intermediacy  of  nitrene  intermediates. 
Capture  of  these  nitrenes  by  intramolecular  insertion 
has  been  utilized  for  the  preparation  of  a  number  of 
heterocyclic  systems  (carbazoles,  ^*  benzotriazoles,  ^* 
indazoles,  ^*  phenothiazines,  ^  ^  anthranils,  *  *  indoles,  ^*'  ^  * 
pyrrolo[3,2-d]pyrimidines*').  We  report  the  first  ap- 
plication of  this  procedure  to  the  synthesis  of  a  con- 
densed   pyrazine    system.    Thus,     refluxing     1,3-di- 

(1)  This  research  was  supported  in  part  by  Contract  DA-49-193-MD- 
2777  from  the  Department  of  the  Army,  Walter  Reed  Army  Medical 
Center,  and  in  part  by  a  grant  (CA-025S1)  to  Princeton  University 
from  the  National  Cancer  Institute,  National  Institutes  of  Health, 
Public  Health  Service. 

(2)  (a)  P.  Hemmerich,  C.  Veeger,  and  H.  C.  S.  Wood,  Ar^ew,  Chem., 
77.  699  (1963);  Angew,  Chem,  Intern,  Ed.  Engl.,  4.  671  (1965);  (b) 
T.  Wagner- Jauregg  in  "The  Vitamins,"  Vol.  Ill,  W.  H.  ScbreU,  Jr., 
and  R.  S.  Harris,  Ed.,  Academic  Press  Inc.,  New  York,  N.  Y.,  19S4, 
pp  301-332;  (c)  T.  S.  Stevens  in  "Chemistry  of  Carbon  Compounds,** 
Vol.  IVC,  E.  H.  Rodd,  Ed.,  Elsevier  Publishing  Co.,  New  York.  N.  Y., 
1960,  pp  1786-1790. 

(3)  (a)  O.  KUhling,  Chem.  Ber.,  24.  2363  (1891);   (b)  R.  Kuhn  and 

F.  Weygand,  ibid.,  67, 1409  (1934). 

(4)  R.  M.  Cresswell,  T.  Neilson,  and  H.  C.  S.  Wood,  /.  Chem,  Sac., 
476  (1961). 

(5)  (a)  M.  Tishler,  K.  Pfister,  R.  D.  Babson,  K.  Ladenburg,  and  A.  J. 
Fleming,  /.  Am.  Chem,  Sac.,  69,  1487  (1947);  (b)  V.  M.  Berezovskii 
and  L.  S.  Tul*chinskaya,  Zh.  Obshch.  Khim.,  31.  2779  (1961);  Chem. 
Abstr.,  56,  10140  (1962). 

(6)  (a)  P*  Hemmerich,  B.  Prijs,  and  H.  Erlenmeyer,  Helo.  Chim.  Acta., 
42.  1604  (1959),  and  references  cited  therein;  (b)  O.  Piloty  and  K. 
FIndch,  Ann.,  333.  43  (1904). 

(7)  V.  M.  Berezovskii  and  G.  D.  Glebova,  Dokl.  Akad.  Nauk  SSSR, 
146,  355  (1962);  Chem.  Abstr.,  S8,  4547  (1963). 

(8)  H.  Goldner,  G.  Dietz,  and  E.  Carstens,  Ann.,  694, 142  (1966). 

(9)  (a)  G.  Smolinsky  and  B.  L.  Feuer,  /.  Org.  Chem,,  31, 3882  (1966); 
(b)  J.  I.  G.  Cadogan  and  M.  J.  Todd,  Chem.  Commun.,  178  (1967). 

(10)  J.  I.  G.  Cadogan,  M.  Cameron- Wood,  R.  K.  Mackie,  and  R.  J. 

G.  Searle,  /.  Chem,  Soc„  4831  (1965). 

(11)  J.  I.  G.  Cadogan,  R.  K.  Mackie,  and  M.  J.  Todd.  Chem.  Com- 
mun., 491  (1966). 

(12)  R.  J.  Sundberg,  /.  Org.  Chem.,  30.  3604  (1965). 

(13)  E.  C.  Taylor  and  E.  E.  Garda,  ibid.,  30.  655  (1965). 
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methyl-5-nitro-6-anilinouracil  (1),  mp  200. 1  ®,  in  excess 
triethyl  phosphite  under  Ni  for  2  hr,  removal  of  voia- 
tiies  by  partial  evaporation  under  a  vigorous  stream  of 
Ns,  and  dilution  with  ethanol  gave  1,3-dimethylallox- 
azine  (3),**  mp  243.3^ «  (30%).  It  is  of  considerable 
interest  that  the  major  product  of  this  reaction  was 
l,3-dimethyl-6-anilinouracil,  mp  187.7*'.'  To  our 
knowledge,  this  is  the  first  example  of  cfenitration  in  the 
pyrimidine  series.  Similarly,  heating  l,3-dimethyl-5- 
nitro-6.(3,4-xylidino)uracil  (2),  mp  212-214°,  in  tri- 
ethyl  phosphite  for  7.5  hr  gave  a  mixture  of  1,3,7,8- 
tetramethylalloxazme  (4),  mp  253-254°"  (14%),  and 
1,3,6,7-tetramethylalloxazine  (5),  mp  273.3°,  along 
with  the  product  of  denitration,  l,3-dimethyl-6- 
(3,4-xylidino)uracil,  mp  233.6°. 

Method  B.  1,3-Dimethylalloxazine  (3)  was  pre- 
pared in  61%  yield  by  portionwise  addition  of  1.5 
moles  of  lead  tetraacetate  to  a  refluxing  ether  suspension 
of  l,3-dimethyl-5-amino-6-anilinouracil  (6),  mp  160.3°, 
followed  by  filtration  and  washing  with  water.  The 
same  conversion  could  be  effected  in  lower  yield  (48  %) 
by  heating  an  intimate  mixture  of  6  with  lead  dioxide 
at  220°. 


oAnAsnhcjh, 

CHs 
6 


l,Ar-CeH« 
2,Ar-^\-CH3 


\^»0)»J 


'Pb(0A6)< 


0  Ri 

H3C-N^'^NY^k|^R2 

CHa 

4,  Ri "  H,  R2 "  R3  ■■  CH3 

5,  Ri "  Rj  ™  CH^f  R3  ■■  H 
8,  Ri  ■■  Rj  ■■  H,  R3  ■■  CI 
9|  Ri**  Ra  ■■  H,  R3  ■■  CH3 


Acip[ 


HaC— N 


"tx. 


Method  C,  Refluxing  1  equiv  of  l,3-dimethyl-6- 
aminouracil  (7)  with  2  equiv  of  nitrosobenzene,  /?- 
chloronitrosobenzene,  or  p-nitrosotoluene  in  acetic 
anhydride  for  15  min,  followed  by  dilution  with  water, 
gave  1,3-dimethylalloxazine  (3),  52%,  l,3-dimethyl-8- 

(14)  Satisfactory  microanalytical  and  spectral  data  were  obtained  for 
all  compounds  reported. 

(15)  (a)  P.  Hemmerich,  B.  Prijs,  and  H.  Erienmeyer,  Heh.  Chim, 
Acta,,  43.  372  (1960);  R.  Kuhn  and  H.  Rudy,  Chem.  Ber.,  67.  1826 
(1934). 


chloroalloxazine  (8),  mp  251.0"*  (68%),  and  1,3,8- 
trimethylalloxazine  (9)  mp  251.7°  (49%).  This  latter 
compound  was  identical  with  the  product  of  previously 
undetermined  structure  (1,3,6-  or  1,3,8-trimethylallox- 
azine,  mp  252-253®)  prepared  by  nitrosation  of  U- 
dimethyl-6-(p-toluidino)uracil.' 

Applications  of  these  procedures  to  the  prepara- 
tion of  other  condensed  pyrazine  heterocycles  are  in 
progress. 

Edward  C.  Taylor,  Firank  Sowlnski,  Ttackcr  Yee,  Fkmrio  YoMda 

Department  of  Chemistry,  Princeton  University 

Princeton,  New  Jersey 

Received  May  S,  1967 

Correlatioii  between  the  Photochemistry  and  the 
Mass  Spectra  of  Pyruvic  Acid  and  Isopropyl  Pymrate^^ 

Sir: 

We  wish  to  report  an  interesting  correlation  between 
the  mass  spectral  behavior  and  photochemistry  of  both 
pyruvic  acid  and  its  isopropyl  ester.  Although  proc- 
esses which  are  general  in  photolyses  have  long  been 
known  to  have  analogs  in  mass  spectral  fragmentations,^ 
the  cases  reported  here  are  examples  of  unusual  be- 
havior of  two  molecular  ions  which  are  paralleled  hj 
unusual  behavior  of  two  corresponding  n^ir*  excited 
states.  Such  an  observation  is  significant  in  that  it 
provides  evidence  for  the  validity  of  attempts  to  inter- 
relate the  mass  spectrometry  and  photochemistry  of 
organic  molecules. 

Photolysis  of  pyruvic  acid  in  the  vapor  phase'  and 
in  aqueous  solution^  yields  acetaldehyde  and  COs,  and 
acetoin,  respectively.  The  reaction  has  been  proposed 
to  involve  an  n,ir*  state  which  forms  an  uncommon 
five-membered  transition  state.  ^  The  latter  collapses 
to  COi  and  methylhydroxycarbene  which  then  rear- 
ranges to  acetaldehyde.  From  Table  I  it  can  be 
seen  that  the  analogous  process  occurs  in  the  mass 

Table  I.    Partial  Monoisotopic  Mass  Spectra  (75  ev)  of 
Pyruvic  Acid  and  Pyruvic  Add-OD" 


CHtCOCOJti 

%  Ion 


CHjCOOOiD* 

%  Ion 


4.2 

CJH4O, 

4.2 

C,H»DOs 

16 

CHO, 

22 

CDOi 

3.4 

QH4O 

6.7 

CiHiDO 

100 

CtH,0 

5.8 

CJtiJDO 

100 

CiHiO 

«  Empirical  formulas  were  determined  by  exact  mass  measuI^ 
ment  on  a  CEC  21-1  lOB  mass  spectrometer.  Inlet  system  ind 
source  were  maintained  below  TO''  to  avoid  thermal  decompositioD. 
^  Prepared  by  ii\iecting  a  solution  of  pyruvic  acid  in  a  ten-vohmx 
(^^^  mole)  excess  of  D^  into  the  spectrometer  previously  equili- 
brated with  DsO.    Relative  abundances  corrected  to  100%  di. 


(1)  Part  II  in  this  scries;  see  N.  J.  Turro,  D.  C.  Neckers,  P.  A.  Leff- 
makers,  D.  Seldner,  and  P.  D'Angelo,  /.  Am,  Chem,  Sac.,  87,  4079 
(1964)  for  part  I. 

(2)  The  authors  gratefully  acknowledge  generous  support  from  the 
Air  Force  Office  of  Scientific  Research  (Grant  AFOSR  1000-66)  and  tbe 
National  Science  Foundation  (Grant  NSF-GP>4280)  at  Columbii 
University,  and  the  National  Institutes  of  Health  (Grant  GM  1275f) 
at  Purdue  University. 

(3)  G.  F.  Vesley  and  P.  A.  Leermakers,  /.  Phys,  Chem.,  O,  236* 
(1964). 

(4)  P.  A.  Leermakers  and  O.  F.  Vesley,  /.  Am,  Chem.  Soe.,  85,  V^ 
(1963). 

(5)  o-Keto  acids  exist  as  proton  chelates,  even  in  the  gas  phtf  • 
A.  Schellenburger,  W.  Beer,  and  O.  Dehme,  Spectrochim.  Act*,  21 
1345  (1965). 
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trometer  to  yield  the  ion  fragments  CtH40  and 
lOD  from  pyruvic  acid  and  pyruvic  acid-OD, 
lively.  Since  hydrogen  rearrangement  via  a 
tnembered  transition  state  is  uncommon  in  the 
;  spectra  of  carbonyl  compounds,*  the  analogy  be- 
n  the  photolysis  and  mass  spectral  decomposition 
iking  (reaction  1). 


H. 


»•  0 


.0 


CEua 


H 


(0 


r 


H 


+   Opj 


0 

le  photolysis  of  CH,COCO,CH(CH,),  (1)  in  the 
»r  phase^  or  in  benzene  solution*  yields  acetone  and 
on  monoxide  as  major  products  and  only  a  low 
1  of  acetaldehyde.  Leermakers*  has  explained 
^  and  related  results  by  proposing  a  mechanism 
Iving  a  cleavage  as  the  primary  photochemical 
bllowed  by  loss  of  CO  rather  than  the  intuitively 
enable  type  II  photorearrangement.  The  mass 
tral  behavior  of  the  molecular  ions  of  1  and  CHt- 
:OiCD(CHi)i  (2),  shown  in  Table  II,  appears  to 

n.    Partial  Monoisotopic  Mass  Spectra  (75  ev)  of  1  and  2* 


H,COCX),CH(CH,),  (1) 

%  Ion 


CH,COCO,CD(CH,),  (2) 

%  Ion 


0.4 
4.1 
4.4 
100 


CeHioOi 
C4H7O, 
CiHsO 
CiHiO 


0.5 
4.6 
3.6 
100 


CeH»DO, 
C4H,DOi 
C1H4DO 
CiHiO 


nalysis  conditions  given  in  Table  I,  except  that  inlet  and  source 
sratures  were  165°.  *  Greater  than  98%  di-  The  sample 
Jndly  donated  by  Professor  P.  A.  Leemiakers. 

uite  analogous  to  the  photochemical  behavior  of 
n,7r*  excited  states.  A  striking  feature  of  the 
;  spectra  is  the  conspicuous  absence  of  CsH40s, 
1DO2,  C2H4O,  and  QHaDO  ions.  The  CjHiOi 
C3H3DO2  ions  in  the  spectra  of  1  and  2,  respec- 
yr,  would  correspond  to  products  of  the  very  general 
.afferty  rearrangement/  and  these  ions  might  be 
cted  to  decompose  further  to  C2H4O  •  +  and  QH »- 
+  by  analogy  to  reaction  1.'    Indeed,  the  ions 


cular  ion  or 
Btate 


1 


(2) 


?     +     ? 
CHiO*         •00 


I 
-C— H 


6h^ 


•-+or- 


F.  W.  McLafferty,  "Interpretation  of  Mass  Spectra,"  W.  A. 

min.  Inc..  New  York.  N.  Y.,  1966,  p  123  ff. 

P.  A.  Leermakers,  M.  E.  Ross,  G.  F.  Vesley,  and  P.  C.  Warren* 

r.  CAem..  30,  914  (1965). 

P.  A.  Leermakers,  P.  C.  Warren,  and  O.  F.  Vesley,  /.  Am,  Chem, 

S6,  1768  (1964). 

Also  there  are  no  CtHiOi'^  ions  which  might  be  expected  by 

{y  to  the  double  hydrogen  rearrangement  common  in  esters.* 


CiHTOi+,  C4H6DO1+,  and  CsH,0+  serve  as  evidence  of 
the  importance  of  cleavage  of  the  CO-CO  bond 
(reaction  2). 

Further  studies  of  these  and  other  systems  are  being 
pursued  in  order  to  understand  better  the  chemistry 
of  molecules  ionized  by  electron  impact  and  to  de- 
termine how  the  structures  and  reactivities  of  electroni- 
cally excited  states  and  molecular  ions  may  be  correlated. 

(10)  Alfred  P.  Sloan  Fellow,  1966-1968. 

(11)  National  Institutes  of  Health  Predoctoral  Fellow,  1966-1967. 

Nicbolag  J.  Tiirro,>»  David  S.  Wdtfi^ 
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Wflliam  F.  Haddon,  F.  W.  McLafferty 
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Received  May  I,  1967 

On  flie  Mechanism  of  Lanosterol  Biosynthesis  from 
Squalene  2,3-Oxide 

Sir: 

In  connection  with  our  continuing  program  con- 
cerned with  the  organic  and  biological  chemistry  of 
terpenoid  terminal  epoxides,^  we  wish  now  to  present 
new  findings  and  considerations  which  further  deUneate 
the  role  of  squalene  2,3-oxide  in  the  biosynthesis  of 
lanosterol  and  therefore  other  members  of  the  sterol 
class. 

Although  recent  experiments  in  these  laboratories^ 
and  elsewhere'  indicated  that  ^^C-labeled  squalene 
2,3-oxide^  can  be  biosynthesized  and  also  act  as  a 
natural  triterpene  source  of  lanosterol  and  cholesterol, 
the  fate  of  oxygen  in  the  original  epoxide  moiety 
was  left  unsettled.  The  following  experiments  eluci- 
date this  matter.  Squalene  2,3-oxide-'H,^K)  (4150 
dpm//ig,  30%  ^*0  by  mass  spectral  comparison*  of 
normal  and  ^'O-labeled  oxides)  was  prepared  from 
squalene- 'H  (4350  dpm//ig)  by  the  action  of  N-bromo- 
succinimide^*  in  3:1  THF-water  (30%  ^MD-labeled) 
and  was  incubated  anaerobically  with  washed  micro- 
somes of  rat  liver  in  0.08  M  potassium  phosphate  buffer, 
pH  7.4.  The  sterol  fraction  was  isolated,  and  lano- 
sterol (Ru  0.43;  200,000  dpm)  was  separated  by  tic 
on  silica  gel  in  15%  ethyl  acetate-hexane.  Purifica- 
tion by  glpc  of  the  trimethyl  silyl  ether  on  a  6  ft  X 
0.25  in.  column  of  5%  Carbowax  on  Chromosorb 
W  at  235®  gave  lanosterol  trimethylsilyl  ether  (reten- 
tion time  relative  to  cholestane  =  3.7)  which  on  mass 
spectral  analysis  was  found  to  contain  29%  excess 
"O.  The  retention  of  the  original  epoxy  oxygen  as 
the  3/3-hydroxyl  group  of  lanosterol  supports  the  mech- 
anism proposed  earlier**  for  the  proton-initiated 
enzymic  cyclization  of  squalene  2,3-oxide  to  lanosterol. 
Moreover,  our  inability  to  demonstrate  any  cofactor 
requirements  for  the  microsomal  enzyme  system  is  also 
consistent  with  the  proposed  mechanism. 

(1)  Initial  publications  in  this  series:  (a)  E.  E.  van  Tamelen  and 
T.  J.  Curphey,  Tetrahedron  Letters,  121  (1962);  (b)  E.  E.  van  Tamelen, 
A.  Storni,  E.  J.  Hessler,  and  M.  Schwartz,  J.  Am,  Chem.  Sac.,  S5, 
3295  (1963). 

(2)  E.  E.  van  Tamelen,  J.  D.  Willett,  R.  B.  Clayton,  and  K.  E.  Lord, 
ibid.,  8S,  4752  (1966). 

(3)  E.  J.  Corey  and  W.  E.  Russey,  ibid.,  SS,  4750  (1966),  have  also 
recorded  the  biochemical  conversion  of  squalene  2,3-oxide^'  to  sterols. 

(4)  K.  Biemann,  "Mass  Spectrometry,  Organic  Chemical  Applica- 
tions," McGraw-HiU  Book  Co.,  Inc.,  New  York,  N.  Y.,  1962,  pp  204- 
205. 
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In  an  effort  to  locate  additional  intermediates  in  the 
over-all  squalene  -^  lanosterol  conversion,  other  oxi- 
dation products  of  squalene  were  prepared  and  tested 
for  incorporation.  Through  the  use  of  techniques 
previously  described,^  labeled  lanosterol  was  not  de- 
tected after  incubation  of  'H-labeled  2,3-dihydrosqua- 
lene-2,3-diol,*  2,3-dihydrosqualen-2-ol,*  and  squalene 
2,3:22,23-dioxide^*  with  rat  liver  homogenate. 

Previous  chemical  investigations  of  the  synthesis  and 
cyclization  of  terpenoid  terminal  epoxides  have  re- 
vealed striking  similarities  between  nonenzymic  be- 
havior on  the  one  hand  and  squalene-squalene  oxide 
biochemistry  on  the  other.  First,  the  unique,  highly 
selective  terminal  oxidation  of  squalene  by  NBS  in 
aqueous-organic  solution^*  simulates  the  observed 
biological  conversion  of  squalene  to  its  2,3-oxide.*'' 
Second,  laboratory  cyclization  of  sesqui-^***'  or  diterpe- 
noid*  terminal  epoxides  (I)  to  3-hydroxylated  poly- 
cyclic  systems  (II)  with  either  "natural"  (a-b-c-d  cis, 
trans^trans)  or  biosynthetically  attractive*  (a-b-c-d 
cis^tranSyCis)  stereochemistry  closely  resembles  genera- 


H{R) 


R(H) 


II 


tion  of  the  AB  moiety  of  lanosterol  and  other  poly- 
cyclic  terpenes  in  living  systems.  Third,  just  as  most 
intermediary  mono-,  bi-,  or  tricyclic  olefins  which  would 
have  to  reprotonate  before  enzymic  conversion  to  lano- 
sterol are  ruled  out,^®*^^  monocyclohexenic  products 
resulting  from  nonenzymic  partial  cyclization  of 
sesquiterpenoid  terminal  epoxides  are  not  intermediates 
in  the  conversion  of  these  acyclic  epoxides  to  3-hy- 
droxylated bicyclic  (II)  materials.^*  ^* 

The  above  parallelism  encourages  us  to  attempt 
further  extrapolation  from  the  purely  organic  to  the 
biochemical  area.  Thus,  it  is  noted  that  in  epoxide 
cyclizations  of  type  I  -►  II,  the  7r-electron  orbitals  of 
the  closest  olefinic  bond  are  ideally  directed  in  space 
for  interaction  with  a  developing  empty  orbital  at  the 
more  highly  substituted  position  of  the  epoxide  unit, 

(5)  Prepared  by  perchloric  acid  catalyzed  ring  opening  of  squalene 
oxide. 

(6)  Prepared  by  lithium  aluminum  hydride  reduction  of  squalene 
oxide. 

(7)  E.  E.  van  Tamelen,  M.  Schwartz,  E.  J.  Hessler,  and  A.  Stomi, 
Chem.  Commun.,  409  (1966);  E.  E.  van  Tamelen  and  R.  M.  Coates, 
ibid.,  413  (1966). 

(8)  E.  E.  van  Tamelen  and  R.  G.  Nadeau,  J,  Am,  Chem,  Soc.,  89, 176 
(1967). 

(9)  A.  Eschenmoser,  L.  Ruzicka,  O.  Jeger,  and  D.  Arigoni,  Helo, 
Chim,  Acta,  38,  1890  (1955). 

(10)  T.  T.  Tchen  and  K.  Bloch,  /.  Am,  Chem.  Soc„  78,  1516  (195^. 

(11)  Previous  datai<>  do  not  exclude  (i)  since  the  proton  lost  in  its 


1 


implying  that  a  combined  oxide  ring  opening-carbo- 
cyclization  process  having  Sn2  character  is  easily 
possible  and  may  well  be  anchimericaUy  assisted. 
By  superimposition  of  this  epoxide  cyclization  picture 
on  the  now  familiar  portrayal  of  lanosterol  (or  presterol) 
formation  from  acyclic  precursor,**^'  mechanism  in 
(-►  -►  VI)  emerges.  Present  biochemical  evidence 
does  not  distinguish  between  a  concerted  cyclization 
and  a  stepwise  annelation  process  involving  confonna- 
tionally  rigid  carbonium  ions  or  the  corresponding 
tertiary  alcohols  (or  derivatives  thereof,  such  as  phos- 
phates). An  alternative  possibility  which  is  also  com- 
pletely consistent  with  the  body  of  biochemical  tracer 

OH 


IV 


H^/ 


formation  does  not  appear  in  any  case  in  the  final  product,  lanosterol. 

(12)  E.  E.  van  Tamelen  and  E.  J.  Hessler,  Chem,  Commim,,  411 
(1966). 


VI 

experiments^^  features  cyclization  of  squalene  oxide  to 
a  tricyclic  intermediate  with  a  five-membered  C  ring, 
followed  by  hydrogen  migration  to  IV,  this  over-aD 
process  being  identical  (but  not  necessarily  with  regard 
to  stereochemistry)  with  that  observed  during  the  non- 
enzymic cyclization  of  squalene  oxide.  ^^  Compledon 
of  the  biosynthetic  scheme  involves  cyclization  to  i 
spiro  system  (IV  -►  V)  coupled  with  and  succeeded  by 
concerted  hydrogen,  methyl,  and  alkyl  migration  (V  -♦ 
VI).  ^^  Presentation  of  the  above  considerations  shouH 
in  no  way  be  taken  to  indicate  mechanistic  preferences 
by  us  at  the  present  time. 

(13)  G.  Stork  and  A.  W.  Burgstahler,  /.  Am,  Ch<m,  Soc„  TJ,  506i 
(1955). 

(14)  R.  B.  Clayton,  Quart.  Reo,  (London),  19,  168  (1965). 

(15)  E.  E.  van  Tamelen,  J.  WiUett,  M.  Schwartz,  and  R.  Nadoa. 
/.  Am,  Chem.  Soc,  88,  5937  (1966). 

(16)  Although  somewhat  lengthier,  this  alternative  mechanism  for 
tures  conventional  carbonium  ion  chemistry  (including  a  wdl-pRO^ 
dented  1,3-hydrogen  migration,"  avoiding  involvement  of  secoadtf! 
carbonium  ion  (C*)  in  preference  to  tertiary. 
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Solyolytic  Reactivity  of  l-ChIorobicycIo[l.l.l]pentane^ 

Sir: 

It  is  generally  observed  that  the  reactivity  of  bridge- 
head halides  decreases  markedly  as  the  size  of  the  bridg- 
ing rings  decreases.*  Thus,  the  reactivities  of  several 
bridgehead  halides  are 


Br 

6 


10 


-IS 


10 


-6 


(CH3)8CBr 
1 


10 


-3 


The  changes  in  reactivity  have  been  attributed  to  the 
difficulty  in  creating  a  planar  carbonium  ion  at  the 
bridgehead  position,  increasing  deviation  from  planar- 
ity  increasing  the  energy  of  the  ion  formed. ' 

A  significant  exception  to  the  trend  is  found  with  1- 
bromobicyclo[2.1.1]hexane,  which  reacts  1(F  more  rap- 
idly than  1  -bromonorbomane.  *  We  now  wish  to  report 
that  the  next  lower  homolog,  l-chlorobicyclo[l.l.l]- 
pentane,  is  three  times  more  reactive  than  /-butyl 
chloride  and  about  10^*  more  reactive  than  1-chloro- 
norbomane. 

l-Chlorobicyclo[l.l.l]pentane  was  prepared  by  the 
photochlorination  of  bicyclo[l .  1 .  IJpentane.*  The  prod- 
ucts were  the  1-chloro  derivative  (25%),  the  2-chloro 
derivative  (7%),  the  l,3.dichloride  (5%),  the  2,2-di- 
chloride  (33%),  the  1,2-dichloride  (5%),  and  3-methyl- 
cnccyclobutyl  chloride  (25%).  The  predominant  at- 
tack by  chlorine  atoms  at  the  bridgehead  position,  as 
contrasted  to  norbomane,'  appears  to  result  from  the 

(1)  This  investigation  was  supported  by  the  U.  S.  Army  Research 
Office  (Durham). 

(2)  C/.  R.  C.  Fort,  Jr.,  and  P.  von  R.  Schleyer,  Advan.  Alicyclic 
Chem.,  1,  284  (1966). 

(3)  P.  D.  Bartlett  and  L.  H.  Knox,  /.  Am.  Chem.  Sac.,  61,  3184 
(1939);  W.  von  E.  Doering,  M.  Levitz.  A.  Sayigh,  M.  Sprecher,  and 
W.  P.  Whelan.  ibid.,  75,  1008  (1953);  G.  J.  Gleicher  and  P.  von  R. 
Schleyer.  ibid.,  89.  582  (1967). 

(4)  K.  B.  Wiberg  and  B.  R.  Lowry,  ibid.,  85,  3188  (1963). 

(5)  We  have  previously  reported  the  isolation  and  characterization  of 
the  1-  and  2-chlorides  via  the  photochemical  reaction  of  the  hydrocarbon 
with  /-butyl  hypochlorite:  K.  B.  Wiberg  and  D.  S.  Connor,  ibid.,  88, 
4437  (1966). 

(6)  E.  C.  Kooyman  and  G.  C.  Vegter,  Tetrahedron,  4»  382  (1958). 


marked  deactivation  of  the  methylene  positions  as 
compared  with  cyclohexane.^ 

The  1-chloro  derivative  underwent  solvolysis  in  80% 
ethanol  with  rate  constants  of  3.03  X  10^  seer*  at 
25^  and  6.26  X  10"*  sec"^  at  50^  giving  AH"^  =  12.0 
kcal/mole  and  AS"^  =  +4  eu.  The  products  were  3- 
methylenecyclobutanol  and  its  ethyl  ether.  Under 
the  same  conditions,  the  rate  constant  for  /-butyl 
chloride  was  found  to  be  9.67  X  10-«  see-*  at  25°.« 

The  high  reactivity  of  the  chloride  may  be  attributed 
to  the  driving  force  for  ring  fragmentation,  relieving 
considerable  strain.  However,  the  same  is  true  with 
the  bicyclo[2.1.1]hexane  derivative  which  is  10^  less 
reactive.  An  alternative  explanation  is  derived  from 
our  examination  of  the  energy  of  the  cyclobutyl  cat- 
ion" using  the  CNDO  method.**  Here,  we  assume 
that  the  activated  complex  for  the  solvolysis  still  re- 
tains significant  bonding  to  the  leaving  group,  thus 
making  appropriate  a  tetrahedral  geometry  for  the 
reacting  center.  The  previous  calculations  suggested 
that  an  equatorial  leaving  group  would  be  strongly  pre- 
ferred over  an  axial  leaving  group  because  of  the  possi- 
bility of  a  cross-ring  interaction  with  the  former. 


This  is  in  good  accord  with  the  experimental  observa- 
tions.***®  An  extension  to  the  bicyclo[l.l.l]pentane 
case  would  seem  favorable  because  of  the  collinear 
geometry  of  the  bridgehead  bonds  and  the  extremely 
short  cross-ring  distance  (1.8-1.9  A).  The  calculated 
energies  for  conversion  of  the  corresponding  hydro- 
carbon to  the  cation,  a  hydrogen  atom,  and  an  electron 
are  indicated  in  Table  I.    It  can  be  seen  that  the  energy 

TaMe  I.    Energy  of  Formation  of  Some  Cations 


Reaction 

AE,  au 

CH4 — ►CH.+  H-H.  +c* 
OH,— >QH6+-hH.  H-c- 
C,Ha  — >  i-C,H7+  -h  H    -f  e- 
/-C4H10  — ►  /-C4H9+  -h  H  •  +  e-  (planar) 
— ►/.C4H9+  +  H.  +e- 
(pyramidal) 

0.9190 
0.8230 
0.7559 
0.7004 
0.7766 

0.7299 

for  the  bicyclo[l.l.l]pentane  derivative  is  between  that 
of  the  planar  and  pyramidal  /-butyl  cations.  The 
results  provide  an  explanation  for  the  high  reactivity 
of  the  bridgehead  halides  and  for  the  formation  of  3- 
methylenecyclobutanol  as  the  product.  Considerable 
charge  is  transferred  to  the  3  position  as  a  result  of 

(7)  A  comparison  of  the  reactivity  in  chlorination  of  bicyclo[l.l.l]- 
pentane  and  other  hydrocarbons  will  be  presented  subsequently. 

(8)  As  might  be  expected  based  on  our  results  with  bicyclo[2.1.1]- 
hexyl  5-tosylate»  and  bicyclo[3. l.l]heptyl  6-tosylate,»  2-chlorobicydo- 
[l.l.llpentane  is  also  quite  reactive  {k  »  1.16  X  10~'  sec-*  at  100"*). 
However,  it  is  not  as  reactive  as  the  1-chloro  derivative. 

(9)  K.  B.  Wiberg  and  R.  Fenoglio,  Tetrahedron  Utters,  1273  (1963). 

(10)  K.  B.  Wiberg  and  B.  A.  Hess,  Jr.,  /.  Am.  Chem.  Soc.,  89.  3015 
(1967). 

(11)  K.  B.  Wiberg,  Tetrahedron,  in  press. 

(12)  J.  A.  Pople  and  O.  A.  Segal,  /.  Chem,  Phys.,  44.  3289  (1966). 
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The  data  available  at  the  present  time  suggest  that 
the  structure  of  the  B^Hr  anion  is  not  greatly  different 
from  that  of  B5H9.  This  interpretation  is  based  on  the 
presence  of  the  high-field  doublet  in  the  ^^B  nmr  spec- 
trum, which  is  typical  for  "apex"  type  boron  atoms,  and 
on  the  facile  reaction  of  the  anion  with  HCl  to  regenerate 
BsHg  at  low  temperatures.  The  asymmetry  of  the  low- 
field  group  in  the  ^  ^B  nmr  spectrum  suggests  that  there 
are  probably  more  than  two  types  of  "basal"  boron 
atoms  present.  The  exclusive  formation  of  /i-DBsHg 
in  the  reaction  of  LiBsHs  with  DCl  suggests  that  the 
D+  enters  directly  into  a  bridging  position  by  a  mecha- 
nism that  requires  minimal  hydrogen  rearrangement  in 
the  activated  complex.  These  data  may  be  interpreted 
in  terms  of  three-center  bond  structures  2221  or  3130 
suggested  by  Lipscomb,^  though  other  possibilities 
cannot  be  excluded. 

Further  investigations  of  these  and  related  systems 
are  underway  and  will  be  reported  shortly. 
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On  the  Mechanisms  of  Formation  and  Decomposition 
of  Benzocyclopropenes.    Electron  Spin  Resonance 
Spectral  and  Chemical  Evidence  for  Triplet  State 
Diradical  Intermediates^ 

Sir: 

The  extension  of  the  synthesis  of  cyclopropenes  from 
3H-pyrazoles*  to  3H-indazoles  resulted  in  a  convenient 
method  for  the  preparation  of  benzocyclopropene 
derivatives.^  For  example,  irradiation  of  the  3H- 
indazoles  la-c  in  hydrocarbon  solvents  at  low  tem- 
peratures gave  the  benzocyclopropenes  Ila-c  in  satis- 
factory yields.  We  now  wish  to  report  the  identifica- 
tion of  diradicals  which  are  probable  reaction  inter- 
mediates in  the  formation  and  in  the  thermorearrange- 
mentsoflla-c. 


dxr 
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b,R 
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CN 
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b,R 
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Ultraviolet  irradiation  (Pyrex  filter)  of  la-c  in  pen- 
tane-isopentane  glasses  at  77  °K  in  the  cavity  of  an  esr 
spectrometer  produced  spectra  which  can  be  assigned 
unambiguously  to  molecules  in  triplet  states.  In  addi- 
tion to  the  Am  =  2  transitions  at  half-field,  six  maxima 
were  observed  corresponding  to  the  extreme  values  of 
the  Am  =  1  transitions  with  the  magnetic  field  vector 
parallel  to  the  principal  magnetic  axes  of  the  mole- 
cules.*   All  transitions  were  fitted  to  the  usual  triplet 

(1)  Supported  by  Grants  NSF  GP-1076  and  GP-4214  from  the  Na- 
tional Science  Foundation. 

(2)  G.  L.  Closs  and  W.  A.  Boll,  Angew,  Chem.,  75,  640 (1963);  /.  Am, 
Chem.  Sac,  85,  3904  (1963). 

(3)  R.  Anet  and  F.  L.  Anet,  ibid.,  86,  525  (1964);  cf.  G.  L.  Closs, 
Adoan.  Alicyclic  Chem.,  1,  64  (1966). 

(4)  In  the  spectrum  obtained  from  Ic  only  four  Am  «  1  transitions 


State  spin  Hamiltonian,  X  =  g'H'\P\S  +  DS,*  + 
£(5,*  -  5y*);  S  =  1.5  The  zero-field  splitting 
parameters  for  the  spectra  obtained  from  la-c  are, 
respectively:  Djhc,  0.1069  ±  0.0005,  0.1110  =b  0.0005, 
0.1217  ±  0.0008 cm-»;  £/Ac, 0.0058  ±  0.0003, 0.0069 ± 
0.0003,  0.0066  ±  0.0003  cm-^  All  g  values  are  close 
to  2.(X)2.  The  spectra  produced  from  la  and  lb  per- 
sisted with  undiminished  intensities  for  several  hours 
after  irradiation  had  been  discontinued,  but  disappeared 
rapidly  on  warming  above  lOO^K.  The  spectrum  ob- 
tained from  Ic  was  considerably  weaker  and  faded  in 
less  than  1  min  after  irradiation  was  ceased,  even  at 
77  ^K. 

The  esr  data  strongly  suggest  the  formation  of  triplet- 
state  molecules  with  structure  III  in  w^hich  one  of  the 
unpaired  electrons  is  essentially  localized  in  a  a  orbital 
in  the  benzene  ring  plane,  while  the  second  electron  is 
delocalized  in  the  tt  system.*  Extended  Hiickel  cal- 
culations' on  the  corresponding  benzyl  radicals  pre- 
dict spin  densities  at  the  ortho  positions  of  9.2,  8.4,  and 
12.2%  for  Illa-c,  respectively.  The  observed  D  values 
are  in  semiquantitative  agreement  with  these  calcula- 
tions. The  one-center  dipole-dipole  interaction,  repre- 
sented in  the  carbene  structure  of  III,  makes  a  large 
contribution  to  the  zero-field  splitting. 
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b.  R 
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CN 

COOCH, 

OCH, 


A  sample  of  lb  which  had  been  irradiated  in  a  glass 
at  77  °K  and  which  exhibited  a  strong  esr  spectrum  was 
warmed  up  and  analyzed  for  products.  Benzocyclo- 
propene lib  was  identified,  suggesting,  but  not  proving, 
that  Illb  cyclizes  on  warming.* 

Chemical  evidence  for  the  intermediacy  of  diradicals 
of  structure  III  in  the  photolysis  of  indazoles  was  ob- 
tained when  la  was  photolyzed  at  —70®  in  butadiene. 
Two  isomeric  products  were  isolated  in  60%  yield  in  a 
ratio  of  1.5:1  and  were  assigned  structures  Va  and  Vb 
on  the  basis  of  mass  spectral  (parent  peak:  m/e 
183.1045)  and  nmr  evidence  [resonances  at  5  (TMS)  Va, 
1.33  s  (3),  2.9  m  (2),  3.3  m  (1),  5.3  m  (2),  5.9  m  (1), 
7.2  m  (4);  Vb,  1.64  s  (3),  2.7  m  (1),  3.0  m  (2),  5.2  m(2), 
6.1m(l),7.2m(4)].» 

were  observable.  The  SjN  ratio  of  the  transitions  correspoodiog  to 
the  orientation  with  the  greatest  line  separation  (H  ||  z)  was  too  small  to 
determine  the  peak  positions. 

(5)  For  a  discussion  of  esr  spectra  of  triplet  states  see:  C  A.  Hatckh 
son,  Jr.,  and  B.  W.  Mangum. /.  Chem.  Phys.,  34,  908  (1961);  E.  Wisser- 
man.  L.  C.  Snyder,  and  W.  A.  Yager,  ibid.,  41,  1763  (1964). 

(6)  No  evidence  is  at  present  available  on  the  geometries  of  HI.  Wfaie 
it  is  highly  likely  that  the  molecules  are  planar,  it  is  unknown  wbetbff 
the  methyl  group  in  III  has  a  syn  or  anti  relationship  to  the  ortho  radial 
site. 

(7)  R.  Hoffmann,/.  Chem.  Phys.,  39,  1397  (1963). 

(8)  The  irradiated  glasses  were  intensely  yellow  colored  at  77*K  «B<i 
turned  colorless  on  warming.  Considering  the  close  relationship  of  IH 
with  the  corresponding  benzyl  radicals,  it  is  very  probable  that  the  coltf 
is  caused  by  III.  The  formation  of  III  from  I  may  well  be  a  two-step 
process,  proceeding  through  an  o-quinoid  diazo  compound 
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o  trapping  products  were  obtained  with  simple 
ns  such  as  isobutylene.  The  latter  observation  and 
orientation  of  the  butadiene  addition  suggest  a  two- 
mechanism  with  the  possible  intermediacy  of  the 
nance-stabilized  diradical  IV. 


Va,R-CN 
^m     S&i.     fnr^    *'     ^  VIa,R-OC)OCH 

Vb,R-CN 
VIb,R-CXX)CH, 

snzocyclopropenes  la-c  are  unstable  at  room  tem- 
ture.  la  decomposes  mostly  to  polymeric  material, 
^ves  2-methoxy-3-methylbenzofuran  and  a-carbo- 
loxystyrene,  while  Ic  forms  quantitatively  o- 
loxystyrene.  All  these  reactions  can  be  visualized 
Toceed  through  initial  formation  of  diradicals  of 

III,  formed  by  homolytic  cleavage  of  the  highly 
ned  benzocyclopropene  single  bond.  This  hy- 
lesis  receives  strong  support  from  the  observation 

thermodecomposition  of  Ila  in  butadiene  at  25  ^ 
s  Va  and  Vb  in  approximately  equal  amounts.  Simi- 
\  the  rearrangement  of  lib  can  be  intercepted  by 
diene,  yielding  the  corresponding  indane  deriva- 
;  Via  and  VIb.  The  decomposition  rates  of  lla  and 
are  not  accelerated  by  butadiene,  suggesting  that  a 
lolecular  ring  opening  precedes  the  fast  addition 

• 

The  assignment  of  stereochemistry  of  the  adducts  is  based  on 
ical  shifts  only  and  should  be  considered  tentative. 
)  National  Institutes  of  Health  Predoctoral  Fellow,  1965-1967. 
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eochemistry  of  Formation  of  Cyclooctatrienes 
/alence  bomerization 


lie  continuing  lively  interest  in  the  stereochemistry 
ilence  isomerizations  prompts  us  to  report  evidence 
ing  to  the  stereochemistry  of  formation  of  cyclo- 
trienes  via  a  thermal  valence  isomerization.  ^  Fol- 
ng  the  lead  of  Ziegenbein,'  we  have  partially  hy- 
;enated  a  sample  of  /ran5-2,/r(3/f5-8-decadiene-4,6- 
e  (I),  prepared  by  the  method  of  Bohlmann  and 
/  over  a  Lindlar  catalyst  (2  moles  of  hydrogen  up- 
)  at  0^.  The  mixture  of  products  obtained  could 
be  separated  by  thin  layer  chromatography,  but 
(Carbowax  20M  column  at  115®)  separated  five 
ips  of  products.  In  order  of  elution  these  were: 
a  mixture  of  overhydrogenated  compounds  (pre- 
ably  dienes),   9%;    (2)   /ran5-7,8-dimethyl-2,4-bi- 

Earlier  reports**'  of  the  formation  of  valence  isomers  from  tetra* 
lid  not  provide  evidence  either  for  the  route  of  their  formation  or 
/e  to  the  stereochemistry. 
W.  Ziegenbein,  Chem.  Ber.,  98,  1427  (1965). 
H.  Meister,  ibid.,  96,  1688  (1963). 
F.  Bohhnann  and  H.  Sinn,  ibid.,  88, 1869  (1955). 


cyclo[4.2.0]octadiene  (U),  50%;  X^mx  278  m/x;  nmr 
(ppm)  multiplet  (4  I^  at  S.3-6.0,  multiplet  (1  H)  at 
2.8-3.2,  multiplet  (3  H)  at  2.1-2.6,  doublet  (3  H)  at 
1.09  (/  =  6.5  cps),  doublet  (3  H)  at  1.01  (J  =  6.5  cps); 
(3)  deca-2,4,6-trienes,  13%;  \„^^  260,  268,  and  278 
m/i;  (4)  deca-2,4,6,8-tetraene,  15%;  \n»^  311,  296, 
284,  and  274  (sh)  mu;  (5)  unknown,  13%.  This  hy- 
drogenation  mixture  was  heated  for  2  hr  at  75°  and 
then  treated  with  dimethyl  acetylenedicarboxylate  at 
100**  for  15  hr  under  nitrogen.  Pyrolysis  of  the  oily 
adduct  at  200°  and  removal  of  the  volatile  products  in 
a  stream  of  nitrogen  gave  /ran>2,/r(3/i5-4-hexadiene 
(57%  based  on  the  amount  of  I  in  the  mixture),^  X^ax 
227  m/i;*  nmr  (ppm)  multiplet  at  5.1-6.2,  doublet  at 
1.7  (y  =  6.5  cps).  The  presence  of  two  types  of  methine 
protons  in  a  3 : 1  ratio  and  of  two  nonequivalent  methyl 
groups  in  the  bicyclic  diene,  coupled  with  the  isolation 
of  a  hexadiene  with  two  equivalent  methyls,  provides 
reasonable  evidence  for  the  trans  orientation  of  the 
methyl  groups  in  the  ring-closure  product. 

A  sample  of  ci5-2,/ran5-8-decadiene-4,6-diyne,  Xmax 
312.5,  293,  276,  261,  247,  237,  230,  and  211  mu,^  was 
prepared  by  Cadiot-Chodkiewicz  coupling^  and  reduced 
over  a  Lindlar  catalyst  as  described  above.  The  mix- 
ture was  analyzed  by  glpc  and  shown  to  contain  ca. 
45  %  of  cw-7,8-dimcthyl-2,4-bicyclo[4.2.0]octadiene, 
^max  275  m/i;  nmr  (ppm)  singlet  (4  H)  at  5.63,  broad 
multiplet  (4  H)  at  2.4-2.8,  doublet  (6  H)  at  1.03  (/  = 
7.0  cps).  The  mixture  was  treated  with  dimethyl  acety- 
lenedicarboxylate and  the  resultant  material  pyrolyzed 
as  before.  The  major  volatile  product  (68%  of  the 
volatile  material)  was  c/5-3,4-dimethylcyclobutene,* 
\nui  c^d  absorption  only ;  nmr  (ppm)  singlet  (2  H)  at 
6.0,  broad  multiplet  (2  H)  at  2.8-3.2,  doublet  (6  H)  at 
1.0  (y  =  7.0  cps).  A  second  fraction  (22%)  contained 
a  mixture  of  hexadienes. 

These  experiments  establish  the  stereochemistry  of 
the  ring-closure  product  for  two  separate  cases.  All 
attempts'  to  separate  from  the  partial  hydrogenation 
mixture  and  to  identify  directly  the  reactant  which 
leads  to  the  ring-closed  product  have  so  far  proved  un- 
successful. The  following  experiments  were  designed 
to  provide  indirect  evidence  about  the  mechanism  of  the 
formation  of  the  bicyclic  dienes.  Partial  hydrogenation 
of  I  at  ca,  —40°  followed  by  glpc  analysis  of  an  aliquot 
indicated  that  48  %  of  II  and  ca.  37  %  of  under-  and 
overhydrogenated  products  were  identified  by  the  de- 
tector.^® The  main  hydrogenation  mixture  was  sep- 
arated from  the  Lindlar  catalyst  in  the  cold  and  im- 
mediately completely  hydrogenated  over  platinum 
oxide  at  ca.  —40°.  Analysis  followed  by  preparative 
glpc   separation   and  identification   of  the   products 

(5)  D.  A.  Bak  and  K.  Conrovf,/.  Org.  Chem.,  31,  3958  (1966). 

(Q  A  conrotatory  ring  opening  of  the  intermediary  3,4-dimethyl- 
cydobutene  is  to  be  expected.  R.  E.  K.  Winter,  Tetrahedron  Letters, 
1207  (1965),  reports  the  /ra/Lf-3,4-dimethylcyclobutene  isomerizes  to 
rra/ii-2,lraiu-4-hexadiene  at  175°. 

(7)  Extinction  coefficients  are  not  reported  since  this  material  was 
contaminated  with  about  10  %  of  the  di-trans  isomer.  Preparation  of  a 
pure  sample  is  underway. 

(8)  See  G.  Eglinton  and  W.  McCrae,  "Advances  in  Organic  Chemis- 
try: Methods  and  Results,  '*  Vol  4,  Interscience  Publishers,  New  York, 
N.  Y.,  1963,  pp  253-274. 

(9)  Studies  aimed  at  finding  a  substituted  tetraene  which  will  permit 
the  isolation  of  the  reactant  are  in  progress. 

(10)  The  peaks  indicated  by  the  glpc  detector  and  identified  after 
trapping  do  not,  of  course,  prove  that  these  materials  were  originally 
present  in  the  mixture  put  on  the  column.  In  the  present  case  the  data 
described  show  clearly  that  the  component  of  interest  II  was  formed  on 
the  column. 


Comnmnicaiions  to  the 


